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ARTICLE INFO ABSTRACT

Handling Editor: Gary Rankin Outdoor air pollution is classified as carcinogenic to humans and exposure to it contributes to increased inci-
dence of various diseases, including cardiovascular, neurological or pulmonary disorders. Vehicle engine emis-
sions represent a significant part of outdoor air pollutants, particularly in large cities with high population
density. Considering the potentially negative health impacts of engine emissions exposure, the application of
reliable test systems allowing assessment of the biological effects of these pollutants is crucial. The exposure
systems should use relevant, preferably multicellular, cell models that are treated with the complete engine
exhaust (i.e. a realistic mixture of particles, chemical compounds bound to them and gaseous phase) at the air-
liquid interface. The controlled delivery and characterization of chemical and/or particle composition of the
exhaust should be possible. In this mini-review we report on such exposure systems that have been developed to
date. We focus on a brief description and technical characterization of the systems, and discuss the biological
parameters detected following exposure to a gasoline/diesel exhaust. Finally, we summarize and compare
findings from the individual systems, including their advantages/limitations.
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1. Introduction

The pollution of ambient air significantly affects the health of the
human population worldwide, contributing to increased incidence of
pulmonary, cardiovascular or neurological diseases (An et al., 2018;
Combes and Franchineau, 2019; Killin et al., 2016). Outdoor air pollu-
tion was classified by the International Agency of Research on Cancer
(IARC) as carcinogenic to humans (Group 1, (JARC Working Group on
the Evaluation of Carcinogenic Risks to Humans and International
Agency for Research on Cancer, 2015)). The biological impacts of air
pollutants have been widely studied for more than five decades using
numerous toxicological approaches, including tests in vitro in cell models
of various origin, in vivo animal studies, as well as epidemiological in-
vestigations in human populations. Although the assessments conducted
in human organisms provide the most reliable information on the health
effects of air pollutants, such experiments are time-consuming, costly
and limited by ethical considerations. Thus, animal tests have been
commonly used in accordance with the OECD guidelines (Hayes and
Bakand, 2010), and the results extrapolated to human organisms.
However, the application of the 3R concept (replacement, reduction,

refinement) in animal experimentation and differences between human
and animal organisms (e.g. lung anatomy, inhalation capacity, or pop-
ulations of immune cells) necessitate alternatives to in vivo tests using
cell cultures (Rehberger et al., 2018; Romeo et al., 2020; Upadhyay and
Palmberg, 2018).

In vitro testing of air pollution is complicated by a complex character
of ambient air that contains a mixture of gaseous pollutants [e.g., ozone,
SO,, CO, NOy, volatile organic compounds (VOC)], particulate matter
(PM) of various size and compounds bound to it, including e.g., poly-
cyclic aromatic hydrocarbons (PAHs) and metals. Depending on the
aerodynamic diameter, PM is classified as coarse (PM10, < 10 pm), fine
(PM2.5, < 2.5 pm) or ultrafine (PMO0.1, < 0.1 pm) fraction. In the lungs,
fine particles penetrate into alveoli and can interfere with the gas ex-
change between inhaled air and blood (Almetwally et al., 2020), while
the ultrafine fraction enters individual cells including subcellular
structures, and can be distributed to distant tissues and organs via the
blood stream. The size of the particles, along with the chemical
composition of the complex mixture, determines the possible adverse
biological effects of air pollutants. In the organism, the effects mediated
by PM are linked to both the physical properties of PM and the chemical

Abbreviations: AL, air-liquid interface; EAVES, Electrostatic Aerosol in Vitro Exposure System; PAH, polycyclic aromatic hydrocarbon; PM, particulate matter;
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Table 1
An overview of exposure systems allowing treatment of relevant tissues/cells with complete engine emissions and results of studies in which the systems were first
used.
System  Tissue/cellular model Fuel Exposure Results First report
conditions
1 Rat lung tissue Diesel 1 hexposure + 1h,  Decreased ATP, GSH levels and SOD activity; no effect on CAT and  (J. P. Morin et al.,
24 h recovery GPx 1999a)
2 Human bronchial epithelial ~ Diesel Upto1l4h Decreased [*H] thymidine incorporation; increased production of (Abe et al., 2000)
cells (BET-1A) exposure IL-8, but not IL-6, IL-10 and TGF-1p protein to supernatant;
induction of IL-6, IL-8, TGF-1p, but not IL-10 mRNA expression
3 Human bronchial epithelial Diesel 1 h exposure + 2 h Decreased cell viability (WST-1, cell number) (Aufderheide et al.,

cells (HFBE 21) post-exposure

4 Human bronchial alveolar Diesel Up to 6 h exposure
carcinoma cells (A549) Gasoline P P

Human bronchial epithelial
cell line (16HBE140)
6 Human bronchial alveolar Diesel
carcinoma cells (A549)
Triple co-culture (A549,
macrophages, dendritic ) 1h, 2 h exposure +
7 cel.ls) Gasoline (two- 0-24 h post-
Triple co-culture stroke)
(16HBE14o0-, macrophages, exposure
dendritic cells)
8 Human bronchial alveolar Diesel
carcinoma cells (A549)
Human bronchial alveolar

9 Diesel
carcinoma cells (A549) lese

6 h exposure + 20 h
post-exposure
1 h exposure + 9 h
post-exposure

Diesel

3h exposure + 21 h
post-exposure

15, 30 and 60 min

10 H114manh primary bronchial Diesel 1h-6.25h
epithelial cells exposure
Human bronchial alveolar
1 carcinoma cells (A549) Diesel (ship 4 h exposure
Human bronchial epithelial ~ engine) P
cell line (BEAS-2B)
Human bronchial alveolar 1 h expostre
12 carcinoma cells (A549) Gasoline P
Human bronchial epithelial (motorcycle) 30. 60 and 90 min
cell line (BEAS-2B) ’
Human bronchial epithelial 2 x 1 h exposure (1
cell line (BEAS-2B) day)
Gasoline+20%
13
ethanol

2 x 1 h exposure

A commercial 3D model (repeated, 5 days)

Increased interleukin-8 (IL-8) production for some conditions
Increased IL-8 production linked with particles presence

Increased LDH and IL-8 production when compared with power off

No significant effects observed

Increased LDH production after 2 h exposure and 8 h post exposure;
elevated IL-8 and TNF-u production after 2 h exposure followed by
12 h post-exposure

No effect on AK activity, IL-8 and IL-6 promoter induction and IL-8,
IL-6, MCP-1, IL-1beta production

Cell viability (ATP, MTS, NRU assays) decrease depending on air
flow and time of exposure

Decreased TEER, increased HMOX-1, NQO-1, CHOP, GADD34,
CXCL8 expression and IL-8 production

No effect on LDH production and expression of XBP1splandBiP

A comprehensive transcriptome, proteome and metabolome
analyses: deregulation of inflammation (e.g. IL-8, IL-6, IL-1) and
xenobiotic metabolism (e.g. CYP1A1) markers and pathways
related to cell motility, stress response, proliferation or cell death
0.2 pm-filtered and non-filtered exhaust: increased cytotoxicity
(WST-8, LDH), increased ROS production, more pronounced effects
in non-filtered samples

0.2 pm-filtered exhaust only: significant cytotoxicity (WST-8) after
60 and 90 min of exposure

Increased LDH, mucin production and H2AX phosphorylation, but
no other biologically significant changes (AK production,
micronuclei formation, changes of gene expression, lipid
peroxidation, immunomodulatory markers)

Changes of TEER and decreased CYPIA1, increasedHSPA5
expression; no other biologically significant changes (LDH, AK,
mucin production, weak impact on lipid peroxidation and
proinflammatory cytokines production)

2002; Knebel et al.,
2002)
(Cheng et al., 2003)

(Holder et al., 2007)

(de Bruijne et al.,
2009)

(Miiller et al., 2010)

(Oostingh et al., 2013)

(Joeng et al., 2013)

(Zarcone et al., 2016)

(Oeder et al., 2015)

(Yu et al., 2017)

(Rossner et al., 2021,
2019)

composition of the compounds adsorbed to it. The presence of particles
themselves contributes to the activation of the immune system, poten-
tially resulting in the production of reactive oxygen species (ROS) by the
immune cells. ROS cause oxidative damage to macromolecules,
including nucleic acids, inducing mutations, and thus increasing the risk
of tumorigenesis (Klaunig, 2019). Additionally, ROS act as signaling
molecules affecting the expression of genes involved in metabolic
regulation or stress response (Sies and Jones, 2020). Some of the com-
pounds bound to PM, notably polycyclic aromatic hydrocarbons (PAHs),
are possibly carcinogenic, or carcinogenic to humans. The effect of PAHs
is exerted upon desorption in the organism and metabolic activation to
reactive intermediates, that bind to macromolecules, including DNA,
and form bulky adducts that affect the function of macromolecules and
contribute to the induction of mutations (Moorthy et al., 2015). PAH
reactive intermediates may also be metabolized into o-quinones, that
enter redox cycling and cause oxidative stress by the formation of ROS
(Moorthy et al., 2015). The presence of transition metals in PM further
contributes to ROS generation and the oxidative damage of macromol-
ecules (Moller et al., 2014). Although the effect of gaseous components
of air pollution on human health is less significant than that of PM
(Hamanaka and Mutlu, 2018), they further potentiate pro-oxidant and
pro-inflammatory properties, as well as the overall carcinogenicity of
polluted air. It has been demonstrated that complete diesel emissions

induce the production of interleukin (IL)-8, a pro-inflammatory cyto-
kine. The removal of volatile and semi-volatile organic compounds from
the exhaust greatly reduced the release of this molecule, suggesting that
VOC are important factors modulating the inflammatory response
caused by diesel exhaust (Holder et al., 2007).

Overall, the toxicity of polluted air arises from a complex mixture of
various components. Therefore, for a comprehensive evaluation of the
biological effects of air pollutants, the application of exposure experi-
ments that involve a complete mixture of ambient air pollutants (i.e. a
complex of gaseous pollutants and PM with adsorbed compounds in the
form they exist in the atmosphere) is crucial. Despite this fact, studies
investigating the in vitro toxicity of ambient air are often limited to the
exposure of monocellular cultures to organic or water-based extracts
from PM, or PM separated from the ambient air using filters or other
methods (Zavala et al., 2020). The application of these approaches re-
sults in the selective investigation of a group of pollutants (e.g. organic
compounds bound to PM), their physical alteration (e.g. agglomeration
of particles during their collection and resuspension in cell culture
media) and the omission of aerosol aging, secondary pollutant forma-
tion, and the interactions between complex mixtures of air pollutants
and the organism.

For many years, toxicological experiments relied on testing in sub-
merged in vitro monocellular models. However, for inhalation toxicity
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Fig. 1. A schematic overview of exposure systems used with complete engine emissions (part 1).
A) System 1 used rotating chambers to expose rat lung slices; B) In System 2 cells were treated in the culture dishes at the ALIL; C) System 8 and 9 used Transwell
inserts to which emissions were not routed by a dedicated distributor head (indirect exposure); D) System 5 contained an environmental chamber and a cell incubator

in which samples were treated in Transwell inserts by undirect exposure.

experiments such cell cultures are not optimal, as they lack the physi-
ological features of airway mucosa that consist of more than 40 different
cell types (Upadhyay and Palmberg, 2018). Among other cells, the
airway epithelium contains ciliated cells interspersed with goblet cells
that produce mucous, as well as the immune cells such as macrophages,
neutrophils or dendritic cells. To avoid the generation of misleading
results and inaccurate conclusions, the experiments in submerged con-
ditions have been replaced by other approaches in which tested pol-
lutants are delivered to the cell cultures either via bubbling through the
culture medium, exposing the cells incubated on collagen gels or
microporous membranes, or cell cultures grown at the air-liquid inter-
face (ALI) (Aufderheide, 2005). The latter approach is considered the
most advanced, providing the data most relevant to real-world exposure
scenarios.

As demonstrated in this mini-review, in most experiments particles
are deposited by diffusion and/or gravitation. The ALI exposure method
is considered superior to the application of particles in suspension as it
exhibits a similar response at a significantly lower dose, and allows

avoiding artifacts caused by the collection of the particles and their
suspension in a culture media. Additionally, the number of particles
deposited in the ALI cultures is similar to that in the bronchoalveolar
region, although the particles tend to be of a larger size (Holder et al.,
2008). Resuspended particles have been shown to lack carbonyl com-
pounds compared to direct aerosol exposure, suggesting that the toxicity
of such particles is underestimated (Lichtveld et al., 2012). Several types
of ALI exposure systems have been developed, including primary
cell-based models, co-culture systems, and diseased ALI cultures
(reviewed in (Upadhyay and Palmberg, 2018)).

In general, the ALI systems can be used for cell exposure to aero-
solized particles, including nanoparticles, gases or complex mixtures of
both types of pollutants. Their application has been reported e.g. for
cigarette smoke, e-cigarette vapors, environmental airborne chemicals,
drugs delivered by inhalation or respiratory viruses and bacteria, as
summarized in the recent review (Cao et al., 2021). These systems can be
obtained commercially, or developed in-house. The following text spe-
cifically focuses on the description of the exposure systems, most of them
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Fig. 2. A schematic overview of exposure systems used with complete engine emissions (part 2).
A) In System 6, exhaust was directly routed to cell inserts (direct exposure) and electric field was applied; B) System 7 includes various units, either commercial, or in-
house fabricated, all involving direct exposure; C) Systems 3 and 4 (an in-house fabricated) are characterized by direct exposure and application of water bath for

heating the samples.

based on the ALI cultivations, used to assess the toxicity of complete
engine emissions. A brief description and technical parameters of these
systems is provided, and exposure experiments along with the analyzed
biological markers are discussed.

2. An overview of systems allowing exposure of cell cultures to
complete engine emissions

Over the years, attempts have been made to develop exposure sys-
tems that would allow the treatment of relevant cells/tissues to complete
engine emissions (Cheng et al., 2003; de Bruijne et al., 2009; Holder
et al., 2007; Knebel et al., 2002; Morin et al., 1999a; Miiller et al., 2010;
Oostingh et al., 2013; Vojtisek-Lom et al., 2019; Zarcone et al., 2016). A
chronological list of the studies in which given systems were first
described is provided in Table 1. A schematic overview of individual
exposure systems grouped according to the basic characteristics of their
construction (e.g., samples in rotating units, culture dishes, or Transwell
inserts; emissions routed indirectly, or via a distributor head; the

application of an electric field to improve particles deposition; heating
with a water bath or in an incubator), is shown in Figs. 1 and 2. The
following text is a comprehensive overview of the experiments per-
formed using the exposure systems that summarizes the main findings
and compares individual test approaches. Although technical solutions
for individual exposure systems are briefly mentioned, the main focus of
this minireview is on biological impacts of engine emissions exposure in
relation to treatment conditions (type of fuel used for emissions gener-
ation, time of exposure) and cell models tested in individual studies.

3. A description of exposure systems and main biological
findings

3.1. Rat lung slices exposed to diesel emissions (System 1)
Arguably the first in vitro system designed to investigate the impacts

of exposure to complete diesel exhaust on lung tissues was reported by
Morin et al. (1999a, 1999b) (Fig. 1A). The system consisted of rotating
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chambers with a controlled atmosphere (20% O2, 5% CO3, 85-90%
humidity), in which rat lung slices were positioned in rolling inserts that
allow the access of emissions to the tissues. The authors confirmed the
viability of the cells in the system for at least 48 h, and showed that
exposure of the tissues to 5x diluted diesel emissions (a continuous flow
of 2.5 L/min) decreased intracellular ATP and GSH levels, and reduced
superoxide dismutase (SOD) activity after 1 h exposure. Interestingly, no
effect of complete emissions on the activities of other antioxidant en-
zymes [(catalase (CAT), glutathione peroxidase (GPx)] was detected.
The decreased levels of GSH and SOD suggest the induction of oxidative
stress that was compensated by antioxidant mechanisms. This study was
unique by the application of real animal tissues that retained cell-cell
interactions, biochemical and histological properties, although the
preparation of such samples was time-consuming, and the stability and
reproducibility of the experiments might be limited. In the follow-up
study, five concentrations (10, 15, 25, 60 and 85%) of diesel exhaust
were used to treat rat lung slices for 3 or 6 h (Le Prieur et al., 2000). In
the exposed samples, DNA integrity (detection of nucleosomes and
apoptosis induction) and cytokine production [tumor necrosis factor
(TNF-a), IL-1B] was assessed. The authors observed the effects man-
ifested by increased nucleosome levels, and elevated TNF-a concentra-
tion in the culture medium after 3 h treatment and apoptotic response
after 6 h exposure.

The exposure system was later used to expose standard cell cultures
grown at the ALI to diesel engine emissions, for which various after
treatment strategies were applied (diesel oxidation catalysis, diesel
particulate filter) (Barraud et al., 2017). In the experiments, human
alveolar basal epithelial cells (A549) were treated with emissions from
standard diesel fuel and rapeseed methyl ester-diesel blends (7, 30%) for
3 h, followed by an analysis of cytotoxicity, oxidative stress and DNA
damage markers. The treatment induced cytotoxicity, measured as
lactate dehydrogenase (LDH) release. The authors did not detect any
significant differences between the tested emissions when ROS pro-
duction, glutathione levels, catalase and superoxide dismutase activities
were assessed. The exposure to the standard diesel emissions induced
oxidative DNA damage, that was reduced after the application of a
catalysts/particulate filter. The tested emissions also caused DNA
breaks, detected as histone H2AX phosphorylation.

3.2. A human bronchial epithelial cells monolayer exposed to diesel
emissions in an in-house system located in a cell incubator (System 2)

In this exposure system, the first one to apply the ALI incubation
conditions (Fig. 1B), the emissions generated by a diesel engine were
used to treat BET-1A cells, a simian virus 40-transformed human bron-
chial cell line. The diesel engine was operated at a speed of 1050 rpm
and 80% load, and the emissions were diluted with temperature- and
humidity-controlled clean filtered air at 1:8 ratio. The exhaust was
characterized for particle concentrations and their distribution, as well
as the content of gases, including CO, NO5 and SO». It was introduced at
a constant flow of 5 L/min into the exposure system, consisting of a
polystyrene container placed in the incubator with stable conditions (5%
COy, 37 °C) (Abe et al., 2000).The biological impacts of diesel emissions
exposure lasting 0.5, 1, 2, 4, 8 and 14 h were investigated using several,
mostly immune, response-related parameters. To assess cell survival, the
incorporation of [®H] thymidine was analyzed. The authors detected a
time-dependent decrease of cell viability. The detection of mRNA and
protein expression of IL-6, IL-8, IL-10 and TGF-1p, revealed elevated
levels of IL-6, IL-8 and TGF-1p mRNA and IL-8 protein; other changes
were not observed. Filtration of the exhaust eliminated IL-8 expression
modulation, suggesting the important role of particles in the induction
of immune response-related processes (Abe et al., 2000).
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3.3. Human bronchial epithelial cells exposed to diesel emissions without
an incubator (System 3)

The commercial cell cultivation system became the basis for con-
struction of an exposure device that allowed 1 h exposure of human
bronchial epithelial cells (HFBE 21) independent of an incubator
(Fig. 2C). This setup simplified exposure conditions, however, cell
treatment might be limited to a shorter period of time, as a controlled
atmosphere (O2, CO,, humidity) was not delivered to the cell cultures.
The system, which could be positioned close to the tested engine, was
used to evaluate the effect of both diluted (1:10, 1:100) and undiluted
complete diesel exhaust, generated under different engine operating
conditions. Simultaneously, online monitoring of the particle concen-
trations and analysis of selected atmospheric compounds was per-
formed. The authors performed cell viability measurements (WST-1
assay, cell counting) and observed a decrease of both parameters,
particularly mitochondrial dehydrogenase activity in a dose-dependent
manner (Aufderheide et al., 2002; Knebel et al., 2002). Although these
results indicate the negative biological effects of exposure to complete
diesel emissions, the measured parameters are too general to make any
conclusions on the mechanisms of the biological effects of exposure.

This system was later used in more advanced biological experiments
involving 3D cultures derived from three donors exposed for 3 h to
diluted (1:50) diesel exhaust, followed by a 1 h or 21 h post-incubation
period. In the cell cultures, transepithelial electrical resistance (TEER),
macromolecular permeability, parameters of cytotoxicity, mucin secre-
tion, alkaline phosphatase activity, oxidative stress markers (gluta-
thione, heme oxygenase protein expression) and the production of
twelve cytokines were monitored. The exposure impacted TEER,
macromolecular permeability, cytotoxicity, and glutathione levels after
1 h post-exposure, while the production of IL-4 and IL-6 increased after
21 h post-incubation period. For some parameters, substantial inter-
individual variability was observed (Seagrave et al., 2007). This
comprehensive study conducted on a relevant model system indicated
that diesel exhaust induced negative biological responses, most of which
were resolved during an extended post-incubation period.

Another application of the system, in which diesel exhaust was
introduced through a dilution tunnel to treat A549 cells, was reported by
Tsukue et al. (2010). The cells were exposed for 1 h to the diluted
exhaust (1:10, 1:100), RNA for gene expression analyses extracted 3 h,
and cell viability evaluated 22 h, after the exposure finished. Depending
on the treatment conditions, the authors observed decreased cell
viability and increased expression of HO-1 and IL-14. DNA microarray
analysis identified deregulation of 2552 common genes, these included
those related to cancer and immunity. Although this study could provide
potentially valuable data, the validity of the results is limited by the cell
model used in the experiments. Furthermore, the authors did not pro-
vide a detailed description of the microarray data.

Vaughan et al. used the system to investigate the cellular effects of
emissions generated from diesel fuel containing various fractions of
coconut oil (0, 10, 15, 20%) (Vaughan et al., 2019). The authors treated
human bronchial epithelial cells (16HBE) for 30 min (flow rate of 0.16
L/min) and assessed the parameters of cytotoxicity (WST-1, LDH tests),
markers of inflammation (IL-6 and IL-8 protein secretion), oxidative
stress (SOD1, SOD2, HO-1 mRNA expression), apoptosis (BCL-2, CASP-3
mRNA expression) and xenobiotic metabolism (CYPIAI mRNA expres-
sion). Despite the short exposure time, conventional diesel emissions
affected cytotoxicity, induced cytokine production, affected antioxidant
response and expression of CYPIA1. The cellular response was also
observed for coconut oil-diesel blends, although the effects were
dependent on the content of the alternative component of the fuel.

3.4. A monolayer culture exposed to diesel and gasoline emissions without
atmosphere control (System 4)

A direct air-cell interface deposition technique was used by Cheng
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et al. (Fig. 2C), to monitor the production of IL-8 by A549 cells grown at
the Transwell membranes after their exposure to diluted (10:1 — 15:1)
gasoline and diesel (high-sulfur, low-sulfur) exhaust particles for up to 6
h. The cell exposure chamber was water-heated; however, constant at-
mosphere conditions were not maintained, nor monitored in this system.
Apart from the cell exposure, the system allowed size and chemistry
measurement of the exhaust particles. Although reported by the authors
as particle exposure system, the apparatus seemed to mediate complete
emissions treatment (Cheng et al., 2003). The exposure to gasoline and
high-sulfur diesel caused similar effects, characterized by elevated IL-8
production; low-sulfur diesel caused a generally weaker response. As
IL-8 is a chemokine that stimulates chemotaxis of target cells to the site
of infection, as well as respiratory burst, it can be concluded that both
types of engine emissions contribute to the induction of processes
associated with oxidative stress. The value of the data is, however,
limited by the selection of the cell model, consisting of a single cell type
of tumor origin.

3.5. A bronchial cell monolayer exposed to diesel exhaust in an
environmental chamber (System 5)

The treatment of an immortalized human bronchial epithelial cell
line (16HBE140), in an instrumented environmental chamber with
whole, filtered and hydrocarbon denuded diluted diesel exhaust, was
performed by Holder et al. (Holder et al., 2007) (Fig. 1D). The chamber
consisted of a room equipped with a controlled ventilation system that
supplies filtered outside air and allows the dilution of diesel exhaust. The
measurement of flow rate, ventilation, temperature and relative hu-
midity, as well as particle size distribution and concentration of NOy,
CO, and SO, within the chamber, was performed during the exposure.
The cell cultures grown in the Transwell plates were placed in a
stainless-steel box that allowed passive deposition of the particles during
exposure lasting 6 h, followed by a 20 h post-exposure time. Similar to
the previous study, the exposure induced IL-8 production suggesting the
role of oxidative stress in the toxic response to the exposure, mostly
mediated by the particles. This is supported by the fact that IL-8 con-
centration decreased after the removal of a gas phase, and a portion of
hydrocarbon in the particle phase (Holder et al., 2007).

3.6. A system for improved particle deposition efficiency applied in a
monolayer culture exposed to diesel exhaust and mice lung slices exposed
to gasoline emissions (System 6)

As unassisted deposition of particles in the air-liquid interface (ALI)
settings is rather limited (Oldham et al., 2020), and attempts have been
made to improve the particle deposition efficiency from an air stream
onto cells. Among them, a system that used the application of an electric
field (Electrostatic Aerosol in Vitro Exposure System, EAVES) was
developed by de Bruijne et al. (2009) (Fig. 2A). The apparatus was based
on an electrostatic aerosol sampler, modified by the installation of de-
vices that helped to maintain the desired temperature, and by the
fabrication of a well in which a titanium dish containing tissue culture
media during exposure was placed. The EAVES system was housed in a
tissue culture incubator operated at 37 °C. The tested emissions or
control air mixed with CO, to a final concentration of 5%, were pulled
through the device at a constant flow rate of 1 L/min. The system could
hold a maximum of four tissue culture inserts. The application of the
EAVES alone using clean, control air had no significant adverse effects
on the A549 cells, when compared with the cells grown at the standard
conditions. The exposure to diesel exhaust for 1 hour in the EAVES
significantly increased LDH and IL-8 production measured 9 h
post-exposure, when compared with treatments in which EAVES power
was off. However, no effects of exposure were detected for the samples
treated in the device with the power off. Although the application of an
electric field clearly affects the biological impacts of particle exposure,
the question remains how this approach compares with the deposition of
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particles in human lungs in real-world scenarios. A recent study sug-
gested a large interindividual variability in respiratory tract deposition
efficiency, that depends on the breathing patter and structural and
functional properties of the lungs (Rissler et al., 2017). The EAVES
system was later modified to eliminate the effects of oxidant by-products
generated by corona discharge, and used in an experiment in which mice
lung slices were exposed to gasoline direct injection engine exhaust
(Maikawa et al., 2016). The tissues were exposed to diluted (1:100)
exhaust for 1 h at conditions corresponding to a steady-state highway
cruise conditions, followed by a 3 h post-treatment incubation in a cell
culture incubator. Detailed information on polycyclic aromatic hydro-
carbons in the particle and gas phase of the exhaust was available. The
expression of CYP1Aland CYPIBI genes was induced following com-
plete emissions exposure; heme oxygenase (HMOX-1), an oxidative
stress marker, was modulated by both complete and gas fraction of the
engine exhaust (Maikawa et al., 2016). The results indicate the com-
bined contribution of particles and PAHs, adsorbed onto them in bio-
logical response to complete emissions exposure.

3.7. Bronchial-immune cell co-cultures and/or a 3D model exposed to
diesel and gasoline emissions (System 7)

In this exposure system, more complex cellular models and a com-
mercial 3D culture were exposed. As discussed above, such a setting has
the potential to generate more biologically relevant results. The system
was originally developed to evaluate the toxicity of emissions generated
by two-stroke scooter engines (Miiller et al., 2010), but later used for
other studies (Bisig et al., 2018; Miiller et al., 2012; Roth et al., 2017;
Steiner et al., 2013a, 2013b, 2012; Usemann et al., 2018) (Fig. 2B). It
consists of two exposure chambers placed in a box to which exhaust
emissions diluted 1:100 were routed at a flow rate of 2 L/min, CO,
concentration adjusted to 5% and relative humidity to 85%. The exhaust
was heated before entering the exposure chambers. The following pa-
rameters of the diluted exhaust were monitored: temperature, relative
humidity, CO, and CO concentration. The exhaust entered the culture
medium by passive diffusion. In the system, triple co-culture models
consisting of lung cells (A549, 16HBE14o0-), monocyte-derived macro-
phages and monocyte-derived dendritic cells were exposed for 1 hor 2 h,
followed by 0 — 24 h post-exposure. When compared with the control
samples exposed to clean air, no significant effects were observed in the
cultures derived from A549 cells. In the system containing the
16HBE14o0- cell line, increased LDH production was detected after 2 h
exposure and 8 h post-exposure. Concentrations of inflammatory
markers (TNF-a, IL-8) were elevated in the culture media of these cells
after 2 h exposure and 12 h post exposure.

Another study investigated the toxicity of diesel exhaust (with and
without the application of diesel particle filter) in a multi-cellular
human lung model, consisting of 16HBE14o-cell line, macrophages,
and dendritic cells (Steiner et al., 2013a). Diesel exhaust was diluted
10-fold and used at a constant flow of 2 L/min at 37 °C, 5% CO and 80%
relative humidity. The exposure lasted 2 or 6 h and was followed by a6 h
post-exposure period. The biological parameters related to oxidative
stress, apoptosis and immune response were assessed to evaluate the
potentially toxic properties of both exhaust types: LDH production,
glutathione levels, expression of HMOX1, SOD1, TNF, IL-8, CASP7, FAS
and production of TNFa and IL-8 to a culture media. Although changes
in the levels of most of these parameters were noted, the significant
response was only observed for reduced GSH levels, HMOX1 and IL-8
expression, highlighting the role of reactive oxygen species and
inflammation in biological response to diesel exhaust. The filtered
exhaust was characterized by a lower pro-inflammatory response
(mRNA and protein expression of TNFa and IL-8) (Steiner et al., 2013a).
This multi-cellular model was later used to compare the cytotoxicity
(LDH release) and pro-inflammatory response (TNF-a, IL-8 production)
of a two-stroke and four-stroke scooter and diesel car engine emissions
(Miiller et al., 2012), to evaluate the effects of co-exposure of CeOq
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nanoparticles and diesel exhaust (assessment of LDH activity, gluta-
thione levels, expression of HMOX1, SOD1, TNF-a and IL-8, as well as
TNF-a and IL-8 protein production) (Steiner et al., 2012), to investigate
the impact of the application of diesel exhaust particle filters to oxida-
tive stress parameters (glutathione levels, expression of HMOX1 and
SODI) and inflammatory markers (gene and protein expression of
TNF-a, IL-8) (Steiner et al., 2013a), and to analyze the biological
response induced by diesel and biodiesel fuel emissions (parameters of
cytotoxicity, oxidative stress and inflammation mentioned above, as
well as the expression of pro-apoptotic genes) (Steiner et al., 2013b).

A co-culture model consisting of a bronchial 16HBE14o- cell line and
natural killer cells obtained from the peripheral blood of healthy vol-
unteers, was developed and tested with the exposure system to study the
toxic effects of pure gasoline and an ethanol-gasoline blend (85%
ethanol, 15% gasoline). The parameters of cytotoxicity, oxidative DNA
damage, expression of bronchial cell surface receptors and expression of
genes encoding surface proteins (ULBP2, MICA) and chemokines (IL-8,
IP-10) were assessed in the co-cultures and bronchial cells alone, but no
major toxic effects were observed (Roth et al., 2017). A similar cell
model and toxicity markers design was used in a later study analyzing
the effect of gasoline exhaust emissions generated by a car with and
without a gasoline particle filter (GPF). The application of the GPF
reduced oxidative DNA damage in bronchial cell monocultures, but no
other significant effects were detected (Usemann et al., 2018).

Exhaust from gasoline direct injection engines was tested in the
multi-cellular human lung model and a 3D model of primary human
airway (Bisig et al., 2018). The effects of regular gasoline and fuel
containing ash oil, with or without particle filter, were evaluated. For
the exposure, the Worldwide harmonized Light vehicles Test Cycle
(WLTC) protocol was used, including one cold start. The treatment was
conducted either as a single 6 h exposure, or as a repeated 3 times 6 h
experiment. Cytotoxicity measured as LDH production to a cell culture
media, was not affected by any exposure condition. RT-qPCR analysis of
oxidative stress (HMOX-1, SOD2, NQO1) and immune response (TNFa,
CXCL8) related genes, showed no significant effects after a short expo-
sure. The repeated dose resulted in an elevated expression of HMOX-1
and TNFa expression in the multicellular model, suggesting a response
comparable with diesel exhaust exposure. However, no significant ef-
fects were detected in a physiologically more relevant 3D system, indi-
cating the generally weak impacts of gasoline exhaust exposure on
analyzed parameters.

3.8. Immune response parameters in a bronchial cell monolayer exposed
to diesel exhaust (System 8)

In the cell exposure system designed by Oostingh et al. (2013)
(Fig. 1C), diesel exhaust generated by an engine operating at a constant
speed, was used to analyze the toxic effects on A549 cells. The aerosol
was diluted to soot particle concentration of about 10° particles/cm3,
supplied with CO5 to a concentration of 5% and used for treatment at a
flow rate of 2 1/minute at temperature 37 °C. The treatment was per-
formed in exposure chambers placed in a Plexiglas container with
temperature controlled at 37 °C. In each exposure chamber, two 6-well
Transwell plates could be placed. The cells were exposed for 3 h fol-
lowed by 21 h post-exposure period. Cell viability by measurement of
adenylate kinase activity, IL-8 and IL-6 promoter induction in trans-
fected cell lines, and cytokines (IL-8, IL-6, MCP-1, IL-1beta) production
was then assessed. The response of the cells to the treatment was
generally weak and no significant results were reported.

3.9. A dynamic direct exposure method applied in human bronchial
alveolar carcinoma cells (System 9)

This exposure system, based on a commercial product (dynamic
exposure chambers by Harvard Apparatus, Inc., USA) (Fig. 1C), used
either a truck (laboratory tests), or a passenger car (a field study) diesel
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engine. Apart from biological parameters, the concentration of gases,
including CO, CO2, NO, NO,, Cl; and O3 in the exhaust was also moni-
tored and an organic and elemental carbon analysis performed. Prior to
the exposure the engines were stabilized by idling for 15 min, and the
exhaust was then delivered to the exposure chambers using negative
pressure pumps at variable flow rates (25, 37.5 and 50 mL/min). The
human bronchial alveolar carcinoma cells (A549) were exposed for 15,
30 and 60 min, and the impact of diesel emissions was evaluated by
three tests of cytotoxicity (ATP, MTS, NRU). A significant decrease in
cell viability was detected after 15, 30 and 60 min exposure in the
laboratory, and after 60 min exposure in the field settings, both at the
37.5 mL/min air flow (Joeng et al., 2013).

3.10. Human primary bronchial epithelial cells exposed to diesel exhaust
in a commercial product-based exposure unit (System 10)

An exposure system based on commercial exposure units (Fig. 2B)
was used to investigate the effects of emissions produced by a diesel-
fueled generator, a representative non road mobile machinery (Zar-
cone et al., 2016) and diesel exhaust generated by a city bus engine
(Zarcone et al., 2018). In the first study, the emissions produced by the
engine were first diluted 9 times and then transferred using stainless
steel tubing to a central tank in a laboratory where it was either diverted
to the unit, or further diluted to mid and low diesel exhaust concen-
trations. Each exposure unit contained three Transwell inserts with the
mucociliary differentiated human primary bronchial epithelial cells
grown at the ALI to which the emissions were supplied at a flow rate of 5
mL/min. The exposure units were kept at 37 °C in the central tank
temperature (23.35 °C), and relative humidity (20.16%) was monitored.
Particle size distribution was used to calculate the PM mass concentra-
tions. For the cell cultures, delivered and deposited PM doses were
estimated, and the physical-chemical composition of the mixtures re-
ported. In the system, the cells were exposed for 1 h — 6.25 h and the
toxicity parameters, including TEER, lactate dehydrogenase (LDH)
release, mRNA expression of selected genes (oxidative stress-related
HMOX-1, NQO-1; unfolded protein response-linked XBPI1spl, BIP,
CHOP, GADD34; inflammatory response-associated CXCL-8) and pro-
duction of IL-8 was performed. The exposure caused the induction of
oxidative stress-related markers (HMOX-1,NQO-1), and general stress
response parameters (expression of CHOP, GADD34, CXCL8; concen-
tration of IL-8 in basal media) (Zarcone et al., 2016). In the second study,
the same cell line was exposed to the whole diesel exhaust generated by
a Euro V bus engine followed by treatment with inactivated Haemophilus
influenzae bacteria, to mimic microbial exposure. Diesel exhaust was
first diluted 17-fold and collected in the central tank as described above.
It was then either directly routed to the unit, or first further diluted
before its use for exposure, lasting 6 h, 2.5 h or 1 h, at a flow rate of 5
mL/min. The TEER measurement and LDH release analysis was con-
ducted, along with RT-qPCR detection of oxidative stress, unfolded
protein and innate immune response. Diesel exhaust exposure induced
the expression of oxidative stress related genes (HMOX1, NQO1), and
inhibited expression of human beta-defensin-2 (DEFB4A), and the
chaperone HSPA5/BiP. Expression of the stress-induced PPP1R15A/-
GADD34 and the chemokine CXCL8 was increased. No effect of the cold
engine start was noted.

3.11. Human lung cells exposed to diesel emissions using a mobile system
based on multiple commercial modules (System 11)

This complex system consisted of multiple components, including a
size-selective inlet that excluded particles larger than 2.5 pm, a mass
flow controller that regulated the sampling flow rate, a reactor that kept
relative humidity of the exhaust at 85% and temperature at 37 °C, and
commercial modules where cell exposure was performed (Fig. 2B).
Samples for gravimetric filter sampling or mobility spectrometry were
also collected. The modules allowed simultaneous exposure of up to 18
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inserts (organized in a 6-well format) at a flow rate of 100 mL/min, with
an option to increase the deposition efficiency by the application of an
electric field. The control samples could be supplied by a separate gas
stream passed through a HEPA filter and conditioned to 85% humidity at
37 °C. All exposure parameters could be controlled by a Lab View
acquisition system (Miilhopt et al., 2016). The exposure system was
applied to expose human bronchial alveolar carcinoma cells (A549), and
a human bronchial epithelial cell line (BEAS-2B), to ship engine emis-
sions generated from heavy fuel oil (HFO) or diesel fuel (DF) (Oeder
et al., 2015). The cells were treated with diluted (1:100 for HFO, 1:40 for
DF) emissions for 4 h and viability tests, as well as a comprehensive
analysis of transcriptome, proteome and metabolome, were conducted.
The authors reported the quantification of 42 205 mRNA transcripts,
6192 proteins, and 400 metabolic molecules, and observed a signifi-
cantly different response between the tested fuels. The deregulated
biological pathways included e.g. those involved in pro-inflammatory
signaling, xenobiotic metabolism and oxidative stress, with affected
genes such as IL-8, IL-6, IL-1, CXCL1, CXCL2 or CYP1Al. Combined
proteome and transcriptome data showed that the emissions might
affect cell motility, stress response, response to organic chemicals, pro-
liferation, and cell death. Interestingly, DF emissions also impacted
histone acetylation pathways, which may be linked with epigenetic
changes in the cells. These emissions also significantly reduced glucose
flux into lactic acid, but increased carbon flux into glycine, a process
associated with tumorigenesis. Although the authors collected a lot of
information on the biological effects of ship engine emissions, the val-
idity of the data is limited by the selected monocellular cell systems, of
which A549 cells are of tumor origin and their application for genomic
analyses is not optimal.

3.12. Exposure of cell monolayers to motorcycle emissions in a
commercial device (System 12)

A commercial exposure system (Fig. 2B) was applied to investigate
the toxicity of motorcycle emissions in human model lung cell mono-
layers (A549, BEAS-2B) treated at the ALI. Additionally, the impact of
the application of a 0.20 pm particulate matter filter on the biological
response was studied (Yu et al., 2017). The motorcycle exhaust gener-
ated from a regular gasoline was characterized for particle size distri-
bution, particle number, surface area and mass concentration. The
concentration of gaseous components (CO, CO2, VOC, total hydrocar-
bons and NOy) was also assessed. The cell cultures grown on the
Transwell inserts in the exposure device were treated with the filtered or
non-filtered exhaust for 1 h at a 25 mL/min/well flow rate (A549 cells),
or for 30, 60 and 90 min at 15 mL/min/well (BEAS-2B cells). Filtered
clean air served as a control. The biological impacts of motorcycle en-
gine exhaust exposure were determined using parameters of cytotoxicity
(WST-8 reduction, LDH release) and ROS generation. The authors
observed an increased cytotoxicity induced by both filtered and
non-filtered emissions in A549 cells, the effect of the non-filtered sam-
ples being more pronounced. Similar results were observed for the ROS
production. In BEAS-2B cells, where different exposure conditions were
applied (several time points, lower emissions flow rate), cytotoxic ef-
fects were found upon longer (60, 90 min) exposure periods. ROS pro-
duction was not measured for this cell line.

In a follow-up study, the effect of motorcycle engine emission dilu-
tion on cell viability was analyzed in BEAS-2B cells (Yu et al., 2021). The
emissions were diluted with clean air at a 1:20, 1:10, 1:5 and 1:2 ratio
and used for a 1 h ALI exposure of the cells at a flow rate of 25
mL/min/well. Cell viability was assessed based on WST-8 reduction. The
authors observed a significant dose-dependent decrease of cell viability
for dilutions 1:10 and lower.

Overall, the results of these studies provide relatively minor infor-
mation on the toxicity of engine exhaust, as monolayer cell cultures were
used and a limited number of endpoints were analyzed. Nevertheless,
the role of particulate matter and the tested dose in the biological
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response was highlighted.

3.13. Human bronchial epithelial cells and a 3D model exposed to
gasoline exhaust in a portable exposure system (System 13)

The development of a portable exposure system, suitable for toxicity
tests of complete engine emissions in cells grown at the ALL has recently
been reported (Vojtisek-Lom et al., 2019) (Fig. 2B). The system was
based on a standard 24-well plate that could house up to 8 Transwell
inserts. The exhaust was routed via an in-house fabricated stainless-steel
distributor head fitting over the plate, that divided air flow into eight
paths with equivalent geometry. The bottom plate of the divider served
as an impactor that removed large particles, water droplets and debris
from the sample. The entire system was housed in a polycarbonate
airtight box that contained a stainless-steel plate on the bottom. It could
be easily transported to exposure sites. The exposure to engine emissions
was realized via inlet and outlet connectors. The system was designed
for a maximum flow rate of 25 mL/min per well. For the exposure, the
chamber was placed in a toxicological incubator to which diluted
exhaust was routed and that maintained a temperature of 37 °C. CO5
concentration was measured at the outlet of the dilutor and adjusted so
that the concentration at the sample was 5%. Before entering the incu-
bator, the exhaust was split into a stream diverted to instrumentation
measuring exhaust characteristics (including particle mass and number
concentrations and mean particle size distribution), and a stream used
for cell treatment (flow rate 0.2 L/min) that was stabilized for desired
temperature and humidity.

This system was recently used for a comprehensive evaluation of the
toxic effects of complete gasoline engine exhaust, generated by a stan-
dard (E5) and alternative fuel containing 20% (v/v) ethanol (E20). In
the study, human bronchial epithelial cells (BEAS-2B) and a commercial
3D model grown at the ALI were used (Cervena et al., 2020; Rossner
et al., 2021, 2019) and a panel of toxicity markers was analyzed,
including TEER, LDH, adenylate kinase (AK) and mucin production
measurement, extracellular reactive oxygen species (ROS) detection,
DNA damage analysis (micronuclei induction, histone H2AX phos-
phorylation), 16 lipid peroxidation and 22 inflammation markers and
the evaluation of mRNA expression of 370 selected relevant genes. The
exposure scheme consisted of 1 h emissions treatment using 2 WLTC
cycles, 1 h incubation in the cell incubator, followed by another 2 WLTC
cycles exposure. The cell cultures were then either harvested and used
for biological analyses, or incubated overnight and repeatedly exposed
to engine emissions for up to 5 days.

Despite the depth of this investigation, the biological effects were
relatively minor, generally limited to the induced LDH activity and
mucin production in BEAS-2B cells. In the 3D model, TEER values and
expression of genes encoding xenobiotic metabolism (CYP1A1, GSTA3)
and a heat-shock protein (HSPA5) were affected. However, it is impor-
tant to note that the standard gasoline emissions induced proin-
flammatory cytokines production, an effect not observed for ethanol-
gasoline blend emissions, suggesting greater toxicity of the ordinary
gasoline fuel.

4. The biological effects of complete engine emissions in model
cellular systems — data overview and interpretation

The presented overview indicates that various technical solutions,
testing approaches, cell/tissue types, as well as biological parameters,
have been applied in the exposure systems used for complete emissions
exposure of cellular models. This fact complicates the generalization of
the data and formulation of conclusions on the impacts of engine
emissions in biological systems.

In total, we identified thirteen exposure systems developed between
1999 and 2019. Five of them were based on modified commercial
products (Aufderheide et al., 2002; Joeng et al., 2013; Knebel et al.,
2002; Oeder et al., 2015; Yu et al., 2017; Zarcone et al., 2016), while
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others used various in-house technical solutions (Abe et al., 2000; Auf-
derheide et al., 2002; Cervena et al., 2020; Cheng et al., 2003; de Bruijne
et al., 2009; Holder et al., 2007; Joeng et al., 2013; Knebel et al., 2002;
Morin et al., 1999a; Miiller et al., 2010; Oeder et al., 2015; Oostingh
et al., 2013; Rossner et al., 2019; Vojtisek-Lom et al., 2019, p.; Zarcone
et al., 2016). In general, the systems differed by the approach used for
cell cultivation (rolling chambers, standard cultivation dishes, Transwell
inserts), by the method of exhaust delivery to the cells (an indirect
approach without any specific routing to cell cultures, or a direct
exposure using a dedicated distributor head) or other specific modifi-
cations, as e.g. a humidifier, application of electric field to enhance
particle deposition, or water bath for cell cultures heating.

The aspects of particles deposition and dose estimation in the model
exposure systems are particularly important as in the human pulmonary
system inhaled particles are unevenly distributed with some regions
being more prone to particles accumulation. The lowest particle con-
centrations are usually detected in the largest airways and their number
increases as the airways narrow (Churg and Brauer, 2000). In the res-
piratory bronchioles the numbers are commonly 25-100 times greater
than in the mainstream bronchus. Similarly, substantial particle depo-
sition is observed in the carinal mucosa (Churg and Brauer, 2000).
Additionally, a wide range of retained particle concentrations in the
lungs of the general population was described, with age being an
important factor affecting deposition efficiency (Churg and Brauer,
2000; Oldham and Robinson, 2006). These factors suggest a significant
interindividual variability in potential negative health impacts of par-
ticles inhalation. Interestingly, ultrafine particles below 10 nm effi-
ciently deposit in the upper airways, specifically in olfactory mucosa
from where they may potentially translocate to brain and contribute to
the development of neurodegenerative disorders (Manigrasso et al.,
2017). Thus, the region of the respiratory system from which the cell-
s/tissue of the model system originate is a key factor that affects the
quality of the experimental data in terms of their possible extrapolation
to real-world exposures. In this context, rat lung slices exposure repre-
sents a perspective approach for engine emissions testing, as most of the
particles are deposited in these parts of the respiratory system (Morin
et al., 1999a). The authors of some exposure systems discussed in this
mini-review proved experimentally that a significant number of parti-
cles generated by an engine were deposited on the membrane of the
insert (de Bruijne et al., 2009; Knebel et al., 2002; Miiller et al., 2010), or
used estimates based on previous measurements and/or calculations
(Cheng et al., 2003; Rossner et al., 2019). Importantly, Holder et al.
compared the number concentration of particles deposited at the ALI
with the modeled deposition in human lungs and found it to be similar,
although larger particles tended to be accumulated at the ALI (Holder
et al., 2008). Some authors used deposition efficiency of the exposure
system, experimental deposited dose and the exposure time and
compared it with the real-life breathing parameters, including breathing
rate, the pollution level, the total surface area of human lungs and the
estimated deposition rate in the lungs (Oeder et al., 2015; Zarcone et al.,
2016). For several exposure systems reported in this mini-review the
issue of particles deposition was not addressed (Abe et al., 2000; Joeng
et al., 2013; Oostingh et al., 2013; Yu et al., 2017).

The results of experiments in which these systems were involved
were reported in 31 publications. The effect of diesel engine emissions
was investigated in nineteen studies (Abe et al., 2000; Barraud et al.,
2017; de Bruijne et al., 2009; Holder et al., 2007; Joeng et al., 2013;
Knebel et al., 2002; Le Prieur et al., 2000; Morin et al., 1999a; Miilhopt
et al., 2016; Oeder et al., 2015; Oostingh et al., 2013; Seagrave et al.,
2007; Steiner et al., 2013a, 2013a, 2013b, 2012; Tsukue et al., 2010;
Vaughan et al., 2019; Zarcone et al., 2018, 2016), ten reports focused on
gasoline emissions (Bisig et al., 2018; Cervena et al., 2020; Maikawa
et al., 2016; Miiller et al., 2010; Rossner et al., 2021, 2019; Roth et al.,
2017; Usemann et al., 2018; Yu et al., 2021, 2017); in two publications
both types of engines were compared (Cheng et al., 2003; Miiller et al.,
2012). Despite the limited biological significance of the monocellular
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cultures discussed above, sixteen studies used this type of lung cells as a
single model in the experimental design (Abe et al., 2000; Barraud et al.,
2017; Cheng et al., 2003; de Bruijne et al., 2009; Holder et al., 2007;
Joeng et al., 2013; Knebel et al., 2002; Miilhopt et al., 2016; Oeder et al.,
2015; Oostingh et al., 2013; Tsukue et al., 2010; Vaughan et al., 2019;
Yu et al., 2021, 2017; Zarcone et al., 2018, 2016). The application of
more advance co-cultures of lung and immune cells was reported in
eight studies (Bisig et al., 2018; Miiller et al., 2012, 2010; Roth et al.,
2017; Steiner et al., 2013a, 2013b, 2012; Usemann et al., 2018, p. 201).
As representative 3D models, two commercial products were tested in
five reports (Bisig et al., 2018; Cervena et al., 2020, p. 202; Rossner
et al., 2021, 2019; Seagrave et al., 2007), the experiments being con-
ducted along with a cell co-culture or a cellular monolayer to compare
the response of two different model systems. The use of lung slices,
either rat, or mice, was a unique approach performed in three studies (Le
Prieur et al., 2000; Maikawa et al., 2016; Morin et al., 1999a).

Most of the experiments focused on the analysis of a limited number
of biological parameters, these usually included the immune response-
or oxidative stress-related markers (e.g., production of cytokines or
antioxidant molecules). As ROS are believed to be a major factor
mediating the toxicity of complete emissions in the organisms, the se-
lection of these markers is plausible, although more comprehensive
analyses would be needed to gain a deeper insight into the molecular
mechanisms of the response. The increased production of cytokines and/
or cytokine-encoding genes expression seems to be a common response
detected in many, but not all, studies regardless of the cell model or the
fuel tested (Abe et al., 2000; Bisig et al., 2018; Cheng et al., 2003; de
Bruijne et al., 2009; Holder et al., 2007; Le Prieur et al., 2000; Miiller
et al., 2012, 2010; Oeder et al., 2015; Rossner et al., 2021; Roth et al.,
2017; Seagrave et al., 2007; Steiner et al., 2013a, 2013a, 2013b, 2012;
Tsukue et al., 2010; Usemann et al., 2018; Vaughan et al., 2019; Zarcone
et al.,, 2018, 2016). Among the affected molecules, the production of
IL-8, a cytokine with pro-inflammatory properties acting as a potent
neutrophil attractant (Amin and Rahmawati, 2017), should be
mentioned. Markers of oxidative stress included ROS (Cervena et al.,
2020; Rossner et al., 2019; Yu et al., 2017), small molecules with anti-
oxidant properties (e.g., glutathione; (Barraud et al., 2017; Morin et al.,
1999a; Seagrave et al., 2007; Steiner et al., 2013a, 2013a, 2012)),
expression and/or activity of antioxidant enzymes (superoxide dismut-
ase, catalase, glutathione peroxidase, heme oxygenase, quinone reduc-
tase) (Barraud et al., 2017; Bisig et al., 2018; Morin et al., 1999a; Steiner
et al., 2013a, 2013a, 2013b, 2012; Tsukue et al., 2010; Vaughan et al.,
2019; Zarcone et al., 2018, 2016), oxidative DNA damage (Barraud
et al., 2017; Roth et al., 2017; Usemann et al., 2018) and products of
lipid peroxidation (derivatives of arachidonic and linoleic acid) (Rossner
et al., 2021). The results mostly confirmed the pro-oxidant properties of
complete emissions as was evident from the decreased glutathione levels
and elevated expression of genes encoding antioxidant enzymes,
although the response cannot be generalized (e.g. (Barraud et al., 2017;
Cervena et al., 2020; Rossner et al., 2019; Yu et al., 2017)). Additionally,
the impact of exposure on lipid peroxidation was minimal. Interestingly,
the removal of particles using the filters significantly reduced immu-
notoxicity of emissions, underscoring the importance of these compo-
nents of the exhaust in the biological impacts of engine emissions (Abe
et al., 2000; Barraud et al., 2017; Steiner et al., 2013a, 2013a; Usemann
et al., 2018).

Many authors focused on the general markers of toxic response (e.g.
cytotoxicity assessment. TEER changes, mucin production, cell
numbers) with variable results probably reflecting specific exposure
conditions; i.e. the selected time and the tested dose (Barraud et al.,
2017; Cervena et al., 2020, p. 202; de Bruijne et al., 2009; Joeng et al.,
2013; Knebel et al., 2002; Le Prieur et al., 2000; Miiller et al., 2012;
Oeder et al., 2015; Rossner et al., 2019; Roth et al., 2017; Seagrave et al.,
2007; Steiner et al., 2013b, 2012; Tsukue et al., 2010; Vaughan et al.,
2019; Yu et al., 2021, 2017; Zarcone et al., 2018, 2016). While these
parameters provide some information on the effect of complete
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emissions exposure, they are not designed to reveal the mechanisms of
the biological response and their value is therefore limited.

Due to the presence of PAHs and their derivatives in the engine
exhaust, the analysis of the expression of xenobiotic metabolism genes is
another relevant approach for the toxicity assessment of complete
emissions. In four studies, the effect of engine emissions on genes
encoding CYP genes was evaluated. While in the mice lung slices and
human lung cell lines (A549, BEAS-2B, 16HBE), the expression of these
genes was induced by short treatments (hours) (Maikawa et al., 2016;
Oeder et al., 2015; Vaughan et al., 2019), in the 3D model a decrease was
detected following 5-days exposure protocol (Cervena et al., 2020;
Rossner et al., 2019).

Several authors aimed to investigate the complex biological response
of the target cell models by the application of genomics/proteomics
approaches (Cervena et al., 2020; Oeder et al., 2015; Rossner et al.,
2019; Tsukue et al., 2010). In two of these studies, whole genome gene
expression changes were assessed (Oeder et al., 2015; Tsukue et al.,
2010) using the Agilent microarray platform. Although the analyzed
endpoints were identical and the effects of diesel emissions were
investigated in both studies, the sources and chemical composition of
the engine exhaust differed: emissions containing a various content of
PM and NO; generated by an engine dynamo vs. exhaust from a ship
engine running on either common heavy fuel or diesel fuel. These con-
ditions most likely contributed to the fact that many significantly
affected genes differed between, and even within, the studies. However,
the processes linked with oxidative stress and immune response were
often found in test scenarios. While these results could potentially reveal
details on the mechanisms of toxicity of complete engine emissions,
study designs did not involve advanced relevant 3D models. Instead,
A549 (Tsukue et al., 2010) and A549 + BEAS-2B (Oeder et al., 2015)
monolayers were exposed. In this context, it should be mentioned that
data interpretation from genomic analyses of A549 is problematic, as the
cell line is of tumor origin and thus genetically unstable. These facts
limit the biological significance of the results.

Although a custom panel of a limited number of genes was used to
perform genomics analyses in Cervena et al., 2020 and Rossner et al.,
2019, these studies arguably represent the most comprehensive evalu-
ation of biological effects of engine emissions. A wide range of markers,
including LDH and AK activity, TEER measurements, mucin production,
DNA damage, lipid peroxidation, immunomodulatory proteins produc-
tion, and the expression of relevant genes, was evaluated in the com-
mercial 3D model and BEAS-2B monolayer cultures. Gasoline emissions
from the standard fuel impacted the integrity of the 3D model and
caused LDH leakage and mucin production in BEAS-2B cells, especially
after longer exposure periods. Histone H2AX phosphorylation was
induced after 5 days exposure in the 3D model; no DNA damage was
observed in BEAS-2B cells. Changes of CYP1A1 and GSTA3 expression
levels were detected in the 3D model, but no significant results were
found in BEAS-2B cells. The emissions also significantly modulated
pro-inflammatory cytokine production in the 3D model. The emissions
from gasoline-ethanol blend fuel minimally impacted the cytotoxicity
markers in both cell models, apart from LDH and mucin production by
BEAS-2B cells and decreased TEER values after extended treatment.
However, histone H2AX phosphorylation in BEAS-2B cells was induced,
suggesting the formation of double strand DNA breaks. Micronuclei
frequency analyzed in BEAS-2B cells was not affected after either
treatment. Similar to E5 emissions exposure, mRNA expression changes
were limited to the 3D model, specifically to CYP1A1 and HSPA5
deregulation. E20 emissions had a minimal effect on the expression of
immunomodulatory proteins and production of lipid peroxidation
markers in both cell models.

The studies discussed in this mini-review were mostly focused on the
investigation of complete emissions in the ALI systems and a comparison
with the effects of organic and/or water extracts was not assessed. Such
comparative reports are important as they help to identify the different
biological impacts of individual components of engine exhaust. In a
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recent publication by Rossner et al. lipid peroxidation and inflammatory
markers were analyzed in two cell models (a 3D model and a standard
cell culture) exposed at the ALI to both the complete emissions and
organic extracts from PM (Rossner et al., 2021). The results particularly
revealed a more pronounced pro-inflammatory response induced by
complete emissions when compared with the extracts. The response was
characterized by the production of cytokines (interleukin 1 receptor
agonist, IL-6, TNF-a), chemokines [interferon gamma-induced protein
10, IL-8, monocyte chemoattractant protein-1 (MCP-1), macrophage
inflammatory protein 1 alpha, or regulated upon activation, normal T
cell expressed and presumably secreted] and growth factors (gran-
ulocyte-macrophage colony stimulating factor, and leukemia inhibitory
factor), most of them not being affected by the treatment with extracts.
Interestingly, in mice inhalation studies, elevated levels of
pro-inflammatory cytokines and chemokines (including TNF-o, IL-6,
IL-13, MCP-1) were detected in the lung tissues of the animals upon
exposure to diesel exhaust (Liu et al., 2018; Shvedova et al., 2013),
supporting the validity of the above-mentioned in vitro data. Thus, these
examples indicate that traditional experimental approaches utilizing
organic extract exposure may result in inaccurate data generation and
misleading conclusions on the toxic effects of engine emissions. They
also highlight the importance of testing strategies based on the advanced
3D models.

5. Summary and future directions

To investigate the potential toxicity of outdoor air pollution, a reli-
able testing approach should be used. Current research indicates that a
complex character of engine emissions requires a specific experimental
design, that ideally involves the treatment of 3D cellular models grown
at the ALI with the complete emissions. Additionally, realistic exposure
conditions (e.g., standardized test cycles, exposure times and exhaust
dilution) should be used. The application of such settings ensures the
generation of the data that could be extrapolated to real human expo-
sures. Despite these facts, cellular monolayers were mostly treated in the
exposure systems discussed in this mini-review, thus limiting the value
of the data. The results of the reviewed studies clearly show that expo-
sure effects in the more complex commercial systems, representative 3D
cultures, were generally weak and/or were resolved during post-
incubation periods, while the effects in cell monolayers were more
pronounced, yielding most of the significant data. Although the positive
observations may be regarded as desirable in the testing of engine
emissions that are known to contain toxic compounds, the limited effects
probably better reflect the response in the lungs, that need to cope with a
variety of external and internal stimuli while keeping a functional gas-
exchange system. Therefore, to further explore the toxicity of engine
emissions in realistic settings, more studies are needed that involve lung
3D models. Moreover, a battery of relevant biomarkers, including
whole-genome gene expression and regulatory pathway analysis, as well
as a comprehensive assessment of immunomodulatory and oxidative
stress-related protein production, should be included.

Despite the advantages of engine emission testing in 3D models
grown at the ALI, there are still some limitations that need to be
considered when evaluating the experimental data and extrapolating
them to the human organism. Anatomic features are an important aspect
that differentiates the in vitro models from the organism. The existence
of the trachea lined with epithelium consisting of several types of cells,
including e.g. ciliated or secretory cells, affects the fate of particles that
enter the respiratory system. Importantly, there are differences in the
anatomical features even between the human and established animal
model systems (e.g. mouse). The ALI cellular/tissue models significantly
differ not only from conventional testing approaches, but also between
their individual types. The co-culture systems are generally easier to
obtain and maintain, but they lack many tissue characteristics. The 3D
tissue models are usually more expensive and provide a limited number
of cells for laboratory analyses, as subculturing is not possible, but they



P. Rossner Jr. et al.

Toxicology 462 (2021) 152953

Table 2

A comparison of experimental approaches for engine toxicity testing.
Experimental system Cost Cultivation/care requirements Sample availability Ethical considerations Relevance
Cellular monolayer Low Low Very high N/A/Low Low
Co-culture system Medium Medium High N/A/Low Medium
3D tissue model High High Medium Low Medium/High
Tissue slices Very high Very high Low Medium Medium/High
Animals Very high Very high High Medium High
Human volunteers N/A N/A High Very high Excellent

Individual parameters scaled from low to excellent; N/A - not applicable for the given parameter. Cost — funds needed to obtain and maintain the system; cultivation/
care requirements — how laborious/time consuming maintaining the system and preparing the samples is; sample availability — number of samples/amount of material
that can be obtained from the experimental system for subsequent laboratory analyses; ethical considerations — potential ethical issues linked with obtaining the
material and processing the samples; relevance — how physiological relevant the data are, whether they could be extrapolated to the human organism.

originate from real tissues thus generating more realistic data. Rat lung
slices consist of real tissues and thus represent a specific category of the
exposure systems, although the experiments are laborious and exposure
is time-limited (see Table 2 for a comparison). Therefore, even an
advanced 3D model should be regarded as an artificial system that needs
to be thoroughly tested before the generated data can be extrapolated to
the human organism. Consensus should therefore be reached on vali-
dation studies for the ALI cellular/tissue models so that they can then be
applied in inhalation toxicology for regulatory purposes (Lacroix et al.,
2018).

In summary, several systems for investigation of complete engine
emissions toxicity have been fabricated, and the toxicity of diesel and
gasoline engine exhaust assessed in monolayer and 3D cell cultures.
Generally, the observed biological effects were rather limited, particu-
larly in the 3D models. To gain more knowledge on the impacts of
complete engine emissions, comprehensive studies with relevant
experimental design need to be conducted.
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