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ARTICLE INFO ABSTRACT

The interest in functionalized cellulose nanocrystals (CNCs) for multiple biomedical application has been in-
creasing in recent years. CNCs are suitable to functionalization with an array of polymers, generating chemically
related nanomaterials with different morphologies, surface charges that can affect bioreactivity, including im-
mune response. In this study, we sought to understand the mechanistic differences regarding immunological
responses evoked by functionalized CNCs and whether surface charges play a role in this effect. We investigated
the effect of a cationic, CNCs-poly(APMA), and an anionic, CNCs-poly(NIPAAm) derivatives on the secretion of
inflammatory cytokines, mitochondria-derived ROS and mitochondrial function and antioxidant response as well
as on endoplasmic reticulum (ER) stress, in human and murine inflammatory cells. The cationic CNCs-poly
(APMA) evoked a more robust immunological response in murine cell line, while the anionic CNCs-poly
(NIPAAm) showed a significant NLRP3 inflammasome-dependent and independent immunological response in
human monocytes. Moreover, CNCs-poly(NIPAAm) induced greater formation of acidic vesicular organelles,
mitochondrial ROS in non-stimulated cells while CNCs-poly(APMA) mainly affected mitochondrial function by
decreasing the intracellular ATP. The differences on the biological responses may be related to the surface
charges of CNCs, and their likely interactions with intra and extracellular biomolecules.
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1. Background

Cellulose, the most abundant carbon-based polymer on the earth,
has a long history of use in the pharmaceutical industry because of its
excellent compaction properties when blended with other pharmaceu-
tical excipients, making it suitable as a filler in tablets for oral admin-
istration of drugs Kalia et al., 2011. Recently, cellulose nanocrystals
(CNCs), which can be obtained from the acid hydrolysis of native

cellulose, have emerged as a new class of renewable nanomaterial for
multiple biomedical applications, from drug and gene delivery systems
to tissue scaffolding. These rigid “rod-like” cellulose crystals typically
display a diameter of 5-50nm and a variable length from 100 to
500 nm. CNCs possess remarkable strength and physicochemical prop-
erties with several potential applications. In addition, the presence of
ample reactive hydroxyl groups on the surface allows diverse chemical
functionalization (Habibi et al., 2010). The degree of functionalization
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and the nature of the functional groups impact the charge density and
therefore the physical-chemical properties of these nanomaterials
(Endes et al., 2016). Moreover, while these chemical functionalization
methods can generate a wide variety of surface modified CNCs for
multiple biomedical applications, they also extend the possibility of
these nanomaterials to interact with biomolecules causing an array of
biological activities (Endes et al., 2016; Johnston et al., 2012). One of
the important emerging aspects of the nanoparticle-cell interactions in
biological systems is the potential for nanoparticles to evoke an im-
mune/inflammatory response Dobrovolskaia, 2015. It is well-known
that some nanomaterials Lunov et al., 2011, especially those having a
“needle-like” morphology can evoke an inflammatory/immunological
response in mammalian cells by inducing the secretion of the in-
flammatory cytokine interleukin-13 (IL-1B) (Sunasee et al., 2015;
Franchi et al., 2009). In general, assessing biological effects of nano-
materials including cytotoxicity and immunogenicity can be challen-
ging due to the diversity in sizes, morphology, coatings, and surface
reactivities. In a recent study, the immunogenicity of two different
cellulose-based nanomaterials, CNCs and nanofibrillated cellulose
(NFC), were investigated. Interestingly, CNCs caused an inflammatory
response with significantly elevated inflammatory cytokines/chemo-
kines compared to NFC. In addition, the study suggested that CNC
particles, and not NFC, were taken up by the cells (Menas et al., 2017).
It is clear now that the extent of the response among different nano-
materials and the mechanisms by which they evoked this im-
munological response is not totally understood, but it appears to in-
volve alterations in the production of reactive oxygen species (ROS) by
mitochondria and endoplasmic reticulum (ER) stress Cao et al., 2017.

While a number of recent studies have shown that surface cationi-
zation of CNCs could provide functional cationic CNCs for potential
biomedical applications (Sunasee et al., 2016; Sunasee and Hemraz,
2018), the biological responses of cationic CNCs are not well studied.
Previously, we reported that a cationic CNCs derivative (CNCs-poly(N-
aminoethylmethacrylamide), (CNC-AEMA2), evoked robust in-
flammatory/immunological response in mouse and human macro-
phages, by inducing the secretion of the inflammatory cytokine inter-
leukin-1f (IL-1p) (Sunasee et al., 2015). In this study, we advanced a
step further in the understanding of the mechanisms of the im-
munological responses evoked by a cationic CNCs (CNCs-poly(N-3-
aminopropylmethacrylamide), CNCs-poly(APMA)), and an anionic
CNCs (CNCs-poly(N-isopropylacrylamide), CNCs-poly(NIPAAm)) by
analyzing mitochondria-derived ROS and mitochondrial function as
well as changes in lysosomal acidification and ER stress.

2. Methods
2.1. Materials

Freeze-dried sulfated CNCs in their neutralized sodium salt forms
were obtained from Innotech. Octyl phenoxy polyethoxyethanol
(Triton-X100), sodium dodecyl sulfate (SDS), B-mercaptoethanol (f-
ME), acridine orange and 4’,6-diamidino-2-phenylindole (DAPI) were
purchased from Sigma Aldrich. Mitochondrial superoxide indicator
(MitoSOX™ Red) were obtained from Molecular Probes® (Invitrogen™).
ER-Tracker™ Green (BODIPY™ FL Glibenclamide) and Lysosensor Green
DND-189 were obtained from Thermo Fisher, and 5,5’,6,6’-tetrachloro-
1,1/,3,3’-tetraethylbenzimi-dazolcarbocyanine iodide (JC-1) from
Cayman. Caspase-Glo® 1 assay kit and ATP bioluminescence kit were
obtained from Promega and Biovision, respectively. Lipopolysaccharide
(LPS, E. coli 0111:B4) and phorbol myristate acetate (PMA) were pur-
chased from InvivoGen. NLRP3 and IL-1f antibodies were bought from
Adipogen and Biovision, respectively. Catalase was purchased from
EMD and oxidized peroxiredoxin (PrxS0Os,) from AbFrontier. Caspase 1,
peroxiredoxin 1 (Prx1), thioredoxin 2 (Trx2) antibodies were obtained
from Abcam, as well as IgG horseradish peroxidase-linked secondary
mouse and rabbit antibodies. Superoxide dismutase 1 antibody (SOD1)
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was purchased from Proteintech and superoxide dismutase 2 (SOD2)
and fB-actin antibodies were obtained from Thermo Fisher. Autophagy-
related protein LC3 B (LC3B) and autophagy-related protein 13
(ATG13) antibodies obtained from Cell Signaling, and protein disulfide
isomerase antibody (PDI) from ENZO. Enhanced chemiluminescence
substrate (ECL) was purchased from Pierce. Mouse and human TNF a
and human IL-1 ELISA sets were purchased from BD Biosciences and
mouse IL-13/IL-1F2 DuoSet ELISA and TMB ELISA substrate from R&D
Systems. All reagents were of analytical grade.

2.2. Preparation of cationic and anionic surface functionalized CNCs

Cationic  CNCs,  CNCs-poly(N-3-aminopropylmethacrylamide)
(CNCs-poly(APMA)) and anionic CNCs, CNCs-poly(N-iso-
propylacrylamide) (CNCs-poly(NIPAAm)) were synthesized recently in
our laboratory using surface-initiated single-electron transfer living
radical polymerization method (Sunasee et al., 2016; Jimenez et al.,
2017). The resulting materials were extensively purified using repeated
centrifugations and dialysis over a week. The cationic and anionic
nature of the surface modified CNCs were confirmed by zeta potential
measurements at neutral pH which indicated values of +45.2mV
and — 22.4mV for CNCs-poly(APMA) and CNCs-poly(NIPAAm) re-
spectively. Their chemical structures, FTIR and DLS data are provided
in the supplemental section. Detailed syntheses and characterization
are fully described elsewhere (Jimenez et al., 2017; Hemraz et al.,
2014)

2.3. Cell Culture and experimental conditions

Mouse macrophage-like cell line (J774A.1) and human monocyic
cell line (THP-1) were seeded at 1 x 10° cells/mL in RPMI 1640 sup-
plemented with 10% fetal bovine serum (FBS), penicillin, streptomycin
and r-glutamine, and incubated at 37°C in a 5% CO,-supplemented
atmosphere for at least 24 h before the appropriate treatments. THP-1
cells were stimulated with PMA 20 ng/mlL, for 48 h prior to any treat-
ment. The peripheral blood mononuclear cells (PBMCs) were extracted
from Leukotrap blood filters from healthy blood donors obtained from
UVM Health Network-CVPH North Country Regional Blood Center,
Plattsburgh, NY. To recover blood cells, the filter was reverse flushed
with 3 X 50 mL of calcium and magnesium-free PBS and PBMCs were
isolated using a separation medium (LSM) followed by centrifugation.
The PBMCs were seeded at 1 x 10° cells/mL in RPMI 1640 medium as
described above and incubated at 37 °C in a 5% CO,-supplemented
atmosphere for overnight before the appropriate treatments. J7744A.1,
PBMCs or PMA- stimulated THP1 the cells were primed with 100 ng/mL
of LPS and 4h later, 50 ug/mL of CNCs-poly(APMA) or CNCs-poly
(NIPAAm) were concomitantly added for a total of 24 h of total treat-
ment. In this study, we used 50 pg/mL CNCs-poly(APMA) and CNCs-
poly(NIPAAm) to perform all experiments, since we have previously
demonstrated that at this concentration, these nanomaterials have no or
minimal effect on mammalian cell viability (Jimenez et al., 2017). In
another study involving cationic CNCs derivatives, 50 ug/mL was the
effective dose used to evoke the desired inflammatory response in
J774A.1 cell line as well as in PBMCs (Sunasee et al., 2015).

2.4. Detection of IL-1f and TNF-a in cell supernatants

Secreted cytokines into the cell supernatants were quantified by
enzyme-linked immunoabsorbent assay (ELISA), according to the
manufacturer's instruction.
2.5. SDS-PAGE and immunoblotting

Cell lysates were prepared using lysis buffer (50 mM Tris, pH7.4,

150 mM NaCl, 2mM EDTA 0.2% Triton™ X-100, 0.3% IGEPAL® and
protease inhibitor cocktail). Equal amounts of cell lysates were



H.W. Despres et al.

A
J774A.1
15007 g |ps
*
_, 12001
£
S 900
o
< 600 *
=
300+
0-
o \a &
o“‘é vg\& Qv?
¢ ¢ S
¢;
(& ce
C
PBMCs
4007 [J NoLPS
M LPs
*
300-
-
£
2
= 2007
-
=
100
*
0 " v .
N
o,\,SO Q@V‘ <&
o ¥ &
o % »
& 'l
&

Toxicology in Vitro 55 (2019) 124-133

B
J774A.1
90007 ] NolLPS
B LPS
—
é 6000+
Q.
B
S 3000
'—
0 T T :
A \ed &
N O
< & &
> &
& S
D
4007 [ NolLPS PBMCs
I LPs
_, 3004
£ "
o
S 2001 -|_
[
2
=
100
()} : L, r
\
ééo Q@V’ Yy@
o » NS
(¢) & 'e
o\\c’ &7
>

Fig. 1. Effect of functionalized CNCs, CNCs-poly(APMA) and CNCs-(poly)NIPAAm on the secretion of inflammatory cytokines by (A, B) Mouse macrophage-like cell
line (J774A.1) or (C,D) peripheral blood mononuclear cell (PBMCs). Secreted IL-18 (A, C) or TNFa (B,D) were quantified in the cell supernatants by ELISA. Data were
means * S.D. from triplicate experiments. *p < .1 compared to the respective control. For simplicity we abbreviated the compounds as follow, CNCs-poly

(NIPAAm) = CNCs-NIPAAm and CNCs-poly(APMA) = CNCs-APMA.

subjected to SDS-PAGE (12% sodium dodecyl sulfate polyacrylamide
gel). The polyvinylidene difluoride (PVDF) membrane was blocked for
1 h with 5% milk in PBS containing 0.05% Tween®20 (PBST) and in-
cubated with primary antibodies overnight at 4 °C, followed by 1 h in-
cubation with secondary antibodies. The membranes were developed
using enhanced chemiluminescence substrate (ECL) according manu-
facturer's instructions and images captured using ChemiDoc™ MP
Imaging System coupled with Image Lab™ software.

2.6. In situ detection of IL-1f3, NLRP3

Detection of IL-13, NLRP3 was performed in fixed cells with par-
aformaldehyde 4% followed by permeabilization with triton 0.2% for
10 min and blocking with 1% BSA for 1h. Cells were incubated over-
night at 4 °C with respective primary antibodies and subsequently with
Alexa Fluor-conjugated secondary antibodies for 1h at room tempera-
ture. Nuclei were counterstained with DAPI. Immunofluorescence was
visualized with an Olympus BX53 fluorescence microscope coupled
with Olympus DP73 digital camera and analyzed using ImageJ soft-
ware.

2.7. Detection of mitochondria-derived ROS

Cells were loaded with 2.5puM MitoSOX™ Red, a cell-permeable
cationic dihyrdoethidium dye that is targeted to the mitochondria and
detects ROS, producing bright red fluorescence. After 10 min at 37 °C,
cells were rinsed with PBS and nuclei were counterstained with DAPIL.

126

Cell images were captured with BioRad ZOE™ Cell Imager and re-
spective pictures were analyzed using ImageJ software. Antimycin A
40 ug/mL was utilized as positive control (Supplemental material).

2.8. Detection of mitochondrial membrane potential (Aym)

After treatments, cells were incubated in fresh medium containing
5ug/mL of 5,5,6,6-tetrachloro-1,1’,3,3’-tetraethylbenzimidazol-car-
bocyanine iodide (JC-1) for 15 min, followed by prompt capture of the
images using BioRad ZOE™ Cell Imager. Images were analyzed using
ImageJ software. Green fluorescence indicates monomer at depolarized
(unhealthy mitochondria) and red indicates J-aggregate at hyperpo-
larized (healthy mitochondria) membrane potentials.

2.9. In situ analysis of endoplasmic reticulum (ER) and acidic organelles

ER-Tracker™ Green (green-fluorescent BODIPY® FL) is cell-per-
meant, live-cell stain that is highly selective for the endoplasmic re-
ticulum (ER). Acridine orange (AO) is a hydrophobic green fluorescent
molecule that, within acidic vesicles, becomes protonated and trapped
within the organelle forming aggregates that emitted bright red fluor-
escence (Thome et al., 2016). LysoSensor™ Green DND-189 is almost
non-fluorescent at neutral pH, and when inside acidic compartments, it
becomes green fluorescent. After treatments, cells were incubated with
1 uM of ER-Tracker™ Green or LysoSensor™ Green DND-189 for 15 and
45 min, respectively. Alternatively, cells were incubated with AO 4 ug/
mL for 10 min. After incubations with the respective fluorescent probes,
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the images were captured in a BioRad ZOE™ Cell Imager or Olympus
BX53 fluorescence microscope coupled with Olympus DP73 digital
camera and analyzed using ImageJ software.

2.10. Measurement of ATP content

Assessment of ATP content was performed using the ATP biolumi-
nescence assay kit following the manufacturer's instructions. After
treatments, intracellular ATP was assessed in cell lysates (Triton™ X-
100 1%, PBS) and 10 pL of the lysates were added to 90 uL of ATP
reaction buffer. Alternatively, 10 uL of cell culture medium was added
to 90 uL. of reaction buffer to detect extracellular ATP. The lumines-
cence was measured using a Synergy H1 Hybrid Multi-Mode Microplate
Reader (BioTek). Values were expressed as relative fluorescence units
(RLU).

2.11. Statistical analysis

The data was statistically analyzed by using the one-way analysis of
variance test, followed by Turkey's multiple comparison test, using
GraphPad Prizm 7.01 software. Statistical significance was defined as
p < .1or 0.05.

3. Results

3.1. Cationic CNCs-poly(APMA) induced stronger immune response in LPS-
stimulated cells than anionic CNCs-poly(NIPAAm)

In this study, we first investigated whether an anionic CNCs deri-
vative, CNCs-poly (NIPAAm) would cause similar immunological re-
sponse to the cationic CNCs-poly(APMA). The detailed synthesis and
characterization of these nanomaterials were described elsewhere
(Jimenez et al., 2017; Hemraz et al., 2014). The data presented in
Fig. 1A indicates that the cationic CNCs-poly(APMA) induces greater IL-
1P secretion in LPS-primed mouse macrophage-like cells (J774A.1),
but no effect in non-primed cells. TNFa secretion, a NLRP3 inflamma-
some-independent cytokine (Wilson et al., 2014), was not further in-
creased in the presence of functionalized CNCs in LPS-primed cells
(Fig. 1B black bars). A noticeable increase in presence of CNCs-poly
(APMA) was observed in non-primed cells (Fig. 1B, gray bars). CNCs-
poly(NIPAAm) led to a greater secretion of both cytokines, IL-1 and
TNF-a in non-primed PBMCs (Fig. 1C and D gray bars). Since LPS alone
is able to induce both TNF-a and IL-1f secretion (Catalan et al., 2015)
in PBMCs, no further changes in the levels of these cytokines were
observed upon treatment with functionalized CNCs (Fig. 1D and C black
bars). CNCs-poly(APMA) was the only CNCs that caused increases in the
IL-1p secretion in differentiated and primed-human monocytic cell line
(THP1) (Fig. 1- supplemental material). The secretion of IL-1( depends
on the synthesis of NLRP3 inflammasome precursors. The analysis of
the levels of intracellular inflammasome components confirmed that
the proteins NLRP3 and pro-IL-1f3 were mildly and dramatically in-
creased in presence of LPS, respectively (Fig. 2A). An additional modest
increase in pro-IL-1f in primed cells (Fig. 2A, second panel), and a
decrease in pro-caspase-1 in non-primed cells in the presence of CNCs-
poly(APMA) was also observed (Fig. 2A, third panel). Interestingly, in
both primed and non-primed cells treated with CNCs-poly(APMA), a
small decrease in NLRP3 intracellular level was detected (Fig. 2A, top
panel). Changes in intracellular localization of the NLRP3 inflamma-
some components can also affect the outcome of secreted cytokines
(Guglielmo et al., 2017). Overall, the image analysis showed that both
NLRP3 (red fluorescence) and pro-IL-1( (green fluorescence, referred as
IL-1B) were enhanced in cells treated with LPS only (Fig. 2B). Sur-
prisingly, with functionalized CNCs, the pattern of distribution and
fluorescence intensity changes substantially. Treatment with CNCs-poly
(APMA) alone increased fluorescence intensity for both IL-1B and
NLRP3 (Fig. 2B, graph below the figure) and appeared to induce
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accumulation of IL-1f in “vesicle-like” structures as indicated by
punctuated bright green fluorescence (Fig. 2B, white arrows). In primed
cells, however, the presence of CNCs-poly(APMA) caused a general
decrease in NLRP3 and IL-1f3, which is consistent with higher IL-1f3
secretion in this experimental condition. CNCs-poly(NIPAAm), also led
to a decrease in NLRP3 staining in non-primed cells. Furthermore, in
primed cells the same nanomaterial caused an increase in NLRP3
staining and no changes in IL-1f in both primed and non-primed cells.
(Fig. 2B, bottom panels and graph). Caspase-1, a cysteine-aspartate
specific protease, is a member of caspase family and it is responsible for
processing pro-IL-1f in its mature and active form (Afonina et al.,
2015). Next, we investigated the intracellular and extracellular activity
of caspase-1. Surprisingly, in differentiated THP-1 cells, CNCs-poly
(APMA) diminished the intracellular caspase-1 activity in the presence
and absence of LPS (Fig. 2A supplemental) and the extracellular activity
of caspase-1 was not significantly affected in any tested conditions
(Fig. 2B supplemental). In mouse macrophage-like cell line (J774A.1), a
similar trend was observed in which CNCs-poly(APMA) decreased in-
tracellular caspase-1 activity, although it was not statistically sig-
nificant (Fig. 2C supplemental). These collective results indicate that
the cationic CNCs, CNCs-poly(APMA) has a greater impact in the IL-1f3
secretion by LPS-stimulated myeloid cells than the anionic CNCs, CNCs-
poly(NIPAAm), and it appears that the mechanisms by which these
nanomaterials exert their immunomodulation vary.

3.2. Anionic and cationic CNCs impact mitochondrial function in different
manner

Usually, the activation of NLRP3 inflammasome and IL-f3 secretion
are associated with increases in mitochondrial ROS (Sunasee et al.,
2015; Jabaut et al., 2013). Despite greater effect on the secretion of IL-
1P, CNCs-poly(APMA) caused minor increases in mitochondria-derived
ROS in non-stimulated cells and surprisingly showed a robust decrease
in the presence of LPS. Conversely, CNCs-poly(NIPAAm) showed robust
increases in mitochondria-derived ROS in the absence of LPS, and no
changes in the presence of LPS (Fig. 3A). Increases in mitochondria-
derived ROS can impact mitochondrial function and ultimately may
also affect mitochondria membrane potential (AWm) and levels of ATP
(Brookes et al., 2004). Changes in mitochondrial membrane potential
(AW) can be used as biomarker of mitochondrial function. JC-1 dye
occurs as a green-fluorescent (monomer) indicating depolarized mem-
brane potentials, and as a red-fluorescent (J-aggregate) indicating hy-
perpolarized membrane potentials. When the ratio between red and
green is analyzed, our results indicate that both functionalized CNCs
alone increased polarization of the membrane since the ratio is slightly
greater than control cells (Fig. 3B, graph, gray bars). However, in LPS-
stimulated cells CNCs-poly(APMA) demonstrated a decrease in polar-
ization while CNCs-poly(NIPAAm) indicated an increase. (Fig. 3B,
graph, black bars). We next investigated whether changes in AWm
would affect ATP levels. Our results indicated that in primed-cells,
CNCs-poly(APMA) significantly decreased the intracellular levels of
ATP (Fig. 4A, black bars) and no significant changes in extracellular
ATP (Fig. 4B, black and gray bars). The decrease in intracellular ATP
content caused by CNCs-poly(APMA) in LPS-stimulated cells might be
associated with the lowering in mitochondrial membrane potential
observed with the same experimental condition. The electrical potential
(Ay) is a requirement for torque generation in the motor of the ATP
synthase and therefore also needed to produce ATP (Dimroth et al.,
2000). Overall, our data suggest that cationic CNCs-poly(APMA) has a
stronger impact on the mitochondrial function in LPS-stimulated cells,
while the anionic CNCs-poly(NIPAAm) displays a greater impact on
mitochondria-derived ROS, especially in non-stimulated cells.
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Fig. 2. Effect of functionalized CNCs on the level and distribution of intracellular NLRP3 inflammasome components in J774A.1 cells. (A) Intracellular in-
flammasome components NLRP3, pro-IL-1f, pro-caspase-1 were analyzed by Western blotting in the cell lysates. B-actin was used as loading control. (B)
Alternatively, expression and intracellular distribution of IL-1f (green) and NLRP3 (red) was detected using immunofluorescence. DAPI (blue) was used as nuclei
staining. The pixel intensity was analyzed using ImageJ and expressed as integrated intensity corrected by nuclear staining (DAPI) (graph at the bottom of images).
The bar at the bottom of each panel is equivalent to 38 um. The white arrows highlight the punctuated green fluorescence. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

3.3. Anionic and cationic CNCs cause changes in the intracellular level of
antioxidant enzymes

Considering that the activation of NLRP3 inflammasome/IL-1f} axis
by nanomaterials is associated with increases in ROS, including mi-
tochondrial ROS (Sunasee et al., 2015), we next investigated the anti-
oxidant response by analyzing the intracellular levels of antioxidant
enzymes. Again, we observed opposite impact of these functionalized
CNCs on various antioxidant enzymes, especially in non-stimulated
cells. In general, CNCs-poly(APMA) appeared to lower the levels of
catalase, SOD1, Prx1 and oxidized peroxiredoxins PrxSOs, while CNCs-
poly(NIPAAm) had the opposite effect, when compared with un-
stimulated cells (Fig. 5). In addition, CNCs-poly(APMA) decreased, and
CNCs-poly(NIPAAm) increased the intracellular level of catalase, Prx1
and PrxSO; in LPS-stimulated cells. SOD1, however, appeared to be
similarly affected only in non-primed cells treated with CNCs-poly
(APMA) or CNCs-poly(NIPAAm) (Fig. 5). Interestingly, for the mi-
tochondrial antioxidant enzymes, SOD2 and Trx2 (Li et al., 2013), both
nanomaterials increased the intracellular levels of these enzymes in
non-stimulated and stimulated cells, at different degree. CNCs-poly
(NIPAAm) caused the greatest increase on these mitochondrial enzymes
(Fig. 5, 34 and 4™ panels), which is consistent with the augmented
production of mitochondria-derived ROS, at least in non-stimulated
cells (Fig. 3A, graph gray bars).

128

3.4. CNCs-poly(NIPAAm) caused greater lysosome acidification and ER
stress response than CNCs-poly (APMA)

The internalization of nanoparticles (NPs) allows them to reach the
subcellular locations and cause disturbance in diverse organelles such
as mitochondria, endoplasmic reticulum (ER), among others (Zhang
et al., 2016). The dysfunctional organelles and/or macromolecules can
trigger autophagy. Autophagy is a complex cellular process that in-
volves the fusion of autophagosome with lysosome, among other
events. When autophagy is induced or lysosomes are impaired, LC3
protein will be cleaved into LC3-I and then lipidated leading to the
accumulation of LC3-II (Mizushima et al., 2010). Therefore, the in-
crease of LC3-II protein levels can be an indicative of autophagy and or
lysosomal impairment. First, we analyzed the impact of the functiona-
lized CNCs on the lysosomes acidification using a green fluorescent
probe. Our results indicated that all the treatments caused an overall
decrease in lysosomal pH, as the green fluorescence became more in-
tense, in comparison to the control untreated cells (Fig. 6A). Specifi-
cally, the treatment of LPS-stimulated cells with CNCs-poly(NIPAAm)
appeared to induce the greatest lysosomal acidification (Fig. 6A, graph
black bars). As expected, chloroquine, a well-known lysosomotropic
agent that prevents lysosomal acidification (Steinman et al., 1983),
showed the lowest green florescence (Fig. 6A, bottom panel). In a
secondary approach, we also detected the formation of acidic vesicular
organelles (AVOs) using acridine orange staining. We observed that the
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CNCs-poly(NIPAAm) not only induced the greatest red/green ratio
(Fig. 6B, graph), but also induced the greatest AVOs formation in-
dicated by punctuated red staining on the cells, in LPS-stimulated cells
(Fig. 6B, bottom panels, white arrows). The ER has a key role in the
synthesis, folding, and structural maturation of proteins produced in the
cell. We investigated the overall distribution of ER using green fluor-
escence probe followed by cell image analysis. Our results demon-
strated that there are no major differences in ER distribution, in any
condition tested (Fig. 3, supplemental material). When misfolded pro-
teins accumulate above a critical threshold as consequence of stressful
conditions, a rapid and coordinated biochemical response involving ER
stress response is triggered (Tesei et al., 2018; Oslowski and Urano,
2011). The unfolded protein response (UPR) is one of the major ER
stress responses, which can lead to autophagy (Hoyer-Hansen and
Jaattela, 2007). Among the proteins that participated in the UPR, there
is PDI, which is responsible for the proper folding of proteins (Oslowski
and Urano, 2011). Atgl3 and LC3 I-II are proteins associated with in-
duction and elongation/closure of autophagosome, respectively
(Lebovitz et al., 2012). Our results showed that in non-stimulated cells,
CNCs-poly(NIPAAm) induced a slight increase in both ATg13 and PDI
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proteins and CNCs-poly(APMA) had an opposite effect (Figure —7 top
and bottom panels). In LPS-stimulated cells, both CNCs-poly(APMA)
and CNCs-poly(NIPAAm) decreased PDI levels and increased Atgl3,
and CNCs-poly(NIPAAm) showed a more prominent effect. Although
J774A.1 cells showed practically undetectable basal level of LC3-I (top
band), we did not notice any robust changes in the levels of this au-
tophagy marker in any conditions tested (Fig. 7). In general, these data
suggest that CNCs-poly(NIPAAm) has a greater impact on lysosomal
acidification and on the ER stress response than CNCs-poly(APMA).

4. Discussion

The interest in utilizing derivatives of CNCs for multiple biomedical
application has been increasing in the recent years. CNCs are versatile
platforms that show variation in size and dispersion depending on the
methods of extraction and preparations, which can impact their cyto-
toxicity (Endes et al., 2015). Regardless of the methods of preparation
and extraction of pristine CNCs, these cellulose-based nanomaterials are
suitable for surface functionalization with an array of polymers, which
generate an even more chemically diverse group of related
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nanomaterials. Nevertheless, this physico-chemical diversity can lead to
a diverse biological response (Sunasee et al., 2016). Analysis of cyto-
toxicity is the primary biological response used as a standard assay, but
other biological responses are equally important especially when these
nanomaterials are designed for biomedical applications. Previously, we
described the synthesis, characterization and cytotoxicity of the CNCs-
poly(NIPAAm) and CNCs-poly(APMA) with zeta potentials and hydro-
dynamic diameter values of —22.4 = 1.4mV and + 45.2 * 1.3mV,
126.9 = 0.4nm and 154.6 *= 3.6 nm respectively. Despite their phy-
sico-chemical differences, these nanomaterials showed minimal cyto-
toxicity (Jimenez et al., 2017). In this study, we compared the in-vitro
immunological response induced by a cationic and an anionic surface
functionalized CNCs and explored the potential mechanisms by which
these nanomaterials evoked such response. We observed that both na-
nomaterials showed an immunological response in cell-based assays,
however the intensity and the potential mechanisms by which they
evoke this response appeared to be different. The more pronounced
effect observed with CNCs-poly(APMA) on stimulated murine macro-
phages can be explained, at least in part, by the greater intracellular
induction of the pro-IL-1f as indicated by western blotting and con-
firmed by disappearance of the IL-1f displayed by cell imaging. The
canonical mechanism of NLRP3 inflammasome activation involves two
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simultaneous and independent steps: synthesis of precursors in a nu-
clear factor kappa B (NF-kB)-dependent manner, and oligomerization of
the NLRP3 complex, followed by secretion of IL-f (Pellegrini et al.,
2017). We and others have demonstrated that cationic functionalized
nanoparticles can indeed induce pro-IL-1[3 synthesis and secretion of its
active form, IL-f (Lunov et al., 2011; Sunasee et al., 2015). On non-
stimulated human cells, however, CNCs-poly(APMA) alone might have
induced a potential synergetic effect, since it showed greater increases
in both IL-13 and TNFa secretion. In fact, it is known for a long time
that TNFa induces IL-$ production in animal model (Dinarello et al.,
1986).

These nanomaterials also have different effects on the mitochon-
dria-derived ROS and mitochondrial function. CNCs-poly(NIPAAm)
demonstrated to induce greater amounts of mitochondria-derived ROS,
especially in non-stimulated murine macrophages and less changes in
mitochondrial function, while CNCs-poly(APMA) had opposite effect.
CNCs-poly(NIPAAm) induced a greater enzymatic antioxidant response
than CNCs-poly(APMA), mainly in the mitochondrial Trx2 (Arner,
2009) and SOD2 (Candas and Li, 2014) also in non-stimulated murine
macrophages. It is known that in order to overcome increases in ROS
and prevent an oxidative stress the antioxidant enzymes are upregu-
lated (Birben et al., 2012). CNCs-poly(APMA) appears to have a greater
impact on the ATP synthesis as indicated by decreases in intracellular
ATP in stimulated murine macrophages which correlates with a less
polarized membrane. The correlation between ATP synthesis and mi-
tochondrial membrane potential is not surprising because it is well
known that the ATP synthesis is dependent on the membrane potential
of mitochondria (Liberman et al., 1961). In fact, positively charged
particles tend to induce mitochondrial dysfunction including hyperpo-
larization or depolarization of mitochondria membrane and autophagy
(Malugin and Ghandehari, 2011), which could lead to impairment of
ATP synthesis. Interestingly, the reduction in intracellular ATP can lead
to NLRP3 inflammasome activation caused by crystal stimulation, such
as monosodium urate (MSU)(Nomura et al., 2015). Several biomarkers
have been identified in different phases of the complex process of au-
tophagy, including ATg13 and LC3, which are used to monitor autop-
hagy induction. We did not observe a significant impact of either na-
noparticle on the induction of autophagy as indicated by no changes in
LC3I-II western blotting.

The impact on lysosome acidification and ER stress also highlights
the differences between these nanomaterials. Both nanomaterials
caused increases in acidic vesicles and lysosomal acidification and in
stimulated and non-stimulated cells, however CNCs-poly(NIPAAm)



H.W. Despres et al.

A

CNCs-APMA LPS+CNCs-APMA

CNCs-NIPAAmM LPS+CNCs-NIPAAM

N

CNCs-APMA CNCs-NIPAAm  Chlroguine

IntgDen A.U.
P
8 8

N
1<
3

Control

Ono LPS MLPS

Chloroquine

Toxicology in Vitro 55 (2019) 124-133

IntDen Red/Green (A.U.)

o

CNCs-APMA

Control CNCs-NIPAAm

Ono LPS MLPS

Fig. 6. Effect of functionalized CNCs on the organelle acidification in J774A.1 cells. (A) LysoSensor green analyzed utilizing a fluorescence microscope at 400 X
magnification. Chloroquine (100 puM, 5 h negative control) was used as lysosomotropic reagent to inhibit lysosome acidification. (B) Alternatively, acridine orange
was used to detect acidic vesicular organelles (AVOs) and images were immediately capture using a cell imager. The bar at the bottom of each panel is equivalent to
26 um. The white arrows highlight the punctuated orange fluorescence, indicating the presence of AVOs. The pixel intensity was analyzed using ImageJ and
expressed as integrated intensity (graph on the bottom of both figures). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

S S
S & ¢ F ¢
S 5§56 56
UPR Cpm [ —— | 5550,
Atgl3 [ - ool SE WS SN ~75kDa
Autophagy| |3 |~16-18kDa
LC3-1l fummme - o o cm s | ~14.16kDa

B-actin [ == s == v ~45.50kDa

Fig. 7. Effect of functionalized CNCs on the level of proteins involved in un-
folded protein response (UPR) and autophagy in J774A.1 cells. The UPR
marker, protein disulfide isomerase (PDI) as well as autophagy markers, au-
tophagy related protein 13 (Atgl3) and microtubule-associated protein 1A/1B-
light chain 3 (LC-3) were analyzed by Western blotting in the cell lysates. -
actin was used as loading control.

caused the greatest effect in both conditions. Healthy lysosomes are
acidic (pH4.5-5.0), and small fluctuations towards the acidic en-
vironment (Mindell, 2012) is expected during the phagocytosis process.
The fusion of lysosomes and phagosomes generates the phagolysosomes
(Aderem and Underhill, 1999) wich is considered an acidic vesicular

organelles (AVOs). It is not a surprise that charged CNCs derivatives
caused lysosomal acidification, since a more likely process of entry of
these nanomaterials would be via phagocytosis (Dobrovolskaia, 2015).
Although our previous study suggested that size and charge may not be
directly related with cytotoxicity, we observed that indeed CNCs-poly
(NIPAAm) appears to cause cell enlargement and elongation (Jimenez
et al., 2017). This previous observation on the apparent changes in cell
morphology can be associated with the greater effects of CNCs-poly
(NIPAAm) on the formation of acidic vesicular organelles (AVOs),
suggesting a greater phagocytic activity by the macrophages. Although
it has been reported long time ago that positively charged particles are
more prone to phagocytosis by macrophages (Matsui et al., 1983), we
do not exclude the possibility that CNCs-poly(NIPAAm) induced
stronger phagocytic activity because of potential interactions of this
anionic nanomaterial with serum proteins. The process by which par-
ticles in general become covered with opsonin proteins is called opso-
nization (Owens and Peppas, 2006; Gustafson et al., 2015). Both op-
sonin protein composition and conformation on the particle surface
influence how nanoparticles interact with macrophage surface re-
ceptors and mediate phagocytic recognition (Gustafson et al., 2015).
Each receptor that recognizes the nanoparticle will induce a specific
internalization mechanism and may evoke a different immunological
response, which can explain at least in part the differences on the
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immunological and phagocytic responses evoke by CNCs-poly(APMA)
and CNCs-poly(NIPAAm). For instance, polyanionic charged nano-
particles can interact with scavengers receptor which contain collagen
positive domains (Chao et al., 2013) and this receptor is associated with
phagocytosis as well as pattern-associated recognition receptors (PRRs)
(Gustafson et al., 2015), which are linked with NLRP3 inflammasome
activation and IL1-p secretion.

In conclusion, it appeared that the anionic CNCs-poly(NIPAAm)
exerts its wider immunological effects partly via lysosomal acidification
and tentative phagocytosis and potentially affecting ER homeostasis
(Fig. 8A), whereas the cationic CNCs-poly(APMA) caused an immune
response in LPS-stimulated cells mainly in a NLRP3-dependent manner
(Fig. 8B).
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