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Abstract: Investigations on adverse biological effects of nanoparticles (NP) are performed usually either in vivo on rodents or in vitro under submerged condi-

tions where NP are in suspension into cell culture media. However, sedimentation of NP in vifro is a continuous process and to assess the exact deposited cellular
dose remains difficult, as the cellular internal dose is a function of time. Moreover, the cellular responses to NP under submerged culture conditions or by exposing
rodents by nose-only to NP aerosols might differ from those observed at physiological settings at the air-liquid interface (ALI). Rat alveolar NR8383 macrophages
were exposed to aerosols at the air-liquid interface. We studied TiO, NM105, a mixture of anatase and rutile. NR8383 cells were exposed to a single dose of 3.0
cm?cm? of TiO, aerosol. Following RNA extraction, transcriptome allowing full coverage of the rat genome was performed, and differentially expressed genes
were retrieved. Their products were analyzed for functions and interaction with String DB. Only 126 genes were differentially expressed and 98 were recognized
by String DB and give us the gene expression signature of exposed rat alveolar NR8383 macrophages. Among them, 13 display relationships at a high confidence
level and the ten most differentially expressed compared to unexposed cells were: Chacl, Ccl4, Zfp668, Fam129b, Nab2, Txnip, Id1, Cdc42ep3, Dusp6 and Myc,
ranked from the most overexpressed to the most under-expressed. Some of them were previously described as over or under-expressed in NP exposed cell systems.
We validated in our laboratory an easy-to-use device and a physiological relevant paradigm for studying the effects of cell exposure to TiO,. Ccl4 gene expression
seems to be a positive marker of exposure evidenced as well as in vivo or in both in vitro conditions.
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Introduction

Today, nano-particles and nano-sensors provide
many applications and services in human life (1, 2). Ti-
tanium dioxide (TiO,) is among the most widely used
and produced nanomaterials worldwide especially in
coating paints, food products, toothpaste, pharmaceuti-
cals, and cosmetics including sunscreens (3). More than
200,000 tons of TiO, NP were produced worldwide in
2015, and if workers are exposed by inhalation, con-
sumers may be exposed mainly by the skin and gastro-
intestinal tract routes (4, 5).

NMI105 is an NP mixture of both main crystallo-
graphic forms of TiO,, anatase and rutile (6). Recently
some of us (LC, OJ & BHR) published a well-designed
in vivo study on Fischer 344 rats exposed by nose-only
inhalation to 10 mg/m’ of a TiO, nanostructured aerosol.
Lung samples showed a strong inflammatory response
up to 3 post-exposure days, which decreased over time
as evidenced by recent transcriptomic and proteomic
studies in rat lung (7, 8). We used the same species of
NP (NM105) in exposing rat NR8383, a rat alveolar
macrophage cell line in order to compare both in vivo
and in vitro obtained transcriptomes. By the way EC-
VAM and EU policy prompt scientists to use in vitro

paradigms in application to the 3R rule.

In a first-tier we try to mimic lung exposure in an ALI
model by exposing macrophages directly to NM105
aerosol to validate our approach, namely the aim of
this study. In second-tier transcriptomes of submerged
cultures were compared to those we obtain with ALI ex-
posure. For a third tier, we plan to culture NR8383 cells
together with rat pneumocytes and to compare trans-
criptomes of rat lung and co-cultured cells. Co-culture
in ALI systems seems a more relevant model from a
physiological point of view compared to the co-cultures
of submerged cells, a more popular in vitro model. ALI
models were used recently to evaluate the effect of
cigarette smokes (9) and diesel exhausts (10). Several
groups are now using this model for studying responses
to NP exposure, either silica (11), either TiO, and CeO,
(12) or CuO (13) in Vitrocell® ALI device with either
A549 cells or nasal epithelial cells from donors.

Materials and Methods

Characterization of TiO, nanoparticles

For the present study, we used the TiO, nanomate-
rial NM 105 (CAS 13463-67-7), namely a mixture of
anatase (1317-70-0) and rutile (98084-96-9), obtained
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from Join Research Center (European Chemical Bu-
reau, Ispra, Italy). Hydrodynamic diameter average
(Z-average), polydispersity index, and zeta potential of
the nanomaterials were performed with Malvern Nano
Zetasizer (Malvern Inc., Worcs, UK) at a 200 pg/ml
(W/v) concentration in water. The specific surface area
and zeta potentials were 51 m%g and +11.1 £ 0.7 mV
respectively.

Z-average was 128.0 = 4.7 nm with a polydispersity
index of 0.15.

Cell culture and exposure to NM105 aerosol in an
ALI system

NR8383 rat alveolar macrophages were purchased
from American Type Culture Collection (ATCC®
CRL2192™, Manassas, USA). Cells were cultured in
Dulbecco’s Modified Eagle Medium, high glucose, sup-
plemented with 15% fetal bovine serum, 100 U/ml peni-
cillin and 100 pg/ml streptomycin, 4 mM L-glutamine
and 0.25 pg/mL of amphotericin B. All chemicals were
purchased at Sigma-Aldrich (St. Louis; USA). Cells
were cultured at 37°C in a humidified chamber with
5 % CO, and passaged every 3 d. At the beginning of
the experimentation, 300,000 cells were deposited in
a transwell insert onto an Air-Liquid Interface device
(Vitrocell Cloud 6™, Waldkirch, Germany). Cells were
cultured onto transwell inserts placed into a culture well
with supplied medium at basal part only and aerosol
was spread at the apical part. Twenty-four h later, por-
cine surfactant, purified according to Tacusch et al. (14),
and a generous gift from J Perez-Gil (Faculty of Biol-
ogy, Complutense University, Madrid, Spain), was aer-
osolized onto cells in order to reduce the surface tension
of the air-liquid interface at a dose of 2.4 mg (dissolved
in 61 pL) just before exposing cells to NP.

To achieve a deposited dose of 3 ¢cm? of nanoma-
terial for 1 cm? of exposed cells, 170 pg of NM105
NP was dissolved in of 114 pL of ultrapure water and
aerosolized by nebulization into the chamber. Follow-
ing 4 h, cells were removed in order to extract RNA for
transcriptome analysis. One well of the ALI system al-
lowed us to measure the weight of deposited NM105 to
control the delivered dose to cells thanks to a quartz mi-
crobalance. The five remaining wells were used as rep-
licates for further transcriptome and RT-qPCR studies.

RNA Extraction

RNA extraction was performed as previously de-
scribed (15). Briefly, following NR8383 cells exposure
to a 3.0 cm%cm? of NM105 for 4 h, membranes were
disrupted by adding 1 mL of Trizol™ Extraction Rea-
gent (Omega Bio-Tek, Guangzhou, China), and 200 puL
of chloroform (Carlo Erba reagents, Rouen, France).
Following centrifugation and precipitation with 500 puL
of isopropanol (Carlo Erba reagents, France), the pre-
cipitates were washed with ethanol/water (80%/20%)
and incubated for 10 min at 60°C to remove ethanol
and further dissolved in 35 pL. RNase-free water. All
RNA samples were of high purity and integrity (data
not shown), as demonstrated by (i) A260/A280 ratios
between ranking 2.0 and 2.2 as measured using a Bio-
Spec-nano Spectrophotometer (Shimadzu, Marne-la-
Vallée, France), and (i7) RNA integrity number that was
above 9.0 as checked by RNA 6000 Nano Reagents Kit

using Bioanalyzer™ 2100 (Agilent Technologies, Les
Ulis, France).

Microarray and hybridization

The microarray was prepared as previously de-
scribed (15). One hundred ng of each RNA sample was
labeled with cyanine 3-CTP with reverse transcriptase
(EC. 2.2.2.49) using Low Input Quick Amp Labeling
kits (Agilent Technologies, France) according to the
manufacturer’s protocol. Labeled cRNAs were purified
and hybridized overnight onto Agilent G4853A Sure-
Print G3 Rat version 2 GE 8*60K microarrays (Agilent
Technologies, France) that allow full coverage of rat
transcriptome. Microarray slides were scanned on an
Agilent G2505C microarray scanner at 3 pm resolution.

Data analysis

Data were analyzed using two open-access tools: DA-
VID Functional Annotation Bioinformatics Microarray
analysis (https://david.ncifcrf.gov/) and String (https://
string-db.org/), that forms functional protein association
networks. Only genes with behaving a fold change (FC)
expression level > | 1.5| and p > 0.05 were incorporated
in strong analysis for which we set a high confidence
level (p>0.7) and Kmean of 3. Two KEGG pathways
were enriched in using those clustering conditions.

Results and discussion

One hundred twenty-six genes of the whole rat ge-
nome were differentially expressed (FC> |1.5]) in ex-
posed cells. Among them, 98 were recognized and ana-
lyzed by String DB. Among them, 43 were uncharacter-
ized LOC, FAM or Expressed Sequences Tags.

Figure 1 shows 13 proteins behaving strong relation-
ships through known interactions either from curated
databases or experimentally determined and predicted
interaction. String DB allows also to retrieve their in-
terplay in Kyoto Encyclopedia Genes and Genomes
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Figure 1. String DB network and signature of the 98 proteins
where the gene has been differentially expressed following expo-
sure to NM105. Only 13 proteins (13%) display a known relation-

ship in 3 networks.
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(KEGG). At the high level of confidence two KEGG
enrichments are evidenced:

(7)) ‘Epstein-Barr virus infection’, with the involve-
ment of 6 genes: I/10ra, Myc, Nfkb2, Nfkbia, Polr2k and
Traf2, three of which are also involved in the other gene
clusters, namely (i7) ‘NF-kappa B signaling pathway’:
Ccl4, Nfkb2, Nfkbia and Traf2. It should be noted that
both clusters were previously evidenced following ex-
posure of (i) a primary human breast cell line (HMEC
184) and THP-1 monocytes to 25 pg/mL polymeric na-
noparticles (16, 17), (if) THP-1 cells to 0.29 cm?/cm?
ZnO NP (or NM110, 18) and (iii) NR8383 cells to 0.58
cm?/cm? of the same ZnO NP (19).

Thus it is now well known that NP induces in im-
mune cells like monocytes and polynuclear cells, activa-
tion of oxidative stress that is mediated either by NfkB
or NRF2 pathways. Moreover, a previous study pointed
out that polymeric Eudragit™ NP activates also numer-
ous genes involved in virus/macrophage interaction:
as virus and NP have similar size, one can hypothesize
that even entry mechanism is different, virus involves
similar defense mechanisms in macrophage, especially
when they are hydrolyzed in phagolysosomes (16).

It is striking to note that fewer genes are shown to
be differentially expressed (DE) following an ALI ex-
posure as compared to DE genes following submerged
in vitro exposure; 126 vs 360 (Table I). Of course, we
compare two different NP - TiO, and ZnO - the first a
dose of 3.0 cm*cm? and the latter for a dose more than
10 times less, namely 0.29 cm?/cm? and two different
cell lines, the first NR8383 rat macrophages and the lat-
ter THP-1 human monocytes (18). By the way, NR8383
exposed to subtoxic doses of 0.58 cm?cm? of ZnO NP,
displayed 985 differentially expressed genes using a
similar FC cutoff (19). To date, we do not have analyzed
the data of the submerged experiment, namely in vitro
TiO, exposure of NR8383 cells. However, the present
transcriptome will be compared further to in vivo (7)

and in vitro data (data not shown).

Interestingly less significant impacts in cytotoxic-
ity and oxidative stress have already been observed by
comparing ALI-exposed vs submerged cells: this fact
was noted for both viability and oxidative stress levels
as assayed respectively by Alamar® blue test and di-
chlorofluorescein (DCF) to measure intracellular Reac-
tive Oxygen Species (12). This may be explained by a
lower expression level of genes involved in those func-
tions. Unfortunately, no transcriptomic data were avail-
able in the latter study. Another group emphasizes the
crucial role of temperature and relative humidity by
preventing cell desiccation; in our device, both param-
eters were controlled allowing comparison of exposure
conditions and inter-laboratory variations (20). Simi-
larly, Panas et al. (11) obtained higher toxicity effect
in terms of (i) LDH release, (i7) IL-8 production and
(iii) COX-2 protein expression by exposing A549 sub-
merged pneumocytes to 15.6 pg/cm? of 50 nm sized-
SiO, NP compared to 117 pg/cm? of the same NP in ALI
exposed cells. For submerged conditions, particles con-
tinuously settle down and induce a constant reactivity of
cells increasing their sensitivity: this is not the case for
ALI exposed cells where cells are exposed to a unique
'shoot' of particles. In contrast, it should be mentioned
that cytotoxicity of amine-functionalized polystyrene
nanoparticles was significantly higher when applied as
an aerosol on cell-cultured in air-liquid interface cul-
ture at a dose of 31 pg/cm? compared with nanoparticle
suspensions tested in submersed culture (62 pg/cm?) as
shown by Frohlich et al. (21).

We were also interested in the five more over- and
under-expressed genes (Table 2). Chronic exposure of
rodents to TiO, NP was suspected to induce renal fibro-
sis through a mechanism involving gene activation of
(7) the Wt series, (ii) Estrogen Receptor and (iii) c-Myc
pathways by Hong et al. (22) who evidenced significant
c-Myc activation. In another experimentation conducted

Table 1. Comparison of recent experimentations involving metallic NP.

NP cell system Dose (cm*’cm?)  Number Experiment  Reference
TiO, NR8383 1.90 126 ALI Present study
ZnO NR8383 0.58 985 In vitro 19

ZnO THP-1 0.29 360 In vitro 18

Table 2. Five most under- and overexpressed genes: symbols, FC, description and main biochemical action of product and related publications.

Myc -3.0  Myc proto-oncogene protein

Dusp6 -2.3  Dual specificity protein phosphatase 6
Cdc42ep3 -2.3 CDCA42 effector protein 3

1d1 -2.2 DNA-binding protein inhibitor ID-1
Txnip -2.2 Thioredoxin-interacting protein

Nab?2 1.9 Ngfi-A binding protein 2

Fami29b 1.9  Niban-like protein 1

Zfp668 2.1  Zinc finger protein 668

Ccl4 2.1  C-C motif chemokine 4

Chacl 73 Glutathione-specific gamma-

glutamylcyclotransferase 1

Transcription factor that binds DNA to activate transcription

of growth-related genes 22,23
Inactivates MAP kinases 24
Rho GTPase binding; role in actin filament binding NA*
Transcriptional regulator which negatively regulates the 25
basic helix-loop-helix (b HLH) transcription
May act as an ().xi.dative str@; I.ned.iator. by iI}hib.it.ing 26.27
thioredoxin activity or by limiting its bioavailability ’
- NA
May play a role in apoptosis suppression NA
NA
Monokine with inflammatory and chemokinetic properties 28, 29
Catalyzes the cleavage of glutathione into 5-oxo-L- proline 30

and a Cys-Gly dipeptide

NA*: not available as far as our knowledge.
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by Gao et al. (23), the c-myc protein was shown overex-
pressed in lymph nodes of mice exposed by intradermal
injection with nanosized TiO,. It is difficult to compare
with our data, as those experiment designs are very dif-
ferent from the one chosen in our study. Moreover, Diao
et al. (24) used poly (ethylene glycol)-b-poly(D, L)-lac-
tide also called PEG-PLA) nanoparticles for silencing
genes involved in myocardial proliferation and as a side
effect, the Dusp6 gene was also inhibited by PEG-PLA
nanoparticles.

As for Id genes, magnetite NP exerts their signifi-
cant underexpression, especially Id1 whose expression
was known decreased in several immune cells lines
(RAW264.7, THP-1 and HL7702) but also in the liver
as related in vivo following exposure to 5 mg/kg body
weight of magnetite NP by Zou et al. (25). Thioredoxin
plays a central role in cellular redox balance and fol-
lowing oxidative stress; this [2Fe-2S] protein is dissoci-
ated from the thioredoxin-interacting protein (‘txnip’)
that inhibits its function and activate in turn the NLRP3
inflammasome complex and finally induce IL-1p pro-
duction. Lunov et al. (26) and Thummabancha et al.
(27) have demonstrated such a pathway induced in re-
spectively human macrophage exposed to amino-func-
tionalized polystyrene nanoparticles and in zebrafish
exposed to 100 mg/kg silver NP. In our study, we did not
evidence any overexpression of the NLRP3 inflamma-
some complex, but one can assume that less inhibition
of thioredoxin by txnip favored thioredoxin activity in
resolving induced oxidative stress.

As for Ccl4 belonging to the large chemokine fam-
ily, two recent studies, as well in vitro and in vivo, de-
scribed its overexpression: (i) NR8383 rat alveolar
macrophages were challenged with nanosized titanium
dioxide particles (rutile and anatase) for 16 h and, (ii)
mice were exposed to 5 mg/kg to 50 mg/kg of TiO, by
a single intratracheal instillation (28, 29). In both cases,
Ccl4 was overexpressed and was considered as a good
marker of inflammation.

In another study, 10 mg/kg body weight of TiO, NP
was administered to the mice per os for 90 d and micro-
array was performed on immune cells by Sheng et al.
(30). This group evidenced also Chacl overexpression
as an immune/inflammatory response to TiO, exposure.
Reduced glutathione is the most anti-oxidant defense
mechanism in cells where its concentration reaches 10
mM and chacl is an critical enzyme for its metabolism
and recycling.

Finally, in our study we validated a recently manu-
factured device mimicking air exposure of NP in a real-
istic situation relevant for inhalation compared to sub-
merged in vitro systems with or without transwell. We
studied the molecular signature of a single exposure of
NR8383 cells to a nanosized aerosol of TiO,. We com-
pare our results with those retrieved in the biomedical
literature and we found relevant data to validate our par-
adigm. Previously we published the lung transcriptome
(7) and the broncho-alveolar liquid proteome (8) of rats
exposed to the same aerosol in order to compare the
gene expression profiles obtained from both paradigms.

Some genes or clusters of genes are common like
certain chemokines however the study is still ongoing as
well as the comparison of genes expressed in submerged
NR8383 cells at the same dose, namely 3.0 cm?/cm?.

Furthermore, some of the genes like Cdc42ep2, Nab?2,
Zfp668 and Fam129b evidenced in our study were never
associated with NP exposure before: this device may be
a promising tool to study the complex interplay of target
cells and NP and in addition to replace advantageously
in vivo experiments.
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