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ABSTRACT

Rapid advances in nanotechnology promise to be of great benefit for many fields,
including electronics, consumer products, alternative energy or medicinal uses among
others. Despite the fact that good perspectives are predicted for the future of
nanotechnology, there is increasing concern that human exposure to some engineered

nanoparticles (NPs) may lead to significant adverse health effects.

Among the nanomaterials (NMs) most extensively used, cerium oxide NPs (nanoceria)
has experienced a rapid increase in its production due to its novel industrial
applications. More recently, nanoceria has been presented as a unique redox catalyst
also for biological applications. Thus, nanoceria has emerged as a promising
therapeutic agent, catalyzing reactive oxygen species (ROS)-detoxifying reactions, to
be used in various diseases originated as a consequence of oxidative stress induction.
Due to the potential of this NM and the lack of information regarding some toxicological
aspects, in this Thesis we have performed extended in vitro studies on the biological

effects of nanoceria.

From our first study we confirmed the ability of nanoceria to reduce the oxidative
effects generated by a well-known oxidative compound in the epithelial BEAS-2B lung
cell model. In our findings, nanoceria pre-treatment significantly reduced intracellular
production of ROS, levels of DNA oxidative damage and cell death and it also induced
the expression level of some genes involved in the oxidative Nrf2 pathway. For our
second study we assessed possible implications of nanoceria in cancer treatment. We
made the assumption that the antioxidant properties that we found in our first study
could be modulated by pH —as proposed by other authors-. Taking into account that
tumoral cells are known to have a more acidic environment, nanoceria could have a
pro-oxidative effect in these cells, while keeping its antioxidant properties in a non-
tumoral environment. Although not proven yet, this idea has generated important
scientific interest as it would meet the ideal standards of chemotherapy, where tumoral
cells are selectively targeted, while non-tumoral cells are protected. However, our
results do not support the hypothesis as we did not observe changes in the antioxidant

properties of nanoceria in the tested tumoral cell lines and related environments.

To date, results obtained under short-term scenarios show controversy regarding the
toxicological effects of nanoceria since harmful effects have been described in cancer
and non-cancer cell lines using in vitro and in vivo models. Therefore, in our third study
we attempted to overcome the limitations from short term approaches in studying the

biological properties of nanoceria by introducing a long-term treatment design.



We evaluated the toxicological and carcinogenic potential of in vitro long-term low-dose
exposure of nanoceria in lung epithelial BEAS-2B cells, along with the effects
associated to a common plausible tobacco (CSC) co-exposure. We found that although
nanoceria did not induce cell transformation on its own, it had a synergistic role on
CSC transforming ability, as cells co-exposed to nanoceria-plus-CSC, showed more
noticeable effects on all the hallmarks of cancer studied. Therefore, despite the
antioxidant properties that were identified in the previous two studies, based on the
results from this third study nanoceria cannot be considered safe as it may increase the

oncogenic potential of other common environmental agents.

In our fourth and last study we presented a solution for the limitations
associated to NP dispersion procedures in the field of nanotoxicology. Energetic
dispersions are a source of variability between samples in the physico-chemical
properties of NPs, potentially affecting the reliability of long-term experiments where
several rounds of dispersions are required. In order to reduce this variability between
samples, we proposed to aliquot and freeze NM stock dispersions. Thus, in this study
we tested whether the physico-chemical properties (primary size, morphology,
hydrodynamic size, zeta potential and ion release) and biological effects (viability,
cellular uptake and induced ROS production) between fresh-prepared and frozen
dispersions differed. In our results, we found that there were no differences between
fresh and frozen preparations. Therefore, we concluded that store frozen NP storage is
a convenient procedure to save time and increase reliability of long-term and high

throughput methodologies.

Overall, we conclude with this Thesis work that nanoceria is a particle which despite
showing antioxidant properties in short term treatments, it has the potential of
modulating pro-oncogenic properties of other environmental compounds, and therefore
its safety is questionable. Furthermore, we recommend long-term treatments for a
better understanding of the possible effects of this NM, and that freezing NP storage of
frozen NPs is a technique that will facilitate these studies by saving time while

preserving reliability.



INDEX

1. INTRODUCTION. ...ttt ettt sttt 1
0 I = T o 1= Yo o T Vo] (oo YA USSR 1
1.1.1. GENEIal CONCEPLS ..ottt st st 1
1.1.2. Potential health effects Of NMS ..o 2
1.2, Cerium OXIAE NPS ... 4
1.2.1. Biological impliCationS..........ccocieiiiiciieceees e 6
1.2.1.1. Beneficial effects and applications of nanoceria............ccoceevevececeeinnnn. 6
1.2.1.2. Harmful effects associated to nanoceria exposure ...........cccccecvvvveeeiennn 8
1.2.1.3 Parameters influencing the redox potential of nanoceria......................... 10
1.2.1.4. Evaluation of nanoceria associated ROS production and oxidative
] Vo F=T 0 0 F= o TSSO 11
1.2.1.5. Gaps, recommendations and initiatives in studies involving
NANOCETIA ..ttt ettt s b e se bbbt a e snenebe et be e 12
1.3. Long-term exposures for in vitro carcinogenic evaluation of nanoceria............... 13
1.3.1. The adequateness of using in vitro Models..........cccccvvvevieeinieveneceeseceeeens 13
1.3.2. The lung epithelial model BEAS-2B cell line.........cccoeouveireiiniinerceeee 14
1.3.3. The transformed in Vitro phenotype.......cccoeveirireieieeeeee e 15
1.3.3.1. Cell Proliferation ..........ccccveeieiereeese e 16
1.3.3.2. Epithelial to mesenchymal transition (EMT) .......cccoveveeinieiciiieeee, 17
1.3.3.3. Migration and iNVasion ..........c.ccceveeieiiiicciecccece e s 18
1.3.3.4. TuMOr-stroma Cross-talk..........ccooereeiiririninenenece e 19
1.3.3.5. Anchorage-independent cell growth ... 21
1.3.3.6. Mechanisms of cell transformation...............ccoceoiennciniiniiieees 22
1.3.3.8. 1. PTEN ..ttt 22
1.3.3.8.2. FRA-T ottt 23
1.3.4. Methodological limitations associated to long-term treatment studies
INTHE NIM FIEIA ...t 23
2. OBUECTIVES ...ttt 27
B RESULTS ..ttt b s 29
3.1, First study (ArtiCIE 1) e 331
3.2. Second StUAY (ANNEX T) c.cooiiiieiiieee ettt 47
3.3. Third StUAY (ANNEX 2) ..ottt 49

3.4. FOrth study (AtICIE 2) .....eciece et s 55



4. DISCUSSION ..ottt ettt ettt 69

4.1. Potential properties Of NANOCErA..........c.cccecuieeieiiceece e 69
4.1.1. AntioXidant ProOPErti€S ........ccccvvvieeeeieri et 70
4.1.2. Pro-oxidative Properti€s..........cccceeiieieiiiieece ettt 74

4.2. LoNg-term in Vitro @XPOSUIES .........ccceiriririerieieiieinie s sttt s s st se s enesrenens 79
4.2.1. Hallmarks of CarCiNOgENESIS........c..ceviruiiriiiieieeeeeee e 80
4.2.2. Methodological approaches to overcome limitations associated to long-term

treatment studies in the NMS field. ........coooiiii e 89
5. CONCLUSIONS ...ttt b ettt bbbt es e b e et st et e ne s 93
B. ANINEXES ..ottt ettt sttt s bbbt b e 95
B.1. ANNEX 11 STUAY 2 ..ot be et re e ns 95

B.2. ANNEX 2: STUAY 3 ..ot e r s 119

7. REFERENCGES ..o 147



1.INTRODUCTION






Introduction

1. INTRODUCTION

1.1. Nanotechnology
1.1.1. General concepts

Nanotechnology is an emerging multidisciplinary science dealing with the manipulation
and control of matter at dimensions between approximately 1 and 100 nanometers. At
the nanoscale-range the properties of particles become determined by the quantum
effects, instead of by physical effects as occurs in bigger scales. Accordingly,
properties of nanoparticles (NPs) such as melting point, fluorescence, electrical
conductivity, magnetic permeability, and chemical reactivity change as a function of the
particle size; being these properties completely different from those of their bulk
counterparts (Steigerwald and Brus, 1990; Wang, 1991; Weller, 1993; Stankic et al.,
2016). This unique phenomenon has enabled the synthesis and production of desired
size particles with novel properties and applications which has prompted a new

industrial revolution.

Despite the fact that the concept of nanotechnology emerged the first time in 1959 with
the physicist and Nobel Laureate Richard Feyman, it was not until the early 2000s
when the use of nanotechnology was reflected in commercial products. Nowadays the
number of nanotechnology products available in the market is dated to more than 1800
items used in many commercial products and processes (Vance et al, 2015). These
nanoproducts are used in different fields like material science, electronics, fuel cells,
biomedicine, food industry, cosmetics or textile among others (Yang et al., 2007; Liu
and Gu, 2009; Epstein, 2011; Yen et al., 2011). Several estimates suggest that the use
of nanomaterials (NMs) will continue experiencing an exponential increase, as
substantial economic and technical resources are being dedicated to the study and

design of new NMs with industrial applicability (Figure 1).
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Figure 1. Cumulative global funding of nanotechnologies (source: Cientifica Ltd., 2011).

1



Introduction

1.1.2. Potential health effects of NMs

The rapid development of the NMs industry and the exponential production of NPs of
different natures has raised serious concerns about their potential harmful
consequences on human health (Schmid and Riediker, 2008; Park and Grassian,
2010). The effects in occupationally and environmentally exposed populations are
uncertain. Due to their small size NMs are able to penetrate into the cells and strongly
react at the intracellular and nuclear level, unlike their macro counterparts. It is in this
context where nanotoxicology emerges as a new field to study the potential risks

associated specifically to NMs.

As previously described, the main characteristic of NMs is their nanoscale range size,
which is in the transitional zone between individual atoms or molecules and the
corresponding bulk materials. This can modify the physicochemical properties of the
material as well as change their toxicological profiles. As the size of a particle
decreases, its surface area/volume ratio increases allowing a greater proportion of its
atoms or molecules to be displayed on the surface (Nel et al., 2009). This increases
exponentially the number of reactive groups exposed on the particle surface (Figure 2).
In general, the more reactive a particle is, greater is its toxicity. Thus, as the particle
size shrinks, there is a tendency for toxicity to increase, even if the same material is

relatively inert in bulkier form (Buzea et al., 2007).
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Figure 2. Inverse relationship between particle size and number of surface expressed
molecules (adapted by Oberdoérster et al., 2005)
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Other NM properties such as solubility, shape, surface coating and aggregation could
also affect the transport properties, with the possibility of modulating the toxic effects
(Oberdorster et al., 2005).

Once inside cells, NPs may interact with proteins, membranes, DNA and different
organelles to establish a series of NP/biological interfaces. These interactions lead to
the formation of protein coronas, particle wrapping, intracellular uptake and biocatalytic
processes that could have biocompatible or bioadverse outcomes. This wide range of
cellular and intracellular responses strongly depend on NP physicochemical properties,
concentration, duration of contact, subcellular distribution and interactions with

biological molecules (Nel et al., 2009).

In this context, different in vitro and in vivo studies have been performed in order to
determine NM potential toxicity and their mechanisms in different biological scenarios
(Hussain et al., 2005; Vevers et al., 2008; Xia et al., 2008; Poland et al., 2008)
(Table1).

Nanomaterial Cytotoxicity mechanism

- ROS production
- Glutathione depletion and toxic oxidative stress as a
TiO2-NPs result of photoactivity
- Nanoparticle-mediated cell membrane disruption lead
to cell death; protein fibrilation

- ROS production
- Dissolution and release of toxic cations

ZnO-NPs
- Lysosomal damage
- Inflammation
- Ag*release inhibits respiratory enzymes and ATP
production
Ag-NPs - ROS production
- Disruption of membrane integrity and transport
processes
Au-NPs - Disruption of protein conformation
CdSe-NPs - Dissolution and release of toxic Cd and Se ions
Ce02-NPs - Protein aggregation and fibrilation
Carbon Nanotubes - Frustrated phagocytosis causes chronic tissue
(CNT) inflammation and DNA oxidative injury

Table 1. Mechanisms of NM cytotoxicity (Adapted from Nel et al., 2009).
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Despite the fact that nanotoxicology publications are increasing exponentcially, the
comparison among studies is very difficult due to the high number of variables
presented by a single NM (size, surface, electrical charge, morphology, concentration,
and time of exposure, among others); all of them affecting their biointeracctions and
effects. Thus, the European Agency for Safety and Health at Work (EU-OSHA) has
quantified in 20 years the discrepancy between the knowledge of the commercially
available NMs associated effects and their impact on human health and environment
(Figure 3).

| Emerging
| nanoproducts

Volume

Generated /
EHS data __,/
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analysed by
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Figure 3. Gap between the emergence of products containing NMs in comparison to the
generation of environmental health and safety data (EHS) and their subsequent use by
regulatory agencies. (Source: "Novel Materials in the Environment: The case of

nanotechnology", p.30. Royal Commision on Enviromental Pollution, 2008).

We are facing a new scenario of exposure that needs the development of new
aproaches for the correct risk assessment determination, and the establishment of a
regulatory framework where the exploitation of the new properties of NM is done

guarantying the safety of the general population.

1.2. Cerium oxide NPs (Nanoceria)

Each of the unique physico-chemical properties acquired by compounds upon
conversion to the nanoscale defines their applications in industry and technology.
Nanoceria in particular has experienced a significant increase in its production and
application in industry during the last few years due to its unique catalytic, magnetic
and electronic properties and its abundancy in nature. This has led to nanoceria being

considered among the NMs with higher growth projection (Ilvanenko et al., 2013), as it
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is reflected as well by the exponential increase in the number of publications about this

compound in the last decade (Figure 4).
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Figure 4. Journal publications in nanoceria per year. Environmental science: nanoblog;
Nanoceria in our bodies, Palmero C. http://blogs.rsc.org/en/2014/12/01/nanoceria-in-our-bodies.

The unique properties of nanoceria are provided by the chemical structure of the
crystal conformation of this rare earth element that belongs to the lanthanide series in
the periodic table. Each cerium atom is bonded to eight oxygen atoms, while each
oxygen atom is bonded to four cerium atoms (Figure 5). The complete unit cell, Ce,Og
measures 0.51 nm (5.1 A) on an edge, and is a face-centred cubic fluorite lattice
(Trovarelli, 1999). Crystallites are the elementary building blocks for NPs in general.
Depending upon the synthesis conditions, crystallites can be comprised of several or
many unit cells (Reed et al. 2014). For example, a 1.1 nm particle, the smallest ceria
NP theoretically possible would contain 8 unit cells (2 x 2 x 2) (Hailstone et al., 2009).
This fact entails the existence and synthesis of a huge variety of different nanoceria

NPs with differences in particle size and morphology.

C ¢
() (b) (c)

Figure 5. Structural analysis of ceria crystals and unit cells. Eight-fold coordinated cerium atoms
(yellow) with four-fold coordinated oxygen atoms (red) in ceria crystals (a and b) and the
primitive unit cell (c). (Figure adapted from Reed et al., 2014).
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Ceria orbitals and electron configuration give it rare earth unique catalytic, magnetic
and electronic properties (Xu and Qu., 2014). These properties make nanoceria an
interesting material for industrial and commercial applications including catalysis
(Lawrence et al., 2011) -as a diesel fuel additive to increase fuel combustion efficiency
and decrease soot emissions (Park et al., 2008)-, in chemical mechanical
planarization/polishing (Kosynkin et al., 2000), in semiconductors, in toner formulations
(Bello et al.,, 2013), and as an additive in various nanocomposites, as reviewed by
(Reed et al., 2014).

Regarding its biological applications, this NM has been presented as an interesting
candidate for the treatment of diseases characterized by increased oxidative stress
levels. However, its use as an antioxidant in therapeutics is still controversial due to
both antioxidant and toxic observed effects (Yokel et al., 2014). Thus, the inevitable
increase related to consumption and occupational exposures raises the need for a
comprehensive, deep and reproducible toxicological characterization of nanoceria
(Zhang et al., 2011). For instance, several companies and organizations have already
identified nanoceria as a high priority material for toxicological evaluations (Integrated
Laboratory Systems Inc., 2006; OECD, 2010).

1.2.1. Biological implications

1.2.1.1. Beneficial effects and applications of nanoceria

Despite the wide use of nanoceria in different industrial fields in the last decades,
research on the biological applications of this rare earth oxide began around 2005 with
some promising publications showing the antioxidant properties of nanoceria in cell
culture models (Tarnuzzer et al., 2005; Chen et al., 2006, 2013; Cohen et al., 2006;
Rzigalinski, 2006; Schubert, 2006). Today, nanoceria is considered a promising

therapeutic agent for dozens of diseases that are mediated through oxidative stress.

Reactive oxygen species (ROS) are generated by cells as by-products of their own
aerobic metabolism, and they are essential to maintain the homeostasis of cells
(Schieber and Chandel, 2014). Since ROS react with lipids, proteins, and DNA (Cross
et al., 1987), a wide range of different cytosolic antioxidant enzymes are responsible for
counteracting ROS production, maintaining an oxidative redox balance. This balance
between ROS production and antioxidant defences determines the degree of oxidative
stress (Finkel and Holbrook, 2000). A majority of human disease conditions like
atherosclerosis, hypertension, ischaemic diseases, Alzheimer's disease, Parkinson’s

disease, cancer and inflammatory conditions are thought to be caused primarily due to
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this imbalance between pro-oxidant and antioxidant homeostasis (Tiwari, 2001). Taking
into account the relevance of ROS effects in many different oxidative diseases and the
possibility to counteract them by using antioxidant compounds, a huge amount of
literature about nanoceria properties has emerged in the recent years. These studies
prompted an area of research engaged in the study of these NPs for biomedical
applications. Specifically, nanoceria has emerged as a promising therapeutic agent to
be used in various oxidative stress diseases/disorders, including neurodegenerative
diseases, ischemic cardiomyopathy, ocular diseases, diabetes and cancer among

others (Narayanan and Park, 2013).

From the chemical point of view, due to its unique redox properties, cerium can exist in
two oxidation states, Ce®* and Ce*". At the nanoscale level, the structure of nanoceria
permits the coexistence of both oxidation states on the surface. This coexistence,
along with its low reduction potential and high surface area to volume ratio, allows
many surface cerium atoms switch between the two oxidation states. This way
nanoceria acts catalyzing ROS-detoxifying reactions while simultaneously regenerating
the reduced Ce* ions on its surface (Nelson et al., 2016). Thus, nanoceria consistently
exhibits superoxide dismutase (SOD)-mimetic activity (Heckert et al., 2008) converting
superoxide to hydrogen peroxide, as well as catalase (CAT)-mimetic activity
(Pirmohamed et al., 2010) scavenging hydrogen peroxide molecules. This auto-

regenerative potential of nanoceria is reflected in Figure 6.

Figure 6. Reactive oxygen species scavenging and surface regeneration properties of

nanoceria. (Adapted from Rzigalinski et al., 2016).

Nanoceria provides important advantages in comparison to other antioxidants. Free-
radical scavengers such as vitamin E, ascorbate, carotenes or melatonin possess few

active sites per molecule which implies that repeated dosing is required to replace
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molecular species that were used in free radical reduction. Conversely, many active
sites are available for free-radical scavenging in nanoceria as a consequence of the
large surface to volume ratio presented by NPs. In addition, the auto regenerative
reaction cycle of nanoceria (Ce®** — Ce* — Ce®) is probably the mechanism by
which this material gains an outstanding free-radical scavenging ability (Colon et al.,
2009). Therefore, all these properties support nanoceria applicability in the treatment
against diseases related with increasing levels of reactive oxygen species (ROS), even
as an antitumoral agent, since it is known that ROS also contributes to cell

transformation processes (Bach et al., 2016).

Different groups have shown in vitro protective effects of nanoceria using different
cellular types including human colon and lung fibroblasts and breast epithelial cells
acutely exposed to radiation (Tarnuzzer et al., 2005; Colon et al., 2009, 2010),
neuronal rodent cells acutely exposed to glutamate (Schubert et al., 2006), and human
umbilical vein cells submitted to acute doses of hydrogen peroxide (Chen et al., 2013).
These antioxidant properties have also been observed in in vivo models. Thus, mice
pre-treated with nanoceria showed an amelioration of the gastrointestinal radiation-
induced damage by anti-oxidant mechanisms (Colon et al., 2010). Also, nanoceria
treatment significantly reduced the free radical levels in the brain of mice with
autoimmune encephalomyelitis of multiple sclerosis, preventing disease progression
(Estevez and Erlichman, 2014). In addition, nanoceria was also able to reduce ROS
levels and genotoxic effects induced by potassium bromate in an in vivo model such as
Drosophila (Alaraby et al., 2016).

1.2.1.2. Harmful effects associated to nanoceria exposure

Despite the large number of studies supporting the antioxidant effects of nanoceria,
some controversy exists regarding its beneficial impact, since different studies have
also reported toxic effects of this NM (Yokel et al., 2014). Regarding in vitro studies,
toxicity has been reported in human neuroblastoma cells (Kumari et al., 2014), lung
adenocarcinoma A549 cells (Mittal and Pandey, 2014), in melanoma 518A2 and
colorectal adenocarcinoma HT-29 cell lines (PesSi¢ et al., 2015) and lung epithelial cells
BEAS-2B (Park et al., 2008 ; Eom and Choi, 2009), among others.

Very few in vivo studies have been carried out so far, and most of them have focused
on nanoceria toxicity following inhalation. Although limited data exist on nanoceria
absorption by the gastro-intestinal tract, the assumption is that this uptake is extremely

low. On the other hand, there is no evidence of nanoceria as a skin irritant or its uptake
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through the skin (Yokel et al.,, 2014). With regard to in vivo inhalation experiments,
some harmful effects have been observed. For example, several acute, sub-acute,
sub-chronic and chronic nanoceria exposures via inhalation induced cytotoxicity
through oxidative stress, leading towards a chronic inflammatory response and alveolar
interstitial fibrosis (US.EPA, 2009; Staal et al., 2010; Srinivas et al., 2011; Demokritou
et al., 2013; Keller et al., 2015). According to these results some authors conclude that
nanoceria would be pro-inflammatory, and ultimately would induce pulmonary fibrosis
(Ma et al., 2012).

It is assumed that toxic effects associated to nanoceria exposure could occur via two
different mechanisms: (i) toxicity based on the chemical composition, or (ii) due to
stress/mechanical irritation or stimuli caused by the surface, size, and/or shape of the
particles (physical aspects) (Yokel et al., 2014). Although it is not simple to differentiate
between these two mechanisms of cytotoxicity, most authors have pointed out its redox
activity -associated to its chemical composition- as the main cause of nanoceria toxicity
(Karakoti et al., 2012; Grulke et al., 2014). According to different studies, nanoceria
would exert its toxicity through the oxidative stress pathway by increasing cellular ROS
concentrations, what would lead to strong induction of the Heme oxygenase 1 (HO-1)
gene via the p38-Nrf-2 signalling pathway (Eom et al.,, 2009), also altering the
expression of several other genes (Rothen-Rutishauser et al., 2009). In addition, ROS
mediated DNA damage and cell cycle arrest have been suggested to play a major role
in nanoceria-induced apoptotic cell death in A549 cells (Mittal and Pandey, 2014).

These proposed mechanisms are indicated in Figure 7.
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Figure 7. Proposed model of molecular toxicity pathways following exposure to nanoceria.
(Adapted from Yu et al., 2012).
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1.2.1.3 Parameters influencing the redox potential of nanoceria

Due to the controversial results found in literature, recent studies have been developed
in order to deeply study the potential redox behaviour of nanoceria. In this context,
several groups have proved that nanoceria redox potential can be affected by different
factors such as particle size, synthesis method, shape, surface chemistry, pH or
coating among others. However, not much is known about how exactly changes in
these parameters could affect nanoceria behaviour in biological environments (Grulke
et al., 2014).

Some authors have pointed out pH as one of the factors acting as an important
modulator of nanoceria redox activity (Asati et al., 2010; Wason et al., 2013). Changes
in this chemical parameter would lead to toxic pro-oxidative effects (Hardas et al.,
2012; Tseng et al., 2012). In this direction, an acidic pH would diminish the catalase
mimetic activity of nanoceria, while the SOD activity would be unaffected. As a result,
SOD activity of nanoceria continues converting superoxide (O, ") to hydrogen peroxide,
but catalase activity cannot detoxify hydrogen peroxide in the same extent than at
neutral pH. Consequently, oscillations in intracellular pH would increase the
concentration of this molecule inside the cell, producing toxicity (Alili et al, 2011) (See

Figure 8).

SOD mimetic
activity

%+ 0, +2H — H,0,+ Ce*

Ce¥

Ceﬂ‘l' HzOz % Ce4}3 e H;!O

accumulation

Catalase mimeti
activity

Figura 8. pH effect on enzyme mimetic activity of nanoceria.

As described by the Nobel Laureate Otto Warburg, cancer cells exhibit an acidic
cytosolic pH due to the glucose consumption and lactic acid production (Vander et al.,
2009). Thus, based on this phenomenon called “Warburg effect’, it is assumable that
nanoceria could show a dual behaviour, on one side protecting normal cells by its

antioxidant properties, while acting as oxidant in cancer cells on the other (Alili et al.,

10
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2011). This hypothesis would set the basis for the study of the therapeutic application
of nanoceria in cancer treatments (Gao et al., 2014). However, some authors have
shown that distinct types of cancer cells may differ in intracellular pH and redox status
and, eventually, in how nanoceria behaves into these cells (PeSic. et al., 2015).
Therefore, the idea for selective killing of cancer cells by nanoceria needs to be further

clarified.

1.2.1.4. Evaluation of nanoceria associated ROS production and oxidative DNA
damage

In general, ROS induction has been considered as a common mechanism of cellular
damage associated to NPs exposure (Wang et al., 2011). Specifically, nanoceria as
previously mentioned, has been related with ROS status showing both antioxidant and
oxidant effects. Thus, studying the levels of these intracellular reactive molecules and
their translation into oxidative DNA damage are highly recommended endpoints when

studying the biological effects of nanoceria.

Several techniques exist for the determination and quantification of intracellular ROS.
Among them, small-molecule fluorescent probes have been frequently used due to its
fast and easy manipulation (Wang et al., 2013). One of the most commonly performed
techniques using small-molecule fluorescent probes is the 2’,7'—dichloro-dihydro-
fluorescein diacetate DCFH-DA assay (Dikalov, et al., 2007). This technique allows the
detection of a wide panel of oxygen-derived reactive molecules like H,O,, ONOQO, lipid
hydroperoxides, and, to a lesser extent, O,". Once cell cultures are exposed to DCFH-
DA, these molecules passively diffuse into the cells and are cleaved by intracellular
esterases to 2',7'-dichlorofluorescin (DCFH). Then, this compound is oxidized by
intracellular ROS into 2’, 77 —dichlorofluorescein (DCF). DCF is a highly fluorescent
molecule which can be easily detected by fluorescence spectroscopy. On the other
hand, dihydroethidium (DHE) is another small-molecule fluorescent ROS probe specific
for O,". The reaction between O, and DHE generates a highly specific red fluorescent
product, 2-hydroxyethidium [2-OH-E(+)] which intercalates with DNA shifting its
excitation and emission wavelengths, allowing its fluorescent identification and
quantification (Wang et al., 2013). The combination of these two assays allows for the
quantification of most of the existing reactive oxygen molecules. This approach
provides a reliable evaluation of the effect of nanoceria in the cellular oxidative

balance.

The protective/oxidant related effects of nanoceria at DNA level constitute another

important endpoint to consider. Thus, among the techniques addressed to measure

11
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genotoxicity, the comet assay allows the possibility to determine both oxidative DNA
damage and the genotoxic DNA damage. This evaluation is carried out by using the
alkaline comet assay with and without the use of formamidopyrimidine DNA
glycosylase (FPG) enzyme. This classical method has been extensively used and
validated for the genotoxicity assessment of a wide variety of compounds including
NMs. This assay detects single- and double-stranded DNA breaks in naked
supercoiled DNA. Strand breaks cause the supercoiled DNA to relax, allowing loops of
DNA to migrate toward the anode upon electrophoresis, forming a ‘comet tail’. The use
of lesion-specific enzymes in the comet assay, specifically formamidopyrimidine DNA
glycosylase (FPG), allows for the detection of 8-OH-dG, in addition to certain imidazole
ring-opened purines and also causes breaks at apurinic/apyrimidinic sites (AP sites)
(Collins, 2004).

1.2.1.5. Gaps, recommendations and initiatives in studies involving nanoceria

Despite the efforts devoted to understand the behaviour of nanoceria in biological
models, the reality is that the high variability in the results obtained until now make
difficult to stablish a general mode of action. Moreover, important variations in the
experimental setups as well as in the nanoceria characteristics used by the different

research groups makes these studies difficult to compare.

Considering these experimental pitfalls, several recommendations have been proposed
to the research community in order to have a better understanding of the potential

biological risks of this NM (Yokel et al., 2014). These are as follows:

1. To unravel why some studies report toxic effects of nanoceria, while others report
that nanoceria is of low toxicity exhibiting antioxidant properties. It is necessary to
determine if these differences are due to (i) the valence state or type of synthesis of
nanoceria, (ii) the physicalchemical properties of the sample tested or (iii) the dose,

exposure route, or experimental model used.

2. It is important to determine the potential interactions of nanoceria with different
biological fluids (blood, lung lining fluid, etc.) with regard to agglomeration, surface

reactivity and bioactivity.

3. Itis necessary to compare the effects induced by short-term/high-dose exposures

with those induced under long-term/low-dose exposure scenario.
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4. It is necessary to characterize the effects of co-exposures (with common
environmental compounds) on the pulmonary and cardiovascular systems, among

other targets.

5. The new in vitro tests need to include (i) the use of relevant doses according to the
in vivo expected exposures, (ii) the determination of mechanisms other than
oxidant stress, and (iii) approaches evaluating genotoxicity, as well as the induction

of cell proliferation/transformation.

Among these recommendations, the use of long-term/low-dose treatments entails an
important progress mimicking real exposure situations. So far the majority of the in vitro
studies conducted are far away from real scenarios as nanoceria exposures mostly
involve acute concentrations several orders of magnitude above real exposures and
exposure times no longer than 24 hours (Cheng et al., 2013; Benameur et al., 2015;
Franchi et al., 2015) . Regarding this point, efforts have been made with different NMs
and chemicals of other natures to reproduce realistic conditions of exposure using low
concentrations for long periods of time (weeks-months). Importantly, these
experimental approaches also allow for the carcinogenic evaluation of different
compounds through the treatment (Thurnherr et al., 2011; Wang et al., 2011;
Lohcharoenkal et al., 2013; Annangi et al., 2015, 2016; Vales et al., 2015, 2016; Bach
et al., 2016).

1.3. Long-term exposures for in vitro carcinogenic evaluation of nanoceria

1.3.1. The adequateness of using in vitro models

Although in vitro studies have certain limitations to represent kinetics and
biodistribution of nanoceria -and NMs in general- taking part in an in vivo exposure,
they are useful to resolve some mechanisms underlying many of the unknown
nanoceria’s adverse effects. In vitro studies can be used for long-term exposure at low
environmentally relevant doses, to analyse cell transformation, to characterize effects
of long-term co-exposures, and to assess mechanisms of genotoxicity/carcinogenicity.
All of these points being listed among the recommendations necessaries to clarify the
safety and usefulness of nanoceria as a therapeutic antioxidant agent (Yokel et al.,
2014).

Focusing in the study of the carcinogenic potential of chemicals, to date the two year
rodent bioassays play the main role in the standard OECD regulation (OECD Guideline

451). However, in order to limit the use of animals as much as possible, the application
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of 3Rs (replacement, refinement and reduction in animal studies) is desirable.
Additionally, for large testing programs, in vivo carcinogenicity is impractical. Therefore,
alternative approaches to in vivo carcinogenicity assessment are urgently required
(Annys et al., 2014). In this context, the use of in vitro long treatment protocols could be

presented as a partial solution to mitigate this problem.

In terms of standardization and validation, the most advanced in vitro tests for
carcinogenicity are the cell transformation assays (CTAs). Although CTAs do not mimic
the whole carcinogenesis process in vivo, they represent a valuable support in
identifying transforming potential of chemicals. In vitro cell transformation is a process
characterized by a series of progressive distinctive events that often emulate
manifestations occurring in vivo, and which are associated with neoplasia. Cellular and
sub-cellular alterations include, among others: cellular immortality, phenotypic
changes, aneuploidy, genetic variability, cellular disarray, anchorage-independent
growth, and the ability of tumorigenicity once injected in an in vivo organism (Corvi et
al., 2012).

Several researchers have studied the carcinogenic potential of NMs through in vitro
long-term exposure models. As an example, Wang et al. (2011) determined that
chronic exposure to single-walled carbon nanotubes causes malignant transformation
to human lung epithelial cells. The transformed cells induced tumorigenesis in mice
and exhibit an apoptosis resistant phenotype characteristic of cancer cells. Also, in our
group several NPs have been assessed from the carcinogenic point of view like TiO,-
NPs, ZnO-NPs, CNT or Co-NPs, and more recently nanoceria, being the focus of this
Thesis dissertation, by analyzing the effects of a co-exposure with cigarette smoke
condensate (CSC). These studies showed the ability of these assays to detect
genotoxic and non-genotoxic mechanisms involved in the carcinogenic potential of
NMs (Vales et al., 2015, 2016; Anangi et al., 2015, 2016).

1.3.2. The lung epithelial model BEAS-2B cell line

Different cell lines have been used to perform long-term treatment exposures. The
election depends in many cases on the primary route of entry and the assumed target
of the studied compound. The most likely route of human unintentional exposure to
nanoceria, and to the majority of NPs, is through inhalation (Yang et al., 2008).
Focussing on nanoceria, following inhalation exposure, this poorly-soluble NM deposits
primarily in the alveolar and tracheal bronchial regions based on physical properties

related to its size-distribution and agglomeration/aggregation state (Oberdorster et al.,

14



Introduction

2005). Some of the deposited particles are cleared via the mucociliary escalator to the
pharynx and ingested, while others are transported through the airway epithelium
(Yokel et al., 2014). At this point, macrophages and epithelial cells compete for particle
uptake. However, some studies have shown that small particles are more readily taken
up by epithelial cells than by macrophages and show greater rates of transfer across
the epithelium (Costantini et al., 2001).

Among all lung epithelial cell lines used in in vitro studies, BEAS-2B obtained at
autopsy of a noncancerous individual, is considered a good bronchial cell-line model
exhibiting similar characteristics and cellular responses to carcinogens as the primary
lung cells (Liao et al., 2007; Sargent et al., 2009). BEAS-2B cells are reported to
possess a mutated p53°¢'47 gene (Gerwin et al., 1992). However, the American Type
Culture Collection (ATCC) indicates that although the BEAS-2B cell line forms colonies
in a semisolid medium characteristic of transformed cells, is non-tumorigenic in
immunosuppressed mice. Additionally, this cell line can grow continuously in culture,
allowing for long-term exposure studies, which would not be possible using primary
lung cells (Wang et al., 2011). Moreover, these cells have also been widely used to
define conditions under which various agents and oncogenes cause neoplastic
transformation (Gerwin et al., 1992; Khatlani et al., 2007).

Based on the use and suitability of this model in different pioneering studies (Khatlani
et al., 2007; Wang et al., 2011; Luanpitpong et al., 2014), BEAS-2B has been chosen
for both acute and long-treatments exposures in many of the experiments conducted in
this Thesis.

1.3.3. The transformed in vitro phenotype

Due to the increasing use of NMs, chronic exposure is likely to occur in occupational
and daily situations. As already mentioned, the small dimensions of these particles
make them able to penetrate and incorporate intracellularly, resulting in some cases in
direct or indirect genotoxic effects (Haase and Luch, 2016). Considering chronic
exposures where DNA damage could be generated, genetic instability and
carcinogenesis assessment should be a priority (Rojanasakul et al., 2016). Thus, in our
Group and specifically as a part of this Thesis we evaluated the transforming effects of
long-term exposure to nanoceria in lung epithelial BEAS-2B cells, along with the effects
associated to a common plausible tobacco co-exposure. For characterizing this
process, an in vitro cancer phenotype acquisition was assessed through different

carcinogenic markers such as morphology, proliferation rate, gene differentiation
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status, migration capacity, anchorage-independent cell growth and secretome analysis,
including levels of metalloproteinase-9 (MMP-9), and cell growth promoting capability.
In addition, being Fos-related antigen 1 (FRA-1) and phosphatase and tensin homolog
(PTEN) pivotal genes during respiratory epithelium carcinogenesis (Karamouzis et al.,
2007; Yanagi et al., 2007), its mRNA expression levels were used to determine their

role in cell transformation.

1.3.3.1. Cell proliferation

Although carcinogenesis involves many other processes, deregulated cell proliferation
and suppressed cell death together provide the underlying platform for neoplastic
progression (Evan and Vousden, 2001). Thereby, regulation of cell cycle became a key
factor due to its influence in controlling cell division. Normal growth requires a balance
between the activity of those genes that promote cell proliferation and those that
suppress it. During the G1 phase, cells respond to extracellular signals by advancing
toward another division, withdrawing from the cycle into a resting state (GO0), or
underlying apoptosis (Sherr, 1996) . Consequently, specific gene mutations leading to
an inadequate progression of G1 phase entail that cancer cells may no longer respond
to many of the signals that control cellular growth and death, as a result remaining
indefinitely in the cycle and therefore increasing proliferation (Sherr, 1996). Considering
increased cell proliferation as an evidenced hallmark of cancer, many in vitro studies
have evaluated this parameter as a biomarker of cell transformation (Wang et al., 2011;
Annangi et al., 2014; Luanpitpong et al., 2014; Bach et al., 2016; Rojanasakul et al.,
2016). Thus, analysing the number of cell divisions produced in a period of time or
estimating the time required for cells to duplicate (doubling time) through long
exposures compared with non-treated cells is a common and useful approach to
evaluate if the treatment is influencing the cell cycle and undergoing carcinogenesis.
Therefore, the time necessary for a population doubling to occur is calculated

according to the equation 1:

duration * log(2)

Doubling time =
g log(final concentration) — log(initial concentration)

Equation 1: Doubling time calculation. Source: http://www.doublingtime.com/compute.php
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1.3.3.2. Epithelial to mesenchymal transition (EMT)

EMT is a reversible physiological process involved in three different cellular programs.
Type-1 EMT is highly regulated and essential during embryonic implantation and organ
formation. Type-2 and type-3 are operative after birth and are concerned with fibrosis
and malignant cellular transformation respectively due to downstream signalling
pathways being constitutive activated (Kovacic et al., 2012). Type-3 EMT is the
process by which epithelial cells acquire mesenchymal malignant transformation
features during carcinogenesis. Thus, studying these sequential series of changes is
an important approach when evaluating the carcinogenic effects occurring in an
epithelial in vitro cell line like BEAS-2B.

Cell transformation through EMT process is regulated by a number of signalling
pathways and transcriptional factors, eventually resulting in the loss of epithelial
markers and acquisition of mesenchymal features (Kalluri and Weinberg, 2009).
Among the signal factors able to induce EMT, the transforming growth factor beta
(TGF-B) is the most extensively studied inducer, interacting with several related EMT
pathways, such as PI3K, Wnt, Hedgehog, Notch, or Ras-MAPK (Xiao and He, 2010;
Lamouille et al., 2014).

Several EMT in vitro studies have endorsed this program to study early stages of lung
carcinogenesis, allowing a clearer identification of the molecular mechanisms of EMT
(Xiao and He, 2010; Zhao et al., 2013; Sohal et al.,, 2014; Vu et al., 2016). Thus, a
number of distinct molecular events have been associated to the signalling pathways
already mentioned. These include activation of transcription factors, expression of
specific cell-surface proteins, reorganization and expression of cytoskeletal proteins,
production of extra cellular matrix (ECM)-degrading enzymes such as matrix

metalloproteinases (MMPs), or changes in the expression of specific microRNAs.

One of the essential molecular characteristics of EMT is the “cadherin switch”. E-
cadherin (CDH-1) form adherence junctions with adjacent epithelial cells and thereby
helps assemble epithelial tissue, whilst N-cadherin (CDH-2) is normally expressed in
migrating neurons and mesenchymal cells during embryogenesis. Thus, down-
regulation of CDH-1 and up-regulation of CDH-2 is considered a molecular hallmark of
EMT (Kalluri and Weinberg, 2009). However, other involved factors have also been
used as molecular biomarkers to demonstrate the passage of a cell through EMT.
Thus, as showed in Figure 9, decrease in epithelial markers like Zonula occludens-1

(ZO-1), Laminin-1 or Mucin-1 (MUC-1), and increase in mesenchymal markers like
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Vimentin, Fibronectin or Actin alpha 2 smooth muscle aorta (Acta-2) among others,

have also been associated to this intricate process.
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Figure 9. EMT process and some molecular biomarkers. (Adapted from Kalluri et al. 2009)

Gene expression studies are frequently used to determine the way a target gene
changes its expression profile over time, as for example how much the expression
changes over the course of a disease or after a treatment. In this case, the expression
profile of some genes associated with the EMT process was analysed using real time
reverse transcription polymerase chain reaction (real time RT-PCR) technique. Simply,
total RNA is extracted and retrotranscribed to cDNA using TRIzol Reagent and the
transcriptor first-strand cDNA synthesis kit respectively. The resulting cDNA is
subjected to real-time PCR analysis on a Lightcycler 480 (Roche) to evaluate the

relative expression levels of the mentioned genes.

The induction of this mesenchymal phenotype implies “spindle-like” morphology
originated by the changes in the composition of cytoskeletal proteins. Moreover, these
molecular changes prompt cells to increase the ability to migrate and invade other

tissues, which are important characteristics during metastasis (Tse and Kalluri, 2007).

1.3.3.3. Migration and invasion

As above mentioned, during EMT cells change their structure and shape by
cytoskeletal reorganization gaining in motility. At this point cells interact with the
surrounding tissue structure, the ECM, which provides the substrate as well as a
barrier towards the advancing cell body (Friedl and Wolf, 2003). Cancer-cell migration
is typically regulated by integrins (transmembrane receptors connecting cells to ECM),
MMPs, cell-to-cell adhesion and cell-to-cell communication molecules. Among the

migration regulators, special attention is payed to MMPs. This prominent family of
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proteinases is associated with tumorigenesis through different direct and indirect
pathways (Kessenbrock et al., 2012). Focussing on cancer cell migration, MMPs are
directly linked to the cleaving of cell-surface proteins as well as degrading components
of the ECM, allowing migratory cells to invade neighbouring tissues and break through

the basement membrane (Brinckerhoff and Matrisian, 2002).

To spread within the tissues, tumour cells use migration mechanisms that are the same
as those that occur in normal, non-neoplastic cells during physiological processes such
as embryonic morphogenesis, immune-cell trafficking and would healing (Friedl and
Wolf, 2003). Thus, to study this process an easy and highly used in vitro assay is
normally performed. The scratch assay mimics cell migration during wound healing in
vivo. The basic steps involve creating a "wound" in a cell monolayer, capturing the
images at the beginning and at regular intervals during cell migration to close the

wound, and comparing the images to quantify the migration rate of the cells.

Mechanically, cell migration consists in a cycle of interdependent steps starting by the
formation of a pseudopod attached to the ECM substrate and followed by contraction of
regions of the leading edge or the entire cell body, thereby generating traction force
that leads to the gradual forward gliding of the cell body (Lauffenburger and Horwitz,
1996). Thus, the migration of individual cells that detach from the primary tumor, enter
lymphatic vessels or the bloodstream and seed in distant organs is how tumor cell

invasion and metastasis is conventionally understood (Friedl and Wolf, 2003).

1.3.3.4. Tumor-stroma cross-talk

Intense cancer research has been developed to elucidate and understand the
hallmarks of cancer cells. However, tumor cells do not act isolated, being surrounded
by a highly rich microenvironment (del Pozo Martin et al., 2015). While normal cells
turn into cancer cells, the surrounding microenvironment co-evolves into an activated
state through continuous paracrine communication, thus creating a dynamic cross-talk
signalling that promotes cancer initiation and growth, and ultimately leads to a fatal
disease (Pietras and Ostman, 2010). In the last years efforts have been dedicated to
the study of these paracrine interactions, allowing a clearer identification of the

regulators of this process.

The tumor microenvironment is formed by endothelial cells, pericytes, fibroblasts,
various classes of leukocytes, and components of ECM (Xing et al., 2010). Among the
changes detected in cell components, the trans-differenciation of fibroblasts into

cancer-associated fibroblast (CAFs) is one of the most studied processes. Thus, CAF
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directly stimulate tumor cell proliferation through provision of various growth factors,
hormones and cytokines (Karagiannis et al., 2015). Interestingly, it has been shown
that many of these factors acting in isolation are sufficient to induce transformation of
epithelial cells, indicative of the CAFs capability to initiate carcinogenesis (Bhowmick et
al., 2004).

On the other hand, within the components of ECM, MMPs represent key players in the
molecular communication between tumor and stroma. Thus, in addition to their role in
the degradation of ECM and cancer cell migration, MMPs regulate microenvironment
signalling pathways controlling cell growth, inflammation and angiogenesis
(Kessenbrock et al., 2012). Among more than 21 human MMPs, MMP-2 (gelatinase A)
and MMP-9 (gelatinase B), are thought to play a key role in degradation of type IV
collagen and gelatine, the two main components of ECM (Roomi et al., 2009).
Additionally, increase in these MMPs secretion has been found in several types of
human cancers and has been also associated with poor prognosis (Di Nezza et al.,
2002). Due to the importance of these MMPs in carcinogenesis in our work we
specifically focused in MMP-9 for the study of its activity using zymography technique.
For this assay conditioned media (CM) taken from starved treated cells, containing
secreted MMPs is resolved under denaturing conditions in precast gels containing its
gelatine substrate by SDS-PAGE. Then, following a simple renaturing, developing, and
staining; the areas of protease activity appeared as clear bands against a dark
background. Comparisons between the MMP-9 protease activity of different treatments

and controls can be consequently analysed.

As a consequence of the described paracrine interactions among microenvironment
components, a dynamic cross-talk signalling is created leading to the activation of
pathways favouring cancer growth and eventually leading to metastasis as shown in
Figure 10.
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Figure 10. Mechanisms of metastasis: Epithelial-to-mesenchymal transition and contribution of

tumor microenvironment (Tse and Kalluri, 2007).

Studying changes in cancer cell microenvironment has become an important focus of
interest and a recent approach in cancer research. Regarding 2D in vitro cultures in
which the complete microenvironment cannot be achieved, the use of CM taken from
starved cancer cells could give us an idea about how this media, containing a wide
variety of secreted factors (secretome) could affect the behaviour of other surrounding
cells (Annangy et al., 2014). In this work the indirect soft agar has been chosen to
analyse this process. Thus, the secretome of the long-term exposed cells is used to
grow a cancer cell line (HCT-116) in a soft agar substrate, being this cell line prone to
grow independently of anchorage. Thus, changes in the size of colonies indicate

differences in the ability of CM in promoting surrounding cell growth.

1.3.3.5. Anchorage-independent cell growth

Cell anchorage-independent growth is the ability of transformed cells to grow
independently of a solid surface, and it is a hallmark of carcinogenesis. The molecular
mechanism underlying anchorage-independent growth has been linked to the
activation of a mitochondrial biogenesis program also associated to potential for
metastasis in primary breast and lung tumors (Mori et al., 2009). Therefore, this ability
has been considered to be fundamental in cancer biology due to its connection with

tumor cell aggressiveness in vivo such as tumorigenic and metastatic potentials, and
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also utilized as a marker for in vitro transformation (Borowicz et al., 2014). Thus, the
soft-agar assay is a well-established method considered to be one of the most stringent
tests for in vitro malignant transformation (Borowicz et al., 2014). Thereby, the intrinsic
property of transformed cells to anchorage-independent growth is evaluated as a
hallmark of carcinogenesis as showed in Figure 11. Simply, long-term exposed cells
are cultured in a semi-liquid substrate (soft-agar) for 21-28 days. Following this
incubation period, formed colonies can be stained, quantified and the results compared

with matched controls.

Figure 11. Soft-agar plates showing cell anchorage-independent growing in a non-transformed

cell line (A) and in a cancer cell line (B).

1.3.3.6. Mechanisms of cell transformation

Normally in environmental carcinogenesis, the induced mechanism of cell
transformation depends on how the compound directly or indirectly interacts with DNA.
However, deregulation of specific genes could lead to the activation of common
pathways. Thus, studying these gene expression levels light could be shed on the
carcinogenic mechanism associated to a specific exposure. Among typical studied
genes, PTEN and FRA-1 constitute pivotal factors in cancer development of different

cancer types including lung cancer (Karamouzis et al., 2007; Yanagi et al., 2007).

1.3.3.6.1. PTEN
PTEN is a tumor suppressor gene involved in PI3K/AKT signaling pathway which

expression has been altered at high frequency in a large number of cancers (Song et
al., 2012). Reduction and loss of PTEN protein expression has been noted often in
transformed cell lines as well as in primary tumors; with frequencies to almost 70% of
reduced expression in non—small-cell lung tumors (Soria et al., 2002). Thus, being
PTEN involved in the PI3K/AKT signaling pathway, a decreased protein expression

prevents the inhibition of several interactions inside the pathway, altering various
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cellular functions associated to cancer features like apoptosis, growth, cell cycle,

angiogenesis, invasion and autophagy (Arcaro and Guerreiro, 2007).

1.3.3.6.2. FRA-1

FRA-1 is one of the most common components of AP-1, a basic leucine zipper (bZIP)
transcription factor involved in several cellular functions deregulated in cancer
progression (Jochum et al., 2001). Thus, deregulated FRA-1 mRNA and protein have
been detected in multiple tumors as well as transformed cell lines, including breast,
colon and lung (Young and Colburn, 2006). Although FRA-1 upregulation have been
observed in several cancers, a decrease in its transcript have also been detected in
lung cancer, correlated with advanced tumor stage and poor survival (Ma et al., 2009).
It seems that although FRA-1 deregulation is clearly linked to carcinogenesis,

fluctuations in mRNA levels could be associated to carcinogenic stages.

1.3.4. Methodological limitations associated to long-term treatment studies in the
NMs field

Carcinogenesis is a process that involves gene-environment interaction. The
environmental factors involved in carcinogenesis are frequently long-term, rather than
acute exposures. In order to study the role that NPs in general, and nanoceria in
particular, play as an environmental factor in carcinogenesis, in vitro models must
replicate this long-term contact. However, the reproduction in vitro of this exposure has
several technical difficulties that challenge the validity and reliability of these
experiments, and therefore the conclusions that can be drawn from them. For this
reason we decided to investigate this further in this thesis dedicated to the biological

aspects of nanoceria exposure.

When long-term treatment exposures are implemented in vitro in the nanotoxicology
field, NP preparation and dispersion become crucial factors to assure validity and
reliability. NPs are able to produce several biological effects by different mechanisms
depending on their physico-chemical characteristics, including size, shape, surface
area, chemical composition, solubility, surface charge, agglomeration/aggregation
and/or crystal structure (Bai et al., 2010; Xu et al., 2010; Cho et al., 2010; Pujalté et al.,
2011; Mcguinnes et al., 2011; Kermanizadeh et al., 2012). A consistent reproduction of
the conditions of the exposure is crucial to assure reliability. The preparation and
dispersion of NMs for cell treatments are determinant factors of their physico-chemical
properties and of their toxicological properties (Murdock et al., 2008; Park et al., 2009;

Jiang et al., 2009; Rocco et al., 2011). Consequently, the variability between every
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process of dispersion through the long-term treatment is a threat to the reliability of the
exposure and the validity of the whole experiment. We propose in this thesis an
innovative strategy to overcome this limitation of long-term treatments, and to ultimately

facilitate its implementation.

Our hypothesis in this thesis is that by preparing an aliquot of the NM stock dispersion,
then freezing it immediately in liquid nitrogen and storing it at -80 °C, and then using
this preparation for each of the exposures in the long-term treatment, the reliability of
the experiment would be at least as good as preparing serial fresh dispersions, while
saving time and resources. In order to test this hypothesis, we validated the use of
frozen dispersions by comparing fresh and frozen preparations of five different NMs
(nanoceria, TiO>-NPs, ZnO-NPs, Ag-NPs and CNT) regarding different physico-

chemical and biological endpoints.

As preliminary information to predict possible NP-cell interactions primary sizes and
morphologies were obtained using transmission electron microscopy (TEM). In order to
determine the size of particles in solution (hydrodynamic size), which is directly linked
with the aggregates size, values were obtained by dynamic light scattering (DLS). This
is a highly used technique based on intensity fluctuations of laser light scattered by
particles, moving in Brownian motion, the diffusion coefficient is determined and
converted to particle size via the Stokes-Einstein equation. Additionally, this technique
allows the measurement of “z potential” as a measure of surface charge and stability of

the colloidal dispersion.

Dissolution of metallic NPs to ions is a mechanism by which NPs could induce
cytotoxicity to mammalian cells. Thus, released ions have been linked to mitochondrial
damage and consequent cellular redox imbalance (Sabella et al.,, 2014). The
importance of released ions in the toxic profile of NMs make essential to consider this
physico-chemical property when comparing fresh and frozen NP dispersions. The use
of inductively coupled plasma mass spectrometry (ICP-MS) allows the detection of
multi-element trace/ultratrace metal analysis of clinical and biological samples.
Therefore, followed by NP dispersion ultracentrifugation, the technique detects and
quantifies the presence of ions dissolved in the supernatant providing high-

performance analysis with high sensitivity.

Intracellular uptake of NPs is also an important point to be considered since different
percentage of cellular internalization could lead to different toxicological effects.
Therefore, in addition to the determination of NP morphologies and primary sizes, TEM

analyses are useful to determine cellular NP internalization. However, some problems
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arise in the detection of very small particles that are prone to dissolve. In those cases
complementary confocal microscopy could be used (Vila et al., 2016). This technique
allows a better intracellular localization since 3D images with fluorescence-labeled NP

are generated as showed in Figure 12.
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Figure 12. NP internalization by TEM (A) and confocal microscopy (B).

Apart from cellular uptake, differences in intracellular ROS generation between fresh
and frozen NP dispersions could also be a cause of possible differences in NP
associated-effects. As already mentioned, ROS is considered as a general mechanism
causing cellular damage by NPs (Wang et al., 2011). Therefore, the common DCFH-
DA assay for intracellular ROS detection was chosen to assess this endpoint. Finally,
cellular viability is a basic parameter to be included in any study determining the
biological effects of NMs. In this case, cell viability differences between dispersion
protocols would show the final outcome produced by the physico-chemical NP

properties and their interaction with the cellular model.

To our knowledge, this is the first study focused on the comparison between fresh and
frozen dispersions. In our case of study involving long-term exposures to sub-toxic
doses of NMs, the approach we proposed supposes advantages not only for the
homogeneity of the sequential treatments, but also for the time consuming reduction in
NMs dispersions tasks. Note that this type of experimental approach requires frequent
preparation of newly NMs dispersions. Other than long-term exposures, the
implementation of this methodology is an important consideration when homogenised

treatments are highly required.

Furthermore, this procedure also can report advantages in other aspects of the
nanotoxicology field. The potential use of high-throughput methodologies in NMs

toxicity testing is another example. These approaches are currently limited by the
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bottle-neck that supposes the time necessary to prepare different fresh concentrations
of the NMs to be tested. Therefore, to prove the suitability of our proposal would help to

extend the use of such high-throughput methodologies in the NMs field.
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2. OBJECTIVES

As mentioned in the Introduction section nanoceria is widely used in many industry and
commercial products, mainly due to its interesting redox properties. However, no
general agreement regarding its beneficial role in biological systems has been reached.
The general objective of this Thesis is to evaluate the beneficial/lharmful effects of
nanoceria in an in vitro model to clarify the controversial data and gaps found in the

literature.
To achieve these goals, we have set out the following four specific objectives:

1. To determine the antioxidant effects of nanoceria, after short exposure in vitro,

using the lung epithelial cell line BEAS-2B as a model (study 1).

2. To evaluate the potential dual pro-/anti-oxidant properties of nanoceria depending

on the tumoral and non-tumoral background of the exposed system (study 2).

3. To evaluate the transforming effects of long-term exposure to nanoceria in lung
epithelial BEAS-2B cells, along with the effects associated to a common plausible

tobacco co-exposure (study 3).

4. To establish a new NP dispersion method for the study of the in vitro long-term

effects of NPs exposure (study 4).
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3. RESULTS

Part of the obtained results derived from this Thesis has been published in different
peer-review journals. Specifically, upon submission of this Thesis dissertation, two
articles have been published already and two more manuscripts are currently in the
process of submission. Consequently, the structure of this section is constituted by the

content of the published articles being the rest positioned in the annexes section.

The four articles/manuscripts ordered according with the objectives of the Thesis, are

as follows:

1. Article 1: Antioxidant and antigenotoxic properties of cerium oxide

nanoparticles in a pulmonary like cell system.

2. Annex 1: Antioxidant potential of nanoceria in tumoral and transformed cells.

3. Annex 2: Nanoceria do not protect lung epithelial cells from the transforming

effects of tobacco long-term exposure.

4. Article 2: Frozen dispersions of NMs are a useful operational procedure in

nanotoxicology.
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Article 1 (Study 1)

Antioxidant and antigenotoxic properties of cerium oxide

nanoparticles in a pulmonary like cell system

Archives of Toxicology, 90: 269-278 (2016)
doi: 10.1007/s00204-015-1468-y

Impact factor: 6.637
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3.1. Abstract of the first study (Article 1)
Antioxidant and anti-genotoxic properties of cerium oxide nanoparticles in a

pulmonary-like cell system.

Nanoceria has been presented to the research community as a unique redox catalyst,
based on the extended uses of this NM in different industrial applications. The
presence of two oxidation states (Ce* and Ce*) on its surface, allows that many
cerium atoms switch between both states. In this way, nanoceria acts catalyzing ROS-
detoxifying reactions while simultaneously regenerates the reduced Ce®" ions on its
surface. Thereby, nanoceria has emerged as a promising therapeutic agent to be used
in various diseases/disorders originated as a consequence of oxidative stress, such as
neurodegenerative diseases, immune disorders, endocrine dysfunction, diabetes,

osteoporosis, cancer and aging among others.

In this study we have used an epithelial lung cell line, BEAS-2B, as a model to study
the possible antioxidant and antigenotoxic effect of nanoceria in a pulmonary-like
system. For this aim, oxidative stress has been induced to cells by an acute treatment
with a well-defined oxidative agent (KBrO3) and the protective effect of nanoceria pre-
treatment has been assessed through different biomarkers. Whereby, different
endpoints like toxicity, intracellular ROS induction, genotoxicity and DNA oxidative
damage (comet assay), and gene expression alterations associated to oxidative

signaling pathways have been evaluated.

The obtained results confirmed the antioxidant properties of nanoceria in the epithelial
BEAS-2B lung cell model. Thus, its pre-treatment significantly reduced the intracellular
production of ROS induced by KBrOs, as observed by using flow cytometry techniques.
Similarly, a reduction in the levels of DNA oxidative damage, as measured with the
comet assay complemented with formamidopyrimidine DNA glycosylase (FPG)
enzyme, were also observed. Pre-treatment of BEAS-2B cells with nanoceria slightly
increased the viability of cells treated with toxic concentrations of KBrO3, as well as
deregulated the expression of genes involved in the oxidative Nrf2 pathway. Thus, the
expression levels of HO-1 and SOD-2 were decreased with nanoceria pre-treatment in
comparison with the levels induced by the oxidant treatment alone showing direct
protective effects. Interestingly, SOD-2 transcript levels were up-regulated after
nanoceria treatment which suggests an indirect protective effect of nanoceria

stimulating the antioxidant cellular defence.
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Results

According to the results obtained in this study, nanoceria can be proposed as a
promising pharmacological material with possible application in a very huge number of
diseases caused by oxidative stresses, including those related with pulmonary system.
However, further studies showing the absence of harmful secondary effects must be
carried out to confirm its therapeutic usefulness.
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Abstract Cerium oxide nanoparticles (CeO,-NP) present
two different oxidation states what can suppose an auto-
regenerative redox cycle. Potential applications of CeO,-
NP to quench reactive oxygen species (ROS) in biological
systems are currently being investigated. In this context,
CeO,-NP may represent a novel agent to protect cells and
tissues against oxidative damage by its regenerative free
radical-scavenging properties. In this study, we have used
a human epithelial lung cell line, BEAS-2B, as a model to
study the possible antioxidant and anti-genotoxic effect of
Ce0,-NP in a pulmonary-like system. We have assessed
the protective effect of CeO,-NP pre-treatment in front of a
well-defined oxidative stress-inducing agent (KBrO;). Dif-
ferent endpoints like toxicity, intracellular ROS induction,
genotoxicity and DNA oxidative damage (comet assay),
and gene expression alterations have been evaluated. The
obtained results confirmed the antioxidant properties of
CeO,-NP. Thus, its pre-treatment significantly reduced the
intracellular production of ROS induced by KBrO;. Simi-
larly, a reduction in the levels of DNA oxidative damage,
as measured with the comet assay complemented with for-
mamidopyrimidine DNA glycosylase enzyme, was also
observed. Pre-treatment of BEAS-2B cells with CeO,-NP
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(at 2.5 pg/mL) slightly increased the viability of cells
treated with KBrO; as well as down-regulated the expres-
sion of the Hol and Sod2 genes involved in the oxidative
Nrf2 pathway. Our finding would support the potential
use-fulness of CeO,-NP as a pharmacological agent to be
used against diseases caused by oxidative stress.

Keywords Cerium oxide nanoparticles - Antioxidant -
Antigenotoxic - Oxidative stress - BEAS-2B cells

Introduction

Reactive oxygen species (ROS) are generated by cells as
by-products of their own aerobic metabolism, and they are
essential to maintain the homeostasis of cells (Schieber and
Chandel 2014). Since ROS react with lipids, proteins, and
DNA (Cross et al. 1987), a range of different cytosolic
antioxidant enzymes are responsible to counteract ROS
production maintaining an oxidative redox balance. This
balance between ROS production and antioxidant defences
determines the degree of oxidative stress (Finkel and Hol-
brook 2000). Taking into account the relevance of the ROS
effects and the possibility to counteract them by using anti-
oxidant defences, a huge amount of literature has emerged
looking for different ways to reduce oxidative stress and its
undesired consequences (Saeidnia and Abdollahi 2013).

Nanoparticles possessing antioxidative properties have
recently emerged as potent therapeutic agents (Narayanan
and Park 2013). Among them cerium oxide nanoparticles
(CeO,-NP) have recently gained in popularity due to their
well-known ability to switch between two oxidative states
(II' and IV) depending on the physiological environment
(Karakoti et al. 2008). Its surface oxygen vacancies interact
with ROS displaying antioxidant properties mimicking the
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activities of the cellular antioxidant enzymes such as
super-oxide dismutase and catalase (Heckert et al. 2008;
Pirmo-hamed et al. 2010). Therefore, CeO,-NP enter into
the cells promoting the removal of oxidative molecules and
cell lon-gevity (Kong et al. 2011). This free radical-
scavenging prop-erty has been described in different
studies reporting gastro-intestinal (Colon et al. 2010),
breast (Tarnuzzer et al. 2005), neuronal (Schubert et al.
2006), and endothelial (Chen et al. 2013) cell protection in
in vitro and in vivo studies.

Different lung cell conditions like physiological and
pathological hypoxia or exposure to different oxidant
insults like cigarette smoke result in the disruption of the
balance between ROS production and antioxidant defences
determining a degree of oxidative stress (Fresquet et al.
2006; Tagawa et al. 2008) and establishing an
inflammatory process where the pulmonary artery pressure
increases epi-thelial malfunction and edema arises in an
acute form. This chronic situation predisposes to a vascular
proliferation, an increase in vascular reactivity, chronic
pulmonary hyper-tension leading to heart failure (Halliwell
2012).

In this context, the use of CeO,-NP would represent a
novel approach for the protection of normal lung cells from
different kind of oxidative insults (Niu et al. 2011). While
previous studies reported this scavenging and protecting
effect of CeO,-NP in lung cells (Xia et al. 2008; Arya et al.
2013), little is known about the biological mechanism and
the effect of the cytosolic ROS scavenging over DNA pro-
tection. With such aim in this work, we have corroborated
the ability of CeO,-NP to quench ROS insult induced by
potassium bromate (KBrOs) in the BEAS-2B lung cell line,
evidencing the final effect on DNA protection which
eventually leads to increase cell viability over the oxidative
insult. It must be stated that KBrO; is a well-known oxi-
dizing agent (Delker et al. 2006; Limonciel et al. 2012). In
addition, we have also investigated the possible biological
mechanism of action of CeO,-NP by testing the expression
of different genes involved in oxidative stress pathways.

Our results suggest that the internalization of CeO,-NP in
the BEAS-2B cells does not produce any toxic effect, at
the tested concentrations, while protecting against general
oxidative stress. Our results would reinforce the view sup-
porting a possible pharmacological potential of CeO,-NP.

Materials and methods
Culture cell lines

Human bronchial epithelial cells (BEAS-2B) were main-
tained in DMEM high glucose medium (LifeTechnologies,
NY, USA) supplemented with 15 % fetal bovine serum
(FBS; PAA"), 1 % of nonessential amino acids (NEAA;
PAA®), and 2.5 pg/mL plasmocin (InvivoGen, CA, USA)
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at 37 °C in a humidified 5 % CO, incubator and subcul-
tured at 80 % confluence.

Nanoparticles characterization and dispersion

Ce0,-NP were bought from Sigma-Aldrich (St Louis, MO,
USA). According to the manufacturer, size and density of
CeO,-NP was <25 nm and 7.13 g/mL, respectively. To
verify and expand the manufacturer’s information, trans-
mission electron microscopy (TEM; JEOL JEM-2011) was
utilized to determine size and morphology of NP. Besides,
characterization of hydrodynamic size and zeta potential of
CeO,-NP dispersed in cell culture medium by dynamic
light scattering (DLS) and laser Doppler veloci-metry
(LDV) methodologies, respectively, was performed on a
Malvern Zetasizer Nano-ZS zen 3600 instrument. For
these measures, CeO,-NP were pre-wetted in 0.5 % abso-
lute ethanol and dispersed at 2.56 mg/mL in 0.05 % bovine
serum albumin (BSA) in double-distilled water by 16 min
of sonication. This dispersion protocol follows the agree-
ment reached in the UE Nanogenotox project (Nanog-
enotox 2011). Subsequently, the sonicated CeO,-NP were
dispersed in DMEM high glucose with 15 % FBS for the
measurements.

Cell toxicity

Cell viability was determined by propidium iodide (PI)
staining. BEAS-2B cells were plated in six-well plates in
triplicate at a density of 1 x 10° cells/well and incubated
overnight. Cells were then pre-treated with 2.5, 5 and 7.5
pg/mL CeO,-NP for 24 h before addition of 50 mM KBrO;
for just 3 h. Later on, PI (6.73 uM final concentra-tion)
was added to culture medium with cells for 5 min, and
viable or dead cells were manually counted in a
Neubauer’s chamber for cell viability measurement using
fluorescence microscopy.

Intracellular localization of CeO,-NP

BEAS-2B cells exposed to CeO,-NP were fixed in 2 %
(w/v) paraformaldehyde (Hatfield, PA, USA) and 2.5 %
(v/v) glutaraldehyde (Merck, Darmstadt, Germany) in 0.1
M cacodylate buffer (Sigma-Aldrich, Steinheim, Ger-
many) at pH 7.4. Cells were then processed as described in
Mussa et al. (2012). Briefly, samples were post-fixed with
osmium, dehydrated in acetone, embedded in Epon,
polym-erized at 60 °C, and cut with an ultramicrotome.
Finally, ultrathin sections placed in copper grids were
contrasted with conventional uranyl acetate and Reynolds
lead citrate solutions and observed using a Jeol 1400 (Jeol
LTD, Tokyo, Japan) transmission electron microscope
equipped with a CCD GATAN ES1000 W Erlangshen
camera.
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RNA extraction and real-time RT-PCR

Total RNA was extracted from treated and untreated
BEAS-2B cells using TRIzol” Reagent (Invitrogen,USA).
RNase-free DNase I (DNA-freeTM kit; Ambion, UK) was
used to remove DNA contamination. The first-strand
cDNA synthesis was performed using 1 pg of total RNA
with the transcriptor first-strand cDNA synthesis kit
(Roche, Basel, Switzerland) following the manufacturer’s
instructions. The resulting cDNA was subjected to real-
time RT-PCR analysis on a Lightcycler 480 (Roche, Basel,
Switzerland) to evaluate the relative expression levels of
glutathione S-transferase pi (Gstp1), super oxide dismutase
(Sod2), and heme-oxygenasel (Hol) genes using f-actin
as the housekeeping control. The primer sequences are
given in supplementary material section (Table S1). Each
20 pL of reaction volume contained 5 pL of cDNA, 10 uL
of 2X LightCycler 480 SYBR Green I Master (Roche,
Germany), 3 pL of H,O and 1 pL of each primer pairs
(final concentra-tion 500 nM). The cycling parameters
began with 95 °C for 5 min, then 45 cycles of 95 °C for 10
s, 61 °C for 15 s, and 72 °C for 25 s. Cycle threshold (Ct)
values were calculated with the Lightcycler software
package and then normalized with S-actin values.

Intracellular generation of ROS

The intracellular generation of ROS was measured by flow
cytometry using the 6-carboxy-2,7'-dichlorodihydro-
fluorescein diacetate (DCFH-DA) assay. Cells were seeded
in triplicate in 24-well plates at a density of 5 x 10* cells/
well and incubated overnight. Following day, cells were
pre-treated with different concentrations of CeO,-NP for
24 h before addition of 5 mM KBrO; for 30 min. Subse-
quently, cells were washed twice with PBS and incubated
in the presence of 5 yM DCFH-DA in serum-free DMEM
high glucose medium for 30 min at 37 °C. Cells exposed to
5 mM KBrO; alone for 30 min were considered as posi-
tive control. They were further analyzed by FACSCalibur.
Data were evaluated using Flowjo Ver. 7.6.5. A minimum
of three independent experiments were carried out. It must
be indicated that flow cytometry methodology also permits
to determine the uptake of CeO,-NP by the BEAS-2B cells
as a measure of the scattering of the laser light after inter-
acting with the cell (complexity) (Suzuki et al. 2007).

Comet assay

The oxidative and genotoxic DNA damage in BEAS-2B
cells pre-treated with CeO,-NP for 24 h followed by treat-
ment with 5 mM KBrOj; for 30 min were evaluated by the
alkaline comet assay with and without the use of for-
mamidopyrimidine DNA glycosylase (FPG) enzyme,
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as previously described (Annangi et al. 2014). Briefly,
cells were rinsed with ice-cold 0.2 % ethylene diamine
tetraacetic acid (EDTA) in PBS, trypsinized, and centri-
fuged at 130 G for 8 min. The pellet was washed twice in
PBS and resuspended to obtain 17,500 cells/25 pL. Cells
were mixed with 0.75 % low melting point agarose at 37
°C (1:10) and dropped onto Gelbond film. Cells on
Gelbond were lysed overnight in ice-cold lysis buffer at 4
°C and pH 10. Later, Gelbonds were gently washed twice
(1 x 5and 1 x 50 min) in enzyme buffer at pH 8.0 at 4 °C
fol-lowed by 30 min incubation at 37 °C in only enzyme
buffer (negative control) or in enzyme buffer containing
FPG. Gelbond films were then rinsed with electrophoresis
buffer for 5 min and left in the electrophoresis buffer for
25 min to allow for DNA unwinding and expression of
alkali labile sites. Electrophoresis was carried out for 20
min at 0.8 V/ cm and 300 mA at 4 °C. Subsequently, the
Gelbond films were rinsed in cold PBS for 15 min, fixed in
absolute etha-nol for 2 h, air-dried overnight at room
temperature, and stained for 20 min with 1:10,000 SYBR
Gold in TE buffer. Finally, gels were visualized for comets
using an epifluo-rescent microscope at 20% magnification.
The quantifi-cation of DNA damage in cells as percentage
of DNA in tail was analyzed by the Komet 5.5 Image
analysis system (Kinetic Imaging Ltd, Liverpool, UK).
One hundred ran-domly selected comet images were
analyzed per sample. Three different samples were
processed for each CeO,-NP pre-treated, KBrOs-treated,
and control.

Statistical analysis

One-way ANOVA was performed to compare the means
of treated versus controls, and multiple pair-wise
comparisons were done using the Tukey’s test. Group
mean values of each experiment were also compared by
unpaired Student’s ¢ test. In all cases, statistical
significance was considered at P < 0.05.

Results

Characterization of cerium oxide NP

The morphology and mean size of CeO,-NP in pristine
form were measured by transmission electron microscopy
(Fig. 1a). The shapes of CeO,-NP were mostly cubic and
triangular, and mean size distribution was 9.52 + 0.66 nm
diameter (Fig. 1b), calculated by measuring over 100
particles in random fields of view. The size of CeO,-NP
measured with TEM matched with the manufacturer’s as
specified <25 nm. The average hydrodynamic radius and
zeta potential of CeO,-NP were 93.17 + 5.10 nm and —10.6
* 1.3 mV, respectively (Fig. 1c). It could be inferred
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Fig.1 a TEM image of CeO,-NP
in pristine form. b Size
distribution of CeO,-NP over 100
particles showing an aver-age of
9.52 £ 0.66 nm diameter. ¢ CeO,-
NP average size and charge in
exposure medium by pre-wetting
with 0.5 % volume and steric
stabilization using sterile-filtered
0.05 % w/v BSA. Data

represented as mean + SEM

Fig.2 Examples of TEM images showing internalization of CeO»-
NP in BEAS-2B cells after 24 h of treatment. image, a depicts
untreated BEAS-2B cells without internalization of CeO,-NP (mag-
nifications 8,000%) whereas image, b shows localization of CeO,-NP

from TEM and DLS data that CeO,-NP showed some
aggregation or agglomeration in dry and suspended forms
possibly due to weak Van der Waals interactions or strong
chemical bonds between individual particles.

Cellular uptake by TEM

To confirm the uptake of CeO,-NP by BEAS-2B cells, we
carried out TEM analysis of the cells exposed to 7.5 pg/
mL CeO,-NP. TEM images showed the internalization of
CeO,-NP when compared to untreated cells 24 h post-
exposure (Fig. 2a, b). They were mainly confined to vacu-
oles as nanoaggregates, although they were also observed
on the nuclear membrane. Internalization of CeO,-NP was
possibly occurred via passive diffusion or non-receptor-/
receptor-mediated endocytosis.
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in vacuoles of BEAS-2B cells (magnification 8,000% and 12,000x)
exposed to 7.5 pg/mL for 24 h. Arrows indicate nanoparticles or
nanoaggregates.

It is interesting to remark that FACS methodology also
permits to determine the uptake of CeO,-NP by the BEAS-
2B cells as a measure of complexity of cell (side scatter
light). In this case, Fig. S1 clearly indicates that the levels
of internalization increase with exposure concentrations.
These results would confirm the data obtained by TEM.

Toxicity studies

Toxic and protective effects of CeO,-NP after exposure to
KBrO; were assessed by measuring the relative fluores-
cence intensity of PI uptake. A preliminary study on the
toxicity induced by KBrO; indicates that after treatments
lasting for 24 h, the obtained LC50 was 4.08 mM. For
short-term treatments (50 mM and 3 h), induced toxicity
was 75 %.
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Fig.3 Pre-treatment of BEAS-2B cells with CeO,-NP for 24 h
protect cells from KBrO3z-induced cell death. Histogram shows that
KBrOs-induced cell death is reduced due to pre-treatment with
differ-ent non-toxic concentrations of CeO»-NP for 24 h. This
reduction in toxicity is indirectly related to CeO>-NP dose, attaining
statistical sig-nificance only at the dose of 2.5 pg/mL. One-way
ANOVA for means of control versus exposed cells. P < 0.001 for
control versus KBrOjz-treated cells, *P < 0.05 for KBrOsz-treated
cells versus CeO2-NP pre-treated cells

The results showed that pre-treatment of CeO-NP decreased
cell mortality caused by addition of 50 mM of KBrO3 for 3 h,
although this decrease was statistically sig-nificant only at 2.5
pg/mL (Fig. 3; P < 0.05), compared to cell mortality induced
by KBrOs3 in treated cells. Data also revealed that BEAS-2B
cells exposed to CeO2-NP concentra-tions ranging from 10 to
90 pg/mL were >90 % viable 24/48 h post-exposure
compared to untreated cells (see Figure S2).

FACS measurement of intracellular reactive oxygen
species (ROS) production

An important question to be elucidated was whether CeO,-
NP pre-treatment was able to diminish the intracellular
ROS generated by KBrOs;. Thus, using FACS methodolo-
gies, we determined the conversion of non-fluorescent
DCFH-DA to fluorescent DCF in the cell mediated by oxi-
dants. Our results demonstrated that CeO,-NP pre-treated
cells for 24 h were able to quench KBrO; (5 mM, 30 min)
induced intracellular ROS (Fig. 4a, b). The percent of
intra-cellular ROS in pre-treated cells with 2.5, 5 and 7.5
pg/ mL of CeO,-NP were statistically significant at all the
dose levels in comparison with KBrOj; alone treated cells
(P <0.01), but there was no clear dose—effect relationship.
Moreover, BEAS-2B cells pre-treated with same concen-
trations of CeO,-NP alone for 24 h did not show
significant increase in intracellular ROS production
compared with untreated cells.

39

In support of our previous data, we qualitatively ana-lyzed
the ability of CeO,-NP to quench the intracellu-lar ROS
produced by KBrO; using fluorescence micros-copy. The
data indicated highly fluorescent cells in 5 mM KBrO;-
treated cells due to ROS generation, whereas cells pre-
treated with CeO,-NP followed by 5 mM KBrO; for 30
min were non-fluorescent (Fig. 4c). This confirms our
hypothesis that CeO,-NP are potential intracellular ROS
scavengers.

Gene expression data

The expression of antioxidant genes such as Hol, Sod2 and
Gstpl was evaluated after 24 h of treatment with vary-ing
doses of CeO,-NP alone or followed by 5 mM KBrO; for
30 min (Fig. 5). Data revealed statistically significant
increases in the expression of Hol and Sod2 genes in
KBrOs-treated cells compared to untreated cells (P < 0.05).
On the other hand, pre-treatment of cells with CeO,-NP
mitigated the increased expression of Ho/ and Sod2 genes
due to KBrO; treatment. Data did not show significant
decrease in KBrOs-induced Gstpl expression due to pre-
treatment with CeO,-NP.

Anti-genotoxicity activity of CeO,-NP

The genotoxic and oxidative DNA damage (ODD) effects
after 24 h of exposure with different concentrations of
CeO,-NP alone or followed by 5 mM KBrO; for 30 min
are presented in Fig. 6. These results were obtained by
using the comet assay. At the concentrations tested,
KBrO;-induced ODD was significantly decreased in CeO,-
NP pre-treated cells. A maximum effect was observed at
2.5 png/ mL compared to KBrOs-treated cells (P < 0.01)
indicating anti-genotoxicity ability of CeO,-NP at non-
toxic dose lev-els. BEAS-2B cells treated with CeO,-NP
alone for 24 h showed neither genotoxic nor ODD
compared to untreated cells. Considering these results,
CeO,-NP ought to be rel-evant for the decreased ODD
levels observed.

Discussion

In our model of pulmonary-like system, using the
epithelial lung cell line BEAS-2B, we have proven the
antioxidant and anti-genotoxic potential of CeO,-NP. This
would indi-cate the potential usefulness of CeO,-NP to
fight against diseases associated to oxidative stress as
already suggested (Niu et al. 2011).

Although the use of CeO,-NP is increasing in differ-ent
fields due to its use as a catalyst (Zheng et al. 2005),
ultraviolet-absorbing compound in sunscreen (Zholobak et
al. 2011), fuel additive (HEI 2001), or solar cells (Corma



\274

Arch Toxicol (2016) 90:269-278

A 30 B
# "H KBr03 Smid
25 T v Control
3 A A+ K803
= | | B+ KBIO3
v 20 __, ' ¢ B0
o 3 .
2 8 [
?v.) 15 1 | |
® 3 M\
€ 10 ok P/ PA R
.‘6 W i /r’l ||I
‘59 5 %* % % . l\
ek . 0t :/\/J\./ e yreeT
0 - R . " ) ’ ] ' : ;
CeO,NPs_0 0 5 7.5 (pg/mL) 0 1 1[0)c|: 10 10
KBroO - B
(5 mM) * ) (+)
CeO, NPs (pg/mL)
c 0 2.5 5 7.5
o
[32]
Q
oM
¥
=
E
wn

Fig.4 Pre-treatment of BEAS-2B cells with CeO,-NPs for 24 h miti-
gate KBrO3-produced intracellular ROS. a The graph shows a signifi-cant
decrease in KBrO3 (5 mM, 30 min)-generated intracellular ROS because
of pre-treatment with different non-toxic concentrations of CeO,-NP for
24 h. b A representative histogram of ROS production for control,
KBrO3, CeO,-NP pre-treated followed by 5 mM KBrO3 exposure for 30
min. A decrease in relative fluorescence is reflected with a leftwards shift
in x-axis in line histograms compared to KBrO3z-exposed cells. Double-
headed arrow indicates the shift from

et al. 2004), we ought to expand its promising uses in the
field of nanomedicine. The assumed antioxidant properties
of CeO,-NP have encouraged for its usage as a free radical
scavenger that protects normal tissue from radiation
damage due to radiotherapy (Colon et al. 2009, 2010;
Baker 2013). In addition, it has also been proposed as
antitumoral agent and to combat diseases characterized by
ROS accumula-tion (Wason and Zhao 2013). Among such
diseases, there are numerous lung disorders like respiratory
distress syn-drome, emphysema, asthma, broncho-
pulmonary dysplasia, and interstitial pulmonary fibrosis
caused by oxidative stress (Choi and Alam 1996), and
those could be presented as models for the
pharmacological potential use of CeO,-NP.

In our study we have demonstrated that CeO,-NP are able
to quench ROS produced in the BEAS-2B lung cell
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right (fluorescent cells) to left (non-fluorescent cells). ¢ Image shows
BEAS-2B cells exhibiting DCF-DA fluorescence due to genera-tion

of intracellular ROS in KBrOj3 cells whereas no fluorescence in

CeO7-NP pre-treated cells for 24 h. Data represented as mean + SEM
(n =3). One-way ANOVA for means of control versus exposed cells.
#P < 0.001 for control versus KBrOjz-treated cells, *P < 0.05 for KBrO3-
treated cells versus CeO »-NP pre-treated cells. Note A, B and C in Fig.
4b indicate 2.5, 5 and 7.5 pg/mL CeO,-NP, respectively

line, by a well-known oxidizing agent like KBrO; (Delker
et al. 2006; Limonciel et al. 2012). In addition, other bio-
markers like decreasing DNA damage, mimicking Sod?
and Hol activity, and reducing cell mortality have also
been detected. Thus, it is likely that CeO,-NP prevent lung
epithelium oxidation and thereby inhibit the inflammatory
process that otherwise in a chronic situation could lead to
cell transformation processes (Tarnuzzer et al. 2005;
Annangi et al. 2014).

CeO,-NP internalization in BEAS-2B epithelial lung cells
occurs without significant induction of cell mortal-ity,
supporting their non-cytotoxic properties at the tested
doses. It has already been demonstrated that CeO,-NP
uptake is carried out mediated endocytic pathways, and it
is co-localized with mitochondria, lysosomes, and
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Fig.5 Pre-treatment of BEAS-2B cells with CeO)-NP for 24 h
reduce KBrO3-induced mRNA expression of antioxidant genes. The
graph shows reduced mRNA expression of KBrO3-induced Hol and
Sod2 genes due to pre-treatment with different non-toxic concentra-
tions of CeO2-NP for 24 h. No effects were observed for the Gstpl
gene. Data represented as mean + SEM (n = 3). One-way ANOVA
for means of control versus exposed cells. #P < 0.01 for control ver-
sus KBrO3 or CeO3-NP alone treated cells. ***P < 0.001 for KBrO3
treated cells versus CeO3-NP pre-treated cells

Fig. 6 Pre-treatment of BEAS-2B cells with CeO,-NP for 24 h
inhibit KBrO3z-induced ODD. The histogram shows a significant
decrease in KBrO3 (5 mM, 30 min) induced ODD due to pre-treat-
ment with different non-toxic concentrations of CeO-NP for 24 h.
Data represented as mean + SEM (n = 3); one-way ANOVA for
means of exposed versus control cells. #P < 0.001 for control versus
KBrO3-treated cells, *P < 0.05 for KBrOs-treated cells versus CeO»-
NP pre-treated cells

endoplasmic reticulum as well as being abundant in the
cytoplasm and the nucleus (Singh et al. 2010). Thus, it
likely acts as cellular antioxidants in multiple compart-
ments of the cell. The cytotoxicity of these nanoparticles is
still controversial since although most of the studies
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stated no toxic effects of this nanomaterial (Xia et al. 2008;
Hirst et al. 2009; Celardo et al. 2011), others indicated
toxic effects mediated by ROS induction (Park et al. 2008;
Kumari et al. 2014). These discrepancies may be attributed
to different CeO,-NP properties like size, crys-tal structure,
or surface chemistry, although the protocol of nanomaterial
dispersion can also affect the behavior of the nanoparticles
(Ould-Moussa et al. 2014). Further-more, interaction
between nanoparticles and proteins con-tained in cell-
cultured media may also influence the uptake and
consequently their biological effects (Maiorano et al.
2010). Finally, cell line characteristics such as p53 status
or tumoral origin can also influence the role of CeO,-NP as
cytotoxic (Wason et al. 2013) by accumulating hydroxyl
ions over superoxide radicals in acidic pH potentiating
cancer cell apoptosis, due to its valence-state oscillations
(Asati et al. 2009). In this context, a recent study showed
data in a tumoral lung cell line (A549) wherein apoptotic
cell death via ROS-mediated DNA damage and cell cycle
arrest, as well as morphological changes, were observed
(Mittal and Pandey 2014). This would emphasize the
importance of the cell line used to determine the toxicity of
NP, including CeO,-NP.

We have used CeO,-NP to scavenge the enhanced ROS
produced by KBrOs. This chemical, considered by IARC
as class II b carcinogen, passes easily into the cell thereby
involving in depletion of GSH leading to oxidant damage
(Crosby et al. 2000). Our results show that the levels of
ROS generated by KBrO; were decreased close to the lev-
els of untreated cells, due to 24-h pre-treatment of the cells
with CeO,-NP. The treatment of CeO,-NP without
oxidative stimulation does not produce any increase in
ROS levels; by contrast, the basal intracellular levels of
ROS were reduced which agrees with the possible role of
CeO,-NP to extend lifespan of cells (Strawn et al. 2006;
Kong et al. 2011).

When we use the comet assay with FPG enzyme to look
for possible effects arising from the quenching ROS prop-
erties of CeO,-NP at DNA level, we detect that the oxi-
dized purines resulting from KBrO; treatment decreased
significantly when cells are pre-treated with CeO,-NP.
This result proves how efficiently the ROS-scavenging
ability of the nanoparticles in cytoplasm would be
counteract-ing the number of oxidant molecules that are
able to reach and oxidize DNA. To our knowledge, this is
the first study showing directly the connection between the
cytoplasmic effects of CeO,-NP scavenging ROS and
preventing DNA from oxidative attack. Nevertheless, in
most of the cases, no dose relationship was observed and
the lower dose tested showing higher effect (viability, ROS
scavenging, anti-genotoxicity).

Quenching ROS after an oxidative insult reduces chain
reactions of self-propagating free radicals producing lipid
peroxidation, DNA oxidation, and cell membrane structure
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damage, thereby leading to cell death (Markovic and Tra-
jkovic 2008; Hirst et al. 2009). It has been proposed that
molecular mechanisms involved in oxidative stress follow
a hierarchical expected response. Tier 1 is considered when
low level of oxidative stress is induced. In this condition,
more than 200 antioxidant and detoxification enzymes are
activated to restore cellular redox homeostasis. At an
intermediate level of oxidative stress (Tier 2), activation of
MAPK and NF-kB cascades induces pro-inflammatory
responses, e.g., cytokines and chemokines. Finally, at a
high level of oxidative stress (established as Tier 3), per-
turbation of the mitochondrial permeability transition pore
and disruption of electron transfer result in cellular apopto-
sis or necrosis (Xia et al. 2008; Li et al. 2008). The expres-
sion of two enzymes involved in tier 1 response (Hol and
Sod?2) was evaluated in this study. Besides the role of Hol
in the catalysis of the heme ring, it is also considered to
play a vital role in the maintenance of cellular homeostasis.
Its induction has been extensively described after exposure
to different agents causing oxidative stress such as heavy
metals, endotoxin, heat shock, inflammatory cytokines,
and prostaglandins among others (Choi and Alam 1996).
In agreement with our results, up-regulation of the expres-
sion of Hol after KBrOs exposure has also been described
but using qPCR (Crosby et al. 2000; Limonciel et al.
2012), confirming again the role of this compound in the
oxida-tive stress response. The statistically significant
decrease in the expression of this gene after CeO,-NP pre-
treatment followed by oxidant exposure, in comparison
with non-pre-treated cells, indicates how the scavenging of
ROS is translated to the signaling pathways of oxidative
stress. Our results show that 5 pg/mL of CeO,-NP do not
induce Hol expression which differ from those reported by
Eom and Choi (2009) in Beas-2B cells as they used
Western blotting for demonstrating significant expression
at a single dose only (1 ug/mL). This effect was directly
related to the NP size (from 15 to 45 nm), and the authors
proposed that this increase may be mediated through p38
MAP kinase. Since both dose and size are similar between
studies, this dispar-ity may result from method (Western
blot vs. RT-PCR) or from other unknown factors.

The increased expression of Sod2 gene after CeO,-NP pre-
treatment agrees with the results reported by other authors
(Colon et al. 2010). This would confirm that CeO,-NP
protect cells both directly by scavenging cellular ROS and
indirectly by allowing cells to better respond to ROS insult
(Wason and Zhao 2013). Thus, the pre-treatment with
CeO,-NP would activate an antioxidant gene pathway
over-expressing Sod2. When the oxidant insult is
produced, cells would be able to better counteract this
stimulus acti-vating in turn the Sod2 gene expression in a
smoother way compared with the non-pre-treated cells.
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No over-expression of the Gstpl was observed in our
study, neither after CeO,-NP pre-treatment nor after
KBrO; stimulus. Although Gstpl is involved in the
intermedi-ate level of oxidative stress response (Tier 2)
and there are studies reporting positive induction
(Limonciel et al. 2012), we fail to obtain such expression.
Probably the oxi-dative insult caused was not enough to
activate this tier 2 stage, and only the first level was
reached or samples were obtained too soon to see it.

Finally, it should be stressed that the high scavenging
efficiency of CeO,-NP is consider to be much more effec-
tive than classical antioxidant enzymes and molecules
(Colon et al. 2009, 2010). While well-known antioxidant
molecules such as vitamin E, ascorbate, carotenes, mela-
tonin, and lipoic acid present few active sites, the high
ratio of surface area to volume of CeO,-NP solves this
problem and presents itself as unprecedented free radical-
scaveng-ing agent (Tarnuzzer et al. 2005; Celardo et al.
2011). It has also been suggested that there is an auto-
regenerative reac-tion cycle (not in the other antioxidants)
occurring on the surface of CeO,-NP due to its special
structure with many oxygen vacancies allowing unique
valence-state oscilla-tions, a prime factor for unparalleled
antioxidant property (Tarnuzzer et al. 2005; Celardo et al.
2011).

As a summary, and according to the results obtained in this
study, CeO,-NP could be considered as a promising
pharmacological compound with application in diseases
caused by oxidative stresses, including those related with
pulmonary system. Nevertheless, further studies showing
the absence of harmful secondary effects must be carried
out to confirm its therapeutic usefulness. These studies
should take into account cell characteristics in the in vitro
approaches and also include in vivo models.
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Results

3.2. Abstract of second study (Annex 1)

Antioxidant potential of nanoceria in tumoral and transformed cells

Despite the antioxidant nature already showed by nanoceria in different biological
models, the intrinsic physico-chemical properties of this NM would make oxidative
behavior feasible to occur. Thus, several factors have been proposed to explain the
oxidative in vivo and in vitro effects shown by different groups. Among them, the pH
has been one of the best factors studied. Thereby, although controversy exists
regarding this aspect, some studies point out that in neutral environments nanoceria
would act as an antioxidant while acidic environments would drive to pro-oxidant
activity of nanoceria. As an extension of this hypothesis, nanoceria could be
considered as an anticancer agent. Thus, cancer cells presenting an acidic
microenvironment due to the Warburg effect would be damaged by nanoceria, whilst

normal cells would be protected by its radical scavenging properties.

As contradictory results have been obtained regarding this point, the current situation
challenges the use of nanoceria in the treatment of different oxidant diseases, including
cancer. This is the reason why this work aims to study the relevance of cell type
(tumoral vs non-tumoral) in the antioxidant nanoceria capacity. Thus, we have
determined the ability of nanoceria to reduce the intracellular levels of ROS generated
by cisplatin in five different human tumoral cells (A549, HCT116, Hep3B, Caco-2 and
HelLa). Additionally, different tumoral conditions were forced in our models in order to
deeper study the possible oxidant effect of nanoceria. Thus, using A549 cell line, a
decrease of intracellular pH was forced by starving conditions (absence of serum in cell
medium) and the use of 2-(N-morpholino) ethanesulfonic acid (MES) buffer. Finally,
since the genetic background of cancer and normal cells studied so far differ
considerably and may influence the final outcome, a normal mouse embryonic
fibroblast cell line (MEF) and its arsenic-transformed isogenic counterpart (AsT-MEF)

were also evaluated.

Results indicate that treatment with nanoceria was able to reduce the levels of
cisplatin-induced intracellular ROS in practically all cell lines, being most of the
changes significant. Although the extent of protection was different in each model,
nanoceria behave generally as a ROS scavenger. The growth of A549 cell line in a
forced acidic environment showed that the antioxidant properties of nanoceria were
neither influenced by cell culture pH. Regarding the use of transformed and non-
transformed isogenic cell lines, nanoceria elicited an antioxidant effect in both MEF and

AsT-MEF as in the other cases.
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Although the hypothesis of achieving differential cytotoxicity between tumoral and
stromal cells is considered as one of the greatest challenges in chemotherapy, from
our results we can conclude that the antioxidant properties of nanoceria are not
affected by the tumoral condition in the tested cell lines. Therefore, the tumoral state of
the cells is not a general argument to explain the non-protective role of nanoceria

reported by different authors.
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Annex 2 (Study 3)

Nanoceria do not protect lung epithelial cells from the transforming

effects of tobacco long-term exposure
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3.3. Abstract of the third study (Annex 2)

Nanoceria do not protect lung epithelial cells from the transforming effects of tobacco

long-term exposure

Nanoceria have been proposed as a new promising agent in the treatment of oxidant
diseases based on several studies showing antioxidant properties. Conversely, other
groups presented nanoceria as an oxidant compound affecting cellular functions in in
vitro and in vivo models. This controversial information and the gaps found in nanoceria

research make further studies highly required.

Among the existing gaps in nanoceria research, long-term exposures scenarios
constitute an important area on the toxicological assessment of this NM, since chronic
exposure is likely to occur in occupational and daily situations. Additionally, plausible
nanoceria co-exposures are also relevant to study, since interactions with common
environmental agents could influence the effects of this catalyst. Thus, this work aims
to evaluate toxicological and carcinogenic potential of a long-term low-dose of
nanoceria exposure in lung epithelial BEAS-2B cells, along with the effects associated

to a common plausible tobacco co-exposure.

Lung epithelial BEAS-2B cells continuously exposed to 2.5 ug/mL of nanoceria, 1 and
5 pg/mL of tobacco smoke condensate (CSC), alone or in combination with nanoceria
for up to 6 weeks, were monitored for the acquisition of an oncogenic phenotype. For
characterizing this process, the in vitro cell transformation status was assessed through
different carcinogenic markers such as cell morphology, proliferation rate, gene
differentiation status, migration capacity, anchorage-independent cell growth and
secretome analysis, including levels of metalloproteinase-9 (MMP-9), and cell growth
promoting capability. In addition, being FRA-1 and PTEN pivotal genes during
respiratory epithelium carcinogenesis, its mRNA expression levels were used to

determine their role in cell transformation.

Results evidenced no transforming ability of nanoceria in BEAS-2B cell line. However,
results support a synergistic role on CSC transforming ability, as cells co-exposed to
nanoceria-plus-CSC, when compared to cells exposed to CSC alone, showed a more
noticeable spindle-like phenotype, an increased proliferation rate, higher degree of
differentiation status dysregulation regarding EMT, higher migration capacity, increased
anchorage-independent cell growth and a secretome with higher levels of MMP-9 and
cell growth promoting capability, indicating potential tumor-stroma interactions. When

mRNA expression of FRA-1 and PTEN was evaluated as a mechanism of tobacco-
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induced transformation, nanoceria co-exposure was again found to exacerbate the

observed expression changes.

According to the results obtained in this study, despite nanoceria did not show
carcinogenic effects by itself, long-term nanoceria exposure cannot be considered safe
as it may increase the oncogenic potential of other common environmental agents.
Therefore, more attention needs to be paid to long-term approaches prior to an

eventual application of nanoceria in biomedicine, as previously proposed.
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Article 2 (Study 4)

Frozen dispersions of nanomaterials are a useful operational

procedure in nanotoxicology

Nanotoxicology
doi: 10.1080/17435390.2016.1262918

Impact factor: 7.913
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3.4. Abstract of the forth study (Article 2)

Frozen dispersions of nanomaterials are a useful operational procedure in

nanotoxicology

NP treatments require accurate dispersion methodologies which imply high energy
delivery to the sample. Small variability in the energy supplyed to nanoparticles in
every process of dispersion is likely to occur and could lead to differences in physico-
chemical properties between samples. Consequently, changes in some of these
properties could affect how NPs interact with cellular models. Thus, variability in NP
dispersions can affect the reliability of the results obtained in short-term exposure tests,

and mainly in long-term experiments where several rounds of dispersion are required.

In order to overcome the limitations already mentioned, we propose to aliquot and
freeze NMs stock dispersions. Thus, this work aims to compare fresh-prepared and
frozen dispersion using five different model NMs dispersions (MWCNT, ZnO-, Ag-,
TiO,- and CeO,-NP), as models. NP characterization was performed by the
determination of primary size, morphology, hydrodynamic size, zeta potential and ion
release. Biological endpoints were performed using BEAS-2B cell line. Thereby,

viability, cellular uptake and induced ROS production was also assessed.

The obtained results show no significant differences between frozen and fresh NPs in
their physico-chemical characteristics or their biological effects. Thus, regarding
primary properties similarities were observed between freshly and frozen samples in
regard to appearance, mean size or size distribution. The hydrodynamic behaviour
directly linked with the size of formed aggregates showed increase of size in
comparison with primary dimensions, but without significant differences between fresh
and frozen samples. As anticipated, the obtained data revealed no significant
differences in cell internalization when measured directly by TEM and confocal
microscopy or indirectly by flow cytometry (FACS). Regarding viability, four out of the
total five chosen NMs produced toxic effects in BEAS-2B. Following the trend observed
in the rest of end-points studied, no differences in toxicity between fresh prepared
dispersions and frozen dispersions were distinguished. Finally, ion release measured
by inductively coupled plasma mass spectrometry (ICP-MS) showed some disparities
between protocols. Among the four metallic NMs studied, high dissolution was
observed in ZnO-NP and Ag-NP where no differences were obtained regarding the
freezing protocol. However, significant variations were observed for those NPs with a
poor dissolution rate (TiO>-NP and CeO.-NP) being the small obtained values and not

the protocol the probable cause of such variability. In general, we consider that no
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biological differences exist between the two methodology protocols regarding this

endpoint.

This study is the first to demonstrate that there is no scientific evidence to dismiss the
use of frozen NP dispersions, opening the door to the development of short and long-
term experiments with higher consistency, accuracy and reproducibility in a much

shorter time and using a simplified procedure.
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ABSTRACT

The variability observed in nanoparticle (NP) dispersions can affect the reliability of the results obtained in
short-term tests, and mainly in long-term experiments. In addition, obtaining a good dispersion is time-
consuming and acts as a bottleneck in the development of high-throughput screening methodologies. The
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freezing of different aliquots from a stock dispersion would overcome such limitations, but no studies have

explored the impact of freezing thawing the samples on the physico-chemical and biological proper-ties of
the nanomaterial (NM). This work aims to compare fresh-prepared and frozen MWCNT, ZnO-, Ag-, TiO2. and
CeO,-NP dispersions, used as models. NP characterization (size and morphology by TEM), hydro-dynamic
size and zeta potential were performed. Viability comparisons were determined in BEAS-2B cells. Cellular
NP uptake and induced ROS production was assessed by TEM and flow cytometry, respectively. The
obtained results show no important differences between frozen and fresh NP in their physicochemical
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characteristics or their biological effects. This study is the first to demonstrate that there is no scien-tific
evidence to dismiss the use of frozen NP, opening the door to the development of short- and long-term
experiments with higher consistency, accuracy and reproducibility in a much shorter time and using a

simplified procedure.

Introduction

Nanotechnology is a relatively new area of materials science
and engineering with an increasing number of applications due
to its enormous potential benefits. The interest of nanomaterials
(NMs) arises from the fact that their physico-chemical
properties, such as mechanical, chemical, electrical, optical,
magnetic, electro-optical and magneto-optical can be completely
different from those of their bulk counterparts. These differences
are due to their size in the range of the nanoscale (Steigerwald
& Brus, 1990; Wang, 1991; Weller, 1993), and confer to the NM
unique physico-chemical properties that make them interesting
and desirable for industrial applications like electronics,
biomedicine, cosmetics and food packaging (Epstein, 2011; Liu
& Gu, 2009; Yang et al., 2009; Yen et al., 2011).

The rapid development of NM industry and the exponential
production of NM of different nature have raised serious
concerns about their potentially harmful effects in human health
(Park & Grassian, 2010; Schmid & Riediker, 2008). In this
context, different in vitro and in vivo studies have been
performed in order to deter-mine the potential toxicity of NM in
different biological scenarios (Brunner et al., 2006; Duffin et al.,
2007). However, literature shows considerable disparities in the
biological effects observed by dif-ferent laboratories. An
important part of these differences can be attributed to
differences in how the NM dispersions were pre-pared (Cho et
al., 2011; Cohen et al.,, 2013). Although the mecha-nisms
through which NM could interact with the cell components

are not completely elucidated (Oberdorster et al., 2007), recent
studies have observed that NM are able to produce several
effects by different mechanisms depending on their physico-
chemical characteristics — size, shape, surface area, chemical
composition, solubility, surface charge,
agglomeration/aggregation and/or crys-tal structure (Bai et al.,
2010; Cho et al., 2010; Kermanizadeh et al., 2012; McGuinnes
et al., 2011; Pujalte et al., 2011; Xu et al., 2010). Regarding in
vitro studies, the dispersion of the NM is a determin-ant factor
for their toxicological properties (Jiang et al., 2009; Murdock et
al., 2008; Park et al., 2009; Roco et al., 2011). As small
variations between dispersions may occur, an exhaustive
charac-terization of the dispersion products is mandatory prior
to each new experiment, and the resulting dispersion needs to
be imme-diately used to avoid agglomeration/aggregation and
precipitation (Stone et al., 2010). Despite of this, intrinsic
variability between dispersion processes occurs both between
and within laboratories. At this point, it should be pointed out
that agglomeration, aggregation and precipitation occurs in real
exposure scenarios.

Most of the in vitro studies addressed to assess the toxic and
genotoxic effects of NM involve acute treatments with high
doses of the compound (Chan et al., 2011). However, long-term
expos-ure treatments with low doses are a more realistic
approach in terms of human exposure, more if the carcinogenic
potential of NM wants to be assessed (Annangi et al., 2015).
The variability of every process of dispersion is of especial
concern in this type of long-term experimental designs as the
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NM-containing culture media needs to be changed every 2-3
days during weeks or months of continuous exposure. Thus, the
slight variations between samples can generate substantial
variations at the end of the exposure.

The rapid and constant production of new NM urges for the
development of high-throughput screening methodologies.
Those NM suspected to be more dangerous require priority for
careful toxicological analysis. In this case, never mind the speed
of the assay, the tedious preparation of fresh dispersions acts
as a bottle-neck and prevents researchers from the application
of these high-throughput methodologies.

In order to avoid the above-mentioned limitations, we propose to
aliquot the NM stock dispersion, then freezing it immediately in
liquid nitrogen and store it at 80 C until use. With this proced-
ure, all the subsequent experiments would be performed with
the exact same dispersion characteristics and, therefore, with
the same NM biological properties. To test the adequateness of
the procedure, in this study we analyzed some biological and
physico-chemical properties of frozen NM and compared them
with those of fresh samples to detect potential variations. Five
NM have been selected as models, TiO2-NP, ZnO-NP, CeO.,-
NP, Ag-NP and MWCNT due to their extended use and large
amount of collected information. Different endpoints were
analyzed before and after the freezing procedure, such as NM
characterization — dry size, size in dispersion and zeta potential
cell viability, induced react-ive oxygen species (ROS)
production and NM cell internalization.

Material and methods

Nanomaterial dispersion and freezing

TiO2>-NP (NM102), Ag-NP (NM300K) and MWCNT (NM401)
were obtained from the Joint Research Center (Ispra, ltaly).
ZnO-NP and CeO.-NP were purchased from Sigma Chemical
Co. (St. Louis, MO). For dispersion NMs were pre-wetted in
0.5% absolute ethanol and afterwards dispersed in 0.05%
bovine serum albumin (BSA) in MilliQ water. The NMs in the
dispersion medium were sonicated for 16 min to obtain a stock
dispersion of 2.56 mg/mL according to the Nanogenotox
protocol (Nanogenotox, 2011). Once soni-cated, part of the
stock was used for the fresh measurements and the rest was
immediately aliquoted, frozen in liquid nitrogen and stored at 80
C for at least one week before its use. In all cases, frozen NMs
were thawed rapidly in a hot water bath prior to use.

Nanomaterials characterization

TiO2-NP (NM102) is in anatase phase and the reported primary
particle size was 21.7 + 0.6 nm. ZnO-NP was reported as
showing primary particle size less than 100 nm, whereas CeQO»-
NP size was indicated as lower than 25 nm. The majority of the
particles of Ag-NP (300K) presented a round shape and a
typical particle size of around 20 nm. MWCNT (NM401) showed
heterogeneous in nature, with rod-like shape in some cases
(mostly straight or curved) and rounded or needle-like shape
ends in other cases. The thickness of nanotubes was 67 + 24
nm, and its length was 4048 + 2371 nm. Except for CeO2-NP
and ZnO-NP purchased by Sigma Chemical Co. (St. Louis,
MO), the rest of NMs were obtained and character-ized inside
the European NanoReg project framework (http://
www.nanoreg-materials.eu/Documentation/). For further
character-ization, transmission electron microscopy (TEM) was
utilized to obtain the nanoparticle (NP) size and their
morphology on a JEOL JEM-2011 instrument (Tokyo, Japan).
TEM sizes were calculated by measuring over 100 particles in
random fields of view. Furthermore, characterization of the
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hydrodynamic size and zeta potential of NP by dynamic light
scattering (DLS) and laser Doppler velocimetry (LDV)
methodologies, respectively, was per-formed on a Malvern
ZetasizerNano-ZS zen3600 instrument (Malvern, UK). The
dispersions of NP used for these measures were prepared as
indicated in the previous section.

All the measurements were performed in the two selected
experimental conditions, one being just after dispersion (fresh)
and the other after its freezing at 80 C for at least one week
(frozen).

Cell culture

BEAS-2B cells were kindly provided by Dr. H. Norppa, from the
Finnish Institute of Occupational Health. They were grown as a
monolayer in 75 cm? culture flasks with DMEM High Glucose
medium (Life Technologies, NY) supplemented with 10% fetal
bovine serum (FBS), 1% of non-essential amino acids (NEAA)
(PAA Laboratories GmbH, Pashing, Austria) and 2.5 mg/mL
plasmocin (InvivoGen, San Diego, CA). Cells were maintained
in a humidified atmosphere of 5% CO, and 95% air at 37 C.
BEAS-2B cells were exposed to different concentrations of the
five selected NMs — TiO2-NP, ZnO-NP, CeO2-NP, Ag-NP and
MWCNT - for 24 h and then cells were collected to determine
the different NP-induced biological effects.

Cell viability

Cell viability was determined by the Beckman counter method
with a ZTM Series coulter-counter (Beckman coulter Inc., CA).
About 1.5 10° BEAS-2B cells were plated in 6-well plates in
tripli-cate and incubated overnight. Cells were then treated for
24 h with different doses of the five NM ranging from 10 to 300
lg/mL, depending on the NM. The ICso, defined as the
concentration of NM that reduces the cell viability by 50%, was
calculated from averaging three independent survival curves.

Transmission electron microscopy

BEAS-2B cells were seeded in 6-well plates at a density of 1.75
10° cells/well. Cells were treated for 24 h with different con-
centration of NM (TiO>-NP and CeO,-NP: 10 and 100 Ig/mL;
ZnO-NP 10 and 20 Ig/mL; Ag-NP: 1 and 5 Ig/mL; MWCNT: 20
and 100 Ig/mL). BEAS-2B cells were fixed in 2.5% (v/v)
glutaraldehyde (EM grade, Merck, Darmstadt, Germany) and
2% (wl/v) paraformal-dehyde (EMS, Hatfield, PA) in 0.1 M
cacodylate buffer (PB, Sigma-Aldrich, Steinheim, Germany), pH
74 and processed following con-ventional procedures as
previously described (Annangi et al., 2015). Samples were first
post-fixed with osmium, dehydrated in acetone, later embedded
in Epon, and finally polymerized at 60 C and cut with an
ultramicrotome. Ultrathin sections were placed in copper grids
and contrasted with uranyl acetate and Reynolds lead citrate
solutions and then observed using a Jeol 1400 (Jeol LTD,
Tokyo, Japan) TEM equipped with a CCD GATAN ES1000W
Erlangshen camera.

Confocal microscopy

BEAS-2B cells were seeded in 35 mm petri dishes, 14 mm
Microwell (MatTek Corporation, Ashland, MA) at a density of

15 105 cells/well. Cells were treated for 24 h with 10 1g/mL of
Ag-NP. After, BEAS-2B cells were incubated with Cell Mask (Life
Technologies, NY) — for cytoplasmic membrane staining — and
Hoechst 33342 — for nucleus staining — at a concentration of 1/ 500
for 10 min. Cells were then immediately observed by confocal



microscopy Leica TCS SP5 with an objective of HC PLAPO
Lambda blue 63x 1.40 oil UV. Ag-NPs were observed by reflec-
tion using an excitation wavelength of 488 nm and an emission
wavelength of 480-495 nm. For image processing, Huygens
essen-tial 4.4.0p6 (Scientific volume imaging, Netherlands) and
Imaris 7.2.1 (Bitplane, AG) were used.

Cellular uptake and intracellular ROS production detected by
FACS

Intracellular ROS production was assessed by flow cytometry
(FC) using 6-carboxy-2,7°-dichIorodihydro-fluorescein diacetate
(DCFH-DA) staining. BEAS-2B cells were seeded in triplicate in
6-well plates at a density of 1.75 10° cellsiwell. Cells were
treated for 24 h with different concentrations of NM (TiO2-NP,
Ce0O2-NP and MWCNT: 0, 10, 50 and 100 1g/mL; ZnO-NP: 0,
10, 20 and 30 1g/ mL; Ag-NP: 0, 1, 5 and 10 Ig/mL). After
treatments, cells were washed twice with PBS and incubated in
5 IM DCFH-DA in serum-free DMEM medium for 30 min at 37
C. Potassium bromate (KBrOs, 5 mM) was used as positive
control and was added 15 min before trypsinization and
collection of the cells. The conversion of non-fluorescent DCFH-
DA to DCF by action of cellular esterases and its posterior
oxidation to its fluorescent form by the presence of intracellular
ROS was measured by fluorescence-activated cell sorting
(FACS Calibur) as mean of fluorescence intensity. Data was
analyzed with Flowjo.

FACS methodology also permits to determine the uptake of NP
by the BEAS-2B cells. This is obtained by measuring the
scattering of the laser light after interacting with the cell
(complexity) (Suzuki et al., 2007). The percentage of fluorescent
cells over the horizontal line marked by the controls gives us the
value of internalization.

Quantification of the ions release using ICP-MS

Dissolution to the ionic form of freshly sonicated and 80 C fro-
zen TiO2-NP, ZnO-NP, Ag-NP and CeO,-NP in DMEM b 10%
FBS medium was evaluated at different time intervals using
ICP-MS. Initial concentration of 10 1g/mL TiO2-NP, ZnO-NP, Ag-
NP and CeO2-NP of freshly prepared and frozen samples were
dispersed in DMEM b 10% FBS for 24, 48, 72 and 96 h.
Subsequently, the supernatant from the respective samples was
collected and ultra-centrifuged for 10 min at 10 000g to
precipitate undissolved NP. After centrifugation, 0.25 mL of the
resultant supernatant contain-ing Zn, Ce and Ag ions were
carefully transferred to a new vial and digested with
concentrated nitric acid (HNOs; Merck) at 150 C for 30 min on a
heating block. For Ti ions analysis, 0.5 mL of the resultant
supernatant was digested with HNO3 and hydro-fluoric acid (HF)
under similar conditions. Digested samples were further diluted
in 1% HNOs3 for quantitative analysis of Ti, Zn and Ce ions using
ICP-MS. The quantity of released ions from freshly prepared
and 80 C frozen NP (lg/mL) at different time intervals were
determined by averaging at least three independent
experiments.

Results and discussion
Nanoparticles characterization

In nanotoxicological studies, it is important to have control of the
dispersion characteristics when NP are administered to cultured
cells (Johnston et al., 2013). In our case, we have used the disper-
sion protocol generated in the frame of the Nanogenotox EU pro-
ject (Nanogenotox, 2011). Results are indicated in Figure 1, where
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Figure 1. TEM images of TiO,-NP (A, B), ZnO-NP (C, D), CeO.-NP (E, F),
Ag-NP (G, H) and MWCNT (I, J) in dried form. The left side (A, C, E, G and I)
corresponds to the freshly prepared dispersions and the right side (B, D, F, H
and J) to the thawed dispersions from frozen samples.

we show representative TEM images of TiO2>-NP, ZnO-NP,
Ce02-NP, Ag-NP and MWCNT. The mean sizes of NP and its
size distri-bution obtained from TEM images are shown in Table
1 and Figure 2, respectively. These results show small
differences between freshly and frozen samples regarding
appearance, mean size or size distribution without any
difference associated to the preparation method.

The values of hydrodynamic radius and zeta potential for fresh
and frozen NP dispersions are also indicated in Table 1. These
results obtained by DLS showed some aggregation or
agglomer-ation of NPs in water suspension but without
significant differen-ces between fresh and frozen samples. The
differences in size observed between TEM and DLS are due to
the fact that TEM selects isolated NP only, while the
hydrodynamic size measured by DLS does not discriminate
isolated NP from aggregates. In add-ition, DLS measurements
also include the influence of the surfac-tant layer around the NP.

From the results reported above we conclude that the values
observed between frozen dispersions do not differ from those
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Table 1. NPs average size (by TEM and DLS) and charge by pre-wetting with 0.5% volume and steric stabilization using sterile-filtered 0.05% w/v

BSA. Data repre-sented as mean + SD.

TEM DLS LDV
NP Mean sizes (nm) Average diameter (hm)PDI Zeta potential, f (mV) Electrophoretic mobility (Im cm V ! s 1)
TiO2-NP fresh 20.01+0.75 5759+8.0 0.471 £0.021 19505 1.53+0.04
TiO2-NP 80 C 22.36 £ 0.94 6124448 0.403 £ 0.041 254 +0.1 1.99+0.07
ZnO-NP fresh 91.94+4.89 2412132 0.150 £ 0.031 224105 1.76 £ 0.04
ZnO-NP 80 C 81.58 £5.17 2974183 0.175+0.013 23607 1.85+0.05
Ce0,-NP fresh 9.57 £ 0.67 163.6£16.3 0.471£0.021 285+0.2 2.23+0.01
CeO2-NP 80C 8.87 + 0.61 154.6 £ 13. 00471+0.021 195+1.2 1.53+0.09
Ag-NP fresh 7.74+248 80.81+34 0.369 £ 0.054 6.84 £0.2 0.54 +£0.01
Ag-NP 80 C 8.52+1.82 835207 0.302 £ 0.003 124109 0.97 £0.07
MWCNT fresh 6.01+4.09 Im 937+£19.2 0.263 £ 0.025 184+34 146+0.27
MWCNT 80 C 5.89£4.63 Im 899+2.7 0.237 £ 0.019 22.8+0.8 1.78 + 0.06
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Figure 2. Size distribution of TiO,-NP (A), ZnO-NP (B), CeO.-NP (C), Ag-NP (D) and MWCNT (E) over 100 randomly selected particles for both the freshly

prepared and the thawed dispersions from frozen samples.

observed for the fresh samples. This indicates that the main
parameters used for NP characterization are not affected by the
freezing protocol. NMs dispersion is an important step previous
to their use. More than to avoid agglomerations the finality of
this step is to provide a standardized method to be routinarily
used when evaluating NP effects. Indeed, the UE project
Nanogenotox dismissed the use of specific dispersion protocols

due to the large differences and heterogeneity existing between
NPs, and pro-posed a common standardized protocol that
to be used for any kind of NP. The advantages of this
method have promoted its use in a posterior UE project involved
in regulatory aspects (NanoReg). Agglomeration size
is an important  factor = modulating cell uptake
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Figure 3. Cell viability of BEAS-2B cells treated with various concentrations of TiO2-NP (A), ZnO-NP (B), CeO2-NP (C), Ag-NP (D) and MWCNT (E) for 24 h.
Data are pre-sented as percentage of viable cells with respect to controls. Data represented as mean + SEM (n %4 3); p < 0.05, p < 0.01 and p < 0.001.

during the treatment period and, consequently, it can affect the
NP-associated effects. Therefore, cell agglomeration needs to
be considered when performing in vitro or in vivo studies
(Bruinink et al., 2015). Our findings indicate that this important
parameter is not affected by the followed experimental
procedure. Nevertheless, other variables can influence cell
uptake, such as the sedimentation and diffusion velocities.
These parameters have been found to influence the intake of
gold NPs, where higher sedimentation rates were found to result
in higher cell uptake (Cho et al.,, 2011). In addition, particle
kinetics and property trans-formations in physiological fluids can
have important implications for in vitro dosimetry, which may
explain some of the differences found between studies (Cohen
etal., 2013).

Cell viability

Cell viability is a basic parameter to be included in any study
determining the biological effects of NMs. There are different
approaches to detect changes in cell viability, but many of them
use reagents or reporter dyes that can potentially interfere with
the NP of study. In fact, this type of interaction has been
reported for different NMs (Kroll et al., 2012; Monteiro-Riviere et
al., 2009). Also, the use of methods based in optical detection
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are not recommended here due to its known modulation by NP
as it has been reported using 24 well-characterized NP (Kroll et
al., 2012). To avoid this problem, we have determined cell
viability by dir-ectly counting the number of living cells after
different exposures.

Cell viability of BEAS-2B cells treated with several concentra-
tions of fresh and 80 C frozen TiO2>-NP, ZnO-NP, CeO,-NP, Ag-
NP and MWCNT is shown in Figure 3. As indicated, after 24 h of
TiO2-NP exposure the I1Cso found in BEAS-2B was 258.84 1g/mL
for fresh NP and 235.73 1g/mL for frozen NP. The ICso for ZnO-
NP was 22.80 Ig/mL for fresh NP and 24.11 1g/mL for frozen
NP. The ICs for Ag-NP was 11.88 Ig/mL for fresh NP and 12.59
1g/mL for frozen NP. The ICso for MWCNT was 225.71 1g/mL for
fresh NP and 179.66 1g/mL for frozen NP. The exposure of
BEAS-2B cells with CeO2-NP showed no toxicity at neither of
the tested concen-trations. The obtained data revealed no
differences in toxicity between fresh prepared dispersions and
frozen dispersions. Besides, our cell counter method has shown
to be useful to test the potential toxic effects of different NMs
(Annangi et al., 2015; Vales et al., 2015).

Since toxicity of NMs is associated to many of their physico-
chemical properties (Oberdorster et al., 2005), it is not surprising
that we did not find differences in toxicity between the two dis-
persion protocols as no important differences were observed in
the dispersion characteristics.
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Figure 4. TEM images from BEAS-2B cells treated with fresh (left panel) or
frozen (right panel), 100 1g/mL of TiO2-NP (A, B), 20 lg/mL of ZnO-NP (C, D),
100 lg/mL of CeO,-NP (E, F) and 100 lg/mL of MWCNT (G, H). Images show
the NP cellular uptake after 24 h of treatment. Nano-agglomerates in
vacuoles are observed. Arrows indicate some nanoparticles or nano-
agglomerates. No uptake was observed for MWCNT.

Transmission electron microscopy

TEM analysis of cells exposed for 24 h at different doses of
TiO2-NP, ZnO-NP, CeO,-NP and MWCNT were performed in
order to confirm the uptake ability by BEAS-2B cells, as well as
to detect possible differences of fresh and frozen NP. As
observed in Figure 4, TEM images showed the internalization of
TiO2-NP, ZnO-NP and CeO2-NP. ZnO-NP uptake was
significantly lower than the uptake of TiO>-NP and CeO,-NP. We
checked 10 cell images in each case to detect the
presence/absence of NP. According to the observed, we
classified the case as a high, medium or low uptake. From this
point of view, this is a qualitative approach more than a quantita-
tive one. No differences in uptake were observed between fresh
and frozen samples. In addition, a dose-dependent cellular
uptake was observed in BEAS-2B cells for the three types of
NP, and they were mainly confined into vacuoles as nano-
agglomerates. No cel-lular uptake was observed for MWCNT.
As a conclusion, no quali-tative differences in cellular uptake
were observed when fresh NPs were compared with their
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frozen-matched samples after analyzing 10 cells per case.
There are different mechanisms of cell internal-ization according
to the size of the NPs. Small NP can enter by dif-fusion, and
medium sized NPs are internalized by endocytosis (Bruinink et
al., 2015). Other characteristics of NP, such as the charge can
also modulate NP uptake (Roy et al.,, 2014). Our find-ings
indicating that there is no significant variations in NP cell uptake
confirm that no important changes were induced in the selected
NP by freezing procedures.

Confocal microscopy

Due to the differences observed when measuring the uptake of
Ag-NP between TEM and FACS, we decided to use confocal
microscopy with this type of NP to better characterize its uptake.
Results show the advantages of this methodology over TEM,
not only to detect NP but also to set its localization inside the
cells and particularly inside the nucleus. Using this approach,
we have been able to demonstrate a high uptake of Ag-NP by
BEAS-2B cells, and no differences were detected when fresh
and frozen NPs were compared. Figure 5 shows Ag-NP
reaching the nucleus by confocal microscopy.

Cellular uptake and intracellular ROS production measured by
FACS

In addition to using TEM to measure cellular uptake, FACS
method-ology permits to determine the uptake of NP (Suzuki et
al., 2007). FC analysis detects cell uptake by increases in the
intensity of the side scatter. In this sense, the percentage of
more complex cells indicates the internalization of NPs by those
cells (Xia et al., 2015). In our study, FC data showed significant
dose-dependent increase in the internalization of the selected
NP, which reinforce the useful-ness of the methodology (Figure
6). From this figure, it must be indicated the little internalization
of ZnO-NP by the BEAS-2B cells. To explain the discrepancy
observed for MWCNT between TEM and FACs data, we
assume that MWCNT exposure changes cell morph-ology which
also changes cell complexity, making this technique not
applicable for this kind of NP and cell type. Then, FACS data for
MWCNT are not related with internalization.

Furthermore, FACS methodology permits to elucidate whether
fresh and frozen NPs were able to generate intracellular ROS.
The conversion of the non-fluorescent DCFH-DA to fluorescent
oxi-dized DCF into the cells was determined after 24 h of
treatment. As observed, BEAS-2B cells exposed to different
NPs did not gen-erate differences in the levels of intracellular
ROS between fresh and frozen NP (Figure 7). Moreover, our
results showed that only nano-ZnO, both fresh and frozen were
able to significantly increase the intracellular ROS production
and only at the highest concentration evaluated (30 1g/mL). A
high and significant increase in the percentage of ROS
production (71.33%) was obtained for the positive control KBrOs
(data not shown). The abil-ity of NP of inducing ROS is
important as it has been proposed as a general toxic/genotoxic
mechanism of NMs (Mgller et al., 2013). Our results confirm that
freezing procedures does not change NP ability to enter into the
cell and trigger the cascade of events involved in ROS
production.

Quantification of released ions using ICP-MS

NMs — and mainly metal NMs — are not completely stable and,
as consequence, some release of ions is produced after
suspension. To know the percentage of released ions is
important to under-stand the toxicological profile of NMs due to
the toxicity of most of the metallic ions. In humans, it has been
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Figure 5. Confocal images from BEAS-2B cells treated with fresh or frozen 10 Ig/mL of Ag-NP (A, B). Cellular uptake was measured after 24 h of
treatment. Nucleuses are stained in blue, cell membranes in red and Ag-NP in green. Arrows indicate NPs inside the cells and inside the nucleus
(C).

Figure 6. Percentages of cells with internalized NP after 24 h of treatment. The graphic shows a dose-dependent internalization of TiO2-NP, CeOo-
NP, Ag-NP and MWCNT, and a very low internalization of ZnO-NP, without differences between the newly prepared dispersion and the thawed
dispersion from frozen samples. p < 0.05 and p < 0.01 when compared to the control.
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Figure 7. Percentage of intracellular reactive oxygen species (ROS) in BEAS-2B cells after 24 h of treatment with fresh or frozen TiO,-NP, ZnO-NP, CeO2-NP,
Ag-NP and MWCNT. The graphic shows an increase in the levels of ROS in BEAS-2B exposed to ZnO-NP, Ag-NP and MWCNT, whereas no significant ROS
production was detected in BEAS-2B exposed to TiO,-NP, CeO,-NP or low concentrations of ZnO-NP. In general, no differences are observed between the
newly prepared dispersion and the thawed dispersion from frozen samples. p < 0.05 and p < 0.001 when compared to the control. Positive control (KBrOs)

induced a 71.33% of ROS (data not shown in the figure).

Figure 8. Dissolution of TiO,-NP (A), ZnO-NP (B), CeO,-NP (C) and Ag-NP (D) to their ionic forms in DMEM p 10% FBS medium, evaluated at different time
intervals (24, 48, 72 and 96 h) using ICP-MS. The initial concentration was 10 Ig/mL. The reported data were determined by averaging at least three

independent experimental values.
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demonstrated that the presence of metals and metal alloys in
orthopedic and dental implants supposes the release of metal
NPs and metal ions due to the corrosive physiological in vivo
environment (Matusiewicz, 2014). Indeed, Gebel et al. (2014)
have defined three categories to determine the potential
adverse health effects caused by NPs. One of them refers to
the chemically mediated toxicity. In this cat-egory, toxicity of
NMs may be mediated by the specific chemical properties of
their components. In this context, a NM may release toxic ions
which are responsible of the adverse induced effects. This has
been described for different types of NMs, such as cad-mium-
based quantum dots that may release cadmium ions (Chen et
al., 2012), silver NPs that release silver ions (McShan et al.,
2014) and zinc oxide NPs that are toxic mainly as a result of the
release of zinc ions (Petrochenko et al., 2014).

The importance of released ions in the toxic profile of NMs
make essential to consider this characteristic mode of action. In
this context, it is important to demonstrate that frozen
concentra-tions do not alter the stability of NMs and no
variations in ions release are produced. In the detection of
released ions, ICP-MS has emerged as the most promising
technique for multi-element trace/ultratrace metal analysis of
clinical and biological samples, providing high-performance
analysis with high sensitivity (Matusiewicz, 2014). Since ICP-
MS has limitations to distinguish between the particulate and
ionic from, special care should be paid in the ultracentrifugation
procedure and in obtaining the supernatant. We have
determined the release of ions in a due time experiment lasting
for 96 h and the obtained results are indi-cated in Figure 8. As
observed, ZnO-NP is the most unstable NM and around 80%
was dissolved into its ionic form after 24 h. No relevant changes
were detected from that point on. The low uptake observed for
ZnO-NP, when TEM and confocal methods were used can be
due to the high solubility of this NP. Accordingly, the toxicity
observed would be due to the Zn ions release as observed
before (Sabella et al., 2014). Similar results were obtained for
Ag-NP. On the other hand, significant variations were observed
for those NPs with a poor dissolution rate (TiO2-and CeO.-NP),
although changes were not found to follow a clear pattern; a
higher release of ions was found for fresh TiO>-NP, whereas it
was higher in frozen CeO2-NP. The small observed val-ues can
be the cause of such observations. With regard to the TiO2-NP,
it should be stated that the observed value for frozen material
agree with the reported data in the literature more than that
obtained with fresh dispersions (Soto-Alvaredo et al., 2014).

Conclusions

The results obtained in this study support the advantages of
using frozen dispersions of NMs in toxicology studies. Different
end-points, such as NP characterization, solubility, cell viability,
cellular uptake and intracellular ROS production have been
evaluated and no differences between freshly prepared samples
and frozen sam-ples were observed, supporting our proposal.
Nevertheless, tox-icity not only depends on dispersion
characteristics but also on dosimetry. Aspects, such as effective
density, effective agglomer-ation density and delivered dose
should be further considered to support the reliability of our
proposal, as suggested in Pal et al. (2015).
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Our  approach supposes many  advantages in
nanotoxicological studies, not only for the time consuming
reduction in NM disper-sions tasks but also for the
repeatability between experiments. Our results will be
especially beneficial in two different scenarios. Firstly, in
studies involving long-term exposures to sub-toxic doses of
NMs. There is an increasing interest toextend such type of
studies as they represent a more realistic scenario of human
exposure. Nevertheless, this type of approach requires freshly
pre-pared NM dispersions every 3—4 days during
weeks/months. The use of frozen samples would then
represent an important reduc-tion of time and a potential
increase in the homogeneity of the selected doses. Secondly,
the extension of high-throughput meth-odologies in NMs
toxicity testing is limited by the bottleneck that supposes the
time necessary to prepare different concentrations of the
different NMs to be tested. In this case, our proposal will help
to extend the use of such high-throughput methodologies in
the NM field.
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4. DISCUSSION

Nanotechnology industry has experienced an exponential increase regarding
investment and production in the last two decades. This is mainly due to the interesting
properties offered by NMs for many purposes. The possibility of designing and
manipulating matter at the nanoscale with specific physic-chemical properties for its
use in predefined applications has been the key factor for the strong impulse of this
field.

The inclusion of these new materials in such a big number of daily life products has
sparked as a social concern on the security and regulation linked to these small
particles. However, due to the fast development of these nano-products, no extensive
and conclusive toxicological experiments have been performed before its
introduction into the market. Thus, no specific regulation for these NMs exists at the
moment in Europe, being regulated by the guidelines associated to its macromolecular

counterparts http://ec.europa.eu/environment/chemicals/nanotech/ index_en.htm).

Nevertheless, due to their small size of NMs, their ability to penetrate cellular
membranes and the fact that they show completely different physic-chemical properties
when compared with their macromolecular homologues, make this situation not
acceptable (Nel et al., 2006). As a consequence, in 2008 the public Organization for
Economic Cooperation and Development (OECD) developed a Working Party of
Manufactured Nanomaterials (WPMN). Large and important projects were launched
out of this initiative in order to study the potential health effects of these compounds
(MARINA, NanoTEST or NanoGenotox, among others) and aiming to create a proper
regulation background (NANoREG).

4.1. Potential properties of nanoceria

In the frame of the WPMN, thirteen priority representative NMs were listed as requiring
immediate testing. Among them, nanoceria was chosen as one of those with higher
growth projection (lvanenko et al., 2013). These particles emerged as an outstanding
catalytic material with interesting uses in several industrial applications (Kosynkin et al.,
2000; Lawrence et al., 2011; Dao et al., 2011).

Regarding its biological applications, nanoceria was presented as a potent antioxidant
agent due to its ability to reversibly bind oxygen and shift oxidation states (Ce*/Ce**)
depending on environmental factors (Estevez and Erlichman, 2014). The

interconversion of oxidation states gives rise to a large number of oxygen vacancies on
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the surface of nanoceria and it is this key property that makes it a promising ROS
scavenger, and an interesting candidate for the treatment of diseases characterized by

increased oxidative stress levels.

The commercialization of this NM for industrial applications has been widely extended
since 1999 (Li et al., 2016). However, its use as a ROS scavenger in therapeutics is
still controversial due to both antioxidant and toxic effects observed in in vitro and in
vivo models, as recently reviewed (Yokel et al., 2014). Considering the great potential
presented by this NM in biomedicine and other fields in the near future, making a
complete and conclusive evaluation is crucial for its safety use. Thus, in this Thesis we
have evaluated both the beneficial and toxic potential effects of nanoceria in several

biological in vitro models and treatment conditions.

4.1.1. Antioxidant properties

ROS are spontaneously generated during mitochondrial oxidative metabolism as well
as in cellular response to xenobiotics, cytokines, and bacterial invasion (Ray et al.,
2012). An excess of intracellular ROS causes oxidative stress, which results in an
increased risk for atherosclerosis, diabetes, cancer, neurodegeneration, and other
diseases. In order to prevent the undesirable effects of oxidative stress, cells have
developed an antioxidant defence system based on enzymatic and non-enzymatic
antioxidants molecules. However, this cellular system is sometimes overwhelmed by
oxidant molecules generating cellular damage. Although antioxidant intakes contribute
to the maintenance of adequate antioxidant status in the body, research on new
potential molecules has been extensively developed to respond to situation where

oxidative stress is generated (Firuzi et al., 2011).

Among the potential antioxidant molecules, nanoceria is presented as a well-known
redox catalyst in acellular systems and has generally shown this ability in biological
models as well (Grulke et al., 2014). Consequently, nanoceria has been able to
scavenge oxidant molecules where unbalanced ROS situations in intracellular
environments arise (Nelson et al., 2016). Following the described intrinsic redox
properties of these NPs, in our first study we demonstrated that nanoceria was able to
reduce the ROS produced by the well-known oxidizing agent KBrO; in the in vitro
BEAS-2B lung cell line model.

In addition, other biomarkers analysed in our first study have given strength to the
theoretically attributed antioxidant role of nanoceria. Thus, a decreased oxidative DNA

damage was observed when cells were pre-treated with nanoceria before the oxidant
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insult by the comet assay. In addition, downregulation in the expression of the HO1
gene, considered a marker of cellular homeostasis maintenance, also observed after
nanoceria treatment when compared to the expression corresponding to the KBrO;
treatment alone. Similarly, NP pre-treatment before the oxidant challenge also
diminished the gene expression of the antioxidant SOD2 gene. Finally, reduced cell
mortality was detected indicating nanoceria-related cellular protection and an extended
lifespan. According to our results, nanoceria would enter easily into the cells -as
visualized using transmission electron microscopy (TEM)- mediated by endocytic
pathways as suggested by Singh et al. (2010) and co-localize in the cytoplasm,
preconditioning the microenvironment for the oxidant insult. Once KBrOs-induced ROS
start spreading into the intracellular space, the oxygen defects and Ce*'/Ce*
interconversion associated to nanoceria would quench in some extent the existing
oxidant molecules. By this action, nanoceria would eventually act preventing from the
cascade of effects triggered by radicals, starting from lipid peroxidation, membrane
structure damage in the cytoplasm, oxidative DNA damage (oxidised purine bases) in

the nucleus and finally apoptosis and cell death (Ray et al., 2012).

The key to these observed beneficial effects has been generally agreed and related to
the special characteristics of nanoceria. Thus, nanoceria mimics the mode of action of
two important biological enzymes such as SOD and CAT. Korsvik et al. (2007) were
the first investigators who demonstrate the SOD-mimetic activity of nanoceria. When a
ROS unbalance occurs and there is an excess of superoxide radical (O,") (the
precursor of most other reactive oxygen species), the toxic effects are normally
controlled and reduced through the activity of SOD enzymes (McCord et al., 1969).
Therefore, these enzymes eradicate O, by converting it into H,O, and O, through a

two-step catalytic dismutation reaction as shown in Figure 13 (Nelson et al., 2016).

(1) 0" +2H* +(Cu*)-S0D - H,0, + (Cu**)-SOD

) O* +(Cu*)-SOD - 0, + (Cu*)-S0D
Figure 13. SOD catalytic dismutation reaction (Adapted from Nelson et al., 2016)
Similarly, the presumed catalytic mechanism whereby nanoceria scavenges O, was
proved when the generation of H,O, from the catalytic degradation of O, by nanoceria

was detected (Korsvik et al., 2007). This reaction is reported as follows in Figure 14
(lvanov et al., 2009; Reed et al., 2014).
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(1) O* +Ce3 +2H* - Hy0, + Ce?t
(2) O,° +Cet — O, + Ce?

Figure 14. SOD mimetic catalysis of nanoceria (Adapted from Nelson et al., 2016)

Interestingly, in our first study we found an upregulation expression of the SOD-2 gene
after a single treatment with nanoceria. Similarly, pre-treatment of nanoceria for 24
hours before a single-dose of radiation was found to confer protection from radiation-
induced cell death, presumably by reducing the amount of ROS and increasing the
expression of SOD-2 in a dose-dependent manner, as showed previously in the study
performed by Colon et al. (2010). Thus, apart from the direct SOD-mimetic scavenging
effect observed by nanoceria, the increase in the expression levels of antioxidant
genes confirms the indirect protective role of these NPs allowing the cells to rebound in

response to ROS insult.

On the other hand, Rzigalinski et al. (2006) were one of the first groups demonstrating
the CAT-mimetic activity of nanoceria. High levels of H,O, generated as a product of
SOD enzymes are actually considered more dangerous to cellular homeostasis than
high levels of O, . Among others, CAT is the most efficient antioxidant enzyme acting
by reducing the disproportionate levels of H,O, by reducing this compound into O, and
H,O ( Karakoti et al., 2010; Nelson et al., 2016). The key findings from Rzigalinski and
co-workers’s study were, in the first place, that Ce** was required on the surface of
nanoceria in order to decompose the added H,O,, as shown in Figure 15; and
secondly, that the luminescence spectra of nanoceria surface reverted back to its
original properties once the H,O, was decomposed; thus showing the regenerative

nature of the Ce>*/Ce*" redox couple on the nanoceria surface.

(1) Hy0, +2Ce** +20H™ - 2H,0 + 0, + 2Ce*

Figure 15. CAT mimetic catalysis of nanoceria (Adapted from Nelson et al., 2016)

The proposed enzyme-mimetic activity would explain the results observed in our study
-and many others- that show decreased intracellular ROS (Tarnuzzer et al., 2005;
Schubert et al., 2006; Colon et al., 2010; Pagliari et al., 2012), diminished DNA
damage (Caputo et al., 2015) and reduced cell mortality (Demokritou et al., 2013;
Kwon et al., 2016). These beneficial effects are a direct consequence of the radical

scavenging activity of nanoceria.
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In addition to the biomarkers analysed in our experiments, other studies have shown
that nanoceria cooperates to maintain cellular homeostasis through different
mechanisms/endpoints. Apoptosis prevention is one example (Celardo et al., 2011;
Gonzélez-Flores et al., 2014). At this point, Celardo et al. (2011) found a direct
relationship between nanoceria ROS scavenging properties and pro-survival effects.
By characterizing apoptosis in two different leukocyte cell lines authors showed how
nanoceria exerted strong anti-apoptotic effects only in redox-dependent apoptosis. In
another interesting study focussed in an Alzheimer disease model, conjugated
nanoceria was functionalized to be localized specifically into mitochondria. In this case,
nanoceria treatment exhibited mitigation of reactive gliosis and mitochondrial damage,
both considered key factors in the first stages of Alzheimer disease (Kwon et al., 2016).
Moreover, Kong et al. (2011) found an integral role of nanoceria in up-regulating the
expression of neuroprotection-associated genes, and in down-regulating apoptosis
signalling pathways in retinal dysfunction. Nanoceria was also able to protect against
inflammation. Thus, Niu et al. (2007) demonstrated that redox sensitive transcription of
pro inflammatory factors such as tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6),
monocyte chemoattractant protein-1 (MCP-1) and interleukin-8 (IL-8) were significantly
suppressed by injecting the animals with these NPs. In the same study, nanoceria was
able to suppress endoplasmic reticulum (ER) stress and reduce the apoptotic cell
death in the myocardium (Niu et al., 2007). Finally, an increase in wound-healing
activity was detected after treatment with nanoceria (Davan et al., 2012). Authors
showed that locally applied nanoceria to incised rats enhanced wound healing activity,
wound tensile strength, and wound closure time relative to treatment with the well-
known antiseptic povidone-iodine. These enhancements were attributed to the ROS-
scavenging abilities of nanoceria at the site of injury and the protection of the native
tissue by increased production of collagen and hydroxyproline, essential for wound

healing activity.

Although specific cell lines could behave differently with regard to nanoceria
biointeractions (as for example, interactions with specific membrane receptors),
modulating in this way internalization and effects, a wide variety of different in vitro cell
lines have shown similar antioxidant results. This occurs with neuronal (Schubert et al.,
2006), endothelial (Chen et al., 2013) gastrointestinal epithelium (Colon et al., 2010),
breast epithelium (Tarnuzzer et al., 2005), stem cells (Mandoli et al., 2010),
cardiomyocytes (Niu et al., 2011), lung epithelium cells (Rubio et al., 2016) or human

monocytes (Ting et al., 2013).
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In relation with the promising results obtained from in vitro studies in the applicability of
nanoceria as oxidative related disease treatment, in vivo studies have also shown
favourable results for the treatment of endometriosis (Chaudhury et al., 2013), gastric
ulcers (Prasad et al., 2013), retinitis pigmentosa (Kong et al., 2011; Cai et al., 2012;
Wong et al., 2013, 2015), Alzheimer disease (Kwon et al., 2016), multiple sclerosis
(Heckman et al., 2013), diabetes (Pourkhalili et al., 2012) or cancer (Alili et al., 2011;
Sack et al., 2014).

Nowadays antioxidant therapy is the focus of enormous clinical interest and great
emphasis is given to nutritional and pharmacological strategies to prevent or ameliorate
human diseases by supplementing antioxidant molecules that enhance or mimic
endogenous antiradical defence (Lobo et al., 2010). Although an extraordinary number
of studies related with antioxidant treatments exist, only a few number of them have
been approved in clinical trials. Thus, several are the parameters limiting the real
effectiveness of an antioxidant like low bioavailability, high concentration requirement,
low chemical stability, impossibility of recycling the active antioxidant, poor target
specificity, or harmful side effects (Firuzi et al., 2011). Thus, considering the vast
number of studies supporting the potential use of nanoceria in different oxidative
related diseases and the limitations observed in classical antioxidant therapies, several
are the experiments conducted by which the antioxidant ability of nanoceria has been
compared with different well-known antioxidants (Celardo et al., 2011; Caputo et al.,
2015). In these studies nanoceria presented even better ROS scavenge efficiency than
trolox, pyruvate, ascorbate, cystathionine or NAC. These results, together with the high
availability of this material in the environment, the large number of active sites exhibited
due to the high surface to volume presented by NPs, and its auto regenerative reaction
cycle (Ce** — Ce* — Ce**) make these nanoscale particles an ideal protectant cell

agent candidate for the treatment of oxidative stress related diseases.

4.1.2. Pro-oxidant properties

As previously described, both SOD and CAT-mimetic activities are required for the
antioxidant function of nanoceria. Therefore, unbalance activities of these enzymes
could potentially lead to the accumulation of certain ROS like H,O,, producing oxidative
stress and toxicity. Enzyme-mimetic activity of nanoceria is strongly correlated with the
proportion of Ce*/Ce*" states. Normally, nanoceria possess both SOD- and CAT-
mimetic activity at varying degrees depending on this ratio of surface states. In general,
nanoceria with high amounts of Ce** (40% to 60%) on the surface behave as SOD-

mimetic (Korsvik et al., 2007; Dowding et al., 2013), while nanoceria with high amounts
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of Ce*" (70% to 80%) on the surface acts basically as CAT-mimetic (Pirmohamed et al.,
2010; Das et al., 2013). However, several intrinsic and extrinsic parameters critically
influence the overall catalytic efficiency of the mimetics. Whether or not nanoceria
behaves predominantly as a SOD-mimetic or as a CAT-mimetic also depends on
several factors like the starting reagents, the synthesis procedure, NP functionalization
and a number of other parameters related to nanoceria preparation and structure
(Walkey et al., 2015). Thus, some changes in some of these known or unknown factors
could directly produce an unbalanced enzyme mimetic activity of nanoceria, leading to

pro-oxidant behaviour.

One of the most studied factors related to an unbalanced mimetic activity of nanoceria
is pH. However, some controversy exists since some studies show no clear effects
(Singh et al., 2011; Xue et al., 2012) while other studies demonstrate pronounced
effects on both the nanoceria Ce®"/Ce** redox state and the catalytic antioxidant activity
(Rzigalinski et al., 2006; Perez et al., 2008; Karakoti et al., 2010). Among the studies
reporting a positive correlation, Perez et al. (2008) showed that the antioxidant activity
of nanoceria depends directly on the pH of the surrounding medium. In this way
nanoceria showed CAT-mimetic activity (degrading H,O,) in neutral and alkaline
solutions, but were inactivated in acidic (pH 4) solutions (accumulating toxic H,O,).
This behaviour was demonstrated in both acellular and cellular environments. A more
recent study (Karakoti et al., 2012) appears to confirm these observations through
fundamental XPS studies that demonstrate linear changes in Ce®*/Ce** redox state with
changes in pH. Thus, according to these studies, nanoceria could pose a dual role as

an antioxidant or oxidant depending on the environmental pH conditions.

Assuming an acidic intracellular pH in tumoral cells due to the Warburg effect, some
authors have proposed the use of nanoceria as a possible strategic treatment for
oxidizing and killing cancer cells while protecting normal cells (Colon et al., 2009;
Wason et al., 2013; Shcherbakov et al., 2014). To prove this potential mechanism we
carried out in vitro studies using different cancer cell lines exposed to different
concentrations of nanoceria. From our results we did not found enough data to support
this theory. Thus, the treatments did not enhanced but reduced the levels of
intracellular ROS induced by the potent pro-oxidant compound cisplatin. Although the
magnitude of the protective antioxidant effect was dependent on the cancer cell line
tested, in general ROS scavenge activity was observed in all cell lines and most
importantly, no oxidant effects were encountered under any of the studied conditions.
In addition, different cellular conditions were forced in our model to more deeply study

the putative oxidant effect. Decreases in intracellular pH were achieved through
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starving conditions (absence of serum in cell medium), based on the property of
tumoral cells to increase the lactic acid production under starvation (Wu et al., 2013).
According to that, no oxidant effects were detected under these scenarios either.
Additionally, and in order to directly decrease the pH of the cell medium 2-(N-
morpholino) ethanesulfonic acid (MES) was used, but again no increases in ROS

production were detected.

The genetic background of the cancer and normal cells studied so far differ
considerably and may influence the final outcome. Thus, to avoid the influence of
genome characteristic in the observed effects of nanoceria in the tumoral and non-
tumoral non isogenic cell lines used, a normal mouse embryonic fibroblast cell line
(MEF) and its arsenic-transformed isogenic counterpart (AsT-MEF) were also
evaluated. As in the other cases, nanoceria elicited an antioxidant effect in both MEF
and AsT-MEF. Therefore, although mechanistic experiments have not been performed
yet, our results do not indicate any oxidant role of nanoceria in different tumoral cell
lines grown in different microenvironments and conditions. Thus, parameters other than
the tumoral cell status may be playing part in the observed oxidant/antioxidant dual role

of nanoceria.

Other authors have shown no oxidation but protection of different cancer cell lines by
nanoceria, reinforcing our results. For example, Akhtar et al. (2015) using human
breast cancer (MCF-7) and fibrosarcoma (HT-1080) cells observed no significant cell
death in either cell model following treatment with nanoceria. On the contrary, the
treatment significantly protected the cells, increasing the production of glutathione
(GSH) in cellular defence against injury, and remarkably replenishing GSH depletion
caused by H,0,. On the other side, De Marzi et al. (2013) using three tumoral cell lines
(A549, Caco-2 and HepG2) did not find important toxicity after 24 hours of exposure in
A549 and Caco-2 but acute toxicity was shown in HepG2 cells. Interestingly, in the
three cell lines nanoceria acted as a protector in front of the oxidative stress induced by
H.O,, as evaluated by using the comet assay. Other studies also verified the
antioxidant effect of this NM by using different tumor cell lines like the human histiocytic
lymphoma (U937) (Gonzalez-Flores et al., 2014) or HelLa (Spulber et al., 2015). In
these studies, authors showed that the protective role of nanoceria in these tumor cell
lines was in some cases even more efficient than that induced by classical antioxidants

as trolox or NAC, as mentioned before (Gonzalez-Flores et al., 2014).

Contrary to our observations, differential results regarding the tumoral cell status have
been obtained in other studies, where nanoceria was observed i.e. to protect normal

cardiomyocytes (H9c2) and human dermal fibroblasts (BJ) against hydrogen peroxide
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induced cytotoxicity, but no protection was observed in lung carcinoma cells (A-549)
and breast carcinoma (BT-474) cells (Perez et al., 2008). Similar results have been
reported by Das et al. (2007), showing that nanoceria protect immortalized normal
breast epithelial cells (CRL8789) from cell toxicity and DNA damage against 10 Gy of
radiation, while no protection was observed in breast cancer cells (MCF7) against the
same radiation exposure. Alili et al. (2013) found non-toxic effects of nanoceria
exposure for stromal fibroblast and endothelial cells while showing cytotoxic, pro-
apoptotic, and anti-invasive effects on melanoma cells (A375). Differential behaviour
have also been reported in pancreatic cells, where pre-treatment with nanoceria
enhanced radiation-induced ROS production and cell death, preferentially in human
pancreatic cancer cells (L3.6pl) when compared to normal pancreatic cells (hnTERT-
HPNE) (Wason et al., 2013).

It must be pointed out that the hypothesis of achieving differential cytotoxicity between
tumoral and non-tumoral cells is considered as one of the greatest challenges in
chemotherapy and high efforts are being conducted to identify anticancer drugs able to
distinguish effectively between them (Gao et al., 2014). However, as noticed from the
above mentioned studies, no consensus has been reached about the applicability of
nanoceria in cancer treatments, since many are the factors (some known and others
unknown) affecting the intracellular redox reactions of nanoceria. Although pH could
play a role in the pro/antioxidant effects of this NM, all cancer cells do not present the
same conditions, due to differences in their metabolisms. Thus, the efficacy of
nanoceria treatment would vary depending on how notably the Warburg effect is

affecting the intracellular pH.

Despite of the unclear pro/oxidant nanoceria effects preventing from the use of
nanoceria in cancer treatment; also of importance is the fact that several studies have
reported oxidative-dependent toxic effects of nanoceria in normal (non-tumoral) in vitro
and in vivo models. Thus, among others; Park et al. (2008) reported cytotoxic effect of
nanoceria using the BEAS-2B cell line, where cell viability and ROS generation were
observed in a time- and dose-dependent manner. On the other hand, Eom and Choi
(2009) also reported toxicity of these NPs in the same lung epithelial cell line. Such
authors focused on the involvement of the oxidative stress generated by nanoceria in
signal transduction pathways and transcription factors and, according to their results,
nanoceria was found to behave as a pro-oxidant compound causing oxidative stress
through strong induction of HO-1 via the p38-Nrf-2 signalling pathway. As noticed,
discrepancies are found between laboratories when comparing the same cell line.

These may be attributed to different nanoceria physicochemical properties given by
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their synthesis process or by differences in crystal structure or surface chemistry,
directly affecting to its redox activity. On the other side, some in vivo studies have
shown pulmonary inflammation and alveolar interstitial fibrosis after nanoceria
exposure. Thus, acute exposed Sprague Dawley rats by inhalation of 2 hours/day for 4
days to 2.7 mg/m® showed bronchoalveolar lavage fluid (BALF) levels of neutrophils
increased six fold 24 hours post-exposure indicating inflammation, while BALF activity
of LDH increased two fold indicating cytotoxicity (Demokritou et al., 2010). Another
inhalation study, where sub-acute male CD1 mice were exposed to 2 mg/m® for 0, 7,
14, or 28 days of nanoceria also resulted in pulmonary and extrapulmonary toxicity.
Therefore, BALF analysis revealed the induction of pulmonary inflammation, evident by
an increase in the influx of neutrophils with a significant secretion of pro-inflammatory
cytokines. This led to oxidative stress generation and cytotoxicity, evident by induction
of lipid peroxidation, depletion of glutathione, and increased BALF LDH and proteins.
Histopathological examination revealed that inhaled nanoceria was located throughout
the pulmonary parenchyma, inducing a severe, chronic, active inflammatory response
characterized by necrosis, proteinosis, fibrosis, and well-formed discrete granulomas in
the pulmonary tissue and tubular degeneration leading to coagulative necrosis in
kidneys (Aalapati et al., 2013). Finally, data from one sub-chronic inhalation exposure
study using Sprague-Dawley rats exposed to microscale ceria at concentrations of 0, 5,
50.5, or 507.5 mg/m? for 6 hours/day, 5 days/week for 13 weeks is available. This study
observed an increased incidence of alveolar epithelial hyperplasia. Histological
examination revealed dose-related alveolar epithelial and lymphoid hyperplasia and
pigment accumulation in the lungs, lymph nodes, and larynx of male and female rats at
> 5 mg/m® (EPA 2009). Despite the results obtained in these studies, it should be
mentioned that the vast majority of published results classify nanoceria as a low toxic
material (Yokel et al., 2014).

Apart from in vitro and in vivo studies, epidemiological studies are of great importance
for risk assessment. However, the knowledge about occupational safety and health risk
assessment of nanoceria is vague and no occupational exposure limits (OELs) and
attendant action levels for nanoceria are available (Li et al., 2016). Nevertheless, from
the information existing about occupational exposure to rare earth (RE) metals, of
which cerium is the major component (80%), an induction of rare earth pneumoconiosis
with pathologic conditions that include granulomas and interstitial fibrosis was observed
(Sabbioni et al., 1982; Waring and Watling, 1990; McDonald et al., 1995). A common
feature of rare earth pneumoconiosis is the presence of cerium particles in the alveoli

and interstitial tissue even in patients, whose exposure to cerium had stopped for over
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20 years, indicating the high biopersistence of these NPs in the lung (Pairon et al.,
1994; Ma et al., 2011).

It is clear then that there exists a high disparity of results between studies carried out in
vitro or in vivo, and also when epidemiologic studies are taken into consideration. It is
however necessary to continue putting efforts in characterizing and controlling the
factors affecting the redox coupled activities of nanoceria due to its applicability
interest. Once its associated effects and modulating factors are well stablished, an
efficient design of nanoceria properties would be possible, and would ensure a secure
and predefined use of this NM in the extended list of its proposed therapeutic

applications.

4.2. Long-term in vitro exposures

Due to the contradictory results and the gaps found in the literature regarding the
toxicological evaluation of nanoceria, several recommendations have been proposed to
the research community (Yokel et al., 2014). Among them, the study of long-term/low-
concentration treatment supposes a very important challenge. Prolonged treatments at
environmental relevant exposures reflect more accurately real scenarios, as long-term
exposures into the workplace and in daily life are already occurring. In addition, since
high biopersistence has been related to this NM, acute exposure treatments are far
away from real scenarios and, consequently, it is feasible that they underestimate
eventual adverse health effects associated to prolonged exposures (Yokel et al., 2012).
Finally, it must be emphasized that this approach allows studying carcinogenic
processes and its underlying mechanisms, which cannot be studied by common acute

treatment endpoints.

Normally, in vivo models are used to study the effects produced by long-term
treatments, as requested by OECD guidelines. However, during the last two decades,
substantial efforts have been made towards the development and international
acceptance of alternative in vitro methods to substitute as far as possible the use of
laboratory animals. In continuation of this tendency, the European Chemicals
Legislation (REACH) favours alternative methods to conventional in vivo testing, if
validated and appropriated (Annys et al., 2014). Following Yokel's recommendation
about studying long nanoceria exposures, our laboratory has created in vitro models to
emulate a real scenario through long-term/low-concentration exposures. Despite in
vitro models-associated limitations, its use for long-term approaches results fruitful
since it allows to analysing cell transformation effects, a very relevant end-point poorly

explored so far.
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4.2.1. Hallmarks of carcinogenesis

Given the abilities of NMs to penetrate, biopersist, produce different types of damage,
and initiate genotoxicity in exposed tissue, the possibility of NM to induce or promote
tumorigenesis is a rising concern (Kumar and Dhawan, 2013). In fact, direct evidences
exist regarding carcinogenicity of some produced NMs (Roller, 2009). This
carcinogenic potential can be attributed to several mechanisms, such as direct
interaction of NMs with the genetic material, indirect damage due to reactive oxygen
species generation, release of toxic ions from soluble NPs, interaction with
cytoplasmic/nuclear proteins, binding with mitotic spindle or its components,
disturbance of cell cycle checkpoint functions, inhibition of antioxidant defences, as well
as of many others processes (Kumar and Dhawan, 2013). Nevertheless, despite all the
potential mechanisms underlying NM carcinogenesis, the number of studies assessing

this potentiality is limited.

Only few studies have explored the importance of in vitro long-term exposures for
assessing the carcinogenic potential of NPs. From our Group, efforts have been leaded
to the standardization of different cellular models in order to study the transformation
capacity of these new materials. Among them, a lung epithelial cell line like BEAS-2B
has entailed an important model to work with, due to different reasons. First, lung
cancer is the leading cause of cancer death (Siegel et al., 2015). Second,
environmental and occupational exposure is the major cause of most cases of lung
cancer (Samet, 2009). Third, inhalation is the first route by which NPs enter into the
body (Hoet et al., 2004). Thus several studies have been carried out to analyze the
carcinogenicity of different NMs like TiO,-NPs and CNT (Vales et al., 2015, 2016) in
this cellular model. In these studies, TiO,-NPs induced cell transformation mediated by
a non-genotoxic mechanism, while CNT induced chromosome instability as the leading
cause of cellular transformation. In fact, based on different studies, both NMs have
been categorized as possible carcinogens to humans (Group 2B) by IARC (Baan et al.,
2007).

Other strategic models have also been stablished in our Group, like the use of knock
down cell lines for deeply study mechanisms associated to cell transformation.
Considering that ROS induction has been established as a common mechanism of
NMs-associated cell damage (Wang et al.,, 2011), and taking into account that this
mechanism is also a well-known promotor of cell transformation (Mgller et al., 2013;
Bach et al., 2016), oxidative DNA damage became a very relevant mechanism to be
analysed when NP carcinogenesis is evaluated. For that, a wild-type mouse embryonic

fibroblast cell line (MEF Ogg1*"*) and its isogenic Ogg? knockout partner (MEF Ogg1”)
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unable to properly eliminate oxidative 8-oxo-2'-deoxyguanosine (8-OH-dG) lesions from
DNA were selected (Annangi et al., 2015, 2016). In these studies, CoNP showed
carcinogenic properties through oxidative stress mechanism after 12 weeks of
exposure with low doses as showed by different carcinogenic markers. On the other
hand ZnO-NPs in spite of causing high toxicity, did not present cell transforming ability

after the same exposure time.

Out of the experiments above described, just a few more groups have used in vitro
long treatment exposures for evaluating carcinogenic effects of NM. These include
chronic exposures to sub-toxic doses of TiO,-NPs which led to chromosomal instability
and cell transformation in fibroblast cells (Huang et al., 2009). Additionally, several
studies also reported the carcinogenic potential of CNT after long-term exposure,
showing that these NPs could cause malignant or neoplastic-like transformation in
human lung epithelial cells (Wang et al., 2011, Lohcharoenkal et al., 2013; Luanpitpong
et al., 2014). In this case, due to the CNT fibre nature similar to other well-known
carcinogens like asbestos, CNT have been the focus of many mechanistic studies.
Thus, He et al. (2016) pointed out the association of mesothelin (MSLN) over-
expression (over-expressed in many human tumours) with the malignant
transformation of bronchial epithelial cells (BSW) using stably-transfected MSLN
knockdown. Also, Luanpitpong et al. (2014) obtained new evidences supporting the
role of cancer stem cells in CNT tumorigenesis. These studies indicate that, although
some limitations could be linked to in vitro methodologies, faster and predictive results
could be provided shedding light to possible unknown carcinogens and its

mechanisms.

Focussing on nanoceria, to our knowledge only one very recently published study
developed an in vitro long-term methodology for the evaluation of carcinogenic effects
of these NPs. In such study, Rojanasakul et al. (2016) used a sub-chronic exposure to
human primary small airway epithelial cells (pSAECs). Herein, cells continuously
exposed to deposited concentrations of 0.18 pg/cm? or 0.06 ug/cm? of nanoceria were
evaluated for changes in several cancer hallmarks, as evidence for neoplastic
transformation. After ten weeks, nanoceria-exposed cells did not show any significant
sign of cell transformation. Comparing with in vivo models, past research studies
showed that pulmonary exposure to nanoceria resulted in no significant development of
lung tumorigenesis. Thus, single inhalation exposure to nanoceria resulted in only
0.66% of rats developing alveolar papillary neoplasms, adenocarcinoma, or carcinoma

across their lifespan compared to unexposed animals (Lundgren et al., 1996).
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With the objective of covering some of the recommendations raised by the nanoceria
community research, six weeks of sub-chronic exposure of the in vitro BEAS-2B model
was performed by us. One important parameter to be considered when long-treatment
exposures are conducted is the use of environmental relevant dose. Thus, the existing
information about the worst-case exposure to nanoceria-containing diesel exhaust over
a working lifetime exposure was used (Ma et al., 2011). Several calculations were used
to convert in vivo into in vitro exposures. Accordingly, 2.5 pug/mL would be closely
equivalent to the occupational situation (10 mg/kg) (Ma et al., 2011; Rojanasakul et al.,
2016). Being the model by which carcinogenesis was evaluated an epithelial cell-line,
attention was payed to the analysis of some EMT molecular markers as well as cellular
morphology, proliferation rate, migration ability, anchorage-independent cell growth
capacity, secretome’s MMP-9 content, and cell growth promoting capability, all of them

considered as important indicators of carcinogenesis (Hanahan and Weinberg, 2000).

In addition to carcinogenic evaluation of nanoceria alone, co-exposure with other
plausible compounds found in the environment is also an important factor to have into
account since populations are rarely exposed to only one compound. Thus, in our
study, with the intention of simulating a scenario were nanoceria coexists with tobacco,
a well-known carcinogen targeting also mainly the lungs (Saha et al.,, 2007), the
interaction between these two compounds was studied. As reviewed, the mixture of
chemicals contained in tobacco smoke condensate (CSC) is elevated and different
mechanisms of action may be taking part in the CSC-induced malignant transformation
(Hecht, 2002). Among them, ROS production and oxidative stress-induction are well-
studied tobacco mechanisms of carcinogenesis (Valavanidis et al., 2009). With this in
mind, even though we did not find a direct application of nanoceria in cancer treatment
as previously discussed, we evaluated the protective co-exposure effect as a possible
indirect action mechanism. Therefore nanoceria could prevent ROS production due to
its exhibited antioxidant properties in this cell line, delaying in this extent the cell

transformation process.

Increases in the cell proliferation rate are one of the main hallmarks of cancer, as it has
been extensively described in literature (Sherr, 1996). Focussing on this parameter we
found that nanoceria did not alter cell proliferation rates, suggesting that these NPs do
not interfere with cell cycle machinery and its regulation. Some other studies have
evaluated the nanoceria potential in affecting cell time division. As with occurs with
other biomarkers, conflictive results have been obtained. Thus, Rojanasakul et al.
(2016) found increased rates for this parameter. In this case, the observed increases in

cell growth were explained by a possible change in cerium state valences (Ce** and
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Ce*"). Thus, since moderate or high ROS generation can stimulate cell proliferation or
cell death pathways, nanoceria redox cycling ability may determine ROS-associated
impacts on growth. Inversely, Xiao et al. (2016) reported a decrease in cell division rate
after acute treatment (10 ug/mL) of gastric cancer cells. In this situation authors found
that nanoceria could promote the expression of putative ATP-dependent RNA helicase
DEAH (Asp-Glu-Ala-His) and box helicase 15 (DHX15). Thus, as a mechanistic
hypothesis, they suggested that increased expression of DHX15 in turn activates p38
MAPK signal pathway, leading to the inhibition of proliferation and migration in gastric
cancer in vitro and in vivo. On the other hand, due to the well documented carcinogenic
effects of CSC, high growth stimulation has been reported in previous studies (Jin et
al., 2004). In agreement with these studies, after four weeks of treatment, decreased
proliferation rates were observed in the highest concentration of CSC, as well as in the
co-exposures. Interestingly, nanoceria seems to promote and enhance CSC growth

effects.

EMT is a well-known process occurring in carcinoma-like lung cancer (Xiao et al,,
2010). As previously mentioned, the major characteristic of EMT is the conversion from
epithelial cells to motile, invasive and migratory mesenchymal cells. In this dynamic
process, epithelial cells lose cell polarity, cell-to-cell and cell-to-substrate adhesion
decreasing the expression of epithelial molecular markers such as CDH1, while
increasing the expression of mesenchymal markers such as VIM, Fibronectin or CDH2.
In this process, also increased activity of some MMPs is observed and associated with
the invasive phenotype. In this way, cancer cells acquire the capacity to migrate and
invade the surrounding stroma and subsequently spread through the blood and

lymphatic vessels to distant tissues (Kessenbrock et al., 2010).

Previous in vitro studies have indicated that various groups of active molecules found
in cigarette smoke such as polycyclic aromatic hydrocarbons (PAH), nicotine-derived
nitrosamine ketone (NNK), as well as the induction of ROS, can induce EMT through
different signalling pathways (Zhao et al., 2013; Wang et al., 2014). Thus, higher levels
of VIM and other mesenchymal markers, and a decrease in the expression of CDH1
was observed in smokers compared with normal non-smokers (Sohal et al., 2010;
Milara et al., 2013). Partial similarities were found in our study where mesenchymal
identity markers (CDH2, VIM and ACTAZ2) and epithelial markers (CDH1 and ZO1)
were analysed. Thus, treatments with both concentrations of CSC tended to maintain
the level of expression of mesenchymal markers below controls, being this effect more
pronounced in the case of co-exposed cells to nanoceria and CSC, where we observed

a “U shape” behaviour described before in other cell transformation studies (Bach et
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al., 2016). In addition, these markers experienced a progressive increased over time
for cells exposed to nanoceria alone, indicating that in this case the treatment is
affecting cells at the molecular level. It should be noticed that although gene
expression patterns have been described in EMT, these changes do not occur at the
same time and at the same level in all cell lines. In addition, modulations in MRNAs
levels are continually occurring over time making difficult to observe stable
expressions. Herein, the CSC associated “U shape” indicates deregulation of
mesenchymal markers and a rising trend after 4 weeks of exposure. Extra analysis of
transcripts for longer exposures could help us to understand this cell type specific EMT
process. With regard to the epithelial markers CDH1 and ZO1, we observed that
treatment with nanonceria alone only produce very mild changes with respect to control
cells. On the other hand, cells exposed to CSC alone or in combination with nanoceria
evidenced a clear mRNA downregulation, being this trait considered as a hallmark of
EMT that leads to destabilization of adherent junctions (Yilmaz and Christofori, 2009).
Again the co-treatment produces a higher deregulation in all molecular markers

analysed.

Change in cell morphology is a visual marker consequence of EMT. Coincident with the
modification of cell-to-cell and cell-to-substrate adhesions, the epithelial cells adopt an
extensively flattened and elongated mesenchymal morphology known as a “spindle like
shape” (Nelson et al., 2008). At this time, also cytoskeletal intermediate filaments (IFs)
undergo significant compositional change. Thus, epithelial cells, which normally
express only keratin IFs (KIFs), initiate the expression of vimentin IFs (VIFs). Due to
this change in IF composition, VIF expression has become a canonical molecular
marker associated to EMT-associated morphology change (Mendez et al., 2010).
Relating these concepts with our results, we observed clear changes in morphology
after CSC5 exposure alone and in the co-exposures, in agreement with other
carcinogenic markers. Regarding mesenchymal VIM transcript levels, conflicting results
were observed since an initial decrease was observed. However, at week 4 when the
morphological changes were visualized a rising trend was observed through a “U
shape” expression. Also here, an extended time of exposure would help to relate
morphological observed changes with molecular markers of EMT. On the other hand,
nanoceria treatment did not induce changes in epithelial morphology of cells as also
indicated by Asatis’s work, where different cell lines such as cardiac myocytes (H9c2),
human embryonic kidney (HEK293), lung (A549) and breast (MCF-7) carcinomas were
studied (Asati et al., 2010).
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Migration is an intrinsic cell ability that becomes dysregulated in early stages of cell
transformation and, therefore, it is useful to study the initiation process. In our study
nanoceria did not affect cell motility. However, other treatments promoted this process.
CSC has shown to increase cell migration in several published studies. Thus, as
reviewed by Akopyan and Bonavida (2006) the tobacco smoke carcinogen NNK, up-
regulated cellular myelocytomatosis (c-Myc) and B cell leukemia/lymphoma 2 (Bcl2),
two oncoproteins involved in the promotion of various cellular processes, including cell
migration. In the same trend, higher migration rates were observed in our study at the
higher concentration of CSC tested, as well as in the co-exposures. These findings
show again how nanoceria could potentiate the effects of low dose CSC increasing and
initiating migration capacity. In relation with this capacity, but contrary to our results,
Xiao et al. (2016) found that nanoceria by itself inhibited the migration of gastric cancer
cells. In their study, although the authors used similar concentrations (0.01-10 ug/mL)

to that we used, they used acute 24 hours treatment.

Although the soft-agar assay (anchorage-independent colony formation assay) does
not mimic the whole carcinogenesis process in vivo, the promotion of anchorage-
independent cell growth is considered as one of the best in vitro mimicking biomarkers
of cell transformation processes, linked to initiation stages in early tumorigenesis
(Borowicz et al., 2014). Thus, different groups have used this technique to assay the
carcinogenic effects of different compounds, including CSC (Veljkovic et al., 2011;
Annangi et al., 2014; Bach et al., 2016). From our data, nanoceria treatment did not
modulate the ability of cells to anchorage-independently growth. By the contrary,
decreased number of colonies was observed when nanoceria treatment was compared
with controls. In relation with this finding, Sighinolfi et al. (2016) investigated the
potential initiator or promoter-like activity of different metallic NMs using the Balb/3T3
two-stage transformation assay. Among them nanoceria showed decreased number of
foci by 65% in comparison to the positive control, suggesting a potential antagonism in
the promotion of cell transformation. Apart from our study, only one more group has
carried out the soft-agar assay using nanoceria in a long-term treatment study. In the
already mentioned study, Rojanasakul et al. (2016) did not reported any significant
increase in the number of colonies, evidencing one more time the low capability of this
NM to induce cell transformation by itself. However, the significant increases in the
number of colonies observed in CSC, and in nanoceria co-exposure treatments, clearly
show positive results of an expected carcinogen, giving strength to the hypothesis of

nanoceria as an enhancer of cell transformation induced by other carcinogens.
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In cancer pathogenesis, one of the main concerns is the interaction between cancer
cells with the surroundings stroma, because stroma is involved in tumor progression
and invasion (Frield and Wolf, 2003). This interaction takes place through the
microenvironment provided by resident fibroblasts, endothelial cells, pericytes,
leukocytes, and extra-cellular matrix (ECM) thanks to paracrine signalling (Pietras and
Ostman, 2010). Thus, these different cell types in the stromal environment are
recruited by malignant cells to support tumor growth and facilitate metastatic
dissemination. Among the changes produced in the stroma during the carcinogenesis
process, the transdifferentiation of fibroblasts to CAFs plays a very important role in
invasion and metastasis. Thus, in lung carcinoma Fromigué et al. (2003) reported the
impact of the crosstalk between cancer cells and normal fibroblasts. Thus, in a co-
culture model of lung tumor cells and normal pulmonary fibroblasts, exposure to cancer
cells rendered the fibroblasts with a set of modulated genes, which potentially would
affect the regulation of matrix degradation, angiogenesis, invasion, cell growth, and

survival.

In our study, using the indirect soft-agar approach, the secretome of treated cells was
evaluated in terms of extrinsic growth promotion ability. As occurs with the other
biomarkers, the secretome of nanoceria treated cells did not modify the growth ability
of other cell lines. This would indicate its unlikely carcinogenic potential and therefore
the impossibility to generate changes in the tumor microenvironment. Interestingly, Alili
et al. (2011) also studied tumor-stroma interactions addressing the effect of nanoceria
in CAFs formation, and tumor invasion. Herein, they found that nanoceria down-
regulate both the transdifferentiation of CAFs and the invasion of tumor cells. As a
proposed mechanism they pointed out the redox ability of nanoceria to generate ROS
and to induce CAFs transdifferentiation through transforming growth factor g1 (TGF-
B1). Returning to our work, positive results were obtained regarding the ability of co-
exposure’s secretome to promote extrinsic cell growth. In these treatments, where
tumoral behaviour was already observed, the effect of the nanoceria-CSC co-exposure
seems to affect the tumor-stroma signalling crosstalk, increasing the aggressiveness of
the tumoral status. Thus, the obtained results provide relevant information and highlight
the importance of using the indirect soft-agar in the battery of assays used for the
characterization of cell transformation processes. Further studies focusing on the
characterization of these secretomes could give strength to the importance of co-
exposures in cell transformation process of CSC, while shedding light to the relevance
of specific molecules contained in the secretome (microRNAs, cytokines, exosomes

etc) to unravel mechanisms associated to late stages of carcinogenesis.
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MMPs have been implicated in cancer for more than 40 years. Specifically, these
enzymes have been associated with cancer-cell invasion and metastasis. However,
due to intense research effort during the last years in this field, new signalling functions
between cancer cells and its microenvironment have been identified (Kessenbrock et
al., 2010). These proteases have an important role degrading and modifying ECM as
well as cell-to-ECM and cell-to-cell contacts, therefore prompting detachment and
migration of epithelial cells from the surrounding tissue (Radisky, 2005). MMPs are up-
regulated in almost every type of human cancer, and their expression is often
associated with poor survival (Di Nezza et al., 2002). Its abundance in the secretome of
cancer cells is often representative of the amount of other tumor-related secreted
factors (Egeblad, 2002). Therefore, the analysis of MMPs secretion is a common
parameter studied in carcinogenesis. MMP-9 activity was examined in our study in
chronically exposed BEAS-2B at the end of the exposure period. An increase was
observed in CSC1, Ce+CSC1, CSC5 and Ce+CSC5-exposed cells, when compared to
time-matched controls, evidencing a cancer-like feature. In this particular case, the co-
exposure did not increase the effects of CSC alone, but reduced the levels.
Considering the increased ability of co-exposures’s secretome to potentiate tumor
growth, as evaluated by the indirect soft-agar, it is assumable that MMP-9 does not

represent the abundancy of other factors present in the microenvironment.

The potential underlying mechanisms of nanoceria co-carcinogenesis were studied
here through the transcript levels of FRA-1. This gene is one of the most common
components of AP-1, a basic leucine zipper (bZIP) transcription factor that regulates
diverse genes and cellular processes such as cell proliferation, differentiation, invasion
and apoptosis, among others; and it is considered to play an important role in
tumorigenesis and progression (Young and Colburn, 2006). Interestingly, CSC’s
carcinogenesis mechanism has already been associated to FRA-1 deregulation (Chu
et al., 2005; Karamouzis et al., 2007). Thus, long-term exposure to cigarette smoke
induces oxidative stress, leading to activation of stress-triggered kinases and
potentiation of various important transcription factors, being AP-1 proteins an important
target (Manna et al., 2006; Valko et al., 2006). Curiously, in our study the exposure to
the lower dose (1 pg/mL CSC) significantly increase the mRNA levels of FRA-1 in
BEAS-2B cells with no signs of transformation. On the contrary, the exposure of 5
Mg/mL reduced transcript levels in cells already exhibiting a transformed phenotype.
Apparently, under our experimental conditions CSC stimulates FRA-1 expression in
non-transformed cells, but a downregulation is triggered once cells acquire a cancer-

like phenotype. Thus, the role of FRA-1 in malignancies is still controversial. Although it
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is over-expressed in many human malignancies, including thyroid, oesophagus, colon,
and breast (Young and Colburn, 2006), which would indicate an important role in
tumorigenesis, other works revealed the contrary. Thus, Ma et al. found that FRA-1
was down-regulated in NSCLC, compared with normal bronchial epithelium. Further,
the low expression of FRA-1 correlated with advanced tumor stage and poor survival
(Ma et al.,, 2009). In our study, when FRA-1 was analyzed in cells co-treated with
nanoceria and CSC that exhibit cancer-like phenotypic properties, FRA-1 was also
found to be significantly down-regulated. In the same direction, being PTEN a well-
known tumor suppressor, altered PTEN gene expression have been associated with a
wide range of human tumors (Salmena et al., 2008). While mutation of the PTEN gene
itself is an infrequent event in lung adenocarcinomas, loss of PTEN protein expression
is seen in 39-77% of these tumors (Marsit et al., 2005; Tang et al., 2006). These
observations support a profound involvement of PTEN down-regulation in the
development of lung adenocarcinomas. Although PTEN has been studied extensively,
its role in cigarette smoke induced carcinogenesis has not been deeply explored.
However, Barbieri et al. (2008) proposed cigarette smoke to interact with the
inflammatory cytokine IL-1B causing reduction of PTEN activity though the
ROS/Src/EGFR-p38MAPK pathway. In our work PTEN transcripts appear to be
moderately down-regulated in CSC treatment while high de-regulation was observed in
co-treatments. Thus, the down-regulation found in our study may be of interest in terms

of CSC+nanoceria carcinogenic mechanisms.

An important conclusion derived from our obtained results is that while low
concentrations of CSC do not induce cell transformation, the interaction with nanoceria
enhances its carcinogenic potential. Also, carcinogenic effects produced by higher
effective concentrations of CSC are generally exacerbated by nanoceria. Therefore,
nanoceria co-exposures should be taken into consideration requiring further detailed
studies. It would be of interest to evaluate the effect of these interactions using other
relatively common environmental toxicants, as the implications of the potential negative
effects on human health would be of big importance. In this context, Snow et al. (2014)
evaluated the interaction of nanoceria with diesel exhaust (DE), since this NM is
frequently commercialized as a diesel additive for increasing fuel combustion efficiency
while decreasing soot emissions. As in the case of CSC, DE exposure induces well-
known adverse cardiopulmonary effects. Thus, nanoceria added to diesel fuel
increases fuel burning efficiency but leads to altered emission characteristics and
potentially altered health effects. Therefore, in close agreement with our results, after

two day treatment of in vivo male Sprague Dawley rats several lung injury biomarkers
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indicated that DE co-exposure induces more adverse pulmonary effects than DE alone
(Snow et al., 2014). Also, Ma et al. (2014) focussed on the effects of the combined
exposure to DE and nanoceria on the pulmonary system in the same rat model. In their
study, although nanoceria and DE induced lung injury by themselves, pulmonary
responses to the combined exposure could not be readily predicted by results from
either single particle exposure. There is strong evidence, however, that these particles,
through combined exposure, are co-localized in the lung tissues and are able to elicit
multiple responses from lung cells, leading to the development of lung injury,
granulomas, impairment of cell-mediated immunity, and pulmonary fibrosis. Thus,
indicating that nanoceria generated in exhaust emission with DE from diesel may pose
serious adverse health effects. These results reinforce the idea that studying the co-
exposures of nanoceria with other environmental agents is essential given their
oncogenic potential. It seems that although nanoceria by itself does not produce
deleterious effects, the uncontrolled redox activity of this NM interacting with other

compounds could lead to unexpected biological effects.

As a global assumption after the discussion of this part of the Thesis we can consider
that although nanotechnology could provide important advances to society, responsible
development will require adequate tiered toxicity screening workflows for human risk
assessment (Nel et al., 2013). Thus, since a majority of NMs exposures of concern are
likely chronic in nature, chronic exposure screening models should continue to be
developed in order to better represent the carcinogenic process taking part in vivo. The
use of this sub-chronic in vitro model for a neoplastic transformation testing strategy
could help identifying genotoxic and non-genotoxic tumorigenic NMs, by capturing both
initiation and promotion in early tumorigenesis (Creton et al., 2012; Rojanasakul et al.,
2016).

4.2.2. Methodological approaches to overcome limitations associated to long-
term treatment studies in the NM field.

When assessing NMs harmful effects, the use of environmental relevant exposures
through in vitro long-term studies provides more reliable results than classical acute
procedures (Annangi et al., 2015; Vales et al., 2015). However, considerations should
be taken into account regarding NMs exposure procedures. It must be remembered
that dispersion is a crucial step when working with NMs. Thus, NP long-term
treatments require from repeated dispersion procedures each time the culture medium
is changed or cells are sub-cultured, which is very time-consuming. In addition, small

variability in the quality of each dispersion is likely to occur leading to differences in
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different physico-chemical properties such as size distribution, surface area, solubility,
surface charge, agglomeration/aggregation and/or crystal structure (Johnston et al.,
2013). In close relation with this, several studies have shown that NMs induce different
cellular mechanisms depending on their specific physico-chemical characteristics (Bai
et al., 2010; Cho et al., 2010; Xu et al., 2010; McGuinnes et al., 2011; Pujalté et al.,
2011; Kermanizadeh et al., 2012). Considering this fact, using different dispersions with
eventually changing properties for long-term treatment exposures could generate
accumulative modulatory effects through the exposure, which would generate data
misinterpretations. The need of freshly prepared dispersions is also a bottleneck when
different high-throughput techniques are meant to be used in the NM field. In this case,
before any given assay different concentrations of different NMs are required at the
same moment. This implies several hours of work previous to the assay, which is
inconvenient in terms of organization, and at the end of the process the initial

concentrations cannot be anymore considered as "fresh dispersions".

In front of these technical problems we proposed to aliquot and freeze NM dispersions
in order to apply treatments with exactly the same physico-chemical properties. Then,
we studied and proved that no difference exists between fresh and frozen dispersions
of five different NMs regarding classical particle characterization parameters such as:
primary and hydrodynamic size, zeta potential, cellular internalization, viability,
generation of intracellular ROS, and ion release. To our knowledge, this is the first
study focusing on the comparison between fresh and frozen dispersions. The
implementation of this methodology is an important consideration when homogenised

treatments are highly required.

One of the first steps when analysing the potential biological effects of NPs is their
physico-chemical characterization. Information about primary size and morphology is
important to predict possible NP-cell interactions (Albanese and Chan, 2011). In our
study no significant differences were observed between freshly prepared and frozen
samples regarding appearance, mean size or size distribution. However, it is important
to study the hydrodynamically behaviour in suspension because it determines NP-cell
interactions and cellular internalization (Albanese and Chan, 2011). Aggregation of
NMs normally occurs in biological environments and takes place when “Van der Waals”
attractive forces between particles are greater than the electrostatic repulsive forces
produced by the nanostructure surface (Verwey et al., 1948; Derjaguin et al., 1993).
The hydrodynamic size values obtained by DLS directly links with the ability to formed

aggregates. In our case, although we showed some increase of size in comparison with
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primary dimensions, no significant differences between fresh and frozen samples were

observed.

Since no differences were observed regarding the physico-chemical properties of the
selected NMs between fresh and frozen dispersions, no differences in their biological
effects were expected. However, this is some that requires confirmation. Thus, to
further validate our proposed approach (using frozen dispersions for long treatment
studies), internalization, viability and intracellular ROS production parameters were

evaluated in our BEAS-2B cell line.

As anticipated, the obtained data revealed no significant differences in cell
internalization when measured directly by TEM and confocal microscopy, or indirectly
by FACS. TEM images showed internalization of TiO,-NP, ZnO-NP and CeO,-NP
being mainly confined into vacuoles as nano-agglomerates. On the other hand, no
cellular uptake was observed for MWCNT, possibly due to difficulty of internalize long
fibres of around 4 um. Due to practical problems in the detection of Ag-NPs by TEM,
confocal methodology was used for this specific case. Using this approach, we
demonstrated high uptake of Ag-NP by BEAS-2B cells detected in the cytoplasm and
reaching the nucleus, and no differences regarding the use of fresh or frozen
dispersions were observed. In parallel, because of the possibility of using FACS
technology as a measure of cellular uptake (Suzuki et al., 2007), this technique was
also used as an additional measure of NP internalization. Good correlations were
observed between microscopic and cytometric techniques except for MWCNT. We
assume that the observed differences were due to the toxicity exerted by these fibre-
like NPs, intracellular structure and complexity changes. Being these parameters the
base for FACS cell internalization analysis, results obtained from MWCNT lead to
wrong interpretation. Then, FACS data obtained for MWCNT are not directly related
with their internalization. Despite the assumed considerations, we conclude that no
differences exist with regard to cellular uptake of the selected NMs according to the

protocol used (fresh vs frozen).

Cellular viability is a basic parameter to be included in any study determining the
biological effects of NMs. Four of the total five selected NMs produced toxic effects in
BEAS-2B when fresh dispersions were used. Following with the trend observed in this
study, when viability data was determined no differences in toxicity between fresh
prepared dispersions and frozen dispersions were found, giving strength to our

hypothesis.
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Finally, due to the importance of ion release as a toxicity mechanism of some metallic
NMs (Xia et al., 2008; Park et al., 2010), it is important to demonstrate that frozen
concentrations do not alter the chemical stability of NMs and no variations in ions
release are produced. Therefore, in order to analyse this parameter, inductively
coupled plasma mass spectrometry (ICP-MS) was used. Among the four metallic NMs
studied, ZnO-NP and Ag-NP are the ones that give off more ions, as reported by
several groups (Fukui et al., 2012; Hsiao et al., 2015). In concordance, higher levels of
dissolution were observed for these NPs in our study, although no biological
differences were obtained regarding the fresh/freezing protocol. However, significant
variations were observed for those NPs with a poor dissolution rate (TiO,-NP and
CeO2-NP), although their total levels are barely significant. In these cases, no clear
pattern was observed regarding the fresh/freezing protocol used, being the small ability
to dissolve the possible cause of such a high variability. However, no cellular effects
have been generally described related with the ion released from these particles
(Griffitt et al., 2008; Xia et al., 2008). This, along with the insignificant values obtained,
make us to assume that the observed differences in solubility do not induce biological

differences between the two methodological protocols, regarding this endpoint.

The results obtained in this study support the implementation of this new methodology
as an operative improvement in long-term in vitro studies. Therefore, the use of frozen
samples would represent an important reduction of time, since two treatments and one
cell passage are normally performed per week during several weeks or months.
Additionally, and more importantly, a potential increase in the homogeneity of the
results would be achieved. This strategy could also provide other benefits to the
nanotoxicology field. Currently, the extension of high-throughput methodologies in NMs
toxicity testing is limited by the bottleneck that supposes the time necessary to prepare
different concentrations of different NMs to be tested. In this case, our proposal will

help to extend the use of such high-throughput methodologies in the NM field.
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5. CONCLUSIONS

According with the objectives raised in the frame of this Thesis with the aim of

assessing the biological effects of nanoceria in an in vitro model, we conclude that:

1. Nanoceria exerts antioxidant and antigenotoxic properties in an epithelial lung
cell line BEAS-2B following short-term treatments. Thus, cells pretreated with
this NM are able to significantly quench the effects produced by a well-known

oxidative compound.

2. Under our experimental conditions, no oxidative but antioxidant behavior of
nanoceria was detected by the treatment of different cancer cell lines and
forced tumor environments. This, rules out the use of this NM in cancer therapy

as proposed by some authors.

3. The carcinogenic evaluation of in vitro long-term low-dose exposure of
nanoceria in lung epithelial BEAS-2B cells, along with the effects associated to
a common plausible tobacco (CSC) co-exposure, showed that although
nanoceria did not induce cell transformation by its own, this NM exhibits a

synergistic role on CSC transforming ability.

4. Equivalent physico-chemical properties and biological effects between fresh
prepared and frozen NP dispersions indicated that a freezing NP dispersion
procedure can be implemented as a solution for the methodological limitations

associated to long-term treatment studies in the nanotoxicology field.
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6.1. Annex 1: Study 2

Antioxidant potential of nanoceria in tumoral and transformed cells
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ABSTRACT

In spite of the well demonstrated antioxidant properties of cerium oxide NPs
(nanoceria; CeO,NP) important controversy swirl over its use as a protective
therapeutic agent. Among the different factors hypothesised as explanatory of the
observed discrepancies, the cell-type variable is one of the most accepted. Our work
aims to study the relevance of cell type (tumoral vs non-tumoral) in the antioxidant
nanoceria capacity. We have determined the ability of nanoceria to reduce the levels of
reactive oxygen species (ROS) generated by the antitumoral agent cisplatin in five
different human tumoral cells. Results indicate that combined treatment with nanoceria
was able to reduce the levels of induced ROS in practically all cases. Pro-oxidant
effects were never observed. The growth of A549 cell line in a forced acidic
environment showed that the antioxidant properties of nanoceria were not influenced
by the culture pH. A normal mouse embryonic fibroblast cell line (MEF) and its arsenic-
transformed isogenic counterpart (AsT-MEF) were also evaluated. As in the other
cases, nanoceria elicited an antioxidant effect in both MEF and AsT-MEF. From our
results we can conclude that the tumoral state of the cells is not a general argument to

explain the non-protective role of nanoceria.

Key words: Nanoceria; ROS; tumoral cells; antioxidant; prooxidant; tumour

microenvironment.
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1. Introduction

Cerium oxide (CeQ,) is considered as a potent free radical scavenger due to its
strong redox capacity. It exists in both trivalent (+3) and tetravalent (+4) state and may
flip-flop between the two states in a redox reaction (Esch et al., 2005; Korsvik et al.,
2007; Nelson et al., 2016). Alterations in this oxidation state results in oxygen
vacancies or deficiencies in the lattice structure due to the loss of oxygen and/or its
electrons. Interestingly, these changes are dynamic and may occur spontaneously or in
response to different physical parameters (Esch et al., 2005) or physiological
environments (Karakoti et al., 2008). Size is one of these important parameters as
more oxygen vacancies are generated when size decreases (Deshpande et al., 2005;
Reed et al., 2014). This finding has promoted the use of CeO, nanoparticles (CeO,NP,
nanoceria) as an antioxidant agent. Indeed, NPs such as nanoceria have emerged as
potential therapeutic agents to be used in various oxidative stress diseases/disorders,
including cancer (Celardo et al., 2011; Narayanan and Park, 2013; Walkey et al., 2015
Kwon et al., 2016). The potential antioxidant properties of nanoceria have been
evaluated in vitro using different cellular types including human colon and lung
fibroblasts (Colon et al., 2009, 2010) and breast epithelial cells (Tarnuzzer et al., 2005)
exposed to radiation, neuronal rodent cells exposed to glutamate (Schubert et al.,
2006), human umbilical vein cells submitted to H,O, (Chen et al., 2013), and human
bronchial epithelial cells exposed to potassium bromate (Rubio et al., 2016). In all the
cases, the treatment of cells with nanoceria resulted in cell protection in front of the
oxidative damage induced by the different pro-oxidant agents used.

These antioxidant properties have also been observed in in vivo models. Nude mice
pre-treated with intraperitoneal injections of nanoceria showed a decrease in the levels
of caspase 3-positive cells in the colonic crypt 4 hours after X-rays irradiation. In
addition, significant increases in the expression of SOD2 protein were observed,
suggesting that nanoceria is able to protect the gastrointestinal epithelium against
radiation-induced damage by anti-oxidant mechanisms (Colon et al., 2010). In a study
using a mice model of autoimmune encephalomyelitis of multiple sclerosis nanoceria
treatment significantly reduced the free radical levels in the brain, alleviating the clinical
symptoms and motor deficits associated with disease progression (Estevez and
Erlichman, 2014). Furthermore, this antioxidant ability was also observed in Drosophila
where nanoceria reduced the ROS levels induced by potassium bromate. At the same
time, nanoceria elicited an anti-genotoxic effect by reducing the frequency of induced

mutant clones (Alaraby et al., 2016).
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Despite these well characterized antioxidants properties of nanoceria, some
discrepant results have been published where nanoceria behaved as a pro-oxidant
agent (Yokel et al., 2014). This has been reported in human neuroblastoma cells
(Kumari et al., 2014), lung adenocarcinoma A549 cells (Mittal and Pandey, 2014), and
in melanoma 518A2 and colorectal adenocarcinoma HT-29 cell lines (Pesi¢ et al.,
2015). Although some emphasis has been put in the physicochemical characteristics of
the nanoceria used, more interesting is the approach pointing out on characteristics of
the cell type used. Differences between normal and cancer cells have been observed
(Perez et al., 2008) indicating that cancer cells would not be protected against H,O,-
induced oxidative stress due to their acidic microenvironment. In fact, in the recent
review carried out by Gagnon and Fromm (2015) authors reported more adverse
effects when cancer cells were used, in comparison with those studies using non-
cancer cells. Another important conclusion derived from this review is that the dose of
the compound does not seem to be an important factor playing part in the observed
effects, since adverse, null, and protective effects were found in different studies
independently of the administered concentration. To help elucidate the adverse/
protective effects of nanoceria in cancer cells we have determined the nanoceria-
associated changes in the levels of cisplatin-induced ROS in five different tumoral cells.
Cisplatin has shown to induce ROS (Lee et al., 2016) and these effects are ameliorated
by the use of antioxidant compounds as resveratrol and vitamin C (Lee et al., 2016;
Leekha et al., 2016). In addition, the role of the acidic environment of cell culture
medium was taken into account, as well as the genetic background of the normal vs
tumoral set of cells. Thus, the effects of nanoceria in mouse embryonic fibroblasts
transformed by 30 weeks of chronic arsenic exposure (AsT-MEF) -as indicated by
morphological changes, increased proliferation, deregulated differentiation status,
increased MMPs secretion, anchorage-independent cell growth and enhancement of
tumor growth and invasiveness (Bach et al., 2016)- where compared to its isogenic

normal counterparts.

Materials and methods

1.1. Cell lines and culture conditions

Five well known cancer cell lines namely A549, HCT116, Hep3B, Caco-2 and Hela
were used in this study. A549 is a human alveolar adenocarcinoma cell line provided
by Dr. G. Linsel (BAUA, Germany). HCT116 is a human colon cancer cell line provided
by Dr. M.A. Peinado (IRO, Spain). Hep3B is a human hepatoma cell line that was a

generous gift from Dr. R. Depping (Universitat Zu Libeck, Germany). Caco-2 is a
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human colorectal cancer cell line provided by Dr. V. Fessard (ANSES, France). HelLa is
a human cervical cancer cell line provided by Prof. Collins (University of Oslo, Norway).
We also used mouse embryonic fibroblasts (MEF) and their derived arsenic-
transformed counterparts (AsT-MEF) generated in one of our previous studies (Bach et
al., 2016).

A549, Caco-2, Hep3B and Hela cell lines were maintained in DMEM high glucose
medium (Life Technologies, NY, USA). HCT116 and MEF/AsT-MEF cell lines were
maintained in DMEM/F12 (Life Technologies, NY, USA). All cell lines were
supplemented with 10% foetal bovine serum (FBS; PAA®), 1% of non-essential amino
acids (NEAA; PAA®, Pasching, Austria and 2.5 pug/mL plasmocin (InvivoGen, CA, USA)
at 37 °C in a humidified 5% CO, incubator.

The A549 cell line was also used to study possible changes in nanoceria-associated
oxidant behaviour depending on cell culture characteristics. Two different cell culture
conditions were assessed in this case; acidic extracellular pH and starving conditions.
The compound 4-morpholineethanesulfonic acid hydrate (MES hydrate; Sigma-Aldrich,
MO, USA) was used to decrease the medium pH from 8.31 to 6.58. Deprivation of FBS
for 24 h in DMEM high glucose medium was used to starve A549 cells.

1.2. Nanoparticles characterization and dispersion

Nanoceria were purchased from Sigma-Aldrich (St Louis, MO, USA). According to
the manufacturer, size and density were <25 nm and 7.13 g/mL, respectively. To
ascertain the manufacturer’s information regarding size and morphology, transmission
electron microscopy (TEM; JEOL JEM-2011) was utilized. Besides, characterization of
hydrodynamic size and zeta potential of nanoceria dispersed cell culture medium by
dynamic light scattering (DLS) and laser Doppler velocimetry (LDV) methodologies,
respectively, was performed on a Malvern Zetasizer Nano-ZS zen3600 instrument. For
these measurements, nanoceria were pre-wetted in 0.5% absolute ethanol and
dispersed at 2.56 mg/mL in 0.05% bovine serum albumin (BSA) in double distilled
water by 16 min of sonication, according to the Nanogenotox protocol (Nanogenotox,
2011). Subsequently, the sonicated nanoceria were dispersed in DMEM high glucose
or DMEM/F12 with 10% FBS for the measurements.

1.3. Cell viability

Cell viability was determined by the Beckman counter method with a ZTM Series
coulter-counter (Beckman Coulter, CA, USA). This device accurately counts cells (1-
120 microns) with the Electrical Zone Method (EMZ) known as the Coulter Principle.

The different cell lines were plated in 6 well plates in triplicate at a density of 1 x 10°
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cells/well and incubated overnight. Cells were then treated with 2.5, 5, 10, 50 and 100
pug/mL nanoceria for 24 h. Viability was determined comparing number of cells of
treatments versus controls. Dead cells were removed washing two times with PBS
(Bach et al., 2016). Cell toxicity was calculated from averaging three independent

survival curves.

1.4. Assessment of intracellular generation of ROS by DCFH-DA and DHE assays

The intracellular generation of ROS was measured by flow cytometry using two
different assays, the 6- carboxy-2,7 -dichlorodihydro-fluorescein diacetate (DCFH-DA)
and the dihydroethidium (DHE) assays. All experiments performed with both protocols,
with the different cell lines, and also with different cell culture conditions, were
processed in the same way. Cells were seeded in ftriplicate in 24 well plates at a
density of 5 x 10* cells/well and incubated overnight. Next day, cells were pre-treated
with different concentrations of nanoceria for 2 h before the addition of 20 uM cisplatin
(Sigma-Aldrich, MO, USA) in the same medium up to 24 h. Subsequently, cells were
washed twice with PBS and incubated in the presence of 5 uyM DCFH-DA or 10 uM
DHE in serum free DMEM high glucose medium for 30 min at 37 °C. Cells exposed to
cisplatin alone were considered as positive control. After DCFH-DA and DHE exposure
cells were trypsinized and immediately analysed by FACS Calibur. Data were
evaluated using Flowjo Ver. 7.6.5 software. A minimum of three independent

experiments were carried out.

2. Results
2.1. Characterization of nanoceria

Different experiments were carried out to certify that the nanoceria used in the study
agreed with the specifications given by the supplier. In a first instance TEM images of
nanoceria were used to determine both morphology and size (Figure 1A). As observed,
they mostly showed cubic and triangular morphologies. Mean size distribution was
calculated by measuring over 100 particles in random fields of view resulting in values
of 9.52 + 0.66 nm diameter (mean * standard deviation) (Fig. 1B). This size matched
well with manufacturer’s indications (< 25 nm).

The average hydrodynamic radius and zeta potential values of nanoceria in
suspension were 93.17 £ 5.10 nm and -10.6 £ 1.3mV, respectively (Figure 1C). From
these values it could be inferred that nanoceria showed some aggregation or

agglomeration.
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2.2. Cell viability

Cell viability curves were carried out to determine the potential toxicity of nanoceria
in all selected cell lines. Cells were exposed to a wide range of concentrations (from
2.5 10 100 pg/mL) for a 24 h period. As observed in Figure 2, no significant toxic effects
were observed at the selected range of doses. The significant variations observed in
Figure 2A are considered as marginal since no dose-effects were observed.
Furthermore, the comparison between mouse embryonic fibroblasts transformed by 30
weeks of chronic arsenic exposure (AsT-MEF), with its concurrent control, did not show
differences in cell viability in the range of doses evaluated (Figure 2B).

From these results, 2.5, 5 and 10 yg/mL nanoceria concentrations were selected to
carry out the subsequent experiments evaluating the protective effects of nanoceria.
Toxicity of cisplatin was determined using A549 cells and a LC50 of 50 uM was
obtained (results not shown). Consequently, 20 uM was selected as a moderate toxic
concentration. This concentration did not produced significant toxic effects in the

different cell lines but produced a very clear increases in the levels of ROS.

3.3. Nanoceria effects on the levels of induced intracellular ROS

Flow cytometry was used to demonstrate intracellular ROS levels measured as
DCFH-DA and DHE fluorescence intensity. As observed in all the experiments,
exposure to cisplatin (20 uM, 24 h) produced high and significant increases of ROS in
all the cell lines, supporting our view that it is a good positive control.

The DCFH-DA results showed that the treatment with nanoceria alone (2.5, 5 and
10 pg/mL; 24 h) produced significant decreases in the levels of basal endogenous
ROS only in the HeLa cell line. The rest of cell types showed no significant variations in
ROS production after nanoceria treatment when compared to their corresponding
controls. For the combined exposures, cells were first treated with the different doses
of nanoceria for 2 h (to preadapt cells) and cisplatin was subsequently added until the
end of the 24 h-exposure period. Interestingly, all the combined treatments produced
significant decreases in the levels of ROS when compared to the values induced by
cisplatin alone as showed in figure 3. At this point it should be mentioned the results
obtained with the HCT cell line where antioxidant effects were obtained only at 5 pg/mL
of combined exposure; the effects observed at lower and higher concentrations (2.5
and 10 uyg/mL) did not reach statistical significance. The results obtained by DHE assay
confirmed the outcome previously observed with DCFH-DA. Thus, from the clear
increase induced in intracellular ROS by cisplatin in all the cells lines, combined
treatments with nanoceria produced significant scavenge of the oxidant molecules as

showed in Figure 4. As in the case of DCFH-DA the antioxidant effect of nanoceria in
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HCT cell line was weaker than in the other cell lines and although mild decreases were
observed in comparison with cisplatin alone, no statistically differences were observed.
From these results it is clear that nanoceria acts generally as an antioxidant agent on
all the selected cell lines.

As comparisons on the effects of nanoceria between normal and cancer cells in all
published studies have been done using cell lines with very distant genetic
backgrounds, we used the isogenic cell lines MEF and AsT-MEF to avoid the influence
of the genotype in the analysis. In our case MEF cells are non-tumorigenic whereas
AsT-MEF exhibit a cancer-like phenotype induced by chronic exposure to the
carcinogenic compound arsenic. As observed in Figure 5 and 6, the levels of ROS
produced in transformed cells in both assays were higher than the observed in the non-
transformed cells. Nevertheless, in both cell lines the antioxidant effect of the different
doses of nanoceria was evident in the combined exposures. In both cases very
significant decreases in the levels of ROS were observed.

Since cancer cells have an altered metabolism in comparison with normal cells, the
effects of nanoceria on A549 cells cultured in two different conditions were assessed in
this case using DFCH-DA. Acidic extracellular pH and starving conditions were
evaluated and the results are indicated in Figure 7. As observed, cisplatin induced high
levels of ROS regardless of the culture conditions, although the ROS levels obtained in
standard conditions were much higher than those observed in acidic and starving
conditions. On the other hand, treatment with nanoceria alone reduced significantly the
levels of basal endogenous ROS in cells growing in starving conditions. When
combined exposures were evaluated, all the combined treatments reduced significantly
the levels of ROS induced by cisplatin alone. From these results it is clear that the

antioxidant properties of nanoceria do not depend on the cell culture conditions.

3. Discussion

Our results do not support the idea of nanoceria behaving as a pro-oxidant
compound in cancer cells. The treatment of several cancer cell lines with nanoceria did
not enhance but reduces the levels of intracellular ROS induced by the potent pro-
oxidant compound cisplatin. In this way, the reported data do not support the
assumption that nanoceria acts either as an anti-oxidant or pro-oxidant compound
depending on cell characteristics. The use of two different standard assays for the
determination of the antioxidant potential of nanoceria gives strength to the obtained
results. Thus, although both assays determine intracellular ROS each one reacts with

different reactive molecules. While DCFH-DA penetrates cell membranes and reacts
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with H,O,, ONOOQ", lipid hydroperoxides, and, to a lesser extent with superoxide, DHE
reacts mainly with the latter. Therefore, these two assays cover the main panel of
intracellular ROS and its combination is a good choice to analyse the effect of
nanoceria in oxidative scenarios.

Different authors have supported the suggestive view that the higher sensitivity of
tumour cells to nanoceria, in comparison with the normal surrounding cells, would
reinforce the use of nanoceria as an antitumoral agent. This has been suggested for
different cell lines such as human neuroblastoma (Kumari et al., 2014) and lung
adenocarcinoma A549 (Mittal and Pandey, 2014) cell lines. PeSi¢ et al. (2015) also
observed a prooxidant behaviour in cancer cells by comparing a battery of four cancer
and four normal cell lines. Authors assumed that antioxidant capacity was damaged in
the cancer cells due to the prooxidant ability of nanoceria, and pointed out the idea that
selective killing of cancer cells by nanoceria may be related to the difference of
intracellular pH existing between cancer and normal cells. However, this hypothesis
was not proved and authors encouraged for further clarification. In this context our
results provide interesting data to help solving this controversy.

It must be pointed out that differential cytotoxicity is considered as one of the
greatest challenges in chemotherapy and that high efforts are being put to identify anti-
cancer drugs able to distinguish effectively between tumour and normal cells (Gao et
al.,, 2014). Dextran coated nanoceria was observed to protect normal cardiomyocytes
(H9c2) and human dermal fibroblasts (BJ) against hydrogen peroxide induced
cytotoxicity. In contrast, no protection was observed in lung carcinoma cells (A-549)
and breast carcinoma (BT-474) cells (Perez et al., 2008). Also, concentrations of
nanoceria (polymer-coated) that were non-toxic for stromal cells showed cytotoxic,
proapoptotic, and anti-invasive properties on melanoma cells (Alili et al., 2013). In this
study, human dermal fibroblast (HDFs) and human microvascular endothelial cells
(HMEC-1) were non-sensitive to 150 uM of dextran coated nanoceria, contrarily to what
occurs with melanoma cells (A375). Similar results were reported in pancreatic cells,
where pretreatment with nanoceria enhanced radiation-induced ROS production and
cell death, preferentially in human pancreatic cancer cells (L3.6pl), when compared to
normal pancreatic cells (hnTERT-HPNE) (Wason et al., 2013).

On the other hand different studies showed that cancer cells were protected by
nanoceria exposure, reinforcing our results. Thus, in the study of De Marzi et al. (2013)
authors used three different human tumoral cell lines (A549, Caco-2 and HepG2). Non-
important toxicity of nanoceria was observed after 24 h of exposure in A549 and Caco-
2, but HepG2 showed significant acute toxic effects. Interestingly, long-term (10 days)

exposures to nanoceria elicited toxic effects in all the used cell lines. In addition,
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nanoceria acted as a protector in the three cell lines in front of the oxidative stress
induced by H,O,, as evaluated using the comet assay. In the same direction, the
induction of apoptosis and ROS generation by the tumour necrosis factor-alpha (TNFa)
plus cycloheximide in the human histiocytic lymphoma cell line (U937) was significantly
reduced by nanoceria. Noteworthy, this reduction was much more significant than that
induced by classical antioxidants as trolox and N-acetyl cysteine (Gonzalez-Flores et
al., 2014). More recently nanoceria showed a protective effect on the oxidative stress
induced by paraquat in HelLa cells. This effect was observed for both nanoceria and
nanoceria containing nanoreactors, proving that both act as efficient ROS detoxification
systems (Spulberg et al., 2015).

Besides of their cancerous origin the standard stablished tumoral cell lines usually
present complex and unstable genomes prone to the accumulation of genetic changes.
Thus, these cell lines can differ notably between laboratories, complicating the
comparisons. On the other hand, the different genetic backgrounds existing between
the normal and cancer cells used to compare the effects of nanoceria can suppose a
limitation, as genome may influence the outcome. To avoid such uncertainties we have
extend our study by using two recently generated isogenic normal and transformed cell
lines (MEF and AsT-MEF). AsT-MEF was obtained by 30 weeks of chronic exposure to
the carcinogenic compound arsenite, and showed all features of cancer cells such as
spindle-like morphology, increased proliferation, de-regulated differentiation status,
increased MMPs secretion, anchorage independent cell growth and enhancement of
tumour growth and invasiveness (Bach et al., 2016). A protective effect of nanoceria
was again observed in both MEF and AsT-MEF cells, reinforcing the idea that the
tumoral origin or phenotype is not a sufficient strong cell characteristic to modulate the
pro-oxidant/anti-oxidant attributes of nanoceria.

It is well stablished that tumours, and consequently tumour cells, have a different
metabolism compared to normal cells (Vander Heiden et al., 2009). A common
distinguishing feature of solid tumours is the presence of an acidic extracellular
environment due to an upregulated glycolitic activity and production of lactic acid (Wu
et al., 2007). In these conditions tumour cells show as extremely efficient in maintaining
tumour cell pH in the alkaline range, despite the acidic surroundings (Parks et al.,
2013). This acidic pH could affect the conversion of Ce*" to Ce*, disrupting the
reversibility of the redox system and consequently inhibiting the ability of nanoceria to
scavenge more radicals (Perez et al., 2008). In this scenario, cancer cells would be
only able of catalysing the conversion of highly unstable superoxide to far more stable
H.O,, as acidic pH has been shown to inhibit the catalase activity of nanoceria (Alili et

al., 2011; Wason and Zhao, 2013). To prove this hypothesis we acidified the medium of
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our cancer cell line A549 by changing the pH from 8.31 to 6.58, and also by deprivation
of FBS. We observed a significant decrease in the basal levels of ROS when treating
with CeNPs in A549 cells and in starving conditions. No similar data have been found
in the literature. We assume that this can be due to the ability of nanoceria of
interacting and modulating free radicals, independently of the existing levels of ROS.
Indeed, in the present study nanoceria behave as an antioxidant in almost all cell types
analysed, but the strength of this ability is not equal in all of them, which can also
explain the results obtained at the highest concentration of nanoceria in acidic
conditions. Nevertheless, our results indicate that in neither of these culture conditions
pro-oxidant behaviour of nanoceria was observed. At this point it should be indicated
that the changes in the proportions of Ce**/Ce®* observed by Perez et al. (2008) were
done in acellular experiments where pH was acidified to 4.0, far away from the pH
obtained in our experiment.

Summing up, our results do not support the general view that tumour cells present
special sensitivity when compared to normal cells. Although cell characteristics could
modulate in some way the observed outcome, physicochemical characteristics of
nanoceria should be taken into account as more determinant modulators (Dowding et
al., 2013; Grulke et al., 2014; Pulido-Reyes et al., 2015). Various factors, including
synthetic routes, composition, purity, particle size, surface charge, and the use of non-
stabilized nanoceria for in vitro studies have been proposed to explain the
discrepancies between studies (Heckman et al., 2013). In fact, the efficiency of
nanoceria particles has been associated with the decreasing particle size, which
induces specific control of oxygen vacancies and determines their reactivity (Zhang et
al., 2002). In addition, nanoceria aggregation in solution is supposed to be responsible
for a decrease in their scavenging efficiency (Xue et al., 2011) and, furthermore,
coating is also an important factor modulating nanoceria properties. Dextran coated
nanoceria was demonstrated to show long-term stability in aqueous solutions without
precipitation and without losing the protective effects towards agents inducing oxidative
damage (Perez et al., 2008). In the same way, encapsulation of nanoceria in polymer
vesicles reduced their toxicity, but preserving their antioxidant characteristics (Spulberg
et al., 2015).

In conclusion, our results indicate that tumoral cell characteristics are not enough to
explain the contradictory antioxidant/prooxidant activity reported for nanoceria. Other
factors should be explored to completely understand the differential effects reported for

nanoceria in different systems.
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FIGURE LEGENDS

Fig. 1. (A) Representative TEM image of nanoceria in pristine form. (B) Size
distribution of nanoceria over 100 particles. (C) Values of average size and charge in
culture medium by pre-wetting with 0.5% volume and steric stabilization using sterile-
filtered 0.05% w/v BSA. Data represented as mean + SEM.

Fig. 2. Cell viability data for the selected cell lines after nanoceria exposure. (A) Cell
viability for standard cancer cell lines. (B) Cell viability for the isogenic normal (MEF)
and transformed (AsT-MEF) cells. Cells were treated with a range of nanoceria
concentrations in exposures lasting for 24 h. Viability data are plotted with respect to
the control (untreated), which was set as 100%. *Statistically significant (P<0.05)

differences.

Fig. 3. Levels of intracellular ROS measured by DCFH-DA in the different cancer cell
lines. Cisplatin (20 uM, 24 h) was used as powerful agent inducing ROS (positive
control). Cells were exposed to different concentrations (2.5, 5 and 10 pg/mL) of
nanoceria for 24 h alone or in combination with cisplatin. Combined exposures
supposed the addition of nanoceria for 2 h prior to the exposure to cisplatin until the
end of the 24 h-period. Dotted line corresponds to 200% fold increase.Statistically
significant differences ®(P<0.01), ©(P<0.001) versus the negative control, and
3(P<0.05), °(P<0.01), °(P<0.001) versus the positive control (cisplatin).

Fig. 4. Levels of intracellular ROS measured by DHE in the different cancer cell lines.

The information about this graph corresponds exactly with the described in Figure 3.

Fig 5. Intracellular ROS levels obtained by DCFH-DA observed in normal MEF cells
and the transformed AsT-MEF cell lines. Cells were assessed for ROS intracellular
production after cisplatin, nanoceria, and the combined exposures. In all cases
exposures lasted for 24 h. Statistically significant differences #(P<0.05) versus the

negative control, and °(P<0.001) versus the positive control (cisplatin).

Fig. 6. Intracellular ROS levels obtained by DHE observed in normal MEF cells and the
transformed AsT-MEF cell lines. The information about this graph corresponds exactly

with the described in Figure 5.

Fig 7. Intracellular ROS production of A549 cell line cultured in forced conditions
measured by DCFH-DA. Different cell culture proceedings, being starving and acidic

conditions. Cells were treated with cisplatin, different nanoceria concentrations, and the
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combined exposures. In all cases exposures lasted for 24 h. Dotted line corresponds to
500% fold increase. Statistically significant differences *(P<0.05), ®(P<0.01) versus the
negative control, and ?(P<0.05), °(P<0.01), °(P<0.001) versus the positive control
(cisplatin).

FIGURES

Figure 1.
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Figure 6.
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6.2. Annex 2: Study 3

Nanoceria do not protect lung epithelial cells from the transforming effects of

tobacco long-term exposure

Submitted paper
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Abstract

Background: Cerium oxide nanoparticles (nanoceria) have been proposed as a new
promising agent in the treatment of different diseases, including cancer. However,
several biosafety concerns need to be solved before its use in biomedical applications

i.e. the lack of toxicological data under long-term exposure and co-exposure scenarios.

Methods: We evaluated the transforming effects of long-term exposure to nanoceria in
lung epithelial BEAS-2B cells, along with the effects associated to a common plausible
tobacco co-exposure. BEAS-2B cells continuously exposed to 2.5 ug/mL of nanoceria
alone or in combination with 1 and 5 pg/mL of tobacco smoke condensate (CSC) for up
to 6 weeks were monitored for changes associated with the acquisition of an oncogenic

phenotype.

Results: Results evidence no transforming ability of nanoceria in BEAS-2B cells.
However, results support a synergistic role on CSC transforming ability, as cells co-
exposed to nanoceria-plus-CSC, when compared to cells exposed to CSC alone,
showed a more noticeable spindle-like phenotype, an increased proliferation rate,
higher degree of differentiation status dysregulation, higher migration capacity,
increased anchorage-independent cell growth and a secretome with higher levels of
MMP-9 and cell growth promoting capability. When mRNA expression of FRA-1 was
evaluated as a mechanism of tobacco-induced transformation, nanoceria co-exposure

was again found to exacerbate the observed expression changes.

Conclusions: Long-term nanoceria exposure cannot be considered safe as it may
increase the oncogenic potential of other environmental agents. More attention needs
to be paid to long-term approaches prior to an eventual application of nanoceria in

biomedicine.

Keywords: CeO,NP, Nanoceria in vitro long-term exposure, Tobacco smoke

condensate co-exposure, Cell transformation, Lung BEAS-2B cells.
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Background

Hundreds of thousands of products containing nanomaterials (NM) have been settled
in industry and in regular consumer products over the last years, due to the new and
useful properties of materials at the nanometric scale. Several estimates suggest that
the use of NM will continue experiencing an exponential increase, as substantial
economic and technical resources are being dedicated to the study and design of new
NM with industrial applicability. On the other side of the coin, the effects in
occupationally and environmentally exposed population are uncertain, and the situation
aggravates if we take into account that -precisely due to its small size- NM are able to
strongly react with biologic material. The European Agency for Safety and Health at
Work (EU-OSHA) has quantified in 20 years the discrepancy between the knowledge
of the commercially available NM-associated effects and its impact on human health
and environment [1]. We are facing a new scenario of exposure that needs the
development of new aproaches to be used for a correct risk assessment, and to
establish a regulatory framework where the exploitation of the new properties of NM is

done guarantying the safety of the general population.

In the particular case of cerium dioxide nanoparticles (CeO,NP, nanoceria), its
availability as one of the most abundant rare earth oxides has prompted research on
the synthesis and development of functional ceria nanoparticles. As a result, nanoceria
is increasingly used in a variety of industrial and commercial applications, including
catalysis [2] -as a diesel fuel additive to increase fuel combustion efficiency and
decrease soot emissions [3]-, in chemical mechanical planarization/polishing [4], in
semiconductors, in toner formulations [5], and as an additive in various
nanocomposites, as reviewed [6]. The inevitable increase in consumer and
occupational exposures raises the need for a comprehensive toxicological
characterization of nanoceria [7]. Noteworthy, several companies and organizations
have already identified nanoceria as a high priority material for toxicological evaluations
[8, 9].

Nowadays, the medical and cancer applications of NP are considered as one of
the most promising fields of nanotechnology [10]. Among the already implemented
uses are drug delivery, gene therapy and cancer diagnosis and treatment [11]. In this
sense, metal oxide NP are gaining interests in the scientific and medical communities
[12]. Out of several metal oxide compounds with such potential applications, nanoceria
have emerged as a promising therapeutic agent to be used in various oxidative stress
diseases/disorders, including cancer [13]. From the chemical point of view, cerium can

exist in two oxidation states, Ce®*" and Ce*". At the nanoscale, the structure of
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nanoceria permits the coexistence of both oxidation states on the surface. This
coexistence, along with its low reduction potential, allows nanoceria to switch between
the two oxidation states, catalyzing ROS-detoxifying reactions while simultaneously
regenerating reduced Ce>* ions on the NP surface [14]. Thus, nanoceria is consistently
shown to exhibit superoxide dismutase (SOD)-mimetic activity [15], as well as catalase-
mimetic activity [16], supporting its applicability in the treatment against diseases
related with increasing levels of reactive oxygen species (ROS), even as an antitumoral

agent, since it is known that ROS contributes to cell transformation.

Previous studies in our Group corroborated the ability of nanoceria to quench ROS
induced by potassium bromate, a well-known oxidant agent, in lung epithelial BEAS-2B
cells [17]. In that work, several biological markers of damage and stress were found to
be decreased by nanoceria, including cell mortality, genotoxic and oxidative DNA
damage and expression of the oxidative stress-induced genes SOD2 or HO-1,
corroborating the beneficial effects of nanoceria as an antioxidant agent in lung
epithelial cells under an acute regime of exposure. Other authors have been able to
show the same protective effect in vitro using different cellular types including human
colon, lung fibroblast and breast epithelial cells acutely exposed to radiation [18-20],
neuronal rodent cells acutely exposed to glutamate [21], and human umbilical vein cells
submitted to acute doses of hydrogen peroxide [22]. These antioxidant properties have
also been observed in in vivo models. Mice pre-treated with nanoceria showed an
amelioration of the gastrointestinal radiation-induced damage by anti-oxidant
mechanisms [20]. Also, nanoceria treatment significantly reduced the free radical levels
in the brain of mice with autoimmune encephalomyelitis of multiple sclerosis,
preventing from disease progression [23], and it was able to reduce the ROS levels
and the genotoxic effects induced by potassium bromate in Drosophila [24]. Despite
these experimental evidences, several discrepant results have been published where
nanoceria behaved as pro-oxidant agent [25] and/or exhibit signatures of
toxicity/genotoxicity both in vitro and in vivo, as reviewed [26]. This controversy
regarding its antioxidant behaviour along with its concerns of biosafety evidence the
need of further research before this interesting catalytic material can be applied in
biomedical applications with security. Although in vitro studies have certain limitations
to represent kinetics and biodistribution of nanoceria -and NP in general- taking part in
an in vivo exposure, they are useful to resolve some of the many unknowns of
nanoceria’s adverse effects. In vitro studies can be used for long-term exposure at low
environmentally relevant doses, to analyse cell transformation, to compare short vs

long-term effects, to characterize effects of long-term co-exposures, and to assess
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mechanisms of genotoxicity/carcinogenicity, all of this points being recommendations
necessary to clarify the safety and usefulness of nanoceria as a therapeutic antioxidant
agent [26]. Taking this into account, in the present work we have used BEAS-2B cells
as an in vitro pulmonary model of long-term exposure to nanoceria, as inhalation is the
most likely route of human unintentional exposure to nanoceria. To evaluate the safety
of the exposure (2.5 yg/mL of nanoceria for 6 weeks), several hallmarks of cancer were
analysed through the exposure period. The same was done to evaluate nanoceria
potential antioxidant protective effect, in this case in BEAS-2B cells co-exposed to
nanoceria and tobacco smoke condensate. Cigarette smoke is the most important
environmental risk factor for the development of lung cancer and it is known to have

carcinogenic potential in the lung by oxidant mechanisms of action [27, 28].

Methods
Cigarette smoke condensate and cerium oxide nanoparticles

Cigarette smoke condensate (CSC) was purchased from Murty Pharmaceuticals
(Lexington, KY, USA). As per the manufacturer’s protocol, CSC was prepared by
smoking University of Kentucky’s 3R4F Standard Research Cigarettes on an FTC
Smoke Machine. The condensate was extracted with DMSO by soaking and sonication
to prepare a 4% (40 mg/mL) solution. Cerium dioxide nanoparticles (CeO,NPs;
nanoceria) were bought from Sigma-Aldrich (St Louis, MO, USA). According to
previous studies in our lab, its size distribution averages 9.52 nm in diameter [17]. For
the chronic treatment, CeO,NPs were pre-wetted in 0.5% absolute ethanol and
dispersed at 2.56 pg/mL in 0.05% bovine serum albumin (BSA) in sterilized Milli-Q
water (Millipore, MA, USA) by 16 min of sonication.

Cell culture and in vitro long-term exposure

BEAS-2B lung epithelial cells were originally provided by Dr. H. Norppa (Finnish
Institute of Occupational Health) and were grown as a monolayer with DMEM medium
(Gibco, Paisley, UK) supplemented with 10% fetal bovine serum (FBS; PAA, Pasching,
Austria), 1% non-essential amino acids (NEEA; PAA) and 2.5 pg/mL plasmocin
(InvivoGen, CA, USA). Colorectal carcinoma HCT116 cells were cultured in DMEM/F12
medium (Gibco, Paisley, UK) containing 10% FBS, 1% NEEA and 2.5 pg/mL
plasmocin. All cell lines were maintained in a humidified atmosphere of 5% CO, at 37
°C. BEAS-2B cells were continuously exposed for 6 weeks to 1 and 5 ug/mL sub-toxic
concentrations of cigarette smoke condensate (CSC1 and CSC5), 2.5 yg/mL nanoceria

or the combinations (Ce+CSC1 and Ce+CSC5). Concentrations of CSC were selected
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based on 24 and 48 h toxicity data (data not shown). Nanoceria concentration was
chosen according to previous data showing the highest antioxidant effects in BEAS-2B
cells [17]. BEAS-2B cells were maintained in T-75 flasks and passaged weekly at a cell
density of 0.5x10° cells. Medium was replaced every 48 h and passage-matched

controls were maintained for comparisons.
Cell morphology

Cell morphology was assessed throughout the exposure period by inverted
microscopy. Images (20X objective) of the different treatments were taken at the end of

the exposure period.
Cell proliferation

BEAS-2B cells treated with CSC and/or nanoceria were assessed for cell proliferation
at the end of the exposure period. Treatments and passage-matched controls were
plated in triplicates at 1x10° in 6-well plates and grown for three days under normal
conditions. At 24-h intervals, cells were collected by trypsinization and counted by
Beckman Coulter® method. Proliferation was defined as time necessary for a
population doubling to occur and was calculated according to the equations referred in

http://www.doubling-time.com/compute.php.
Total RNA extraction and real-time RT-PCR

Expression changes associated with the differentiation cell status were assessed
throughout the exposure by real-time RT-PCR. Total RNA from BEAS-2B cells was
extracted using TRIzol® Reagent (Invitrogen, CA, USA) following the manufacturer’s
instructions. RNase-free DNase | (DNAfreeTM kit; Ambion, UK) was used to remove
DNA contamination. The first-strand cDNA synthesis was performed using 1 ug of total
RNA and the transcriptor first-strand cDNA synthesis kit (Roche, Basel, Switzerland).
The resulting cDNAs were subjected to real-time 385 well plate PCR analysis on a
LightCycler 480, to evaluate the relative expression of different genes. Epithelial to
mesenchymal transition markers (CDH2, Vimentin, Acta2, CDH1, ZO1, PTEN) were
analysed during week 0 (24 h treatment), 1, 2 and 4. FRA-1 was analysed at week 6 of
treatment as a CSC-related marker of carcinogenesis mechanism. The expression of
B2M was used in all cases as the housekeeping control. The primers used are listed in
supplementary Table 1. Each 20 uL of reaction volume contained 5 uL of cDNA, 10 pyL
of 2xLightCycler 480 SYBR Green | Master (Roche, Manheim, Germany), 3 uL of H20
and 1 pL of each primer pairs at a final concentration of 100 nM. The cycling

parameters began with 95 °C for 5 min, then 45 cycles of 95 °C for 10 s, 61 °C for 15 s
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and 72 °C for 25 s. Cycle time (Ct) values were calculated with the LightCycler

software package and then normalized with B2M data.
Wound healing assay

The migration assay was performed to evaluate the effect of the different treatments in
cell mobility at the end of the exposure period. Cells were seeded in a 24 well plates by
triplicates at 0.8x10° cells per well and allowed to reach confluency. A scratch was
made on the monolayer using a 200 uL pipette tip, and then washed with PBS twice to
remove the floating cells and debris. DMEM 2% FBS was used to slow down the cell
division. Three precise coordinates of each wound was photographed using an inverted
microscopy at 4 h-intervals for 12 h. The wound area of each time point was measured
using Imaged software and the percentage of wound closing was calculated and

compare to that of control cells.
Soft-agar assay

Colony formation in soft-agar was performed in long-term exposed BEAS-2B cells and
passage-matched controls at the end of the exposure period, as previously described
[29], to assess the cell’s capacity for anchorage independent growth. BEAS-2B cells for
the different treatments were collected and passed through a 30-um mesh to obtain
single cell suspensions. Subsequently, 6.5x10* cells in 1.75 mL of DMEM containing
10% of FBS, 1% NEEA, 1% and 2.5 pg/ mL plasmocin were mixed in a 1:1:1 ratio with
2xDMEM containing 20% of FBS, 2% NEEA, 2% L-Glu 200 mM and 2% of penicillin—
streptomycin and with 1.2% of bacto-agar (DIFCO, MD, USA). This mixture was
enough to prepare triplicates containing 2x10* cells each by dispensing 1.5 mL of the
mixture over a 0.6% base agar (in supplemented 2xDMEM) in each well of a 6-well
plate. Plates were allowed to sit for 45 min and then kept in the cell incubator for 30
days. Cells that were able to form colonies were stained by 24-h incubation with 1
mg/mL of (2-p-iodophenyl)-3-3(p-nitrophenyl)-5-phenyl tetrazolium chloride (INT;
Sigma, MO, USA). Plates were scanned and colony counting was performed using the
colony cell counter enumerator software OpenCFU (3.9.0) [30]. A modified version of
the assay was performed using 72 h conditioned media (CM) from long-term exposed
BEAS-2B and passage matched controls to assess its capacity of promoting the growth
of surrounding tissue. HCT116 cells were collected and passed through a 30-um mesh
to obtain single cell suspensions. Subsequently, 3.5x10* cells were suspended in 1.75
mL of BEAS-2B CM and mixed in a 1:1:1 ratio with supplemented 2xDMEM and 1.2%
of bacto-agar. This mixture was enough to prepare triplicates containing 1x10* cells in

each well. The following remaining steps were performed as indicated above. HCT116
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cells in top-agar mixture with and without FBS were used as positive and negative

controls, respectively.
Secretion of MMP-9 by zymmography

The activity of secreted matrix metalloproteinase 9 (MMP-9) was examined in
chronically exposed BEAS-2B and passage-matched controls at the end of the
exposure period. Cells were cultured in basal medium (without serum or supplements)
for 72 h, the CM was collected and secreted MMP-9 activity was measured by a
standard zymographic method with reagents from Bio-Rad (Hercules, CA, USA)
following the manufacturer’s instructions. Briefly, samples were resolved in 10%
precast gels with gelatine by SDS-PAGE at 100 V for 90 min and then incubated in 1x
zymogram renaturing buffer for 30 min. Subsequently, gels were incubated overnight
with 1x zymogram-developing buffer at 37 °C to achieve maximum sensitivity. Gels
were then stained with 0.1% of Coomassie brilliant blue R-250 for 1 h and distained in
methanol/acetic acid/dH20 solution (4:1:5) until the areas of protease activity appeared
as clear bands against a dark blue background. The area of the bands was measured

densitometrically using the ImagedJ analysis program.
Statistics

Unpaired Student’s f-test or analysis of variance followed by Dunnett's multiple
comparison test was performed, as appropriate, to compare treated cells with
untreated time-matched controls at respective time points. In all cases, a two-sided P <

0.05 was considered statistically significant.

Results
Cell morphology and proliferation of long-term exposed BEAS-2B cells

Evaluation of cell morphology and growth properties of CSC and/or nanoceria-exposed
BEAS-2B cells through the exposure showed that at week 6 cells started to exhibit
different morphology patterns, depending on the treatment. Control cells, cells exposed
to nanoceria alone (Ce 2.5 uyg/mL) and cells exposed to the lower dose of CSC (CSCH1;
1ug/mL) showed no appreciable changes in cell morphology during the complete
duration of the exposure (Figure 1A). Cells exposed to the higher dose of CSC (CSC5;
5 pg/mL) and co-exposed Ce+CSC1 and Ce+CSC5 cells exhibited spindle-like shape
and tended to lose cell adhesion. Interestingly, at the same time-of-exposure, cells co-
exposed to tobacco and nanoceria showed a clear increase in the proliferation rate

when compared with time-matched controls or cells exposed to CSC alone (Figure 1B).
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In fact, population doubling times of the above mentioned co-treatments decreased
from 23.291£1.72 h of CSC1 to 16.46+0.31 h of Ce+CSC1, and from 18.55+0.09 h of
CSC5 to 14.81£0.30 h of Ce+CSC5. Exposure to nanoceria alone showed no effects in

the proliferation rate.
Differentiation status of long-term exposed BEAS-2B cells

The altered mRNA expression of CDH2, VIM, ACTA2, CDH1, ZO1 and PTEN genes in
BEAS-2B cells, long-term exposed to CSC and/or nanoceria, were studied as
indicators of epithelial to mesenchymal transition and cellular differentiation status
(Figure 2 and 3). Overall, all treatments showed a certain degree of dysregulation of
gene signatures responsible for BEAS-2B’s differentiation program, although with
marked differences between them. Thus, the mesenchymal identity markers CDH2,
VIM and ACTAZ2 (Figure 2 A and 3A) experienced a progressive increased over time
for cells exposed to nanoceria alone, indicating that in this case the treatment is
affecting cells at the molecular level. Conversely, treatments with both doses of CSC
tended to maintain the level of expression of this markers below controls, being this
effect more pronounced in the case of co-exposed cells to nanoceria and CSC, where
we can observe the “U shape” behaviour described before in other cell transformation
studies [29]. When it comes to the epithelial markers CDH1 and ZO1 (Figure 2B and
3B), we observed that the treatment with nanonceria alone only produce very mild
changes with respect to control cells, whereas cells exposed to CSC alone or in
combination with nanoceria evidenced a clear mRNA downregulation. Finally, long-
term exposure to nanoceria alone did not produce changes in the tumor suppressor
gene PTEN, but a downregulation was observed in cells exposed to CSC, being more
pronounced when combined with nanoceria (Figure 2C and 3C). As noticed in the
figures, the week 4 of treatment is the time where higher differences were observed
between CSC alone or in combination with nanoceria, suggesting that this is a relevant
time-point in terms of regulation of differentiation status at the molecular level under the

studied regime of exposure.
Migration ability of long-term exposed BEAS-2B cells

The migration process is an intrinsic cell ability that becomes dysregulated in early
stages of cell transformation and, therefore, useful to study the initiation process. When
cells were analysed after 6 weeks of treatment, a significant increase in the degree of
migration capacity was evident only in cells exposed to the higher dose of CSC and
cells co-exposed to nanoceria and CSC (Figure 4). No cellular migratory ability was

observed before (data not shown). Results showed a faster wound closure in cells
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exposed to Ce+CSC1, CSC5 pg/mL and Ce+CSC5 treatments, compared with its time-
matched controls. No differences were observed in cells exposed to nanoceria alone or
to the lowest dose of CSC.

Anchorage-independent growth ability of long-term exposed BEAS-2B cells

Although the soft-agar assay (anchorage-independent colony formation assay) does
not mimic the whole carcinogenesis process in vivo, the promotion of anchorage-
independent cell growth is considered a good biomarker of cell transformation
processes, linked to the acquisition of cancer-like phenotype. We have analysed the
effects, over the exposure time, and observed significant changes in this cancer
features at week 6 (Figure 5). As shown in the figure, slight and non-biologically
relevant changes are seen in cells exposed to nanoceria alone or CSC1 alone, but
relevant increases were observed for Ce+CSC1, CSC5 and Ce+CSC5. Of special
interest here is the comparison of CSC5 vs Ce+CSC5, as a significant increase in the
ability to grow independent of anchorage of around 1.5-fold was observed in the co-
treated cells, indicating again that nanoceria is exacerbating the effects induced by
CSC.

Secretome of long-term exposed BEAS-2B cells

The extracellular matrix modulators matrix metalloproteinases (MMPs) are known to
influence local cancer cell invasion and distant metastasis, and enhanced MMPs
activities are often found in transformed cells. Its abundancy in the secretome of
exposed cells is often representative of the amount of other tumor-related secreted
factors present. When the secreted MMP-9 activity was evaluated in BEAS-2B cell’'s
secretome during the course of the exposure, an increase was observed in CSC1,
Ce+CSC1, CSC5 and Ce+CSC5-exposed cells, when compared to time-matched
controls (Figure 6), evidencing a cancer-like feature. However, MMP-9 activity was
lower in the co-exposed cells than in cells exposed to CSC alone, suggesting that co-
treatment was, in this particular case, beneficial. No effect was observed in cells

exposed to nanoceria alone.

To better test whether co-exposed cells present a secretome with lower cancer-
related factors and thus with lower potential of influencing growth promotion, we
evaluated the ability of the different secretomes to promote the expansion of cancer
HCT116 cells by the modified colony-forming assay. As seen in Figure 7, co-exposed
cells significantly increased the size of the HCT116 colonies, when compared to cells
exposed to CSC alone, indicating that MMP-9 did not reflect the abundancy of other

factors present, and demonstrating that nanoceria co-exposure negatively influences
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the cell’'s secretome ability to promote tumoral cell growth. The colony sizes were
173.2+4.0 ym in controls, 225.942.5 ym in Ce+CSC1 and 265.7+4.6 uym in Ce+CSCS5.

Nanoceria treatment alone was not found to influence cell’s secretome.

FRA-1 dysregulation as a mechanism of transformation in long-term exposed
BEAS-2B cells

The dysregulation of Fos-related antigen 1 (FRA-1) expression was studied here as it
is known to play part in the carcinogenesis associated to CSC exposure. FRA-1 mRNA
levels were analysed through the exposure using qPCR. At week 6 of exposure,
Ce+CSC1, CSC5 and Ce+CSCb5-exposed cells showed a very drastic decrease in
FRA-1 expression, being in the Ce+CSC5 case 0.12-fold of controls. Conversely, Ce
2.5 yg/mL and CSC1 ug/mL evidenced a raise of expression over controls (Figure 8).
Interesting here is the fact that cells that showed positive for most of the rest
biomarkers of cell-transformation studied -Ce+CSC1, CSC5 and Ce+CSC5- were
found here to exhibit a differential pattern of FRA-1 dysregulation, supporting a role of

FRA-1 in the carcinogenesis process associated to CSC and Ce+CSC exposure.

Discussion

There has been a rapid growth in the nanotechnology field towards the development of
nanomedicine products to improve therapeutic strategies against cancer [10]. These
nanomedical agents have been shown to improve the pharmacokinetic and
pharmacodynamic properties of conventional treatment agents and may enhance the

efficacy of existing anticancer compounds with less toxicity [10].

Nanoceria particles can reversibly bind oxygen and shift oxidation states
(Ce**/Ce**) depending on the environment [23]. This interconversion of oxidation states
gives rise to a large number of oxygen vacancies on the surface of nanoceria and it is
the key property that makes it a potent antioxidant agent, and an interesting candidate
for the treatment of diseases characterized by increased ROS levels, including cancer.
However, several issues need to be resolved before this interesting catalytic material
can be applied in biomedical applications with security. One of them lies in the fact that
literature evidences concerns regarding its biosafety using in vitro and in vivo models
and different types of exposure. Although the acute effects of nanoceria are very low,
toxic and genotoxic increases with exposure time have been reported, possibly due to
nanoceria's biopersistence. In this way, accumulated doses produce granuloma in the
lung and liver, and fibrosis in the lung, among other effects, as reviewed [26].

According with its biopersistence and increased toxicity with time, there is a risk that
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long-term exposure to low nanoceria levels may eventually lead to adverse health
effects. In this context, a correct evaluation of the nanoceria-associated health risk
requires to consider a long-term or chronic scenario of exposure at environmentally
relevant doses of the compound. Despite its limitations, the use of in vitro models in
long-term scenarios can be in this sense adequate and useful, as they allow analyzing
cell transformation effects, an end-point poorly explored so far. To date only few
studies have explored the importance of long-term exposures for assessing the
carcinogenic potential of NP. These include chronic exposures to sub-toxic doses of
TiO,NP which led to chromosomal instability and cell transformation in fibroblast cells
[31], as well as in human lung epithelial cells (BEAS-2B) [32]. Similarly, CONP were
carcinogenic via oxidative stress mechanism in mouse embryonic fibroblasts after 12
weeks of exposures with low doses [33]. Additionally, a few studies reported the
possible carcinogenic potential of carbon nanotubes (CNT) after long-term exposure
showing that CNT could cause malignant or neoplastic-like transformation in human
lung epithelial (MeT5A) cells [34-36], as well in BEAS-2B cells [37]. In the present
study, 6 weeks of long-term exposure of BEAS-2B cells to 2.5 ug/mL of nanoceria did
not produce any significant changes in cellular morphology, proliferation rate, migration
ability, anchorage-independent cell growth capacity or secretome’s MMP-9 content and
cell growth promoting capability. Thus, according to our data, nanoceria alone showed
secure in terms of carcinogenesis, at least taking into account the in vitro cancer-like

phenotype characteristics evaluated here.

Another issue that faces nanoceria applicability in therapy is the fact that its
antioxidant effects have not been observed by some authors, yet they observed the
contrary pro-oxidant effect. Nanoceria physico-chemical characteristics such as shape
or size have been proposed as the source of this variation, and also some
characteristics of their surrounding environment such as the pH [38]. Thus, i.e., no
protection was observed in lung carcinoma cells (A-549) and breast carcinoma (BT-
474) cells against hydrogen peroxide [39], polymer-coated nanoceria at relatively low
concentrations were found to be cytotoxic and pro-apoptotic on melanoma A375 cells
[40], and pretreatment with nanoceria enhanced radiation-induced ROS production and
cell death in human pancreatic L3.6pl cancer cells [41]. In the present work, the
protective co-exposure effect of nanoceria was evaluated using a long-term in vitro
approach. Thus, BEAS-2B cells were continuously exposed to 1 and 5 ug/mL of
tobacco smoke condensate (CSC) alone. Active and second-hand exposures to
tobacco are frequent in the population and it is believed that 80% to 90% of all

respiratory cancers are related to active smoking. As occurs with nanoceria, CSC

132



Annexes

targets mainly the lung [27]. The mixture of chemicals contained in CSC is elevated
and thus different mechanisms of action may be taking part in the CSC-induced
malignant transformation. Among them, ROS production and oxidative stress-induction
are well-studied tobacco mechanisms of carcinogenesis [42]. In the present work, 6
weeks of treatment to CSC induced intrinsic and extrinsic cancer-like features in lung
BEAS-2B cells, as indicated by the appearance of spindle-like cell morphology,
increased proliferation rate, dysregulation of cellular differentiation status and down-
regulation of the suppressor gene PTEN, increased migration ability and increased
anchorage-independent cell growth capability. Interestingly, continuous co-exposure of
CSC with 2.5 yg/mL of nanoceria was unable to protect from the above mentioned
effects of tobacco. Contrary, co-exposure to nanoceria exacerbated the observed
effects of one or the other dose of CSC in all analysed end-points and, moreover,
induced important cancer-related changes in the secretome of co-exposed cells that
were not observed when cells were exposed to CSC alone. Therefore, it would be of
interest to evaluate the effect of nanoceria co-exposure using other relatively common
environmental toxicants such as tobacco smoke, as the implications of the potential
negative effects on human health would be of big importance. Of note also here is the
fact that the duration of the exposure is something to take into account when examining
nanoceria biological properties, as short-term nanoceria exposure using the same

model system was found by us to be beneficial in one of our previous works [17].

As mutations in the PTEN gene and loss of PTEN expression have both been
associated with a wide range of human tumors [43](Salmena et al. 2008), the transcript
down-regulation found here may be of interest in terms of CSC+nanoceria carcinogenic
mechanisms. In the same direction, FRA-1 is one of the most common components of
AP-1, a basic leucine zipper (bZIP) transcription factor that regulates diverse genes
and cellular processes such as cell proliferation, differentiation, invasion and apoptosis,
among others [44](Young and Colburn 2006). Thus, FRA-1 is thought to play an
important role in tumorigenesis and progression. In vitro acute exposure to cigarette
smoke has been found before to increase the levels of FRA-1 in lung cells [45](Zhang,
Adiseshaiah and Reddy, 2005), so its regulation was studied herein as a mechanism of
CSC-induced carcinogenesis. Interestingly, 6 weeks of exposure to the lower dose of 1
pg/mL CSC significantly increase the mRNA levels of FRA-1 in BEAS-2B cells with no
signs of transformation; while the same time of exposure at 5 yg/mL dose reduced
transcript levels in BEAS-2B cells already exhibiting a transformed phenotype.
Apparently, under our experimental conditions CSC stimulates FRA-1 expression in

non-transformed cells, but a downregulation is triggered once cells acquire a cancer-
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like phenotype. It is important to consider here that previous studies positively
associating cigarette smoke with FRA-1 expression were conducted under acute
regime of exposure, with poor relevance for carcinogenesis-related processes. Also,
the roles of FRA-1 in malignancies are still controversial. It has been validated to be
overexpressed in many human malignancies, including thyroid, esophagus, colon, and
breast [44](Young and Colburn 2006), which would indicate an important role in
tumorigenesis, but to be absent in invasive cervical cancer, revealing an
anticarcinogenic role of FRA-1 [46](Prusty and Das, 2005). Accordingly, the work of Ma
et al. (2009)[47] found that FRA-1 was downregulated in NSCLC, compared with
normal bronchial epithelium. Further, the low expression of FRA-1 correlated with
advanced tumor stage and poor survival [47](Ma et al., 2009). When FRA-1 was
analysed in cells co-treated with nanoceria and CSC that also exhibit cancer-like
phenotypic properties, FRA-1 was also found to be significantly down-regulated. In
both Ce+CSC1 and Ce+CSC5 exposed cells the down-regulation is more pronounced
than in cells exposed to CSC1 and CSC5 alone, being the difference highly significant
in the case of CSC1 vs. Ce+CSCH1, indicating that nanoceria exposure exacerbate the
expression inhibition that was found here to be associated with the oncogenic

phenotype.

Conclusions

In summary, we propose that long-term exposure to sub-toxic doses of nanoceria alone
do not suppose a health concern in terms of lung carcinogenesis, although more
research needs to be done using chronic approaches to better characterize the
associated risk. However, long-term co-exposure of nanoceria and a common lung
carcinogenic agent such as CSC evidenced that the NP potentiated most of the
evaluated CSC-induced cancer-like phenotypic features. Thus, nanoceria was unable
to protect from the carcinogenic effects of CSC long-term exposure in lung BEAS-2B
cells but rather the contrary, dismissing its use as a protective agent in chronic oxidant-

dependent pathologies.
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Legends to figures

Figure 1. Morphology (A) and proliferation changes (B) observed in BEAS-2B cells
long-term exposed to environmentally relevant doses of nanoceria and/or CSC at week
6 of exposure. Cells exposed to Ce+CSC1, CSC5 and Ce+CSC5 showed spindle-like
morphology and higher proliferation rates. Data are presented as mean values with
time-matched controls set to 100% (n=3); error bars represent standard error of the
mean; 2P<0.05, °P<0.01, °P<0.001 compared with time-matched controls or between

treatments, as indicated.

Figure 2. Expression changes associated with BEAS-2B cell’'s differentiation program
during long-term exposure to nanoceria and/or CSC 1 pug/mL. (A) Expression changes
of the mesenchymal identity markers CDH2, VIM and ACTAZ2. (B) Expression changes
of the epithelial markers CDH1 and ZO7. (C) Expression changes of the tumor
suppressor gene PTEN. Data are presented as mean values with time-matched
controls set to 100% (n=3); error bars represent standard error of the mean; ?P<0.05,

®pP<0.01, °P<0.001 compared with time-matched controls.

Figure 3. Expression changes associated with BEAS-2B cell’s differentiation program
during long-term exposure to nanoceria and/or CSC 5 ug/mL. (A) Expression changes
of the mesenchymal identity markers CDH2, VIM and ACTAZ2. (B) Expression changes
of the epithelial markers CDH1 and ZO71. (C) Expression changes of the tumor
suppressor gene PTEN. Data are presented as mean values with time-matched
controls set to 100% (n=3); error bars represent standard error of the mean; ?P<0.05,

®pP<0.01, °P<0.001 compared with time-matched controls.

Figure 4. Migration ability of BEAS-2B cells after 6 weeks of nanoceria and/or CSC
exposure. Cells exposed to Ce+CSC1, CSC5 and Ce+CSC5 showed increased motility
rates. Data are presented as mean percent of wound closing (n=3); error bars
represent standard error of the mean; 2P<0.05, °P<0.01, °P<0.001 compared with time-

matched controls or between treatments, as indicated.

Figure 5. Anchorage-independent cell growth capacity of BEAS-2B cells after 6 weeks
of nanoceria and/or CSC exposure. Cells exposed to Ce+CSC1, CSC5 and Ce+CSC5
showed higher capacity to grow in soft-agar. Data are presented as mean values with
time-matched controls set to 100% (n=3); error bars represent standard error of the
mean; 2P<0.05, °P<0.01, °P<0.001 compared with time-matched controls or between

treatments, as indicated.

Figure 6. MMP-9 secretion of BEAS-2B cells after 6 weeks of nanoceria and/or CSC
exposure. Cells exposed to CSC1, Ce+CSC1, CSC5 and Ce+CSC5 showed increased
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MMP-9 secretion when compared to control cells. Data are presented as mean values
with time-matched controls set to 100% (n=3); error bars represent standard error of
the mean; 2P<0.05, °P<0.01, °P<0.001 compared with time-matched controls or

between treatments, as indicated.

Figure 7. Ability of 6 weeks-exposed BEAS-2B cell's secretome to induce anchorage-
independent cell growth of HCT-116 cells. Secretome of cells exposed to Ce+CSC1
and Ce+CSC5 for 6 weeks act as inducer of anchorage-independent growth in
HCT116 cells. Data are presented as mean values (n=3); error bars represent standard
error of the mean; °P<0.001 compared with time-matched controls or between

treatments, as indicated.

Figure 8. FRA-1 dysregulation as a mechanism of transformation in nanoceria and/or
CSC long-term exposed BEAS-2B cells. Cells exposed to Ce+CSC1, CSC5 and
Ce+CSC5 showed a clear FRA-1 down-regulation that is not observed in the rest of the
treatments. Data are presented as mean values with time-matched controls set to
100% (n=3); error bars represent standard error of the mean; ?P<0.05, ®p<0.01,

°P<0.001 compared with time-matched controls or between treatments, as indicated.
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Figure 3.

Figure 4.

160

140

]
=3

COH2 mRNA expression (% of controf)
o B8 58 28 8 8

w

] = o
=) -1 o

COH? mRNA expression (% of conlrof)
s
=]

5 & 2 8

-o-Ce 2.5 pgimlL
& CSC1 pgimb
--Ce+ CSC1

Weeks
=o=Ce 25 pgimL
&~ CSC1 pgimL
-o-Ce+ CSC1

BN B @
e e o

VIMENTINmRNA expression (% of controf)
s
(-]

8 & 8 8

ZO1 mRNA mepression ( % of control)

-=-Ce 25 pg/mlL

&~ CSC1 pgimL

e CSC1 2
-

Jo 5

& - b .

2

Weeks
-o-Ce 2.5 pgiml
+CSC1 pg/ml.
~o-Ce+ CSC1

-
o
o

-o-Ca 2.5 pg/mL
4 CSC1 pgiml
~o-Ce+ CSC1 .

-
=
o

)
2

sion (o of controf)
I
-3

ACTA?MRNA expres
82 & 2

o

Weeks
C -o-Ce25ugmL
160 - CSC1 pg/mL

-o=Ce+ CSC1

140
gi?ll
s
& 100
iw
g
3 60
E
w40
a

20

o

1] 2 4 6
Weeks

—{ o

b
T

0 2 3
» 15-
3
o
£
-
e
2 104
L]
oD
£
38 T
o
2 57
3
o
=
—
o
®
1] T
O
&

P

&

<P

Treatment

143

& & &5
c_PqP N S =5 &F



Annexes

Figure 5.
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