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Titanium dioxide is “generally regarded as safe” and titanium dioxide nanoparticles (TiO, NPs) are used
in a wide variety of consumer products. Cellular exposure to TiO, NPs results in complex effects on cell
physiology including induction of oxidative stress and impairment of lysosomal function, raising con-
cerns about the impact of TiO, NPs on biological systems. We investigated the effects of TiO, NPs (15,
50, and 100 nm in diameter) on the lysosome-autophagy system, the main cellular catabolic pathway
that mediates degradation of nanomaterials. Specifically, we monitored a comprehensive set of markers
of the lysosome-autophagy system upon cell exposure to TiO, NPs, ranging from transcriptional activa-
tion of genes required for the formation of autophagic vesicles to clearance of autophagic substrates. This
study reveals that uptake of TiO, NPs induces a response of the lysosome-autophagy system mediated by
the transcription factor EB and consequent upregulation of the autophagic flux. Prolonged exposure to
TiO, NPs, however, was found to induce lysosomal dysfunction and membrane permeabilization, leading
to a blockage in autophagic flux. Results from this study will inform the design of TiO, NP based devices
with specific autophagy-modulating properties.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Recent progress in the field of nanotechnology has not only led
to the design of multifunctional nanotherapeutics [1] and
advanced nano-biosensors [2], but has also resulted in a rapid
increase in the number of consumer products containing nanoma-
terials [3]. The commercialization of nanomaterial-based products
has paralleled an increase in the large-scale production of nanoma-
terials and, thus, a growing concern regarding the potentially
adverse effects of exposure of employees, consumers, and patients.
It is widely accepted that engineered nanomaterials exert a diverse
array of effects on human health, paralleling the heterogeneous
and complex properties of the nano-sized materials themselves
[4]. The health effects of nanomaterials, such as induction of the
inflammatory response, neurodegeneration, or cancer, are ulti-
mately a consequence of the interactions between nanomaterials
and cellular components that also operate at the nanoscale.

Internalization of nanomaterials into cells activates the response
of a series of cellular pathways precisely evolved to prevent accu-
mulation of toxic or aberrant material and maintain cellular home-
ostasis. In particular, a variety of nano-sized materials encountered
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by the cell, including intracellular protein aggregates and damaged
organelles, as well as internalized pathogens and anthropogenic
nanomaterials, activate the response of the lysosome-autophagy
system. As the main catabolic pathway in mammalian cells,
macroautophagy (hereafter referred to as autophagy) plays a fun-
damental role in maintaining cellular homeostasis and survival
[5], and impairment or inefficiencies in this degradation system
are associated with the development of a variety of human diseases,
ranging from neurodegenerative disorders to cancer [6,7]. Autop-
hagy mediates degradation of a variety of substrates including pro-
teinaceous aggregates (aggrephagy) [8], lipid droplets (lipophagy)
[9], and organelles such as peroxisomes (pexophagy) [10]. Activa-
tion of the lysosome-autophagy system induced as a response to
cellular internalization of nanomaterials may thus result in an
increase in the cellular degradation capacity and enhanced clear-
ance of endogenous materials [8,11,12]. The interaction of internal-
ized nanomaterials with the lysosome-autophagy system, however,
may also result in impairment of specific components of the path-
way, such as the lysosome [13]. Clearance of autophagic cargo
requires the fusion of autophagosomes with lysosomes to form
autophagolysosomes where degradation occurs [14]. Both lyso-
somes and autophagosomes must be functionally active for tran-
scriptional activation of the lysosome-autophagy system to
translate into enhanced autophagic clearance [15]: indeed, defects
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in the integrity and function of autophagosomes and lysosomes
result in blockage of autophagic flux [16]. The effect of inorganic
nanoparticles on lysosomal function and integrity, for instance,
has been reported. The impairment of structural and functional
integrity of lysosomes induced by nanoparticles may result in
blockage of autophagic flux and accumulation of endogenous mate-
rials that are typically degraded via autophagy [16-20].

Titanium dioxide is “generally regarded as safe” by the US Food
and Drug Administration [21]. While a number of personal care,
biomedical, and industrial products contain titanium dioxide
nanoparticles (TiO, NPs) [22], the effects of TiO, NPs on biological
systems following cellular internalization remain unclear. A num-
ber of cellular pathways were found to be altered in association
with cellular uptake of TiO, NPs including the oxidative stress
response [23-26], inflammatory response [27], and lysosomal sys-
tem [28]. Because the lysosome-autophagy system mediates the
first cellular response to internalization of foreign nanomaterials,
we investigated a comprehensive set of markers of the lysosome-
autophagy system upon cellular exposure to TiO, NPs with pri-
mary particle diameters of 15, 50, and 100 nm. Results from this
study provide important insights for the design of TiO, NPs with
the desired effect on the lysosome-autophagy system, and ulti-
mately, for engineering safe nanomaterial-containing products.

2. Materials and methods
2.1. Nanomaterial characterization studies

TiO, NPs were purchased from NanoAmor (5430MR, 15 nm) and
mkNano (MK-TiO2-A050, 50 nm and MKN-TiO2-A100, 100 nm).
TiO, nanopowders were prepared by the wet chemical synthesis
method and present >98% TiO, purity, as specified by the manufac-
turer. Stock solutions (10 mg/mL) were prepared by suspending
TiO, NPs in deionized water (18.2 MQ-cm). Stock suspensions were
sonicated immediately prior to use using a probe sonicator for
5 min at an 80% pulsation regime, stabilized with bovine serum
albumin (BSA) through addition of an 80 mg/mL BSA-H,0 solution
at a NP to protein mass ratio of 1:1, and further diluted in cell cul-
ture media immediately prior to use in biological assays [29].

Transmission electron microscopy (TEM) samples were pre-
pared by dropping TiO, NP suspensions onto carbon type A 300
mesh copper grids. The TEM micrographs were taken using a JEOL
2010 TEM operated at 100 kV with a single tilt holder. The crystal
structure and composition of the TiO, NPs were characterized by
X-ray diffraction using a Rigaku D/Max Ultima II. Particle hydrody-
namic diameter and zeta potential measurements (25 ug/mL) were
obtained using a Beckman Coulter DelsaMax Pro system.

2.2. Cell cultures

Hela cells (ATCC) were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin-glutamine (PSQ). HeLa cells
overexpressing transcription factor EB (TFEB) fused to a FLAG tag
(HeLa/TFEB cells) [30] were a gift from Dr. Marco Sardiello (Baylor
College of Medicine). HeLa/TFEB cells were cultured in DMEM sup-
plemented with 10% FBS and 1% PSQ and selected using G418
(1 mg/mL). H4/o-syn-GFP cells [31,32] were cultured in high glu-
cose DMEM supplemented with 10% FBS and 1% PSQ and selected
using blasticidin (5 pg/mL).

2.3. Immunofluorescence studies

Immunofluorescence studies were conducted as previously
described [12,16]. Briefly, cells were seeded on glass coverslips in

12-well plates (2-10* cell/well). HeLa/TFEB cells were cultured in
the presence of TiO, NPs for 24 or 72 h. H4/o-syn-GFP cells were
first transfected for the expression of TFEB-3XFLAG using the
TFEB-3XFLAG plasmid from Dr. Marco Sardiello (Baylor College of
Medicine), then cultured in the presence of TiO, NPs for 24 h. Cells
were washed three times with PBS, fixed with 4% PFA (15 min),
permeabilized with 0.1% Triton X-100 (10 min), and incubated
with 8% BSA-PBS (30 min).

TFEB subcellular localization studies were conducted as previ-
ously described [33]. Cells were incubated with an anti-FLAG or
anti-TFEB antibody (F7425, Sigma, 1:1000; ab70729, Abcam,
1:100) for one hour, washed, incubated with a fluorescent sec-
ondary antibody (611-142-002, Rockland, 1:500; 610-143-002,
Rockland, 1:500) for one hour, washed, and then incubated with
a Hoechst nuclear stain for ten minutes. Image post-processing
and colocalization analyses were conducted using the JACoP plugin
in Image]J [34]. The fraction of nuclear TFEB was quantified by cal-
culating the Mander’s Overlap Coefficient for each image. Average
values were calculated from analyses of ~50 cells per sample col-
lected from at least three independent experiments. The percent-
age of cells presenting TFEB nuclear localization was determined
by calculating the fraction of cells presenting the nuclear localiza-
tion of TFEB as determined by evaluating the Mander’s Overlap
Coefficient greater than the average fraction of TFEB nuclear local-
ization in untreated cells plus one standard deviation.

Lysosomal membrane permeabilization was evaluated by
detecting lysosomal galectin-1 puncta as previously described
[35]. Cells were incubated with anti-galectin-1 (ab25138, Abcam,
1:3000) and anti-lysosome-associated membrane protein-2
(LAMP-2, 354301, BioLegend, 1:2000) antibodies overnight at
4 °C, washed, and incubated with the appropriate fluorescent sec-
ondary antibodies (611-142-002, Rockland, 1:500; 072-03-15-06,
KPL, 1:500) for one hour. Image post-processing was conducted
using Image] to determine the number of LAMP-2-positive
galectin-1 puncta on a cell-by-cell basis. Puncta were counted
manually and average values were calculated by analyzing ~30
cells per sample from at least three independent experiments.

Microtubule-associated protein light chain 3 (LC3)-LAMP colo-
calization was evaluated as previously described [16]. Cells were
incubated with anti-LC3 (NB100-2220, Novus Biologics, 1:1000)
and anti-LAMP-2 (354301, BioLegend, 1:2000) antibodies for three
hours, washed, and incubated with appropriate fluorescent sec-
ondary antibodies (611-143-002, Rockland, 1:500 or 610-142-
002, Rockland, 1:500) for one hour. Image post-processing and
colocalization analyses were conducted using the JACoP plugin in
Image] [34]. The level of LC3-LAMP colocalization was quantified
by calculating the Mander’s Overlap Coefficient for each image.
The number of LC3 puncta per cell was determined by thresholding
images of LC3 and using the ‘analyze particles’ function in Image].

2.4. Nanoparticle uptake studies

Cellular uptake of TiO, NPs was evaluated as previously
described [36,37]. Briefly, HeLa/TFEB cells were plated in 12-well
plates (8-10% cell/well) and exposed to TiO, NPs for 24 h, washed
three times with PBS, and collected in cell culture media. Uptake
was quantified by measuring the side scattering parameter (SSC)
of cells exposed to TiO, NPs using a BD FACSCanto II Flow
Cytometer.

2.5. Cell viability analyses

Cellular membrane permeabilization was measured in HeLa/
TFEB cells plated in 12-well plates (8-10% cell/well) and cultured
in media supplemented with TiO, NPs for 24, 48, or 72 h. Cells
were collected in PBS and mixed with a 0.4% Trypan Blue solution
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at a 1:1 volume ratio. At least 100 cells per biological replicate
were counted using a hemocytometer, and the percentage of viable
cells was determined using the following formula: % viable =1 —
(number of stained cells/total number of cells) x 100%.

Cellular metabolic activity was evaluated using the Promega
CellTiter 96® AQueous One Solution Reagent. HeLa/TFEB cells were
plated in 96-well plates (5-10° cell/well) and cultured in media
supplemented with TiO, NPs for 24 h. After exposure to TiO, NPs,
20 uL of the CellTiter 96® AQueous One Solution Reagent plus
100 pL of culturing media was pipetted into each well. Plates were
incubated at 37 °C for 2 h in 5% CO,. The amount of soluble for-
mazan produced by the cellular reduction of 3-(4,5-dimethylthia
zol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tet
razolium (MTS) was evaluated by measuring the absorbance of the
solution at 490 nm using a Spectra Max Gemini EM Microplate
Reader.

2.6. Western blot analyses

LC3 levels in HeLa cells were measured by plating cells in 10-cm
dishes (8-10° cell/dish, 24 h; 6-10° cell/dish, 72 h) and incubating
with TiO, NPs for 24 or 72 h. Cells were collected and lysed with
Complete Lysis-M buffer (Roche) containing a protease inhibitor
cocktail. 40 ug of protein from each sample were separated by
15% SDS-PAGE. Membranes were incubated with primary antibod-
ies (LC3, NB-100-2220, Novus Biologics, 1:1000; p62, 610832, BD
Biosciences, 1:500; GAPDH, sc-25778, Santa Cruz Biotechnology,
1:10,000) and the appropriate secondary antibody (sc-2004, Santa
Cruz Biotechnology, 1:12,000; sc-2005, Santa Cruz Biotechnology,
1:12,000). Imaging was performed on an LAS 4000 Imager and rel-
ative band densities were determined using Image].

a-synuclein levels in H4/o-syn-GFP cells were measured by
plating cells in 6-well plates (20-10* cell/well) and incubating cells
with TiO, NPs for 24 or 72 h. Cells were lysed using Complete
Lysis-M buffer (Roche) containing a protease inhibitor cocktail
and 1% Triton X-100 for 30 min on ice. Lysed cells were centrifuged
for 60 mins at 15,000g and 4 °C, and the supernatant containing the

1,200
O —~ B 15 nm
é g 1,000 B 50 nm
S S 800 @ 100 nm
S o
> o 600
T =
o Q400
€
S .8 200
I T 0

DMEM

H,O

L. Popp et al./Acta Biomaterialia 79 (2018) 354-363

soluble protein fraction was collected. The pellet was resuspended
in Complete Lysis-M buffer supplemented with 2% SDS and 8 M
urea and sonicated to collect the insoluble protein fraction. 4 pg
of soluble protein and 40 pg of insoluble protein were separated
by 12% SDS-PAGE for detection of a-synuclein and 40 pg of soluble
protein for detection of LC3. Membranes were blotted using pri-
mary antibodies (o-synuclein, S5566, Sigma-Aldrich, 1:20,000;
LC3, NB-100-2220, Novus Biologics, 1:1000; GAPDH, sc-25778,
Santa Cruz Biotechnology, 1:10,000) and appropriate secondary
antibodies (sc-2005, Santa Cruz Biotechnology, 1:12,000; sc-
2004, Santa Cruz Biotechnology, 1:12,000). Imaging was performed
on an LAS 4000 Imager and relative band densities were deter-
mined using Image]J.

2.7. Statistical analyses

All data are presented as mean * s.d. with the statistical signif-
icance calculated using a two-tailed Student’s t-test unless stated
otherwise. Differences are considered statistically significant with
'p<0.05.

3. Results and discussion
3.1. TiO, NPs induce activation of the transcription factor EB

The autophagic response to TiO, NPs was investigated using a
series of TiO, NPs with different primary particle diameters,
namely 15, 50, and 100 nm (anatase crystal structure, Fig. 1A and
B, Fig. S1). The hydrodynamic of diameter of each TiO, NP sus-
pended in water or culturing media was first determined by
dynamic light scattering (Fig. 1C). Media suspensions were pre-
pared by sonicating water suspensions of TiO, NPs, stabilizing
NPs through the addition of BSA, and diluting the resulting suspen-
sion in cell culture media (DMEM) [29]. Dynamic light scattering
analyses suggest that the TiO, NPs form large agglomerates in
water that are maintained upon dilution into DMEM, with the
intermediate size of TiO, NPs tested (50 nm) forming the largest

B
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Fig. 1. Characterization of TiO, NPs. (A) TEM images of TiO, NPs dispersed in H,O. Scale bar is 50 nm. (B) X-ray diffraction analyses of TiO, NPs. The anatase reference pattern
is shown as vertical black lines (JCPDS Card #00-021-1272). (C-D) Dynamic light scattering analyses of the (C) hydrodynamic diameter and (D) zeta potential of TiO, NPs

(25 pg/mL) dispersed in 1% BSA/H,0 or 1% BSA/DMEM. Data presented as mean # s.d.
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agglomerates (Fig. 1C; p-value <0.01). Zeta potential measure-
ments of TiO, NPs revealed that all three TiO, NPs have a negative
surface in solution with the 50 nm TiO, NPs presenting a more
neutral surface charge in water compared to the 15 and 100 nm
TiO, NPs (Fig. 1D). The more neutral surface charge of the 50 nm
TiO, NPs in water compared to 10 and 100 nm TiO, NPs may
reduce electrostatic repulsion and favor formation of larger
agglomerates. While we did not observe a linear correlation
between the TiO, NP primary particle diameters and their agglom-
erate size, the particles’ properties, including surface area and
volume, are still likely to play a significant role in the response of
the lysosome-autophagy system [38,39]. In fact, TiO, NPs have
been suggested to agglomerate and deagglomerate within cells,
further implicating the importance of primary particle size on
the cellular response to uptake of TiO, NPs [40]. Upon addition of
BSA and dilution into DMEM, all three TiO, NPs exhibit similar,
slightly negative zeta potentials most likely due to the formation
of a protein corona [41].

To investigate the molecular mechanisms that mediate the
autophagic response to TiO, NPs of different primary particle
diameters, we first monitored the transcriptional regulatory net-
work that controls induction of the lysosome-autophagy system
by measuring activation of TFEB [42]. TFEB mediates integrated
control of the lysosome-autophagy system by regulating the
expression of the CLEAR (coordinated lysosomal expression and
regulation) network [30,43]. This network includes genes that
encode for lysosomal hydrolases, lysosomal membrane proteins,
and autophagy-related proteins [43]. TFEB resides predominantly
in the cytoplasm of cells under basal conditions and translocates
into the nucleus upon activation [30]. We evaluated TFEB subcellu-
lar localization in HeLa cells stably transfected for the expression of
TFEB-3XFLAG (HeLa/TFEB cells), as they provide an in vitro model
system of TFEB activation [30]. HeLa/TFEB cells were cultured in
DMEM supplemented with TiO, NPs (0-500 pg/mL; 24 h), and
TFEB subcellular localization was monitored by immunofluores-
cence confocal microscopy using a Hoechst nuclear stain and an
anti-FLAG antibody. TFEB activation was evaluated by calculating
the Mander’s Overlap Coefficient of the TFEB signal (anti-FLAG)
and the nuclear stain (Fig. 2A, Fig. S2) and by determining the frac-
tion of cells that present more nuclear TFEB than untreated cells
(Fig. 2B) [34]. Colocalization analyses reveal that TFEB localizes
predominantly in the cytoplasm of untreated HeLa/TFEB cells, as
expected (Fig. 2A and B, white bars) [30]. Exposure of HeLa/TFEB
cells to TiO, NPs was found to increase the fraction of TFEB that
translocates into the nucleus. Specifically, we observed an increase
in the fraction of nuclear TFEB (Fig. 2A) and in the number of cells
presenting TFEB nuclear translocation (Fig. 2B) in cells exposed to
15 and 50 nm TiO, NPs at a media concentration of at least 50 ug/
mL and in cells exposed to 100 nm TiO, NPs at a media concentra-
tion of at least 10 pg/mL. The extent of TFEB activation was found
not to vary significantly as a function of primary particle size or
particle agglomerate size. These results indicate that all three of
the TiO, NPs induce activation of TFEB and that the extent of TFEB
activation does not depend on the primary particle size.

To determine whether activation of TFEB in cells treated with
TiO, NPs depends on the efficiency of cellular internalization, we
evaluated the extent of TiO, NP uptake in HeLa/TFEB cells. Because
TiO, NPs affect intracellular granularity [44], uptake was quanti-
fied by measuring the SSC of cells exposed to TiO, NPs (0-
500 pg/mL; 24 h) using flow cytometry [36]. Internalization of
the TiO, NPs was found to be concentration-dependent at low con-
centrations and to plateau at a TiO, NP media concentration of
200 pg/mL (Fig. 2C). The three TiO, NPs were found to exhibit sim-
ilar uptake efficiency, suggesting that the primary particle diame-
ter of the TiO, NPs used in this study does not affect TiO, NP
uptake. To test whether uptake of the TiO, NPs induces cell toxic-

ity, the viability of HeLa/TFEB cells treated with TiO, NPs under
conditions that resulted in TFEB activation (0-500 pg/mL, 24-
72 h) was investigated using the Trypan Blue dye exclusion tech-
nique (Fig. 2D-F). Similar results were obtained using the MTS
assay (Fig. S3). We found that cellular exposure to the three TiO,
NPs under the conditions used in this study does not cause a reduc-
tion in cell viability.

These results, taken together, indicate that cell exposure to TiO,
NPs results in activation of TFEB, the master regulator of the
lysosome-autophagy system, under conditions that do not affect
cell viability. Furthermore, the extent of TiO, NP-induced TFEB
activation does not depend on the primary particle size or agglom-
eration propensity of the TiO, NPs.

3.2. Cell exposure to TiO, NPs results in blockage of the autophagic flux

Biopersistent NPs, such as TiO, NPs [45], have been repeatedly
reported to induce inactivation of lysosomal enzymes and destabi-
lization of the lysosomal membrane, leading to impairment of
autophagic clearance [13,16,46,47]. Interestingly, prolonged cellu-
lar exposure to TiO, NPs has been shown to affect lysosome acidifi-
cation and lysosomal enzyme function [28,48]. To test the impact of
the TiO, NPs used in this study on lysosomal integrity under condi-
tions resulting in TFEB activation, we evaluated the extent of per-
meabilization of lysosomal membranes by monitoring lysosomal
galectin puncta [35]. Galectins are soluble, carbohydrate-binding
lectins that accumulate in the cytoplasm and rapidly translocate
to leaky lysosomes [35]. Galectins bind to sites of lysosomal leakage
due to the high concentration of B-galactosides found on the protec-
tive glycocalyx lining of lysosomal membranes that become
exposed upon membrane permeabilization [49]. Lysosomal mem-
brane permeabilization can thus be monitored by quantifying
galectin puncta by immunofluorescence confocal microscopy [35].
HeLa/TFEB cells were exposed to TiO, NPs under conditions that
result in TFEB activation (50, 100, and 500 pug/mL; 24 and 72 h). Cell
treatment with L-leucyl-L-leucine methyl ester (2 mM, 2 h) was
monitored as a positive control in this study [35] and was found
to cause lysosomal membrane permeabilization in 49% of the cell
population compared to untreated cells that were found not to pre-
sent punctate galectin signal. Cell exposure to the 15, 50, and
100 nm TiO, NPs for a short time of incubation (50, 100, and
500 pg/mL; 24 h) did not result in the formation of punctate galec-
tin signal (Fig. 3, white bars). Prolonged cell exposure to each of the
three TiO, NPs (72 h), however, was found to cause lysosomal
membrane permeabilization (Fig. 3, grey bars; Fig. S4). Specifically,
we observed punctate galectin structures in about 20-40% of cells
treated with each of the three types of TiO, NPs. The observed levels
of lysosomal membrane permeabilization are not expected to cause
considerable activation of cell death mechanisms [35]. These data
suggest that prolonged exposure to TiO, NPs at concentrations that
activate TFEB induces lysosomal membrane permeabilization.

Because autophagic clearance depends on fusion of lysosomes
with autophagosomes, we asked whether cell treatment with
TiO, NPs, under conditions that impair lysosomal integrity, would
affect the turnover of autophagosomes. Autophagosome turnover
was analyzed by measuring the intracellular levels of LC3.[50]
LC3 is a soluble protein that accumulates in the cytoplasm under
basal conditions.[51] Upon activation of autophagy, the cytosolic
form of LC3 (LC3-I) is conjugated to phosphatidylethanolamine to
form an LC3-phosphatidylethanolamine conjugate (LC3-II), which
is recruited to autophagosomal membranes [51]. Fusion of
autophagosomes with lysosomes results in formation of
autophagolysosomes and degradation of autophagosomal compo-
nents, including LC3-Il, by lysosomal hydrolases; lysosomal
turnover of the autophagosomal marker LC3-II thus reflects autop-
hagic activity [50,52].
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Fig. 2. TFEB activation in HeLa/TFEB cells exposed TiO, NPs. (A and B) Confocal microscopy analyses of TFEB in HeLa/TFEB cells incubated with TiO, NPs for 24 h. (A) Average
fraction of total cellular TFEB that localizes in the nucleus. UT, untreated. Data presented as mean + s.e.m. p < 0.05, "p < 0.01, ""p < 0.001. (B) Percentage of HeLa/TFEB cells
with fraction of nuclear TFEB greater than average fraction of nuclear TFEB in untreated cells. UT, untreated. Data presented as mean + s.e.m. 'p < 0.05, "p < 0.01, 'p < 0.001.
(C) Side scattering parameter (SSC) of HeLa/TFEB cells exposed to TiO, NPs for 24 h measured by flow cytometry. Relative SSC values were calculated by normalizing the SSC
of treated cells to untreated cells. Data presented as mean + s.d. p < 0.05, "p < 0.01, ""p < 0.001. (D-F) Viability of HeLa/TFEB cells treated with TiO, NPs for 24, 48, and 72 h.

Data presented as mean # s.d.

The effect of short (24 h) and prolonged (72 h) exposure of HeLa
cells to TiO, NPs on autophagosome accumulation was evaluated
by testing the levels of LC3-I and LC3-II by immunoblotting. We
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Fig. 3. Lysosomal membrane permeabilization in HeLa/TFEB cells exposed to TiO,
NPs. Permeabilization of lysosomal membranes in HeLa/TFEB cells incubated with
TiO, NPs (50, 100, or 500 pg/mL; 24 or 72 h) as measured by confocal microscopy
analyses of galectin-1 and lysosome-associated membrane protein-2 (LAMP-2).
Data presented as mean + s.e.m. p < 0.05.

observed a concentration-dependent increase in the LC3-II/LC3-I
ratio after 24 h of treatment with 15, 50, and 100 nm TiO; NPs, sug-
gesting formation of autophagosomes (Fig. 4, Fig. S5). Addition of
bafilomycin (10nM; 1h), a selective inhibitor of vacuolar H+
ATPases that is known to block autophagic flux [15], was found
to increase the LC3-II/LC3-I ratio in cells exposed to low concentra-
tions of TiO, NPs (10 ug/mL; 24 h) but not in cells exposed to high
concentrations of TiO, NPs (100 pg/mL; 24 h) (Fig. 4A-C, Fig. S5A-
C). These results suggest that short exposure to low concentrations
of TiO, NPs results in enhancement of autophagic activity without
accumulation of autophagosomes, while increasing the concentra-
tion of TiO, NPs in the culturing media causes accumulation of
autophagosomes, which is typically associated with blockage of
autophagic flux. Interestingly, accumulation of autophagosomes
was also observed upon prolonged cell exposure to even low media
TiO, NP concentrations (10 pg/mL) (Fig. 4D-F, Fig. S5D-F), again
indicative of a blockage of autophagic flux. In summary, analyses
of LC3 levels indicate that cell exposure to TiO, NPs induces the
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Fig. 4. LC3 protein expression levels and processing in HeLa cells exposed to TiO, NPs. LC3 levels in HeLa cells incubated with TiO, NPs (10 or 100 pg/mL) for (A-C) 24 h or (D-
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presented as mean # s.d. 'p <0.05, "p<0.01, 'p < 0.001. Baf, bafilomycin.

formation of autophagosomes in a concentration-dependent man-
ner, with prolonged exposure to TiO, NPs inducing accumulation
of autophagosomes. The observed increase in accumulation of
autophagosomes parallels the increase in permeabilization of lyso-
somal membranes, suggesting that autophagosomal accumulation
is likely to be associated with lysosomal impairment and blockage
of autophagic flux.

The effect of short (24 h) and prolonged (72 h) exposure of
HelLa cells to TiO, NPs (10 or 100 pg/mL) on autophagosome for-
mation and turnover was also evaluated by testing the levels of
p62 (also known as SQSTM1) in the presence or absence of bafilo-
mycin (Figs. S6 and S7). Western blot analyses revealed a mild
increase in the levels of p62 in Hela cells exposed to TiO, NPs
for 24 h (Figs. S6A and S7A) compared to untreated cells. We spec-
ulate that TiO, NPs may agglomerate within the cytoplasm of trea-
ted cells and be tagged with p62 for recognition by the autophagy
system. This response typically leads to an increase in the levels of
p62, which mediates delivery of intracellular cargo into
autophagosomes [53]. The notion that sequestration of different
types of nanomaterials into autophagosomes, similar to the

sequestration of intracellular pathogenic bacteria, may be medi-
ated by p62 was recently reported [13,54,55]. Bafilomycin pre-
vents autophagic degradation of p62 that has been recruited to
autophagic structures [53]. Addition of bafilomycin to cells
exposed to TiO, NPs for 24 h led to a further increase in p62 levels,
confirming that short exposure to TiO, NPs does not cause block-
age of autophagic flux. Addition of bafilomycin to cells exposed to
TiO, NPs for 72 h, however, did not alter the levels of p62 (Fig. 4),
confirming that prolonged exposure causes blockage of the autop-
hagic flux.

The autophagic flux can be further monitored by correlating the
intracellular levels of LC3 (autophagosome formation) with colo-
calization of LC3 with the lysosomal membrane protein LAMP-2
(autophagolysosome formation) [56,57]. Low levels of LC3 and
LC3-LAMP colocalization are typically indicative of basal autopha-
gic activity. An increase in LC3 levels that is not paralleled by an
increase in LC3-LAMP colocalization indicates a block in autopha-
gic flux, while an increase in LC3 levels that is paralleled by an
increase in LC3-LAMP colocalization is characteristic of enhanced
autophagic flux [57].
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Fig. 5. LC3-LAMP colocalization in HeLa/TFEB cells exposed to TiO, NPs. Quantification of the average number of LC3 puncta per cell and colocalization of LC3 and LAMP-2 in
HeLa/TFEB cells incubated with 15, 50, and 100 nm TiO, NPs (10, 50, 100, and 500 ug/mL; 24 or 72 h) determined by confocal microscopy. Data points represent images of 10—
20 cells. The average basal level of LC3-LAMP colocalization (0.30 + 0.02) and LC3 puncta/cell (1.9 + 0.3) of untreated cells are reported as solid black lines.

HeLa/TFEB cells were treated with TiO, NPs (10, 50, 100, and
500 ug/mL; 24 or 72 h) and immunofluorescence confocal micro-
scopy images were analyzed to quantify the number of LC3 puncta
per cell and the extent of colocalization of LC3 and LAMP (Fig. 5,
Figs. S8-510). Cells treated with TiO, NPs at concentrations greater
than 10 pg/mL for a short time of exposure (24 h) were predomi-
nantly characterized by an increase in both the average number
of LC3 puncta per cell and the extent of LC3-LAMP colocalization,
a pattern indicative of an increase in autophagic vesicles and
enhanced autophagic flux. Cells treated with 10 pg/mL TiO, NPs
exhibited minimal changes in LC3 puncta and LC3-LAMP colocal-
ization compared with untreated cells. Prolonged exposure to
TiO, NPs (72 h) resulted in an increase in the average number of
LC3 puncta per cell that does not parallel an increase in LC3-
LAMP colocalization. The high levels of autophagosomal markers
associated with a level of formation of autophagolysosomes com-
parable to untreated cells observed upon prolonged exposure to
TiO, NPs is indicative of blockage of autophagic flux, likely due
to accumulation of autophagosomes that do not fuse with lyso-
somes to form autophagolysosomes.

These results, taken together, suggest that prolonged exposure
to the three TiO, NPs used in this study leads to lysosomal
membrane permeabilization and autophagosome accumulation,
resulting in a blockage of autophagic flux, and that this TiO,

NP-mediated effect on the lysosome-autophagy system is indepen-

dent of the primary particle size and particle agglomerate size of
the TiO, NPs.

3.3. Prolonged exposure to TiO, NPs impairs clearance of autophagic
substrates

To test whether TiO, NP-induced activation of autophagy
results in enhanced clearance of autophagic cargo, we monitored
the intracellular accumulation of aggregated a-synuclein, which
is a model substrate of autophagic clearance [8]. Specifically, we
tested the accumulation of aggregated o-synuclein in human H4
neuroglioma cells engineered to express o-synuclein fused to
GFP (H4/o-syn-GFP) [31,32] exposed to TiO, NPs. H4/o-syn-GFP
cells were first transfected to express TFEB-3XFLAG to evaluate
the extent of TFEB activation induced by exposure to TiO, NPs.
Transfected cells were incubated with 15, 50, and 100 nm TiO,
NPs (100 pg/mL; 24 h). Confocal microscopy analyses show that
TFEB is predominately found in the cytoplasm of untreated cells
and in the nucleus of cells treated with the TiO, NPs, indicating
that exposure of H4/o-syn-GFP cells to TiO, NPs leads to transcrip-
tional activation of autophagy (Fig. 6A). Exposure of H4/a-syn-GFP
cells to TiO, NPs (100 pg/mL, 24 or 72 h) was also found to increase
LC3-II/LC3-I levels (Fig. 6B, Fig. S11), confirming activation of
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Fig. 6. Accumulation of autophagic substrates in H4/o-syn-GFP cells exposed to TiO, NPs. (A) Confocal microscopy analyses of TFEB subcellular localization in H4/o-syn-GFP
cells transfected with TFEB-3XFLAG and incubated with TiO, NPs (100 ug/mL, 24 h). Representative images of colocalization of nuclei (blue, Hoechst stain, column 1) and TFEB
(red, anti-TFEB, column 3) is shown in merged images (column 4). Scale bar is 20 pm. (B) Quantification of LC3-II/LC3-I levels in the soluble protein fraction of H4/a-syn-GFP

cells treated with TiO, NPs (100 pg/mL; 24 or 72 h) measured by Western blot. Data presented as mean +s.d. p < 0.05, "p <0.01, "

p <0.001. (C) Quantification of a-synuclein

levels in soluble and insoluble protein fractions of H4/a-syn-GFP cells treated with TiO, NPs (100 ug/mL; 24 or 72 h) determined by Western blot. Data are presented as
mean +s.d. p<0.05, p<0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

autophagy and formation of autophagic vesicles. The effect of TiO,
NPs on autophagic clearance was evaluated by quantifying the
amount of soluble and insoluble a-synuclein in H4/a-syn-GFP cells
treated with TiO, NPs (100 ug/mL; 24 or 72 h) by Western blot
(Fig. 6C, Fig. S11) [8]. Short exposure (24 h) to the TiO, NPs was
found to result in a reduction in the ratio of insoluble to soluble
a-synuclein (Fig. 6C, Fig. S11A and B), suggesting that TiO,
NP-induced activation of autophagy enhances the clearance of
a-synuclein aggregates. The ratio of insoluble to soluble levels of
a-synuclein in cells exposed to TiO, NPs for prolonged times
(72 h) were found to be comparable to, or higher than, that of
untreated cells (Fig. 6C, Fig. S11C and D), suggesting that activation
of the autophagic response does not parallel enhanced clearance
upon prolonged exposure to TiO, NPs, and may instead result in
blockage in autophagic flux and accumulation of autophagic cargo.

4. Conclusions

An increase in the number of individuals being exposed to engi-
neered nanomaterials has resulted in an urgent need to character-
ize the interaction of nanomaterials with biological systems and to
understand the effect of nano-bio interactions on cellular compo-
nents, which also operate at the nanoscale. Cellular internalization
of nanomaterials results in activation of the lysosome-autophagy
system, most likely as the cellular response to what it is perceived
as foreign or toxic [13,58]. Depending on their specific physico-
chemical properties, however, nanomaterials may also have
adverse effects on components of the lysosome-autophagy system.
Inorganic nanoparticles, for instance, may affect lysosomal integ-
rity and function, which, in turn, may have an effect on autophagic
degradation [13].

This study provides a comprehensive analysis of the autophagy-
inducing properties of three TiO, NPs of anatase crystal structure
with varying primary particle sizes (15, 50, and 100 nm). Specifi-
cally, the effects of TiO, NP uptake on the autophagy pathway
was assessed by monitoring regulation of the lysosome-
autophagy system at the transcriptional level, formation of autop-
hagic vesicles and fusion of autophagic vesicles with lysosomes,
and, ultimately, clearance of endogenous autophagic substrates.

We report that the cellular uptake of TiO, NPs results in activation
of the lysosome-autophagy system via TFEB. We also found that
prolonged exposure to TiO, NPs results in lysosomal dysfunction
and lysosomal membrane permeabilization, which leads to a
blockage in autophagic flux. Our results point to a minimal effect
of the primary particle size on the autophagic response under the
experimental conditions used in this study. It remains to be deter-
mined whether agglomeration of TiO, NPs affects the interaction of
this nanomaterial with the lysosome-autophagy system and
whether the size of the resulting agglomerates plays a role in shap-
ing the response of this important homeostatic pathway to cellular
internalization of TiO, based nanoparticles. Furthermore, while
this study provides an experimental pipeline for monitoring the
lysosome-autophagy system upon uptake of TiO, NPs and provides
important insights on the cellular and molecular mechanisms
underlying the autophagic response to TiO, NPs, it remains impor-
tant to extend the approaches reported herein to other in vitro sys-
tems of biomedical relevance, as cancerous cell lines may have
higher basal levels of autophagy than primary cells [59,60].
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