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ABSTRACT

Carbon nanotubes (CNT) are molecular-scale tubes of graphene sheets
rolled into cylinders with peculiar characteristics that make them highly
attractive for numerous industrial applications. Thus, investigating the
health hazards of CNT is of great importance in view of the increased
potential for human exposure within occupational, environmental, and
consumer environments. Several studies have already shown that CNT can
induce inflammatory, fibrotic or carcinogenic reactions in the lung of
experimental animals. These toxic responses appear, however, determined
by the physico-chemical characteristics of CNT.

This work focuses on lung fibrosis, a process involving the proliferation and
activation of fibroblasts. The main objectives were (1) to understand the
mechanisms mediating the fibrogenic activity of CNT by investigating their
direct and indirect (via macrophages and epithelial cells) effects on
fibroblasts and (2) to develop valid in vitro models to predict the fibrogenic
activity of CNT. An additional objective was to assess and to identify
physico-chemical properties of CNT that determine their fibrogenic activity.
As CNT have been shown to interact with several toxicological assays, we
first designed an adapted protocol of the WST-1 cell viability assay to avoid
or take into account interferences of nanomaterials.

Our data demonstrate that the direct in vitro activity of CNT on fibroblast
proliferation strongly reflects their fibrogenic activity in vivo, supporting a
predictive value of this in vitro endpoint. Kinase receptors, ERK 1/2
signaling and endocytosis were identified as mechanisms involved in
fibroblast proliferation induced by fibrogenic CNT. In addition, we showed
that CNT indirectly stimulate fibroblast differentiation, via epithelial cells and
macrophages, highlighting the contribution of these cells in the

development of fibrosis. We found that the release of IL-6 from epithelial



cells is another useful biomarker, in addition to the proliferative activity of
CNT on fibroblasts, to predict the toxic potential of CNT.

The results also confirm that the length and diameter of CNT constitute
important physico-chemical determinants of their capacity to induce lung
fibrosis.

Finally, we have organized, analyzed and integrated all the current
knowledge concerning the mechanisms of action of CNT relevant for their
pro-fibrotic activity in a tentative adverse outcome pathway (AOP). This
provides a global picture of the complex network of events contributing to
the fibrogenic activity of CNT, and allows identifying predictive in vitro
endpoints useful for the toxicological assessment of new and emerging
CNT.



l.INTRODUCTION






1.1. NANOTECHNOLOGY

The concept of nanotechnology, a word derived in part from the Greek term
‘nano” meaning “dwarf’, was seeded for the first time by the physicist
Richard Feynman in December 1959 during his lecture “There’s Plenty of
Room at the Bottom” at the American Physical Society at Caltech. In this
famous lecture, Feynman considered the possibility of direct manipulation
of individual atoms as a more powerful form of synthetic chemistry than
those used at the time, and imagined that a day things could be

miniaturized.

“I don’t know how to do this on a small scale in a practical way, but | do
know that computing machines are very large; they fill rooms. Why can’t we
make them very small, make them of little wires, little elements, and by

little, | mean little?”

Currently, nanotechnology is an emerging science with a multidisciplinary
approach that studies materials with morphological features on the
nanoscale, where unique phenomena enable novel applications that may
have benefits to the entire society. However, defining nanomaterials (NM)
is not simple, and in October 2011 the European Commission (EC)
published a definition for these materials after more than six years of

scientific considerations. According to EC definition, a nanomaterial is:

e A natural, incidental or manufactured material containing particles, in an
unbound state or as an aggregate or as an agglomerate and where, for
50 % or more of the particles in the number size distribution, one or
more external dimensions is in the size range 1 nm - 100 nm.

e In specific cases and where warranted by concerns for the environment,
health, safety or competitiveness the number size distribution threshold

of 50 % may be replaced by a threshold between 1 and 50 %.

11



e By derogation from the above, fullerenes, graphene flakes and single
wall carbon nanotubes with one or more external dimensions below 1

nm should be considered as nanomaterials.

NM are interesting because they present a higher surface area per mass
unit than conventional materials and may possess new properties. As a
result, the implementation of these properties can be exploited to provide
products with enhanced applications, from machines to medicine. The
advent of nanotechnology is considered to be the biggest engineering
innovation since the Industrial Revolution. Engineered nanomaterials
(ENM) are used in many commercial products and industrial practices, and
can be found in everyday objects, including electronic components,
scratch-free paint, sports equipment, cosmetics, food color additives, and
surface coating. Moreover, NM have found a wide-spectrum of applications
in biomedical area and healthcare, especially in medical imaging and
diagnosis, pharmaceuticals, drug delivery and therapy (O'Brien and
Cummins, 2008). The global NM market was valued at $3.4 billion in 2014
and is expected to reach $11.8 billion by 2020 showing a compound annual
growth rate of 23.1% (Mordor-Intelligence-LLP, 2015).

However, recent studies have shown that the distinctive characteristics of
NM, in particular their high number and surface area per unit mass, not only
make these materials superior to traditional bulk counterparts for industrial
and biomedical applications, but may also affect their potential toxicity
(Arora et al., 2012). Thus, as suggested by Shvedova et al. (Shvedova et
al., 2009), we can illustrate NM as the two heads of Janus, who in Roman
mythology was used to symbolise one condition to another, one vision to

another, and one universe to another (Figure 1).
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The two faces of Janus
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Figure 1. The two faces of Janus-like properties of nanomaterials.

Indeed, several papers have shown potential adverse effects caused by
exposure to different types of ENM (Borm et al., 2006; Elsaesser and
Howard, 2012) and there is little understanding of their toxicological
properties and their long-term impact on human health. The potential for
NM exposure is not just in the industrial workplaces, as generally thought,
but also in the home environment (Li et al., 2010). The release of NM into
the environment can occur through many processes, such as spilling and
washing consumer products incorporating NM; during synthesis and
production; as an accidental release during transport or use; from industries
that exploit nanotechnology, for example waste-water treatment and drug
delivery. In general, the principal route of exposure to NM is via inhalation.
Exposure to metal NM, as well as carbon-based NM, in the workplace
environment has become a common event (Oberdorster et al., 2005; Lee et

al., 2015; Shepard and Brenner, 2014). Oral ingestion and dermal exposure

13



are less well documented. The gastrointestinal tract represents a likely
route of entry for many NM, both directly through intentional ingestion or
indirectly via NM dissolution from food containers or by secondary ingestion
of inhaled particles. Moreover, environmental contamination can increase
unintentional ingestion of NM via water, food animals and fish (Bergin and
Witzmann, 2013). Uptake via the dermal route, either by injection into the
dermal layer or absorption through the pores of the skin, are mainly
mediated by exposure from therapeutic or cosmetic applications (Hadrup et
al., 2015; Gulson et al., 2015; Smijs and Bouwstra, 2010).
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1.2. CARBON NANOTUBES

Carbon nanotubes (CNT) are among the most widely used NM due to their
interesting properties, such as mechanical strength, electrical and thermal
conductivity, which make them useful for several industrial and biomedical
applications. Since their description in 1991 (lijima 1991), worldwide CNT
production and issued patents have grown and currently CNT are
incorporated in several commercial products, including rechargeable
batteries, sporting goods, boat hulls, water filters (De Volder et al., 2013).
However, as discussed for NM, the same physico-chemical properties that
make CNT interesting for several applications have also been observed to
induce harmful effects. Moreover, CNT are frequently associated to
asbestos, due to their needle-like fiber shape, raising concerns that
exposure to CNT may lead to fibrosis and pleural diseases, including
mesothelioma (Poland et al., 2008). Currently, CNT have been observed to
induce harmful and toxic effects both in in vivo and in in vitro studies using
lung and skin models. Given these risks, rigorous regulations have been
introduced. The National Institute for Occupational Safety and Health
(NIOSH) has recommended an occupational exposure limit (REL) of 1
ug/m?® together with other strategies for controlling workplace exposures
and for implementing a medical surveillance program on exposed workers
(NIOSH, 2013). These issues have been addressed in the review below
(Ghiazza et al., 2014), which focuses on CNT synthesis, physico-chemical
properties, and applications, in particular regarding their use in
nanomedicine, and briefly addressed toxicity and physico-chemical

properties modulating CNT toxicity.
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Abstract: Carbon nanotubes (CNTs) are promising candidates for a wide range
of applications that are expected to improve our lifestyles, such as alternative
forms of energy production, energy storage, and drug delivery. At the same
time, there are concerns about their possible adverse effects on human health,
since there is evidence that exposure to CNTs induces toxic effects in
experimental models. However, CNTs are not a single substance but a growing
family of different materials possibly eliciting different biological responses. As
a consequence, the hazards associated with the exposure of humans to the
different forms of CNTs may be different. Understanding the structure—toxicity
relationships would help towards the assessment of the risk related to these
materials. Here, we present a snapshot of the current state-of-the art of CNT
production, applications, and safety.

Key words: carbon nanotubes, physico-chemical properties, nanomedicine,
toxicity, biocompatibility, safety.

8.1 Introduction

Since their discovery in 1991 (lijima, 1991), the interest of the scientific
community and of industry in carbon nanotubes (CNTs) has increased dramatically.
Carbon nanotubes exhibit properties that include high thermal and electrical
conductivity, mechanical resistance, low density, and tuneable semiconductivity,
which renders them useful in a variety of industrial applications, such as
components in electronics, energy-storage devices, solar cells, sensors, and as
filler in polymeric composites in mechanical applications (Endo et al., 2008).
Today, the annual global market in CNTs is estimated to be of the order of
hundreds of tons. Carbon nanotubes are mainly used as components of electrodes
in lithium batteries or as filler for electrical discharge in composites (Endo et al.,
2008). Since the physical properties of CNTs largely depend upon their structure,
researchers are endeavouring to produce different types of engineered CNTs with
tailored physico-chemical features. Carbon nanotubes should therefore be
considered not a single substance but a family of different materials.

Carbon nanotubes have attracted a great interest for their application in
medicine (Lacerda et al., 2006, 2007; Boczkowski and Lanone, 2007; Liu et al.,

© 2014 Woodhead Publishing Limited
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2009; Ji et al., 2010; Zhang et al., 2010). Like fullerenes, CNTs have been
shown to rapidly cross the cell membranes (Raffa er al., 2008) and therefore
they have been proposed as nanovectors. For this application, CNTs need to be
modified to increase their compatibility in water and to bind other entities
such as drugs or biomolecules (Cheung et al., 2010). Furthermore, some
authors have proposed using CNTs in the manufacture of alternative artificial
hard tissues (Sato et al., 2008), tissue scaffold materials for bone formation
(Zanello et al., 2006), microcatheters (Koyama et al., 2006), and as substrates
for neuronal growth in nervous system disorders (Hu et al., 2004; Roach
etal.,2010).

Carbon nanotubes are currently at the centre of a debate on their potential
toxicity, and several reviews have been published (Kane and Hurt, 2008;
Kostarelos, 2008; Lison and Muller, 2008; Shvedova et al., 2009; Pacurari et al.,
2010). A consensus has yet to be reached, since conflicting results have been
obtained in toxicological studies. The lack of standardized protocols and the
variability of CNTs employed in different studies are the main reasons for this
discrepancy (Muller et al., 2005; Kagan et al., 2006; Elgrabli et al., 2008; Poland
et al., 2008; Takagi et al., 2008; Ma-Hock et al., 2009; Sakamoto et al., 2009;
Fubini et al., 2010). In fact, there is evidence that the responses of cells to CNTs
are modulated by their physico-chemical properties. Looking at this evidence
from a different viewpoint, the possibility of reducing the toxicity of CNTs by
modifying their physico-chemical properties opens the way to the possible design
of safe CNTs.

In this review, we look at research associated with the relationships
among CNTs, their structure, and their effects on health, as well as the
development of tailored synthetic methods aimed not only at increasing the
technological performance of CNTs but also reducing their possible impact on
human health.

8.2 Physico-chemical properties of carbon nanotubes
and their applications

The discovery of CNTs increased the number of possible applications of traditional
graphenic materials such as graphite, carbon fibres, fullerenes, and carbon black
because of the versatility of these materials. The possibility to tailor the physico-
chemical properties of CNTs through synthesis or post-synthesis protocols is one
of the reasons for the level of interest in CNTs in various industrial sectors. A
discussion of the applications of CNTs is beyond the scope of this review and
readers are referred to relevant works in the literature (Endo et al., 2008; Nessim,
2010). Here, we provide an overview of the most interesting properties of CNTs
and related applications (summarized in Table 8.1). Medical applications will be
discussed separately in section 8.3.
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Table 8.1 Physico-chemical properties of carbon nanotubes and applications

Physico-chemical properties Main industrial applications

Mechanical strength/density Composites, portable electronic devices
Conductivity Electronics, electrical materials
Semiconductivity Electronics, biosensors

Heat capacity/thermal conductivity Electronics

Hydrophilicity/charge Medicine, composites

Emission of electrons Field emission displays

8.2.1 Structural and chemical properties of carbon
nanotubes

Carbon nanotubes are made of one (single-walled) or more (multi-walled)
graphene sheets rolled-up to form tubes. Single-walled CNTs (SWCNTs)
may exhibit external diameters ranging from 0.4 to 4nm, while multi-walled
CNTs (MWCNTs) may reach diameters up to 100nm. Depending upon
the method of synthesis, CNTs may vary from hundreds of nanometres to
millimetres in length. The graphene layers may be wrapped to form different
geometries. Depending on the arrangement of the sp” carbon hexagons, the tubes
may be of ‘zigzag’, ‘armchair’ or ‘chiral’ form (Terrones and Terrones, 2003;
Galano, 2010). Current synthetic methods generate a mixture of the various forms
of SWCNTs or MWCNTs, with each single graphene layer having a different
geometry.

A perfectly crystalline carbon nanotube is formed only by hexagonal rings of
sp”> hybridized carbons. However, the CNTs currently produced are far from
perfect and various amounts and kinds of defects are possible, including non-
hexagonal rings, atom vacancies (topological defects), carbon with sp’
hybridization, incomplete bonding, and oxygenated functionalities (Ebbesen and
Takada, 1995; Charlier, 2002; Galano, 2010). Defects are generated during the
nanotube growth process or during post-synthesis treatments. However, defects
may also be introduced on purpose, such as following irradiation by charged
particles, or removed by annealing processes (see below). A particular kind of
defect is the substitution of carbon atoms with other elements like nitrogen (Ayala
et al., 2010). Commercially available CNTs may also contain amorphous carbon,
fullerenes, graphitic particles, metals derived from the catalysts used in their
synthesis (e.g. Fe, Co, Ni, Y), and inert materials (alumina or silica) used as
support for the catalysts. The impurities may reach up to 20-30% w/w of the
product. However, purification procedures may be applied yielding materials with
a carbon content of up to 99%.
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8.2.2 Electrical, mechanical, and thermal properties of
carbon nanotubes and applications

Metallic CNTs are exceptionally good conductors of electricity. In addition,
semiconducting CNTs are considered promising substitutes for silicon in
electronic devices (Sharma and Ahuja, 2008). Their nanometric diameter, low
density, and anisotropic character make CNTs promising candidates for a wide
number of electronic applications, including transistors, conducing continuous
fibres (Lu et al., 2012), and nanocomposites (Rahmat and Hubert, 2011). The
electrical properties of CNTs, together with their high aspect ratio, also make
them useful in the production of sensors (Collins et al., 2000). While metallic
CNTs are currently used commercially as a substitute for graphite in energy
storage devices, the use of semi-metallic SWCNTSs is some way off. Indeed at
present, current methods of synthesis provide a mixture of metallic and semi-
metallic CNTs and laborious post-synthesis separations are necessary to separate
the different CNT forms. Another important potential application of CNTs is as
field emitters in cathodes and field emission displays (FED).

Carbon nanotubes are also promising materials for mechanical applications due
to their superior mechanical properties, in particular their strength/density ratio,
which is higher than that of carbon fibres, and flexibility (Endo et al., 2008).
However, the application of CNTs as reinforcing agents in composites is not yet a
reality. The performance of CNT-based composites is lowered by a weak CNT—
polymer interface and by intrinsic properties of CNTs such as short length and the
presence of defects in the tube structure (Endo et al., 2008). Because of their
remarkable mechanical properties, CNTs are also attracting interest in medicine
for the production of implantable materials or devices. This application will be
discussed in section 8.3.3.

Like graphite, CNTs have low heat capacity and high thermal conductivity.
Indeed, experimental measurements on single CNTs indicate a thermal
conductivity higher than that of diamonds, in the range between 3000 and 3500 W/
mK (Balandin, 2011). This property is useful in electrical applications, particularly
in microprocessors, since it reduces thermal dissipation (Endo et al., 2008), and
may be exploited to produce thermally conductive composites to replace metal
parts in several applications, including in motors and generators (Han and Fina,
2011). The thermal conductivity of CNTs strictly depends upon their structural
properties, including diameter, length, and chirality of the tubes, the number of
structural defects, as well as the presence of any impurities (Pettes and Shi, 2009;
Balandin, 2011).

Finally, CNTs are also interesting as microporous materials. The presence of a
pore decreases the density of CNTs and increases their surface area, making them
useful as electrodes in energy storage for portable electronic devices (Zhai et al.,
2011). Carbon nanotubes are also good sorbents for gases and therefore they have
been proposed for hydrogen storage. Although the storage capacity of SWNTs
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and MWNTs for hydrogen is low at room temperature (Endo et al., 2008;
Orinakova and Orinak, 2011), it may be enhanced by the introduction of defects
and heteroatoms, functionalization (Orinakova and Orinak, 2011), and decoration
with transition metals, in particular palladium (Wu et al., 2012).

8.2.3 Synthesis and modifications of carbon nanotubes

Carbon nanotubes may be produced in two forms: on substrate and as powders
(substrate-free). The first form includes vertically aligned CNTs (VACNTSs). In
both electronic devices and sensors, semi-conducting CNTs need to interface with
a substrate. Therefore, VACNTs are the most interesting product for these
applications.

A large number of synthesis methods have been proposed, although the most
suitable methods for bulk production are laser ablation, arc discharge, and
chemical vapour deposition (CVD). This last method may be used for the synthesis
of both substrate and substrate-free CNTs. Arc discharge and laser ablation are
based on the vaporization of carbon in an inert atmosphere from a graphite cathode
heated by an applied current or by a laser, respectively. Both SWCNTs and
MWCNTSs may be produced with this method. The properties of CNTs may be
modulated by varying the current intensity or the wavelength of the laser, and by
introducing catalysts in the cathode. Carbon nanotubes of high crystallinity may
be produced by these methods, since the synthesis occurs at high temperature.
However, amorphous carbon, catalysts, and fullerenes are present in the final
product. The CVD method consists in the catalytic decomposition of a carbon-
containing gas on a homogeneous or heterogeneous catalyst. The CNTs may be
produced by this method up to millimetres in length. However, since the
temperatures used in the process are lower than for arc discharge and laser
ablation, the CNTs may exhibit a high number of defects. A particularly efficient
method to produce SWCNTs is the HiIPCO process based on the use of CO as
carbon source. A detailed description of the various methods of synthesis may be
found in Nessim (2010).

The yield and properties of CNTs may, to some extent, be modulated by the
conditions used during their synthesis. Nevertheless, mixture CNTs with different
morphological and structural properties are generally obtained. The transmission
electron microscope (TEM) images of two commercially available samples of
CNTs are shown in Fig. 8.1. The samples are composed of CNTs of different
length mainly organized in bundles. Several amorphous carbon aggregated
nanoparticles are detectable.

To produce high-grade CNTs, post-synthesis treatments need to be applied.
Briefly, post-synthesis treatments are used (or have been proposed) for the
following purposes: (1) improvement of crystallinity by removing structural
defects, generally performed by thermal annealing (graphitization) processes;
(2) introduction of defects, such as by irradiation with ions (Krasheninnikov and
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8.1 Morphology of carbon nanotubes. Representative TEM images of
two different samples of MWCNTSs of different diameter. (a) Thin
MWCNTs organized in bundles. The MWCNTs in (b) are thick and
appear as straight fragments of different length. Aggregates of
amorphous carbon nanoparticles are visible. Courtesy of G. Agostini
and F. Cesano.

Nordlund, 2010); (3) separation of metallic and semi-metallic CNTs; (4) separation
of CNTs with different chirality (Tu et al., 2009); and (5) removal of contaminants.
Purification methods include physical separation of CNTs from impurities, gas- or
liquid-phase oxidation, and thermal processes (Meyer-Plath et al., 2012). Physical
separations are based on sonication, filtration, centrifugation or chromatographic
separation of aqueous dispersions of CNTs (Hou et al., 2008; Han and Fina,
2011). Chemical and thermal processes often result in modification of the structure
of CNTs. Thermal processes may in fact increase the crystallinity of CNTs while
oxidants (e.g. nitric acid or hydrogen peroxide) lead to the introduction of
oxygenated surface functionalities at the surface.

Carbon nanotubes may be modified to improve their compatibility with aqueous
media or to increase the dispersion in polymeric matrices. Covalent binding to
other molecules is also possible (Hirsch, 2002). A rich literature on the chemistry
of CNTs is available. Exhaustive reviews on this topic may be found in Banerjee
et al. (2005) and Tasis et al. (2006).

8.3 Carbon nanotubes in nanomedicine

The use of nanomaterials in medicine is increasing rapidly and offers hope for the
development of new strategies for the diagnosis and treatment of diseases.
Nanomaterials used in nanomedicine include a wide range of organic substances
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(e.g. liposomes, dendrimers, solid lipid nanoparticles, polymers). Some
preparations based on inorganic materials (gold, iron oxides) have been approved
or are in trial. Several other inorganic materials (quantum dots, metal or metal
oxide nanoparticles, carbon nanotubes) are currently used for medical applications.
Among them, CNTs appear very promising not only as drug and bio-molecule
delivery system but also as therapeutic and contrasting agents (Vashist et al.,
2011) and as scaffold in tissue engineering or implantable devices (Saito et al.,
2009). The major obstacle to the widespread application of CNTs in medicine is
their safety. Being completely insoluble in any solvent at any pH, CNTs are
thought to remain unaltered in biological fluids and therefore be potentially
biopersistent.

Studies on the distribution of CNTs in the various organs are limited (Shevdova,
2009). Nevertheless, the type and degree of functionalization of carbon
nanotubes appears critical in determining their toxico/pharmacokinetic profile
(Al-Jamal et al., 2012). Previous studies (Wang et al., 2008; Ruggiero et al.,
2010; Guo et al., 2007) have found rapid clearance of highly functionalized
CNTs (hydroxylated, ammonium, and carboxylated glucosamine CNT) from
the systemic blood circulation through renal excretion with minimal accumulation
in the reticuloendothelial system (RES). Al-Jamal and co-workers reported
that increasing the degree of chemical functionalization in a controlled
manner can enhance renal clearance (Al-Jamal et al., 2012). Moreover, they
showed that a low degree of chemical functionalization will favour RES organ
accumulation.

Some authors have suggested that CNTs may be attached and degraded by
endogenous oxidants. Two different routes of degradation were reported: the first
is an enzymatic route through a degradation by several peroxidases, such as
myeloperoxidase (MPO; Kagan et al., 2010), lactoperoxidase, and eosinophil
peroxidase (Shvedova et al., 2012a), while the second route follows a non-
enzymatic degradation when CNTs are in contact with simulated phagolysosomial
fluid (Liu et al., 2010). In a recent study using MPO-deficient mice, Shvedova
et al. (2012b) showed that myeloperoxidase contributes to the in vivo pulmonary
oxidative biodegradation of SWCNTs. Surface functionalization affects the
biodegradability of CNTs (Bianco et al., 2011). Indeed, not all types of
functionalization seem to favour the degradation of CNTs. Carboxylated CNTs,
for example, are markedly affected structurally and partially degraded with
respect to non-functionalized CNTs, which are more resistant. The rate of
degradation is associated with both the degree of surface functional groups and
type of CNTs, with MWCNTs being more resistant than SWCNTs and thus
requiring a longer time to be degraded. However, whether such degradation
processes would be sufficient to prevent adverse side-effects of CNTs, as well as
how efficient the process on the various types of CNTs (SWCNTs vs. MWCNTSs,
short vs. long) remains unclear.
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8.3.1 Carbon nanotubes as nanovectors

Among drug delivery systems, CNTs have emerged as one of the most promising
nanovectors for highly efficient delivery of drugs and biomolecules. The rich
chemistry of CNTs allows covalent and non-covalent conjugation of various
molecules on the side walls and also the encapsulation of drugs and bioactive
molecules inside CNTs. Carbon nanotubes are intrinsically hydrophobic and thus
cannot be employed directly for drug and biomolecule delivery. Tailored synthesis
and surface functionalization must be developed for improving their
biocompatibility and dispersibility. Most of the CNT-based drug delivery systems,
both with MWCNTs and SWCNTs, have been used for the delivery of anticancer
drugs, such as doxorubricin, epirubicin, folate, and platinum-based anticancer
drugs (Vashist et al., 2011). Carbon nanotube drug delivery systems have also
been assessed for treating many inflammatory and autoimmune diseases (e.g.
dexamethasone, dapsone, ketoprofene) (Vashist et al., 2011). Recently, CNTs, in
particular amino-functionalized CNTs or polyethylenimine grafted CNTs, have
been proposed for the delivery of biomolecules, such as DNA, RNA, and proteins.
The first study focusing on the possible utilization of CNTs as a novel gene
delivery vector was that of Pantarotto e al. (2004a). Generally, DNA and proteins
are linked to CNTs by electrostatic interactions or through amino groups inserted
at the side walls of CNTs (Awasthi et al., 2009) in order to improve both CNT
dispersibility in aqueous solvents and promote gene/protein transfection without
using viral vectors, which are very efficient but not completely safe. The
development of efficient drug and biomolecule delivery systems requires
protection of the biomolecule from degradation, good membrane penetration, and
low immunogenicity (Klumpp et al., 2006). In this context, CNTs appear to be
most suitable due to their capability to cross the cell membrane by endocytosis
without any associated toxicity (Pantarotto et al., 2004b; Singh et al., 2005; Kam
et al., 2006; Ji et al., 2010) and to protect drugs and molecules that can be stored
inside the tube (Pastorin, 2009).

8.3.2 Thermal and photodynamic therapy

Thermal and photodynamic therapies are very promising approaches to cancer
treatment and therefore are currently under investigation since they are considered
non-invasive, harmless, and highly efficient techniques (Ji et al., 2010). The
traditional photodynamic therapy combines a photosensitizer and near infrared
(NIR) light irradiation to destroy cells by generating reactive oxygen species
(ROS), such as singlet oxygen (102), superoxide anions (O,’), and hydroxyl
radicals (-OH), which are the main cytotoxic substances (Lee et al., 2007).
Recently, a new therapy based not on the capability of photosensitizers to generate
ROS but on the heat generation capability of CNTs combined with a NIR light
irradiation technique, has received significant attention. This technique developed
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the ability of SWCNTs to absorb NIR radiation (700-110nm) and to convert it
into heat. In 2005, two research groups used this thermal therapy based on a
combination of SWCNTs and NIR light irradiation in cancer therapy (Kam et al.,
2005; Panchapakesan et al., 2005). Both studies showed a selective destruction of
cancer cells in the presence of SWCNTs combined with NIR irradiation while the
surrounding healthy cells remained viable (Lee et al., 2007). Other studies report
that this approach could be particularly useful for treating small tumours, tumour
margins, and micrometastases (Biris et al., 2009). Moon et al. (2009) showed
complete destruction of tumours 20 days post-treatment in mice treated with
PEG-SWCNTs and NIR irradiation. Moreover, they showed that most of the
injected SWCNTs were almost completely excreted from the bodies of the mice
after two months through the biliary and urinary pathway.

8.3.3 Tissue engineering and implantable materials/devices

Another interesting application of CNTs, exploiting their exceptional
mechanical, electrical, and anisotropical properties, is as components in medical
devices or scaffolds in tissue engineering (Saito et al., 2009). Carbon nanotubes
are good candidate biomaterials for use as scaffold in bone, neuronal and
cardiovascular tissue regeneration, or incorporation into other scaffold materials
to provide structural reinforcement or confer new properties such as electrical
conductivity to direct cell growth. Indeed, various cell types, such as
mesenchymal stem cells, osteoblastic and neuronal cells, have been shown to
grow extremely well on carbon nanotubes (Zanello ef al., 2006; Akasaka et al.,
2010; Huang et al., 2011).

Carbon nanotubes are often combined with polymeric substances to improve
their physical and chemical characteristics. Carbon nanotubes have been combined
with collagen (Endo et al., 2008), but also with chitosan fibres to guide axon re-
growth after nerve injuries (Huang et al., 2011) and/or with silk to promote the
proliferation and differentiation into neuronal cells of human embryonic stem
cells (hESCs) (Chen et al., 2012). Huang et al. (2011) have shown that CNT—
chitosan composites have superior tensile strength and electrical conductivity
compared with chitosan alone and that the composite was not cytotoxic. To
improve the neural cell affinity of CNT—chitosan fibres, laminin was incorporated
onto the fibre surfaces of the composite, thus increasing cell adhesion. Fan and
co-workers (2012) have shown that super-aligned CNT yarn-patterned substrates
have a strong effect on neurite growth of the rat hippocampal neurons. Moreover,
CNT yarns also minimize branching of neurite growing along the yarns, which is
important to neuronal regeneration.

Chen and colleagues (2012) combined CNTs with silk for improving the
proliferation and differentiation of human embryonic stem cells (hESCs). The
CNT-silk composite was able to induce a higher expression of two proteins (beta-
IIT tubulin and nestin) involved in neuronal differentiation, and longer axons with
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higher density. Thus CNT-silk composite can promote neuronal differentiation of
hESCs, providing a good opportunity for nerve repair treatments in spinal cord
injury and multiple sclerosis.

Carbon nanotubes also show promise as components of biomaterials for bone
repair. Several studies have reported that CNTs promote the proliferation of
osteoblastic cells in vitro (Zanello et al., 2006; Saito et al., 2008) but there have
been few reports of bone tissue compatibility of CNTs in vivo (Usui et al., 2008;
Ogihara et al., 2012). These latter two studies examined bone tissue compatibility
of CNTs implanted alone (Usui et al., 2008) and as CNT-alumina ceramic
composites (Ogihara et al., 2012) in mice. Both studies demonstrated that CNTs
had good bone tissue compatibility, suggesting their use as prostheses in
arthroplasty and devices for bone repair (Ogihara et al., 2012).

Finally, CNT-filled nanocomposites have been proposed as microcatheters
(Koyama et al., 2006). Nanotube-based catheters were fabricated by incorporating
carbon nanotubes into nylon-12 to improve the mechanical properties and reduce
thrombogenicity (Endo ef al., 2005; Koyama et al., 2006).

The use of CNTs as components in bulk biomaterials poses less concern for
health risks compared to their systemic use. However, for biomaterials destined to
remain in the body for a long time and subjected to mechanical stress, the possible
release of debris needs to be carefully considered.

8.3.4 Carbon nanotubes as antioxidants

Antioxidant substances (e.g. flavonoids and a-lipoic acid) have attracted interest
for treating diseases where mitigation of oxidative stress is beneficial, such as in
tumours, in cardiovascular diseases or in neurodegenerative disorders (Firuzi
et al., 2011). Functionalized fullerenes have also been proposed as antioxidant
agents in medicine, since they are potent radical scavengers (Dugan et al., 1997).
Indeed, it has been reported that, similar to fullerenes and other carbon-based
materials, CNTs are reactive towards free radicals. The use of CNTs in polymeric
composites for preserving polymeric matrix from degradation has also been
reported (Watts et al., 2003). The susceptibility of CNTs to radical attack is well
known and has been exploited to introduce functionalities at their surface (Ying
et al., 2003; Banerjee et al., 2005; Tasis et al., 2006). In 2006, Fenoglio et al.
(2006) reported that purified MWCNTSs were able to scavenge hydroxyl radicals.
The amount of radicals scavenged by CNTs appeared enough to buffer the
oxidative burst of damaged tissues, since a local decrease in reactive oxygen
species was observed in vivo following the tracheal instillation of MWCNTs in
mice (Crouzier et al., 2010). However, CNTs and other graphene materials have
been reported to deplete the antioxidant defences of cells by oxidizing glutathione
(GSH) through a reaction with oxygen at the surface (Liu et al., 2011). Therefore,
CNTs appear to interact with the cellular redox system in several ways, since the
overall effect of CNTs on the ROS homeostasis of cells is still to be clarified.

28



Carbon nanotubes: properties, applications, and toxicity 157

There are indications that the physico-chemical properties of CNTs modulate
their antioxidant activity. Theoretical and experimental studies support these
findings by showing that the scavenging activity of SWCNTs may be modulated
by introducing defects (Fenoglio et al., 2008; Galano, 2010) or by varying their
diameter, length, and chirality (Galano, 2009; Martinez and Galano, 2010; Shukla
and Mishra, 2010). Moreover, the antioxidant activity may also be modulated by
surface functionalization. Recently, Francisco-Marquez et al. (2010) reported that
the presence of carboxylated functionalities increases the radical scavenging
activity of SWCNTs. In contrast, Lucente-Schultz et al. (2009) reported that non-
functionalized SWCNTs are better radical scavengers than functionalized
derivatives. The scavenging activity of a sample of CNTs towards hydroxyl
radicals (the most reactive among ROS), evaluated by electron paramagnetic
resonance (EPR) spectrometry combined with the spin trapping technique, is
shown in Fig. 8.2a. The scavenging potency of two samples of CNTs is shown in
Fig. 8.2b. The different antioxidant potency is related to their different origin. The
scavenging capacity of both CNTs increases after a pre-treatment with hydroxyl
radicals (Fig. 8.2b), suggesting a possible persistent antioxidant activity in vivo.

8.4 Carbon nanotube toxicity

The prevention of possible adverse health effects elicited by CNTs is important
not just in nanomedicine. The exposure of workers and consumers in both
occupational settings and environmentally is becoming more likely with the
introduction of CNT-based nanotechnological products and, therefore, validated
methodologies for the assessment of risk associated with these materials are
urgently required. Unfortunately, some necessary information (e.g. the exposure
scenario) is still lacking (Savolainen et al., 2010). Clearly, the risk associated with
powdered CNTs is higher than that related to CNTs embedded in a polymeric
matrix. Nevertheless, the environmental risk of a CNT-based composite may be
high based on the life cycle of the materials and the possible bioaccumulation of
CNTs in the environment. Toxicological data are still lacking and a consensus on
the hazard represented by CNTs has not been reached. We will summarize here
the findings to date for the main endpoints without being exhaustive. More
detailed reviews on this topic may be found in the literature (Kane and Hurt, 2008;
Kostarelos, 2008; Lison and Muller, 2008; Shvedova et al., 2009; Pacurari et al.,
2010).

8.4.1 Lung toxicity

Most experimental studies with CNTs have focused on the respiratory system
because inhalation represents the mostrelevant route of exposure for nanomaterials,
especially in occupational settings. /n vivo studies have reported that CNTs induce
inflammatory, fibrotic, and genotoxic effects in the lung of mice and rats upon
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8.2 Antioxidant activity of carbon nanotubes. CNTs act as scavengers
towards hydroxyl radicals. (a) The signal obtained with the EPR/spin
trapping technique in a system generating hydroxyl radicals and the
signal obtained in the same system in the presence of CNTs. (b) The
scavenging effect of two different samples of CNTs pre-treated for 1
or 4h with hydroxyl radicals compared with the pristine sample.

intra-tracheal instillation or inhalation exposure (Muller et al., 2005; Shvedova
et al., 2005; Chou et al., 2008; Aschberger et al., 2010). Inflammation and
pulmonary fibrosis have been associated with an increased risk of lung cancer,
thus justifying the assessment of possible genotoxic events accompanying CNT
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exposure (Knaapen et al., 2004; Pulskamp et al., 2007; Shvedova et al., 2009).
Furthermore, several in vitro studies have shown that CNTs can have effects on
cell signalling, membrane perturbations, and the production of cytokines,
chemokines, and ROS (Chen et al., 2011; Di Giorgio et al., 2011; He et al., 2011,
Azad et al., 2012). A strong concern exists about a possible carcinogenic activity
of CNTs, and similarities with asbestos fibres have been highlighted (Service,
1998; Sanchez et al., 2009; Donaldson et al., 2010). The induction of neoplastic
transformations in pleural mesothelium by CNTs has been reported. However,
conflicting data have been obtained (Johnston et al., 2010), as both an ability to
induce mesothelioma (Takagi et al., 2008; Sakamoto et al., 2009) and an absence
of any carcinogenic response (Muller et al., 2009) were reported. Such variable
outcomes may be ascribed to different physical chemical properties among the
examined specimens (see section 8.4.5).

8.4.2 Dermal toxicity

Skin is another important route of exposure to toxicants. Several studies have
reported skin irritation (e.g. carbon fibre dermatitis and hyperkeratosis) in humans
following contact with CNTs, suggesting their possible penetration into the viable
epidermis after topical exposure (Shvedova et al., 2003). In an in vitro study,
Monteiro-Riviere et al. (2005) demonstrated that MWCNTs are capable of
entering human keratinocytes as well as causing irritation measured as
interleukin-8 (IL-8) release. However, there is a lack of evidences that CNTs can
cross the stratum corneum or accumulate in dermal tissue following systemic
administration. In another in vitro study, Murray et al. (2009) suggested that
metals present as impurities may play a crucial role in the induction of oxidative
stress and inflammation in skin following topical exposure to SWCNTs.

8.4.3 Embryotoxicity and neurotoxicity

The relevance of embryotoxicity to risk assessment of nanomaterials is clear.
Nevertheless, few studies have focused on this end point. The effects of CNTs on
embryonic development have been well studied in aquatic species (Cheng et al.,
2007, 2009; Asharani et al., 2008). The zebrafish embryo is an excellent model, as
its entire developmental phase takes only about 4 days and takes place outside the
mother, allowing direct visualization of the morphological changes. However, the
zebrafish model (development and embryo morphology) differs from that of
mammals, and findings for one class are not necessarily applicable to another.
Recently, Pietroiusti et al. (2011) tested the effect of pristine and oxidized
SWCNTs on the development of the mouse embryo. They observed a high
percentage of early miscarriages and foetal malformations in females exposed to
oxidized SWCNTs. Extensive vascular lesions and increased production of ROS
were detected in placentas of malformed gestation products. These results were
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confirmed in vitro, in an embryonic stem cell test (EST), by identifying oxidized
SWCNTSs as the more toxic among the tested nanomaterials. Further studies are
needed to fully understand the mechanism through which different CNTs can
induce embryotoxicity.

As discussed in section 8.3.3, CNTs are applicable in medicine for neuronal
regeneration. Yet few in vivo studies have been devoted to the evaluation of the
toxic effects of CNTs that have accidentally penetrated the body and possibly
translocated in the central nervous system. Carbon nanotubes have been reported
to elicit toxic effects on dorsal root ganglion (DRG) neurons (Belyanskaya et al.,
2009), and to interfere with K channel activity in different cell lines (Park e al.,
2003; Xu et al., 2009). It has also been reported that MWCNTs induce cell
membrane damage and alter the excitability of chromaffin cells, a neuronal-like
model (Gavello et al., 2012).

8.4.4 Repeated and chronic toxicity

Chronic toxicity occurs as a result of a repeated daily exposure to a chemical. The
objective of a chronic toxicity study is to determine the effects of a substance
following prolonged and repeated exposure. However, as such studies require
expensive and time-consuming experiments, limited research has been devoted to
the chronic toxicity of CNTs. Furthermore, there is controversy regarding the
animal model, the dose and the dose metric, the nanoparticle dispersion protocol,
the method and time of exposure.

Qu and co-workers (2012) established a mouse model of chronic exposure to
CNTs using intra-peritoneal injection of SWCNTs and MWCNTs. Their results
demonstrated that SWCNTs and MWCNTSs provoke considerable inflammation,
presumably due to their fibre-like shape. Their results also confirmed the length-
and size-related structure—activity relationship of CNTs in stimulating
inflammatory responses. In contrast, Kobayashi and co-workers (2010) showed
no evidence of chronic inflammation, such as angiogenesis or fibrosis, induced by
MWCNTs instillation. These results suggest that MWCNTs are processed and
cleared by alveolar macrophages.

8.4.5 Physico-chemical properties modulating carbon
nanotube toxicity

Toxicological investigations of nanomaterials have demonstrated how some
physico-chemical properties affect CNT toxicity. Indeed, there are indications
that, depending upon purity, diameter, length, surface charge, functionalization,
and aggregation state, CNTs elicit different toxic effects.

Length is considered a crucial factor in CNT toxicity. Schinwald ef al. (2012)
demonstrated that fibres over 4 um long are pathogenic to the pleura in mice.
Other research supports this theory by showing inflammatory and fibrotic effects
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only with long (>10wm) CNTs after exposure to the peritoneal (Kolosnjaj-Tabi
etal.,2010) and pleural mesothelial surfaces (Murphy ez al., 2011). The deleterious
effect of long and straight (>10 um) CNTs is related to their mechanical interaction
with cells: the unsuccessful internalization of long fibres by macrophages may in
fact lead to ‘frustrated phagocytosis’, which activates the inflammatory process.
Fibre shape has been proposed as the crucial factor in CNT pleural toxicity
(Donaldson et al., 2011). However, other physico-chemical properties are
attributable to the mechanism of action of fibres, suggesting that paradigms other
than the fibre-shape paradigm ought to be considered (Fubini et al., 2011).
Schinwald et al. (2012) proposed a threshold length value (4—5um) for the
induction of acute inflammatory response to pleura in a mouse model. Whether
this threshold value will be exploitable for the risk assessment of chronic exposure
of humans to CNTs needs further clarification.

The results of Fenoglio et al. (2012) suggest that nanotube diameter is an
important parameter in toxicological research. A study with two samples of
MWCNTs of similar length (<5 um) and surface reactivity but different diameter
(9.4 and 70nm) showed that thin MWCNTs appeared significantly more toxic
than their thicker counterparts in vivo (rats, lung) and in vitro (murine alveolar
macrophages). Similarly, Nagai ef al. (2011) reported a clear effect of CNT
diameter on mesothelial toxicity and carcinogenicity in rats.

The role of defective sites in CNTs has been also investigated in two studies.
By keeping all other properties constant, defects generated by grinding appear to
activate lung toxicity (Muller et al., 2008) but not carcinogenicity (Muller et al.,
2009). Note, however, that in these studies a single kind of defect (i.e. uncompleted
bonding generated by grinding) was considered.

The modification of the surface is regarded as an important strategy to decrease
the toxicity of nanomaterials. However, in the case of CNTs, the introduction of
surface oxygenated functionalities appeared to increase their toxicity in some
models (Bottini e al., 2006; Vittorio et al., 2009; Pietroiusti et al., 2011). In
contrast, Cheng et al. (2008) reported that purified PEGylated SWCNTs, albeit
reversibly internalized and translocated into the nucleus, did not exert genotoxicity
in mammalian cells in terms of cell cycle distribution and cell division after
5 days of continuous exposure, suggesting that intensive purification and
functionalization processes can help improve the biocompatibility of CNTs in
biological systems.

Finally, the presence of residual metals dramatically increases the toxicity of
CNTs. Redox active metals associated with CNTs (e.g. iron) have been reported
to induce oxidative stress mediated toxicity both in an in vitro and in vivo model
(Kagan et al., 2006; Pulskamp et al., 2007). To date, no data on the effect of other
impurities (amorphous carbon and inert supports of catalysts) and of tube chirality
are available. Table 8.2 provides a list of studies on the effect of physico-chemical
properties on the toxicity of CNTs.
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8.5 Conclusion and future trends

The discrepancies in the definition of the toxicological profile of CNTs are due
both to a lack of standardized methodologies for risk assessment and variability of
the properties of the samples used in toxicological tests, which limit the comparison
of data of different studies. On the other hand, due to the huge number of potential
applications, the diversity among commercial CNTs is expected to increase,
making assessment of the risk associated with their exposure more and more
difficult. Clearly, short, monodisperse, functionalized CNTs for drug delivery are
different from CNTs used in other industrial areas (e.g. as filler in composites or
VACNTs in electronics). The available data strongly suggest different levels of
hazard and risk associated with the various forms of CNTs. The growing diversity
in nanomaterial properties has been underlined by the Nanomaterial Working
Party of the OECD in a 2010 report (ENV/IM/MONO(2010)46) with a note
suggesting the need to continuously revise the list of priority nanomaterials for
toxicological testing.

There are indications that the toxicity of CNTs may be to some extent modulated
by their properties. However, the effects of the different physico-chemical
properties (diameter, length, defects, purity, chirality) have been unequivocally
demonstrated in a few cases only. Figure 8.3 shows the number of papers published
since the discovery of CNTs and those focusing on their toxicity or on medical
applications. In 2011, only 3.7% of the papers addressed the safety aspects.
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8.3 Publications on carbon nanotubes since their discovery compared
with those addressing their toxicity or focusing on medical
applications.
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Toxicological tests

Tailored synthesis of CNTs Structure—toxicity relationships

< L

Improvement of CNT
performance and safety

8.4 A proposed strategy for the design of safe carbon nanotubes.

Clearly, more effort is required to reduce this gap. Furthermore, more effort is
needed to ameliorate the methods of synthesis of CNTs. The availability of
synthetic methods suitable for the production of sets of tailored CNTs that can be
compared in toxicological studies will enable exploration of structure—toxicity
relationships, which, in turn, will open the way to sustainable technologies able to
improve both technological performance and safety of CNTs (Fig. 8.4).
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1.3. CARBON NANOTUBES AND PULMONARY TOXICITY

We focused our attention on the pulmonary toxicity, as inhalation is the
most important route of exposure to CNT. The human lung is a vulnerable
organ composed by approximately 2300 km of airways and 300 million
alveoli, giving rise to a large surface area (Hoet et al., 2004). The small size
of CNT allows them to easily penetrate into the deep air spaces of the lung.
It has been shown that CNT can induce several toxic effects in the lung,
including inflammation (alveolitis), asthma, fibrosis and mesothelioma
(Figure 2).
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Figure 2. Timeline of selected reports in the literature that indicate toxic
effects of CNT in mice or rats. Adapted from Bonner et al. (Bonner, 2010).

1.3.1. Inflammation (alveolitis)
Inflammation (from the Latin, to set on fire) is an adaptive response
involving cells and soluble factors that is triggered in response to infection,
trauma, ischemia, toxic or other injury. CNT that reach the deep lung can
initiate an inflammatory process (alveolitis), in which inflammatory cells that
are in the front line of the immune system, principally neutrophils,

macrophages and epithelial cells, are activated. The inflammatory response
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influences resident lung cells and the ensuing inflammatory cells, thus
influencing the immune response and compromising the homeostasis of the
lung. Activated inflammatory cells resulting from CNT exposure can release
a broad array of mediators. CNT have been shown to induce the release of
interleukin (IL)-1 family proteins, a group of cytokines which play a central
role in the regulation of inflammatory responses, among which IL-1a and IL-
18 are the most studied (Rabolli et al., 2014; He et al., 2011). Also the
tumor necrosis factor (TNF)-a, a key cytokine involved in inflammation, is
produced by activated macrophages upon CNT exposure (Muller et al.,
2005). Shvedova et al. (Shvedova et al., 2005) found that pharyngeal
aspiration of single-wall (SW)CNT resulted in pulmonary effects in C57BL/6
mice that combined an acute inflammatory response including early
neutrophil accumulation, followed by macrophage influx, and elevation of
pro-inflammatory cytokines TNF-a and IL-1B. Katwa et al. (Katwa et al.,
2012) demonstrated that MWCNT exposure also triggers the extracellular
release of IL-33 in the lung, leading to the activation of mast cells, resulting
in a pulmonary inflammation and granuloma formation. In this context,
oxidative stress seems to be a major underlying mechanism driving
inflammatory responses to CNT, which leads to the activation of different
transcription factors with subsequent enhanced synthesis of pro-

inflammatory proteins (Palomaki et al., 2011; Sun et al., 2015).

1.3.2. Asthma
Asthma is a common chronic inflammatory disease of the airways
characterized by variable and recurring symptoms, reversible airflow
obstruction and bronchospasm. Several evidence show that exposure to
inhaled CNT can exaggerate pre-existing inflammation, such as allergic
asthma. Different authors have shown that multi-wall (MW)CNT exacerbate

ovalbumin-induced allergic airways inflammation in mice (Ryman-
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Rasmussen et al.,, 2009; Inoue et al., 2009; Thompson et al., 2015).
Interestingly, Ryman-Rasmussen et al. demonstrated that inhaled MWCNT
induced significant airway fibrosis in mice pre-treated with ovalbumin, while
did not in mice that received ovalbumin or MWCNT alone. These studies
suggest that CNT exacerbate allergic reaction and thus, that individuals
with allergic asthma are more susceptible to immune responses in a

workplace environment.

1.3.3. Cancer
Cancer is a group of diseases involving abnormal cell growth with the
potential to invade or spread to other parts of the body. Key biological
events of cancer are genetic alterations, uncontrolled proliferation and
tissue invasion. CNT pose a cancer risk similar to that of asbestos, due to
their similar fiber-shape structure, as first addressed by Robert F. Service in
1998 in his question “are carbon nanotube the next asbestos?” (Service,
1998). Asbestos exposure has been shown to lead to a range of different
lung diseases such as lung fibrosis (asbestosis), lung cancer as well as
mesothelioma, a specific type of cancer of the lining of the pleural cavity,
which is fatal and seen as a hallmark disease of asbestos exposure
(Prazakova et al., 2014). Poland et al. (Poland et al., 2008) were the first to
address this issue regarding CNT and showed that injection of long
MWCNT into the peritoneal cavity of mice (a surrogate for the pleura)
induced inflammation and granuloma similar to long asbestos fibers,
suggesting that MWCNT can induce mesothelioma. This question was
confirmed by other studies that clearly demonstrated the induction of
mesothelioma in animal treated with CNT (Nagai et al., 2011; Rittinghausen
et al., 2014). Evidence has also emerged regarding the deoxyribonucleic
acid (DNA) damaging properties of CNT. Exposure to CNT was shown to

induce DNA damage and increase mutation frequency in mesothelial cells
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as well as epithelial cells (Karlsson et al., 2008; Visalli et al., 2015; Muller et
al., 2008; Lindberg et al., 2013). Moreover, in vitro and in vivo studies show
that exposure to SWCNT and MWCNT induced proliferation, migration, and
invasion of mesothelial cells similar to that observed in asbestos-exposed
cells (Xu et al., 2012; Lohcharoenkal et al., 2013). From these evidence,
CNT appear as a risk factor for cancer, although it is still unclear whether

CNT could cause these adverse effects in humans.

1.3.4. Fibrosis
Pulmonary fibrosis is a respiratory disease in which scars are formed in the
lung tissue, leading to serious breathing problems. The formation and
accumulation of fibrous connective tissue is the result of fibroblast
activation leading to inspiratory insufficiency. Indeed, fibroblasts are the key
actor in fibrosis. In response to different stimuli they can be activated
leading to proliferation, differentiation into myofibroblasts and induction of
extracellular matrix (ECM) protein production (Wynn, 2011), as shown in
Figure 3. Several in vivo studies reported that CNT are able to induce
pulmonary fibrosis in murine models as shown in Table 1 in the chapter 3.4.
CNT-induced pulmonary fibrosis is thought to result from a chronic
inflammatory response (alveolitis) where immune cells are excessively or
inappropriately activated, probably due to an inability to clear toxic particles
from the lungs via the usual protective mechanisms, accompanied by a
persistent release of pro-inflammatory and pro-fibrotic mediators. The two
most important pro-fibrotic growth factors are platelet-derived growth factor
(PDGF) and transforming growth factor (TGF)-B. PDGF stimulate fibroblast
proliferation and acts as a potent chemoattractant for fibroblasts and
myofibroblasts, thereby promoting fibrosis, while TGF-B principally
stimulates the differentiation of mesenchymal cells which synthesize

collagen. Moreover, emerging evidence report that CNT can reach the
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interstitial space and, thus, can be in contact with fibroblasts to induce

some adverse effect. This is discussed in chapter 3.4.

Fibroblasts
& Altering lung architecture, leading to organ

‘B,@o“ =Y dysfunction and respiratory insufficiency

Q‘o\\ke/' -

B
Tissue

fibroblasts \
O'J;ses

€, .
”t"?!:ab Naive lung Fibroticlung (CNT)

Myofibroblasts Sirius Red staining of collagen

Figure 3. Fibroblasts and lung fibrosis.
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Il. OBJECTIVES






When this project was initiated, there were different gaps and open issues
regarding CNT-induced pulmonary fibrosis, which can be summarized as
follows:
o What are the essential key events/mechanisms involved in CNT
pro-fibrotic activities?
o What are the main CNT physico-chemical properties that determine
their fibrotic activities?

e How to predict the pro-fibrotic activities of CNT?

Thus, the key objectives of my thesis were to identify the mechanisms of
action and the physico-chemical properties of CNT that determine their pro-
fibrotic activities as well as to develop in vitro tests predictive of the pro-
fibrotic activities of CNT. To achieve these tasks, most experiments have
been conducted in vitro on fibroblasts, since: i) fibroblasts play a key role in
the development of pulmonary fibrosis; ii) CNT have been shown to reach
the interstitial space upon inhalation, suggesting a new mode of action for
CNT compared to other inhaled particles. However, to conduct relevant in
vitro studies with CNT, we first had to design adequate protocols to avoid or
take into account interferences of the tested material with the assays, as
CNT have been reported to interact with classical toxicological tests. Thus,
we developed a NM-adapted in vitro assay to assess cell viability and
proliferation in response to NM exposure before investigating mechanisms
of CNT pro-fibrotic activities.
Our working hypotheses were:
o fibroblast proliferation play a relevant role in the fibrogenic activity of
CNT in the lung and,
e stimulation of fibroblast proliferation by CNT can predict CNT in vivo

fibrotic activities.
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lll. RESULTS






3.1. ADDRESSING NM-RELEATED INTERFERENCES IN IN VITRO
CYTOTOXICITY ASSAYS

3.1.1. Context and general experimental design.

To assess the toxic potential of ENM, in vivo and in vitro experiments are
performed with animal and cell models. In recent years, researchers have
moved towards the development of predictive in vitro tests to reduce animal
use, supporting ongoing 3Rs efforts (Replacement, Refinement and
Reduction). These approaches may offer the potential faster and more
cost-effective assays to assess the toxic potential of ENM. However,
several papers have shown that ENM can interact with classical assays,
thus raising the question of potentially misleading results and incorrect
interpretations. Because of their high adsorption capacity, optical activity
and reactivity, ENM seem to have a high potential for influencing common
cytotoxicity assays. The group of Worle-Knirsch et al. (Worle-Knirsch et al.,
2006) was the first to investigate this issue. They found that SWCNT
interact with the tetrazolium salts of MTT, and recommended to verify
results with at least two or more independent assays. Several subsequent
papers have reported worrying results on interferences between NM and in
vitro cytotoxicity assays (Casey et al., 2007; Monteiro-Riviere et al., 2009).
A literature survey indicated that ca. 95% of papers from 2010 using
biochemical techniques to assess cytotoxicity did not account for potential
interferences of NM with assays, and this number had not substantially
improved in 2012 (Ong et al., 2014). Some studies have addressed this
issue by reporting the development of NM-adapted protocols (Cho et al.,
2013; Darolles et al., 2013; Kroll et al., 2012). However, these NM-adapted
protocols are not satisfying (see manuscript below). In this context, we
have attempted to design a fast and reliable protocol to assess the

cytotoxic activity of NM, including CNT. To achieve this purpose, we have
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selected the water soluble tetrazolium salt (WST-1) assay, a colorimetric
test that quantifies the cellular/mitochondrial activity and thus reflects cell
viability with the advantage of being easy and fast to perform. Twelve
different NM/particles have been selected and tested to understand how
they may interfere with the WST-1 assay. Interference (adsorption or
reaction) with the substrate and product of the assay, as well as influence
on the optical absorbance have been analyzed (Figure 4). Four different
WST-1 protocols have been proposed and tested on macrophages and
epithelial cells to understand which one might be the most convenient to

reduce possible analytical interferences of NM.
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Figure 4. ENM and their possible interferences with the WST-1 assay.
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Abstract

Nanomaterials (NM) are deeply investigated to identify their potential hazards for human
health. Because of the increasing variety of NM on the market, development of fast and
reliable in vitro assays is urgently needed to evaluate and predict NM toxic activities.
However, data resulting from in vitro tests, e.g. cytotoxicity tests, are often unreliable or
contradictory due to interferences between NM and these assays. In this study, we
investigated interferences of 12 NM/particles with the WST-1 assay and designed a
procedure to control and deal with these interferences. Incubating NM with the WST-1
reagent or product showed that NM mainly interfere with the absorbance at the assay
detection wavelength. We then evaluated several adaptations to the WST-1 protocol with
macrophages and epithelial cells, and compared the results to cell counting (trypan blue
exclusion method). Adaptations included cell washing before WST-1 addition, transfer of
WST-1 cell superatant before absorbance reading, and introduction of condition-matched
blanks containing as much NM as in the test wells but no cell activity. We conclude that
washing cells after exposure to NM and the use of condition-matched blanks allow a reliable
evaluation of cytotoxicity with most NM, and propose here a NM-adapted WST-1 procedure
easily amenable to high-throughput.

Keywords

Cell, viability; nanoparticle; carbon nanotube; WST-1; absorbance
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1. Introduction
Because of the fast and extensive development of nanomaterials (NM) and their introduction
into everyday life products, it is essential to efficiently assess their potential hazards for
human health. In view of the large variety of NM to be tested and the necessity to reduce
animal experimentation, there is a need to develop and validate fast but reliable in vitro tests
to predict NM toxic activities (Vietti et al. 2013) and to identify physico-chemical determinants
of these hazardous properties (see (Braakhuis et al. 2014) for review). However, many
authors have reported conflicting results with conventional in vitro cytotoxicity assays (Casey
et al. 2007; Darolles et al. 2013; Davoren et al. 2007; Monteiro-Riviere et al. 2009) and this
raised the issue of data misinterpretation. It was rapidly realized that interferences between
assays and NM could contribute to confound the results of several in vitro tests, leading to
false positive or negative results, but it is not clear how to exactly cope with this issue.
Interferences between NM and assays, and identification at which NM concentration level
and which experimental procedure/step NM can interfere, have been reported in several
studies (Holder et al. 2012; Ong et al. 2014). Cobalt oxide nanoparticles (NP), single-wall
(SW) and multi-wall (MW) carbon nanotubes (CNT) were shown to interfere with the assay
detection wavelength in colorimetric (water soluble tetrazolium salt, WST-1) and fluorescent
(Alamar blue, AB) assays (Casey et al. 2007; Darolles et al. 2013). Polar CNT could even
quench the fluorescence of resorufin, the product of AB-based assays (Breznan et al. 2015).
Interactions of NM with the assay reagent were reported for MTS (3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, similar to WST-1) and AB
(Ong et al. 2014) and with the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) product (insoluble formazan) (Belyanskaya et al. 2007; Fisichella et al. 2009;
Worle-Knirsch et al. 2006). Assessment of membrane integrity can be obscured by
adsorption on NM of a variety of molecules to be detected or measured, i.e. lactate
dehydrogenase (LDH) (Holder et al. 2012; Kroll et al. 2012). Various NM were also reported
to interfere with other assays such as CyQuant, CellTiter-Blue, CellTiter-Glo, neutral red and
Commassie blue (Casey et al. 2007; Darolles et al. 2013; Davoren et al. 2007; Mittal et al.
2011; Monteiro-Riviere et al. 2009; Vietti et al. 2013).
Therefore, there is an urgent need to develop appropriate methods to assess NM cytotoxicity
(Casey et al. 2007; Mittal et al. 2011). Some authors provided recommendations, including
(i) not to use MTT for nanotoxicology (Fisichella et al. 2009), (ii) confirming results with
independent tests (Worle-Knirsch et al. 2006), (iii) individually assessing interferences
because they are not predictable (Ong et al. 2014). However, only few studies have
addressed the issue of NM interferences (Cho et al. 2013; Darolles et al. 2013; Kroll et al.
2012).
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Assays such as WST-1 and AB quantify cellular activity and reflect cell viability by the
detection of a colored or fluorescent molecule, respectively, produced by dehydrogenases in
viable cells. These tests are fast and easy to implement. However, due to the optical,
catalytic and adsorption properties of NM, they could interfere with the assay at different
levels: (i) absorbance or fluorescence at detection wavelength, (ii) adsorption or
transformation of the assay reagent, and (iii) quenching or transformation of the assay
product, as already listed in (Holder et al. 2012; Ong et al. 2014). Assessing interferences is
therefore a real challenge and appropriate NM-specific adaptations are absolutely necessary
to produce data that take all these possible sources of interference into account.

We recently described a NM-adapted WST-1 protocol to assess the proliferating activity of
CNT on fibroblasts (Vietti et al. 2013). In the present study, we analyzed different
adaptations of the WST-1 protocol to determine the most convenient option to reduce
analytical interferences with a large panel of NMs. We show that interferences are mainly
due to NM absorbance at the WST-1 detection wavelength and that most of them can be
removed by washing the culture wells before adding WST-1 and using appropriate
controls/blanks. Thus, by adapting the WST-1 assay, we propose here a fast and reliable

procedure to test NM cytotoxicity.

2. Material and methods

2.1. Materials
Micrometric crystalline silica particles Min-U-Sil 5 (uSiO2) were purchased from US Silica
(Berkeley Springs, USA); nanometric ZnO (NM110), TiO, (NM101, NRCWE-01 to 04),
MWCNT (NM400) from the European Commission Joint Research Centre (Ispra, ltaly);
MWCNT (20-30 nm and 8 nm) from Cheaptubes (Cambridgeport, USA); UfCB from
ERACHEM Comilog S.A. (Willebroek, Belgium). Amorphous nanometric silica (nSiO,) was
synthesized and purified according to the Stober synthesis and dialysis procedure as
described in (Thomassen et al. 2010). A solution of 0.8 M ultrapure water, 0.2 M NH,OH, 1.5
M tetraethyl orthosilicate (TEOS, Acros, Geel, Belgium) was prepared in ethanol. Briefly,
1400 ml of ethanol was poured in a 2 | Erlenmeyer. Next, 5.87 ml DDI water and 20.96 ml
NH4OH was added. The solution was stirred vigorously with a magnetic stir bar while 465 ml
TEOS was slowly added. The solution was further stirred at 400 rpm during 24 h. To ensure
a complete hydrolysis and condensation of TEOS, a total of 91 ml of DDI water was added
over the next 48 h. After the dialysis procedure, the silica sample was filtered on Whattmann
fiter n°5 to retain aggregated and gelled particles. The concentration of the nSiO,
suspension (47.8 g SiO,/l) was determined by analyses of the silicon content by inductively
coupled plasma atomic emission spectroscopy (ICP-AES, Perkin Elmer 4300 DV).
Transmission electron microscopy (TEM) Philips CM200 FEG instrument operated at 200 kV
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recorded monodispersed non-aggregated nanoparticles with an average diameter of 12.2 +
3 nm (100 particles measured). Small angle X-ray scattering (SAXS) of nSiO, suspension
was measured at room temperature in a 1 mm quartz capillary on a SAXSess MC2
instrument (Anton Paar, Gentbrugge, Belgium) with line-collimated CuKa radiation and
image plate detector. Analysis of SAXS patterns yielded particle size of 14 nm (in a
dispersed spherical model with varying electron density). A larger diameter measured by
SAXS compared to TEM is expected due to shrinkage of the particles upon vacuum drying in
the TEM preparation procedure. Nitrogen sorption isotherms of the powder samples were
recorded at -196 °C using a TriStar apparatus (Micromeritics). Samples were pretreated at
250 °C under nitrogen flow during 12 h in a SmartPrep Programmable Degas System
(Micromeritics). The total specific surface area, derived from the adsorption branch of the
isotherms using the Brunauer-Emmett-Teller (BET) method (P/PO range 0.05-0.3) is 400
m?/g. The external surface area (alpha-s) is 227 m?g, corresponding to spherical particles of
ca 15 nm, and the micropore volume is 55 pl/g, reflecting a substantial surface roughness.
NM and particle characteristics are presented in Table 1.
2.2. Material dispersion
MWCNT 20-30 nm, MWCNT 8 nm, NM400 and UfCB were dispersed as described
previously (Vietti et al. 2013). Briefly, samples were suspended to a concentration of 4 mg/ml
in filter-sterilized nanopure H,O supplemented with 1.4 mg/ml bovine serum albumin (BSA,
Sigma Aldrich, St Louis, USA). The suspension was sonicated for 16 min without interruption
on ice. To keep the final dispersant identical at all NM concentrations, stock suspensions (4
mg/ml) were serially diluted in the same dispersion medium and then sonicated for 15 min in
a water bath. NM110, NM101 and NRCWE-01 to 04 were suspended in the same dispersion
medium, sonicated 15 min in a water bath and serially diluted as described above. nSiO,
stock suspension was diluted in the dispersion medium. Min-U-Sil was heated at 200°C for 2
h to remove any trace of endotoxin and then suspended in the dispersion medium.
2.3. Cell culture and exposure

The mouse leukemic macrophage cell line (RAW 264.7, a gift from Pr Michiels, de Duve
institute, Brussels, Belgium) was cultured in Dulbecco’s Modified Eagle’s Medium (DMEM,
Invitrogen, Paisley, USA) supplemented with 10 % fetal bovine serum (FBS, Invitrogen) and
1 % antibiotic-antimycotic (AA, Invitrogen) and maintained at 37°C under 5 % CO,. RAW
264.7 cells were harvested and subcultured by scraping, centrifuged 10 min at 400 g and
resuspended in fresh complete medium (DMEM, 10 % FBS, 1 % AA). Viable cell number
was determined with trypan blue solution (Sigma Aldrich) on a Neubauer cell under a light
microscope. Cells were seeded in 96-well (for WST-1, AB and LDH activity assays) or 12-

well (for trypan blue exclusion method) culture plates in complete medium at a concentration
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of 9.10* cells/cm? (surface area of the culture well) and incubated at 37°C for 24 h before
exposure. RAW 264.7 were subcultured for a maximum of 15 passages.

Mouse type Il alveolar epithelial cells (LA-4) obtained from ATCC (catalog n°CCL-196) were
cultured in F-12K (Invitrogen) supplemented with 15 % FBS and 1 % AA and maintained at
37°C under 5 % CO,. For harvesting, LA-4 cells were incubated with 0.25 % trypsin-EDTA
(Invitrogen) at 37°C. Trypsin was neutralized by adjunction of complete medium (F-12K, 15
% FBS, 1 % AA). Cell suspensions were centrifuged for 10 min at 400 g and resuspended in
fresh complete medium. Viable cell number was determined as described above. Cells were
seeded in 96-well culture plates in complete medium at a concentration of 15.10* cells/cm?
and incubated at 37°C for 24 h before exposure. LA-4 were subcultured for a maximum of
15 passages.After 24 h in complete culture medium, cells were washed once with their basal
medium (without FBS) and supplied with 200 ul (96-well culture plates) or 2 ml (12-well
culture plates) medium containing 1/10 material dilutions. Cells were exposed during 24 h to
different concentrations of particles/NM depending on the particle studied. Low toxicity NM
were tested to a maximal concentration of 200-400 pg/ml while other NM at relevant
concentrations determined in preliminary experiments (data not shown).

2.4. Trypan blue exclusion method
Trypan blue stains the nucleus of non-viable cells because of increased plasma membrane
permeability, whereas viable cell membranes are not permeable to trypan blue. Non-stained
cells are counted as viable cells under a light microscope. This method requires that
adherent cells be detached and suspended before staining. After exposure to NM, RAW
264.7 in 12-well culture plates were washed twice with their basal medium and then supplied
with 1 ml medium. Cells were scrapped and cell suspensions were transferred and kept on
ice. Viable cell number was determined with trypan blue solution on a Neubauer cell. LA-4 in
96-well culture plates were also washed twice with their basal medium and then supplied
with 25 pl 0.25 % trypsin-EDTA and incubated 5 min at 37°C. Trypsin was neutralized by
adjunction of 100 yl complete medium and cell suspensions were transferred and kept on
ice. Viable cell number was determined with trypan blue solution on a Neubauer cell. Data
are presented as relative cell viability (relative cell count) compared to non-exposed cells.
Cells were not counted with an automated cell counter because of the unpredictable
formation of NM agglomerates/aggregates that can interfere with cell detection.
2.5. LDH activity assay

This test is a spectrophotometric method that measures the release of cytoplasmic LDH into
the extracellular space upon cell lysis and damage, as a marker of cytotoxicity. Twenty four
h after exposure to NM, LDH activity was measured by the Synchron LX Unicell DXC-800
(Beckman Coulter, Brea, USA) on cell supernatants in the presence of NAD+ 11 mM and

lactate 50 mM. Each assay included a “100 % cell death” condition consisting of cells treated
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with triton 0.1 % used to calibrate LDH release. Data are presented as relative cell viability
compared to non-exposed cells.

2.6. WST-1 assay
WST-1 is a colorimetric assay that quantifies cellular/mitochondrial activity and reflects cell
viability by the cleavage of the tetrazolium salt WST-1 by, mainly mitochondrial,
dehydrogenases in viable cells. The assay measures the absorbance of the soluble product
formazan. In the original protocol (Figure 4, procedure A), WST-1 reagent (Roche
Diagnostics, Mannheim, Germany) is directly added to the exposed cells. To reduce
interferences to a minimal level, culture medium containing the NM were always removed
after exposure, and cells were washed with basal medium before WST-1 addition to
eliminate remaining NM/particles adsorbed on cells or sticking to the plastic culture well.
Cells were then supplied with 100 pl of their respective medium. In procedures B and C, 100
pl WST-1 diluted 10x (RAW) or 5x (LA-4) in medium were added to all wells, incubated at
37°C during 1-2 h and, then, absorbance was measured directly in the culture well or cell
supernatants were transferred to new wells before absorbance reading, respectively. Blanks
are wells containing only medium and WST-1. In procedures D and D’, part of the wells
(blanks) were supplied with 100 pl triton X-100 0.2 % (final concentration 0.1 % in medium,
Sigma Aldrich) or HgCl, 200 uM (final concentration 100 uM in medium), respectively (see
below); other wells received 100 pl medium. After 15 min at 37°C, 100 pyl WST-1 diluted 10x
(RAW) or 5x (LA-4) in medium (1 % AA) were added to all wells and plates were incubated
at 37°C. Absorbance was measured at 480 nm and corrected at 680 nm (Spectrophotometer
Infinite F200, Tecan, Mannedorf, Switzerland) at different time points (as indicated) or after
60 min for RAW 264.7 and 120 min for LA-4. Data are also presented as relative cell viability
compared to non-exposed cells, where cell viability = (Abssso - AbSegolest - (AbSsgo -
ADbSes0)blank With (Absag - AbSeso)iest = Absx and (Absaso - AbSeso)biank = Absy (see Figure 4).
To identify a soluble chemical that completely suppressed WST-1 cell activity while keeping
the same amount of NM in the blank wells as in the test sample (procedures D and D’),
several cytotoxic agents were tested. RAW 264.7 were seeded in 96-well culture plates in
complete medium at a concentration of 9.10* cells/cm2. After 24 h at 37°C, cells were
incubated with 100 pl medium (1 % AA) containing NaN; 1-25 mM, H,O, 5-50 mM, Triton X-
100 0.1-2.5 % or HgCl, 100-500 yM. After 15 min at 37°C, 100 pyl WST-1 diluted 10x in
medium (1 % AA) were added. The plates were incubated at 37°C and absorbance was
measured directly and every 10 min during 1 or 2 hour. Identical tests were performed
without cells to assess interferences between cytotoxic agents and WST-1.

2.7. Alamar Blue assay
The Alamar Blue (AB) assay is based on the same principle as WST-1 but uses the

resazurin reagent. Resazurin is reduced by living cells to resorufin which fluorescence is
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quantified as a marker of cell viability. Modified AB (Invitrogen) assay was conducted as
described for procedure B with WST-1 assay. Fluorescence was measured after 2 h
incubation with an excitation wavelength of 540 nm and an emission wavelength of 585 nm
with the SpectraMax Gemini-XS (Molecular Devices, Sunnyvale, USA). Data are also
presented as relative cell viability compared to non-exposed cells, where cell viability was
calculated exactly as for WST-1.

2.8. Evaluation of interferences between NM and WST-1 assay components.
Interferences between NM and the WST-1 assay were assessed in 96 well plates containing
NM and the WST-1 reagent or product (formazan). 100 pl NM diluted in medium (1 % AA)
were incubated with 100 pl WST-1 diluted 10 x in medium or formazan, exactly under the
same conditions as for the WST-1 assay described above. Absorbance was measured
directly (TO) and after 2 h (T120) incubation at 37°C. Formazan was obtained from RAW
264.7 incubated with WST-1 in medium (1 % AA) until absorbance reached 1.6 to 2 units.
The effect of triton and HgCl, on interferences between NM and WST-1 reagent was also
tested under the same conditions.

2.9. Statistics
All graphs show means + standard error on the mean (SEM) of technical or biological
replicates (see legend of figures). Differences were evaluated using one-way analysis of
variance (ANOVA), followed by a Dunnett multiple comparisons test or two-way ANOVA,
followed by a Bonferroni post-test, as appropriate. Statistical significance was considered at
p < 0.05. Data analysis was performed with GraphPad Prism version 3.03 (GraphPad
Software, San Diego, USA).

3. Results and discussion

3.1. Inconsistency of non-adapted cytotoxicity assays with NM
The cytotoxic activity of 11 NM and 1 micrometric particle (see Table 1) and their possible
interferences with in vitro cytotoxicity assays were assessed in this study. The relative cell
viability of an adherent macrophage cell line (RAW 264.7) was first analyzed after exposure
to 6 NM with different elemental composition, structure and dimensions. To assess the
cytotoxic activity of these particles, 4 independent assays based on different readouts were
tested: WST-1, AB, LDH release and trypan blue exclusion method (cell counting). Cells
were washed after exposure to NM, before performing the WST-1 and AB assays. Indeed, in
absence of washing, the analytical beam was dimmed by many of the NM (mainly MWCNT
and UfCB) and absorbance values above the upper detection limit were recorded (data not
shown). Figure 1 clearly shows that results were inconsistent among assays for all NM

examined.
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Figure 1: Comparison of dose-responses obtained with 4 cell viability assays to
assess NM cytotoxicity. Relative cell viability was assessed by the WST-1 assay
(procedure B, see figure 4), Alamar Blue, LDH activity and trypan blue exclusion method
(cell count) on RAW 264.7 exposed 24 h to several NM (mean + SEM, n=3-4).

Thus, we selected one of these assays to adapt a protocol amenable to all NM. Though
manual cell counting (trypan blue exclusion method) is expected to be a reliable method to
assess viable cell number, it is time consuming and not suitable for large throughput,
especially as automated cell counting can interfere with NM (agglomerates/aggregates), as
already mentioned in (Vietti et al. 2013). Moreover, cell detachment by scrapping (compared
to trypsin treatment) may lead to high cell mortality and, therefore, to possible bias for
strongly adherent cells such as macrophages (data not shown). Measurement of LDH
activity was often described to be affected by NM (Cho et al. 2013; Kroll et al. 2012; Mittal et
al. 2011) and does not allow detecting increased cell number, i.e. activation of cell
proliferation. AB assay is based on fluorescence detection and is therefore potentially
unsuitable for fluorescent NM, such as quantum dots. Finally, interferences have also been
described with the WST-1 assay (Casey et al. 2007; Darolles et al. 2013; Wilhelmi et al.
2012) though they appear to be mainly due to NM absorbance at the assay wavelength.
Because of its high-throughput potential, we selected WST-1 as the best candidate assay

and investigated how to adapt it for NM testing.
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3.2. Interferences of NM with WST-1 reagent and product
Absorbance at the assay detection wavelength was assessed after incubation of NM with the
WST-1 assay reagent (WST-1) or product (formazan) without cells. WST-1 (diluted in culture
medium) or formazan (produced by RAW 264.7 incubated with WST-1) were added to NM
suspensions. Absorbance was measured directly (TO) and 2 h (T120) after incubation at
37°C. Absorbance increased dose-dependently with almost all NM at TO (Figure 2). Starting
from a slightly higher value (due to spontaneous WST-1 reduction), absorbance curves at
T120 paralleled those at TO, indicating that no additional reaction occurred after 2 h for 10 of
the 12 NM/particles tested. These results confirmed that most NM mainly interfere with the
WST-1 assay detection wavelength but do not interact with the WST-1 reagent. For NM400
and UfCB, absorbance increased slightly more at T120 compared to TO above 10 pg/ml.
Moreover, above 100 pg/ml for NM400 and 200 ug/ml for UfCB, absorbance exceeded the

maximal limit of detection of the plate reader (after incubation with WST-1 and formazan).
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Figure 2: Interferences of NM with absorbance wavelength and WST-1 assay reagent.
Absorbance (ODgg - ODggg) was measured directly after adding NM to WST-1 and after 120
min incubation at 37°C (mean + SEM, n=4 technical replicates).
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After incubation with formazan, NM/particles tested had the same profile of absorbance as
with WST-1 and curves at TO and T120 overlapped each other, again indicating that no
additional reaction occurred after 2 h (Figure 3). We concluded that most NM mainly

interfere with the detection absorbance wavelength of the WST-1 assay.
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Figure 3: Interferences of NM with absorbance wavelength and WST-1 assay product.
Formazan was obtained from RAW 264.7 incubated with 200 ul WST-1 until absorbance
reached 1.6 to 2 units. Cell supernatant/formazan was diluted twice in medium and added to
NM. Absorbance (OD.s - ODgso) was measured directly after NM addition and after 120 min
incubation at 37°C (mean + SEM, n=4 technical replicates).

3.3. Design of different adaptations to the WST-1 protocol
In Figure 4, we illustrate and outline the different options considered for adapting the original
WST-1 assay according to 4 different procedures. In panel A (WST-1) we show the original
WST-1 assay, where WST-1 is directly added to the cells after exposure. The blank is a cell-
free well containing the medium and WST-1 and its absorbance (Absy) is subtracted from
the test well absorbance (Absy). Cells can also be washed after exposure (panel B, WST-1
wash), before addition of WST-1. In panel C (WST-1 SN), the protocol is identical to B, but
cell culture supernatant is additionally transferred to new wells before absorbance reading.

Blanks for procedures B and C are as in the original protocol (procedure A).
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Because of the interference of some NM with the detection absorbance wavelength of the
WST-1 assay (Figures 2 and 3), the fact that NM400 and UfCB possibly interfere at another
level of the assay (Figure 2), and that the amount of NM remaining in the culture wells after
washing (including endocytosed NM) is not easily predictable, we sought to design a WST-1
procedure that would completely overcome these issues. Therefore, an experimental blank,
identical to the test wells (same amount of material) but without cell activity, was added to
the protocol. The strategy was to include additional blanks for each condition (type of NM
and concentration), containing the same amount of material as in the test well after washing
but where cells are lysed just before WST-1 addition. As described in the material and
methods for procedures D and D’, the absorbance of these “matched” blanks (Absy) is
subtracted from the absorbance of the test well (Absx) (procedures A to C). Thus, in
procedures D and D’, after exposure to NM and a washing step, half of culture wells (blanks)

were treated with a cytolytic dose of a soluble agent before addition of WST-1.

A B o D wsT-1 triton
WST-1 WST-1 wash WST-15N D’ WST-1 Hg(:]z

% % wash w 4 wash w 4/ wiash

+WsT-1 i mediuml lﬂnediuml

triton or HgCl,

+ medium/

+medium/
WST-1

WST-1

s [

l+wsrl
Il e e e

Transfer supernatant
AbSssoss0

ﬂﬁ ﬁﬁ \Abﬂw :ﬂﬁ

...... Cells =r=L~ NM

AbSs.sasa0 AbS.saca0 Absagoceo

Figure 4: Original vs. modified WST-1 assay protocols. This figure illustrates 5 different
WST-1 protocols to perform after cell exposure to NM. The culture well X is the test sample
well and Y is the blank well implemented in the corresponding procedure. After addition of
the WST-1 reagent, cells are incubated between 30 min and 4 h at 37°C and absorbance
(Abs) is read at 480 nm vs background (680 nm). The endpoint value of the test is the
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subtraction of the blank Abs (Absy) to the test sample Abs (Absy). In procedure A (WST-1),
WST-1 is directly added to the exposed cells, as recommended by the manufacturer. In B
(WST-1 wash), cells are washed before addition of WST-1. In C (WST-1 SN), cells are also
washed before adding WST-1 but supernatant is transferred to a new well after WST-1
incubation and before Abs reading. In (A), (B) and (C), blanks are wells containing only the
medium and WST-1. In D and D’ (WST-1 triton or WST-1 HgCl,, respectively), replicates of
test samples are washed simultaneously and part of the wells are treated with triton or HgCl,
to kill cells before addition of WST-1 (blanks).
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Figure 5: Selection of a cell Iytic agent that does not interfere with the WST-1 assay.
(A-B) NaNs, (C-D) H,0,, (E-F) HgCl, and (G-H) triton were incubated with WST-1 (A, C, E
and G) or RAW 264.7 and WST-1 (B, D, F and H). Absorbance was measured every 10 min
during 1 h (mean + SEM, n=6 technical replicates).

3.4. Selection of the soluble cytolytic agent
We assessed the cytolytic activity of 4 soluble agents (NaN; H,O,, HgCl, and triton) and their
effect on the WST-1 absorbance in absence or presence of cells at different time points. In

81



absence of cells, NaN; did not modify WST-1 absorbance 1 h after incubation but strongly
increased it in the presence of cells (Figures 5 a and b). H,O, increased WST-1 absorbance
in absence and presence of cells (Figures 5 ¢ and d). Though HgCl, 500 pM slightly
increased WST-1 absorbance with time (Figure 5 e), both 100 and 500 yM similarly reduced
absorbance to a minimal level in presence of cells (Figure 5 f). Finally, triton 0.1 and 0.5 %
had not effect on WST-1 absorbance in absence of cells and reduced absorbance to a
minimal level in presence of cells (Figures 5 g and h).

Triton 0.1 % was selected for subsequent experiments. Interferences of triton with the
absorbance of NM after incubation with WST-1 were first analyzed as in Figure 2. Except for
NM400 and UfCB, triton 0.1 % had no effect (data not shown). Triton increased absorbance
at the detection wavelength above 100 pg/ml of NM400 and UfCB (see figure 7 h for UfCB).
However, since cells are washed before WST-1 application in procedure D, the final NM
concentration can consequently be considered much lower than the exposure concentration.

Thus, at this stage of the work, we decided to assess the validity of triton for our objective.
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Figure 6: WST-1 assay on triton-treated cells after exposure to NV and washing step.
Absorbance (OD4g - ODegy) was measured 60 min after adding WST-1 reagent on RAW
264.7 exposed 24 h to NM, washed and treated with triton. * p <0.05, **p <0.01 and ***p <
0.001 relative to vehicle-treated cells (one-way ANOVA followed by Dunnett multiple
comparison test between vehicle and NM/particle-treated cells, mean + SEM, n=4 technical
replicates).
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To first assess the relevance of procedure D, RAW 264.7 were exposed for 24 h to
NM/particles and absorbance was measured in wells after cell lysis with triton (Absy, blanks).
We observed that, even after washing, absorbance was still increased in the presence of
some NM such as NRCWE-01, NM400 and UfCB (Figure 6), justifying the relevance of an

adapted procedure.

3.5. Comparison of adapted WST-1 procedures for nanotoxicology testing
To examine the validity of the adaptations of the WST-1 assay, procedures B, C and D were
compared with RAW 264.7 macrophages exposed to 8 NM (Figure 7). Results for
procedures B, C and D were similar for most NM suggesting that washing before WST-1
addition probably eliminated the majority of interferences. However, for TiO, NP (NRCWE-
01), we found that the relative cell viability measured with procedure B (WST-1 wash) was
significantly higher than with procedure D (WST-1 triton) (Figure 7 b). Results obtained for
NM110 were slightly different between procedures C and D (Figure 7 c). Finally, UfCB
cytotoxicity was shown to be much more severe with procedure D (WST-1 triton) compared

to procedures B and C (Figure 7 h).
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Figure 7: Comparison of adapted WST-1 procedures after RAW 264.7 exposure to NM.
Relative cell viability was assessed on RAW 264.7 exposed 24 h to several NM by adapted
WST-1 procedures: (i) WST-1 wash, procedure B, (ij) WST-1 SN, procedure C or (iii) WST-1
triton, procedure D. The statistical difference between procedures was analyzed by two-way
ANOVA, followed by a Bonferroni post-test (mean + SEM, n=3-6 independent experiments).
The effect of the procedure was significant for NRCWE-01 (p < 0.05), NM400 (p <0.01) and
UfCB (p <0.001). *p <0.05 and *** p <0.001 between WST-1 wash and WST-1 triton; 1 p <
0.05 and 11 p <0.01 between WST-1 triton and WST-1 SN.
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To further assess the validity of the different procedures and the use of triton for blanks, we
tested another cell line (type Il alveolar epithelial cells LA-4) that can be detached from the
culture well by a more gentle procedure (trypsin) than RAW 264.7 macrophages. In this way,
we were able to more accurately compare the WST-1 procedures to the cell count by trypan
blue exclusion method. Cell count and all WST-1 procedures conducted to equivalent results
for NM such as the highly cytotoxic NM110 and the non-cytotoxic MWCNT 8 nm (Figures 8 b
and d), indicating that a washing step can efficiently help for accurately assessing the
cytotoxicity of some NM with the WST-1 assay. For other NM, an adaptation of the WST-1
protocol was clearly required. Washing was not sufficient to remove all interferences of
NRCWE-01 (Figure 8 a) as already suggested in Figure 6 e: transfer of the WST-1
supernatant or the use of triton blank could overcome the remaining interferences to obtain
results similar to the trypan blue exclusion method. For nSiO,, we repeatedly observed a
discrepancy between trypan blue exclusion method and WST-1 procedures at some nSiO,
concentrations (Figure 8 c), though no interferences were detected between these NP and
absorbance detection wavelength, WST-1 and formazan (Figures 2 and 3). This increase of
WST-1 activity has also been reported for other silica NP in another study (Wilhelmi et al.
2012) but we can currently not explain this artefact observed with the WST-1 procedure.
However, this does not preclude using the WST-1 assay to identify doses that induce a
strong cytotoxicity.

Data were less straightforward for MWCNT. As already said, both cell count and all WST-1
procedures led to similar results for MWCNT 8 nm (Figure 8 d). For NM400, only the
procedure with triton gave viability results similar to cell count (Figure 8 f). However,
although no interferences were detected between MWCNT 20-30 nm and absorbance
detection wavelength, WST-1 and formazan (Figures 2 and 3), WST-1 cell viability for
MWCNT 20-30 nm results were overestimated compared to cell count above 25 pg/ml
(Figure 8 e). Thus, except for one sample of MWCNT, our data suggest that using blank
wells with triton (procedure D) is the most appropriate assay adjustment to reliably assess
cytotoxicity of NM.

The WST-1 procedure using triton blanks indicated more severe cytotoxicity than any other
test for 200 and 400 pg/ml UfCB both with macrophages and epithelial cells (Figures 7 h and
8 g), suggesting that this procedure is not appropriate for CB. Thus, we additionally tested
HgCl, as cytolytic agent in procedure D’. Direct interferences of UfCB with WST-1 in
presence of HgCl, was first assessed. Figure 8 h shows that HgCl, has no effect on WST-1
absorbance while triton strongly increases absorbance in presence of 200 ug UfCB/ml. This
strongly suggests that, because of its detergent/surfactant properties, triton can modify UfCB
aggregation state and thus the turbidity of the suspension in culture wells and, in this way,

light absorbance. It can lead to the overestimation of the blank absorbance and,
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consequently, to underestimate cell viability. As shown in Figure 8 g, while WST-1 triton
(procedure D) strongly underestimated cell viability at high UfCB concentration (200 pg/ml),
WST-1 HgCl, (procedure D’) led to similar results compared to the trypan blue exclusion
method. On the contrary, procedures B and C overestimated cell viability. With other NM,

WST-1 procedure using HgCl; or triton led to similar results.
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Figure 8: Comparison of adapted WST-1 procedures to trypan blue exclusion method
after LA-4 exposure to NM. (A-G) Relative cell viability was assessed on LA-4 exposed 24
h to NM by the trypan blue exclusion method (cell count) or 4 WST-1 protocols (WST-1
wash, procedure B; WST-1 SN, procedure C; WST-1 triton, procedure D; WST-1 HgCl,,
procedure D’). The statistical difference between procedures was analyzed by two-way
ANOVA, followed by a Bonferroni post-test comparing WST-1 conditions to cell counts
(mean + SEM, n=3-6 independent experiments). The effect of the procedure on the results
was significant for NRCWE-01 (p <0.0001), nSiO2 (p <0.01), MWCNT 20-30 nm (p=< 0.001),
M400 (p <0.001) and UfCB (p <0.001).* p <0.05, **p <0.01 and *** p <0.001 between cell
count and WST-1 wash; $ p <0.05, $$ p <0.01 and $$$ p < 0.001 between cell count and
WST-1 triton;, 1 p < 0.05, 11 p <0.01 and 11 p < 0.001 between cell count and WST-1
HgCl,. [p <0.05, I p <0.01 and [ p < 0.001 between cell count and WST-1 SN. (H)
Interferences of UfCB with absorbance wavelength and substrate of WST-1 assay in
presence of triton or HgCl,. Absorbance (OD.g - ODgso) was measured directly after adding
UfCB to WST-1 reagent and after 120 min incubation in presence of 0.1 % triton, 100 uM
HgCl, or none of the toxic agents (mean + SEM, n=4 technical replicates). The statistical
difference between procedures was analyzed by two-way ANOVA, followed by a Bonferroni
post-test. *** p <0.001 between TO and TO triton and T120 and T120 triton; $$$ p < 0.001
between TO triton and TO HgCl, and T120 triton and T120 HgCl,.
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4. Conclusions

In this manuscript, we showed that interferences between most NM and the WST-1
cytotoxicity assay mainly result from the dose-dependent absorbance of NM at the assay
detection wavelength. To take these interferences into account for producing reliable
cytotoxicity data, we adapted the WST-1 assay by evaluating the relevance of several
modifications to the protocol and compared results to the trypan blue exclusion method
which is not sensitive to optical interferences. We conclude that most data obtained by
washing cells after exposure to NM (procedure B) and transferring cell supernatant after
incubation with WST-1 (procedure C) are consistent with cell count results. Moreover, we
observed that using the procedure with adapted blank wells lysed with triton or HgCl,
(procedure D or D’) is the most reliable for all NM tested. Indeed, this adaptation of the
protocol also allows taking into account NM left in the culture well after the washing step and
the potential reactivity of NM with the WST-1 substrate. This procedure does, however, not
take into account the possible interference of NM with the WST-1 product, formazan. To the
best of our knowledge, such interferences between NM and soluble formazan have never
been reported, and we found that the NM tested in the present study did not interfere at this
level of the WST-1 assay, indicating that this limitation is minimal.

Our data confirms the results of (Kroll et al. 2012) concluding that a washing step should be
included in the MTT assay when testing NM. These authors showed that their method was
valid until exposure NM concentrations of 10 pg/cm? and not for CB. In our study, the use of
specific blank wells (with triton or HgCl,), allows extending the tested concentrations and the
type of NM. Thus, we propose here a NM-adapted WST-1 assay easily amenable to high-
throughput to fast and reliably assess NM in vitro cytotoxicity.
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3.1.3. How does this work contribute to nanotoxicology knowledge?
Our study confirms the recommendation by the group of Kroll (Kroll et al.,
2012), which consists to include a washing step after exposure and before
the assay. However, the adapted procedure proposed by the group of Kroll
cannot be used with NM concentration higher than 10 pg/cm? or with
carbon black (CB). Thus, to extend the tested concentrations and the type
of NM, we suggest to use procedure D with specific blank wells, such as
Triton X-100 or HgCl- lysed cells. We recommended to systematically verify
possible interferences of any NM prior to evaluating cellular responses
whether suitable and adapted models have not been used. Authors should
report the results of interference tests in their publications or refer to
previous investigations performed. Thus, researchers will be able to figure
out whether interferences were appropriately taken into account or not.
Additional information on NM interferences have been recently reported by
the group of Guadagnini (Guadagnini et al., 2015). They suggest that an
accurate characterization of NM could be not only essential to understand
the relevant physico-chemical characteristics of CNT that induce adverse
and toxic effects, but could be also necessary to understand and predict
which NM may interfere with the readout system. Authors fully
characterized a panel of NM and checked interferences with a range of in
vitro cytotoxicity assays (WST-1, MTT, LDH, neutral red, propidium iodide,
3H-thymidine incorporation and cell counting), pro-inflammatory response
(ELISA for granulocyte-macrophage colony-stimulating factor GM-CSF, IL-
6 and IL-8), and oxidative stress (monoBromoBimane, dichlorofluorescein
and nitric oxide NO assays). However, it has to be underlined that this
study did not fully and systematically analyze interferences as we did. As
reported in Figure 5, they suggested that depending on the physico-
chemical properties of NM, such as light absorption or scattering,

aggregation/agglomeration, surface reactivity or dissolution, these can
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interfere with spectrophotometric and fluorimetric analyses, flow cytometry

and automatic cell counting, assay reagents and biomolecules.

NP properties: Light Light Aggregation/ Surface Dissolution
absorption scaltering agglomeration reactivity
® ® ®e ® '
“ Adsorption/reaction with
e | Assay Biomolecules |
Y reagents
Prnblelmauc.: Spectrophotometry Flow cytomelry Chemistry Chemistry
techniques: spectroflurometry call counting blochemistry blochemistry
immunochemistry
Problematic WST-1, MTT, NR, H-T, Cell proliferation, MTT, 3H-T_ ELISA. LDH... MTT. LDH
assays: mBBr, DCF, Griess reagent PIV:/.ls;alke. WST-1 WST-1

Figure 5. NP and interferences with assays, adapted from (Guadagnini et
al., 2015).

In conclusion, we can assume that the physico-chemical characterization of
NM is not only useful to identify physico-chemical determinants of their

toxicity but also for the preselection of suitable assays.
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3.2. TOWARDS PREDICTING THE LUNG FIBROGENIC ACTIVITY OF
CARBON NANOTUBES: IN VITRO CELL ASSAY VALIDATION

3.2.1. Context and general experimental design.

As discussed previously, several studies demonstrated that exposure to
some CNT can lead to lung fibrosis. However, due to the huge number of
CNT with different physico-chemical properties, it appears extremely
difficult to estimate which of these CNT are toxic and which properties
determine their pro-fibrotic activity. Screening approaches are therefore
needed to easily and reliably evaluate and predict their toxicity. Indeed,
efforts are currently focused on the development and validation of new
alternative test systems (sensitive, specific, rapid) for toxicological research
that will reduce, replace, or refine animal use. Moreover, the
implementation of new strategies, which provide additional or more
accurate information, can strengthen the science on which regulatory
decisions are based.

When the present work was initiated, few studies were available on how to
predict the fibrotic potential of CNT. An association has been observed
between the capacity of CNT to trigger the release of IL-1B from human
monocytic cell line (THP-1) or alveolar macrophages and the pro-fibrogenic
TGF-B from human bronchial epithelial cell line (BEAS-2B) in vitro and their
ability to induce an increase of the same cytokines as well as collagen
deposition in the alveolar region of mice (Wang et al., 2011). The capacity
of a range of CNT to induce fibroblast proliferation and collagen production
from these cells has also been shown to correlate with their in vivo fibrotic
activity (Wang et al., 2010; Wang et al., 2011). This observation was
important because some studies had highlighted the capacity of CNT to
reach the alveolar interstitium (Mercer et al., 2011; Mercer et al., 2013) and

thus the possibility for CNT to interact directly with fibroblasts, which seems
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to be a particular feature of CNT. Based on this limited information and
previous data already obtained by our group showing that CNT induce
fibroblast proliferation in vitro, we decided to analyze whether the direct
effect of CNT on fibroblast proliferation could be predictive and relevant of
the in vivo activity. To confirm our hypothesis, an in vitro fibroblast
proliferation assay has been validated experimentally. We examined the
influence of different parameters, among which: i) CNT dispersion media, ii)
fibroblast type, and iii) different assays. The in vivo experiment was
performed on C57BL/6 mice that were pharyngeally aspirated with 100 ug
of MWCNT or asbestos. Pulmonary fibrosis was assessed after 2 months
by histopathology and quantification of total collagen lung content. The
activity of different MWCNT samples (NM400, the crushed form of NM400
named NM400c, NM402 and MWCNTg 2400) and asbestos (crocidolite)
was investigated towards the association of the proliferative activity of CNT
on fibroblasts in vitro and their ability to induce pulmonary fibrotic

responses in vivo.
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Abstract

Background: Carbon nanotubes (CNT) can induce lung inflammation and fibrosis in rodents. Several studies have
identified the capacity of CNT to stimulate the proliferation of fibroblasts. We developed and validated
experimentally here a simple and rapid in vitro assay to evaluate the capacity of a nanomaterial to exert a direct
pro-fibrotic effect on fibroblasts.

Methods: The activity of several multi-wall (MW)CNT samples (NM400, the crushed form of NM400 named
NM400c, NM402 and MWCNTg 2400) and asbestos (crocidolite) was investigated in vitro and in vivo. The
proliferative response to MWCNT was assessed on mouse primary lung fibroblasts, human fetal lung fibroblasts
(HFL-1), mouse embryonic fibroblasts (BALB-3T3) and mouse lung fibroblasts (MLg) by using different assays

(cell counting, WST-1 assay and propidium iodide PI staining) and dispersion media (fetal bovine serum, FBS and
bovine serum albumin, BSA). C57BL/6 mice were pharyngeally aspirated with the same materials and lung fibrosis
was assessed after 2 months by histopathology, quantification of total collagen lung content and pro-fibrotic
cytokines in broncho-alveolar lavage fluid (BALF).

Results: MWCNT (NM400 and NM402) directly stimulated fibroblast proliferation in vitro in a dose-dependent
manner and induced lung fibrosis in vivo. NM400 stimulated the proliferation of all tested fibroblast types,
independently of FBS- or BSA- dispersion. Results obtained by WST1 cell activity were confirmed with cell counting
and cell cycle (PI staining) assays. Crocidolite also stimulated fibroblast proliferation and induced pulmonary
fibrosis, although to a lesser extent than NM400 and NM402. In contrast, shorter CNT (NM400c and MWCNTg 2400)
did not induce any fibroblast proliferation or collagen accumulation in vivo, supporting the idea that CNT structure
is an important parameter for inducing lung fibrosis.

Conclusions: In this study, an optimized proliferation assay using BSA as a dispersant, MLg cells as targets and an
adaptation of WST-1 as readout was developed. The activity of MWCNT in this test strongly reflects their fibrotic
activity in vivo, supporting the predictive value of this in vitro assay in terms of lung fibrosis potential.
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Background

Serious concerns have been raised regarding the potential
adverse effects of nanomaterials (NM) on the health of
exposed workers, users or consumers, as well as on the
environment [1]. Among the variety of already existing
NM, carbon nanotubes (CNT) are particularly scrutinized
because of their structural resemblance to asbestos, sug-
gesting that they could induce similar harmful effects,
including inflammatory and fibrotic lung reactions, pleural
mesothelioma and lung cancer [2]. Furthermore, pris-
tine CNT are generally hydrophobic, essentially inso-
luble in water and, when long enough, expected to be
biopersistent. These features contribute to reinforce the
concerns about their pathogenic activity [3].

Most experimental studies conducted with CNT have
focused on respiratory effects because inhalation repre-
sents the most worrying route of exposure to this mate-
rial. Early studies indicated that they were able to induce
inflammatory reactions, granulomas, fibrosis, and bio-
chemical changes in rodent lungs when administered
intratracheally or intrapharyngeally [4-6]. In these stu-
dies CNT were shown to be more toxic than quartz, well
known for its pulmonary toxicity. Results from inha-
lation studies revealed the capacity of CNT to induce
lung fibrosis [7,8] or not [9-11].

Recent data indicated that CNT can stimulate lung
fibroblast proliferation in vitro. Wang et al. [12] showed
that lung fibroblasts exposed in vitro to single-wall (SW)
CNT displayed increased proliferation and collagen pro-
duction in the absence of cell damage. They also ob-
served that SWCNT stimulated the proliferation of lung
epithelial cells. Non-dispersed SWCNT were not active
in these assays, pointing to the importance of isolated
CNT for these effects [13]. Similar results were obtained
with multi-wall (MW)CNT [14-16].

This in vitro activity of CNT is likely relevant to
understand their capacity to induce lung fibrosis in vivo
because fibroblast proliferation is an essential compo-
nent of the fibrotic process, together with differentiation
in myofibroblasts and excessive production of collagen,
leading to the exaggerated deposition of extracellular
matrix [17-19]. Though inhaled NM first encounter ma-
crophages and epithelial cells in alveoli, a direct inter-
action of CNT with fibroblasts is very likely in vivo since
it has been shown that they can rapidly reach the
alveolar interstitial space and co-localize with inflam-
matory and fibrotic granulomas containing collagen
fibers [4,5,20].

The capacity of CNT (or other NM) to stimulate fibro-
blast proliferation may, therefore, offer an opportunity
to develop an in vitro assay able to predict a fibrotic
activity in vivo. Such an in vitro assay would contribute
to the efforts for reducing the number of toxicological
testings on vertebrates to ensure the protection of
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human health, including in the context of the European
REACH regulations.

In this manuscript, we report on the development of a
simple, effective, fast and standardized in vitro assay to
determine whether a NM can exert a direct proliferative
effect on fibroblasts. The consistency of the proliferative
response was confirmed with different endpoints, cell
types and dispersion conditions. The association bet-
ween the proliferative activity of CNT on fibroblasts
in vitro and their ability to induce pulmonary fibrotic
responses in vivo was established by correlating the
respective activities of different samples.

Results

Physicochemical characterization of MWCNT

The morphology of the different MWCNT samples is
shown in Figure 1 and their characteristics are reported
in Table 1. NM400 and NM402 are similar in length but
slightly differ by their diameter and impurity content.
MWCNTg 2400 were shorter than NM400 and NM402
and had lower defect and impurity levels. The individual
length of crushed NM400 (NM400c) was significantly
reduced compared to the pristine NM400, without
modifying other characteristics. CNT diameters and
lengths were not modified after the dispersion by soni-
cation (Figure 1B).

MWCNT stimulate fibroblast proliferation in vitro and
induce lung fibrosis

The (pro-)fibrotic activity of NM400 and NM402 was
assessed in vitro on fibroblasts and in vivo in mouse lungs.
Primary lung fibroblasts were exposed to NM400 and
NM402 pre-dispersed in 2% fetal bovine serum (EBS -
0.2% final FBS concentration during cell exposure), or to
human platelet-derived growth factor (PDGF)-BB as a
fibrosis-relevant growth factor. Cell proliferation was as-
sessed by counting the number of living cells after 24 h
exposure to doses ranging from 1 to 37.5 pg/cm® Both
CNT samples significantly increased cell number in a
dose-dependent manner and the highest concentration in-
duced an effect similar to PDGF (Figure 2A). In parallel,
the pulmonary fibrotic response to the same CNT was
assessed. Min-U-Sil (SiO,), a reference micrometric crys-
talline silica particle, was used as positive control. Fibrosis
was assessed by quantifying hydroxyproline lung content
as a marker of total collagen accumulation, 2 months
after instillation. NM400 and NM402 induced a dose-
dependent collagen accumulation and, at the highest
doses (50—100 pg/mouse), similar in extent to 2.5 mg
Min-U-Sil (Figure 2B). Thus, the tested MWCNT
showed a direct effect on lung fibroblasts which might
reflect their fibrotic activity in vivo. We next optimized
the experimental conditions for the in vitro proliferation
assay.
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NM402

Figure 1 Scanning Electron Microscopy images of different MWCNT. NM400, NM402, NM400c and MWCNTg 2400 images were taken (A)
before and (B) after dispersion by sonication with a scanning electron microscope.

NM400 crushed

MWCNTg 2400

Influence of the dispersion medium on the in vitro effect
of MWCNT on fibroblast proliferation

Since NM400 and NM402 similarly increased fibroblast
proliferation and induced similar lung fibrosis, sub-
sequent in vitro experiments were mainly performed
with NM400. To exclude any FBS-specific effect, e.g.
linked to a growth factor activity present in serum and
possibly adsorbed on MWCNT, several other dispersion
media were compared. NM400 was dispersed in FBS 2%
or 10%, bovine serum albumin (BSA) 1.4 mg/ml, or
Survanta 150 pg/ml (a natural bovine lung extract used
to mimic lung surfactant). The selected BSA concentra-
tion is based on the total protein concentration present
in FBS 2%. Figure 3 shows that NM400 induced fibro-
blast proliferation with all dispersion media containing
FBS or BSA. The effect was, however, amplified with in-
creasing serum concentration in the dispersion medium.
The proliferation of fibroblasts (BALB-3T3) was also in-
creased by CNT dispersed in Survanta (data not shown).
These results supported the selection of 1.4 mg BSA/ml

Table 1 Physicochemical characterization of MWCNT

NM400 NM402 NM400 MWCNTg
crushed  2400°

Diameter (nm) 5-35° 6-20° 18 -35 20-50
Length (um) 07-3° 07 -4 0.14-05 0.7
Impurities 538 316 522 037
% Al 024 300x10* 024  015x10°
% Co 0.58 239 0.50 0.10x 10™
% Fe
Extent of defects (Ip/l) 1.20 112 1.20 0.58

Refer to [42] * and [24,25] .

to disperse test materials for subsequent experiments,
since it excludes that active serum components might
confound the proliferation effect.

Selection of a fibroblast cell line

To examine the response of different fibroblast cell types,
the effect of NM400 on human fetal lung fibroblasts
(HFL-1), mouse embryonic fibroblasts (BALB-3T3) and
mouse lung fibroblasts (MLg) was evaluated. At the con-
centrations tested, NM400 had a similar and significant
stimulating effect on the proliferation of all fibroblasts
(Figure 4). MLg were chosen for subsequent experiments
since the propagation of this cell in culture is more con-
venient than primary cells and furthermore, the in vitro
results obtained with these cells can be directly compared
to in vivo experiments performed in mice.

Selection and validation of an optimal proliferation assay
Accumulating evidence show that CNT can interact with
conventional in vitro assays leading to potentially biased
results [21-23]. This may be avoided by evaluating the
in vitro proliferative activity by counting cells, as this
readout appears as the least susceptible to CNT inter-
ference. However, since manual cell counting is time
consuming and not amenable to large throughput, we
explored the possibility to use other assays by using cell
counting as a reference method. The relevance of other
in vitro endpoints, including water-soluble tetrazolium
salts (WST)-1, Alamar Blue, CyQuant, [*H]-thymidine
incorporation and propidium iodide (PI) staining was
further assessed. Alamar blue assay yielded unstable re-
sults, and MWCNT interfered with most other assays.
We observed that MWCNT can interfere with different
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Figure 2 MWCNT stimulate fibroblast proliferation in vitro and induce lung fibrosis in a dose-dependent manner. (A) In vitro effect of
MWCNT on primary murine lung fibroblast proliferation assessed by cell counting. Fibroblasts cultured from C57BL/6 mouse lungs were treated
with different doses (ug/cm? culture well) of MWCNT (NM400 and NM402, final FBS concentration 0.29%) for 24 h. PDGF-BB (50 ng/ml) was used
as a positive control. Results are expressed relative to non-treated cell number (Ctl). * p < 0.05, ** p < 0.01, *** p < 0.001 vs non-treated cells

(n =3, t-test or Dunnet multiple comparison test as appropriate). (B) In vivo lung fibrotic response to MWCNT (hydroxyproline lung content)
assessed 2 months after pharyngeal administration in mice with different doses of MWCNT (NM400 and NM402), or Min-U-Sil (SiO,) as positive
control. * p < 0.05, ** p < 0.01, ** p < 0.001 vs non-treated cells (n=5-7, t-test or Dunnet multiple comparison test as appropriate).
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aspects of the experimental procedures, such as the
assay absorbance wavelength (WST-1), DNA nucleosides
(thymidine) and DNA intercalating agents (CyQuant)
(data not shown). However, we were able to fend off most
potential interferences of MWCNT with the WST-1 assay
by applying the procedure described in the Methods sec-
tion. Figure 5B shows that WST-1 activity increased dose-
dependently in response to MWCNT, similarly to cell

number (Figure 5A), suggesting that this adapted
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Figure 3 Influence of dispersion medium on the in vitro effect
of MWCNT on fibroblast proliferation assessed by cell counting.
Primary murine lung fibroblasts were treated for 24 h with different
doses of NM400 dispersed in 2 or 10% FBS or 1.4 mg/ml BSA (final
concentrations 0.2% FBS and 0.14 mg/ml BSA, respectively). PDGF-BB
(50 ng/ml) was used as a positive control. Results are expressed
relative to non-treated cell number (Ctl). * p <0.05, ** p < 0.01 vs
non-treated cells (n =3, t-test or Dunnet multiple comparison test

as appropriate).

procedure can be used instead of cell counting, particu-
larly if high throughput is sought.

At the same time, increased cell number after expos-
ure to MWCNT was confirmed to be, at least in part,
due to enhanced proliferation by using PI staining that
evaluates the cell DNA content. The ratio of fibroblasts
in S (DNA synthesis) and Gy/M (Gap2 and mitosis)
phases 24 h after exposure was calculated from the
histogram (event counts vs. PI fluorescence) and was

Relative cell count

8 3%."—’38%'&38%98
NMA0O 5 NM400 E NMA00 a HM400
tagiem?) o lugem’) o (kgem’) o lgem’

o o o o
Primary HFL1 B3T3 MLg
fibroblasts

Figure 4 In vitro effect of MWCNT on proliferation of several
fibroblast types assessed by cell counting. Primary murine lung
fibroblasts and human and mouse fibroblast cell lines (HFL-1, BALB/
3T3 and MLg) were treated for 24 h with different doses of NM400
dispersed in 1.4 mg BSA /ml (final concentration 0.14 mg BSA /ml).
PDGF-BB (50 ng/ml) was used as a positive control. Results are
expressed relative to non-treated cell number (Ctl). * p < 0.05,

**p <001, *** p<0.007 vs non-treated cells (n =3, t-test or Dunnet

multiple comparison test as appropriate).
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Figure 5 In vitro effect of MWCNT on MLg fibroblast proliferation assessed by different assays. Fibroblasts were treated 24 h with
different doses of NM400 dispersed in 1.4 mg BSA /ml (final concentration 0.14 mg BSA /ml). (A) Cell counting, (B) WST-1 assay and (C, D)
propidium iodide staining (C) % cells in S and G2/M phases and (D) histogram plot event counts vs Pl were used for in vitro assays. PDGF-BB
(30 ng/ml) was used as a positive control. Results are expressed relative to cell number, WST1 activity or % cells in S/G2/M in non-treated cells
(Ctl). * p< 005, * p <001, ** p<0.001 vs non-treated cells (n = 3-4, t-test or Dunnet multiple comparison test as appropriate).

significantly increased after treatment with PDGF and
NM400 (Figure 5C and D). Figure 5D shows a repre-
sentative histogram that illustrates FACS data for each
condition. Thus, data obtained by cell counting were
confirmed by two other readouts based on completely
different principles, and proliferation can be conve-
niently assessed by the adapted WST-1 assay.

In vitro comparison of different CNT samples

To assess the effect of CNT length on fibroblasts pro-
liferation, we disrupted the “high-aspect ratio” structure
of NM400 by grinding (crushed NM400, NM400c).
Additionally, we selected MWCNTg 2400 [24,25], cha-
racterized by a length (0.7 pm) intermediate between
NM400 and NM400c. Crocidolite was included because
of its known (pro-)fibrotic activities in vitro and in vivo
and of its fiber-like structure (in the micrometer length
range). Figure 6 shows that intact NM400 and croci-
dolite, but not NM400c and MWCNTg 2400, stimulated
fibroblast proliferation as shown by the WST-1 assay.

NM400 had a stronger proliferative activity on fibroblast
cells than crocidolite.

The in vitro effect on fibroblast proliferation appears

predictive of the in vivo lung fibrotic response to MWCNT
In parallel, C57BL/6 mice were aspirated with 100 pg of
each of these CNT samples; silica (Min-U-Sil) and as-
bestos (crocidolite) were used as positive controls. Two
months after treatment, we observed a significant increase
of collagen lung content with the intact NM400, silica and
crocidolite, but not with NM400c or MWCNTg 2400
(Figure 7A). The histopathological study, evaluated by
Sirius red staining, confirmed the biochemical findings,
revealing the accumulation and a greater thickness of the
collagen fibers only in the lung of mice instilled with
NM400 and crocidolite (Figure 8) tough NM400 led to a
stronger fibrotic response than crocidolite. Furthermore,
the levels of total transforming growth factor (TGF)-p1,
PDGEF-BB and osteopontin (OPN), all key mediators of
the lung fibrotic process, were significantly increased in
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Figure 6 In vitro effect of several MWCNT and crocidolite on
MLg fibroblast proliferation. Fibroblasts were treated for 24 h with
different doses of MWCNT (NM400, NM400c, MWCNTg 2400) and
crocidolite dispersed in 1.4 mg BSA /ml (final concentration 0.14 mg
BSA /ml). WST-1 assay were used for in vitro assays. PDGF-BB (30 ng/ml)
was used as a positive control. Results are expressed relative to WST1
activity in non-treated cells (Ctl). * p <0.05, ** p < 001, *** p < 0.001 vs
non-treated cells (n = 3-4, t-test or Dunnet multiple comparisons test

as appropriate).

the bronchoalveolar lavage fluids (BALF) of mice exposed
to intact NM400 and to a greater extent than to silica and
crocidolite (Figure 7B to D). NM402 also enhanced these
cytokines in a dose-dependent manner (data not shown).

Altogether, these results indicate that in vitro fibro-
blast proliferation and lung fibrosis appear to be mainly
induced by intact CNT and to a lower extent by asbes-
tos. Furthermore, they suggest a predictive value of the
in vitro proliferative activity in terms of lung fibrosis
potential.

Discussion

Several in vivo studies have shown that CNT can induce a
fibrotic reaction in the lung (for a review see [2,26,27]).
A number of investigators have indicated that the mech-
anism of CNT-induced pulmonary fibrosis is indirect
and mediated via macrophages and/or epithelial cells.
Cesta et al. [28] demonstrated that pre-existing res-
piratory inflammation exacerbates the lung fibrotic
response to CNT by increasing PDGF release by macro-
phages and the PDGF-receptor in fibroblasts. More
recently, Li et al. [29] showed that macrophages and
epithelial cells exposed to CNT can release interleukin
(IL)-1B, TGF-B and PDGEF, three key mediators in the
development of pulmonary fibrosis. Wang et al. [30]
also reported that long MWCNT can activate macro-
phages and increase their production of TGF-p.

Other investigators have shown the ability of CNT to
reach the alveolar interstitium and to directly enter in
contact with fibroblasts [5,20]. It is, therefore, relevant
to examine whether CNT can act directly on fibroblasts,
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in addition to the indirect inflammatory pathway. CNT
have already been reported to stimulate the in vitro
proliferation of lung fibroblasts [12,16], epithelial cells
[13] and osteoblasts [31,32]. In the present study, we
confirmed the ability of MWCNT to stimulate fibroblast
proliferation and we optimized an in vitro assay to assess
this activity. The response to MWCNT in this assay
appears predictive of their capacity to induce pulmonary
fibrosis in vivo, which further supports the biological
relevance of this assay.

Whether doses applied in the present study are rele-
vant for human exposure scenarios can be evaluated by
the approach suggested by Porter et al. [33] (Figure 9).
Mice were exposed to 12.5-100 pg/mouse (alveolar sur-
face area 0.05 m?), which is equal to 25-200 mg/lung in
humans (alveolar surface area 102 m?). Considering a
deposition fraction of 30% [34], a peak MWCNT air-
borne level of 400 pg/m® measured in a research labora-
tory [35], and a minute ventilation of 20 /min [36], a
human- equivalent dose would be achieved within 1 to
7.5 months of exposure in a contaminated work place.
Assuming a 10-fold lower exposure of 40 pg/m’ the
experimental dose could be reached after 10 months to
6.2 years of human inhalation exposure. Extrapolation of
in vitro concentrations to in vivo dosimetry can be
approximated by normalizing the surface area exposed
to MWCNT in the tissue culture dish and in the murine
airways [16]. Here, the in vivo doses correspond to
0.025-0.2 pg MWCNT/cm® culture well, which is less
than the in vitro doses used (7.5 - 30 pg/cm?). However,
three important aspects should be taken into account:
(i) in vitro, cells are exposed for only 24 h, while in vivo
experiments were performed over 2 months, (ii) in vivo,
CNT are not distributed uniformly in the lung and
inhaled particles can be found concentrated in some so-
called hot spots in the lung [37] and (iii) it should also
be considered that CNT do not entirely sediment onto
cells in vitro. These aspects can, therefore, contribute to
justify the doses used in vitro to explore the possible
mechanisms of CNT toxicity in the lung (see Figure 10).

The doses used in the present study both in vitro
(7.5 - 30 pg/cm?) and in vivo (12.5 - 100 pg) are also
higher than those used by other investigators. For
example, Wang et al. [12] and Azad et al. [38] used
SWCNT with doses of 0.02 - 0.2 pg/cm? in vitro and
10 pg/mouse in vivo, and 5-25 pg/ml in vitro, respec-
tively. However, the mass of an individual CNT differs
according to structure (SW vs MW). NM400 and
NM402 are composed of 10-20 and 6-15 walls, respec-
tively, leading to a mass per nanotube about 10-fold
greater compared to SWCNT, for similar lengths. The ra-
tionale for this comparison implies that nanotube number
is the relevant dose metrics accounting for the biological
activity of CNT, which is a plausible hypothesis [3].
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However, a study by Wang et al. [14] also showed the sti-
mulation of fibroblast proliferation with a MWCNT con-
centration as low as 5 pg/ml in vitro. Differences in
concentrations may also be related to different experi-
mental procedures, such as cell lines, incubation time
periods (48 h instead of 24 h) and presence of 10% serum
during exposure to CNT (no serum in the present study).
Several authors have reported that the dispersion of
CNT is a key determinant of their capacity to stimulate
the proliferation of fibroblasts or to induce an interstitial
fibrotic reaction in vivo [13,14,16]. Initially, we dispersed
CNT in an aqueous solution containing FBS. However,
we observed that serum had an additive effect on CNT
activity on fibroblast proliferation, suggesting that serum
growth factors could adsorb on CNT and be released
during cell exposure. Indeed, we showed that the higher
the FBS concentration used for dispersion, the stronger
the proliferative effect on fibroblasts. It is important to
notice that final serum concentrations (0.2% FBS) during
exposure to CNT was identical whatever the initial disper-
sion condition. To avoid the effect of serum, we used a
dispersion medium containing BSA, a protein that most

likely adsorb onto CNT but has no effect on fibroblast
survival or proliferation. Our choice is in agreement with
previous studies recommending the use of BSA as a dis-
persant [14]. Furthermore, the final BSA concentration in
exposure medium is lower than the concentration mea-
sured in the alveolar fluid of a normal mouse [33].

The pro-fibrotic activity of CNT in vitro was con-
firmed on different fibroblast cells of various origins,
among which primary murine lung fibroblasts, mouse
embryonic and lung fibroblast cell lines and human fetal
lung fibroblasts, indicating that this activity is not
species-specific and providing some support to extra-
polate mouse in vivo and in vitro data to humans (paral-
lelogram approach, [39]).

As first reported by Worle-Knirsch et al. [21], some
nanospecific (CNT) properties can lead to interferences
between NM and commonly used in vitro assays.
Therefore, it is strongly recommended to take possible
interferences into account and to verify results with other
assays. Here, three tests based on totally different readouts
were performed in order to confirm the proliferative effect
of MWCNT. The data obtained with cell counting and
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the WST-1 assay indicated a CNT-stimulating effect on
fibroblast proliferation. Since a reduction of cell death or
apoptosis of fibroblasts could also account for these re-
sults, we confirmed the stimulation of fibroblast pro-
liferation by using PI that detects cells in the process of
DNA replication or division. The possible interferences
between NM and WST-1 absorption wavelength or NM

reactivity with WST-1 substrate have been integrated in
our protocol by using triton-treated blanks for each condi-
tion. Thus, we have optimized the WST-1 assay for NM
and results were validated by two other assays. We con-
clude that stimulation of fibroblast proliferation can be
consistently assessed with the NM-adapted WST-1 assay
described in this manuscript.
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Finally, we validated our in vitro test by relating the
results obtained with CNT, asbestos and silica to the
development of pulmonary fibrosis in mice. NM400 and
NM402 MWCNT and crocidolite induced fibrotic res-
ponses. NM400, however, had a stronger effect than
crocidolite (asbestos), strengthening the concern about
the hazardous properties of CNT. As CNT length is sug-
gested to play an important role in CNT toxicity and
particularly the pro-fibrotic potential [30,40] shortened
NM400 (NM400c) and MWCNTg 2400 were tested.
Interestingly, we observed that nanotube length/struc-
ture was critical since these shorter MWCNT did not
induce fibroblast proliferation or lung fibrosis in mice
contrary to NM400 and NM402. In contrast, in a pre-
vious study from our group [24], MWCNTg 2400 were
shown to induce lung fibrosis. This apparent discre-
pancy could be explained by the different protocol

conditions of the two studies: animal model (mouse vs
rat), dispersion method (BSA + sonication vs Tween),
mode of particle administration (aspiration injection vs
intratracheal aspiration), dose (100 pg/mouse vs 2 mg/
rat). Our results also indicate that metallic contami-
nants are not necessary for CNT pro-fibrotic activity
since NM400c, chemically identical to NM400, was in-
active in vitro and in vivo. Furthermore, we observed
that NM400 and NM402 do not produce reactive oxy-
gen species (ROS) in absence of cells [41], but instead
exhibit a remarkable radical scavenging capacity, sug-
gesting that acellular ROS production by CNT is also
not necessary for CNT pro-fibrotic activity.

Conclusions
The present study proposes an experimentally validated
in vitro assay suitable for assessing the lung fibrogenic
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activity of NM. The results show that the in vitro proli-
ferative activity of CNT strongly reflects the in vivo fibro-
sis findings, supporting a predictive value of our in vitro
assay. The results obtained in this study also indicate that
the structure/length of CNT constitute an important phy-
sicochemical determinant in the capacity of these mate-
rials to induce lung fibrosis. Several other CNT features
have been shown to modulate their pro-fibrotic activity,
reinforcing the need of a predictive test. Thus, the value of
the present assay will need to be confirmed with a larger
range of CNT covering different physicochemical proper-
ties and through an inter-laboratory comparison study to
address its reproducibility and transferability. A better
understanding of the cellular mechanism involved in the
proliferative activity of CNT will further contribute to
better establish the predictive value of the assay.

Methods

CNT, silica and asbestos

MWCNT NM400 and NM402 were obtained from the
European Commission Joint Research Centre (Ispra,
Italy) and originate from Nanocyl (Belgium) and Arkema
(France), respectively. A fraction of NM400 was crushed
in an oscillatory agate ball mill (Fritsch, Idar-Oberstein,
Germany), with a vertical vibration of 1 mm applied
during 6 h to obtain NM400c. MWCNTg 2400 were
obtained as reported previously [24,25]. Briefly, these
CNT were modified by grinding and then heated at
2400°C for the elimination of metal clusters and abla-
tion of structural defects. Asbestos (crocidolite) was
obtained from the Union internationale contre le Can-
cer (IUCC, Geneva, Switzerland) and Min-U-Sil (crys-
talline SiO,) from the U.S. Silica Company (Berkeley
Springs, USA).

Physicochemical characterization of MWCNT

Different analytical techniques were used to characterize
MWCNT. Scanning electron microscopy (SEM) was used
to study the length and diameter of the samples. CNT
have been dispersed in a solution of chloroform (Sigma
Aldrich, St Louis, USA) or in dispersion medium after
sonication (see below) at room temperature and a drop of
the fresh suspension was placed on a sample holder with a
carbon coating and air dried. SEM pictures were taken
with a scanning electron microscope 7600 F (Jeol, Tokyo,
Japan) and NM400c length and diameter were measured
with the Analysis program (Olympus, Tokyo, Japan). For
NM400 and NM402, refer to [42] and for MWCNTg
2400, refer to [24,25]. Raman spectroscopy was acquired
with a DXR SmartRaman Spectrometer (Thermo Scien-
tific, Waltham, USA) operating in the microscopic mode
with a 2048 pixel charge-coupled device (CCD) detector.
A laser with an incident excitation wavelength of 780 nm
and a power of 10 mW, a 50 um slit aperture and a
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10 times magnification objective were used to evaluate the
degree of crystallinity of CNT. The concentration of
metals in the samples was quantified after mineralization
in acid (HNO;3; 14 N and HCl 12 N; Merck, Darmstadt,
Germany) in a high pressure microwave (Multiwave,
Anton Paar GmbH, Graz, Austria). The amount of Fe was
measured by atomic absorption spectrometry on a Spectra
AA 300 (Varian Zeeman Inc., Palo Alto, USA) equipped
with a graphite furnace atomizer and a Zeeman system for
correction of nonspecific absorbance. The amount of Al
and Co was measured by inductively coupled plasma mass
spectrometry (ICP-MS; Agilent 7500G, Santa Clara, USA)
with an octapole reaction system.

Material dispersion

MWCNT were weighed in a sterile glass vial and sus-
pended to a concentration of 2.55 mg/ml. Several disper-
sion media were evaluated. They were prepared with
autoclaved nanopure H,O supplemented either with 2 or
10% fetal bovine serum (FBS, Invitrogen, Paisley, USA),
1.4 mg/ml bovine serum albumin (BSA, Sigma Aldrich, St
Louis, USA) or 150 pg/ml Survanta (Abbott Laboratory,
Illinois, USA). The suspension was sonicated (Virsonic 300
ultrasonic cell disrupter, Virtis, Gardiner, USA) for 16 min
without interruption (power 15%) on ice. In order to keep
the final concentration of the dispersant equal at all tested
doses, the stock solutions (2.55 mg/ml) were serially diluted
(2 fold-dilutions) in the same dispersion medium and then
sonicated 15 min in a waterbath. Min-U-Sil and asbestos
were directly dispersed with autoclaved nanopure H,O
supplemented with 2% FBS or 1.4 mg/ml BSA.

Fibroblast culture

Primary mouse lung fibroblasts were obtained from eight
to twelve-week old female C57BL/6 mice (local breeding
facility, Animalerie Centrale, Université catholique de
Louvain, Brussels, Belgium), housed in positive pressure
air-conditioned units (25°C, 50% relative humidity) on a
12 h light/dark cycle with free access to water and
laboratory animal food. Mice were euthanized with an
injection of pentobarbital (15 mg/mouse intraperito-
neally, Certa, Braine-1'Alleud, Belgium). Whole lungs
were perfused with phosphate buffered saline (PBS,
Invitrogen) via the right ventricle. Lungs were minced
with scissors for 4 min and then digested in 9 ml Hank's
buffered salt solution (HBSS, Invitrogen), 0.8 ml Liberase
TH (5 mg/ml, Roche, Mannheim, Germany) and 0.25 ml
DNase (1 mg/ml, Worthington Biochemical Corporation,
Lakewook, USA) at 37°C during 35 min under gentle agi-
tation. The resulting cell suspension was filtered (70 pum),
resuspended in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% FBS and 1% antibiotic-
antimycotic (AA, Invitrogen), transferred into a flat tissue
culture flask (2 lungs/75 c¢m?) and incubated at 37°C
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under 5% CO,. After 1 day, cells were washed with 10 ml
DMEM and supplemented with fresh DMEM, 10% FBS,
1% AA. Cells were harvested 6 days later by adding 3 ml
of 0.25% trypsin-EDTA (Invitrogen) and incubated for
10 min at 37°C. Trypsin was neutralized by adjunction of
DMEM, 10% FBS and 1% AA. Cell suspensions were
centrifuged for 10 min at 400 ¢ and resuspended in 5 ml
fresh DMEM, 10% EBS, 1% AA. Cell number and viability
were determined with Trypan Blue Solution (Sigma
Aldrich). Cells were seeded into 96-well or 24-well culture
plates in complete medium (10% FBS) at a density of 30
000 or 180 000 cells/well, respectively, and incubated at
37°C under 5% CO, for 24 h. Primary fibroblasts were
sub-cultured for a maximum of 3 passages and used at
passages 2 and 3 (refer to [43] for cell purity).

Mouse lung fibroblasts (MLg cell line) obtained from
ATCC (catalog n°CCL-206) were cultured in MEM
(Invitrogen) supplemented with 10% FBS and 1% AA and
maintained at 37°C under 5% CO,. Cells were harvested,
counted and cultured as previously described for primary
fibroblasts. MLg were sub-cultured for a maximum of 15
passages.

BALB-3T3 cells were obtained from Pr. Michiels
(Institut De Duve, Université catholique de Louvain,
Brussels, Belgium) and cultured in DMEM GlutaMAX
(Invitrogen) supplemented with 10% FBS and 1% AA at
37°C under 5% CO,. Cells were harvested, counted and
cultured as previously described for primary fibro-
blasts. BALB-3T3 were sub-cultured for a maximum of
15 passages.

Human fetal lung fibroblasts (HFL-1 cell line) cells
obtained from ATCC (catalog n°CCL-153) were cultured
in F12K Nutrient Mixture (Invitrogen) supplemented
with 10% FBS and 1% AA and maintained at 37°C under
5% CO,. Cells were harvested, counted and cultured as
previously described for primary fibroblasts. HFL-1 were
sub-cultured for a maximum of 15 passages.

Fibroblast exposure

After 24 h at 37°C in complete culture medium (10%
FBS), cells were washed once with their basal medium
(no FBS, no AA) and then supplied with 200 pl (96-well
culture plate) or 1 ml (24-well culture plate) medium
with 1% AA containing 1/10 material dilutions. Cells
were exposed during 24 h to 1 to 37.5 pg MWCNT or
equivalent/cm® Exposure to human platelet-derived
growth factor (PDGF-BB, R&D System, Minneapolis,
USA) at the indicated final concentration was used as a
positive control for proliferation assays.

Proliferation assays
Cell proliferation was assessed by cell counting, WST-1
assay and propidium iodide staining.
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For cell counting, cells exposed for 24 h to test mate-
rials in 96-well plates were washed twice with their basal
medium and then incubated with 25 pl 0.25% trypsin-
EDTA for 10-15 min at 37°C. Trypsin was neutralized by
adjunction of 100 pl of complete medium and cell sus-
pensions were transferred and kept on ice. Cell number
and viability were determined with Trypan Blue Solution
on a Birker cell. Data are presented as relative cell count
compared to the non-exposed cells.

WST-1 is a colorimetric assay that quantifies mitochon-
drial activity and reflects cell viability. For this test, cells
exposed for 24 h to test materials in 96-well plates were
washed twice with their basal medium. Half of the cul-
tures were supplied with 100 pl of medium and the other
half with 100 pul medium containing 0.2% Triton X-100 to
kill cells. Triton-treated wells were used as blanks since
they contain the same amount of test material as test sam-
ples but have no mitochondrial activity. This procedure
was introduced to eliminate the possible interferences of
test materials with the assay either by interacting with the
absorbance wavelength and/or with the WST-1 substrate.
After 15 min at 37°C, 100 pl WST-1 (diluted 10 times in
medium, Roche Diagnostics GmbH, Mannheim,
Germany) were added to the cells and absorbance was
measured after 60-90 min at 480 nm and at 680 nm
(Spectrophotometer Infinite F200, Tecan, Mannedorf,
Switzerland). Data are presented as relative cell activity
(AbS exposed / AbS non-exposed) Where Abs=(Abs 450 —
ADbS 680) no Triton — (AbS 450 — ADS 680) Triton-

For the propidium iodide (PI) staining, cells exposed
for 24 h to test materials in 24-well plates were washed
once with 500 pl MEM and then incubated with 200 pl
0.25% trypsin-EDTA for 10—15 min at 37°C, until cells
detached. Trypsin was neutralized by adding 800 pl
MEM, 10% FBS, 1% AA. Cell suspensions were
centrifuged for 5 min at 100 g (4°C), washed with 1 ml
PBS and then re-centrifuged for 5 min at 100g (4°C).
Cells were re-suspended in 1 ml EtOH 70% for fixation,
by adding first 300 pl PBS and then 700 ul cold EtOH
100% drop wise while gently vortexing to avoid precipi-
tation. Cells were incubated for at least 2 h at 4°C. Cell
suspensions were then centrifuged for 5 min at 100 g
(4°C), washed with 1 ml PBS, and then re-centrifuged
for 5 min at 100 g (4°C). Then cells were resuspended in
250 pl PI staining solution containing 50 pg/ml PI
(P4170, Sigma-Aldrich), Triton X-100 0.1% and 0.1 mg/ml
RNase A (R6513, Sigma Aldrich), to ensure that only
DNA was stained. Cells were filtered (40 pum), incubated
15 min at 37°C and then stored protected from light at
4°C. The samples (10000 cells) were analyzed by flow
cytometry with BD FACS CANTO II (BD Biosciences,
San Jose, USA) and the software BD FACS Diva. Pulse
processing was used to exclude cell doublets and inter-
ference from the analysis. A first gate was applied to the
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scatter plot FSC vs SSC to remove cell debris and a se-
cond gate to the scatter plot PI-A vs PI-W to remove
cell doublets. Cell% in Gy-G;, S and G,-M phases were
then deduced from the histogram plot event count vs PI
derived from gates applied.

Animals and treatments

Eight week-old C57BL/6 female mice were obtained
from Taconic Europe (Lille Skensvad, Denmark), housed
in positive pressure air-conditioned units (25°C, 50%
relative humidity) on a 12 h light/dark cycle with free
access to water and laboratory animal food. MWCNT
(NM400, NM402, NM400c, MWCNTg 2400), cro-
cidolite and Min-U-Sil were dispersed as previously des-
cribed. In the first in vivo experiment, NM400 and
NM402 suspensions were diluted to 100, 50, 25, 12.5 pg/
50 pl H,O with 2% FBS. In the second experiment,
NM400, NM400c, MWCNTg 2400 and crocidolite sus-
pensions were only diluted to 100 pg/50 pl H,O with
1.4 mg/ml BSA. After anesthesia with a mix of Ketalar,
1 mg/mouse (Warner-Lambert, Zaventem, Belgium), and
Rompun, 0.2 mg/mouse (Bayer, Leverkusen, Germany)
given intraperitoneally, 50 pl of particle suspensions
were injected directly into the lungs by pharyngeal as-
piration. At least five mice were included per group.
Control animals were treated with an equivalent volume
of sterile water with the dispersant (control group).
Positive control groups were instilled with 2.5 mg Min-
U-Sil particles. Mice were sacrificed 2 months after
instillation with an overdose of sodium pentobarbital
(15 mg/mouse intraperitoneally). The left lobe was iso-
lated by clamping the corresponding bronchi. This lobe
was recovered in 3.65% paraformaldehyde (Sigma-
Aldrich) in PBS for later histological analysis. The
remaining lobes were lavaged to recover bronchoal-
veolar lavages (BAL), perfused with NaCl 0.9%, excised
and then placed in 3 ml ice-cold PBS for determination
of lung hydroxyproline (OH-proline) content.

BAL and biochemical assays

BAL were performed by cannulating the trachea and
lavaging the lobes with 1 ml NaCl 0.9%. The lavage was
centrifuged (200 ¢, 10 min, 4°C) and the cell-free super-
natant (BALF) was used for biochemical measurements.
Enzyme-linked immunosorbent assays (ELISA) were per-
formed on BALF according to manufacturer’s instruc-
tions (R&D System) for active transforming growth
factor (TGF)-B1, platelet transforming growth factors
(PDGF)-BB and osteopontin (OPN).

Lung homogenates and measurement of lung collagen
content

Lungs were homogenized on ice with an Ultra-Turrax
T25 homogenizer (Janke & Kunkel, Brussels, Belgium)
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and stored at —80°C. Lung total collagen was estimated
by measuring OH-proline, a specific component of colla-
gen. Part of lung homogenate was hydrolyzed in HCI
6 N at 108°C during 24 h and OH-proline was quantified
by high-performance liquid chromatography [44].

Histology
Paraffin-embedded sections were stained with Sirius Red
for light microscopy examination. Sirius red binds to total
collagen, whereas the fast green stains non-collagenous
proteins.

Statistical analysis

Data are presented as means + standard error on the mean
(SEM). Differences were evaluated by using t-test or one-
way analysis of variance, followed by Dunnett's Multiple
Comparison or Newman-Keuls Multiple Comparison
tests, as appropriate. Statistical significance was con-
sidered at p < 0.05. Data analysis was performed with
GraphPad Prism 5.00 (GraphPad Software, San Diego,
USA).
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3.2.3. How does this work contribute to nanotoxicology knowledge?

In this study, we validated an experimental in vitro assay useful for
assessing and predicting the lung fibrogenic effect of CNT. Some other
experimental studies have been available since the publication of this work,
contributing to further understand how to predict the lung fibrotic effects of
CNT. Regarding the in vitro fibroblast model, another study has shown a
correlation between in vitro and in vivo data. The in vitro upregulation of
TGF-B expression by fibroblasts upon exposure to long SWCNT was
associated with the in vivo lung fibrosis outcome, providing further evidence
for a role of fiber length in CNT-induced lung fibrosis (Manke et al., 2014).
In the next chapter, we confirm the relevance of this in vitro proliferation
assay with another set of CNT samples (Vietti et al., 2015). Other cell
models than fibroblasts have been investigated to study the pro-fibrotic
potential of CNT. As mentioned above, inflammatory cells, such as
macrophages, and epithelial cells have been explored for this purpose.
CNT were able to trigger the release of IL-13 by THP-1 or alveolar
macrophages in vitro and induced lung fibrosis in vivo (Wang et al., 2011;
Li et al., 2013; Wang et al., 2015; Sun et al., 2015). The release of TGF-f
and PDGF has also been observed in a co-culture of THP-1 with BEAS-2B
exposed to CNT and associated with an increase of collagen and of these
growth factors in vivo (Li et al., 2013). Two other studies observed a good
correlation between the release of the pro-fibrogenic TGF- from BEAS-2B
exposed to CNT in vitro and the induction of a fibrotic response in vivo
(Wang et al., 2011; Wang et al., 2015). Altogether these results suggest
that the fibrogenic activity of CNT can be predicted by investigating in vitro:
i) the effect of CNT on fibroblast activation; ii) the release of relevant pro-
inflammatory or pro-fibrotic mediators from macrophages and epithelial

cells. It is, therefore, difficult to draw a single definitive and trustworthy
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predictive in vitro assay for CNT lung fibrosis, suggesting that several tests
might provide a more relevant connection between in vitro CNT activities

and in vivo effects.
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3.3. TOWARDS PREDICTING THE LUNG FIBROGENIC ACTIVITY OF
CARBON NANOTUBES: MECHANISMS

3.3.1. Context and general experimental design.

The study of biological mechanisms is a priority for researchers interested
in particle toxicology. Mechanistic insight is required for understanding the
pathology that underlies the adverse response to particle exposure as well
as to develop biomarkers useful for predicting the adverse outcomes
associated with particle exposure. Knowledge and insight gained from
mechanistic toxicology investigations have also been useful in risk
assessment. Current risk assessment processes use mechanistic
understanding to detect or identify hazards and to make decisions about
dose-response relationships (National-Research-Council, 2007).

In this context, we investigated the mechanisms that are responsible for
fibroblast activation in response to direct exposure to CNT or indirectly, via
macrophages and epithelial cells. To achieve this purpose, MLg, mouse
alveolar epithelial cells (LA4) and mouse peritoneal macrophages (J774)
were exposed to 7.5 - 30 uyg MWCNT (NM400)/cm? in vitro. Effect on cell
viability/proliferation was tested by the NM-adapted WST-1 assay.
Production of collagen | and fibroblast differentiation, the two other critical
processes of fibroblast activation besides proliferation, were assessed by
quantitative RT-PCR on fibroblasts in both direct and indirect experimental
conditions. Moreover, we also monitored MWCNT endocytosis by
transmission electron microscopy (TEM). To identify the mechanism
involved in the direct effect of CNT on fibroblast proliferation, we
investigated different hypotheses regarding the possible involvement of
PDGF and TGF-B, the two important growth factors in the development of
fibrosis. These hypotheses include the implication of: i) PDGF and TGF-
secretion; ii) PDGF and TGF-( receptors; iii) PDGF and TGF- intracellular
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signaling pathway; iv) CNT endocytosis. Several MWCNT samples
(differing in length and diameter) were tested in vivo and in vitro.
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3.3.2.
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Abstract

Carbon nanotubes (CNT) have been reported to induce lung inflammation and fibrosis in
rodents. We investigated the direct and indirect cellular mechanisms mediating the fibrogenic
activity of multi-wall (MW) CNT on fibroblasts. We showed that MWCNT indirectly stimulate
lung fibroblast (MLg) differentiation, via epithelial cells and macrophages, whereas no direct
effect of MWCNT on fibroblast differentiation or collagen production was detected. MWCNT
directly stimulated the proliferation of fibroblasts primed with low concentrations of growth
factors, such as PDGF, TGF-B or EGF. MWCNT prolonged ERK 1/2 phosphorylation induced by
low concentrations of PDGF or TGF-B in fibroblasts. This phenomenon and the proliferative
activity of MWCNT on fibroblasts was abrogated by the inhibitors of ERK 1/2, PDGF-, TGF-$- and
EGF-receptors. This activity was also reduced by amiloride, an endocytosis inhibitor. Finally, the
lung fibrotic response to several MWCNT samples (different in length and diameter) correlated
with their in vitro capacity to stimulate the proliferation of fibroblasts and to prolong ERK 1/2
signaling in these cells. Our findings point to a crosstalk between MWCNT, kinase receptors, ERK
1/2 signaling and endocytosis which stimulates the proliferation of fibroblasts. The mechanisms
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of action identified in this study contribute to predict the fibrogenic potential of MWCNT.

Introduction

Carbon nanotubes (CNT) are widely developed for various
industrial and biomedical applications due to their unique
mechanical, electrical and thermal properties (De Volder et al.,
2013). However, the manipulation of these materials and their
release into the environment may lead to human exposure,
especially through inhalation. Many experimental studies showed
that CNT can induce lung fibrosis in rodents (Lam et al., 2004;
Muller et al., 2008; Shvedova et al., 2005), but the mechanisms
involved are not completely elucidated. Several cell types may
contribute to induce pulmonary fibrosis in response to inhaled
particles. While alveolar macrophages and epithelial cells are in
the front line to defend the lung by secreting pro-inflammatory
and fibrogenic mediators, fibroblasts are the final performers in
the establishment of pulmonary fibrosis. Excessive proliferation
of fibroblasts, their differentiation in myofibroblasts and the
exaggerated production and deposition of extracellular matrix
(ECM) proteins, including collagen, are the key features of
pulmonary fibrosis. Platelet-derived growth factor (PDGF) and
transforming growth factor (TGF)-p play a critical role in this
fibrotic process, since they stimulate fibroblast recruitment,
proliferation and activation (Wynn, 2011). The fibrogenic activity
of inhaled particles (e.g. crystalline silica, asbestos fibers) is

Correspondence: Giulia Vietti, Louvain centre for Toxicology and
Applied Pharmacology, Université Catholique de Louvain, Avenue E.
Mounier, 52 — bte B1.52.12, 1200, Brussels, Belgium. Tel: 0032 (0)2
7645354, E-mail: giulia.vietti@uclouvain.be

usually ascribed to an indirect effect on fibroblasts mediated by
macrophages and/or epithelial cells (Mossman & Churg, 1998).
Recent in vitro studies showed that multi-wall (MW) CNT are
also able to activate the secretion of TGF-B and PDGF by
macrophages and epithelial cells (Li et al., 2013; Wang et al.,
2011, 2012, 2013). He et al. (2011) observed that MWCNT
stimulated the production of TGF-B and PDGF by macrophages
that acted as paracrine signals to stimulate fibroblast differenti-
ation. Increased levels of TGF-3 and PDGF were also reported in
bronchoalveolar lavage fluid of mice instilled with CNT (Vietti
et al., 2013; Wang et al., 2011).

Because inhaled CNT can distribute in distal areas, such as the
alveolar interstitial space (Mercer et al., 2010), it has been
suggested that they can also directly interact with fibroblasts and
new studies were carried out to understand the direct molecular
interactions between CNT and fibroblasts. Several in vitro studies
showed an increased fibroblast proliferation in response to
multiwall (MW), double-wall (DW) and single-wall (SW) CNT
exposure (Azad et al., 2013; Vietti et al., 2013; Wang et al.,
2010a, 2010b), suggesting that a direct stimulation of fibroblasts
by CNT could contribute to exacerbate or even initiate the
development of lung fibrosis. Only few studies provided infor-
mation on the mechanism of interaction between CNT and
fibroblasts. Azad et al. (2013) reported that SWCNT induced
reactive oxygen species-regulated phosphorylation of p38 mito-
gen-activated protein kinase (MAPK), leading to TGF-f3 and
vascular endothelial growth factor (VEGF) secretion by fibro-
blasts that induced their proliferation and collagen production.
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Recent studies have also suggested an interaction between CNT
and membrane receptors (Hirano et al., 2008; Yan, 2014).
However, it is still unclear which cellular mechanisms and
receptors are involved in the proliferative activity of CNT on
fibroblasts.

Furthermore, data indicate that the physicochemical properties
of CNT determine the severity of their lung toxicity. Diameter,
length, impurities and defects have been reported to influence the
fibrogenic activity of CNT (Fenoglio et al., 2012; Liu et al., 2012;
Muller et al., 2008; Palomaki et al., 2011). Our previous study
suggested that the proliferative activity of MWCNT on fibroblasts
was predictive of their lung fibrotic potential (Vietti et al., 2013),
as demonstrated with several MWCNT samples.

The aim of this study was to identify the direct and indirect
mechanisms mediating the fibrogenic activities of MWCNT on
fibroblasts. We first confirmed that macrophages and epithelial
cells exposed to MWCNT-stimulated fibroblast differentiation.
Secondly, we observed that, in the presence of low concentrations
of growth factors (PDFG, TGF-f, epidermal growth factor
(EGF)), MWCNT directly in contact with fibroblasts stimulated
their proliferation. Kinase receptors for these growth factors, ERK
1/2 signaling pathway and MWCNT endocytosis were essential to
this proliferative activity. Finally, we strengthened the association
between CNT capacity to induce lung fibrosis and their in vitro
fibroblast proliferative activity with MWCNT samples of varying
length and diameter.

Methods
MWCNT

NM400 and NM402 MWCNT were obtained from the European
Commission Joint Research Centre (Ispra, Italy) and originate
from Nanocyl (Auvelais, Belgium). NM400c and MWCNTg 2400
were obtained as reported previously (Vietti et al., 2013). Briefly,
a fraction of NM400 was crushed in an oscillatory agate ball mill
(Fritsch, Idar-Oberstein, Germany), with a vertical vibration of
1 mm applied during 6 h to obtain NM400c. MWCNTg 2400 were
obtained from another sample of MWCNT modified by grinding
and then heating at 2400 °C for the elimination of metal clusters
and ablation of structural defects (Fenoglio et al., 2008; Muller
et al., 2008). MWCNT called long (MWNT 20-30 nm od), short
(short MWNT 20-30 nm od) and thick (MWNT >50 nm od) were
obtained from Cheap Tubes Company (Cambridgeport, VT).
MWCNT physicochemical characteristics and dispersion are
presented in the Supplementary material.

Cell culture and exposure

Mouse peritoneal macrophage cells (J774) and mouse type-II
alveolar epithelial cells (LA-4) were seeded at a concentration of
150.000 cells/cm? (surface area of culture well) and mouse lung
fibroblasts (MLg) at a concentration of 90.000 cells/cm?®
(Supplementary material). After 24 h at 37 °C in complete culture
medium (10% FBS), cells were washed once with their basal
medium (no FBS, no AA) and then supplied with 200 puL (96-well
culture plate) or 500 pL (48-well culture plate) medium with 1%
AA containing 1/10 stock material dilutions. Cells were exposed
during 24 h or other specified time points to 7.5-30 ng MWCNT/
cm?. Depending on experiments, cells were also treated before
MWCNT exposure with low concentrations of human platelet-
derived growth factor (PDGF)-BB (3ng/mL, R&D System,
Minneapolis, MN) or transforming growth factor (TGF)-Bl1
(1ng/mL, R&D System) during 2 h. Before or after this priming,
cells were treated with inhibitors during 2 or 4h: SIS3,
LY294002, PD98059, LY364947 were from Merck Millipore
(Darmstadt, Germany); SB431542 and IRESSA from R&D

Nanotoxicology, Early Online: 1-13

systems; AGI1296 from Santa Cruz (Dallas, TX); amiloride
from Sigma Aldrich and Gleevec, a gift from Pr. JB Demoulin
(de Duve Institute, Brussels, Belgium). For fibroblasts treated
with macrophage or epithelial cell conditioned medium, J774 or
LA-4 were first exposed 24 h to MWCNT. Cell supernatants were
collected and MLg were then treated for 24 h with 100 uL of this
conditioned medium supplemented with 100 pL medium with 1%
AA. Control, TGF- and PDGF conditions also derived from LA-
4 and J774 culture supernatants.

Proliferation/cytotoxicity assay

WST-1 is a colorimetric assay that quantifies mitochondrial
activity and reflects cell viability. In this study, cell proliferation/
cytotoxicity was measured by a NM-adapted WST-1 assay
described by (Vietti et al., 2013) (Supplementary material). Cell
viability results are presented as relative cell activity, that is, as a
ratio to nontreated cells (Ctl), calculated as follows:

AbScxposed

Relative cell activity = where

Snon-exposed

Abs = (Absygo—Absggo) (Absygo—Absggo)

no Triton ™~ Triton*

Immunoblotting

About 80 pL/well (48-well plate) of Laemmli Sample Buffer
(BioRad, Hercules, CA) was added to cells for extracting proteins.
About 25 L extracts was run on a 4-20% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE, BioRad,
Hercules, CA), transferred to polyvinylidene difluoride (PVDF)
membranes (Merck Millipore) and blocked with the Odyssey
Blocking Buffer (Westburg, Leusden, the Netherlands). The
membrane was blotted with the primary antibody at 4°C
overnight with shaking, followed by incubation with the second-
ary antibody for 1 h at room temperature protected from light. The
primary antibodies used in this study were phospho-p44/42
MAPK (Thr 202/Tyr204) rabbit Ab (dilution 1:1000), p44/42
MAPK mouse mAb from Cell Signaling (dilution 1:1000,
Danvers, MA) or B-actin from Sigma (dilution 1:2000) and the
secondary antibodies IRDye 680 RD anti-mouse IgG or IRDye
800 anti-rabbit IgG from LI-COR (dilution 1:15000, Lincoln,
NE). Detection was performed using an Odyssey LI-COR
platform.

Real-time PCR

Tripure was added to cell cultures and RNA extraction was
performed according to manufacturer’s instructions (Roche).
Total RNA was reverse transcribed with M-MLV  reverse
transcriptase  (Invitrogen) with 350 pmol random hexamers
(Eurogentec, Seraing, Belgium) in a final volume of 25pL.
Resulting cDNA was used as template in subsequent polymerase
chain reaction (PCR). Sequences of interest were amplified using
the following forward primers (Invitrogen): GGAGTAATGG
TTGGAATGGGC (a-SMA), CCGGCTCCTGCTCCTCTT (pro-
collagen 1), CGGCTACCACATCCAAGGAA (18S RNA),
CTTGGTGGCACACCCTATCC (PDGF Ra), TCTATATCTTT
GTGCCAGATCCCAC (PDGF Rp), GAATGGTGAGCAAT
GGRATAGTGG (TGF-B RI), CACGACCCCAAGCTCACCTA
(TGF-pB RI), CAAAGAAATCCTTGACGAAGCC (EGF R); and
reverse primers: GCCTTAGGGTTCAGTGGTGC (a-SMA),
GGGTTGGGACAGTCCAGTTCT (procollagen I), ATACGCTA
TTGGAGCTGGAATTACC (18S RNA), TCTCATAGACTTC
ACTGGTGGCA (PDGF Ra), GCACGGAATTGTCGTCTCAGT
(PDGF Rp), TCTGTTAGGTATGTTTGGCCTCTG (TGF-$ RI),
GGTGGTGTATTCTTCCGAAAAGAT (TGF-B RI), TGTGTA
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ATGAGCTGGACAGTGGA (EGF R). mRNA expression of these
genes was quantified by real-time PCR using SYBR Green
technology on an ABI Prism 7000 Sequence Detection System
(Applied Biosystems, Foster City, CA) according to the following
program: 10min 95°C, (15s 95°C, 1min 60°C) x 40. Five
microliters of diluted cDNA or standards was amplified with
300nM of the described primers using Power SYBR Green PCR
Master Mix (Applied Biosystems) in a total volume of 25 L.
PCR product specificity was verified by taking a dissociation
curve. The results were expressed as a ratio of gene expression to
the expression of the reference gene (18 S rRNA).

Intracellular TEM analysis

After 24-h incubation with NM400, mouse lung fibroblasts, type-
II alveolar epithelial cells and peritoneal macrophages were
harvested by trypsinisation or scrapping, centrifuged and fixed for
150 min at 4 °C with 2.5% (w/v) glutaraldehyde (Agar Scientific)
in 0.1 M cacodylate buffer (pH 7.4) in a pyramidal beem capsule
(Agar Scientific). Cells were then washed 3 times with 0.2M
cacodylate buffer and postfixed in 1% (v/w) osmium tetroxide
(Merck) in 0.1 M cacodylate buffer (pH 7.4) for 60 min at 4 °C.
After fixation, cells were dehydrated in a graded series of ethanol
solutions (30, 50, 70, 85 and 100%), infiltrated and embedded in
epon resin LX 112 (LADD Research Industries). The samples
were cut in 60—100 nm ultrathin sections with an ultramicrotome
(Leica), placed on formvar coated copper/palladium grids (Agar)
and contrasted with saturated lead citrate and uranyl acetate
solutions. TEM images were taken using a transmission electronic
microscope (Philips FEI Tecnai 10) at an acceleration voltage of
80kV and a digital camera.

Animals and treatments

Eight-week-old C57BL/6 female mice were obtained from the
local animal facility (Animalerie Centrale UCL, Brussels,
Belgium), housed in positive pressure air-conditioned units
(25°C, 50% relative humidity) on a 12-h light/dark cycle with
free access to water and laboratory animal food. MWCNT
(NM400, long MWCNT, short MWCNT and thick MWCNT)
were dispersed as previously described. MWCNT suspensions
were diluted to 100 pg/50 uL H,O with 1.4 mg/mL BSA. After
anesthesia with a mix of Ketalar, 1 mg/mouse (Warner-Lambert,
Zaventem, Belgium), and Rompun, 0.2mg/mouse (Bayer,
Leverkusen, Germany) given intraperitoneally, 50 L of particle
suspensions were introduced into the lungs by pharyngeal
aspiration. Six mice were included per group. Control animals
were treated with an equivalent volume of sterile water with the
dispersant (control group). Mice were sacrificed 2 months after
instillation with an overdose of sodium pentobarbital (15 mg/
mouse intraperitoneally). The left lobe was isolated by clamping
the corresponding bronchi. This lobe was recovered in 3.65%
paraformaldehyde (Sigma-Aldrich) in PBS for later histological
analysis. The remaining lobes were perfused with NaCl 0.9%,
excised and then placed in 3 mL ice-cold PBS for the determin-
ation of lung hydroxyproline (OH-proline) content. The protocols
of this investigation were approved by the local committee for
animal research at the Université catholique de Louvain, Comité
d’Ethique pour I’Expérimentation Animale, Secteur des Sciences
de la Santé.

Lung homogenates and measurement of lung collagen
content

Lungs were homogenized on ice with an Ultra-Turrax T25
homogenizer (Janke & Kunkel, Brussels, Belgium) and stored
at —80°C. Lung total collagen was estimated by measuring
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OH-proline, a specific component of collagen. Part of lung
homogenate was hydrolyzed in HCl 6 N at 108 °C during 24 h and
OH-proline was quantified by high-performance liquid chroma-
tography (Biondi et al., 1997).

Histology

Paraffin-embedded sections were stained with Sirius Red (type-I
collagen staining) for light microscopy examination.

Statistical analysis

Data are presented as means =+ standard error on the mean (SEM).
Differences were evaluated by using r-test between control
conditions and high concentrations of growth factors or one-way
analysis of variance (ANOVA), followed by Dunnett’s multiple
comparison or Newman—Keuls multiple comparison tests.
Statistical significance was considered at p <0.05. Data analysis
was performed with GraphPad Prism 5.00 (GraphPad Software,
San Diego, CA).

Results
MWCNT characterization

Physicochemical characteristics and morphology of the different
MWCNT samples used in the present study are reported in
Table 1. Long and short MWCNT are identical in diameter and
impurity levels but differ by their length, while thick MWCNT
have a similar length as long MWCNT but are thicker. NM400 are
MWCNT selected as reference material by the JRC repository and
present a similar diameter as long and short MWCNT with an
intermediate length. NM400 contain high levels of Al impurity
compared to the other MWCNT samples.

Indirect fibrogenic effects of MWCNT on lung fibroblasts

Indirect effects of MWCNT (NM400) on fibroblasts were
assessed in vitro using macrophages and lung epithelial cells.
We first assessed the effect of NM400 on the viability of mouse
peritoneal macrophages (J774) and type-II alveolar epithelial cells
(LA-4) by a nanomaterial (NM)-adapted WST-1 assay (Vietti
et al., 2013). Cells were exposed for 24 h to 7.5-30 ug MWCNT/
cm? (surface area of the culture well). NM400 significantly
stimulated epithelial cell proliferation, while they were cytotoxic
to macrophages in the same dose range (Figure 1A and B). Cells
were also treated with the pro-fibrotic mediators PDGF and TGF-
. Both growth factors stimulated epithelial cell proliferation but
had no effect on macrophages, as expected. Transmission electron
microscopy (TEM) studies showed the presence of intracellular
CNT: dispersed CNT were found in macrophage and epithelial
cell endosomes, while aggregated MWCNT were also observed in
macrophage cytoplasm (Figure 1C and D).

Next, we exposed mouse lung fibroblasts (MLg) 24h to
supernatants from J774 and LA-4 collected after 24-h exposure
to MWCNT. Procollagen I and o-smooth muscle actin (SMA) were
measured by quantitative RT-PCR as markers of collagen expres-
sion and fibroblast differentiation, respectively. Conditioned
medium from both cell types increased fibroblast o-SMA expres-
sion (Figure 1E and F) significantly at the dose of 7.5 and
15 pg/em? for LA-4 and J774 supernatant, respectively, while
collagen expression was not altered (Figure 1G and H). These
observations confirmed the indirect effects of CNT on fibroblasts,
which might contribute to the establishment of lung fibrosis.

Direct fibrogenic effects of MWCNT on lung fibroblasts

In a previous study (Vietti et al., 2013), we demonstrated a direct
proliferative activity of MWCNT on lung fibroblasts. This in vitro
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Table 1. Physicochemical characteristics and morphology of MWCNT.
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Characteristics NM400 Long Short Thick
Diameter (nm) 5-35*% 11-59 10-47 15-74
Length (um) 0.7-3* 10-30° 0.5-2° 10-30°
Impurities
% Al 5.38" 0.01 0.01 0.01
% Co 0.24* / / /
% Fe 0.58* 0.05 0.04 0.03
% Ni s 1.35 0.81 2
Morphology®

“Refer to Vietti et al., 2013.
"Refer to CheapTubes Inc (http://www.cheaptubes.com).

°SEM (bar 1 pum) for NM400, TEM (bar 500 nm) for long, short and thick

response strongly reflected the lung fibrotic activity of several
CNT samples in vivo. In the present experiments, we primed
fibroblasts with low concentrations of pro-fibrotic growth factors
(PDGF 3ng/mL or TGF-B 1ng/mL). These concentrations,
contrary to the active doses used as positive controls (PDGF
30ng/mL or TGF-B 10ng/ml), were not observed to stimulate
fibroblast proliferation. This priming represents a realistic scen-
ario since PDGF and TGF-f are present in the CNT-exposed lung,
potentially secreted by macrophages and/or epithelial cells (Cesta
et al.,, 2010; Wang et al., 2013). When cells were additionally
exposed to MWCNT (NM400), fibroblast proliferation was
significantly and dose dependently increased (Figure 2A and B).
The fact that MWCNT-stimulated fibroblast proliferation when
primed with PDGF or TGF-B suggested the implication of their
signaling pathways in this activity. These results were confirmed
with other long MWCNT (NM402), whereas short MWCNT
(NM400c and MWCNTg 2400) did not stimulate MLg prolifer-
ation (data not shown), in accordance with our previous results
(Vietti et al., 2013). Like in macrophages and epithelial cells, we
recorded loose MWCNT in fibroblast endosomes (Figure 2C).

Fibroblast collagen production and differentiation into myofi-
broblasts were also assessed after direct exposure to MWCNT.
While TGF-B (10ng/mL) increased both responses as expected
(Wynn, 2011), procollagen I and o-SMA transcripts were not
altered after direct exposure to MWCNT of cells primed with low
concentrations of PDGF or TGF-f (Figure 2D-G). Interestingly,
MWCNT even decreased o-SMA expression, similarly to PDGF
30ng/mL (Figure 2D), as shown by other authors (Salabei et al.,
2013). As our data confirmed that the tested MWCNT had a direct
effect on fibroblast proliferation and suggested an involvement of
PDGF and TGF-p as a mechanism of action, we next explored the
impact of MWCNT at different levels of the PDGF/TGF-B
stimulation axis.

PDGF or TGF-f secretion by fibroblasts and expression of
their receptors in response to MWCNT

Several studies have reported an increased secretion of PDGF and
TGF-B, and higher expression of TGF-f receptors after exposure
to CNT, whereas other investigators did not record similar
modifications (Azad et al., 2013; He et al., 2011; Lin et al., 2012;
Wang et al., 2015). Thus, we investigated whether NM400 can
alter PDGF and TGF-B secretion and the expression of their
receptors. First, we assessed the basal level of PDGF and TGF-B

MWCNT.

receptor expression in the different cell lines used in this
study. Figure SIA-D shows that PDGF (Ra and Rf) and TGF-
(R1 and R2) receptors are significantly more expressed in MLg
and LA-4 than in J774, which is consistent with the fact that both
growth factors and MWCNT stimulated the proliferation of
fibroblasts and epithelial cells but not of macrophages. Fibroblast
exposure to MWCNT did not significantly modify PDGF and
TGF-f secretion (Figure S1E-H) and receptor expression (data
not shown).

MWCNT stimulate fibroblast proliferation via ERK 1/2
signaling pathway

Because PDGF and TGF- signaling pathways appeared to play a
role in the proliferative activity of MWCNT, we tested the
possible implication of several intracellular signaling pathways
known to be activated by these growth factors. Smad2/3 (TGF-p),
PI3K (TGF-B and PDGF) and ERK 1/2 (TGF-f and PDGF)
signaling were inhibited with SIS3, LY294002 and PD98059,
respectively. Fibroblasts were first treated with inhibitors for 2h,
then primed with low concentrations of PDGF (3ng/mL) or
TGF-P (1 ng/mL) for two additional hours and finally exposed to
MWCNT for 24h. Smad3 and PI3K inhibitors had no effect on
MWCNT proliferative activity (Figure 3A-D). On the contrary,
the proliferative activity of MWCNT was inhibited by PD98059
when fibroblasts were primed with PDGF or TGF-$ (Figure 3E
and F). The effect of MWCNT on the ERK 1/2 signaling pathway
was confirmed in a kinetic study where we showed that MWCNT
prolonged ERK 1/2 phosphorylation induced by low concentra-
tions of PDGF or TGF- (Figure 4A and B). Two hours after the
addition of PDGF 3ng/mL (time 0), ERK 1/2 phosphorylation
was increased. This phosphorylation decreased time-dependently
in the absence of CNT, while after the addition of MWCNT, ERK
1/2 phosphorylation was prolonged compared to fibroblasts only
treated with PDGF 3 ng/mL. Moreover, PD98059 (administered
before or after priming, Figures 3 and 4, respectively) inhibited
MWCNT-stimulated ERK 1/2 phosphorylation 2 h after exposure
to MWCNT and also reduced the phosphorylation of ERK 1/2
induced by high concentration of PDGF and TGF-B. The
inhibition of the proliferative activity of MWCNT by PD98059
was associated with a reduction of ERK 1/2 phosphorylation
(Figure 3G and H). Our data suggest that MWCNT interfere
with fibroblast proliferation at a level upstream of ERK 1/2
phosphorylation.
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Figure 1. Indirect fibrogenic effect of
MWCNT on lung fibroblasts via epithelial
cells and macrophages. (A) Mouse type-II
alveolar epithelial cells (LA-4) and (B)
mouse peritoneal macrophages (J774) were
exposed for 24h to NM400 MWCNT (7.5—
30 pg/em?). Cell viability was assessed by the
adapted WST-1 assay. Results are presented
as relative cell activity, that is, as a ratio to

Relative cell activity
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nontreated cells (Ctl). *#p <0.01,

##%p <0.001 versus nontreated cells (n =4,
t-test or Dunnett’s multiple comparison test,
as appropriate). Intracellular localization of
CNT was assessed by TEM 24 h after LA-4
(C) and J774 (D) exposure to MWCNT

(30 pg/em?). Effect of conditioned medium
collected 24 h after LA-4 (E, G) and J774
(F, H) exposure to MWCNT (3.75-30 pg/
cm?) on fibroblast differentiation and colla-
gen production was assessed by quantifying
o-SMA (E, F) and procollagen I (G, H)
mRNA respectively by quantitative RT-PCR,
24h after conditioned medium addition to
fibroblasts. LA-4 and J774 were also treated
with PDGF (30 ng/mL) and TGF-B (10 ng/
mL). RT-PCR results are presented as a ratio
of gene expression normalized on the
expression of the reference gene, 18 S rRNA.
#p<0.05, ** p<0.01, ***p<0.001 versus
nontreated cells (n=3, t-test or Dunnett’s
multiple comparison test as appropriate).
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Implication of kinase receptors in the proliferative activity
of MWCNT

To understand whether PDGF and TGF-B receptors (R) are
involved in the fibrogenic activity of MWCNT, fibroblasts were
treated with PDGF or TGF-f receptor kinase inhibitors after
priming with low concentrations of PDGF or TGF-f before
NM400 exposure. The stimulation of fibroblast proliferation by
PDGF (30ng/mL) and TGF-B (10ng/mL) was inhibited by
Gleevec and AG1296 (PDGF R inhibitors), and LY364947 and
SB431542 (TGF-B R inhibitors), respectively (Figure 5A, C, E,
and G). MWCNT-induced stimulation of fibroblast proliferation
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was reduced by these inhibitors except LY364947. Interestingly,
PDGF R inhibitors did not reduce the proliferation of TGF-
B-primed fibroblasts exposed to MWCNT, and SB431542 (TGF-f
R inhibitor) of PDGF-primed fibroblasts exposed to MWCNT
(data not shown). The absence of inhibitory activity of LY364947
on fibroblast proliferation in the presence of MWCNT could be
explained by the fact that SB431542 reduced more efficiently
ERK 1/2 phosphorylation compared to LY364947 when fibro-
blasts were treated with TGF-B 10ng/mL (Figure 5H). None of
TGF-B R inhibitors affected ERK 1/2 phosphorylation after
fibroblast treatment with PDGF (30 ng/mL) (Figure 5).
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Figure 2. Direct fibrogenic effect of MWCNT (A) 2.5 *xk
on lung fibroblasts. Mouse lung fibroblasts >
(MLg) were exposed for 24 h to NM400 s 20
MWCNT (7.5-30 pg/em?) after cell priming T'.‘g
with low concentrations of PDGF (A) or =15
TGF-B (B) (3 and 1 ng/mL, respectively). 3
Cell viability was assessed by the adapted e 1.0
WST-1 assay. PDGF (30 ng/mL) and TGF-$ =
(10ng/mL) were used as positive controls. E} 0.5
Results are presented as relative cell activity,

that is, as a ratio to nontreated cells (Ctl). 0.0

Ctl

#p<0.05, *#*p <0.001 versus nontreated
cells (n =4, t-test or Dunnett’s multiple
comparison test as appropriate). (C)
Intracellular localization of CNT was
assessed by TEM 24 h after fibroblast
exposure to MWCNT (30 ug/cmz). Effect of
MWCNT on fibroblast differentiation and
collagen production was assessed by quan-
tifying «-SMA (D, E) and pro-collagen I

(F, G) mRNA, respectively, by quantitative
RT-PCR. Fibroblasts were primed with low
concentrations of PDGF (D, F) or TGF-$
(E, G) (3 and 1 ng/mL, respectively) and then
exposed to MWCNT (7.5-15 pg/em?) for
24h. TGF-B (10 ng/mL) was used as positive
control. RT-PCR results are presented as a
ratio of gene expression normalized on the
expression of the reference gene, 18 S rRNA
gene. *p<0.05, **¥p<0.001 versus non-
treated cells (n =3, t-test or Dunnett’s mul-
tiple comparison test as appropriate).
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PDGF R inhibitors or SB431542 (TGF-B R inhibitor) also
reduced the prolonged ERK 1/2 phosphorylation induced by
MWCNT after priming with PDGF or TGF-B, respectively
(Figure 5B, D, and F). Thus, our observations suggested that
PDGF and TGF-B receptors are implicated in the proliferative
activity of MWCNT via the ERK 1/2 signaling pathway.

To determine whether kinase receptors, other than PDGF and
TGF-P R, were involved in the proliferative activity of MWCNT,
we investigated the role of the EGF R. We first compared the
expression of the EGF R in the different cell types by quantitative
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RT-PCR and found that it was strongly expressed in fibroblasts
compared to epithelial cells and macrophages (Figure S2A).
Fibroblast proliferation was strongly stimulated by the addition of
EGF (10ng/mL, Figure 7B). As with PDGF and TGF-B, we
primed fibroblasts with a low concentration of EGF (1 ng/mL),
treated cells with an EGF R inhibitor (IRESSA) and finally
exposed fibroblasts to MWCNT for 24 h. Figure S2B shows that
CNT significantly stimulated fibroblast proliferation primed with
a low concentration of EGF and this was inhibited by the EGF R
inhibitor, suggesting that the EGF signaling pathway can also
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Figure 3. MWCNT stimulate fibroblast proliferation via ERK 1/2 signaling pathway. Fibroblasts (MLg) were treated with a Smad3 inhibitor, SIS3 (A,
B), a PI3K inhibitor, LY294002 (C, D) or an ERK 1/2 inhibitor, PD98059 (E, F), primed with a low concentration of PDGF (A, C, E, G) or TGF-f (B,
D, F, H) (3 or 1 ng/mL, respectively) and then exposed to MWCNT (7.5-15 pg/cm?) for 24 h (WST-1 assay) or 2 h (immunoblotting). Cell viability was
assessed by the adapted WST-1 assay 24 h after exposure to CNT (A-F) and ERK 1/2 phosphorylation by immunoblotting 2 h after exposure to CNT
(G-H). PDGF and TGF- (30 and 10 ng/mL, respectively) were used as positive controls. WST-1 results are presented as relative cell activity, that is, as
a ratio to nontreated cells (Ctl). *p <0.05, *#p <0.01, *##p <0.001 versus nontreated cells (n =4, Newman—Keuls multiple comparison test).

participate to the fibrogenic activity of MWCNT. Of note,
IRESSA completely inhibited EGF-stimulated (10ng/mL), but
not PDGF-stimulated proliferation of fibroblasts (data not shown).

Role of endocytosis in the proliferative activity of MWCNT

In a previous section, we showed that NM400 were endocytosed
by fibroblasts (Figure 2C). To understand the role of MWCNT
uptake in the stimulation of fibroblast proliferation, we used
amiloride, a nonspecific inhibitor of endocytosis. Fibroblasts were
treated during 2 h with amiloride, then primed with low concen-
trations of PDGF or TGF-f for two additional hours and finally
exposed to MWCNT. Figure 6 shows that amiloride reduced the

proliferative activity of MWCNT and the associated phosphoryl-
ation of ERK 1/2, while it did not alter PDGF- (30 ng/mL) or
TGF-B- (10ng/mL) induced proliferation or ERK 1/2 phosphor-
ylation. These data indicate that the fibrogenic activity of
MWCNT is also associated with the process of endocytosis in
fibroblasts.

ERK 1/2 signaling as a mechanism-based predictor of the
lung fibrogenic activity of MWCNT

We recently reported that the in vitro proliferative activity of a
range of MWCNT on fibroblasts reflected their fibrotic activity
in vivo (Vietti et al., 2013). Since the present study indicated that
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Figure 4. MWCNT prolong ERK 1/2 phosphorylation and act upstream of this signaling event. Fibroblasts (MLg) were primed with a low
concentration of PDGF (A) or TGF-B (B) (3 and 1 ng/mL, respectively) and then exposed to MWCNT (15 pg/cm?). ERK 1/2 phosphorylation was
analyzed at different time points (0, 1, 2 and 6h) by immunoblotting. The implication of ERK 1/2 in MWCNT activity was analyzed by the adapted
WST-1 assay (C-D) and immunoblotting (E-F). MLg were primed with a low concentration of PDGF (C, E) or TGF-$ (D, F) (3 or I ng/mL,
respectively), then treated with an ERK 1/2 inhibitor, PD98059 (A-D) and finally exposed to MWCNT (7.5-15 pg/cm?) for 24 h (WST-1 assay) or 2h
(immunoblotting). PDGF and TGF-$ (30 and 10ng/mL, respectively) were used as positive controls. WST-1 results are presented as relative cell
activity, that is, as a ratio to nontreated cells (Ctl). *p<0.05, **p<0.01, **¥*p<0.001 versus nontreated cells (n =4, Newman-Keuls multiple

comparison test).

the pro-fibrotic activity of CNT was correlated with the
prolongation of ERK 1/2 phosphorylation promoted by growth
factors, we verified this hypothesis with three other MWCNT
samples. Thus, MWCNT with different physicochemical proper-
ties (such as length and diameter, described in Table 1) were
selected to assess the potential predictive value of ERK 1/2
signaling phosphorylation in terms of lung fibrosis. We observed
that long MWCNT, but not short and thick MWCNT, stimulated
fibroblast proliferation and prolonged ERK 1/2 phosphorylation
when primed with a low concentration of PDGF (Figure 7A and
B). Fibroblast proliferation stimulated by long MWCNT was
reduced by the ERK 1/2 inhibitor PD98059. Two months after
administration of MWCNT by pharyngeal aspiration in mice, we
observed a significant increase of lung collagen fibers and content
with NM400 and long MWCNT, but not with short and thick
MWCNT (Figure 7C and D). These data indicate that the
MWCNT-induced prolongation of ERK 1/2 signaling in vitro
correlates with their activity on fibroblast proliferation, and, most
interestingly, may predict the lung fibrotic response to MWCNT.

Discussion

A number of studies have revealed that CNT can cause pulmonary
fibrosis in rodents (Lam et al., 2004; Muller et al., 2008;
Shvedova et al., 2005). As already mentioned, both indirect and
direct mechanisms appear essential for the fibrogenic activity of
CNT. Here, we show that CNT-exposed epithelial cells and

macrophages are important mediators for fibroblast differentiation
and that the additional direct proliferative activity of MWCNT on
fibroblasts results from a prolonged activation of ERK 1/2
signaling mediated by kinase receptors and endocytosis.
Moreover, the effect of different MWCNT samples on ERK 1/2
phosphorylation strongly reflected the proliferative activity of
MWCNT on fibroblasts and the extent of lung fibrosis, suggesting
that this in vitro mechanism of action is relevant for and predictive
of the pulmonary fibrotic activity of MWCNT. Figure 8 depicts a
schematic overview of the mechanisms identified in this study and
participating in the indirect and direct fibrogenic activities of
MWCNT on fibroblasts.

In the first part of our study, we confirmed the indirect effects
of MWCNT on fibroblasts, via epithelial cells and macrophages.
We found that, at equivalent doses, MWCNT induce a dose-
dependent proliferative and cytotoxic effect on epithelial cells and
macrophages, respectively. Furthermore, the intracellular local-
ization analysis showed loose MWCNT in endosomes of both cell
types and aggregated MWCNT in the macrophage cytoplasm.
Macrophages are professional phagocytes highly specialized in
the clearance of particles in the lung. The presence of aggregated
MWCNT in their cytoplasm suggests a substantial endocytosis of
CNT but an incapacity to clear them, leading to phagosome
destabilization and cell death (Murphy et al., 2012). Conditioned
media from epithelial cells and macrophages exposed to MWCNT
were shown to upregulate a-SMA, suggesting a role of these cells
in fibroblast differentiation via the secretion of (a) pro-fibrotic
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Figure 5. Implication of PDGF and TGF-p receptors in the fibrogenic activity of MWCNT in fibroblasts. MWCNT activity on fibroblast proliferation

and ERK 1/2 phosphorylation in the presence of PDGF and TGF-f inh

ibitors were assessed by the adapted WST-1 assay (A, C, E, G) and

immunoblotting (B, D, F), respectively. Fibroblasts (MLg) were primed with a low concentration of PDGF (A-D) or TGF-B (E-G) (3 or 1ng/mL,

respectively), treated with PDGF R inhibitors Gleevec (A, B) or AG1296 (!

C, D), TGF-B R inhibitors SB431542 (E, F) or LY364947 (G) and then

exposed to MWCNT (7.5-15 pg/em?) for 24 h (WST-1 assay) or 2 h (immunoblotting). PDGF and TGF-§ (30 and 10 ng/mL, respectively) were used as

positive controls. WST-1 results are presented as relative cell activity, that i

s, as a ratio to nontreated cells (Ctl). *p <0.05, **p<0.01, **¥p <0.001

versus nontreated cells (n =4, Newman—Keuls multiple comparison test). (H) Inhibitory activity of TGF-B receptor inhibitors on ERK 1/2

phosphorylation in fibroblasts was assessed by immunoblotting. MLg were
active concentrations of PDGF or TGF- (30 or 10 ng/mL, respectively).

mediator(s). Though conditioned medium might still contain
CNT, we ascribed this effect to (a) factor(s) released by
macrophages and epithelial cells, since NM400 did not directly
increase o-SMA expression. Indeed, several investigators have
amply shown that macrophages and epithelial cells exposed to
CNT secrete key pro-fibrotic mediators such as PDGF, TGF-f3 and
IL-1PB (Cesta et al., 2010; Li et al., 2013; Wang et al., 2011).

treated with TGF-B R inhibitors LY364947 or SB431542 and then with

However, other mediators, such as EGF and fibroblast growth
factor (FGF), could also contribute to the indirect effects of CNT
on fibroblasts and further studies should be carried out to clarify
this important issue. Our observations confirm, therefore, the
indirect action of MWCNT on fibroblasts mediated by macro-
phages or epithelial cells that could contribute to the development
of CNT-induced lung fibrosis.
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secrete mediators that promote the differentiation of lung fibroblasts, (ii) in the presence of growth factors, long and thin MWCNT prolong ERK 1/2

phosphorylation in fibroblasts and directly stimulate their proliferation.

We propose that MWCNT interact with kinase receptors and, through

internalization, enhance their activation, which prolongs ERK 1/2 signaling and leads to fibroblast proliferation.

The ability of CNT to reach the alveolar interstitium and thus
to directly interact with fibroblasts and stimulate their prolifer-
ation may also participate in the development of pulmonary
fibrosis (Azad et al., 2013; Mercer et al., 2010; Vietti et al., 2013;
Wang et al., 2010a; Wang et al., 2010b). In the present study, we
showed that MWCNT stimulate fibroblast proliferation when cells
are primed with low concentrations of PDGF or TGF-p.
Interestingly, Wang et al. (2013) observed that MWCNT
increased lung fibroblast number in vivo after intratracheal
instillation by using the fibroblast-specific protein-1 (FSP-1)
marker. Although it was not shown that increased fibroblasts
number resulted solely from proliferation, these observations
support the importance of this process in the development of
fibrosis.

To explore the mechanisms responsible for fibroblast prolif-
eration after MWCNT exposure, different hypotheses have been
investigated. Some authors have reported increased TGF-BRIL
protein levels and the secretion of TGF-p by fibroblasts exposed

to SWCNT (Azad et al., 2013; Lin et al., 2012; Manke et al.,
2014). We did not observe increased PDGF or TGF-J secretion or
expression of their receptors by fibroblast exposed to MWCNT.
However, we observed a stronger expression of PDGF and TGF-p
receptors in fibroblasts and epithelial cells compared to macro-
phages, suggesting the implication of their signaling pathway in
the proliferative activity of MWCNT.

To assess this, several intracellular pathways of PDGF and
TGF-B receptors (Smad3, PI3K and ERK 1/2) were probed by
inhibitors. Results showed the involvement of ERK 1/2 in the
proliferative activity of MWCNT. We also observed that MWCNT
prolonged PDGF and TGF-f-induced ERK 1/2 phosphorylation in
fibroblasts and that this effect was prevented by a ERK 1/2
inhibitor administered before or after priming, suggesting that
MWCNT interfere with the signaling pathway upstream of the
phosphorylation of ERK 1/2. The association between CNT
exposure and activation of ERK 1/2 signaling was already shown
in some studies but never in relation with the stimulation of
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proliferation. For instance, phosphorylation of ERK 1/2 was
detected in malignant human mesothelial cells after SWCNT
exposure and during the induction of neoplastic-like transform-
ation (Lohcharoenkal et al., 2014; Pacurari et al., 2008). Also,
MWCNT were shown to activate ERK 1/2 in human skin
fibroblasts, neuronal neurites and macrophages (Ding et al., 2005;
Lee et al., 2012; Matsumoto et al., 2010).

Since we showed that MWCNT act upstream of ERK 1/2 in
fibroblasts, we investigated whether PDGF and TGF-P receptors
were involved in the proliferative activity of MWCNT. Inhibiting
PDGF or TGF-f receptor after priming with their respective
ligands drastically reduced MWCNT-induced fibroblast prolifer-
ation and ERK 1/2 phosphorylation. We observed that MWCNT
also stimulated the proliferation of EGF-primed fibroblasts and
the inhibitor of EGF R prevented this effect, suggesting that the
proliferative activity of MWCNT on fibroblasts can be mediated
by several kinase receptors. The EGF kinase R also regulates the
activation of specific signaling pathways, including ERK 1/2
(Jorissen et al., 2003), and interacts with ultrafine carbon black
particles and asbestos fibres to activate cells (Sydlik et al., 2006;
Tamaoki et al., 2004; Taylor et al., 2013; Unfried et al., 2008).
Currently, we ignore whether there is a direct interaction between
the CNT and kinase receptors and further studies need to be
performed. We can, however, conclude that the proliferative effect
of MWCNT is mediated by kinase receptors.

As mentioned above, we observed the internalization of
MWCNT in the endosomes of lung fibroblasts and, thus, decided
to investigate whether the cellular uptake of CNT might play a
role in their proliferative activity. We showed that an unspecific
endocytosis inhibitor, amiloride, abolished the proliferative
activity of MWCNT on primed fibroblasts as well as ERK 1/2
phosphorylation. Recent studies suggest that internalization of
kinase receptors might act as a positive signal for their activation
(Pahara et al., 2010; Wang et al., 2004). However, our data show
that the inhibitor of endocytosis did not decrease fibroblast
proliferation induced by high concentrations of PDGF and TGF-p,
suggesting that receptor internalization alone is not sufficient to
explain the pro-fibrotic activity of MWCNT.

Finally, we tested the proliferative activity of several MWCNT
and found that their capacity to stimulate fibroblast proliferation
was related to their lung fibrotic activity, as we already reported
with other CNT samples (Vietti et al., 2013). Additionally, the
proliferative activity of MWCNT was also associated with the
prolongation of ERK 1/2 phosphorylation in fibroblasts in vitro,
suggesting that this in vitro mechanism is predictive of a
fibrogenic potential. We also confirmed the importance of
MWCNT length and diameter in their fibrotic activity. Other
studies also showed that MWCNT induce cytotoxic or fibrotic
effects in a length-dependent manner and that thick MWCNT are
less toxic than thinner ones both in vivo and in vitro (Fenoglio
et al., 2012; Liu et al., 2012; Murphy et al., 2012; Nagai et al.,
2011; Palomaki et al., 2011; Vietti et al., 2013). Thus, our data
support the hypothesis that thin and long fibers can induce more
chronic inflammation and lung fibrosis, as proposed in the fiber
paradigm (Donaldson et al., 2010).

Conclusion

The present findings, summarized in Figure 8, demonstrate that
MWCNT act both indirectly, via macrophages and epithelial cells,
and directly on fibroblasts to stimulate their pro-fibrotic activities:
(i) the interaction of MWCNT with macrophages and epithelial
cells can promote the differentiation of lung fibroblasts, (ii)
MWCNT interaction with fibroblasts can stimulate their prolif-
eration. We showed that the proliferative activity of MWCNT is
kinase receptor-, ERK 1/2 pathway- and endocytosis-dependent.

Nanotoxicology, Early Online: 1-13

As suggested in our previous study (Vietti et al, 2013), we
confirmed with other MWCNT samples that the proliferative
activity of MWCNT on fibroblasts strongly reflects their capacity
to induce lung fibrosis. This was also associated with the
prolongation of ERK 1/2 phosphorylation in fibroblasts, indicat-
ing that this in vitro mechanism of action is relevant for and
predictive of the pulmonary fibrogenic activity of CNT. Other
mechanisms of action have been shown to modulate the pro-
fibrotic activity of CNT, and a better understanding of all
pathways involved in the fibrotic potential of CNT is thus needed
to better establish the value of our in vitro fibroblast proliferation
assay to predict CNT lung fibrotic activity.
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Figure S1. Effect of MWCNT on PDGF and TGF-B secretion by fibroblasts and
expression of their receptors. Expression of PDGF Ra (A), PDGFRp (B), TGF- RI
(C) and TGF-B RIlI (D) mRNA was assessed by quantitative RT-PCR on mouse lung
fibroblasts (MLg), type Il alveolar epithelial cells (LA-4) and peritoneal macrophages
(J774). Results are presented as a ratio of gene expression normalized on the
expression of the reference gene, 18S rRNA. Secretion of PDGF-BB (E,F) and TGF-
B1 (G,H) was measured in MLg culture supernatants by ELISA. MLg were primed
with low concentrations of PDGF (E,G) or TGF- (F,H) (3 and 1 ng/ml, respectively)
and then exposed to MWCNT (7.5-15 pg/cmz) for 24 h. * p < 0.05, *** p < 0.001 vs

non-treated cells (n = 3, t-test or Dunnett's Multiple Comparison test as appropriate).
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Figure S2
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Figure S2. Implication of EGF R in the fibrogenic activity of MWCNT in fibroblasts.
(A) Expression of EGF R mRNA was measured by quantitative RT-PCR in mouse
lung fibroblasts (MLg), type Il alveolar epithelial cells (LA-4) and peritoneal
macrophages (J774). Results are presented as a ratio of gene expression normalized
on the expression of the reference gene, 18S rRNA. (B) MWCNT activity on fibroblast
proliferation in presence of the EGF R inhibitor IRESSA was assessed by the
adapted WST-1 assay. Fibroblasts were primed with a low concentration of EGF (1
ng/ml), treated with IRESSA and then exposed to MWCNT (7.5-15 pg/cm?) for 24 h.
EGF (10 ng/ml) was used as a positive control. WST-1 results are presented as a
ratio to non-treated cells (Ctl). * p < 0.05, *** p < 0.001 vs non-treated cells (n = 4,

Newman-Keuls Multiple Comparison test).
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3.3.3. How does this work contribute to nanotoxicology knowledge?
With this in vitro study we confirm that MWCNT NM400 directly increase
fibroblast proliferation, and indirectly via macrophages and epithelial cells,
stimulate fibroblast differentiation, both phenomena likely contributing to the
establishment of lung fibrosis. These data also suggest that the
mechanisms of action of CNT in inducing pro-fibrotic effects is mediated
through specific signaling pathways, which were identified as kinase
receptors, ERK 1/2 signaling and endocytosis in our manuscript.

Currently, there are few studies that clearly analyzed the direct effect of
CNT on fibroblasts. Three studies have investigated this topic. Wang et al.
(Wang et al., 2015) observed that long MWCNT (length 20-50 ym, doses
15-60 pg/ml) directly promote fibroblast differentiation into myofibroblasts
through the activation of the TGF-f/Smad signaling. Another group
observed that SWCNT (5-25 pg/ml) induce fibroblast proliferation and
collagen production through a ROS-dependent p38 MAPK signaling leading
to the production of vascular endothelial growth factor (VEGF) and TGF-3
(Azad et al., 2013). Unfortunately, these studies did not investigate a
possible correlation between their in vitro results on fibroblasts and in vivo
findings. The group of Manke et al. (Manke et al., 2014) has simultaneously
explored the direct mechanisms mediating the pro-fibrotic effect of CNT on
fibroblasts and their in vivo fibrotic effect. Authors showed that the
upregulation of TGF-$ protein expression by fibroblasts in vitro upon CNT
exposure was associated with the in vivo lung fibrosis outcome. The
difference of mechanisms observed in all these studies may be not
immediately obvious, but can probably be attributed to: i) the experimental
conditions, such as cell lines, dispersion media and methods; and ii) the
physico-chemical properties of CNT, suggesting that CNT can probably

activate fibroblasts in different ways depending on their structure.
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Principally fiber length and diameter have been shown to modulate CNT
pro-fibrotic effects on fibroblasts.

Currently, even if it is probably difficult to draw definitive conclusions about
the modes of action of CNT on fibroblasts, these results are useful to
further investigate these issues and to find valid and relevant biomarkers
predicting the fibrotic reaction induced by CNT in the lung. This knowledge
will also be useful for industry and regulators to manufacture safe CNT and

thus prevent their hazardous effects.
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3.4. REVIEW ON CARBON NANOTUBES AND LUNG FIBROSIS
MECHANISMS

3.4.1. Context and general review design.

The initial actor of fibrosis is still not clearly identified and, in the literature,
few reviews have clearly organized and elucidated the key cells and
mechanisms which lead to pulmonary fibrosis upon CNT exposure (Manke
et al., 2013). In particle toxicology, fibrosis is generally interpreted as being
the result of an inflammatory response that is driven by the inability to clear
particles from the lungs via the usual protective mechanisms. In the lung,
CNT can be cleared by responses such as coughing, mucociliary transport,
and/or phagocytosis by alveolar macrophages (Gehr et al., 2000; Schurch
et al, 1990). Instead, CNT that cannot be cleared by physiological
processes are considered to be biopersistent (Donaldson et al., 2013),
resulting in a chronic inflammatory response where immune cells,
principally macrophages, and epithelial cells are excessively or
inappropriately activated. Different types of CNT have been shown to
induce diverse inflammatory responses, such as the release of mediators,
both in vivo and in vitro. Interestingly, emerging evidences report that CNT
can reach the interstitial space and, thus, be in contact with fibroblasts. In
vitro and in vivo studies, including ours, have shown that CNT are able to
activate fibroblasts, inducing their proliferation, differentiation and/or
collagen production (Wang et al., 2010; Vietti et al., 2013; Vietti et al., 2015;
Wang et al., 2015).

In this review, we have reorganized the mechanisms involved in CNT-
induced lung fibrosis based on a new concept, i.e. we classified CNT
activities in inducing lung fibrosis as “direct” and “indirect” effects on

fibroblasts, as shown in Figure 6.
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Figure 6. Direct and indirect effects of CNT on lung fibroblasts.

Macrophages and epithelial cells were principally investigated and
analyzed for the indirect effects on fibroblasts. We also addressed the
physico-chemical properties of CNT important for their toxic activities and
the relationship between in vitro and in vivo findings. This knowledge
allowed us to build an adverse outcome pathway (AOP) to guide further
researches focusing on appropriate and priority toxic events and identify
novel biomarkers, through which we can improve predictive approaches

needed to advance regulatory nanotoxicology.
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Abstract

Several experimental studies have shown that carbon nanotubes (CNT) can induce respiratory effects, including
lung fibrosis. The cellular and molecular events through which these effects develop are, however, not clearly
elucidated. The purpose of the present review was to analyze the key events involved in the lung fibrotic reaction
induced by CNT and to assess their relationships. We thus address current knowledge and gaps with a view to draft
an Adverse Outcome Pathway (AOP) concerning the fibrotic potential of CNT.

As for many inhaled particles, CNT can indirectly activate fibroblasts through the release of pro-inflammatory (IL-13)
and pro-fibrotic (PDGF and TGF-) mediators by inflammatory cells (macrophages and epithelial cells) via the
induction of oxidative stress, inflammasome or NF-kB. We also highlight here direct effects of CNT on fibroblasts,
which appear as a new mode of toxicity relatively specific for CNT. Direct effects of CNT on fibroblasts include the
induction of fibroblast proliferation, differentiation and collagen production via ERK 1/2 or Smad signaling. We also
point out the physico-chemical properties of CNT important for their toxicity and the relationship between in vitro

assessment tools for regulatory decision.

and in vivo effects. This knowledge provides evidence to draft an AOP for the fibrogenic activity of CNT, which
allows developing simple in vitro models contributing to predict the CNT effects in lung fibrosis, and risk

Keywords: Carbon nanotube, Lung fibrosis, AOP, Fibroblast, Macrophage, Epithelial cell, Mechanisms

Background

Carbon nanotubes (CNT) are cylinders with a diameter
in the order of nanometers, constituted of one or several
graphene layers named single walled (SW) or multi
walled (MW) CNT, respectively. They attract wide inter-
ests because of their unique physico-chemical properties
useful for a variety of applications. In the last few years,
several studies have suggested diverse applications of
CNT in consumer and industrial products, in fields such
as electronics, structural engineering, manufacturing and
medicine. Thus, determining the health hazards of CNT
is of great importance in view of the increased potential
for human exposure within occupational, environmental,
medical and consumer environments. In particular, there
is a great focus on inhalation exposure because the

* Correspondence: giuliavietti@uclouvain.be

Louvain centre for Toxicology and Applied Pharmacology, Université
Catholique de Louvain, Avenue E. Mounier, 52 - bte B1.52.12, 1200 Brussels,
Belgium

( BioMed Central

fibrous shape of CNT, similar to asbestos fibers, and
their high surface area raise serious concerns for harmful
respiratory effects [1]. Recent experimental studies have
indicated that CNT can induce respiratory toxicity, in-
cluding inflammatory and fibrotic reactions, and peri-
toneal mesothelioma in animals [2-7]. The National
Institute for Occupational Safety and Health (NIOSH)
has recommended an occupational exposure limit (REL)
of 1 pg/m?® together with other strategies for controlling
workplace exposures to CNT and for implementing a
medical surveillance program of exposed workers [8].
Table 1, 2, 3 shows that CNT can induce fibrotic lung
reactions, whatever the mode of experimental adminis-
tration (inhalation, aspiration or injection) or the animal
species used. Depending on their physicochemical char-
acteristics, the fibrogenic activity of CNT appear, how-
ever, to vary considerably, pointing out the necessity to
identify which CNT property(ies) drive(s) their hazard-
ous activities, and which mechanisms are involved. It is,

© 2016 Vietti et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http//creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated
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therefore, important to study and investigate how CNT
can exert their pro-fibrotic activities and to initiate pre-
vention strategies to avoid the development of diseases
in humans like asbestosis.

Regulatory toxicology currently moves towards the
mode of action concept, aligned with so-called adverse
outcome pathways (AOP). AOP refers to a conceptual
structure that portrays existing knowledge concerning a
series of key events (KE) along a biological pathway from
the molecular initial event (MIE) to the adverse outcome
(AO) [9]. Organization of these data in an AOP provides
a systematic and transparent knowledge that may help
elucidating and identifying the key mechanisms of tox-
icity, and the strength of their relationship, which lead
to the progression of the AO. This knowledge can guide
researchers to focus on key toxic events and assays or,
where data gaps exist, this might provide an incentive to
identify and highlight new mechanisms of action. Add-
itionally, AOPs can facilitate the development of simple
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and fast test methods to predict the potential hazard of
CNT, thus reducing the use and costs of animal and
time-consuming experiments. The present review fo-
cuses on mechanisms of the lung fibrotic reaction
induced by CNT with a view to developing an AOP.

Lung fibrotic reactions and CNT

In response to prolonged tissue injury or chronic inflam-
mation, fibroblasts can be activated, resulting in three KE
involved in the development of lung fibrosis: i) cell pro-
liferation, ii) differentiation into myofibroblasts and iii)
exaggerated production of extracellular matrix (ECM)
proteins, leading to ECM accumulation in the lung paren-
chyma, modification of the lung architecture, organ dys-
function and, eventually, severe respiratory insufficiency
[10]. Fibroblasts can derive from different sources, includ-
ing lung resident fibroblasts, epithelial cells undergoing
epithelial-mesenchymal transition (EMT) and bone mar-
row progenitors called fibrocytes. Numerous studies have
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aimed at identifying how CNT can promote pro-fibrotic
responses, based on the current paradigm in particle toxi-
cology that considers particle-inflammation as key player
in inducing fibrosis [11, 12].

CNT can induce the release of pro-inflammatory and
pro-fibrotic growth factors by macrophages and epithe-
lial cells [13-16], which are in the frontline in lung
alveoli. The release of these mediators can induce the re-
cruitment, proliferation and differentiation of fibroblasts,
which then produce the ECM components. In this con-
text, interstitial fibroblasts, epithelial cells undergoing
EMT and fibrocytes can be involved. Additionally, other
cell types seem to be involved in fibrogenic responses
induced by CNT, such as T and B cells, polymorpho-
nuclear neutrophils (PMN), mast and endothelial cells
[17-21]. However, there is no evidence on how these
cells can activate fibroblasts upon CNT exposure and
lead to fibrosis.

In addition, scientists recently started to scrutinize the
potential interaction of CNT with fibroblasts. CNT can
activate fibroblasts in vitro, resulting in increased prolif-
eration, differentiation and collagen production [22-24].
Interestingly, only fiber-shape particles such as asbestos
[25] and CNT seem to have the capacity to induce fibro-
blast activation, suggesting a new mechanism of action
for these particles.

After reviewing recent advances in this area we
propose an AOP, focusing on CNT and lung fibrosis. In
agreement with the observations reported above, we
classified the effects of CNT in two different ways: i) dir-
ect effects on fibroblasts and ii) pro-inflammatory and
pro-fibrotic effects on macrophages and epithelial cells,
which we call “indirect” effects on fibroblasts. For the in-
direct effect on fibroblasts, we focused on macrophages
and epithelial cells, because of their central role and ex-
tensive literature published in this area. To have a clear
overview of the pathways involved in the development
of fibrosis we further structured the review in multiple
sections for each cell type analyzed (CNT localization,
effects, mechanisms, relevance of in vitro CNT activities
for in vivo effects) in order to design a structured AOP.
We summarize here evidences of a close cooperation
between fibroblasts, macrophages and epithelial cells in the
development of pulmonary fibrosis upon CNT exposure.

The direct effects of CNT on fibroblasts

Fibroblasts and CNT lung localization

To support the new paradigm that CNT can have a dir-
ect effect on fibroblasts, we first need to address the
localization of CNT deposited in the lung. Recent stud-
ies have shown the localization of CNT in the alveolar
interstitium after pharyngeal aspiration or inhalation
exposure using light microscopy, field emission elec-
tron microscopy (FESEM) and a new technique based
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on enhanced-darkfield illumination optics and imaging
[26, 27]. These studies support the idea that CNT are
able to reach the alveolar interstitium rapidly after
exposure and get in close contact with fibroblasts,
suggesting that these particles can act directly on these
cells possibly contributing to fibrosis development. This
observation is further supported by a previous paper
by Mercer et al. [28], who observed that dispersed
SWCNT (average equivalent diameter 0.69 pm) reached
the deep lung and rapidly penetrated in the alveolar in-
terstitium causing after 7 days an increase of thickness
of alveolar walls and collagen content after pharyngeal
aspiration of 10 pg CNT/mouse (corresponding to
0.5 mg/kg b.w., considering a mouse weight of 20 g).
On the contrary, agglomerates and poorly dispersed
SWCNT (average equivalent diameter 15.2 pm) were
principally deposited in the proximal alveolar region
and formed granuloma, confirming that CNT aggrega-
tion plays a role in their tissue distribution and thus
fibrogenic activity. These studies used doses of CNT
equivalent to a human exposure scenario for a person
performing a light work, based on average daily CNT
workplace exposure. Also the group of Wang et al. [24]
showed that MWCNT can directly interact with fibro-
blasts in vivo. Long MWCNT (length 20-50 pm),
which were not phagocytosed by macrophages, were
found at the surface and also inside cells stained posi-
tively for FSP-1 (fibroblast specific marker) contrary to
short MWCNT (length 0.5-2 um) after intratracheal in-
stillation of 0.6 mg/rat (3 mg/kg b.w., considering a rat
weight of 200 g). This dose is similar to that used by
Mercer et al. [28] as 80 pg CNT/mouse corresponds to
4 mg/kg b.w. Taken together, these data confirm the
relevance of investigating the direct activities of CNT
on lung fibroblasts.

CNT activities on fibroblasts

Effects

In this section, we focus on in vitro studies that ad-
dressed the activation of fibroblasts by CNT, as illus-
trated in Fig. 1. As mentioned above, the ultimate events
in fibrogenesis are fibroblast proliferation, differentiation
and ECM production. The first study that demonstrated
a direct effect of CNT on fibroblasts was published by
the group of Wang et al. [22]. Low concentrations of
dispersed SWCNT (0.02-0.24 pg/cm?), extrapolated
from in vivo doses (10—40 pg/mouse, corresponding to
0.5-2 mg/kg b.w.), stimulated cell proliferation, collagen
production and matrix metalloproteinases (MMP)-9
expression in human lung fibroblast (CRL-1490). Other
in vitro studies observed that both SWCNT and
MWCNT were able to directly stimulate fibroblast
proliferation, differentiation and collagen production
[14, 23, 24, 29-31]. In general, these studies
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demonstrated that CNT have a direct and rapid effect
on different types of fibroblasts, only after 24 or 48 h ex-
posure to doses of CNT relevant for in vivo and human
exposure scenarios. These results also show that CNT
activity on fibroblasts is not species-specific and that the
types of fibroblast tested, such as CRL-1490 and mouse
lung fibroblast (MLg), are useful cell models, providing
support to extrapolate in vitro data to in vivo and hu-
man exposures. However, some CNT have also been
observed to be cytotoxic to fibroblasts [13, 32] and it ap-
pears that this effect is related to the production of re-
active oxygen species (ROS) by fibroblasts exposed to
CNT, which we will describe in more details in the next
section. MWCNT (20 pg/ml) were also found to in-
crease transforming growth factor (TGF)- and platelet-
derived growth factor (PDGF) mRNA and proteins in
lung fibroblasts after 24 h exposure [13]. Both growth
factors are well known as key mediators in the patho-
genesis of pulmonary fibrosis. PDGF stimulates fibro-
blast proliferation and acts as a potent chemoattractant
for fibroblasts and myofibroblasts, thereby promoting
fibrosis. TGF- stimulates the differentiation of mesen-
chymal cells and the synthesis of collagen. Also, pro-
inflammatory mediators could mediate the release of
TGF- and PDGF and thus potentially exacerbate
fibrosis development [13]. However, the release of pro-
inflammatory mediators by fibroblasts after CNT expos-
ure has not been observed so far.

Mechanisms

Few studies investigated the specific mechanisms of
action by which CNT can directly promote fibroblast
activation. A recent study observed that long MWCNT
(length 20-50 pum, doses 15-60 pg/ml) directly promote
fibroblast differentiation into myofibroblasts through the
activation of TGF- /Smad signaling [24]. This pathway
is largely known to drive myofibroblast differentiation,
but explored for the first time in the context of CNT-
induced fibroblast activation. The mechanisms involved in
fibroblast proliferation were investigated in two other stud-
ies. Azad et al. [14] observed that SWCNT (5-25 pg/ml)
induce fibroblast proliferation and collagen production
through a ROS-dependent p38 MAPK signaling leading
to the production of TGF- and vascular endothelial
growth factor (VEGEF). Oxidative stress reflects an imbal-
ance between the production of different reactive metabo-
lites, including ROS and antioxidant defenses. CNT have
been shown to induce ROS production both in vitro and
in vivo, directly via physico-chemical reactivity, for ex-
ample through active residual metal catalysts present on
the surface of CNT (discussed in section: “Indirect effects
of CNT on fibroblasts”), or indirectly, via the activation of
enzymatic pathways leading to release of oxidative species.
Oxidative stress has been identified as an initiating factor
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in the pathogenesis of fibrosis as it can increase pro-
fibrotic growth factors production leading to the activa-
tion of fibroblasts, as described by Azad et al. [14]. Inter-
estingly, Manke et al. [31] also observed that SWCNT
(0.06 pg/cm?) induced collagen and TGE- production via
ROS generation in normal human lung fibroblasts
(NHLF) and these effects were inhibited in the presence
of N-acetyl cysteine (NAC). MWCNT-induced oxidative
response was also related to a cytotoxic activity of CNT
on fibroblasts [32, 33]. We showed the implication of
TGE- , PDGF and epidermal growth factor (EGF) recep-
tors in MWCNT-induced fibroblast proliferation. In pres-
ence of low concentrations of different growth factors, we
observed that long and thin MWCNT (MWCNT length
10-30 pm and diameter 10-60 nm; doses 15 pg/cm?, cor-
responding to 24 ug/ml by considering a well surface area
of 0.32 ¢cm?), but not short or thick CNT (MWCNT short:
length 0.5-2 pm and diameter 10-50 nm; MWCNT thick:
length 10-30 um and diameter 15-75 nm), directly stimu-
lated fibroblast proliferation via kinase receptors, ERK 1/2
signaling and endocytosis pathways [34]. Some other stud-
ies have shown that CNT can be taken up by fibroblasts
[24]. However, for the first time it was shown that endo-
cytosis is required for the activation of fibroblasts [34].
Moreover, kinase receptors have been found to be in-
volved in the proliferative activity of MWCNT by using
receptor inhibitors, which also inhibited ERK 1/2 signaling
pathway [34]. Currently, no data is available on how CNT
could interact with these receptors. Asbestos fibers have
been shown to directly bind and activate EGF receptor
[35], suggesting that CNT could somehow interact with
kinase receptors. Azad et al. [14] and Vietti et al. [34] have
identified different mechanisms leading to CNT-induced
fibroblast proliferation. This may be related to the
physico-chemical properties of CNT, suggesting that CNT
can activate fibroblast in different ways depending on their
structure and possibly their potential to generate ROS.
However, these differences can also reflect different
experimental procedures, such as cell lines, dispersion
medium and methods used. It should be noted that the
doses able to activate fibroblasts are in the same range of
5-60 pg/ml, which has been calculated to be relevant for
in vivo and human exposure scenarios.

Relevance of in vitro CNT activities for in vivo effects

Exploring correlations between in vitro results and pul-
monary fibrotic responses in vivo is helpful to derive in
vitro assays suitable for predicting the lung fibrogenic
activity of CNT. Several studies observed a relationship
between in vitro results on fibroblasts and in vivo find-
ings [23, 30, 31, 36]. The capacity of a range of CNT to
induce fibroblast proliferation and collagen production
has been shown to correlate with their in vivo fibrotic
activity. Moreover, the upregulation of TGF- expression
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by fibroblasts in vitro upon CNT exposure has been as-
sociated with the in vivo lung fibrosis outcome [31].
More recently, MWCNT-induced prolongation of ERK
1/2 signaling pathway in vitro was reported as a mech-
anism correlated with their activity on lung fibroblast
proliferation and, most interestingly, with their lung
fibrotic activity in vivo [34]. Taken together, these results
show that in vitro responses of lung fibroblasts to CNT
correlate to their pro-fibrogenic potential in vivo. Asses-
sing the activity of CNT in fibroblast proliferation and
collagen production assays may therefore contribute to
refine, reduce and/or replace conventional in vivo ani-
mal tests for predicting pulmonary fibrotic responses.

Indirect effects of CNT on fibroblasts

The fibrogenic activity of inhaled particles, such as as-
bestos and crystalline silica, is usually ascribed to an in-
direct effect on fibroblasts mediated by macrophages
and epithelial cells. In this section, we focus on the role
of these cells in promoting, indirectly, fibroblast activa-
tion upon CNT exposure.

The role of macrophages

Macrophages are inflammatory cells involved in innate
and adaptive immunity, present in alveoli as front line
immune defense. Their primary role is to remove or
sequester offending agents. They play an essential role in
intercellular communication through the release of
growth factors and cytokines promoting lung fibrosis
including the pro-fibrotic growth factors PDGF and
TGF- , and pro-inflammatory cytokines, such as inter-
leukin (IL) -1 .

Macrophage recruitment and CNT phagocytosis

Traditionally, particle-induced fibrosis (asbestosis and
silicosis) has been associated with sustained inflam-
matory recruitment and responses as a first step in
fibrogenesis. Dong et al. [37] have shown a rapid infiltra-
tion of macrophages in lung tissues and alveoli after
pharyngeal aspiration of CNT (40 pg/mouse, corre-
sponding to 2 mg/kg b.w.). They observed a macrophage
infiltration at day 1 post-exposure that was maintained
till day 7 and then reduced but significantly higher than
in controls through day 14 in both the interstitial and al-
veolar spaces. The early macrophage infiltration was also
confirmed in other studies with an up-regulated number
until day 28, accompanied by an early increase of pro-
inflammatory cytokines [18, 38]. Mangum et al. [39] did
not observe an inflammatory response upon SWCNT
exposure (2 mg/kg rat b.w.) after 21 days, although inter-
stitial fibrotic lesions were observed near clusters of mac-
rophages that had engulfed aggregates of SWCNT.
However, it should be noted that lung histology may not
be sufficiently sensitive to exclude SWCNT-induced
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inflammatory responses. Interestingly, the authors ob-
served that CN'T were able to form intercellular structures
that bridged alveolar macrophages at 21 days post-
exposure, while these structures were not observed in the
lungs of rats exposed to carbon black (CB). Rats were ex-
posed to equivalent doses of SWCNT and CB (2 mg/kg
b.w.), with similar specific surface area (about 300—
600 m?/g), thus suggesting that the intercellular structures
that bridged alveolar macrophages were probably due to
particle shape. How CNT bridges form and their func-
tional consequences have yet to be determined. They ob-
served that a major portion of CNT was engulfed by
macrophages. Others papers have also observed the up-
take and long-term persistence of CNT within macro-
phages [2, 40]. Mercer et al. [27, 28, 40] documented the
presence of CNT within alveolar and interstitial macro-
phages and the pulmonary persistence of these particle
was associated with toxicity. However, in the study of
Kobayashi et al. [41], fibrotic responses were not observed,
though MWCNT (0.04-1 mg/kg rat b.w.) were present in
alveolar macrophages until 6 month post-exposure. Au-
thors suggested that MWCNT were being processed and
cleared by alveolar macrophages probably due to their
short length (1.5 pm). It could also be due to the lower
doses used compared to other studies (Table 1, 2, 3).

Collectively, these observations show that CNT inter-
act with macrophages. We discuss below the activities of
CNT on macrophages and their mechanisms of action
and how this may impact on fibroblast activation, thus
contributing to the indirect pro-fibrotic effects of CNT
on fibroblasts as part of the AOP.

CNT activities on macrophages

Effects Macrophages can, in response to CNT, produce
pro-inflammatory and pro-fibrotic mediators that play
important roles in inflammation and establishment of
pulmonary fibrosis. Among pro-inflammatory mediators,
IL-1 has been reported to play a key role in fibrosis
pathogenesis. MWCNT (25-100 pg/ml) were shown to
induce the release of IL-1 and IL-18 by cultured alveo-
lar macrophages isolated from naive C57BL/6 mice and
by human monocytic cell line (THP-1), and their secre-
tion was suppressed by inhibitors of caspase-1 and ca-
thepsin B [42]. Several other in vitro studies observed
that CNT enhanced IL-1 release in macrophages via
inflammasome activation, nuclear factor-kappa B (NF-kB)
and oxidative stress [13, 35, 36, 43—47], which we discuss
in the mechanisms section. Moreover, IL-1 has also been
shown to induce the release of the pro-fibrotic mediators
TGF- and PDGF from different cell types, thus highlight-
ing the importance of the pro-inflammatory mediators
released by macrophages [13]. Tumor necrosis factor
(TNF)- is also known to upregulate the expression of
TGEF- Dby epithelial cells [48]. Increased levels of TNF-
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were observed in murine lung after CN'T administration
and secreted by macrophages after in vitro exposure to
CNT [2, 38, 49, 50]. However, the role of TNF- in CNT-
induced fibrosis is less well documented than for IL-1
Both SWCNT and MWCNT have also been shown to
induce the secretion of TGF- and PDGF from macro-
phages in vitro and in vivo [13, 15, 38, 45, 51]. Condi-
tioned media from macrophages exposed to CNT, in
which TGF- and PDGF was measured, acted as para-
crine signals on fibroblasts by inducing their activation,
thus potentially contributing to the development of
CNT-induced lung fibrosis [13, 15]. Recent reports also
demonstrated the release of osteopontin (OPN), MMP
and tissue inhibitors of matrix metalloproteinase (TIMP)
by macrophages [50, 52]. The pro-fibrotic activity of
OPN is known to involve proliferation and migration of
fibroblasts and, like MMP and TIMP, modulation of
ECM. However, evidence for the role of OPN in CNT-
induced fibroblast activation is currently lacking.

Thus, we identified IL-1 , TGF- and PDGF released
by macrophages as relevant paracrine signals to stimu-
late fibroblasts via alteration of several signal transduc-
tion pathways that may contribute to the AOP.
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Mechanisms Recent studies have reported the role of
inflammasome activation in inducing pulmonary inflam-
mation and fibrosis. Inflammasome is a multiprotein
oligomer that mediates activation of caspase-1 which
promotes the maturation of the pro-inflammatory cyto-
kines IL-1 and IL-18. Members of the Nod-like recep-
tor family, including NLRP1, NLRP3 or NLRC4, and the
adaptor ASC are critical components of the macrophage
inflammasome. Several studies observed that CNT en-
hance IL-1 release by macrophages via inflammasome
activation [42-46].

Nuclear factor-kappa B (NF-kB), a key mediator of in-
flammatory responses, is another player implicated in
the release of IL-1 . He et al. [13] showed that MWCNT
(2-20 pg/ml) increased the secretion of different pro-
inflammatory cytokines and chemokines, such as IL-1 ,
TNF- , IL-6, IL-10 and MCP1, through the activation of
the NF- B signaling pathway in mouse leukaemic mono-
cyte macrophage cell line (RAW 264.7). However,
authors did not provide data linking the release of pro-
inflammatory mediators with the activation of NF-kB.
Thus, it remains critical to elucidate the mechanisms by
which CNT affect NF-kB activity and the downstream
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responses, as the release of IL-1 . Similar observations
were obtained after THP-1 exposure to SWCNT
(0.05 mg/ml), which led to the activation of NF-kB and
the secretion of different cytokines [53].

Activation of the inflammasome and release of IL-1 have
also been associated with oxidative stress induced by CNT.
Nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase is an important regulator of inflammasome and fi-
brotic development in response to CNT. NADPH oxidase
is a membrane-bound enzyme complex that generates
superoxide by transferring electrons from NADPH and
coupling these to molecular oxygen to produce superoxide
anion. NADPH oxidase is composed of transmembrane
(gp91P™* and p22P"¥), cytosolic (p40P"*, pa7P"* and
p67ph°") and GTPase (Rac 1/2) subunits. Sun et al. [54]
observed that NADPH oxidase-induced oxidative stress
was involved in the generation of lung fibrosis upon
MWOCNT exposure, via NLRP3 inflammasome activation
and IL-1 production. These responses were obtained in
wild-type and p22P"**-deficient THP-1 macrophage cells,
p47P"*_deficient primary bone marrow-derived macro-
phages and in vivo models (C57BL/6 and p47P"*~/~
C57BL/6 mice) exposed to 50 pg/ml and 50 pg/mouse
(corresponding to 2.5 mg/kg b.w.) MWCNT, respectively.
These data were also confirmed by treating wild type mice
with NAC, a thiol antioxidant, confirming a significant re-
duction of IL-1 , TGF- and collagen deposition in vivo.
Another study showed that long, needle-like CNT
(100 pg/ml, length of about 13 pm) induced NLRP3
inflammasome activation via ROS production [43]. Thus,
oxidative stress plays a role in the activation of the inflam-
masome by CNT and release of IL-1 , which can contrib-
ute to the induction of pro-fibrotic growth factors and
fibrosis development.

Phagocytosis of CNT has also been implicated in the
release of reactive species, mainly associated with frus-
trated phagocytosis, which is a pro-inflammatory condi-
tion [55]. This occurs when particles are physically too
long for the macrophages to engulf them. CNT which
undergo frustrated phagocytosis or were taken up by
macrophages induced oxidative stress [56, 57]. Further
studies should be conducted to investigate the direct re-
lationship between CNT phagocytosis, oxidative stress
and their impact on the release of IL-1 , for example by
using endocytosis inhibitors. Moreover, frustrated pha-
gocytosis also led to CNT biopersistence, as the clear-
ance of inhaled material is hampered, and to the release
of pro-inflammatory (IL-6 and IL-8) and pro-fibrotic
mediators (TGF- ) [58, 59]. These data suggest a rele-
vant role of oxidative stress in CNT-induced IL-1 re-
lease and fibrosis development.

In conclusion and in the context of the AOP, inflam-
masome, NF-kB and oxidative stress induced by CNT in
macrophages can be identified as important mechanisms
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of action since these can induce the release of pro-
inflammatory and pro-fibrotic mediators regulating
fibroblast activation and fibrotic responses.

Relevance of in vitro CNT activities for in vivo effects
We found fewer studies that investigated the relation-
ship between the response of macrophages in vitro and
in vivo data regarding the development of lung fibrosis,
compared to the direct effect of CNT on fibroblasts.
CNT able to trigger the release of IL-1 by THP-1 or al-
veolar macrophages in vitro were observed to induce an
increase of this cytokine and collagen deposition in the
alveolar region of mice [36, 45, 47, 54]. Sun et al. [54]
observed the implication of NADPH oxidase in the acti-
vation of the NLRP3 inflammasome and the release of
IL-1 both in vitro and in vivo and thus the develop-
ment of lung fibrosis. Unfortunately, these authors have
investigated only one type of MWCNT in vivo whereas
several CNT were used in the in vitro tests. Thus, the
relevance of these in vitro data should be confirmed with
a wider range of CNT. The release of TGF- and PDGF
has also been observed in a co-culture of THP-1 with
human bronchial epithelial cells (BEAS-2B) exposed to
CNT and associated with an increase of collagen and of
these growth factors in vivo [45].

Taken together, these results suggest that the release
of TGF- , PDGF and IL-1 (that can also act as auto-
crine signals) by macrophages exposed to CNT can act
as paracrine signals for the activation of fibroblasts, sup-
porting an indirect mechanism of CNT to activate fibro-
blasts, as illustrated in Fig. 2. This knowledge is used for
establishing the AOP, as in vitro studies on macrophages
were identified as another potentially effective model for
assessing the pro-fibrogenic potential of CNT. To inves-
tigate the indirect effect of CNT on fibroblast via macro-
phages, TGF- , PDGF and IL-1 are relevant mediators
and inflammasome, NF-kB and oxidative stress are rele-
vant pathways.

The role of epithelial cells

The alveolar epithelium comprises two main cell types:
type I and type II pneumocytes. Type I cell represents
the gas exchange surface in the alveolus and cover about
97 % of the total alveolar surface area, while type II cells
mainly release pulmonary surfactant to optimize condi-
tions for gas exchange. In case of tissue injury, type I
cells can be damaged, causing a loss of epithelial barrier
and type II cells can i) be activated to release inflamma-
tory mediators, ii) proliferate or differentiate in type I
cells to restore the injured basement membranes, iii)
undergo epithelial-mesenchymal transition (EMT) as an
alternative source of fibroblasts to repair injured tissue.
Also the epithelial cells in the trachea or bronchi region
have a role in the pulmonary system. These cells secrete
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mucus, which helps to maintain epithelial moisture and
traps particulate material and pathogens moving through
the airway. Several evidences show that the effect of
CNT on epithelial cells can play an important role in
fibrosis development. CNT can induce the indirect acti-
vation of fibroblasts via the release of pro-inflammatory
and pro-fibrotic mediators by epithelial cells and, add-
itionally, CNT have been found to induce the transform-
ation of epithelial cells through EMT.

Epithelial surface and CNT localisation

Alveolar epithelial cells are one of the first targets of
CNT once inhaled, and CNT were observed to directly
interact with alveolar epithelial cells in vivo few days
after particle exposure. CNT (0.6 mg/rat, corresponding
to 3 mg/kg b.w.) accumulated and were taken up by epi-
thelial cells stained positively for E-cadherin in vivo, and
these data were confirmed in vitro in a rat alveolar type
1T cell line [24]. Mercer et al. [40] observed a rapid and
direct penetration of MWCNT (80 pg/mouse, corre-
sponding to 4 mg/kg b.w.) in type I epithelial cells only
one day after mice exposure. In contrast, they rarely ob-
served the penetration of MWCNT in type II epithelial
cells. However, several in vitro studies showed the cap-
acity of different type II epithelial cell lines to take up
CNT [36, 60-62].

The above data highlight that CNT are able to rapidly
enter in contact with epithelial cells, thus potentially in-
ducing a variety of adverse effects on these cells, which
can contribute to promote a fibrotic process. In the fol-
lowing sections we will discuss CNT activities on epithe-
lial cells, including the process of EMT, and release of
pro-inflammatory and pro-fibrotic mediators, and their
impact on fibroblasts. This knowledge contributes to the
development of the AOP.

b il

CNT activities on ep hymal tr

Epithelial injury can lead to EMT, a process character-
ized by the transition of epithelial cells to mesenchymal
features, by which epithelial cells lose their cell polarity
and cell-cell adhesion, and gain migratory and invasive
properties. EMT has been suggested to play an import-
ant role in fibrosis development, providing an alternative
source of fibroblasts and causing a loss of epithelial bar-
rier [63].

Currently, few studies have analyzed the effect of CNT
on EMT and its effective role in fibrosis induced by
CNT is still unclear. Chang et al. [64] showed that in
vivo SWCNT exposure (80 pg/mouse, corresponding to
4 mg/kg b.w.) induced EMT of lung epithelial cells,
identified by surfactant protein C (SPC) and N-cadherin
(N-cad) markers. Moreover, these epithelial derived fi-
broblasts have been shown to produce collagen. Authors
suggested that this process was induced by the activation
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of TGF- /p-Smad2 and -catenin in epithelial cells. Two
other studies confirmed the importance of TGF- /Smad2
signaling in CNT-induced EMT [24, 65]. Chen et al. ex-
posed mice (60 pg/mouse, corresponding to 3 mg/kg b.w.)
and A549 cells (1.4-16 pg/cm? corresponding to 2-
26 pg/ml considering a well surface area of 0.32 cm?) to
long (length 5-15 pm) and short (length 350-750 nm)
MWCNT. Wang et al. tested long (length 20-50 pm) and
short (0.5-2 pm) MWCNT in rats (0.6 mg/rat, corre-
sponding to 3 mg/kg b.w.) and the rat alveolar type II cell
line (RLE-6TN; 30 upg/ml). Both in vivo studies showed
that only long MWCNT, but not short fibers, directly inter-
acted with epithelial cells, were taken up by endocytosis
and promoted EMT. In vitro data confirmed that only long
MWCNT induced EMT through the activation of TGF- /
Smad2 signaling in epithelial cells and CNT were shown to
downregulate E-cadherin and upregulate -SMA, cell-cell
adhesion and myofibroblast markers, respectively.

In summary, CNT-induced EMT was confirmed in dif-
ferent species and in epithelial cells of various origins.
The mechanism of CNT-induced EMT is similar to that
identified for CNT-induced fibroblast differentiation,
TGF- /Smad2 signaling playing a key role in cell trans-
formation in response to CNT. On the other hand,
asbestos was found to induce EMT in A549 cells via the
MAPK/ERK pathway, not associated with TGF-  signal-
ing activity [66]. Thus, CNT have been shown to in-
crease fibroblast population via the induction of EMT.

CNT activities on epithelial cells

Effects Activation of epithelial cells after CNT exposure
can result in the release of pro-inflammatory and pro-
fibrotic mediators. Hussain et al. [16] demonstrated that
the internalization of MWCNT (1.5-24 pg/ml) in pri-
mary human bronchial epithelial cells (HBE) induced
the release of IL-1 and IL-18, which have been
identified as key modulators of pro-fibrotic responses in
fibroblasts, including the expression of tenascin (TN)-C
(an extracellular matrix glycoprotein), TIMP-1 and
OPN. Authors also observed a release of IL-8 from epi-
thelial cells upon CNT exposure, which contributed to
the expression of TN-C by fibroblasts. Sweeney et al.
[67] observed a release of IL-8, and IL-6, upon exposure
to MWCNT (1-50 pg/ml) in a human alveolar type-I
like epithelial cell line and primary human alveolar type-
1T epithelial cells, showing that both type I and II cells
can play an active role in pulmonary responses to CNT.
Several studies showed that both SWCNT (100 pg/ml)
and MWCNT (10-100 pg/ml), were able to trigger the
release of TGF- from BEAS-2B cells [36, 47] that is
able to stimulate fibroblasts and induce EMT. In
addition, MWCNT (20 pg/ml) were found to increase
the expression and protein levels of the pro-fibrogenic
growth factor PDGF in BEAS-2B, as well as TGF- [13].
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Another study also analyzed the impact of CNT on
ciliated tracheobronchial epithelium, as these cells play a
role in the clearance of inhaled particles by ciliary trans-
port [68]. These authors showed that MWCNT with a
length of 3 and 8 um damaged the ciliated epithelium in
the trachea of rats (250 pg/ml in rat, corresponding to
75 ug/rat considering that rats were treated with 0.3 ml)
and mouse tracheal epithelial cells in vitro (10 pg/ml)
and suggested that these lesions can prevent the clear-
ance of inhaled CNT in the lung and thus lead to a
chronic inflammatory process. Moreover, long MWCNT
and SWCNT (100 pg/ml; length of 5-9 um and 0.5—
100 pm, respectively) have been shown to cause an im-
pairment of airway epithelium barrier, as demonstrated
by a decrease of the trans-epithelial electrical resistance
(TEER) on human epithelial Calu-3 cells, contrary to
short CNT (length 0.5-2 pm) and CB [69]. As reported
by Snyder et al. [70], this reduction in barrier functions
can be related to the interference of MWCNT with the
cytoskeleton on lung epithelium. Further studies should
investigate the effects of CNT on epithelial barrier and
ciliated epithelium as this could have a role in CNT bio-
persistence and lung damage.

In summary, CNT stimulate the secretion of relevant
pro-fibrotic and pro-inflammatory mediators, including
TGF- , PDGF, IL-1 and IL-8, by epithelial cells that
can indirectly promote the activation of fibroblasts and
induce EMT, two relevant sources of pulmonary fibro-
blasts. Moreover, the loss of epithelial barrier and cili-
ated epithelium can contribute to CNT biopersistence,
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resulting in chronic damage and permanence of CNT in
the lung. It necessary to note that the majority of these
studies, regarding the effect of CNT on epithelial cells,
have been performed on bronchial cell type, while few au-
thors have focused on alveolar epithelial cells, which, how-
ever, represent one of the first target in CNT exposure.

Mechanisms Few studies investigated the mechanism
involved in the release of pro-inflammatory and pro-
fibrotic mediators by epithelial cells. Hussain et al. have
demonstrated that MWCNT (1.5-24 pg/ml) activated
the NLRP3 inflammasome in HBE cells and induced the
release of IL-1 and IL-18. Conditioned medium from
MWCNT-treated HBE added on human lung fibroblasts
increased the expression of OPN, TIMP-1, pro-collagen
1 and TN-C, which were decreased in the presence of
IL-1 and IL-18 antibodies and siRNA against NLRP3
inflammasome. These results point out the importance
of inflammasome activation and derived mediators in
epithelial cells to induce fibroblast activation.

The release of IL-6 and IL-8 has also been investigated
and has been found to be associated to JNK, p38 and
ERK 1/2 MAPK signaling pathways in transformed
human alveolar type-I-like epithelial cells (TT1) and pri-
mary human alveolar type-II epithelial cells (ATII) cells
upon MWCNT (50 pg/ml) exposure [67]. This result
was further confirmed by Hirano et al. [71], who ob-
served NF- B activation, enhanced MAP kinase phos-
phorylation and increased IL-6 and IL-8 release in
BEAS-2B cells after MWCNT (2-10 pg/ml) exposure.
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Signs of oxidative stress have also been observed in epi-
thelial cells and several studies reported free radical forma-
tion and antioxidant depletion in this cell system after
CNT exposure [60, 61, 72—74]. Interestingly, Nymark et al.
[75], observed the formation of a unique and yet unidenti-
fied radical in both absence and presence of BEAS-2B by
two types of long MWCNT (average of lengths 4 and
6 um). However, contrary to macrophages, there is no evi-
dence of a correlation between oxidative stress and the re-
lease of pro-inflammatory mediators. Additional analysis
showed that early intracellular uptake of MWCNT (length
1-5 pm; 24 pg/em? corresponding to 38 pg/ml, consider-
ing a well surface area of 0.32 cm?) in BEAS-2B correlated
with the generation of ROS measured by DCF-DA [37].
Authors suggested that this can lead to different variations
in the cellular homeostasis, including cell proliferation, dif-
ferentiation and motility. SWCNT and MWCNT induced
epithelial cell proliferation [29, 34]. However it is still not
possible to determine whether this effect is related to
CNT-induced ROS and more studies have to be carried
out to understand the mechanisms. Moreover, Hussain et
al. [16] showed that CNT-induced ROS were also
associated to cytotoxic effects as these authors observed a
reduction of human bronchial epithelial death after anti-
oxidant treatment.

Regarding the indirect effect of CNT on fibroblasts via
epithelial cells, inflammasome, NF- B and oxidative
stress appear as mechanisms altering signal transduction
pathways, as previously indicated for macrophages, by
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inducing the release of different mediators able to acti-
vate fibroblasts.

Relevance of in vitro CNT activities for in vivo effects
As for macrophages, few studies investigated the correl-
ation between in vitro and in vivo results regarding the
development of fibrosis via epithelial cells. Two studies
observed a good correlation between the release of the
pro-fibrogenic TGF- from BEAS-2B exposed to CNT
in vitro and the induction of a fibrotic response in vivo
[36, 47]. Moreover, CNT-induced EMT in vitro cor-
related with in vivo studies, suggesting that some
fibroblasts involved in the lung fibrosis originate from
epithelial cells. Further investigation is, however, re-
quired to understand the critical role of epithelial cells
in fibrosis.

For the AOP we identify the release of TGF- from
epithelial cells as a key mediator of the indirect effect of
CNT on fibroblasts via epithelial cells. However, other
relevant mediators, PDGF, IL-1 and IL-8, and pathways,
such as inflammasome, NF-kB and oxidative stress, have
been shown in vitro to play a role in the complex fi-
brotic process. Collectively, these data are summarized
in Fig. 3.

Determinants of the fibrotic activities of CNT

Physico-chemical properties of CNT appear to deter-
mine their capacity to induce fibroblast, macrophages
and epithelial cell activation. The length has been

FIBROBLAST

MACROPHAGE

Lung Burcan

EPITHELIAL CELL

Fig. 4 AOP for CNT and lung fibrosis. Legend: Cp: collagen production; D: differentiation; P: proliferation; T: transition in fibroblasts
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identified as an important factor. Manke et al. [31]
showed that long SWCNT (13 pum) were more potent
than short SWCNT (1 um) to elicit a ROS response, col-
lagen production and TGF- release by fibroblasts in
vitro as well as to induce fibrosis in vivo. Several studies
confirmed that the length of CNT constitutes an import-
ant determinant in the capacity of these materials to in-
duce the activation of fibroblasts and lung fibrosis [24,
34]. Regarding macrophages, Wang et al. [15] showed
that only long MWCNT (0.6 mg/rat, corresponding to
3 mg/kg b.w,; length 20-50 pm and diameter 50 nm)
stimulated the release of TGF- in vivo, as measured by
immunohistochemistry, contrary to short CNT (length
0.5-2 pm and diameter 50 nm). Long MWCNT (10 pg/
ml; length 20 pm), but not short fibers (length 0.6 pm),
were also shown to affect alveolar macrophage function,
including cell death, ROS generation and pro-
inflammatory (IL-6 and IL-8) mediator release [58]. A
stronger ROS generation was also observed in A549 epi-
thelial cells exposed to long CNT (length 5-30 pm;
doses 5-20 pg/ml) compared to short fiber (length 0.5—
2 um) [76]. Poland et al. [3] reported frustrated phago-
cytosis in the peritoneal lavage of mice exposed to long
MWCNT (50 pg/mouse, corresponding to 2.5 mg/kg
b.w.), whereas short and tangled MWCNT were com-
pletely phagocytosed by macrophages. An accelerated
rate of clearance of short CNT by macrophages has been
reported, suggesting that these particles could be taken
up by inflammatory cells leading to their translocation
from the lung and, possibly, biodegradation, while long
CNT seem to be biopersistent [77, 78]. Long MWCNT
and SWCNT (length of 5-9 um and 0.5-100 pm, re-
spectively) have been shown to cause an impairment of
airway epithelium barrier contrary to short particles.
However, short MWCNT (length 0.6 pm) were shown
to induce greater IL-6, IL-8 and MCP-1 levels than long
MWCNT (length 20 pm) in TT1 and ATII cells [67].

CNT diameter also appeared critical since CNT with a
thin diameter have been shown to stimulate fibroblast
proliferation and to induce fibrosis compared to CNT
with a thicker diameter [34].

The presence of residual metals from the synthesis of
CNT has been shown to be associated to oxidative
stress. Aldieri et al. [79] observed that only Fe-rich
MWCNT were significantly cytotoxic and genotoxic in
murine alveolar macrophages and induced a severe oxi-
dative stress, contrary to the Fe-free MWCNT, suggest-
ing that metals can be important factors in promoting
CNT-induced toxicity. These data were further con-
firmed in another study, in which two types of SWCNT
with different iron content, 26 wt. % and 0.23 wt. %
(0.12-0.5 mg/ml), generated different amount of hy-
droxyl radicals in RAW 264.7 macrophages, confirming
that iron can act as a catalyst of oxidative stress [80].
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Finally, CNT dispersion was also found as another
critical factor. Several evidences show that well dispersed
CNT stimulate proliferation and collagen production by
lung fibroblasts [29, 30], induce the release of IL-1
from macrophages [13, 35, 36, 43—-47] and TGF- from
epithelial cells [36, 47], compared to not dispersed CNT.
The extent and localization of CNT and inflammatory
cells in the lung was also related to the particle disper-
sion and agglomeration state before administration. Ag-
glomerated CNT form granulomatous inflammation and
fibrosis in larger airways, while, in general, well-
dispersed CNT are able to penetrate alveoli and intersti-
tial space leading to alveolar fibrosis, as discussed in the
section on fibroblasts [15, 28, 29, 81].

Conclusion

The observations summarized in this review highlight
indirect and direct effects of CNT on fibroblasts, which
both contribute to their fibrogenic activity on the lung.
In vitro studies indicate that a dose range of CNT be-
tween 1 and 100 pg/ml induced effects on the different
cell types, as shown in Table 4, which summarizes in
vitro data reported in this review. The dose range used
in in vivo experiments (10-100 pg/mouse, corresponding
to 0.5-5 mg/kg) is relevant for human exposure scenari,
following the approach suggested by Porter et al. [82], and
shown to exert a fibrotic activity in the lung of experimen-
tal animals. We propose in Fig. 4 a linear flow diagram
based on an AOP structure describing the processes by
which CNT have been shown to lead to fibroblast activa-
tion and pulmonary fibrosis. Physico-chemical properties
of CNT, such as length and diameter are relevant for their
fibrogenic activity. Therefore, an accurate analysis of these
characteristics can already suggest whether a material may
have or not a pro-fibrotic activity. The exact macro-
molecular interactions (MMI) between CNT and cells
have currently not been identified and we can only
hypothesize that this probably occurs at the surface of
membranes in fibroblasts, macrophages and epithelial
cells. CNT have been observed to induce several cellular
responses, which can be stratified according to 5 levels: i)
initial signaling, ii) pro-inflammatory mediators, iii) pro-
fibrotic mediators, iv) distal signaling in response to
mediators and finally v) activation of key cells in fibrosis
(fibroblasts and epithelial cells for EMT). ROS, MAPK,
NF-kB, NADPH oxidase and inflaimmasome have been
identified as the most important initial signals, with some
differences depending on the cell type. Only macrophages
and epithelial cells have been observed to release pro-
inflammatory mediators with pro-fibrotic activities (IL-1 ,
IL-18, IL-8 and TNEF- ) upon exposure to CNT. IL-1
seems to play a major role by promoting the secretion of
pro-fibrotic mediators. PDGF and TGF- can also be re-
leased directly from fibroblasts, macrophages or epithelial
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cells after CN'T exposure and have been shown to activate
the second signaling (ERK1/2 and Smad). Additionally,
CNT prolonge ERK 1/2 activation in fibroblasts exposed
to PDGF. ERK 1/2 and Smad phosphorylation was also
prolonged by CNT in presence of TGF- . ERK 1/2 and
Smad signalings stimulated fibroblast proliferation, while
Smad can also increase fibroblast differentiation, promote
EMT and increase collagen production. This sequence of
key events eventually causes collagen accumulation and
ECM alteration and leads to the development of lung
fibrosis.

These data will be useful to guide researchers to focus
on relevant mechanisms of action induced by CNT, or
to investigate underlined knowledge gaps. The proposed
AOP can help proposing or developing simple and fast
test methods for predicting the potential hazard of CNT.
Most importantly, it will help identifying how a mechan-
istic information obtained from one specific assay con-
tributes to obtaining a global picture of the fibrogenic
activity of a test sample.
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3.4.3. How does this work contribute to nanotoxicology knowledge?

In the previous manuscripts (Vietti et al., 2013; Vietti et al., 2015) we
showed that the proliferative activity of MWCNT on fibroblasts strongly
reflects their capacity to induce lung fibrosis and, in this review, we placed
the importance of the direct effect of CNT on fibroblast activation in a
broader context. We highlighted that other indirect mechanisms of action,
via macrophages and epithelial cells, also contribute and are probably
essential to the pro-fibrotic activity of CNT.

Based on the AOP we developed, we recently started to systematically
investigate pro-inflammatory and pro-fibrotic responses to a series of CNT
samples (Table 1) on cells indirectly involved in the development of fibrosis
(macrophages and lung alveolar epithelial cells). For this purpose, we
collaborated with the group of Prof. T. Tetley (Imperial College of London,
UK) to test the responses of a unique transformed human alveolar type-I-
like epithelial cells (TT1) developed in their laboratory (Sweeney et al.,
2014), as well as primary human alveolar type Il epithelial cells (ATII) to
CNT.

Sample OD(nm) Length(um) Functionalisation Walls
NM400 5-35 3 - MW
MWCNT leng 20-30 10 - 30 = MW
MWCNT short 20-30 0.5-2 - MW
MWCNT thick 50 - 80 10 - 30 2 MY
MWCNT thin <8 10 - 30 = MW
MWCNT OH 20-30 10 - 30 OH MW
MWCNT COOH 20-30 10 - 30 COOH MW
MWCNT NH2 13-18 1-12 NH2 MW
SWCNT -2 3-30 - SW

Table 1: Physico-chemical characteristics of CNT. OD: outer diameter.
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Our purpose was to test an additional series of in vitro endpoints vs
fibroblast proliferation to predict the lung fibrotic activity of CNT and to
understand which one or which set of endpoints could be the most relevant.
We explored the effect of 9 different CNT with different physico-chemical
properties, including length, diameter and functionalization groups (Table
1), on MLg for their proliferative effect, as well as on differentiated
monocytes (THP-1), human lung epithelial type Il cells (A549), TT1 and
ATII cells focusing on their potential to release pro-inflammatory (IL-18, IL-6
and IL-8) and pro-fibrotic (TGF-p1 and PDGF) mediators after 24h
exposure to CNT (7.5-30 upg/cm?). These mediators were measured by
ELISA on the collected supernatant of cells exposed to CNT. Several CNT
directly stimulated fibroblast proliferation or induced the release of IL-1p, IL-
6, IL-8 and TGF-B1 from macrophages or epithelial cells as summarized

and reported in Table 2.

Mousa | Fibrablasts Macrephages Epithalial calls

ciTeue MLg THP-1 A9 ™ ATH

Onprotes | Proweeation | i-18 f“i POGF | -8 W6 :f::;d -8 -6 ':f;}'; - (B ;Sffm;
NML00 * + * ! - i +* ! * ! *
MWCNT long * + * * - * * - | * +
MWCNT shon ! ! + 1 1 + + ! ) ! !
MWCNT thick 1 i + + 1 * 1 ! 1 / . 3
MWCNT thin - - I - - - - 1 I - %
MWENT OH +* + * * 'l i * i I * 2
MWCNT COOH + - ! * + ! + + ! +
MWCNT NH2 * + + + [ 1 ! ) + +
SWCNT + + + + + ) + / ! +
Accuracy b] L] 6 ? 48 4% T 4% L] &8

Table 2: Comparison of in vivo lung fibrogenic activity (100 ug CNT
pharyngeal aspiration) with in vitro (MLg, THP-1, A549, TT1 and ATIl) data
(exposure to CNT 30 ug/cm?). Statistically significant positive changes
compared to control were marked as “+”, negative as “-“, and no significant
changes were noted as /. Accuracy represents to the closeness of in vitro

data to in vivo result.
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Further experiments, such as the release of PDGF or TGF-f3, have to be
(re)-performed in order to complete and confirm the present data. Finally,
we compared these preliminary in vitro results with the in vivo lung fibrotic
responses. Briefly, in vivo data were obtained 2 months after pharyngeal
aspiration of the different CNT (100 pg/mouse) and the lung fibrotic
response was quantified by measuring OH-proline lung content, as a
marker of collagen, and by sirius red staining of lung sections. Only short
and thick MWCNT did not induce lung fibrosis, while the other CNT showed

a significant increase of OH-proline (Figure 7).
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Figure 7. In vivo lung fibrotic response to several CNT assessed by (A) OH-
proline and (B) Sirius red staining of lung sections 2 months after
pharyngeal aspiration of CNT (100 ug/mouse).
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We observed that the release of IL-6 from both TT1 and ATII cells upon
CNT exposure highly correlated with the in vivo findings, like the vitro
proliferative assay on fibroblasts (Table 2). Thus, IL-6 could be selected as
another useful biomarker, in addition to the proliferative activity of CNT on
fibroblasts, to investigate and predict the toxic potential of CNT.

In conclusion, these results enable to fill some of the gaps identified in the
review. Regarding the AOP, this contributed to identify mechanism-based
biomarkers to investigate the toxicity of CNT. In this way, IL-6 could be
added to the AOP as another pro-inflammatory mediator relevant for the
development of fibrosis in response to CNT exposure and/or for the

identification of potentially pro-fibrotic CNT.
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IV. GENERAL CONCLUSIONS,
PERSPECTIVES AND
RECOMMENDATIONS






Some respirable CNT exhibit pathogenic potentials similar to asbestos
fibers, including a capacity to induce lung fibrosis. As a result, there is an
urgent need to evaluate and prevent these adverse health impacts by
developing in vitro assays suitable for predicting the lung fibrogenic activity
of CNT. Thus, a comprehensive understanding of the physico-chemical
characteristics of pathogenic CNT and of the cellular mechanisms of action
by which CNT trigger these adverse effects is required.

When this project was initiated, information about these issues was almost
absent. In our working hypotheses we assumed that fibroblast proliferation
could play a key role in lung fibrosis induced by CNT and that a fibroblast
proliferation assay could allow predicting the in vivo fibrotic response. We
addressed these needs by developing a predictive in vitro model that allows
rapidly assessing of a critical endpoint for the development of lung fibrosis.
The in vitro fibroblast proliferation assay strongly correlates with in vivo
fibrosis findings, supporting a predictive value of this in vitro assay. We also
identified cellular mechanisms involved in the proliferative activity of CNT
on fibroblasts, by pointing out a crosstalk between CNT, kinase receptors,
ERK 1/2 signaling and endocytosis to stimulate the proliferation of
fibroblasts. A key point of our studies was the correlation between the in
vitro and in vivo data, indicating the potential usefulness of the in vitro
model as a predictive screening tool for fibrogenicity testing of CNT. Thus,
in a near future, this model could be useful to reduce animal experiments.
Compared to animal experiments, in vitro assays are also more rapid, less
expensive and can be performed with a limited amount of CNT sample.
Thus, we were able to confirm our hypotheses based on these results.

We highlighted that the length and the diameter of CNT constitute important
physico-chemical determinants for their capacity to induce lung fibrosis.
However, it has to be underlined that other physico-chemical properties can

also contribute to the biological activity of CNT. The influence of

175



morphology, purity, surface properties, defects, functionalization and
number of walls generally appear to strongly determine CNT toxicity
(Rittinghausen et al., 2014; Kagan et al., 2006; Li et al., 2013; Muller et al.,
2008), although it remains unclear how exactly these parameters contribute
because experimental data are conflicting.

Another step in which we have contributed came with the organization of
the mechanisms involved in CNT-induced lung fibrosis through the
development of a tentative AOP. We highlighted that both direct and
indirect mechanisms of action on fibroblasts contribute to the pro-fibrotic
activities of CNT. In this context, we found that different signaling pathways
and in vitro assays could be predictors of in vivo activity and, in our opinion,
a combination of these, such as fibroblast proliferation and the release of
IL-6 from epithelial cells, can probably better predict the pro-fibrotic activity
of CNT. Thus, these available assays could be considered as key starting
points for evaluating the toxic potential of CNT.

Regarding the hazard evaluation of CNT, it is necessary to underline that
lung fibrosis is only one toxicity endpoint relevant for CNT. When assessing
risks associated with a material, especially when this has structural
characteristics resembling fibers, it is crucial to address its potential
carcinogenic effects. Currently, different observations indicate that CNT are
able to develop mesothelioma in murine model (Nagai et al., 2011; Xu et
al., 2012; Rittinghausen et al., 2014), thus carcinogenic activity should also
be taken into account for a global assessment of the health hazard posed
by CNT exposure.

The American federal agency that provides guidance on occupational
safety and human health issues, i.e. NIOSH, proposed in 2013 to lower the
REL for CNT from 7, as proposed in 2010, to 1 ug/m?, to assure safe and
healthful working conditions. According to these recommendations, all

types of CNT are considered as a respiratory hazard and exposure should
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be controlled below the REL, or at least until results from research can fully
explain the physical-chemical properties of CNT that define their inhalation
toxicity. A number of knowledge gaps are still open and additional data and
information are needed to assist evaluating the occupational safety and
health concerns of working with CNT.
Among the main issues that have to be addressed and investigated we can
consider the following:

e Need to focus on mechanistic studies.
Knowledge of the mechanism of toxicity of a substance enhances the ability
of preventing toxicity and of designing safer materials. However,
understanding mechanisms, such as the development of lung fibrosis, is a
complex task and presumes a general knowledge of fundamental biological
processes. We contributed in this area by proposing a draft AOP, which
reports and highlights cellular response relationships across specific
biological levels, allowing a general overview of the sequence of events
identified as important in the development of pulmonary fibrosis. According
to these observations, we suggest to deeply investigate on the mode of
action of CNT with different physico-chemical properties in lung fibrosis, by
focusing on new targets that we underlined in the AOP. For example, it
appears important to investigate the mechanisms involved in the release of
pro-fibrotic mediators TGF-8 and PDGF from lung cells, as there is still no
data concerning these important proximal effects of CNT in the
development of fibrosis.

e Need to validate in vitro studies with in vivo findings.
A majority of mechanistic studies in the literature have been performed in
cultured cells without parallel in vivo studies, as discussed in chapter 3.4.
However, to validate in vitro observations and to define their value, it is

necessary to confirm in vitro results in vivo. Thus, we recommend to
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systematically integrate animal data to validate the relevance of in vitro
findings.
e Need to study representative CNT exposure levels.

Researchers involved in mechanistic studies have to focus more attention
on CNT materials that can be found in workplace environments. There is,
therefore, a need to develop more efforts for monitoring the potential
emission of CNT and potential exposure of workers. Lee et al. (Lee et al.,
2010) found full-shift total gravimetric mass concentrations in personal
breathing zone measurements between 7.8 to 320.8 ug/m?® by visiting 13
facilities ranging from industrial to lab scale settings, i.e. much higher doses
than those recommended by NIOSH at 1 pyg/m3. In a more recent study
conducted on 13 sites to assess exposure to CNT, it has been shown that,
although the majority of samples were below the NIOSH REL, 30% of the
inhalable samples were found to be >1 pg/m®* (Dahm et al.,, 2015).
However, information on workplace exposure is still very limited. In this
context, we would recommend deeply investigating the exposure scenarios
for the production, use and release of CNT in workplace environments to
provide knowledge on real exposure that can be used for in vivo and in vitro
studies. Moreover, also qualitative characterization of CNT released during
the machining (cutting, drilling, boring) of composite polymers containing
CNT or from products or articles containing CNT-composites could be
useful to investigate, in order to evaluate and assess the toxic impact of
modified material. Nowack et al. (Nowack et al., 2012) have evaluated how
different environmental conditions affect the alteration of composite
material, as well as the transformation of the CNT once they are released
from the composite. They concluded that the release of CNT from products
or articles containing CNT-composites may occur over a long time scale
and thus that this material will probably alter at a slow rate. These

transformation processes are thought to change CNT aggregation,
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dispersibility, and interaction with biota in the environmental compartment.
In conclusion, quantitative and qualitative exposure studies in this area
should be conducted to provide further knowledge about this topic for in
vitro and in vivo studies.
e Need to develop chronic in vitro studies.

Fibrosis is a multi-step process requiring long-term exposure to a toxicant.
Indeed, the latency period (time period between harmful contact and
emergence of the actual resulting illness) for fiber materials, such as
asbestos, to induce fibrosis in humans, is of about 12 to 20 years, and
potentially up to 40 years (Mossman and Churg, 1998). Moreover,
correlating acute (24-72 h) in vitro CNT exposure findings to one-time
exposure over a longer time period (1-2 months) in vivo models is
problematic, underlining the need for a new approach to assess chronic
effects such as CNT pro-fibrotic effects in cell cultures. Few studies have
been published concerning the chronic exposure of mesothelial cells to low-
doses of non-cytotoxic concentrations of CNT in order to investigate
mesothelioma pathogenesis (Lohcharoenkal et al., 2013; Luanpitpong et
al., 2014). Chronic in vitro studies focusing on fibrosis have not been
reported. In view of all these considerations, we recommend to explore and
implement chronic in vitro exposure models and compare them with acute
in vitro assays to understand which can be the most realistic to use for
predicting the fibrotic activities of CNT.
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