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Abstract

Nanoparticles (NPs) can be toxic, depending on their physico-chemical characteristics.
Macroautophagy/autophagy could represent a potential underlying mechanism of this toxicity.
We therefore set up a study aimed to characterize in depth the effects, on autophagy, of
macrophage exposure to NPs, with a particular attention paid to the role of NP physico-
chemical characteristics (specifically chemical composition, shape, size, length, crystal phase,
and/or surface properties). We demonstrate that exposure to carbon nanotubes (CNT) but not
to spherical NPs leads to the blockage of the autophagic flux. We further identified lysosomal
dysfunction, in association with the downregulation of SNAPIN expression, as the underlying
mechanism responsible for the CNT-induced autophagy blockade. These results identify for
the first time the shape as a major determinant of the interaction of NPs with the autophagy
pathway. Moreover, identifying the lysosomes and SNAPIN as primary targets of MWCNT

toxicity opens new directions in the interpretation and understanding of nanomaterial toxicity.



Introduction

Engineered nanomaterials, including carbon nanotubes (CNT) and metal nanoparticles (NPs),
have already widespread applications in various industrial fields; they are utilized in
electronics, optics, cosmetics, food products, drug delivery etc. Because engineered
nanomaterials became part of our everyday life, there has been an increasing concern
regarding the health consequences that could result from human exposure to these
nanomaterials. A large body of studies, performed in vitro in cells or in vivo in laboratory
animals has now been published showing evidence that engineered nanomaterials can exert
harmful effects [1, 2], with the generation of oxidative stress and the development of an
inflammatory response as the most commonly accepted underlying mechanisms. For example
at the respiratory level, which is considered as a major exposure route, CNT or titanium
dioxide (TiO;) NPs are able to induce lung remodeling, consistent with fibrosis and/or the
development of granulomas [3, 4]. However, these effects are not always described, and, if
the physico-chemical characteristics of the nanomaterials are often proposed as important
determinants of their toxic effects, the exact ins and outs of nanomaterial toxicity are not yet
completely understood [5, 6].

Autophagy is a physiological process aimed to maintain cellular homeostasis, in which
cytoplasmic components are digested via a lysosomal pathway. During this process, a portion
of cytoplasm is engulfed by a double-membrane structure called the phagophore, which
matures into an autophagosome that subsequently fuses with a lysosome, leading to the
formation of an autolysosome, where the degradation of the enclosed materials by lysosomal
enzymes can occur [7]. Autophagy plays a key role in various pathological processes, such as
cancer, or cardiovascular and pulmonary diseases [8]. The involvement of autophagy in these
diseases could be linked to its role in the downregulation of oxidative stress and inflammatory

responses [9]. Because NPs could end up in lysosomes, the terminal organelle of autophagy,



and given that oxidative stress and inflammatory responses are 2 major mechanisms
underlying NP toxicity, a dysfunction of the autophagy process could represent a new
mechanism explaining, at least in part, NP toxicity [10].

A few studies have been published so far regarding the effects of cellular exposure to
NPs on the autophagy process [11]. From these studies, it is currently not clear whether these
nanomaterials (metal oxide NPs such as TiO,, and Fe,O,, or carbonaceous ones such as
carbon black, graphene or CNT) induce or block autophagy [11-15]. Surprisingly, almost
none of these studies have been performed in macrophages, although this cell type is
particularly relevant to the interaction with NPs and their processing [16]. Moreover, although
the physico-chemical characteristics of nanomaterials are known to be important determinants
of their toxicity, only a few studies addressed this issue with regard to the autophagy process.
For example, Yu et al have shown that pristine multi-walled CNT (MWCNT), but not acid-
functionalized ones, induce an abnormal accumulation of autophagosomes, probably because
of an autophagy blockade [12]. Moreover, TiO, NP can induce an increase of the autophagic
flux, not observed with iron or zinc oxide NP of similar size, suggesting that the chemical
nature of NP could differentially impact the autophagy process [17]. However, the specific
relevance of each of the physico-chemical characteristics of NPs on their effect on autophagy
is currently far from understood and certainly deserves more systematic investigations.

Therefore, the global aim of the present study was to evaluate the effects of
macrophage exposure to NPs on autophagy, with a particular attention paid to the role of NP
physico-chemical characteristics in this process. We specifically focused on carbon- and
titanium-based nanomaterials, because of their already wide production and use. Therefore,
RAW 264.7 murine macrophages were exposed to carbonaceous (MWCNT or carbon black)
or metal oxide (TiO;) NP, varying in shape (tubular or spherical), length (short or long CNT),

size (nano or micro Ti0,), crystal phase (anatase and/or rutile TiO,), or surface properties



(pristine or acid-functionalized CNT, and Au grafting on TiO, NP). Overall, the effects of 12
nanomaterials were investigated: 4 MWCNT (short, short functionalized, long and long
functionalized; S-, SF-, L-, and LF-CNT respectively), 1 carbon black NP (FW2), 1
micrometric TiO, (Micro) and 6 TiO, NP (A10, A/R, Rut, P25, P25-Au3, P25-Au8). Our data
overall show that macrophage exposure to CNT, but not to spherical NP (C- or Ti-based)
blocks the autophagy flux, via the alteration of lysosomal function, possibly through the
downregulation of SNAPIN expression, leading to the absence of autophagosome fusion with

lysosomes.



Results

Characterization of particles

A full physico-chemical characterization of the 4 different CNT used in this study has been
provided elsewhere [18]. Briefly, typical transmission electron microscopy (TEM) images of
the different nanomaterials are presented in Figure 1A. The 4 MWCNT present the typical
tubular morphology of nanotubes, and all TiO, particles were spherical except the rutile one
(Rut), which was needle-like (Figure 1A). As expected, the 4 MWCNT presented a similar
diameter and a shorter length for S- and SF-CNT as compared to L- and LF-CNT (Table 1).
The physico-chemical characteristics of the different particles are summarized in Table 1. The
crystal phase of TiO; particles was assessed by X-ray diffraction analysis: in accordance with
the manufacturers’ data, A10 and Micro were 100% anatase, Rut was 100 % rutile and A/R
and P25-based NP were a mix of anatase and rutile (with an anatase:rutile ratio of 13:7 and
4:1, respectively). Particle morphology and chemical composition were confirmed using
scanning electron microscopy coupled to an energy dispersive X-ray (analysis (data not
shown). Thermogravimetric analysis showed that the average iron content was roughly
similar for non-functionalized CNT (4.4 and 4.5 wt% for S- and L-CNT, respectively), and
for the functionalized ones (1.3 and 1.0 wt% for SF- and LF-CNT, respectively). No other
trace element could be detected [18]. All particles, except micrometric TiO, (Micro), present
a surface area over 20 m*/g. For all particle suspensions, except for the rutile one, the zeta
potential was lower than |25| mV, a commonly admitted limit above which the suspension is
stable, indicating that the suspensions could be agglomerated. This was confirmed by the
measurement of hydrodynamic diameter, with values between 54 and 1033 nm. Endotoxin
levels were below the detection limit for all particles. Finally, S-, L- and LF-CNT were the
most potent particles to generate ROS in acellular conditions, whereas SF-CNT, FW2 and Rut

did not produce any detectable ROS.



All particles are internalized by macrophages in vitro

Figure 1B shows representative TEM images of macrophages exposed for 6 h to the different
particles. All particles could be internalized by macrophages, which was also confirmed by
the absence of an inhibitory effect on the phagocytic capacity of the macrophages, whatever
the particle tested (Figure S1). Internalized particles were present mainly inside vacuoles. No
particle was found in the nucleus or mitochondria of the treated cells. In addition,
mitochondria, endoplasmic reticulum and Golgi apparatus did not show any obvious sign of
morphological alteration, overall suggesting an absence of NP-induced toxicity. This was
confirmed by the absence of modification in mitochondrial activity or DNA content, whatever
the treatment of the cells up to 50 pg/ml (Figure S2A and S2B). Therefore, we chose to

expose cells to 50 pg/ml of particles, taken as a non-cytotoxic dose.

Exposure to TiO; NP induces autophagy, whereas exposure to MWCNT inhibits
autophagic flux

To elucidate the effect of MWCNT and TiO, NPs on the autophagic process, we first
examined the accumulation of autophagosomes in macrophages exposed to the different
particles for 6 h or to rapamycin, a positive control of autophagy induction, by the
quantification of MAP1LC3-1I/LC3-II (microtubule-associated protein 1 light chain 3) protein
expression. As shown in Figure 2A and 2B, all particles induced a significant increase of
LC3-1I protein expression in macrophages, attesting to autophagosome accumulation.
Enhanced LC3-II levels could be the result of either an increased autophagosome synthesis
(induction of autophagy) or of a decreased autophagosome turnover (blockade of autophagic
flux). To distinguish between these 2 opposite scenarios, we investigated the expression of

LC3-II in the presence of autophagy inhibitors, such as bafilomycin A; (Baf-Al), a specific



vacuolar-type H'-translocating ATPase inhibitor. We show that MWCNT-induced
accumulation of LC3-II was not enhanced in presence of the inhibitor, suggesting that
exposure to MWCNT blocks autophagic flux. Conversely, the accumulation of LC3-II
observed in response to the other particles (FW2, Micro and TiO, NP) was upregulated in the
presence of Baf-A1, suggesting that these particles were able to induce a functional autophagy
(Figure 2C and 2D). Similar results were obtained in primary macrophages (Figure S3).

In order to definitively conclude on the effects of particle exposure on the autophagic
flux, we used the GFP-mRFP-LC3 plasmid transfection in macrophages. This probe is used to
identify and differentiate autophagosomes (GFP™ and RFP’, seen as yellow dots) from
autolysosomes (GFP~ and RFP’, seen as red dots) thanks to the quenching of GFP
fluorescence in acidic compartments [19]. Confocal images of rapamycin-treated
macrophages, but also of cells exposed to FW2, Micro and TiO, NP, showed an increase of
total autophagic structures together with an increase of autolysosome number as compared to
what was found in unexposed cells, consistent with the induction of a functional autophagy
(Figure 3A and 3B). Conversely, exposure to MWCNT was associated with a Baf-Al-like
phenotype, with an increase of the total number of autophagic structures in absence of an
increase of autolysosome number, confirming the blockade of the autophagic flux in response
to these particles. Overall, these results suggest that exposure to spherical particles induces
autophagy, whereas exposure to MWOCNT inhibits autophagic flux. The following
experiments were dedicated to understand the mechanism(s) underlying CNT inhibition of

autophagic flux.

Macrophage exposure to CNT impairs autophagosome fusion with lysosomes
An impairment of the fusion between autophagosomes and lysosomes could explain the

perturbations in the autophagic flux observed in response to CNT [10]. Confocal images of
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MWCNT-exposed macrophages showed an absence of colocalization of LC3 with LAMP1
(lysosomal-associated membrane protein 1) immunofluorescence, indicating an absence of
fusion between autophagosomes and lysosomes in these experimental conditions. A correct
fusion of autophagosomes with lysosomes could be observed in macrophages exposed to
FW2 or P25, the 2 spherical NP taken as positive controls of autophagy induction (Figure 4A
and 4B). Similarly, the level of the autophagy cargo SQSTM1/p62 (sequestosome 1) was
found increased in response to all 4 CNT, whereas not in response to FW2 or P25 (Figure S4).

Because, microtubules are essential to the transport of autophagosomes to lysosomes,
we next examined the cytoskeleton structure by TUBA/a-tubulin immunostaining [20]. As
expected, Figure SSA showed the disruption of the microtubule network when cells were
treated with nocodazole, an inhibitor of microtubule polymerization. However, no disruption
of the microtubule network was observed after exposure of RAW macrophages to CNT, FW2
or P25. Moreover, we also observed no change in the actin cytoskeleton (Figure S5B).
Furthermore, the overall gene expression of several SNARE proteins (STX17 [syntaxin 17),
SNAP29 [synaptosomal-associated protein 29], and VAMPS [vesicle-associated membrane
protein 8]) that mediate autophagosome-lysosome fusion [21] was not modified by any
exposure to particles (data not shown). These experiments strongly suggest that the
impairment of fusion between autophagosomes and lysosomes induced by CNT exposure is
not related to an impairment of the expression of the fusion machinery between

autophagosomes and lysosomes.

Exposure to MWCNT induces lysosomal alterations
Lysosomal function is essential to ensure a correct autophagic flux [14, 22]. Therefore, we
next investigated lysosomes as potential targets of MWCNT. Acridine orange staining

showed a lack of acidification in response to all CNT, whereas exposure to rapamycin (used
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as a positive control), FW2 or P25 did not impair the acidification of the lysosomal
compartment (Figure 5A and 5B), thus indicating an alteration of lysosomal function in
response to CNT. Finally, as SNAPIN (SNAP-associated protein), an adaptor protein in the
SNARE/soluble NSF attachment protein alpha core complex, has been recently demonstrated
to be critical for lysosomal acidification and autophagosome maturation in macrophages [23],
we next investigated its expression after exposure of RAW macrophages to the different
particles. As shown in Figure 6A and 6B, macrophage exposure to CNT, but not to FW2 or
TiO, NP led to a decreased expression of SNAPIN, which could be related to the lack of
lysosomal acidification in these conditions. This was also accompanied by an accumulation of

LAMP-positive compartments (Figure S6), suggesting an increase in lysosome number [24].
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Discussion

Overall, our results show that the effect of carbon- and titanium-based nanomaterials on the
autophagy process is dependent on their physico-chemical characteristics, and mainly that of
their shape (nanoparticles versus tubes). Moreover, we provide the first evidence that
lysosomal dysfunction is the molecular mechanism underlying autophagy blockade by
MWCNT, potentially via the modulation of SNAPIN expression.

The role of 6 different physico-chemical characteristics on autophagosome
accumulation was addressed in our experimental setting: chemical composition, shape, length,
size, crystal phase, and surface properties. In light of our results, the shape (tubular for CNT
versus spherical for the other carbon- or titanium-based nanomaterials) seems to be the most
important characteristic to overall induce or block autophagy. Indeed, tubular nanomaterials
(MWCNT) induce a blockade of autophagic flux, whereas macrophage exposure to spherical
particles (FW2 and TiO, nano or microparticles) leads to the activation of a functional
autophagy. Interestingly, Rutile NP, which presents a needle-like shape, did not behave like
CNT in regard to autophagy. This could be related to their different chemical composition
(titanium versus carbon). However, when used as a spherical NP, carbon (FW2) and TiO, NP
have similar effects. More probably, the specific effect of CNT as opposed to Rutile NP is the
result of very different diameter:length ratio between them: 1:4 for Rutile NP, and 1:30 or up
to 1:65 for S/SF- or L/LF-CNT, respectively. Indeed, this parameter can highly affect the
particle-cell interactions, and could be particularly important in our experimental setting [25].
The literature reports only a few experimental studies so far regarding the effects of CNT on
autophagosome accumulation. Wan and colleagues identified the accumulation of LC3-II in
murine macrophages exposed to SWCNT in vitro [26]. Similarly, Yu and colleagues
demonstrate that pulmonary exposure of mice to pristine but not acid-functionalized MWCNT

induces the accumulation of LC3-II in the lungs of the animals [12]. Although we cannot
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strictly compare the 2 studies because of the specificity of each CNT in terms of
functionalization, the results obtained by Yu et al. slightly differ from ours, as we did not
observe any impact of CNT surface modifications; exposure to either functionalized or
pristine CNT (SF- or LF- versus S- or L-CNT) results in a similar LC3-II accumulation. A
comparable lack of effect of surface modification was observed for TiO, NP: Au grafting on
P25 NP did not modify the overall autophagy induction by pristine P25 NP. It is important to
note however that the studies by Yu or Wan only evaluated LC3-II (and SQSTMI)
accumulation, which is far from sufficient to draw a definitive conclusion on autophagic flux
modulation [27].

In an attempt to identify the underlying mechanism that could explain the absence of
autophagosome maturation in response to MWCNT exposure, we failed to detect any
modification of the cytoskeleton network as well as any modulation in the expression levels
of several proteins implicated in the fusion between autophagosomes and lysosomes. These
results, which could be linked to the absence of phagocytosis modulation that we observed in
response to MWCNT [28], are in accordance with data from the literature, which does not
systematically report an impact of CNT on cellular cytoskeleton [29]. However, we identified
lysosomal alteration as the mechanism linked to the absence of autophagosome maturation,
characterized by a lack of lysosomal acidification in response to all CNT. More specifically,
we observed for the first time that macrophage exposure to CNT leads to the downregulation
of SNAPIN expression, a protein initially isolated in neurons [30]. Silencing of SNAPIN in
primary human macrophages has been recently shown leading to an incomplete lysosomal
hydrolysis as well as an impaired autophagy flux, thus identifying SNAPIN as critical for the
maintenance of healthy lysosomes and autophagy [23]. In macrophages from rheumatoid
arthritis (RA) patients, SNAPIN has been identified as a potential endogenous TLR2 (toll like

receptor 2) ligand, possibly contributing to the pathogenesis of the disease [31]. Although the
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exact interplay between CNT and TLRs is complex and currently not entirely understood
[32], both CNT and TiO2 NP activate TLR2 signaling [33-35] suggesting that the effects of
CNT on SNAPIN expression we observed in the present study might not be the result of the
modulation of TLR2 signaling by CNT. Further studies identifying the signaling pathway
leading to SNAPIN expression are needed to fully understand how CNT exert their effects.
Our study overall demonstrates that macrophage exposure to MWCNT leads to a non-
functional autophagy process, secondary to the alteration of lysosomal function, via the
downregulation of SNAPIN expression. Moreover, this identifies for the first time the shape
of nanomaterials, and neither their surface modification, nor length, as the essential physico-
chemical characteristic determining lysosomes as the primary target of MWCNT toxicity.
Deciphering such interactions opens new ways in the interpretation and understanding of

nanomaterial toxicity.
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Materials and methods

Production of particles

The MWCNT were synthetized as previously described [18]. Briefly, the initial aligned multi-
walled CNT powder (at the gram scale) was produced by aerosol-assisted catalytic chemical
vapor deposition [36]. This method is based on the catalytic decomposition of liquid
hydrocarbons by injecting mixed aerosols containing both the hydrocarbon and the metallic
sources, which simultaneously and continuously fill the reactor. A solution composed of
ferrocene dissolved in toluene (1.25 wt. %) was used to synthesize the nanotube samples at
800°C under Ar-H, atmosphere (70:30 vol. %). The duration of the growth was set at 45 min.
The presence of dihydrogen in the vector of the aerosol made it possible to obtain a small
external diameter, as previously described by Castro et al [36]. Following this procedure, the
sample was formed of aligned CNT carpets covering the reactor walls. Once detached from
the reactor walls by scraping, the precursor sample was treated in de-ionized water (Millipore,
18.2 MQ.cm, 848333), with a dispersing agent (1 wt. % biliary salts [Sigma, T-110],
composed of 50 wt.% sodium deoxycholate [> 98 wt. %; Acros Organics, 218591000], 50 wt.
% sodium cholate [99 wt. %; Acros Organics, MFCD00064138]). An ultrasonic probe,
Bioblock Vibracell 75043 (Bioblock) working at 20 kHz and 375 W in pulse mode (1s/1s
amplitude, 50% power) was used to control the CNT shortening and reach a desired length
distribution [37]. Different ultrasonic treatment durations were applied to obtain 2 distinct
groups of CNT: a short group and a long group, after respectively 7 h and 5 min of
ultrasound. Both CNT powders were purified at 1000°C under Ar atmosphere after filtration
in order to remove/burn traces of dispersing reagent. The 2 dry samples were then separated
in 2 subgroups. One subgroup of each group was treated with acidic solution (75 wt. %
H,S04, 25 wt. % HNO3) at 60°C for 2 h to functionalize the nanotubes by grafting oxidized

groups on their surface. Finally, the different subgroups were extensively washed with de-
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ionized water, and final dry samples of CNT were obtained by evaporating water in a fume
hood. Ultimately, 4 distinct groups were obtained, with controlled length and surface
chemistry: short (S-CNT), short functionalized (SF-CNT), long (L-CNT) and long
functionalized (LF-CNT).

The other particles were purchased from different suppliers: A10 (TiO,) and Rut
(TiO,) were obtained from Nanostructured & Amorphous Materials (5417HT and 5484WJ
respectively); A/R (TiO,) was supplied by Sigma Aldrich (634662); P25 (TiO;) and FW2
(CB) were supplied by Evonik Industries (Aeroxide® TiO,, P25 and FW200, respectively);
and Micro (TiO,) was obtained from Acros organics (21358). P25 - Au3 (P25 with 1 wt. % of
Au NPs of 3 nm of diameter grafted on its surface) and P25 - Au8 (P25 with 1 wt. % of Au
NPs of 6 nm of diameter grafted on its surface) were kindly provided by Professor Matasake

Haruta (Tokyo Metropolitan University, Japan) [38].

Physicochemical characterization of the particles

The size, size distribution and zeta potential of the particles suspended in water were
measured by dynamic light scattering using a ZetaSizer HS 3000 (Malvern Instrument,
Worcestershire, United Kingdom). Particle size and shape were also characterized by TEM
using Philips CM12 instrument (Amsterdam, Netherlands) at an accelerating voltage of 80
kV. Particle morphology and composition were confirmed using scanning electron
microscopy (Carl Zeiss Ultra 55, Oberkochen, Germany) coupled to an energy-dispersive X-
ray system (EDX) (Bruker, Billerica, MA). For TiO, particles, crystallinity was determined
using a X-ray diffractometer (XRD) (Siemens D5000, Munich, Germany). The measurement
of the specific surface area of the particles was carried out by a Micromeritics Flowsorb 2300
(Norcross, GA) using the Brunauer Emmett Teller (BET) analysis. For the MWCNT,

thermogravimetric analysis was performed with a TGA 92-16, 18 Setaram apparatus
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(Setaram Instrumentation, France) under flowing air at a temperature up to 1000°C (10°C/min
heating ramp) to determine the sample initial iron content by measuring the remaining iron
oxide weight.

Particles were assessed for endotoxin contamination using the Limulus Amebocyte
Lysate assay (Lonza, Bale, Switzerland), performed as recommended by the manufacturer.

The intrinsic production of ROS by particles was measured in acellular conditions
using the properties of X174 RFI plasmid DNA (Thermo Fisher Scientific, SD0031). This
DNA has the ability to decoil in the presence of ROS. Plasmid DNA (290 ng) were mixed
with 100 pug/mL of particles for 8 h at 37°C [39]. The Pstl endonuclease (Thermo Fisher
Scientific, ER0615) was used as a positive control. The different forms of DNA in the
samples (coiled, decoiled and linearized) were then separated on an agarose gel (0.8 wt. %)
for 16 h at 30 mV. The intensity of the different DNA bands was quantified, and the ratio of

the decoiled and linearized DNA intensity to the total DNA intensity was calculated.

Particle suspensions preparation

Stock suspensions of particles (2 mg/ml) were prepared in Dulbecco's modified Eagle
medium (DMEM; Life Technologies, 11995065) and stored at -20°C until use. Stock
suspensions were diluted in DMEM supplemented with 1 vol. % of antibiotics (penicillin-
streptomycin; Life Technologies, 15140148) without fetal bovine serum (FBS) and sonicated

for 15 min just before cell exposure.

Cell culture
A murine macrophage cell line, RAW264.7 was used in this study (ATCC, TIB-71). Cells
were grown in DMEM cell culture medium supplemented with 10 vol. % of FBS and 1 vol. %

of antibiotics (penicillin-streptomycin). Cells were cultured on plastic material and were
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maintained at 37°C in a humidified atmosphere containing 5% vol. CO,. Subconfluent cell
cultures were exposed for 6 h to 10-100 pg/ml of particles in DMEM in the absence of FBS.
For some experiments, cells were treated with Baf-A1 (100 nM; Sigma Aldrich, B1793),
chloroquine (CQ; 100 uM, Sigma Aldrich, C6628) during 2 h before the end of particle
exposure or with rapamycin (Rapa, 100 nM; Sigma Aldrich, R8781) during the duration of
the experiment. All experiments were performed using cells between passages 4 and 15.

A subset of experiments were performed on murine primary peritoneal macrophages,

that were obtained as previously described [40].

Cell viability assay

Two methods were used to evaluate changes in cell viability: the mitochondrial activity assay
(WST-1 assay; Roche Diagnostics, 5015944001) and the quantification of DNA content
(Hoechst assay; Sigma-Aldrich, 33342). For each method, cells were seeded on 96-well plates
and left to settle during 24 h. Cells were then exposed to a scaling dose of particles (10-100
ug/ml) during 6 h. Exposure to 10 vol. % Triton X-100 (Sigma-Aldrich, X100) was used as a
positive control. These tests were performed following the manufacturer’s instructions. The

cell viability was expressed as a percentage of the viability of the control cells.

Phagocytosis assay

RAW 264.7 cells (ATCC) were exposed to 50 pg/mL CNT for 6 h, together with Latex
beads-rabbit IgG-FITC complex, as per the manufacturer's instructions (Phagocytosis assay
Kit; Cayman Chemical, 500290). Fluorescence was measured at Aexe = 485 nm, and Aepmi = 535

nm.

Ultrastructural analysis
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Internalization of particles and morphology of cells were studied using TEM. After 6-h
treatment with 50 pg/ml of particles, cells were fixed with 2 vol. % gluteraldehyde in 0.1 M
sodium cacodylate buffer, pH 7.4, post-fixed in 1 vol. % osmium and embedded in Epon
(Sigma, 45345). Ultrafine sections (90-nm thick) were collected on copper grids (Sigma,
G4776), stained with uranyl acetate and lead citrate and observed using a JEOL 1400

transmission electron microscope at an accelerating voltage of 80 kV.

Real-time polymerase chain reaction (RT-PCR)

Total mRNA was isolated from exposed cells (50 ug/ml of particles during 6 h) using the
RNeasy kit (Qiagen, 74104). Reverse transcription reactions were performed with Moloney
murine leukemia virus reverse transcriptase (Life Technologies, AM2043) according to the
manufacturer’s instructions. The expression of autophagy genes was determined by RT-PCR
using the Sybr Select Master Mix (Life Technologies, A25742) in a QuantStudio 6 Flex Real-
Time PCR System (Life Technologies, France). Expression of mRNA was normalized to that

of Aip and Sf3al as house-keeping genes. Primers were purchased from Qiagen.

Western blot

Protein expression was evaluated on cell lysates obtained after exposure of macrophages to 50
pug/mL of particles for 6 h. Cell lysates were prepared by extracting proteins with RIPA lysis
buffer (Sigma Aldrich, R0278) supplemented with protease inhibitors. Twenty-five pg of
protein were separated via SDS-polyacrylamide gel electrophoresis and transferred to
polyvinylidene difluoride (PVDF) membrane. The membrane was blocked with 5% non-fat
dry milk in Tris-buffered saline (Sigma, T5912), and incubated with primary antibodies
overnight at 4°C. The primary antibodies used in this study were: LAMP2 (Novus

Biologicals, NB300-591), LC3 (MBL, PM036), LAMPI (R&D Systems, MAB4320),
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SNAPIN (ProteinTech, 10055-1-AP), ACTB/beta actin (Sigma Aldrich, A5441). ACTB was
used as an internal standard. Quantification of the expression of each protein was obtained
using the ratio to ACTB expression, and normalized to the ratio obtained in control

conditions.

Confocal scanning immunofluorescence microscopy

Cells were exposed to 10 pg/ml of particles for 6 h and then fixed with freshly prepared 4 vol.
% paraformaldehyde at 4°C for 20 min. The cells were then permeabilized with Triton X-100
(0.1 vol. % solution diluted in phosphate-buffered saline [PBS; Sigma, P5493]) during 10
min. For cytoskeleton structure analysis, cells were incubated with the anti-TUBA/a-tubulin
primary antibody overnight at 4°C (Life Technologies, 236-10501) followed by an incubation
of 1 h with an Alexa Fluor 488 rabbit anti-mouse IgG (green; Life Technologies, MAS-
18127). For actin staining, cells were directly incubated with an Alexa Fluor 568 phalloidin
(red; Life Technologies, A-11004) for 20 min. Colocalization of LC3 with LAMP1 was
measured using anti-LC3 and anti-LAMP1 (R&D Systems, AF4320) antibodies. The slides
were mounted with a coverslip using Prolong Gold mounting medium with DAPI (Life
Technologies, P36974). Cell images were obtained using an LSM 510 META confocal

microscope (Carl Zeiss).

mRFP-GFP-LC3 assay
To monitor autophagy flux, RAW 264.7 macrophages were transfected with mRFP-GFP-LC3
plasmid by nucleofection, using an Amaxa cell line nucleofector kit V for RAW 264.7
(Lonza, V4X(C-2032) and following the manufacturer’s instructions.

The following day, transfected cells were treated with 10 pug/ml of particles for 6 h.

After treatment, the cells were fixed with 4 vol. % paraformaldehyde in PBS, and imaged
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using an LSM 510 META confocal microscope (Carl Zeiss). Autophagy was measured by
counting the cells presenting GFP-LC3 puncta or GFP" mRFP" (yellow, i.e. autophagosomes)
and GFP mRFP" (red, i.e. autolysosomes) puncta. At least 30 cells/sample were counted for

each condition, in at least 10 randomly selected fields.

LysoSensor assay

RAW 264.7 cells were exposed to 10 pg/mL CNT for 6 h. The cells were then stained with 2
png/mL acridine orange (Sigma, A9231) for a period of 20 min at 37°C and 5% CO, [41].
After the incubation period, the cells were washed with PBS, followed by the addition of
DMEM without serum to the cells. Immediately, the fluorescence images of the cells were

digitally acquired on an LSM 510 META confocal microscope (Carl Zeiss).

Statistical analysis

Each value is given as the mean + standard error of the mean (SEM) of at least 3 experiments.
Data were analyzed with the commercially available software GraphPad (GraphPad Prism
5.01, GraphPad Software Inc, La Jolla, CA, USA). Comparisons between multiple groups
were performed using Kruskall-Wallis’ non-parametric analysis of variance test followed,
when a difference was detected, by two-by-two comparisons with the Mann-Whitney’s t test.

P-values <0.05 were considered significant.
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Table 1. Physico-chemical characteristics of the particles used

Surface Zeta potential Hydrodynamic Intrinsic
Full description Size Crystal phase area (m’/g) in water pH 7 diameter in ROS
g (mV) water production
(nm)
S-CNT Short CNT 26 nm x1.7 um N/A 62 8 / ++
SF-CNT Short functionalized CNT 25 nm x1.6 um N/A 62 8 / ND
L-CNT Long CNT 24 nm x6.4 um N/A 62 8 / ++
LF-CNT Long functionalized CNT 25 nm x9.2 um N/A 62 8 / ++
FWw2 Carbon black 13 nm Amorphous 373 -11.9 1033+ 88 ND
Micro Micrometric TiO, 200 nm Anatase 8 0.4 874 + 149 +
A10 Nanometric TiO, 10 nm Anatase 96 2.1 1020 +146 +
(Anatase)
Nanometric TIO, Anatase:rutile
AR (Anatase:Rutile mix) 2373 nm (13:7) 27 0.2 715 £ 104 "
Rut Nanometric TiO, (Rutile) 5x20 nm Rutile 160 -39.8 55+20 ND
Nanometric TiO, Anatase rutile
P25 (Pristine) 30 nm (4:1) 50 -71.3 48+ 19 +
Nanometric TiO, (grafted Anatase rutile
P25 - Au3 with 3-nm-Au NP) 30 nm 4:1) 57 -21.1 175+103 +
P25 - Au8 Nanometric TiO, (grafted 30 nm Anatase rutile 57 219 54434 n

with 8-nm-Au NP)

4:1)
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Data are given as meantstandard deviation when applicable. ND, not detectable; /, not done; +, low ROS production; ++, high ROS production.

Data in italics have already been published [18, 39].
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Legend to figures

Figure 1. Transmission electron microscopy (TEM) images of particles and macrophages
exposed to particles. (A) TEM images of the particles. Scale bar: 50 nm. (B) TEM images of
RAW 264.7 macrophages exposed to 50 pg/mL of particles for 6 h. Scale bar: 500 nm. Black

arrows point towards particles.

Figure 2. Quantification of autophagy markers and autophagy flux. (A) Representative
western blot images of LC3 in RAW 264.7 macrophages exposed to 50 pg/mL particles for 6
h. ACTB was used as loading control. (B) Quantification of LC3-II protein expression levels.
(C) Representative western blot images of LC3 in RAW 264.7 macrophages exposed to 50
ug/mL of particles for 6 h in the presence or absence of Baf-Al (final concentration: 100
nM). ACTB was used as a loading control. (D) Quantification of protein expression levels for

LC3-II. Data are given as mean = SEM. *, p<0.05 versus control condition.

Figure 3. Quantification of autophagy flux. (A) Confocal images of the transfected mRFP-
GFP-LC3 plasmid in RAW 264.7 macrophages exposed to 10 pug/mL of particles for 6 h.
Scale bar: 10 um. Yellow puncta: autophagosomes; red puncta: autolysosomes. (B)
Quantification of autophagosome and autolysosome number per cell in each condition. More
than 30 cells were counted in each condition. Data are given as mean £ SEM. *, p<0.05

versus control condition. Baf, Baf-A1 (100 nM); Rapa, rapamycin (100 nM).

Figure 4. Quantification of LC3-LAMP1 colocalization. (A) Confocal images of RAW264.7

macrophages exposed to 10 pg/ml particles for 6 h. Cells were stained with antibodies against
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LC3 (green) and LAMP1 (red). Scale bar: 5 um. Arrowheads indicate colocalization of LC3
and LAMP1 staining, attesting to the fusion between autophagosomes (LC3) and lysosomes
(LAMPI). (B) Quantification of LC3-LAMP1 colocalization. Data are given as mean =+

SEM. *, p<0.05 versus control condition.

Figure 5. Analysis of lysosomal alterations. (A) Fluorescence images of RAW264.7
macrophages exposed to 10 pg/ml particles for 6 h. Cells were incubated with acridine orange

dye. Scale bar: 5 um. Data are given as mean = SEM. *, p<0.05 versus control condition.

Figure 6. Quantification of SNAPIN expression. (A) Representative western blot images of
SNAPIN in RAW 264.7 macrophages exposed to 50 pg/mL of particles for 6 h. ACTB was
used as a loading control. (B) Quantification of protein expression levels for SNAPIN. Data

are given as mean = SEM. *: p<0.05 versus control condition.
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Supplementary information

Table S1. Zeta potential in culture medium.

Zeta potential
in culture
medium (mV)
FW2 -10.0
Micro -8.3
Al10 6.1
A/R 1.6
Rut -16.1
P25 12.4
P25 - Au3 18.4
P25 - Au8 19.9




Figure S1. Phagocytic activity of macrophages exposed to particles. Quantification of RAW
264.7 phagocytic activity exposed to 50 pg/ml particles for 6 h. Data are given as mean =+

SEM. *, p<0.05 versus control condition; **, p<0.01 versus control condition.

Figure S2. Viability of macrophages exposed to particles. Quantification of cell viability in
RAW 264.7 macrophages exposed to 10-100 pg/mL particles for 6 h, by WST-1 (A) or
Hoechst assay (B). Results are expressed as percentage of values obtained for the control
condition (untreated cells). Data are given as mean + SEM. *: p<0.05 versus control

condition.

Figure S3. Quantification of LC3 expression in primary macrophages. (A) Representative
western blot images of LC3 in primary macrophages exposed to 50 pg/mL of particles for 6 h
in the presence or absence of bafilomycin A; (Baf Al, final concentration: 100 nM). Actin
was used as a loading control. (B) Quantification of protein expression levels for LC3-II. Data

are given as mean = SEM. *, p<0.05 versus control condition.

Figure S4. Quantification of SQSTMI1/p62 expression in RAW macrophages. (A)
Representative western blot images of SQSTM1 in RAW 264.7 macrophages exposed to 50
ug/mL particles for 6 h. Actin was used as a loading control. (B) Quantification of SQSTM1

protein expression levels. Data are given as mean + SEM. *, p<0.05 versus control condition.
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Figure SS. Cytoskeleton analysis. Confocal images of RAW264.7 macrophages exposed to
10 pg/ml particles for 6 h. Cells were stained with the anti-TUBA/a-tubulin (Panel A) or actin

(Panel B) antibody. Scale bar: 5 um. Noco, nocodazole (positive control, 15 pg/ml).

Figure S6. Evaluation of lysosomal number. (A) Representative western blot images of
LAMP1 and LAMP2 in RAW 264.7 macrophages exposed to 50 ug/mL particles for 6 h.
Actin was used as a loading control. (B-C) Quantification of protein expression levels for
LAMP1 (B), or LAMP2 (C). Data are given as mean = SEM. * p<0.05 versus control

condition; **, p<0.01 versus control condition.
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Figure 3
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Figure 5
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Figure 6
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Figure S1
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Figure S3
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Figure S6
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