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AIR–LIQUID INTERFACE WORKSHOP

Short Oral Presentations: Recent Air–Liquid Interface
Research Developments

A series of short presentations followed the plenary lec-
tures. They highlighted the latest progress being made with
air–liquid interface (ALI) in vitro inhalation models.

Use of ALI of lung surfactant to predict acute lung
toxicity of inhaled chemicals

Dr. Søren Thor Larsen of the National Research Center for
the Working Environment, Copenhagen, Denmark, high-
lighted an ALI assay comprising lung surfactant and its use
as a tool to predict acute lung toxicity.

Inhaled chemicals, including particles, may be able to
reach and settle in the alveolar level of the airways. On set-
tling, these particles first encounter the lung surfactant,
which is located at the ALI in the alveoli and terminal bron-
chioles. The lung surfactant is a complex mixture of sur-
face active phospholipids and surfactant-associated proteins.
Although also involved in immunological processes, the
most important role of the lung surfactant is to reduce and
control the surface tension of the alveolar lining during
respiration.1

At the alveolar level, the inhaled chemicals may interact
with components in the lung surfactant. Normally, the phys-
iological consequence of this interaction is negligible, but
occasionally, it may change the properties and function of
the lung surfactant. In cases of a significant reduction in
the lung surfactant function, this may compromise the lung
function and lead to acute lung injury or even acute respira-
tory distress syndrome.

One group of chemicals that are frequently causing acute
lung injury in humans is the waterproofing spray products,
which are used to achieve water-repellent surfaces on, for ex-
ample, shoes, textiles, and building materials.2 The toxic ef-
fect of waterproofing spray products seems to involve the
lung surfactant, but little is known about what mixture of
chemicals causes the acute lung injury. Against this back-
ground, an in vitro method was developed to screen chemical
substances and consumer products for their acute lung toxicity.

To achieve this, a broad variety of waterproofing spray
products were investigated by means of a constrained drop
surfactometer.1 Briefly, this approach is useful for assess-
ment of surface active components in an ALI under dynamic
conditions. A modified version of the constrained drop sur-
factometer bioassay was used so a lung surfactant film
could be exposed to aerosolized chemicals during simulated
breathing.3 Curosurf, a lung surfactant extract from pigs, was
used in the investigation.

To compare the results obtained by the constrained drop
surfactometer method to in vivo toxicity, the same water-
proofing spray products were administered to mice as an
aerosol. The breathing patterns of the mice were monitored
by plethysmography, and assessments of lung toxicity were
based on irreversible reduction in the tidal volume. It was

previously shown that this reduction in tidal volume corre-
lates with alveolar collapse (atelectasis) probably driven by
lung surfactant inhibition.4

Dr. Larsen briefly presented some results of the experi-
ments, highlighting that they have now tested a large number
of waterproofing spray products in both in vivo and with the
constrained drop surfactometer method. Accordingly, some
of these products appeared to induce acute lung toxicity in
the animals. All products that were reportedly toxic in
mice did also inhibit the lung surfactant function in vitro,
giving a sensitivity (true positive rate) of the constrained
drop surfactometer method of 100%. Furthermore, the ability
of the model to correctly identify nontoxic products was also
reportedly very high, and only three nontoxic products were
misclassified as toxic by the constrained drop surfactometer
method, giving a specificity (true negative rate) of the model
of 63% as described.5

According to Dr. Larsen, the data suggest that assessment
of lung surfactant function may serve as a valuable endpoint
and a good predictor for in vivo toxicity of waterproofing
spray products. Apart from these consumer products, the
constrained drop surfactometer method has also reportedly
proven useful for assessment of other substances, including
pharmaceutical excipients intended for inhalation medicine.3

Concluding, Dr. Larsen suggested that the constrained drop
surfactometer should be further validated by investigating
the in vivo–in vitro correlations for other products and sub-
stances. Based on these studies, it should then be assessed
whether the constrained drop surfactometer method has the
potential to be adopted as a test guideline to reduce or replace
certain types of acute lung toxicity studies in animals.

ALI versus submerged exposure of poorly soluble
metallic nanomaterials in alveolar cells

The exposure route in cell models often proves critical in
determining biological endpoints in cell cultures. Dr. Tho-
mas Loret of INERIS, France, discussed a study that exam-
ined ALI versus submerged exposures to poorly soluble
metallic nanomaterials in A549 mono- and cocultures and
the effects in terms of a series of biological endpoints.

The broad aim of the study, according to Dr. Loret, was to
assess whether it was possible to better simulate in vivo ef-
fects with more complex in vitro models. To achieve that
the authors report a comparison of cells (either A549 epithe-
lial cells alone or with THP-1 macrophages) exposed to aero-
sols of four different metallic nanomaterials (three times
different-sized titanium dioxide particles and cerium oxide)
either via ALI or the submerged route for 24 hours (final
dose achieved in 3 and 24 hours). In parallel, they also
have reportedly exposed rodents to the same conditions al-
though did not report those results at the workshop. ALI ex-
posure was achieved through a system that has been reported
before.6,7 The biological effects assessed included cytotoxic-
ity, inflammation, and oxidative stress endpoints.



In terms of dose, they report that for the ALI route of ex-
posure, they achieved a maximum deposition of around 3lg/cm2,
corresponding to a deposition efficiency of 15%–20%.
Accordingly, they report they could observe some significant
effects of the nanomaterials, considered to be slightly toxic,
but only when the ALI exposure route was used and only in
the cocultures. They also observed a general pattern that the
ALI system was more sensitive at lower doses, in comparison
to the submerged method and that cocultures were more sen-
sitive than monocultures. To illustrate the results, Dr. Loret
discussed a number of specific endpoints, including out-
comes for proinflammatory markers.

Taken together, they concluded that the ALI method
seems to be more sensitive than using the classic submerged
exposure route. Also, when ranking the different compounds
according to toxic effects, the mode of exposure made no dif-
ference to outcomes. More details on this study can be found
in Loret et al.8 In terms of perspectives, the authors will now
compare their data with that of the in vivo exposure experi-
ments they reportedly ran in parallel and make an assessment
of which exposure method is the most appropriate to use in
comparison to in vivo outcomes.

Organotypic EpiOral tissue cultures as a model
for inhalation studies

Dr. Filippo Zanetti of Philip Morris International R&D
(PMI R&D), Switzerland, described the results of an interla-
boratory comparison of MatTek’s EpiOral�, a type of orga-
notypic human epithelial oral culture model.

Development of in vitro tools that adequately mimic the
in vivo interactions and mechanisms of action of toxic com-
pounds is an important aspect of the 21st century toxicology
testing strategy. Reconstructed human organotypic cultures
are a promising model for their characteristics resembling
native tissues 9–18 and the potential to reduce animal testing.

The possibility to expose organotypic cultures at the ALI
makes them a valuable tool to study the exposure to different
aerosols in vitro.19–21 Recently, the use of gingival and buc-
cal organotypic cultures has been also used,16,22–24 through
which the oral mucosa is of particular interest in the case
of exposure to cigarette smoke, as the first tissue of contact
following inhalation. While current publications describing
the suitability of these models for ALI exposure response
testing are still rare, researchers have shown that this
model, for example, the reconstituted organotypic tissues
of the oral cavity, expresses differentiated characteristics
comparable to the in vivo situation.12,13,16,18

In vitro test systems, such as the organotypic buccal cul-
ture model EpiOral (MatTek Corporation, Ashland, MA),
are becoming increasingly commercially available for use
in consumer product testing as well as in inhalation toxicol-
ogy for acute and repeat exposure response assessment.16,25

However, confirmation of the interlaboratory reproduc-
ibility of the response of the organotypic oral cultures to dif-
ferent stimuli is missing. The availability of standardized
approaches on assay endpoints would be an important step
for the validation of this model before wider acceptance in
the field of inhalation toxicology. An interlaboratory repro-
ducibility study among three laboratories was presented
that focused on testing the response of MatTek EpiOral cul-
tures to different treatments (control substances).

The laboratories aligned their testing protocols and in-
vestigated endpoints such as cell viability, inflammatory re-
sponse, and xenobiotic metabolism of the organotypic
cultures in three independent experiments. Cell viability
was measured by assessing adenylate kinase release induced
by Triton X-100. The same treatment was applied to measure
rate changes of cell metabolism by an MTT assay. Samples
were also tested for proinflammatory mediator (MMP-1, IP-
10, IL8) release by enzyme-linked immunosorbent assay
after stimulation with TNF-a/IL-1b. Finally, the activity of
two cytochromes (CYP1A1/1B1), significantly repre-
sented in the buccal mucosa,26–28 was measured after
being activated by 2,3,7,8-tetrachlorodibenzo-p-dioxin and
the expression of genes involved in stress response was
also investigated by quantitative polymerase chain reaction.

The overall experimental results were encouraging for
within-laboratory and between-laboratory reproducibility,
thereby demonstrating that assays were transferable between
the institutions.

According to Dr. Zanetti, this research is an essential step
toward establishing standardized and validated assay pro-
tocols for the MatTek EpiOral cultures, contributing to ad-
vancement of alternative methods.

New human in vitro three-dimensional ALI models
for small airways and lung cancer

The main function of the human airway epithelium is to
generate a sterile atmosphere for the alveolar region where
the gas exchange occurs. As a first line of defense against air-
borne pathogens, the airway epithelium acts as a key barrier
through the use of mucociliary clearance and host defense
mechanisms.29

Interest in the use of three-dimensional (3D) reconstituted
human in vitro tissues has been increasing recently in terms
of studying respiratory diseases such as asthma, chronic ob-
structive pulmonary disease (COPD), cystic fibrosis, and
bacterial and viral infections.30

Dr. Samuel Constant of Epithelix Sarl, Geneva, Switzer-
land, reported on the establishment and characterization of
a novel in vitro human small airway model called Small-
Air�. According to Dr. Constant, primary epithelial cells
were isolated from the distal lungs of humans by enzymatic
digestion. After amplification, the cells were then seeded on
microporous membranes of Transwell� inserts. Once conflu-
ent, the cultures were switched to an ALI. After 3 weeks of
culture, the epithelium became fully differentiated, with a
morphology of columnar epithelium. Subsequent analyses
showed that the epithelium was electrically tight and that
the model also a highly expressed CC-10, a specific marker
of Clara cells. As expected, few Muc5-Ac-positive cells
(goblet cells) could be detected. The models also reportedly
contain basal cells and ciliated cells that show ciliary beating
and mucociliary clearance.31 According to Dr. Constant,
SmallAir can be used to further understand the origin and devel-
opment of various respiratory diseases such as lung cancers.

Indeed, with more than 1 million deaths worldwide every
year, lung cancer remains an area of unmet need.32 Realistic
human 3D models are required to improve prediction of out-
comes in the preclinical stages of research. According to
Dr. Constant, another model, OncoCilAir� (from Onco-
Theis; www.oncotheis.com), may be of use in this regard.



Reportedly, it is a nonsmall-cell lung cancer in vitro model,
which combines a functional reconstituted human airway
epithelium, human lung fibroblasts, and lung adenocar-
cinoma cell lines.33 And, according to Dr. Constant, they
found that in this 3D microenvironment, tumor cells ex-
panded by forming nodules, mimicking a human lung
cancer feature. As a proof of concept, they tested the anti-
tumor efficacy of a panel of investigational drugs, including
selumetinib, trametinib, and erlotinib. Tumor growth mea-
sured by fluorescence confirmed that OncoCilAir cultures
responded to anticancer drugs in a selective way, suggest-
ing that they represent a predictive tool for anticancer
drug evaluation. Following this, they also reportedly dem-
onstrated that OncoCilAir may be used for translational
testing of inhalation therapies.33 In addition, repeated air-
borne delivery of compounds to OncoCilAir was achievable
by nebulization, simulating the chronic treatment regimen
using aerosolized drugs.34

According to Dr. Constant, these studies likely suggest
that SmallAir- and OncoCilAir-based assays represent prom-
ising tools to provide new insights into this major area of
lung diseases and might allow testing concurrently of the de-
livery efficacy and possible side effects of an aerosol therapy
within a single culture.

Three-dimensional ALI in vitro lung model for assessing
repeated exposure to nanoparticles

Over the past two decades, the advances in nanotechnol-
ogy research have been concomitant with the overwhelming
increase in engineered nanoparticle production for a diverse
range of consumer, industrial, and biomedical applications,
such as medicine, cosmetics, sporting equipment, or infor-
mation technology.35

Human exposure to nanoparticles is likely to occur either
at the working place (i.e., occupational exposure), through
the use/disposal of consumer products, or by the intended
nanoparticles’ use in biomedicine. The possible portals for
entry of nanoparticles into the human body are the skin,
the respiratory tract via inhalation, the gastrointestinal tract
via digestion, or the blood circulation via intravenous injec-
tion.36 Nonetheless, inhalation is considered as the most
important route of entry for aerosolized nanoparticles espe-
cially when considering occupational exposure.37 Due to
the inevitable human exposure, it is crucial to design reliable
and realistic in vitro experimental strategies that can be used
to gain an understanding on how nanoparticles could affect
the respiratory system at the cellular level following the re-
search principles of the 3R (refine, reduce, and replace ani-
mal experimentation).38

Savvina Chortarea, a PhD student in the group of Prof.
Barbara Rothen-Rutishauser at the Adolphe Merkle Institute,
University of Fribourg, Switzerland, described their insti-
tute’s in vitro ALI lung model and how it has been used to
assess acute and short-term repeated exposures to nanopar-
ticles and its potential use in the area of risk assessment.
The heart of the model is a triple-cell coculture consisting
of a monolayer of human epithelial cells combined with
the two most important immune cells in the lung, that is, pri-
mary macrophages and dendritic cells.39 Depending on the
anatomical location under investigation, the epithelial layer
can consist of alveolar or bronchial cell lines or even primary

cells.40 Human blood monocyte-derived macrophages are
then added on top of the epithelial cells and human blood
monocyte-derived dendritic cells underneath the epithelial
cells. The model can be cultured at the ALI and can be used
with exposure systems such as the air–liquid interface cell ex-
posure (ALICE) system.41 The system has already been applied
to assess acute/single doses of a variety of nanoparticles. Exam-
ples include round-shaped particles (such as gold,42,43 silver,44

and zinc oxide)45,46 as well as fiber-shaped particles such as
cellulose whiskers.47,48 In all these cases, dosing was repeat-
able, dose dependent, and deposition was homogenous.

The system also allows repeated nanoparticle exposures to
be performed. One recent example was carried out with car-
bon nanotubes,49 where the 3D model of the human epithe-
lial airway barrier, as described above, was exposed every
24 hours to doses of multiwalled carbon nanotubes that
corresponded to human occupational exposure mimicking
inhalation over several days or up to 5 weeks.50 Carbon
nanotubes were internalized by the cells, but there was, how-
ever, limited biological impact over the short-term exposure
period. Further studies are ongoing to prolong the exposures
and to also include healthy and diseased cells. While the
study is ongoing, first results indicate no changes in mor-
phology compared to negative controls, however, various
biological endpoints associated with oxidative stress and in-
flammation do respond in comparison to negative controls.

By applying this approach it was possible to realistically
mimic the inhalation of multiwalled carbon nanotubes by
using the triple-cell coculture of the human lung epithelial
tissue barrier together with the ALICE, providing an effec-
tive alternative to animal testing strategies. Furthermore, it
was possible to investigate not only the potential acute tox-
icity of multiwalled carbon nanotubes but also to reveal the
mechanisms that underlie the manifestation of potential ad-
verse effects after repeated exposures and prolonged expo-
sure times, demonstrating that repeated multiwalled carbon
nanotube exposures have a limited biological impact on
lung cell cultures at the ALI, over a 3-day period.

In conclusion, an advanced 3D multicellular tissue model
cultured at the ALI in combination with a reliable air–liquid
exposure system that mimics the inhalation of nanoparticles
in vitro as realistically as possible is recommended for real-
istic risk assessment of inhaled nanoparticles.

ALI models to study effects of cigarette smoke and diesel
exhaust exposures on asthma and pulmonary disease(s)

Dr. Pieter S. Hiemstra of Leiden University Medical Cen-
ter, The Netherlands, highlighted the role for in vitro ALI
models in disease research and particularly in asthma and
COPD. With a focus on airway epithelial cell function, the
research in particular is looking at inflammatory mediators,
viral and antibacterial host defense, lipid mediators, and
the resolution of inflammation and finally repair and differ-
entiation in relation to respiratory diseases.51 Interest in the
disease relevance of stimuli means that for asthma there is
a focus on Th2 cytokines,52,53 while for both asthma and
COPD, there is an interest in the effects of cigarette smoke54,55

and diesel exhaust fumes.56

At the center of the research are a number of exposure sys-
tems that are used to study effects of such stimuli. The re-
search on cigarette smoke exposure relied on a low-cost



modified hypoxic chamber with a ventilator with air as a con-
trol,55 whereas for the diesel exhaust studies, a dedicated
Vitrocell exposure unit was used.56 Primary human airway
epithelial cells are sourced from primary tissues such as tra-
cheal tissue from transplant donors, bronchial tissue from
resected lung tissue following cancer surgery and bronchial
biopsies obtained during research bronchoscopy. Following
protease treatment, cells are expanded, stored in liquid nitro-
gen, and finally, they are expanded and transferred into
Transwell inserts. Differentiation then takes place at an
ALI with the result being a range of differentiated cell
types that resemble the airway epithelium in situ and that
are amenable to experimentation.

Studies on acute exposure to cigarette smoke revealed in-
creased stress responses and inflammation and decreases in
host defence in cells (as determined by decreases in produc-
tion of antimicrobial peptides such as human beta-defensin-2
[hBD-2] and decreased antibacterial defense). Increased
expression of markers of oxidative stress (e.g., HMOX1)
and endoplasmic reticulum stress/integrated stress response
(e.g., GADD34) have also been observed. The studies have
also revealed a dual role for airway basal cells in terms of
lung repair and host defence, which is switched by cigarette
exposure.55

Chronic smoke exposure studies for up to 3 weeks at
the ALI have revealed that smoke can modulate epithelial
differentiation and IL-13 responses. In ongoing studies, the
combination of exposure to Th2 cytokines, the main driver
of allergic airways inflammation in asthma, and cigarette
smoke is being investigated.

In terms of research on diesel exhaust emissions, Dr.
Hiemstra reported on collaboration with TNO (Dr. Ingeborg
Kooter), The Netherlands, where the effects of exposure to
whole diesel exhaust were investigated.56–58 These studies
revealed a partially similar set of effects from diesel exhaust
as were observed with cigarette smoke. In particular, there
was an increased oxidative stress response. There was also
a decrease in inducible expression of the antimicrobial pep-
tide BbD-2, and increases in integrated stress response and
inflammation. This was all in the presence of limited cyto-
toxicity and limited effects on barrier function. According
to Dr. Hiemstra, the studies demonstrate that in vitro expo-
sures to cigarette smoke and diesel exhaust fumes have ef-
fects on relevant primary cells and that such experiments
seem to prove useful in the realm of understanding adverse
respiratory health effects.

Poster Session

Fifteen posters were presented at the ALI workshop to
highlight a number of developments in the area of ALI ap-
proaches for inhalation toxicology.

(1) Toxicity evaluation of electronic cigarette vapors in
human bronchial epithelial cells (Anthérieu et al.,
University of Lille, France). A study by Anthérieu
et al. comparing e-cigarette vapors versus conventional
cigarette vapors in an in vitro human bronchial cell cul-
ture smoking machine concluded that e-cigarette vapors
may be less toxic than conventional vapors. Further stud-
ies are reportedly ongoing with other e-liquids (i.e., the
liquids used in e-cigarettes) and in animal models to
assess long-term exposure to e-cigarette vapors.

(2) Development of an in vitro inhalation toxicity test for
improved protection of human health ( Jackson et al.,
MatTek, Bratislava, Slovakia). The EpiAirway orga-
notypic human airway model developed by MatTek
is reportedly equal to current animal tests for predict-
ing whether inhaled chemicals are highly toxic, at
least according to a study by MatTek. Moreover,
they claim the model is better than current animal
tests at predicting whether inhaled substances are
moderately/slightly toxic. They conclude the approach
should provide improved protection of human health in
comparison to currently used animal tests.

(3) Development of a repeated exposure protocol of hu-
man bronchial epithelial cells at ALI to study the ef-
fects of air pollution-derived fine particulate matter
(PM) (Leclerq et al., University of Lille, France). Normal
human bronchial cells and particularly diseased (COPD)
cells can be cultured at an ALI and used in a repeated ex-
posure scenario to assess a range of cellular endpoints
after exposure to fine PM from air pollution, according
to Leclerq et al. They conclude that the experimental
strategy should allow underlying mechanisms of tox-
icity to be studied in more detail than before.

(4) Development of an in vitro test to assess the inhalation
toxicity of nanomaterials (Sharma et al., PETA Interna-
tional Science Consortium Ltd, United Kingdom and oth-
ers). Sharma et al. reported ongoing work on in vitro ALI
approaches to assess various endpoints relating to the
potential (inhalation) toxicity of multiwalled carbon
nanotubes. Exposure of various relevant cell types to
the nanotubes via a liquid interface indicated few end-
point responses. Comparative ALI studies with the
reconstructed primary human alveolar tissue model,
EpiAlveolar from MatTek, are reportedly ongoing.

(5) Nanoparticle exposure in air–liquid interface (ALI)—
a more sensitive model for nanoparticle toxicity as-
sessment compared to submerged exposure (Karlsson
et al., Karolinska Institute, Stockholm, Sweden, and
others). A straight comparison of cell exposure via liq-
uid and ALI conditions again suggests that ALI expo-
sure provides a more sensitive model for assessing
toxicity of nanoparticles. In this case, exposure to sil-
ver and cerium oxide nanoparticles elicited no change
in metabolic response in A549 cells when exposed via
a liquid interface. In contrast, an equivalent exposure
via an ALI resulted in reduced metabolic responses.

(6) A comparative long-term toxicity study of CeO2

nanoparticles following standard monolayer culturing
protocols and 3D complex airway epithelial models
(Goñi de Cerio et al., Gaiker Technology Centre,
Zamudio, Spain). Staying with experiments on the po-
tential toxicity of cerium oxide nanoparticles, it ap-
pears that long-term exposure (3 months) does result
in cellular damage in the Epithelix MucilAir model.
Meanwhile, exposure to CeO2 in classic monoculture
experiments using A549 and Calu3 cultures had no ef-
fect on equivalent endpoints. In this case, they do not
report whether these classic approaches used liquid or
ALI exposures. They suggest their approach may be
relevant for assessing the effects of chronic exposure
to nanoparticles and therefore is particularly applica-
ble in an occupational context.



(7) An experimental cell-based approach to determine bi-
ological effects of aerosols released during the use of
consumer and cosmetic products in vitro (Ritter et al.,
Fraunhofer ITEM, Germany, and others). The cellu-
lar effects of exposure to hair straightener can now
be assessed in vitro in a manner that mimics exposure
that can be expected when the product is used by
a consumer (when they spray it on their head to
straighten hair). Specifically, Ritter et al., describe
the experimental setup and its use to assess aerosol
exposure in an acute toxicity design. Significantly,
they report effects in comparison to both positive
and negative controls. The hair treatment aerosols re-
portedly induced effects that were more similar to the
negative rather than the positive controls. Given the
relevance of the exposure scenario, they suggest fur-
ther development might mean the approach can be
used more generally in safety assessments.

(8) Three-dimensional airway models using the air expo-
sure route: first steps toward an in vivo replacement
(Kooter et al., TNO, The Netherlands). The ongoing
development of the MucilAir 3D airway model of
Epithelix by TNO is reported by Kooter et al., with
a report on a set of comparison experiments be-
tween the 3D model and two monolayer cell cultures
(A549 and BEAS-2B). Based on their data, they sug-
gest their experiments indicate that the 3D model
is more resistant to air and metallo-nanoparticles
(cerium oxide and copper oxide) than the two-
dimensional models and thus might be more predic-
tive of in vivo effects. They highlight a number of
parameters that should be considered when using
the MucilAir 3D model.

(9) A laboratory-scale measurement technique for the
air–liquid interface exposure of human lung cell cul-
tures toward airborne nanoparticles (Mülhopt et al.,
Karlsruhe Institute of Technology, Germany, and
others). Mülhopt et al. described the development
and application of an automated cell exposure sys-
tem, the Vitrocell Automated Exposure Station, op-
erating in conjunction with ALI exposure that is
designed to better mimic the actual processes that
take place in the human lung. They described
many of the controllable parameters of the system
that should mean experiments and results are reli-
able. A series of experiments with cerium oxide
using the system were also presented.

(10) A comparison of two air–liquid interface systems
(Koekemoer et al., Utrecht University, The Nether-
lands). A comparison of the Vitrocell Automated
Exposure Station and, another similar system, the
Nano Aerosol Deposition Chamber for In vitro Tox-
icity was presented by Koekemoer et al. Both sys-
tems were tested simultaneously for deposition
efficiency and cell viability following exposure to
copper oxide particles. While there were some vari-
ations in outcomes, they suggest the systems both
fulfil requirements for realistic in vitro testing but
caution that further studies are needed to fully ex-
plain their data.

(11) Development of treatment strategies to perform
repeated exposures of bronchial epithelial cells in

air–liquid interface cultures to study the effects of
particles (Boland et al., CNRS, Paris, France).
Boland et al. reported that it is possible to culture
normal human bronchial epithelial cells at an ALI
and maintain them for several weeks, thus allowing
long-term exposure experiments to be performed.
However, depending on exposure scenarios, differ-
ent phenotypes of cells developed. They suggest
their approach means repeated dose exposures can
be performed while maintaining integrity of cells
and that meaningful metabolic endpoints can be
studied.

(12) Cytotoxicity assessment of the emissions of a CdTe
quantum dot-based fluorescent ink (Sánchez et al.,
Inkoa Sistemas, Erandio, Spain, and others). The cy-
totoxicity of inhaled printer ink containing cadmium
telluride quantum dots is the subject of an ongoing
study by Sánchez et al., with preliminary results sug-
gesting that any toxicity is likely a function of cad-
mium concentration in the ink. BEAS-2B cells
were reportedly exposed to the ink or standard
solvent-based printer ink either via an ALI or in sub-
merged conditions.

(13) Acute exposure of precision-cut lung slices to gas-
eous compounds and smoke-induced cytotoxicity
and inflammation (Obernolte et al., Fraunhofer Insti-
tute of Toxicology and Experimental Medicine,
Hannover, Germany). Precision-cut lung slices can
be used as an ex vivo lung model according Ober-
nolte et al. who reported on their use of the approach
to assess the acute proinflammatory/toxic effects of
a variety of gases and also cigarette smoke. They
reported that the model could withstand exposure
to ozone and nitrogen dioxide when cultured for an
hour at an ALI. However, after 1 hour, there was a
loss of viability and induction of cytokines. Similar
effects were reported for cigarette smoke. They sug-
gest that the model closely resembles in vivo expo-
sure and so should be appropriate for toxicity testing.

(14) Airway epithelium cocultured with immune cells for
a better assessment of the low-dose effects of envi-
ronmental pollutants (Ricquebourg et al., Paris Des-
cartes University, Paris, France). Coculturing the
MucilAir 3D epithelial cell model with immune
cells increases sensitivity to environmental pollut-
ants according to Ricquebourg et al., which should
now mean it is possible to study potential toxic ef-
fects of low doses of environmental pollutants. The
study compared the effects of exposure of the
model (cultured at an ALI) over 4 weeks to volatile
organic compounds typically found in paint. When
immune cells were included, the sensitivity of the
model then increased.

(15) Lung surfactant inhibition as an indicator of acute in-
halation toxicity (Da Silva et al., National Research
Centre for the Working Environment, Copenhagen,
Denmark). The use of a constrained drop surfactom-
eter to measure the effect of particle deposition on
lung surfactant was reported by Da Silva et al.
Large differences in potency of different chemicals
or particle types were reportedly observed. For ex-
ample, albumin, which is known to cause surfactant



inhibition during lung damage, resulted in significant
inhibition at low doses. Certain pharmaceuticals in
contrast had no effect at all even at extreme doses.
Meanwhile, chemicals used to impregnate surfaces
for waterproofing had a variety of effects but signif-
icantly had a 100% detection rate when compared
with known effects in mice. They suggest the method
can be used to study any inhaled particle to get an in-
dication of potential toxicity.

Validation: Expert Panel Discussion Transcript

The following is a transcript of the expert panel discussion
on validation. Readers may find this content useful for the
purposes of understanding the detailed discussions that oc-
curred at the workshop.

Validation: the process

Dr. Philippe Hubert of INERIS, France, introduced the
topic of validation of in vitro models and the many contexts
in which the topic is set. According to Dr. Hubert, the discus-
sion around the topic of validation usually centers on the step
between validation and prevalidation, and on the perspective
of acceptance of a method.

Three core questions relating to acceptance should be an-
swered in relation to validation (or recognition): what are the
needs of stakeholders, what tools are available for validation,
and is there a role for prevalidation?

In terms of needs, these vary depending on perspectives.
Usually, the view taken is that validation is part of a regula-
tory process. For industry, access to markets is key and to
have that, one may require regulatory assessments and ap-
proval of products. To achieve that, there is of course a re-
quirement for methods that can reliably predict risk. As
such, any method designed to achieve this should be vali-
dated, otherwise, it is impossible to know whether a method
is reliable. While this is a very practical perspective from in-
dustry, it is not the only one where validation is important.

Research and development also require methods that can re-
liably predict outcomes, otherwise making statements based
on data from unreliable and nonvalidated methods becomes
meaningless and conclusions cannot be drawn. Validation is
therefore an important issue in toxicology and ecotoxicology,
particularly where risk assessments are being undertaken.
Equally, however, validation is important in biology, physiol-
ogy, medicine, and so on. It is important therefore to realize
that regulatory needs for validation are not the only needs
and that many other areas have interests in validation.

In terms of regulations, it is often the case that methods
validated by international bodies are the only accepted meth-
ods. However, some parts of legislation do allow the use
of alternative ‘‘recognized methods’’ of assessing risk. An
example of this is section 47 of REACH (registration, eval-
uation, authorization, and restriction of chemicals) regula-
tions that explicitly state: ‘‘In accordance with Directive
86/609/EEC, it is necessary to replace, reduce or refine test-
ing on vertebrate animals. Implementation of this regulation
should be based on the use of alternative test methods, suit-
able for the assessment of health and environmental hazards
of chemicals, whenever possible. The use of animals should
be avoided by recourse to alternative methods validated by

the Commission or international bodies, or recognised by
the Commission or the Agency as appropriate to meet the in-
formation requirements under this regulation.’’

While the need is clear (implementation of 3Rs), in many
ways, implementation of alternative methods is set in a nar-
row context to methods either validated by OECD or meth-
ods recognized by the European Commission (EC) but
validated elsewhere. The legal basis on which the use of al-
ternative methods is set is a so-called Weight-of-Evidence
approach. This means that when there is sufficient evidence
gathered from multiple sources or a validated method (either
validated by or recognized by the EC) is available that is
equivalent to an animal-based approach, the alternative
method(s) should be used. In all cases, adequate and reliable
documentation of methods and evidence is required.

There are many organizations in Europe involved in some
way with validation of alternative methods. At the interna-
tional level there is the OECD and International Standards
Organisation (ISO), both involved in the standardization
and validation of methods. At the European level there is
the Joint Research Centre of the European Commission
and specifically the European Union Reference Laboratory
for alternatives to animal testing (EURL ECVAM) involved
in validation and wider research into alternative methods.
There are also European-level networks, PARERE and Euro-
pean Union (EU) NETVAL, involved in validation work. At
the national level there are also many laboratories involved
in various aspects of prevalidation or validation. Importantly,
there are also many private initiatives involved in aspects
of validation.

In terms of prevalidation, this can be seen as the step be-
tween the development of a method within a context of R&D
and its first use outside of R&D. Examples here might in-
clude the use of a method within a start-up, scaling up of
processes in industrial applications or in dissemination. It
is a step that demonstrates some validity of the method, for
example, in terms of development of a standard operating
procedure and the demonstration of reproducibility or repeat-
ability, but it is not the full validity required for a recommen-
dation by EURL ECVAM or adoption by the OECD or ISO.
According to Dr. Hubert, the step is a crucial one for the de-
velopment of recognition of a method but that for many
methods it is one that is not undertaken sufficiently or at
all. This means many methods never make it beyond re-
search applications even though there is potential for wider
use both in terms of applied sciences and in regulatory con-
texts. The reasons for this are myriad, but likely come down
to the process of validation being deeply unrewarding for the
people doing it. In the context of research, a method may be
developed for a very specific application and validated for
that purpose.

However, to then validate it for further application may re-
quire a significant investment of both time and money—two
resources that are limited in many cases. There may well be a
case to invest heavily at this stage of development to ensure
more methods progress to full validation. Once prevalidation
has progressed sufficiently, the method and accompanying
data may be used directly in applications (even as part of
wider regulatory assessments) or as input for full validation
and recognition by EURL ECVAM, OECD, and/or ISO.

In France, there are currently ongoing efforts to develop a
prevalidation platform for endocrine disruptor assays and



methods. To illustrate the challenges involved with such an
effort, Dr. Hubert highlighted a number of issues they have
encountered in recent years.

The platform brings together organizations from the gov-
ernment, industry, retail, research, and start-ups and nongov-
ernmental organizations (NGOs) and one of the biggest
issues they have reportedly faced is governance. Specifically,
managing conflicts of interests (whether perceived or real)
and the makeup of the platform in terms of balance between
public/private ownership and leadership have all been issues.
Indeed, even deciding what methods to develop has proved
challenging.

Financing, while always an issue to be resolved, required
extensive efforts to put in place. For example, extensive dis-
cussion was needed to resolve whether upstream research or-
ganizations should pay for prevalidation or whether the end
user should bear those costs. Experience shows that distribu-
tion of finance for facilities and studies can become ex-
tremely complicated and time-consuming. A specific issue
highlighted by Dr. Hubert related to resolving intellectual
property ownership and nondisclosure and that resolving
such issues in a timely manner is an important step.

The current status of validation, both within the EU and
globally, is that methods and their validation are constantly
ongoing, with new methods emerging from ongoing research
and a need to update methods that have been available for
many years. There is also a need for the development of
faster methods—the EPA is making considerable invest-
ments in this area—and these will of course require valida-
tion if they are ever going to be used in a regulatory
context. Cost is always a consideration, and this means ef-
forts are being made to also reduce costs and in the process
validation will be needed.

Concluding, it is still an open question whether prevalida-
tion is a necessary step toward full validation and indeed
what prevalidation actually is, is still a point of debate for
many. For example, definitions of prevalidation even vary
at the level of international organizations. A possible advan-
tage of prevalidation is that it may make the process of full
validation faster since such data can be used as a starting
point or input for organizations such as the OECD, ISO,
and EURL ECVAM. Prevalidation data may also prove use-
ful in regulatory frameworks that cover chemicals, foods,
water, air, and so on. The primary purpose though for prev-
alidation should always be to make sure the methods are re-
liable and to provide some guarantees for nonregulatory
purposes and research—in short, that data coming from a
method can actually be used.

In terms of tasks for any organization (of any size) in-
volved in (pre-)validation, tasks to consider may include an
assessment of the relevance of candidate methods (possibly
this may involve additional tests, handling data sets, identify-
ing requirements of stakeholders, and even the precise iden-
tification of methods), to build up data for the validation
process, to identify whether prevalidation adds value, and
to work on dissemination to stakeholders associated with
methods. Finally, funding for validation should be consid-
ered a crucial issue—validation studies can be very expen-
sive in terms of time and money.

Dr. Hubert ended with a note on policy. The development
and validation of alternative methods are becoming increas-
ingly international, and ultimately, recognition of validation

of these methods is made at a multinational level (i.e., at the
level of the OECD and ISO). In that context is there still a
meaning in having national centers dedicated to the develop-
ment of alternative methods in an international system? This
is a question that is often raised but remains the focus of de-
bate to this day.

EURL ECVAM: an overview on method validation
and acceptance

Dr. Laura Gribaldo from EURL ECVAM, JRC, Ispra,
Italy, summarized the role of her organization in the develop-
ment and validation of alternative methods and specifically
the nature and workflow of the validation process of EURL
ECVAM and regulatory acceptance.

EURL ECVAM was established under the Directive 2010/
63/EU on the protection of animals for scientific purposes.
Some of the responsibilities of the organization include guid-
ance on research (normally applied research), coordination
of validation studies, dissemination, facilitation of dialogue
among stakeholders, regulators, and scientists, and finally,
to promote international acceptance of newly developed
methods. The process of validation happens in a number of
steps. These include test method submission, validation stud-
ies, peer review, EURL ECVAM recommendations, and the
promotion of regulatory acceptance of alternative test meth-
ods and approaches.

The validation workflow is divided into four steps. These
are an assessment of a submitted method, validation studies,
independent peer review, and finally EURL ECVAM recom-
mendations on the validity of test. For the first step, the as-
sessment of a submitted method, three criteria are used to
initially assess a method. These are (1) the scientific and
technical aspects of a method, (2) the regulatory relevance
of a method, and (3) the impact a method might have on
3Rs—the replacement, refinement, and reduction of animal
use in scientific experiments.

In this phase, the intention is to assess the completeness,
accuracy, and quality of information provided on seven test
method submission modules. These are test definition,
within-laboratory reproducibility, transferability, between-
laboratory reproducibility, predictive capacity, the applica-
bility domain, and performance standards. For the test defini-
tion, the purpose of the test should be clearly stated, and the
endpoint (s) for which it is designed to test should be de-
scribed. Transferability refers to how robust a method is in
terms of getting the same outcome in terms of sensitivity,
specificity, and accuracy when performed in different labora-
tories. Predictive capacity is about the ability of the method
to predict the endpoints measured and therefore it is the ca-
pacity to predict in vivo outcomes. The applicability domain
is an important concept in that while the robustness of a
method should be determined from an analytical point of
view, its application to different fields of regulatory concern
may (or may not) be wider than its original intended purpose.
Taken together, the answers given in the different modules
will define if and at what stage the test method will enter val-
idation (or peer review).

Test method submissions can be made through the EURL
ECVAM website. A technical guidance document is in prep-
aration and this will specifically address test method submis-
sion to EURL ECVAM. The aim of that document is to



improve quality of submissions, since at the moment not all
submissions meet initial requirements and are there-
fore rejected at very early stages. From time to time,
EURL ECVAM also issues calls for test method submissions
on specific topics.

The second step in the process is to undertake the vali-
dation study (if required). Using the example of the AR
CALUX test method, which allows the detection of andro-
genic substances in vitro,59 the validation study as a whole
has taken the form of a multistage investigation scheduled
to run over 4 years. In 2014, an initial selection of three
EU test facilities was made and after collaboration agree-
ments were signed, they worked up standard operating proce-
dures and protocols and agreed on 52 chemicals as the
subject of the validation. At the beginning of 2015, training
was initiated in the three laboratories to ensure that the pro-
tocols were all carried out in a similar way. Following com-
pletion of the training period, the first validation study on
transferability was carried out. In 2016, two further studies
are planned in relation to reproducibility and predictive ca-
pacity. If those go according to plan, 2017 will see data eval-
uation and the writing of the validation report for eventual
submission for peer review.

The independent peer review is carried out by ECVAM’s
Scientific Advisory Committee (ESAC), EURL ECVAM’s
independent scientific advisory committee. ESAC consists
of 15 independent experts drawn from academia, industry,
and government, and meets twice per year at the JRC in
Ispra, Italy. The ESAC mandate is 3 years and was last
renewed in 2013. Their primary role is to provide EURL
ECVAM with independent high-quality scientific advice on
the scientific validity of alternative test methods by perform-
ing peer reviews. The advice is provided in the form of
‘‘ESAC Opinions’’ that clearly specify the scientific ratio-
nale for the position taken.

After this peer review, EURL ECVAM issues a recom-
mendation. This provides guidance on how a test can be
used and may provide suggestions in terms of developing
the test further. Recommendations that have been published
to date are available on the EURL ECVAM website (https://
eurl-ecvam.jrc.ec.europa.eu). While the workflow used remains
the same for each submitted test method, it is worth stressing
that each test method is evaluated on its merits and the pro-
cess used, particularly in the validation study period, is cus-
tomized to provide the information required for validation.

EURL ECVAM has other advisory/consultation bodies
each with specific mandates and expertise. Regulatory rele-
vance of test methods is an important aspect of validation,
at least EURL ECVAM and PARERE provide advice on
these aspects. The panel consists of member state representa-
tives and relevant agency staff. Its role is to provide upstream
input on potential regulatory relevance and suitability of pro-
posed alternative approaches. It also has a role to identify ap-
proaches that may deserve attention from EURL ECVAM.
These roles mean that EURL ECVAM can receive regulatory
advice at the very beginning of any validation from the per-
spective of whether a test method is likely to have any regu-
latory relevance. This means EURL ECVAM can avoid
costly evaluations of methods that are never likely to have
any regulatory relevance. PARERE also provides input
into EURL ECVAM strategy and draft recommendations fol-
lowing ESAC peer review.

ESTAF is a stakeholder forum that provides advice on test
method relevance and EURL ECVAM strategy and recom-
mendations. It comprised representatives from research, in-
dustry, and civil society organizations and is tasked with
advising EURL ECVAM on test method validation from
the perspective of end-users or other stakeholder perspec-
tives. EURL ECVAM also has a number of global partner-
ships and networks that are designed to support the mission
and mandate(s) of the organization. EU-NETVAL and
ICATM are two examples.

The final stage of validation is international recogni-
tion and regulatory acceptance. Once a method is validated
(both scientifically and from the perspective of regulatory
relevance via EURL ECVAM), there are specific steps that
can be taken to achieve international recognition and accep-
tance. Which steps are taken depend very much on the regu-
latory framework/context in which a method sits and the
regulatory bodies that will ultimately be involved. Example
instruments to consider include REACH,60 Regulations for
cosmetics,61 International Council for Harmonisation of
Technical Requirements for Registration of Pharmaceuticals
for Human Use,62 International Cooperation on Harmonisa-
tion of Technical Requirements for Registration of Veterinary
Medicinal Products (VICH),62 ISO,62 (European) Pharmaco-
poeia,63 or an application for an OECD test guideline.64 In
this respect, EURL ECVAM has a number of collaborations
with the OECD panels involved in the development of test
guidelines and that means they offer expert advice and per-
spectives on the test methods under evaluation. The recom-
mendations of EURL ECVAM relating to the validation of
alternative test methods are strongly noted by the OECD pan-
els, according to Dr. Gribaldo.

In terms of the strategy of EURL ECVAM, these are de-
fined in a number of different ways but are mainly focused
on a range of different toxicological areas. The main drive
of the organization is to address different regulatory areas
and that means addressing issues in areas such as chemicals,
cosmetics, pharmaceuticals, and biocides as examples. Spe-
cifically, this means identifying gaps and opportunities in re-
lation to method development and validation and to identify
gaps in specific areas where there is a need for such methods.
Moreover, this means taking a focus on issues surrounding
3Rs and whether alternative methods are available or could
be developed.

In terms of a scientific approach to validation, EURL
ECVAM uses a concept called adverse outcome pathways
(AOP). Broadly, this defines steps in a pathway that unravels
the effects of a chemical in terms of its toxicological mode
of action and how this relates to biological endpoints. This
means that for EURL ECVAM, they use such knowledge,
when discovered, to define so-called integrated prediction
systems and that the pathways therefore are fit for the pur-
poses of supporting safety decisions.

The chain of events that are tracked for the purposes of
modeling the mode of action of a particular substance are
as follows: exposure, the initiating event, the organelle, cel-
lular, and tissue effects, the organ response and then the re-
sponse in the individual, and finally, the likely effects at a
population level.

In short, according to Dr. Gribaldo, this means they are
‘‘facilitating a shift toward a knowledge-driven paradigm
for chemical risk assessment.’’



Validation in summary

For EURL ECVAM, it is not a question of if or why val-
idation is necessary, but a question of how best to validate
methods. A key message from Dr. Gribaldo was that when
a method is submitted to them, a significant amount of
their decision-making is based on whether (1) there is a
clear mechanistic and biological description of the method,
(2) the relevance in terms of accepted AOP knowledge is
clear, (3) there is a clear description of how the method
works practically and in theory, and (4) the relevance to reg-
ulatory applications is clear. If they receive that, the process
of validation will be very much faster. Apart from their role,
Dr. Gribaldo suggests that defining the method description,
the protocol definition, and the characterization of test sys-
tem will speed up both their processes and those of other or-
ganizations, and those include organizations involved with
acceptance.

Another process that is important to take note of is the
development of standards. From the perspective of EURL
ECVAM, they reportedly receive many submissions they
term as ‘‘Me Too’’ methods—methods that predict similar
in vivo endpoints. As a result, EURL ECVAM developed a
series of performance criteria to single out techniques that
might have value.

IATA approaches—integrated approaches to testing and
assessment—address the change that was seen following
the introduction of the cosmetic regulations and the ban on
animal testing. Namely, this involved a move away from sin-
gle methods for single endpoints. Repeated-dose, chronic
toxicity, oral discomfort, and toxicokinetic studies are all ex-
amples of studies that were needed following legislative
changes. As a result of this, EURL ECVAM has tried to pro-
mote a more integrated approach toward validation—and
that means combining data from multiple sources that in-
clude not only in vitro methods but also computational, epi-
demiological studies, existing animal data, and read-across
methodologies.

In conclusion, Dr. Gribaldo said: ‘‘It is important for us
that when you propose a test or an approach, whether it is
a single approach or multiple methods, that what you propose
is clear scientifically and clear from the perspective of regu-
latory context(s).’’

Expert panel discussion

Dr. Peter Kearns (OECD) and Dr. Gribaldo (EURL
ECVAM) both touched on the surprising fact that while inha-
lation toxicology is a priority area for governments (air pol-
lution, tobacco smoking being prime examples), little has
been done in terms of validation of methods relating to inha-
lation toxicology. They particularly touched on the fact that
animal use in this area still remains high, despite the fact that
such animal-based experiments are widely questionable from
many perspectives.

Dr. Gribaldo raised more questions with respect to the area
of inhalation toxicology. In particular, why no method relat-
ing to inhalation toxicology has ever been submitted to them
(EURL ECVAM) for validation remains unclear.

The expert panel discussion continued with Dr. Kearns
of the OECD explaining their role in validation and method
development and the regulatory context in which the pro-
cess sits.

OECD test guidelines, while providing standardized ap-
proaches to assess the effects of chemicals on human health
and the environment, are covered by the mutual acceptance
of data system. This means that once a test guideline is ac-
cepted and used in a member state to generate data for regu-
latory purposes and under conditions that meet OECD Good
Laboratory Practice guidelines, that data should then be ac-
cepted in all OECD countries. Legally binding instruments
are in place to ensure this happens.

As Dr. Kearns explained, it is therefore very important for
the OECD and the representatives of the regulatory authorities
of the 34 member countries to ensure that methods used for
safety testing are validated correctly. For example, if a party
approaches a regulatory authority with data generated with
an OECD test guideline, it is legally obliged to accept that data.

This is one of the major reasons why validation of methods
can take a long time. All methods that have an OECD test
guideline have been developed on a consensus basis by rep-
resentatives of each individual member country and associ-
ated technical experts. Each individual method proposed
for validation is usually presented by a member state (in
Europe, the European Commission [EU] can also propose
methods for validation) to the OECD with a validation pack-
age. There then follows a process in which each individual
country has to be convinced that a validation is worthwhile.
The main reason for this is that validation is time-consuming
and can be costly. Questions around priorities, quality, and
costs will likely all be considered.

In short, according to Dr. Kearns, governments have to
have faith in the quality of methods before they can be
used for regulatory purposes. Validation is therefore impor-
tant to get right, but it is important to note that through the
necessary consensus, building process and practical execu-
tion of studies can be a long and costly process.

Dr. Jean-Marc Aublant of the Laboratoire National de
Metrologie et d’Essais (LNE), France, outlined the role of
the ISO and the voluntary consensus-based standards they
develop to support legislation, regulation, product develop-
ment, and many other areas. Proposed ISO standards neces-
sarily have to conform to a number of strict requirements and
are usually developed over a period of time up to a maximum
of 3 years. Proposed standards are usually submitted by na-
tional standard agencies. The process usually requires that
data relating to round-robin validation studies be submitted
in the first instance—proof that the method is scientifically
validated in terms of reproducibility, repeatability, accuracy,
precision, and so on. A metrology checklist is used to assess
methods in the first instance along with questions about rel-
evance, cost, and other such items. Once all these require-
ments are satisfied, the process of standard development
can start. Dr. Aublant reiterated that because standards are
used in different ways by different organizations, their meth-
ods of assessment are necessarily strict. This may at times
seem unnecessary from an academic perspective. However,
through experience, the ISO has found it necessary if stan-
dards are to prove useful for end users.

While Dr. Kearns and Dr. Aublant illustrated the perspec-
tives of OECD and ISO on the validation process and in
particular validation for regulatory purposes, a commercial
perspective perhaps starts to illustrate a different issue that
ALI in vitro modeling technology may face—the question
of what to validate.



Dr. Samuel Constant is COO and co-founder of Epithelix
Sarl, Switzerland, a company that specializes in the manu-
facture of 3D human tissue cell models that mimic various
parts of the respiratory tract. While reportedly they have
had some success developing and marketing their models,
two key issues have emerged over the last 10 years. The
first, according to Dr. Constant, is that accessing the regula-
tory process has proved challenging for a start. However,
more importantly from his perspective, he sees an ongoing
debate around what models to develop and even whether
it is realistic to expect in vitro models to offer one single so-
lution for inhalation toxicology assessments. In his opinion,
one model is never likely to be enough since inhalation tox-
icology covers both local and systemic effects and in a sense
should be compartmentalized to realistically assess end-
points. There are so many possible endpoints that can be
measured (e.g., irritation, inflammation, carcinogenesis, fi-
brosis, and sensitization), suggesting it is very unlikely that
there will be one model. According to Dr. Constant, there
is a very real need to describe what we have available
now, what can therefore be answered, and what is needed
in the near future in terms of a toolbox to answer the most
pressing research questions. In his opinion, at the moment,
there is no toolbox available to validate in the first place.

Next Dr. Silvia Diabaté of the Karlsruhe Institute of Tech-
nology, Germany, described her academic group’s experi-
ence with ALI in vitro inhalation models. According to
Dr. Diabaté, they have been using such models now for sev-
eral years and in particular to investigate the effects of nano-
materials on lung cells. In her opinion, it is important to have
a good approach to aerosol generation and their characteriza-
tion because aerosols based on different materials are so
different. Particle size distribution, number, and mass con-
centration of the aerosol are all important for determining
dose—something that in her opinion is not always routinely
performed and thus not standard in the field. The different
exposure systems all still need to be adequately investigated
and compared with each other. For example, the deposition
efficiency, exposure time, and dose rate can differ dramati-
cally between various ALI systems, and hence, the biologi-
cal response might be entirely altered. Particularly dose/
response effects and underlying mechanisms of toxicity after
exposure at the ALI are poorly understood. Going further she
stated that in her opinion, it is important to test different cell
systems and endpoints and that these should all be as close as
possible to human physiology and if necessary human dis-
ease. In her opinion there are still many open questions
about these systems and approaches, not least from the per-
spective of validation.

Ms. Antoinette de Groot from Solvay (a chemicals compa-
ny) described her perspective as someone investigating
whether to use ALI in vitro models. According to Ms. de
Groot, their intention is to use such models for both research
purposes and also possibly in regulatory assessments. How-
ever, in both cases there are issues due to a general lack of
validation, which is making their decision to invest difficult.
The sheer number of models available is also proving a chal-
lenge to navigate, with seemingly numerous organizations
developing solutions that each seems to have advantages
and disadvantages.

Echoing Ms. de Groot and Dr. Constant, Dr. Detlef Ritter
of Frauhofer ITEM, Germany, tried to put some perspective

onto the current diversity of methods available. The reasons
he says there are so many and it comes down to the sheer
numbers of variables, unknowns, endpoints, and biological
effects that are being studied. It is therefore hard to imagine
a scenario where even a small range of models validated
to OECD guideline levels will be sufficient to assess all
these different questions. It is therefore possible that such a
strategy for this field is not in fact correct. Continuing, he
suggested that standardized validation or performance crite-
ria might be considered and that each individual method/
laboratory uses these to describe the level of validation of
their own methods.

The discussion continued with Dr. Kearns highlighting
the work the OECD has done on nanomaterials and the de-
velopment of test guidelines for that area. Accordingly,
they started from the perspective of existing test guidelines
for other chemicals and asked whether they were suitable
for assessing nanomaterials or not. However, according to
Dr. Kearns, an unexpected outcome was they were able to es-
tablish through that process what the priorities of their mem-
bers (i.e., the governments of the 34 member states) actually
were. And, according to Dr. Kearns, inhalation toxicology
was more or less the top priority. Thus, in the process of
assessing the test guidelines for nanomaterials, they found
that many of the methods recommended were top priority,
very expensive, and largely focused on animal-based ap-
proaches (which in itself raised questions around animal wel-
fare). This then suggests there is a real need (demand) for
in vitro methods in this area but that there are clear issues
in getting them validated for regulatory purposes. It could
be that there are too many options available or that the meth-
ods might be divided up according to endpoints to then
enable prioritization. Nevertheless, Dr. Kearns was encour-
aged by the developments and suggested that the field should
push for more meaningful validation studies for regulatory
purposes.

Dr. Laura Gribaldo (EURL ECVAM) supported Dr.
Kearns views by highlighting that the new EU legislation
will require the need for validation of in vitro methods for in-
halation toxicology. In her opinion, it is perhaps surprising
that so little progress has been made in terms of validation
of such in vitro methods, given the importance of the area
from a health perspective. It may have been the case that
methods simply did not exist previously and therefore valida-
tion did not feature in the mind-sets of either the research sci-
entists developing the methods or regulatory authorities that
might find a use for the methods for their tasks. However,
that is not the case now, and as such, it seems reasonable
to consider validation for the techniques, according to Dr.
Gribaldo. To achieve this, she suggests the first steps likely
require the identification of methods that could represent
priority areas and that the validation and promotion of tech-
niques should proceed. The most likely approach that could
work would be to organize a network to define strategy, com-
bine previously available information (and that might in-
clude non-in vitro information, such as in silico and in vivo
evidence), and to define and execute trials, such as ring-
trials, to start the validation process. This might involve a
single test or a battery of tests, but the key, according to
Dr. Gribaldo, is to get started on the process. Getting funding
will obviously be important but will be key to having harmo-
nized methods for the field of ALI in vitro inhalation



methods. It will also be important to define protocols, train-
ing needs, methods, and so on, but once this is done, it should
be possible to submit the method for validation for regulatory
purposes (presumably to EURL ECVAM).

In response to this, Dr. Ritter emphasized that finding
one method (or more?) will be very difficult for the purposes
of validation. According to him, for one material/chemical,
the target might be the nose, lungs, or the alveolar, and
that means there is never likely to be one singular endpoint—
and that means a large range of methods will be needed.
Rebutting Dr. Gribaldo, he said that it is probably too sim-
plistic to expect a group to get together to plan out a study
around one single method. Defining which method to vali-
date, among the myriad of other methods available, is a
core problem, according to Dr. Ritter.

Dr. Aublant (of LNE, representing ISO) followed up and
emphasized the issues that were highlighted by Dr. Kearns
(OECD)—namely, that priority setting should be a key target
for the area. According to Dr. Aublant, whether or not a
method is validated, a key issue is that correlations between
what happens in humans, and in animals or cells, normally
ends up in a gray zone of believable evidence. Sometimes
the correlations are good between in vitro and in vivo. How-
ever, most of the time this is not the case. On that basis, Dr.
Aublant reiterated that validation based on solid in vivo/
in vitro correlations should be a prime consideration in any
future study, particularly from the aspect of risk/benefit as-
sessments. In particular, the issue, according to him, is that
if there are little or no in vivo data, there is very little basis
on which to establish an in vitro method.

In response to this, Dr. Ritter raised the point that what-
ever the target of analysis (i.e., the chemicals or compounds
of interest), the reference points are weak. For inhalation tox-
icity studies, there are largely no reference points on which to
base the potential methods and that are based on human stud-
ies. Where there are reference points, they tend to be based
on animal models. This issue is key to the development of
the area, according to Dr. Ritter.

Dr. Gribaldo supported this position, highlighting that for
EURL ECVAM, they have had the same problem in that
little human data have ever been available to root the alterna-
tive in vitro methods to human-derived data. Indeed, previ-
ous animal studies, that many methods are notionally based
on for their effectiveness, are historic and likely not the
most optimally designed. This, according to Dr. Gribaldo,
is a constant challenge within the community involved in
validation. Extrapolation of in vitro data to in vivo models
is likely to be fraught with issues simply because the data de-
rived from the initial experiments on animals and possibly
humans (depending on the area) might well be compromised.
However, in some areas, it may be possible to base the meth-
ods, in part, on epidemiological data. In this respect, occupa-
tional data may well be an option for some methods since
such data may well be collected for legal reasons and also
on a regular basis.

In subsequent discussions, it became clear that deter-
mining exactly what to validate is a core issue. As well as
there being many different methods to assess endpoints,
there are also many different types of apparatus and cells
used in different steps of an experiment. For example,
there are many different solutions available for generating
aerosols, irrespective of what cell type is used. A question

was therefore raised over whether these systems should
also be individually validated. There was also a call for more
collaboration between laboratories to standardize methods
to allow more meaningful comparisons to be made. At the
moment, this is reportedly hard to do since each laboratory
uses slightly different methods for what are essentially the
same experiments.

Dr. Aublant reiterated that standardized protocols are vital
to allow meaningful comparisons to be made, giving an ex-
ample of his experiences in relation to the physical character-
ization of nanomaterials. While he did agree that many
different protocols might be needed for the assessment of
the many endpoints in inhalation toxicology, there is still a
need for such methods to be comparable. This might mean
developing a reference method or some kind of standard
that would allow laboratories to compare data.

A key point that emerged in the discussion is that there
must be a balance struck between feasibility of validation
and relevance of a method to an endpoint. Strikingly diverse
opinions emerged on this, with a clear distinction between
some being interested mostly in comparing endpoints and
others more interested in ensuring methods are validated.
Dr. Gribaldo highlighted, for example, that a method may
be highly relevant for a particular endpoint, but if the cost
of validation is too high for anyone to afford, it makes no
sense to try to move forward. She highlighted that there
will always be a fine balance between relevance to an end-
point, feasibility, and cost of validation and also the chances
of wide adoption of a method once validated. This can also
apply to building blocks of wider systems (presumably re-
ferring to different parts of ALI systems—exposure mech-
anisms, cells, analysis).

Dr. Kooter (TNO) went further suggesting that there are so
many building blocks available, and that it is unlikely any
one method will suffice for inhalation toxicology endpoints.
Dr. Constant (Epithelix) later supported this view, suggesting
that defining what needs validating is likely to be the first
step for the field. Translocation and inflammation could be
good first steps here, he said. However, he also reiterated
that variability in cells should be expected. According to
Dr. Kooter, data emerging from some collaborative research
projects suggest considerable variability should be expected
between different laboratories when cells are used in even
simple experiments. Also, in more complicated methods, it
is probably unwise to expect similar outcomes to those
found in simple cell cultures.

Based on this, it might therefore be interesting to adopt
an internal standard that is widely accepted by the com-
munity. This would go someway toward addressing the
issue of comparability between experiments, if not vali-
dation. And, given the emerging doubt over whether vali-
dation will ever be achievable, this may go someway
toward harmonizing approaches to achieve at least some
comparability.

As with all models, limitations exist. And so, a question
over whether ALI in vitro inhalation models are ‘‘better’’
than other approaches was likely to surface at such a work-
shop. At least from a conceptual standpoint, there was
general agreement that such models offer a more realistic ex-
posure scenario than can be achieved with submerged cells—
most cells in the respiratory tract are exposed directly to air
in vivo. ALI models have better sensitivity and selectivity



than single-cell cultures.8 However, it is difficult to state that
this is the case for all nanomaterials because such analyses have
not been completed. Reproducibility and comparison of out-
comes in vivo are yet to be completed. However, the capability
to do such experiments exists—it was suggested on two occa-
sions that worldwide, possibly 40 or even 100 laboratories do
use ALI in vitro inhalation models of some description.

It is clear that guidance is needed on how to set up vali-
dation and what outcomes should be reported. Indeed, guide-
lines on aerosol generation, characterization of aerosols,
exposure, cell systems, and analytics, and in particular their
subsequent reporting, should be defined as a matter of urgency.

In terms of validation, it is important that laboratories use
the same protocols and particularly define the dose, which to-
gether with exposure duration defines an endpoint. In this
way, it should be possible for a set of laboratories to validate
a method based on one or two substances.

A suggestion then followed that a starting point could also
be based on whether good human in vivo data exist—for ex-
ample, good data already exist on inflammatory responses in
humans to titanium dioxide exposure. It would then ‘‘sim-
ply’’ be a question of testing whether a (series of) method(s)
could detect the same effects and at what dose. This should
mean it would be possible to define which system is the
most sensitive—and whether it can detect effects at biologi-
cally relevant doses—and therefore defining which system
should then proceed to full validation. As it is possible to
quantify doses in ALI systems, this removes a major imped-
iment that is suffered by submerged cultures, in that, dose in
those systems is difficult to quantify in a meaningful way.

In a separate development, Dr. Aublant highlighted that a
full standardization of characterization methods for the size
of nanoparticles is underway in which a full set of protocols
is now available. Twelve laboratories are now involved in the
standardization program. Everything was standardized in terms
of particles, methods, techniques, and so on. It is expected that
this work will form the basis of an ISO standard and is expected
to be published in the coming months. This may well be of in-
terest to users of ALI in vitro inhalation models.

Dr. Hubert concluded by suggesting that while many
methods exist now, it is likely that convergence of these
will occur to the point where two to three methods may suf-
fice. Whether that turns out to be the case though will depend
on whether the field can come together and work on the is-
sues surrounding validation together.
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