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Abstract

Cellulose nanocrystals (CNC), also known as nanowhiskers, have recently gained much attention
due to their biodegradable nature, advantageous chemical and mechanical properties, economic
value and renewability thus making them attractive for a wide range of applications. However,
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before these materials can be considered for potential uses, investigation of their toxicity is
prudent. Although CNC exposures are associated with pulmonary inflammation and damage as
well as oxidative stress responses and genotoxicity /n vivo, studies evaluating cell transformation
or tumorigenic potential of CNC’s were not previously conducted. In this study, we aimed to
assess the neoplastic-like transformation potential of two forms of CNC derived from wood
(powder and gel) in human pulmonary epithelial cells (BEAS-2B) in comparison to fibrous
tremolite (TF), known to induce lung cancer. Short-term exposure to CNC or TF induced
intracellular ROS increase and DNA damage while long-term exposure resulted in neoplastic-like
transformation demonstrated by increased cell proliferation, anchorage-independent growth,
migration and invasion. The increased proliferative responses were also in-agreement with
observed levels of pro-inflammatory cytokines. Based on the hierarchical clustering analysis
(HCA) of the inflammatory cytokine responses, CNC powder was segregated from the control and
CNC-gel samples. This suggests that CNC may have the ability to influence neoplastic-like
transformation events in pulmonary epithelial cells and that such effects are dependent on the type/
form of CNC. Further studies focusing on determining and understanding molecular mechanisms
underlying potential CNC cell transformation events and their likelihood to induce tumorigenic
effects /n vivo are highly warranted.

Keywords
Lung epithelial cells; Cellulose; Migration; Invasion; Tremolite

1. Introduction

Nanocellulose (NC) is a highly versatile material with unique properties that allow its use in
numerous industrial applications. Derived from a diversity of sources of cellulosic biomass,
including those from the forest, agricultural and recycling industries as well as bacteria and
tunicates (Shatkin and Kim, 2015), NC is unique in that it is bio-based, renewable,
biodegradable, and relatively inexpensive (Roman, 2015). Currently NC is available on
market in different forms that can be modified for use in a wide range of applications
including oil and gas industries, adhesives, paints and coatings, nonwoven materials,
composites, food, cosmetics, pharmaceuticals and many other materials (Osterberg and
Cranston, 2014; Stefaniak et al., 2014). NC has been widely tested by many companies, but
only a few commercial applications have been reported to date. Among them are use of NC
in cosmetics (DelLeon Cosmetics), gel inks as a thickener (Mitsubishi Pencil Co Ltd and
DKS Co Ltd), and for the production of adult diapers (Nippon Paper Crecia Co., Ltd.).
Additionally, cellulose could be used as an ashestos substitute for asbestos cement products
(Park, 2018). Despite many technological challenges, NC production and application is
growing, which could lead to a rapid increase in people exposed to this nanomaterial.
Indeed, it was estimated that nanocellulose could increase the U.S. economy by $600 billion
by 2020 (https://technology.risiinfo.com/mills/north-america/risi-nanocellulose-study-
transformational-new-material-forest-products-industry). Emerging technologies often
develop before appropriate knowledge of the risks to workers, consumers/users have been
obtained, and NC is no exception (Howard and Murashov, 2009).
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One of the major forms of NC, crystalline nanocellulose (CNC), is extremely strong and has
unique electrical and optical properties. CNC also carry a charge and is chemically active.
However, some properties of CNC, such as high aspect ratio and stiffness, could raise
concern of adverse human health effects (Chen et al., 2012). Currently, the number of
published studies on CNC toxicity is limited with most of these reports investigating short-
term rather than longer-term exposures. For instance, /in vivo studies reported pulmonary
inflammation and damage, elevated collagen deposition and TGF-p levels as well as
oxidative stress responses, genotoxicity and long-term pulmonary retention (Catalan et al.,
2017; Park et al., 2018; Shatkin and Kim, 2015; Shvedova et al., 2016; Yanamala et al.,
2014; Joseph et al., 2017; Cullen et al., 2000). Additionally, it was shown that CNC affects
innate immunity and has adjuvant effects in OVA-mouse model (Park et al., 2018; Wang et
al., 2019). Moreover, a number of /n vitro studies reported cytotoxic responses accompanied
by increase in release of inflammatory mediators, particle cellular uptake, oxidative stress
and proliferation in response to CNC exposure (Catalan et al., 2015; Menas et al., 2017;
Wang et al., 2019; Yanamala et al., 2016; Endes et al., 2014). Although the research progress
has been made to understand the CNC-induced toxicity, as noted by referred studies, yet the
knowledge gap still exists in term of long-term toxicity effects. This is particularly important
since chronic low dose exposure studies that represent realistic workplace conditions are
considered more suitable experimental models for risk assessment than single (bolus) acute
exposure studies (Oberdorster, 2010; Ede et al., 2019). To date, no studies have evaluated the
tumorigenic potential of CNC long-term exposures /in vitro.

In vitro screening methods employing human cell lines described previously can provide
rapid, robust and high-throughput platform for assessing neoplastic-like transformation in
cells (Wang et al., 2014). Thus, the present study was aimed to evaluate the potential
neoplastic-like transformation inducing ability of two forms of CNC (powder and gel),
derived from wood, in comparison to respirable fibrous tremolite. Tremolite ashestos was
shown to induce structural cell damage and accumulation of biomarkers for cancer
development (Pugnaloni et al., 2013), chromosomal mutations, micronucleus induction and
cell transformation /n vitro (Athanasiou et al., 1992; Srivastava et al., 2010), mesothelioma
in rats (Aierken et al., 2014; Davis et al., 1991), lung cancer and malignant mesothelioma in
humans (Schneider et al., 1998; Kohyama et al., 2017; Roggli et al., 2002).

Human pulmonary epithelial cells (BEAS-2B) used in the study, is a noncancerous SV-40
immortalized cell line closest to normal bronchial epithelium (Ke et al., 1988) and is
commonly used as a model for studying pulmonary carcinogenesis and toxicity (Klein-
Szanto et al., 1992; Park et al., 2015; van Agen et al., 1997). Cells undergoing neoplastic
transformation usually display hallmarks such as altered morphology, increased
proliferation, enhanced cancer cell behavior and /7 vivo tumor formation (Creton et al.,
2012; Hanahan and Weinberg, 2011; Wang et al., 2014). Here, by employing cancer cell
hallmark assays, we showed that continuous exposure of BEAS-2B cells to occupationally
relevant non-toxic concentrations of CNC for 4 weeks caused proliferation, transformation
and enhanced invasion/migration. Moreover, inflammatory response induced by CNC
powder was segregated from the control and CNC gel-exposed groups. In addition, CNC
exposure triggered oxidative stress and DNA damage. Overall, our results show that sub-
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chronic exposure to CNC may initiate neoplastic-like transformation /n vitro. Further studies
will assess and validate the tumorigenic potential of CNC under /n vivo conditions.

2. Materials and methods

2.1. Particle preparation and characterization

CNC in two different forms, powder and gel (10% wt.), were obtained from the USDA
Forest Products Laboratory (Madison, WI). Stock solutions of each particle were prepared in
United States Pharmacopea (USP) grade water and sterilized by autoclaving followed by
brief sonication (30 s) with a probe sonicator (Branson Sonifer 450,10 W continuous
output). These stock solutions were further diluted with medium for BEAS-2B cells to
prepare chosen test concentrations. Atomic force microscopy (AFM) and dynamic light
scattering (DLS) analysis were performed to characterize CNC materials. The AFM and
DLS analysis of the CNC samples used in this study were published previously (Shvedova et
al., 2016). Respirable tremolite asbestos (Lone Pine, CA (Harper et al., 2014);) was
processed by grinding to produce a homogenous material of reduced particle size and
characterized by RTI Laboratories using transmission electron microscopy (TEM) to
determine fiber length and width and resulting percent of fibers with length =5 and aspect
ratio =3. A minimum of 800 particles were counted for accurate characterization.

2.2. Cell culture and long-term exposure to CNC or TF

Noncancerous human bronchial epithelial cells (Ad12-SV40 immortalized) BEAS-2B
(ATCC, Manassas, VA) were grown and maintained in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 2 mM glutamine, 5% heat-inactivated fetal bovine serum
(FBS) with 1% pen-strep (Invitrogen, Carlsbad, CA). Cells were maintained at 37 °C in a
humidified 5% CO» incubator during and following exposures. Cells were subjected to four
cycles of treatment, 72 h each, with non-toxic concentration of CNC (powder or gel) or
respirable TF in three biological replicates. In brief, cells were exposed to 30 pg/cm? of each
CNC or 2.5 pg/cm? of TF for 72 h in clear DMEM with 1% FBS. Then, cells were washed
twice with PBS, counted and transferred to a new flask to grow in full medium containing
5% FBS for additional 4 days. Afterwards, the same CNC or TF treatment was repeated for
another 3 times. At the end of each cycle, a maximum confluence of ~80% was maintained
and observed. Cells were counted at the end of each cycle and transferred by 1:4 passages.
The unexposed control cells were treated using sterile USP grade water. The relevant
concentration of CNC used for exposing cells was chosen based on our previous studies
(Menas et al., 2017; Yanamala et al., 2016). Concentration of TF was chosen based on our
and other’s experiences (Nygren et al., 2004; Athanasiou et al., 1992). The dose investigated
in this study (2.5 ug/cm?) was the least cytotoxic dose from the separate viability
experiments (Fig. S1). Additionally, previous experiments with various asbestos fibers
revealed that the concentration of 2.5 pg/cm? had a transformation potential without
excessive cytotoxicity (Bocchetta et al., 2000; Qi et al., 2013), but still induced the DNA
damage (Ollikainen et al., 1999; Nygren et al., 2004).
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2.3. Cell cytotoxicity, intracellular ROS generation and DNA damage

First, we evaluated cell cytotoxicity, intracellular reactive oxygen species (ROS) production
and DNA damage induced by exposure to CNC, powder or gel, and TF for 72 h.
Cytotoxicity was assessed by measuring cell viability and damage. For viability evaluation,
cells were collected by trypsinization, stained with trypan blue and counted using
Countess™ FL Il automated cell counter (Invitrogen, Grand Island, NY). Cell damage was
determined by measuring the level of lactate dehydrogenase (LDH) in cell supernatants.
LDH was assayed spectrophotometrically using a Synergy H1 Hybrid Reader (BioTek,
Winooski, VT). The reduction of nicotinamide adenine dinucleotide in the presence of
lactate to pyruvate using a Lactate Dehydrogenase Reagent Set (Pointe Scientific, Lincoln
Park, MI) was monitored at 340 nm. All results are presented as the percent of control, as an
average from three independent experiments.

To determine ROS generation induced by CNC or tremolite, cells (1 x 10%) per well were
placed in a clear bottom black 96 well plates and exposed for 72 h. Following exposure,
cells were stained with Hoechst 33,342 (2 uM, Sigma-Aldrich, St. Louis, MO) and 2,7-
dichloro-fluorescin diacetate (DCF-DA, 25 uM, Life Technologies, Waltham, MA), a
fluorogenic dye that may react with several ROS including hydrogen peroxide, hydroxyl
radicals and peroxynitrite, for 45 min. Following incubation, cells were washed twice with
PBS and fluorescence values of DCF and Hoechst 33,342 were measured using a microplate
reader (Synergy H1, BioTek Instruments, Winooski, VT). The excitation/emission
wavelengths for DCF and Hoechst 33,342 were 485/530 nm and 350/460 nm, respectively.
Integrated intensity of fluorescent signals in each well were calculated. All results are
presented as an average from three independent experiments. Hydrogen peroxide was used
as a positive control in this assay (data not shown).

The induction of cellular DNA damage following 72 h exposure to CNC or TF was
evaluated by the OxiSelect™ Comet assay (Cell Biolabs, San Diego, CA) detecting single or
double strand breaks measured at the individual cell level. Cells (0.5 x 108/well) exposed in
6-well plates for 72 h were trypsinized, mixed with low-melting-point agarose, treated with
lysis buffer and alkaline solution, electrophoresed under neutral conditions and stained with
DNA dye according with manufacturer instruction. For analysis, we imaged at least 3 wells
(at least 150 cells) per exposure using automated microscope Evos FL Auto 2 Imaging
(Invitrogen, Grand Island, NY). Comet Assay IV Lite software (Insteam, Bury St Edmunds,
UK) was used for DNA damage scoring/evaluation as olive tail moment (OTM). All results
are presented as an average from three independent experiments.

2.4. Transmission electron microscopy (TEM) imaging of cells exposed to CNC or TF

After long-term exposure (4 weeks), cells were first fixed in 0.5 ml Karnovsky’s fixative
(2.5% gluteraldehyde, 2.5% paraformaldehyde in 0.1 M Sodium Cacodylic buffer) and then
in 2% osmium tetroxide for 1 h. The cells were then dehydrated and embedded in epon,
sectioned and stained with Reynold’s lead citrate and uranyl acetate. The sections were
imaged on a JEOL 1220 transmission electron microscope.
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2.5. Cell proliferation assays

To assess cell proliferation/survival following long-term exposure, colony-forming
efficiency (CFE) assay was performed using method published previously (Wang et al.,
2014). Briefly, cells from each independent exposure replicate were plated at a density of 6
x 102/well in 6-well plates in triplicates. Cells were cultured in full medium for 7 days with
one medium change on day 4. Further, cells were washed with PBS, fixed in 4%
paraformaldehyde, stained with 1% w/v crystal violet, and dried after being rinsed twice
with water. Colony counts were visually scored under the microscope. The mean CFE was
calculated, where CFE (%) = (average of treatment colonies/average of solvent control
colonies x100).

2.6. Cell morphological transformation evaluation

A morphological transformation assay was performed as previously described (Wang et al.,
2014). Shortly, exposed cells were seeded at a density of 500/well in 6-well plates in
triplicate and grown in full medium for 14 days with a PBS wash and fresh growth medium
supplied every 3 days. On day 14, medium was changed to serum-free for 1 week. On day
21, cells were washed with PBS, fixed in 10% formalin and stained with 1% crystal violet to
visualize foci. Type Il foci were scored from each treatment under an inverted microscope
using cell transformation criteria described by (Sasaki et al., 2012). At least three
independent assays for each treatment were performed. The results were normalized to the
total measured foci per sample.

2.7. Anchorage-independent agar colony formation

Following long-term exposure, cells from all treatment groups were assayed for anchorage-
independent cell proliferation using the CytoSelect 96-Well Cell Transformation Assay Kit
(Cell Biolabs, Inc., San Diego, CA). Briefly, a 1.2% agar solution was mixed with an equal
volume of 2X DMEM/20% FBS at 37 °C and 50 puL of the prewarmed mixture was
transferred to each well in order to form the base agar layer. To prepare the cell agar layer, a
75 ul mixture of agar, DMEM and cells (4 x 10° cells/ml) suspensions (1:1:1) were added to
each well of a 96-well plate pre-coated with base layer (5 x 103 cells/well). Once the agar
solidified, 100 ul of culture medium was added to each well and incubated for 8 days at 37
°C and 5% CO». Culture media was changed every 3 days. To measure anchorage-
independent growth, agar-layers were dissolved, lysed, mixed with CyQuant and the
fluorescence (485/520 nm) was read by Synergy H1 hybrid multi-mode microplate reader
(BioTek Instruments, Inc., Winooski, VT). Three independent assays for each treatment
were performed. The results are presented as the percent of control.

2.8. Cell migration and invasion assay

Cells, surviving long-term exposure to CNC or TF, were assayed for migration and invasion
capacity using CytoSelect cell migration kit (Cell Biolabs, San Diego, CA). This kit utilizes
polycarbonate 8 pm pore size membranes that serves as a barrier to discriminate migratory/
invasive cells. For cells invasion portion of the kit the upper surface of the insert membrane
was coated with a uniform layer of basement membrane matrix solution. Briefly,
suspensions of 1.5 x 10 cells/well (duplicate per treatment) in serum free medium were
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placed to the each insert, while medium alone containing 10% FBS, as a chemoattractant, in
the lower well of the plate. For both migration and invasion assays, cells were incubated for
24 h, non-migratory/invasive cells were carefully removed from inside insert, while
migratory/invasive cells on underside of the well insert were stained with crystal violet (10
min @RT). After gently washing the stained inserts several times in a beaker of water, the
inserts were air-dried and were transferred to a clean empty well. Following this, 200 pL of
extraction solution was added to each well containing the inserts and 100 uL of the sample
was used to measure the OD at 560 nm using Synergy H1 hybrid multi-mode microplate
reader (BioTek Instruments, Inc., Winooski, VT). All results were presented as an average
from three independent experiments.

2.9. TUNEL apoptosis assay

To measure DNA fragmentation (characteristic of late stage apoptosis), we employed
TUNEL assay (AAT Bioquest, Inc, Sunnyvale, CA). Briefly, just for apoptosis
measurements, last leg of long-term exposure (week 4) was done in 96-well plates. Cells
were seeded at a density of 5 x 103 cells/well and exposed (24 h later) to 30 pg/cm? of each
CNC for 72 h in clear DMEM with 1% FBS. Then, cells were fixed in 4% formaldehyde and
incubated with the TUNEL reaction mixture contained fluorescence dye TF3 modified
deoxyuridine 5’-triphosphates (TF3-dUTP). Fluorescent intensity was monitored by
Synergy H1 hybrid multi-mode microplate reader (BioTek Instruments, Inc., Winooski, VT)
at Ex/Em = 550/590 nm. All results were presented as an average from three independent
experiments.

2.10. Evaluation of oxidative stress biomarkers

Oxidative damage was evaluated by the presence of hydroxynonenal-histidine (HNE-His)
protein adduct, protein carbonyls and reduced glutathione (GSH/protein-SH) level in the cell
homogenates following 4-week sub-chronic exposure to CNC, powder or gel. HNE-His
adduct, lipid peroxidation end product, was measured by ELISA using an OxiSelect™ HNE-
His adduct kit (Cell Biolabs, Inc., San Diego, CA). The quantity of HNE-His adducts in
protein samples were determined by comparing its absorbance with that of a known HNE-
BSA standard curve. The level of oxidatively modified proteins in cell homogenates, as
assessed by measurement of protein carbonyls, was determined using the Biocell PC ELISA
kit (Northwest Life Science Specialties). GSH concentration in cell homogenates was
determined using ThioGlo™-3, a maleimide reagent, which produces highly fluorescent
adducts upon its reaction with SH-groups. Glutathione content was estimated by an
immediate fluorescence response registered upon addition of ThioGlo™-3 to the cells
homogenate. To measure total protein thiols, a second reading was performed following the
addition of SDS and 1-h incubation in the dark. A standard curve was established by
addition of GSH (0.04-4.0 uM) to 100 mM phosphate buffer (PBS, pH 7.4) containing 10
UM ThioGlo™-3. The Synergy™ H1 hybrid multi-mode microplate reader (BioTek
Instruments, Inc., Winooski, VT) was employed for the assay of fluorescence using
excitation at 388 nm and emission at 500 nm. The data obtained were exported and analyzed
using Gen 5™ data analysis software (BioTek Instruments, Inc., Winooski, VT). All results
were normalized by the total protein in the samples and averaged from three experiments.
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2.11. Biomarkers of inflammation

Levels of various cytokines, chemokine and growth factors in the supernatants of the cells
exposed to CNC (powder or gel) and TF for 4 weeks were determined using a Bio-Plex
system (Bio Rad, Hercules, CA). Human cytokine 27-Plex immunoassay kit was employed.
The concentrations were calculated using Bio-Plex Manager 6.1 software (Bio-Rad,
Hercules, CA). Data are expressed as pg/total cells number as an average from two to three
independent experiments.

2.12. Hierarchical clustering analysis using R

Hierarchical agglomerative (bottom up) clustering analysis using R (R Core Team, 2014)
was performed to identify sets of cytokines whose expression levels were correlated among
the CNC samples and PBS-exposed controls. All available raw data values, on the entire
panel of cancer biomarkers and inflammatory cytokines, were converted to fold-change and
then logo-transformed prior to the clustering analysis. The clustering results are displayed as
a heatmap in which correlated cytokines group together so that those with relatively higher
levels appear in graded shades of red and those with lower levels in shades of blue. The
heatmap was generated with the package ‘heatmap’ built for R version 3.1.3, using
“Euclidean” distance similarity between the different samples and by employing ward.D2
linkage distance between the members of the clusters.

2.13. Protein assay

Measurements of protein in cell homogenates were performed using a Bio-Rad protein assay
kit (Richmond, CA). This is a colorimetric assay for measuring total protein concentration
using standard procedure based on the Bradford dye-binding method (Bradford, 1976) by
employing the Synergy™ H1 hybrid multi-mode microplate reader (BioTek Instruments,
Inc., Winooski, VT).

2.14. Statistical analysis

Statistical analysis was performed using SigmaPlot 14.0 (San Jose, CA). Treatment related
differences were compared by one-way ANOVA using all pairwise multiple comparison
procedures (Holm-Sidak method). All data are presented as means plus the standard error of
the mean (SEM). Pvalues of less than 0.05 were considered a statistically significant.

3. Results

3.1. CNC characterization

According to AFM analysis, CNC particles had average length of 158 + 97 nm and 209 +
136 nm and average width of 54 + 17 nm and 37 + 15 nm for CNC powder and gel,
respectively (Table S1). Hydrodynamic diameters were measured by DLS as 149.8 + 2.6 nm
for CNC powder and 137.5 + 1.2 nm for gel, in good agreement with AFM findings
(Shvedova et al., 2016). Overall AFM and DLS analysis revealed that CNC powder
exhibited slightly larger widths and hydrodynamic diameters compared to CNC gel,
suggesting differences in their particle characteristics and size distributions (Table S1).
Mean length and width of the tremolite fibers - as estimated by TEM analysis - is presented
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in Table S1 (6.56 + 0.21 pm and 0.31 £ 0.01 um, respectively) with an aspect ratio of 25.73
+ 0.92. The percentage of fibers with length =5 um and aspect ratio =3 was estimated as
45.9%.

3.2. Cell cytotoxicity, intracellular ROS and DNA damage

Cytotoxicity, intracellular ROS production and DNA damage were evaluated following 72 h
exposure to CNC, powder or gel, and TF. No viability changes were found after exposure to
either CNC or TF as compared to control (Fig. S1B). Significant elevation in the level of
LDH (by 33%) was found only after exposure to TF (Fig. S2A). On the other hand, all tested
materials elicited significant increase in intracellular ROS species (average 8.5-fold of
control, Fig. S2B). OTM was used for DNA damage evaluation in the cells exposed to CNC
and TF for 72 h. All three tested materials significantly increased DNA damage (average
1.64-fold) in comparison to control (Fig. S2C).

3.3. Cell morphology, proliferation and transformation

TEM was employed to assess morphological/phenotypic changes in cells after long-term
exposure to CNC or respirable TF materials (Fig. 1). Control BEAS-2B cells (Fig. 1A)
showed their typical ultra-structural features with well-preserved cytoplasm, indented
nucleus, with a number of intact organelles and numerous regular mitochondria. Continuous
exposure to CNC gel (Fig. 1B-C) or powder (Fig. 1D-E) for 4-weeks caused phenotypic
changes as demonstrated by high number of cytoplasmic vacuoles with basophilic
membrane-like materials, surface finger-like protrusions and multi-nucleation. In our
previous publication (Menas et al., 2017) we reported that CNC powder and gel were taken
up by the cells as was indicated by specific cellulose staining. On the other hand, TF are
internalized by the cells as demonstrated in Fig. 1F-G and mostly visible in the cytoplasmic
vacuoles. Additionally, sub-chronic exposure to TF for 4-weeks caused phenotypic changes
as demonstrated by high number of cytoplasmic vacuoles and surface finger-like protrusions.

To assess CNC potential for neoplastic-like transformation, the colony forming efficiency
(CFE) and /n vitro cell transformation assay (CTA) were performed. BEAS-2B cells
survived sub-chronic exposure to CNC or TF demonstrated significantly higher CFE and
morphological transformation as evidenced by number of Type 111 foci compared to control
cells (Fig. 2). Exposure to CNC powder or gel and TF induced 33%, 18% and 30% increase
in CFE of BEAS-2B cells, respectively (Fig. 2A). Numbers of transformed foci, in particular
Type 11 foci, were elevated by 1.71-, 2.47- and 5.03-folds of control after exposure to CNC
powder or gel and TF, respectively (Fig. 2B). Type Il foci exhibited deep basophilic staining
and multilayering along with different cell orientations and invasive growth at colony edges
(Fig. 2D-E).

3.4. Cell migration and invasion

To further investigate the potential aggressive behavior of cells continuously exposed to
CNC or TF, BEAS-2B cells were evaluated for their chemotactic migration and invasion
ability using Matrigel coated transwell inserts. Following long-term CNC powder, gel and
TF exposure, BEAS-2B cells showed significantly higher migration rates (by 133%, 95%
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and 45%, respectively) and enhanced ability to invade through matrix (by 30%, 29% and
103%, respectively) compared to control cells (Fig. 3).

3.5. Soft agar colony formation

The CNC or TF potential for neoplastic-like transformation of BEAS-2B cells was further
assessed by measuring anchorage-independent cell growth on soft agar (Borowicz et al.,
2014) (Fig. 4). A significant increase in the total number of colonies formed on soft agar was
found following long-term exposure to.

CNC powder (by 75%), CNC gel (by 66%) or TF (by 152%) compared to control (p < 0.05;
Fig. 4), thus suggesting an increased ability for anchorage-independent growth of BEAS-2B
cells following long-term exposure to CNC or TF.

3.6. Cell apoptosis

Apoptosis analysis was performed using Cell Meter TUNEL assay kit. Long-term exposure
of BEAS-2B cells to CNC powder or gel did not produce significant changes in apoptosis
(Fig. S3) as compared to control cells.

3.7. Oxidative stress markers

The oxidative damage caused by 4-weeks of continuous exposure to CNC was assessed by
measuring GSH/SH, oxidatively modified protein carbonyl and lipid peroxidation products
in the cell lysates (Table S2). The levels of GSH in BEAS-2B cells were significantly
depleted by 30% and 21%, following exposure to CNC powder or gel, respectively. The
level of lipid peroxidation products, measured as HNE-His adducts, was significantly
elevated (by 12%) only after CNC power exposure. No significant changes in the levels of
protein-SH and oxidatively modified protein carbonyls were found after exposure to any of
tested CNC (Table S2).

3.8. CNC-induced mediators of inflammation

The release of inflammatory cytokines with a subset of chemokine’s/growth factors in cell
supernatants was assessed following 4 weeks of BEAS-2B cells exposure with CNC, powder
or gel, and TF. Significant release of twelve inflammatory cytokines (IL-1p, IL-2, IL-4,

IL-9, eotaxin, IL-1ra, IL-6, IL-8, G-CSF, IP-10, IL-15 and TNF-a)) was detected only when
BEAS-2B cells were exposed to CNC powder while CNC gel-exposure significantly reduces
secretion of RANTES (Table S3). Production of PDGF-bb was significantly diminished by
both CNC powder and gel. Exposure to TF resulted in significant release of twenty
inflammatory cytokines/chemokines. Seven of those (IL-5, 1L-12p70, IL-13, IL-17, FGF-
basic, GM-CSF and VEGF) are unique for TF exposure (Table S4).

3.9. Hierarchical clustering analysis

To further identify the patterns of cytokine secretion and their relationship to the different
types of CNC exposures, hierarchical clustering analysis (HCA) was performed on the log,
transformed significant fold-change values of cytokines of CNC powder, - gel, and control
samples (Fig. 5). Based on the HCA of the inflammatory cytokine responses, CNC powder
exposure was found to be segregated from the control and CNC-gel samples (Fig. 5). This
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suggests that the pro-inflammatory responses are more prominent upon treating BEAS-2B
cells with CNC powder as compared to CNC gel and control. Moreover, the dendrogram on
the left and top of the heatmap shows the intergroup dissimilarity between the samples as
well as the different clusters of inflammatory cytokines. In the case of inflammatory
cytokines, three distinct sub-groups: (1) IP-10, G-CSF, TNF-a,, IL-1ra and RANTES; (2)
IL-4, IL-2, Eotaxin, IL-1B, IL-15, and IL-9; (3) IL-8 and IL-6 were found to segregate
BEAS-2B cells exposed to CNC powder, and - gel from control BEAS-2B cells (Fig. 5).
These results suggest that biological responses in BEAS-2B cells upon exposure to CNC,
gel and powder can be separated based on the cytokines data.

4. Discussion

NC is gaining popularity in different fields and the number of products containing those in
the market is constantly growing, which can be explained by its unique physical
characteristics, low cost and “green” properties such as being carbon neutral, sustainable,
recyclable and renewable. The lack of knowledge regarding safety issues and health
implications of NC exposure sets back further industrial and technological development
(lavicoli et al., 2017). To date, only a few publications have investigated the NC toxicity.
Most of the studies employed short-term exposures (Shatkin and Kim, 2015) while
understanding of the impact of chronic, repeated exposure on human health remains limited
(Endes et al., 2016). This study aims to assess the ability of two different commercial forms
of CNC to induce the neoplastic-like transformation in human bronchial epithelial
(BEAS-2B) cells. Since CNC may be inhaled during various stages of their life-cycle (Clift
et al., 2011), we employed sub-chronic repeated exposure model. Our results indicate that
cell exposure to both gel and powder forms of CNC may potentially lead to neoplastic-like
transformation of bronchial epithelial cells. Notably, the exposure effects were dependent on
the type of CNC formulation i.e., gel versus powder form.

Carcinogenesis is a multi-step process that involves increased invasion and migration of
cells, resistance to apoptosis, cell proliferation, and angiogenesis (Hanahan and Weinberg,
2000; Gatenby and Gillies, 2008). In this study, continuous long-term exposure of BEAS-2B
cells to CNC (30 pg/cm?) induced increased anchorage independent growth, formation of
Type-I11 foci and augmented cell migration and invasion (Figs. 2—4). The migration of
normal cells is often tightly regulated. However, cells with a cancer-like phenotype or
derived from tumors, are known to promote migration/invasion due to their modified
microenvironments. Noncancerous BEAS-2B cells exposed to either CNC-powder or -gel
showed higher migration rates compared to non-exposed control cells. The hierarchy of such
responses were also in good agreement with the elevated I1L-6 and IL-8 cytokine levels
(Table S3, Fig. 5), known to promote cell migration and invasion (Waugh and Wilson, 2008;
Lang et al., 2002). The increased levels of IL-1p in CNC powder exposed BEAS-2B cells
(Fig. 5, Table S3), were also in line with the increased cellular migration and invasiveness
phenotype (White et al., 2008). While cellular invasion is related to and encompasses
migration, invasion of cells into neighboring tissues requires the degradation of extracellular
matrix (Shian et al., 2003). Cell invasion is critical for both normal and pathological
processes including immune response and metastatic growth.
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A growing body of evidence suggests that chronic inflammation contributes to cancer
development and progression as it triggers various pathological processes that may lead to
neoplastic transformation (Balkwill and Mantovani, 2001; Coussens and Werb, 2001; Lu et
al., 2006; Pine et al., 2011; Landskron et al., 2014). Chronic inflammation can be the cause
or result of cellular oxidative stress. We found that exposure to both forms of CNC for 72 h
induced generation of intracellular ROS (Fig. S2B) while continuous long-term exposure
resulted in significant depletion of GSH level (Table S2). In contrast, accumulation of lipid
peroxidation product (HNE-His protein adducts) was induced only by CNC powder (Table
S2). A moderate increase in ROS can promote cell proliferation and differentiation
(Boonstra and Post, 2004; Schafer and Buettner, 2001), whereas excessive amounts of ROS
can cause oxidative damage. An increase in ROS is known to be associated with abnormal
cancer cell growth and reflects a disruption of redox homeostasis due either to an elevation
of ROS production or to a decline of ROS-scavenging capacity (Toyokuni et al., 1995).
These pro-oxidant manifestations were also accompanied by complex changes in the levels
of various cytokines and chemokines related to inflammation and/or angiogenesis (Table
S3). For instance, exposure of BEAS-2B cells to CNC powder induced accumulation of
TNF-a, known to be elevated in the early stages of carcinogenesis, including angiogenesis
and invasion (Moore et al., 1999; Szlosarek et al., 2006). A TNF-a tumor promotion
mechanism is based on ROS generation, which can induce DNA damage, hence facilitate
tumorigenesis (Woo et al., 2000; Hussain et al., 2003). Exposure to CNC, powder or gel, for
72 h resulted in the increased DNA damage (Fig. S2C) that is in line with elevated ROS
production (Fig. S2C). Similarly, previous studies reported an induction of DNA strand
breaks by NC /n vitro as well as in vivo (Catalan et al., 2017; de Lima et al., 2012).
However, the exposure effect varied significantly between CNC forms: CNC-powder altered
the secretion levels of pro- and anti-inflammatory cytokines including IL-6, MCP-1, TNF-a.,
eotaxin, IL-1ra etc.; whereas exposure to CNC-gel affected the expression level of
RANTES only. In addition, 4 weeks of exposure to CNC powder or gel induced
morphological changes in cells (Fig. 1). CNC powder and gel particles uptake were
demonstrated in our earlier publication (Menas et al., 2017). In line with these results, Wang
et al. (2019) showed length-dependent uptake of FITC-labeled CNC and their co-
localization with lysosomes as well as inflammatory response and ROS generation. Thus,
slightly larger widths and hydrodynamic diameters (Table S1) of CNC powder in our study
might be important for the enhanced cellular/inflammatory responses.

Moreover, a significant upregulation of 1L-4, IL-6 and IL-8 seen in BEAS-2B cells upon
exposure to CNC powder (Table S3, Fig. 5) may provide a favorable microenvironment for
increased cell proliferation (Nappo et al., 2017; Tsai et al., 2014). Thus, BEAS-2B cells
continuously exposed to CNC exhibited significantly increased proliferation demonstrated
by amplified CFE, anchorage independent growth in soft agar and the total number of foci
per plate, in particular Type Il (Figs. 2 and 4). Enhanced CFE and elevated levels of
invasive Type 111 foci on a confluent monolayer suggest a possibility of morphological
transformation (Ponti et al., 2013; Sasaki et al., 2012).

To evaluate and determine the extent of inflammatory responses and the cell neoplastic
potential induced by CNC, respirable tremolite ashestos fibers were investigated for
comparison. A growing body of evidence suggests that tremolite fibers could be important in
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the pathogenesis of lung tumors (Pugnaloni et al., 2013). Considerable epidemiological data
on tremolite ashestos are related to mesothelioma, a malignant tumor of the pleura or
peritoneum (McDonald, 2010; Rudd, 2010). Our findings indicate that exposure of
BEAS-2B cells to TF (2.5 pg/cm?) resulted in intracellular ROS generation and DNA
damage (Figs. S2B-C), particle uptake and cells morphological changes (Fig. 1). Moreover,
TF caused an increase in anchorage independent growth, formation of Type-I1l foci, colony
formation and augmented cell migration and invasion (Figs. 2-4). Also, it is important to
mention that TF exposure lead to the significant release of twenty specific inflammatory
cytokines/chemokines/growth factors (Table S4). However, not only similar but also
distinctive differences in response were found compare to CNC exposure. Seven of those
mediators (IL-5, IL-12p70, IL-13, IL-17, FGF-basic, GM-CSF and VEGF) were unique for
TF exposure cells as compared to CNC. These results are in line with already published,
demonstrating elevation of several cytokines that have been implicated in asbestos
(including tremolite) carcinogenesis, such as IL-17, IL-6, IL-8, VEGF, PDGF (Zebedeo et
al., 2014; Yang et al., 2008; Pugnaloni et al., 2013). Numerous studies have shown that
IL-17 promotes tumor angiogenesis, cell proliferation and higher invasiveness therefore
contributes to the progression of lung cancer (Wu et al., 2016; Yang et al., 2014). The potent
role of VEGF in tumor angiogenesis has been widely described in the last decade. VEGF is
expressed in most tumors and its expression correlates with tumor progression (Costache et
al., 2015). Moreover, increased secretion of VEGF through IL-17 dependent mechanism was
reported to be a factor worsening cancer patients’ prognoses (Liu et al., 2011). FGF is allied
with multiple biological activities including cellular proliferation, differentiation,
invasiveness and motility that demonstrate the potential to initiate and promote
tumorigenesis (Korc and Friesel, 2009). Besides, recent studies have shown that FGF can act
synergistically with VEGF to amplify tumor angiogenesis (Giavazzi et al., 2003). A large
body of experimental evidence indicates that GM-CSF promotes tumor progression by
supporting tumor microenvironment and stimulating tumor growth and/or metastasis (Hong,
2016). In addition, IL-13 known to mediate biological effects, such as tumor proliferation,
cell survival and metastasis. In certain cancers, the presence of these cytokines’ receptors
may serve as biomarkers of cancer aggressiveness (Suzuki et al., 2015). Likewise, it was
demonstrated that IL-5 could directly promote migration and invasion of cancer cells (Lee et
al., 2013). Increased expression of IL-5 in some carcinomas has been linked to the higher
rates of development of distant metastasis and poor prognosis (Eiro et al., 2012). Similarly,
IL-12, a powerful inducer of Th1 responses and an antitumor cytokine in cancer diseases,
was found abnormally elevated in some metastatic cancers thus associating with disease
progression (Kovacs, 2001). Our data suggest that the exposure to CNC and TF may induce
distinct responses in BEAS-2B cells. While CNC exposure resulted in some similar
outcomes, TF induce stronger as well as unique responses.

Organization for Economic Co-operation and Development (OECD) guidelines state that a
combined analysis of anchorage independent growth, CFE and Type I11 foci is a powerful
tool to investigate the morphological neoplastic transformation induced by both genotoxic
and non-genotoxic carcinogens /17 vitro (Vasseur and Lasne, 2012; OECD, 2007). Thus, the
enhanced colony forming efficiency, augmented cellular migration and invasion together
with increased Type Il foci per plate observed in CNC exposed noncancerous BEAS-2B
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cells highlights CNC’s potential to trigger cellular transformation events /n vitro. However,
further studies focusing on the genotoxic and non-genotoxic responses would be critical to
understand how CNC exposure can trigger such responses /n vitro model.

5. Conclusion

In summary, our results provide novel information compatible with the potential neoplastic-
like transformation effect of CNC /n vitro. Our findings show that gel and powder CNC
affect cells differently, leading to distinct alterations in cellular responses including
variations in secretion patterns of various pro- and anti-inflammatory cytokines,
chemokines, and growth factors. Observed outcome variations indicate that the cellular
transformation ability of CNC may be dependent on the production technology, which can
affect the particle characteristics and structural configuration of CNCs produced. The
biological processes underlying these differences across the CNC forms/type are intriguing
and need to be studied in more detail. There are intrinsic limitations present, that one should
be aware of, when conducting /n vitro study that aims at assessing potential carcinogenic
outcomes. For example, single cell type model lacks the complexity inherent to a whole
organism, however, the mechanisms responsible for potential cellular transformation are
robust and on an organism level even a single cell neoplastic transformation event, if left
unchecked, may lead to a neoplasia. One should also bear in mind that the cytokine milieu in
lungs is created through the contribution of numerous cell subsets, particularly immune
cells, nevertheless, bronchial epithelial cells are also a major player in the immune response
regulation and can even initiate inflammatory cascades through secretion of bioactive
molecules (Levine, 1995; Pfeffer et al., 2018). In addition, our findings are limited to the
type of nanocellulose particles, cell-type and conditions investigated, and great care should
be taken when generalizing them to other types of CNC, isolated from different sources and
through different extraction and fabrication methods.
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HIGHLIGHTS

. CNC may have the ability to influence neoplastic-like transformation events.

. Proliferative responses are in agreement with levels of inflammatory
cytokines.

. Exposure to CNC gel or powder leads to distinct alterations in cellular
responses.

. Distinctive differences in response were found after exposure to TF compare
to CNC.
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Fig. 1.

Rgpresentative TEM micrographs of BEAS-2B cells after 4 weeks (72 h/week) of exposure
with CNC (30 pg/cm?) or TF (2.5 pg/cm?), where (A) control cells, (B-C) CNC gel-treated
cells, (D-E) CNC powder-treated cells and (F-G) TF-exposed cells. Red arrows indicating
visible particle uptake. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 2.
Altered morphological transformation in BEAS-2B cells exposed (4 weeks) to CNC

(powder or gel) and TF. Colony forming efficiency assay (A) and cells transformation assay
(B) based on Type Il foci counts were performed on cells survived long-term exposure to
CNC powder/gel (30 pg/cm?) or tremolite fibers (2.5 pg/cm?). Representative images of
BEAS-2B cells from control groups (C) demonstrated either type I or type Il foci. Type 111
foci (arrows) presented basophilic staining, multi-layered cell growth, random cells
orientation and invasive growth into monolayer after exposure to CNC powder (D) and CNC
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gel (E). The results are expressed as the mean + SEM (n = 3), *indicate significant
differences from control cells (p< 0.05).
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Fig. 3.

BEAS-2B cells migration and invasion was assessed after long-term exposure to cellulose
nanomaterials and tremolite asbestos. Cells exposed to CNC (30 pg/cm?) or tremolite
respirable fibers (2.5 pg/cm?) for 4 weeks (72 h/week) were seeded (1.5 x 10° cells) in an 8
um pore size transwell chamber and incubated for 24 h. Migratory/invasive cells were
stained on the bottom of the membrane prior to quantification at 560 nm. Open columns —
correspond to cellular migration and black columns — represent cellular invasion. The results
are expressed as the mean + SEM (n = 3), *indicate significant differences from control cells
(p<0.05).
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Fig. 4.

Agchorage-independent growth of human BEAS-2B cells exposed for 4 weeks to CNC
materials (30 pg/cm?2) or tremolite fibers (2.5 pg/cm?). Cells survived long-term exposure
were seeded in 96 well plate (5 x 102 cells/well). Eight days later, colonies were stained and
quantified at EX/Em 485/520 nm. The results are expressed as the mean + SEM (n = 3-6), *
indicate significant differences from control cells (p < 0.05).
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Fig. 5.

Ar?alysis of differential cytokines/chemokines/growth factors responses in BEAS-2B cells
upon long-term exposure (4 weeks) to CNC powder or gel. The two-way hierarchical
clustering analysis of BEAS-2B control and exposed samples based on the inflammatory
cytokines was performed using the Euclidean distance metric and ward.D2 distance linkage
method. The dendrogram on the top clusters according to the cytokine profiles. The
dendrogram on the left however indicated similarities in cytokines patterns among different
CNC forms. The levels of various inflammatory factors investigated in this study are
represented by shades of blue to red in the central heatmap, with highest values in dark red
and the lowest in dark blue. A key showing the range of these values is also specified. (For
interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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