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Twenty-eight day repeated
exposure of human 3D bronchial
epithelial model to heated tobacco
aerosols indicates decreased
toxicological responses compared
to cigarette smoke

Fiona Chapman1*, Sarah Jean Pour2, Roman Wieczorek2,
Edgar Trelles Sticken2, Jessica Budde2, Karin Röwer2, Sandra Otte2,
Elizabeth Mason1, Lukasz Czekala1, Thomas Nahde2,
Grant O’Connell1, Liam Simms1 and Matthew Stevenson1

1Imperial Brands PLC, Bristol, United Kingdom, 2Reemtsma Cigarettenfabriken GmbH, Hamburg, Germany

Tobacco harm reduction (THR) involves providing adult smokers with potentially
reduced harm modes of nicotine delivery as alternatives to smoking combustible
cigarettes. Heated tobacco products (HTPs) form a category with THR potential due
to their ability to deliver nicotine and flavours through heating, not burning, tobacco.
By eliminating burning, heated tobacco does not produce smoke but an aerosol
which contains fewer and lower levels of harmful chemicals compared to cigarette
smoke. In this study we assessed the in vitro toxicological profiles of two prototype
HTPs’ aerosols compared to the 1R6F reference cigarette using the 3D human
(bronchial) MucilAir™ model. To increase consumer relevance, whole aerosol/
smoke exposures were delivered repeatedly across a 28 day period (16, 32, or
48 puffs per exposure). Cytotoxicity (LDH secretion), histology (Alcian Blue/H&E;
Muc5AC; FoxJ1 staining), cilia active area and beat frequency and inflammatory
marker (IL-6; IL-8; MMP-1; MMP-3; MMP-9; TNFα) levels were assessed. Diluted
1R6F smoke consistently induced greater and earlier effects compared to the
prototype HTP aerosols across the endpoints, and in a puff dependent manner.
Although some significant changes across the endpoints were induced by exposure
to the HTPs, these were substantially less pronounced and less frequently observed,
with apparent adaptive responses occurring over the experimental period.
Furthermore, these differences between the two product categories were
observed at a greater dilution (and generally lower nicotine delivery range) for
1R6F (1R6F smoke diluted 1/14, HTP aerosols diluted 1/2, with air). Overall, the
findings demonstrate the THR potential of the prototype HTPs through
demonstrated substantial reductions in toxicological outcomes in in vitro 3D
human lung models.
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Introduction

Combustible cigarette smoking is cause of serious diseases,
including heart disease, lung cancer and emphysema (United States
Surgeon General, 2010; International Agency for Research on Cancer,
2012; US Department of Health and Human Services, 2014). This is
largely attributed to the repeated exposure of cells to a vast number of
toxicants within the smoke generated upon the combustion of tobacco,
which in turn can cause the initiation of cellular and molecular
processes leading to disease (US Department of Health and Human
Services, 2014). Tobacco harm reduction (THR) is the concept of
providing adult smokers who would otherwise continue to smoke with
potentially less harmful forms of nicotine delivery (Stratton et al.,
2001; O’Leary and Polosa, 2020). This is achieved through offering
adult smokers nicotine delivery innovations, or next-generation
products (NGPs), which deliver satisfactory levels of nicotine but
with substantially reduced levels of, and fewer, toxicants compared to
combustible cigarette smoke (O’Leary and Polosa, 2020). Further to
this, nicotine delivery products are proposed to sit on a product risk
scale relative to one another, with medically licenced nicotine
replacement therapies, such as gum and patches, at the lower risk
end, combustible cigarette smoking at the highest risk by a large
margin, and NGPs in between (McNeill and Munafò, 2013; Abrams
et al., 2018; Zeller, 2019; Murkett et al., 2020). NGPs which deliver
nicotine via the inhalation route and do not involve tobacco
combustion include e-cigarettes and heated tobacco products
(HTPs). By eliminating burning, these products do not produce
smoke but an inhalable aerosol which contains fewer and lower
levels of potentially harmful chemicals (Forster et al., 2018; Bentley
et al., 2020; Rudd et al., 2020; Chapman et al., 2023).

Increasing evidence in the scientific literature suggests that the
reduction in levels and number of toxicants within the aerosols of
NGPs, including e-cigarettes and heated tobacco, correlates with
reductions in vitro toxicological responses compared to
combustible cigarette smoke (Schaller et al., 2016; Jaunky et al.,
2018; Hattori et al., 2020; Rudd et al., 2020; Simms et al., 2020;
Simms et al., 2021; Chapman et al., 2023). Furthermore, the
substantially reduced toxicological responses of NGPs compared to
combustible cigarette has been demonstrated in a number of in vitro
studies, in both 2D and 3D cell models (Iskandar et al., 2018; Czekala
et al., 2019; Czekala et al., 2020; Haswell et al., 2021; Simms et al., 2021;
Simms et al., 2022). Three dimensional (human) lung cell models are a
useful tool in the assessment of the effects of inhalable test articles such
as combustible cigarette smoke or NGP aerosols (Bedford et al., 2022).
These models offer a human-relevant cellular system, grown and/or
stimulated under air-liquid interface (ALI) conditions, and can
include a variety of relevant cell types (e.g., basal, goblet and
ciliated cells); this is more closely representative of an in vivo
scenario than using single cell-type 2D cultures, for example
(Huang et al., 2013; Cervena et al., 2019). This, coupled with the
application of whole aerosol/smoke exposures at the ALI can model
exposure of cells to as representative a chemical mixture to that which
the consumer would be exposed to as possible (Chapman et al., 2023).
In vitro 3D models exposed to whole NGP aerosol or combustible
cigarette smoke have been used to assess a number of endpoints
associated with the development and progression of respiratory

diseases, including functional and morphological changes like cilia
activity and ratios of cell types (e.g., goblet cells, ciliated cells),
inflammatory readouts and genomic level changes (Czekala et al.,
2019; Rayner et al., 2019; Ghosh et al., 2020; Haswell et al., 2021;
Bedford et al., 2022).

Most of the previous in vitro studies utilising human 3D lung
tissue models in the assessment of the effects of NGPs compared to
combustible cigarettes have applied acute (single) exposures (Iskandar
et al., 2018; Czekala et al., 2019; Giralt et al., 2021). However, it is
recognised that development of disease phenotypes occurs following a
period of time, and additionally is likely the effect of more than a single
exposure or cellular/molecular event (Yoshida and Tuder, 2007;
Haswell et al., 2021; Luettich et al., 2021). Furthermore,
upregulation of responses to exogenous agents may have protective
effects in the event of any subsequent exposures, or may result in
increased susceptibility and instability of cellular processes (Chapman
et al., 2015). Czekala et al. (2021) recently compared the effects of
repeat exposures of diluted fresh whole 3R4F reference cigarette
smoke to whole fresh undiluted e-cigarette aerosol and found that
whilst 3R4F induced strong declines in cellular functionality and
integrity over a 28 days repeated exposure period compared to
Sham, the e-cigarette did not. At lower exposures repeated over a
6 week period, diluted (1:80, then later 1:100) 1R6F reference cigarette
smoke induced increases in the population of mucin-producing cells,
or goblet cell hyperplasia, a pathology associated with development of
COPD (Haswell et al., 2021). Crucially, application of repeat
exposures, over a long-term period, is more representative of a
consumer relevant scenario, i.e., repeated, regular product use. The
3DMucilAir model is considered a useful tool in such repeat exposure
studies as it can be maintained in the incubator in its fully
differentiated state for up to 1 year (Cervena et al., 2019; Epithelix
Sàrl, 2022). However, studies on repeat exposure to NGPs compared to
combustible cigarettes in vitro are limited, particularly with regards
to HTPs.

Mucociliary clearance, which involves both cilia activity and the
airway surface liquid (including mucus and the periciliary layer) play a
key role in maintenance of airway functionality, and dysfunction is
linked to the development of pathologies such as COPD (Luettich
et al., 2021). This adverse event pathway, which may occur upon
exposure to combustible cigarette smoke, has recently been mapped
out by Luettich et al. (2021). As part of this pathway, FoxJ1 has a role in
ciliogenesis, and its decreased expression, which has been linked with
combustible cigarette smoke exposure, is associated with loss/absence
of cilia (Luettich et al., 2021). Goblet cell hyperplasia is another process
associated with respiratory disease pathologies, and has recently been
modelled in vitro during sub-cytotoxic repeated exposures to diluted
combustible cigarette smoke (but was not induced by HTP aerosol
exposure) (Haswell et al., 2021); Muc5AC is often used as a marker for
mucin gene expression (Behrsing et al., 2016; Bedford et al., 2022).
Additionally, changes in inflammatory markers are used as a proxy of
inflammatory responses in vitro, and a number of mediators,
including the cytokines, TNFα and interleukins (ILs), and matrix
metalloproteinases (MMPs), are associated with exposure to inhaled
toxicants, including combustible cigarette smoke (Behrsing et al.,
2016; Czekala et al., 2021; Bedford et al., 2022; Langel et al., 2022).
It is for the above reasons that these cellular processes (cilia activity
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(beat frequency and active area), FoxJ1 expression, changes in goblet
cells, inflammatory readouts) are often used as in vitro indicators of
potential responses to inhaled test articles (Behrsing et al., 2016;
Iskandar et al., 2017; Czekala et al., 2021; Bedford et al., 2022).
Therefore in the current study, we looked to assess these endpoints.

The current study aimed to assess the effects of two prototype
HTPs (p-HTPs) on the MucilAir 3D reconstituted human bronchial
epithelial cell model compared to the 1R6F reference combustible
cigarette. To increase the human-use relevance of the study, cells were
exposed to (air) diluted whole smoke/aerosol, and under repeated
exposure conditions over 28 days. Effects on cells were assessed
throughout the 28-day exposure period using secreted LDH levels
as a marker of cytotoxicity, histological evaluation of tissue
architecture, goblet cell (Muc5AC) and ciliated cell (FoxJ1)
markers, and cilia beat frequency and active area as a measure of
cell functionality. To assess the inflammatory responses of the tissues,
levels of six markers associated with combustible cigarette smoke
exposure were additionally assessed, IL-6, IL-8, MMP-1, MMP-3,
MMP-9 and TNFα. This is the first study on the effects of these
p-HTPs on theMucilAir (bronchial cell) model, and using a prolonged
(28 days), repeat exposure regime.

Materials and methods

Test articles

Three test articles were assessed in this study, two prototype
heated tobacco products (p-HTPs) (obtained directly from
production by Imperial Brands PLC) and the 1R6F Reference
Cigarette (Kentucky Tobacco Research and Development Centre,
University of Kentucky). The p-HTPs consist of a rechargeable
device into which a consumable stick with a reconstituted tobacco
portion is inserted (illustrated in Supplementary Figures S1, S2). Upon
device activation by the user, the tobacco portion is heated directly
with a ceramic heating pin, which generates an aerosol, delivered to
the user as they draw air through the filter. The device has two heating
temperatures, 315°C and 345°C; the higher temperature of the two was
used in this study. Two stick variants were tested, Regular and Intense.
The p-HTP sticks were stored at room temperature, protected from
light, in sealed portions per test within airtight containers, until use;
the 1R6F reference cigarettes were stored frozen, sealed in the original
packaging until conditioning according to International Organization
for Standardization (ISO, 2018) Guideline 3402 (1999) (at least 48 h at
22 ± 1°C and 60 ± 3% relative humidity) prior to use.

Cell culture

Fully differentiated reconstituted 3D human bronchial epithelial
models (MucilAir™) were purchased from Epithelix Sàrl
(Switzerland). The donor was a 41 year-old male Caucasian non-
smoker with no pathology (Batch No.: MD072001). Upon receipt,
tissues were incubated at 37°C, 5% CO2 for 7 days, to acclimatise,
according to manufacturer’s instructions. Cells were maintained with
700 μL basal medium (standard manufacturer’s culture medium,
Epithelix Sàrl, Switzerland), supplemented with 1% Amphotericin B
(Sigma-Aldrich, Germany) (final medium concentration, 2.5 μg/mL).
Basal cell culture medium was changed every 3 days, collected in

200 μL aliquots and stored frozen at −80°C until analysis. Once a week
mucus was removed from the surface of the tissues: 4 hours following
exposure, 200 μL PBS (Mg2+/Ca2+) was added apically to the tissues
and allowed to incubate (37°C, 5% CO2) for 30 min, then gently
washed from the tissue together with the mucus by manual pipetting.
PBS/mucus samples were stored frozen at −80°C for cytotoxicity
evaluation (see section, ‘Cytotoxicity Evaluation’).

Exposures

Whole aerosol/smoke aerosols were applied to the apical surfaces
of the 3D models (at the ALI) using the custom-built Smoke Aerosol
Exposure In Vitro System (SAEIVS) (Rudd et al., 2020; Wieczorek
et al., 2020). Exposures were carried out over an experimental period
of 28 days (treatment and sampling regimes are detailed in Figure 1).
The SAEIVS consists of five smoking chambers into which the test
products were placed for respective runs. The 1R6F reference
cigarette was smoked according to the ISO 20778 smoking regime
(2018) (formerly known as the Health Canada Intense regime)
(55 mL puff volume, 2 s puff duration, 30 s puff interval, bell
shaped puff profile, ventilation blocking). The p-HTP aerosols
were generated using a modified ISO 20778 regime (55 mL puff
volume, 2 s puff duration, 30 s puff interval, bell shaped puff profile),
with no ventilation blocking. This regime was used for the p-HTPs as
there is currently no published ISO regime for HTPs; ventilation
blocking was not applied as this is more representative of how the
product would be used, i.e., ventilation holes would not be blocked by
the user’s fingers or lips as has been suggested with combustible
cigarettes (Gee et al., 2018). After each puff, the smoke or aerosol
from the five smoking chambers was combined in a mixing pump and
diluted with fresh filtered humidified air according to the following
ratios (smoke/aerosol in air): 1R6F, 1 in 14 (92.7% dilution; 7.3%
smoke concentration); p-HTP Regular, 1 in 2 (50% dilution; 50%
aerosol concentration); p-HTP Intense, 1 in 2. Dilutions were applied
to prevent excessive toxicity to the cell models (i.e., to achieve sub-
cytotoxic exposures) where possible. The diluted aerosol/smoke then
moved into exposure chambers where the cell culture plates were
placed. Within these chambers (two in parallel) aerosol/smoke is
delivered to individual wells via a dilution manifold, and a sliding lid
allows columns of wells to be sequentially covered to achieve puff-
wise exposures across the plate. In this study, 16, 32 or 48 (diluted as
described above) puffs were delivered to the cells at each exposure
(i.e., equivalent to 1.14, 2.29 and 3.43 puffs for 1R6F; 8, 16 and
24 puffs for p-HTPs Regular and Intense). Following each puff,
aerosol/smoke is drawn out of the exposure chamber via an
exhaust. The SAEIVS achieves delivery of aerosol/smoke generated
to cells in <10 s, ensuring that ageing effects are prevented and that
maximal aerosol/smoke chemical constituents are delivered to the
cells. The numbers of puffs applied were selected to allow for puff
count and exposure time comparability between the cigarette smoke
and heated tobacco aerosols. This was derived from preliminary dose
range finding experiments with the 1R6F reference cigarette smoke
(the most toxic test article) (data not shown), where smoke dilutions
and puff counts were selected based on non-, sub- and weakly
cytotoxic responses in 3D tissues derived from the same donor as
used in the main study presented. The pre-study also included
selecting the levels of dilution of the fresh 1R6F smoke/p-HTP
aerosols with air.
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Nicotine dosimetry

Nicotine dosimetry of the cell culture medium was carried out at
the timepoints detailed in Figure 1. Nicotine quantification in medium
samples was carried out using LC-MS/MS (AB Sciex API 6500 QTRAP
(SCIEX, USA)). For analysis, medium samples were diluted 1:
1,000 and 1:2000 with MilliQ water and 1:1 in the autosampler
with the internal standard solution in methanol. A Gemini NX-
C18 column (110Å, 100 × 2.0 mm, 3 µm) (Phenomenex, USA) was
used for the liquid chromatography (oven temperature 55°C ± 1°C),
sample injection volume was 5 μL and the autosampler temperature
was 5°C. The eluent gradient was applied according to the following:
0min: 2% B (methanol)/98% A (0.05% acetic acid) (flow rate: 400 mL/
min); 1.2 min: 65% B/35% A (400 mL/min); 1.5 min: 95% B/5% A
(400 mL/min); 2.5 min: 98% B/2% A (400 mL/min); 3.0 min: 98% B/
2% A (400 mL/min). The following conditions were used for the mass
spectrometry: Ion spray voltage: 450 V, Ion source temperature:
500°C, MRM: 163/132 quantification; 163/106 qualifier. Three
replicates were analysed per treatment.

Cytotoxicity evaluation

Cytotoxicity was assessed based on measurement of levels of LDH
release into the cell culture medium andmucus. Medium samples were
taken, at the timepoints detailed in Figure 1, prior to exposure,
whereas mucus was collected by washing with PBS once a week
(see section ‘Cell culture’). For analysis, samples were thawed and
analysed using the Promega CytoTox 96® Non-Radioactive
Cytotoxicity Assay kit, according to manufacturer instructions. A
standard row was used to calculate the total amount of LDH in pg.

Histology

Tissues from each treatment group, harvested at day 28, were
prepared for histological analysis. Tissues were fixed with 3 × 20 min

incubations in 4% formaldehyde in PBS (Mg2+/Ca2+), following this,
they were stored in 50 mL tubes filled with PBS at 4°C until processed.
Histological analysis was carried out by Epithelix Sàrl. The tissues and
culture insert membranes were removed and this disc was cut in half
(to be embedded in the same paraffin block). The samples were
processed according to the Peloris Automaton (Leica Biosystems,
Germany) 1 h protocol, then embedded in paraffin. For each
sample, two sections, approximately 3 μm thick, were cut and
placed on the same glass slide. Cells were stained with
Haematoxylin Eosin (HE)/Alcian Blue (AB) according to
Epithelix’s internal protocol. Additional immunohistochemistry
staining was carried out on complementary sections using the
Ventana Benchmark XT and Ultraview DAB detection kit (760-
500) (both Ventana-Roche). Antibodies: staining was carried out
for Mucin-5AC protein (Muc5AC) (ThermoFisher Scientific, MA5-
12178 (mouse monoclonal)) and forkhead box transcription factor
(Fox-J1) (Novus Biological, NBP1-87928 (rabbit polyclonal)). Slides
were imaged and digitalised using a Nanozoomer (Hamamatsu) under
brightfield conditions, with a ×20 objective (without Z stack mode).
Histological quantification was carried out using NDPIExport,
developed by Epithelix. For Alcian blue/H&E staining, results were
expressed as % positive cells/total area; for Muc5AC, % positive area/
total area; and for Fox-J1, % positive nuclei/number of nuclei.

Cell imaging (CBF, CAA)

Cilia beat frequency (CBF) and cilia active area (CAA) were
recorded throughout the experiment, at the timepoints detailed in
Figure 1, as an assessment of tissue functionality. The timepoints were
selected to fall 24 h pre-/post-exposure to so as not to add any
additional stress to the tissues too close to the exposures, and to
take the measurements when the tissues are stabilised in the time
between exposures. Prior to measurement, tissues were placed into an
ibidi Heating System for multiwell plates (ibidi GmbH, Germany) for
20 min at 37°C to acclimatise. Video images of the apical surface of the
tissues were captured using the ×4 objective of an Olympus I×53P1F

FIGURE 1
Exposure and sampling/measurement regimes for the 3D models over the experimental period. Samples of medium were taken (following exposures;
prior to harvesting on day 28) and mucus (4 h prior to exposures) over the experimental period for LDH release measurement; medium was also sampled for
cytokine analysis directly before exposure; on days denoted with *, samples were taken both directly before exposure and 4 h following exposure. Cilia beat
frequency (CBF)/active area (AA) measurements were taken on days where exposure did not occur (these measurements were additionally taken on
days −5 and 0 to assess tissue functionality prior to the experimental period). Treatments of additionally allocated tissues with 5 ng/mL positive control, IL-13,
were also included in the study (days 13, 15, 17, 20, 22 and 24); cells were treatedwith CBF positive control, procaterol on day 21 (positive controls not included
in this figure to increase readability). On day 28, a subset of tissues were fixed for histological analyses.
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inverted microscope (Olympus, Japan) and analysed using Sisson-
Ammons Video Analysis software. The captured image was divided
into two blocks (top and bottom), each block was analysed separately
using the same routine analysis. Videos were recorded at 200 frames/s
(total 1,024 frames/video). Pixel intensities were extracted by the
analysis software for a region of interest over time, then data
underwent a fast Fourier transformation; noise reduction was
applied using a Gaussian distribution. Outputs were displayed as
intensity graphs for each of the two endpoints (CBF and CAA).

Procaterol hydrochloride (10 µM final concentration) (Sigma-
Aldrich, Germany) was used as a positive control for CBF
(increased activity), added to the basolateral medium of dedicated
tissues for this analysis. Following addition of procaterol
hydrochloride, tissues were allowed 15 min to equilibrate with the
compound prior to imaging; the basal medium was removed and
exchanged for fresh culture medium after 1 h.

Representative images are included in Supplementary Figure S3.

Analysis of inflammatory markers

Levels of pro-inflammatory markers tumour necrosis factor
alpha (TNFα) and interleukin (IL)-6, the chemokine IL-8 and the
matrix metalloproteinases (MMP)-1, MMP-3 and MMP-9 secreted
into the basal cell culture medium were assessed at the timepoints
detailed in Figure 1. Medium was sampled either directly prior to
next exposure (days 3, 6, 10, 17, 24, 28) or 4 h following exposures
(days 3, 10, 17, 24). The markers were measured using an MSD®

Multi-Spot Assay System MESO Scale QuickPlex™ (MSD
Maryland, USA). IL-8 was determined via the Chemokine Panel
one Kit and a 1:4 dilution of the sampled medium. The other
cytokines were measured together on Custom U-Plex plates with
undiluted medium samples according to the manufacturer’s
protocol.

Statistical analyses

For the nicotine dosimetry (two-way analysis of variance
(ANOVA) with Tukey’s post-hoc test; comparison between
numbers of puffs for the respective study products), LDH (two-way
ANOVA with Dunnett’s post-hoc test; comparison of the study
product responses to Sham for respective timepoints), CBF, CAA
(both ordinary one-way ANOVA with Bonferroni’s post-hoc test;
comparison of the study product responses to Sham (fold-change) for
respective timepoints) and inflammatory marker (two-way ANOVA
with Dunnett’s post-hoc test; comparison of the study product
responses to Sham (fold-change) for respective timepoints) data,
statistical analyses were carried out using GraphPad Prism version 8.

Results

Exposure measurement (delivered nicotine)

Samples of basal cell culture medium were collected directly
following exposure of the models to 16, 32 or 48 puffs of the p-HTP
aerosols/1R6F smoke. Nicotine levels within these samples were then
quantified to provide an indication of relative exposures to the cultures
according to the different exposure levels/products (Figure 2). Measured
nicotine levels were approximately proportional to number of puffs
delivered for each product, i.e., 16:32:48 puffs = 1:2:3 times the amount
of nicotine measured. The p-HTP Intense product variant delivered
around 1.7 times more nicotine per puff (diluted 1 in 2) compared to
p-HTP Regular, despite the same dilution factor. The lower levels of
nicotine observed for 1R6F were due to increased dilution per puff
(i.e., 1 in 14) prior to exposures in the cell culture chambers. However,
48 puffs of 1R6F smoke diluted 1 in 14 delivered comparable nicotine
levels to 16 puffs of 1 in 2 diluted p-HTPRegular aerosol, indicating that
exposures for this study fell within a comparable nicotine delivery range.

Cytotoxicity

Over the 28-day experimental period, levels of LDH secreted from
cells (into basal medium and mucus) were generally consistent
between all test articles and Sham at the 16 and 32 puff levels.
Although there were a few significant differences to Sham at some
timepoints (p-HTP Intense 16 puffs, day 17; 1R6F 16 puffs, day 24 and
32 puffs, days 17 and 22), these were not sustained trends. This was
also the case for both p-HTPs with the 48 puff exposures. However, in
contrast, increased release of LDH was observed following exposures
to 48 puffs of 1R6F smoke compared to Sham, which reached
significance at day 10 and generally increased from this point
onwards. It was also noted that greater variability was observed for
the p-HTP Regular tissues exposed to 32 puffs particularly.

Histology

Following the 28-day experimental period, a subset of tissues were
harvested and fixed for histological analysis (Figure 3). Alcian Blue/H&E
staining was carried out to assess tissue architecture, Muc5AC staining
was used to indicate the presence of goblet cells and FoxJ1 was used to
stain for ciliated cells (Figure 3; Table 1). In the Sham treated tissues,

FIGURE 2
Average (values detailed above each bar) nicotine concentration in
basal cell culture medium samples collected directly following exposure
of the 3D tissues to 16, 32 or 48 puffs of p-HTP aerosols (diluted 1 in 2) or
1R6F reference cigarette smoke (diluted 1 in 14). Data is an average
of measurements in samples taken at the timepoints detailed inFigure 1.
Error bars represent standard deviation; n = 3 per day x 12 days.
Differences between the puff levels of each product were analysed using
a two-way ANOVA; ****p < 0.0001 (two-way ANOVAwith Tukey’s post-
hoc test).
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slight declines in all endpoints were observed with increasing numbers
of puffs, which may be the result of repeated exposures to puffs,
i.e., mechanical stress, over the prolonged 28-day exposure period.
For the Alcian Blue/H&E staining, compared to Sham treated
tissues, there appeared to be a small decline in tissue height with

increasing puffs of the p-HTP aerosols, however, this was not
pronounced. For 1R6F, there were clear declines in tissue height and
number of cells present, along with changes in morphology with
increasing puffs. When stained for Muc5AC, the presence of goblet
cells appeared to decrease for all treatments with increasing puffs

FIGURE 3
Representative histological images of the tissues exposed to 16, 32 and 48 puffs of air (sham), p-HTP Regular aerosol, p-HTP Intense aerosol or 1R6F
reference cigarette smoke, harvested at the end of the 28 days repeated exposure experimental period. Fixed tissue slices were stainedwith Alcian Blue andH/
E (A), Muc5AC (B) and FoxJ1 (C). A subset of tissues were treated with IL-13 as a positive control (D). Sham: n = 1 per condition; test products: n = 2 per
condition; IL13: n = 3.

TABLE 1 Average staining in treated tissues (16, 32 or 48 puffs of air (Sham), p-HTP Regular, p-HTP Intense, 1R6F), fixed and stained at the end of the 28 days repeated
exposure period. Positive control treatment, IL-13, is also included. ND: no staining detected.

16 puffs 32 puffs 48 puffs

Alcian Blue/H&E (% positive cells/total area) Sham 0.16 0.10 0.10

p-HTP Regular 1.66 0.20 0.03

p-HTP Intense 0.38 0.10 0.08

1R6F 0.25 0.22 0.06

IL-13 19.99

Muc5AC (% positive area/total area) Sham 4.50 2.97 2.57

p-HTP Regular 5.97 2.07 2.68

p-HTP Intense 3.23 1.75 2.68

1R6F 5.48 1.23 0.54

IL-13 77.26

FoxJ1 (% positive nuclei/number of nuclei) Sham 47.02 45.93 44.54

p-HTP Regular 45.54 42.17 32.09

p-HTP Intense 42.33 34.10 24.73

1R6F 40.64 17.16 ND

IL-13 43.23
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(including for Sham). However, this effect was especially pronounced
for the 1R6F treated tissues with increasing puffs (around 10-fold
decrease between 16 and 48 puffs). Puff-wise declines in ciliated cells
were observed for the p-HTPs, with slightly stronger effects for p-HTP
Intense. However, with increasing puffs of 1R6F smoke, declines in
ciliated cells were stronger, with none detected at 48 puffs.

Tissue functionality: Cilia active area and cilia
beat frequency

Over the 28 day period, increasing declines in both CAA and CBF
compared to Sham (Sham values are detailed in Supplementary Figure

S4) over time were observed for all three test articles (Figure 4). The
sizes of these declines correlated with the number of puffs to which the
tissues were exposed. Additionally, for all test articles, declines in CAA
were observed earlier than the declines in CBF. Upon comparison of
tissue responses to the two p-HTP aerosols, p-HTP Intense exhibited
greater potency than p-HTP Regular, with slightly greater, but not
earlier declines in CBF and CAA observed. However, for 1R6F smoke,
diluted to a much greater level, declines in CAA and CBF compared to
Shamwere observed at earlier timepoints and to a much greater degree
relative to both the p-HTPs. Some evidence of tissue variability was
observed, indicated by differences between Sham and aerosol/smoke-
exposed tissues (significant for some p-HTP Regular tissues) at the
0 days timepoint (before any exposures had occurred).

FIGURE 4
(A, C, E) Fold changes in % cilia active area (AA) compared to sham (air) treatment of 3D bronchial tissuemodels exposed to 16, 32 or 48 puffs of aerosol or
smoke (B, D, E) Fold changes in cilia beat frequency (CBF) compared to sham (air) treatment of 3D bronchial tissue models exposed to 16, 32 or 48 puffs of
aerosol or smoke. Error bars represent standard deviation; Sham: up to day 17, n = 5, day 15 onwards, n = 3; test products: up to day 17, n = 8, day 15 onwards,
n = 5 (some tissues were lysed for analyses on day 17). *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001 (ordinary one-way ANOVA with Bonferroni’s
post-hoc test).
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Inflammatory readouts

Measurement of the levels of six inflammatory markers secreted
into the basal cell culture medium was carried out; samples were taken
either directly before exposure (Figure 5; Supplementary Figures
S3–S8) or 4 h post-exposure (Supplementary Figures S6–S9). For
IL-6 and TNFα, no signal was detected in the samples post-
exposure, and therefore data is not shown. Although there were
few significant changes in TNFα levels across the timepoints

measured (p-HTP Intense on day 3, 32 puffs; 1R6F on days 3
(48 puffs) and 24 (16 and 32 puffs)), there were some initially
elevated levels on day 3. This response was similar for 1R6F,
however, on day 24 there was a large peak in response for 16 and
32 puffs. The IL-6 response measured following one exposure
(measured on day 3) to the test articles did not significantly differ
to Sham. However, a second exposure led to declines in levels, which
was significant for both p-HTPs for 16 puffs only and for 1R6F at
16 and 32 puffs only (Figure 5; Supplementary Figure S3). For the

FIGURE 5
Heatmap representation of inflammatorymarkers in the cell culturemediumofmodels exposed to 16, 32 or 48 puffs of p-HTP Regular or Intense aerosol
or 1R6F smoke. Cells were exposed according to the regime detailed in Figure 1 and levels in basal medium samples taken pre-exposure on days 3, 6, 10, 17,
24 and 28 are shown. Data is plotted as fold-change relative to Sham (1-fold); the highest value on the heatmap is set to the highest observed fold-change
across the six markers measured (15-fold) and the lowest value is set to the equivalent inverse. Pink indicates an increase in secretion of markers into the
medium compared to Sham levels, and blue indicates a decrease; crossed out cells indicate timepoints where significant cytotoxicity was first observed for
1R6F. Statistically significant changes from Sham levels are denoted by asterisks (*): *p ≤ 0.05; **p ≤ 0.005; ***p ≤ 0.001; ****p ≤ 0.0001 (two-way ANOVAwith
Dunnett’s post-hoc test). Data plots can also be found in the supplementary information (Supplementary Figures S5–S10), along with measurements from
samples taken 4 h post-exposure. n = 3.
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p-HTPs, levels of IL-6 did not significantly differ to Sham again until
the measurement on day 28, and this was for 16 and 48 puffs only. In
slight contrast, significant decreases were observed for 1R6F from day
17 onwards, however, for 48 puffs, on day 28, there was a sharp
increase in levels secreted into the medium. The strongest IL-8
responses were induced by exposure to 1R6F smoke in both the
pre- and post-exposure samples, with both immediate and
sustained elevations in levels secreted. At the second post-exposure
timepoint (day 10), there were significant elevations in the levels of IL-
8 at all three puff levels for the p-HTPs, however, there were no
significant changes relative to Sham in the pre-exposure samples.
These responses were reflected in the levels of MMP-1 secreted, in
both the pre- and post-exposure samples. For both IL-8 and MMP-1,
effects were clearly puff dependent, particularly for 1R6F, which
elicited substantially greater responses than the p-HTPs. MMP-3
and MMP-9 responses were generally less pronounced, with little
trend in significant deviations from Sham for MMP-9. However,
MMP-3 secretion was significantly increased for 1R6F exposures at
32 and 48 puffs in the pre-exposure samples. Post-exposure at the
earlier timepoints and higher puffs, there were some significant
increases in MMP-3 secretion, however, in contrast, p-HTP
Regular induced increasing secretions post-exposure with time at
the 32 puffs level only, which was coupled with high variability
between replicates. However, as 48 puffs of 1R6F induced
significant cytotoxicity from day 10 until the end of the

experimental period (Figure 6), this data was omitted from further
interpretation with regards to inflammatory responses, as these
responses would likely be associated with cell death rather than
progression to disease-representative pathologies (Iskandar et al.,
2018).

Discussion

This study was the first to assess the effects of the two p-HTP
variants’ whole aerosols on the 3D MucilAir model. Furthermore, this
study was carried out over an extended (28 days) period, using repeat
exposures, and therefore more representative of a realistic adult
smoker exposure scenario.

Exposure to p-HTP aerosols resulted in
substantially reduced toxicological outcomes
compared to 1R6F smoke

The 3D tissues were exposed to 16, 32 or 48 puffs of diluted p-HTP
aerosol (1 in 2) or 1R6F smoke (1 in 14) and across the endpoints
assessed, both p-HTP variants were substantially less toxic than 1R6F.
Upon assessment of LDH secretion into both the basal cell culture
medium andmucus across the experimental period, at 16 and 32 puffs,

FIGURE 6
LDH released into cell culture medium and mucus from tissues exposed to 16, 32 and 48 puffs of sham (air), p-HTP Regular, p-HTP Intense and 1R6F
Reference Cigarette. For each puff level, responses for p-HTP Regular, p-HTP Intense and 1R6F were statistically compared to shammeasurements for each
day measured (1, 3, 6, 8, 10, 13, 15, 17, 20, 22, 24, 27, 28); *p ≤ 0.05, **p ≤ 0.005, ***p ≤ 0.001 (two-way ANOVA with Dunnett’s post-hoc test). Error bars
represent standard deviation; n = 3.

Frontiers in Toxicology frontiersin.org09

Chapman et al. 10.3389/ftox.2023.1076752

13

https://www.frontiersin.org/journals/toxicology
https://www.frontiersin.org
https://doi.org/10.3389/ftox.2023.1076752


the LDH levels released by tissues exposed to the p-HTPs did not
significantly differ when compared to Sham across the timepoints
measured. There was increased variability in tissue responses to
p-HTP Regular exposures (particularly for 32 puffs), which was
also observed across the experimental endpoints assessed within
this study, and therefore may be due to comparatively increased
sensitivity of certain tissues. Tissues repeatedly exposed to 48 puffs
of 1R6F smoke demonstrated the greatest increase in LDH secretion,
which generally increased with time, and furthermore, the dilution
level of smoke was one in 14, much greater than for the p-HTP
aerosols (1 in 2). With the exception of the high cytotoxicity induced
by 1R6F at 48 puffs from day 10 onwards, exposures delivered were
generally sub-cytotoxic and therefore responses observed in the
subsequent endpoints assessed were deemed to be related to
processes potentially leading to disease pathologies rather than cell
death.

Upon histological analysis of the tissues, slight declines in staining
were observed with increasing puffs for the Sham treatment, which
mirrors the secretion of LDH by the Sham tissues over the
experimental period (Figure 6). However, as tissues were fixed for
histological analysis at the end of the experimental period, they may
have undergone some effects from mechanical stress of puffing with
air over a long-term period. Declines in function in both incubator and
air control MucilAir tissues following an extended experimental
period were also observed by Haswell et al. (2021) and following a
single non-cytotoxic exposure (Phillips et al., 2021). It must be
acknowledged that these models cannot fully replicate a human in
vivo scenario, where interplay of other cell types, in addition to being
part of a whole tissue, as well as mechanical stimulation in situ, may
have an effect on cellular and tissue maintenance.

However, upon comparison of Sham tissues to both the p-HTP
aerosols and 1R6F smoke, there were clear differences between the
responses observed. 1R6F induced increasing declines in normal tissue
morphology (Alcian Blue/H&E staining) and the greatest loss of goblet
(Muc5AC staining) and ciliated (Fox-J1 staining) cells with increasing
numbers of puffs. Changes followed a similar trend for the p-HTPs,
but these were more subtle and more closely resembled Sham
responses. Some measures were relatively elevated for certain
staining endpoints for p-HTP Regular (16 puffs, Alcian Blue/H&E
and Muc5AC), which may be attributed to tissue variability, as
observed across the other study assays for this product variant.
However, p-HTP Intense generally demonstrated the higher
potency of the two variants in the histological analyses (discussed
further in ‘Nicotine dosimetry and translation to exposure to other
chemicals’ section). In the study conducted by Haswell et al. (2021),
sub-cytotoxic, and much higher dilutions, of 1R6F smoke (but not
HTP aerosol) induced goblet cell hyperplasia within a 6 weeks
experimental period. Although the current study did not cover as
long a time period, and applied higher exposures of smoke, we only
observed some decline in goblet cells. This indicates that both
exposure dose and duration are potentially important factors in the
experimental design.

Changes in CAA and CBF are recognised indicators of airway
epithelial dysfunction (Gindele et al., 2020; Luettich et al., 2021);
Luettich et al. (2021) recently described their role in the AOP to
decreased lung functionality upon exposure to inhaled toxicants. In
this study, CBF and CAA were recorded at timepoints across the
28 day period to understand changes in functionality in response to
the repeat exposure regimens. Across the experimental timepoints

(particularly at the lower puffs levels for the p-HTPs) variation in the
levels of change compared to Sham were observed. This could be due
to some capacity of cells/tissues to recover between exposures.
However, pronounced declines in CAA were followed by those in
CBF and the effects on the presence and functionality of cilia
correspond to the histological outcomes. Overall, it was clear that
the effects of 1R6F smoke (diluted to a higher level) were substantially
greater, and generally occurred earlier, than those of the p-HTPs.
Generally greater effects of combustible cigarette smoke, compared to
other test articles, in repeated exposure studies with such models have
also been previously observed (Czekala et al., 2021; Haswell et al.,
2021).

Inflammation is another key process in airway damage and
dysfunction and the associations of inflammatory mediators with
exposure to combustible cigarette smoke have been extensively
mapped (Aghapour et al., 2018). Many in vitro studies into NGP
aerosol/cigarette smoke exposures have included inflammatory
cytokine panels as an indicator of cellular/tissue responses to
exposure (Iskandar et al., 2019; Czekala et al., 2021; Phillips et al.,
2021). Here, we selected six markers associated with combustible
cigarette smoking to assess how responses compared between the
p-HTP aerosols and 1R6F smoke. As observed with CAA/CBF, across
the experimental period, there was some variation in levels of
responses compared to Sham dependent on the timepoint, which
again, could be due to some adaptive responses of the tissues. Across
all of the selected markers, 1R6F induced the strongest and most
sustained responses, which were substantially greater than those to the
p-HTPs. Due to the significant and increasing cytotoxicity from day
10 onwards for 48 puffs of diluted 1R6F smoke, the readouts were
regarded to be due to pathways related to cellular death rather than to
a disease pathological state, as described by Iskandar et al. (2018).

The six inflammatory markers assessed within this study have all
demonstrated associations with exposure to cigarette smoke, and
particularly associated with disease pathologies including the
chronic inflammatory condition, COPD (Zhang et al., 2011;
Tanaka et al., 2014; Ostridge et al., 2016; Kraen et al., 2019; Huang
et al., 2021). Four hours following the exposures, across the
experimental days, IL-6 and TNFα were not consistently detectable
in the medium for any of the treatments (including Sham), which may
be due to the sensitivity of the method coupled with low, if any,
secretion by that sampling timepoint. Therefore, data is not shown. IL-
6 secretion was generally supressed compared to Sham following
exposures to all three test articles, however, this effect was
generally not significant for the p-HTPs (with the exception of
16 puffs on day 6 and 16 and 48 puffs on day 28). Pathways
involving c-jun and NFκB have an association with IL-6
suppression (Tanaka et al., 2014), and in the previous study by
Chapman et al. (2023), both the p-HTP Regular product and 1R6F
induced significant (dose dependent) increases in c-jun and NFκB
activity, albeit to different degrees (and in a single human bronchial
cell type model and measured at two timepoints only). Iskandar et al.
(2018) also observed decreases in IL-6 upon single exposure of tissues
to 1R6F, however, not following exposure to HTP aerosol. The
increase in IL-6 secretion at day 28 for cells exposed to 1R6F may
be the artefact of high cell death by this timepoint for this exposure.

Following an initial non-significant increase in IL-8, particularly at
48 puffs, for the p-HTPs, limited changes in the pre-exposure collected
medium suggested that there was limited to no sustained response
over the experimental period. However, for 1R6F, IL-8 levels remained
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significantly elevated across the experimental period for 48 puffs, with
a sharp increase in secretion between days 10 and 24, followed by a
decline, correlating with the observed cytotoxicity for this treatment.
Tissues exposed to 32 puffs of 1R6F exhibited consistently significantly
elevated levels of IL-8 secretion present in the pre-exposure medium
samples, however to a lesser degree than observed with the cytotoxic
48 puffs. This trend was also observed, but again to a slightly lesser
extent, for 16 puffs of 1R6F. For the p-HTPs, secretions measured 4 h
post-exposure indicated some initial responses to exposure up to day
10, however, for the two timepoints measured following this (days
17 and 24), there were no significant changes, potentially indicating an
adaptive response of the tissues. In contrast, exposures to all puff levels
of 1R6F smoke induced secretion of IL-8 following exposure.
Interestingly, although IL-8 (and TNFα) has been implicated in the
post-transcriptional regulation of MUC5AC gene expression (Bautista
et al., 2009), we observed puff-dependent declines in MUC5AC
staining across all treatments.

Upon assessment of MMP-9, despite some significant changes
compared to Sham, there was no clear trend in responses, which were
weak compared to those seen for the other two MMPs, particularly in
response to 1R6F exposure. For the p-HTPs, there were few and small
significant changes compared to Sham for MMP-3, with the exception of
at day 24 for 16 puffs, 4 h post-exposure for p-HTP Regular. However,
this was coupled with high variability, as seen in the other endpoints for
this set of tissues, and therefore it is unclear how reliable this particular
response is. Despite some apparent adaption of tissues to exposure to
1R6F at day 17, and increase in MMP-3 was observed at the later
timepoints, again correlating with the cytotoxicity/cell loss observed
towards the end of the experimental period. On day 10, in the
medium sampling following exposure to the p-HTPs, the tissues
demonstrated significant increases in MMP-1 secretion at all three
puff levels; however, as observed with the other inflammatory
markers, this was followed by subsequent apparent adaption of the
tissues to this treatment. In contrast, 1R6F elicited significant increases
in secretion of MMP-1 from the first measurement of the experimental
period, and these responses to 1R6F were particularly sustained and
apparent throughout the experimental period. MMPs have a number of
roles within the inflammatory response, for example in regulation of
cytokines and chemokines and in tissue remodelling (Czekala et al., 2021),
however, their activity and exact roles in the human lung is complex
(Churg et al., 2012). A lower MMP-9 response in such tissues compared
to MMP-1 and MMP-3 to combustible cigarette exposure was also
observed by Czekala et al. (2021).

Although broadly non-significant, TNFα levels were variable
compared to Sham, and were particularly elevated at the first
measured timepoint (day 3), potentially due to an initial stress
response. However, lower levels of TNFα are involved in various
cellular/tissue processes under homeostatic conditions
(Mukhopadhyay et al., 2006), and therefore the lowered TNFα
levels observed here may correlate with the adaptive responses
observed in tissues, particularly those exposed to the p-HTPs. At
day 24, there was a peak in TNFα secretion for 16 and 32 puffs of 1R6F,
which may signal a heightened stress response in the tissues following
cumulative exposures. However as TNFα is known to be involved in
many cellular processes, including driving inflammatory responses
and also apoptosis (Mukhopadhyay et al., 2006; Malaviya et al., 2017),
the readouts here require further investigation, as is true for all the
markers assessed. Furthermore, inflammatory responses are complex
and involve the interaction of many molecules and pathways,

therefore further resolution on the effects of the test articles on
these would be the focus of future studies, for example through
transcriptomics analyses.

Overall, the in vitro assessment findings support the observations
in other studies with 3D models exposed to combustible cigarette
smoke and HTP aerosols, that effects are substantially greater upon
exposure to cigarette at lower concentrations (Iskandar et al., 2017;
Iskandar et al., 2018; Haswell et al., 2021). However, further studies are
required on the effects of HTPs following repeated exposures to
substantiate the observations from this study.

Whole aerosol/smoke repeated exposures to
3D human cell models increase human
relevance of the outcomes

This study utilised the MucilAir 3D reconstituted human
bronchial epithelial cell model, an established and robust model
which has been utilised in a number of inhalation toxicological
assessments (Huang et al., 2013; Frieke Kuper et al., 2015; Bedford
et al., 2022). The use of human-derived cells increases the relevance of
the outputs to consumers and can more closely represent human-
specific molecular pathways and responses (Krewski et al., 2010;
Adeleye et al., 2015). Furthermore, the repeated exposure element
of the study more accurately models likely human exposure patterns
than a single, acute, in vitro exposure (Mallock et al., 2019; Jones et al.,
2020; Laverty et al., 2021). Interestingly, lower or absent responses in
3D respiratory tissue models exposed to heated tobacco aerosol,
compared to cigarette smoke, in the short term (e.g., up to 72 h),
following an acute exposure (Iskandar et al., 2018; Mori et al., 2021)
was a relative response observed to be maintained over the 28 days of
the current study. The findings of the current study therefore indicate
reduced harm potential of the p-HTPs over the longer period tested.
However, the 28 days exposures applied within this study still provide
valuable insight into outcomes upon repeated exposures over a
prolonged period for both the p-HTPs and cigarette.

In combination with this, whole aerosol/smoke exposures were
achieved using the SAEIVS, which enables a number of human-
relevant conditions to be met during exposure. Firstly, the whole
aerosol/smoke exposures allow the delivery of all chemical fractions
generated upon heating/combustion (respectively) of the products,
including particulate and gas/vapour phases; delivery of a combination
of these fractions is often challenging in vitro systems, for example, in
submerged cell cultures, as evaluated previously (Smart and Phillips,
2021). In addition to the delivery of all chemical fractions, the SAEIVS
ensures exposures of cells to aerosol/smoke within 10 s of generation,
preventing ageing effects. These, in combination, ensure that cells are
exposed to as consumer-relevant chemical mixture as possible. Further
to this, humidity within the SAEIVS is maintained at 70%–80%, to
prevent tissue drying effects throughout the exposures. A vacuum
pump also acts to remove aerosol/smoke from the exposure chambers
following each puff, mimicking exhalation of some chemicals.

Nicotine dosimetry and translation to
exposure to other chemicals

Nicotine is often used as a marker of aerosol/smoke exposure
in vitro as it is considered to be a reliable dosimetry measure

Frontiers in Toxicology frontiersin.org11

Chapman et al. 10.3389/ftox.2023.1076752

15

https://www.frontiersin.org/journals/toxicology
https://www.frontiersin.org
https://doi.org/10.3389/ftox.2023.1076752


(Adamson et al., 2016; Behrsing et al., 2018). In this study, nicotine
dosimetry using the levels trapped within the basal medium was
carried out to gain an understanding of relative exposures to the
tissues. During exposure, gaps present at the sides of the culture inserts
for gaseous exchange in the basal medium of the system enable
delivery to and trapping of the aerosol/smoke constituents in this
compartment. Although this does not model deposition on the tissue
surface, it does provide an indication of relative exposures and has
previously been used as a dosimetry method in similar 3D culture
exposure set-ups (Haswell et al., 2017).

Although exposures were matched on a puff basis, matching
delivered nicotine levels across all exposure levels was not possible in
combination with this due to the high cytotoxicity potential of 1R6F
smoke at lower dilutions. However, average nicotine levels delivered by
16 puffs of the p-HTP Regular product did match those delivered by
48 puffs of 1R6F, allowing some comparison of effects upon a nicotine
basis. Overall, it is clear that 1R6F smoke induced substantially greater
toxicological effects compared to the p-HTPs, across a comparable
nicotine delivery range. Although adult smokers smoke for nicotine
amongst other reasons, tobacco combustion generates more than
7,000 chemicals (US Department of Health and Human Services,
2014), to which the consumer is exposed. A number of studies have
demonstrated, however, that aerosols generated from HTPs are less
complex and contain fewer and substantially lower levels of toxicants
compared to combustible cigarette smoke, attributed to the heating, as
opposed to burning of tobacco (Jaccard et al., 2017; Forster et al., 2018;
Malt et al., 2022). A recent study by Chapman et al. (2023) characterised
the aerosols generated by two p-HTPs, one of which was used in this
study (p-HTP Regular) and reported substantial reductions in the levels
and numbers of toxicants present in the aerosol compared to 1R6F
smoke. On a per puff basis, nicotine delivery was around half that for the
p-HTPs compared to 1R6F, however, on a nicotine equivalent basis,
substantial reductions in vitro toxicological outcomes were observed
upon exposure of cells to the p-HTP aerosols. To maximise adult
smoker satisfaction, the p-HTP Intense variant used in this study
was designed to deliver increased aerosol, and therefore nicotine per
puff, and indeed greater levels of nicotine were measured in the basal
medium following exposures. In the case that correspondingly increased
toxicant levels were delivered to the tissues, in line with the HT product
category, these levels are still expected to be substantially reduced
compared to (1R6F) combustible cigarette smoke. Indeed,
toxicological responses observed were similar between the two
p-HTP variants used in this study, supporting the growing evidence
for the THR potential of this category (Committee On Toxicity, 2017;
Mallock et al., 2018; McNeill et al., 2018; RIVM, 2018; SHC, 2020). In
vitro analyses with more mechanistic resolution, for example,
transcriptomics approaches, may provide more resolution between
toxicological responses to individual variants within the same
product category, and will be the subject of future studies.

Although aerosol/smoke deposition on the tissue surfaces was not
measured, it would be informative to gain an understanding of
aerosol/smoke deposition and therefore apical exposures to the
tissues. Additionally, this information, in combination aerosol
particle size data, could be inserted into lung deposition models to
predict human relevant exposure scenarios. This will also be addressed
in future studies. Furthermore, the basal nicotine concentrations
measured within this study were markedly higher than
physiological blood plasma nicotine levels in smokers or heated
tobacco product users (10–50 ng/mL, Benowitz et al., 2009;

Phillips-Waller et al., 2021). Whilst not at physiological levels, the
quantification of nicotine was useful in providing an indication of
relative exposures to the cultures according to the different exposure
levels/products.

The role of NGPs in THR

This study has demonstrated that the human 3D bronchial
epithelial cell models exhibit substantially reduced toxicological
responses following exposure to the p-HTP aerosols compared to
1R6F reference cigarette smoke. This is consistent with the current
scientific evidence base underpinning the HTP category and reflects the
previously described substantial reductions in the levels and numbers of
toxicants present in the aerosols of p-HTPs compared to 1R6F smoke
correlating with reduced toxicological outcomes observed across a range
of in vitromodels (Chapman et al., 2023). As may be expected, although
the p-HTPs do not exhibit the same level of reduction in toxicological
responses as typically observed with ENDS (Czekala et al., 2021), the
data in this manuscript does supports the proposed placement of
nicotine delivery products across a relative risk scale (Abrams et al.,
2018; Murkett et al., 2020). However, HTPs, as demonstrated in this
study, still offer substantially reduced harm nicotine delivery compared
to combustible cigarette smoking (Committee On Toxicity, 2017).
Further to this, for NGPs to reach their full THR potential, they
must offer adult smokers an acceptable form of nicotine delivery,
which includes sensory satisfaction, which HTPs may provide to
adult smokers as a closer experience to cigarette smoking (Roulet
et al., 2019; Haziza et al., 2020).

Limitations of the study and future directions

This study provides valuable information on the effects of repeated
exposures, over a prolonged period of 28 days, to p-HTP aerosols in
the MucilAir bronchial cell model compared to combustible cigarette
smoke. The study does have a number of limitations which must be
acknowledged, and the data viewed within this context. Some
variability between tissues was observed, particularly for the subset
of models used for the p-HTP Regular exposures, which may remove
some resolution of the subtle differences in effects of the two product
variants. Whilst technical replication was carried out to mediate such
biological variability, and tissues underwent quality control measures
prior to the start of experimentation (transepithelial electrical
resistance (TEER) measurement/visual (microscopic) inspection),
the study was conducted using models derived from one donor,
and therefore does not account for donor variability. This is an
important consideration as, for example, in the study by Czekala
et al. (2021), tissues were exposed to greater numbers of reference
cigarette puffs, which although diluted slightly more than in the
current study (1:17 vs 1:14 respectively), tissues appeared more
sensitive to combustible cigarette smoke in the present study, and
puffs were limited to 48 to prevent excessive cytotoxicity. However, it
is difficult to fully model consumer variability in vitro, and the recent
findings of Bowers et al. (2021) indicate that 13–299 donors would be
required to provide information on various inflammatory readouts.
Additionally, the current study was carried out on models derived
from human bronchial cells, however, this does not model other
regions of the respiratory tract, for example the alveoli, and does
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indicate the interaction with other cell types present in vivo, including
fibroblasts, endothelium and immune cells. Assessment of the effects
of the test products in models including alveolar tissues and those in
the presence of immune cells will be the focus of future work.

To further expand upon the mechanistic insights into the effects of
the test products, it would also be beneficial to expand upon the
endpoints assessed in the current study to include analyses at the
transcriptomic level, to identify further pathways involved in the
responses, and gain information on important processes to screen
for in future in vitro assessments. For example, the 3D models
demonstrate metabolic capability (Huang et al., 2013; Cervena
et al., 2019) and whilst no measurements of this activity were
taken in the current study, it would be interesting to gain some
insight into metabolic activity and upregulation upon exposure to
the respective test articles. From this capacity of the tissues, however, it
could be assumed that exposure outcomes within the current study
may have involved the effects of the metabolism pro-toxicants, and
warrants further investigation.

The experimental design would also benefit, in future studies of
this type, from switching/dual exposure arms. These are two
important use scenarios to model in vitro, and would further
increase the consumer relevance of such studies: NGPs offer adult
smokers an alternative, reduced harm form of nicotine delivery to
adult smokers, therefore switching from cigarette use to NGP use
could be modelled by a period of exposure to combustible cigarette
smoke followed by a period of exposure to NGP. Switching is often
accompanied by a period of dual use of combustible cigarettes and
NGPs (Farsalinos et al., 2015; Adriaens et al., 2017; Sutanto et al.,
2020), therefore, an in vitro model of this may also be informative.
However, how in vitro responses translate to in vivo effects still
remains to be elucidated.

Finally, in future studies it would beneficial to extend endpoints to
add to the weight of evidence with regards to the outcomes. For
example, transepithelial electrical resistance (TEER) measurement can
provide an additional measure for barrier integrity and will be
incorporated as an endpoint in future studies of this kind.

Conclusion

This study has demonstrated that the effects of repeated exposures
of 3D human reconstituted bronchial cell models in vitro, over an
extended 28 day period, to p-HTP variant aerosols are substantially
reduced compared to the effects of 1R6F combustible reference cigarette
smoke. This is in line with the findings of previous in vitro studies on
both the p-HTPs and HTP category, and supports a growing weight of
evidence for the tobacco harm reduction potential of such products,

through offering a potentially less harmful form of nicotine delivery to
adult smokers. The combination of the human MucilAir models, whole
aerosol/smoke exposures and an extended, repeated exposure regime
additionally increases the human, and therefore consumer, relevance of
the outcomes observed.
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Electronic cigarettes have become increasingly popular, but the results of
previous studies on electronic cigarette exposure in animals have been
equivocal. This study aimed to evaluate the effects of electronic cigarette
smoke (ECS) and cigarette smoke (CS) on lung function and pulmonary
inflammation in mice to investigate whether electronic cigarettes are safer
when compared to cigarettes. 32 specific pathogen-free BALB/c male mice
were randomly grouped and exposed to fresh air (control), mint-flavored ECS
(ECS1, 6 mg/kg), cheese-flavored ECS (ECS2, 6 mg/kg), and CS (6 mg/kg). After
3 weeks exposure to ECS or CS, we measured lung function (PIF and Penh) and
blood oxygen saturation. The levels of TNF-α and IL-6 in the bronchoalveolar
lavage fluid (BALF) and serum were measured using ELISA. HE staining was
performed to observe the pathological changes in the lung tissues. The levels
of IL-6 in BALF and serum, and TNF-α in BALF, were elevated similarly in the ECS
and CS groups compared to the control group. Significant elevation was observed
in serum TNF-α levels in the CS group. The total count of cells in BALF were
increased after ECS1 exposure and CS exposure. PIF and oxygen saturation
decreased, and Penh increased markedly in the CS group but not in the ECS
groups. Compared with the ECS groups, mice in the CS group had widened lung
tissue septa and increased inflammatory cell infiltration. However, we did not
detect significant differences between mint-flavored and cheese-flavored
e-cigarettes in our study. Overall, our findings suggested that both ECS and CS
impair lung function and histopathology while promoting inflammation. In
contrast, ECS has a less negative impact than CS.

KEYWORDS

electronic cigarette, lung function, cigarette, inflammation, toxicology

Introduction

Smoking is a major cause of morbidity and mortality, responsible for nearly 200 million
deaths per year (Beaglehole et al., 2019). Tobacco smoking is the leading risk factor for
serious lung diseases, including lung cancer and chronic obstructive pulmonary disease
(Traboulsi et al., 2020). While traditional cigarette smoking has declined in recent years, the
use of electronic cigarettes or e-cigarettes has increased dramatically (Bilano et al., 2015).
E-cigarettes, also known as a type of electronic nicotine delivery system (ENDS), comprise a
rechargeable battery, an atomizer, and liquid containing nicotine, solvent, and flavors, but do
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not contain natural tobacco. Electronic cigarette aerosols, produced
by the heating and atomization of nicotine liquid via an atomizer,
directly enter the lungs through the respiratory tract. The toxic and
carcinogenic substances contained in cigarette smoke, including
carbonyl compounds, volatile organic compounds, nitrosamines,
and heavy metals, can still be detected in electronic cigarette
aerosols, but their levels are much lower than those in cigarette
smoke under the same average puffing conditions (Goniewicz et al.,
2014).

E-cigarettes are marketed as a safer alternative to cigarettes,
yet their health effects remain largely controversial (Rom et al.,
2015). Reliable and direct support data on the safety of using
electronic cigarettes for human health remains scanty (Wagner
et al., 2017), and the effects of electronic cigarettes on human
health have not been adequately clarified (Dinakar and
O’Connor, 2016; Pisinger and Dossing, 2014). Due to a lack of
preclinical scientific data in the field, it is critical to evaluate the in
vivo safety of electronic cigarettes.

Previous research on e-cigarettes has focused on acute exposure,
with studies showing that e-cigarette aerosol can induce
inflammation, impair lung function and increase oxidative stress.
Acute exposure to electronic cigarette vapor increases blood
pressure (Fogt et al., 2016) and airway resistance (Vardavas et al.,
2012). E-cigarette aerosols increase levels of monocyte
chemoattractant protein-1 (MCP-1) and IL-6 in BALF after acute
exposure to e-cigarettes (Lerner et al., 2015). Another study found
that mice exposed to e-cigarettes for 6 h per day had higher IL-6 and
TNF-α transcripts levels after 3 days. However, some studies have
shown that e-cigarette exposure did not induce oxidative stress and
cell death, and only a limited focus of inflammatory cell infiltration
was observed on lung histology (Husari et al., 2016). It has been
reported that the inflammation was not increased in mice exposed to
e-cigarettes, but the lung function was decreased (Larcombe et al.,
2017a).

More and more studies have examined the pulmonary effects of
e-cigarettes short-term and long-term exposure. A in vivo study
reported that 4 weeks exposure to e-cig vapor can induce
inflammatory responses and adversely affect respiratory system
mechanics (Glynos et al., 2018). Another study has shown that
mice exposed to e-cigarette aerosol for 8 weeks did not have
increased inflammation but did display decrements in
parenchymal lung function while less worsening than combustive
cigarette smoke (Larcombe et al., 2017b). It has also reported that
exposure to inhaled nicotine-containing e-cigarette fluids for
4 months triggered adverse effects including cytokine expression,
airway hyper-reactivity and lung tissue destruction (Garcia-Arcos
et al., 2016).

E-cigarettes flavors have been founded to increase e-cigarettes
use frequency among adolescent (Morean et al., 2018). However, it is
widely validated that the flavorings used in e-cigarettes may
exacerbate the adverse pulmonary effects induced by e-cigarettes.
Thermal decomposition of flavoring compounds dominates
formation of aldehydes during vaping, which toxic to human
health (Khlystov and Samburova, 2016). Glynos et al. also have
examined that the added flavor in e-cigs exacerbated the detrimental
effects of e-cig vapor, inducing more severe health concerns.

Understanding the pulmonary impacts of e-cigarette use is
critical to informing product regulations and user safety. This

study aimed to determine the effects of short-term exposure to
e-cigarette aerosol versus cigarette smoke on inflammation and lung
function in mice. Before the products exposure, we collected the
e-cigarettes aerosol and cigarette smoke for UPLC measurement to
determine the equivalent nicotine concentration as exposure dose.
The nicotine concentration, which served as the exposure dosage,
was determined by UPLC analysis of the collected aerosol and
smoke samples. BALB/c mice, aged 8 weeks, were selected to be
exposed to either conventional cigarette smoke or e-cigarette
aerosols with mint or cheese flavorings for 3 weeks. The
pulmonary physiology, the levels of inflammatory cytokines in
BALF and serum, and histopathological changes in the lung
tissues were assessed. Our hypothesis postulates that e-cigarette
inhalation results in heightened pulmonary inflammation,
compromised lung function, and these adverse effects exhibit
variations with diverse flavors.

Materials and methods

Animals

BALB/c mice were susceptible to cigarette smoke induced
lung pathology and systemic inflammatory and fibrotic responses
(H. Chen et al., 2021), so we purchased specific pathogen-free
male BALB/c mice aged 8 weeks from Guangdong Medical
Laboratory Animal Centre (China). They were kept in a 12-h
light/dark cycle with a room temperature of 22°C and had ad
libitum access to food and water. All animal procedures were
approved by the Institutional Animal Care and Use Committee
(IACUC), Sun Yat-Sen University (Approval No. SYSU-IACUC-
2020-000259).

Smoke collection and UPLC method for
measuring nicotine

ESC or CS was generated by a smoking machine and
following collected with a Cambridge filter in a whole-body
chamber delivering the relevant smoke. The size of the chamber
was 3.8 L, where the flow rate of the air pump was 2.0 L/min.
Smoke delivery methods simulated the way humans inhale
smoke. 55 mL of smoke was released in 3 s, paused for 27 s,
and released again. Smoke was released at a rate of 2 times per
minute. The total amount of smoke released was 110 mL/min
and after 30 min the Cambridge filter was extracted with 10 mL
of DMSO. The average nicotine content of ECS and CS was
determined within 30 min using ultra-performance liquid
chromatography (UPLC). An external standard approach was
used for quantitative analysis. The mobile phase was made up
of 10 mM ammonium acetate (A) and 0.3 mL/min acetonitrile
(B). The analytical column was an ACQUITY UPLC HSS T3
2.1 × 100 mm × 1.8 µm. The injection volume and temperature
of the column were 0.5 μL and 40°C, respectively. The following
was the best gradient elution: from 0.0 to 6.0 min, A-B of 80:20;
from 6.01 to 9.0 min, A-B of 10:90; from 9.01 to 12.0 min, A-B of
80:20. At a wavelength of 260 nm, UV chromatograms were
detected.
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Design and dosage of exposure to ECS and
CS design

The electronic cigarettes consumed by an adult contain
approximately 40 mg of nicotine per day (Prochaska et al., 2022).
For 60 kg, an average human body weight, the nicotine dosage for
human is approximately 0.67 mg/kg (nicotine-by-weight). The Meeh-
Rubner formula is a calculation formula of total body surface areamost
commonly used for small animals (TBSA= kW2/3, mean k value is 9.83)
(Gouma et al., 2012). According to the Meeh-Rubner formula, the
equivalent dosage for mice was approximately 6 mg/kg, thus the
nicotine inhaled by mice weighing 0.02 kg is 12 mg. The results of
the pre-experiment showed that the average concentration of nicotine
was 0.1 mg/L. So, it can be calculated the equivalent nicotine volume
inhaled by mice is approximately 1.2 L. The ventilation volume per
minute of mice was 0.0217 L/min (Alexander et al., 2008). Thus, the
mice exposed to the aerosol for 60 min could reach the nicotine dose of
6 mg/kg, which is equivalent to human nicotine consumption per day.

The procedure for ECS and CS exposure

Thirty-two specific pathogen-free BALB/c mice were randomly
divided into four groups. The control group was exposed to fresh air.
The ECS1 group was exposed to mint-flavored electronic cigarette
smoke (RELX Tech. Co., Ltd.). The ECS2 group was exposed to
cheese-flavored electronic cigarette smoke (RELX Tech. Co., Ltd.).
The CS group was exposed to cigarette smoke. Except for the control
group, the other groups were exposed to smoke twice a day for
30 min each. The exposure lasted 3 weeks, 5 days a week. During
smoke exposure, every four mice were exposed to one batch of
smoke. Smoke is delivered in the same manner as the above
collection method.

Lung function tests

The lung function of mice after smoke exposure was assessed using
a whole-body plethysmograph (EMKA Technologies, Paris, France)
(Moriya et al., 2016). Themice were placed into chambers of the whole-
body plethysmograph and recorded for 5 min to detect peak inspiratory
flow (PIF) and decrease in enhanced pause (Penh) of the lungs.

Blood oxygen saturation

Blood oxygen saturation in mice was monitored with a Mouse
Ox Plus pulse oximeter (Chang et al., 2013) for mice, rats, and other
small animals (Starr Life Sciences Corp., Oakmont, United States).
The blood oxygen sensor was collared around the necks of mice, and
the instrument was electrified to detect and record the blood oxygen
saturation for 3 min after stabilization.

BALF and serum acquire

Mice were anesthetized with 3% pentobarbital sodium (Van
Hoecke et al., 2017). Further, the blood of the mice was acquired

from the fundus venous plexus. The blood was centrifuged at
3,000 rpm for 10 min at 4°C to obtain serum. The mice were
sacrificed, and their chests were opened fully to expose the lungs.
0.5 mL of 4°C normal saline was injected into the trachea and
withdrawn slowly three times during 30 s. This procedure was
repeated. The BALF obtained twice was mixed, and the total
number of leukocytes in the BALF was counted using a
hemocytometer under a microscope. After counting, the BALF
was centrifuged and the cell-free supernatant was stored at −80°C
until subsequent measurement of TNF-α and IL-6. The levels of IL-6
and TNF-α in the supernatant of BALF and serum were detected
using ELISA kits.

ELISA

Using mouse ELISA kits for IL-6 (9680008061219) and TNF-α
(9680010061219) from ABclonal Biotechnology Co., Ltd. (Wuhan,
China), the inflammatory cytokines IL-6 and TNF-α were quantified
using enzyme-linked immunosorbent assay. The technical protocols
are available on manufacturer’s website (https://abclonal.com.cn/
mouse-elisa-kits/) To begin, place 100 ul of standard or test samples
in each well and incubate for 2 h at 37°C before washing. Incubate for
1 h at 37°Cwith 100 ulWorking Biotin ConjugateAntibody, thenwash
three times. Add 100 ulWorking Streptavidin-HRR and incubate for 0.
5 h at 37°C. Then wash 3 times. Incubate for 15–20 min at 37°C in the
dark with 100 ul Substrate Solution. Add 50 ul Stop Solution to the
mix. Detect the optical density within 5 min under 450 nm. Each test
sample was loaded in triplicate, with the results being averaged to
minimize random errors and ensure reliability.

HE staining

The lung tissue, which not used to acquire for BALF, was fixed in
formalin, embedded in paraffin, and sliced for hematoxylin-eosin
staining with an HE staining kit (Boster Biological Technology Co.,
Ltd., Wuhan, China). Pathological changes in the lung tissues were
observed under a microscope (Life Technologies Co., Ltd., New York,
America), and each lung tissue sample was qualitatively analyzed.

Statistical analysis

Means ± standard deviation was calculated and statistical analysis
was performed using GraphPad Prism version 8.0 for Windows.
Statistical differences of measurement data were ascertained by one-
way analysis of variance, with Tukey’s multiple comparisons test. Count
data were analyzed by Kruskal–Wallis test with Dunn’s multiple
comparisons test. Statistical significance was set at p-value <0.05.

Results

Effects of ECS and CS on lung function

As the lung is exposed to smoke and is the main target organ
for cigarettes, we assessed the lung function in the mice
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immediately after the completion of smoke exposure. The results
of lung function testing showed PIF decreased and Penh increased
significantly in the CS group compared to the control group (p <
0.01). Notably, in comparison to ECS group, PIF also fell
drastically (p < 0.01), while Penh elevated significantly in CS-
exposed mice (p < 0.01) (Figure 1).

Effects of ECS and CS on blood oxygen
saturation

To further define lung function, the oxygen saturation
of mice was examined. The study indicated that ESC exposure
had no significant effect on blood oxygen saturation compared
to air exposure, and the blood oxygen saturation in the CS
group was markedly lower than that in the control group
(p < 0.01). The blood oxygen saturation in each ECS group
was significantly higher than that in the CS group (p < 0.01)
(Figure 2).

Effect of ECS and CS on the total count of
cells in the BALF

Furthermore, we also measured the number of cells in the
BALF. The results indicated that the total cell count in the
BALF in the CS group was significantly higher than that in the
control group (p < 0.01). The total count of cells in the
ECS1 group was significantly higher compared to the
control group (p < 0.05). Moreover, the total cell count in
BALF in each ECS group decreased to a different degree than
that in the CS group, but there was no significant difference
(p > 0.05) (Figure 2).

Effect of ECS andCS on the contents of TNF-
α and IL-6 in BALF and serum

We examined the levels of inflammatory factors in serum and
BALF to explore whether ECS caused an inflammatory response.

FIGURE 1
Effects of ECS and CS on PIF and Penh. PIF and Penh, as common indicators of lung function, were detected by a whole-body plethysmograph.
Levels of PIF (A) and Penh (B) are presented (n = 8). Data are represented as mean ± SD. ** p < 0.01, significantly different to the CS group; ## p < 0.01,
significantly different to the control group.

FIGURE 2
Effects of ECS and CS on blood oxygen saturation and the total cell count in BALF. Blood oxygen saturation was monitored with a Mouse Ox Plus
pulse oximeter. The total cell count in BALF was counted under the microscope. Levels of blood oxygen saturation (A) and total count of cells in the BALF
(B) are presented (n = 3–4). Data are represented asmean ± SD. ** p < 0.01, significantly different to the CS group; # p < 0.05, significantly different to the
control group; ## p < 0.01, significantly different to the control group.
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When compared to the control group, the ECS groups had
considerably greater levels of TNF-α in BALF (p < 0.05) and IL-
6 in both BALF and serum (p < 0.01). TNF-α levels in BALF (p <
0.01) and serum (p < 0.05) were significantly higher in the CS group
compared with the control group, as were IL-6 levels (p < 0.01).
TNF-α and IL-6 values in BALF and serum were marginally lower in
the ECS groups than in the CS group, but there was no significant
difference (Figure 3).

Effect of ECS and CS on HE staining in lung
tissue

To observe the effect of ECS on the lung tissue structure,
HE staining of lung tissue was performed. The analysis
suggested that the lung tissue septum in animals exposed to
cigarettes was significantly broadened, inflammatory cell
infiltration was obvious, and increased local pulmonary
hemorrhage and pulmonary interstitial congestion were
found in comparison to animals exposed to air.
Furthermore, the lung tissue septum was less widened,
inflammatory cell infiltration was decreased, and pulmonary
hemorrhage was less common in each ECS group than in the CS
group (Figure 4).

Discussion

The present study aimed to analyze the effects of short-term
exposure to ECS and CS on lung function and inflammation in mice.
Our findings suggested that ECS had a negative impact on
pulmonary inflammation, whereas CS exerted more pronounced
detrimental effect on lung function injur and inflammation. These
results contribute to the ongoing controversy surrounding the
potential benefits and harms of electronic cigarettes.

Electronic cigarettes have become increasingly popular recently,
especially among teenagers. Consumption of electronic cigarettes
may not be effective in promoting tobacco cessation (Kalkhoran and
Glantz, 2016), but the reduction in tobacco smoking is indeed closely
related to the use of electronic cigarettes in adolescent smokers with
severe nicotine addiction (Selya et al., 2018). It is unclear whether
they are beneficial or harmful for smokers and adolescents (Lam
et al., 2014), The increasing prevalence of electronic cigarettes has
raised serious concerns about their impact on public health (Pearson
et al., 2012).

Lung function is an important indicator of lung health. As an
overall indicator, the lung function in animals can directly represent
the effect of ECS exposure. While many respiratory parameters were
detected using EMKA system, most indicators lacked statistical
differences to be included in our study. Penh is an important

FIGURE 3
Effects of ECS and CS on TNF-α and IL-6 levels in BALF and serum. Levels of TNF-α in BALF(A), TNF-α in serum (B), IL-6 in BALF (C), and IL-6 in serum
(D) are presented (n = 3–4). Data are represented as mean ± SD. # p < 0.05, significantly different to the control group; ## p < 0.01, significantly different
to the control group.
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parameter that represents the gas exchange capacity and the severity
of airway resistance (Ghorani et al., 2017). Penh reflects changes in
lung function and airway resistance in conscious animals by using a
whole-body thoracoscopic system (Halloy et al., 2004).
Measurement of PIF is useful for interpreting inspiratory
resistance to assess lung function in mice (Bentur et al., 2004).
Decreased gas exchange capacity and increased airway resistance are
typical clinical manifestations of decreased lung function (Jobse
et al., 2013), and they are important diagnostic indicators of
decreased lung function. Smoking is known to cause lung
dysfunction (Zalokar, 1979). Regarding whether e-cigarettes
impair lung function, several informative studies have addressed
the effects of electronic cigarettes on lung health in vivo (Sussan
et al., 2015; Husari et al., 2016), but they lack investigation into lung
function mechanics. To address this problem, we evaluated the effect
of ECS exposure on lung function. In this study, Penh and PIF values
in mice were detected consciously. The results showed that CS
exposure caused significant changes in PIF and Penh, but not in ECS
exposure. These results suggest that exposure to CS is harmful and
that it significantly affects lung function in mice. In contrast,
exposure to ECS had slightly but no significant adverse effects on
lung function in mice, but the damage to the lung function was
significantly less than that of CS. Notably, more common lung
function parameters should be evaluated again to expand the scope
of endpoints including respiratory rate (RR), tidal volume (TV),
peak expiratory flow (PEF), total lung volume (TLV), and forced
expiratory volume (FEV).

Blood oxygen saturation is an important characteristic of the
functioning of the respiratory and circulatory systems. The lungs are
organs for oxygen exchange in mice. When lung function is
impaired, the blood oxygen saturation may also change. The
saturation changes with the severity of lung dysfunction in mice
(Gross et al., 2020). In this study, we measured the blood oxygen
saturation in conscious mice. The results showed that both CS and
ECS caused a reduction in blood oxygen saturation, while ECS
exposure exhibiting a significantly distinct effect on blood oxygen
saturation compared to CS exposure. Taken together, lung
dysfunction caused by exposure to CS but not ECS affects blood
oxygen saturation in mice.

Lung injury in mice leads to an inflammatory response. Studies
have shown that smoking reduces levels of the antioxidant
glutathione (GSH) in the lung, which further activates redox-
sensitive transcription factors including nuclear factor-κB (NF-
κB) and activator protein-1 (AP-1), initiating a pulmonary
inflammatory response (Rahman, 2003). During the
inflammatory response, some cytokines influence the activation
of inflammatory cells and they are recruited into the airways,
which further leads to lung dysfunction (Szafran et al., 2020). It
has been reported that passive smoking leads to slow weight gain,
lung pathology in mice, and markedly elevated levels of serum IL-6
and TNF-α (Onishi et al., 2018; Romo et al., 2019). TNF-α has been
identified as a key cytokine in the immunological response to CS
exposure, regulating inflammation and promoting neutrophil
recruitment via activating endothelial cells (Churg et al., 2003).

FIGURE 4
Effect of ECS and CS onHE staining of the lung tissue. The lung tissuewas fixed, embedded in paraffin, and sliced for hematoxylin-eosin stainingwith
an HE staining kit (n = 3–4). (A) represents the control group; (B) represents the ECS1 group; (C) represents the ECS2 group; (D) represents the CS
group. Scale bar: 200 µm.
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In this research, we measured the total cell count in BALF, TNF-α,
and IL-6 in the BALF and serum to study the effect of ECS exposure
on lung inflammation. The results suggested that ECS exposure
resulted in an increase in total cell count as well as increased
inflammatory levels, but the effects were minor when compared
to CS exposure. Therefore, exposure to both ECS and CS can cause
inflammation in the body and lungs of mice, but the inflammation
caused by CS is more serious. However, a more comprehensive
evaluation of systemic inflammation including more inflammatory
markers would provide a more detailed understanding. In addition
to smoking, inhalation of other foreign substances can also cause
lung injury and inflammation (Wang et al., 2019). Moreover, the
severity of lung injury and inflammation is closely related to the
amount of inhaled substances (Deb et al., 2012).

HE staining is an important method to determine pathological
changes in tissue structure, and it is one of the most widely used
methods for pathological biopsy (Zheng et al., 2019). The lung tissue
of mice was sectioned and stained with an HE staining kit in this
experiment. The results showed that exposure to both ECS and CS
caused pathological changes in the lung tissue of mice, but the lung
tissue lesions caused by exposure to CS were more serious than those
caused by ECS. Therefore, these results suggest that both ECS and
CS can cause changes in the lung tissue of mice, although CS is more
toxic than ECS.

However, we recognize that our evaluation of total BALF
cellularity and images of HE-stained histological lung sections
provides a summary-level survey, which may limit our ability to
make specific connections between BALF cytokine levels and the
mechanisms of inflammation on pulmonary function. A more
comprehensive analysis of BALF cellular constituents and
immunohistochemical evaluation of lung sections would provide
a clearer understanding of the potential mechanistic linkages to
changes in pulmonary function.

One limitation of our study is that it did not address the potential
impact of different flavors on lung function and inflammation.
Previous research has suggested that certain flavors may have
differential effects on lung health. Bahl et al. (2012) first suggested
that cytotoxicity of e-cigarette liquids (e-liquids) was related to flavors.
However, Misra et al. (2014) indicated that e-liquids or collected
aerosol produced any meaningful toxic effects in vitro. This
controversy may be driven form cell lines. As in our mice model,
we did not find any significant differences between different flavors in
terms of lung function and inflammation. Further research is needed
to explore the role of flavorings in electronic cigarette toxicity using
more widely marketed flavorings.

Another important aspect to consider is the aerosol components
of electronic and traditional cigarette smoke, which may contribute
to the differential lung effects observed in our study. While both ECS
and CS contain nicotine, the chemical composition of their aerosols
differs significantly (Li et al., 2020). The aerosol from the e-cigarette
is compositionally less complex than conventional cigarette smoke,
containing significantly lower levels of toxicants (Margham et al.,
2016). This difference in composition may partially explain the
observed differences in lung function and inflammation between
ECS and CS exposure in our study.

In this study, we used a whole-body exposure chamber as
opposed to nose-only exposure system, which may introduce
some uncertainty due to the grooming and cleaning behaviors of

rodents between exposures. This behavior could result in incidental
ingestion of cigarette smoke and related substances, in addition to
inhalation exposures. Studies have reported that whole-body
exposure systems may lead to a combination of oral and
inhalation exposures in rodents (L.-C. Chen and Lippmann,
2015), which could potentially confound the interpretation of our
findings. Despite this limitation, however, whole-body exposure
systems have been widely used in inhalation toxicology studies
since it could mimic real-world exposure behavior, where
humans are also exposed to both inhalation and incidental
ingestion of environmental pollutants (Serré et al., 2021).
Compared to whole-body exposure, the use of a nose-only
exposure system could help to minimize confounding factors
related to incidental ingestion, allowing for a more precise
assessment of inhalation-specific effects on pulmonary function
(Kogel et al., 2021).

Our study evaluated the toxicity of ECS and CS using equivalent
dosing, which may not accurately represent real-world smoking
patterns because smokers tailor their smoking to different products
and toxicologic effects change with different smoking profiles
(Marian et al., 2009). It is essential to consider that electronic
cigarette users and traditional smokers may exhibit differences in
smoking patterns, such as puff frequency, duration, and intensity.
Moreover, the nicotine content and other toxic matters also vary in
electronic cigarettes with different brands, model numbers, and
flavors, inducing variability in potential human exposures
(Stratton et al., 2018). These variations in smoking behavior
could potentially alter the toxicity of the aerosols and their
impact on lung function and inflammation. Future studies should
investigate the effects of different smoking patterns on lung health to
better understand the potential risks associated with electronic
cigarette use in comparison to traditional smoking.

In terms of the global public health impact, our findings suggest
that electronic cigarettes may be less harmful to lung health than
conventional cigarettes, at least in the context of short-term
exposure. This information could be useful in guiding public
health policies and strategies aimed at reducing the harm
associated with tobacco smoking. However, it is crucial to
emphasize that our study was conducted in mice, and the results
may not directly translate to humans. Additional research is needed
to confirm the effects of electronic cigarette use on lung function and
inflammation in human populations, as well as to identify any
potential long-term consequences.

Overall, our study provides new insights into the effects of short-
term exposure to ECS and CS on lung function and inflammation in
mice. While both ECS and CS exposure can induce lung dysfunction
and inflammation, the severity of these effects is considerably higher
following CS exposure. Our findings contribute to the ongoing
debate surrounding the potential benefits and harms of electronic
cigarettes, highlighting the need for further research to better
understand their long-term consequences and inform public
health policies.

Conclusion

The study compared the effects of short-term exposure to ECS
with mint and cheese flavors and CS in mice. Our findings revealed
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that exposure to both electronic cigarettes and conventional
cigarettes negatively impacts lung physiology. However, the lung
function and blood oxygen saturation in the group of electronic
cigarettes improved compared to those in the conventional cigarette
group. There is no significant difference between mint-flavored and
cheese-flavored electronic cigarettes in our model. Notably, our
findings seem supported that the harmful effects of electronic
cigarettes were less than those of conventional cigarettes in mice.
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inhalation limit test for inert,
nano-sized dusts by an in silico
dosimetry-based evaluation: case
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This case study aims to describe the dilemma faced when exposing rats to very
high concentrations of fine, pulverulent materials for acute inhalation studies and
to address the regulatory question of whether the effects seen here are relevant to
humans and the subject of classification according to the Globally Harmonized
System of Classification and Labeling of Chemicals (GHS). Many powders match
the definition of nanomaterials in the EU; therefore, information on acute
inhalation testing of powders up to the GHS cutoff of 5 mg/L is required.
However, testing rats at such a high aerosol concentration can cause physical
obstruction of the airways and even mortality by suffocation. Therefore, to
evaluate whether the physical effects on airway obstruction in rats exposed to
5 mg/L for 4 hours and alternative exposures to 1 and 2 mg/L are relevant for
humans, an in silico evaluation of aerosol deposition was conducted using the
multiple-path particle dosimetry (MPPD) model. For this evaluation, actual
exposure conditions for an organic, nano-sized pigment which produced 100%
lethality in rats at 5 mg/L, but not at 1 mg/L, were used to assess the potential for
airway obstruction in rats and accordingly in humans. As an indicator of the
potential for airway obstruction, the ratio of the diameter of the deposited,
aggregated aerosol to airway diameter was calculated for each exposure
condition. For rats exposed to 5 mg/L for 4 h, approximately 75% of
tracheobronchial and 22% of pulmonary/alveolar airways were considered
vulnerable to significant or complete obstruction (ratios >0.5). In humans, an
equivalent exposure resulted in just over 96% of human tracheobronchial airways
that received depositedmass to airway diameter ratios between 0.3 and 0.4 (nasal)
or 0.4 and 0.5 (oral), with no airways with ratios >0.5. For the pulmonary/alveolar
region, ~88% of the airways following nasal or oral breathing were predicted to
have deposited aerosol diameter to airway diameter ratios <0.1, with no airways
with ratios >0.5. Thus, the in silico results obtained for rats are in line with the
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pathological findings of the animal test. The predicted results in humans, however,
affirm the hypothesis of a rat-specific high dose effect which does not justify a
classification according to GHS.

KEYWORDS

MPPD, aerosol deposition, acute inhalation testing, REACH, GHS, nanomaterial, modeling,
dust

1 Introduction

When REACH came into force in 2007, producers and
importers of chemicals in Europe began to register their
substances according to this new regulation. One of the key
points of REACH is “no data, no market.” Thus, affected
companies collected and evaluated existing experimental data
required for the registration deadlines, with the relevant deadline
depending on the tonnage. The REACH regulation was amended in
2020 by the notification obligation for nanomaterials. With this
amendment, acute inhalation testing was no longer an option
depending on the most likely route of exposure but a mandatory
information requirement even for low-volume substances.

For poorly soluble particles that are either known or expected
to be virtually non-toxic, the current OECD guidelines for acute
inhalation toxicity assessments incorporate a limit test
concentration for aerosols (OECD, 2009). Depending upon the
regulatory requirements, the limit test concentration for aerosols
can be as high as 5 mg/L (or the maximum attainable
concentration) if the United Nations (UN) Globally
Harmonized System of Classification and Labeling of
Chemicals (GHS) is applied. The OECD guidance document
for inhalation toxicity testing (OECD, 2018) points out that
the GHS limit concentration of 5 mg/L is technically
challenging for most aerosols and exceeds real-world human
exposure. A maximum aerosol concentration of 2 mg/L is
therefore recommended. However, according to the GHS, an
exposure concentration below 5 mg/L is a criterion for placement
in hazard category 4 and labeling as “harmful after inhalation,”
even if no mortality was observed. Thus, the regulatory
thresholds for classification and labeling are at this point in
contradiction with the recommendations of the OECD
guidelines. Eventually, the registrant of a nanomaterial is
forced to weigh the OECD recommendations and animal
welfare against a possible erroneous classification for product
labeling.

The aim of this case study is to examine whether in vivo effects of
obstructed airway-induced lethality observed in a recently
conducted, regulatory-required acute inhalation toxicity study in
rats with an organic, nano-sized pigment (Wittmer et al., 2021) are
relevant for toxicity classification and labeling. Similar findings of
airway obstruction in rats following acute inhalation exposures have
also been observed in the past for other organic, nano-sized
pigments (Hofmann et al., 2018). This latest toxicity study by
Wittmer et al. thus prompted the need for additional evaluations
beyond those by Hoffmann et al. regarding the importance of
physicochemical properties in causing airway obstruction to
include an in silico analysis of aerosol dosimetry. We therefore
used the well-established multiple-path particle dosimetry (MPPD)

model to provide a respiratory dosimetry assessment of the potential
for airway obstruction following in vivo exposures of rats and
humans to aerosols under the relevant aerosol exposure
conditions used in Wittmer et al. (2021).

It is widely recognized that external exposure concentrations of
airborne particulates are not directly equivalent to the amount that is
inhaled, deposited, and retained in airways of laboratory animals
versus humans due to major differences in airway anatomy and
physiology (c.f. Menache et al., 1995; Werner and Asgharian, 2003;
Tawhai et al., 2004; Brown et al., 2005; Phalen and Mendez, 2009;
Miller et al., 2016; Bevan et al., 2018; Corley et al., 2021). Without
factoring in these differences across species, the results from
inhalation toxicity studies may not be directly translatable to
human health risk. As a result, computational approaches such
as MPPD that combine species-specific data and the physics of
aerosol transport and deposition are increasingly utilized by
regulatory agencies to carry out their assessments (c.f. EPA, 2021).

The purpose of our computational approach using MPPD is
to provide a generic aerosol respiratory dosimetry assessment
tool for calculating the potential for airway obstruction in rats
using the physical attributes of aerosol exposure (e.g.,
concentration, size, density, and duration) from the acute
toxicity case study. Emphasis was placed on estimations of
particle load in individual airways following multiple acute
exposures to assess the potential for physical obstruction of
bronchial and terminal pulmonary airways in rats due to high
rates of local aerosol deposition, and the resulting challenges
for study interpretation and product classification and labeling.
For comparison, human simulations for 5 mg/L exposure were
also conducted to highlight cross-species differences in regional
and airway-specific deposition where lethality was observed in
rats. In this way, we hope to encourage future action to resolve
the discrepancies between regulatory classification and
guidelines for acute inhalation toxicity testing requirements
and thereby reduce unnecessary testing in laboratory animals,
especially when airway obstruction-induced lethality can be
anticipated.

2 Materials and methods

2.1 Test material

An organic pigment, CAS 27614-71-7, was used as the test item
in the acute inhalation toxicity study in rats. The sample is handled
as blue powder (median D50 14.9 nm) having a purity of >99%.
Although the test material mainly consisted of nano-sized particles,
the need to comply with the high atmospheric concentration
stipulated by the OECD test guideline 403 limit test led to
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substantial and inevitable agglomeration of particles. As a result, the
test atmosphere contained micro-sized agglomerates/particles
instead (Wittmer et al., 2021).

2.2 Acute inhalation study

According to OECD guideline 403,male and female Wistar rats
were exposed by inhalation to dust atmosphere of the test substance
in two sequential experiments at gravimetrically determined
concentrations of 5.212 mg/L and 1.084 mg/L. No mortality was
observed at 1.084 mg/L, but all animals exposed to 5.212 mg/L died
either during exposure or on study days 1–2 post-exposure.
Therefore, gross pathological examinations were performed on all
animals, and histological examinations of the respiratory tract were
performed in three representative dead male and female rats
(Wittmer et al., 2021). A summary of the study design, exposure
generation and characterization, and results are provided in the
Supplementary Material.

2.3 Choice of the in silico model

The MPPD model developed for calculating the deposition and
clearance of inhaled insoluble particles was utilized for this
dosimetry-based analysis of the limit test exposure conditions for
poorly soluble, low-toxicity materials to meet the regulatory
requirements of GHS (OECD, 2009). The MPPD model was
chosen as it is a mechanistic model that combines many of the
complexities of species-specific anatomy, physiology, and aerosol
physics in an easy-to-use platform for personal computers.

Two versions of the model were available and utilized for this
project: (a) the public version (v3.041), which can be obtained freely
from Applied Research Associates (ARA; https://www.ara.com/

mppd/), and (b) a modification of the public version obtained
from ARA (v 3.24C57) that fixed an issue with the asymmetric
Sprague–Dawley rat airway geometry used in the model for the head
region.

2.4 MPPD input conditions for aerosol
dosimetry in rats

While the acute inhalation test case study was carried out on
Wistar rats, the MPPD model is currently configured only for
Sprague–Dawley and Long Evans rat strains. Due to their age-
and body weight-dependent anatomic similarities, the MPPDmodel
for Sprague–Dawley rats was used to determine regional and airway-
specific aerosol deposition representative of a guideline limit test
acute inhalation toxicity study (OECD, 2009). Specifically, a 4-hr
nose-only inhalation exposure to aerosol particles with mass median
aerosol diameters (MMADs), geometric standard deviations
(GSDs), and aerosol concentrations from the Wittmer et al. acute
toxicity study were simulated along with an additional aerosol
concentration (2 mg/L) that is recommended for an alternative
limit test. For rats simulations, breathing physiology used
MPPD’s default, resting physiology for a male Sprague–Dawley
rat adjusted for a body weight of 300 g was used (Table 1).
Simulations were not performed for female Sprague–Dawley rats
as results would be similar as MPPD provides for adjustments in
anatomy and physiology for the lower body weights (Miller et al.,
2014). Since the inhalability of aerosol particles in rats decreases for
particles >1 μm MMAD (Ménache et al., 1995), inhalability
correction was used in all rat simulations.

The asymmetric (multiple-path) Sprague–Dawley rat model in
MPPD was used to provide a detailed (airway-specific) analysis of
the heterogeneity of aerosol deposition across the lungs. This feature
(asymmetry) is particularly important for rats due to their

TABLE 1 Species, physiology, and aerosol properties used in each MPPD simulation.

Physiology Aerosol properties

Species Position Breathing
modality

Activity Tidal Vol.
(ml/

breath)

Frequency
(BPM)

Conc.
(mg/
m3)

MMAD
(µm)

GSD Density
(g/cm3)

Inhalability
adjustment
(yes/no)

SD rat,
asymmetric,
300 g BW

Upright Nose only Resting 2.12614
(scaled
by BW)

166 5212a 2.74a 2.8a 1.0 Yes

SD rat,
asymmetric,
300 g BW

Upright Nose only Resting 2.12614
(scaled
by BW)

166 2000b 2.01 3.0 1.0 Yes

SD rat,
asymmetric,
300 g BW

Upright Nose only Resting 2.12614
(scaled
by BW)

166 1084a 2.01a 3.0a 1.0 Yes

Human, Yeh
and Schum,
symmetric

Upright Nasal Resting 625
(default)

12 (default) 5212 2.74 2.8 1.0 No

Human, Yeh
and Schum,
symmetric

Upright Oral Resting 625
(default)

12 (default) 5212 2.74 2.8 1.0 No

aExposure conditions from Wittmer et al. (2021).
bOECD, recommended alternate limit test exposure concentration (OECD, 2009).
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monopodial branching patterns, where a significant number of
respiratory bronchioles and alveolar regions branch off from
early generations of conducting airways, unlike the symmetric
model included in MPPD where terminal alveolar regions are
represented only in the final eight generations of each
tracheobronchial conducting airway.

2.5 MPPD input conditions for aerosol
dosimetry in humans

Human simulations were conducted under the same aerosol
exposure conditions used for rats simulation (high concentration) as
this was the only concentration associated with mortality in the
study of acute inhalation exposures in rats. Since humans are not
obligate nose-breathers like rats and potential human exposures to
many aerosols may occur under both residential and occupational
exposure conditions, both nasal and oral breathing were simulated
under resting conditions (ICRP, 1994) (Table 1). The Yeh and
Schum symmetric (typical path) model was used for all
simulations as this is the recommended default human geometry
by the U.S. EPA (EPA, 2021). The inhalability of aerosols in humans
decreases for particles >10 μm MMAD (Menache et al., 1995), so
inhalability correction was not necessary for these simulations.

2.6 Calculating the potential for airway
obstruction

In addition to a variety of potential aerosol dose metrics, such as
the fraction, mass, particle number, particle surface area, or volume
of inhalable particle deposition by region or airway or airway surface
area, MPPD also provides airway-segment and/or generation-
specific calculations of deposited aerosol volume and mass
depending on the choice of the model, exposure conditions, and
aerosol properties. As an indicator of the potential for airway
obstruction, ratios of the diameter of the deposited, aggregated
aerosol, calculated from the volume or mass of the aerosol

deposited in each airway, to the diameter of the corresponding
airway were calculated for each exposure condition.

3 Results

3.1 Results of the acute inhalation study

Cascade impactor measurements resulted in mass median
aerodynamic diameters (MMADs) between 1.93 and 2.98 μm,
with high fractions of particles < MMAD 3 μm. The particles
were larger at high concentration than at low concentration,
which was unavoidable due to agglomeration. When exposed to
5.212 mg/L, all animals died either during exposure or during the
first 2 days after the exposure, while no animals died when
exposed to 1.084 mg/m³ (Wittmer et al., 2021). Clinical signs
of toxicity comprised accelerated, abdominal respiration and
respiration sounds of different severity patterns and durations,
indicating impairment of respiration. There were no substance-
related gross pathological findings in the surviving animals at the
end of the post-exposure observation period (day 14). In animals
that died, many black foci were seen in the lung lobes with a
sunken surface. Blue discoloration of the content of the stomach
was seen in four males and three females, and blue depositions in
the trachea were present in four males and two females
(Supplementary Table S1.2). There were no gross pathological
changes in the remote organs of these prematurely dead animals.
Since this was a guideline toxicity study, histological
examinations were carried out only on rats that died during
exposure or during the 2-week post-exposure observation period.
These examinations revealed that large amounts of blue pigment
were deposited in the larynx, bronchi, bronchioles, and terminal
bronchioles, causing obstruction of the airway and subsequently
leading to death (Figure 1 and Supplementary Table S1.3). In the
nasal cavity, small to moderate amounts of the blue pigment were
observed. Based on the lethality rate, clinical signs of toxicity,
body weight development, and gross necropsy, there were no
differences in response between male and female animals.

FIGURE 1
Representative histology sections (H&E stain, ×20 magnification, black bar scale of 1 mm in each panel) through (A) larynx level 1 and (B) lungs of a
male rat showing accumulation of deposited copper phthalocyanine pigment (dark blue) in respiratory airways and complete obstruction of the larynx
during an acute, 4-h exposure to 5.212 mg/L aerosol (Wittmer et al., 2021).

Frontiers in Toxicology frontiersin.org04

Stratmann et al. 10.3389/ftox.2023.1258861

32

https://www.frontiersin.org/journals/toxicology
https://www.frontiersin.org
https://doi.org/10.3389/ftox.2023.1258861


3.2 In silico aerosol deposition in rats

For each exposure, 41–44% of the total inhalable particles
deposited in the head (~34–35%; nose through larynx/throat),
conducting airways in the chest (~5%; tracheobronchial, TB), and
pulmonary/alveolar (~3%) regions in the Asymmetric rat models
(Figure 2A). In the chest region in the asymmetric Sprague–Dawley
rat model, tracheobronchial airways cover the first 28 generations
(generation 1 representing the trachea), with the pulmonary airways
branching off of the tracheobronchial airways from generations 8 to
28 and an additional eight generations terminating each complete
tracheobronchial airway for a total of 36 generations (Figure 2A.
Airway generation-specific deposition over the entire lung is shown
in Figure 3A. However, the distribution of particles deposited at each
generation varied up to an order of magnitude between the lobes
(Figure 3B), reflecting the realistic monopodial airway branching
and geometry measured from lung casts used in the MPPD
asymmetric Sprague–Dawley rat model (Schroeter et al., 2012;
Miller et al., 2014).

3.3 Potential for obstructive disruption of
airway function in rats

While MPPD is not designed to specifically address the question
of whether deposited aerosols can be of sufficient magnitude to alter
local airflows and thus pulmonary function (i.e., gas exchange), the
significant amounts of aerosol that deposit in individual
tracheobronchial and pulmonary regions of the asymmetric
Sprague–Dawley rat simulations suggest that the potential for
disruption in airflows and lung function is possible or even
likely. To assess this possibility, the total mass and volume of
aerosol particles deposited in each tracheobronchial and
pulmonary airway over the 4-h exposure were assumed to
coalesce into a single spherical volume whose dimensions
(diameter) were then compared with each corresponding airway
diameter. While MPPD has no equations describing the influence of
particles on airflows, significant deposition and accumulation

certainly occurs in discrete regions within each airway over a 4-h
exposure. This comparative calculation from MPPD currently
ignores this potential effect on local airflow that would enhance
deposition in proximal airways rather than allowing aerosols to
penetrate distally without obstruction.

Given this scenario, the ratios of the theoretical diameter of the
total deposited mass in each airway to its corresponding airway
diameter in the asymmetric Sprague–Dawley rat simulations were
determined at the end of the 4-h exposure. In this model, the ratios
of deposited aerosol volume diameters to the corresponding
diameter of each airway in the tracheobronchial and pulmonary
regions show a significant number of airways with ratios >0.5 and, in
many cases, ratios significantly >1.0 (fully blocked) after exposure to
5.212 mg/L (Figure 4).

The total number of airways and the percentage of airways were
sorted into quartile intervals of the ratio of deposited volume to
airway diameter ranging from 0 to 0.25, 0.25 to 0.5, 0.5 to 0.75,
0.75 to 1.0, and >1.0 to gauge the relative potential for biologically
significant airway obstruction following exposures to 1.084 and
5.212 mg/L of aerosols and the alternative limit test
concentration of 2 mg/L (Figure 5). At the highest exposure,
5.212 mg/L, with 100% mortality in the acute inhalation study,
most airways in the tracheobronchial region (4,699 airways or
59.1%) had diameter ratios between 0.5 and 0.75, 8.6%
(685 airways) had ratios between 0.75 and 1.0, and 7.7% of
airways (613 airways) had ratios >1.0. In the pulmonary region,
the number and percentages of airways having ratios >0.5 were
smaller than that predicted for the tracheobronchial region, at just
over 22% (7,034 airways). However, there were numerous airways
with deposited aerosol volume to airway diameter ratios significantly
greater than 1.0, some with ratios up to 28. These high ratios are
consistent with the number of airways that branch off from the
upper bronchiolar airways (Miller et al., 2014), indicating greater
exposure potential for aerosols in these locations (Figure 4).

At the lowest concentration used in the acute inhalation toxicity
study (1.084 mg/L) with no mortality and at 2 mg/L, which has been
suggested by OECD as an alternative limit test concentration, there
was a shift toward greater numbers and percentages of airways with

FIGURE 2
Comparisons of the inhalable fraction (rat only) and deposition fractions of aerosol particles in each region of (A) a asymmetric Sprague–Dawley rat
following a 4-h exposure to aerosol concentrations of 1.084, 2.0, and 5.212 mg/L and (B) Yeh and Schum symmetric human models following nasal and
oral breathing at 5.212 mg/L under resting ventilation conditions. For human simulations, the inhalable fraction of particle sizes at 5.212 mg/L was 1.0 (see
Table 1 for simulation details).
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FIGURE 3
Deposition fractions in each generation of the lung (sum of all tracheobronchial and pulmonary airways in each generation) in (A) the entire lung and
(B) individual lobes of the asymmetric Sprague–Dawley rat model following a 4-h exposure to aerosol concentrations of 1.084, 2.0, and 5.212 mg/L and
(C) the Yeh and Schum humanmodel following nasal and oral breathing (5.212 mg/L only) under resting ventilation conditions (see Table 1 for simulation
details).

Frontiers in Toxicology frontiersin.org06

Stratmann et al. 10.3389/ftox.2023.1258861

34

https://www.frontiersin.org/journals/toxicology
https://www.frontiersin.org
https://doi.org/10.3389/ftox.2023.1258861


ratios of deposited aerosol volume to airway diameters <0.5 in both
tracheobronchial and pulmonary airways (Figure 5). While the
number and percentages of airways with ratios >1 also
significantly decreased at the two lower exposure concentrations

vs. 5.212 mg/L, there were still a significant percentage of airways
with ratios >0.5 in both tracheobronchial and pulmonary airways
combined (~3 to 6%), 87–208 airways (mostly tracheobronchial)
with ratios >1.0, and some airways with ratios nearly 18-fold greater

FIGURE 4
Ratios of the theoretical diameters of retained particle mass (volume) to their corresponding airway diameters in (A) tracheobronchial and (B)
pulmonary airways within each generation of the asymmetric Sprague–Dawley rat models following a 4-h exposure to a limit test concentration of
5.212 mg/L aerosol.

FIGURE 5
Distributions of the total numbers and percentages of the ratios of theoretical diameters of deposited particle mass (volume) to their corresponding
airway diameters in all (A,B) tracheobronchial and (C,D) pulmonary airways of the asymmetric Sprague–Dawley rat model following a 4-h exposure to
1.084, 2.0, and 5.212 mg/L aerosol concentrations. Ratios are grouped in intervals of 0–0.25, 0.25–0.5, 0.5–0.75, 0.75–1.0, and >1.0.
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than 1.0, indicating that some airways may yet be compromised by
physical obstruction at lower exposure concentrations even if
mortality did not occur at the lowest concentration (1.084 mg/L)
in the acute inhalation study (the alternative limit test concentration
of 2 mg/L was not tested in the acute inhalation study).

3.4 Aerosol dosimetry in humans

Following nasal breathing, 51.3% of the inhaled fraction of
aerosols deposited in the head, while 6.3% deposited in the
tracheobronchial and 9.9% in the pulmonary regions (68%
total; Figure 2B). This is in contrast with oral breathing,
where under resting conditions only 14.3% of the inhaled
fraction of aerosols deposited in the head, with deposition
increasing to 15.8% in the tracheobronchial and 19% in the
pulmonary regions (49% total).

For the chest region, the symmetric Yeh and Schum human
model consists of 17 generations of tracheobronchial airways (the
trachea is generation 1), with seven generations of pulmonary
airways appended to each terminal bronchiole airway for a total
of 24 generations. In contrast to rats model, generation-specific
deposition fractions for each breathing modality, especially oral
breathing, indicate a significant shift in fractional deposition from
the upper conducting airways toward the deeper pulmonary airways
in generations 18–21 (Figure 3C). However, no deposition was

predicted for terminal alveolar generations 22–24, which contain
nearly 88% of the airways in the symmetric Yeh and Schum human
model. Given the large airway surface in the pulmonary region, the
cumulative mass deposited in 4 h per airway surface area remained
significantly lower in the pulmonary region compared to the first few
generations of the tracheobronchial airways.

3.5 Potential for obstructive disruption of
airway function in humans

Although humans would not be expected to tolerate unrealistic
exposures to 5.212 mg/L aerosol concentration for 4 h, a similar
analysis of the potential for airway obstruction was used for human
simulations following nasal and oral breathing (Table 1). Under
these exposure conditions, no airway had theoretical deposited mass
to airway diameter ratios >0.5, with nearly 88% of all airways
(~14.7 million) having ratios <0.1 (Figure 6). While the latter
number was primarily associated with the pulmonary airways,
nearly 790,000 airways (~4.8%) in the pulmonary region had
deposited mass to airway diameter ratios between 0.2 and
0.5 depending on the breathing modality. In the tracheobronchial
region, however, nearly 97% (~254,000) of airways, primarily in
generations 13–18, had deposited mass to airway diameter ratios
between 0.3 and 0.4 (nasal) or 0.4 and 0.5 (oral), showing the shift in
penetration to deeper airways following oral breathing. Thus, there

FIGURE 6
Distributions of the total numbers and percentages of the ratios of theoretical diameters of deposited particle mass (volume) to their corresponding
airway diameters in all (A,B) tracheobronchial and (C ,D) pulmonary airways of the symmetric Yeh and Schum model following a 4-h exposure to
5.212 mg/L aerosol for nasal and oral breathing. Ratios are grouped in intervals of 0–0.1, 0.1–0.2, 0.2–0.3, 0.3–0.4, 0.4–0.5, and >0.5.
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may be some degree of potential vulnerability for airway obstruction
in a significant portion of humans lung, albeit to a significantly lesser
degree than that predicted for rats assuming such a theoretical
exposure was even possible.

4 Discussion

The MPPD model was used to evaluate differences between rats
and humans in predicted regional airway deposition and retention
of an organic pigment under exposure conditions obtained from an
OECD guideline acute inhalation toxicity study. Although the test
material is classified as a nanomaterial, current capabilities for
generating atmospheres of low mg/L concentrations, including a
limit test concentration of 5 mg/L, invariably resulted in
agglomeration of the nano-sized particles, resulting in aerosols
ranging in size from 2.01 to 2.74 microns MMAD in the acute
inhalation case study in rats (Wittmer et al., 2021; Supplementary
Table S1.1). This agglomeration behavior was also observed for
other organic pigments in several dustiness measurements (EN
17199-4:2019-03), with peak aerodynamic diameters ranging
from 1 to 5 μm with aerodynamic diameters increasing as aerosol
concentrations increased. While Wessely et al. (2022) suggested that
cascade impactors are not appropriate for characterizing particle
sizes of low-density powders, due to the shearing of the fragile
structure of the agglomerates during impactor measurements, the
material used in the case study was not a low-density material, and
no significant changes in particle sizes occurred in cascade impactor
measurements taken over 2 h apart.

Under these exposure conditions, only 74%–78% of the 2.01- to
2.74-μm MMAD-sized atmospheric aerosols are predicted by
MPPD to be inhalable by rats, while 100% is inhalable by
humans. For nasal breathing under resting ventilation conditions,
approximately 34% of respirable 2.74-μm MMAD aerosols
deposited in the head of rats compared to 51% in humans (14%
for oral breathing).

Since MPPD uses an empirical model for the head region (nose/
mouth through the larynx), deposition within this region is not
determined. However, previous simulations of comparable aerosols
are available to estimate local deposition within the head regions of
rats and humans by applying computational fluid particle dynamic
(CFPD) modeling (Corley et al., 2021). Using CFPD modeling as a
guide (see Supplementary Material), inhalable aerosols from the
MPPD simulations for rats are predicted to deposit in the most
anterior portions of the nose (nasal vestibule and wet squamous
epithelium), followed by the most anterior portions of the
respiratory and transitional epithelium of the nasal turbinates
and maxilloturbinates, and larynx, the latter of which is
consistent with the histopathological findings in a representative
rat exposed to 5.212 mg/L in the acute inhalation study (Figure 1A).
For humans, the CFPD analysis indicates that the nasal respiratory
epithelium and the larynx also receive the highest deposited
fractions following nasal breathing, whereas the mouth and
larynx receive the highest deposition fractions following oral
breathing. While each of these regions has high rates of aerosol
clearance (ICRP, 2015), depending on the aerosol mode of action,
the nasal respiratory epithelium (nasal breathing) and larynx (both
nasal and oral breathing) could represent tissues of potential

concern based on the local deposited dose in the head region of
the MPPD model following exposures to high concentrations
(5.212 mg/L) of aerosols of size 2.74 μm MMAD, unless cell-
specific sensitivity factors across this region are known and
suggest otherwise.

For the tracheobronchial region, MPPD provides both regional
and generation- or airway-specific model analyses with comparable
overall fractional depositions predicted for rats (~5%) vs. humans
(~6%) for nasal breathing (~16% for oral breathing). Overall, there is
a generally higher fractional pulmonary deposition of 2.74 μm
MMAD aerosols in humans (~10–19%) than in rats (~3%).
There is also a shift toward significantly less deposition in the
head and higher pulmonary deposition and deeper penetration
into the pulmonary airways following oral breathing in humans.

Given the observation of significant airway obstruction in rats
that died during or within 2 days following the 4-h exposure to the
limit test concentration of 5 mg/L (5.212 mg/L actual) that were
evaluated histologically (Figure 1; Wittmer et al., 2021), the
calculations of potential airway obstruction from MPPD
simulations in rats were consistent with the primary cause of
death in that study. Not surprisingly, many tracheobronchial and
pulmonary airways in rats were predicted to be vulnerable to
obstruction and at risk for impairment of normal airflow and
delivery to the gas-exchange region (Figures 4, 5). This
prediction also supports findings of other similar chemicals in its
class (Hofmann et al., 2018). Even after lowering the concentration
from 5.212 mg/L, which caused all animals to die in the case study,
to 2 mg/L, an alternative limit test concentration in the OECD
guideline (not tested in the case study), or 1.084 mg/L (which did not
cause lethality in the case study), a significant number of
tracheobronchial and pulmonary airways might still be vulnerable
to at least partial obstruction, albeit at a much lower percentage.
These in silico results for the low-dose group are in accordance with
the changed respiration pattern observed in vivo that persisted up to
day 6 post-exposure and strongly indicated the presence of the
previously described partial obstruction and altered airflow of the
tracheobronchial and pulmonary airways. Given that these are the
only effects observed in the case study (asphyxiation and altered
respiration), these are not toxicity effects per se and raise questions
about the classification of the potential human health risk of
inhalation toxicity when labeling requirements are incongruent
with the realities of guideline testing.

Clearly, humans would not be expected to tolerate exposures to
the high aerosol concentrations of the pigment used in rats acute
inhalation toxicity study even for a short period of time, much less
for 4 h. However, withMPPD, in silico theoretical comparison of the
potential for airway obstruction in rats is possible. In this case,
differences across species in airway anatomy and physiology are
major factors. Given the overall larger airway sizes and lower
ventilation rate per kilogram body weight, it is not surprising
that nearly 88% of all tracheobronchial and pulmonary airways
(~14.7 million) in humans following nasal breathing have deposited
aerosol mass to airway diameter (obstruction) ratios <0.1 and ~95%
with ratios no more than 0.2. No airways were predicted to have
ratios greater than 0.5 (Figure 6). By comparison, more than 75% of
tracheobronchial and over 22% of pulmonary airways were
predicted to have theoretical ratios >0.5 for deposited aerosol
mass to airway diameters in rats, with nearly 8% of
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tracheobronchial and 0.6% of pulmonary airways with ratios >1.0
(Figure 5). While there is less chance for airway obstruction in
humans, even under this extraordinary exposure condition, there
still remains a concern given that nearly 97% (~254,000) of
tracheobronchial airways, primarily in generations 13–18,
received deposited mass to airway diameter ratios between
0.3 and 0.4 (nasal breathing) or 0.4 and 0.5 (oral breathing),
indicating a significant portion of the lung could still be
vulnerable to physical obstruction if such a theoretical aerosol
exposure was even possible in the real world.

There are acknowledged limitations to this study. Since MPPD
cannot address the impact of particles on airflow (only the effect of
airflow on particle transport), we assumed that particles deposited in
each airway likely deposited in local hot spots (this typically occurs
around bifurcations or when convective flow changes and impaction
forces dominate (c.f. Anjivel and Asgharian, 1995; Corley et al.,
2021)) and then coalesced together as each breath contributed
additional particles to the same areas. The potential for further
agglomeration over repeated breaths was considered likely given the
propensity for the nanomaterial to agglomerate into micron-sized
aerosols during aerosol generation. Assuming the aerosol mass was
spherical, the resulting aerosol diameters could be compared with
the diameter of each corresponding airway as a predictor of airway
obstruction potential. One aspect to this assumption is that even
with a calculated full airway obstruction, without a two-way coupled
airflow–particle interaction, MPPD will predict that particles still
penetrate deeper into the lung periphery as if no upstream
obstruction exists. This in effect reduces the impact of the
calculations as we ignore the fact that airways and respiratory
regions beyond an obstruction are no longer ventilated, and
more particles build up near each obstruction with each
subsequent breath. This is one justification for the importance of
histopathology observations and in silico predictions of obstruction
in the tracheobronchial region of conducting airways that ventilate
the pulmonary/alveolar regions.

The other potential limitation is that the current analysis
focuses on total deposition over 4 h of exposure and ignores the
potential for particle clearance. When particle clearance was
factored into simulations, no pulmonary clearance of particles
(primarily macrophages) was predicted to occur within the 4-h
exposure in either rats or humans. In the tracheobronchial
region, mucociliary clearance, which is normally faster in rats
and humans, could result in ~22% of deposited mass retained at
the end of the exposure in rats, while ~81% would be retained in
humans based on comparative simulations at the limit test
exposure concentration. However, this means that mucociliary
clearance would be unaffected by such an exposure. Furthermore,
it is theoretically possible, if not probable at such high exposures,
that as the mucociliary escalator transports deposited aerosol
mass from distal generations toward the proximal upper
conducting airways, more particles can agglomerate and
impede mucociliary transport as airways come together. For
repeated exposure or longer-term studies, incorporating
aerosol clearance would be important, but for an acute 4-h
exposure, as in the current analysis, deposited dose is a
reasonable dose metric.

In addition to direct evidence from histopathology, there is
also supporting, indirect information that the coalescing of

deposited material likely occurs for the specific organic nano-
sized pigment evaluated in the acute inhalation study by Wittmer
et al. (2021). The first is that all efforts to generate test
atmospheres from the nanomaterial pigment up to
concentrations of 1–5 mg/L still resulted in aerosol sizes in the
micrometer range. In addition, in vitro studies measuring the
hydrophobicity of a series of nano-sized organic pigments
showed that hydrophilic materials spread out on the surface of
an adhesive, transparent tape, whereas hydrophobic materials
“clumped up” into droplet shapes using a drop shape analyzer,
one of several measured properties that were associated with
acute inhalation lethality through asphyxiation (Hofmann et al.,
2018). Even with these acknowledged limitations, taken together,
this in silico approach serves as a simplified, yet useful,
comparison for materials with properties similar to the
organic, nano-sized pigment evaluated in the acute inhalation
study.

In keeping with the decades-old 3R principles for humane
use of animals in research (replace, reduce, and refine; Russell
and Burch, 1959), OECD test guidelines for acute inhalation
studies were originally designed to minimize the number of
animals to meet the scientific objectives of the study.
Furthermore, limit concentrations were established to
provide an upper bound on exposures for materials that are
relatively non-toxic. If animals survive and recover from 4-h
exposures to the limit concentration, no further testing is
required, and animal use is minimized. While OECD
recognizes that a limit test of 5 mg/L is challenging for many
aerosols and can exceed real-world exposures, a lower limit of
2 mg/L may be justified, which prompted the use of this
exposure concentration in the case study. This (2 mg/L) is
also the limit test concentration used in the U.S. EPA acute
inhalation guidelines (EPA, 1996). However, testing of
insoluble, nano-sized dust particles for acute toxicity
according to the current OECD guidelines continues to
present several ethical, regulatory, and technical problems
even for a 2 mg/L alternative limit exposure based on this in
silico analysis.

Although an update of the GHS labeling criteria for acute
inhalation toxicity and harmonization with OECD guidance
documents 403 and 39 for nanomaterials is time-consuming
and changes in an international regulation even more so, the
results from this study and those of other materials in this class
suggest that a thorough update is overdue. The technical
performance and the obstacles in the in vivo experiment
when testing insoluble dust particles are also subjects for
further investigations, and the results should be incorporated
in updated guidelines reflecting nanomaterial properties.
Moreover, the re-worked guidance documents and the
classification and labeling regulation must be harmonized
with testing guidelines to enable a regulatory assessment for
this category of testing materials. For the time being, MPPD
simulations of airway deposition at high exposure
concentrations between rats and humans, in addition to
estimating the extent to which airways may be vulnerable to
obstruction, form a reasonable basis for an interim assessment
on potential health hazards for certain classes of nanomaterials
and their relevance, or lack thereof, for humans.
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Liquid application dosing alters
the physiology of air-liquid
interface (ALI) primary human
bronchial epithelial cell/lung
fibroblast co-cultures and in vitro
testing relevant endpoints
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Differentiated primary human bronchial epithelial cell (dpHBEC) cultures grown
under air-liquid interface (ALI) conditions exhibit key features of the human
respiratory tract and are thus critical for respiratory research as well as efficacy
and toxicity testing of inhaled substances (e.g., consumer products, industrial
chemicals, and pharmaceuticals). Many inhalable substances (e.g., particles,
aerosols, hydrophobic substances, reactive substances) have physiochemical
properties that challenge their evaluation under ALI conditions in vitro.
Evaluation of the effects of these methodologically challenging chemicals
(MCCs) in vitro is typically conducted by “liquid application,” involving the
direct application of a solution containing the test substance to the apical, air-
exposed surface of dpHBEC-ALI cultures. We report that the application of liquid
to the apical surface of a dpHBEC-ALI co-culture model results in significant
reprogramming of the dpHBEC transcriptome and biological pathway activity,
alternative regulation of cellular signaling pathways, increased secretion of pro-
inflammatory cytokines and growth factors, and decreased epithelial barrier
integrity. Given the prevalence of liquid application in the delivery of test
substances to ALI systems, understanding its effects provides critical
infrastructure for the use of in vitro systems in respiratory research as well as
in the safety and efficacy testing of inhalable substances.

KEYWORDS

inhalation, IVIVE, new approach methodologies (NAMs), air-liquid interface (ALI),
epithelial, risk assessment, bronchial, respiratory tract
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Introduction

Exposure to a broad range of inhalable substances including
inhaled pharmaceuticals, consumer products, industrial chemicals,
and ambient air pollutants influences human health worldwide.
Inhalation is one of the three primary routes of chemical and
pharmaceutical exposure and many inhaled substances elicit their
effects, beneficial or adverse, in the respiratory tract, which serves as
the portal of entry. The vast number of data-poor new and existing
inhalable substances, including ambient or occupational exposure-
related chemicals/substances, pharmaceuticals, and consumer and
commercial products, as well as mixtures of different substances,
and repeated exposure scenarios precludes the feasibility of using
traditional in vivo animal studies to evaluate the potential adverse
effects of these exposures and scenarios (National Research Council,
2007). The 2007 National Research Council report, Toxicity Testing
in the 21st Century: A Vision and a Strategy, outlined a strategy to
address these limitations through the use of in vitro and
computational new approach methodologies (NAMs) to advance
the throughput and human relevance of toxicity testing. These
recommendations have been used by regulatory agencies,
including the US Environmental Protection Agency, to develop
strategic plans to increase the use of NAMs to generate data for
decision making (United States Environmental Protection Agency,
2020; US Environmental Protection Agency, 2021).

The respiratory tract epithelium functions as a physical barrier
between inhaled materials and underlying tissues. In the nasal and
tracheobronchial airways, the secretion of mucus and presence of
beating cilia also function as a mucociliary escalator to facilitate
clearance of inhaled materials and pathogens. Further, respiratory
epithelial cells participate in the induction and regulation of the
immune response to injury and inhaled insults through the secretion
of pro-inflammatory cytokines (Reviewed in Polito and Proud, 1998;
Hiemstra, McCray, and Bals, 2015; Hewitt and Lloyd, 2021).
Primary human airway epithelial cell cultures that have been
differentiated and subsequently maintained under ALI conditions
exhibit key features of their respective regions of the human
respiratory tract in vivo including the formation of a selectively
permeable and electrically resistant barrier, the presence of beating
cilia, release of pro-inflammatory cytokines, and secretion of mucus
(Fulcher et al., 2005; Ross et al., 2007; Pezzulo et al., 2011; Randell
et al., 2011; Rayner et al., 2019). ALI-differentiated primary human
bronchial epithelial cell (dpHBEC-ALI) and primary human nasal
epithelial cell (dpHNEC-ALI) systems have been widely used to
model their respective regions of the respiratory tract to advance our
understanding of respiratory tract development and disease. They
are also a critical resource in support of efforts to increase the in vivo
human relevance of inhaled test substance evaluation (Clippinger
et al., 2018a; Clippinger et al., 2018b; Faber and McCullough, 2018;
Hiemstra et al., 2018).

Evaluating the effects of inhaled gases and vapors on
differentiated primary airway epithelial cell culture models while
maintaining ALI conditions can generally be accomplished using
existing in vitro exposure apparatus/technology. In contrast, many
other types of test substances (e.g., particles, aerosols, hydrophobic
substances, reactive substances, biomolecules, et cetera) have
physical and/or chemical properties that pose challenges to their
evaluation under ALI conditions (examples reviewed in Lacroix

et al., 2018). The evaluation of these inhaled methodologically
challenging chemicals (MCCs) using in vitro systems has often
relied on the application of test substances in aqueous solutions/
suspensions to the apical surface of ALI models of the respiratory
tract (described here as “liquid application”, but also commonly
referred to as “direct application” or “liquid dosing”). Liquid
application dosing is also often used to deliver exogenous stimuli
(e.g., lipopolysaccharide (LPS), tumor necrosis factor alpha (TNF-a),
or small molecules to ALI cultures for respiratory biology research
and pharmaceutical development, respectively.

When using liquid application dosing, the effect of the test
substance treatment is typically assessed by comparison to the
respective aqueous solvent (e.g., water, saline, buffered saline, cell
culture medium, et cetera) as a vehicle control. The application of
exogenous liquid alone (i.e., in the absence of a test substance)
disrupts ALI conditions, a key physiologically relevant feature of
these culture models; however, the effects of applying liquid to
differentiated ALI cultures are typically not considered in the
analysis and interpretation of study data. Maintaining ALI
conditions is key for the successful differentiation of pHBECs
into dpHBECs as ALI increases the available oxygen at the
epithelial cell layer, which is critical for successful cell
differentiation; and the loss of ALI conditions by exogenous
liquid application reduces oxygen availability and may alter
dpHBEC characteristics (Kouthouridis et al., 2021). Further,
while liquid application dosing is commonly used for the delivery
of test substances and biological stimuli in ALI systems in inhalation
toxicology research and testing, the effects of applying liquid to ALI
cultures have not been well characterized. Thus, the potential for
liquid application dosing to affect the physiological relevance of the
differentiated ALI in vitro system, as well as confound test substance
exposure effects and the extrapolation of study data to human health
outcomes are poorly understood. Addressing this knowledge gap by
determining whether disrupting the in vivo-relevant ALI conditions
alters dpHBEC culture physiology is critical to providing context for
the use of liquid application dosing of in vitro ALI systems for
respiratory biology, inhalation toxicology, pharmaceutical
development, and disease research. Here, we report the results of
a study describing the effects of the application of liquid, in the
absence of a test substance, to a dpHBEC-ALI co-culture model on
endpoints that are relevant to in vivo bronchial epithelial tissue
physiology. These endpoints included global transcriptional
regulation, biological pathway activity, ciliary beat frequency,
regulation of stress-responsive cellular signaling pathways, release
of pro-inflammatory cytokines and growth factors, and epithelial
barrier function.

Methods

Differentiated dpHBEC/HLF co-culture
ALI model

Fibroblasts exist immediately beneath the bronchial epithelial
barrier and contribute to respiratory tract homeostasis and disease
(Kendall and Feghali-Bostwick, 2014; White, 2015). We have also
recently observed that lung fibroblasts are both a target and
mediator of the effects of inhaled toxicant exposure in vitro
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(Faber et al., 2000). Thus, we utilized a modified version of the co-
culture model used by Faber et al. (2000) that combined dpHBEC on
cell cultures inserts at ALI with confluent monolayers of IMR90 lung
fibroblasts. The use of this system allowed for an improved relevance
to the in vivo tissue compared to the use of dpHBEC cultures alone
while also allowing for the evaluation of cell type-specific effects of
liquid application.

pHBEC were obtained via bronchial brushing from healthy donors
of 18–40 years of age that were not currently smoking and had nomore
than a one pack-year of lifetime smoking history. Donors gave their
consent after being informed of risks and procedures. The consent and
collection protocol were approved by the UNC School of Medicine
Committee on the Protection of the Rights of Human Subjects and by
the US EPA. Collection of pHBEC from volunteers was performed in
accordance with relevant guidelines and regulations. pHBEC were
isolated from brush biopsy (“passage 0”) and expanded to passage
3 prior to being plated on 12 mm Transwell® inserts (Corning #3460;
0.4 µm pore polyester membranes), becoming confluent, and
differentiating for 24 days under ALI conditions. Detailed
descriptions of the techniques, reagents, and materials used for the
culture/expansion of pHBEC and differentiation of pHBEC at ALI used
in this study are available as open access methods document by Dailey
and McCullough (Dailey and McCullough, 2021). Day 24 ALI cultures
were visually evaluated for the presence of beating cilia and the
production of mucus as indicators of differentiation status to qualify
their use in experiments. Donor demographics are listed in
Supplementary Table S1. All cultures were at ALI day 24 at the

beginning of experiments. The human lung fibroblast cell line
IMR90 (Nichols et al., 1977) was obtained from the American Type
Culture Collection (ATCC, No. CCL-186, Batch #64155514), and
cultured as described in detail in the open-access methods
document by Mallek and McCullough (Mallek and McCullough,
2021a). Short tandem repeat (STR) service provided by ATCC (cat
#135-XV) was used to authenticate IMR90 cells (Supplementary Figure
S1). As described in Figure 1A, IMR90 fibroblasts were seeded onto a
collagen-coated 12-well plate (Corning, #3512) at a density of 1 × 105

cells/mL in 800 µL of Pneumacult ALI medium (StemCell
Technologies, #05001). The following day, day 23 dpHBEC-ALI
inserts were added into the fibroblast-seeded wells (dpHBEC-
IMR90 ALI model). The dpHBEC-IMR90 ALI model was used for
experiments on the following day. The dpHBEC-IMR90ALImodel was
maintained at ALI or subjected to the addition of ALI medium to the
apical surface of the culture (“liquid application”). The methods for the
selection of the volume of medium applied are described in the
following section. The cells were kept submerged in ALI medium
for either 6 or 24 h to represent “early” and “late” effects, respectively.
The 24-h treatment is consistent with the liquid application treatment
duration utilized in the recent OECD case study on the use of an ALI-
differentiated in vitro NAM for an IATA to refine inhalation risk
assessment for point of contact toxicity (Vinall, 2017; Hiemstra et al.,
2018; Paulo, 2020;Welch et al., 2021). The effect of liquid application on
global gene expression, stress-responsive signaling protein
phosphorylation, growth factor secretion, pro-inflammatory cytokine
secretion, trans-epithelial electrical resistance (TEER), and permeability

FIGURE 1
Experimental design. (A) IMR90 fibroblasts were seeded onto collagen-coated tissue culture wells 24 h before being combined with dpHBEC under
ALI conditions. 24 h after the cells were combined, 250 µL of liquid (ALI medium) was applied to the apical surface of the dpHBECs for either 6 or 24 h. A
matched set of cultures was maintained under ALI conditions to serve as the control. The indicated endpoints were evaluated to determine the effect of
the application of liquid on dpHBEC cultures. (B) Titration of apical volumes of crystal violet solution in 12 mmTranswell

®
inserts used to visualize the

relative coverage of the insert surface area at different applied liquid volumes. The 250 µL volume was determined to provide the best balance between
the smallest volume and uniformity of liquid coverage. (A) created with BioRender.com.
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to a 20 kDa fluorescent dextran was then determined immediately after
6 and 24 h of liquid application (Figure 1A). A set of n = 3 donors were
used for RNA-Sequencing, differential gene expression analysis, TEER,
and FITC-dextran permeability. Follow-up experiments including
immunoblotting and ELISAs were performed with an additional n =
3 donor set, unique from the donors used in initial experiments.

Determination of liquid application volume

We were not able to find any published studies evaluating the
completeness of culture coverage resulting from different applied
liquid volumes. The development of discontinuous coverage of
the culture surface by the applied liquid would be expected to
result in in consistencies in test substance concentration and flux,
ion and/or nutrient concentrations, and exposed oxygen
concentrations across the culture. Thus, we sought to
determine the smallest applied liquid volume that resulted in
complete, and most uniform, coverage of the cell layer during a
24-h treatment period. To accomplish this, we titrated a range of
apical volumes (10 μL–500 μL) of a 1:10 Trypan Blue (Sigma,
#T8154-20 ML) solution in Dulbecco’s Phosphate Buffered
Saline (Gibco #14190-144)) to the apical surface of dpHBEC-
ALI cell layers grown on 12 mm Transwell® inserts (Figure 1B).
After the 24-h treatment duration, inserts were placed on a white
light transilluminator (FUJIFILM #IPE4046) and photographed
with an iPhone SE (Apple, Model #MX9M2LL/A). The lowest
volume that maintained complete coverage of the cell layer
during the 24-h treatment duration with the best uniformity
was selected for use in the study.

RNA isolation

Total RNA was isolated using the PureLink RNA Mini kit
(ThermoFisher #12183025) according to the detailed open access
method by McNabb andMcCullough (McNabb andMcCullough,
2020). Briefly, dpHBEC samples were harvested by the addition
of 250 µL RNA lysis buffer containing 1% β-mercaptoethanol,
triturated, and transferred to Eppendorf tubes on ice prior to
storage at −80°C until extraction. Total RNA was eluted in
nuclease-free water (ThermoFisher, #AM9937) following
extraction and column purification. Total RNA was quantified
using a NanoDrop OneC UV-Vis Spectrophotometer. Purified
RNA was stored at −80°C until submission for RNA-sequencing
or preparation of cDNA for quantitative real-time polymerase
chain reaction (qRT-PCR).

Sequencing, DESeq2, and qRT-PCR
validation

Library preparation and sequencing were performed by the
University of North Carolina at Chapel Hill High Throughput
Genomic Sequencing Facility. Briefly, 100–500 ng of RNA were
used to make libraries using a KAPA Stranded mRNA-Seq Kit,
with KAPA mRNA Capture Beads (Roche Sequencing and Life
Science #07962207001). Libraries underwent quality control via

dsDNA High Sensitivity Qubit following cDNA synthesis and
adaptor ligation (Q32851). Libraries were normalized to 5 nM and
pooled in equal amounts and then processed on a miSeq nano
flowcell (MS-103–1001). Samples were run on an Illumina
Novaseq 6,000 (Illumina, San Diego, CA), and calibrated against
1% PhiX as a positive control during sequencing. Base call files were
transformed into FASTQ files using bcl2fastq software (version
2.20.0). Mapping of sequence reads to the human genome
(GRCh38) was performed by STAR (version 2.5) with the
following parameters: - outSAMattrIHstart 0 --outFilterType
BySJout--alignSJoverhangMin 8 -- outMultimapperOrder Random
(other parameters at default settings). Mapped read counts per gene
were collected by Subread feature Counts (version 1.5.0-0-p1). Genes
with a minimum average of normalized mapped read counts >50 in
at least one category were selected for differential gene expression
analysis. Differentially expressed genes (DEGs) were identified by
DESeq2 (v 3.13) using filters of FDR<0.01. Read counts and the
processed data matrix are available to the public on the NCBI Gene
Expression Omnibus (series number: GSE198884). DEG datasets
were also generated for the underlying IMR90 fibroblasts after the
application of liquid to the apical dpHBECs for either 6 or 24 h
(Supplementary Figure S2). Fold change expression values derived
from RNA-sequencing-derived DESeq2 were validated against
standard real-time qRT-PCR methods (Supplementary Figure S4).
Briefly, cDNA was synthesized using the iScript Reverse
Transcription Kit (Bio-Rad, #1708891) according to the
manufacturer’s protocol. Fold change values were assessed via
primers, hydrolysis probes (Supplementary Table S2), and iTaq
universal Probes Supermix (Bio-Rad, #1725131) on a
CFX96 Touch (Bio-Rad). Target gene Cq values were normalized
to β-actin and expressed as fold changes between liquid application
and ALI conditions using the Pfaffl method (Pfaffl, 2001).

Ingenuity Pathway Analysis

The number of statistically significant alternatively
regulated genes identified in dpHBECs following 24-h liquid
application treatment (10,239 genes) exceeded the maximum
number of genes (8,000) that can be analyzed by the IPA
software. Thus, we generated a sub-set of each DEG list that
included only statistically significant genes that were
alternatively regulated with an absolute value log2 fold
change >2.0. These “pathway analysis” gene sets were
uploaded to Ingenuity Pathway Analysis software (Version
65367011). Gene lists were exported for each of the top
10 canonical pathways as determined by -log (p-value). The
10 genes with the greatest absolute fold change value were
exported as tables for the top 10 most significant canonical
pathways. IPA was also used to determine canonical pathways
and top genes for underlying IMR90s after liquid application to
apical dpHBECs (Supplementary Figure S3, 4).

Protein collection and immunoblotting

Total protein was isolated via a RIPA extraction. Briefly,
dpHBEC samples were harvested by the addition of 250 µL of
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RIPA lysis buffer (50 mM tris-base, pH 8.0, 150 mM NaCl, 400 uM
EDTA, 10% glycerol, 1% Triton-X, 0.1% SDS, 0.1% sodium
deoxycholate, with 1X protease inhibitor (Sigma, #11697498001)
and phosphatase inhibitor (Sigma, #04906837001) cocktails) to each
insert, scraping with a wide-bore P200 pipette tip (United States
Scientific, #10118410), and transfer to an Eppendorf tube prior to
incubation on ice for 20 min. Samples were centrifuged at 13,000 × g
for 15 min to pellet cell debris and supernatants were transferred to
new Eppendorf tubes on ice. Three aliquots (10 µL) were removed
from each sample for determination of protein concentration by
BCA assay. 5X Laemmli buffer (120 mM Tris, pH 6.8, 400 mM
dithiothreitol, 20% glycerol, 4% SDS, 0.025% bromophenol blue)
was then added to the remaining sample volume before the samples
were incubated at 95 °C for 5 min. Samples were stored at −80°C
until used for immunoblotting. The antibodies and dilutions used
for immunoblotting are provided in Supplementary Table S3. All
samples were electrotransferred on 0.45 µM nitrocellulose
membranes (Bio-Rad, #1620115) in transfer buffer (48 mM tris-
base, 39 mM glycine, 20% methanol). Chemiluminescence was
generated via a horseradish peroxidase-conjugated secondary
antibody (Jackson ImmunoResearch, #711-036–152) and Clarity
Western ECL Blotting Substrate (Bio-Rad #1705060). Images were
taken on a ChemiDoc MP Imaging System (Bio-Rad), and
densitometry was generated using Bio-Rad Image Lab Software
(Version 6.1.0, Build 7).

Evaluation of growth factor and pro-
inflammatory cytokine secretion

Conditioned medium was collected from the basolateral
compartment of dpHBEC-ALI cultures immediately before liquid
application, and 6 or 24 h after liquid application. Conditioned
media were centrifuged and syringe filtered through 0.22 µm pore
PVDF membranes (Millipore Sigma, #SLGV033RS) to remove
cellular debris before storage at −80°C until use. Conditioned
media were probed for cytokine secretion by the V-PLEX
Human Proinflammatory Panel II (4-Plex) (Mesoscale Discovery,
K15053D-1) and growth factor secretion by the U-PLEX
Development Pack (Mesoscale Discovery, K15228N-1) according
to the manufacturer’s protocols. Briefly, conditioned media samples
were diluted two-fold, and assayed in triplicate with either four 10-
fold serial dilutions (for cytokines) or four two-fold serial dilutions
(for growth factors) to determine the limits of detection in our
dpHBEC-ALI cultures. The MSD plate was washed thrice with
150 µL of wash buffer per well prior to the addition of 50 µL of
diluted sample to individual wells and incubation with shaking
(300 RPM) for 2 hours at room temperature. Samples were then
aspirated and the plate was washed thrice with 150 µL of wash buffer
prior to the addition of 25 µL of detection antibody solution to each
well and incubation with shaking (300 RPM) for 2 hours at room
temperature. The antibody solution was then aspirated and the plate
was washed thrice with 150 µL wash buffer before the addition of
150 µL of 2X Read Buffer T to each well. The sample plate was read
on the Meso Quickplex SQ 120, and analyte concentrations were
determined using the MSD Discovery Workbench software
(Version 4.0.12)

Trans-epithelial electrical resistance

Trans-epithelial electrical resistance (TEER) was measured
using the EVOM2 (World Precision Instruments) with EndOhm
cup for 12 mm inserts (World Precision Instruments) at the
indicated time points as described in a detailed open-access
methods document by Mallek and McCullough (Mallek and
McCullough, 2021b). Briefly, resistance measurements were
obtained for both experimental samples and insert only
(without cells). TEER values from insert only samples were
subtracted from experimental sample resistance values and the
resulting values were then multiplied by the insert surface area to
calculate values in Ω × cm2 (Srinivasan et al., 2015). Three
cultures were used for each condition per experiment and
each culture was assayed in technical triplicate. The mean (±
SD) of three independent experiments is shown. TEER was
treated as a destructive assay and no additional assays were
conducted on cultures that were analyzed by TEER.

Fluorescein isothiocyanate-labeled
dextran assay

The translocation of a 20 kDa fluorescein isothiocyanate
(FITC)-labeled dextran (Sigma, FD20) was measured as described
in a detailed open-access methods document by Faber and
McCullough (Faber and McCullough, 2020). Briefly, experimental
sample inserts and insert only (without cells) were transferred to a
new multi-well plate containing 800 µL of phenol-red free MEM
(ThermoFisher, #51200038) in each well. The apical medium was
carefully aspirated from cultures after liquid application for 6 or 24 h
and 250 µL of a 1 mg/mL suspension of FITC-dextran in
Pneumacult ALI medium (StemCell Technologies, #05001) was
added to the apical compartment of each insert. Samples were
incubated in the dark for 20 min at 37°C, and the basolateral
media containing translocated FITC-dextran suspension was
collected and transferred to a 96-well clear bottom microplate
(Corning, #3904) prior to determination of the fluorescence of
each sample at 490/520 nm Ex/Em on a ClarioStar Plus plate
reader. Three cultures were used for each condition per
experiment and each culture was assayed in technical triplicate.
The mean (± SD) of three independent experiments is shown. The
FITC-dextran assay was considered to be destructive and no
additional assays/endpoints were conducted/evaluated on cultures
after this assay.

Statistical analysis

Statistical analyses for protein densitometry, cytokine and
growth factor secretion, TEER, FITC-dextran, ciliary beat
frequency and total ciliated area, and viability were conducted
using GraphPad Prism 9.0.1 (GraphPad Software). The statistical
significance of differences between each duration of liquid
application and untreated controls were evaluated using a
parametric unpaired t-test. A p-value of ≤ 0.05 was considered
statistically significant for all analyses.
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FIGURE 2
Global transcriptome changes following liquid application exposure for 6 or 24 h (A, B) The total amount of significantly alternatively regulated
genes (adjusted p-value < 0.05) after 6 h (A) or 24 h (B) of liquid application, respectively. (C, D) The total number of significant alternatively regulated
genes from (A, B) separated into fold change expression thresholds after 6 h (C) or 24 h (D) of liquid application, respectively. (E, F) Volcano plots of the
gene datasets described in (A, B). Blue points have an adjusted p-value of <0.01, and red points have an adjusted p-value of <0.05 and a log2
(foldchange) > 1. (G) Venn Diagram comparison displaying the number of significant (adjusted p-value < 0.05) unique and shared genes between the 6-
and 24-h liquid application dataset described in (A, B). (H) Total number of significant canonical pathways regulated after liquid application for 6 or 24 h
according to Ingenuity pathway analysis of the dataset from (A, B). Data shown represent n = 3 donors.
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Results

Applied volume affects the completeness of
culture exposure

There are a broad range of applied liquid volumes used for the
delivery of experimental treatments to ALI cultures reported in the
literature; however, we were not able to identify any published studies
that evaluated the completeness of culture coverage at the beginning or
end of experiments utilizing liquid application dosing. Thus, we sought
to empirically determine the smallest volume that maintained the most
complete coverage of the culture over the 24-h treatment. The
application of 200 μL (177 μL/cm2) provided complete coverage
immediately after liquid application; however, coverage became
markedly uneven during the 24-h treatment duration (Figure 1B).
In contrast, the application of 250 μL (221 μL/cm2, equivalent to the
addition of 73.5 µL to a 6.5 mm cell culture insert) was the smallest
volume tested that maintained complete coverage across the insert,

while also exhibiting better uniformity than the 200 μL volume, by 24 h.
Thus, we utilized an applied liquid volume of 250 μL per 12 mm cell
culture insert for subsequent experiments. The application of lower
volumes (i.e., ≤ 100 μL; ≤ 88 μL/cm2, equivalent to ≤ 30 µL applied to
a 6.5 mm cell culture insert) failed to completely cover the culture
surface at the time of application. The completeness of culture coverage
at these volumes was diminished over the 24-h incubation period.
Importantly, there is no way to achieve completely uniform depth
across the surface area of the insert due to the formation of a meniscus.

Liquid application alternatively regulates
global gene expression in dpHBEC cultures

Following ALI differentiation, the transcriptional profiles of
dpHBEC cultures recapitulate those of their corresponding in vivo
tissue (Fulcher et al., 2005; Pezzulo et al., 2011; Randell et al., 2011). We
began our assessment of the impact of liquid application on dpHBEC-

FIGURE 3
Ingenuity pathway analysis of alternatively regulated genes after 6 h of liquid application on dpHBEC-ALI cultures. (A) The top 10 most significant
canonical pathways by the–log (p-value) identified after 6 h of liquid application. (B) The top 10 genes, by absolute value, in each canonical pathway
identified in (A), and their respective fold change expression over ALI cultures. Only genes exhibiting a ± log2 fold change ≥ 2.0 were used in this analysis.
In (B), blue shading indicates cell signaling-related genes, orange shading indicates transcription factors, red shading indicates adhesion-related
genes, and yellow shading indicates inflammation-related genes.
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ALI cultures with the evaluation of its effect on global transcriptional
programming using RNA-sequencing. Of the tested transcripts (n =
33,121 in the RNA-seq Data set), 23,657 (71%) were detected in
dpHBECs. The application of liquid to dpHBEC-ALI cultures for
6 and 24 h resulted in the significant (adjusted p ≤ 0.05) alternative
expression of 4,170 and 10,269 genes, respectively (Figures 2A, B). Of
the 4,170 genes that were alternatively expressed at 6 h of liquid
application, 626 and 326 were up- and downregulated greater than
2-fold, 160 and 11 were up-and downregulated greater than 5-fold, and
68 and 5 were up- and downregulated greater than 10-fold, respectively
(Figure 2C). Of the 10,269 genes that were alternatively expressed at
24 h of liquid application, 2,159 and 1,865 were up- and downregulated
greater than 2-fold, 700 and 274 were up- and downregulated greater
than 5-fold, and 358 and 79 were up- and downregulated greater than
10-fold, respectively (Figure 2D). The 6- and 24-h time points had
424 and 6,523 unique alternatively expressed genes, respectively, and
3,746 alternatively expressed genes in common (Figure 2G). The

alternative expression of selected targets identified in the RNA-seq
analysis (IL-8, IL-1α, and COX-2) were validated by qRT-PCR
(Supplementary Figure S2).

Ingenuity Pathway Analysis of significantly alternatively
expressed genes indicated that liquid application resulted in the
significant alternative regulation of 110 and 197 canonical pathways
in pHBEC-ALI cultures at 6 and 24 h, respectively (Figure 2H). The
10 most significant pathways (by -log (p-value)) identified at 6 and
24 h are listed in Figures 3A; Figure 4A and the 10 genes with the
largest magnitude of fold change expression, by absolute value, for
each of the top alternatively regulated pathways are listed in Figures
3B; Figure 4B, respectively. Several alternatively expressed genes
were common to the 10 most significantly alternatively regulated
pathways following 6 h of liquid application, including: the growth
factors placental growth factor (PGF, 141.6-fold) and vascular
endothelial growth factor A (VEGFA, 15.5-fold) and pro-
inflammatory mediators such as interleukin (IL)-8 (IL-8, 35.2-

FIGURE 4
Ingenuity pathway analysis after 24 h of liquid application on dpHBEC-ALI cultures. (A) The top 10 most significant canonical pathways by the–log
(p-value) identified after 24 h of liquid application. (B) The top 10 genes, by absolute value, in each canonical pathway identified in (A), and their respective
fold change expression over ALI cultures. Only genes exhibiting a ± log2 fold change ≥ 2.0 were used in this analysis. In (B), blue shading indicates cell
signaling-related genes, orange shading indicates transcription factors, red shading indicates adhesion-related genes, and yellow shading indicates
inflammation-related genes.
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fold), IL-1α (IL-1α, 14.2-fold), IL-1β (IL-1β, 5.1-fold), and
cyclooxygenase-2 (COX-2 5.7-fold). Many alternatively expressed
genes were also common to the alternatively regulated pathways
after 24 h of liquid application including: the growth factors PGF
(276.1-fold) and VEGFA (28.9-fold), and the pro-inflammatory
mediators IL-8 (83.6-fold), IL-1α (59.9-fold), IL-1β (9.0-fold),
and PTGS2 (19.6-fold). Additional highly expressed genes at 24 h
included platelet derived growth factor subunit B (PDGF-B, 12.7-
fold), and tumor necrosis factor (TNF, 28.6-fold).

Liquid application increases HIF-1a protein
levels and the phosphorylation of ERK and
p38 cellular signaling pathways in
dpHBEC cultures

HIF-1 is a heterodimeric transcription factor that regulates the
expression of genes involved in the cellular response to hypoxia, as well
as tissue vascularization and the maintenance of tissue homeostasis
(Ziello et al., 2007; Shimoda and Semenza, 2011). HIF-1 activation is
regulated by the stabilization of the HIF-1α subunit, which occurs in
response to hypoxic conditions (Shimoda and Semenza, 2011). The
application of liquid to an ALI culture reduces exposure of the apical
culture surface to oxygen. Thus, we evaluatedwhether liquid application
resulted in the stabilization of HIF-1α, the regulatory subunit of HIF-1,
which was significantly increased (2.05-fold (± 0.45)) at 6, but not 24,
hours of liquid application (Figure 5B).

The ERK and p38 mitogen activated protein kinase (MAPK)
signaling pathways regulate the response of the respiratory epithelium
to oxidative, inflammatory, and pathogenic stimuli (Roux and Blenis,
2004; Lu and Xu, 2006; Guo et al., 2020; Canovas and Nebreda, 2021).
Hyperactivation of these pathways also leads to respiratory disease
including asthma, COPD, lung injury, and lung cancer (Arcaroli

et al., 2001; Vitos-Faleato et al., 2020). Given their role in mediating
homeostasis in the respiratory tract, we sought to determine whether
these signaling pathways would be alternatively regulated in response to
liquid application (Figure 5A). We observed a significant 122.9-fold (±
64.56) increase in p38MAPKphosphorylation that was accompanied by
a 16.5-fold (± 3.75) decrease in total p38 protein levels at 24 h of liquid
application exposure (Figures 5C, D). Phosphorylation levels of
ERK1 were significantly increased after 24 h of liquid application
exposure, whereas ERK2 phosphorylation levels were unchanged
(Figures 5E, F).

Liquid application increases pro-
inflammatory cytokine and growth factor
secretion in dpHBEC cultures

Bronchial epithelial cells play a key role in orchestrating
inflammation within the respiratory tract in response to inhaled
toxicants and other cellular stressors through the secretion of pro-
inflammatory cytokines (Hewitt and Lloyd, 2021). After observing
the upregulation of pro-inflammatory cytokine transcripts at both
6 and 24 h of liquid application, we sought to determine whether
these changes also resulted in the increased release of the
corresponding pro-inflammatory cytokine proteins. We observed
significant increases in the secretion of IL-8, IL-1β, and TNFα into
the basolateral medium at both 6 and 24 h of liquid application
exposure (Figures 6A, B, D). While IL-6 secretion exhibited an
upward trend after 24 h of liquid application exposure, the change
was not statistically significant (Figure 6C). Cytokine concentration
and fold change values are reported in Table 1.

The regulation of growth factor signaling plays an important
role in normal airway homeostasis. Aberrant growth factor signaling
occurs in response to chemical exposures and plays a role in airway

FIGURE 5
Liquid applicationmodulates stress-responsive protein signaling pathways in dpHBECs. (A) Representative images of protein signaling western blots
for levels of HIF-1α, phosphorylated and total p38, phosphorylated and total ERK1/2, and GAPDH loading control. Representative images represent n =
3 donors. Densitometry showing (B) changes in the induction of HIF-1α, (C) the ratio of phosphorylated to total p38, (D) total p38, (E) the ratio of
phosphorylated to total ERK1, and (F) the ratio of phosphorylated to total ERK2 normalized to GAPDH loading control. Data represent the mean of
n = 3 donors and error bars represent SD. *, ****, and ns indicate p ≤ 0.05, p ≤ 0.0001, and not significant, respectively.
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disease (Desai and Cardoso, 2001; Woo et al., 2004; Voelkel et al.,
2006; Wu et al., 2016). Liquid application resulted in the
upregulation of several growth factor transcripts at 6 and 24 h so
we sought to determine whether changes translated to increased
growth factor secretion. We observed significant increases in the
secretion of both PGF and VEGF-A, but not PDGF-B, into the
basolateral medium after 24 h of liquid exposure (Figures 6E–G).
Growth factor concentrations and fold change values are reported
in Table 1.

Liquid application decreases dpHBEC
culture epithelial barrier function but not
ciliary function

In vivo, the normal bronchial epithelium functions in host
defense as a physical barrier and a mucociliary escalator. In its
role as a barrier, the normal bronchial epithelium forms an
electrically resistant tissue layer that is selectively permeable to

small molecules that separates inhaled substances from
underlying host tissue (Rezaee and Georas, 2014). While often
affected by exposure to inhaled insults, loss of bronchial
epithelial barrier integrity is also a hallmark of both acute and
chronic respiratory disease (Peterson et al., 1993; Gerloff et al., 2017;
Smyth et al., 2020; Carlier et al., 2021). Further, loss of epithelial
barrier integrity also results in the loss of apical-basolateral
polarization and is a key aspect of epithelial-to-mesenchymal
transition (EMT), an early step in epithelial carcinogenesis
(Saitoh, 2018). We evaluated the effect of liquid application on
epithelial barrier integrity by determining the electrical resistance of
the epithelial layer by trans-epithelial electrical resistance (TEER).
Cultures maintained at ALI exhibited a mean TEER of 373.7 (± 83.9)
Ω × cm2, which was significantly reduced to 212.7 (± 33.3) Ω × cm2

after 24 h of liquid application (Figure 7A); however, TEER was not
significantly affected after 6 h of liquid application (349.7 ± 109.2Ω
× cm2). We then evaluated whether the decreased electrical
resistance coincided with an increase in the small molecule
permeability of the epithelial barrier. In concordance with the

FIGURE 6
Liquid application increases the release of pro-inflammatory cytokines and growth factors. Effects of 6- and 24-h liquid application on the amount
of (A) IL-8, (B) IL-1b, (C) IL-6, (D) TNF-a, (E) PGF, (F) VEGF-A, and (G) PDGF-B detected in the basolateral medium. Data represent the mean of n =
3 donors and error bars indicate SD. *, **, ***, and ns indicate p ≤ 0.05, p ≤ 0.01, p ≤ 0.001, and not significant, respectively.

TABLE 1 Summary of pro-inflammatory cytokine and growth factor ELISA data.

Analyte ALI concentration
(pg/mL)

Concentration at 6 h
LAE (pg/mL)

Fold change
at 6 h

(LAE/ALI)

p-value Concentration at
24 h LAE (pg/mL)

Fold change
at 24 h
(LAE/ALI)

p-value

IL-8 1,338 (±319.9) 2,739 (±482.0) 2.0 0.014 11,820 (±4,116) 8.8 0.012

IL-1β 1.127 (±0.3) 2.233 (±0.5) 2.0 0.027 7.41 (±1.0) 6.6 0.001

IL-6 15.9 (±6.4) 26.88 (±20.9) 1.7 0.434 141.4 (±126.3) 8.9 0.161

TNF-α 1.46 (±0.8) 2.617 (±1.0) 1.8 0.189 9.427 (±2.7) 6.5 0.008

PDGF-B 0.7923 (±0.7) 0.7048 (±0.6) 0.9 0.883 2.157 (±2.3) 2.7 0.385

PGF 6.007 (±2.7) 5.417 (±3.1) 0.9 0.817 58.56 (±26.0) 9.7 0.025

VEGFA 1161 (±64.7) 1119 (±85.9) 1.0 0.532 3,557 (±937.0) 3.1 0.012

Values presented are the mean (± SD) of n = 3 donors. LAE refers to liquid application exposure.
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observation of decreased TEER, liquid application significantly
increased the permeability of the epithelial layer to 20 kDa FITC-
conjugated dextran, which is a similar molecular weight to small
biomolecules (e.g., IL-6), after 24 h (1581 ± 1076 arbitrary
fluorescent units (AFU)), but not at 6 h (329.9 ± 19.6 AFU),
when compared to cultures maintained at ALI (310.0 ±
21.9 AFU) (Figure 7B).

The normal in vivo bronchial epithelium contains actively
beating cilia, a biological feature that is recapitulated in vitro by
dpHBEC cultures. Despite observing the effects on barrier integrity
described above, we did not observe any significant effect of liquid
application on CBF or the percentage of active ciliated surface area
of dpHBEC cultures (Supplementary Figure S3).

Discussion

The direct application of experimental treatments in aqueous
solvents to differentiated primary human airway epithelial cell
cultures is, and has been, a common practice for the dosing of
in vitro ALI systems with biological stimuli, experimental
interventions, and other test substances. Liquid application
dosing is considered to be practical due to its expediency, low
cost, and minimal technical requirements. The application of
liquid to the apical surface of differentiated primary human
airway epithelial cell cultures disrupts ALI conditions that are a
critical component of their ability to represent the luminal surface of
the respiratory tract in vivo; however, the effects of different liquid
application conditions (e.g., liquid volume, type of solvent, and
treatment duration) are poorly understood. The success of initiatives
to leverage in vitro test systems in respiratory biology,
pharmaceutical development, disease research, and inhaled
chemical testing depends on building confidence in their ability
to represent in vivo human-relevant physiology. Additionally,
characterizing the effects of liquid application as a dosing
modality for ALI-dpHBEC cultures is critical to create context
for the interpretation and integration of data collected with this
method into applicable decision-making processes.

Considerations for liquid application
conditions

The conditions in which liquid application dosing is used,
including the aqueous solvent used, volume of liquid applied,
and duration of treatment, vary widely. We selected ALI medium
as the applied liquid instead of PBS, 0.9% saline, or water to avoid
generating an ionic gradient across the epithelial barrier and
reducing nutrient availability. Additionally, while 0.9% saline is
commonly used as a vehicle, it does not contain a pH buffer and
has a broad pH range (manufacturer specification range of 4.5–7.0),
which is often below pH 6.0 based on our evaluation of certificates of
analysis from the commonly used manufacturers Baxter (#2F7123/
#2F7124, lots #G154987, G139168, G160308, and G140409; mean
pH 5.63 at room temperature according to certificates of analysis)
and Cytiva (#Z1376, lots #WH30698322, WH30698323,
WH30698324, and WH30698325; mean pH 5.79 at room
temperature according to certificates of analysis). We used 250 µL
of ALI medium in 12 mm Corning Transwell® inserts (221 μL/cm2;
equal to 73 µL in a 6.5 mm Transwell® insert) for this study because
it was the smallest volume that we were able to use while
maintaining complete coverage of the apical surface of the
dpHBEC culture for the 24-h treatment duration. While smaller
volumes are often used in studies involving liquid application
dosing, the reduction in apical volume that occurs over the
course of the treatment duration results in variable and
ultimately discontinuous coverage of the treated culture. The
ability of volumes often used to dose ALI cultures, such as
10–50 µL on a 6.5 mm cell culture insert (equivalent to
34–170 µL in the 12 mm inserts used in this study), to achieve
and maintain complete coverage of the treated culture over the
course has not been characterized. Based on observations reported
here (Figure 1B), the use of applied liquid volumes below that used
in this study would result in a gradient of liquid coverage that would
be expected to lead to inconsistent test substance concentration and
flux, ion and/or nutrient concentrations, and exposed oxygen
concentrations across the exposed culture. Unfortunately, the
potential impact of applied liquid volume on any, or all, of these

FIGURE 7
Liquid application reduces epithelial barrier integrity of dpHBEC cultures. (A) Effects of 6- and 24-h liquid application on TEER of dpHBEC layer. (B)
Effects of 6- and 24-h liquid application on permeability of the dpHBEC layer to the translocation of 20 kDa FITC-dextran. Data represent themean of n=
3 donors and error bars represent SD. ****, **, and ns indicate p ≤ 0.0001, p ≤ 0.01, and not significant, respectively. Data shown represent n = 3 donors.
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aspects of experimental exposures remains uncharacterized. Thus,
the data collected from these smaller volumes may reflect the impact
of either, or both, of these scenarios instead of just the effects of the
test substance.

The application of liquid causes dpHBEC co-
cultures to deviate from a normal phenotype

The use of differentiated primary airway epithelial cell systems
as an in vitro model with enhanced physiological relevance
compared to either their undifferentiated counterparts or
analogous cell lines is predicated on the assumption that the
cultures are comparable to their donor tissue of origin. That is,
cultures generated from “normal healthy” donors are representative
of the respective region of the respiratory tract in vivo in the “normal
healthy” population. Here we report that the application of liquid to
dpHBEC caused significant transcriptional reprogramming of
4,169 and 10,268 genes, which represented 17.6% and 43.4% of
expressed genes, at 6 and 24 h of liquid application, respectively
(Figure 2). Pathway analysis of changes in transcriptional profiles, as
well as phenotypic and functional endpoints, indicated that the
application of liquid to dpHBEC cultures caused effects that were
consistent with cancer/epithelial-to-mesenchymal transition
(EMT), fibrosis, hypoxia, wound healing, and pro-inflammation
(Figures 3, 4). Thus, dpHBEC cultures were no longer consistent
with their “normal healthy” counterparts (i.e., incubator controls
maintained at ALI) following the application of liquid to their apical
surface. In addition to this deviation, liquid application also caused
effects similar to those elicited by a broad range of inhaled toxicants
within the respiratory tract.

While this study focused on the effects of liquid application on
the dpHBEC cell layer, we also observed significant transcriptional
reprogramming in IMR90 fibroblasts residing beneath liquid-
treated dpHBECs (Supplementary Figures S2-4). While there
were only modest transcriptional changes in the fibroblasts by
6 h, more substantial changes occurred by 24 h. At this later time
point, the majority of alternatively regulated pathways indicated the
development of a pro-carcinogenesis phenotype that complemented
observations in the adjacent dpHBECs. Future studies examining
the auto- and paracrine signaling events involved in the interactions
of these 2 cell types, as well as the intracellular signaling in
fibroblasts, will be a valuable advancement to the field.

Cell signaling

The response of the bronchial epithelium to inhaled toxicants
and biological stimuli is mediated through themodulation of cellular
signaling pathways, which regulate gene expression, cell survival and
growth, and functional properties of the cell layer. Here, we observed
that the application of liquid induces a significant increase in HIF-1α
protein stabilization at 6 h that is followed by increased p38 and
ERK1 phosphorylation at 24 h (Figure 5). Activity of the HIF-1
signaling pathway is minimal under normoxic conditions in the
healthy airway epithelium (Shimoda and Semenza, 2011). Under
reduced oxygen concentrations, hypoxia-responsive gene expression
is upregulated by the activation of the HIF-1 transcription factor

following stabilization and nuclear translocation of its regulatory
HIF-1α subunit (Dengler et al., 2014). Expression of HIF-1-
responsive genes, including VEGF-A, ADM, and GLUT3, play
key roles in angiogenesis, metabolism, and cell survival (Masoud
and Li, 2015). While the induction of HIF-1 signaling is often
considered in the context of tumorigenesis/carcinogenesis,
aberrant HIF-1α signaling also occurs in asthma, COPD, lung
inflammation, acute lung injury, and ischemic lung injury (Ziello
et al., 2007; Shimoda and Semenza, 2011; Ahmad et al., 2012;
Masoud and Li, 2015; Tam et al., 2020). HIF-1 activation also
results from exposure to inhaled substances including cigarette
smoke, particulate matter, and many natural product-derived
small molecules (Nagle and Zhou, 2006; Brant and Fabisiak,
2013; Daijo et al., 2016). HIF-1α activation also contributes to
EMT and enhanced pro-survival signaling (Chen and Sang, 2016).

Differences in oxygen content affect the physiology of cell
culture systems, with a notable role for the activation of HIF-1-
dependent signaling (Shimoda and Semenza, 2011; Masoud and Li,
2015). The availability of oxygen depends upon factors such as
medium volume, culture configuration, cell type, and seeding
density (Stuart et al., 2018). While medium volume affects
diffusion of ambient oxygen to the cells, cell type and seeding
density both influence consumption of available dissolved oxygen
(Stuart et al., 2018). dpHBEC cultures grown under ALI cultures
experience an oxygen concentration that is similar to the lumen of
the respiratory tract in vivo, which is critical to their differentiation
under ALI conditions (Kouthouridis et al., 2021). The increase in
oxygen exposure that follows the transition of pHBEC cultures to
ALI conditions is also accompanied by decreased HIF-1α protein
levels (Klasvogt et al., 2017; Kouthouridis et al., 2021). The
importance of oxygen concentration on pHBEC differentiation
has been further indicated by the demonstration that pHBECs
grown in a submerged system with greater oxygen availability
results in a phenotype identical to dpHBECs grown at ALI
(Kouthouridis et al., 2021). In contrast, here we have
demonstrated that the reduction of available oxygen by the
application of liquid to dpHBEC-ALI cultures appears to initiate
their dedifferentiation, which coincides with the stabilization of
HIF-1α. Future studies are required to characterize the relationship
between oxygen availability, HIF-1 activation, dpHBEC culture
physiology and exposure outcomes in the context of liquid
application exposures.

ERK and p38 have diverse biological functions that include
responding to cellular stress as well as promoting cell growth and
survival (Roux and Blenis, 2004; Zarubin and Han, 2005; Lu and Xu,
2006; Martínez-Limón et al., 2020). The alternative regulation of
cellular signaling proteins such as ERK1 and p38, alone or in
concert, has been observed in response to exposures to a broad
range of inhaled toxicants including ozone, diesel exhaust
particulates, acrolein, asbestos, cigarette smoke, and diacetyl (2,3-
butanedione) (Hashimoto et al., 2000; Cummins et al., 2003;
Moretto et al., 2012; McCullough et al., 2014; Xu et al., 2015;
Kelly et al., 2019). Further, the alternative regulation of these
signaling proteins also occurs in a variety of respiratory diseases
including COPD, asthma, fibrosis, EMT, and cancer (Yoshida et al.,
2002; Renda et al., 2008; Alam and Gorska, 2010; Gui et al., 2012;
Madala et al., 2012). Similar to HIF-1, the activation of these
signaling proteins by liquid application alone has the potential to
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confound exposure outcomes and interpretation. For example, the
activation of ERK and p38 by the application of liquid alone may
have an additive or synergistic effect on the activation of these
proteins, or other signaling pathways, that occurs as a result of
exposure to a test substance. Thus, exposure to the test substance by
liquid application could enhance toxicity-related exposure outcomes
that are dependent on ERK and/or p38 activation such as the
induction of pro-inflammatory gene expression in pHBEC
cultures (McCullough et al., 2014; Bowers et al., 2018).
Alternatively, the role of HIF-1α, ERK, and/or p38 activation in
pro-survival and growth signaling may mean that the activation of
these pathways by the application of liquid alone could diminish the
cytotoxic effects of a test substance applied by liquid dosing. The
pleiotropic effects of HIF-1α, ERK, and p38 provide many possible
avenues by which the effect of liquid application could impact the
outcome and/or interpretation of chemical testing studies that
utilize liquid dosing of dpHBEC-ALI cultures.

Induction of pro-inflammatory mediators

The airway epithelium plays a central role in the release of pro-
inflammatory cytokines that play concerted roles in the response to
inflammatory stimuli, airway insult/injury, and tissue homeostasis.
While beneficial in the resolution of damage, their dysregulation
results in airway remodeling, a chronic inflammatory state, impaired
lung function, and disease (Reynolds et al., 2018). Given the role of
inflammation and response to tissue injury in the etiology of
toxicant-induced effects, several pro-inflammatory cytokines, such
as IL-8 and TNF-α, are common endpoints in the evaluation of
chemical toxicity. In the study reported here, the application of
liquid alone induced significant increases in the release of IL-8 and
IL-1β at 6 h and IL-8, IL-1β, and TNF-α at 24 h (Figure 6). The
increased release of these pro-inflammatory cytokines has been
implicated in a variety of respiratory diseases including COPD,
acute lung injury, epithelial-to-mesenchymal transition, and
squamous cell metaplasia (Chung, 2001; Goodman et al., 2003;
Herfs et al., 2012; Pain et al., 2014). Further, the dysregulation of
pro-inflammatory cytokine secretion also results from exposure to a
diverse range of inhaled substances including diesel exhaust
particulates, ambient particulate matter, acrolein, cigarette smoke,
e-cigarette flavorings, and zinc oxide nanoparticles (Stoehr et al.,
2015; Zhou et al., 2015; Gerloff et al., 2017; Murray et al., 2017;
Grytting et al., 2022). Therefore, the observation that liquid
application alone significantly enhances pro-inflammatory
cytokine secretion indicates that the effects of this dosing method
alone can induce a disease-like phenotype and could limit the
identification of test substances that induce a pro-inflammatory
response in the bronchial epithelium. Further, the induction of pro-
inflammatory mediators by liquid application alone could account
for the significantly lower levels of IL-8 induction in dpHBEC
exposed to reactive aldehydes by liquid application dosing
compared to matched ALI dosing reported by Dwivedi et al
(Dwivedi et al., 2018). The increased secretion of pro-
inflammatory mediators by the bronchial epithelium also has the
potential to prime the culture to respond more strongly to test
substance exposure compared to the epithelium at ALI or the in vivo
airway. For example, HTB-54 lung epithelial cells primed with TNF-

α, were found to secrete more IL-8 following particulate matter
exposure compared to non-primed cells (Ning et al., 2004).
Additionally, the detection of elevated IL-8, TNF-α, or IL-1β is
considered a biomarker for a wide variety of inflammatory
conditions in vivo (Shahzad et al., 2010; Andreasson et al., 2017;
Aghapour et al., 2018; Tutkun et al., 2019). Thus, the use of liquid
application dosing may invalidate the use of pro-inflammatory
cytokine release as an in vitro biomarker that is directly linked to
in vivo mediators of toxicity.

Airway epithelial barrier integrity

The healthy bronchial epithelium functions as the barrier that
protects the underlying lung tissue from inhaled pathogens,
chemicals, and other materials. We observed that the application
of liquid to dpHBEC significantly decreased barrier integrity and
increased permeability as measured by a reduction in TEER and an
increase in 20 kDa FITC-Dextran permeability at 24 h, respectively
(Figure 7). Loss of epithelial barrier integrity is a hallmark of airway
injury and occurs in airway diseases including COPD, acute
respiratory distress syndrome, asthma, fibrosis, and EMT/cancer,
thus supporting the conclusion that the application of liquid to
dpHBEC causes a phenotype that is consistent with a range of
respiratory diseases (Georas and Rezaee, 2014; Lamouille et al., 2014;
Brune et al., 2015; Aghapour et al., 2018; Carlier et al., 2021). In
contrast, hypoxia is protective against oxidant-induced loss of
barrier integrity (Olson et al., 2011); however, our observations
indicate that the stabilization of HIF-1α protein alone (Figure 5) is
not sufficient to prevent the loss of barrier integrity following liquid
application. Epithelial barrier integrity is also adversely affected
following exposure to a diverse range of inhaled substances
including diesel exhaust particulates, ambient particulate matter,
acrolein, asbestos, ozone, wood smoke particulates, and e-cigarette
flavorings (Peterson et al., 1993; Yu et al., 1994; Olson et al., 2011;
Gerloff et al., 2017; Xiong et al., 2018; Zeglinski et al., 2019; Smyth
et al., 2020; Xian et al., 2020; Bowers et al., 2022). Thus, the
observation that liquid application alone significantly reduces
barrier integrity indicates the potential for this manner of dosing
to limit the sensitivity of this approach to identify test substances
that disrupt barrier function.

The polarized nature of the respiratory epithelial barrier results
in the segregation of receptors and other factors between their apical
and basolateral surfaces, which is important in maintaining tissue
homeostasis. Liquid-induced disruption of barrier integrity could
result in aberrant distribution of both cell surface receptors and/or
the test substance relative to exposures conducted under ALI
conditions or by inhalation in vivo. For example, members of the
human epidermal growth factor receptor (HER) family are
differentially localized to the apical and basolateral compartments
of the airway epithelium, which plays a critical role in their function
in vivo (Brune et al., 2015). Under homeostatic conditions, the
epidermal growth factor receptor (EGFR; dimer of HER1) and the
heterodimeric HER2/3 receptor are localized to the basolateral
surface of the airway epithelium where they are separated from
their ligands, epidermal growth factor (EGF) and heregulin,
respectively, which are expressed in the apical compartment
(Takeyama et al., 2001; Vermeer et al., 2003). When this
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compartmentalization is disrupted by damage to the epithelium,
EGF and heregulin are able to access their respective receptors to
promote repair of the epithelium through cell proliferation,
differentiation, and protection (van der Geer et al., 1994; Walker,
1998; Yarden and Sliwkowski, 2001; Brune et al., 2015). Further,
members of the toll-like receptor (TLR) family are also selectively
localized to the apical or basolateral surfaces of airway epithelial cells
where they play distinct roles in the recognition of exogenous
pathogen-associated molecular patterns (PAMPs) and
endogenous damage-associated molecular patterns (DAMPs)
(Ioannidis et al., 2013; Arora et al., 2019). Activation of the HER
and TLR families are involved in various diseases of the respiratory
tract and are activated in response to a wide range of inhaled
chemicals/materials as well as DAMPs resulting from the effects
of reactive oxygen species that are common mediators of inhaled
toxicants (Lucas and Maes, 2013; Luettich et al., 2017; Arora et al.,
2019). Thus, loss of barrier integrity resulting from liquid
application could result in the artificial exposure of
test substances to receptors that they would not interact
with under ALI conditions. Liquid application-induced
decompartmentalization could also induce a pro-repair response
that could limit the effects of test substances on cell survival. Further,
activation of EGFR due to loss of epithelial barrier function also
promotes mucus production (Burgel and Nadel, 2004), which could
be interpreted as an adverse effect of exposure and/or alter the
interaction of the test substance with the epithelial cell surface.
Importantly, these effects may not be easily accounted for by the
normalization of the effects of test substance exposures to
vehicle controls.

Potential impact of a hypertonic
environment

The reduction of apical volume occurring during the treatment
duration observed in Figure 1B may result from evaporation, para-

or transcellular transport, or both. If occurring by evaporation, this
change in apical volume will result in a hypertonic environment. We
were unable to find any reports describing the effect of apical solvent
evaporation in air-liquid interface in vitro respiratory tract cultures;
however, the effects of exposure to hypertonic saline in vitro and in
vivo have been previously reported. Nebulized hypertonic saline
(HS) increases mucus clearance in vivo by increasing airway
hydration and reduced viscosity through the disruption of ionic
bonds and induced conformational changes in mucus proteins
(Ziment, 1978; Robinson et al., 1997; Graeber et al., 2013).
Treatment-induced increases in airway hydration were supported
by the observation that aerosolized HS increased airway surface
liquid (ASL) height in dpHBEC-ALI cultures in vitro (Goralski et al.,
2018). Unfortunately, we did not evaluate mucus viscosity or ASL
height in this study; however, understanding the impacts of liquid
application and solvent evaporation on these parameters would be
valuable given the potential for mucus to trap and sequester inhaled
toxicants. Changes in ASL volume may also impact test substance
concentrations, especially when experimental treatments are
delivered in low applied liquid volumes. While hypertonic saline
did not affect inflammation in a mouse model of chronic obstructive
lung disease (Graeber et al., 2013), it did attenuate inflammation
following trauma and hemorrhagic shock in rats (Wohlauer, et al.,
2012) and pro-inflammatory gene expression following treatment of
primary human small airway epithelial cells with TNF-α, IL-1β, and
interferon (IFN)-γ in vitro (Mitra et al., 2017). While we expected
some level of evaporation to occur during these treatments, we
observed that the effects of liquid application increased the
expression and secretion of pro-inflammatory cytokines (Figures
3, 4, 6). Thus, our observations indicate that either the evaporation
in our approach did not create a sufficiently hypertonic condition, or
the anti-inflammatory potential of hypertonic conditions is not
sufficient to prevent the induction of pro-inflammatory
mediators the results from liquid application. Additional studies
are required to determine whether the mitigation of pro-
inflammatory stimuli by hypertonic conditions described by

FIGURE 8
Summary of effects caused by liquid application to dpHBEC-ALI cultures. The application of 250 µL ALImedium induces the alternative regulation of
transcripts, the activation of stress-responsive protein signaling pathways, the secretion of pro-inflammatory cytokines and growth factors, and the
breakdown of epithelial barrier integrity. Figure made with BioRender.com.
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Mitra et al. (2017) alters the ability of low-volume liquid application
dosing approaches to represent the induction of pro-inflammatory
mediators by test substances.

Study limitations

The study reported here provides novel insight into the effects of
liquid application on dpHBEC but has limitations that should be
considered. First, we have previously shown that some endpoints
vary based on inter-individual variability (Bowers et al., 2018; 2022).
While the range of inter-individual variability for the endpoints
evaluated here has not been evaluated, this study utilized an n of
three dpHBEC donors for each endpoint evaluated. It remains
unclear whether this sample size is sufficient to fully reflect the
range of variability in the effects of liquid application on dpHBEC in
the “normal healthy” donor population. Further, future studies
using donor-matched primary HLF will be required to address
the potential for inter-individual variability on the effects of
liquid application on HLF beneath the epithelial barrier. Second,
the liquid application dosing method has been used with a broad
range of applied liquid volumes and in different permeable cell
culture insert configurations (e.g., manufacturers, insert diameters,
pore sizes, pore densities, membrane materials, et cetera). The
observations reported here only evaluated one set of conditions.
Third, different aqueous solvents including water, 0.9% saline,
buffered (phosphate or other) saline, or cell culture medium have
been used in reported studies that utilized liquid application dosing.

The impact of the type, volume, and duration of liquid
application on the effects observed in dpHBEC cultures should
be evaluated in future studies to provide a more comprehensive
understanding of these variables on in vivo physiology-relevant
endpoints, exposure outcomes, and test substance delivery/
dosimetry. While this study sought to describe the effects of
liquid application on the dpHBEC-ALI system, future studies
could also provide a thorough characterization of the molecular
mechanisms underlying the effects reported here. More specifically,
additional work could more comprehensively evaluate the
hypotheses generated with the RNA-sequencing data regarding
the alternative regulation of biological pathways by liquid
application. Additional studies could also determine the relative
contributions of the MAPK pathways and HIF1α signaling in the
response of dpHBEC-ALI cultures to liquid application. Further
studies are also required to determine whether differentiated
primary human airway epithelial cell ALI models of other
regions of the respiratory tract are similarly affected by the
application of liquid alone.

Conclusion

In vitro studies that utilize differentiated primary human airway
cell systems to evaluate inhalable test substances frequently rely on
direct application dosing; however, publications describing these
studies rarely report the use of an ALI control (i.e., not subjected to
liquid application) to account for the effects of the application of
liquid alone in the data analysis and interpretation. The findings
described here demonstrate that the application of liquid alone can

cause large-scale reprogramming of gene expression in
differentiated ALI cultures and significant changes to aspects of
the cell culture physiology that are of great importance with respect
to the ability of the dpHBEC-ALI system to represent key aspects of
in vivo respiratory tract physiology. Importantly, the effects liquid
application on culture physiology occurred in the absence of changes
in the cultures that would be detectable by basic visual microscopic
examination. Thus, they would likely go unnoticed without more
thorough evaluation. Further, the changes that result from liquid
application involve the alternative regulation of cellular pathways
that are often involved in mediating the response to exogenous
stimuli and diseases of the respiratory tract. The endpoints that we
observed to be alternatively regulated by liquid application are also
commonly used to identify and quantify the toxicity or efficacy of
test substances (i.e., epithelial barrier function, cellular signaling
pathway activation, pro-inflammatory cytokine release, and growth
factor production) (Figure 8).

The findings reported here support the conclusion that the
impact of the application of liquid alone has the potential to
confound the accuracy, sensitivity, and translation of data
resulting from the use of liquid dosing of dpHBEC-ALI systems
for respiratory biology research and the evaluation of inhaled
substances. Further, given the observations reported here, the
comparison of test substance exposures to their respective vehicle
treatment may not be sufficient to normalize data for comparison or
extrapolation to in vivo human exposure outcomes. Additional
studies are required to characterize the impact of liquid
application on ALI cultures and exposure outcomes and provide
a better understanding of the impact of liquid application on
exposure outcomes and comparability of liquid application and
ALI dosing outcomes in differentiated primary human airway
epithelial tissue models.

The use of differentiated ALI cultures to inform inhaled
chemical hazard identification and human health risk assessment
is in its relative infancy, but the demand of the use of the approach is
increasing. This is evidenced by the use of this dosing method in a
recent case study for the use of an ALI-differentiated in vitro system
as a part of an integrated approach to testing and assessment (IATA)
to refine an inhalation risk assessment by the Organisation for
Economic Co-operation and Development (OECD) (National
Research Council, 2007; United States Environmental Protection
Agency, 2020), an organization that develops international
guidelines for studies used to evaluate pharmaceuticals, as well as
commercial and industrial chemicals. Identification of
considerations and limitations to the use of direct application
dosing of ALI cultures at this early stage is critical for defining
the context for their use in the assessment of inhalable substances. It
also provides guidance on important aspects of study design and
reporting, as well as considerations for the interpretation of data
derived from liquid application dosing of dpHBEC-ALI systems,
and potentially differentiated primary cell-based ALI models of
other regions of the human respiratory tract. Additional studies
are needed to determine whether the effect of liquid application
alone impacts the outcomes of in vitro inhaled chemical testing,
whether the effects observed here are specific to the conditions used
in this study, and if these effects apply to differentiated ALI models
of other regions of the human respiratory tract. Future studies are
also needed to determine whether aspects of this dosing method
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(e.g., type of aqueous buffer used, liquid volume, exposure duration,
et cetera) can be optimized to minimize the effects on culture
physiology. Ultimately, improving our understanding of how key
aspects of differentiated ALI models of the human respiratory tract
impact their physiology, response to test substance exposures, and
data analysis and interpretation is central to building confidence in
their ability to reflect in vivo human outcomes and advancing the
translation of data from these in vitro systems into decision making.
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Use of quantitative in vitro to in
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assessment of non-combustible
next-generation product aerosols
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With the use of in vitro new approach methodologies (NAMs) for the assessment
of non-combustible next-generation nicotine delivery products, new
extrapolation methods will also be required to interpret and contextualize the
physiological relevance of these results. Quantitative in vitro to in vivo
extrapolation (QIVIVE) can translate in vitro concentrations into in-life
exposures with physiologically-based pharmacokinetic (PBPK) modelling and
provide estimates of the likelihood of harmful effects from expected
exposures. A major challenge for evaluating inhalation toxicology is an
accurate assessment of the delivered dose to the surface of the cells and the
internalized dose. To estimate this, we ran the multiple-path particle dosimetry
(MPPD) model to characterize particle deposition in the respiratory tract and
developed a PBPK model for nicotine that was validated with human clinical trial
data for cigarettes. Finally, we estimated a Human Equivalent Concentration
(HEC) and predicted plasma concentrations based on the minimum effective
concentration (MEC) derived after acute exposure of BEAS-2B cells to cigarette
smoke (1R6F), or heated tobacco product (HTP) aerosol at the air liquid interface
(ALI). The MPPD-PBPK model predicted the in vivo data from clinical studies
within a factor of two, indicating good agreement as noted by WHO International
Programme on Chemical Safety (2010) guidance. We then used QIVIVE to derive
the exposure concentration (HEC) that matched the estimated in vitro deposition
point of departure (POD) (MEC cigarette = 0.38 puffs or 11.6 µg nicotine, HTP =
22.9 puffs or 125.6 µg nicotine) and subsequently derived the equivalent human
plasma concentrations. Results indicate that for the 1R6F cigarette, inhaling 1/6th
of a stick would be required to induce the same effects observed in vitro, in vivo.
Whereas, for HTP it would be necessary to consume 3 sticks simultaneously to
induce in vivo the effects observed in vitro. This data further demonstrates the
reduced physiological potency potential of HTP aerosol compared to cigarette
smoke. The QIVIVE approach demonstrates great promise in assisting human
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health risk assessments, however, further optimization and standardization are
required for the substantiation of a meaningful contribution to tobacco harm
reduction by alternative nicotine delivery products.

KEYWORDS

physiologically based pharmacokinetic (PBPK) modelling, respiratory toxicity, in vitro,
aerosol, heated tobacco product (HTP), cigarette, multiple-path particle dosimetry

1 Introduction

Heated tobacco products (HTPs) offer an alternative to
consuming nicotine without the need to burn tobacco or produce
smoke. A portion of refined tobacco is heated in a controlled
manner, never burnt, producing an inhalable aerosol which
contains nicotine and flavor aromas from the tobacco. As HTPs
eliminate the need to burn tobacco, and do not produce smoke, the
aerosols they produce contain fewer and lower levels of harmful
chemicals compared to cigarette smoke (Chapman et al., 2023). As
such, heated tobacco products have the potential to provide a
meaningful contribution to tobacco harm reduction (COT, 2017).

Traditionally, inhalation toxicity testing has been performed
using animal models to identify various physiological outcomes,
including the lethal concentration of airborne materials or
maximum tolerable concentration. In vitro studies in which a
solution of the aerosol ingredients is directly applied to cells in
culture are not representative of an in vivo inhalation exposure due
to a lack of gas phase exposure (Mulhopt et al., 2020). Additionally,
these submerged in vitro conditions neither reflect realistic cell-cell
communication within organ systems, cell-particle interactions and
particle deposition characteristics as occurs with in vivo inhalation
exposures. Another limitation would be reduced delivery of short-
lived reactive compounds to the cells. In the case of aerosols, all
constituents might not be delivered to the cell if compounds have
poor solubility in the aqueous media. More recently, novel in vitro
methods have been developed that allow the direct exposure of
airborne material to cultured human target cells on permeable
porous membranes at the air liquid interface (ALI), with apical
surface of the cell exposed directly to smoke/aerosol and the dorsal
surface of the cells bathed with cell media (Wieczorek et al., 2023).
The effects of HTP and cigarette aerosols on respiratory cells
cultured at the ALI can be used to study potential cell injury or
activation and the release of bioactive mediators.

With these new testing approaches, new extrapolation methods
will be required to interpret and contextualize the in vitro assay
results. In silico simulation is a promising approach to linking
in vitro inhalation exposure back to in vivo exposure (Moreau
et al., 2022). Key considerations to enable interpretation and
extrapolation of the data to in-life exposure include aerosol
particle size distribution, fluid mechanics impacting local
deposition rates, and in vivo lung morphometries (Tsuda
et al., 2013).

The chemical concentration applied in vitro that elicits
biological activity may be different from the blood or tissue
concentration required to elicit a comparable in vivo response
due to chemical bioavailability, clearance, and other
pharmacokinetic (PK) considerations. Quantitative in vitro to in
vivo extrapolation (QIVIVE) can provide an estimate of the

likelihood of harmful effects from expected environmental
exposures by effectively combining in silico and in vitro
approaches including physiologically based pharmacokinetic
(PBPK) modelling, and information on metabolism, transport,
binding, and other model parameters from cell- and/or cell
derived material-based assays.

PBPK models permit estimation of concentration-time profiles
of a compound in various tissues or organs. A whole-body PBPK
model contains an explicit representation of the organs that are
most relevant to the absorption, distribution, excretion, and
metabolism of the test articles due to their physiological/
pharmacological function or their volume. The tissues are
linked by the arterial and venous blood compartments, and
each one of them is characterized by an associated blood-flow
rate, volume, tissue-partition coefficient, and permeability. A
major advantage of PBPK modeling is the creation of a
comprehensive structural representation of the physiology of an
organism. The various parameters in the model are either obtained
from prior knowledge or calculated from specific and carefully
validated formulas (Kuepfer et al., 2016). Inhalation PBPK models
coupled to computational dosimetry approaches like the Multiple-
Path Particle Dosimetry [MPPD, Applied Research Associates
4300 San Mateo Blvd Albuquerque; (Anjilvel and Asgharian,
1995; Asgharian et al., 1995)] are recommended for
development of inhalation exposures and are probably the most
effective, practical, and accurate approach (Kolli et al., 2020). The
MPPD model predicts the deposition of particles in the entire
respiratory tract or in a region of the respiratory tract, in adult and
other age groups. These estimates of local dosimetry are usually
used to characterize dose-response relationship, extrapolate
between species or from in vitro assays or predict the
distribution of a compound in the body when coupled to
PBPK modeling.

In the present study we combined a PBPK model for nicotine
with a lung deposition model (MPPD) to better understand the
in vitro assay results in terms of in vivo exposure in humans of
nicotine which is used as the biomarker of exposure to cigarette
smoke and HTP aerosol.

2 Materials and methods

2.1 In vitro assays

2.1.1 Cell culture
BEAS-2B cells were maintained at 37°C in an atmosphere of 5%

CO2 in Airway Epithelial Cell Growth Medium (AEGM), that
consisted of AEGM (Promocell, C-21060) complemented with
SupplementMix (Promocell, C-39165) containing Bovine
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Pituitary Extract 0.004 mL/mL, epidermal growth factor (10 ng/
mL), insulin (5 μg/mL), Hydrocortisone (0.5 μg/mL), Epinephrine
(0.5 μg/mL), Triiodo-L-thyronine (6.7 ng/mL); holo-Transferrin
(10 μg/mL), Retinoic acid (0.1 ng/mL). Sub-cultivation was
performed twice a week in T175 cell culture flasks with a cell
seeding density of 8.7E5 and 5E5 cells per flask when cultivated
over 3 and 4 days respectively.

2.1.2 Cell seeding and treatment
Cells were seeded on cell culture inserts designed to be used

with microscopic analysis technologies (Millicell Cell culture
inserts: Millipore PICM01250). In brief: Cells were seeded using
400 µL of a cell suspension with 3.5E5 cells/mL per cell culture
insert. The loaded cell culture inserts were placed into 24-well
plates filled with 250 µL AEGM medium. Cells were incubated
overnight (appr. 18 h) at 37°C and 5% CO2 to allow adherence and
growth on the cell culture insert membrane. On the next day just
before exposure, the medium from the apical compartment of the
inserts was removed and the inserts were transferred into new 24-
well plates with 250 µL HEPES buffered Dulbecco’s minimal
essential medium per well. A 24-well plate with the inserts was
placed into one of the exposure chambers of the Smoke Aerosol
Exposure In Vitro System [SAEIVS, (Wieczorek et al., 2023)].
Smoke/aerosol exposure was executed as described in Table 1.
Following exposure, the plate with the inserts was removed from
the SAEIVS.

Cell culture inserts with the treated cells were transferred into
new 24-well plates filled with 250 µL AEGM medium. Pre-warmed
AEGM medium (400 µL) was added to the cells in the apical
compartment of the inserts. Cells were allowed to recover and
kept in the incubator for 24 h at 37°C and 5% CO2. Medium was
removed from both compartments and 200 µL 4% formaldehyde in
PBS was added to the apical part of the insert for a 15-min fixation
step at room temperature.

To compare the effective concentrations of each product type,
a study was designed to assess both the number of puffs delivered
to the cells (BEAS-2B) and the amount of nicotine delivered at the
cell surface. Separate experiments were adopted using glass plates
of the same surface areas as the Millipore inserts (and therefore
the cell layer surface) and the same puffing parameters and
diluted/undiluted smoke/aerosol from the same product
variants. For cell exposure, cigarette smoke (1R6F) was diluted
1:5 (smoke: fresh humidified filtered air) and 1:1 (aerosol: fresh
humidified filtered air) for the HTP. The aim of this experiment
was to determine the number of puffs required for each product to
cause a minimum effective concentration (MEC) for the c-jun
cellular marker, measured using high-content screening (HCS)

and to determine the number of puffs required to deliver nicotine
to the cell surface (using glass plates to collect the deposited
material). The marker c-jun was chosen as this was the most
sensitive of a panel of selected cellular stress markers used with the
HCS technique in-house. The aim was to be as conservative as
possible, by using the most sensitive cellular marker using our
experience with HCS. The MEC is defined as the lowest effective
concentration outside of the background negative control range.
The MEC had to exceed the calculated background [=3x median
absolute deviation (mad)], that was determined by linear or non-
linear regression (decided by the best curve fit). For comparative
MEC calculation, the average 3x mad of all treatments for c-jun
was used as target value. The Phosphorylation of c-jun (p-c-jun)
defines a cellular stress marker which is involved in several signal
pathways including proliferation, apoptosis, survival,
tumorigenesis, and tissue morphogenesis (Schmeck et al., 2006;
Dreij et al., 2010).

2.1.3 Cell surface for nicotine deposition
Previous work has assessed the effect of adding cells

(V79 Chinese Hamster lung fibroblast cells and BEAS-2B) to the
surface of the glass and compared to the cell-free glass surface. The
deposition of nicotine on both surfaces was comparable and so clean
glass slides were subsequently used (Wieczorek et al., 2023).

2.1.4 Nicotine evaluation from glass plates and
cell medium

Nicotine was quantified using LC-MS/MS method (Internal
Standard: Nicotine-d4). Nicotine trapped in cell media and PBS
was measured directly without any further sample preparation.
Whereas the nicotine trapped on the surface of the glass disc was
eluted with isopropanol prior to final measurement.

Nicotine quantification of isopropanol extracts from exposed
glass discs and basal medium was conducted using LC-MS/MS (AB
Sciex API 6500 QTRAP (SCIEX, Darmstadt, Germany)). For
analysis, medium samples were diluted 1:100 with MilliQ water/
MeOH (1:1) and 1:1 in the autosampler with the internal standard
solution in methanol. A Gemini NX-C18 column (110 Å, 100 ×
2.0 mm, 3 µm) (Phenomenex, Aschaffenburg, Germany) was used
for the liquid chromatography (oven temperature, 55°C), sample
injection volume was 5 µL and the autosampler temperature was
5°C. The eluent gradient was applied according to the following:
0min: 2% B (methanol)/98% A (0.05% acetic acid in water) (flow
rate: 400 μL/min); 1.2 min: 65% B/35% A (400 µ/min); 1.5 min:
95% B/5% A (400 µ/min); 2.5 min: 98% B/2% A (400 µ/min);
3.0 min: 98% B/2% A (400 µ/min). The following conditions
were used for the mass spectrometry: Ion spray voltage: 4500V,

TABLE 1 Smoke/aerosolization and sample conditions usedwith the SAEIVS for the high content screening experiments for the ALI exposure of BEAS-2B cell
to derive a MEC.

Test
article

Puff interval/
volume/profile

Dilution factor
1/x

Number of sticks/
devices per run

Runs Puffs
per run

Final puff number
applied (a)

1R6F 30 s/55 mL/bell shape/vent
block

5 3 1 7 (1.4a) 7 (1.4a)

HTP 30 s/55 mL/bell shape/no
vent block

1 3 5 8 40

aThe Smoke machine was used according to ISO, 20768.
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Ion source temperature: 500°C, MRM: 163/132 quantification; 163/
106 qualifier. The isopropanol samples were diluted 1:100 with
MilliQ water/MeOH (1:1) and without autosampler dilution
because internal standards were present in samples extraction
and calibration solution. All other measurement parameters
were the same as above.

To trigger the p-c-jun response in BEAS-2B cells, the cells were
exposed to fresh smoke/aerosol from 1R6F/Pulze used with iD
sticks (HTP). For details of the Pulze device and the iD sticks please
see Chapman et al. (2023). The BEAS-2B cells were pre-grown on
microporous membranes of dedicated cell culture inserts and
supplied with medium apically and basally. For exposure to
fresh smoke from the Reference Cigarette 1R6F and aerosol
from Pulze and iD the cells were switched to ALI conditions
(i.e., apical medium was aspirated) where nutrification of the
cells is achieved from the lower compartment below the insert-
containing well only. The use of the ALI exposure is key. In vitro
exposure systems that deliver aerosols to the surface of human cells

cultured at ALI are of particular importance being the most
physiologically relevant exposure route, and highly preferable to
using submerged cell lines (Upadhyay and Palmberg, 2018).
Upadhyay and Palmberg (2018) identified several factors
influencing the successful development of ALI-models including
the choice of cell line (preferably human), the source of any
primary cells, and the use of co-culture systems consisting of
multiple cell types (Clippinger et al., 2016). The use of an ALI
system is also considered to be a feasible alternative approach and
can be used to implement the “3 Rs principle” replacement,
reduction, and refinement of animal usage—in conducting
pulmonary toxicity studies (Upadhyay and Palmberg, 2018).
The apical surface of the inserts with the cells were exposed
directly to fresh aerosol and smoke in the in-house Smoke and
Aerosol Exposure In vitro System (SAEIVS). This is an in-house
built system to enable the delivery of whole aerosols directly to cells
at the ALI, being able to deliver different dilutions of aerosol/
smoke to two separate cell exposure chambers in under 10 s of

FIGURE 1
Diagram of the Aerial view of the smoke/aerosol exposure in vitro system (SAEIVS). The system consists of five smoking chambers (SCs), which can
accommodate cigarettes, electronic nicotine delivery systems and heated tobacco products (in respective runs). The smoke/aerosol generated is then
drawn through tubing to a mixing and diluting pump (with charcoal filtered, humidified air). Each exposure chamber also has a further individual diluting
pump to allow cells to be exposed different concentrations if required. The exposure chambers can accommodate either 24 or 96 well plates, and
smoke/aerosol is delivered to individual wells via ports situated above each individual well. Between the exposure ports and the cell culture plate, a
blanking plate can be moved (robotically) to prevent exposure to rows. As the blanking plate moves across the row of wells exposed, preventing
subsequent exposure, an increasing dose can be delivered to uncovered rows.
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generation [for more details and characterization of the system see
Figure 1; Wieczorek et al. (2023)]. Following exposure to the
aerosol/smoke the cells were covered with recovery medium
and were incubated for 24 h before fixation and subsequent
antibody staining for p-c-jun.

The study was composed of two parts.

1 - The quantification of phosphorylated c-jun protein in nuclei
of BEAS-2B cells after direct exposure to diluted fresh smoke
of 1R6F Reference cigarette and to undiluted fresh aerosol of
Pulze and iD sticks at the ALI using the SAEIVS. The aim of
this part of the study was to determine the p-c-jun MEC for
both test articles on a puff basis by means of HCS
technology.

2 - A dosimetry approach to determine the amount of nicotine
delivered in the SAEIVS per well equipped with inserts
corresponding to those used in part 1 of the study. Glass
plates were loaded on top of the membranes to mimic the cell
surface for smoke/aerosol deposition, with nicotine as the key
dosimetry marker. Following exposure of those glass plates,
they were extracted with isopropanol and the amount of
nicotine trapped per glass plate was measured.

2.1.5 Combination of HCS and nicotine data
Following the determination ofMEC and finalization of nicotine

dosimetry, the data were combined to determine the MEC on a
nicotine basis. To this end the MECpuff from the HCS approach was
used to determine the MECnic by using the MECpuff in the equation
of the nicotine dosimetry.

2.2 MPPD modeling

Respiratory tract deposition models consider the anatomic
structure of the respiratory tract, the air flow patterns and the
aerodynamic characteristics of the particles to predict the
deposited dose in each region. Lung deposition was calculated
using the MPPD model (MPPD version 3.04) available from the
Applied Research Associates webpage (https://www.ara.com/
mppd/).

TheMPPDmodel includes both human and rat respiratory tract
models of the deposition and clearance of spherical particles. It
predicts the deposition and clearance of monodisperse and
polydisperse aerosols in the respiratory tracts for particles
ranging in size from ultrafine (1 nm) to coarse (100 µm). Several
factors can influence deposition including the concentration of the
chemical/particles in the air, the aerodynamic characteristics of
particles, the frequency and duration of exposure, the
physiological inhalation parameters such as the anatomical
structure of the respiratory tract, breathing patterns, and
interaction with other airborne particles (Rozman and
Klaassen, 2001).

In the simulations presented here, the stochastic model was
parameterized to have upright body positioning and oral
breathing at constant exposure conditions. Different scenarios
of exposure were tested and deep breathing at resting, with a short
breath hold chosen for the simulations. This corresponds to a
breathing rate of 12 breaths per min, a tidal volume of 1.3 L, an

inspiration fraction of 0.5, a pause fraction of 0.1 and finally
inhalation and exhalation times of 2.5 and 2 s, respectively. This
scenario was chosen as the best one based on smoking habits
(McEwan et al., 2019). In his review, Bernstein (2004) describes a
specific pattern of smoking with 2 phases: The initial puff is first
taken into the mouth and after a pause of 1–4 s, the smoke is then
inhaled into the lungs.

We used the stochastic lung model as it represents asymmetric
structures of the tracheobronchial region of a human lung. This
model describes the randomness and asymmetry of the airway
branching system. This lung model is based on distributions of
morphometric parameters such as length, diameter, branching
angle, cross-sectional area of the daughter tubes, gravity angle,
and correlations between these parameters as a function of
airway generation (Asgharian et al., 2001). This provides more
realistic lung geometry than the symmetric lung models in
MPPD (Yeh-Schum Single path, Yeh-Schum 5-Lobes, PNNL
symmetric model or Weibel symmetric model). There are
10 models within the stochastic lung model ordered in size (total
number of airways) from the smallest to the largest and the
approximate size percentile of each lung. The 60th percentile
human stochastic lung model was used for our simulation.

Concerning the particle size diameter for IVIVE, the mass
median aerodynamic diameter (MMAD) was set to 0.8 µm with a
geometric standard deviation (GSD) of 1.3 for 1R6F and 0.7 µm
with a GSD of 1.5 for HTP based on Schaller et al. (2016). GSD
represents the geometric standard deviation, and the larger the
GSD value, the greater the spread of the aerosol diameter of
the particles.

We also chose to incorporate an inhalability adjustment to the
simulations. This is an adjustment for particle size larger than 8 µm.
The probability that these are inhaled is less than 1 and decreases
with increasing particle size. This correction is used to account for
expected inertial deposition of the larger particles (Asgharian
et al., 1995).

2.3 PBPK modeling

2.3.1 Model development and structure
The absorption, distribution, metabolism, and excretion

(ADME) properties of nicotine have been previously studied in
different species (Benowitz et al., 2009a; Benowitz et al., 2009b).
Nicotine is metabolized quickly in the liver, primarily by
cytochrome P450s (CYP2B6 and CYP2E1) and has relatively low
plasma protein binding (Benowitz et al., 2009a; Benowitz et al.,
2009b). Large venous blood nicotine concentrations are produced
within minutes after nicotine inhalation as the lungs offer a large
surface area for absorption and a favorable dissolution pH of 7.4.
Several PBPK models have been developed for nicotine (Plowchalk
et al., 1992; Robinson et al., 1992; Teeguarden et al., 2013;
Haghnegahdar et al., 2018).

The PBPK model developed here has perfusion-limited
compartments for liver and lung and lumped compartment for
the remaining tissues (rest of the body). Inhalation of aerosols is a
complex process, and PBPK models with regional lung
compartments are more descriptive. Here, we use a
multicompartment respiratory tract model. Based on anatomical
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location and function, the respiratory tract is divided into three
regions: upper respiratory tract (URT), trachea-bronchial region
(TB) and alveolar region. There is also a pulmonary compartment
which represents the gas exchange region of the lung. To include
processes that transport the absorbed nicotine across the anterior
respiratory tract compartments, these regions are further divided
into a two-layered substructure: an epithelial cell layer with mucus,
and a submucosal tissue layer. The submucosal tissue layer has blood
perfusion and clears the absorbed nicotine from the airway
compartments. Consistent with common practice, the tissue
compartments are well-mixed reservoirs. Exposure is
characterized in each lung (inhalation) compartment based on
calculated deposition rates. Elimination occurred from both the
liver and the blood compartment and was represented by hepatic
and renal clearance, respectively. The model structure is shown
schematically in Figure 2.

The physiologically-based biokinetic (PBBK) model was
developed in Berkeley Madonna software (version 10.1.3;
University of California, Berkeley, CA; www.berkeleymadonna.
com). Model equations are in Supplemental 1.

2.3.2 Model parameters
Parameters used in the current model are summarized in

Table 2. Tissue blood flows are from our ScitoVation database

for an adult male (internal database not shown), except for the
blood flow to the upper respiratory tract (URT) that was set
according to Campbell et al. (2015) and the blood flow to the
alveolar region that was set according to Butler (1992). The
ScitoVation database includes age-specific physiological
parameters for body weight (BW), cardiac output, tissue weights
(volumes), and tissue blood flows, and are adapted from published
life-stage models (Wu et al., 2015; Song et al., 2016; Ruark
et al., 2017).

Volumes were set to values from the ScitoVation database except
for the lung volume. Tissue volumes for the three respiratory-tract
compartments were estimated by multiplying the appropriate surface
area with the tissue thickness. The surface area of the three lung
regions was estimated using a standard lung model (MPPD) that
quantifies airway length and diameter on a generation-by-generation
basis. Epithelial thickness was obtained from Sarangapani et al.
(2002b). The submucosal thickness was assumed to be
approximately twice the epithelium thickness, based on histological
sectioning (Matthew Bogdanffy, personal communication).

Chemical-specific parameters such as hepatic intrinsic clearance
and renal clearance were obtained from previously published PBPK
model from Robinson et al. (1992) and Yamazaki et al. (2010).
Robinson et al. (1992) estimated a hepatic clearance of 1.09 L/min,
using a PBPK model calibrated with in vivo human data.

FIGURE 2
PBPK model schematic for nicotine showing the representation of the main organs considered with various sub-compartments in the lung for
inhalation exposure. QL, QRb, QC, QTB, and QURT refer to blood flow to each tissue compartment. QP refers to the alveolar ventilation rate. Cv refers to
the venous concentration and CI to the inhaled vapor concentration. F1, F2, and F3 refer to the fraction deposited in each region of the respiratory tract. In
the respiratory tract (URT, bronchial and alveolar), the light purple represents the mucus and epithelium, and the dark purple represents the
submucosa region where blood perfusion occurs.
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TABLE 2 Physiological and biochemical parameters used for the nicotine PBPK model.

Parameters Parameters description Values References

Original Fitted

BW Body weight—kg 81.2 — Scitovation database

QC Cardiac output—L/h 423.37 — Scitovation database

QLc Blood flow to the liver—Fraction of QC 0.235 — Scitovation database

QURTc Blood flow to the URT—Fraction of QC 0.00247 — Campbell et al. (2015)

QTBc Blood flow to the TB region—Fraction of QC 0.0075 — Campbell et al. (2015)

QALVc Blood flow to the pulmonary region—Fraction of QC 0.0067 — Butler (1992)

VLc Liver volume—Fraction of BW 0.0197 — Scitovation database

VArtc Arterial blood volume—Fraction of BW 0.0142 — Scitovation database

VVc Venous blood volume–Fraction of BW 0.0427 — Scitovation database

SAurt URT surface area—cm2 154.8 — MPPD

SAtb TB surface area—cm2 4440 — MPPD

SAta Transitional airway surface area—cm2 6220 — Sarangapani et al. (2002a)

SApulm Pulmonary region surface area—cm2 700146.6 — MPPD

TmucepithURT Mucus and epithelium thickness in the upper respiratory tract—cm 0.006 — Sarangapani et al. (2002a)

TmucepithTB Mucus and epithelium thickness in the tracheo-bronchial region—cm 0.0066 — Sarangapani et al. (2002a)

TmucepithTA Mucus and epithelium thickness in the transitional airway—cm 0.001 — Sarangapani et al. (2002a)

TmucepithPULM Mucus and epithelium thickness in the pulmonary region—cm 0.0005 — Sarangapani et al. (2002a)

TURT Submucosa thickness—cm 0.012 — Bogdanffy, personal communication

TTB Submucosa thickness—cm 0.0132 — Bogdanffy, personal communication

TTA Submucosa thickness—cm 0.002 — Bogdanffy, personal communication

TV Tidal volume—L 1.3 — Brown et al. (1997)

DS Dead space in the lung—L 0.15 — Brown et al. (1997)

BR Breathing rate—/h 720 — Brown et al. (1997)

DLc Nicotine diffusion—cm2/h 4.87E-9 — QSAR

PL Liver: blood partition coefficient 7.8 7 Teeguarden et al. (2013)

PURT URT: blood partition coefficient 2 1.23 Robinson et al. (1992)

PTB TB: blood partition coefficient 2 0.1 Robinson et al. (1992)

PALV ALV: blood partition coefficient 2 0.1 Robinson et al. (1992)

PRB Rest of the body: blood PC 7.8 1.48 Teeguarden et al. (2013)

Fu Plasma unbound fraction 0.95 — Robinson et al. (1992)

CLr Renal clearance—L/h 4.25 — Yamazaki et al. (2010)

CLint Intrinsic clearance—L/h 63 128.5 Robinson et al. (1992)

FURT Particle fraction deposited in the URT 0.014 — MPPD

FTB Particle fraction deposited in the TB 0.07 — MPPD

FPULM Particle fraction deposited in PULM 0.1629 — MPPD

Fvapor Vapor fraction for Cigarette 0.0247 0.20 Haghnegahdar et al. (2018)

BPR Blood plasma ratio 1 — Values range from 0.82 to 1.2 so estimation at 1
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Tissue: blood partition coefficients (PC) are defined as the ratio
of the concentration of a test chemical in two media (i.e., tissue and
plasma), once equilibrium is reached. PCs are important
determinants of the disposition of chemicals in different tissues.
Liver PC was from Teeguarden et al. (2013). The other PCs (the rest
of the body and lung compartments) were fitted to the in vivo
human data. Plasma protein binding of approximately 5% has been
reported by Robinson et al. (1992).

Nicotine permeability was taken from literature. There was some
variability in reported values: 1.0E-4 cm/s from Gowadia and Dunn-
Rankin (2010), 1.28E-4 cm/s from Waddell and Marlowe (1976),
2.5E-5 cm/s and 1.14E-5 cm/s from a QSAR model used by
Symcyp. We opted to use the QSAR value as it was giving a
better fit with the in vivo PK data. The nicotine permeability was
multiplied by the tissue thickness in the experiment to derive a
diffusion coefficient in cm2/s.

The fraction of particles deposited in each of the lung compartments
was estimated using the MPPD model. To validate the model, we
simulated individuals with deep breathing at rest with a short breath
hold. Most of the studies used to validate the model did not provide
direct information about the scenario of exposure. Inmost of the studies,
volunteers were at rest, i.e., reading quietly, working, or engaging with
social media. Based on smoking behavior found in different publications
(Pichelstorfer et al., 2016; McEwan et al., 2019), a deep breath at resting
and a short breath hold seemed to be the more appropriate scenario to
reflect the human in vivo data used to validate the model.

The fraction of vapor inhaled for cigarettes was fitted to the data.
Here the particle size diameter, the count median diameter (CMD)
was set to 163 nm with a geometric standard deviation (GSD) of
1.44 for cigarettes based on Fuoco et al. (2014) and Sosnowski and
Kramek-Romanowska (2016). These values were used for the
calibration and validation of the model.

2.3.3 Model calibration and validation
The performance of the model was first evaluated using the in

vivo pharmacokinetic (PK) data (plasma concentrations between
0–4 h post exposure) from McEwan et al. (2019) where 48 healthy
subjects smoked a single assigned test cigarette and had blood drawn
on the morning of each visit. In the afternoon, the smoking behavior
assessment was carried out with a single use of the same test product.

The model was also validated using 2 other in vivo PK datasets
from Picavet et al. (2016), and Digard et al. (2013).

Picavet et al. (2016) assessed the PK of nicotine after a single use of
cigarette in 28 healthy smokers. The cigarettes assessed in this study
were non-menthol, manufactured, commercially available cigarettes,
with a maximum ISO yield of 1 mg nicotine per cigarette. The
pharmacokinetics of nicotine were measured on the days of single
use. The first blood sample was collected within 15 min before a single
use of the allocated product in themorning, and then at 2, 4, 6, 8, 10, 15,
30, 45, and 60 min, and at 3, 4, 6, 9, 12 and 24 h.

Digard et al. (2013) conducted a study with 20 healthy cigarette
users. A cigarette was smoked, and blood samples taken at intervals
over 120 min. The subjects were instructed to smoke the cigarette
naturally according to their usual smoking behavior for 5 min or
until the cigarette had been smoked to 30 mm from the mouth end
(if this occurred in less than 5 min), at which point the cigarette was
extinguished.

All the puffing scenario and dose (1 mg nicotine) used in each of
these studies were the same with a puff duration of 2.3 s, puff interval
of 30 s, puff volume of 69.5 mL and number of puffs per cigarettes of
14. Puff duration, number of puffs and puff volume for cigarette
were based on McEwan et al. (2019). The puff interval was assumed
to be 30 s (Bernstein, 2004).

The dose of nicotine in one cigarette was assumed to be 1 mg
(the amount varies between brands but is usually between 0.7 and
1 mg) (EU, 2014).

2.3.4 Normalized sensitivity analysis
To evaluate the relative impact of each of the model parameters

on nicotine plasma maximal concentration (Cmax) and area under
the curve (AUC), a sensitivity analysis was performed. The
sensitivity coefficient (SC) was calculated according to the
equation below (Teeguarden et al., 2005).

SC � Fractional change inmodel output/Fractional change in parameter

Each parameter was individually increased by 1% of its original
value, with the other parameters held constant. The larger the absolute
value of the sensitivity coefficient, the more important the parameter. A
normalized sensitivity coefficient of 1 represents a 1:1 relationship
between the change in the parameter and the internal dose metric
of choice. A negative SC indicates the given parameter influences the
dose metric in an inverse direction. The SCs are grouped into one of
three categories: namely, high (absolute SC values greater than or equal
to 0.5), medium (absolute SC values greater than or equal to 0.2 but less
than 0.5), or low (absolute SC values greater than or equal to 0.1 but less
than 0.2), according to the IPCS guideline (WHO, 2010).

2.4 In vitro to in vivo extrapolation

The goal was to estimate the Human Equivalent Concentration
(HEC) from in vitro assays and nicotine plasma concentration. Three
steps were followed to derive a tracheobronchial epithelium
concentration equivalent to anMEC from an in vitro assay (Figure 3).

- Estimate the fraction deposited for a scenario type withMPPD.
- Use the fraction deposited fromMPPD in the PBPKmodel and
by reverse dosimetry derive the exposure concentration that
matches the estimated in vitro deposition POD. BEAS2B cells
were used so we used the amount deposited in the
tracheobronchial region to perform reverse dosimetry
(AT2 in the model code).

- Simulate plasma concentration using the PBPK model.

3 Results

3.1 In vitro assays

1R6F exposure of BEAS2B to air-diluted smoke (1:5) with a
subsequent recovery of 24 h was performed. Figure 4 shows the
calculation of the minimum effective concentration (MEC), and
Figure 5 is the calculation of nicotine mass corresponding to the
MEC threshold captured on glass plates.

Frontiers in Toxicology frontiersin.org08

Moreau et al. 10.3389/ftox.2024.1373325

67

https://www.frontiersin.org/journals/toxicology
https://www.frontiersin.org
https://doi.org/10.3389/ftox.2024.1373325


The same experiments were also conducted for HTP and Figures
6, 7 below shows the p-c-jun HTP results, with the MEC and
number of puffs required to reach the MEC.

3.2 MPPD modeling

Cigarette deposition fractions in the respiratory tract used to
calibrate and validate the PBPKmodel can be found in Table 2.With
a CMD of 0.163 µm and GSD of 1.44 and according to the scenario
of exposure described in themethod section, the deposition fractions
in the head, the trachea-bronchial region and the pulmonary region

were 0.0147, 0.0673 and 0.1629, respectively. The total deposition
fraction equaled 0.2449.

3.3 PBPK modeling

3.3.1 Model calibration and evaluation
Figure 8 shows the results of the performance of the model when

evaluated using the in vivo PK data for nicotine from McEwan et al.
(2019). A qualitative evaluation of the agreement between
experimental plasma concentration and simulations was
conducted through visual inspection of the time-course, where
good agreement is generally defined as simulations falling within
a factor of two of the data (EPA, 2006). In addition, IPCS (2010)

FIGURE 3
In vitro to in vivo extrapolation. Physiological parameters as well as parameters describing ADME processes of the chemical through the systemwere
used to develop a PBPKmodel that can be used to predict the population distribution of lung concentration from any given daily dose. Reverse dosimetry
predicts administered doses equivalent to in vitro active concentration, which can be compared to the in vivo measurements [Adapted from Bell
et al. (2018)].

FIGURE 4
Number of puffs of 1R6F to reach the MEC for p-c-jun using high
content screening.

FIGURE 5
Graph comparing the nicotine mass deposited by 1R6F on to
glass slides at the corresponding number of puffs required to the
reach the MEC using High Content Screening.
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guidance on “Principles of Characterizing and Applying PBPK
Models in Risk Assessment” states that “In PBPK modeling,
predictions that are, on average, within a factor of 2 of the
experimental data have frequently been considered adequate”.

Monte Carlo (MC) analysis was also conducted to investigate the
population variability. Only the sensitive parameters from the
sensitivity analysis were varied. Partition coefficients, body
weight, breathing rates, and metabolic constants were simulated
as log normally distributed; and cardiac output, blood flows, tissue
volumes and parameters related to puffing scenario (puff volume,
puff duration, puff interval) were simulated as normally distributed.
The coefficients of variation (CV) for partition coefficients were
30%, a CV of 22% and 16%were used for the body weight and for the
blood flow to the liver, respectively (Price et al., 2003), while a CV of
30% was assumed for the remaining model parameters. The
distributions were truncated at 2 Standard deviations (Clewell
and Clewell, 2008) to ensure physiological plausibility.
Parameters distribution can be found in Supplementary Table S1.
Monte-Carlo simulations were performed with 100 iterations to
perform population-level simulations. Mean or median plasma

concentration as well as the 5th and 95th percentiles are
graphically represented in Figures 8–10. For IVIVE, Monte-Carlo
simulations were performed with 1,000 iterations to perform
population-level simulations.

The performance of the model was also evaluated using in vivo
nicotine PK studies with cigarettes (Digard et al., 2013; Picavet et al.,
2016). Simulations results can be found in Figures 9, 10. The PBPK
model predictions were consistent with the nicotine concentrations
in plasma in adult humans.

3.3.2 Sensitivity analysis
The sensitivity of model parameters was calculated with the

human PBPKmodel for the plasma maximum concentration (Cmax)
and area under the curve (AUC) after low and high inhalation doses
of nicotine (1.2 and 12 mg). Results from the normalized sensitivity
analysis are in Supplementary Figure S1. The most sensitive
parameters are the ones related to inhaled dose: puff duration,
puff interval, breathing rate, tidal volume, puff volume and
fraction of vapor. The analysis showed that physiological
parameters, including body weight, cardiac output and blood
flow to the liver are medium to highly sensitive. The parameter
for particle deposition in the pulmonary region is also a medium-
sensitivity parameter. Note that hepatic metabolism parameters
showed no sensitivity for plasma Cmax but medium sensitivity for
the plasma AUC. This does not mean that metabolism is not
influential in plasma Cmax, but indicates that metabolism is so
efficient, i.e., CLint_in vivo very much exceeds liver plasma flow
and a 1% increase in the parameter value would not make a
difference, as it is largely limited by liver plasma flow, which is
one of the most sensitive parameters.

The uncertainty of a model reflects the level of confidence in
model predictions. The structure of the model is based on previously
published models (Plowchalk et al., 1992; Robinson et al., 1992)
where we included a more complex description of the lung to be able
to link a dosimetry model (MPPD). The vapor fraction for cigarette
was fitted to the data. For vapor absorption, we assumed that vapor
would be completely absorbed in the deep lung. A more complex
description of vapor absorption along the respiratory tract may
provide simulations more similar to the observed data.

3.4 In vitro to in vivo extrapolation

The mass median aerodynamic diameter (MMAD) was set to
0.8 µm with a geometric standard deviation (GSD) of 1.3 for 1R6F
and 0.7 µmwith a GSD of 1.5 for HTP based on Schaller et al. (2016).
For the PBPK model, we used values fromMcEwan et al. (2019) and
O’Connell et al. (2019) with a puff duration of 2.3 s, a puff interval of
30 s, a puff volume of 69.5 mL and a number of puffs per cigarettes
of 10. Results from MPPD modeling are presented in table 3.

We used the PBPKmodel and predicted the dose of nicotine per
cigarette necessary to reach the MEC for both 1R6F and HTP.
Monte Carlo simulations were used to estimate median, 5th and
95th percentiles for the amount of nicotine in the epithelium of the
tracheobronchial region (AT2) for individuals exposed to the same,
fixed dose (1 mg). Since the upper 95th percentile individuals have
higher amounts for the same exposure, they are an example of a
sensitive population. Then, reverse dosimetry predicted

FIGURE 6
Number of puffs of HTP required to reach the MEC for p-c-jun
using High Content Screening.

FIGURE 7
A graph comparing the nicotine mass deposited by HTP on to
glass slides at the corresponding number of puffs required to the
reach the MEC using HCS.
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administered doses equivalent to the active concentrations from the
in vitro assays (MEC of 0.072 and 0.77 µmol for 1R6F and HTP,
respectively). The exposure concentration necessary to reach the
MEC are in Table 4, and equivalent plasma concentrations are
shown in Table 5.

To derive the plasma concentration, we used two scenarios, one
where only one cigarette is consumed (at the HEC for both cigarettes
and HTP stick and at 1.03 mg nicotine for comparison with nicotine
content in cigarettes or 1.85 mg nicotine for HTP stick) and a second
scenario where 10 cigarettes are consumed over time (at the HEC ×
10 for the total dose of nicotine over the 10 sessions and at 10.3 mg
or 18.5 mg nicotine which means 1.03 mg nicotine per cigarette or

1.85 mg nicotine per HTP stick × 10 sessions). For each session, the
parameters used were that a cigarette was smoked entirely after
10 puffs, a single puff every 30 s (5 min) and a single cigarette was
smoked every hour.

Table 4 shows the margin of exposure (MOE), which is the ratio
between the nicotine content necessary to reach the MEC and the
classic nicotine content of each cigarette. Results mean that after
smoking the equivalent of 1/6th of a 1R6F cigarette, the MEC is
already reached. However, for HTP, puffing almost 3 HTP sticks at
the same time would be required to reach the MEC.

Plasma concentrations predicted after exposure to the classic
nicotine content (1.85 and 1.03 for 1R6F and HTP, respectively) and

FIGURE 8
Nicotine plasma concentration in adult humans following inhalation exposure (1 mg). The solid line is the simulated venous concentration in ng/mL
and the red circles are the PK data from McEwan et al. (2019) in ng/mL (mean ± SEM).

FIGURE 9
Nicotine plasma concentration in adult humans following inhalation exposure (1 mg). The solid line is the simulated venous concentration in ng/mL
and the red circles are the PK data from Picavet et al. (2016) in ng/mL.
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after exposure to the nicotine content at the MEC are in Table 5.
Concentrations in plasma are reported after exposure to a single
cigarette/stick and after 10 cigarettes/sticks to approximate a plasma

steady state for nicotine. Table 5 shows that nicotine plasma
concentrations range from 4 to 28 ng/mL after exposure to
1 stick of 1R6F at the MEC and at a nicotine concentration of a

FIGURE 10
Nicotine plasma concentration in adult humans following inhalation exposure (1 mg). The solid line is the simulated venous concentration in ng/mL
and the green circles are the PK data from Digard et al. (2013) in ng/mL.

TABLE 3 Nicotine fraction deposited for 1R6F and HTP in MPPD.

Deposition Head Tracheobronchial region Pulmonary region

1R6F 0.0082 0.0608 0.1454

HTP 0.0089 0.0615 0.1456

TABLE 4 Human equivalent exposure concentrations predictions using MPPD-PBPK modeling and the MEC values reported in Figures 4–6 and typical
cigarettes and HTP nicotine content for comparison.

MEC
(µmol)

HEC (mg nicotine/stick) median (5th-
95th percentiles)

Nicotine concentration (mg
nicotine/stick)

Margin of
exposure (MOE)

1R6F 0.072 0.288 (0.25–0.337)a 1.85 0.16

HTP 0.77 3.05 (2.64–3.58)a 1.03 2.96

aMonte-Carlo simulations were performed with 1,000 iterations as described in model evaluation.

TABLE 5 Plasma concentrations of nicotine are predicted using MPPD-PBPK modeling, and the HEC values reported in Table 4 and blood concentrations
predicted after exposure to the classic nicotine content.

HEC (mg
nicotine/cig)

Plasma concentration after
1 stick (ng/mL)a

HEC at steady state (mg
nicotine/10 sticks)

Plasma concentration at steady
state (ng/mL)a

1R6F 0.288 4.16 (1.84–10.02) 2.88 9.38 (4.34–21.42)

1R6F 1.85b 28.18 (11.85–65.74) 18.5 60.83 (27.17–139.80)

HTP 3.05 46.48 (20.09–110.98) 30.5 101.43 (46.01–228.11)

HTP 1.03b 15.50 (6.47–38.79) 10.3 34.30 (15.32–77.45)

aMedian (fifth-95th percentile).
bNicotine concentration in the Smoke/Aerosol from cigarettes or HTP sticks.
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classic cigarette, respectively. For HTP, nicotine plasma
concentrations range from 15.5 to 46.5 ng/mL after exposure to
1 stick at a nicotine concentration of a classic HTP and at the MEC,
respectively.

When a steady state is reached after 10 cigarettes or 10 HTP
sticks (1R6F and HTP), simulations suggest that plasma
concentrations have doubled. The plasma concentration of
nicotine is not higher because between each stick, nicotine is
rapidly eliminated.

4 Discussion

To better understand the applicability of in vitro assay results in
terms of in vivo exposure in humans, it is necessary to develop
computational tools to describe the PK of nicotine, a key biomarker
of exposure to cigarettes and HTPs. In this study, we have combined
a PBPKmodel for nicotine with a lung deposition model (MPPD) to
better predict nicotine deposition and to model the
pharmacokinetics of nicotine with use of either a HTP or
cigarette. We have parameterized and exercised the MPPD model
to characterize particle deposition in the respiratory tract and
developed a PBPK model for nicotine that was validated by
comparisons with human data from in vivo clinical studies.
Finally, we estimated Human Equivalent Concentration (HEC)
and plasma concentrations based on minimum effective
concentration (MEC). This was derived by exposing BEAS-2B
cells to 1R6F or HTP diluted smoke/aerosol and detecting c-jun
activation using high content screening to then calculate the MEC as
the point of departure.

Regarding the health consequences associated with tobacco use,
several biomarkers of exposure for smoking have been reported
(Benowitz et al., 2009b; Chang et al., 2017). In this study, we chose to
measure nicotine as it has been studied extensively and is routinely
measured in human clinical studies investigating exposure to
nicotine-containing products and because of its relative stability
for measurement (Crooks et al., 2013). Overall, the MPPD-PBPK
model adequately recapitulated the in vivo kinetic data of nicotine
from human studies with cigarettes. Good agreement with model
predictions, generally within a factor of two of the data, was
obtained. IPCS (2010) guidance on “Principles of Characterizing
and Applying PBPK Models in Risk Assessment” states that “In
PBPK modelling, predictions that are, on average, within a factor of
2 of the experimental data have frequently been
considered adequate”.

One advantage of PBPK models is their potential to account for
population variability. Interindividual variations in metabolism is
usually well-documented in humans (Tyndale and Sellers, 2002;
Hukkanen et al., 2005). Other causes of variability include the
absorption of nicotine (different scenario of exposure depending
on product uses) or differences in products used for nicotine delivery
(e.g., cigarettes vs. HTP) and the physico-chemical characteristics of
particles. The impact of changes in particle size through MPPD
modelling or in scenarios of exposure (smoking habits) can be
studied with a PBPK model. Supplementary Figure S2 in
supplemental, for example, shows the regional deposition
fractions of inhaled aerosol particles as a function of different
breathing scenarios (Supplementary Material S1, Supplementary

Table S2). MPPD calculations of deposition in the head and
tracheobronchial regions were very similar for many breathing
patterns. However, deposition in the pulmonary region is highly
dependent on breathing pattern and increases with longer breath
hold and deeper, slower breath. In all cases, the total deposition is
less than 40%. Concerning smoking habits, Jones et al. (2020)
reported that the puffing data also provides evidence suggesting
that consumers are, on average, more likely to take larger puff
volumes when using a HTP compared to a classic cigarette. This
observation is consistent with studies showing that HTPs lead to
lower nicotine exposure (Bekki et al., 2017; Uchiyama et al., 2018;
Vukas et al., 2023). Lower nicotine delivery could lead to
compensatory puffing when product use does not sufficiently
satisfy cravings (Vukas et al., 2023). Consumer use-behaviour
and consumption data help ensure that modelling is reflective of
real-world consumers. In this study, we assumed the same use-
behaviour for cigarettes and HTPs users as the difference in nicotine
levels between cigarettes and HTPs were not clear in all studies
(Mallock et al., 2018; Salman et al., 2019; Rabenstein et al., 2023).
Nicotine delivery and consumer satisfaction has also been shown to
remain comparable between cigarette smoking and HTP use (Ogden
et al., 2015; Picavet et al., 2016; Brossard et al., 2017; Roulet
et al., 2019).

Public health experts worldwide have concluded that it is the
toxicants in cigarette smoke generated by burning tobacco, and not
the nicotine, which is the cause of smoking-related diseases.
Therefore, whilst nicotine is a reliable biomarker for exposure to
tobacco products, it does not provide any indication of health risks
associated with smoking or the use of nicotine-containing products
(Royal College of Physicians, 2016; FDA, 2022). Other biomarkers
and health assessments are often used in conjunction to provide a
more comprehensive understanding of the health impact of tobacco
use. Both traditional cigarettes and HTP contain tobacco, but
methods of consumption and associated health risk for these
products differ. Cigarettes burn tobacco, producing smoke which
contains numerous harmful chemicals with the number of smoke
constituents being around 7,000 chemicals (Rodgman et al., 2000).
Around 100 of these chemicals are classified by public health experts
as causes or potential causes of smoking related disease (FDA, 2012).
HTPs do not operate at temperatures high enough to burn tobacco.
Since HTPs do not burn tobacco, they produce significantly fewer
and lower levels of harmful chemicals compared to smoke from
cigarettes (Schaller et al., 2016; Mallock et al., 2018; Salman et al.,
2019; Vukas et al., 2023). Salman et al. (2019) for example, showed
that reactive oxygen species (ROS) and carbonyl compound
emissions were lower in HTP aerosol compared to cigarettes.
Oxidative stress has been suggested as important part of several
smoking-related diseases (Luettich et al., 2021).

In vitro experiments are essential to better understand
differences in the potential effects of tobacco products. Several
studies have demonstrated that measured reductions in toxicants
in HTP aerosols compared to cigarette smoke can translate into
reductions in in vitro toxicological effects (Schaller et al., 2016;
Jaunky et al., 2018; Hattori et al., 2020; Dusautoir et al., 2021; Wang
et al., 2021). Here, we investigated the effects of HTPs and the 1R6F
Reference Cigarette, on the Phosphorylation of AP-1 transcription
factor component, c-jun, which is a process involved in regulation of
cellular stress responses such as cell cycling control and apoptosis
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(Dreij et al., 2010). Studies suggest that exposure to both HTP
aerosol and cigarette smoke can lead to the activation of c-jun (Kogel
et al., 2015; Chapman et al., 2023). However, the specific effects and
the extent of c-jun activation may vary between these two forms of
tobacco use. The elevated levels of c-jun observed in response to
tobacco products’ exposure, make it a potentially useful biomarker
for assessing tobacco-related effects on cellular processes.

In this work, to compare the effective concentrations of each
product type, a study was designed to look at both the number of
puffs delivered to cells (BEAS-2B) and the amount of nicotine
delivered at the cell surface. The aim of this experiment was to
determine the number of puffs required for the products to cause a
minimum effective concentration for the c-jun cellular marker,
measured using high content screening (HCS) and to relate the
number of puffs with the delivery of nicotine to the cell surface.
IVIVE was used to derive the exposure concentration (HEC) that
matches the estimated in vitro effect (MEC) and then derive the
equivalent plasma concentrations. Results show that it would be
necessary to consume 3 HTP sticks at the same time to produce in
vivo the effects seen in vitro under the conditions of this test.
However, for the 1R6F cigarette, smoking only 1/6th of a stick
would lead to the in vivo effect seen in vitro under the conditions
of the test. Nicotine plasma concentrations ranged from 4 to
28 ng/mL after exposure to 1 stick of 1R6F at the MEC and at a
nicotine concentration of a classic cigarette, respectively. For
HTP, nicotine plasma concentrations range from 15.5 to
46.5 ng/mL after exposure to 1 stick of HTP at a nicotine
concentration of a classic HTP stick and to 1 stick of HTP at
the MEC, respectively. In comparison, plasma concentrations in
clinical PK studies were between 14 and 20 ng/mL (Digard et al.,
2013; Picavet et al., 2016; McEwan et al., 2019). At steady state,
concentrations are higher, which is explained by the half-life of
nicotine (1–3 h in blood). In the simulations with repeated use,
sticks (1R6F and HTP) are consumed every hour for 10 h and
therefore we can see an accumulation of nicotine in plasma over
time until a steady state is achieved.

One of the modeling challenges in this study was that the in vitro
testing was conducted with cigarettes and HTP smoke/aerosol which
are complex mixtures including nicotine, organic acids, and carrier
chemicals (propylene glycol and vegetable glycerol). The in vitro
assays assessed the toxicity of the whole mixture, whereas the PBPK
model and its parameterization was carried out for a specific
compound, nicotine. Because of the various PK and
pharmacodynamic properties of individual compounds in a
mixture as well as the potential interactions between those
chemicals, mixtures present a special challenge for conducting
IVIVE (Hernandez and Tsatsakis, 2017). While important, these
factors were not taken into consideration as the goal was to compare
the potency of HTPs versus cigarettes. However, as a range of
nicotine delivery products such as e-vapor products are gaining
popularity among adult smokers, IVIVE modeling for mixtures
must be considered (Zhang et al., 2021). Qualitatively, differences in
irritant properties of the inhaled mixtures may be the primary cause
of the c-jun responses being greater with cigarettes compared to the
HTP. C-jun is an important marker as it plays a key role in cell cycle
progression, that is achieved via the transcriptional repression of cell
cycle inhibitors and the transcriptional activation of cell cycle
progression machinery (Lukey et al., 2016).

Rodrigo et al. (2021) have suggested that the use of HTP may be
associated with potentially reduced cancer and non-cancer
endpoints based on their reduced harmful and potentially
harmful constituent yields measured in aerosol when compared
to cigarette smoke. Kusonic et al. (2023) stated that whilst HTP
products have shown a reduced risk to human health when
compared to the cigarettes, they still, however, contain
compounds in the aerosol that can be detrimental to human
health. The authors went on to state that there was not enough
data obtained from independent studies indicating that the reduced
amounts of toxic chemicals in the aerosol of HTP do not induce any
harmful effects.

In conclusion, the results of this study demonstrate that for the
1R6F cigarette, consuming 1/6th of a stick would be required to
induce the c-jun activation effects observed in vitro. Whereas, for
HTP it would be necessary to consume 3 sticks simultaneously to
produce in vivo the effects observed in vitro. This data further
demonstrates the reduced potency of the HTP aerosol compared to
cigarette smoke thereby adding to the weight of evidence that non-
combustible next-generation products have the potential for
reduced harm when compared to cigarettes. The QIVIVE
approach demonstrates great promise in assisting human health
risk assessments; however, further optimization and standardization
is required to gain regulatory acceptance. Furthermore, biomarkers
and health assessments other than nicotine and the measure of
cellular stress also need to be studied to provide a more
comprehensive understanding of the impact of tobacco use on an
individual’s health.
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In vitro toxicology research has accelerated with the use of in silico,
computational approaches and human in vitro tissue systems, facilitating
major improvements evaluating the safety and health risks of novel consumer
products. Innovation in molecular and cellular biology has shifted testing
paradigms, with less reliance on low-throughput animal data and greater use
of medium- and high-throughput in vitro cellular screening approaches. These
new approach methodologies (NAMs) are being implemented in other industry
sectors for chemical testing, screening candidate drugs and prototype consumer
products, driven by the need for reliable, human-relevant approaches. Routine
toxicological methods are largely unchanged since development over 50 years
ago, using high-doses and often employing in vivo testing. Several disadvantages
are encountered conducting or extrapolating data from animal studies due to
differences in metabolism or exposure. The last decade saw considerable
advancement in the development of in vitro tools and capabilities, and the
challenges of the next decade will be integrating these platforms into applied
product testing and acceptance by regulatory bodies. Governmental and
validation agencies have launched and applied frameworks and “roadmaps” to
support agile validation and acceptance of NAMs. Next-generation tobacco and
nicotine products (NGPs) have the potential to offer reduced risks to smokers
compared to cigarettes. These include heated tobacco products (HTPs) that heat
but do not burn tobacco; vapor products also termed electronic nicotine delivery
systems (ENDS), that heat an e-liquid to produce an inhalable aerosol; oral
smokeless tobacco products (e.g., Swedish-style snus) and tobacco-free oral
nicotine pouches. With the increased availability of NGPs and the requirement of
scientific studies to support regulatory approval, NAMs approaches can
supplement the assessment of NGPs. This review explores how NAMs can be
applied to assess NGPs, highlighting key considerations, including the use of
appropriate in vitro model systems, deploying screening approaches for hazard
identification, and the importance of test article characterization. The importance
and opportunity for fit-for-purpose testing and method standardization are
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discussed, highlighting the value of industry and cross-industry collaborations.
Supporting the development of methods that are accepted by regulatory bodies
could lead to the implementation of NAMs for tobacco and nicotine NGP testing.

KEYWORDS

new approach methodologies (NAM), organs on a chip (OoC), human 3D tissues, next-
generation products (NGP), airway models, high-content analysis, adverse outcome
pathway (AOP), dosimetry

1 Introduction

Toxicological risk assessment methods have remained largely
unchanged for half a century, with the traditional default approach
using high doses administered in animal studies, human exposure
estimates, and the use of conservative assessment (uncertainty)
factors or linear extrapolations to establish whether a given
chemical exposure is deemed “safe” or “unsafe” based on human
exposure as well as estimating levels of potential risk. Despite the
implementation of some changes to animal testing protocols over
the years, the results from new in vitro approaches are still judged
against this process of extrapolating the adverse effects of high doses
in animals to low-dose exposures in humans. Refinements to animal
studies have come in the form of reducing numbers of animals or
ultimately waiving certain in vivo tests completely (e.g., acute in vivo
toxicity “6-pack” testing for oral, dermal, and inhalation acute
lethality; eye and skin irritation; and skin sensitization)
(Mansouri et al., 2021; Lee et al., 2022). This is consistent to the
guiding principles (3Rs) for ethical use of animals in product testing
and scientific research that has been introduced by Russel and Burch
(Russell and Burch, 1959).

The 3Rs are:

• Replacement that seeks to use methods to avoid or replace the
use of animals;

• Reduction using methods that allow researchers to obtain
information using fewer numbers of animals in scientific
studies; and

• Refinement using methods to reduce potential pain, suffering
or distress, and enhance animal welfare.

These broadly accepted ethical principles are now embedded in
the conduct of animal-based science in many countries. In 2004, the
UK government funded the creation of the National Centre for
Reduction Refinement and Replacement of Animals in Research
(NC3Rs) with the goal that research trends do not lead to increased
animal usage or suffering (Burden et al., 2015). In the U.S., the Toxic
Substances Control Act (TSCA), as amended by the Chemical Safety
for the 21st Century Act, directs the U.S. Environmental Protection
Agency (EPA) to “reduce and replace, to the extent practicable and
scientifically justified, the use of vertebrate animals in the testing of
chemical substances or mixtures; and promote the development and
timely incorporation of alternative test methods or strategies that do
not require new vertebrate animal testing” (U.S. Environmental
Protection Agency, 2023).

The challenges to use of animal models have arisen from several
different applications of toxicology. Issues with animal models have
been reported, including questioning the usefulness of current
mouse models due to irreproducibility and poor recapitulation of

human conditions and highlighting the fact that almost no animal
models are validated (Justice and Dhillon, 2016; Perlman, 2016).
There is also difficulty in extrapolating high doses in animal studies
to low doses in humans, with 22% of all the chemicals tested in high-
dose in vivo carcinogenicity studies being positive for cancer
(Ennever and Lave, 2003). During development, 30% of drugs in
Phase 1 (first use in humans) fail due to unexpected side effects or
lack of efficacy, but the overall failure rate is ~90% for drugs in Phase
1 clinical trials due to other causes such as low efficacy (Sun et al.,
2022). In light of this issue, the U.S. National Academies of Science,
Engineering, and Medicine (NASEM) were asked to radically
rethink traditional toxicological testing methodology, based on
the large numbers of chemicals already released into the
environment (>10,000) that had no associated toxicological data
and the potential time and cost required to implement animal tests.
The primary goals for the report were: to provide as wide a coverage
of chemicals, outcomes and life stages as possible; reduce the costs
and time for testing; use fewer animals with less suffering; and
develop more robust methods for environmental chemical
assessment. It was further recommended that assays chosen
should also reflect the large gains in science that have been made
in the last decades such as the use of the omics technologies. The U.S.
National Research Council (NRC) released a 2007 report entitled
“Toxicity Testing in the 21st Century: A Vision and a Strategy”
(TT21C) (National Research Council, 2007) that proposed an
alternative assessment testing paradigm where virtually all
routine toxicity testing would be conducted in vitro (in human
cells or cell lines). The underlying concept was that high-throughput
toxicity pathway assays could evaluate disruption in key cellular
processes. Toxicological risk assessment based on results from such
assays would help avoid significant perturbations of known key
cellular pathways in exposed human populations. Instead, dose-
response modeling of altered pathway functions could be organized
based on computational systems biology models of the networks
underlying each toxicity pathway (Andersen and Krewski, 2009).
This concept of pathway-based approaches to risk assessment was
expanded by the description of “Adverse Outcome Pathways”
(AOPs). Now the challenges are translating the AOP/TT21C
vision into practical tools that will be useful to those making
safety decisions and determining how to provide new
mechanistic data not normally reviewed by risk assessors.

Following the release of the 2007 NRC report, consortia,
collaborations, and initiatives were adopted to apply
TTC21 in vitro toxicological approaches. In the US, Toxicology
in the 21st Century (Tox21) was formed as part of a federal agency
consortium, bringing together the EPA, the National Toxicology
Program at the National Institute of Environmental Health Science,
National Institutes of Health’s National Center for Advancing
Translational Sciences, and the Food and Drug Administration
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(Thomas et al., 2019). The goal of this program set out to develop
assays to measure the pathways that lead to adverse effects in
humans and develop models that can predict toxicity by using
robotic technology to screen tens of thousands of environmental
chemicals. Phase 1 of Tox21 involved testing 2,800 chemicals in
50 in vitro assays, with Phase 2 covering a further 10,000 chemicals
(Attene-Ramos et al., 2013). European initiatives were developed
following the ban on testing of cosmetic ingredients that came in to
force in Europe 2013 (76/768EEC) (Silva and Tamburic, 2022) and
continued as part of the European Union’s Horizon 2020 project
(Vinken, 2020). Similar to U.S. approaches, they have goals of
looking for alternative testing methods via the Safety Evaluation
Ultimately Replacing Animal Testing (SEURAT) (Daston et al.,
2015). More recently in 2018, the Interagency Coordinating
Committee on the Validation of Alternative Methods (ICCVAM,
2018) released its roadmap for the evaluation and implementation of
new approach methodologies (NAMs) to support agile validation of
scientific data from TT21C-based methods to be accepted by
regulatory agencies without going through full Organisation for
Economic Cooperation and Development (OECD)-like validation
that could take 20 years or more. At the same time, utilization of
NAM approaches including extrapolating in vitro data to in vivo
exposures in humans would require computational and
pharmacokinetic models to predict human blood and tissue
concentrations under specific exposure conditions. Unfortunately,
the scientific tools needed to make these changes in toxicological risk
assessment practices are still in various stages of development and
qualification (ICCVAM, 2023).

Realizing this vision for the future of toxicity testing will require
wide-ranging scientific discussion among stakeholders and regulators,
with a potential education program to motivate a shift from animal-
based toxicological tests toward an appropriate approach more firmly
based on human biology. This review focuses on how such a paradigm
could be applied for the evaluation of alternative next-generation
tobacco and nicotine products (NGPs). The review explores how
NAMs approaches can be used to assess NGPs, and will highlight key
considerations, such as the use of appropriate in vitromodel systems,
the use of screening approaches for hazard identification, and test
article characterization. Furthermore other considerations such as
AOPs, acute verses repeated-exposures, and in vitro to in vivo
extrapolation will be explored. The value of industry and cross-
industry collaborations are discussed outlining the importance and
opportunity for fit-for-purpose testing and method standardization.
With the increased requirement of scientific studies to support
regulatory approval of NGPs, use of NAMs approaches should be
considered for the assessment of NGPs as part of a testing strategy.

2 Next-generation inhaled tobacco and
nicotine products (NGPs)

Next-generation tobacco and nicotine products (NGPs) have
evolved significantly over the last decade as adults who smoke seek
less-harmful alternatives to conventional cigarettes. Increased global
consumer uptake has driven innovation and development, which has
led to greater product complexity. Toxicological risk assessment and
the development of technical ingredient and product standards have
enabled the development and maintenance of product quality

standards and product material and ingredient quality for
responsible manufacturers (Simms et al., 2019). Inclusion and
adaptation of in vitro testing strategies can play a critical role in
supporting NGP assessment, especially of inhalable products in filling
the data gap in potential inhalation toxicity. NGPs not only offer the
consumer an alternative choice to smoking, but these products have
been reported to typically contain fewer toxicants and in lower levels
compared to cigarette smoke (Margham et al., 2016; Schaller et al.,
2016; Forster et al., 2018; Lu et al., 2021), offering a significant
opportunity to potentially reduce the health impact of cigarette
smoking on a global scale (McNeill et al., 2018; McNeil et al.,
2022). This paper primarily discusses the in vitro testing of
inhalable NGPs such as heated tobacco products (HTPs) and
vapor products (also known as electronic nicotine delivery system
(ENDS) or e-cigarettes (e-cigs)). While other oral products (e.g.,
Swedish-style smokeless tobacco products (snus) and oral nicotine
pouches (ONPs) (Back et al., 2023) are increasingly available, the
focus of this review is on inhalable products, soONPs are out of scope.

HTPs utilize a specifically designed tobacco rod for use in a
corresponding device that consists of a heating element, a battery,
and a microprocessor controller. For HTPs to yield emissions with
drastically reduced levels of harmful and potentially harmful
constituents (HPHCs) as compared to cigarette smoke, the
heating element should only reach temperatures below those
leading to combustion of the tobacco rod (Baker, 1981; Malt
et al., 2021; Lang et al., 2023; Sussman et al., 2023). The chemical
composition of the resulting aerosol is typically significantly simpler
than traditional cigarette smoke, with on average 90%–95%
reductions in HPHC levels (Schaller et al., 2016; Forster et al.,
2018). ENDS consist of a battery that powers an atomizer
(microprocessor and a heating system/coil) to aerosolize an
e-liquid (typically containing vegetable glycerin, propylene glycol,
to United States Pharmacopoeia (USP) or European Pharmacopoeia
(EP) specifications, and food-grade flavors, with or without
pharmaceutical-grade nicotine). Compared to cigarette smoke,
ENDS aerosols are simpler, with studied ENDS manufactured to
a high-quality standard reported to yield emissions with on average
95%–99% reductions in selected HPHCs depending on the analyte
assessed (Margham et al., 2016; Lu et al., 2021).

With the increased availability of NGPs and the requirement for
scientific studies to support regulatory approval, NAMs may be
more suitable for the assessment of such products with less complex
emissions than combustible cigarettes. Recently, a number of in vitro
toxicological approaches evaluating NGPs compared to cigarette
smoke have been applied and reported (see Table 1). The use of a
wide variety of different NAMs assays indicating the reduced
bioactivity of both HTP and ENDs aerosols indicates the reduced
harm potential of these NGPs when compared to cigarettes.
However, in order to be able to compare these products against
cigarettes, the test materials must be consistently generated and
characterized, allowing the resulting in vitro exposures to be
translated to human-relevant exposures.

3 Test articles

The laboratory assessment of NGPs involves multiple test
matrices evolved from classical cigarette smoke testing using
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Health Canada methods to capture the various smoke fractions
(Health Canada, 2024). While the test articles should most
appropriately mimic the mechanism by which humans are
exposed, this is not always technically feasible. The following test
articles have been utilized for the assessment of NGPs: 1) aerosol
captured mass (ACM), which is equivalent to classical total
particulate matter (TPM) capture approaches; 2) gas vapor phase
(GVP), which involves filtering the particulate material from the test
article, leaving predominately the vapor phase constituents; 3)
aqueous trapping approaches, where the aqueous soluble
components of the aerosol are captured in an aqueous trap; 4)
ACM + GVP, a combination designed to be a proxy for whole
aerosol approaches by individually capturing the various phases and
recombining into a single test article; and 5) whole aerosol exposure,
which often requires specialized equipment to expose cells to freshly

generated aerosol and maintain them at an exposure interface
(Moore et al., 2023).

Whole aerosol approaches are designed to more appropriately
capture the chemical-to-chemical interactions in the various phases of
the aerosol and human exposures. When combined with complex co-
culture or 3D human constructs, it represents themost physiologically
advanced system achievable in vitro (Lacroix et al., 2018). However,
not all assays are compatible with aerosol-generating systems (Thorne
et al., 2020), and not all laboratories have the capacity to conduct
aerosol-based studies. Comprehensive reviews have been published
detailing the use of in vitro aerosolization systems and their
applications (Thorne and Adamson, 2013; Klus et al., 2016; Li,
2016; Rudd et al., 2020; Cao et al., 2021; Thorne et al., 2021).

Capturing the particulate phase is a traditional, well-
documented approach for cigarette smoke in vitro assessment

TABLE 1 Summary of alternative nicotine and tobacco product characteristics and in vitro approaches–Examples from the literature.

Product category HTP ENDS

Format • Tobacco component, battery, and heating element • E-liquid (propylene glycol, vegetable glycerin, ± nicotine,
flavorings), battery, and heating element

Consumption method • Aerosol • Aerosol

Chemical profile
Average % reductions compared
to a References cigarette

• 90%–95% (Schaller et al., 2016; Forster et al., 2018) • 95%–99% (Margham et al., 2016)

Examples of in vitro data • Significant reductions in cytotoxicity, genotoxicity, and
mutagenicity (Schaller et al., 2016; Jaunky et al., 2018; Takahashi
et al., 2018; Thorne et al., 2018; Ito et al., 2019; Hashizume et al.,
2023)

• No observed increases in tumor promotion (Crooks et al., 2018
• No impairment of endothelial cell migration and reduced effect on
monocyte-endothelial cell adhesion (Poussin et al., 2016; Bishop
et al., 2020)

• High-content screening showed favorable differences in responses
compared to cigarettes (Gonzalez-Suarez et al., 2016; Taylor et al.,
2018)

• Significant reductions in cytotoxicity, genotoxicity, and
mutagenicity (Thorne et al., 2016; Czekala et al., 2021; Bishop
et al., 2023; Caruso et al., 2023)

•No impairment of endothelial cell migration (Taylor et al., 2017)
• High-content screening showed favorable differences in
responses compared to cigarettes (Czekala et al., 2019)

TABLE 2 Summary of NGP test matrices.

Test matrix Test matrix description Predominant fraction assessed HTP ENDS

ACM Aerosol collected on a filter pad and eluted with a
solvent. This approach is comparable to the generation
of TPM. Traditionally used in genotoxicity testing

Particulate X X

Aqueous extracts* (inc. GVP
partitioning)

Aerosol bubbled through an impinger to extract
soluble fractions. Has been referred to as conditioned
media or bubbled extracts. Traditionally used in
cytotoxicity/mechanistic-based research. The

particulate can be filtered, leaving just the vapor
fraction

Soluble constituents (focused on vapor phase solubility
using GVP)

X X

ACM* (TPM) + GVP Particulate matter captured and prepared and eluted
using a solvent. The GVP is also captured in a bubbled
aqueous solution and both fractions are recombined to
create an aerosol proxy. Has been extensively used for
cigarette smoke assessment, with information on

NGPs recently coming online

Particulate and vapor combined in a 1:1 ratio X X

Whole aerosol (incl. GVP
partitioning)

Freshly generated whole aerosol (or GVP based on
particulate exclusion) using an in vitro aerosol-

generating and exposure system

Compete aerosol (focused on vapor phase solubility
using GVP)

X X

ACM, aerosol collected mass; GVP, gas vapor phase; TPM, total particulate matter.

X, denotes test article has been used for in vitro assessments.

*Can also trap non-aqueous gas phase depending on the choice of solvent.
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(Baker et al., 2004) and has been used to assess the ACM of HTPs
and ENDS (see Table 2), (Misra et al., 2014; Schaller et al., 2016;
Takahashi et al., 2018; Thorne et al., 2018; Thorne et al., 2019a;
Thorne et al.2019b; Iskandar et al., 2019; Miller-Holt et al., 2023).
Aqueous extracts were previously used, but typically for mechanistic
studies. These are also well characterized and utilized, but they are
limited to the soluble fraction of the aerosol and may preferentially
filter for the vapor phase constituents rather than particulates based
on solubility (Bozhilova et al., 2020; Taylor et al., 2020). More
recently, TPM + GVP has been used as a whole aerosol “proxy” for
those occasions where the assay is not compatible with whole-
aerosol methodologies or where aerosols are not standardized or
available. Such approaches can capture both fractions in a 1:1 ratio
and deliver more than just the particulate fraction to the cell cultures
(Crooks et al., 2022). More information is available in more detail in
a recent aerosol collection methods review (Smart and
Phillips, 2021).

3.1 Dosimetry

A major challenge in evaluating inhalation toxicity is accurate
determination of the delivered dose. In humans, breathing is a
complex physical process (inhalation-pause-exhalation), and the
complex anatomy of the respiratory tract makes it challenging to
estimate the delivered doses to the cell surface (Alexander et al.,
2008). After a substance is inhaled and deposited in the lung, particles
can dissolve and absorb into the systemic/pulmonary circulation. Others
are cleared from the lung by pulmonary metabolism or alveolar
macrophages, and those deposited higher up in the respiratory tract
are removed by mucociliary clearance (Clara et al., 2023).

The exact application of dosimetry measurements also largely
depends on the exposure system being used, which should be
selected based on the deposition and interaction of particles and
vapors at the cell surface. Characterization of the exposure system is
key to understanding the delivery of smoke/aerosol to the cell
surface (Miller-Holt et al., 2023; Wieczorek et al., 2023). Ideally,
dosimetry is the measure of the internal dose, or even the
concentration at the molecular target (biologically effective dose)
within the target cells for the chemicals of interest (Paustenbach,
2000; Escher and Hermens, 2004; Proença et al., 2021). However,
directly measuring cellular dose in submerged cultures poses a
significant obstacle to the application of target tissue dosimetry.
For example, for nanoparticles and microparticle toxicity
assessment, particularly for in vitro systems, due to nanoparticle
agglomeration in liquids, which can alter the density of the nano
particles has the ability to alter the particle transport and deposition,
ultimately altering the dose response relationship (Hinderliter et al.,
2010; Watson et al., 2016; Deloid et al., 2017; Thomas et al., 2018).
As a consequence, the target tissue paradigm for dosimetry and
hazard assessment for nanoparticles has largely been ignored in
favor of using alternative indirect methods of potential or surrogate
exposure such as μg particle/mL culture medium, particle surface
area/mL, or particle number/mL for submerged cultures
(Hinderliter et al., 2010).

Air-liquid interface (ALI) exposure is the most physiologically
relevant approach to accurately determine both the dose deposited
on the cell surface and the dose ultimately available to be absorbed

by the cells. The most commonmethods are deposition of mass onto
quartz crystal microbalance and the use of particle counters,
photometers, or specialized gas analyzers. For a recent review of
recommendations for conducting dosimetry studies in inhalable
tobacco products please see the review byMiller-Holt and colleagues
(Miller-Holt et al., 2023).

4 In Vitro model systems and high-
content analysis

Animal experiments are being strongly scrutinized or entirely
replaced (e.g., in the case of the cosmetics industry in certain
countries) to respect the guiding principles of the 3Rs to
“Replace, Reduce, Refine” in animal testing (Russell and Burch,
1959; van Meer et al., 2015). It is important that 21st Century
Toxicity testing provide sufficient data that can be used for read-
across purposes and ultimately to reduce animal experiments
(Settivari et al., 2015). Traditional in vitro toxicity testing is often
based on simple, single endpoints that quantify the global impact of
toxicants on cells by determining increased cell permeability or
reduced cell viability. However, these endpoints do not provide
information on the underlying toxicological mechanism.
Technological advances have facilitated the development of a
series of high-content screening (HCS) in vitro technologies that
offer a wide range of toxicological endpoints, thus increasing
predictive value and complementary readouts to current
regulatory toxicity testing. The goal of HCS is to provide more
mechanistic information faster than traditional approaches, giving
more flexibility to assess the growing diverse product landscape in a
time and cost-effective manner. In general, the approaches listed
below are in line with Tox21 goals (National Research Council,
2007), offering key advantages over traditional toxicity testing. Some
of these NAMs have tradeoffs, but all have increased throughput,
addedmechanistic value, greater human and/or biological relevance,
and multiplexing opportunities to maximize tissue and increase
information gained. Furthermore, they provide mechanistic insights
could also be used to inform AOPs (Wheeldon et al., 2020).
Additionally, prior to selecting the appropriate in vitro models,
there are a series of question(s) to be first addressed–for example,
Figure 1 lists key questions in designing inhalation in vitro testing
(Lee et al., 2022; Sharma et al., 2023).

The following summary highlights the strengths and weaknesses
of in vitro alternatives to animal testing for inhaled toxicants
relevant to tobacco and nicotine products. In particular the focus
will be on screening approaches such as HCS, ToxTracker™ and
MultiFlow® and respiratory in vitro models including 2D and 3D
approaches, use of ex vivo models and organs-on-a-chip (OoC).

4.1 High-content screening (HCS)

HCS enables investigative toxicity testing in vitro to provide
knowledge about the affected biologic processes and functions. It
generally refers to automated (high-throughput) microscopy, multi-
parameter image processing, and visualization to extract
quantitative data from cells growing in multi-well cell culture
plates. HCS typically uses fluorescent imaging to trace the effect
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of chemicals on different toxicity pathways including oxidative
stress, apoptotic cell death, DNA damage, and mitochondrial
health and can be performed in a multiplexed fashion (Gonzalez-
Suarez et al., 2016; Taylor et al., 2018; Czekala et al., 2019). In
addition, HCS allows morphometric analysis for evaluating
toxicant-induced effects on the morphology or size of cells and
organelles. All these analyses can be performed with fixed cells or in
a time-resolved mode by using live-cell imaging. HCS is also
commonly used to monitor spatial (re)distribution of target
molecules inside cells, which is pertinent to transcriptional
activation following cell stress and inflammatory challenges
(Czekala et al., 2019). Similar to flow cytometry, HCS enables
information to be collected for multiple endpoints at an
individual cell level or from an entire cell population, allowing
analysis of dynamic ranges across treated cells in culture.

HCS methodologies are continuously expanding; they are now
being applied to two-dimensional (2D) culture systems and three-
dimensional (3D) organotypic tissue culture models (Booij et al.,
2019). Artificial intelligence adds another level to HCS by allowing
predictive in vitro toxicology analysis of new chemicals (Su et al.,
2016; Lee et al., 2018).

HCS is generally perceived as a powerful in vitro screening
technology for assessing the toxicity and efficacy of chemicals. There
are also several associated limitations, especially as the technology is
routinely used for screening cells growing in a 2D format:

• Lack of standardization
• Unavailability of specific tracer molecules or antibodies to
stain and quantify targets of interest

• Increased data storage requirements
• Lower sensitivity than other quantitative methods (e.g.,
quantitative polymerase chain reaction)

• Limited applications for 3D image analysis
• Autofluorescence of test items (e.g., TPM) from
cigarette smoke

• HCS of 3D organotypic ALI cultures is technically more
demanding than for standard 2D culture systems

• Limited markers (e.g., cytotoxicity and H2AX for genotoxicity)
have been demonstrated with whole aerosol approaches, but
focusing and imaging the ALI can be problematic

Several groups have employed HCS to assess the biological
impact of NGP aerosol fractions (Gonzalez-Suarez et al., 2016;

Taylor et al., 2018; Czekala et al., 2019). All of these studies
demonstrated the utility of HCS as a tool for NGP product
assessment. They also provided in vitro evidence for reduced
biological impacts of fractions generated from HTPs and other
nicotine-containing products compared to those of cigarette
smoke fractions. Moreover, complementary test methods, such as
those sensitive for oxidative stress toxicity pathways (gene-
expression analysis or reporter-gene assays), confirmed the trends
observed by HCS. Once qualified, HCS may be applied as a standard
platform for modern toxicologic analysis of NGPs.

4.2 ToxTracker™

ToxTracker™ (Toxys, Oegstgeest, the Netherlands) is a high-
content assay that employs a series of mouse embryonic stem cell
reporter gene cell-lines (Czekala et al., 2021). It consists of six
green fluorescent protein (GFP) reporter gene lines plus a control
wild-type line, providing readouts on biomarkers for oxidative
stress (Srnx1 Nrf2 dependent and Blvrb Nrf2 independent), DNA
damage (Bscl2 and Rtkn), cell stress (Btg2), and protein damage/
misfolding (Ddit3). ToxTracker has been qualified
against >450 known compounds and possesses ≥95%
sensitivity and selectivity for both the Ames and in vivo
micronucleus assays for mutagenicity and genotoxicity,
respectively (Hendriks et al., 2016). ToxTracker could prove
particularly valuable as it exhibits good/excellent concordance
with classical genotoxicity testing and also offers mechanistic
data on mode of action. Accordingly, ToxTracker can be a
potential screening tool and/or a follow-up assay to identify
mode of action in a positive in vitro response.

Several caveats exist for the application of ToxTracker:

• Although excellent concordance has been shown with classical
toxicological approaches, the assay utilizes a mouse (not
human) embryonic cell line

• As the assay is based on GFP expression, there are
autofluorescence issues when using TPM from cigarette
smoke (Johnson et al., 2009)

• It has not yet been combined or demonstrated to be applicable
to whole aerosol approaches

• The assay is currently undergoing OECD validation, and there
are few data on its use with NGPs

FIGURE 1
Main considerations when selecting an in vitro model. Reproduced with permission from Lee et al. (2022), Sharma et al. (2023). Note: 1) Test
chemical and its physicochemical properties, 2) In vitro exposure system and aerosol characterization, 3) In vitro 2D/3D systems including 2D/3D, 4)
cellular types and relevant tissues, and 5) assay endpoints and clinical relevance.
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• Limited information exists on the assays ability to deal with
complex mixtures where multiple direct and indirect acting
chemicals are at play

4.3 MultiFlow
®

The in vitroMultiFlow® (Litron Laboratories, Rochester, NY, USA)
genotoxicity flow cytometric assay multiplexes several biomarkers that
are responsive to diverse forms of DNA damage. The multiplexed
biomarkers include: 1) phosphorylation of H2AX at serine 139 to detect
double-strand DNA breaks, 2) phosphorylation of histone H3 at serine
10 to identify mitotic cells, 3) nuclear p53 content as an indicator of
p53 activation, 4) frequency of 8n + cells to monitor polyploidization,
and 5) relative nuclei counts to provide information about treatment-
related cytotoxicity (Bryce et al., 2016; Bryce et al., 2017; Dertinger et al.,
2019). Some multiplexing adaptations to the methodology have been
described for a more integrated genotoxicological approach, such as the
combination of theMultiFlow® with a flow-based in vitromicronucleus
assays (Smart et al., 2020). The MultiFlow assay has also undergone
significant inter-laboratory comparisons (Bryce et al., 2017). Eighty-
four chemicals split between aneugen, clastogen, and nongenotoxin
groups were collectively compared and cross-analyzed to determine
inter-laboratory assay variability. Compared to historical mode of
actions for the three class of chemicals, the MultiFlow assay
demonstrated ≥92% sensitivity, specificity, and concordance. As a
result, an excellent “training” list and established data are available
to cross-reference results (Bryce et al., 2017).

Some limitations of MultiFlow include:

• The variability observed in the biomarker endpoints could
confound result interpretation in less experienced
laboratories. Analyzing multiplexed data requires careful
interpretation and consideration.

• It has not been combined or demonstrated to be applicable to
whole aerosol approaches

• Limited information exists on the assays ability to deal with
mixtures where multiple direct and indirect acting chemicals
are at play.

4.4 In Vitro airway models

Common in vitro models for studying the biological impact of
inhaled toxicants on human airway epithelial cells are based on 2D
cell culture systems. Tumor cell lines and immortalized primary
epithelial cells (Calu-3, BEAS-2B, 16HBE14o-, NCI-H292, NCI-
H441, RERF-LC-AI, and A549) grown in submerged (2D) culture
conditions have been frequently used; however, they do not
accurately recapitulate the native airway epithelia (Gordon et al.,
2015). Althoughmost of them can also be grown at the ALI (Haswell
et al., 2010), drawbacks of using these epithelial cell lines for in vitro
toxicity studies include their limited metabolic competency that
might affect their responsiveness to toxic stimuli (Garcia-Canton
et al., 2013), the absence or reduced formation of tight junctions, and
their refractoriness to differentiation (Stewart et al., 2012). Non-
differentiated primary epithelial cells grown in submerged
conditions do not fully reflect native airway epithelia because

they either lack the polarized morphology and expression of
markers (ion channels) normally found in airway epithelia
(Kunzelmann et al., 1996) or show altered responsiveness to
solid-particle exposure relative to differentiated primary epithelial
cells (Ghio et al., 2013). Due to technical convenience (propagation
and possibility for higher throughput), 2D culture systems based on
cell lines are most suited for screening purposes to investigate the
toxicity of a greater number of test items. Transformation
techniques based on hTERT/Cdk4 allowed the generation of
immortalized cell lines from primary lung epithelial cells that can
differentiate into mucin-producing and ciliated airway models that
more closely resemble the lung epithelium (Vaughan et al., 2006).

Reconstituted 3D organotypic culture systems from primary
epithelial cells grown at the ALI (Nichols et al., 2013) also replicate
the cellular complexity of pseudostratified epithelium found in
human airways, containing ciliated/non-ciliated epithelial cells as
well as basal (progenitor) cells (Gray et al., 1996; Prytherch et al.,
2011). Furthermore, they closely mimic epithelial functionality by
means of cilia beating, apical mucus secretion, ion channel
expression, and the presence of tight junctions (BeruBe et al.,
2009). These models also match the metabolic competency of the
native tissue (Iskandar et al., 2013) and are amenable to whole
aerosol exposure. The last characteristic can make an important
difference regarding the potential underestimation of the biological
impact of complex mixtures such as cigarette smoke, because
frequently used smoke extracts such as TPM or GVP do not
contain the totality of cigarette smoke constituents.

Three-dimensional epithelial cells from different zones of the
human aerodigestive tract are commercially available as ready-to-
use ALI cultures under brand names such as EpiAirway™ (MatTek
Corporation, Ashland, MA, USA)MucilAir™, and SmallAir™ (both
from Epithelix Sàrl, Geneva, Switzerland). They can be cultured for
weeks to months and may be used for repeated (chronic) exposure
(Czekala et al., 2021). The primary alveolar test model systems is
increasing in use and commercial availability, with models currently
available from suppliers such as Epithelix, ImmuONE (Hatfield,
UK), and Invitorlize (Belvaux, Luxembourg). The use of these
models is relatively new and beyond the scope of this paper.

Even though 3D organotypic cell cultures closely resemble the
native tissue, they usually lack the cellular components of the
immune system. More complex model systems have been
evaluated as potential candidates for routine aerosol testing
(Lehmann et al., 2011; Klein et al., 2013; Marescotti et al., 2019).
They use ALI conditions and combine immune cells from the innate
immune system or fibroblasts with epithelial cell layers. Attempts to
produce functional airway epithelial model systems originating from
pluripotent stem cells are also promising and might provide
additional mechanistic understanding of aerosol-induced toxicity
while also allowing the generation of in vitro models from specific
patient populations (Wong et al., 2015). No single in vitromodel can
answer every study question, so a pragmatic approach should be
tailored depending upon the exact hypotheses.

4.5 Ex Vivo models and organ(s)-on-a-chip

The use of precision-cut lung slices (Behrsing et al., 2013; Sewald
and Braun, 2013) and lung-on-chip model systems (Huh et al., 2010;
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Stucki et al., 2015) resembling additional aspects of the human
respiratory tract provide opportunities for characterizing aerosol-
induced toxicity in vitro, with an even greater relevance to native
tissue and the possibility to emulate pharmacokinetics. Other
approaches include using co-cultures of various organ cell types
as a cell-based disease screening model (BioMap®) to screen drugs
and NGPs for potential adverse effects (Simms et al., 2021).

In vitro organmodels have received considerable attention in the
attempt to reduce animal experiments and decrease the rate of
preclinical failure associated with drug development. Two major
advances in the in vitro research field are helping address the
weaknesses of the simple models used in the past, rendering
them more physiologically relevant and predictive for the effects
of compounds in humans: 1) simple 2D cell culture systems are
increasingly replaced by organotypic culture systems with 3D
architecture, and 2) static culture systems have been switched to
dynamic exposure models. The merging of these two developments
has culminated in OoC technology, which combines 3D organotypic
culture systems (organs) with microfluidic devices (Alepee et al.,
2014; Bovard et al., 2017).

Microfluidics enable interconnection of different organ models
on the same chip platform by circulating culture medium from a
common reservoir. These multi-organ-on-a-chip (MOC) devices
permit organ-to-organ crosstalk, which allows compounds to be
tested in a more in vivo-like environment (Rogal et al., 2017). To
date, long-term, MOC-based co-cultures of different organ

combinations have been established for liver spheroids with
human 3D lungs (Bovard et al., 2018) or intestine (Maschmeyer
et al., 2015a), neuronal (Materne et al., 2015) and pancreatic islet
(Bauer et al., 2017) tissue models, as well as a skin–intestine–liver
kidney chip (Maschmeyer et al., 2015b). At least two reported OoC
systems have been designed for whole aerosol exposure of 3D lung
models (Benam et al., 2016; Stucki et al., 2018). However, these
platforms are not compatible with smoking machines or the
in vitro exposure instruments commonly used in the
tobacco industry.

Current OoC or MOC models have potentially improved the
human relevance of in vitro assessment of chemicals (see Table 3 for
systems strengths and challenges). While there are demonstrated
examples in drug candidate profiling and investigative toxicology,
their application for NGPs is currently in its infancy.

In summary, there are a number of established alternative
in vitro models to animal testing that are more sophisticated than
simple cell lines and suitable for investigating the biological impact
of inhaled toxicants in an environment more relevant to human
exposure. However, model validation remains important for
ensuring acceptance by regulatory bodies. Additionally, inter-
donor differences are difficult to capture in in vitro aerosol
exposure studies, particularly with 3D organotypic ALI
exposure, which is usually not sufficiently scalable to test a
variety of donors (Mori et al., 2022). The development of a
relevant human lung tissue model is of ultimate importance for

TABLE 3 Summary of major advantages/challenges of OoC and MOC models.

Advantages of OoC- and MOC-based in vitro models

More physiologically relevant, as the phenotype and functionality of used 3D organotypic model systems more closely resemble the human tissue counterparts

• Organ-to-organ cross-talk (MOC)

• Mechanical forces mimicking blood flow or breathing create more physiological conditions. For instance, endothelial barrier formation is promoted upon shear stress
[Buchanan et al. (2014); Ohashi et al. (2023)]

• Allow in vitro investigation of ADME

• Compound metabolism by a liver surrogate in the chip can be analyzed, as can its systemic toxicity/efficacy on different organs (MOC)

• Support PBPK modeling

Challenges of OoC- and MOC-based in vitro models

Stability of organ models in the chip

• Co-culture medium and material compatibility

• Technical challenges such as contamination and air-bubble trapping

• OoC and MOC properties depend mainly on the source of the cells used to create the model (e.g., primary cells versus iPSCs or multiple cell types in one model)

• No model standardization (standard protocols to produce, load, and culture the chips, as well as qualification of OoC and MOC functionality)

• Scaling of components (e.g., medium volume or number of cells) might not fully reflect the in vivo counterpart, which could lead to inaccurate PBPK

• Adsorption of test compounds to chip surfaces (common issue with PDMS-based chips)

• Most OoC and MOC platforms provide only low-throughput capacity

• Only a few systems designed for whole aerosol exposure of lung models on the chip

• High cost

ADME, absorption, distribution, metabolism, and excretion; iPSC, induced pluripotent stem cell; MOC, multi organ on a chip; OoC, organ on a chip; PBPK, physiologically based

pharmacokinetic; PDMS, polydimethylsiloxane.
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method standardization; the in vitro model must have high
reproducibility and clinical relevance for inhalation toxicity
assessment. However, constructing an in vitro lung tissue model
derived from human cells currently remains challenging due to the
inherent complexity of the human lung and the number of
different cell types involved (Petpiroon et al., 2023).

5 Other considerations

5.1 Use of adverse outcome
pathways (AOPs)

An AOP is defined as “an analytical construct that describes a
sequential chain of causally linked events at different levels of biological
organization that leads to an adverse health or ecotoxicological effect” as
defined by the OECD (OECD, 2023).AOPs are used to help to organize
the available mechanistic information relating to an adverse outcome
into the key events (KEs) that are required for the adverse outcome,
spanning all organizational levels of a biological system(s) (Lowe et al.,
2017; Luettich et al., 2017). Key event relationships (KERs) define the
relationship between a pair of KEs by showing which is up-/
downstream and are supported by both biological plausibility and
empirical evidence (Villeneuve et al., 2014). The use of AOPs to
organize information into AOP networks has the potential to
improve the use of mechanistic data and lead to improved
regulatory decision making (Villeneuve et al., 2014). In this way, the
use of AOPs can greatly improve the biological understanding of a
particular disease process through a simplified series of events. The
critical element is causality as the AOP moves from 1 KE to another
(i.e., KE 1 always occurs before KE 2, etc.). AOPs can also help link
biological exposures to the eventual toxic effects at the population level.

In terms of regulatory context, knowledge of disease mechanisms can
guide the design of testing strategies using in vitro methods that can
measure or predict KEs relevant to the biological effect of interest. AOPs
are not chemical specific, but they link themolecular initiating event (MIE)
for a chemical to the apical end point, which is the observable outcome in
the whole organism and typically a clinical sign or pathological state

(Burden et al., 2015). Thewell-considereduse ofAOPs could drive positive
changes in toxicology testing, moving toward less reliance on making
predictions based on animal models and focusing on the measurement of
apical toxicity endpoints (Burden et al., 2015).

5.2 Acute vs repeated exposure

The vast majority of in vitro toxicity testing is restricted to
one-time (acute) treatment of cells with a test item for a relatively
short exposure duration (hours to a few days) before endpoint
measurement. Such tests include escalation of the dose to a point
where toxic (adverse) effects are either visible at the
morphological level or quantifiable by standard cytotoxicity
(viability) tests. While dose–response analyses in cell-based
assays to determine acute effects on cell cultures are
commonly used to rank the toxicity of different chemicals,
they have several limitations: 1) the doses for inducing adverse
effects are often selected based on potential toxicity hazard that
are not relevant for human exposure levels (environmental or use
levels); 2) therefore, the toxicity mechanisms observed in vitro,
especially after high dosing for eliciting acute toxicity in cell-
based assays also may not reflect relevant mechanisms in
humans; and 3) they cannot fully predict the effects of
subtoxic concentrations of a chemical when administered
repeatedly (Ito et al., 2020; Czekala et al., 2021; Chapman
et al., 2023). The latter is pertinent, as smoking-related
diseases such as chronic obstructive pulmonary disease or
cardiovascular diseases only manifest after chronic exposure to
cigarette smoke (Yoshida and Tuder, 2007; Luettich et al., 2021;
Farcher et al., 2023). Chronic exposure may also result in distinct
adverse effects not seen after acute exposure or cause adaptive
responses that are not detectable following a single treatment.
Adaptations often invoke compensatory repair mechanisms
elicited upon chronic stress. These considerations are also
relevant for testing inhalable toxicants in vitro and are
reflected in a number of published studies on assessing NGPs
through repeated exposure of cells, as discussed below.

FIGURE 2
Key considerations in developing and qualifying NAM tools. Reproduced with permission from van der Zalm et al. (2022). Note: the figures illustrates
the five inter-connected elements that are essential in establishing scientific confidence in NAM applications.
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5.2.1 Repeated exposure of lung epithelial cells to
aerosol or smoke fractions

Long-term (repeated) exposure to subtoxic concentrations of
cigarette smoke condensate (CSC) or total particulate matter (TPM)
from 3R4F reference cigarettes for up to 12 weeks has been reported to
induce an epithelial to mesenchymal transition-like phenotype in
BEAS-2B cells, along with anchorage-independent growth of the
cells and transient effects on both oxidative stress and DNA damage
(Veljkovic et al., 2011; van der Toorn et al., 2018). These effects are only
visible when cells are exposed to a much higher concentration of ACM
from an NGP. Another study evaluating the short- and long-term
effects of TPM on mitochondrial function in BEAS-2B cells (Malinska
et al., 2018) revealed a short-term decrease in mitochondrial respiration
rate after 1 week of repeated exposure, accompanied by an increase in
oxidative stress markers upon 3R4F TPM treatment and cellular
adaptation to stress after repeated exposure for 12 weeks. In case of
ACM from a NGP, the concentrations required to elicit these effects
were again much higher than those derived from reference cigarettes. A
similar study on the effects of prolonged exposure to 3R4F cigarette
smoke extract (CSE) on BEAS-2B cells reported increased
mitochondrial capacity (Hoffmann et al., 2013). These contradictory
results may be explained by the different smoke extract used, as well as
the applied dose and overall duration of exposure. In a different study,
the long-term effects of 1–16weeks of exposure to nicotine or CSE from
3R4F has been analyzed in BEAS-2B cells (Stabile et al., 2018). In this
repeated exposure study, distinct effects of CSE versus pure nicotine
were observed when analyzing cell viability and other cellular
parameters, including nerve growth factor/receptor gene expression.

Repeated exposure experiments were also extended to
differentiated primary human bronchial epithelial organotypic
cell cultures, which showed cumulative effects on inflammatory
responses and tissue morphology after 1-month repeated
exposure to 3R4F TPM (Ito et al., 2018). Interestingly,
repeated exposure of bronchial epithelial organotypic cells to
3R4F CSE or TPM during the differentiating phase of the culture
had profound effects on cell composition when measured after
28 days; although the number of ciliated cells decreased, those of
Clara and goblet cells increased (Haswell et al., 2010;
Schamberger et al., 2015).

5.2.2 Repeated exposure of lung epithelial cells to
whole aerosols

Several studies evaluated the short-to-long-term effects of
subtoxic concentrations of whole cigarette smoke on 3D
organotypic ALI tissue cultures reconstituted from human
primary epithelial cells, which were tested as either mono- or co-
cultures with fibroblasts. The authors reported transition of normal
bronchial epithelia towards a metaplastic phenotype and fewer cilia-
bearing cells after repeated exposure (4–13 times) to mainstream
3R4F smoke (Aufderheide et al., 2015; Aufderheide et al., 2017). This
suggests that the effect on cilia is caused by volatile organic
constituents present in mainstream smoke. Similarly, reductions
of ciliated, mucus-producing, and club cells were observed when
differentiated immortalized primary normal human bronchial
epithelial cells were repeatedly exposed to cigarette smoke or
e-cigarette vapor (Aufderheide and Emura, 2017). In that study,
metaplastic areas positively stained for the basal cell marker
cytokeratin-13 were also identified after exposure to both

cigarette smoke and e-cigarette vapor. In a co-culture model with
‘omics’ analysis using human 3D bronchial tissue cultures combined
with human fibroblasts, the central carbon metabolism in relation to
oxidative stress response was perturbed after 21 days of repeated
exposure to 3R4F whole smoke; additionally, the epidermal growth
factor receptor was identified as a key regulator of perturbed
processes (Ishikawa et al., 2019). Repeated exposure (21 days) of
differentiating bronchial epithelial 3D organotypic cultures to 3R4F
whole smoke, in contrast to repeated exposure to CSE, did not result
in an increase in goblet cells (Ishikawa and Ito, 2017).

5.3 In vitro-to-in vivo extrapolation (IVIVE)

While in vitro experiments have many advantages over in vivo
testing in terms of increased human relevance as presented above,
using in vitro data for the purpose of risk assessment (e.g.,
quantifying the margin of safety) has many challenges, including
uncertainty around how to interpret and link exposure or dose.
Quantitative in vitro-to-in vivo extrapolation (IVIVE) is an
emerging NAM-based computational tool to facilitate this
process, generally referred as an extrapolation of (human tissue-
derived) cellular (in vitro) data to predict the exposures or outcomes
in humans (in vivo). IVIVE implies certain quantitative
extrapolations of “dose (or exposure)” and “response” to enable
in vitro-based toxicological risk assessment (Zhang et al., 2021;
Hines et al., 2022; Zhang and Wright, 2022). Dose extrapolation is
necessary to estimate the human exposure or intake level (e.g., daily
human equivalent dose) of individual toxicants, commonly by
computational (e.g., physiologically-based pharmacokinetic
[PBPK]) models and in silico and/or human-based in vitro data.
The human equivalent dose can be extrapolated back to the
corresponding exposure levels (commonly called “reverse”
dosimetry) and compared to measured (environmental)
exposures to evaluate the safety margin or guide regulatory safety
decision-making. Therefore, one may first define and characterize
the in silico or in vitro-based dose–response relationship, and the
relevance of the MIEs or KEs can be selected based on the AOPs of
interest. Then, using the in vitro dosimetry and disease-relevant
response data and with the help of computational modeling, IVIVE
enables “human-relevant” safety assessment, moving away from a
need for conventional animal toxicity data.

While the concept of IVIVE is gaining interest in scientific
communities (Bell et al., 2018; Chang et al., 2021; Hines et al., 2022),
it is still an emerging field with limited application to regulatory risk
assessment, especially for tobacco and nicotine products. The early
successes—mostly from pharmaceutical and environmental safety
assessment—typically involve single chemicals, although concerted
effort is being made to apply IVIVE to mixtures (Chang et al., 2021;
Zhang et al., 2021; Zhang and Wright, 2022). Many of the challenges in
using IVIVE for tobacco or nicotine products are similar, including
uncertainty in dose selection and quantification (which individual
toxicants should be modeled as is or as mixtures in the complex and
dynamically unstable aerosolmixtures) and the target test systems (which
cellular/tissue systems should be used to reflect what clinically relevant
outcomes at cellular levels). Additionally, there is a lack of chemical or
mixture-related in vitro data that can be used for IVIVE model
development and the independent verification of modeling outcomes.

Frontiers in Toxicology frontiersin.org10

Thorne et al. 10.3389/ftox.2024.1376118

85

https://www.frontiersin.org/journals/toxicology
https://www.frontiersin.org
https://doi.org/10.3389/ftox.2024.1376118


6 Summary

NAMs are gaining traction as chemical toxicity and biologically
relevant assessment tools based on in vitro and in silico
(computational) methodologies that support 3R in vivo animal
testing traditionally necessary for risk assessment. Significant
progress has been made toward the adoption of NAMs for human
health and environmental toxicity assessment, although they are not
yet fully embraced for routine use in regulatory decision making. This
review summarized the current NAMs in use by major tobacco and
nicotine product manufacturers. The NAMs were chosen in line with
the concepts/criteria displayed in Figure 2, with a focus on the human
relevance of NAMs and their potential ability to model and predict
key elements of human disease processes.

As part of the effort to promote NAM applications for use in
tobacco and nicotine products, two symposiums were held during
the annual Cooperation Centre for Scientific Research Relative to
Tobacco (CORESTA) Smoke Science and Product Technology
conferences in 2021 and 2023 to introduce the concepts and
potential application of NAMs for evaluating NGPs (Lee et al.,
2022; Lee et al., 2023). Many of the promises are tangible based on
successful case examples demonstrating that NAMs can be a
pragmatic and effective approach in terms of cost, time, and
resources, in addition to offering enhanced sensitivity for
predicting human-relevant health impacts. At the same time,
there are ample opportunities to increase confidence in NAM
context of use and standardization. Finally, clarity on the degree
of validation/qualification by regulatory bodies is required. This last
point is essential before NAM-based risk assessments achieve full
legitimacy for regulatory risk assessment.
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The use of in vitro new approach methodologies (NAMs) to assess respiratory
irritation depends on several factors, including the specifics of exposure methods
and cell/tissue-based test systems. This topic was examined in the context of
human health risk assessment for cleaning products at a 1-day public workshop
held on 2 March 2023, organized by the American Cleaning Institute

®
(ACI). The

goals of this workshop were to (1) review in vitro NAMs for evaluation of
respiratory irritation, (2) examine different perspectives on current challenges
and suggested solutions, and (3) publish a manuscript of the proceedings.
Targeted sessions focused on exposure methods, in vitro cell/tissue test
systems, and application to human health risk assessment. The importance of
characterization of assays and development of reporting standards was noted
throughout the workshop. The exposure methods session emphasized that the
appropriate exposure system design depends on the purpose of the assessment.
This is particularly important given the many dosimetry and technical
considerations affecting relevance and translation of results to human
exposure scenarios. Discussion in the in vitro cell/tissue test systems session
focused on the wide variety of cell systems with varying suitability for evaluating
key mechanistic steps, such as molecular initiating events (MIEs) and key events
(KEs) likely present in any putative respiratory irritation adverse outcome pathway
(AOP). This suggests the opportunity to further develop guidance around in vitro
cell/tissue test system endpoint selection, assay design, characterization and
validation, and analytics that provide information about a given assay’s utility. The
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session on applications for human health protection emphasized usingmechanistic
understanding to inform the choice of test systems and integration of NAMs-
derived data with other data sources (e.g., physicochemical properties, exposure
information, and existing in vivo data) as the basis for in vitro to in vivo extrapolation.
In addition, this group noted a need to develop procedures to align NAMs-based
points of departure (PODs) and uncertainty factor selection with current human
health risk assessmentmethods, together with consideration of elements unique to
in vitro data. Current approaches are described and priorities for future
characterization of in vitro NAMs to assess respiratory irritation are noted.

KEYWORDS

new approach methodologies, cleaning products, respiratory irritation, adverse outcome
pathway, air-liquid interface, inhalation dosimetry, in vitro, best practices

1 Introduction

The American Cleaning Institute® (ACI)1 sponsored a workshop
in Arlington, Virginia on 2 March 2023, regarding the use of in vitro
new approach methodologies (NAMs) for the assessment of
cleaning products and ingredients for respiratory irritation. To
avoid limiting the discussion, NAMs were not defined in the
context of the workshop, and definitions may vary across
different organizations. A recent definition from the US EPA is
“any technologies, methodologies, approaches, or combinations
thereof that can be used to provide information on chemical
hazard and potential human exposure that can avoid or
significantly reduce the use of testing on animals” (U.S. EPA,
2023). Respiratory irritation is one of the leading health concerns
associated with the inhalation of chemicals in consumer and
workplace scenarios. In a review of the health risks of chemicals
in consumer products, Li and Suh (2019) found that 50% of the
identified chemicals caused irritation. Similarly, almost 1/3 of the
occupational exposure limits (OELs) reviewed by Paustenbach
(2000) were based on odor or irritation. Irritation was not
defined in the studies by Li and Suh (2019) or Paustenbach
(2000), but for the purposes of this workshop, respiratory
irritation was defined as disruption of the epithelial lining fluid
(ELF) or epithelial perturbation (e.g., disruption of the cell
membrane, inflammation, or cytotoxicity). Thus, respiratory
irritation can occur throughout the respiratory tract, including in
the pulmonary region. Conversely, respiratory sensitization, sensory
irritation (i.e., irritation resulting from stimulation of specific nerve
receptors), and neurogenic inflammation were not included within
the workshop scope.

Animal studies conducted to characterize respiratory responses
to potential chemical irritants pose unique technical and scientific
challenges and are often high cost and low throughput. To address
these concerns, toxicity testing in Organisation for Economic Co-
operation and Development (OECD) member countries is being

increasingly directed towards systems that can provide data relevant
to human biology and mechanisms of toxicity while moving away
from animal testing. Key milestones include the European Union
(EU) directive limiting cosmetic product testing on animals
(European Union, 2003), the associated regulation (European
Union, 2009), and the 2007 National Research Council (NRC)
report on toxicity testing in the 21st Century (National Research
Council, 2007). More recently, a key objective of the Registration,
Evaluation, Authorisation and Restriction of Chemicals (REACH)
legislation in the EU was to promote non-animal test methods, as
exemplified by European Chemicals Agency (ECHA) guidance
(European Chemicals Agency, 2011; European Chemicals
Agency, 2016). Similarly, the United States (U.S.) Environmental
Protection Agency (EPA) released a strategic plan to promote the
development and implementation of alternative test methods within
the Toxic Substances Control Act (TSCA) program (U.S. EPA,
2018), as well as a workplan for reducing vertebrate animal
testing and increasing scientific confidence in and application of
alternative methods (U.S. EPA, 2021). These alternative methods,
including in vitro testing, testing of non-vertebrate organisms, in
silico modeling, read-across, among others, are collectively termed
NAMs and are increasingly being used for both regulatory and non-
regulatory internal decision making (Stucki et al., 2022; Lee et al.,
2022; Westmoreland et al., 2022; Miller-Holt et al., 2022; Schmeisser
et al., 2023).

An important advantage of in vitro testing is that it uses cells
from the species of interest (i.e., humans), with the potential to allow
for the evaluation of inter-individual variability, and for the study of
population variability (e.g., children and susceptible populations)
where in vivo exposure studies may not be ethical. There are,
however, additional parameters that need to be considered for
the incorporation of in vitro NAMs to predict respiratory
irritation and for decision making. Limitations of in vitro testing
for respiratory irritation may include the use of single cell lines or
limited cell types to represent a spatially diverse and complex system
of at least 41 cell types, limited capacity for long-term exposures, lack
of metabolic capacity, inadequate replicates, limited understanding
or measurement of internal dose, no consideration of systemic
sequelae; as well as the use of systems, assays, and methods that
have not been thoroughly optimized and/or characterized. Several of
these challenges may be resolved with additional research and
modification of test methods and test systems, but some are
likely to be inherent to in vitro testing. Creating a single in vitro

1 ACI is a non-profit trade association made up of more than 150 member

companies, representing manufacturers of household, industrial, and

institutional cleaning products, their ingredients and finished packaging,

as well as oleochemical producers, and chemical distributors to the

cleaning products industry. https://www.cleaninginstitute.org/
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test system that contains all cell types found in the respiratory tract is
not technically feasible, but the effects on specific regions of the
respiratory tract might be predicted with experimental systems
containing the cells critical to a given pathogenesis (Clippinger
et al., 2018a).

The workshop focused on issues related to cleaning products
and their components and was specifically targeted to issues faced by
manufacturers and formulators of cleaning products and of their
ingredients and intermediates when designing toxicity testing for the
intended use of these materials. The organizers defined a cleaning
product as any product whose purpose is to remove a “soil”2. “Soils”
can be complex and variable. Examples of “soils” include grass stains
on clothing, scale on shower walls, and biological material on a
scalpel. The chemical heterogeneity of soils, together with the
diversity of surfaces to be cleaned, necessitates the use of a
variety of different types of chemical agents. Addressing cleaning
products is a challenge, since cleaning products are typically
complex formulations, with each component serving a specific
function. Thus, a single cleaning product may be a mixture of
surfactants, builders with an array of functions (e.g., anti-
corrosion, deflocculation, chelation), solvents, antimicrobials,
enzymes, dyes, fragrances, preservatives, and water (ACI, 2024).

Broadly, participants recognized three potential applications of
in vitro respiratory irritation assays for cleaning product
formulations and/or ingredients, with the idea that the test
should fit the objective and context of use: (1) qualitative or
semi-quantitative screening-level hazard identification, (2)

industry qualitative or semi-quantitative risk assessment, and (3)
deriving a toxicity reference value (TRV, a generic term for health
benchmark values such as a Reference Concentration, RfC) or a
quantitative risk assessment conducted for the purposes of
regulatory acceptance (Table 1). Industry may utilize qualitative
screening-level hazard identification to inform inclusion or
exclusion of ingredients in formulations, or to identify product
formulation candidates for further development; regulatory
bodies may use screening-level hazard and/or exposure
assessments to prioritize chemicals for TRV derivation or a full
risk assessment. For example, a negative respiratory irritation result
in a simpler in vitro test may be sufficient to pass hazard screening of
an ingredient or cleaning product internally, so that the ingredient/
product can undergo further testing in a more complex in vitro
system. Alternatively, a positive result may result in a decision not to
proceed with development or use of that formulation or ingredient.

In industry, internal risk assessments (qualitative or semi-
quantitative) can be conducted for product formulations or
ingredients. This may be the final risk assessment step for
cleaning product formulations, or this step may act as a
precursor to the quantitative risk assessment for regulatory
purposes for single chemical ingredients used in the cleaning
product. For example, under Federal Insecticide, Fungicide and
Rodenticide Act (FIFRA)3, which regulates cleaning products
with antimicrobial claims, there are different regulatory testing
requirements for product formulations (which are typically
complex mixtures) versus individual ingredients. Specifically,
evaluation of antimicrobials under FIFRA requires acute
inhalation toxicity studies of the active ingredient and end-use
product; a repeated dose (90-day) animal study may be required
for the active ingredient(s) but repeat-dose testing is not required for
the mixture in the final product (CFR, 2013). Risk is evaluated for
new and existing chemicals under the TSCA, and for worker
exposure under the Occupational Safety and Health Act (OSHA),
but there are no associated minimum data requirements. The FIFRA
testing requirements and lack of specific testing requirements under
TSCA and OSHA mean that respiratory irritation may not have
been evaluated in vivo for the cleaning product. Therefore,

TABLE 1 Cleaning product and ingredient assessment types and uses for industry and regulatory purposes.

Assessment type and use

Screening (qualitative or
semi-quantitative)

Intermediate (qualitative or
semi-quantitative)

Full (quantitative)

Industry – Internal Activities and
Decision Making

Include/exclude ingredient or product
candidates

Internal risk assessment for ingredients or
product formulations

Submission of full risk assessment for
regulatory approval of ingredients and
product formulations (if applicable)

Regulatory Screening/prioritization for full risk
assessment (hazard and/or exposure)

N/A Review of full regulatory risk assessments
for ingredients
Derivation of TRVs
Not applicable to cleaning product
mixtures

Key: N/A: not applicable; TRV: toxicity reference value, a term equivalent to health benchmark value.

2 The State of California (Breast Cancer Prevention Partners, 2017) defines a

general cleaning product as “a soap, detergent, or other chemically

formulated consumer product labeled to indicate that the purpose of

the product is to clean, disinfect, or otherwise care for fabric, dishes, or

other wares; surfaces including, but not limited to, floors, furniture,

countertops, showers, and baths; or other hard surfaces, such as

stovetops, microwaves, and other appliances.” The U.S. EPA Safer

Choice Program for cleaning products addresses products that clean in

the following categories: all-purpose, hard surface, glass, degreasers,

kitchen and bath, hand dish, drain cleaning and maintenance, floor

care, carpet care, car care, laundry, dish detergents, marine cleaning,

graffiti removal, and odor removal (U.S. EPA, 2015). 3 Antimicrobials were not the intended focus for this workshop.
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manufacturers and formulators may use NAMs internally to inform
respiratory irritancy and potency of cleaning product formulations
that are not captured in in vivo tests and not required in regulatory
submissions. This internal use of NAMs by manufacturers and
formulators was the primary, but not exclusive, focus of
the workshop.

The quantitative or final assessment in industry for cleaning
product formulations and ingredients may be submitted for
regulatory approval, which requires different types of acute and
repeated dose toxicity tests, as described above. The regulatory
authorities review these quantitative risk assessments or may
develop their own risk assessments and derive TRVs. This level
of regulatory review and acceptance is not covered in detail in this
manuscript, as the intent is to cover evaluation of cleaning products
prior to when this type of quantitative assessment is applicable.

Due to the wide variety of cleaning products, chemical classes
were not specified as part of defining the scope of the
workshop. However, it is acknowledged that certain approaches
(exposure systems, calculation methods, in vitro cellular or tissue
test systems, etc.) are not appropriate, not relevant, or are less
desirable for certain chemical classes and/or physicochemical
characteristics, and this was noted when appropriate. It was
noted that typical liquid aerosol particle sizes generated during
cleaning product use would be expected to be >10 µm, and that
pulmonary deposition is often considered to be restricted to particles
smaller than 10 µm. Thus, it is generally assumed that cleaning
products are unlikely to generate particles small enough to reach the
pulmonary region of the lung. However, some products/ingredients
may increase or reduce particle size prior to reaching the breathing
zone. Additionally, all particulate exposures occur with a size
distribution, rather than as a single uniform size, and may even
be multi-modal, such that an aerosol with a particle median
diameter >10 µm could still have a substantial fraction of smaller
particles depending on its size distribution. Further, particles of
10–30 µm can deposit in the tracheobronchial region and upper
airways. Therefore, consideration of the entire particle size
distribution and characterization of the particle size distribution
under relevant exposure scenarios is important, especially as it
determines the location of deposition in the respiratory tract. As
further addressed in Sections 3.1.2, 6.2, the Multi-path Particle
Dosimetry (MPPD) model uses particle size distribution in
calculating deposited dose.

Delmaar and Bremmer (2009) conducted an extensive
investigation of the mass generation rate and particle size
distribution of spray cans and trigger sprays, as part of the
development of the ConsExpo spray model, which is commonly
used for modeling exposures to consumer products. They found that
trigger sprays, which use mechanical force, produce larger aerosols
than spray cans, which use a pressurized propellant gas. For almost
all of the cleaning products tested, 1.3% or less of the total mass
sprayed had a particle size ≤10 μm; the sole exception was a spray
can product with 9% of the mass having a particle size ≤10 µm.
These data support the assumptions described in the previous
paragraph, but it is important to ensure that particle size
distribution is assessed during product development.

For the purposes of the workshop, exposure scenarios of interest
were defined as acute episodic exposures and repeated exposures,
relevant to consumer and occupational exposure environments (e.g.,

workers at commercial cleaning companies). The workshop
specifically excluded from its scope issues related to assessment
of effects after subchronic or chronic repeat dose inhalation testing,
including evaluating systemic effects. Rather, the assays addressed
by the workshop would often be used for ranking and screening or
creating context regarding effects as part of a weight of evidence
(WOE) evaluation for product safety.

The public was invited to the workshop, and specific expert
panelists from industry, government organizations, and non-
governmental organizations were invited to attend. It is
acknowledged that this method of invitation likely did not result
in attendance fully representative of worldwide experts. The goals of
this workshop were to (1) review in vitro cellular and tissue-based
NAMs for evaluation of respiratory irritation, (2) examine different
perspectives on current challenges and suggested solutions, and (3)
publish a manuscript of the proceedings. The aim of these
proceedings is to assist the cleaning products industry in best
practices and principles (including identification of potential
issues and concerns) when selecting testing methods to assess the
respiratory irritation potential of their products.

The plenary session included an introduction to adverse
outcome pathways (AOPs), as well as an overview of available
exposure systems and in vitro cell/tissue culture test systems.
Section 2 of this manuscript introduces the use of AOPs to
inform application of NAMs data. The panel discussions were
focused primarily on three-dimensional (3D) transwell insert test
systems derived from either primary cells (also known as
reconstituted human airways [RHuA]) or cell lines cultured at
the air-liquid interface (ALI). Other test systems are available but
were not considered in detail by the panelists. These additional test
systems include submerged cultures, cell lines (e.g., H292 [muco-
epidermoid carcinoma], A549 [alveolar basal epithelial cells], and
BEAS-2B [normal human bronchial epithelium, immortalized]),
organoids and spheroids, lung on chip systems (often with 3D
test systems, cell lines, and organoids incorporated into them),
and human precision cut lung slices (hPCLS). Further
information on different test systems and their advantages and
disadvantages are discussed in other literature (Zavala et al.,
2020; Polk et al., 2016; Clippinger et al., 2018b). Specific issues
identified include choice of cell/tissue test system and exposure
system, and the importance of considering inter-individual
variability in the test systems and time course of potential responses.

The initial plenary introduction was followed by three
concurrent breakout sessions, on exposure methods, in vitro cell/
tissue test systems, and application considerations for human health
protection. Charge questions for the breakouts are presented in the
Supplementary Material. These breakout sessions are summarized
in Sections 3, 4, 6, respectively. Section 5 summarizes an illustrative
(and not specifically recommended) option for a tiered testing
approach that was discussed by the breakout group on in vitro
cell/tissue test systems. The breakouts were followed by plenary
summaries of the breakout sessions and associated discussion.

A key feature of the workshop was to provide the opportunity
for sharing diverse perspectives, especially as NAMs represent an
emergent technology. Therefore, no attempt was made to reach
consensus, although areas of agreement are noted. Where
participants disagreed, alternative perspectives are presented in
these proceedings. Finally, the focus of these proceedings is to
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summarize the discussions that occurred at the workshop. Some
additional explanations have been added for clarity, but these
proceedings are not intended to be a comprehensive review of
the literature. Where specific examples are listed, this is intended
to provide context, rather than being exhaustive.

2 Use of adverse outcome pathways to
inform application of NAMs data

AOPs play a key role in the use of NAMs in human health risk
assessment. An AOP is defined as “a sequence of events
commencing with initial interactions of a stressor with a
biomolecule in a target cell or tissue (i.e., molecular initiating
event [MIE]), progressing though a dependent series of
intermediate events, and culminating in an adverse outcome”
(OECD, 2017; OECD, 2018b). These intermediate events are
termed Key Events (KEs), and the response-response relationship
between KEs are termed Key Event Relationships (KERs). An AOP
is similar to mode of action (MOA), but the AOP begins with the
molecular interaction of the chemical and a target, and does not
consider physicochemical properties or absorption, distribution,
metabolism and elimination (ADME), which are key
determinants of a MOA. By excluding the chemical-specific parts
of the MOA, an AOP is “chemically agnostic,” facilitating
application of an AOP in a modular fashion to various chemicals
and additional stressors (Villeneuve et al., 2014a; Villeneuve
et al., 2014b).

An advantage of the AOP conceptual construct is that it
provides the structure for designing a testing strategy based on
MIE, KEs, and KERs within an AOP, which can then be assessed
using in vitro methods (Clippinger et al., 2018a; Carusi et al., 2018;
Leuttich et al., 2021). A fully defined AOP is not always needed to
comprehensively understand likely and important key events of
pathogenesis induced by an exposure; instead, testing may be
focused on mechanistically characterizing one or a few KEs. It is
important to evaluate NAMs data based on mechanistic
understanding and based on data from other, well-studied
chemicals. An Integrated Approach to Testing and Assessment
(IATA) provides a framework for integrating all of the available
data and data types in support of the application of NAMs (Worth
and Patlewicz, 2016; Kang et al., 2021). An IATA is designed to
obtain and combine salient information to allow a decision to be
made in the most efficient way, accounting for the context of use. As
defined by the U.S. National Toxicology Program4, an IATA
“provides a means by which all relevant and reliable information
about a chemical is used to answer a defined hazard characterization
question. Information considered can include toxicity data,
computational model predictions, exposure routes, use cases, and
production volumes” and may include various AOPs. A defined
approach (DA) consists of a selection of information sources (e.g., in
silico predictions, in chemico, in vitro data) used in a specific
combination, and resulting data are interpreted using a fixed data
interpretation procedure (DIP) (e.g., a mathematical, rule-based

model). A DA can be used in an IATA or on its own to satisfy the
need for hazard information. A DA “can be applied to data . . .

generated with a defined set of information sources to derive a
prediction without the need for expert judgment . . . ” and is
intended to overcome some limitations of the individual, stand-
alone methods (OECD, 2020; OECD, 2022; OECD, 2023). For
example, several DAs were developed to characterize various key
events based on an established AOP for skin sensitization
(Kleinstreuer et al., 2018).

Although no respiratory irritation AOP has been developed5,
some efforts have used existing AOPs to inform human health risk
assessment for respiratory toxicity, including respiratory irritation.
Clippinger et al. (2018a), Clippinger et al. (2018b) described
considerations and tools that are useful to develop an IATA for
assessing acute inhalation toxicity, informed by KEs in various
possible AOPs. Ramanarayanan et al. (2022) described an AOP-
based approach to assess respiratory toxicity of a contact irritant
using a NAM, which was subsequently developed into an OECD
case study (OECD, 2022). Pauluhn (2022) noted the importance of
considering respiratory tract region and physicochemical properties
in the context of AOP development. Sharma et al. (2023) have
developed a case study on in vitro systems to assess respiratory
toxicity. As discussed further in the rest of these proceedings,
establishing confidence in a testing approach is critical for its use
in health risk assessment (van der Zalm et al., 2022).

3 Exposure methods

Rather than identifying a set of prescriptive standards for the
exposure methods to be used in in vitro assessments of respiratory
irritation, the workshop participants defined key considerations in
the selection of appropriate in vitro exposure methods based upon
the intended application of the data obtained. Such considerations
are linked to the purpose and question(s) of interest in the
respiratory irritation assessment, as outlined in Table 1.
Therefore, it was suggested that exposure methods be selected on
a fit-for-purpose basis or for the intended application or context of
use (van der Zalm et al., 2022). For example, screening level or
prioritization assessments may utilize submerged exposures,
whereas assessments for regulatory submissions or contributions
to TRV derivation may utilize in vitro exposures more relevant to
human inhalation exposures. Given the fit-for-purpose nature of
selecting in vitro exposure methods, documentation of the rationale
for the choice of in vitro exposure method is needed. Use of
inadequate exposure methods or lack of proper documentation of
in vitro exposure methods can limit the applicability and reliability
of the results in the hazard or risk assessment (Whalan et al., 2019;
Petersen et al., 2023). Thus, participants emphasized the necessity of
establishing reporting standards that adequately document the
methods and provide scientific justification for the selection of
those methods (van der Zalm et al., 2022). At the time the

4 Integrated Approaches to Testing and Assessment (nih.gov)

5 The respiratory irritation case study (OECD, 2022) discussed later in this

report references an AOP, but that AOP is not specific to the

respiratory tract.
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workshop was held, no in vitro reporting guidelines were available;
however, the United Kingdom-based National Centre for
Replacement, Refinement, & Reduction of Animals in Research
has since submitted the Reporting In Vitro Experiments
Responsibly (RIVER) Recommendations (2023).

3.1 Connecting in vitro exposure scenario to
anticipated or known human exposure

The participants highlighted the importance of the relevant in
vivo occupational or consumer exposure scenario in selection of
in vitro delivery method, dose selection, exposure regimen (both
duration of exposure and use of recovery periods), and exposure
method. However, it was acknowledged that cleaning product or
ingredient characteristics must be considered in, and sometimes
drive, the in vitro exposure design. These considerations include the
testing of a single ingredient or the cleaning product mixture, the
physicochemical properties of the cleaning product and/or
ingredient (including aerosol size distribution), and the product
packaging (e.g., spray bottle versus aerosol cannister). Such aspects
of the cleaning product or ingredient may inform aspects of the
exposure scenario (e.g.,mode of delivery based on product form) as
they affect the intended use of the product and could impact
performance of the assay. This section (Section 3.1) outlines
considerations in selection of a relevant in vitro exposure based
on the pertinent human exposure.

3.1.1 In Vivo user exposure scenario
Proper problem formulation of the in vivo exposure(s) of

interest is foundational in the design of relevant in vitro exposure
methods. The in vivo exposure scenario was discussed in terms of
tailoring the in vitro system to the exposed populations and their
range of expected and potential use scenarios. Broadly, the intended
exposure scenarios of cleaning products and/or ingredients were
expected to fall into three categories: (1) manufacturers/formulators
(i.e., those manufacturing raw ingredients or those combining the
raw ingredients into a cleaning product), (2) industrial cleaners (i.e.,
those using cleaning products under an occupational exposure
scenario), and (3) retail consumers (i.e., those using cleaning
products residentially). Each of these intended users has a
different usage pattern and exposure profile, as well as varying
use and types of personal protective equipment (PPE). For example,
a worker in a manufacturing scenario may be exposed to a particular
ingredient for intermittent periods during 8-hour or 12-hour
production days or an industrial cleaner may be exposed to a
cleaning product daily for the entire duration of their
employment (e.g., 8 h per day for years, leading to a subchronic
or chronic exposure), with or without PPE; while a retail consumer
may be exposed for a short duration (e.g., 15 min) once per week
over months or years with little or no use of PPE. Another
categorization of user types that the participants considered was
the use of three broad categories of users for the cleaning product or
chemical ingredient of interest: average users, high end users, and
bystanders. For example, the average retail consumer may use a
product once per week, while a retail high end user may use the
cleaning product once per day or more; a bystander may be a spouse
or child in the home where the cleaning product is used by either an

average or superuser. Category definitions of average users, high end
users, and bystanders can be established on a case-by-case basis.

In addition to consideration of the in vivo exposure scenario
through the lens of the anticipated cleaning product or ingredient
user, there are additional attributes that need to be considered in the
selection of exposure methods for risk assessment of respiratory
irritation. Risk assessment has historically assumed (implicitly or
explicitly) a 70 kg adult male to be the receptor for hazard
identification and risk calculation purposes, whereas current
practice is moving toward expanding the life stages, genders,
sizes, and other susceptibility factors (e.g., people with asthma;
evaluation of different activity levels, which can affect minute
volume) to be considered during the assessment process.
Concern about potential exposure of susceptible populations to
cleaning products or ingredients may affect the frequency and
duration of their use in certain settings (e.g., hospitals). Further,
assessments should consider not only exposure from the intended
use of a product, but also the potential for exposures resulting from
unintended or unexpected use of the cleaning product or ingredient,
such as an acute high dose exposure from a spill. The pertinent
dosing regimen may need to consider both potential for aggregate
exposure to the cleaning product and/or ingredient via multiple
routes, and cumulative exposure to multiple cleaning products and/
or ingredients. The exposure scenario incorporates aspects of not
only the duration and the intensity of exposure but may also need to
consider recovery times to account for the intermittent use of
cleaning products by some users (e.g., retail users). Additionally,
the product form and packaging (e.g., spray bottle, pump, aerosol)
will impact the use and exposure profile. These challenges related to
the user populations and their use scenarios are not unique to
in vitromodels, as the same considerations are made in determining
in vivo experimental exposure methods.

3.1.2 Determining in vitro exposure scenario
The variety of use scenarios described in Section 3.1.1 illustrate

the importance of both the intensity and duration of the in vivo
exposure, which in turn impacts the choice of in vitro exposure
concentration and duration. Participants highlighted the
importance of selecting a biologically relevant dose, tying the
in vitro dose to the dose in vivo under the exposure scenario of
interest. For example, the relevant dose metric for cytotoxicity is
typically the inhaled dose per unit area. Potential dose metrics might
include the external air concentration, the total inhaled deposited
dose, or the inhaled dose deposited in a particular respiratory region,
or amount absorbed (uptake) into cells (Phalen et al., 2021).
Deposited dose is generally preferred over the external air
concentration, as a better description of the amount of the
chemical interacting with the target tissue. The particle size
distribution (e.g., mass median aerodynamic diameter [MMAD]
and geometric standard deviation [GSD]) are key determinants of
particle deposition, and these in turn depend on the form of the
product (e.g., spray bottle, pump, aerosol). The same cleaning
product formulation in different types of packaging can produce
different particle size distribution profiles. Dosimetry models, which
consider the respiratory tract physiology, different breathing
conditions, and particle size distribution, are useful to translate
exposure to delivered dose metrics and thereby help connect the
in vitro exposure method to the in vivo exposure of interest as
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addressed further in Section 6.2. Application of dosimetry models
allows for determination of the dose delivered to various respiratory
regions under the physiological breathing condition(s) of interest
such as breathing mode (nasal, oronasal, or mouth breathing only)
and breathing rate (Jarabek et al., 2005; Kuempel et al., 2015; Asgari
et al., 2021). The user or bystander respiratory tract physiology and
breathing rate should be considered in the in vitro cell/tissue test
system (Section 4).

Participants noted that dosimetry models can calculate a wide
variety of dose metrics, reflecting the tissue dose under the human in
vivo exposure conditions, and informing the target delivered dose
level for the in vitro respiratory irritation model. Deposition can be
calculated on a regional basis, or models may make more localized
predictions, helping to inform potential target cell types. Deposition
can be calculated for a cleaning product formulation or for an
individual ingredient. Depending on the physicochemical properties
of the inhaled aerosol or gas, other potential dose metrics include
flux to the tissue (a measure of mass per area per unit time) (e.g.,
Kimbell et al. (2001)) or measures of the amount of reactivity within
the tissue, such as DNA-protein crosslinks (e.g., Conolly et al.
(2023)). Some models also account for systemic absorption and
distribution (e.g., Sweeney et al. (2013)). In the case of a mixture,
such as a cleaning product, the flux could potentially vary for each
chemical although flux of the mixture is what would be needed as
input to such models and could potentially be adjusted by molecular
diffusivity for individual components. One participant noted that
the flux of that chemical could be influenced by the mixture itself.
Some participants opined that incorporation of flux into dosimetry
models for respiratory irritation could add unnecessary complexity
to the model, but others noted that it is a fundamental input
parameter to compute internal dose of most models (e.g., PBPK,
CFD, single pass mass transfer) and is easily characterized.

Some participants discussed the additional utility of dosimetry
models (e.g., the MPPD model, the International Commission on
Radiological Protection Human Respiratory Tract Model [ICRP
HRTM], and computational fluid dynamics [CFD] or
computational fluid particle dynamics [CFPD] models) in
informing selection of the relevant in vitro cell/tissue test system
by aiding in identification of the respiratory tract region or cell types
with the greatest deposition or flux (ICRP, 2015; Corley et al., 2021;
OECD, 2022; Ramanarayanan et al., 2022; ARA (Applied Research
Associates), 2024). Alternatively, participants discussed that the
most sensitive respiratory tract region or cell type, rather than
the region with the greatest deposition, could be used as the basis
for the in vitro cell/tissue test system. Based on the description of
particle sizes generated from cleaning product use as >10 μm, it is
assumed that it is unlikely for a significant portion of the aerosol
distribution to reach the pulmonary region, but this depends on the
geometric size distribution. Importantly, post-generation
characteristics of aerosols should also be evaluated. For example,
evaporation of volatile components can result in a reduction of
aerodynamic diameter between generation, inhalation, and
deposition. Consideration of the entire particle size distribution is
also important, and if the distribution includes particles small
enough to reach the pulmonary region, the implication of their
exposure needs to be considered.

In selecting or designing an in vitro cell/tissue test system, one
must consider the biological relevance of the cells or tissues exposed

in vitro to those that are exposed in vivo, since different cell types
may have qualitatively or quantitatively different responses to the
same exposure (Faber et al., 2020). Considerations related to cell and
tissue test system selection based on deposition distribution and
anchoring to AOPs are discussed in further detail in the In Vitro
Cell/Tissue Test Systems section (Section 4) of this report.

Participants noted that exhalation and clearance in vivo have
an impact on the tissue dose, but these processes are not well
characterized or represented in vitro assays. For particles, in vivo
clearance mechanisms such as mucociliary clearance or removal
via alveolar macrophages can reduce the tissue dose; particle
transport and deposition during in vivo exhalation can also
affect local cell/tissue dose. Some participants considered the
lack of clearance mechanisms in vitro to be a challenge in
utilizing dosimetry models to inform dose selection and
duration of exposure. Other participants noted the utility of
dosimetry models to predict the net deposition (i.e., deposition
occurring on both inhalation and exhalation) and that
computational fluid-particle dynamics (CFPD) models can
predict doses localized to specific cell types, to aid in comparing
in vivo and in vitro doses. Some participants emphasized the use of
washing and recovery periods in vitro to simulate in vivo clearance
but acknowledged that this does not capture the intricacies of the
biological process of clearance in vivo; further, it was noted that
washing may remove important components, such as ELF. The
ELF plays several complex roles that were acknowledged, but not
fully explored at the workshop, including metabolic activation of
chemicals (Pulfer et al., 2005; Squadrito et al., 2010; Pauluhn,
2021). In vitro cell/tissue test systems may be unable to capture the
complex in vivo dynamics of ELF production and transport, or of
tissue remodeling after chemical insult that may impact exposure
in vivo (Mudway and Kelly, 2000; Ng et al., 2004; Henderson, 2005;
Ciencewicki et al., 2008; Chanez and Bourdin, 2008; Darquenne,
2012; U.S. EPA, 2019b; US EPA, 2020). The major implication of
the inability to adequately represent respiratory tract clearance
in vitro is uncertainty regarding how accurately in vitro dose
reflects in vivo exposure and effects. Some participants
wondered whether the lack of such clearance mechanisms
in vitro allows for use of shorter duration exposures to simulate
the human in vivo exposures. Other participants noted that
consideration of ADME and MOA is important. For example,
the relevant dose metric may be the parent or the metabolite, and
peak versus area under the curve (AUC) for either might be the
most relevant. Generally, some participants recommended that
better characterization of the in vitro dose is needed to build
confidence in the use of in vitro models.

3.2 Technical considerations in
in vitro exposure

In addition to tailoring the in vitro exposure design based on the
pertinent in vivo exposure scenario(s), there are technical
considerations regarding basics of study design and quality that
are important in all scientific endeavors, in vitro and in vivo alike.
Just as detailed and accurate documentation of exposure protocols
are necessary for in vivo studies, similarly detailed documentation is
needed for in vitro studies (Percie du Sert et al., 2020a; Percie du Sert
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et al., 2020b; Whalan et al., 2019; Wong, 2007). For example,
documentation of the exposure system should include the
accurate identification and characterization of the cleaning
product and/or ingredient, exposures utilized and details
regarding preparation of dilutions, exposure method, analytical
methods, exposure duration, and washing protocols if used,
among others. In addition, the rationale for the exposure
protocol should be included. The participants addressed three
categories of important technical considerations for the use of
in vitro NAMs in evaluation of the respiratory irritation of
cleaning products and ingredients: exposure delivery method,
dose quantification, and utilization of controls.

3.2.1 Exposure delivery method
The three main types of exposure delivery systems that the

participants discussed were: (1) submerged culture exposures
(i.e., cultures that have never been cultures under ALI
conditions), (2) direct liquid application to cells that have been
grown at the ALI, and (3) ALI exposures. ALI exposure systems
include continuous flow (parallel or incubator/box type and
perpendicular or stagnation point flow type) that can provide for
alignment of fluid dynamics, and cloud or droplet sedimentation
types (e.g., ALICE-Cloud; Vitrocell® Cloud) that rely on
gravitational settling (Lewinski et al., 2017; Lacroix et al., 2018;
Braakhuis et al., 2023). Various ALI exposure systems are illustrated

FIGURE 1
Schematics of various air-liquid interface (ALI) exposure systems. Continuous flow exposure systems include parallel horizontal (A) and
perpendicular (B) that can provide for alignment of fluid dynamics; or cloud (droplet sedimentation) in an incubator/box type or stagnation point flow type
that relies on gravitational forces (C). Electrostatic forces or thermal gradients may be used to enhance deposition (D). (Figure courtesy of A.M. Jarabek).

FIGURE 2
Differentiation of primary human respiratory epithelial cell models. Cells are plated on cell culture inserts containing porous membranes (A). After
the cells reach confluence, the apical medium is removed (“airlifted”), and the basolateral medium is replaced with ALI differentiation medium (B). The
airlifted cultures aremaintained under ALI conditions for >21 days, resulting in the (differentiated) ALI culture (C). Createdwith BioRender. (Figure courtesy
of S. McCullough).
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schematically in Figure 1. Continuous flow systems are used for
gases, complex mixtures, or particles of chemicals or materials which
are available in larger quantities (several g) under a constant delivery
for longer exposure durations. Cloud systems are used for single
chemical droplet sedimentation or dry powders of materials that are
scarce or expensive and for shorter exposure durations. The three
main types of exposure delivery systems introduced at the beginning
of this paragraph are discussed in greater detail in the following
paragraphs.

It was acknowledged that these exposure methods coupled with
cell/tissue systems represent different degrees of biological fidelity
pertaining to the endpoints and nature of the responses. The level of
biological fidelity required for the exposure depends on the exposure
scenario being modeled. Numerous viewpoints regarding the
appropriate use of these three exposure systems, as well as the
degree of biological fidelity, were expressed by participants. Notably,
discussions largely excluded detailed aspects of exposure relating to
electrostatic or thermophoresis particle deposition, lung-on-a-chip
technologies, and hPCLS.

Some participants felt that submerged culture exposures have
limited or no value in respiratory irritation hazard and risk
assessment due to a high degree of uncertainty and lack of
biological fidelity (Lenz et al., 2009); others asserted that the ease
of conducting submerged exposures make them useful for certain
applications, such as high-throughput screening.

In contrast to submerged culture, ALI culture systems allow for
the basal surface of the cells to be maintained on a membrane in
contact with cell medium while the apical surface of the cells are
exposed to air with the toxicant. Establishing and maintaining ALI
conditions is critical for the in vitro differentiation of primary
human respiratory epithelial cell cultures (Figure 2) (Fulcher
et al., 2005; Ross et al., 2007; Rayner et al., 2019; Randell et al.,
2011; Pezzulo et al., 2011; Kouthouridis et al., 2021). The generation
of ALI respiratory tract models involves plating primary respiratory
epithelial cells on cell culture inserts containing porous membranes
(Figure 2A). Once they reach confluence, the apical medium is
removed (“airlifted”) and the basolateral medium is replaced with

ALI differentiation medium (Figure 2B). Airlifted cultures are then
maintained under ALI conditions, with regular basolateral medium
changes, for >21 days (actual duration differs based on the medium
formulation used and how the completion of differentiation is
defined). Following the ALI differentiation period, nasal and
tracheobronchial cultures exhibit columnar ciliated epithelial cells
with beating cilia, goblet cells that secrete mucus (shown in yellow),
and basal epithelial cells (Figure 2C). A549 adenocarcinoma cells
maintained under ALI conditions for extended periods of time
(i.e., weeks) can differentiate to express type I and type II
pneumocyte markers (Wu et al., 2017). As noted in Figure 1,
ALI exposures utilize different delivery systems to expose cells at
the ALI to gases, vapors, or aerosols. ALI exposure systems using
various cell/tissue models represent promising exposure systems for
nanoparticles, and they have been shown to provide transferability
and reproducibility (Braakhuis et al., 2023). Recommendations for
refinement of ALI exposure systems include developing a stepwise
standard operating procedure (SOP) for operation and training
personnel (Braakhuis et al., 2023).

Direct liquid application involves applying small volumes of test
chemicals to the apical surface of ALI cultures; the delivery liquid
may or may not be washed off at various durations, depending on
the design of the experiment. Importantly, however, the addition of
the liquid abolishes ALI conditions and results in a liquid-liquid
interface (Figure 3). Reported usage of liquid application dosing
includes a wide range of volumes; however, the ability of those
volumes to completely cover the cell layer at the beginning and end
of experimental exposures is typically not demonstrated. Further,
the effect of applying the vehicle liquid on ALI cultures is similarly
not demonstrated. A recently published study empirically
determined the smallest liquid volume that would maintain
complete coverage of ALI cultures for a 24-hour exposure and
evaluated the effects of those conditions on ALI culture
physiology (Mallek et al., 2024). This study demonstrated that
application of liquid alone (i.e., in the absence of a test article)
caused substantial changes to the physiology of ALI-differentiated
primary human bronchial epithelial cells, including reduction in

FIGURE 3
Transition of ALI cultures to liquid-liquid interface by liquid application dosing. ALI respiratory tract models are differentiated under ALI conditions,
which involve exposure of the apical culture surface to ambient air andmimic the environment of the respiratory epithelium in vivo. Test article dosing by
liquid application involves the addition of liquid to the apical culture surface, thus abolishing ALI conditions and resulting in a liquid-liquid interface.
Created with BioRender. (Figure courtesy of S. McCullough).

Frontiers in Toxicology frontiersin.org09

Haber et al. 10.3389/ftox.2024.1431790

101

https://www.frontiersin.org/journals/toxicology
https://www.frontiersin.org
https://doi.org/10.3389/ftox.2024.1431790


epithelial barrier integrity, activation of several cellular signaling
pathways, and induction of pro-inflammatory cytokines and growth
factors (Mallek et al., 2024). These changes were consistent with a
range of respiratory diseases, as well as the effects of inhaled
irritants, and the authors indicated that the effects of liquid
application alone were likely to confound the interpretation of
test article exposures. The observations reported in theMallek et al.
(2024) study were made with a single liquid vehicle at two liquid
exposure durations. Thus, additional studies are required to
determine whether similar effects occur under other liquid
dosing conditions. The Mallek et al. (2024) study also
demonstrated that commonly used applied liquid volumes,
when applied to larger membrane diameters, do not maintain
complete coverage of the cell layer after 24 h of exposure. While
small volumes are typically used to minimize applied liquid depth,
Mallek et al. asserted that the ability to maintain consistent
coverage of the cell layer and thus avoid inconsistencies in
culture conditions and test article exposures should be
demonstrated for each set of exposure conditions used.

Some participants asserted that ALI exposures may be more
biologically relevant than submerged exposures or direct liquid
application to cells that were grown at the ALI for inhaled
exposure to cleaning products and ingredients with intended
applications as aerosols or sprays. Participants recognized that
limitations of sedimentation cloud systems may include an
inability to characterize how airflow affects particle transport
and deposition in vitro, so that translation to in vivo particle sizes
or airway concentrations is limited. Others felt that the value of
data from an ALI exposure system outweighs the associated costs
and challenges. Introduction of salts to the cleaning product for
the nebulizer to create the exposure clouds is another limitation
of sedimentation type ALI systems. In contrast to continuous
flow systems, which allow for a slower deposition and
accumulation of test article on exposed cultures, cloud systems
deliver one or more bolus dose(s) of the test article. While cloud
exposures can be highly relevant for the modeling of brief
exposures (e.g., exposure of a consumer during the use of a
cleaning product), they may not represent the kinetics of
exposure that occur in longer occupational exposures (e.g.,
continuous exposure during an eight-hour workday).
Importantly, the generation of large diameter liquid droplets
for cloud exposures may result in the sedimentation of total
liquid volumes over a short period of time that could be similar
conditions to liquid application (Loret et al., 2016). When using
cloud-based exposures, actual liquid volume deposition should
be evaluated and comparisons between vehicle and incubator
control cultures should be conducted to evaluate effects of the
exposure method.

Some participants said that, in their experience, direct liquid
application to cells that were grown at the ALI allows greater ease of
conducting experiments and for more control of dosing than cloud
exposure; but the range of ALI exposure systems is noted in the
literature as providing a wide range of optimized fluid dynamics and
effective cell contact (Lacroix et al., 2018). Finally, some participants
mentioned some of the challenges of the ALI exposures, such as
creating a setup that delivers a physiologically appropriate flow of
material to the cell surface (Lacroix et al., 2018), but these
considerations can be addressed with proper characterization

(Lacroix et al., 2018; Braakhuis et al., 2023) or may be addressed
by other emerging in vitro systems, such as lung-on-a-chip
technologies (Bajaj et al., 2016).

The physicochemical properties of the cleaning product or
ingredient may necessitate use of either liquid application or ALI
exposures. For example, participants noted that ALI exposures are
more appropriate for the delivery of volatile compounds that are
insoluble in liquids (Zavala et al., 2018; Mistry et al., 2020). In
another example of the importance of physicochemical
properties, the INSPIRE project (IN vitro System to Predict
Respiratory toxicity) required a modification to methods
related to the mode of exposure, as vapor exposures had to be
reduced in duration (from 1 h to 30 min) because the silanes being
tested hydrolyzed rapidly in humid conditions (Sharma et al.,
2023). This is likely a widespread issue for both volatile organic
compounds (VOCs) and reactive gases given that ALI exposures
require high relative humidity (RH) to mimic physiological
conditions. Both RH and exposure concentration should be
measured to address this concern, as nominal concentrations
will likely be inaccurate and do not reflect actual exposure
concentrations. Other participants noted that other, less-
characterized, exposure methods may provide approaches for
testing materials with low solubility in aqueous solutions, or
that degrade in water-based solvents. An example of such
methods includes the microvolume deposition of dimethyl
sulfoxide (DMSO)-based liquids in the form of very small
volume droplets (Behrsing et al., 2017). Participants recognized
that some physicochemical properties, such as viscosity, may limit
the feasibility for ALI exposures, necessitating liquid exposure.
However, viscosity would decrease substantially when the
ingredient is incorporated into the cleaning product
formulation, which could then be tested via ALI exposure.

Participants also acknowledged that the exposure delivery
method can impact the biological properties of the in vitro cell/
tissue model and the toxicity of some xenobiotics. For example,
direct liquid applications to an in vitro differentiated primary
respiratory cell model altered the transcriptome, biological
pathways, activation of several cellular signaling pathways,
induced the secretion of pro-inflammatory cytokines and
growth factors, and compromised epithelial barrier function
relative to cultures maintained at the ALI and exposed to the
same delivered dose (Mallek et al., 2024). Similarly, some
participants postulated that powders of low or minimal
toxicity may become toxic once mixed with the mucus
(irrespective of dosing method), due to facilitated delivery
into cells by the liquid components of mucus and/or
formulation. Another example was that exposure to zinc oxide
nanoparticles resulted in different toxic responses following
submerged liquid and ALI exposures (Lenz et al., 2009). These
studies demonstrate that (1) adherence to recommendations of
the exposure system manufacturer for operating parameters is
important; (2) biological responses may differ based on the
exposure method used rather than the chemical, (3) biological
changes should be interpreted in the context of the exposure
application to identify chemically induced toxicological effects,
and (4) biologically relevant systems (e.g., delivery method,
particle size, chemistry, etc.) should be utilized to predict in
vivo responses.
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3.2.2 Measurement and quantification
The administered concentration, the dose delivered to the

in vitro system, and the intracellular dose represent three
different important aspects of exposure. It was noted that the
internal dose is the driver of the toxicological response and is the
most appropriate dose metric, although it is difficult to measure and
is a product of ADME. Therefore, the delivered dose, rather than the
administered concentration, should be measured (Schmid and
Cassee, 2017; Phalen et al., 2021). Methods for measuring the
dose delivered, but not taken up by the cells, were discussed by
the participants. The choice of method for measuring the
concentration delivered to the cells depends on the
physicochemical properties of the cleaning product.

The participants noted that one measuring approach used filter
disks to collect particles to estimate deposition efficiency and
determine deposition uniformity across cell culture inserts
(Oldham et al., 2020b). Different deposition efficiencies based on
particle size were demonstrated (Oldham et al., 2020b). Others
noted that limitations of the filter paper approach include low
deposition efficiency and that deposition on a dry filter disk does
not mimic deposition on a moist cell surface.

In contrast, an integrated quartz crystal microbalance (QCM)
was used in an inter-laboratory effort to harmonize delivered dose
from the Vitrocell® Cloud system (Bannuscher et al., 2022). Use of
the QCM addressed variability observed by measurement of
deposition fraction on transwell inserts alone (Ding et al., 2020;
Bannuscher et al., 2022). Measurements from the QCM can be used
to verify homogeneity of the exposure in the chamber and across
transwell inserts, which may not always occur; however, quantifying
exposure homogeneity may be limited by the ability to use the QCM
in wells in the middle rows/columns of devices intended for use with
12- or 24-well inserts. Regardless of the measurement method,
adherence to recommended or standardized procedures or SOPs
helps to promote homogeneity and reproducibility in the net
deposition (Ding et al., 2020; Bannuscher et al., 2022).

Participants also acknowledged the influence of flow in the
chamber on exposure delivery, especially when comparing
between parallel and perpendicular flow delivery systems.
Uniform mixing of aerosols was obtained with use of a dilution
unit (Kuczaj et al., 2016), but others reported heterogeneous mixing
of aerosols in flow chambers in a perpendicular flow system
(Oldham et al., 2020a; Oldham et al., 2020b).

Participants also noted that, similar to challenges with in vivo
chamber exposures, the measurement of a concentration in the
chamber does not represent the dose delivered to the cells.
Accurately characterizing the dose to the cells in ALI systems is
challenging because of the variability in particle deposition in ALI
systems, which is influenced by the physicochemical properties of
the aerosols and the type of exposure system utilized by the study
(Oldham et al., 2020a; Oldham et al., 2020b; Steiner et al., 2017). For
example, in continuous flow aerosol exposure systems, losses of
aerosol constituents at the inner surfaces of the exposure system
components (e.g., tubing, trumpets, etc.) are commonly observed
due to adsorption and other particle transport mechanisms such as
impaction, and sedimentation (Steiner et al., 2018; Wong, 2007; Yi
et al., 2013). In sedimentation aerosol exposure systems (e.g.,
Vitrocell® Cloud), the aerosol droplets tend to adhere to the
inner surfaces of the chamber (polycarbonate) and the nebulizer

(Bannuscher et al., 2022). The aerosolization and deposition
efficiency vary for different materials based on their
physicochemical properties, such as hydrophilicity. While some
of the materials may react with the polycarbonate parts of the
chamber and nebulizer (with high concentrations and sufficient
contact time), participants noted that this reaction may not have a
significant effect on particle deposition due to comparatively shorter
exposure duration (i.e., 5–10 min). Characterizing the settling
velocity and time for particles generated by nebulizers using
varying mesh sizes for the cloud delivery system will be
important for quantifying dose delivered to the cells.
Hydrophobic constituents may also adhere to the materials of
cell culture insert (e.g., polyester terephthalate [PET]) at the ALI
(Steiner et al., 2018). Additional parameters that affect deposition of
the aerosol at the ALI include solubility in mucus, culture medium,
volume, and transwell surface area, and volume (Steiner et al., 2018).

For volatile chemicals, a known volume of trapping liquid can be
placed within the exposure chamber to collect deposited material.
The total amount of material deposited can be determined based on
the concentration of the material in the known volume of trapping
liquid. Steiner et al. (2018) demonstrated that the trapping liquid
influences the delivery efficiencies of constituents in
smoke exposures.

For liquid application exposures, representative samples for
analysis can be taken at dosing to confirm the concentration,
homogeneity, and the actual (rather than nominal) exposure
applied in the test system. The homogeneity has been
demonstrated to be dependent on both the volume applied as
well as the duration of the application (Mallek et al., 2024).
Participants noted that this application concentration does not
capture the dose that the cells are exposed to or take up, but
rather the applied exposure dose. Further, participants
recognized that, as for aerosol exposures, hydrophobic
constituents in submerged cultures may also adhere to the
materials of the cell culture insert (e.g., PET), and that the
solubility in mucus, surface area, and volume may also affect
deposition (Steiner et al., 2018).

In addition to the measurement of the exposure of the cleaning
product or ingredient, participants noted that other experimental
conditions should be recorded due to their potential to influence
both the amount of test article delivered and the results of the in vitro
assays. Such factors include the temperature, humidity, particle size
distribution (e.g., MMAD, GSD), and density. Temperature,
humidity, and ventilation can affect the experimental conditions
and may or may not be controlled; they should be reported to aid in
interpretation of results. Some participants felt that these challenges
are not unique to in vitro methods and present a challenge in vivo
exposures as well, while others noted the use of controlled
temperature and humidity in vivo. For liquid exposures, some
participants noted that a unique challenge remains the influence
of the volume of test chemical on the assay. For example, when
determining the threshold for irritation for a cleaning product
mixture, different volumes may be required to achieve different
exposure doses, as dilution changes the composition of the mixture.
This may impact the dose that directly interacts with the apical
surface of the cells. Other participants noted that many assays
require the use of a specific volume, and therefore this issue is
not always pertinent.
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3.2.3 Utilization of exposure controls
Use of appropriate controls for the in vitro test method selected

is essential to have confidence in the data and allow for proper
interpretation in the context of the control responses. Six broad
types of controls were identified for use in vitro respiratory irritation
assays: (1) vehicle controls, (2) cleaning formulation solvent
controls, (3) single blank (processing) controls, (4) double blank
(no processing and no dose) controls, (5) negative controls, and (6)
positive controls. However, it was acknowledged that additional
controls may be needed for certain assays and endpoints. Vehicle
controls are essential to evaluate whether the vehicle used in the
assay, rather than the cleaning product or ingredient being tested, is
causing the observed outcome in the assay. If the product is intended
to be diluted prior to use, the diluent is also tested as a vehicle
control. Selection of the vehicle control is impacted by the assay
endpoint of interest. In cases where more than one vehicle control is
used, all vehicles should be characterized in the assay to evaluate the
variability elicited by choice of vehicle. Solvent controls may be
necessary to evaluate the effect of the cleaning product formulation
solvent on the outcome of the assay. For example, if the cleaning
product solvent is ethanol, the toxicity of ethanol should be
evaluated separately, in addition to the toxicity of the entire
cleaning product formulation. In some cases, the cleaning
product solvent may inform the choice of the assay vehicle such
that both are the same. Therefore, the solvent control may be the
same as the assay vehicle control (e.g., both a water solvent and a
water vehicle) or different (e.g., ethanol solvent control and a water
vehicle control). Single blank or processing controls, which are not
dosed but undergo processing, may also be necessary to evaluate the
system itself. For example, in an ALI exposure chamber, while a
vehicle control may be aerosolized water droplets, the blank controls
may consist of pumped air or no air current (i.e., an incubator
control). Double blank controls are those that receive no dosing and
do not undergo the processing. For example, when using a wash, the
double blank control will not be washed, to evaluate the effect of that
process on the outcome of the assay. The use of positive and negative
controls demonstrates that the in vitro test system is producing the
expected response (i.e., known respiratory non-irritants are eliciting
negative results and known respiratory irritants are eliciting positive
results). Identification of reference chemicals to serve as positive
controls that elicit positive responses in the selected in vitro cell/
tissue system is critical to avoid false negative results (Bisig et al.,
2019). Further, the use of controls contributes to characterizing the
nature of the response (e.g., benchmark level) as well as intra- and
interlaboratory variability in the assays (OECD, 2018a).

3.3 Conclusion

Substantial advancements have been made in recent years in the
exposure methods used for assessment of respiratory toxicity. The
choice of the appropriate exposure design for an in vitro respiratory
irritation assay depends on consideration of the likely effect and the
intended use of the data based on the purpose and assessment type.
Thus, there is not a single correct way to design the exposure across
in vitro respiratory irritation assessments, but there are
considerations that should be kept in mind when choosing a
particular exposure system. One such major consideration is the

physicochemical properties of the cleaning products and
ingredients; a comprehensive review of these properties and their
impact on selection of exposure methods would be useful guidance
for developers and users of NAM technologies targeting these
chemicals. The exposure scenario has implications in the in vitro
cell/tissue test system selection (e.g., relevant cells or tissues based on
dosimetry) and for the risk assessment (e.g., reducing uncertainties).
The exposure methods utilized in an in vitro cell/tissue test system of
respiratory irritation, and the appropriate justification and
documentation of these methods, guide and can limit the scope
of interpretation of the resulting data. This will help to make the
resulting data useful for the desired application in screening or risk
assessment.

4 In Vitro cell/tissue test systems

4.1 Considerations in characterization and
standardization of in vitro cell/tissue test
systems, assays, and reporting

To maximize the use of in vitro NAMs to predict respiratory
irritation in response to cleaning products, the participants
identified a need to use well-characterized systems and
standardized procedures and develop reporting standards. These
tools will facilitate reproducibility across laboratories and
interpretation of data generated using in vitro methods. This
section (Section 4) outlines some considerations relevant to these
systems, procedures, and reporting standards, but is not meant to
cover all possible items.

Variability in in vitro methods and assays can be due to several
factors such as the type and “lifespan” of cell/tissue test system,
culturing conditions (medium components, cell seeding density,
etc.), and how the assay is performed and reported. These variations
can affect the outcomes of assays, and thus pose a challenge to the
use, integration, and interpretation of the results. Some participants
noted that in vivo studies face similar challenges, with variation by
species, strain, food and water, housing, and other factors.
Consistent information from standardized reporting of assays can
assist with the characterization of assays within defined study plans
used to conduct those studies. This will, in turn, provide a clearer
understanding of how differences in methods may contribute to
variation in results.

Participants particularly noted an urgent need to be proactive in
characterizing and potentially standardizing in vitro respiratory
irritation assays and reporting, instead of merely summarizing
comparisons or conducting retrospective analyses after data are
gathered. Such characterization and standardization will facilitate
the use of data from assays for a broader range of applications,
including filling data gaps. As mentioned in Section 3, to further
characterize assays and establish confidence in NAMs, in vitro test
systems and assays also need to be considered in the context of Good
Laboratory Practices (GLP). The principles outlined in the Guidance
Document on Good In Vitro Method Practices (GIVIMP) (OECD,
2018a) and RIVER working group (2023) should also be considered,
though GIVIMP does not have the same regulatory status as GLP
and does not guarantee discussion of the rationale for choice of assay
or test system. Critically, assays used in conjunction with in vitro
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respiratory tract models would benefit from improved reporting to
aid in characterization.

The longer that any research proceeds without well-
characterized and/or standardized assays, the more data that may
need to be regenerated to fit into standardized assays and any
necessary framework. In a broader context, Jarabek and Hines
(2019) discussed a workflow for coherent integration of in vitro
and other evidence across a range of risk assessment and regulatory
applications, including sufficiency of metadata, transparency of
assumptions, and explanation of applicability domain for assays.
A recent paper on liver-chip methods provides one possible model
approach for standardization of in vitro methods, including
considerations of both technical and cost aspects (Ewart et al.,
2022). One example of an effort towards standardization of
inhalation toxicity testing (though not specific to respiratory
irritation) is the Respiratory Toxicity (RespTox)
Collaborative—an international, cross-sector consortium of
experts conducting in vitro inhalation toxicity testing
(publications in preparation). The collaborative was established
for developing and gaining consensus on the minimum
information reporting needs for different assays. Participants
were unaware of any such efforts specific to in vitro respiratory
irritation.

Conducting a literature survey or review would identify existing
data and knowledge gaps to guide generation of additional
information. For example, participants noted that identifying the
data available regarding the appropriateness of different assays and
models for different physicochemical properties of cleaning product
ingredients or formulations is a key step towards assay
standardization. There will be significant challenges for
conducting this survey/review in the context of respiratory
irritation and cleaning products or ingredients, and for any
characterization and standardization effort more broadly.
Publication bias will pose a challenge as negative results from
assays are critical for overall understanding of the assays.
Further, small differences in methodology can also produce
different results, and so incomplete documentation of methods
will also be a barrier to fully understanding assays and test
systems. Therefore, engagement of stakeholders and those with
hands-on knowledge is critical to ensure that this additional
information is captured in the analysis, as these groups will likely
have the best insight into unpublished results or missing
methodological details. Workshops such as the one that is the
basis for the current publication can play an important role in
gathering perspectives from a diversity of scientists and can inform
or supplement a literature survey/review. The following paragraphs
outline some considerations that may be addressed in more detail by
such a literature survey/review and/or future workshop, but this list
is not exhaustive.

There is a wide range of available cell/tissue models that have
been utilized to evaluate respiratory irritation potential in vitro.
Most discussion at the workshop focused on primary monocultures
versus cocultures, but the considerations apply more broadly to cell/
tissue test system selection. First, resemblance between in vivo and
in vitro responses needs to be considered when characterizing
in vitro cell/tissue culture methods and developing standardized
approaches. For example, primary cells and immortalized cell lines
will respond differently under the same exposure conditions for

some, but not all, assays and exposures. Therefore, understanding
the differences in response and identifying which more closely
resembles the in vivo response is critical in selection of the cell/
tissue test system. Second, accessory cell types (e.g., fibroblasts,
macrophages) may act as mediators or moderators or exert more
direct effects on the responses to exposure, even if these cells are not
directly in contact with the chemical. A mechanistic understanding
of respiratory irritation can provide information on when accessory
cell types need to be included and which cell types should be
considered. Third, the appropriateness of cell/tissue test systems
is dependent on the KEs under investigation, which are affected by
the physicochemical properties of the test article. For example, there
are at least 41 cell types in the lung, including bronchiolar and
alveolar epithelial cells, and different cell types are known to respond
differently to the same compounds, due to their different biology
(Parent, 2015; Harkema et al., 2018). Finally, it will be necessary to
characterize the background response variability of the available
in vitro cell/tissue test systems to differentiate test system variability
from exposure-related effects (van der Zalm et al., 2022). Generally,
the factors listed here inform test system selection, but both the
feasibility of use and the access to relevant cell/tissue test system
must be considered. For example, primary cells can be expected to be
more representative of in vivo responses but there may be logistical
or cost barriers to using them.

There is a tradeoff between phenotypic complexity of the in vitro
cell/tissue test system and throughput. More complex systems (e.g.,
ones including multiple cell types and/or 3D structure) tend to be
more expensive and time-intensive to run, while the higher
throughput systems tend to be less sophisticated but may not
produce fully tissue-relevant data. These opposing forces will
need to be balanced, and this balance may be prioritized
differently depending on the purpose and stage of the
assessment (Table 1).

Participants noted that some in vitro cell/tissue test systems or
assays relevant to respiratory irritation will be easier to standardize
than others. For example, ciliary beat frequency (CBF) can indicate
impaired ciliary motility and mucociliary transport via mucin
hypersecretion triggered by respiratory irritants, as seen in
diseases such as asthma and cystic fibrosis (Bustamante-Marin
and Ostrowski, 2017). CBF may be relatively easy to standardize
and technical considerations and recommendations have been made
(Behrsing et al., 2022). For technical proficiency in this endpoint, it
will be key to record video with maximum contrast between light
and dark, making it easier to identify the effect with appropriate
analysis software. Additional examples were not discussed as part of
this workshop, but similar suggestions and considerations for
characterizing and standardizing assays would apply to
other endpoints.

The medium used in a particular cell/tissue test system may
affect what endpoints can be tested. Different medium choices can
have an impact on physicochemical properties of the test article and
have different effects on cell morphology/physiology/function and
response in the same cell system (Saint-Criq et al., 2020; Leung et al.,
2020; Lee et al., 2020). Each in vitro cell/tissue test system has
particular medium requirements, especially for co-cultures with
different media and media mixtures being used at various stages
of culturing (Klein et al., 2013), and laboratories may use in-house
formulations rather than commercial media. These in-house media
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are likely to differ across laboratories and therefore should be reported.
Some commercially available test systems (e.g., from Mattek and
Epithelix) can be purchased with medium specifically developed for
the test system. When new endpoint assays are implemented, they
should be optimized to the manufacturer’s media whenever possible.
Where themediumhas to be changed, careful evaluation of themedium
change should be conducted with suitable control groups.

Another consideration is that the choice of in vitro cell/tissue test
systems, respiratory irritation assays, and modes of exposure
depends on the physicochemical properties of test chemicals. An
understanding of the relationship between different sets of
physicochemical properties and the appropriate choice among
emerging cell/tissue test systems will be useful. For example, the
choice of hPCLS culture method has implications for hPCLS assays
used for cleaning products with aerosol exposure. Aerosol exposures
are possible using the hPCLS ALI (tissue culture insert) method, but
not possible using hPCLS roller culture method or submerged
cultures (Patel et al., 2021). More generally, in exposure at the
ALI (e.g., complex coculture or hPCLS), the test article (including
solid, liquid, or aerosol) can be applied indirectly (by aerosolization)
or directly (hand pipetted, automatically dispensed in a pattern
distributed across the ALI surface (Behrsing et al., 2017)) onto the
in vitro test system and thus is not required to be soluble in the
chosen cell culture medium. In contrast, in submerged exposure of
an in vitro monoculture (i.e., single layer, 2D cell culture), the test
article needs to dissolve in the chosen cell culture medium, limiting
the applicability of submerged culture systems. Mode of exposure
can also have implications for interpretation of assay results. In one
study, submerged exposures led to higher production of reactive
oxygen species and secretion of IL-8 relative to cloud ALI exposures
(Klein et al., 2013). Considerations of volatility of the test article also
has implications for in vitro test systems and exposure. For example,
volatile compounds may evaporate rapidly if dissolved in warm
media. Different particle size distributions impact cellular uptake.
Thus, the choice of in vitro assays, test systems, and modes of
exposure is critical for any assessment of respiratory irritation.

In addition, the physicochemical properties of cleaning product
formulations may differ from those of their individual chemical
components, with associated implications for the assays that can be
conducted. Testing a single chemical or component of a cleaning
product alone, even at a dilution similar to that used in the final
formulation, may not accurately reflect physicochemical properties
and behavior of the ingredient in the final formulation.

4.2 Capturing population variability in vitro

It is important to characterize population variability in the
context of a risk assessment model. This might be done using
default approaches or using information on variability derived
from in vitro assays. Susceptible populations are currently
accounted for post-hoc by using uncertainty factors (UF) to
address human variability, but in vitro cell/culture test systems
may be able to provide or inform a quantitative understanding of
variability, which can result in more scientifically informed UFs.
However, for some risk assessment purposes (e.g., screening),
default UFs may be sufficient. UFs are discussed further
in Section 6.4.

Possible sources of population variability include sex, age, race,
geographical source, disease status, and susceptibility windows.
Ambient air quality differs across geographical areas (Brody
et al., 2002; Vrijheid, 2014), potentially resulting in different
baseline characteristics in primary samples collected from donors
in different areas. Susceptibility windows of interest noted were early
development (Goldizen et al., 2016) and menopause (Ziller et al.,
2023). Younger populations are often considered to be more at risk
due to differences in dosimetry and respiratory tract development
(Ginsberg et al., 2008; Ginsberg et al., 2017; Dietert et al., 2000).
Participants also noted that some subpopulations may be more
resilient (less susceptible) to respiratory irritation, though specific
examples were not given.

Population variability might be dependent on the endpoint of
interest, the chemical/formulation of interest, or both; these
dependencies may influence the choice of in vitro cell/tissue
culture model. As an example of the former, males and females
are likely to have similar CBF of around 12–15 Hz in healthy adults
(Roth et al., 1991; Tilley et al., 2015), but may have differences in
airway inflammation and remodeling (Ekpruke and Silveyra, 2022).

One aspect of population variability and susceptible populations
that is particularly relevant for the testing of cleaning products is
consideration of the anticipated biological features (e.g., ventilation
rate and airway anatomy) of both the intended end-user and of those
whomay be unintentionally exposed in the presence of the end-user.
In vitro cell/tissue test systems representative of the biology of some
susceptible populations are available (Faber andMcCullough, 2018).
ALI-differentiated primary human bronchial epithelial cell models
have been shown to exhibit inter-individual variability across donors
(McCullough et al., 2016; Bowers et al., 2018; Bowers et al., 2021).
The use of cryopreserved lung slices allows for consideration of
population variability to some degree, at the cost of a greater level of
complexity and study scope (Patel et al., 2023). Depending on the
assessment purpose, it may be possible to address such
considerations through selection of particular in vitro test systems.

5 Tiered testing framework/approach

The in vitro cell/tissue test systems breakout group proposed an
option (described in Section 5.1) for development of an approach for
in vitro test systems and assays to evaluate respiratory irritation for
cleaning products, with room for customization to specific needs of
each assessment. Some additional background and context relevant
to the development and use of an approach are discussed in Section
5.2. This approach includes an initial tier of screening chemicals
based on physicochemical characterization and computational
approaches (Tier 1), followed by up to two tiers (Tiers 2 and 3)
of testing in appropriate in vitro cell/tissue test systems informed by
mechanistic understanding. This is explicitly not a recommended
approach but is meant as an illustrative example of how such an
approach might look. The participants acknowledge that this is a
starting point andmay need to be modified based on the outstanding
questions (below), findings from a literature survey/review (above),
and/or the specific problem formulation or goal of testing (Section
1). Depending on the purpose to which the approach is applied,
some tiers may not be needed. Lower tiers (Tier 1 and possibly Tier
2) may be adequate for screening, while more sophisticated
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applications, including regulatory applications, may require
elucidation of mechanisms or filling data gaps in higher tiers
(Tier 2 and Tier 3) potentially coupled with data from in vivo
cell/tissue test systems.

5.1 An illustrative option for a tiered
approach to screen thousands of
ingredients/mixtures

One option for a proposed tiered approach is presented herein.
As noted above, this is explicitly not a recommendation but is meant
as an illustrative example of how such an approach might be
designed. Similar approaches have been proposed for evaluating
natural complex substances for a range of endpoints, including local
respiratory toxicity (Api et al., 2022; Clippinger et al., 2018a).
Though not specific to respiratory irritation, this tiered approach
for complex mixtures may also inform considerations relevant to
cleaning product formulations.

5.1.1 Tier 1: Physicochemical characterization and
computational screening

The main goal of this tier would be to inform later testing. The
goal at this level is explicitly not to identify test products or
ingredients as non-irritants, but to identify appropriate assays
and in vitro cell/tissue models that can be used to assess them. In
addition, this tier could be used to “screen out” test articles that are
not good candidates for use in cleaning products because they are
highly likely to be irritants, though specific examples of
physicochemical properties that would indicate that a test article
is likely to be an irritant were not discussed in detail. Since cleaning
product ingredient manufacturers and cleaning product formulators
aim to use non-irritant ingredients/formulations, it does not make
sense for ingredients/formulations that are identified in this tier as
highly likely to be irritants to proceed to further testing. Screening
out very likely irritants at this early stage could optimize the use of
resources in the in vitro testing in Tiers 2 and 3. Ingredients/
formulations that are identified in this tier as likely to be non-
irritants, or those which may or may not be irritants, should proceed
to further tiers, so that predictions can be confirmed or refuted with
experimental data. The exact threshold to determine when an
ingredient/formulation is “highly likely to be an irritant” was
beyond the scope of this workshop, but may vary depending on
the purpose of the assessment. Care may need to be taken to not be
overly restrictive at this early stage, given the “screening level” nature
of this tier.

Before performing any laboratory testing, computational
approaches based on physicochemical properties and/or
structural flags can identify appropriate test systems and
exposure systems, and flag ingredients/formulations of obvious
concern for respiratory irritation. Physicochemical properties
should be known before beginning laboratory testing and need to
be considered throughout the process. Consideration of
physicochemical properties can guide users to choose in vitro
cell/tissue test systems appropriate for such properties and can
have a big impact on readout of tests. Similar to considerations
for exposure systems (Section 3.3.1), some test systems or assays will
be better for, or more sensitive to, certain chemistries.

5.1.2 Tier 2: Simpler in vitro models
Due to considerations of cost, time, and throughput, in vitro

testing of ingredients/formulations may begin with using a simpler
cell/tissue test system (e.g., a simple 2D mono-culture using
submerged exposure), with the aim of collecting data on multiple
relevant endpoints from a single cell/tissue system (i.e., multiplex).
The specific choice of cell/tissue test system in this tier may depend
on the purpose of the assessment, and some purposes may demand a
higher level of complexity than others. For example, if specific
effector cells are expected to be involved in the irritation
response, a co-culture test system including those cells would be
preferred. The mode of exposure should also be considered at this
stage. Submerged and liquid application exposures are faster, easier,
and less expensive than ALI exposure, and so may be favored at this
early step when possible. However, there are efforts to improve
liquid application exposures (e.g., Behrsing et al. (2017), Mistry et al.
(2020)), and this may enable the use of these systems for
rapid screening.

To determine an ideal in vitro cell/tissue test system around
which to base a “multiplex-centered” testing strategy, it is necessary
to first identify the in vitro cell/tissue test system that addresses the
greatest number of relevant KEs, then fill in gaps with other models.
KEs can be selected from any established AOP or informed by a
broader IATA that contributes additional evidence. This is especially
relevant to respiratory irritation, given the lack of a well-developed
and accepted AOP for this endpoint (Section 2). For example,
inflammation may contribute to both irritation and sensitization
(though it is not required for irritation). If there are relevant
mechanistic steps that are not included in an AOP or IATA (or
if an AOP or IATA do not yet exist), these steps should also be
considered.

Multiplexing may be achieved by conducting non-destructive
assays (i.e., monitoring various functional readouts that do not
damage the structure or integrity of the cells) in an in vitro cell/
tissue test system first, and then letting those findings guide the next
steps in the process (which may include destructive testing). Cortesi
and Giordano (2022) recently reviewed such assays for 3D cultures.
For example, one could evaluate changes in CBF initially (a relatively
non-destructive test) and then immediately assay mitochondrial
toxicity (a destructive test such as the MTT [3-[4,5-dimethylthiazol-
2-yl]-2,5 diphenyl tetrazolium bromide] assay). In this example, the
value of assessing multiple endpoints in a single test system is
prioritized over the challenge of conducting the more complex/
expensive endpoint first; depending on the purpose, the relative
priorities of these aspects may be different. Multiplexing may also be
achieved by choosing a non-destructive test (such as WST-8 [2-(2-
methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-
2H-tetrazolium, monosodium salt]) instead of a destructive test
(such as MTT). This substitution would allow samples already used
forWST-8 to be multiplexed for omics (Phillips et al., 2021) or other
biochemical evaluation, or to be fixed for histological examination
following assays for cell viability.

Results from submerged exposures in simple 2D monoculture
(or co-cultures with accessory cells, if required) in this tier can
determine whether progression to the next tier, with more complex
cell/tissue test systems and/or modes of exposure, is warranted and
can inform the selection of cell/tissue test systems and modes of
exposure. Results from this tier can also increase the efficiency of
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TABLE 2 Example of Endpoints that can be Tested in Different Cell/Tissue Test Systems.

Test system

Biomarkers/Events 2D cells 3D RHuA 3D hPCLS

Oxidative Stress ✓ ✓ ✓

DNA Binding/Strand Breaks ✓ ✓ ✓

Mitotoxicity ✓ ✓ ✓

Cytotoxicity ✓ ✓ ✓

Viability ✓ ✓ ✓

Macrophage Activationa ✓ ✓

Cytokine/Chemokine Response ✓ ✓ ✓

Tight Junction Integrity ☑

ECM Deposition ✓ ✓

ECM stiffness ✓ ✓ ☑

Spatial context (histology)b ✓ ✓

Mucociliary Clearancec ✓ ✓

Airway Contractility ☑

Vessel contractility ☑

Goblet Cell Increase ☑

Mucin/surfactant Expression ✓ ✓

In vivo-comparable tissue dosimetry4 ☑

These examples reflect capabilities at the time of the workshop discussion/publication andmay change over time or differ across institutions. 3D RHuA = 3D reconstructed human airway. 3D hPCLS, = 3D human precision cut lung slices. (ECM, extracellular matrix). A

checkmark (✓) indicates that a given test system can address a biomarker/event. A checked box (☑) indicates that the biomarker/event is uniquely addressed by the test system.
aBoth RHuA and hPCLS, offer activated macrophage detection, however, hPCLS, immune cells are already present in the tissue at the time of culture (same donor) and in a spatial context (e.g., intra-alveolar vs interstitial location). RHuA tissue can be supplemented with

immune cells (typically from a different donor) after tissue maturation and prior to experimental use. It is unclear how effects of immune cells from a different donor impact the RHuA tissue response/performance during experimentation.
bhPCLS, offer a native tissue architecture, including respiratory parenchyma and pulmonary vasculature. This environment allows the observation of histological changes in a spatial context (e.g., alveolar vs small airway response) where the presence of specific cell types

may indicate changes reflective of disease progression and/or hallmark KE (e.g., interstitial collagen deposition). When generated as co-cultures, RHuA can inform on some aspects of tissue architecture, but in a more limited scope than hPCLS.
chPCLS, can contain airways with beating cilia and whose beat frequency can be quantified. However, due to the infrequent presence of cilia-bearing airways, efforts for this endpoint assay in hPCLS, would likely be low-throughput.
dExposures conducted using RHuA under ALI, conditions most closely reflect the dosimetry of in vivo exposures in represented cell types. Since hPCLS, are generated by slicing lung tissue, the luminal-albuminal compartmentalization is disrupted. This means that there

is no longer an epithelial barrier between the test article and underlying non-epithelial cell types (e.g., fibroblasts, endothelial cells, et cetera). However, the impact of a disrupted epithelial barrier and whether assay endpoint results are adversely impacted through the loss

of this barrier has not been investigated.
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testing in the following tier. For example, cleaning product
manufacturers may be able to screen out ingredients/
formulations that are clearly irritants in this earlier tier, thus
reserving further testing for those that are unlikely to be irritants,
or those that may or may not be irritants. For some assessment
purposes (e.g., a simple hazard characterization), the results at this
tier may not require progression to the next tier. For other purposes
(e.g., a full regulatory risk assessment), the next tier (and more)
would likely be required.

5.1.3 Tier 3: More complex in vitro models
Based on outcomes from Tier 2, the aim in Tier 3 is to address as

many relevant KEs or other mechanistic supporting endpoints as
possible in a single test cell/tissue system (i.e., maximize data output
from a single experimental model), and use additional test systems
to address additional KEs and/or other mechanistic endpoints not
addressed by the primary test system. An example from respiratory
sensitization may provide a model for multiplexing endpoints in a
single test system (Gibb and Sayes, 2022). Such multiplexing may be
a challenge for some endpoints, considering that other, well-
characterized endpoints (e.g., skin sensitization) require multiple
assays that are not amenable to multiplexing to address separate
KEs. However, this challenge may not be relevant for respiratory
irritation. Table 2 presents an illustrative example of how two
different 3D culture systems (RHuA and hPCLS) can each cover
a range of endpoints relevant to respiratory irritation (as currently
conducted at one organization at the time of publication; some
specific model-endpoint capabilities may change as additional assay
capabilities are developed or may be different between
organizations). For example, 3D RHuA can be used for tight
junction integrity, mucociliary clearance, goblet cell increase,
macrophage activation, and mucin expression, while 3D hPCLS
can be used for macrophage activation, extracellular matrix (ECM)
deposition, and airway contractility. Depending on the particular
purpose and the results from the simpler Tier 2 testing, one or both
3D culture systems could be chosen. Choice of test systems will also
depend on the capabilities of the performing laboratory. Participants
also mentioned that specific pairing of assays and irritation KEs
would be beneficial, but specifics were not discussed at the
workshop. Future work could build on Table 2 to include more
specifics on which assays can address specific KEs to contribute data
to a framework. Progress toward an AOP would be complementary
to this future work.

5.2 Outstanding questions and
considerations for a tiered framework

Workshop participants discussed the amount and type of data
needed to establish confidence in the utility of a NAM. There was
broad agreement on the need to ground any tiered framework in
mechanistic considerations. As understanding of the mechanisms of
respiratory irritation improves, mechanistic considerations may be
grounded in AOPs, developed into an IATA, or ultimately
incorporated into a DA, or some other option. Although there
was general agreement on the utility of AOPs for setting biological
context for NAMs, there were different perspectives regarding the
details. Some participants suggested that a more complete AOP is

better but left open the possibility that a “complete enough” AOP
would still be useful (and left open the definition of “complete
enough”). Others focused on the integration of NAMdata with other
data (i.e., in silico or existing in vivo data) in a systematic approach
leading to a coherent conceptual model in the form of an IATA
(Clippinger et al., 2018a; van der Zalm et al., 2022), regardless of the
completeness (or even existence) of an AOP. A conceptual model
would aid in understanding how particular NAM-based data may or
may not be able to inform the understanding of a chemical’s
potential hazard. An AOP (or multiple AOPs) provides one way
to inform such a conceptual model, but the lack of a well-defined
AOP should not prevent the development of this coherent
conceptual model. Indeed, a key purpose of AOPs is to provide a
structure for organizing the data (Villeneuve et al., 2014a; Villeneuve
et al., 2014b). Some participants also noted that AOPs are living
documents and are thus never considered fully complete (Villeneuve
et al., 2014a).

There was general agreement among participants that any tiered
approach should rely on a customizable battery of tests, rather than a
single in vitro cell/tissue test system that is tuned perfectly for just
one test/mechanism/endpoint or one set of physicochemical
properties. Any test or set of tests that is too narrow in focus on
mechanism or endpoint could miss key markers of irritation. A
battery of tests can account for the strengths and weaknesses of
different tests and capture a more complete biological picture. From
an industry perspective, a requirement for multiple tests could make
a testing program more challenging, though this could be mitigated
somewhat by development of an IATA and specific DA aimed at
KEs. For example, to assess respiratory irritation, one of the
biological effects to consider is secretion of inflammatory
markers. Models such as ImmuLung TM, ImmuPHAGE TM,
ALIsens®, and others (Chary et al., 2019; Marescotti et al., 2019)
include macrophages (albeit from different donors than the other
cell lines in the model), and allow measurement of inflammatory
biomarkers (Cook et al., 2019). A participant noted that secretion of
inflammatory markers by epithelial cells would also be of interest.
Depending on the purpose of the study, one way to build a relevant
battery would be to identify the most comprehensive ALI test system
that can evaluate as many endpoints as possible, including
inflammation markers. After identifying the ALI test system that
fits the purpose of the study, an approach could then be
built around it.

Participants discussed that a tiered approach could be structured
in several different ways. One possibility is as a flow diagram or a
decision tree, where one key event from an AOP is tested, and if the
test result is positive, the testing proceeds to the next key event.
Another option would be a structure similar to the “2 out of 3” KEs
approach used for the skin sensitization DA, wherein a certain
number of KEs with positive hits results in a “flag” for sensitization
(OECD, 2023). These may not be the only ways of structuring a
tiered approach. It is also possible that rules for proceeding between
different tiers of a tiered approach could be structured in
different ways.

Another decision point is whether to focus on inexpensive test
systems with limited capabilities but higher throughput or more
complex test systems addressing multiple endpoints with greater
biological fidelity but lower throughput. These alternatives are not
necessarily mutually exclusive but may reflect the need to answer
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specific questions and have different priorities across stages of the
process or for different assessment purposes. Essential to answering
this question is identifying which KEs can be assessed relatively
inexpensively and quickly, and then using the data generated from
these initial tests to inform the next steps. For example, in an initial
screening test it maymake sense to use tests that are relatively easy to
perform and produce reproducible results to obtain a go/no-go
decision for ingredients/formulations, while later tiers might use
more complex in vitro cell/tissue test systems.

There are hundreds of thousands of possible ingredients in
cleaning products, and many potential ways of formulating
cleaning products. While some contexts (e.g., a regulatory
context for a specific formulation) may require testing of only
a small number of combinations of possible cleaning product
formulations, others (e.g., an early screening effort by a chemical
manufacturer for determining ingredients for use in a product)
may require testing of a larger number of combinations of
ingredients. As such, high (er)-throughput methods would be
of benefit in screening, for example by harnessing high
throughput transcriptomic methods to identify concentrations
that alter relevant biological pathways (Harrill et al., 2019; Harrill
et al., 2021a). Use of a transcriptomic approach would add the
need for standardization of transcriptomic signatures considered
indicative of respiratory irritation. For transcriptomic signatures,
a time course is a key variable to consider. The potential for
evaluating multiple alternative formulations in a higher
throughput format is one potential strength of in vitro testing
(Price et al., 2020). There is ongoing progress toward an OECD
reporting framework for transcriptomics data use in regulatory
toxicology (Harrill et al., 2021b) that should also be considered in
any framework for identifying respiratory irritation by cleaning
products; similar reporting requirements may also be relevant for
other high (er)-throughput methods. Some participants noted
that increasing throughput can also limit the number of
endpoints that can be investigated, so the applicability may
vary by purpose.

There are also considerations related to cell culture plate
dimensions that pose a challenge to utilization of higher
throughput methods. Increasing the number of wells also means
decreasing the size of the wells (and thus the mass of the cells/tissues
each well can hold, or “biological material”). Thus, one of the
disadvantages of using a format with more wells is that the
degree of possible multiplexing can be reduced (i.e., reducing the
variety or number of assay endpoints that can be evaluated with
material from a single well). This may be mitigated in some cases by
increases in the total biological material per plate (instead of per
well) when more wells are added, but this increase is not universal.
The relationship between well size and number of wells per plate,
and its implications for assay scale, multiplexing, and throughput,
should be considered on a case-by-case basis. Further, there are edge
effects related to mucociliary phenotype when culturing
reconstituted tissues in wells, where mucociliary phenotype is not
maintained close to the edge of culture wells. The participants’
opinion was that at this time, culturing in 96-well plates while
retaining mucociliary phenotype is possible, but such cultures in
384-well plates primarily consist of phenotypes altered by these edge
effects. More research is needed to fully understand the extent of
edge effects. As such, different purposes may have a different

optimal choice of well size, driven by a balance between
throughput and assay scale/multiplexing.

6 Applications to human health risk
assessment

6.1 Importance of NAMs evidence
integration with other data in systematic
approaches

As noted in the Introduction (Section 1), respiratory irritation
was defined for this workshop as disruption of the ELF or epithelial
perturbation, but even this limited definition includes challenging
biological complexities. Therefore, broader biological understanding
of respiratory irritation will be critical in validating and creating
context for in vitro data, though the specifics of exposure in clinical
data may be unknown. These data should be integrated in a
systematic manner, leading to a coherent conceptual model in
the form of an IATA. Clear documentation of the methods
followed to obtain the in vitro data is essential to developing
confidence in the results and their reproducibility.

The translation between clinical and in vivo data to in vitro data
should be based on mechanistic understanding (informed where
possible by KEs and KERs in an AOP) relevant to both
physicochemical properties and respiratory irritation. A key
challenge will be quantifying the KERs, such as defining how
much cytotoxicity results in compensatory cell proliferation.
Another key concern of participants in this session was defining
criteria for a positive signal in vitro assays. Some suggested
approaches were to compare results with those obtained with a
reference chemical or spike a product with a known
respiratory irritant.

There was a consensus in the human health risk assessment
(HHRA) breakout group that participants would not be comfortable
using in vitro6 results alone for respiratory irritation risk assessment,
but many would use such data for screening or prioritization or as
part of the WOE, if the context of use is clear. For example, using
in vitro assays in an early tier for screening, and followed up by more
traditional tests in a tiered approach might be more acceptable for
certain purposes (e.g., regulatory submissions, exposure limit
derivation), while such follow up testing might not be needed for
internal assessment purposes. Some participants felt that
benchmarking the in vitro assay results relative to more
traditional tests may boost acceptance among users and
stakeholders. This could be accomplished by conducting an
in vitro assay for a chemical with existing animal data as has
been done historically. Others stated that the current state of the

6 It is recognized that other portions of this report note the importance of

considering in vitro data together with in silico data and AOPs, but the

consensus question was framed specifically in terms of use of in vitro data.

The framing of the question was intended to distinguish between the use

of in vitro data in the absence of broader biological understanding and the

growing opportunities for moving to in vitro testing when the underlying

biology is well-understood based on prior testing.
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science is that direct concordance of data from human cell-based
in vitro assays and animal data should not be expected, and any such
analysis should be conducted with caution (Van der Zalm et al.,
2022). Biological understanding of the processes leading to
respiratory irritation represented by direct cytotoxicity was
important in the development of a case study on an IATA for
using NAMs to refine an inhalation risk assessment for respiratory
irritation (OECD, 2022). Importantly, a FIFRA scientific advisory
panel (SAP) reviewing a case study of an in vitro approach for
refining a pesticide inhalation risk assessment indicated several
limitations with the use of cytotoxicity to represent respiratory
irritation (U.S. EPA, 2019a). The report also highlighted the need
for more data linking effects observed in in vitro systems with in vivo
exposure outcomes.

6.2 Dosimetry

Consideration of dosimetry will be critical for applying in vitro
methods to HHRA, including benchmarking the in vitro test
conditions to exposure in the in vivo use scenario. As described
in this section (Section 6.2), choice of the appropriate dose metric is
determined based on the chemical’s physicochemical characteristics
and the mechanistic step (e.g., MIE or KE) that is the basis for the
assay. This dose metric is then used to calculate the human
equivalent concentration (HEC), the concentration in air that
would result in the same dose to the target as was delivered in
the in vitro cell/tissue test system of interest, using in vitro to in vivo
extrapolation (IVIVE).

As noted in prior sections (Sections 3, 4), it is important to
distinguish the exposure concentration in air or liquid from the
internal dose achieved in the assay. The “target site exposure” in the
assay can refer to deposited or retained dose at the tissue, cellular, or
molecular level. The best dose measures (“metrics”) show a
correlation with toxicity, or at least with the response in the KE/
endpoint being measured. The definition of dose will be key for
appropriate dosimetry. When choosing a dose metric for use in the
in vitro assay, the scale of the metric should be the same as the
observation or the KE used (NASEM, 2017). Internal dose is
strongly preferred over external exposure whenever possible.
Typically, the internal inhaled dose will be what is delivered to
the epithelium, or preferably, the intracellular dose, similar to that
used in the in vivo assays. This can be normalized to surface area, or,
if the MOA or other evidence points to a specific effector cell, dose
could be normalized to the number of effector cells (e.g., the number
of alveolar macrophages). More generally, for effects in tissues, dose
could be based on how many cells are in that tissue; for cellular
effects, the dose metric should be intracellular dose.

The goal of the dosimetric adjustment is to integrate in vivo and
in vitro data to systematically account for how physicochemical
properties (e.g., particle size, solubility) and product form (e.g.,
spray, mist, or fog) interact with differences in exposure systems or
exposure regimen, respiratory tract anatomy, and physiology (e.g.,
breathing mode and ventilation activity pattern) to determine the
“target site exposure.” Depending on the cell/tissue test system, a
variety of different parameters and processes determine the relevant
target site exposure. These include protein binding, degradation,
metabolism, partitioning, particle size and density, and solubility for

cell cultures, and aerosol properties, deposition, uptake, solubility,
and agglomeration for ALI systems that utilize cloud rather than
liquid exposures (see Figure 4). These various processes mean that
the amount of chemical added to a cell or tissue culture does not
necessarily directly translate to a dose delivered to the cell/tissue.
Thus, while the target site exposure typically is not measured, it is
important for coherent evidence integration across experimental
platforms in the calculation of the HEC to account for differences
between the amount of chemical added to the culture and the actual
target site exposure. The same deposition mechanisms occur in air
and in liquid media and can be addressed quantitatively. It is also
necessary to account for the viscosity of fluid, and whether the fluid
is flowing or static. All these elements affect the in vitro
toxicokinetics (TK) and can factor into the uncertainty factors
selected (see Section 6.4).

Characterizing and reporting the determinants of dose will also
be important. The choice of dose metric is informed by the level of
biological organization of KE (e.g., molecular, cellular). It is possible
to select any dose-response relationship along an AOP, based on
where there is the most confidence in the causal relationship of KE to
adverse outcome (AO). Alternatively, the specific KEs may not be
known, but risk assessors will still want to know the internal/
intracellular dose. This dose then needs to be scaled
appropriately to the HEC based on the dose metric of choice,
such as the delivered or intracellular dose per unit area for
cytotoxicity related to the internal inhaled dose of the relevant
region of the respiratory tract and its surface area. CFD or CFPD
models can refine these relationships to localized cell types
if relevant.

The choice of specific dosimetry model will be determined by
the in vitro cell/tissue test system and the physicochemical
properties of the test article. The in vitro sedimentation,
diffusion, and dosimetry model (ISDD; Hinderliter et al., 2010)
and in vitro sedimentation, diffusion, dissolution, and dosimetry
model (ISD3; Thomas et al., 2018) are for submerged test systems;
the latter includes dissolution (e.g., for when the ion is the toxic
form). CFD or CFPD models can predict localized flux or
localized particle deposition from in vivo gas or aerosol
exposures (Corley et al., 2015; Corley et al., 2021; Lee et al.,
2022). Physiologically based pharmacokinetic (PBPK) models are
useful for considering systemic dose, and can address metabolism
(e.g., Tan et al. (2020), OECD (2023)). Hybrid CFD-PBPK models
can address respiratory tract tissue metabolism (Schroeter et al.,
2006) and predict localized internal doses such as the area under
the curve for parent compound or various metabolites in specific
regions. The MPPD model can be used to predict inhaled particle
deposition and clearance to estimate retained mass in humans,
rats, and mice (ARA (Applied Research Associates), 2024). The
U.S. EPA has developed its own version of the MPPD model (U.S.
EPA MPPD v2.0 2024) that underwent external expert peer
review; it is scheduled for release in 2024. In addition to the
capabilities of the version of MPPD released by Applied Research
Associates (ARA), the U.S. EPA version will be able to address
clearance in the head, has revised clearance rates using more data
for rodents (rats and mice), and includes adjustment capabilities
for hygroscopicity and solubility. Participants noted that at this
time, there are not yet any adequate dosimetry models for ALI
exposure systems.
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Participants identified several uncertainties around dosimetry
and in vitro cell/tissue test systems for respiratory irritation. One
uncertainty was the impact of a lack of clearance in vitro. There was
discussion, but no resolution, regarding whether in vitro test systems
can be considered a worst-case scenario in the absence of clearance.
For example, retained dose represents an accumulation over time
that does not occur in vitro. Participants also questioned whether
cumulative dose considerations would apply in the absence of
clearance in vitro test systems. Another uncertainty was the
impact of washing and recovery in the in vitro test systems.
Conversely, the in vitro test system may not have the appropriate
enzymes for metabolism, depending on the cell types used (e.g.,
carboxylesterase is highest in nasal tissue and lower in the lower
respiratory tract), though metabolism might be less important for
direct contact irritation, which is often related to reactivity of the
parent chemical. Another consideration is that, while in vitro
respiratory irritation models are frequently applicable only to the
upper or conducting airway (e.g., use bronchial epithelial cells),
in vitro respiratory irritation models should also consider the lower
airway. Some participants in the broader workshop suggested some
of this can be handled with the application of uncertainty factors
(UFs); other participants suggested that UFs are an acceptable
default in the absence of additional information, but that further
characterizing uncertainty or variability might be preferred for some
purposes. Using in vitro cell/tissue test systems to characterize
variability was discussed in Section 4.2. Finally, uncertainties
remain regarding other aspects affecting the dose, such as how to
account qualitatively and quantitatively for the test article binding
with the plate equipment.

6.3 Identifying the point of departure for
dose-response analysis

Benchmark dose (BMD) modeling is preferred over the No
Observed Adverse Effect Level/Lowest Observed Adverse Effect
Level (NOAEL/LOAEL) approach to dose-response analysis,
because the latter is dependent on study design and doses chosen
(U.S. EPA, 2012; EFSA Scientific Committee et al., 2022). In
standard BMD modeling, each relevant endpoint is modeled
separately, with the effect level based on the benchmark response
(BMR), a predetermined change in the level of response. The TRV7

or exposure limit is then based on determining the most sensitive
relevant BMD (or, typically, the 95% lower confidence limit on the
BMD, the BMDL) and dividing this point of departure (POD) by
appropriate UFs. Thus, there are three key decision points in
deriving TRVs: (1) identifying the appropriate degree of change
for the BMR, (2) choosing the appropriate mathematical model(s),
and (3) applying appropriate UFs. The first two decision points are
discussed in this section (Section 6.3), while UFs are discussed in
Section 6.4. As described in the previous section (Section 6.2),
dosimetric adjustments or other adjustments to the POD may
also be needed to match the experimental exposure conditions

and physiology/biology to the exposure scenario of interest
(United States Environmental Protection Agency, 1994;
NASEM, 2017).

There was a general agreement among participants in the HHRA
breakout session that there is a need to evaluate the visual fit to the
data from multiple mathematical models and statistically
demonstrate goodness of fit, though the specifics of how this
should be done were not discussed. One possibility is based on
the U.S. EPA BMD guidance: run three different statistical models
on each endpoint, demonstrate goodness of fit, and provide the
rationale for choice of model, including consideration of the Akaike
Information Criterion (AIC) (U.S. EPA, 2012). Alternatively, one
could run all relevant models available in the software being used.

The choice of the appropriate BMR (which ultimately
determines the POD) is challenging (Haber et al., 2018). There is
a lot of uncertainty in defining adverse responses in vitro, as well as
uncertainty related to technical issues in the assays. It is necessary to
understand what causes variability in responses in vitro to determine
the appropriate BMR. This necessity was discussed in more detail in
Section 4. In making this choice, there are a few options and issues to
consider. The BMR could be based on a change of one standard
deviation from the mean of the reference group or it could be related
to the degree of change considered adverse (related to severity). The
BMR is likely to be different for different endpoints. Many questions
remain for how to systematize an approach to choosing a POD for
in vitro assays. Some participants noted the use of a BMR of a one
standard deviation change in the control mean in the OECD (2022)
case study, while others questioned whether this choice was
adequately supported. Several recent publications discuss
methods of integrating and using transcriptomic data for
regulatory purposes (Harrill et al., 2021a; Harrill et al., 2021b;
Harrill et al., 2019). Other recent publications that discuss ways
of conducting BMD modeling across various assays, often in the
context of transcriptomic data (e.g., Speen et al. (2022), Drake et al.
(2023)), may also provide insights into how to conduct BMD
modeling across multiple assays in a framework like the one
above, including evaluation of their relationship to the in vivo
POD. The need for quantitative AOP (qAOP) has been
emphasized to help improve IVIVE and integrate exposure and
key events in support of computational modeling and risk
assessment (Perkins et al., 2019).

Participants highlighted the importance of standards for
reporting data and analysis methods, echoing the importance of
GLP and GIVIMP highlighted earlier.

6.4 Uncertainty factors

Workshop participants considered the “classical” UFs used with
in vivo studies to provide an appropriate background on the use of
in vitro data in HHRA. Although different organizations vary in the
details of their approach to UFs, UFs related to human variability
(UFH) and interspecies extrapolation (UFA) are considered by most
organizations in standard risk assessments using in vivo data. Both
the interspecies and intraspecies variability includes uncertainty due
to data deficiencies and variability with respect to TK and
toxicodynamics (TD). Considerations include the nature of the
dosimetry adjustment (e.g., default or optimal model) and the

7 Note that the BMD is a point of departure that is divided by UFs to result in a

TRV, or health “benchmark.”
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need to account for variability of susceptible populations due to
differences in life stage, disease state, and other features. The U.S.
EPA also considers UFs related to (1) severity or nature of the
endpoint, or LOAEL to NOAEL extrapolation (UFL), (2) duration
extrapolation (UFS), and (3) database uncertainties (UFD), typically
related to comprehensiveness of the foundational data and questions
of whether the appropriate critical effect has been identified
(United States Environmental Protection Agency, 1994; U.S.
EPA, 2002). Other organizations may use different UFs but
consider the same general areas of uncertainty (Haber et al.,
2012). Where a specific regulatory organization has jurisdiction,
it is important to follow the approach of that organization.
Regardless of the approach used, documenting the rationale for
the choice of each UF provides needed transparency.

The U.S. EPA and other organizations partition the interspecies
and intraspecies UFs into TK and TD components, where chemical-
specific data can replace the default values for any of the subfactors
(e.g., intraspecies variability in TK) (IPCS, 2005; U.S. EPA, 2014).
Such partitioning for intraspecies variability can provide an
incentive to address the key questions needed to apply in vitro
data in HHRA. The discussion below presents perspectives on both
use of default approaches and on how available data can replace
defaults. Van der Zalm et al. (2022) addressed uncertainties and
issues needed to establish scientific confidence in NAMs more
broadly, which largely apply to NAMs for respiratory irritation
here. They highlight the importance of fitness-for-purpose,
reliability, relevance to human biology, independent review, and

transparent communication. The text below expands on
this approach.

6.4.1 UFA – interspecies extrapolation
Interspecies extrapolation typically addresses TK and TD

considerations to account for the differences between animals
and humans. The use of human cells or cell lines for in vitro
assays negates the need for interspecies extrapolation. However,
some workshop participants considered a new in vitroUF (discussed
below in Section 6.4.5) as analogous to the extrapolations involved
with applying interspecies UF (e.g., the degree of dosimetry
adjustment to characterize the TK determinants of the exposure
system, and the reliability and utility of the cell/tissue model as
relevant to the in vivo target tissue).

6.4.2 UFH – intraspecies variability
Participants agreed that it is useful to continue to divide this UF

into default subfactors of 3 each for TK and TD. These subfactors
reflect the need to address population variability in ADME and in
response (TD) with cell/tissue models from a small number of
individuals. Other related uncertainties include consideration of
whether the human cells are from immortalized cell lines or
primary cells, as well as the adequacy of the number of
replicates, and the resulting impact on estimates of central
tendency and variability. It was noted that chemical-specific data
can replace the default subfactors, and determining the primary
causes of variability can help to refine the subfactors.

FIGURE 4
Chemical characteristics, experimental parameters, and mechanistic processes that affect delivered dose. (NASEM, 2017). Note that in 2017, at the
time of theNASEM report, lung on a chip used liquid exposure, but advances since thenmean that lung on a chip is nowmore frequently done at ALI, so air
concentration would be the exposuremetric. In addition, note that “particle properties” includes particle size distribution, and this characteristic is among
those determining deposition, and therefore absorption, in the whole animal and human systems.

Frontiers in Toxicology frontiersin.org21

Haber et al. 10.3389/ftox.2024.1431790

113

https://www.frontiersin.org/journals/toxicology
https://www.frontiersin.org
https://doi.org/10.3389/ftox.2024.1431790


Understanding population variability in the dose metric of
interest for a given exposure level can address intraspecies TK,
and donor variability in the response for a given dose (using the
appropriate dose metric) addresses intraspecies TD (e.g.,
McCullough et al. (2016), Bowers et al. (2018), Bowers et al.
(2021)). In using donor samples to characterize population
variability (Section 4.2) and replace the default factor for
intraspecies TD, it would be important to test an adequate
sample size, and to ensure that potential sensitive populations are
included. It should also be noted that total variability reflects a
combination of sampling variability, technical variability, and
population variability (Rusyn et al., 2022). It will also be critical
to demonstrate that inter-individual variability in exposure
outcomes in primary cell-based respiratory tract models is a
biological characteristic that is reproducible over time and not
just the cumulative impact of technical variation across different
exposure experiments. Note that the individual subfactors are not
intended to capture the entire range of population variability.
Rather, they reflect the range from a measure of central tendency
(e.g., the mean) to a high percentile (e.g., 95th) on the sensitive end of
the distribution (IPCS, 2005; U.S. EPA, 2014). Another perspective,
based on a case study on use of an IATA for a respiratory irritant,
was that variability in ADMEwas likely to have minimal impact for a
direct-acting irritant, and so the UF for intraspecies TK could be
reduced to 1 (OECD, 2022). These two perspectives are not
necessarily mutually exclusive, though there may be
disagreements about precisely when it is appropriate to reduce UFH.

6.4.3 UFL – severity
UFL is usually set to 1 with the use of a BMDL (Haber et al.,

2018). Participants discussed uncertainty in how this should be
handled in relation to the challenge of selecting appropriate BMR
levels for in vitro assays. As noted in Section 6.3, it is not clear what
an in vitro BMR should be, and the appropriate BMR may vary by
assay. Some of the early literature on choice of BMR for
dichotomous and continuous in vivo endpoints may inform such
decisions for in vitro endpoints (Faustman et al., 1994; Allen et al.,
1994a; Allen et al., 1994b; Kavlock et al., 1995).

6.4.4 UFS – duration (classically, subchronic
to chronic)

Participants generally agreed that the UFS should be 1 if the
duration of assay is comparable to the duration indicated in the
problem formation. Depending on the MOA and whether response
increases with exposure duration, UFS may need to be larger than
1 for repeated and/or episodic exposures. For example, mild
irritation may be driven by concentration, not cumulative
exposure, while irritation that results in tissue damage and
remodeling increases with exposure duration. The exact
magnitude of UFS for various endpoints remains to be decided.

6.4.5 UFIV – in Vitro UF
Some participants in the HHRA breakout proposed a new

in vitro UF to address the uncertainty of using in vitro testing as
surrogate for in vivo testing. In part, this new UF is analogous to the
interspecies UF and would need to reflect both TK and TD
uncertainties related to IVIVE. Additionally, this UF would
address other uncertainties, such as the connections between KE

and AO, and howwell an in vitro cell/tissue test system can represent
in vivo human response. There was some disagreement among the
broader workshop participants about the necessity of the in vitroUF.

Those in favor of this new UF suggested it could be modeled
after the interspecies UF, with default subfactors of 3 each for TK
and TD uncertainties. The TK subfactor would address uncertainties
in differences between in vitro and in vivo dosimetry, as well as the
quality of the dosimetry adjustment applied, while the TD factor
would address differences in response. Areas of uncertainty and
variability specific to in vitro systems include issues related to the
choice of target system surrogate, target tissue specificity and
variability, spatial representation and variability, and metabolic
competence and variability. Specific TK considerations include
issues related to (1) the in vitro delivery mechanisms, (2) well
and insert sizes, (3) reactivity of the generation/exposure system
with physicochemical properties of the test substance, (4) relevance
to target exposure scenario, and (5) cell/tissue system specifications.
TD considerations include issues related to consideration of (1) the
intended application of the assay relative to the effect or KE it
represents, (2) the degree of verification of the assay; (3) target
response level (BMR); and (4) existence of performance standards.

Appropriate data could be used to modify default subfactors
when available. For example, a submerged cell culture with ISDD
addresses dosimetry, and thus the in vitro TK is addressed. Similarly,
if CFD is used to perform IVIVE for an ALI exposure with
appropriate scale up to an HEC, it may not be necessary to apply
additional dosimetry adjustments. However, it would be necessary
in these cases to characterize the determinants of dose or to
recognize that as an uncertainty. In addition, the TD component
would need to be addressed by how well the in vitro test system
captures issues of susceptible populations.

Those opposed to an in vitro UF noted that the OECD (2022)
case study did not include an in vitro UF. They argued that other
aspects of in vitro testing, such as the absence of clearance,
compensate for the IVIVE, and thus they believe that an in vitro
uncertainty factor would not be required. Others felt that the
absence of biologically-relevant ADME including clearance
processes (M and E) increases uncertainty compared to an in
vivo experiment. This premise raised the issue of whether in vitro
cell/tissue test systems are always conservative from the dose
perspective. Exposure is dynamic in vivo. This dynamic aspect is
not reflected in vitro, but other aspects of dosimetry are often not
well-characterized. For example, in vitro, the chemical is often
sticking to the plate, meaning that the delivered dose is less than
expected based on the applied dose.

The question was also raised about how well a single assay, or
even a battery of assays, can address the respiratory tract as a system.
In addition to uncertainties about the respiratory tract, uncertainties
about systemic effects were also noted. Such uncertainties could be
part of this UF or UFD, but such issues were beyond the scope of
the workshop.

6.4.6 UFD - database
The database uncertainty factor addresses whether the correct

endpoint is being considered (i.e., whether the NAM provided
comprehensive coverage of potential toxicity). In other words,
UFD addresses whether all of the assays conducted provide
adequate confidence that all relevant potential effects have been
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considered and the appropriate endpoint is being used for the POD.
A single assay will be unable to do this, although it may be possible
with a specified battery of assays. Further, it is not clear how the
possibility of systemic effects should be considered.

It is uncertain at this point whether the proposed in vitro UF
would address coverage, or whether a separate UFD is needed. There
is a possibility of overlap between the two if a battery of assays is
deployed, so it is not clear whether the two factors should be
conceptualized separately. Others felt that the in vitro and
database factors represent separate areas of extrapolation.

7 Conclusion

Although the purpose of this workshop was not necessarily to
reach consensus among workshop participants, several key themes
emerged frommultiple breakout groups. These key themes often led
to recommendations for next steps. Common themes included.

• Some of the challenges related to characterizing respiratory
irritation are not unique to in vitro cell/tissue test systems and
are shared with in vivo models. These challenges include
ensuring intra- and inter-laboratory reproducibility and
ensuring that both assays and controls perform as expected.
Variability in exposure (both real-world and in experimental
systems), in vitro test systems, and human populations need to
be characterized and understood.

• The nature of the assessment informs the choice of
experimental exposure system, the in vitro cell/tissue test
system and method, and the use of the data to inform
human health assessments. Assessments can be categorized
as (1) qualitative screening-level hazard identification, (2)
industry semi-quantitative or qualitative risk assessment,
and (3) deriving a TRV or a quantitative risk assessment
conducted for the purposes of regulatory acceptance. The
burden of proof increases sequentially across these
assessment types.

• The physicochemical properties of the cleaning product
ingredient or formulation can guide the choice of both the
exposure system and in vitro cell/tissue test system. A
literature survey/review to identify how the
physicochemical properties influence the selection of
exposure method and cell/tissue test system is
recommended as a key step towards characterization and
standardization of exposure and cell/tissue test
system methods.

• Building confidence in the use of NAMs requires use of all
available data–in vivo data from clinical studies and animal
data, in vitro data, and in silico analyses/data–to create context
and a better basis for understanding and inference.

• Systematic integration of NAM data with other data (existing
in vivo data from humans and animals, mechanistic data, in
silico data, etc.) into a coherent conceptual model or an IATA
is critical. The NAMs being evaluated will usually be linked to
specific KEs, although a fully described AOP is not necessary.

• Consideration of dosimetry and identification of an
appropriate dose metric(s) are essential. It is important to
coordinate the choice and measurement of dose metric across

the experimental exposure system, in vitro cell/tissue system,
and quantification approach.

• Characterization of assay methods and standardization of
reporting is needed and will facilitate the use of data from
assays for a range of applications. Until reporting standards
are developed, it is important to document all elements of
experimental systems to aid in reproducibility and in
determining which design elements have important impacts
on the results. It is important to note that exposure
concentration for an exposure at ALI is not an appropriate
dose metric given that deposition efficiencies vary across ALI
exposure systems and are influenced by the physicochemical
properties of the test article. Similarly, nominal solution
concentration in liquid dosing does not reflect the impact
of various factors (e.g., molecular diffusivity, volatility) that
influence the exposure of the cells in the in vitro system to the
test article.

• A tiered approach (such as one like the illustrative example
outlined in Section 5.1) is recommended to help make the
complex problem of in vitro testing for respiratory irritation
by cleaning products tractable. Consideration of
physicochemical properties, together with in silico analyses,
is important in early tiers. Further work is needed to develop
the tiering, including the specifics of the decision logic.

• Many of the elements of developing risk values from in vivo
data can be applied to NAMs. For example, BMD modeling is
preferred over the NOAEL/LOAEL approach for dose-
response analysis, although more research is needed
regarding the choice of the BMR.

• The UFs used for in vivo assessments can also be adapted for
use with NAMs. There was general agreement that the use of
human cells removes the need for an interspecies factor,
although other aspects of IVIVE need to be considered.
Dividing the human variability UF into TK and TD
subfactors can provide an incentive for obtaining data to
address key questions and replace subfactor defaults with
chemical-specific data. Additional research is needed
regarding a database UF for adequacy of assay or test
battery coverage, and whether a separate UF is needed to
address uncertainties related to using in vitro testing as a
surrogate for in vivo testing.

• There is a need for cross-sector collaboration on
characterization/standardization and framework
development. Engagement from industry, non-
governmental organizations (NGOs) and non-profits,
consultants, and government agencies will be needed,
including those with laboratory expertise and those
experienced in the application of such data. This
collaboration should consider the different requirements for
different types of assessments (e.g., screening versus
regulatory-related).

• There will need to be sponsorship and funding for a
characterization/standardization effort, from multiple
organizations.

• It is important to recognize that buy-in and characterization/
standardization requires an ongoing, collaborative effort; a
high-quality paper or presentation at a meeting does not
automatically lead to standardization without further support.
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Glossary
ACI American Cleaning Institute

ADME absorption, distribution, metabolism and elimination

ALI air-liquid interface

AOP adverse outcome pathway

BMD benchmark dose

BMDL 95% lower confidence limit on the BMD

BMR benchmark response

CBF ciliary beat frequency

CFD computational fluid dynamics

CFPD computational fluid particle dynamics

2D two dimensional

3D three dimensional

DA defined approach

ECHA European Chemicals Agency

ECM extracellular matrix

ELF epithelial lining fluid

EU European Union

DA defined approach

FIFRA Federal Insecticide, Fungicide and Rodenticide Act

GIVIMP Guidance Document on Good In Vitro Method Practices

GLP Good Laboratory Practices

GSD geometric standard deviation

HEC human equivalent concentration

HHRA human health risk assessment

hPCLS human precision cut lung slices

IATA integrated approach to testing and assessment

ICRP International Commission on Radiological Protection

ISDD in vitro sedimentation, diffusion, and dosimetry model

IVIVE in vitro to in vivo extrapolation

KE key event

KER key event relationship

LOAEL lowest observed adverse effect level

MMAD mass median aerodynamic diameter

MPPD multiple-path particle dosimetry

MIE molecular initiating event

MOA mode of action

MTT 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide

NAM(s) new approach methodologies

n.d. no date

NOAEL no-observed-adverse effect level

NRC National Research Council

OECD Organisation for Economic Co-operation and Development

OSHA Occupational Safety and Health Act

PBPK physiologically based pharmacokinetic

PET polyester terephthalate

POD point of departure

PPE personal protective equipment

QCM quartz crystal microbalance

REACH Registration, Evaluation, Authorisation, and Restriction of Chemicals

RfC Reference Concentration

RH relative humidity

RHuA reconstituted human airways

SOP standard operating procedure

TD toxicodynamic(s)

TK toxicokinetic(s)

TRV toxicity reference value

TSCA Toxic Substances Control Act

UF uncertainty factor

WOE weight of evidence
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Evaluation of a non-animal
toolbox informed by adverse
outcome pathways for human
inhalation safety

Renato Ivan de Ávila1, Iris Müller1, Hugh Barlow1,
Alistair Mark Middleton1, Mathura Theiventhran1, Danilo Basili 1†,
Anthony M. Bowden1, Ouarda Saib1, Patrik Engi1,
Tymoteusz Pietrenko1, Joanne Wallace2, Bernadett Boda3,
Samuel Constant3, Holger Peter Behrsing4, Vivek Patel4 and
Maria Teresa Baltazar1*
1Safety, Environmental and Regulatory Science (SERS), Unilever, Colworth Science Park, Sharnbrook,
Bedfordshire, United Kingdom, 2Charles River Laboratories, Edinburgh, United Kingdom, 3Epithelix Sarl,
Plan-les-Outes, Switzerland, 4Respiratory Toxicology Program, Institute for In Vitro Sciences, Inc.,
Gaithersburg, MD, United States

Introduction: This work evaluated a non-animal toolbox to be used within a
next-generation risk assessment (NGRA) framework to assess chemical-induced
lung effects using human upper and lower respiratory tract models, namely
MucilAir™-HF and EpiAlveolar™ systems, respectively.

Methods: A 12-day substance repeated exposure scheme was established to
explore potential lung effects through analysis of bioactivity readouts from the
tissue integrity and functionality, cytokine/chemokine secretion, and
transcriptomics.

Results: Eleven benchmark chemicals were tested, including inhaled materials
and drugs that may cause lung toxicity following systemic exposure, covering
14 human exposure scenarios classified as low- or high-risk based on historical
safety decisions. For calculation of bioactivity exposure ratios (BERs), obtained
chemical-induced bioactivity data were used to derive in vitro points of
departures (PoDs) using a nonlinear state space model. PoDs were then
combined with human exposure estimates, i.e., predicted lung deposition for
benchmark inhaled materials using multiple path particle dosimetry (MPPD)
exposure computational modeling or literature maximum plasma
concentration (Cmax) for systemically available benchmark drugs.

Discussion: In general, PoDs occurred at higher concentrations than the
corresponding human exposure values for the majority of the low-risk
chemical-exposure scenarios. For all the high-risk chemical-exposure
scenarios, there was a clear overlap between the PoDs and lung deposited
mass and Cmax for the benchmark inhaled materials and therapeutic drugs,
respectively. Our findings suggest that combining computational and in vitro
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new approach methodologies (NAMs) informed by adverse outcome pathways
(AOPs) associated with pulmonary toxicity can provide relevant biological coverage
for chemical lung safety assessment.

KEYWORDS

inhalation risk assessment, lung exposure modelling, lung toxicity, new approach
methodologies, nonanimal testing, point of departure, bioactivity exposure ratio

1 Introduction

Unlike nebulized pharmaceuticals which are inhaled for
therapeutic reasons, consumer spray products (e.g.,
antiperspirants, hairsprays, cleaning sprays) do not need to be
inhaled to perform their function but may lead to unintentional
inhalation exposure during normal daily use. It is therefore
important for the safety assessment of such consumer products
to consider the potential for ingredients to cause adverse effects in
the lung under the conditions of product use. Lung hazard data have
historically been obtained by performing testing in animals. In the
case of inhaled materials, animal data have been taken from studies
that consist of exposing rodents to chemicals in whole-body or nose-
only systems, such as rodent acute (OECD, 2009a; OECD, 2009b;
OECD, 2018c), 28-day subacute (OECD, 2018a), and 90-day
subchronic (OECD, 2018b; US EPA, 1998) inhalation toxicity
studies from which no observed effect concentration (NOEC) or
no observed adverse effect concentration (NOAEC) are derived to
inform human health inhalation risk assessments (Ramanarayanan
et al., 2022).

In vivo studies have been used in risk assessment for many
decades. However, it is clear that significant uncertainties arise from
using animal data in the prediction of human toxicity responses due
to anatomical, physiological, and biochemical differences between
rodent and human respiratory systems and differences in breathing
patterns (Cao et al., 2021; Clippinger et al., 2018b). Additionally,
ethics related to animal welfare, and changes in the legislation in
several geographies have motivated the development of more
human-relevant tools and approaches that do not rely on the
generation of new animal data to test chemicals (Brescia et al.,
2023; Fentem, 2023). For example, animal testing of cosmetic
ingredients has been banned in the European Union (EU) since
2009 (European Union, 2009). Other legislation, including the
REACH (Registration, Evaluation and Authorization of
Chemicals) regulation in the EU, also clearly states that
registrants should only use animal testing as a last resort to
obtain chemical hazard and safety information (European
Commission, 2006).

In this context, recent research anchored in human-relevant
science has focused on developing human-relevant in silico and
in vitro tools and approaches (New Approach Methodologies,
NAMs) that can be employed, together with existing information,
within the next-generation risk assessment (NGRA) of materials to
assess the risk of lung toxicity (Bedford et al., 2022; Clippinger et al.,
2018b; Corley et al., 2021; OECD, 2022; Ramanarayanan et al., 2022;
Stucki et al., 2022). NGRA aims to conduct safety assessments that
are “human-relevant, exposure-led, hypothesis-driven and designed
to prevent harm” (Dent et al., 2018). Therefore, NGRA focus on
determining whether a substance triggers in vitro bioactivity at

human-relevant concentrations and, consequently, adverse health
effects, in lieu of replicating apical endpoints that would traditionally
be obtained using high-dose animal studies (Baltazar et al., 2020;
Dent et al., 2021; Middleton et al., 2022; OECD, 2017; Thomas et al.,
2019). NGRA uses information from NAMs and conservative
decision-making to protect human health, aligning with the way
regulatory decision-making has been conducted using traditional
approaches (Browne et al., 2024).

Inspired by the NGRA concepts applied to other safety areas,
such as systemic toxicity (Middleton et al., 2022), skin sensitisation
(Gilmour et al., 2020; Gilmour et al., 2022), and development and
reproductive toxicity (DART) (Rajagopal et al., 2022), we developed
a strategy for inhalation safety assessment of consumer goods which
considered the context of use (i.e. product formats and duration of
application), the exposure of the ingredients to the respiratory tract
(regional lung deposition/dosimetry), the types of ingredients of
interest (e.g., polymers, preservatives) and the associated potential
human adverse effects (e.g., lung inflammation and fibrosis)
(Figure 1). The two main product formats are pressurised
propellant-driven aerosols (e.g., antiperspirants and hairsprays)
and pump/trigger sprays (e.g., hair and household cleaning
products) which may be used daily through multiple
applications. These two product formats produce different
particle/droplet size distribution patterns. For example,
pressurised propellant-driven aerosol hairsprays generally
produce droplets with mass median aerodynamic diameters
(MMAD) in the range of 2–7 μm, whereas hair pump sprays
generate MMADs in the region of 5–15 µm. Given this
difference, it is important to understand the realistic human
exposure scenarios and then estimate the respiratory tissue
dosimetry of materials potentially inhaled from these products.
The predicted regional lung deposition using computational
models, such as the multiple path particle dosimetry (MPPD)
(https://www.ara.com/mppd/), can differ between these two
formats, with pressurised propellant-driven aerosols leading to
alveolar (particles < 7 µm), tracheobronchial and head (nasal and
pharynx) exposures, whereas pump/trigger sprays mostly lead to
distribution in tracheobronchial and head regions.

The current mechanistic understanding behind chemically-
induced respiratory adverse effects through adverse outcome
pathways (AOPs) can facilitate the establishment of appropriate
NAM-based toolboxes with broad coverage of bioactivity readouts/
biomarkers relevant to inhalation hazards which can provide in vitro
point of departures (PoDs). In turn, in vitro PoDs and exposure
estimates can be combined into a single metric to understand safe
levels in humans, i.e., the bioactivity exposure ratio (BER), also
known as margin of safety or margin of exposure (Health Canada,
2021; Middleton et al., 2022; Paul Friedman et al., 2019; Reardon
et al., 2023; Wetmore et al., 2015).
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In this pilot work, we aimed to investigate the feasibility of
defining an NAM toolbox for lung toxicity assessment using two
commercial 3D reconstructed human lung models to represent the
upper and lower respiratory tract, namely MucilAir™-HF and
EpiAlveolar™ systems, respectively. The different bioactivity
readouts (from which PoDs are derived) are mixture of readouts
directly mapped into the AOPs relevant for lung toxicity (specific)
and non-specific bioactivity. For example, specific lung biomarkers
such as cilia beating frequency or mucin secretion were selected, in
comparison to general markers of cell integrity and transcriptomics.
Both are intended to be used in a protective manner, i.e. they
represent a measure of bioactivity that can be used in an
exposure-led safety assessment (Cable et al., 2024). To investigate
the feasibility of these assays to provide protective PoDs and BER
estimates, a panel of benchmark chemicals, selected based on

historical safety decisions and covering several human exposure
scenarios (e.g., consumer goods products and occupational use
scenarios), was tested.

2 Materials and methods

2.1 Human-relevant strategy for selecting
NAMs for lung toxicity NGRA

The selection of NAMs for use in risk assessments for both acute
and chronic lung toxicity was informed by an extensive knowledge
of product use and human exposure, as previously mentioned
(Figure 1). The aim was to identify assays that provide broad
biological coverage of the key adverse outcomes across the upper

FIGURE 1
Human-relevant strategy for inhalation safety assessment recommendedwithin next-generation risk assessment (NGRA). The strategy is structured
around the context of use (i.e. product formats and duration of application), exposure to the respiratory tract (regional lung deposition), the types of
chemicals of interest (e.g., polymers, preservatives) and the associated potential adverse effects. The two main product formats are pressurised
propellant-driven aerosols (e.g., antiperspirants and hairsprays) and pump/trigger sprays (e.g., hair and cleaning products). These two product
formats produce different particle/droplet size distribution patterns. The predicted regional lung deposition using the multiple path particle dosimetry
(MPPD) will differ between these two formats, with pressurised propellant-driven aerosols leading to alveolar (particles < 7 µm), tracheobronchial and
head (nasal and pharynx) exposures, whereas pump/trigger spraysmostly lead to distribution in tracheobronchial and head regions. The selection of new
approach methodologies (NAMs) to assess inhalation toxicity was informed by this extensive knowledge of product use and human exposure. The
establishment of a comprehensive NAM toolbox relied on adverse outcome pathways (AOPs) associated with inhalation toxicity. Several adverse
outcomes stem from a commonmolecular initiating event (MIE), which is the interaction of chemicals with lung cells, and involve similar intermediate key
events (KEs). Based on this, pulmonary inflammation/fibrosis, impairment of mucociliary clearance (MCC), lung surfactant inhibition, and alveolar
clearance were prioritized as the key endpoints of concern. This study focuses on evaluating the NAM toolbox for only two of these endpoints -
impairment of MCC and pulmonary inflammation/fibrosis using upper (MucilAir™-HF) and lower (EpiAveolar™) respiratory tractmodels. ahttps://aopwiki.
org/aops/148 bhttps://aopwiki.org/aops/173/OECD Series on AOP No. 33 (Halappanavar et al., 2023) chttps://aopwiki.org/aops/302 dhttps://aopwiki.
org/aops/303.
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FIGURE 2
Schematic illustration of the upperMucilAir™-HF and lower EpiAveolar™ respiratory tractmodels, testmaterial exposure, study design and selection
of bioactivity readouts aligned to adverse outcome of pathways (AOPs)/endpoints of interest. (A) MucilAir™ model (Epithelix, Geneva, Switzerland) is a
commercial air-liquid interface system composed of primary human cells that are differentiated into a ciliated pseudostratified respiratory epithelium
with barrier function, including ciliated, basal, and goblet cells that produce mucus. (B) EpiAlveolar™ model (MatTek Corporation, Ashland, MA,
United States) is a commercial air-liquid interface system composed of human primary alveolar epithelial cells, fibroblasts, endothelial cells, and
macrophages and have shown to replicate biological responses to known pro-fibrotic compounds after sub-chronic exposures (C) Both models are
stable for extended periods and allows for single or repeated exposure, either via liquid application or a nebulization system. The nebulization process
occurs during 3–5min through test material-containing cloud emission, homogeneousmixing, and droplets gravitational settling phases. (D) For toxicity

(Continued )
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(nose to larynx) and lower (trachea to alveoli) respiratory tract to
support risk assessments that will protect the exposed human
population. The establishment of a comprehensive NAM toolbox
was anchored in several AOPs associated with lung toxicity
(Clippinger et al., 2018a; Clippinger et al., 2018b; Halappanavar
et al., 2020; Luettich et al., 2021; Luettich et al., 2017), details of
which can be found on the virtual platform for the development and
storage of AOPs (https://aopwiki.org/). Literature shows that several
adverse outcomes can stem from a common molecular initiating
event (MIE), defined as the initial interaction between a molecule
and a biomolecule or biosystem that can be causally linked to an
outcome via a pathway (Allen et al., 2014). This common MIE
occurs at the level of the epithelial lung cells, and the AOPs also
involve similar intermediate key events (KEs) (Halappanavar et al.,
2020). Based on this, pulmonary inflammation/fibrosis, impairment
of mucociliary clearance (MCC), lung surfactant inhibition, and
alveolar clearance can be highlighted as the key endpoints of concern
for inhaled materials (Figure 1). This paper focuses on our
preliminary evaluation of the NAM toolbox for KEs linked to
only two of these adverse effects - impairment of MCC and
pulmonary fibrosis in upper and lower respiratory tract,
respectively, considering that these regions are generally the most
sensitive targets to chemicals in which humans may be repeatedly
exposed via inhalation (Escher et al., 2010).

MCC plays a vital role in the innate immune defence against
airborne pathogens and inhaled xenobiotics. The protective mucous
layer, the airway surface liquid layer, and the cilia on the surface of
ciliated cells are the key functional components responsible for this
process. Any disturbance in the processes regulating these
components can lead to MCC dysfunction. This dysfunction has
been associated with the development of lung diseases such as
chronic obstructive pulmonary disease (COPD) and asthma,
which pose a significant risk of increased morbidity and
mortality. AOP 148 (https://aopwiki.org/aops/148) outlines the
mechanism by which exposure to inhaled toxicants can lead to
mucus hypersecretion and subsequently affect pulmonary function
(Luettich et al., 2017). Later, Luettich et al. (2021) expanded AOP
148 further to include oxidative stress as an MIE, decrease cilia
beating frequency (CBF) and decrease MCC as KE6 and KE7,
respectively. To obtain bioactivity associated with the MIEs or
KEs outlined in both AOPs, the MucilAir™-HF model (Epithelix,
Geneva, Switzerland) was selected. This system is composed of
primary human cells that are differentiated into a ciliated
pseudostratified respiratory epithelium with barrier function,
including ciliated, basal, and goblet cells that produce mucus
(Huang et al., 2011) (Figure 2A). The model has been shown to
be stable for extended periods and allows for both single and
repeated substance exposure, either via liquid application or
nebulization system, and provides a realistic representation of the
route of administration of inhaled materials, using, for instance, the
Vitrocell® Cloud 12 system chamber (Vitrocell Systems Gmbh,

Waldkirch, Germany). Measurements of mucin secretion, CBF,
MCC, and a panel of cytokines/chemokines were taken at three
timepoints over a 12-day experimental period (Figures 2C–E).

Lung fibrosis is characterised by the progressive and irreversible
destruction of lung architecture caused by a dysregulated tissue
repair process (Wynn, 2011). AOP 173 (https://aopwiki.org/aops/
173), also summarized in the OECD Series on AOP No. 33
(Halappanavar et al., 2023), describes the relationship between
the initial interaction of a test material with components of the
resident lung cellular membrane (considered the MIE), and the
subsequent KEs triggered by the release of pro-inflammatory and
pro-fibrotic mediators that signal the recruitment of immune cells
into the lungs. If the chemical/stressor is not cleared effectively and/
or, in particular, if there is repeated exposure, the persistent
inflammation triggers to fibroblast proliferation and
myofibroblast differentiation, leading to synthesis and deposition
of extracellular matrix, such as collagen. In turn, excessive collagen
deposition results in alveolar septa thickening, decrease in total lung
volume and lung fibrosis (the adverse outcome). Pulmonary fibrosis
is a complex condition that is difficult to model in vitro because it
involves multiple cell types and typically develops over a prolonged
period after repeated exposures. Nevertheless, the objective here was
to evaluate a human tissue model that is intended to represent the
alveolar region and that can deliver a range of readouts critical in the
AOPs (Figures 2B–E). These readouts include the secretion of pro-
inflammatory and pro-fibrotic mediators, loss of alveolar membrane
integrity, and fibroblast/myofibroblast proliferation. When the
experiments were being planned, the EpiAlveolar™ model
(MatTek Corporation, Ashland, MA, United States) was deemed
the most favourable commercial option. This model includes human
primary alveolar epithelial cells, fibroblasts, endothelial cells, and
macrophages (Figure 2B) and had shown to replicate biological
responses to known pro-fibrotic compounds after sub-chronic
exposures (Barosova et al., 2020). Experiments with
EpiAlveolar™ model were conducted in two laboratories to
compare how the results vary across different testing facilities.

Finally, a series of well-known benchmark chemicals and
documented exposures that are known to be associated with or
without adverse effects in humans were selected for the evaluation of
the performance of each tissue model (Tables 1–3).

2.2 Test materials and exposure
scenario selection

For the evaluation of the upper and lower respiratory models,
two groups of test materials were selected: reference materials
and benchmark chemicals (Tables 1, 2). Reference materials were
selected to test whether the model was sensitive to chemicals
known to cause a specific effect in vitro as described in the
literature. Supplementary Table S1 describes in detail the

FIGURE 2 (Continued)

testing, tissueswere exposed to the testmaterials once a day repeatedly for 30min/6 h (for MucilAir™) or 24 h (for EpiAlveolar™) over 12 consecutive
days. (E) Several bioactivity readouts, that translate to substance-induced acute and chronic effects examinations, were investigated at different time
points over a 12-day experimental period by three laboratories.

Frontiers in Toxicology frontiersin.org05

de Ávila et al. 10.3389/ftox.2025.1426132

126

https://aopwiki.org/
https://aopwiki.org/aops/148
https://aopwiki.org/aops/173
https://aopwiki.org/aops/173
https://www.frontiersin.org/journals/toxicology
https://www.frontiersin.org
https://doi.org/10.3389/ftox.2025.1426132


supporting evidence for the 7 reference materials which can
trigger lung toxicity via different mechanisms, including
inflammation (e.g., LPS), oxidative stress (e.g., Acrolein), CBF
(e.g., Chlorocresol), and mucus production/viscosity changes
(e.g. CFTRinh-172). However, for the purposes of evaluating
NAMs for use in safety assessment, it is also necessary to
define exposure scenarios, that are associated either with no
effects in humans or have been reported to cause adverse
respiratory effects. This approach allows the evaluation of a
set of tools not only in the context of hazard but
incorporating exposure in the context of risk assessment
(Middleton et al., 2022). The underpinning hypothesis of this
benchmarking approach as an evaluation strategy is that the

magnitude of the BER (i.e., the ratio between bioactivity
expressed through in vitro PoD derivation and predicted
human exposure) is correlated with level of risk in humans. In
simple terms, for each benchmark chemical-exposure, a BER is
calculated by dividing the lowest in vitro PoD across all
bioactivity readouts by the predicted exposure (Middleton
et al., 2022; Paul Friedman et al., 2019). In principle, a NAM
toolbox is deemed successful if it is capable of distinguishing
between low- and high-risk exposure scenarios as a function of
the BER size.

The criteria used for the selection of benchmark chemicals
included the following: 1) a human exposure can be defined (e.g.,
inclusion level of a chemical in a given product type, and how it is

TABLE 1 Benchmark chemicals and reference materials used for the upper respiratory toxicity testing using MucilAirTM-HF systems.

Test materials CAS
no.

Abbreviation Solvent Exposure
methoda

Exposure
time/day

Tested
concentrations

Benchmark chemicals

AKEMI® anti-fleck super - Akemi Saline Aerosol 30 minb 1, 6, 12 μg/cm2

6 hc 6 μg/cm2

ACUDYNE™ DHR copolymer - Acrylate copolymer Saline Aerosol 30 minb 0.1, 10, 100 μg/cm2

6 hc 100 μg/cm2

Butyl ester of poly (methyl vinyl ether-alt-
maleic acid monoethyl ester) copolymer

- BE PVM/MA Saline Apical liquid 30 mind 0.1, 10, 100 μg/cm2

6 he 100 μg/cm2

Carboxymethylcellulose sodium salt 9004-32-4 CMC Saline Aerosol 30 minb 2.5, 5, 10, 100 μg/cm2

Coumarin 91-64-5 Coumarin Saline Aerosol 30 minb 0.5, 4.7, 9.4 μg/cm2

6 hc 4.7 μg/cm2

Polyhexamethyleneguanidine phosphate 89697-
78-9

PHMG Saline Aerosol 30 mind 0.8, 2.4, 4.8
µg/cm2

6 hc 2.4 μg/cm2

Reference materials

Nicotine 54-11-5 Nicotine Saline Aerosol 30 mind 0.04, 0.4, 4 μg/cm2

Lipopolysaccharide from Pseudomonas
aeruginosa 10

- LPS Saline Apical liquid 30 mind 0.2, 1.6, 16 μg/cm2

Aerosol 6 hc 1.6 μg/cm2

Benzalkonium chloride 63449-
41-2

BAC Saline Apical liquid 30 minb 0.1, 0.5, 5, 10 μg/cm2

Acrolein 107-02-8 Acrolein Saline Apical liquid 30 mind 500, 750, 1,000 µM

4-Chloro-3-methylphenol 59-50-7 Chlorocresol Saline Apical liquid 30 mind 1.3, 2.6, 26 μg/cm2

Isoproterenol hydrochloride 5984-95-2 Isoproterenol Medium Basal liquid 30 mind 1, 50, 100 µM

CFTRinh-172 307510-
92-5

CFTRinh-172 DMSO Basal liquid 30 mind 1, 10, 100 µM

Recombinant human TNF-α (carrier-free) - TNF-α PBS + FCS Basal liquid 30 mind 10, 50, 100 ng/mL

R,S-Sulforaphane 4478-93-7 Sulforaphane Saline Aerosol 30 mind 0.1, 1.4, 2.9 μg/cm2

6 hd 1.4 μg/cm2

aVolumes used for aerosol, apical liquid or basal liquid exposures were 0.47, 10 or 700 μL, respectively.
bMale healthy donor, 41 years (batch number MD072001); age of tissue culture: 53 days.
cMale healthy donor, 41 years (batch number MD072001); age of tissue culture: 81 days.
dFemale healthy donor, 56 years (batch number HF-MD078701); age of tissue culture: 42 days.
eMale healthy donor, 41 years (batch number MD072001); age of tissue culture: 67 days.
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used); 2) existing toxicological information (animal, human,
in vitro); and 3) evidence to support the high- or low-risk
classification for each chemical-exposure scenario pair based on
existing safety assessment and/or regulatory limits. For example, the
Research Institute for Fragrance Material (RIFM) reviewed the
safety of Coumarin and concluded it was safe to be used in
antiperspirant aerosols up to 0.08% (Api et al., 2019; Api et al.,
2020). Similarly, acrylate copolymers are frequently used as hair
fixatives and supported by inhalation risk assessment at the
inclusion level of 5% in hairspray aerosol (CIR, 2018). For high-
risk exposure scenarios, we selected Crystalline silica, a well-known
particle responsible for several cases of pulmonary fibrosis
developed over many years at exposure levels higher than the
permissible exposure limit (PEL) of 0.05 mg/m3 calculated as an 8-h
time-weighted average (TWA) (Steenland and Brown, 1995). Another
example of a high-risk scenario is the use of the antimicrobial
polyhexamethylene guanidine phosphate (PHMG) which caused
serious adverse effects in humans in Korea at the inclusion level of
1.3% in humidifiers, which were also observed in animal and in vitro
experiments (Jung et al., 2014; Kim et al., 2016; Song et al., 2022). This
paper focuses primarily on exposure to inhaled materials, however, two
compounds (Amiodarone and Doxorubicin) with robust human data
from oral or intravenous (i.v.) administration were tested to assess the
EpiAlveolar™ model’s response to known pro-fibrotic drugs. The
exposure scenarios, risk classification and associated rationale are
presented in detail in Table 3. For some chemicals it was possible to
find more than one scenario. In the case of Crystalline silica, different
risk classifications were identified, one low risk and one high risk
(see Table 3).

2.3 Local lung exposure estimation

2.3.1 Exposure modelling
For most of the exposure scenarios related to inhaled materials

(see Table 3), the objective was to obtain a worst-case human
estimate of deposited aerosol concentrations in each region of the
upper and lower respiratory tract (µg/cm2). This single value of
exposure was then compared to the in vitro PoDs obtained from
each readout of the correspondent experiment using MucilAir™-HF
and EpiAlveolar™ for upper and lower respiratory tract,
respectively.

Several steps were needed to predict these exposure values.
The first step was to collate information about the use scenario
(consumer, patient, or worker), product type, benchmark
chemical inclusion level, duration of exposure, route of
exposure, and particle size distribution (Table 3;
Supplementary Material S1). For Amiodarone and
Doxorubicin, which are administered via the oral and i.v.
routes, respectively, plasma levels corresponding to a typical
therapeutic dose scheme were obtained from the literature
(Andreasen et al., 1981; Barpe et al., 2010). For these
compounds, PoDs were expressed in µM given that this would
be the most relevant metric for the risk assessment.

For the inhalation exposures, the second step was to calculate an
airborne concentration which was either derived from the literature
(e.g. PHMG and Akemi) or experimentally derived (Acrylate
copolymer, Amorphous silica, Coumarin, BE PVM/MA, and
BAC) using simulated use evaluation testing (SUET; see details
below in item 2.3.3).

TABLE 2 Benchmark chemicals and reference materials used for the lower respiratory toxicity testing using EpiAlveolarTM systems.

Test materials CAS
no.

Abbreviation Solvent Exposure
methoda

Exposure
time

Tested
concentrations

Benchmark chemicals

AKEMI® Anti-Fleck Super - Akemi Saline Aerosol, daily for 12 days 24 h 0.3, 0.8, 1.6, 8 μg/cm2

Crystalline silica 7631-
86-9

Crystalline silica Saline Aerosol, daily for 12 days 24 h 0.01, 1, 5, 50 μg/cm2

Amorphous silica 112945-
52-5

Amorphous silica Saline Aerosol, daily for 12 days 24 h 0.01, 1, 5, 50 μg/cm2

Polyhexamethyleneguanidine
phosphate

89697-
78-9

PHMG Saline Aerosol, daily for 12 days 24 h Lab 1: 0.005, 0.01, 0.05,
0.2 μg/cm2

Lab 2: 0.1, 0.5, 0.9, 9.4
µg/cm2

Amiodarone hydrochloride 19774-
82-4

Amiodarone DMSO Basal liquid, daily for
12 days

24 h 0.01, 0.1, 1 and 10 µM

Doxorubicin hydrochloride 25316-
40-9

Doxorubicin Medium (Lab 1) or
ultrapure water

(Lab 2)

Basal liquid, daily for
6 days +6 days without

exposure

24 h 0.18, 0.36, 0.72 µM

Reference materials

LPS from Pseudomonas aeruginosa
10 (Lab 1) or Escherichia coli 055:B5
(Lab 2)

- LPS DMSO (Lab 1) or
saline (Lab 2)

Apical liquid, daily for
12 days

24 h 0.01, 0.1, 1, 10 μg/mL

R,S-Sulforaphane 4478-
93-7

Sulforaphane Saline Aerosol, daily for 12 days 24 h 0.03, 0.1, 0.6, 3 μg/cm2

aVolumes used for aerosol, apical liquid or basal liquid exposures were 200–250 μL, 75 µL or 5 mL, respectively.
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TABLE 3 Exposure scenarios, risk classification and associated rationale for the investigated benchmark chemicals.

Benchmark
chemical

Risk
classification

Risk
classification
reasoning

Product Exposure
scenario

Concentration
or dose

Particle
size
(μm)

References

BE PVM/MAa Low Used safely in
cosmetic products.
Exposure level
supported by

existent
toxicological data

Hair spraya 10% inclusion
pump spray

10 min
Once
a day

0.017383 mg/m3 8.53 Carthew et al.
(2006), Burnett
et al. (2011)

Coumarina Low Used safely in
cosmetic products.
Exposure level
supported by

existent
toxicological data

Anti-
perspiranta

0.08%
Inclusion

Spray rate 1 g/s
Breathing zone
volume 1 m3

2s/axillae

10 min
Twice
a day

0.00183 mg/m3 5.22 Api et al. (2020)

Acrylate copolymer Low Used safely in
cosmetic products.
Exposure level
supported by

existing
toxicological data

Hair Spraya 5% Inclusion
Spray rate
0.59 g/s

Breathing zone
volume 1 m3

10s application

10 min
Once
a day

0.022518 mg/m3 3.632 CIR (2019)

Amorphous silica Low Used safely in
cosmetic products.
Exposure level
supported by

existent
toxicological data

Anti-
perspiranta

Inclusion
0.06%

Spray rate 1 g/s
Breathing zone
volume 1 m3

8s spray time

10 min
Twice
a day

0.001461 mg/m3 6.317 CIR (2019)

Low The National
Institute for

Occupational Safety
and Health

recommended
exposure limit (REL)

Occupational
Scenario

Worker shift 8 h Shift 6 mg/m3 3 Barsan (2007)

CMC Low Used safely in nasal
sprays products

Nasal spray Single dose
0.1% inclusion

level
(1.25 μg/cm2)

N/A N/A N/A Gizurarson
(2012), Ugwoke
et al. (2000)

BAC Low Used safely in nasal
sprays and
ophthalmic
products

Nasal spray 0.01%
inclusion level
(0.5 μg/cm2)

N/A N/A N/A Johnson (2017)

Low Used safely in
homecare products.

Exposure level
supported by

existent
toxicological data

Cleaning
spray

Inclusion
level 0.75%

10 min
Once
a day

0.0081 mg/m3 7 Johnson (2017)

Crystaline silica Low OSHA: Permissible
exposure limit (PEL).
The employer shall
ensure that no
employee is exposed
to an airborne
concentration of
respirable
Crystalline silica in
excess of 0.05 mg/
m3, calculated as an
8 h time-weighted
average (TWA)

Occupational
scenario (Low

Risk)

Worker shift 8 h shift
5 days a
week

0.05 mg/m3 3 US
Occupational
Safety and
Health

Administration
(2013)

High Exposure likely to
result in silicosis
after cumulative

exposure

Occupational
scenario

(High Risk)

5 mg/m3 3 ’Mannetje et al.
(2002)

(Continued on following page)
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The third step was to use the MPPD model to calculate the
deposition of each benchmark chemical in the lung based on the
airborne concentration and particle size. For most exposures,
particle size information was either experimentally derived
(SUET data) or based on the literature (Table 3); however, for
the two occupational exposure scenarios (Crystalline and
Amorphous silica), a corresponding measured particle diameter
was not found. In lieu, a worst-case assumption that the particle
diameter in both cases was 3 μm was made, corresponding to the
highest deposition fraction in the lower respiratory tract according
to MPPD (version 3.04).

In the case of nasal spray based scenarios, MPPD was not used,
and all exposure was assumed to be confined to the nasal cavity.
Therefore, only the airborne concentration and nasal cavity areas
were required to calculate a mass per unit area (Gizurarson, 2012;
Johnson, 2017).

In this study, we compared a calculated local concentration in
the lung for each exposure scenario to the PoD obtained in the
in vitro lung models. For this purpose, MPPD was used to calculate
the deposited mass in each lung generation. Using the mass
deposited and the corresponding area of each generation, a local
average concentration is determined as the ratio between the mass
deposited in generation and the area of generation. This quantity is a
function of the particle diameter as measured or estimated for each
exposure scenario.

Once deposited, clearance mechanisms in the upper and lower
respiratory tract regions begin to remove the material. These
mechanisms for the clearance of material from the upper and
lower respiratory tracts were modelled as described in item 2.3.2.

2.3.2 In silico lung dosimetry modelling
MPPD (https://www.ara.com/mppd/) is a widely used tool

which models human lungs as a series of interconnected pipes,
i.e., it models the lungs as connected bifurcating paths, which
each new bifurcation corresponding to a “lung generation”, with
the trachea corresponding to generation 1 and terminating at
generation 23 (terminal bronchioles) (Asgharian and Price, 2006;
Asgharian and Price, 2007; Asgharian et al., 2006; Rostami, 2009;
Patwa and Shah, 2015). Within each of these pipes, which vary in
length and diameter according to lung generations, the
deposition of a given particle/droplet is estimated based on
gravitational effects, diffusion and impaction. For the purposes
of this study, the lung geometry used was the symmetric Weh-
Shum model with a fixed breathing rate of 12 breaths per minute,
with a functional residual capacity of 3,300 mL. The upper
respiratory tract volume was set at 50 mL. The tidal volume of
the lung was assumed to be 625 mL with no pause between
inhalation and exhalation and an inspiratory fraction of 0.5.

With these assumptions and the parameters determined for each
of the exposure scenarios above (see Supplementary Material S1),
the dose rate within the lung (mg/min) for each exposure scenario in
each generation of the lung was calculated. In absence of any
clearance, the local concentration would simply be the local dose-
rate multiplied by the total exposure duration as specified in
each scenario.

Tomake the exposure scenarios realistic, wemodelled the clearance
for both the upper and lower respiratory tract using the human
respiratory clearance model as developed by the International
Congress on Radiological Protection (ICRP, 1994), as described in

TABLE 3 (Continued) Exposure scenarios, risk classification and associated rationale for the investigated benchmark chemicals.

Benchmark
chemical

Risk
classification

Risk
classification
reasoning

Product Exposure
scenario

Concentration
or dose

Particle
size
(μm)

References

PHMG High Evidence of serious
adverse lung effects
such as diffuse

pulmonary fibrosis

Humidifier From
measurements
taken of
humidifier in
low humidity
environment

11 h
Once
a day

0.95 mg/m3 5.5 Park et al.
(2014), Lee and

Yu (2017)

Akemi High Acute lung toxicity
characterised by

coughing,
tachypnoea, chest
pain, fever, and

shortness of breath

Tile coating
product

Worker
scenario

150 min
Once
per day

563 mg/m3 3 Duch et al.
(2014)

Doxorubicin High Evidence of
occurrence of
interstitial lung
disease in cancer

patients

Therapeutic
dose

Plasma conc
1.3 μM

Infusion of 60 mg/m2

for 40 min
Schwaiblmair
et al. (2012),
Nevadunsky
et al. (2013),
Hoshina and

Takei (2021), Li
et al. (2021),
Barpe et al.

(2010)

Amiodarone High Alveolar/interstitial
pneumonitis with a
subacute onset

Therapeutic
dose

Plasma conc:
2 μM

Single dose of 400 mg
via oral route

Wolkove and
Baltzan (2009),
Andreasen et al.

(1981)

aScenarios for which SUET data was used to determine airborne concentration and particle size.
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Supplementary Material S2. The methodology here therefore combines
the mechanistic MPPD model for predicting exposure, with the semi-
empirical ICRP model for clearance. Hereafter, the ICRP model, when
mentioned here, only refers to clearance modelling, as ICRP model for
deposition was not used in this study. Such a hybridised approach is

already taken in the commercially available MPPD software but does
not return a local concentration as we desired here. The value obtained
using the commercially available form of MPPD only produces a total
retained mass in the upper and lower lung and so does not give the
additional granularity we seek to compare in vitro to in vivo dose.

FIGURE 3
Lung dosimetry modelling using multiple path particle dosimetry (MPPD). Concentration in each generation of the lung as a function of time for
Polyhexamethyleneguanidine phosphate (PHMG) humidifier exposure. Upper airway concentration (top) and lower airway concentrations (bottom)
shown separately. Lung generations (i.e., tracheobronchial tree, a system partitioned into 23 generations of dichotomous branching, from trachea to the
last order of terminal bronchioles, respectively, generations 0 and 23) are indicated by numbers as shown in the colour bar.

FIGURE 4
Representative concentration response data and model fits using the state space model. Left) Posterior predictive plots comparing the inferred
trajectories of the different readouts in response to chemical treatment to the normalised data for (A) Doxorubicin for MMP -3, (B) PHMG for IL-1ra, (C)
Akemi for IL-1α. Pink and black dashed lines represent 95% credible range of vehicle control and cred range of mean response, respectively. Green dots
are the data points, whereas the depth of red shading reflects the probability distribution of the mean response. Blank, blue, and red colours
represent no changes, down- or upregulation in relation to control (at same timepoint), respectively, whereas the colour variation shows the intensity of
such effects. Right) Corresponding heat map representations of the biomarker response as described by the state space model blank, blue, and red
colours represent no changes, down- or upregulation in relation to control (at same timepoint), respectively, whereas the colour variation shows the
intensity of such effects.
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However, we have used the default clearance parameters implemented
in MPPD and so when compared for total mass retained our results
correspond to the value obtained using the commercial software.

In this study, to determine the local dose within each generation of
the lung, the ICRP clearance model was implemented to predict a
retained mass in each lung generation over time. The average local
concentration is determined by dividing the mass retained in the lung
generation by the area of the corresponding generation of the lung for
each given day. An example of the local concentration as a function of
time is shown in Figure 3. The exposure used to compare to the in vitro
dose response is taken to be the highest predicted exposure for each
region of the lung on ameasured day. By combining in silico deposition
and clearance, this method offers a better approximation of the in vivo
concentration for each scenario, while remaining conservative.

2.3.3 Simulated use evaluation testing (SUET)
SUET is a measurement method for sprayed particles/droplets

released during simulated consumer use scenarios of products,
allowing the generation of realistic consumer exposure data for use
in safety assessments (Carthew et al., 2002; Steiling et al., 2014). In
brief, a mannequin, placed in a room of a standardised size, was
positioned (e.g., arms up for axilla spraying) and equipped
accordingly (e.g., wearing a full length, real hair wig for hair
products), and was exposed in a realistic manner
(i.e., equivalent to the expected use scenario based on the
product type and user under investigation) to the sprayed
product (e.g., a short burst spray at each axilla for
antiperspirants). The number/mass of any airborne particles/
droplets in the mannequin’s “breathing zone” during product
use was determined by sampling the room air for a short
duration (i.e., similar to the expected time the user remains in
the vicinity of the spray cloud), via a short tube (representing the
upper respiratory tract) attached to the “mouth” of the mannequin,
using a TSI Model 3,321 Aerodynamic Particle Sizer time-of-flight
spectrometer (TSI Incorporated, Shoreview, MN, United States)
(FEA, 2009). These data were used to calculate the particle size
(µm) and estimate the inhalable dose (mg/m3; fraction potentially
depositing anywhere within the respiratory tract) during the
sampling period, and then used as input for the MPPD modelling.

2.4 Materials

All reagents used are listed in Supplementary Material S2.

2.5 Upper respiratory toxicity assessment
using MucilAir™-HF model

2.5.1 MucilAir™-HF culture
The MucilAir™-HF system (EP11MD) and ready-to-use

chemically-defined, serum-free culture medium (EP04AM) were
obtained from Epithelix Sàrl (Geneva, Switzerland). Tissues were
handled as recommended by manufacturer’s instruction. Epithelia
(MucilAir™-HF) were used containing bronchial cells isolated from
2 healthy donors (male, 41 years, batch number MD072001; and
female, 56 years, batch number HF-MD078701). After
differentiation for 42 up to 81 days at the air-liquid interface

(ALI) under standard culture conditions (37°C ± 1°C in a
humidified atmosphere of 5% ± 1% CO2 in air), tissues were
washed 3 days before first exposure and each insert was
inspected for beating cilia and mucus production. This washing
step (one or twice with PBS) were performed to remove accumulated
mucus and cell debris to minimize the risk of interference with the
toxicity tests. Over 12-day experimental period, washing steps as
well as media changes was performed every 2-3 days. Trans-
epithelial electrical resistance (TEER) was measured and only
inserts which passed morphological inspection and showed
TEER>200 Ω.cm2 were used.

2.5.2 Test material exposure
To prepare the stock solutions to perform the test material

exposures, buffered saline solution (0.9% NaCl, 10 mM HEPES,
1.25 mM CaCl2), DMSO or culture medium (Table 1). See
Supplementary Material S2 for additional details.

For toxicity testing performed over a 12-day experimental
period, tissues were daily exposed to 3 different concentrations of
each test material for 30 min or 6 h (for detailed information on each
material see Table 1). The test material exposure time was chosen
based on the average time (30 min) for which the upper airway
mucociliary beating transport mechanism propels inhaled particles
out of the human airways (Koparal et al., 2021), and previous
experimental design in which MucilAir systems were daily
exposed to inhaled drugs for 6 h over 12-day period (Balogh
Sivars et al., 2017). Tissues were exposed by test materials via
nebulization, liquid apical application, or liquid basal application.
These differences in the exposure type were due to solubility of the
test material, route of exposure (inhaled or systemic), or comparison
with previous publications. A nebulized exposure was performed
using a Vitrocell® Cloud 12 system chamber equipped with a quartz
crystal microbalance (QCM) (VitroCell, Germany). A 10-µm size
nebulizer was used for the exposures. Untreated/vehicles (i.e. tissues
exposed with medium only or vehicles used to solubilize/nebulize
each material) and positive control groups were used to check the
performance of the systems by evaluating TEER, CBF, mucin
secretion and Mucin 5AC detection. The following agents were
used as positive controls: cytomix (known inflammatory-inducing
agent, prepared using 500 ng/mL TNF-α, 0.2 mg/mL
lipopolysaccharide, 1% FCS, tissue exposure via liquid basal),
Triton X-100 (cytotoxic at 10%, via liquid basal exposure) or IL-
13 (a goblet cell hyper-, metaplasia agent at 10 ng/mL, via liquid
basal exposure). For CBF analysis, tissues kept at 4°C for 1 h were
also used as positive control groups since low temperatures inhibit
CBF activity (data not shown).

2.5.3 TEER analysis
TEER measurements were performed daily after test item

exposure to evaluate tissue barrier function. Tissues were washed,
200 µL of buffered saline solution was added to the apical
compartment of MucilAir™-HF cultures, and resistance was
measured using an EVOMX volt-ohmmeter with chopstick style
probes (World Precision Instruments, Stevenage, UK). Resistance
values (Ohm, Ω) were converted to TEER (Ω.cm2) using the
following formula, where 100 Ω is the resistance of the
membrane and 0.33 cm2 is the total surface of the epithelium:
TEER � (resistance value(Ω) − 100(Ω)) × 0.33.
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2.5.4 CBF analysis
CBF was analysed using a system consisting of a high-speed

acquisition camera (Sony XCD V60, Tokyo, Japan) connected to an
Olympus BX51 microscope with a ×5 objective (Tokyo, Japan) and a
specific software package (Sony ZCL Viewer, Tokyo, Japan), as
previously described (Huang et al., 2017). CBF was calculated using
an Epithelix software (Cilia-X) through analysis of 256 images/tissue
(recording of an area corresponding to 1/10 of the total surface),
captured at high frequency rate (125 frames/s) at room temperature,
and expressed in Hertz (Hz).

2.5.5 MCC analysis
MCC was monitored using a high-speed acquisition camera

(Sony XCD-U100CR, Tokyo, Japan) connected to a microscope with
a with a ×5 objective (Olympus BX51), as previously described
(Huang et al., 2017).

2.5.6 Mucin secretion measurement
Mucin production was quantified using an enzyme-linked lectin

assay, following a protocol previously published (Rossner
et al., 2019).

2.5.7 Mucin-5AC detection analysis
The presence of goblet cells was assessed through

immunohistochemistry analysis for mucin-5AC protein
(Muc5AC) detection. IL-13 and cytomix were used as positive
controls (see item 2.5.2 for additional details). On last day of
experiment (day 12), cultures (n = 3 tissues/group) were rinsed in
PBS and fixed by immersion in 4% formaldehyde for 20 min.
Fixed tissues were embedded into paraffin, sectioned, and
processed for staining on paraffin sections. The
immunostaining of the sections was performed with the
Benchmark automated platform (Ventana-Roche, Hoffmann-
La Roche Ltd, Basel, Switzerland) and the Autostainer Link 48
(Agilent, Santa Clara, CA. United States) with the detection kit
Ultraview DAB (DAB chromogeny, Hoffmann-La Roche Ltd).
Sections were pre-treated using heat mediated antigen retrieval
with sodium citrate buffer, pH 6, for 20 min. The section was then
incubated with recombinant anti-mucin 5AC antibody (ab3649,
Abcam) for 1 h at room temperature, followed by biotinylated
secondary antibody (Dako) and HRP detection (HRP conjugated
ABC system, Vector Laboratories), according to manufacturer’s
instruction. The section was then counterstained with
hematoxylin (Sigma-Aldrich) and mounted with DPX, a
synthetic non-aqueous mounting medium for microscopy.
Digital images of the slides were then acquired, and
quantitative image analysis performed using Image Pro Plus
6.2 (Media Cybernetics) to quantify the goblet cells on a
section. The whole images of stained sections were scanned,
and an average 15 images/section were analysed. The results
are the ratio between the mucin 5AC stained area and the total
surface area of the epithelium on the section.

2.5.8 Cytokine and chemokine measurements
Basolateral medium samples of the tissue cultures were

collected and stored at −80°C until analysis. The following
cytokines/chemokines were quantified using customized
Human Luminex® Discovery Assay kits (R&D Systems):

chemokine (C-C motif) ligand (CCL) 2, CCL7, CCL26, C-X-C
motif chemokine ligand (CXCL) 10, CXCL11, intercellular
adhesion molecule-1 (ICAM-1), IL-1α, IL-6, IL-8, matrix
metalloproteinase (MMP)-1, MMP-2, MMP-3, MMP-7, MMP-
9, osteopontin, interferon (IFN)-γ, IL-1 receptor antagonist (IL-
1Ra), urokinase-type plasminogen activator receptor (uPAR),
tumour necrosis factor (TNF)-α, urokinase (uPA), serpin E1,
tissue inhibitor of metalloproteinase 1 (TIMP-1), and TGF-β1.
Samples were measured in technical triplicates according to the
manufacturer’s recommendation using a Luminex Bio-Plex®

200 RUO System (R&D Systems).

2.6 Lower respiratory tract toxicity
assessment using EpiAlveolar™ model

The histology/immunohistochemistry, TEER, cytokine/
chemokine measurements involving EpiAlveolar™ model were
performed by testing facilities located in different geographies:
the Institute for In Vitro Sciences, Inc. (Gaithersburg, MD,
United States) (Laboratory 1) and Charles River Laboratories
Edinburgh Ltd (Tranent, UK) (Laboratory 2). In cytokine/
chemokine measurements, apical culture media samples of the
tissues collected by Laboratory 2 were sent to our laboratory
facility (Unilever SERS, Sharnbrook, UK), where the analyses
were performed. Oxidative stress and Mitotracker staining assays
were performed by Laboratory 1 only, whereas tissues material
exposure for high-throughput transcriptomics analysis was
performed by Laboratory 2. In this case, Laboratory 2 sent RNA
samples to another laboratory facility (Cambridge Genomics
Services, Cambridge, UK) to proceed with additional steps of
RNA sequencing; the differential expression and pathway
analyses were then performed by Unilever SERS. The laboratory
work was performed independently by the laboratories, i.e., each
facility used its own in house implemented protocols to perform test
material exposure and investigate material-induced bioactivity.
Additional details of all procedures are described in the
next sections.

2.6.1 EpiAlveolar™ culture
EpiAlveolar™ system was obtained from MatTek Corporation

(Ashland, MA, United States, cat. no. ALV-100-FT-MAC, ALV-
100-FT-MAC-PE12). According to the supplier, the tissue systems
were derived from primary human alveolar epithelial cells and
primary pulmonary fibroblasts, both from a same healthy donor
(male, 50 years), and pulmonary endothelial cells from another
healthy donor (male, 6 years), and THP-1 cell line derived
macrophages. These tissues were differentiated by the
manufacturer prior to shipping to the testing facilities. Upon
receipt, systems were maintained, for 2–7 days prior to use, at
the ALI in modified 6-well hanging top plates with 5 mL of
EpiAlveolar™ culture medium (MatTek) in the basolateral
compartment and 75 µL of media on the apical surface and
incubated at standard culture conditions (37°C ± 1°C in a
humidified atmosphere of 5% CO2 in air). TEER was measured
and only systems with confirmed quality of the tight junction barrier
(>300 Ω.cm2) and with approved morphological inspection were
used in the experiments.
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2.6.2 Test material exposure
To prepare the stock solutions/suspensions to perform the test

material exposures, saline, medium, ultrapure water or DMSO were
used to dilute the test materials (Table 2). See Supplementary
Material S2 for additional details.

Tissues were exposed to eight test items, including known fibrotic,
inflammation inducing agents (e.g., PHMG and Doxorubicin). Vehicle
control groupswere also tested in parallel. Except forDoxorubicin (which
underwent a 6-day chemical exposure + 6-day without exposure),
exposures were conducted daily, on 12 consecutive days with different
concentrations, through aerosol, apical or basolateral liquid exposure
methods (Table 2). In the aerosol exposure method, the procedure was
performed using a Vitrocell® Cloud 12 system chamber equipped with a
QCM. A 10-µm size nebulizer was used for the exposures. Each of the
insert holders of the instrument base module was filled with Hanks’
Balanced Salt solution (HBSS) or PBS prior to placing the tissue inserts.
Then, each test item solution/suspension was placed into the nebulizer
reservoir for aerosol material exposure. The nebulizer was activated until
the material solution/suspension was consumed and discharged into the
main exposure chamber and allowed to fully gravity deposit out of the
Cloud 12 (determined using a QCM). After exposure, the tissues were
placed back into their multi-well culture plates containing the same
medium, a further aliquot ofmedia was added apically (20 µL for Akemi,
75 µL for all others except LPS) and returned to incubator until next
exposure. Media used during the 6- or 12-day experimental period was
prepared without Supplement X by MatTek. In medium exposure, the
apical or basolateral liquid of each tissue was removed and replaced with
each test itemmediumsolution/suspension and returned to the incubator
until the next exposure. After the beginning of the exposure cycles, tissues
were only re-fed with new culture medium every 3-4 days.

2.6.3 Histology and
immunohistochemistry analyses

To evaluate the quality of EpiAlveolar™ tissues over the 12-day
experimental period, histological and immunohistochemistry
assessments for detection of pan-cytokeratin, vimentin, aquaporin
5, pro-surfactant C, CD68, caspase-3, and/or αSMA were performed
by Laboratories 1 and 2. Details can be found in Supplementary
Material S2.

2.6.4 TEER analysis
2.6.4.1 Laboratory 1

Tissue inserts were removed and placed into a 12-well plate
containing 0.75 mL of HBSS well and 0.25 mL of HBSS were added
into each apical compartment of the culture inserts. Resistance was
thenmeasured using an EVOM volt-ohm-meter with chopstick style
probes (World Precision Instruments, Stevenage, UK). Resistance
values (Ohm, Ω) were converted to TEER (Ω.cm2) using the
following formula, where 1.12 cm2 is the total surface area of the
tissue inserts: TEER � (resistance value−
tissue freemembranes resistance value) × 1.12. The change in
barrier function (ΔTEER) was then calculated using the time
point specific reading (day 1, 4, 8 or 12) subtracted from the
initial reference reading (day 0).

2.6.4.2 Laboratory 2
TEER was measured using the Millicell Electrical Resistance

System-2 meter with an Endohm™ 12 Tissue Resistance

Measurement Chamber electrode (Merck, Darmstadt, Germany).
Tissue inserts were removed and placed into a 12-well plate
containing TEER buffer (1 mL/well, MatTek) and the top surface
of each tissue was gently rinsed with 0.5 mL of the same buffer. The
units were then emptied and added sequentially to the measurement
chamber containing 4 mL of TEER buffer. After adding 0.75 mL of
TEER buffer in each tissue apical compartment, electrodes were
submerged to measure the resistance. TEER values (Ω.cm2) were
calculated as described above by Laboratory 1.

2.6.5 Cytokine and chemokine measurements
In Laboratory 1, basal media samples collected from the

tissues were collected and stored at ≤ −60°C until analysis. For
cytokine/chemokine measurements, 17-Plex, duplex and single-
plex analyte detection panels were run on the samples using
Human Luminex™Multiplex Immunoassay kits (R&D Systems).
The analytes quantified were TNF-α, IL-6, MMP-9, MMP-3,
MMP-1, MMP-2, CXCL10, CCL2, IFN-γ, IL-1ra, CCL7, IL-1a,
CCL26, CXCL9, VCAM-1, ICAM-1, and CXCL11 in a 17-plex
assay; whereas IL-8 and Serpin E1 in a duplex assay and TGF-β1
in a single-plex assay.

In Laboratory 2, apical culture media samples of the tissues were
collected, stored at −80°C until shipment, in dry ice with
temperature monitor control, to Unilever SERS, where the
analyses were performed. Upon receipt, samples were again
stored in the −80°C until the analysis using Human Luminex®

Discovery Assay kits (R&D Systems). The same readouts
investigated for MucilAir™-HF tissue samples were quantified in
these samples.

2.6.6 Oxidative stress assay
Reduced glutathione (GSH) and oxidized glutathione (GSSG)

levels in tissue lysate samples were determined using a GSH/GSSG-
Glo™ assay kit (Promega) by Laboratory 1, as previously described
(Vivek et al., 2023).

2.6.7 Mitotracker staining assay
Mitochondrial toxicity assessment was performed by the

Laboratory 1 using MitoTracker® Red FM reagent, a cell-
permeant dye able to stain active mitochondria in live cells.
Tissues were loaded on the apical surface with MitoTracker®
Red FM dye solution (500 Nm in HBSS) for 30 min in empty 12-
well plates. Afterwards, the dye solution was removed from each
tissue followed by rinsing the tissue apical surfaces with 200 µL
HBSS. Fluorescence reads at an excitation and emission
wavelength of 581/644 nm, respectively, were performed using
FlexStation® 3 microplate reader. Empty inserts were utilized as a
negative control to subtract the background noise or fluorescence
of the dye.

2.6.8 High-throughput transcriptomics analysis
2.6.8.1 RNA extraction, assessment of quality, library
construction and sequencing

Following material exposure for 12 days, tissues were cut from
the plastic unit, transferred into 2 mL Precellys tubes (Bertin
Technologies, Montigny-le-Bretonneux, France) containing
700 µL of QIAzol lysis reagent and stored at −80°C until RNA
extraction. For this, samples were homogenized followed by
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centrifugation at 12000 g at 4°C for 5 min. The supernatants were
used to extract RNA through a combined semi-automated method
using a Quiagen Rneasy 96 QIAcube HT kit. All samples were
DNase treated using a Thermo Fisher DNA-free kit, following
manufacturer’s instructions. All these steps were performed by
Laboratory 2 which, then, stored RNA samples (n = 5/group) in
96-well plates until shipment on dry ice with a temperature monitor
to the RNA sequencing laboratory facility (Cambridge Genomics
Services). Samples then underwent quality control (QC) using
Agilent RNA ScreenTape assay, following manufacturer`s
instructions, to generate RNA integrity number (RIN) score and
traces for the samples. RNA library construction was performed
using Illumina TruSeq™ Stranded mRNA kit, following
manufacturer’s protocol. RNA-seq data mapping was processed
using Spliced Transcripts Alignment to a Reference (STAR)
method, as previously described (Dobin et al., 2013).

2.6.8.2 Differential expression and pathway-level data
extraction

The raw data for the EpiAlveolar™ experiments underwent
QC. Probes whose median counts across treatment and timepoint
was less than 5 were removed. All the samples had more than 5 M
reads, thus no sample was removed from the analysis. No outlier
samples were detected as all the replicates had a high degree of
correlation (>0.9). A total of 64 samples were removed due to low
quality, this was a particular issue for PHMG when the following
concentrations were removed: 2nd highest concentration (0.5 μg/
cm2) on day 12, and the two highest concentrations (0.9 and
9.4 μg/cm2) across all timepoints (Supplementary Material S3).
Datasets were then normalized and transformed using the rlog ()
function in DESeq2 (Love et al., 2014), to minimize differences
between samples for rows with small counts and to normalize
with respect to library size.

With the aim of identifying patterns of co-regulated genes in a
way that is neither fully data-driven nor fully constrained by
biological knowledge, Pathway-level information extractor
(PLIER) (Mao et al., 2019) was used. PLIER approximates the
expression pattern of every gene as a linear combination of
eigengene-like latent variables (LVs) and aims to optimize
alignment of LVs to relevant biological knowledge. The
compendium of prior knowledge chosen for the analysis includes
the full Reactome database (v. 7.5.1) (Gillespie et al., 2021) and the
Hallmark gene sets (v. 7.5.1) (Liberzon et al., 2015), as provided by
The Molecular Signatures Database (MsigDB). Genes sets included
in the MsigDB are annotated with official gene symbols hence, the
Ensembl ID used to annotate the probes needed to be converted.
This step was performed using the bitr () function from the
clusterProfile R package (Guangchuang Yu et al., 2012) and led
to the loss of 7.8% genes from the EpiAlveolar™ dataset. Since
different Ensembl IDs could match the same official gene symbol ID,
this redundancy had to be removed for PLIER to work optimally.
This was achieved by keeping the gene with the highest median
expression. Reliable associations between LVs and gene sets as
identified by PLIER were filtered for AUC > = 0.7 and fdr <
0.05. As the EpiAlveolar™ model underwent material exposure at
different concentrations, the LVs expression dataset was then used
as to analyse time concentration-dependent effects and to estimate
PoDs for each LV for each test material at different timepoints. Data

has been submitted to the European Bioinformatics Institute (EBI)
data repository, Array Express (https://www.ebi.ac.uk/biostudies/
arrayexpress) under the accession number E-MTAB-14272.

2.7 Data analysis

2.7.1 Concentration and time-dependent response
analysis and in vitro PoD determination

Concentration and time-dependent changes in the bioactivity
readout data were analyzed using a nonlinear state space model,
based on the work of Svensson and Schön (2017). The method was
adapted to allow for experimental measurements where the same
readout was observed for multiple different test material treatments
and concentrations, observed at different timepoints (Middleton et al.,
in preparation). All bioactivity readouts were included in the analysis
(where available), i.e., measurements for tissue integrity loss (TEER) and
functionality (MCC, CBF, and mucin secretion), cytokine/chemokine
secretion, and the transcriptional LV values obtained using PLIER. The
datasets were grouped so that a single state space model was used to
capture all the responses (across time, concentration, and test material)
for a single readout obtained within a particular study (laboratory/tissue
model). Data were transformed to the log base 10 scale and normalized
using z-scores, so that for a given readout Yij

t from a laboratory/tissue
model, the corresponding normalized value was given by
ŷij
t � ( log 10(Yij

t ) − μ)/σ. Here, the indexes i, j, t correspond to the
different test materials, concentrations and timepoints, μ and σ are the
sample mean and standard deviation of the control readout values
obtained for the first timepoint. All measurement were then scaled so
that the maximummedian value across different replicates was one for
all timepoints, readouts and test materials within a given laboratory/
tissue model.

The model consists of state variables xi,j
t , response variables

yij
t and the concentrations of material ci,j. The response variables

yi,j
t represent the normalized (see below) readout values at

timepoint t for material exposure i, j. The mean of the
response variable is given by xi,j

t , so that yi,j
t ~ xi,j

t + et, where
et represents random fluctuations in the readout values, due to
observational noise, which are taken to be normally distributed.
Dynamical changes in state values are given by
xi,j
t � f(xi,jt−1, ci,jt ) + vt. Here, f(xi,j

t−1, ci,j) is a non-linear
function that represents interactions between different state
variables and the perturbation caused by the test material at a
given exposure at concentration ci,j, and vt represents random
fluctuations in state dynamics (which are also normally
distributed). Following Svensson and Schön (2017), the
nonlinear terms are based on an approximation to Gaussian
processes, which are obtained using a basis function expansion-
based approach. Inference of the model parameters was
performed in the framework of Bayesian inference, wherein
random draws of the posterior distribution were obtained
using Sequential Monte Carlo (SMC), see Svensson and Schön
(2017) and Chopin and Papaspiliopoulos (2020). For each state
space model representing a particular laboratory/readout dataset,
SMC simulation was run for three chains at 5,000 iterations each,
and first 1,000 iterations were discarded from the final posterior
samples. The Rhat convergence diagnostic (Rhat < 1.1) was used
to ensure the simulations had converged.
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The state space model and posterior model parameter samples
were then used to construct posterior predictive distributions of the
response of each readout to a given test material for a given
concentration and timepoint (see Figure 4). The posterior
predictive distributions were used to estimate various statistics on
the readout responses (median, 95% credible range etc.), PoDs,
Concentration Dependency Scores (CDS) and two Effect Scores
(increase and decrease). PoDs were defined as the concentration at
which the mean response to a test material exceeded the 95%
credible range of control for each timepoint (otherwise the mean
response remains within the range of control). PoDs distribution for
each timepoint, test material and readout, from which different
statistical measures (e.g., the median, 95% credible range etc.) were
calculated. The CDS was designed to provide confidence metric in
whether an effect in the data was truly concentration dependent.
Following Hatherell et al. (2020), the CDS (for a given timepoint, test
material and readout) was calculated as the proportion of posterior
samples there was a PoD. CDS values could vary between 0 and 1
(0 indicating high confidence that there was no effect,
1 indicating high confidence there is an effect). A
CDS>0.5 was required for an effect to be considered
concentration dependent. The Effect Score was subdivided
into a metric of increasing responses and decreasing responses
(ES_increase and ES_decrease). These were calculated as the
proportion of posterior samples where the mean response
increases above (for ES_increase) or below (ES_decrease) the
control range. ES_increase and ES_decrease values vary between
0 and 1 (so that the maximum value of ES_increase plus ES_
decrease is 1). The ES_increase and decrease values were plotted
as heatmaps to visualize the effect of the test material over time
and concentration (see Figure 4).

2.7.2 BER calculation
A BER is defined as the ratio between the in vitro PoD and

predicted human exposure (Health Canada, 2021; Middleton
et al., 2022). If a PoD was determined, a BER was calculated
for each benchmark chemical-exposure scenario, using the lowest
PoD among the different readouts (i.e. lowest across readouts
from TEER, tissue functionality, cytokine/chemokine secretion
and/or transcriptional LVs) investigated across the two
respiratory tract models and laboratories. As such, the
following BERs could be calculated per benchmark chemical-
exposure scenario (see Table 3) and upper and lower respiratory
tract tissue model (i.e. MucilAir™-HF and EpiAlveolar™models,
respectively):

• Ratio between the lowest PoD from all MucilAir™-HF model
readouts and the highest exposure estimate in the upper
respiratory tract;

• Ratio between the lowest PoD from all EpiAlveolar™ model
readouts in Laboratory 1 and the highest exposure estimate in
the lower respiratory tract;

• Ratio between the lowest PoD from all EpiAlveolar™ model
readouts (except transcriptomics) in Laboratory 2 and the
highest exposure estimate in the lower respiratory tract;

• Ratio between the lowest transcriptional PoD in the
EpiAlveolar™ model in Laboratory 2 and the highest
exposure estimate in the lower respiratory tract.

3 Results

This section describes in detail the main results obtained when
MucilAir™-HF and EpiAlveolar™ models were exposed daily to
benchmark chemicals and reference materials (Tables 1, 2), in three
different exposure methods (aerosol, apical and/or basal liquid),
over a 12-day experimental period. Several bioactivity readouts were
investigated, including TEER, tissue functionality, cytokine/
chemokine secretion and/or gene expression. The effects induced
by the reference materials as well as relevant literature data are also
summarized in Supplementary Table S1. A comparison between the
concentration- and time-dependent response analysis and
corresponding readout data can be found in the Supplementary
Material S4, whereas the main analyses are shown in Figures 5–8.

3.1 Effects of materials in the upper
respiratory tract MucilAir™-HF model

3.1.1 Tissue barrier integrity loss
Table 4 summarizes the effects in the tissue barrier integrity

through TEER measurement analysis when the MucilAir™-HF
tissues were exposed to test items for 30 min/day and/or 6 h/day.
Among the benchmark chemicals, only BAC were able to trigger
changes in tissue barrier integrity at 30 min/day exposure; however,
this finding was observed mainly at high tested concentrations
(Table 4; Figure 5). Interestingly, no effects were observed
following exposure to BE PVM/MA at 30 min/day, unlike
following the 6 h exposure/day regimen (Table 4; Supplementary
Figure S1). Except TNF-α, the reference materials were not able to
trigger changes in the TEER measurements (Table 4;
Supplementary Figure S2).

3.1.2 Tissue functionality
Tissue functionality was investigated through the assessment of

CBF, MCC and mucin secretion. Even though there is evidence that
some of the reference materials (see Supplementary Table S1) have
the potential to induce changes in those parameters, no bioactivity
was observed in the MucilAir™-HF tissues (Table 4). Regarding the
benchmark chemicals, only BE PVM/MA reduced CBF at 6 h
exposure/day (Table 4; Supplementary Figure S1), whereas CMC
at 30 min exposure/day promoted a concentration-dependent
reduction in the MCC only on day 1 (Table 4; Figure 5),
suggesting that this finding may be of no concern due to the fast
reversibility (Ugwoke et al., 2000). Regarding mucin production,
PHMG triggered increased mucin secretion at 6 h exposure/day,
mainly from day 8 onward; a similar effect was observed for
Coumarin at 30 min exposure/day, but not at 6 h exposure/day
(Table 4; Figure 5; Supplementary Figure S1).

The presence of mucin-producing goblet cells was investigated
using Muc5AC immunohistochemical staining (Table 4;
Supplementary Figure S3; Supplementary Table S2). It was
observed that the goblet cell hyper-, metaplasia agent IL-13
triggered an expected 4-fold increase in cells expressing Muc5AC
protein, when compared to unexposed tissues. Similarly,
Isoproterenol also induced a 2.5- and 3-fold increase in this
parameter at 50 and 100 μM, respectively. However, other test
materials were not able to promote any changes in Muc5AC
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TABLE 4 Observed effects in the test material-exposed MucilAirTM-HF tissues over 12-day period.

Test materialsa Exposure
time/day

Tissue
barrier

integrity loss

Tissue functionality Modulation of cytokines and chemokines

Increased
mucin

secretion

Reduced CBF Reduced MCC Increased
Muc5AC protein

Inflammatory
modulation

Extracellular
matrix/fibrosis
modulation

Anti-
inflammatory
modulation

Benchmark chemicals

AkemiAr 30 min # # # # # # # #

6 h # # # # # ✔ ✔ #

Acrylate copolymerAr 30 min # # # # # ✔ ✔ #

6 h # # # # # ✔ ✔ #

BACAL 30 min ✔ # # # # ✔ ✔ ✔

BE PVM/MAAL 30 min # # # # # ✔ ✔ #

6 h ✔ # ✔ # # ✔ ✔ ✔

CMCAr 30 min # # # ✔ # # # #

CoumarinAr 30 min # ✔ # # # # # #

6 h # # # # # # # #

PHMGAr 30 min # # # # # ✔ # ✔

6 h # ✔ # # # ✔ # ✔

Reference materials

NicotineAr 30 min # # # # # # # #

LPSAL/Ar 30 min # # # # # # # #

6 h # # # # # ✔ ✔ #

SulforaphaneAr 30 min # # # # # # # #

6 h # # # # # # # #

AcroleinAL 30 min # # # # # # # #

ChlorocresolAL 30 min # # # # # # # #

IsoproterenolBL 30 min # # # # ✔ # ✔ #

CFTRinh-172
BL 30 min # # # # # # # #

TNF-αBL 30 min ✔ # # # # ✔ # #

The symbols #and ✔ absence or presence of bioactivity induced by the related chemical, respectively.
aTissues were exposed to test materials via aerosol (Ar), apical liquid (AL) and/or basal liquid (BL) application.
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protein expression, including CFTRinh-172, experimentally used to
mimic the inflammatory profile found in cystic fibrosis, a disease
marked by mucus hyperproduction.

3.1.3 Modulation of cytokines and chemokines
Quantification of different cytokines and chemokines was

performed with focus on those proteins involved in the
inflammation (CCL2, CCL7, CCL26, CXCL10, CXCL11, ICAM-1,
IL-1α, osteopontin, IFN-γ, TNF-α, IL-6, and IL-8), degradation of
extracellular matrix/fibrosis (MMP-1, MMP-2, MMP-3, MMP-7,
MMP-9, TIMP-1, uPAR, uPA, serpin E1, and TGF-β1) and anti-
inflammatory (IL-1ra) responses, as summarized in Table 4.

In general, benchmark chemicals (Akemi, Acrylate copolymer,
BE PVM/MA, PHMG, and BAC) and reference materials (LPS,

Isoproterenol, and TNF-α) produced differentially modulated
cytokines and chemokines release over the 12-day experimental
period (Table 4; Figure 5; Supplementary Figures S1, S2). Those
materials exposed at 6h/day showed a tendency to induce stronger
changes in the investigated biomarkers release, demonstrating that
the exposure time was related to the extent of the induced
biological effects. For instance, LPS, a material well-known for
its ability to induce inflammatory responses, did not promote
modulation of the different cytokines/chemokines at 30min/day
exposure (Table 4); however, the 6h/day exposure triggered
increased levels of proteins involved in the inflammatory
response (e.g., IL-6, IL-8, and TNF-α) and degradation of
extracellular matrix/fibrosis (e.g., MMP-3 and uPAR) (Table 4;
Supplementary Figures S1, S2).

FIGURE 5
Test material-induced changes in the upper respiratory MucilAir™-HF tissues. Tissues were exposed to the materials, through aerosol (Ar) or via
apical (AL)/basal liquid (BL) application, once a day repeatedly for 30 min/day on 12 consecutive days with 3-4 different concentrations (n = 3 tissues/
concentration). On days 1, 4, 8, and 12, the following bioactivity readouts were evaluated: barrier integrity through transepithelial electrical resistance
(TEER) measurements analysis; tissue functionality by the assessment of cilia beating frequency (CBF), mucociliary clearance (MCC) and mucin
secretion; inflammatory, degradation of extracellular matrix/fibrosis, and anti-inflammatory responses through cytokine and chemokine quantification.
Figure shows only test materials that triggered changes in the investigated readouts when compared to vehicle tissues groups. (The full data, including
substances that did not trigger any bioactivity, can be found in Suppl. Data 4). Blue and red colours represent down- or upregulation, whereas the colour
variation shows the intensity of such effects.
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Regarding inflammatory modulation, BE PVM/MA (Figure 5) and
the referencematerial TNF-α (Supplementary Figure S2), both at 30min/
day exposure, were able to trigger the upregulation of CCL2 and
osteopontin. Also, the former induced production of TNF-α itself and
of IL-8 (Supplementary Figure S2), concordant with literature data using
other lung cellmodels (see Supplementary Table S1). At 6h/day exposure,
BE PVM/MA triggered upregulation of a higher number of biomarkers,
such as IL-6 and IL-8 (Supplementary Figure S1). Similarly, PHMG
triggered increased levels of CXCL10 only at 30 min/day exposure
(Figure 5), while the 6h/day exposure induced the upregulation of
CXCL10, IL-6, and IL-8 (Supplementary Figure S1). Also, BAC
promoted an increase in CCL7, IL-1α and IL-6, mainly at high
concentration (Figure 5). Interestingly, Acrylate copolymer promoted
a dual effect related to its time of exposure in MucilAir™-HF model: a
downregulation of some released inflammatory biomarkers at 30 min/
day exposure (Figure 5), whereas it triggered an upregulation profile at
6h/day exposure (Supplementary Figure S1).

Concerning the degradation of extracellular matrix/fibrosis,
PHMG and TNF-α did not induce any modulation of related
biomarkers, even though they have triggered the modulation of
inflammatory cytokines (Table 4; Figure 5). BAC and
Isoproterenol promoted downregulation of MMP-7 only
(Figure 5), while Akemi (Supplementary Figure S1) and LPS
(Supplementary Figure S2) induced upregulation of MMP-3 and
both MMP-3/uPAR, respectively, at 6 h/day exposure. On the
other hand, Acrylate copolymer and BE PVM/MA showed
changes in a high number of biomarkers, such as MMP-3 and
MMP-7 (Figure 5; Supplementary Figure S1).

In general, test materials promoted mainly upregulation of
IL-6, IL-8 and MMP-3 and downregulation of MMP-7 levels.
Regarding the anti-inflammatory modulation, IL-1ra showed
upregulated levels induced by BE PVM/MA, PHMG, and BAC
(Figure 5; Supplementary Figures S1, S2). As IL-1ra has been
linked to modulation of inflammation in cystic fibrosis
(Fritzsching et al., 2015), this finding suggests its role in
preserving cell function against the inflammatory process
induced by those chemicals.

3.2 Effects of materials in the lower
respiratory tract EpiAlveolar™ model

3.2.1 Histology and
immunohistochemistry analyses

To evaluate the quality of EpiAlveolar™ tissues over the 12-day
experimental period, histological and immunohistochemistry
assessments were performed by Laboratories 1 and 2. In
addition, changes induced by the test materials were also
performed by Laboratory 2. Detailed findings can be found in
Supplementary Material S2.

In general, the cell morphology and viability of the tissues were
not significantly impacted. However, Laboratory 1 observed that
overall cellularity appeared to be decreased with flattening/thinning
of cell layers from day 8 onward, while Laboratory 2 found early
signs degeneration with a minor increase in thinning of the epithelial
layers and a minor increase in numbers of degenerate cells from day
4 onward. Both laboratories also observed expected expression
patterns for pan-cytokeratin, vimentin and/or aquaporin 5;

nevertheless, no strong pro-surfactant C staining was evident over
12-day period, suggesting that type II pneumocytes were not present,
contrasting with previous findings (Barosova et al., 2020). Moreover,
rare CD68 positive macrophages, seen on days 1 and 4, were not found
later by Laboratory 2, suggesting that those cells likely vanished out of
the system due to tissue washing off steps procedures.

Moreover, Laboratory 2 observed that, in general, the
concentration related changes induced by the benchmark
chemicals ranged from increased cell degeneration, separation/
detachment, multifocal thinning (e.g., Crystalline silica,
Amorphous silica, and Doxorubicin) and with more severe injury
locally extensive cell death/necrosis (e.g., PHMG and Akemi).

3.2.2 Tissue barrier integrity loss
Over the 12-day experimental period, Crystalline silica,

Amiodarone, and the reference materials LPS and Sulforaphane
showed no effects on barrier integrity in either laboratory. The same
results were observed for Akemi, Amorphous silica, and
Doxorubicin in Laboratory 1, in contrast to Laboratory 2 which
observed changes induced by those chemicals at high concentrations
(Table 5; Figure 6).

Regarding PHMG (Figure 6), different concentrations were
tested by both laboratories. In Laboratory 2, PHMG (0.1–9.4 μg/
cm2) triggered a marked concentration-dependent tissue barrier
integrity loss at all concentrations on the first day of the
experiment. From day 4 on, TEER values were at the background
level, indicating that the tissue barrier was irreversibly perturbed. In
view of this, lower concentrations (0.005–0.2 μg/cm2) were tested by
Laboratory 1. Results showed that only the highest concentration
triggered a slight barrier integrity loss on day 4. This loss was
markedly increased until the end of the experiment, therefore, this
concentration triggered barrier integrity loss in a time-
dependent manner.

3.2.3 Modulation of cytokines and chemokines
As with upper respiratory tract toxicity assessments using the

MucilAir™-HF model, quantification of cytokines/chemokines was
performed in test material-exposed EpiAlveolar™ tissues. Data are
shown in Table 5; Figure 6.

In Laboratories 1 and 2, the reference positive material LPS, a
well-known inflammatory agent, failed to induce changes in the
levels of the investigated cytokines and chemokines. Also, as
expected, the reference negative material Sulforaphane did not
trigger any marked changes in such proteins. Moreover, in both
laboratories, PHMG showed concordant outcomes regarding the
modulation of the inflammatory, degradation of extracellular
matrix/fibrosis, and anti-inflammatory responses, as expected.
However, different patterns in the up- or downregulation of
biomarkers were observed due to different concentrations tested
by both laboratories (i.e., tested concentrations range from
0.005–0.2 μg/cm2 or 0.1–9.4 μg/cm2 in Laboratories 1 and 2,
respectively). In Laboratory 1, it was observed a tendency to
increase the release of the investigated proteins at high tested
concentration. On the other hand, in Laboratory 2, where a
marked tissue barrier integrity loss was observed for all tested
concentrations, a downregulation profile was observed. Also, IL-
1ra showed upregulation profile initially for all concentrations until
day 8 followed by biphasic response from day 8 onward.
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FIGURE 6
Test material-induced changes in the lower respiratory EpiAveolar™ tissues. Except for Doxorubicin (which underwent a 6-day exposure + 6-day
without exposure), tissues were exposed to the materials, with 3-4 different concentrations (n = 3 tissues/concentration), were conducted on
12 consecutive days through aerosol (Ar), apical (AL) or basolateral (BL) liquid exposuremethods. On days 1, 4, 8, and 12, basolateral culturemedium samples
of each tissue were collected for assessment of the following readouts: barrier integrity through transepithelial electrical resistance (TEER)
measurements analysis; inflammatory, degradation of extracellular matrix/fibrosis, and anti-inflammatory responses through cytokine and chemokine
quantification. Figure shows only test materials that triggered changes in the investigated readouts when compared to vehicle tissues groups. (The full
data, including substances that did not trigger any bioactivity, can be found in Suppl. Data 4). Blue and red colours represent down- or upregulation,
whereas the colour variation shows the intensity of such effects.
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TABLE 5 Observed effects in test materials exposed EpiAlveolarTM tissues over 12-day period and qualitative concordance between laboratories 1 and 2.

Test materialsa Tissue barrier
integrity loss

Modulation of cytokines and chemokines Changes in
GSH and

GSSS levelsb

Mitotoxicityb

Inflammatory modulation Extracellular matrix/fibrosis
modulation

Anti-inflammatory
modulation

Lab 1 Lab 2 Lab 1 Lab 2 Lab 1 Lab 2 Lab 1 Lab 2 Lab 1 Lab 1

Benchmark chemicals

AkemiAr # ✔ # ✔ # ✔ # ✔ # ✔

Crystalline silicaAr # # # # # ✔ # # # ✔

Amorphous silicaAr # ✔ # ✔ # ✔ # # # #

PHMGAr ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ # ✔

AmiodaroneBL # # ✔ ✔ # ✔ # # # #

DoxorubicinBL # ✔ ✔ ✔ ✔ ✔ ✔ # # #

Reference materials

LPSAL # # # # # # # # # #

SulforaphaneAr # # # # # # # # # #

The symbols #and ✔ absence or presence of bioactivity induced by the related chemical, respectively.
aTissues were exposed to test materials via aerosol (Ar), apical liquid (AL) and/or basal liquid (BL) application.
bThis readout was investigated by Laboratory 1 only.
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Despite having shown changes in different biomarkers
induced by Doxorubicin, both laboratories also observed a
tendency towards downregulation of the inflammatory and
degradation of extracellular matrix/fibrosis responses; also, a
dual effect with the anti-inflammatory IL-1ra response was
observed by the Laboratory 1 only. Moreover, a tendency for
downregulation of biomarkers related to inflammation and/or
degradation of extracellular matrix/fibrosis was observed for
Amorphous silica, Crystalline silica, and Akemi only by
Laboratory 2. Regarding Amiodarone, both laboratories
observed upregulated levels of ICAM-1, but only Laboratory
2 showed downregulated levels of MMP-1 and MMP-2.

Taking the results found in both laboratories together, levels of
CXCL10, IL-8, IL-1α, matrix metalloproteinases (MMP-1, -2, -3, -7,
and -9), uPA, and serpin E1 had greater magnitude of response
compared to other investigated readouts. Given the range of proteins
evaluated, this finding suggests the fundamental role of these
readouts in the bioactivity induced by the benchmark chemicals.

3.2.4 Changes in GSH and GSSG levels and
mitotoxicity

No benchmark chemical induced alterations in GSH and GSSG
levels (Table 5; SupplementaryMaterial S4), suggesting that the GSH
pathway was not linked to oxidative stress induced by some
chemicals, e.g., PHMG. Nonetheless, effects in mitochondria were
observed for Akemi, Crystalline silica and PHMG at higher
concentrations mainly (Table 5; Figure 6).

3.2.5 Elucidation of mechanism of action using
transcriptomics

Here, we explored the potential utility of transcriptomics as a
technology, not only for establishing a PoD but also for gaining
mechanistic insights to generate hypotheses within the context of a
risk assessment framework. Therefore, we set out to investigate if, by
using this type of analysis, the mechanisms of lung toxicity
(especially pulmonary fibrosis) associated with the benchmark
chemicals could be identified.

Figure 7 displays the LVs that showed significant concentration-
and time-dependent responses after benchmark chemical exposure
relative to the vehicle control. The number of LVs altered increased
over time, with maximum effects observed at day 12 for all
chemicals. The most active chemicals were PHMG (n = 22),
Amorphous silica (n = 15) and Doxorubicin (n = 12), followed
by Crystalline silica (n = 6), Akemi (n = 5), Amiodarone (n = 5), and
the reference materials LPS (n = 4) and Sulforaphane (n = 1).
Importantly, most of the LVs modulated by PHMG, Amorphous
silica, and Doxorubicin captured biological activity corresponding to
the key factors leading to pulmonary fibrosis (Sieber et al., 2023;
Todd et al., 2012): inflammation, oxidative stress, epithelial-
mesenchymal transition which ultimately leads to excessive
deposition of extracellular matrix. For example, LV62, LV80, and
LV76, have strong associations with pathways such as “extracellular
matrix organization,” “epithelial mesenchymal transition,” and
“collagen formation.” In addition, LV7 and LV11 contain
bioactivity related to inflammation, keratinization and oxidative
stress (see Supplementary Material S5). It is worth mentioning that
several LVs share the same pathways, e.g., keratinization can be
found for LVs 2, 7, 62, and 80, corroborating the involvement of this

pathway in the bioactivity induced by the materials (Supplementary
Figure S4). In a risk assessment context this information would
suggest that PHMG, Amorphous silica, and Doxorubicin could
cause pulmonary fibrosis in vivo and would warrant further
investigation. This is consistent with the evidence of pulmonary
fibrosis observed in humans and animal models after exposure to
PHMG (Kim et al., 2021; Park et al., 2014) and Doxorubicin
(Minchin et al., 1988; Nevadunsky et al., 2013). In contrast,
research on the health effects of Amorphous silica has shown
that the initial inflammatory and fibrogenesis response is
reversible in animal studies (Sun et al., 2016; Weber et al., 2018),
supported by the long-term safe use in products and based on
epidemiological studies from occupational exposures (ECETOC,
2006; Merget et al., 2002; Yong et al., 2022). Surprisingly, only
3 out of the 24 pathways perturbed by Crystalline silica, a well-
known pro-fibrotic compound, were related to fibrosis.

For the water repellent polymer (Akemi), LVs 7, 11, 30, and
33 contain pathways related to fibrosis. Whether this compound
leads to this adverse outcome in vivo is unknown, as all existing
human (Duch et al., 2014) and animal data is limited to short-term
exposures and concentrates on its effects on the lung surfactant
(Sørli et al., 2018).

Amiodarone-induced pulmonary fibrosis develops in 5%–7% of
patients following typical Amiodarone pneumonitis (Budin et al.,
2022). There are several mechanisms potentially involved, however,
it has been suggested that mitochondrial dysfunction could play a
critical role (Bolt et al., 2001). Amiodarone has been shown to cause
uncoupling of oxidative phosphorylation, and inhibition of the
electron transport chain and fatty acid β-oxidation (Fromenty
et al., 1990a; Fromenty et al., 1990b). Most of the pathways
perturbed by Amiodarone in this dataset are associated with
these mechanisms (LVs 28 and 81), for example the pathways:
“oxidative_phosphorylation,” “reactome_complex_i_biogenesis,”
“reactome_fatty_acyl_coa_biosynthesis.”

For the reference negative chemical, Sulforaphane, only one LV
was weakly modulated (LV 31). While it was not possible to derive a
mechanism of lung toxicity for LPS from this dataset, for most of the
other benchmark chemicals, this analysis was able to provide further
insights into their putative mechanism of toxicity.

3.3 Comparison between PoD and exposure
estimates for the use scenarios

Figure 8 shows the PoD medians for all readouts in which
benchmark chemical-induced bioactivity (either up or
downregulation) were observed. The corresponding exposures
predicted for day 12 for upper and lower respiratory tract regions
are shown as vertical lines. A comparison was performed between the
predicted exposure using in silico methods (described in item 2.3) and
the measured bioactivity responses (i.e., PoDs as determined using the
state-space model approach). The exposure was taken from the
maximum predicted value across all relevant generations on that
day (1, 4, 8, and 12), which was recorded for both the upper and
lower lung (Table 3; Supplementary Material S1). Corresponding BERs
for all benchmark chemical scenarios are shown in Supplementary
Figure S5. Plots of in vitro PoDs and calculated exposures for each day
are shown in Supplementary Figures S6, S7.
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For the low-risk consumer product use scenarios, namely
Amorphous silica (antiperspirant), BAC (nasal and cleaning
sprays), Acrylate copolymer (hair spray) and Coumarin (anti-
perspirant), the exposure levels were lower than minimum
observed PoDs, as expected. The BERs obtained for day 12 in
these scenarios were between ~25,000 for Coumarin and ~5 for
Acrylate copolymer. In these five cases, the airborne concentration
and particle size obtained from the SUET data were used as inputs
into the calculation performed with MPPD (Supplementary
Material S1), which likely helped to make the parameters used to
model said scenarios more realistic.

For the occupational exposure low-risk scenarios for
Amorphous and Crystalline silicas, the exposure values were
much higher relative to the PoDs, leading to BERs less than 1.
This may be attributed to the very low clearance rate in the ICRP

model for lower respiratory tract clearance or to the sensitive
transcriptomics PoDs. In general, it is found that the bioactivity
observed with the transcriptomics analysis was more sensitive
to changes than for other readouts investigated using the
EpiAlveolar™ model (Figure 8; Supplementary Figures S6,
S7). For Crystaline silica, for both the occupational low- and
high-risk scenarios, the predicted lower respiratory exposure
was higher than the minimum PoD from transcriptomics, but
neither scenario led to exposures which exceed the minimum
PoDs for other readouts.

Since both BAC and one of the investigated CMC scenarios
were for nasal sprays, only the upper respiratory tract was
considered in this situation. In the case of CMC, only one
readout (MCC) had an observed PoD in the MucilAir™-HF
model, which was only observed on day 1 and was greater than

FIGURE 7
High-throughput transcriptomics of the lower respiratory EpiAveolar™ tissues exposed to benchmark chemicals. Except for Doxorubicin (which
underwent a 6-day exposure + 6-daywithout exposure), exposures to thematerials, with 3-4 different concentrations (n = 5 tissues/concentration), were
conducted on 12 consecutive days through aerosol (Ar), apical (AL) or basolateral (BL) liquid exposure methods. On days 1, 4, 8, and 12, tissues were
collected for transcriptomics analysis. Figure displays the latent variables (LVs) that showed significant concentration- and time-dependent
response after benchmark chemical exposure. Colour-coding shows the maximum medium fold difference (between the median treated response
relative to the median time-matched vehicle control value) across all test concentrations.
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the predicted exposure (BER ≈ 2.4) (Figure 8; Supplementary
Figures S5–7).

For the remaining two chemicals studied in this work, PHMG
and Akemi (humidifier and tile coating product scenarios,
respectively), our findings agreed with the high-risk classification
for all scenarios investigated. For both chemicals, the predicted
exposures exceeded even the largest PoD on all days measured,
corresponding to a Day 12 BER of approximtely 10–5 for PHMG and
and 10–4 for Akemi.

For both non-aerosolised drugs, Doxorubicin and
Amiodarone, covering therapeutic dose high-risk scenarios,
the exposure (i.e. maximum plasma concentration Cmax) was
taken from literature values (see Table 3). For Doxorubicin, this
led to a very high exposure which exceeded the PoD for all
readouts for all days, corresponding to BERs between
0.0005–0.2. Amiodarone by contrast, gave more variable
results, with the Cmax exceeding the transcriptomics PoDs at
all timepoints (minimum BER of 0.004) but higher PoDs from
the other readouts with BERs between 0.5 and 3.5 depending on
timepoint and laboratory.

4 Discussion

Following the trends and perspectives of the toxicity testing in
the 21st Century vision (National Research Council, 2007), there is
an ongoing need to develop robust and relevant tools and

approaches that can be used to characterize the kinetics,
bioactivity and risk of chemicals using NGRA without generation
of new animal data. For assessing respiratory toxicity, ALI human
lung models have shown promise, as they represent a complex tissue
structure that physiologically recapitulates many aspects of the
human respiratory epithelium as well as allowing in vivo-like
exposure to pulmonary toxicants (Bedford et al., 2022; Cao et al.,
2021; Xiong et al., 2021). In this context, the present work evaluated
the applicability of the commercially available upper MucilAir™-HF
and lower EpiAlveolar™ human lung models to be used as in vitro
systems within a NAM toolbox to identify the bioactivity
(i.e., in vitro PoD derivation) and risk of materials that may
reach the respiratory tract and induce lung toxicity. A 12-day
substance exposure protocol was established to explore potential
adverse effects in the lung following repeated exposure. The
obtained PoDs were combined with exposure estimates using
MPPD and ICRP modeling to calculate BER values. The
performance of this approach is determined by its ability to
differentiate between chemical/exposure scenarios of low and
high risk to humans based on the size of the BER. In this pilot
work, we have not conducted a formal evaluation as previously
reported for NGRA approaches for systemic toxicity (Cable et al.,
2024; Middleton et al., 2022), but rather we have investigated a
proof-of-concept to establish the feasibility of defining a NAM
toolbox to be included within an NGRA approach for lung
toxicity. For the 11 benchmark chemicals (Table 3; Figure 8)
investigated in 14 human exposure scenarios, it was possible to

FIGURE 8
Comparison of human internal exposure (upper/lower respiratory tract or plasma) and in vitro point of departures (PoDs) per benchmark chemical
using MucilAir™-HF or EpiAveolar™ models. All obtained PoDs, bioactivity readouts and timepoints (days 1, 4, 8 or 12) are plotted together with the
associated lung regional concentration estimates (top) or maximum plasma concentration, Cmax (bottom). The points correspond to the median PoD
values from different concentration-response datasets for which the concentration dependency scores (CDS)>0.5 (where the legend indicates the
corresponding tissue model). PoDs determined from transcriptomics are indicated by unfilled symbols and other readouts (e.g., barrier integrity, tissue
functionality, or cytokines/chemokines levels) by filled symbols.
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correctly separate their risk classification by using the lowest BER
per readout and lung model. Generally, for the low-risk chemical-
exposure scenarios (except Crystalline and Amorphous silica
occupational scenarios), the PoDs occurred at higher
concentrations than the corresponding human exposure values,
whereas for all the high-risk chemical-exposure scenarios, there
was a clear overlap between the PoDs and lung deposited mass
(benchmark inhaled materials) or maximum plasma concentration
(systemically available benchmark drugs). This is only true if the
transcriptomic PoDs are included in the analysis. If the
transcriptomics analysis were not included, results for the high
risk Crystalline silica scenario would have clustered with the low-
risk chemical-exposure scenarios. One of the limitations of this work
was that transcriptomics was not performed in a concentration-
response manner for the upper MucilAir™-HF respiratory model,
and therefore not all benchmark chemicals have
transcriptomics PoDs.

Risk assessments for human inhalation toxicity based on
traditional animal studies generally include a safety factor of
25 to account for uncertainties related to interspecies (animal-to-
human: 2.5-safety factor) and inter-individual (human-to-
human: 10-safety factor) variabilities (ECHA, 2012).
Therefore, a margin of safety over 25 compared to no
observed adverse effects levels in animals has been judged to
be protective for human health for several decades regarding local
lung effects. Defining a safe BER threshold or the appropriate use
of uncertainty factors remains a challenge in NGRA. A recent
regulatory example, accepted by the US EPA, of a non-animal
risk assessment for the fungicide chlorothalonil in an
occupational scenario combined in vitro PoDs from
MucilAir™ readouts (i.e., TEER, lactate dehydrogenase leakage
and resazurin metabolism analyses) with dosimetry information
obtained from a computational fluid-particle dynamics (CFPD)
model (Corley et al., 2021; Li et al., 2018; McGee Hargrove et al.,
2021; Ramanarayanan et al., 2022). In this specific case, the total
uncertainty safety factor, to account the response among human
population, was 3 considering inter-individual toxicodynamic
variability only. The inter-individual toxicokinetic and
interspecies uncertainty factors were waived on the premise
that the in vitro model was derived from human lung biopsies,
the readouts measure MIEs for the mode of action (direct acting
contact irritation) and the exposure modelling is sufficiently
realistic and accurate. Applying a BER threshold of 3 to our
dataset would be protective for all benchmark chemicals, only
when including the transcriptomics PoDs for the high-risk
exposure scenarios for Amiodarone and Crystalline silica. To
be able to identify low-risk BER thresholds that would be
protective for a range of chemicals and human exposure
scenarios would require additional work to characterize
further the uncertainties in both the exposure and
toxicodynamic parts of our NAM toolbox, as discussed below.

Our work addressed the challenge of bridging the gap between
realistic human exposures and toxicological responses, employing
the widely used MPPD model. Although upper respiratory tract
CFD models offer detailed dose resolution as demonstrated in the
chlorothalonil case study, conducting full simulations in the lower
respiratory tract proved computationally burdensome due to the
vast scale of the human pulmonary system (Corley et al., 2021;

Kuempel et al., 2015). Therefore, such models would be a potential
next step in a tiered approach to exposure assessment if refinement
is needed. Recent studies attempted to overcome this by combining
upper respiratory CFD models with lower respiratory multi-path
models, albeit at a considerable computational expense (Kuprat
et al., 2021; Kuprat et al., 2023). Limitations of the MPPD model
include its inability to predict hotspots forming at airway junctions
and points of extreme curvature, potentially leading to
underestimated local doses. A significant source of inaccuracy in
in silico modeling arises from the ICRP model used to predict
chemical clearance within the lung. The lower respiratory
clearance model, calibrated from clinical data on the clearance of
radioactive dust particles from worker exposures (ICRP, 1994), may
be excessively conservative when applied to small molecules. In the
exposure scenarios explored in this paper, a combination of
literature values and experimentally measured data formed the
basis for estimates. Where data was lacking, a conservative
approach was taken, as exemplified by assuming a MMAD of
3 µm for Crystaline silica and Akemi, predicting the highest
lower respiratory exposure upon inhalation. Despite employing
conservative assumptions in this work, the primary source of
uncertainty stems from the absence of any formal guidance on
the parameterization of these models and validation data, unlike the
well-established validation of physiologically based kinetic models
against human clinical data (Li et al., 2021; Punt et al., 2022).

The in vitro lung models used in this work demonstrated some
limitations which impacted on their sensitivity to some toxicants
and their ability to replicate expected physiological responses.
Despite selecting reference materials known for specific in vitro
lung effects (Supplementary Table S1), some well-document
biological responses to these materials were mild or absent in
both in vitro human lung systems. For instance, tissue apical
exposure to Chlorocresol failed to induce a CBF decrease in
MucilAir™-HF tissues, and LPS via apical exposure did not
trigger intense inflammatory cytokine secretion in EpiAveolar
model, whereas a mild response was observed in MucilAir™-HF
tissues exposed to TNF-α and LPS (at 6h/day aerosol exposure only);
on the other hand, no effects were triggered by Nicotine and
Sulforaphane, both via aerosol exposure, similar to other in vitro
systems (see details in Supplementary Table S1). The absence of
dendritic cells in MucilAir™-HF tissues might have led to the
lack of marked inflammatory response to LPS and TNF-α, while
the lack of macrophages in EpiAlveolar™ tissues might have
impacted the response to Crystalline silica, Amorphous silica,
Amiodarone, and LPS given the lack of response in the cytokine/
chemokine panel. However, the transcriptomics data provided
insights about both the potency and mechanism of toxicity of
these substances. Similarly, the absence of epithelial alveolar
type II cells, the site of toxicity for the polymer contained in the
Akemi formulation, did not impact classification of this
chemical, with all PoDs generated in the EpiAlveolar™ tissues
being lower than the predicted human exposure. Similar results
were observed in the recently evaluated systemic NAM toolbox
(Cable et al., 2024). While the toolbox was not always able to
identify the critical mode of action for some chemicals, it was
almost always able to correctly assess the risk of the chemical-
exposure scenario based on a general measure of bioactivity,
such as transcriptomics.
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It was clear from our experience with two laboratories, that there
is a need to develop and evaluate standardized protocols for dosing
methodologies (e.g., Bannuscher et al., 2022), measurement of
readouts [e.g., CBF and TEER analyses as proposed by Behrsing
et al. (2022); Sharma et al. (2024), respectively], number of donor
requirements, timepoints and duration of exposure. In this regard,
recent research showed that apical liquid dosing in the primary
human bronchial epithelial cell/lung fibroblast ALI co-culture model
can reprogram gene expression and alter cell physiology, potentially
introducing confounding factors that compromise the accuracy of
inhaled substance evaluations (Mallek et al., 2024). Corroborating
this, our data showed that LPS from P. aeruginosa 10, via aerosol
exposure, induced upregulation of MMP-3 and uPAR levels in
MucilAir™-HF tissues; however, no effects were observed when
tissues were exposed to LPS via apical liquid dosing. Similarly, no
effects were observed in EpiAlveolar™ tissues exposed, via apical, to
LPS from P. aeruginosa 10 or E. coli 055:B5. Therefore, this may also
explain the lack of marked inflammatory response induced by LPS,
besides the use of different bacterial strain sources that can to
significantly impact the results of in vitro and in vivo
experiments (Ernst et al., 2021; Lin et al., 2020; Pulendran et al.,
2001). Moreover, the in vitro systems used here were composed of
primary cells derived from limited number of human samples. In
fact, sample size estimates have indicated the need for a reasonable
number of donors (n = 13–299) to detect 2-fold changes in a panel of
inflammatory readouts (e.g., IL-6 and IL-8 transcripts) to account
for interindividual variability in studies using an in vitro primary
cell-based model exposed to ozone (Bowers et al., 2022). Therefore,
an approach using multiple donors, donor-matched tissue and
pooled-donor samples in ALI exposures may support the
understanding of inter-individual variability within in vitro assays
(Moreau et al., 2022) by ideally using a broad set of different inhaled
materials covering a diversity regarding chemical structures.

Despite some of the limitations discussed above, the NAM
toolbox for respiratory safety used in this work appeared to
separate the low- and high-risk benchmark exposure scenarios
for 12 out of the 14 scenarios evaluated when using the BER,
suggesting that our strategy of selecting NAMs informed by
AOPs associated with pulmonary toxicity, can provide relevant
biological coverage. In addition, the benchmarking approach
provides an alternative to the traditional validation of NAMS
against apical effects in rodent studies but rather tries to evaluate
the NAMs in the context of making protective safety decisions
(Browne et al., 2024). Our findings pave the way for further
evaluation of the performance of NAM toolboxes for a wider
substance dataset with varied mechanisms of action, uses, and
balanced low and high-risk benchmarks to build confidence in
the protectiveness of the approach. In addition, there is a need to
establish scientific confidence by improving the reproducibility,
standardization of protocols, and in vitro culture methodologies
(ICCVAM, 2024; van der Zalm et al., 2022). This pioneering work
together with future research will ensure confidence in the use of
in vitro testing to generate human-relevant and mechanistically
driven PoDs that, together with estimates of human exposure,
can be used in safety assessments of ingredients in consumer
goods products without the need for the generation of new
animal data.
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Glossary
Acrylate
copolymer

ACUDYNE™ DHR copolymer

Akemi AKEMI® anti-fleck super

ALI air-liquid interface

AOP adverse outcome pathway

BAC Benzalkonium chloride

BE PVM/MA Butyl ester of poly (methyl vinyl ether-alt-maleic acid monoethyl
ester) copolymer

BER bioactivity exposure ratio

Cmax maximum plasma concentration

CBF cilia beating frequency

CCL chemokine (C-C motif) ligand

CDS Concentration Dependency Scores

CFPD computational fluid-particle dynamics

Chlorocresol 4-Chloro-3-methylphenol

CMC Carboxymethylcellulose sodium salt

COPD chronic obstructive pulmonary disease

CXCL C-X-C motif chemokine ligand

DART development and reproductive toxicity

FCS fetal calf serum

GSH Reduced glutathione

GSSH oxidized glutathione

HBSS Hanks’ Balanced Salt solution

ICAM-1 intercellular adhesion molecule-1

ICRP International Commission on Radiological Protection

IFN interferon

IL-1Ra IL-1 receptor antagonist

KE key event

LPS lipopolysaccharide

LV latent variable

MCC mucociliary clearance

MIE molecular initiating event

MMAD mass median aerodynamic diameters

MMP matrix metalloproteinase

MPPD multiple path particle dosimetry

Muc5AC mucin-5AC protein

NAMs New Approach Methodologies

NGRA next-generation risk assessment

NOAEC no observed adverse effect concentration

NOEC no observed effect concentration

PBS phosphate-buffered saline

PHMG polyhexamethylene guanidine phosphate

PLIER Pathway-level information extractor

PoD point of departure

QC quality control

QCM quartz crystal microbalance

REACH Registration, Evaluation and Authorization of Chemicals

SMC Sequential Monte Carlo

SUET simulated use evaluation testing

TEER trans-epithelial electrical resistance

TIMP-1 tissue inhibitor of metalloproteinase 1

TNF tumour necrosis factor

TWA time-weighted average

uPA urokinase

uPAR urokinase-type plasminogen activator receptor
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Immunotoxicity assessment of
multiwalled carbon nanotubes
following whole-body inhalation
exposure for 30 and 90 days in
B6C3F1/N mice and 30 days in
HSD:Harlan Sprague Dawley SD®

rats

Victor J. Johnson1*, Nigel J. Walker2, Michael I. Luster1,
Gary R. Burleson1, Michelle Cora2, Gregory L. Baker3,
Barney Sparrow4 and Dori R. Germolec2*
1Burleson Research Technologies, Inc., Morrisville, NC, United States, 2Division of Translational
Toxicology, National Institute of Environmental Health Sciences, National Institutes of Health, Research
Triangle Park, NC, United States, 3Sarepta Therapeutics, Columbus, OH, United States, 4Battelle
Memorial Institute, Columbus, OH, United States

Background: Several lines of evidence suggest the possibility that inhalation
exposure to multi-walled carbon nanotubes (MWCNT) at occupationally relevant
doses can lead to systemic immunotoxicity. To test this hypothesis, we undertook
in-depth examination of immune function in mice and rats exposed by inhalation
to relatively low levels of 1020 Long Multiwalled Carbon Nanotubes
(L-MWNT-1020).

Methods: Studies were conducted to determine the systemic and pulmonary
immunotoxic effects in mice and rats exposed to L-MWNT-1020 following
whole-body inhalation for 6 h/day for 5 days/week for 30 (mice and rats) and
90 (mice) days at dose levels of 0, 0.06, 0.2, and 0.6 mg/m3. Additional groups
were administered cyclophosphamide (CPS) as a positive control for each cohort.
Following exposure, pulmonary macrophage phagocytosis, immunophenotypic
analysis of immune cells populations in the spleen, and systemic immune
function, including tests for humoral (T-dependent antibody response, TDAR),
cell-mediated (cytotoxic T-lymphocyte [CTL] activity), and innate (Natural Killer
[NK] cell activity) immunity were conducted.

Results: While exposure increased pulmonary macrophage activity, no major
changes were observed in any of the systemic immune parameters measured in
mice exposed for 30 or 90 days. In rats, there was a slight decrease in humoral
immunity coinciding with an increase in the number of splenic T cell and NK cell
populations.

Conclusion: Although pulmonary macrophage activity increased in mice
following exposure to L-MWNT-1020, systemic immune function for the most
part remained unaffected. In contrast, rats demonstrated a slight decrease in
humoral immune function as well as an increase in spleen cell numbers, T cell,
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and NK cell populations suggesting species-specific effects on systemic immunity,
however, these effects were small and their biological significance with respect to
altering disease susceptibility is unclear.

KEYWORDS

multiwalled carbon nanotubes, MWCNT, immunotoxicity testing, innate immunity,
humoral immunity, 1020 long multiwalled carbon nanotubes, L-MWNT-1020

Introduction

Multi-walled carbon nanotubes (MWCNTs) are concentric tubes of
rolled graphene up to 100 μm long and appear as needle-like structures.
When functionalized, they have widespread industrial, mechanical
engineering, and biomedical applications (NIOSH, 2013). However,
in their pristine form where they tend to form agglomerates, their
structure, durability, and potential for widespread exposure, particularly
duringmanufacture, raises concerns that exposure may have significant
adverse health effects. A systematic review of occupational exposure
studies indicated that exposure concentrations in 85% of the studies
were above the current NIOSH recommended exposure limit (REL) of
1 μg/m3 as an 8-h time-weighted average (TWA) (Guseva Canu et al.,
2020). In vitro studies have shown that these pristine nanotubes induce
cell necrosis/apoptosis and oxidative stress when ingested by
macrophages (Orecchioni et al., 2014), while pulmonary exposure
(i.e., inhalation or intratracheal instillation) in experimental animals
has repeatedly caused substantial lung inflammation, fibrosis and
granuloma formation (Lam et al., 2004; Warheit et al., 2004;
Shvedova et al., 2005; NIOSH, 2013). Mitchell et al. (2007),
conducted immunotoxicology studies in mice following whole body
inhalation of MWCNTs for 7 or 14 days at dose levels of 0.3, 1 or 5 mg/
m3. Although pulmonary inflammation was not observed, a monotonic
immunosuppression was induced after 14 days of exposure as
evidenced by a reduced T-dependent antibody responses (TDAR)
and lymphocyte proliferation to Con A mitogen. Natural killer (NK)
cell activity was also reduced but only in animals exposed at 1 mg/m3.
Follow-up studies suggested that immunosuppression was possibly due
to activation of the COX-2 pathway in the lung and subsequent release
of prostaglandins (Mitchell et al., 2009). More recently, whole body
inhalation to L-MWNT-1020was shown to inhibit serum IgE levels, IL-
13 production in the lung, and airway mucus production in a house
dust mite model of allergic airways disease (Ihrie et al., 2019).
Interestingly, in the absence of pulmonary allergy, inhalation of
L-MWNT-1020 resulted in minimal changes in the lung with no
indications of pulmonary inflammation (Migliaccio et al., 2021). The
exacerbating effect of MWCNT on respiratory allergy was later
demonstrated to be due to the house dust mite (HDM) allergen
corona after adsorbing to MWCNT when combined in aqueous
solution for oropharyngeal aspiration exposure (Bartone et al., 2024).

Taken together previous studies suggests that
immunomodulation could represent a sensitive physiological
indicator adversely affected by MWCNT exposure. To help
confirm and extend previous findings we undertook in-depth
studies in mice and rats to determine the immunotoxicity of
L-MWNT-1020 following whole body inhalation exposure for
short term to subchronic durations. Exposure levels selected for
these studies were previously demonstrated not to produce
significant acute toxicity in lungs of experimental animals

(NTP, 2019). While these exposure levels were above the NIOSH
REL of 1 μg/m3 for elemental carbon as a respirable mass 8-h TWA
concentration, they overlapped with airborne concentrations in
occupational setting where levels have been measured up to
417.91 μg/m3 (Dahm et al., 2018).

Materials and methods

Test material

A representative “long” and “thin” MWCNT was selected for
testing in the Division of Translational Toxicology (DTT), NIEHS
Immunotoxicology studies. The 1020 Long Multiwalled Carbon
Nanotube (L-MWNT-1020) from Sun Innovations (Fremont,
CA) was selected based on commercial availability of large
quantities, high purity (98%), and the low amount of residual
metal (nickel) catalyst (0.52% by weight). Identity and purity
analyses were conducted by various analytical chemistry
techniques (NTP, 2019) and the L-MWNT-1020 was stored in
the original shipping containers at room temperature
(approximately 25°C). Reanalysis of the lot 10031301M used for
these studies showed an average length and width of 2,400 nm and
16 nm, respectively, which was in accordance with the
characterization by the manufacturer as 10–30 µm length and
10–20 nm diameter. The L-MWNT-1020 was composed almost
entirely of carbon and was stable and chemically unreactive;
therefore, the potential pulmonary toxicity and hazard of
L-MWNT-1020 should be primarily a function of physical
dimensions, exposure concentration, and biopersistence.

Study design, aerosol generation, and
exposure system

All animal procedures were approved by the institutional animal
care and use committee (IACUC) at the appropriate institution,
Battelle Memorial Institute (Headquarters, Columbus, OH) for the
inhalation exposure phase, and Burleson Research Technologies,
Inc. for the immunotoxicity assessments. Exposures were conducted
by Battelle Memorial Institute using whole body inhalation systems
as previously described in detail (Ihrie et al., 2019; NTP, 2019).
Briefly, the aerosol generation system consisted of a linear feed dust
metering device to m L-MWNT-1020 from a reservoir into an air
stream. A particle attrition chamber was positioned immediately
downstream of the metering device exhaust tube to reduce the
particle size of the test material. A single jet disperser assisted in
further dispersion and particle size reduction and a cyclone
separator removed the larger particles from the distribution
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system. Generated aerosol was conveyed from an exposure control
suite to the exposure room. The inhalation exposure chamber (Lab
Products, Inc., Seaford, DE) was designed so uniform aerosol
concentrations could be maintained throughout the chamber
with a total active mixing volume for each chamber of 1.7 m3.
The concentrations of L-MWNT-1020 in the exposure chambers
and room air were monitored using three real-time aerosol
monitors. Aerosol particle size distribution and uniformity of
aerosol concentration in the inhalation exposure chambers
without animals present were evaluated before the studies began
(NTP, 2019). Female mice and rats were used for these studies as
they tend to be more sensitive to immunotoxicity and show greater
dynamic range in immune responses than males (Klein and
Flanagan, 2016). Female B6C3F1/N mice (Taconic Biosciences,
Hudson, NY) were exposed for 30 or 90 days to L-MWNT-
1020 at concentrations of 0, 0.06, 0.2 or 0.6 mg/m3 while cohorts
of female Hsd:Harlan Sprague Dawley SD® rats were exposed for
30 days at the same concentrations 6 h/day for 5 days/week, as
shown in Figure 1. Following the prescribed exposure period,
animals were transferred to Burleson Research Technologies, Inc.
(BRT; Morrisville, NC) to provide immunizations or infections and
subsequent immune function testing ex vivo. A positive control
group was also included in which mice received 50 mg/kg
bodyweight of cyclophosphamide (CPS) by intraperitoneal
injection, once per day for 4–14 days (cohort dependent), prior
to scheduled euthanasia and rats received 15 mg/kg bodyweight,
once per day for 4–14 days (cohort dependent), prior to assessment
of immune function. All animals were euthanized by CO2 inhalation
using 100% CO2 introduced at 3.65 LPM into a 7.3 L chamber to
displace 50% of the atmosphere per minute until breathing ceased
and no pedal reflex was observed. Severing the diaphragm was used
for confirmation of death.

Animals were single housed in individually ventilated cages and
acclimated to the BRT vivarium for at least 7 days. Municipal tap
water (Town of Cary, NC) and NTP-2000 pelleted diet were

provided ad libitum. All animals were kept in facilities with a 12-
h light/dark cycle at 19.3°C–25.0°C and with a 30%–64% relative
humidity. Following acclimation, animals were randomized by
bodyweight (±20% of mean bodyweight) to six independent
cohorts (Table 1) for each study (30-day mouse, 90-day mouse,
and 30-day rat studies). Each cohort for the mouse studies consisted
of 8 animals/treatment group unless otherwise stated. Each cohort
for the rat study consisted of 12 rats/treatment group with the
exception of the CPS groups which consisted of 10 rats/group.

Hematology (cohort 1), pathology (cohort 1),
and organ weights (all cohorts)

Blood was collected by the retro-orbital (RO) route in
anesthetized animals into EDTA blood collection tubes for
analysis (complete hematological profiles, white blood cell
differentials and reticulocyte counts). Due to unsuccessful RO
blood collection, several animals had blood collected via cardiac
puncture. The blood was analyzed the day of collection on an Advia
120 hematology analyzer using associated V.6.3.2-MS software
(Siemens Medical Solutions United States, Inc., Malvern, PA).

Following completion of blood collection, animals were euthanized
with CO2 and selected tissues for histopathology were collected. Gross
observations were documented and the spleen, thymus, liver, right
kidney with adrenals, and lungs were weighed. The spleen, thymus,
mesenteric and popliteal lymph nodes, and liver (median, caudate, and
right lobes) were preserved in 10% neutral buffered formalin (NBF).
Other organs and tissues showing gross lesions were preserved in 10%
NBF. Thymus, spleen, lymph nodes, bronchoalveolar lymphoid tissue
(BALT), and bone marrow from the femur were examined using an
enhanced histopathology method (Elmore, 2012), while the lung, liver,
kidney (right), and adrenal gland (right) were evaluated using routine
histopathology. Bone marrow cells from the right femur were removed
and collected for total cell counts and cytospin preparations.

FIGURE 1
Study design for L-MWNT-1020 whole-body inhalation exposures in adult female B6C3F1/N mice and Hsd:Harlan Sprague Dawley SD

®
rats.
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Pulmonary mononuclear cell phagocytosis
(cohort 4)

BALF was collected, and mononuclear cells (50,000 cells) were
mixed with opsonized staphylococcus aureus bioparticles (100 μg)
labeled with pH sensitive pHrodo™ Red fluorochrome (Invitrogen;
Eugene, OR) that fluoresces red within phagosomes due to the acidic
pH. Cytochalasin D (15 μM; Sigma, St. Louis, MO), an in vitro
inhibitor of phagocytosis, was added to selected samples for 45 min
prior to the addition of bioparticles. Cells and bioparticles were
incubated for 2 h (±5 min) and then cooled to 2°C–8°C to stop
phagocytosis. Phagocytosis was quantified as the increase in cell-
associated red fluorescence (peak emission at 587 nm) using an
Accuri C6® flow cytometer using CFlow Plus® software v1.0.264.15.
Data were expressed as the percentage of cells that engulfed bacteria
and the mean fluorescent intensity of cells that engulfed bacteria
(measure of number of bacteria engulfed per cell).

Humoral immunity (cohort 2 for SRBC and
cohort 3 for KLH)

Humoral mediated immunity was assessed using two model
T-dependent antigens, sheep red blood cells (SRBC, Colorado Serum
Company, Denver, CO) and keyhole limpet hemocyanin (KLH; GMP-
grade whole subunit, Stellar Biotechnologies, Inc., Los Angeles, CA).
Four days following intravenous immunization with SRBC (7.5 × 107/
mouse and 1 × 108/rat), the T-dependent antibody response (TDAR)
was assessed bymeasuring the number of antibody forming cells (AFC)
in the spleen using the hemolytic plaque assay, the number of IgM
antibody producing B cells using ELISpot, and the serum titers of
circulating IgM antibody to SRBC. A separate group received

intraperitoneal immunization with KLH 14 days prior to euthanasia
and serum IgM and IgG antibody titers determined 5 (IgM) and 14
(IgG) days following immunization. We have described these methods
in detail previously (Watson et al., 2021).

Splenic T-cell proliferation (cohort 4)

T-cell proliferation was examined in single cell suspensions from
the spleen in response to ex vivo treatment with species specific
monoclonal anti-CD3 antibodies (BD Bioscience, Franklin Lake, NJ),
as previously described (Watson et al., 2021). Briefly, microtiter plates
were coated overnight with anti-mouse CD3 antibody and thenwashed.
Splenocytes in RPMI complete medium were added to the appropriate
wells and incubated at 37°C and 5% CO2 for up to 96 h. A non-
radioactive assay system was used to determine T-cell proliferation
(CyQuant Direct Cell Proliferation Assay®, Molecular Probes, Eugene,
OR) according to themanufacturer’s instructions. Fluorescence signal is
directly proportional to DNA content and cell number. Data were
collected using a SpectraMaxM2e spectrofluorometer running Softmax
Pro® (Molecular Devices, San Jose, CA) software v5.0.1.

Lung cytotoxic T lymphocyte (CTL) activity
(cohort 5)

To stimulate an in vivo cell-mediated immune response, mice
and rats from Cohort 5 were infected with influenza virus [~4 × 104

plaque forming units (pfu)/mouse or ~2 × 105 pfu/rat] via intranasal
instillation (Burleson et al., 2018; Watson et al., 2021) 8 days prior to
scheduled termination. The ex vivo CTL assay was performed using
lung effector cells isolated from the influenza-exposed animals

TABLE 1 Endpoints examined for each cohort.

Cohort Study endpoints

1 • Clinical observations
• Body and organ weights
• Hematology
• Pathology (enhanced immunopathology for immune tissues, traditional histology for non-immune tissues)

2 • Clinical observations
• Body and organ weights
• Antibody response to SRBC

3 • Clinical observations
• Body and organ weights
• Antibody response to KLH – In-life 5 days following immunization (IgM) and at terminal necropsy (IgG)

4 • Clinical observations
• Body and organ weights
• Pulmonary macrophage function
• T-cell proliferation
• Immunophenotyping of the spleen

5 • Clinical observations
• Body and organ weights
• CTL response to influenza infection

6 • Clinical observations
• Body and organ weights
• NK cell response to influenza infection
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8 days following infection as previously described (Watson et al.,
2021). Briefly, on the day of the assay either EL-4 (mice) or UMR-
106 (rat) target cells (ATCC, Manassas, VA) were infected with
influenza virus (multiplicity of 10) in vitro and then labeled with
Chromium-51 (51Cr at 100 μCi per 1 × 106 target cells for 90 min).
Lung effector cells (isolated from bronchoalveolar lavage fluid from
mice or lung tissue digests from rats) were separated from red blood
cells and adherent cells and combined with labeled target cells in
U-bottomed microtiter plates at the appropriate effector-to-target
ratios (20:1, 10:1, and 5:1 for mice or 50:1, 25:1, and 12.5:1 for rat).
Plates were briefly centrifuged to facilitate effector-to-target cell
contact and incubated at 37°C/5%CO2 for 6 h. Culture supernatants
were harvested and release of 51Cr was determined using a Cobra II
Auto-Gamma counter (Packard Inc., Pamsey, MN). Specific target
cell lysis is a direct measure of influenza-specific CTL killing activity.

Lung natural killer (NK) cell activity (cohort 6)

To stimulate in vivo recruitment and activation of NK cells in the
lung, mice or rats from cohort 6 were infected with influenza virus
[~4 × 104 plaque forming units (pfu)/mouse or ~2 × 105 pfu/rat] via
intranasal instillation (Watson et al., 2021) 2 days prior to scheduled
termination for rats and 3–4 days prior to scheduled termination for
mice. Pulmonary NK cell killing activity was evaluated using YAC-1
tumor target cells as previously described (Watson et al., 2021).
Briefly, lung effector cells (100 μL) were added to wells of round-
bottom microtiter plates containing 100 μL of YAC-1 target cells
(1 × 105 cells/mL labeled with 51Cr at 100 μCi per 1 × 106 target cells
for 90 min) at effector to target ratios of 20:1, 10:1, and 5:1 for mice
or 50:1, 25:1, and 12.5:1 for rats. The plates were centrifuged and
then incubated at 37°C/5%CO2 for 4 h. Culture supernatants were
harvested and release of 51Cr was determined using a Cobra II Auto-
Gamma counter (Packard).

Immunophenotyping of the spleen
(cohort 4)

Splenic immune cell populations were determined using flow
cytometry and are presented as absolute cell numbers and relative
percentages of CD45+ lymphocytes or total myeloid cells, as
appropriate. Red blood cells (RBC) present in single cell
suspensions from the spleen were removed by lysis prior to Fc
receptor blocking and antibody staining. Detailed procedures
including antibodies, staining, and gating strategies were
previously published (Watson et al., 2021). Antibody cocktails for
discrimination of immune cell populations were the following.

• Rat: (1) CD45, CD3, CD45RA, and CD161a; (2) CD45, CD3,
CD4, CD8a; and (3) CD11b/c, CD103, RP-1, and CD161a.

• Mouse: (1) CD45, CD3, CD45R, and CD161a; (2) CD45, CD3,
CD4, CD8a; and (3) CD11b, CD11c, Ly6G, and
CD335 (NKp46).

Details of the antibodies used for these studies are provided in
the CEBS Supplemental Antibody Table (10.22427/NTP-DATA-
500-005-001-000-1). Cell populations examined in the spleen

included total lymphocytes, total T cells, CD4+ T cells, CD8+

T cells, B cells, NK cells, monocytes/macrophages, eosinophils,
and neutrophils. In addition, T:B cell and CD4+:CD8+ T cell
ratios were determined. Following staining, samples were stored
at 2–8°C, protected from light, until analyzed on an Accuri C6 flow
cytometer using CFlow Plus v 1.0.264.15 (BD Biosciences). In all
cases, a minimum of 20,000 events/sample was acquired.

Lymphocyte gating was performed on CD45+ populations. The
following lymphocyte subsets were identified; T-cells
(CD3+CD45RA−), B-cells (CD3−CD45RA+), NK cells
(CD3−CD161a+), T-helper cells (CD3+CD4+), and T-cytotoxic
cells (CD3+CD8+). Myeloid cells were gated based on being
positive for CD11b with low-to-mid intensity staining for CD11c
(mouse) or CD103 (rats). Myeloid populations were differentiated
from NK cells based on lack of CD335(NKp46) expression, (mouse)
or lack of CD161a (rats). Further differentiation was based on
expression of Ly6G (mouse) or RP-1 (rat) with positive cells
being neutrophils and negative cells differentiated using SSC into
monocytes/macrophages with low granularity and eosinophils with
high granularity.

Data collection, data analysis, and
statistical analysis

Data were collected into Provantis v9.3.2.1 (Instem, Philadelphia,
PA) and calculation of endpoints was performed within this validated
electronic data collection and management system. Results are
presented as mean ± SEM. Extreme values were identified by the
outlier test of Dixon andMassey when sample size was <20 (Dixon and
Massey, 1957) and by Tukey’s outer fences method (Tukey, 1977) when
sample size was ≥20. All flagged outliers were examined by DTT,
NIEHS personnel, and implausible values were eliminated from the
final analyses. Jonckheere’s test was used to test for dose-related trends
(Jonckheere, 1954). The positive control group was excluded from the
trend tests. Bodyweight and organ weight data, which exhibit a normal
distribution, were analyzed using Jonckheere’s trend test (Jonckheere,
1954) and Williams’ or Dunnett’s (pairwise) test depending on
detection of a trend at a 0.01 significance level (Dunnett, 1955;
Williams, 1971; Williams, 1972; Williams, 1986). Data for other
endpoints were analyzed using a non-parametric multiple
comparison procedure. Shirley’s test was used if a significant trend
was observed (Shirley, 1977) and Dunn’s test was used if the trend was
not significant (Dunn, 1964). Positive control group data were
compared to the vehicle control group using the t-test for
bodyweight and organ weight and Wilcoxon rank-sum test for all
other endpoints. Data that were different from control at p ≤ 0.05 were
considered statistically significant.

Results

Summary findings pertinent for evaluating immunotoxicity of
L-MWNT-1020 are presented below. All study findings including
results that are discussed in this section but not presented in the
manuscript can be found in the NTP Chemical Effects in Biological
Systems (CEBS) database. (10.22427/NTP-DATA-500-005-001-
000-1).
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TABLE 2 Absolute counts of immune cell populations in the spleen of rodents following inhalation of L-MWNT-1020.

L-MWNT-1020 (mg/m3)

0 0.06 0.2 0.6 15 mg/kg CPS

30-day rat exposure study

Total Leukocytes (x103/μL) 10.104 ± 0.691 [12] 10.619 ± 0.708 [11] 9.170 ± 0.677 [11] 11.353 ± 0.516 [12] 3.050 ± 0.164 [10]**

Absolute Counts

Lymphocytes (x103/μL) 8.921 ± 0.615 [12] 9.181 ± 0.616 [11] 7.815 ± 0.543 [11] 9.633 ± 0.454 [12] 2.319 ± 0.100 [10]**

Neutrophils (x103/μL) 0.664 ± 0.061 [12] ↑↑ 0.837 ± 0.104 [11] 0.758 ± 0.080 [11]** 1.054 ± 0.092 [12]** 0.479 ± 0.043 [10]*

Monocytes (x103/μL) 0.302 ± 0.027 [12] 0.358 ± 0.038 [11] 0.243 ± 0.033 [11] 0.317 ± 0.021 [12] 0.085 ± 0.008 [10]**

Eosinophils (x103/μL) 0.075 ± 0.004 [12] ↑↑ 0.100 ± 0.021 [11] 0.175 ± 0.057 [11]* 0.173 ± 0.033 [12]** 0.100 ± 0.031 [10]

Basophils (x103/μL) 0.044 ± 0.006 [12] 0.041 ± 0.007 [11] 0.038 ± 0.006 [11] 0.049 ± 0.006 [12] 0.011 ± 0.002 [10]**

LUC (x103/μL) 0.098 ± 0.012 [12] 0.101 ± 0.009 [11] 0.144 ± 0.042 [11] 0.126 ± 0.017 [12] 0.056 ± 0.013 [10]*

Relative Counts

Percent Lymphocytes (%) 88.23 ± 0.48 [12] ↓↓ 86.40 ± 0.89 [11] 85.61 ± 0.88 [11]* 84.82 ± 0.84 [12]** 76.45 ± 1.44 [10]**

Percent Neutrophils (%) 6.54 ± 0.30 [12] ↑↑ 7.92 ± 0.72 [11] 8.17 ± 0.60 [11]* 9.27 ± 0.66 [12]** 15.63 ± 0.99 [10]**

Percent Monocytes (%) 3.09 ± 0.32 [12] 3.38 ± 0.29 [11] 2.58 ± 0.25 [11] 2.85 ± 0.21 [12] 2.77 ± 0.26 [10]

Percent Eosinophils (%) 0.78 ± 0.05 [12] ↑↑ 0.99 ± 0.25 [11] 1.72 ± 0.46 [11]** 1.56 ± 0.29 [12]** 3.02 ± 0.76 [10]**

Percent Basophils (%) 0.41 ± 0.04 [12] 0.37 ± 0.05 [11] 0.39 ± 0.04 [11] 0.42 ± 0.04 [12] 0.36 ± 0.06 [10]

Percent LUC (%) 0.92 ± 0.06 [12] 0.95 ± 0.05 [11] 1.51 ± 0.43 [11] 1.08 ± 0.12 [12] 1.77 ± 0.37 [10]

30-day mouse exposure study

Total Leukocytes (x103/μL) 11.088 ± 0.744 [6] 8.949 ± 0.806 [8] 9.933 ± 0.468 [7] 10.009 ± 0.559 [7] 2.636 ± 0.458 [7]**

Absolute Counts

Lymphocytes (x103/μL) 9.377 ± 0.677 [6] 7.651 ± 0.716 [8] 8.403 ± 0.457 [7] 8.564 ± 0.522 [7] 2.299 ± 0.412 [7]**

Neutrophils (x103/μL) 1.143 ± 0.049 [6] 0.854 ± 0.057 [8]* 1.027 ± 0.079 [7] 0.903 ± 0.059 [7] 0.220 ± 0.035 [7]**

Monocytes (x103/μL) 0.162 ± 0.013 [6] 0.113 ± 0.005 [8]* 0.150 ± 0.010 [7] 0.161 ± 0.017 [7] 0.019 ± 0.005 [7]**

Eosinophils (x103/μL) 0.228 ± 0.051 [6] 0.121 ± 0.014 [8] 0.174 ± 0.025 [7] 0.193 ± 0.029 [7] 0.046 ± 0.015 [7]**

Basophils (x103/μL) 0.040 ± 0.010 [6] 0.045 ± 0.011 [8] 0.043 ± 0.006 [7] 0.037 ± 0.006 [7] 0.004 ± 0.002 [7]**

LUC (x103/μL) 0.140 ± 0.039 [6] 0.161 ± 0.045 [8] 0.141 ± 0.023 [7] 0.146 ± 0.027 [7] 0.049 ± 0.009 [7]**

Relative Counts

Percent Lymphocytes (%) 84.42 ± 0.72 [6] 85.26 ± 0.65 [8] 84.43 ± 0.90 [7] 85.43 ± 0.75 [7] 86.86 ± 1.46 [7]

Percent Neutrophils (%) 10.43 ± 0.49 [6] 9.88 ± 0.75 [8] 10.56 ± 1.16 [7] 9.10 ± 0.54 [7] 8.67 ± 0.74 [7]

Percent Monocytes (%) 1.50 ± 0.18 [6] 1.31 ± 0.09 [8] 1.51 ± 0.07 [7] 1.60 ± 0.13 [7] 0.70 ± 0.14 [7]*

Percent Eosinophils (%) 2.10 ± 0.51 [6] 1.36 ± 0.07 [8] 1.71 ± 0.22 2.00 ± 0.33 [7] 1.73 ± 0.52 [7]

Percent Basophils (%) 0.37 ± 0.06 [6] 0.49 ± 0.10 [8] 0.40 ± 0.06 0.39 ± 0.06 [7] 0.19 ± 0.05 [7]

Percent LUC (%) 1.18 ± 0.23 [6] 1.70 ± 0.35 [8] 1.40 ± 0.20 1.49 ± 0.30 [7] 1.89 ± 0.44 [7]

90-day mouse exposure study

Total Leukocytes (x103/μL) 9.186 ± 0.484 [8] ↓ 9.223 ± 0.356 [6] 8.253 ± 0.450 [8] 7.523 ± 0.852 [8] 2.870 ± 0.572 [7]**

Absolute Counts

Lymphocytes (x103/μL) 7.378 ± 0.388 [8] ↓ 7.627 ± 0.254 [6] 6.694 ± 0.359 [8] 5.954 ± 0.713 [8] 2.775 ± 0.600 [6]**

Neutrophils (x103/μL) 0.969 ± 0.068 [8] 0.833 ± 0.109 [6] 0.899 ± 0.095 [8] 1.168 ± 0.176 [8] 0.202 ± 0.075 [6]**

Monocytes (x103/μL) 0.084 ± 0.007 [8] 0.075 ± 0.017 [6] 0.090 ± 0.018 [8] 0.066 ± 0.027 [8] 0.000 ± 0.000 [7]**

Eosinophils (x103/μL) 0.574 ± 0.055 [8] 0.503 ± 0.128 [6] 0.439 ± 0.106 [8] 0.276 ± 0.128 [8] 0.000 ± 0.000 [7]**

Basophils (x103/μL) 0.061 ± 0.010 [8] ↓ 0.062 ± 0.015 [6] 0.061 ± 0.018 [8] 0.023 ± 0.009 [8] 0.000 ± 0.000 [7]**

LUC (x103/μL) 0.120 ± 0.033 [8] ↓↓ 0.127 ± 0.036 [6] 0.068 ± 0.017 [8] 0.036 ± 0.014 [8]* 0.000 ± 0.000 [7]**

Relative Counts

Percent Lymphocytes (%) 80.41 ± 1.08 [8] 82.95 ± 2.70 [6] 81.45 ± 2.44 [8] 78.83 ± 2.38 [8] 93.67 ± 1.09 [6]**

Percent Neutrophils (%) 10.51 ± 0.54 [8] ↑↑ 8.97 ± 1.10 [6] 10.79 ± 0.91 [8] 16.01 ± 1.84 [8]* 6.33 ± 1.09 [6]*

Percent Monocytes (%) 0.93 ± 0.08 [8] 0.78 ± 0.17 [6] 1.06 ± 0.21 [8] 0.80 ± 0.30 [8] 0.00 ± 0.00 [7]**

(Continued on following page)
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Clinical observations, pathology,
bodyweights, and organ weights
(all cohorts)

In all three experimental studies occasional minor clinical
abnormalities were observed, such as alopecia in mice, but were
not considered related to exposure as similar incidences were
observed between control and treated groups (CEBS Summary
Table I05). The exposures to L-MWNT-1020 were performed by
the inhalation contractor followed by shipment of the animals to
BRT for assessment of immune function. L-MWNT-1020 inhalation
had minimal effects on in-life bodyweights in mice and rats (CEBS
Summary Tables I04 and I04G). Exposures were not continued at
BRT and there were no effects on terminal bodyweights in any of the
cohorts. At necropsy, the thymus, spleen, liver, right kidney with
adrenals, and lungs were removed, examined, and weighed. There
were no significant gross pathology (CEBS Summary Table PA46) or
organ weight changes (CEBS Summary Table PA06) in any of the
organs collected when compared to the vehicle control
group. Histological examination revealed low numbers of
pulmonary macrophages that contained black pigment, consisting
of agglomerated L-MWCT-1020, in the majority of rats treated for
30 days with ≥0.2 mg/m3 and in all mice from the 0.6 mg/m3

treatment group following 90 days of exposure, but not in mice
treated for 30 days. There were no other histopathological changes
that could be attributed to inhalation of L-MWNT-1020 in any
lymphoid or non-lymphoid tissue examined in either mice or rats
(CEBS Summary Table PA02, PA03, PA08, and PA10).

Hematology (cohort 1)

L-MWNT-1020 inhalation resulted in small, but statistically
significant changes in hematological values and white blood cell
(WBC) differentials. There was a significant decreasing trend with
increasing exposure concentration in platelet counts in mice treated
for 90 days and a significant decrease in mice treated with 0.6 mg/m3

L-MWNT-1020 compared to the vehicle control group. A similar
negative trend in platelets was observed in rats treated for 30 days,
however, no treatment groups were different from the vehicle group
(CEBS Summary Table M04). Examination of WBC differentials
(Table 2, CEBS Summary Table M03) indicated that there were
significant increasing trends in absolute and relative neutrophils and
eosinophils in rats exposed to L-MWNT-1020 for 30 days. There
was also a decreasing trend in the relative lymphocyte counts in
exposed rats. These trends were accompanied by significantly
increased absolute neutrophil counts (0.6 mg/m3), relative

neutrophil counts (≥0.2 mg/m3), and absolute and relative
eosinophil counts (≥0.2 mg/m3), as well as significantly decreased
relative lymphocyte counts (≥0.2 mg/m3) in rats exposed to
L-MWNT-1020 for 30 days. Mice exposed to L-MWNT-1020 for
30 days appeared less sensitive and only had significantly decreased
numbers of monocytes and neutrophils in the 0.06 mg/m3 treatment
group. Extending the exposure period in mice to 90 days resulted in
a significantly increasing trend in relative neutrophil counts which
was significantly increased in the 0.6 mg/m3 group relative to the
vehicle group which is consistent with the findings in rats. Mice
exposed to L-MWNT-1020 for 90 days also showed significantly
decreasing trends in absolute lymphocytes, basophils, and large
unstained cells but only large unstained cells in mice exposed to
0.6 mg/m3 were significantly decreased relative to the vehicle control
group (CEBS Summary Table M03). No other changes were
observed in hematology parameters in mice or rats treated with
L-MWNT-1020. The positive control, CPS, produced a hemogram
consistent with severe leukocytopenia as expected.

Phagocytosis (cohort 4)

The impact of L-MWNT-1020 exposure on the number and ability
of bronchoalveolar lavage fluid (BALF)mononuclear cells to phagocytize
opsonized Staphylococcus aureus bioparticles was determined (Figure 2;
CEBS Summary Table M14). In mice exposed for 30 days, there was a
significant increase in the number of pulmonary mononuclear cells
present in the BALF in the 0.6 mg/m3 exposure group (Figure 2A)
and in the percentage of mononuclear phagocytic cells actively engulfing
opsonized staphylococcus aureus bioparticles in both the 0.2 and 0.6 mg/
m3 exposure groups (Figure 2B). The relative number of opsonized
Staphylococcus aureus bioparticles phagocytized per cell, as measured by
mean fluorescent intensity (MFI), was not affected by exposure in mice
(Figure 2C). Neither pulmonary mononuclear cell number nor
phagocytosis were affected in rats exposed by inhalation for 30 days
to L-MWNT-1020 (Figures 2D–F). There was insufficient uptake of the
fluorescent bioparticles by the pulmonary phagocytic cells for all animals
and assessment of phagocytic function was not possible in the 90-Day
mouse study (data are not presented).

Humoral immune response to
T-lymphocyte dependent antigens (cohort
2 for SRBC and cohort 3 for KLH)

L-MWNT-1020 exposure in rats significantly decreased the
anti-SRBC AFC response (CEBS Summary Table M07) at the

TABLE 2 (Continued) Absolute counts of immune cell populations in the spleen of rodents following inhalation of L-MWNT-1020.

L-MWNT-1020 (mg/m3)

0 0.06 0.2 0.6 15 mg/kg CPS

Percent Eosinophils (%) 6.19 ± 0.41 [8] 5.33 ± 1.33 [6] 5.16 ± 1.30 [8] 3.51 ± 1.59 [8] 0.00 ± 0.00 [7]**

Percent Basophils (%) 0.66 ± 0.08 [8] 0.65 ± 0.15 [6] 0.71 ± 0.21 [8] 0.29 ± 0.11 [8] 0.00 ± 0.00 [7]**

Percent LUC (%) 1.34 ± 0.37 [8] 1.35 ± 0.35 [6] 0.79 ± 0.19 [8] 0.51 ± 0.21 [8] 0.00 ± 0.00 [7]**

Data are presented as Mean ± SEM [n]. SEM, Standard error; CPS, cyclophosphamide; LUC, Large Unstained Cells. Significant increasing (↑p < 0.05 or ↑↑p < 0.01) or decreasing (↓p < 0.05 or
↓↓p < 0.01) trend with increasing dose of L-MWNT-1020. Significantly different from vehicle control at *p < 0.05 of **p < 0.01.
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FIGURE 2
Pulmonary cell number, percent phagocytosis and mean fluorescent intensity (MFI) of phagocytized cells in mice exposed for 30 days (A–C),
respectively or rats exposed for 30 days (D–F), respectively to 0, 0.06, 0.2 or 0.6mg/m3 of L-MWNT-1020. CPS–cyclophosphamide was administered as
a positive control to mice at 50 mg/kg and to rats at 15 mg/kg. SEM–standard error of the mean. Significantly different from the vehicle control group at
*p < 0.05 or **p < 0.01. ↑↑Significant increasing dose-response trend with increasing dose of L-MWNT-1020 (p < 0.01).

FIGURE 3
Antibody forming cell response to SRBC in rodents following inhalation of L-MWNT-1020 for 30 days in mice (A,B), 90 days in mice (C,D) and
30 days in rats (E,F). The AFC response is presented normalized per million splenocytes and as total numbers per spleen. AFC–Antibody forming cell,
CPS–cyclophosphamide. Data are presented as Mean ± Standard Error (SEM). Group sizes for mice were 8 per treatment, except for vehicle group from
the mouse 30 days study which was 7. Group sizes for rats were 12 per L-MWNT-1020 group and 10 per CPS group. Significantly different from the
vehicle control at *p < 0.05 or **p < 0.01.
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0.2 mg/m3 dose level when expressed as AFC/106 spleen cells
(Figure 3E). A decrease was also observed when expressed as
AFC/spleen but did not reach statistical significance (Figure 3F).
While the responses were also decreased at the 0.06 and 0.6 mg/m3

dose levels in rats, statistical significance was not achieved. Similar
decreases were observed in the AFC responses in mice, but these
changes did not reach statistical significance (Figures 3A–D). None
of these groups showed significant dose response trends. Serum
levels of anti-SRBC IgM antibodies (CEBS Summary Table M08)
and anti-SRBC IgM producing B-cells (CEBS Summary Table M19)
were negligibly impacted by inhalation of L-MWNT-1020 in mice
and rats. In addition, antibody responses to KLH were not affected
by L-MWNT-1020 inhalation in rats or mice (CEBS Summary Table
M09). Humoral immune responses to SRBC and KLH were
markedly decreased in all CPS treated animals as expected.

Cell mediated immunity (cohort 4 for T-cell
proliferation and cohort 5 for CTL response)

Cell mediated immune function was assessed by quantitating
splenic T cell proliferation in response to stimulation with anti-CD3
monoclonal antibodies and by determining the ability of pulmonary
T cells from influenza-infected animals to lyse influenza-infected
target cells in a cytotoxic T lymphocyte (CTL) assay. There was a
statistically significant increase in anti-CD3 antibody stimulated
T cell proliferation at the lowest (0.06 mg/m3) dose of L-MWNT-
1020 in mice exposed for 30 days but no effect was observed after
90 days in mice. A significant decrease in proliferation occurred in
rats exposed to L-MWNT-1020 for 30 days, but only in the 0.2 mg/
m3 treatment group (CEBS Summary Table M11). These changes in
T-cell proliferation were minor and not dose-related. CTL activity
was unaffected following exposure to L-MWNT-1020 in either mice
or rats (CEBS Summary Table M12). CPS treatment markedly
decreased the CTL response as expected.

Natural Killer (NK) cell activity (cohort 6)

Natural killer (NK) cell activity was evaluated by examining the
ability of pulmonary effector cells isolated 2 days following influenza
infection to lyse YAC-1 tumor target cells. There was a significant
decreasing trend in NK killing activity in mice exposed to
L-MWNT-1020 for 90 days but only at the 5:1 E:T ratio. This
trend was not observed in mice or rats exposed for 30 days. There
were no other exposure-related effects on NK activity following
inhalation of L-MWNT-1020 in either rats or mice (CEBS
Summary Table M15).

Immunophenotypes in the spleen (cohort 4)

The absolute number and relative percentages of immune cell
populations in the spleen are presented in Tables 3, 4, respectively.
Mice exposed to L-MWNT-1020 for 90 days showed a significant
decreasing trend in relative percentage and absolute number of
neutrophils with both measures being significantly decreased in the
0.6 mg/m3 treatment group. Changes in other cell populations in the

spleen were mostly negligible in mice treated for 30 or 90 days. In
rats exposed to 0.06 and 0.2 mg/m3 L-MWNT-1020 for 30 days there
was a significant increase in the absolute number of spleen cells that
corresponded with a significant increase in total lymphocytes in the
same groups. The impact of L-MWNT-1020 on immune cell
population numbers was on the T cell compartment as evidenced
by significant increases in total T cells, CD4+ T cells, CD8+ T cells,
and the total T cell:B cell ratios in rats treated with 0.06 and 0.2 mg/
m3. In addition, there was a positive trend in NK cell numbers with
all exposure levels being significantly elevated. CPS treatment was
consistent with historical controls resulting in a marked reduction in
the number of almost all cell phenotypes with B cells being the most
affected and NK cells and monocytic cells the least.

Discussion

In depth immunotoxicity studies were conducted in mice
exposed for 30 and 90 days and in rats for 30 days to whole
body inhalation of L-MWNT-1020 at concentrations of 0.06, 0.2,
and 0.6 mg/m3 6 h/day for 5 days/week. The low and mid exposure
levels used in the present studies were within the range of
concentrations (<0.001–417.91 μg/m3) previously observed in US
facilities manufacturing carbon nanotubes and nanofibers (Dahm
et al., 2018). Critical effect levels have already been estimated for
noncancerous lung effects from animal dose response data (e.g.,
BMD, benchmark dose and BMDL, the 95% lower confidence limit
estimates of the BMD) and extrapolated to humans for MWCNTs
by accounting for the factors influencing the lung dose in
experimental animals. Based on BMD modeling of subchronic
animal inhalation studies (Ma-Hock et al., 2009; Pauluhn, 2010),
a working lifetime exposure of 0.2–2 µg/m3 (8-h TWA
concentration) was estimated to be associated with a 10% excess
risk of early-stage adverse lung effects (95% lower confidence limit
estimates). In view of these health risks, and ongoing improvements
in sampling and analytical methodologies, NIOSH has
recommended a REL of 1 μg/m3 as an 8-h TWA respirable mass
concentration using NIOSH Method 5040 (https://www.cdc.gov/
niosh/docs/2013-145/pdfs/2013-145.pdf). The NIOSH REL is based
on minimizing the risk of pulmonary inflammation, including
neutrophil influx, and pulmonary fibrosis that were observed in
animal studies following short-term and subchronic exposure to
carbon nanotubes and nanofibers (Bergamaschi et al., 2021).
Although there was systemic neutrophilia in the blood of rats
exposed for 30 days to L-MWNT-1020, there was no
histopathological evidence of inflammation and neutrophil influx
into the lungs of rats or mice in these studies.

Experimental animal studies have established that the lung is the
primary target following inhalation of single walled carbon
nanotubes (SWCNTs) characterized by persistent pulmonary
fibrosis, granulomas and other tissue injury (Lam et al., 2004;
Shvedova et al., 2005). These studies were normally conducted at
higher concentrations (e.g., 1–5 mg/kg bodyweight) than employed
in the present studies and the materials were often administered as a
bolus, i.e., instilled or aspirated. It is known that there can be
significant differences in toxicity due to exposure method (e.g.,
inhalation vs aspiration or instillation) as well as between
different lots of carbon nanotubes due to the length, presence of
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TABLE 3 Absolute counts of immune cell populations in the spleen of rodents following inhalation of L-MWNT-1020.

L-MWNT-1020 (mg/m3)

0 0.06 0.2 0.6 15 mg/kg CPS

30-day rat exposure study

Spleen Cells (x106) 345.95 ± 16.00 (12) 456.95 ± 28.47 (12) ** 434.15 ± 21.57 (12) * 409.80 ± 19.40 (12) 165.18 ± 19.49 (10) **

Total Lymphocytes 340.954 ± 15.738 (12) 451.685 ± 28.159 (12) ** 429.145 ± 21.429 (12) * 404.909 ± 19.201 (12) 162.807 ± 19.745 (10) **

Total T Cells 102.024 ± 4.983 (12) 154.826 ± 11.171 (12) ** 143.832 ± 8.819 (12) ** 126.047 ± 7.065 (12) 80.965 ± 9.626 (10)

CD4+ T Cells 57.520 ± 4.024 (12) 88.327 ± 8.269 (12) ** 83.264 ± 5.535 (12) ** 68.792 ± 4.107 (12) 42.012 ± 6.242 (10)

CD8+ T Cells 39.540 ± 2.564 (12) 60.507 ± 4.075 (12) ** 54.213 ± 4.162 (12) * 51.805 ± 3.128 (12) 36.691 ± 3.383 (10)

B Cells 172.003 ± 9.675 (12) 213.994 ± 14.403 (12) 201.592 ± 11.929 (12) 194.959 ± 10.078 (12) 46.339 ± 6.996 (10) **

NK Cells 8.754 ± 0.606 (12) ↑↑ 11.014 ± 0.762 (12) * 10.873 ± 0.371 (12) * 12.391 ± 1.061 (12) ** 7.973 ± 1.259 (10)

Mono/Mac Cells 6.560 ± 0.651 (12) 6.962 ± 0.613 (12) 6.738 ± 0.269 (12) 6.655 ± 0.568 (12) 2.137 ± 0.370 (10) **

Neutrophils 5.749 ± 0.379 (12) 5.820 ± 0.325 (12) 6.982 ± 0.467 (12) 5.855 ± 0.362 (12) 4.072 ± 0.485 (10) *

Eosinophils 0.521 ± 0.046 (12) 0.488 ± 0.055 (12) 0.558 ± 0.093 (12) 0.416 ± 0.065 (12) 0.252 ± 0.032 (10) **

Total T Cells: B Cells Ratio 0.604 ± 0.028 (12) 0.727 ± 0.025 (12) ** 0.716 ± 0.025 (12) * 0.650 ± 0.027 (12) 1.853 ± 0.106 (10) **

CD4+ T Cells: CD8+ T Cells Ratio 1.513 ± 0.143 (12) 1.485 ± 0.138 (12) 1.583 ± 0.102 (12) 1.339 ± 0.059 (12) 1.117 ± 0.095 (10) *

30-day mouse exposure study

Spleen Cells (x106) 78.48 ± 8.07 (8) 70.90 ± 3.65 (8) 75.20 ± 4.70 (7) 74.38 ± 3.08 (8) 19.88 ± 1.59 (8) **

Total Lymphocytes 70.403 ± 7.494 (8) 65.746 ± 3.957 (8) 70.824 ± 5.143 (7) 67.541 ± 2.900 (8) 19.357 ± 1.527 (8) **

Total T Cells 21.088 ± 2.375 (8) 20.014 ± 1.474 (8) 20.643 ± 2.052 (7) 19.558 ± 0.760 (8) 9.534 ± 0.727 (8) **

CD4+ T Cells 11.935 ± 1.393 (8) 11.518 ± 0.916 (8) 12.019 ± 1.216 (7) 11.036 ± 0.488 (8) 5.288 ± 0.403 (8) **

CD8+ T Cells 7.574 ± 0.828 (8) 7.093 ± 0.495 (8) 7.058 ± 0.760 (7) 6.999 ± 0.241 (8) 3.690 ± 0.289 (8) **

B Cells 42.438 ± 4.404 (8) 39.452 ± 2.152 (8) 43.374 ± 2.811 (7) 41.201 ± 1.966 (8) 8.284 ± 0.716 (8) **

NK Cells 3.403 ± 0.447 (8) 2.873 ± 0.193 (8) 3.550 ± 0.233 (7) 3.321 ± 0.155 (8) 0.746 ± 0.083 (8) **

Mono/Mac Cells 1.502 ± 0.175 (8) 1.339 ± 0.088 (8) 1.395 ± 0.087 (7) 1.457 ± 0.091 (8) 0.263 ± 0.023 (8) **

Neutrophils 0.067 ± 0.007 (8) 0.064 ± 0.007 (8) 0.075 ± 0.010 (7) 0.081 ± 0.009 (8) 0.008 ± 0.001 (7) **

Eosinophils 0.069 ± 0.009 (8) 0.051 ± 0.004 (8) 0.050 ± 0.005 (7) 0.066 ± 0.004 (8) 0.015 ± 0.001 (8) **

Total T Cells: B Cells Ratio 0.496 ± 0.012 (8) 0.505 ± 0.017 (8) 0.473 ± 0.031 (7) 0.477 ± 0.011 (8) 1.167 ± 0.056 (8) **

CD4+ T Cells: CD8+ T Cells Ratio 1.569 ± 0.027 (8) 1.619 ± 0.032 (8) 1.716 ± 0.044 (7) * 1.574 ± 0.023 (8) 1.434 ± 0.019 (8) **

90-day mouse exposure study

Spleen Cells (x106) 61.25 ± 4.60 (8) 58.73 ± 3.51 (8) 67.70 ± 5.47 (8) 54.63 ± 6.02 (8) 13.39 ± 0.84 (8) **

Total Lymphocytes 59.106 ± 4.258 (8) 56.090 ± 3.460 (8) 65.677 ± 5.273 (8) 53.319 ± 5.932 (8) 13.170 ± 0.802 (8) **

Total T Cells 17.811 ± 1.654 (8) 16.875 ± 1.057 (8) 20.122 ± 1.447 (8) 16.921 ± 1.722 (8) 7.336 ± 0.426 (8) **

CD4+ T Cells 10.101 ± 0.971 (8) 9.778 ± 0.713 (8) 11.745 ± 0.887 (8) 9.853 ± 1.103 (8) 4.222 ± 0.238 (8) **

CD8+ T Cells 6.332 ± 0.576 (8) 5.797 ± 0.295 (8) 6.820 ± 0.486 (8) 5.754 ± 0.544 (8) 2.717 ± 0.169 (8) **

B Cells 37.166 ± 2.338 (8) 35.475 ± 2.427 (8) 41.381 ± 3.778 (8) 32.914 ± 3.945 (8) 4.970 ± 0.473 (8) **

NK Cells 0.721 ± 0.052 (8) 0.696 ± 0.056 (8) 0.780 ± 0.085 (8) 0.562 ± 0.048 (8) 0.133 ± 0.011 (8) **

Mono/Mac Cells 1.450 ± 0.118 (8) 1.444 ± 0.092 (8) 1.538 ± 0.157 (8) 1.199 ± 0.135 (8) 0.209 ± 0.017 (8) **

Neutrophils 0.115 ± 0.013 (8) ↓↓ 0.114 ± 0.008 (8) 0.115 ± 0.016 (8) 0.061 ± 0.007 (8) ** 0.013 ± 0.002 (8) **

Eosinophils 0.098 ± 0.010 (8) 0.100 ± 0.008 (8) 0.099 ± 0.014 (8) 0.105 ± 0.012 (8) 0.032 ± 0.003 (8) **

(Continued on following page)
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contaminants such as metal oxides, and the degree of agglomeration
(Pauluhn, 2010; Vitkina et al., 2016; Fujita et al., 2020). Ninety-day
studies in rats showed a moderate level of pathology at dose levels
higher than 0.4–0.5 mg/m3 in the upper respiratory tract, including
goblet cell hyper- and/or metaplasia, eosinophilic globules, and focal
turbinate remodeling, but not at lower doses (Ma-Hock et al., 2009;
Pauluhn, 2010). The exposures in the current studies were
intentionally selected to not induce remarkable lung pathology.
Previous studies conducted by the NTP using whole body
inhalation exposure of L-MWNT-1020 in rats and mice indicated
that chronic inflammation and alveolar (rats) or bronchiolar (mice)
epithelial hyperplasia occurred only following exposure to ≥1 mg/
m3. The chronic inflammation was characterized by diffusely
scattered macrophages in alveoli as well as aggregates of cellular
debris and neutrophils near alveolar ducts and terminal bronchioles
indicating that the inflammation was associated mainly with the
distal airways. The increased incidence of foreign body inclusions in
the mediastinal and bronchial lymph nodes was mainly associated
with macrophages in paracortex and medullary cords and showed
increasing severity with increasing exposure concentration
(NTP, 2019).

Despite the absence of lung tissue pathology, increased numbers of
pulmonary macrophage and phagocytic capabilities were observed in
mice exposed to L-MWNT-1020 for 30 days. This effect was not
observed in rats. Shvedova et al. (Shvedova et al., 2008) has reported
increased numbers of activated alveolar macrophages in the lungs of
mice following a single oropharyngeal aspiration administration of
single walled carbon nanotubes (SWCNTs) at doses as low as 10 μg/
mouse. More importantly, they showed that pulmonary clearance of
administered Listeriamonocytogenes decreased despite the presence of
these macrophages hypothesizing that the macrophages were already
activated by the SWCNT exposure and were deficient in their
antibacterial activities. This is consistent with in vitro studies
investigating the impact of long MWCNTs on human primary
macrophages. For up to 5 days following in vitro exposure,
superoxide and inflammatory mediator release were increased.
However, these cells had poor phagocytic capabilities, characterized
by incomplete engulfment of the MWCNTs, which interfered with
bacterial phagocytosis, a state known as frustrated phagocytosis
(Sweeney et al., 2015). Since the phagocytosis assay performed in
the present study utilized killed bioparticles, it was not possible to
determine if the bactericidal activity of pulmonary macrophages was
negatively impacted by inhalation of L-MWNT-1020.

Systemic effects on immune cell populations in the peripheral
blood were observed in the present study. Interestingly, the effects
on blood cells showed species and time differences in sensitivity.

Rats exposed to L-MWNT-1020 for 30 days showed evidence of
systemic inflammation with increased neutrophils and eosinophils
in the blood. In contrast, mice exposed for 30 days did not show any
changes in peripheral blood leukocytes. Only after 90 days of
exposure did mice show some changes, mainly a small increase
in the percentage of neutrophils but not absolute counts. These data
suggest that rats may be more sensitive to systemic inflammation
following carbon nanotube inhalation. For the most part, systemic
immune functions in mice were unaffected by exposure to
L-MWNT-1020 including antibody-mediated immunity, NK cell
function, T cell proliferation, CTL activity, and immunophenotypes
in the spleen. Earlier studies conducted by Mitchell et al. (2007),
demonstrated that a monotonic decrease in the AFC response
occurred in mice exposed by inhalation to 0.3, 1 or 3 mg/m3

MWCNT for 14 days as well as decreases in NK cell activity.
Although we did not confirm these findings in mice, we did
observe a slight decrease in the AFC response in rats evidenced
by a significant decrease only in the 0.2 mg/m3 treatment group, thus
the effect was not dose responsive. The lack of an effect at the high
dose may be due to different mechanisms of toxicity operating at
higher doses due to a higher burden and reduced clearance of
L-MWNT-1020. In fact, the 0.6 mg/m3 dose level may be
approaching lung overload in the rat as previous studies have
demonstrated moderate lung overload at doses as low as 0.4 mg/
m3 of Baytubes® MWCNTs (Pauluhn, 2010) and clear evidence of
lung overload in rats exposed to ≥3 mg/m3 L-MWNT-1020 (NTP,
2019). Consistent with the low dose effect on AFC, rats exposed to
0.06 and 0.2 mg/m3 showed significant changes in the constitution of
immune cell populations in the spleen that were not apparent in the
high dose group. These phenotypic changes included increases in
total spleen cells accompanied by an increase in T-cell populations,
both CD4 and CD8, and NK cells. These effects were more
prominent at the lower exposure levels, further suggesting
possible alterations in the exposure characteristics and/or delivery
to and deposition in the airways, as the concentration MWCNTs
increased. Systemic intravenous administration of PEGylated
MWCNT was shown to suppress the TDAR following
immunization with SRBC (Zhang et al., 2017). Although systemic
distribution of the inhaled L-MWNT-1020 was not measured in the
present study, it is possible that systemic absorption following
inhalation exposure was responsible for the systemic effects on
the immune system.

In conclusion, inhalation exposure to L-MWNT-1020 for 30 or
90 days in female B6C3F1/N mice and 30 days in female Harlan
Sprague Dawley (HSD) rats at concentrations of 0, 0.06, 0.2 or
0.6 mg/m3 produced minimal evidence of systemic immunotoxicity.

TABLE 3 (Continued) Absolute counts of immune cell populations in the spleen of rodents following inhalation of L-MWNT-1020.

L-MWNT-1020 (mg/m3)

0 0.06 0.2 0.6 15 mg/kg CPS

Total T Cells: B Cells Ratio 0.475 ± 0.025 (8) ↑ 0.480 ± 0.023 (8) 0.494 ± 0.022 (8) 0.522 ± 0.012 (8) 1.545 ± 0.141 (8) **

CD4+ T Cells: CD8+ T Cells Ratio 1.593 ± 0.041 (8) 1.678 ± 0.054 (8) 1.719 ± 0.020 (8) 1.703 ± 0.053 (8) 1.561 ± 0.036 (8)

Data are presented as Mean ± SEM (n). SEM, Standard error; CPS, cyclophosphamide; NK, Natural Killer; Mono/Mac–Monocyte/Macrophage. Significant increasing (↑p < 0.05 or ↑↑p < 0.01) or

decreasing (↓p < 0.05 or ↓↓p < 0.01) trend with increasing dose of L-MWNT-1020. Significantly different from vehicle control at *p < 0.05 of **p < 0.01.
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TABLE 4 Relative percentages of immune cell populations in the spleen of rodents following inhalation of L-MWNT-1020.

L-MWNT-1020 (mg/m3)

0 0.06 0.2 0.6 15 mg/kg CPS

30-day rat exposure study

Percent Total Lymphocytes 98.560 ± 0.126 (12) 98.854 ± 0.097 (12) 98.831 ± 0.080 (12) 98.801 ± 0.103 (12) 98.155 ± 0.834 (10)

Percent Total T Cells 30.126 ± 1.059 (12) 34.158 ± 0.818 (12) * 33.343 ± 0.788 (12) 31.096 ± 0.866 (12) 50.227 ± 1.259 (10) **

Percent CD4+ T Cells 56.102 ± 2.062 (12) 56.387 ± 1.748 (12) 57.882 ± 1.400 (12) 54.485 ± 0.943 (12) 50.467 ± 2.008 (10)

Percent CD8+ T Cells 38.963 ± 1.842 (12) 39.618 ± 1.623 (12) 37.588 ± 1.461 (12) 41.169 ± 0.990 (12) 46.730 ± 2.035 (10) *

Percent B Cells 50.256 ± 0.936 (12) 47.240 ± 0.657 (12) 46.847 ± 0.920 (12) * 48.114 ± 0.768 (12) 27.657 ± 1.191 (10) **

Percent NK Cells 2.558 ± 0.113 (12) 2.479 ± 0.151 (12) 2.591 ± 0.133 (12) 3.038 ± 0.200 (12) 4.806 ± 0.439 (10) **

Percent Mono/Mac Cells 1.917 ± 0.185 (12) 1.513 ± 0.087 (12) 1.589 ± 0.091 (12) 1.626 ± 0.112 (12) 1.277 ± 0.148 (10) **

Percent Neutrophils 1.666 ± 0.086 (12) 1.303 ± 0.075 (12) ** 1.650 ± 0.147 (12) 1.429 ± 0.058 (12) 2.533 ± 0.259 (10) **

Percent Eosinophils 0.153 ± 0.014 (12) ↓ 0.108 ± 0.011 (12) 0.131 ± 0.021 (12) 0.101 ± 0.016 (12) * 0.155 ± 0.015 (10)

30-day mouse exposure study

Percent Total Lymphocytes 89.389 ± 1.672 (8) 92.449 ± 1.291 (8) 93.834 ± 1.043 (7) 90.821 ± 1.060 (8) 97.420 ± 0.335 (8) **

Percent Total T Cells 29.871 ± 0.467 (8) 30.276 ± 0.671 (8) 28.851 ± 1.282 (7) 29.014 ± 0.391 (8) 49.399 ± 1.152 (8) **

Percent CD4+ T Cells 56.464 ± 0.428 (8) 57.396 ± 0.496 (8) 58.153 ± 0.475 (7) 56.350 ± 0.362 (8) 55.450 ± 0.398 (8)

Percent CD8+ T Cells 36.025 ± 0.375 (8) 35.511 ± 0.428 (8) 33.989 ± 0.659 (7) * 35.844 ± 0.363 (8) 38.701 ± 0.262 (8) **

Percent B Cells 60.374 ± 0.561 (8) 60.198 ± 0.780 (8) 61.533 ± 1.390 (7) 60.928 ± 0.598 (8) 42.679 ± 1.038 (8) **

Percent NK Cells 4.755 ± 0.187 (8) 4.364 ± 0.100 (8) 5.039 ± 0.140 (7) 4.928 ± 0.146 (8) 3.805 ± 0.136 (8) **

Percent Mono/Mac Cells 1.902 ± 0.060 (8) 1.885 ± 0.064 (8) 1.864 ± 0.073 (7) 1.962 ± 0.095 (8) 1.323 ± 0.031 (8) **

Percent Neutrophils 0.086 ± 0.005 (8) 0.091 ± 0.011 (8) 0.104 ± 0.018 (7) 0.108 ± 0.010 (8) 0.042 ± 0.005 (7) **

Percent Eosinophils 0.088 ± 0.007 (8) 0.073 ± 0.004 (8) 0.066 ± 0.006 (7) 0.089 ± 0.004 (8) 0.074 ± 0.003 (8)

90-day mouse exposure study

Percent Total Lymphocytes 96.654 ± 0.557 (8) 95.464 ± 0.586 (8) 97.023 ± 0.400 (8) 97.578 ± 0.367 (8) 98.446 ± 0.208 (8) **

Percent Total Lymphocytes 96.654 ± 0.557 (8) 95.464 ± 0.586 (8) 97.023 ± 0.400 (8) 97.578 ± 0.367 (8) 98.446 ± 0.208 (8) **

Percent Total T Cells 29.830 ± 1.069 (8) ↑ 30.144 ± 0.968 (8) 30.854 ± 0.884 (8) 31.973 ± 0.468 (8) 55.973 ± 1.955 (8) **

Percent CD4+ T Cells 56.593 ± 0.643 (8) 57.716 ± 0.733 (8) 58.279 ± 0.458 (8) 57.925 ± 0.763 (8) 57.623 ± 0.543 (8)

Percent CD8+ T Cells 35.618 ± 0.542 (8) 34.554 ± 0.713 (8) 33.911 ± 0.256 (8) 34.164 ± 0.666 (8) 36.988 ± 0.531 (8)

Percent B Cells 63.281 ± 1.224 (8) 63.164 ± 0.971 (8) 62.723 ± 1.075 (8) 61.381 ± 0.556 (8) 37.490 ± 1.973 (8) **

Percent NK Cells 1.226 ± 0.046 (8) 1.235 ± 0.047 (8) 1.205 ± 0.102 (8) 1.083 ± 0.069 (8) 1.004 ± 0.036 (8) **

Percent Mono/Mac Cells 2.379 ± 0.111 (8) 2.467 ± 0.093 (8) 2.251 ± 0.096 (8) 2.198 ± 0.045 (8) 1.563 ± 0.076 (8) **

Percent Neutrophils 0.185 ± 0.013 (8) ↓↓ 0.193 ± 0.005 (8) 0.165 ± 0.013 (8) 0.118 ± 0.014 (8) ** 0.095 ± 0.010 (8) **

Percent Eosinophils 0.161 ± 0.011 (8) 0.170 ± 0.008 (8) 0.143 ± 0.011 (8) 0.192 ± 0.011 (8) 0.244 ± 0.017 (8) **

Percent Mono/Mac Cells 2.379 ± 0.111 (8) 2.467 ± 0.093 (8) 2.251 ± 0.096 (8) 2.198 ± 0.045 (8) 1.563 ± 0.076 (8) **

Percent Neutrophils 0.185 ± 0.013 (8) ↓↓ 0.193 ± 0.005 (8) 0.165 ± 0.013 (8) 0.118 ± 0.014 (8) ** 0.095 ± 0.010 (8) **

Percent Eosinophils 0.161 ± 0.011 (8) 0.170 ± 0.008 (8) 0.143 ± 0.011 (8) 0.192 ± 0.011 (8) 0.244 ± 0.017 (8) **

Data are presented as Mean ± SEM (n). SEM – Standard error, CPS – cyclophosphamide; NK – Natural Killer; Mono/Mac – Monocyte/Macrophage. Significant increasing (↑p < 0.05 or
↑↑p < 0.01) or decreasing (↓p < 0.05 or ↓↓p < 0.01) trend with increasing dose of L-MWNT-1020. Significantly different from vehicle control at *p < 0.05 of **p < 0.01.
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While exposure increased pulmonary macrophage activity in mice,
as well as systemic inflammation evidenced by increased neutrophils
in rats andmice, no significant changes were observed in mice in any
of the systemic functional immune parameters measured. However,
in rats there was a slight decrease in humoral immunity coinciding
with an increase in splenic T cell and NK cell populations. The
biological significance of the minor systemic effects observed in rats
at exposure levels similar to those observed in the workplace is
unclear as there was a lack of pulmonary inflammation.
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