Nanofibrillated cellulose causes acute pulmonary inflammation that subsides within a month
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Abstract

[bookmark: OLE_LINK4]Nanofibrillated cellulose (NFC) is a renewable nanomaterial that has beneficial uses in various applications such as packaging materials and paper. Like carbon nanotubes (CNT), NFCs have high aspect ratio and favorable mechanical properties. The aspect ratio also rises a concern whether NFC could pose a health risk and induce pathologies, similar to those triggered by multi-walled CNT. In this study, we explored the immunomodulatory properties of four NFCs in vitro and in vivo, and compared the results with data on bulk-sized cellulose fibrils and rigid multi-walled CNT (rCNT). Two of the NFCs were non-functionalized and two were carboxymethylated or carboxylated. We investigated the production of pro-inflammatory cytokines in differentiated THP-1 cells, and studied the pulmonary effects and biopersistence of the materials in mice.
Our results demonstrate that one of the non-functionalized NFCs tested reduced cell viability and triggered pro-inflammatory reactions in vitro. In contrast, all cellulose materials induced innate immunity response in vivo 24 h after oropharyngeal aspiration, and the non-functionalized NFCs additionally caused features of Th2-type inflammation. Modest immune reactions were also seen after 28 days, however, the effects were markedly attenuated as compared with the ones after 24 h. Cellulose materials were not cleared within one month, as demonstrated by their presence in the exposed lungs. All effects of NFC were modest as compared with those induced by rCNT. NFC-induced responses were similar or exceeded those triggered by bulk-sized cellulose. These data provide new information about the biodurability and pulmonary effects of different NFCs; this knowledge can be useful in the risk assessment of cellulose materials.
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Background 

Cellulose is the main structural component of the plant cell wall and the most abundant organic polymer in the biosphere. For over a century, cellulose has been used in a wide range of applications and it has gained special attention recently due to an increasing demand for products made of renewable and sustainable resources. With the rapid development of nanotechnology field, material scientists have succeeded to improve the characteristics of cellulose fibers by reducing their size to nanoscale. The group of such biomaterials is known as nanocelluloses.
Nanocelluloses have a high tensile strength, low density, high aspect ratio and excellent mechanical properties that make them attractive for industrial applications (Abdul Khalil et al., 2014, Börjesson and Westman, 2015, Abitbol et al., 2016). Based on how they are produced, nanocelluloses are typically classified into three main categories: nanofibrillar cellulose (NFC), also called microfibrillated cellulose or cellulose nanofibrils, cellulose nanocrystals (CNC), also referred to as cellulose nanowhiskers, and bacterial nanocellulose (BNC).
NFC has attracted interest because of its ability to form strong entangled nanoporous networks. Due to its impressive mechanical reinforcement capability (Xu et al., 2013) and high barrier property, NFC is used in films, nanocomposites and paper (Lavoine et al., 2012). NFC quality and properties can be altered and improved by enzymatic and chemical pre-treatments. These processes aim at degrading lignin and hemicellulose contents, to ease the separation of the cellulose fibrils, or at adding charged groups onto the fiber surface (Fukuzumi et al., 2009, Fukuzumi et al., 2011, Siró et al., 2011, Abdul Khalil et al., 2014). The oxygen barrier properties of functionalized NFC are competitive with fossil-derived synthetic plastics and hence NFC has a great potential to be utilized also as an alternative packaging material (Nair et al., 2014).
NFC and carbon nanotubes (CNT) share features such as high aspect ratio and high tensile strength. Besides, fiber length and shape seem to influence the potential of CNT to trigger adverse effects (Poland et al., 2008, Ali-Boucetta et al., 2013, Rydman et al., 2014, Rydman et al., 2015). This could mean that NFC, with a long and fibrous structure, might have effects similar to those of rigid multi-walled CNT (rCNT). However, the present knowledge about the safety of nanocelluloses is sparse and to date few studies have investigated their potential toxicity (Moreira et al., 2009, Clift et al., 2011, Kollar et al., 2011, Vartiainen et al., 2011, Pereira et al., 2013, Yanamala et al., 2014, Sunasee et al., 2015, Farcas et al., 2016, Shvedova et al., 2016, Catalan et al., 2017, Lopes et al., 2017, Menas et al., 2017). Furthermore, there is little information about acute and long-term effects of NFC in respiratory exposure. Taking into account the high interest towards NFC and probable rise in its production on industrial scale in the future, there is an urgent need to assess its safety.
In this study, we explored the immunomodulatory properties of four different NFCs in vitro and in vivo, and compared their effects to those of bulk-sized cellulose fibrils and rCNT. We exposed phorbol 12-myristate 13-acetate (PMA)-differentiated THP-1 cells to the test the materials and investigated the production of pro-inflammatory cytokines. We also studied the biopersistency and inflammatory effects of the materials in mice in response to their oropharyngeal aspiration (OPA) at 24 h and 28 days.

Methods

Test materials and their characterization

A reference material, bulk-sized cellulose (material 1) and four NFC materials (materials 2-5) were tested in the study. The cellulose materials were obtained from natural wood-based pulp. All cellulose samples were produced and provided by Stora Enso Oyj and UPM Kymmene Oyj. Material characteristics of the cellulose fibers are shown in Figure 1 and described previously (Knudsen et al., 2015). In addition, rigid multi-walled carbon nanotubes (rCNT; XNRI MWNT-7, Mitsui & Co., Ltd., Tokyo, Japan) were included in animal experiments as a positive nanomaterial control, as it has been earlier shown to induce inflammatory reactions (Poland et al., 2008, Sos Poulsen et al., 2013, Rydman et al., 2014, Rydman et al., 2015). The manufacturers provided physicochemical characteristics of the materials. Fiber length of the cellulose materials was determined by scanning electron microscopy (Zeiss Model EVO MA 10) and laser diffraction (Horiba LA 950). Fiber width was determined by atomic force microscopy (Cypher System, Asylum Research). Zeta potential was measured at pH 7 by dynamic light scattering (Malvern Zetasizer Nano). The morphology of the materials was characterized by transmission electron microscopy (TEM; Jeol JEM 2010 TEM; Jeol Ltd, Tokyo, Japan).  

Determination of endotoxin levels
During the production of the used NFC, measures were taken to avoid bacterial contamination of the material samples. However, due to the natural origin of cellulose, the presence of bacterial residues is inevitable. In order to determine the levels of bacterial residues in the tested material samples, the materials were tested for endotoxins by commercial Limulus Amebocyte Lysate (LAL) Endpoint chromogenic kit (R160, Charles River Endosafe, USA), as described in ISO 29701:2010(E). To determine the endotoxin content, 100 µg/ml dispersions of the materials were prepared in water, according to the dispersion protocol used in the actual experiments. The dispersions were then kept at 75 °C for 15 min, to promote endotoxin release. Thereafter, the protocol provided by the manufacturer was followed. Material interference in the analysis was separately tested, and no significant interference was detected. The endotoxin content of the test substances is shown in Figure 1. 

Yeast and mold test
The cellulose materials were tested for yeast and mold contamination by using a commercial test kit (MYSK10025, Merck Millipore). The protocol provided by the manufacturer was followed. No yeast or mold colonies were detected after a 72-h incubation.

Metal contamination
The possible metal content of the test materials was assessed by inductively coupled plasma mass spectrometry (ICP-MS) according to the Certified NIOSH 7303, 1994 (Elements by ICP) method. Cellulose materials contained very low levels of trace metals. The elemental composition of rCNT has been analyzed earlier by X-ray energy dispersive spectroscope (EDS ThermoNoran Vantage, Thermo Scientific, Breda, The Netherlands) attached to Jeol JEM 2010 TEM (Rydman et al., 2014). Elemental composition data were expressed as the average of three separate analyses. 

In vitro exposures

Culture of THP-1 cells
Human monocytic leukemia cell line (THP-1) was maintained in RPMI 1640 culture medium (Invitrogen, Paisley, UK) supplemented with 10 % heat inactivated fetal bovine serum (Gibco, Life Technologies, USA), 1 % L-glutamine (Ultraglutamine®, Lonza, Belgium), 1 % penicillin-streptomycin (PEST; Gibco, Life Technologies, Carlsbad, CA) and 0.05 mM β-mercaptoethanol at 37 °C in 5 % CO2. Cells were regenerated once a week and culture medium was changed twice a week to support the cell growth and division.

Preparation of material suspensions
All dispersions including stock suspensions were made in RPMI 1640 medium supplemented with 1 % PEST and 1 % L-glutamine. First, a stock dispersion of 1000 µg/ml was prepared. Due to the high viscosity of the cellulose materials, stock dispersions were prepared using 1-ml syringes or by weighing the material. The stock dispersions were mixed vigorously on a vortex mixer and thereafter on a shaker for 10 min. Dilutions were prepared in supplemented media as a series of 1, 10 and 100 µg/ml, mixed on a vortex mixer and on a shaker for 10 min. Prior to adding dispersions to the cells, the dilutions were quick-vortexed. Wide-mouthed pipette tips (Finntip™ Wide, Thermo Fisher Scientific, Waltham, MA) used for handling the dispersions. The cells were exposed to 1 ml/well of a particular dispersion.

Exposures
1.5 million THP-1 cells per well were seeded onto 6-well plates (Corning, Tewksbury, MA) and differentiated into macrophages with 50 nM phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich, Saint Louis, MO) for 48 h at 37 °C in 5 % CO2. 
Following the 48-h differentiation, the media was replaced with 1 ml of a particulate material dispersion at concentrations 1, 10 and 100 µg/ml (0.1, 1 and 10.4 µg/cm2 respectively) or a control. Lipopolysaccharide (LPS; L2630 Sigma, Sigma-Aldrich, Saint Louis, MO) was included as a positive control at a concentration of 100 ng/ml and cell culture medium was used as a negative control. Stimulated cells were incubated at 37 °C in 5 % CO2 for 3, 6 or 24 h. At least three stimulations were performed per each experimental group. After the incubation, cell culture supernatants were collected and centrifuged. Part of the supernatant was stored at +4°C for cytotoxicity assessment and the rest was stored at -70 °C for measuring protein secretion. The cells were then washed with 1 ml of Dulbecco’s phosphate buffered saline (DPBS, Gibco, Life Technologies, Carlsbad, CA) and lysed with 500 µl of Trisure (Bioline Reagents Ltd., UK). The lysates were stored at -70 °C for RNA isolation. 

Cytotoxicity
Cytotoxicity was assessed in 96-well plates (NuncTM, Thermo Scientific, Waltham, MA) by lactate dehydrogenase (LDH) release assay using a commercial kit (Cytotoxicity Detection KitPLUS, Roche, Basel, Switzerland). For the assessment, 100 µl of the sample was mixed with 100 µl of the reaction mixture and thereafter the protocol provided by the manufacturer was followed. Optical densities (OD) were read at 490 nm with Victor3 TM Multilabel counter (Perkin Elmer, Finland) and the background values at 620 nm with Multiscan MS plate reader (Multiskan MS, Labsystems, Finland). All samples were tested in duplicate. To determine the percentage cytotoxicity (i.e. the percent of dead cells), the following equation was used for background corrected optical densities:



Where:
OD of low control = absorbance of negative control sample which represents low or natural cell death,
OD of high control = absorbance of the sample where all the cells have been lysed, cytotoxicity is 100 %.

mRNA expression of pro-inflammatory cytokines
Total RNA extraction was performed by phenol-chloroform method according to the instructions provided by Bioline Reagents. Isolated RNA was dissolved in 0.1% DEPC purified milli-Q water. The quantity and purity of RNA was determined by NanoDrop spectrophotometer (ND-1000, Thermo Fisher Scientific Inc., Wilmington, NC). RNA samples with an OD260/280 >1.8 were considered having good quality. OD260/230 values were also followed to avoid the presence of contaminants in the samples. cDNA was synthesized from 500 ng of total RNA in a 25 μl reaction using MultiScribe Reverse Transcriptase and random primers (The High-Capacity cDNA Archive Kit, Applied Biosystems, Foster City, CA) according to the manufacturer’s instructions. The synthesis was performed in a 2720 Thermal Cycler (Applied Biosystems, Carlsbad, CA) starting at 25 °C for 10 minutes and continuing at 37 °C for 120 minutes. Primers and probes (18S rRNA, Cat#: 4319413E; IL-1β, Assay ID: Hs01555410_m1, Cat#: 4331182; TNF, Assay ID: Hs00174128_m1, Cat#: 4331182) for real-time quantitative polymerase chain reaction (PCR) analysis were ordered as pre-developed assay reagents from Applied Biosystems. The PCR reactions were performed in 96-well optical reaction plates with Relative Quantification 7500 Fast System (7500 Fast Real-Time PCR system, Applied Biosystems, Carlsbad, CA) according the manufacturer’s instructions. 18S rRNA and target genes were analysed in separate wells. Amplifications were done in 11 μl reaction volume containing TaqMan universal PCR master mix and primers provided by Applied Biosystems and 1 μl of cDNA sample. 18S rRNA was used as a reference gene to normalize for variation in sample quality and quantity. Results were calculated using the ΔΔCt method and plotted as relative expression. 

Protein production and release of pro-inflammatory cytokines
Cytokine production and secretion at protein level was assessed in cell culture supernatants by commercial human IL-1β and TNF-α ELISA kits (eBioscience, Inc., San Diego, CA). The assays were performed according to the manufacturer’s instructions. ELISA plate reader (Multiscan MS, Labsystems, Finland) was used to record the absorbances. The samples were tested in duplicate.

In vivo exposures

Animals
Female C57BL/6 mice were obtained from Scanbur AB (Karlslunde, Denmark) and quarantined for 1 week. The mice were 7-8 weeks old at arrival and were housed in a group of 4 mice/cage in humidity- and temperature-controlled ventilated rooms where a 12-h day/night cycle was maintained. A standard rodent diet (Altromin no. 1314 FORTI, Altromin Spezialfutter GmbH & Co., Germany) and water were provided ad libitum.
The experiments were performed in agreement with the European Convention for the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes (Strasbourg March 18, 1986, adopted in Finland May 31, 1990). The study was approved by the Animal Experiment Board and the State Provincial Office of Southern Finland (ESAVI-3241-04.10.07-2013, permission number PH701A).

Preparation of material suspensions
Materials were measured with a 1-ml syringe (SOFT-JECT® Insulin U-100) or weighed due to high viscosity of the material. Materials were dispersed in DPBS by shaking and vortexing for 10 minutes, to yield a 4 mg/ml stock dispersion. Further dilutions of 200 µg/ml and 800 µg/ml were prepared from the stock dispersion, shaken and vortexed for 10 minutes as the stock suspension. Wide-mouthed pipette tips were used for handling the dispersions. 
rCNT was weighed and suspended in DPBS supplemented with 0.6 mg/ml bovine serum albumin (Sigma-Aldrich, St Louis, Missouri) to improve the dispersion quality. Stock dispersion (1 mg/ml) was sonicated for 20 min at 30 oC before it was diluted. Further dilutions of 200 µg/ml and 800 µg/ml were sonicated for 20 min at 30 oC.
The dispersions were used immediately and vortexed prior to the administration.

Exposure
8 mice were exposed to 10 or 40 µg/mouse of the test materials (corresponding to 200 or 800 µg/ml dispersions) by single OPA. During the exposures, mice were anesthetized with vaporized 4 % isoflurane (Univentor 410 Anaesthesia Unit, Univentor Ltd, Zejtun, Malta) and suspended by their incisors on a thin wire on a custom-made stand at an approximately 66° angle. A cold light source was placed near their throat to provide optimal illumination of the pharynx. The tongue was pulled out using blunted forceps and pressed down with a spatula to prevent the mouse from swallowing. 50 µl of material suspension was delivered to oropharynx under visual control. Immediately after administration, the mouse nostrils were covered enforcing the mouse to inspire the instilled dispersion. Control mice received 50 µl of DPBS. All mice were sacrificed by an overdose of isoflurane 24 h or 28 d after the OPA.
Since material 4 contained biocide, it was included as a control to exclude the possibility that the ingredient can cause inflammation. It was tested at an equivalent dose as in the higher concentration of material 4 dispersion. No biocide-triggered inflammatory effects were found.
Sample collection, processing and analyses are described in detail in supplementary methods.


Results 

Cytotoxicity, expression and release of pro-inflammatory cytokines in vitro 
Material 2 showed the highest cytotoxicity in PMA-differentiated THP-1 cells of all NFC materials at every time point (Fig. 2). The same material triggered significantly elevated mRNA expression of pro-inflammatory cytokine IL-1β in vitro (Fig. 3a-c). Furthermore, material 2 caused a time dependent increase in the production of IL-1β protein (Fig. 3d-f). Material 2 also induced a significant elevation in pro-inflammatory cytokine TNF mRNA and protein levels as compared with their respective controls at corresponding time point. However, when comparing TNF mRNA and protein levels of material 2 across time points then TNF mRNA content decreased over time (Supplementary fig. 1a-c) while its protein level increased (Supplementary fig. 1d-f). This might be due to the translation of TNF mRNA into its protein form.

Inflammatory effects 24 h after OPA of NFC  
The number of macrophages was mildly decreased in response to rCNT treatment as compared with the vehicle-treated mice. None of the NFC materials affected significantly the recruitment of macrophages (data not shown). All cellulose materials and rCNT (positive control) induced a significant influx of neutrophils into BAL 24 h after the treatment (Fig. 4a). Moreover, rCNT, materials 1, 2 and 5 but not materials 3 and 4 triggered the recruitment of eosinophils into the airways (Fig. 4b). As compared with vehicle-treated mice, a mild increase in the number of lymphocytes in BAL was seen after treatments with materials 2 and 5 (data not shown).
H&E-stained lung sections were assessed for inflammatory reactions and histopathological changes after 24 h. No changes were observed in the lungs of the vehicle-treated control mice (Fig. 5a). rCNT administration induced the migration of inflammatory cells into the lungs. It was evidenced by the presence of aggregates consisting of macrophages, neutrophils and eosinophils that surrounded the material (Fig. 5b). Material 1 did not induce notable influx of inflammatory cells at either dose (Fig. 5c). Material 2 induced a clear neutrophilic inflammation accompanied by the presence of some eosinophils. Neutrophilia was mild at 10 µg/mouse and moderate to severe at 40 µg/mouse (Fig. 5d). Migration of inflammatory cells was not observed after treatment with material 3 at either dose (Fig. 5e). Material 4 induced mild neutrophilia only at 40 µg/mouse (Fig. 5f). Mild to moderate neutrophilia was seen in response to material 5 at both doses. As material 2, material 5 triggered the recruitment of some eosinophils into the lungs (Fig. 5g). No mucin-producing goblet cells (PAS-positive epithelial cells) were detected in bronchi 24 h after OPA of the materials (data not shown).
The rCNT-treatment significantly enhanced the mRNA expression of IL-1β in the lung tissue after 24 h. Materials 1, 2 and 5 triggered an elevated expression of IL-1β as compared with control mice, whereas materials 3 and 4 did not influence IL-1β production (Fig. 6a). All materials up-regulated pro-inflammatory cytokine IL-6 expression in lung tissue (Fig. 6b). rCNT as well as materials 2 and 5 enhanced the expression of TNF mRNA (Fig. 6c). Expression of Th2 cytokine IL-13 was clearly increased in response to rCNT and materials 2 and 5. Material 4 caused a slight up-regulation of this cytokine at higher dose (Fig. 6d). In addition, anti-inflammatory cytokine IL-10 and Th1 type cytokine IFN-γ were measured, but no changes were seen in their expression levels after the NFC treatments. Materials 2 and 3, but no other materials, induced a slight increase in IL-10 mRNA expression (data not shown), while materials 1 and 5 triggered a slight down-regulation of IFN-γ (data not shown).

Inflammatory effects 28 days after OPA of NFC 
No marked influx of other inflammatory cells was detected in response to cellulose materials except a slight increase in the number of neutrophils and lymphocytes in response to materials 4 and 5 28 d after the material administration. Macrophage numbers were not affected by any of the NFC. In contrast, rCNT decreased the number of macrophages in BAL and caused an influx of neutrophils and lymphocytes (data not shown). Presence of multinucleated cells in BAL was detected at higher dose after exposure to material 2 and 5 (Fig. 7b-c), but not in samples of mice treated with other cellulose materials. rCNT triggered the formation of foreign-body giant cells (FBGC) at both doses (Fig. 7a).
Histological assessment revealed NFC agglomerates surrounded and, in some instances, infiltrated by variable degree of macrophages (Fig. 7, Supplementary fig. 4). Such activated macrophage reaction was especially evident for material 2 and 5 (Fig. 7e-f, 7h-i). Influx of inflammatory cells was not observed, except few occasional neutrophils and eosinophils in samples of mice treated with material 2 and 5. In addition, we detected acidophilic (eosinophilic) macrophages the lungs of material 5-exposed mice (Fig. 7). Mice exposed to material 2 exhibited less acidophilic macrophages in their lung tissue than the ones that received material 5. No macrophages containing eosinophilic crystals were found after exposure to materials 1, 3 and 4. Mdid not reveal any NFC-triggered lung tissue reactivity except for minor PAS positivity was detected in response to material 5 (data not shown). rCNT caused foreign-body granuloma formation with the presence of acidophilic macrophages (Fig. 7d, 7g), and activated mucin producing goblet cells, as an increased number of PAS-positive cells were found in the bronchi (data not shown).
The mRNA expression of IL-1β, TNF, IL-13 and pro-fibrotic cytokine TGF-β was measured in lung tissue to further characterize the inflammatory effects caused by the tested materials. rCNT up-regulated the expression of TNF, IL-13 and TGF-β but not IL-1β. All materials except material 4 elevated IL-13 expression levels in lung tissue after 28 days (Supplementary fig. 2). However, the levels were considerably lower as compared with rCNT-triggered IL-13 enhancement. None of the cellulose materials triggered changes in the mRNA expression of IL-1β, TNF and TGF-β (data not shown).
Immunohistochemical stainings were carried out to investigate the abundance of F4/80+ macrophages, and CD3+, CD4+ and CD8+ T cells in the lung tissue 28 days after the treatments. Exposure to rCNT led to an elevated number of F4/80+ macrophages. Of all cellulose materials, only material 5 increased the macrophage population (Supplementary fig. 3a). rCNT treatment triggered also an enhancement in the levels of CD3+, CD4+ and CD8+ T cells. The number of CD3+ cells was up-regulated in response to all cellulose materials except material 3 (Supplementary fig. 3b). Only material 5 increased the level of CD4+ cells (Supplementary fig. 3c). All cellulose materials except material 1 induced the expression of CD8 on T cell surface (Supplementary fig. 3d). 

Biopersistency and distribution of cellulose materials at 24 h and 28 days after the administration  
To detect the presence of cellulose materials in the lungs and examine their distribution, lung tissue sections of cellulose-exposed mice were stained with HRP-EXG:CBM. Cellulose agglomerates were counted and the total area of the agglomerates was measured 24 h and 28 days after the OPAs (Fig. 8a-b, Supplementary fig. 5a-b). None of the materials revealed significantly reduced number of agglomerates or exhibited decreased total area of the material after 24 h and 28 days. Very few agglomerates of the bulk-sized material 1 were found in the lung tissue. The total area of these agglomerates was also the smallest of all cellulose materials. Materials 2 and 5 exhibited higher amount of agglomerates in the lungs at 10 and 40 μg/mouse as compared to other materials (Fig. 8a, Supplementary fig. 4a5a, Fig. 7a). Furthermore, the total area of agglomerates was the highest for material 5 at both doses, while the area sums of material 2 or 4 agglomerates were comparable. This indicated that material 2 was present in the lungs as agglomerates smaller in size but greater in number, whereas material 4 was found as bigger agglomerates but fewer in number. The number of material 3 agglomerates and the total area of the agglomerates was low as compared with the other test materials except material 1.
Qualitative assessment of the HRP-EXG:CBM-stained lungs sections revealed that the agglomerates of all cellulose materials had reached alveolar space in the lungs at both doses, 10 μg/ml (Supplementary fig. 4c5c-g) and 40 μg/ml (Fig. 7c8c-g). 


Discussion

Nanocelluloses have a great potential in several applications such as paper, textiles, natural fiber composites and pharmaceuticals. To date, the safety of nanocelluloses upon respiratory exposure has been evaluated only in few studies in which focus have been mainly on acute effects. However, there is limited knowledge about nanocellulose-induced long-term effects, especially those of NFC, whose long-term pulmonary effects have not been reported so far. The objective of this study was to explore the inflammatory effects of four different NFC materials and one bulk-sized cellulose material in vitro and in vivo. rCNT known to cause adverse pulmonary effects similar to asbestos (Poland et al., 2008, Rydman et al., 2015) were used as a control to compare the immunomodulatory potency of NFC in vivo. The nanocelluloses examined in this study were up to 50 μm long with the largest diameter of 20 nm. Materials 2 and 5 were non-functionalized and had slightly negative zeta potential. Similar values have been reported for unmodified NFC also earlier (Lopes et al., 2017). Material 3 was carboxymethylated and material 4 carboxylated. The zeta potential values of the modified NFCs were -32 and -25 mV at neutral pH, respectively, confirming the presence of negatively charged groups.
Alveolar macrophages are an important component of host defense against invading factors and they play a critical role in the initiation and resolution of inflammatory reactions in the lungs (Murphy et al., 2008). In this study, PMA-differentiated THP-1 cells were chosen to mimic macrophage behavior in the lungs upon contact with engineered nanomaterials (ENM). Our results showed that only material 2 notably increased cell death when tested up to 100 µg/ml. Lopes et al. previously exposed PMA-differentiated THP-1 cells to unmodified or anionic NFC but did not see reduced cell viability after 24-h stimulation (Lopes et al., 2017). Regarding NFC effects in other cell types, no cytotoxicity was found in L929 cells after a 48-h exposure (Čolić et al., 2014); however, a decrease in cell viability after a 72-h exposure to NFC was reported in A549 cells (Menas et al., 2017). It is expected that different cell lines do not respond to external stimuli in a similar manner and hence variability in cytotoxicity is seen between the studies. Discrepancies of the cell viability results in differentiated THP-1 cells after exposure to non-functionalized NFC between our study and Lopes et al. could be explained by the use of NFCs with different physicochemical characteristics. 
Cytokines evoke biological activities and act as messengers in cell communication. Pro-inflammatory cytokines, such as IL-1β and TNF, are produced predominantly by macrophages and they promote inflammatory reactions (Murphy et al., 2008). After exposing PMA-differentiated THP-1 cells to the cellulose materials, we found that only material 2 up-regulated mRNA expression and release of IL-1β protein. It also elevated mRNA expression of TNF whose levels decreased over time and induced a time-dependently increasing release of TNF protein. Unmodified NFC but not anionic NFC has been shown to trigger IL-1β and TNF secretion in differentiated THP-1 cells after 24 h also in an earlier study (Lopes et al., 2017). Based on our data, it seems that the non-functionalized NFC material 2 is more potent than NFC materials 3 and 4 carrying anionic carboxymethyl and carboxylic groups, respectively, in triggering cytotoxic and inflammatory reactions in vitro. However, the other unmodified NFC (material 5) used in our study did not induce these effects. This might be due to its approximately neutral zeta potential. It has been reported earlier that in serum-free medium, nanoparticles with near-zero zeta potential show minimal phagocytosis in mouse peritoneal macrophages (Roser et al., 1998) and hence could possibly cause less inflammatory reactions. 
While in vitro systems are useful and suitable for a rapid assessment of nanomaterial effects, in vivo models provide more thorough understanding of how ENM structures interact with complex biological systems. In order to characterize acute and long-term effects of NFC in the lungs, we treated mice with one-time dose of the materials by OPA and investigated NFC-triggered effects after 24 h and 28 days.
Early stages of ENM-induced pulmonary inflammation are often described by an influx of neutrophils (Wang et al., 2014, Morimoto et al., 2016a, Morimoto et al., 2016b). Similar feature was observed in response to NFC materials 24 h after OPA in mice, as all of the materials induced a significant influx of neutrophils into BAL. In addition, materials 2 and 5 triggered the recruitment of eosinophils into the airways. NFC-induced eosinophil migration has not been reported earlier, although but it has been observed upon respiratory exposure to multi-walled carbon nanotubes (Rydman et al., 2014). Increased number of neutrophils and eosinophils was similarly observed in our study after rCNT administration but also after treatment with bulk-sized cellulose. Supporting the findings in BAL, the presence of neutrophils and some eosinophils was detected in the lung tissue at both doses after treatment with materials 2 and 5 (Fig. 5). Material 4 induced mild neutrophilia only at 40 µg/mouse. In our previous study, in which the same NFC doses were used, significantly increased neutrophil and eosinophil recruitment was not observed in BAL, but neutrophil influx was seen in the small and large bronchi during histological examination (Catalan et al., 2017). An elevation of the inflammatory cells was found in BAL at higher doses, though, which might indicate lower inflammatory potency of the NFC material used as compared with the ones tested in the current study. 
To further investigate the effects of NFC in the lungs, we analyzed several cytokines that are involved in the initiation and development of pulmonary inflammation. Pro-inflammatory cytokines IL-1β and TNF elicit neutrophil activation process and their influx into the lung tissue (Summers et al., 2010, Sadik et al., 2011). Furthermore, IL-1β and TNF have been found to mediate acute pulmonary responses induced by CNT (Girtsman et al., 2014, Rydman et al., 2015). Similarly to IL-1β and TNF, IL-6 plays a role in neutrophil trafficking during acute inflammation (Fielding et al., 2008), and its deficiency has been associated with attenuated lung inflammation and injury after exposure to environmental air pollutants (Yu et al., 2002). We found that rCNT, used as a positive reference material in our study, elevated mRNA expression of IL-1β, IL-6 and TNF in the lung tissue after 24 h, confirming earlier findings (Rydman et al., 2015). Treatment with bulk-sized cellulose (material 1) only up-regulated the expression of IL-1β and IL-6. IL-1β and TNF expression was only upregulated by non-functionalized NFC (materials 2 and 5). However, all NFC materials up-regulated IL-6 expression in lung tissue, which could explain why neutrophilic influx was seen in BAL in response to each material. In addition, during innate immunity response, epithelial cells release alarms that stimulate type 2 innate lymphoid cells (ILC2). ILC2, in turn, promote inflammation by secreting Th2 type cytokine IL-13 which among other functions, can activate goblet cells and cause mucus production (Klose and Artis, 2016). As reported earlier (Rydman et al., 2014), we evidenced rCNT-triggered IL-13 expression. Furthermore, we found a significantly increased expression of IL-13 after treatment with non-functionalized NFC (materials 2 and 5). However, we did not detect goblet cell activation 24 h after the ENM administration. 
It has been shown earlier that the initially high inflammatory response caused by inhaled bulk-sized cellulose fibers declines to control levels after 28-day recovery period (Cullen et al., 2000). Similar effect was seen in response to material 1 in our study that represented bulk-sized cellulose material. Furthermore, the NFC-triggered acute pulmonary reactions had also attenuated notably in 28 days. We found that the number of macrophages in BAL was not influenced by exposure to bulk-sized cellulose and any of the NFC, and no statistically significant influx of other inflammatory cells was generally detected with the exception of a small influx of neutrophils and lymphocytes in response to material 5 at the higher dose. Histological assessment revealed an activated macrophage reaction around the agglomerates of cellulose materials without triggering  did not reveal inflammatory response in the tissueconsiderable lung tissue reactivity in response to the cellulose materials either. We observed the presence of acidophilic macrophages in the lungs of mice exposed to material 2 and 5 which indicates that there has been an eosinophilic reaction in the lungs between the two tested time points. This phenomenon has not been described to our knowledge for NFC earlier, however, it has been reported after exposure to rCNT (Rydman et al., 2015). Elevated number of F4/80-carrying tissue-resident macrophages was found in the lungs only after treatment with material 5. Elevated number of CD3+ T lymphocytes was detected in response to all cellulose materials except material 3. The number of CD4+ T cells was increased only in response to material 5, while an elevated number of cytotoxic T cells carrying CD8 marker was found after administration of every NFC but not in response to bulk-sized cellulose. All materials except material 4 elevated IL-13 expression in the lung tissue after 28 days. This cytokine has been demonstrated as a potent inducer of airway epithelial cell hypertrophy and goblet cell hyperplasia (Zhu et al., 1999). Although we detected increased IL-13 expression, we observed minor PAS positivity only in response to material 5.
In contrast to the nanocellulose materials, rCNT induced notable pulmonary inflammation after 28 days. Macrophages in BAL had significantly decreased in number, and an influx of neutrophils and lymphocytes, but not eosinophils, was found. Histological assessment revealed rCNT-induced foreign-body granuloma formation with an activation of mucus production and presence of acidophilic macrophages as reported earlier (Rydman et al., 2015). In addition, rCNT up-regulated the expression of TNF, IL-13 and pro-fibrotic TGF-β but not IL-1β. Immunohistochemical stainings revealed increased numbers of F4/80+, CD3+, CD4+ and CD8+ cells after the administration of rCNT. These data indicate that NFC materials do not do not cause ainduce as  long-term severe pulmonary inflammation as like rCNT.
WHO’s report on chrysolite asbestos substitutes defines biopersistency of a fibre as a measure of its ability to remain in the lungs despite clearance mechanisms, which are mediated by specific fibre properties, such as leachability, dissolution and breakage (WHO, 2008). It is considered a function of deposition site and rate, rates of clearance by alveolar macrophages and mucociliary transport, solubility in pulmonary fluids, breakage rate and pattern, and rates of translocation (NIOSH, 2011). Because biopersistence of inhaled materials might influence their toxicity, it is considered an important parameter in nanomaterial risk assessment (Sanchez et al., 2009). Biopersistency was in our study a quantitative endpoint. We measured the amount of material in the lung tissue at 24 h and 28 days and found the presence of material agglomerates in the bronchioles and alveolar spaces at both time points. The number of agglomerates of cellulose materials and their total area had not reduced significantly by day 28 as compared to 24 h, indicating that the materials had not been cleared out from the lungs either by mucociliary transport or alveolar macrophages, nor had they dissolved or been degraded fully within one month which could refers to low solubility and biodegradability. Furthermore, the total number and area of the agglomerates differed between the NFCs, suggesting that the final dose reaching the lungs varied. More agglomerates with larger total area were observed in the lungs in the case of materials 2 and 5, which could explain the observed severer inflammation as compared with the other materials. Although 
Our results do show more prominent inflammation for materials 2 and 5 at 24 h was seen, but the acute pulmonary inflammation associated with these two materials had decreased after 28 days and the levels of measured endpoints measured were comparable with the other cellulose materials. 
No notable biodegradability of cellulose materials can be explained by lack of cellulose enzymes in animals. It has been hypothesized that minimal degradability of cellulose chains might take place in tissue by non-enzymatic, spontaneous reactions, and it can be affected by the presence of amorphous parts in NFC, its swelling and hydration (Lin and Dufresne, 2014). Stefaniak et al. have tested the biodurability of cellulose materials, including NFC, in artificial airway epithelial lining fluid and alveolar macrophage phagolysosomal simulant fluid, and found that all materials were quite biodurable (Stefaniak et al., 2014). They concluded that the aggregated particles that deposit in the airways would not undergo rapid biodegradation in airway lining fluid but will be rather cleared via the mucociliary escalator to gastrointestinal tract. Fine particles that reach the alveolar region, however, are likely to be cleared out of the alveoli by mechanical movement of macrophages and eventually by mucociliary escalator, which can take months or years (Stefaniak et al., 2014). Our in vivo findings confirmed these data as particles in the bronchi and in alveoli did not go through a quick biodegradation and were neither cleared from the lungs in one month. However, it remains unclear for how long the materials are biopersistent. Moreover, as we evidenced decreased inflammation after one month as compared with 24 h, it remains unclear why there is no influx of inflammatory cells regardless of the presence of NFC. It could be that the gel-like state which NFCs form in water is what makes them biocompatible. In addition, NFC bundles might become covered with protein corona in the lungs which could further contribute to its compatibility with host environment. We evidenced macrophage activation in tissue as the materials had become surrounded by the cells, however, the reaction did not induce inflammation which was supported also by the lack of up-regulated pro-inflammatory cytokines at day 28. Materials 2 and 5 which had reached the lungs in greater amounts, triggered the formation of FBGC as seen in BAL. Multinuclear cells can be associated to increased IL-13 levels and indirectly to acidophilic macrophages containing eosinophil-derived crystals that we found in lung tissue (Murray and Luz, 1990, DeFife et al., 1999). All of these features are linked to Th2 type reactions (Anderson et al., 1999, Martinez et al., 2009). We speculate that FBGC generation in our study could be a consequence of an earlier eosinophilic inflammation that has subsided but this needs a confirmation in further studies.  further studies are needed to understand whether the presence of NFC can cause adverse health effects beyond the tested time. However, our results also indicate that the effect of NFCs on macrophages at 28 days are so mild, anti-inflammatory or suppressed that recruitment of immune cells to the site of foreign bodies does not happen under the chosen experimental conditions.  
An in vitro and in vivo comparison of NFC-triggered immunostimulatory effects suggests that the in vivo model used in this study is more sensitive. We found that only one of the non-functionalized NFC (material 2) triggered cytotoxic and immunomodulatory reactions in vitro. In contrast, both non-functionalized NFCs (materials 2 and 5) triggered pulmonary inflammation after 24 h in vivo with minor long-term signs still detectable after 28 days. In addition, both of the functionalized NFCs (materials 3 and 4) induced a moderate acute inflammation in the lungs but milder reactions were also found after 28 days. We speculate that the reason for the higher sensitivity seen with the in vivo model could be the difference in the number of cell types between the models. While the used in vitro model used evaluated the effects in a macrophage cell line, many more cell types are were involved in ENM-triggered responses in the lung tissue. Hence, there are increased chances for concurrent ENM recognition by different cell types, with subsequent activation of intercellular signaling and response amplification in early stages of the inflammation. 


Conclusion

We have performed a time-course study of four different NFC materials in which we investigated their immunomodulatory effects in a macrophage cell line and in mice upon respiratory exposure, and compared the triggered effects with those caused by bulk-sized cellulose and rCNT. 
 The findings of this study show that (1) NFC materials are less potent in causing inflammation than rCNT; (2) immunomodulatory responses seen after the NFC treatments are quantitatively similar or higher than the ones induced by bulk-sized cellulose; (3) non-functionalized NFCs are more prone to trigger inflammatory reactions in vitro and in vivo than NFC functionalized with anionic groups; (4) NFC materials are biopersistent in the lungs for at least one month. Our study provides new information about the biodurability and acute and long-term pulmonary effects of different NFCs, which can be useful for risk assessment of these materials.
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Figure captions

Figure 1. Characteristics, morphology and composition of the materials used. Size, aspect ratio, zeta potential, functionalization and concentration are reported in the table as provided by the producer or vendor. Endotoxin content is measured by LAL assay. Metal content of cellulose materials was determined by ICP-MS and of rCNT by TEM-EDS. Morphology of the materials is pictured by TEM. EU, endotoxin units; OD, outside diameter; rCNT, rigid multi-walled carbon nanotubes; TEM, transmission electron microscope. 

Figure 2. One NFC showed higher cytotoxicity in PMA-differentiated THP-1 cells than others.
a-c, PMA-differentiated THP-1 cells were exposed to LPS or three doses of different cellulose materials (1, 10 and 100 μg/ml) for 3 h (a), 6 h (b) and 24 h (c). Cytotoxicity is presented as percentage of dead cells and calculated as a ratio of cell death in a treated sample to the high control sample representing the total, 100% cell death. Columns and error bars represent mean values ± SEM. **P<0.01; ***P<0.001. LPS, lipopolysaccharide.

Figure 3. Material 2 triggered significantly up-regulated mRNA expression and protein production of pro-inflammatory cytokine IL-1β in vitro. PMA-differentiated THP-1 cells were exposed to LPS or three doses of different cellulose materials (1, 10 and 100 μg/ml). a-c, mRNA expression levels measured in cell lysates revealed an elevation of IL-1β in response to material 2 already at 3 h (a) and its levels were further increased at 6 h (b) and 24 h (c). d-f, protein release assessed in cell culture supernatants also showed an increase in the secretion of the cytokine in response to materials 2 at 3 (d), 6 h (e) and most of all at 24 h (f). Columns and error bars represent mean values ± SEM. *P<0.05; **P<0.01; ***P<0.001. C, negative control group; LPS, lipopolysaccharide.

Figure 4. Exposure to cellulose materials triggered influx of neutrophils into BAL 24 h after the treatment. C57BL/6 mice were exposed to 10 or 40 μg of rCNT or different cellulose materials via OPA and were sacrificed for sample collection 24 h later. a,b, BAL cell counts showed that all cellulose materials trigger the recruitment of neutrophils (a), however, some of the test materials also induced the migration of eosinophils (b). Columns and error bars represent mean values ± SEM. *P<0.05; **P<0.01; ***P<0.001. C, vehicle-treated control group; HPF, high power field; rCNT, rigid multi-walled carbon nanotubes.

Figure 5. Presence of inflammatory cells in the lung tissue was observed 24 h after exposure to cellulose material 2, 4 and 5. C57BL/6 mice were exposed to 10 or 40 μg of rCNT or different cellulose materials via OPA and were sacrificed for sample collection 24 h later. H&E-stained lung sections of a vehicle-treated control mouse (a), and mice exposed to rCNT (b), material 1 (c), 2 (d), 3 (e), 4 (f) and 5 (g), revealing granuloma formationinflammatory cell accumulation in response toaround rCNT administration (inset of b), lack of influx of inflammatory cells after exposure to materials 1 (c) and 3 (e), and neutrophil recruitment in the lung tissue induced by materials 2, 4 and 5 (insets of d, f, g, respectively), accompanied by the presence of eosinophils in the case of materials 2 and 5. Images a-g are shown at x200 magnification, insets are shown at x1000 magnification.

Figure 6. OPA of material 2 or 5 up-regulated the mRNA expression of pro-inflammatory cytokines and Th2 type cytokine IL-13 in the lungs. C57BL/6 mice were exposed to 10 or 40 μg of rCNT or different cellulose materials via OPA and were sacrificed for sample collection 24 h later. a, the mRNA expression levels measured in lung tissue revealed an up-regulation of IL-1β in response to materials 1, 2 and 5. b, all materials elevated the mRNA expression of IL-6 at higher dose. c, mRNA production of TNF was enhanced in response to material 2 or 5 treatment. d, Expression of IL-13 was notably increased after the administration of materials 2 or 5. Columns and error bars represent mean values ± SEM. *P<0.05; **P<0.01; ***P<0.001. C, vehicle-treated control group; rCNT, rigid multi-walled carbon nanotubes.
Figure 7. Cytological and histological features after 28 days in mice treated with rCNT, material 2 and 5. C57BL/6 mice were exposed to 40 μg of rCNT, material 2 or 5 via oropharyngeal aspiration and were sacrificed for sample collection 28 days after the exposure. MGG-stained slides of BAL cells exhibited foreign-body giant cell formation in response to rCNT (a), material 2 (b) and 5 (c) exposure. H&E-stained lung sections of mice exposed to 40 μg of rCNT (d), material 2 (e) and 5 (f) representing foreign-body granuloma development after exposure to rCNT but not NFC materials. Insets show the presence of acidophilic macrophages (green arrows) in the lung tissue. PicroSirius Red-stained lung tissue of mice exposed to 40 μg of rCNT (g), material 2 (h) and 5 (i) showing the macrophage reactivity around material 2 and 5 (black arrows). Images a-i are shown at 400x, insets at 1000x magnification.

Figure 78. 28 days after exposure, the presence of cellulose materials could be observed in the lung tissue at comparable quantities as after 24 h. C57BL/6 mice were exposed to 40 μg of different cellulose materials via OPA and were sacrificed for sample collection 24 h or 28 days later. HRP-EXG:CBM-stained lung tissue sections were used for counting the number of agglomerates (a), evaluating their total area (b) and distribution of material 1 (c), 2 (d), 3 (e), 4 (f), and 5 (g). Images c-g are shown at x100 magnification. HPF, high power field.
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