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ARTICLE INFO ABSTRACT

Keywords: Nanocellulose is a promising bio-nanomaterial with attractive properties suitable for multiple industrial appli-
Macrophage polarization cations. The increased use of nanocellulose may lead to occupational exposure and negative health outcomes.
Phagocytosis However, knowledge on its health effects is limited, and while nanocellulose exposure may induce acute in-
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flammatory responses in the lung, the underlying mechanisms are unknown. Alveolar macrophages are key cells
in alveolar particle clearance. Their activation and function may be affected by various particles. Here, we
investigated the uptake of pristine cellulose nanocrystals (CNC), and their effects on alveolar macrophage po-
larization and biological function. CNC uptake enhanced the secretion of several cytokines but did not on its own
induce a complete macrophage polarization. In presence of macrophage activators, such as LPS/IFNG and IL4/
IL13, CNC exposure enhanced the expression of M1 phenotype markers and the secretion of pro-inflammatory
cytokines and chemokines, while decreasing M2 markers. CNC exposure also affected the function of activated
alveolar macrophages resulting in a prominent cytokine burst and altered phagocytic activity. In conclusion,
CNC exposure may result in dysregulation of macrophage activation and function that are critical in in-
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flammatory responses in the lung.

1. Introduction

Nanocellulose (NC) is a promising bio-nanomaterial with attractive
properties suitable for multiple industrial applications in material sci-
ence and biomedical engineering. Due to their renewable nature, low
production costs, mechanical properties, biocompatibility, and optical
properties, NC has potential in many fields, such as nanocomposite
materials, surface and rheology modifiers, films and foams, specialty
papers, food additives, and biomedical devices. NC materials are of
particular interest in various Norwegian and European industries, and
high scale production of NCs and growing number of applications have
led to increased focus on their health effects and safety [1]. NC can be
obtained from a variety of sources, including trees/plants, algae and
bacteria, gaining materials of diverse dimensions and surface char-
acteristics. Cellulose nanocrystals (CNC) are produced by acid hydro-
lysis, whereas, mechanical processing often together with chemical pre-
treatment yields cellulose nanofibers (CNF) [2]. The different types of
NCs exhibit distinct properties affecting their applicability and func-
tionality in different applications. Moreover, the surface of the NCs can

be modified by addition of functional groups to impart specific func-
tionality.

While data on health effects in workers exposed to NC are largely
unavailable [3], high aspect ratios and biodurability of NC in human
lung [4] are of concern, and makes it important to investigate the
toxicological properties of NC materials. Toxicological testing of NC
materials has proven challenging, as different raw materials, prepara-
tion procedures, and post-processing techniques yield a wide range of
NCs with varied physicochemical properties. The scarce toxicological
data available could indicate that NC materials induce only low or
moderate cytotoxic and genotoxic effects in vitro and in vivo [5-7].
However, several studies have demonstrated that NC induces acute
pulmonary inflammation in mice following inhalation [8-10]. Mice
exposed to CNC through pharyngeal aspiration had a pronounced acute
dose-dependent inflammatory response at 24 h of exposure and after
repeated exposures [9,10]. Furthermore, animals exposed to CNF show
increased recruitment of inflammatory cells in the lungs, and accu-
mulation of particles in the bronchi, the alveoli and in the cytoplasm of
pulmonary macrophages [8]. On contrary, long term effects of CNC on
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pulmonary inflammation have not been observed and a gradual time-
dependent alleviation of inflammation response was suggested in a
recent study by Park et al. [11]. Similarly, CNC exposure causes in-
flammatory responses and elevated levels of inflammatory cytokines in
pulmonary epithelial cells, monocyte cultures, and in 3D co-cultures of
epithelial, monocyte and dendritic cells [12-14]. Interestingly, func-
tionalization may affect the inflammatory potential of NCs as carbox-
ymethylation and carboxylation lower the inflammatory potential of
NC materials [15,16].

To date, the underlying mechanisms for the observed induction in
pulmonary inflammation following NC exposure have not been ad-
dressed. Inflammatory signaling is important in the development of
chronic pulmonary diseases such as asthma and chronic obstructive
pulmonary disease (COPD). Resident alveolar macrophages hold key
roles in development of these conditions as they are the main cell type
involved in pathogenic clearance in the lung and important players in
pulmonary inflammation. The diverse biological activities of macro-
phages are mediated by phenotypically distinct subpopulations gener-
ated through a process called macrophage polarization [17]. Macro-
phage polarization is a dynamic process, where M1 and M2
macrophages represent two extremes of activation. Macrophage acti-
vation by lipopolysaccharide (LPS), interferon gamma (IFNG) and
tumor necrosis factor alpha (TNFA) results in a M1 macrophage phe-
notype, whereas, interleukin 4 (IL4), IL13 and IL10 stimulation induces
M2 polarization. M1 macrophages are predominately responsible for
the clearance of intracellular pathogens by releasing pro-inflammatory
cytokines and promoting a local Thl environment during initiation of
inflammation. M2 macrophages have more diverse phenotypes char-
acterized by their involvement in Th2 responses. The respective roles of
M1 and M2 macrophages in respiratory diseases are complex and fine-
tuning of macrophage polarization is vital as imbalance may have
detrimental effects resulting in states of inflammation and disease.
Besides classical macrophage activators, different particles including
nanoparticles may perturb the polarization and reprogramming of
macrophages and affect their immunological functions. The physio-
chemical properties of particles such as chemical composition, size and
surface coatings determine the effects on macrophage polarization [18].
Studies show that several types of nanoparticles including gold, silver,
zinc oxide, silica, titanium dioxide and multi-walled carbon nanotubes
may induce a pro-inflammatory M1 phenotype, however, there are
discrepancies between the different studies illustrating the difficulties
in generalizing the effects of nanoparticles, reviewed by Miao et al.
[18]. Moreover, phagocytized CNC particles are not degraded in the
macrophage phagolysosome as the acidic pH is insufficient to degrade
cellulose [4]. Hence, in the alveoli, CNC materials are likely cleared by
mechanical movement of macrophages out of the alveoli, a process that
can take months to years [4]. Prolonged retention of CNC particles
within resident alveolar macrophages could also affect macrophage
functions such as the ability to engulf foreign materials, present anti-
gens and cytokines.

The main aim of this study was to investigate if macrophage po-
larization is a contributing mechanism to the acute inflammation ob-
served in animals following pulmonary NC exposure. Increased me-
chanistic understanding of macrophage-particle interactions may give
valuable insight into the development of exposure-related pulmonary
diseases. In light of the anticipated role of M1 macrophages in local pre-
inflammatory Th1 responses [12,14] and evidence of pronounced acute
inflammatory responses in CNC-exposed lungs [9,10], we postulated
that CNCs promote alveolar macrophage polarization in exposed lungs
to regulate the initiation and resolution of acute pulmonary in-
flammation. To address this, we investigated phenotypic and functional
changes in alveolar MH-S macrophage cells following exposure to two
pristine, well characterized CNC materials.
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2. Materials and methods
2.1. Particle preparation and characterization

Freeze dried CNC powder (CNCgyry) and 12.1% CNC gel (CNGCgel)
were obtained from the University of Maine Process Development
Centre (Orono, ME) and were manufactured from wood pulp at the US
Forest Service's Cellulose Nanomaterials Pilot Plant (Forest Products
Laboratory (FPL), Madison, WI). CNCs are rod-like particles with di-
mensions of approximately 5nm in diameter and 150-200 nm in
length. The particles were sterilized by autoclaving and endotoxin le-
vels were assessed by kinetic chromogenic limulus amebocyte lysate
(LAL) assay according to the manufacturer's instructions (Lonza, Basel,
Switzerland). Endotoxin levels for the particles were below the detec-
tion limit of 0.005 EU/ml. Stock dispersions were prepared in sterile
ultrapure water at a concentration of 3 mg/ml and vortexed for 30 s to
ensure even dispersion. Zeta potential and hydrodynamic diameter
measurements by dynamic light scattering (DLS) were conducted on
stock solution and CNC dispersions in media (ZetaSizer Nano ZS,
Malvern Instruments Ltd, Malvern, UK). 1.59 was used as refractive
index. Scanning electron microscope (SEM) samples were prepared as
previously described by Kunaver et al. [19]. In brief, CNC samples were
dispersed at a concentration of 18 pug/ml in acetone, sonicated 15 min
and 20 pl was placed on a pre-warmed glass slide and allowed to dry.
The specimens were sputter-coated with 2.4nm platinum in a Cres-
sington 208HR (Cressington Scientific Instruments, Watford, England)
sputter coater and analyzed with a Hitachi SU 6600 (Hitachi High-
Technologies Corporation, Tokyo, Japan) field emission scanning
electron microscope (FE-SEM). The instrument was operated under the
following conditions: accelerating voltage of 20kV and working dis-
tance of 10 mm. High resolution images of the particles were obtained
by acquiring at slow scanning speed.

2.2. Cell culture and particle exposure

Murine alveolar macrophages, MH-S (CRL-2019, ATCC, Rockville,
MD) were maintained in ATCC-formulated RPMI-1640 medium (Gibco,
ThermoFisher Scientific, Waltham, MA) supplemented with 10% FBS
(Gibco, ThermoFisher Scientific), and 50 uM -mercaptoethanol (Gibco,
ThermoFisher Scientific) in 5% CO, at 37 °C. Cells were polarized to-
wards M1 phenotype with LPS (1 ng/ml, Sigma Aldrich, St Louis, MO)
and/or IFNG (20 ng/ml, PeproTech, Rocky Hill, NJ), or to M2 pheno-
type with IL4 (20 ng/ml, PeproTech) and IL13 (20 ng/ml, PeproTech)
for up to 48 h. Macrophage subsets were characterized by differential
gene expression of a selected panel of cell surface molecules, cytokines/
chemokines and regulatory proteins. The restricted panel was selected
based on literature reports and on their involvement in murine mac-
rophage activation [20-22]. Accordingly, LPS/IFNG treatment (M1
polarization) resulted in increased expression of c-x-c motif chemokine
ligand 9 (Cxcl9, also known as Mig), and nitric oxide synthase 2 (Nos2)
after 24 h of polarization and increased expression of Cxcl9, Il1b, I16,
Nos2 after 48 h of polarization, Supplementary Figure S1. Moreover, an
increase in the secretion of IL1B (9.90 vs 12.82 pg/ml), IL6 (1.00 vs
13.81 pg/ml) and CXCL9 (undetected vs 3800 pg/ml) was observed
when comparing MO and M1 cells (controls) in Supplementary Tables
S1 and S2. Treatment with IL4/IL13 (M2 polarization) induced the
expression of arginase 1 (Argl), cytokine inducible SH2 containing
protein (Cish), eosinophil-associated ribonuclease A family member 11
(Ear11) and mannose receptor C-type 1 (Mrcl, previously known as
Cd206), Supplementary Figure S1. MH-S cells were exposed to CNC
particles to evaluate their ability to induce macrophage polarization.
Moreover, cells were exposed to CNCs in presence of inducers of po-
larization to evaluate potential interference with the polarization pro-
cess or 24 h after polarization initiation to evaluate effects on polarized
cell functions.
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2.3. Analysis of cellular uptake of CNC materials and investigation of
uptake mechanisms

Cells were seeded at concentrations of 2.5 E® cells/well (6.6 E* cell/
cm?) for MO and M2 polarized cells and 3.5 E> cells/well (9.2 E* cell/
cm?) for M1 polarized cells on coverslips in 12-well plates. After cell
attachment the cells were polarized for 24 h. For quantification of cel-
lular uptake, the cells were exposed to 5ug/cm? After optimization,
cellular uptake was assessed at 2h, 6h and 24h post-exposure. For
assessment of uptake mechanisms, cells were pretreated with la-
trunculin B (2.5 pM, 30 min, Sigma Aldrich) or wortmannin (300 nM,
15 min, Acros Organics, ThermoFisher Scientific). Inhibitor doses were
optimized, and TMR-conjugated 70 kDa dextran (125 pg/ml, 15 min,
ThermoFisher Scientific) or pHrodo Ecoli (150 ug/ml, 2h, Invitrogen,
ThermoFisher Scientific) were used as positive controls. After pre-
treatment, the cells were exposed to CNC particles for 2h or 6h.
Visualization of CNC particles were performed using a biotinylated
carbohydrate binding module (CBM) of [(3-1,4-glycanase (EXG:CBM)
essentially as previously described [12,23], with minor modifications.
EXG:CBM protein was a kind gift from Dr H. Wolff (Finnish Institute of
Occupational Health, Finland) and Prof. U. Vogel (National Research
Centre for Work Environment, Denmark). In brief, the cells were fixed
in ice-cold acetone for 10 min and blocked by incubation with 30%
rabbit serum (AgriSera, Vannas, Sweden) in PBS for 10 min at room
temperature. Endogenous biotin was blocked by Streptavidin/Biotin
Blocking Kit according to the manufacturer's instructions (Vector La-
boratories, Burlingame, CA). CNC materials were stained using bioti-
nylated EXG:CBM protein at 1:300 dilution in 2% rabbit serum-PBS for
60 minat room temperature. EXG:CBM protein was visualized by
Streptavidin Alexa Fluor 488 conjugate, according to the manufac-
turer's recommendations (Invitrogen, ThermoFisher Scientific). Cells
were counterstained with Alexa Flour 647 Phalloidin (Invitrogen,
ThermoFisher Scientific) to stain F-actin and mounted with ProLong
Gold antifade reagent with DAPI (Invitrogen, ThermoFisher Scientific).
Fluorescent staining was visualized using a pinhole laser confocal mi-
croscope (Zeiss, Oberkochen, Germany) and images were acquired
using an AxioCam camera (Zeiss). Cellular uptake was quantified from
the acquired images using ImageJ. To visualize cellular uptake of the
doses used in the study (1.5, 15 and 45 pg/cm?) cells were exposed for
24 h.

2.4. Cell viability and proliferation assays

For assessment of cell viability the cells were seeded at a con-
centration of 1.6 E® cell/well (4.6 E* cells/cm?) in 12-well plates and
allowed to attach overnight. The following day the cells were polarized
and 24 h after polarization the cells were exposed to CNC particles (0,
1.5, 5, 15, 45 and 90 ug/cm2). Cells were incubated with particles for
24 h and cell viability was assessed by Pierce™ lactate dehydrogenase
(LDH) Cytotoxicity Assay Kit (ThermoFisher Scientific) and by flow
cytometry using ReadiDrop Cell Viability Assay (Bio-Rad Laboratories
Ltd, Hercules, CA) according to the manufacturers’ instructions.
Shortly, cell medium was collected and extracellular LDH levels were
assessed by absorbance measurements at 490 nm and 680 nm using the
SpectraMax i3 (Molecular Devices, San Jose, CA). Cells were harvested
and counted using trypan blue to assess cell proliferation. The cells
were washed in PBS, filtered through a 100 um cell strainer and cell
concentrations were adjusted to 2.0E® cells/ml. Cells were stained with
ReadiDrop Propidium Iodide (PI) and analyzed on a CytoFLEX flow
cytometer using the CytExpert software (Beckman Coulter, Brea, CA).
Data were collected for 10,000 live events per sample. Doublets were
excluded prior to analysis.

2.5. Gene expression analysis

For analysis of gene expression patterns, cells were seeded at a
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concentration of 6.0 E® cell/well (1.7 E® cells/cm?) in 12-well plates.
The following day the cells were exposed to CNC particles at the con-
centrations 0, 1.5, 15, 45 ug/cm2 with/without polarization inducers or
cells were polarized for 24 h and thereafter exposed to CNC particles for
an additional 24h. Total RNA was isolated using the Total RNA
Purification Plus Kit according to the manufacturer's instructions
(Norgen Biotek Corp., Ontario, Canada). Total RNA was reverse tran-
scribed using qScript cDNA synthesis kit (Quanta BioSciences, Beverly,
MA), following the manufacturer's instructions. Gene expression was
analyzed by qPCR using SYBR Green I technology on the QuantStudio 5
Real-Time PCR System (Applied Biosystems, ThermoFisher Scientific).
Primer sequences (KiCqStart™ Primers, Sigma Aldrich) are available
upon request. Expression was normalized to the geometric mean of
ubiquitin C (Ubc) and beta-2-microglobulin (B2m), which were used as
housekeeping genes. Relative expression was assessed using relative
standard curve approach. Cq values = 34 were set as non-detectable.

2.6. Analysis of cytokine and chemokine secretion

Concentrations of 24 mouse cytokines/chemokines in culture media
were measured by Bio-Plex Pro™ Mouse Cytokine 23-plex and CXCL9
single-plex assays (Bio-Rad Laboratories Ltd) according to manufac-
turer's instructions on a Luminex MAGPIX® System using the XPONENT
Software (Luminex Corp., Austin, TX). Concentrations were normalized
to correct for variations in cell numbers. Proteins used for polarization
were excluded for the analysis of the respective cell lines, i.e. INFG in
M1 cells and IL4 and IL13 in M2 cells. C-c motif chemokine ligand 3
(CCL3, previously known as MIP1A) was excluded as high basal se-
cretion levels made the samples impossible to quantify as they were
outside the range of the standard curve. Heat map and hierarchical
clustering analysis with Euclidean distance were performed using the
ComplexHeatmap package version 1.12.0 in R version 3.4.3.

2.7. Phagocytosis

For analysis of phagocytosis, macrophages were seeded at a con-
centration of 7500 cells/well (2.3 E* cells/cm?) in a 96-well plate. The
cells were polarized for 24 h and exposed to CNC materials for an ad-
ditional 24 h. Effects of CNC materials on macrophage phagocytic ca-
pacity were assessed using the IncuCyte pHrodo Ecoli as described by
the manufacturer (Essen BioScience, Ann Arbor MI). For live-cell ima-
ging of macrophage phagocytosis, the cells were incubated with bio-
particles in FluoroBrite™ DMEM (Gibco, ThermoFisher Scientific) and
images were taken every 15 min for 12 h using the IncuCyte Zoom live
cell imaging system (Essen BioScience). Phagocytosis was assessed by
the IncuCyte Zoom software using Top-Hat background subtraction and
visualized as phagocytosis intensity (um?/image). This metrics visua-
lized both the number of active phagosomes and their maturity. The
data was normalized to correct for variations in cell numbers.
Differences between treatments were assessed by linear regression
analysis of the exponential increase phase of the phagocytic intensity
curve.

2.8. Statistical analysis

Gene expression and cytokine/chemokine secretion data were ana-
lyzed by linear mixed effects models using the Imer function in the Ime4
package for R (version 3.4.3). p-values were adjusted with the
Benjamini & Hochberg (BH) step-up FDR-controlling procedure. p-va-
lues < 0.05 were considered significant.
3. Results

3.1. Characterization of CNC materials

Representative SEM images of CNC materials are shown in Fig. 1A.
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Fig. 1. Characterization of CNC particles. (A)
Representative SEM images of (i) CNCqyy, and (ii)
CNGge particles. (B) Hydrodynamic diameter and
zeta potential measurements were conducted in (i)
water and (ii) cell culture media. Abbreviations: Z-
Ave, Z-average; d.nm, diameter in nm; PdI, poly-
dispersity index; ZP, zeta potential; SD, standard
deviation.

Bi) ii)

Nanoparticle |Z-Ave (d.nm) Pdl ZP(mV)| SD Nanoparticle |Z-Ave (d.nm) PdI ZP (mV) SD
CNCyy 153.0+5.8 |0.41+0.06| -47.0 0.95 | |CNCyy 1133.7+65.1| 0.95+0.03 | -14.2 0.36
CNCee 135.9+2.5 (0.25+0.01| -48.1 1.25 CNCgq 7749+4.3 | 0.98+0.02 -13.5 0.15

Measurement of individual particles confirmed average lengths of
159.8 = 45.2 and 155.0 + 40.8nm and average widths of
21.8 = 4.7 and 19.8 = 4.1nm for CNCq,, and CNCg,, respectively.
Average aspect ratios were calculated to be 7.3 for CNCgry and 7.8 for
CNCg . DLS analysis showed average hydrodynamic diameters (Z-Ave)
of 153.0 = 5.8 and 135.9 * 2.5nm for CNCqyyy, and CNCg, respec-
tively, in water. DLS analysis of CNC particles in media showed in-
creased hydrodynamic diameters and high polydispersity indexes of the
particles compared with particles in water indicating a broad size dis-
tribution and an increased occurrence of aggregation/agglomeration of
the particles in the media. This is supported by data from zeta potential
measurements indicating that the particles have a higher degree of
stability in water than in media, and are more likely to form agglom-
erates/aggregates in the media, Fig. 1B.

3.2. Cellular uptake of CNC materials in unpolarized and polarized
macrophages

Quantification of cellular uptake was assessed by immuno-
fluorescence and presented as the percentage of cells that had visible
phagocytic vacuoles present in the cytoplasm (% CNC + cells), Fig. 2.
Regardless of polarization, CNCg particles were more efficiently taken
up than CNCg,y, particles. Cells exposed to CNCqy, particles had more
agglomerates present at the cell surface, Fig. 2A(ii). Moreover, the ki-
netics of cellular uptake was different between the various polarization
phenotypes. While, 48% of M1 and 36% of MO macrophages had in-
ternalized CNCg, particles at 2 h of exposure, only 14% of M2 cells had
taken up CNCg particles at this time point. At 24 h of exposure the
differences were no longer present and the cells showed a high uptake
of CNC,,; regardless of macrophage activation, Fig. 2B. Moreover, M1
macrophages had a generally low uptake of CNCq, compared to MO
and M2 macrophages, Fig. 2A. Visualization of doses used for cellular
exposure at 24h are to be found in Supplementary Figure S2, and
especially the high dose 45 pg/cm?® CNCyyy resulted in agglomerates at
the cell surface possibly indicating an overload of particle clearance at
high exposure levels, as exemplified in M2 polarized cells in
Supplementary Figure S3.

3.3. Mechanism of cellular uptake of CNC materials

There are several potential pathways that can be involved in cellular
uptake of nanomaterials. However, macrophages internalize pathogens
and foreign material primarily through phagocytosis and macro-
pinocytosis. To investigate, whether, these mechanisms are involved in
the internalization of CNC materials, the F-actin inhibitor, latrunculin
B, and the phosphoinositide 3-kinase (PI3K) inhibitor, wortmannin,
were used, Fig. 3. Effects of these agents were assessed following CNCg;
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exposure for 2h. Since the cells had a very low uptake of CNCg,y par-
ticles at 2h, effects of inhibitors were investigated following 6h of
CNCyqry exposure. The percentage of cells that showed visible vacuoles
following CNGCg. exposure was significantly reduced by latrunculin B
and wortmannin treatment, Fig. 3B. This was also observed for CNCgyy
particles in M2 cells, Fig. 3A. While a similar response was observed for
MO and M1 cells exposed to CNCq,y, the data are more uncertain as the
percentage of cells with internalized CNCg4,, was very low. These data
indicate that phagocytosis/macropinocytosis are possibly the main
mechanisms of CNC uptake in MH-S macrophages.

3.4. Effects of CNC materials on macrophage viability and proliferation

For analysis of viability and proliferation macrophages were ex-
posed to various concentrations of CNC materials. CNC exposure at low
concentrations (1.5 and 5 pg/cm?) did not induce significant cytotoxi-
city as analyzed by incorporation of DNA label and LDH assay.
However, at higher doses, CNCg;,, exposure induced a slight decrease in
cell viability assessed by incorporation of DNA label. Moreover, ex-
posure to both CNC materials did not affect cell proliferation sig-
nificantly, and only in M1 cells exposed to CNCg at the highest dose
(90 ug/cmz) a small reduction in cell number was observed,
Supplementary Figure S4.

3.5. Effects of CNC exposure on macrophage polarization

CNC exposure alone was not sufficient in inducing a full polariza-
tion phenotype of murine alveolar macrophages as no changes in M1 or
M2 gene expression markers of polarization were observed (data not
shown). Unpolarized MO macrophages had a generally low secretion of
cytokines and chemokines. However, CNC exposure led to increased
secretion of IFNG, IL3, IL4 and IL12P40, and of colony stimulating
factor 3 (CSF3, previously known as G-CSF), CCL2 (also known as
MCP1) and CCL11 (previously known as eotaxin), Fig. 4,
Supplementary Table S1.

Whilst CNC exposure alone did not induce a complete polarization,
CNC exposure in presence of other inducers of macrophage polarization
(i.e. IFNG and IL4/IL13) on contrary promoted a more prominent M1
phenotype and a pro-inflammatory response compared with unexposed
control cells (stimulated with IFNG or IL4/IL13). Exposure of macro-
phages with CNCg;y or CNCg, in presence of IFNG resulted in increased
expression of Il1b, whereas exposure with CNCg also increased the
expression of M1 markers Cxcl9, 116, Nos2 and Tnfa, as well as the M2
marker Argl, Fig. 5A. Macrophages exposed to CNCgyry and CNCg in
presence of IL4/IL13 showed reduced expression of M2 markers Earl1
and Mrcl, as well as Il1b compared to those polarized without CNC
particles (controls), Fig. 5B.
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Fig. 2. Cellular uptake of CNC materials.
Unpolarized (MO) and polarized (IFNG, M1
and IL4/IL13, M2) macrophages were ex-
E e M posed to 5ug/em® (A) CNCyy and (B)
CNCg particles for 2, 6, and 24 h. CNC
particles were visualized by EXG:CBM
staining. (i) Uptake was quantified as per-
centage of cells with visible vacuoles in the
cytoplasm (% CNC + cells). Data represent
mean * SEM. (ii) Representative images of
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2 6 24 2
Time (h)
iii)

T T cellular CNC uptake (green). F-actin was
stained with phalloidin (red) and nuclei
Time (h) counterstained with DAPI (blue). Images
were acquired at 40 X magnification. Scale
bar, 10 pm. Arrows indicate vacuoles with
internalized CNC particles. Asterisks in-
dicate agglomerates of CNC particles.

CNC exposure further altered the secretion of cytokines and che-
mokines which are involved in the regulation of host defense, in-
flammation, wound healing, and homeostasis, Fig. 6, Supplementary
Table S2. Hierarchical clustering identified defined clusters according
to both polarization status and exposure to CNC materials, Fig. 6A. A
clear differentiation between control and CNC exposed cells was

observed and specific clustering of cells exposed to 45 pig/cm? CNCg in
presence of IFNG (M1) indicates that this treatment affected the overall
cytokine and chemokine secretion from these cells. Further analysis
identified twelve proteins as exclusively regulated following CNC ex-
posure in presence of IFNG (M1) and two proteins following CNC ex-
posure in presence of IL4/IL13 (M2). In addition, the secretion of the six

Fig. 3. Mechanisms of cellular uptake of

Ai) Bi) CNC materials. Unpolarized (M0) and po-
80- = Contrdl 80- =3 Control larized (IFNG, M1 and IL4/IL13, M2) mac-
N = LatB n = LatB rophages were pretreated with latrunculin B
E 60- =1 Wort @ 604 1 Wort (LatB, 30min, 2.5uM) and wortmannin
5 S (Wort, 15min, 300 nM). After pre-incuba-
3 40l ﬁ 3 40/ tion the cells were exposed to 5 pg/cm? (A)
2 2 CNCqyry for 6h and (B) CNCgy for 2 h. CNC
£ 20 £ 20 b particles were visualized by EXG:CBM
g_ B . é é ,;‘ - *;* §_ ™ ; cer wen é . . staining. (i) Uptal.<e w.as. quantified a's per-
0 — _l - o . . — centage of cells with visible vacuoles in the

Mo M1 M2 Mo M1 M2 cytoplasm (% CNC + cells). Data represent

median, and 5 and 95 percentiles. (ii)
Representative images of cellular CNC up-
take (green). F-actin was stained with
phalloidin (red) and nuclei counterstained
with DAPI (blue). Images were acquired at
40 x magnification. Scale bar, 20 pm
*p < 0.05, ***p < 0.001 (ANOVA,
Dunnett's test).
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A B Fig. 4. Effects of CNC exposure on the se-
= = cretion of cytokines and chemokines from
E1s £ 2«08 R A Dry unpolarized macrophages. Secretion of (A)
=2 =] & o) . .
k= & 1.5x10 *y 0T o Gel cytokines and (B) chemokines were ana-
s £ 1x105 AA 68 lyzed using the Luminex MAGPIX® System.
"E "E 5X126 * Lines represent mean, and open triangles
E ‘dg':; gg A%ﬁ g@g * A o and circles represent individual values,
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proteins IL3, IL9, IL17A, CCL2, CCL4 and CCL5 were regulated fol-
lowing CNC exposure during polarization of both M1 and M2 macro-
phages, Fig. 6B. Of these only CCL4 was differentially regulated in M1
and M2 cells, Fig. 6C. CNC exposure in presence of IFNG led to in-
creased secretion of the cytokines IL1A, IL1B, IL4, IL6, IL12, IL13 and
TNFA, and of the chemokines CSF2 (previously known as GM-CSF),
CSF3 and CXCL1 (previously known as GRO1), whereas the secretion of
CXCL9 was reduced, Fig. 6D (i)-(iii). This regulation was more promi-
nent following CNCg exposure. Finally, CNC exposure in presence of
IL4/IL13 not only reduced the gene expression of M2 markers Earll
and Mrc1 but also decreased the secretion of the M2 related cytokine
IL10 and increased the secretion of the M1 response related CCL11
chemokine, Fig. 6E.

3.6. Effects of CNC exposure on macrophage activity

To study the effects of CNCs on the activity of polarized macro-
phages, cytokine profiles and effects on bacterial phagocytosis were

macrophages exposed to CNCs showed similar patterns to cells exposed
during polarization, however, the effects were more subtle,
Supplementary Table S3. Venn diagram analyses identified six proteins;
IL3, IL12P40, IL17A, CCL2, CCL5 (previously known as RANTES) and
CCL11, with increased secretion levels in both CNC exposed M1 and M2
cells, Fig. 7A. In addition, M1 polarized macrophages had higher se-
cretion of IL1A, IL4, IL5, IL6, IL9, IL12P70 and reduced levels of IL10
and CXCL9 protein following CNC exposure, Fig. 7B and C.

Besides cytokine production, phagocytic bacterial clearance is per-
haps the most important activity of alveolar macrophages, which along
with mucociliary transport provides an effective, nonspecific pul-
monary defense. CNC particles altered macrophage phagocytosis of E.
coli bioparticles in a dose dependent manner, Fig. 8. At the lowest
concentrations (1.5 pg/cm?) both CNCqry and CNCg exposure in-
creased the phagocytic capacity of the cells and also the maturity of
phagosomes independent of macrophage phenotype. However, clear
differences in phagocytic patterns and the degree of response to CNC
exposure were observed between macrophages of different phenotypes.
In unpolarized (MO) cells, CNCq,, exposure induced phagocytosis at the
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Fig. 5. Effects of CNC exposure on the expression of common macrophage polarization markers. Changes in gene expression were assessed by qPCR following CNC
exposure in presence of inducers of polarization (A) IFNG (M1) and (B) IL4/IL13 (M2). Expression was related to unexposed control cells (stimulated with IFNG or
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Fig. 6. Effects of CNC exposure on the secretion of cytokines and chemokines in presence of inducers of macrophage polarization. Secretion of cytokines and
chemokines was analyzed on the Luminex MAGPIX" System. (A) Regulation of secreted cytokines and chemokines was illustrated by heat map and hierarchical
clustering using Euclidean distance. Values represent log 10 scaled concentrations (pg/ml). Concentrations levels are colored green for low intensities and red for
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lowest concentration (1.5 pg/cm?) but resulted in reduced phagocytosis
at higher concentrations (15 and 45 pg/cmz). While, MO cells exposed
with 1.5 and 15ug/cm® CNCg showed increased phagocytosis,

exposure to 45 yg/cm? CNCg resulted in reduced overall phagocytic
capacity, Fig. 8A. M1 polarized cells showed a generally more rapid
initial uptake of bioparticles than MO and M2 cells. CNC exposure at
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low concentrations (1.5 and 15 pg/cm?) increased the total phagocytic
capacity of M1 cells. On contrary, high concentrations (45 ug/cm?) of
CNC exposure, reduced the initial uptake of bioparticles in M1 cells
leading to a delayed uptake of bioparticles, Fig. 8B. The effects of
CNCqyy exposure on M2 phagocytosis were very subtle, and CNGCge
exposure at 45 ug/cm? did not markedly affect M2 cell phagocytosis,
Fig. 8C. However, exposure of M2 cells with CNCg at 1.5 and 15 pg/
cm? increased both phagosome maturation and the cells overall pha-
gocytic capacity, Fig. 8C.

4. Discussion

To date, data on health effects of exposure to NC in the workplace
are largely unavailable, but experimental animal data show induction
of acute pulmonary inflammatory responses following exposure to NCs
[8-11]. These animals have increased recruitment of inflammatory cells
in the lungs, and accumulation of particles in the bronchi, the alveoli,
and in the cytoplasm of pulmonary macrophages [8]. Alveolar macro-
phages, being primarily responsible for alveolar clearance of particu-
lates, are vital in regulating pulmonary inflammatory reactions. De-
layed clearance and accumulation of NCs in alveolar macrophages may
alter their viability, activation and function.

In this study, effects of pristine CNCs on alveolar macrophage via-
bility and function were investigated. While functionalization may af-
fect the cytotoxic and immunogenic properties of particles, the focus on
this study was on pristine particles. Selected particles were required to
be well characterized, commercially available and relevant to occupa-
tional exposure scenarios. Analysis of hydrodynamic diameter and zeta
potential of the selected CNC particles indicated that they were stable in
water but had increased occurrence of aggregates and agglomerates in
media. Agglomeration of particles may affect their uptake and conse-
quently biological activities. Agglomerates on the cell surfaces were
present particularly following exposure to CNCgy particles. Particle size
may affect the phagocytic rate of macrophages [24]. Moreover, mac-
rophages phagocyte particles most effectively in the size range 2-3 pm
[25]. Thus, it is likely that macrophages could efficiently phagocyte
agglomerates of CNC particles in the range of 1-4 um. Consequently,
internalization of CNC materials by alveolar MH-S macrophages was
investigated. Previous reports on cellular uptake of NCs indicate that
CNCs are taken up by epithelial cells, whereas, CNFs are not [12].
Macrophage uptake of NC has not been studied. Interestingly, macro-
phage phenotype may affect macrophage uptake of nanoparticles as
reported for gold and silica nanoparticles [26-28]. In this study, we
observed internalization of CNGCg particles at 2h post-exposure.
CNCy,y particles were endocytosed at a much slower rate by the mac-
rophages, and only after 6 h, vacuoles containing CNC were visible in
the cytoplasm of the cells. Our study also demonstrated dissimilarities
in the kinetics of CNC internalization in differently polarized macro-
phages. While CNC,,; particles were generally more efficiently inter-
nalized than CNCgq,, particles, M2 macrophages have a delayed uptake
of CNGg, particles compared with MO and M1 cells, and M1 cells had a
significantly lower uptake of CNCqy,y particles compared to MO and M2
macrophages. Mechanisms for CNC endocytosis in macrophages have
not been previously investigated. Here we demonstrated that macro-
phage internalization of CNCy,, and CNCg, particles was actin and PI3K
dependent. Actin and PI3K dependency is a hallmark of macro-
pinocytosis and phagocytosis [29,30], thus indicating that these me-
chanisms are main routes of internalization of CNC particles in MH-S
cells. Similarly, the structurally related fungal cell wall component
chitin is previously reported to be phagocytosed via toll like receptor 2
(TLR2)/chitin binding protein (CBP) binding [31,32].

Furthermore, the biological consequences of CNC uptake on mac-
rophage viability and activation were assessed. CNC exposure at low
concentrations (1.5 and 5 pg/cm?) did not induce cytotoxic responses in
alveolar macrophages, and elevated doses only slightly reduced the cell
viability. This is in accordance with several previous studies showing
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that CNC materials have only limited cytotoxic potential in various
experimental models [13,33-36] and are only cytotoxic at high con-
centrations [37-39]. The diverse biological activities of macrophages
are mediated by phenotypically distinct subpopulations generated
through a process called macrophage polarization [17]. While, several
types of particles, including metal nanoparticles (Au, Ag, Co), metal
oxide nanoparticles (ZnO, SiO,, TiO,), carbon nanotubes (CNT) and
even environmental pollutants (e.g. diesel exhaust particles, DEP) have
been indicated to affect macrophage polarization [18,40-42], data re-
garding potential effects of NCs are missing. Available data indicate
that most nanoparticles induce M1 polarization with few exemptions as
reviewed by Miao et al. [18]. Here, we demonstrate that CNC exposure
alone was not sufficient in inducing a full polarization phenotype of
murine alveolar macrophages. Unpolarized MO macrophages had a
generally low secretion of cytokines and chemokines, but increased
IFNG, IL3, IL4, IL12P40, CCL2, CCL11 and CSF3 levels were observed
following CNC exposure. The highest induction was observed for IL4,
which is a potent inducer of anti-inflammatory signaling and M2 po-
larization. It should be noted that this study only addressed acute ef-
fects of CNC exposure. Interestingly, CNC exposed mice have pro-
nounced acute pro-inflammatory responses following exposure [9-11],
which are time-dependently alleviated [11]. Thus, long-term exposures
might sustain the immunosuppressive Th2 signaling important in the
persistence of inflammatory responses leading to chronic inflammation.
This has recently been demonstrated for muti-walled CNT-induced
pulmonary inflammation and fibrosis, where an acute initial induction
in M1 polarization was followed by a sustained M2 activation in ex-
posed animals [42].

Whilst CNC exposure alone cannot induce a complete polarization,
our data suggest that exposure to CNC particles may promote a more
prominent M1 phenotype and a pro-inflammatory Thl response in the
presence of other inducers. Indeed, pro-inflammatory cytokines IL3, IL9
and IL17A, and chemokines CCL2, CCL4 and CCL5 were upregulated in
cells exposed to particles during both M1 and M2 polarization. These
proteins are considered to be common M1 secreted mediators, corre-
sponding to an increased Thl signaling. In addition, the expression of
the common M1 markers Cxcl9, Il1b, 116, Tnfa and Nos2 was increased
following CNCg exposure in presence of IFNG. Increased levels of M1
secretory products IL1A, IL1B, IL6, IL12, TNFA, CXCL1, CSF2 and CSF3
were also observed. This regulation was more prominent following
CNCg exposure, which is in accordance with observations made on
gene expression level and could plausibly indicate that CNCg; particles
are more inflammatory potent. Endotoxin, a common contaminant of
concern in NC materials, gives increased M1 polarization and pro-in-
flammatory cytokine production from macrophages. However, the CNC
materials used in this study had no endotoxin contamination as shown
by LAL analysis. Finally, CNC exposure in presence of IL4/IL13 reduced
the gene expression of M2 markers Ear11 and Mrc1 as well as the M2
secreted product IL10 and increased the secretion of the M1 response
related CCL11 chemokine. These data suggest that CNCs also may affect
the immunosuppressive properties of macrophages and be important in
the resolution of immune responses. Taken together, the mechanisms of
nanoparticle induced macrophage polarization are still unclear, and
there are only few available studies. It has been suggested that stimu-
lation of TLR4 and activation of NF-xB by nanoparticles drives macro-
phages toward a M1 phenotype. However, the diverse contact with
macrophages and different internalization mechanisms may contribute
to distinct degrees of macrophage polarization [18].

Our findings of CNC-enhanced M1 polarization and increased pro-
inflammatory signaling are consistent with data from animal studies
indicating that CNC exposure induces an acute immunogenic response
in the lungs, characterized by infusion of immune cells and increased
secretion of pro-inflammatory cytokines in bronchoalveolar lavage
(BAL) of exposed animals [9,10]. Indeed, the reported alterations in
cytokine and chemokine levels in BAL from exposed animals are very
similar to the responses observed in the current study in murine
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macrophages exposed during polarization, with induction of IL1A and
TNFA often implicated in the pathogenesis of acute infectious re-
spiratory diseases, and upregulation of IFNG and IL12, suggesting in-
itiation of Th1 immune responses in animals following CNC exposure. A
similar increase in pro-inflammatory cytokines was also observed in
lung alveolar epithelial cells exposed to CNCs [12,14]. However, stu-
dies on CNC derived from cotton showed no alteration in inflammatory
markers in exposed human bronchial epithelial cells and 3D cell cul-
tures [35,37]. Furthermore, in line with our findings, a stronger acute
inflammatory response was observed in animals exposed to CNGCg
compared to those exposed to CNCqyy, [9]. This suggests that source of
CNC and even slight changes in CNC production despite a common
source, as well as different functionalization result in changes in mor-
phology which may be critical in inflicting diverse innate inflammatory
responses. Although, the pattern of secreted mediators from MH-S
macrophages following CNC exposure indicates a predominant M1
mediated profile, it should be noted, that M1 cells polarized in presence
of CNC particles also showed induced Argl gene expression and in-
creased secretion of IL4 and IL13 proteins. This may lead to down-
regulation of the pro-inflammatory signaling, and is further supported
by in vivo data showing that CNCs similar to aspirated fibrous parti-
culates, including CNT and NC [16,43,44], have a peak inflammatory
response which is gradually time-dependently alleviated [11].

Effects of CNCs on the biological activity of alveolar macrophages in
recruitment of other immune cells and in fine-tuning of immune reac-
tions through release of cytokines and chemokines, as well as in the
macrophages’ phagocytic/microbicidal activity were investigated.
Analyses of cytokine secretion from activated macrophages exposed to
CNCs showed similar patterns to cells exposed during polarization,
however, the effects were more subtle. For both phenotypes increased
secretion of IL3, IL12P40, IL17A, CCL2, CCL5 and CCL11 was observed
following exposure to CNCs. However, M1 polarized macrophages ad-
ditionally had higher secretion of IL1A, IL4, IL5, IL6, IL9, IL12P70 and
reduced levels of IL10 and CXCL9 protein following CNC exposure.
Thus, CNC materials not only induce a more prominent M1 phenotype,
but also increase secretion of pro-inflammatory mediators from acti-
vated polarized macrophages. Besides cytokine production, phagocytic
bacterial clearance is an important function of alveolar macrophages,
which along with mucociliary transport provides an effective, non-
specific pulmonary defense. It is noteworthy that exposure to various
nanoparticles may dramatically affect the phagocytic activity of mac-
rophages [45,46], however, effects of NC have not been previously
investigated. This study demonstrates that CNC particles alter macro-
phage phagocytosis of E. coli bioparticles in a dose-dependent manner.
CNC exposure at low concentrations increased the phagocytic rate and
overall phagocytic capacity of macrophages, but high doses reduced the
phagocytic rate. Moreover, it is evident that CNCg particles are more
potent in inducing these effects. While no data is available on in vivo
effects of CNC on pulmonary bacterial clearance, decreased phagocy-
tosis and lung bacterial clearance were observed for mice exposed to
CNT and Cu nanoparticles [47,48]. Moreover, CNT exposure decreased
macrophage phagocytosis of bacteria in vitro [48]. In relation to CNTs,
decreased phagocytosis of biodurable HARM could be linked to in-
effective pulmonary clearance, as the retention time of phagocytosed
biodurable nanoparticles is long [49]. HARMs are of specific concern,
i.e. the fiber pathogenicity paradigm, as these materials are commonly
retained in the pleural cavity if translocated from the lung and can
cause persistent inflammation, which may lead to irreversible diseases
such as fibrosis, formation of mesothelioma and lung cancer [50]. The
CNC materials used here had HARM properties and, therefore, similar
effects on macrophage phagocytosis are expected. However, surpris-
ingly, our data indicate that CNC exposure at low doses increases
phagocytosis. This could possibly be due to priming of macrophage
phagocytosis in a paracrine manner following initiation of macrophage
activation and cytokine burst. As this study was performed using a
single dose it is difficult to say how repeated accumulation of single
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doses would affect the cells phagocytic activity. It has been suggested
that durable nanoparticles may exhaust macrophages capabilities for
additional uptake [45]. Thus, evaluation of effects of chronic and high
doses are relevant as CNC, being a biodurable HARM could accumulate
in macrophages over time, possibly leading to particle overload. Such
particle overload can be observed at the highest dose investigated in
this study as immunofluorescence imaging of CNC distribution and
uptake in macrophages suggest presence of agglomerates on macro-
phage surfaces. Particle overload might impair the phagocytic uptake of
bioparticles. The biological impact of these findings are unclear as the
body has an ability to produce more phagocytic cells on demand.

Throughout the study, CNGC,, exposure gave greater effects on the
analyzed parameters of macrophage activation and function, i.e. po-
larization markers, cytokine levels, and phagocytic activity. The greater
effects observed in CNCg could be due to the higher uptake of CNCge
particles compared to CNCq.y, which as a consequence, makes CNCg;
more inflammatory potent. The in vivo situation is much more complex
and a cross-talk between different cell types in the lung and micro-
environment would exert an effect on macrophage polarization and
activity. Thus, there is a need to further verify the observed effects in a
relevant long-term exposure model in vivo in order to investigate the
functional impact of these findings and to clarify effects of micro-
environment signals contributing to the immunological responses to
particle exposure.

5. Conclusions

Our findings suggest that CNC exposure alone does not induce
macrophage polarization, but in presence of other activators CNC
particles cause a more pronounced M1 macrophage phenotype and a
depleted M2 phenotype, possibly leading to increased and prolonged
pro-inflammatory signaling. Uptake of CNC in macrophages was cor-
related with an induction of a cytokine burst and alterations in the cells’
phagocytic capacity. Altogether, these changes in macrophage pheno-
type and their biological activities may contribute to acute pulmonary
inflammation following CNC exposure and could affect the responses of
activated macrophages to infections. Dysregulation of macrophage ac-
tivation and function is critical in inflammatory responses, and mac-
rophage polarization may thus be a mechanism in the development of
chronic pulmonary diseases following occupational exposure to parti-
cles. However, these in vitro data need to be confirmed in carefully
designed in vivo experiments.
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