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Carbon nanoparticles adversely 
affect CFTR expression 
and toxicologically relevant 
pathways
Torben Stermann1, Thach Nguyen1, Burkhard Stahlmecke2, Ana Maria Todea2, 
Selina Woeste1, Inken Hacheney1, Jean Krutmann1,3, Klaus Unfried1, Roel P. F. Schins1 & 
Andrea Rossi1*

Cystic fibrosis is an autosomal recessive disorder caused by mutations in the cystic fibrosis 
transmembrane conductance regulator (CFTR) that can lead to terminal respiratory failure. Ultrafine 
carbonaceous particles, which are ubiquitous in ambient urban and indoor air, are increasingly 
considered as major contributors to the global health burden of air pollution. However, their effects 
on the expression of CFTR and associated genes in lung epithelial cells have not yet been investigated. 
We therefore evaluated the effects of carbon nanoparticles (CNP), generated by spark-ablation, on 
the human bronchial epithelial cell line 16HBE14o− at air–liquid interface (ALI) culture conditions. The 
ALI-cultured cells exhibited epithelial barrier integrity and increased CFTR expression. Following a 
4-h exposure to CNP, the cells exhibited a decreased barrier integrity, as well as decreased expression 
of CFTR transcript and protein levels. Furthermore, transcriptomic analysis revealed that the CNP-
exposed cells showed signs of oxidative stress, apoptosis and DNA damage. In conclusion, this study 
describes spark-ablated carbon nanoparticles in a realistic exposure of aerosols to decrease CFTR 
expression accompanied by transcriptomic signs of oxidative stress, apoptosis and DNA damage.

Abbreviations
CFTR	� Cystic fibrosis transmembrane conductance regulator
CNP	� Carbon nanoparticles
16HBE14o−	� Human bronchial epithelial cell line
ALI	� Air–liquid interface
PM	� Particulate matter
TRIC	� Tricellulin
TEER	� Transepithelial electrical resistance
FITC	� Fluorescein-isothiocyanate
OCLN	� Occludin
EM	� Electron microscopy
ONT	� Oxford nanopore
SMG	� Ubmerged
E-cadherin	� CDH1
KLF4	� Krüppel-like factor 4
UBC	� Ubiquitin C

Cystic fibrosis transmembrane conductance regulator (CFTR) is an important cAMP-regulated chloride chan-
nel in the cell membrane of human airway cells. Next to the contribution to mucus hydration and obstruction1, 
CFTR has several other functions and is necessary for proper lung physiology2. CFTR mutations can lead to the 
development of cystic fibrosis (CF). Interestingly, CF patients display phenotypic variability, even among patients 
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carrying the same mutation3. CF phenotypes can be influenced by environmental factors and exacerbated under 
air pollution conditions4,5.

In urban areas, particulate air pollution predominantly consists of ultrafine combustion-derived carbon 
particles6. Depending on the emitting source, these may be associated with contaminating toxicants like transition 
metals and organic compounds, including polycyclic aromatic hydrocarbons, that have been shown to contribute 
to their toxic effects7–9. Carbon nanoparticles (CNP) are considered a good model for the carbonaceous core of 
environmental ultrafine particles. Studies investigating the effects of pure CNP demonstrate that these particles 
are able to induce adverse health effects mostly based on inflammatory responses in rodents and humans10–12. The 
cellular and molecular mechanisms which cause pro-inflammatory and other adverse health effects are closely 
linked to the reactive oxygen generating properties of CNP and associated generation of oxidative stress in lung 
cells and tissues8,13. Besides DNA damaging effects, intracellular reactive oxygen species can trigger signaling 
cascades which lead to the production and release of pro-inflammatory cytokines and chemokines14–16. While 
consensus has developed about the importance of carbonaceous nanoparticles in air pollution induced lung 
diseases like chronic obstructive pulmonary disease (COPD), their specific effect on CFTR and the pathology 
of CF to the best of our knowledge has not yet been fully elucidated. Decreased CFTR expression has direct 
consequences in CF patients but it has also been proposed to play a role in non-CF in patients suffering from 
COPD2. CFTR expression in human bronchial epithelial cells has been shown to be reduced with exposure to 
cigarette smoke17–19. In vitro studies with pro-oxidant substances suggest the hypothesis that the reduction of 
CFTR protein levels may be caused by oxidative stress20. The effects of carbonaceous nanoparticles exposure to 
16HBE14o− at air–liquid interface (ALI) culture including transcriptomic landscape, CFTR and cystic fibrosis 
modifier gene expression have not been fully studied yet.

In order to address this question, we evaluated the effects of pure CNP in the human bronchial epithelial cell 
line 16HBE14o-, upon their controlled exposure at air–liquid interface (ALI) culture conditions. These cells were 
selected because they retain several features of normal differentiated bronchial epithelial cells, including a normal 
karyotype, the the ability to form an epithelial barrier21 and can be cultured in ALI conditions22,23. Moreover, 
16HBE14o− cells express CFTR at the apical cell surface24, making this cell line an ideal model for CF-related 
research25 even though they do not recapitulate all the features of primary epithelial cells.

Various studies have already been carried out with 16HBE14o− cells to explore mechanisms of toxicity of 
ambient particulate matter (PM) and nanoparticles in the lung26–28. Notably, we previously showed that these 
cells, similar to alveolar epithelial cells, respond to CNP exposure with pro-inflammatory signaling events 
which were also observed in vivo in exposed rodents29. Diesel exhaust particles showed effects on the bar-
rier function of 16HBE14o- cells including reduced expression of tricellulin (TRIC), decreased transepithelial 
electrical resistance (TEER), increased fluorescein-isothiocyanate (FITC)-Dextran permeability30 and altered 
occludin (OCLN) expression31. A transcriptomic analysis of 16HBE14o- cells exposed to airborne PM2.5 revealed 
upregulation of genes involved in xenobiotic metabolism and inflammatory pathways, which was predominantly 
attributed to the absorbed substances, like PAHs32.

As with most in vitro investigations with nanoparticles, the aforementioned studies were carried out in 
cells under submerged conditions where particles were administered in suspension. However, interactions of 
nanoparticles with the suspension medium change the properties of the particles and therefore also the effects 
on cells33. To achieve more realistic particle exposure conditions, approaches have been developed that combine 
ALI exposures of lung cell models with aerosol generation devices27,34–37.

Therefore, in the present study we exposed the 16HBE14o- cells in an automated exposure station35,38,39 at ALI 
conditions, using the controlled generation of CNP aerosols by spark-ablation. Here we report that CNP expo-
sure leads to decrease CFTR expression accompanied by transcriptomic signs of oxidative stress, apoptosis and 
DNA damage.

Material and Methods
Cell culture.  16HBE14o- cells (RRID:CVCL_0112) were kindly provided by Dr. D. Gruenert (University of 
California, San Francisco, CA) and cultured in α Minimum Essential Medium (SIGMA, St. Louis, MO, USA) 
supplemented with 10% fetal bovine serum (Thermo Fisher, Waltham, MA USA), 1% L-glutamine (Thermo 
Fisher) and 1% Penicillin/Streptomycin (Thermo Fisher) at 37 °C with 5% CO2. Culture flasks were coated with 
a sterile filtered extracellular matrix (ECM) solution comprising human fibronectin (SIGMA, 10 µg/mL), bovine 
serum albumin (SIGMA, 100 µg/mL) and collagen (SIGMA, 30 µg/mL). Cells were maintained in ECM-coated 
culture flasks. For experiments, 6 × 105 cells were seeded in non-coated Transwell inserts (Corning, PET, 24 mm, 
0.4 µm pore size) with culture medium and cultured for 4 days under submerged conditions. At day 4 after seed-
ing apical medium in the inserts was removed and the cells were cultured under ALI conditions for 14 days to 
characterize cell properties. The CNP exposure experiments were carried out at day 5 of ALI culture. Basolateral 
medium was replaced every two days.

Transepithelial electrical resistance (TEER) measurements.  The development of an epithelial bar-
rier was assessed via TEER measurements, recorded with ERS-2 Volt-Ohm-Meter with STX01 chopstick elec-
trodes (Millipore, Burlington, MA, USA) on each day of submerged culture and on distinct days of ALI culture. 
Medium was replaced in both Transwell compartments and cells were incubated at 37 °C for 25 min and subse-
quently kept at room temperature for 2 min before measuring TEER. Values were recorded for each of the three 
cavities of one insert and the mean was calculated. The values of a blank insert without cells were subtracted as 
the background value.
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FITC‑Dextran permeability assay and immunostaining.  Cellular barrier integrity was additionally 
assessed using 4 kDa FITC-Dextran (SIGMA) permeability as described previously30. Medium was removed 
from both compartments, cells and the wells washed with PBS. Basolateral wells were filled with 1.5 mL DMEM 
high glucose without phenol red (Thermo Fisher) and 500 µL of 5 mg/mL FITC-Dextran (dissolved in the same 
DMEM) were added to the apical compartment. Cells were incubated for 2.5 h at 37 °C and sample fluorescence 
of the basolateral medium was measured in triplicates in a black 96 well plate in a Tecan Spark plate reader 
(Tecan, Männedorf, Switzerland) with excitation at 490 nm and emission at 520 nm against a FITC-Dextran 
standard curve.

16HBE14o- cells ZO-1 (sc33725, Santa Cruz, CA, USA) staining under ALI conditions was performed accord-
ing to the manufacturer’s protocol using as secondary antibody a Goat IgG anti-Rat IgG (H + L)-Alexa Fluor 488 
(Thermo Fisher, A-11006) and the Hoechst 33,342 Solution (Thermo Fisher, 62,249). Samples were imaged with 
a Leica DMi8 Thunder Imager (Leica, Microsystem, Wetzlar, Germany) and Thunder imaging processing system.

Generation and characterization of the CNP.  The CNP were generated by the method of spark abla-
tion using the VSP-G1 particle generator (VSParticle, Delft, Netherlands) equipped with graphite electrodes 
and supplied with nitrogen as carrier gas. Prior to the cell exposure studies, different CNP generation condi-
tions were compared for the VSP-G1 generator to evaluate effects on particle size distribution characteristics 
and number concentrations, as described in Fig. 1. Number particle size distribution and concentration were 
measured with a Scanning Mobility Particle Sizer (SMPS, model 3936, TSI Inc., Shoreview, MN, USA) equipped 
with a Differential Mobility Analyzer (DMA, model 3081, TSI Inc.) and a Condensation Particle Counter (CPC, 
model 3776, TSI Inc.). The DMA was operated at 10.5 or 15 L/min sheath flow and 1.5 L/min aerosol flow rate. 
The particle induced charge was measured with an electrometer (model 3086B, TSI Inc.). For each spark genera-
tor settings three 180 s long SMPS scans were recorded and the mean of these measurements were calculated.

The mean number of charges per particle (np) was calculated according to Eq. (1)

I = electrical current (A), e = elementary unit of charge, 1.602 × 10–19 Coulombs, N = particle number concentra-
tion (particles/cm3), qe = flow rate (cm3/sec).

Exposure of cells to CNP.  16HBE14o- cells exposures, at the air–liquid-interface, were carried out using 
the VITROCELL® Automated Exposure Station (VITROCELL SYSTEMS GMBH, Waldkirch, Germany)35,38. 
Based on the CNP characterization experiments, a flow rate of 8 L/min nitrogen carrier gas at 1.0 kV gap voltage 
with 5 mA was chosen for the ALI exposures. Accordingly, the generated test atmosphere was mixed with filtered 
room air by a HEPA-filter to a flow of 16.6 L/min and guided into the 37 °C heated and 85% humidified aerosol 
reactor of the Automated Exposure Station, resulting in a calculated final concentration of oxygen of approxi-
mately 10.9%. From the aerosol reactor the particles were guided with 100 mL/min by isokinetic sampling to the 
exposure modules with the cells. Three inserts with cells were exposed to CNP for 4 h, while three additional 
inserts were exposed to humidified and pressurized clean air as control samples (CAC, 21% O2). In one addi-
tional exposure module the CNP were sampled for characterization on transmission electron microscopy (TEM) 
grids (nickel-based grids with continuous carbon film, 400 mesh size, Plano GmbH, Germany), immobilized in 
a TEM grid holder (Vitrocell)40. During exposure, cells were supplied with 25 mM 4-(2-hydroxyethyl)-1-pip-
erazineethanesulfonic acid (HEPES)-supplemented culture medium from the basolateral side. The deposited 
mass of the CNP generated with these parameters (i.e. mean diameter of 44 nm, particle number concentration 
of 6.36 × 106/cm3) was estimated to be approximately 230 ng of CNP after 4-h exposure (Supplement 1). For this 
calculation we considered 1.5% of the applied particles as deposited on the cells35. Considering the surface area 
of the insert this corresponds to 50 ng/cm2.

Electron microscopy/Energy dispersive x‑ray spectroscopy (EDS) analysis of CNP.  For the 
morphological evaluation of the CNP the obtained TEM-grids were analyzed by means of Scanning Electron 
Microscopy (EM) applying a Tescan CLARA RISE (Tescan GmbH, Dortmund, Germany) high-resolution scan-
ning electron microscope at an acceleration voltage of 15 kV and a current of 100 pA. Typically, a zoom series 
with increasing magnification was obtained at a representative position of the grid. The elemental composi-
tion of the particles was analyzed by applying energy dispersive x-ray analysis (EDAX Octane Elect detector, 
AMETEK GmbH, Wiesbaden, Germany), confirming the purity of the generated CNP.

RNA isolation and qPCR analysis.  After measuring TEER and FITC-Dextran permeability subsequent 
to exposure, cells were washed with PBS twice and homogenized in TRIzol for RNA isolation using the column-
based Direct-zol RNA preparation kit (Zymo Research, Freiburg, Germany). Five hundred ng of total RNA were 
used for cDNA synthesis with the High-capacity RNA-to-cDNA Kit (Thermo Fisher). Gene expression was 
measured with KAPA SybrFast qPCR mastermix (SIGMA) on a QuantStudio 3 device (Thermo Fisher) with 
oligonucleotides for different target genes (Supplement 2). PGK1 was used as reference gene and expression was 
calculated using the ΔΔCt-method41.

Protein isolation and western blot.  Total protein was extracted with 1 × RIPA lysis buffer (Cell Signaling 
Technologies CST, Danvers, MA, USA) containing protease and phosphatase inhibitors (Roche, Basel, Swit-
zerland). The cleared lysate was measured for protein concentration with Pierce BCA assay (Thermo Fisher). 

(1)np =
I

e × N × qe
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Thirty µg total protein (4X LDS buffer) were denatured at 90 °C for 5 min and separated on a 4–12% Bis–Tris gel 
under denaturing conditions with MOPS buffer and transferred on a PVDF membrane via semi-dry Turbo Blot-
ting for 30 min. Two different membranes were blocked with 5% BSA/TBS-T and incubated respectively with 
primary antibodies against CFTR (Santa Cruz Biotechnology Cat# sc-376683, RRID:AB_11151574, 1:500) and 
beta-actin (Cell Signaling Technology Cat# 3700, RRID:AB_2242334, 1:1000) overnight at 4 °C in 5% BSA/TBS-
T. Secondary-HRP conjugated anti-mouse antibody (Cell Signaling Technology Cat# 7076, RRID:AB_330924, 
1:2000) was incubated at room temperature for 60 min and bands were detected with Western Bright Chemi-
luminescence Substrate (Advansta Inc., San Jose, CA, USA) on a LICOR device. Band intensities were analyzed 
with the Image Studio Lite software (Image Studio Lite, RRID:SCR_013715). In order to test CFTR antibody 
specificity, 16HBE14o- cells were transfected with CFTR siRNA (Ambion Silencer, s534180) using Lipefectamin 
2000 (Thermo) or Nucleofection (Amaxa, Lonza) according to the manufacturer’s protocol and protein expres-
sion. 3 days after transfection CFTR expression was analyzed using WB analysis (data not shown). Original WB 
figure (Supplement 8) and metrics can be downloaded at https://​tinyu​rl.​com/​2mtju​c9w.

Figure 1.   Physical, morphological and chemical characterization of CNPs generated by spark ablation. (a–f) 
Normalized particle number size distributions for different aerosol generator settings; carrier gas flow (2–12 L/
min), gap voltage 0.7–1.3 kV. (g) Schematic of the setup used for the initial physical characterization of spark-
ablated carbon nanoparticles. VSP-G1 nanoparticle generator was supplied with nitrogen carrier gas at 2–12 L/
min flow. Generated particles were diluted with room air at the T-connector with two HEPA filters and guided 
through a tube system to be subsequently measured with a Scanning Mobility Particle Sizer consisting of an 
electrostatic classifier with a Differential Mobility Analyzer (DMA) and a Condensation Particle Counter (CPC), 
and an Electrometer. Appropriate flow parameters in the tubes and devices were set by vacuum pumps and 
regulated with mass flow controllers. Graphic was generated with the graphic tool from Microsoft Power Point.

https://tinyurl.com/2mtjuc9w
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Library preparation and sample loading for long‑read nanopore RNA‑Sequencing 
(RNA‑Seq).  RNAseq experiments were performed as previously described42. Briefly, quality of isolated RNA 
was determined using the High Sensitivity RNA Screen Tape System (Agilent Technologies, Santa Clara, CA, 
USA). All samples showed a RIN value > 7.7. Library preparation, including reverse transcription and multiplex-
ing of the samples was performed with the PCR cDNA Barcoding Kit (Oxford Nanopore Technologies, Oxford, 
United Kingdom) using 50 ng total RNA. Quantity of amplified cDNA was measured with the Qubit 4 Fluorom-
eter (Invitrogen, Carlsbad, CA, USA) and the fragment size was examined using the Agilent D1000 ScreenTape 
assay (Agilent Technologies). The SpotON flow cell (R9.4.1, FLO-MIN106D) was prepared with the Flow Cell 
Priming Kit (EXP FLP002, Oxford Nanopore Technologies) and equal amounts of barcoded cDNA were loaded 
to a total of ~ 100 fmol. Sequencing was carried out with a MinION device (MN33710) using the MinKNOW 
software (v.21.02.1) over a period of 72 h.

Basecaller and quality control.  Oxford Nanopore (ONT) raw fast5 reads were converted into fastq files 
by the guppy GPU basecaller (version 5.0.11 + 2b6dbffa5) with super-accurate model dna_r9.4.1_450bps_sup.
cfg. We used a standard quality control ONT MinIONQC43 and a general-purpose FastQC to examine the read 
quality and detect abnormalities in base quality score, GC content, sequence duplication levels, adapter content, 
and read length.

Sequence alignment, gene count, and differential expression analysis.  Sequence reads were 
aligned to the Genome Reference Consortium GRCh38 using Minimap244 and Samtools45 to create BAM files 
with optimized parameters for Nanopore. Feature Counts/Rsubread46 was used to calculate the gene count matri-
ces, then aligned reads are mapped to reference transcripts using Ensembl 102 dataset. We also used HTSeq47 
to ensure no abnormal mapping to genome annotation by mutual gene counts matrices from two methods. To 
analyze the differential expression we use DESeq2 and Duesselpore48,49 that shows the reliable capability of pro-
cessing RNA-Seq in a small number of replicas.

Statistical analysis and time.  All exposure experiments were performed and repeated with three bio-
logical replicates and all analyses used at least two technical replicates. Exact conditions and statistical tests are 
depicted in the figure legends. Unless otherwise stated the graphics were generated and statistical significance 
was calculated using GraphPad Prism 8 software (GraphPad Prism, RRID:SCR_002798). Experimental timing 
was taken using an Omega Speedmaster Professional caliber 1863.

Results
CNP characterization under aerosol exposure conditions.  CNPs were generated using different 
parameter combinations, e.g. carrier gas (N2) flow and gap voltage. All number particle size distributions were 
lognormal and in the range between 5 and 300 nm (Fig. 1a–f). Different parameter combinations of carrier gas 
flow and gap voltage were used to establish the desired CNP size characteristics for the ALI exposure experi-
ments. The measurement setup (Fig. 1g) therefore represented the conditions (total flow, tube lengths and tube 
diameters) that exist under the exposure conditions in the Automated Exposure Station.

Characterization of 16HBE14o‑ barrier integrity in ALI culture conditions.  The barrier integrity 
of cells under ALI condition (Fig. 2a) was assessed by measuring TEER (Fig. 2b, Supplement 3a), FITC-Dextran 
permeability (Supplement 3b) and mRNA expression of markers for tight junctions, adherens junctions and 
CFTR (Supplement 3c). TEER values were similar to those observed before for 16HBE14o- cells (Supplement 3a, 
b)38,39. FITC-Dextran permeability assay was performed to quantify transepithelial permeability. Until day 3 of 
ALI culture, FITC-Dextran permeability was approx. 0.55 mg/mL, corresponding to approx. 72% of the cell-free 
permeability indicating no tight barrier between the cells. Permeability at day 6 dropped to approx. 0.25 mg/mL, 
corresponding to 25% of the cell-free permeability and remained around 0.3 mg/mL until day 14 of ALI culture 
(Supplement 3b). We investigated mRNA expression of markers for cell–cell contact and CFTR (Supplement 3c). 
CLDN1 expression steadily increased to approx. fourfold at day 6 and approx. 11-fold at day 14, relative to day 0. 
Expression of the adherens junction gene CDH1 (E-cadherin) steadily increased to approx. twofold after 14 days 
of ALI culture. Expression of CFTR also increased during ALI culture between day 6 and day 14 (Supplement 
3c). Furthermore, 16HBE14o- cells appear to exhibit polarity as suggested by ZO-1 and nuclei staining (Supple-
ment 3d). All together, these data indicated that the 16HBE14o- cells under ALI condition are able to form an 
appropriate morphological and functional barrier to model airways in physiological conditions and in response 
to insults such as toxicants and pathogens.

Effects of CNP on barrier integrity.  To evaluate the effects of CNP on the epithelial barrier integrity, we 
measured TEER during the culture of the cells, directly prior to and after a 4 h exposure interval. TEER develop-
ment between different Transwell was not different when referred to the starting value at day −3 (Fig. 2c). TEER 
values were similar in both groups before CNP-exposure and it is particularly highlighted when expressing the 
TEER values of the CNP-exposed cells as fold of CAC which is significantly lower post-exposure compared to 
pre-exposure (Fig.  2d). We also measured FITC-Dextran permeability in the CNP exposed cells. Values for 
pre-exposure were measured one day before the exposure, whereas post-exposure was measured after TEER 
measurement directly after the 4 h exposure. CNP-exposed cells had a significantly higher fold of FITC-Dextran 
permeability post-exposure compared to pre-exposure (Fig. 2e). These data indicate a decreased barrier integrity 
in CNP-exposed cells.
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CFTR expression and assessment of oxidative stress.  In order to assess CFTR gene expression in 
CAC and CNP-exposed cells, real time qPCR experiments were performed (Fig. 3a). CFTR mRNA expression 
was significantly downregulated by around 40% in CNP-exposed cells compared to clean air (Fig. 3a). Interest-
ingly we also found two cystic fibrosis modifier genes, ANO1 (TMEM16A) and TNFAIP3, downregulated by 
60% and 70% respectively, in CNP-exposed cells (Fig. 3b). Decreased expression of CFTR was also apparent on 
protein level (Fig. 3c), although further experiments are necessary to determine the underlying mechanism. The 
interaction of lung cells with CNP has been associated with the generation of reactive oxygen species leading to 
intracellular oxidative stress13. Moreover, studies of Cantin et al., indicated an association between pro-oxidants 
and the loss of CFTR20. We thus performed real time qPCR experiments targeting genes involved in pro- and 
antioxidative cellular responses in cells after exposure to CNP (Fig.  3d). HMOX1 expression was drastically 
increased by approx. 80-fold in CNP-exposed cells. Likewise, expression of NFE2L2 as transcription factor for 
the regulation of redox balance and protective antioxidant responses (including HMOX1 induction) was sig-
nificantly increased. In contrast, catalase gene expression (CAT​) was significantly downregulated, while SOD1, 
SOD2 and GPX1 expression were unchanged. Of note, exposure to the nitrogen-air mixture alone did neither 
influence barrier integrity nor gene expression, indicating that the observed effects are particle related (Supple-
ment 4).

CFTR expression and oxidative stress markers using RNA‑Seq analysis.  Oxford Nanopore 
Sequencing (Fig. 4a) was used to analyze the transcriptomic landscape of 16HBE14o- cells after CNP expo-
sure. Heat Map analysis of RNA-Seq data identified several differentially expressed genes (Fig. 4b). CFTR and 
TNFAIP3 expression were downregulated to a comparable extent as with qPCR (Fig. 4c) while ANO1 expression 
was not detected. Furthermore, the expression pattern for oxidative stress markers showed slightly different 
results to the qPCR measurement (Fig. 4d). In the RNA-Seq dataset, NFE2L2 was not differentially expressed 
amongst different samples. In contrast, SOD2 expression was significantly downregulated, while SOD1 expres-
sion was significantly upregulated. CAT​ expression was clearly downregulated and hardly detectable in CNP-
exposed cells.

Figure 2.   Assessment of barrier integrity in ALI-cultured 16HBE14o- cells pre- and post-exposure. (a) 
Schematic representation of ALI-cultured 16HBE14o- cells (b) Schematic representation of a TEER device is 
depicted (c, d) TEER was measured as described in the method section before and after ALI start until day 
5 (pre-exposure) and expressed relative to TEER values at day -3. Data are mean ± SEM of four independent 
experiments with three Transwell inserts for each experiment. Each Transwell insert was measured at three 
cavities and the mean was recordedb TEER was measured directly before (pre-exposure) and after (post-
exposure) 4-h CNP or CAC exposure and expressed relative to TEER values at day -3. Data are mean ± SEM 
of two or three independent experiments with three Transwell inserts for each experiment. (e) FITC-Dextran 
permeability was measured one day before (pre-exposure) and directly after (post-exposure) CNP or CAC 
exposure. Data are mean ± SEM of three independent experiments with three Transwell inserts for each 
experiment. Two-tailed, unpaired student ‘s t-test; *p < 0.05; **p < 0.01.
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RNA‑Seq revealed further effects in CNP‑exposed cells.  Downregulation of CFTR and the induc-
tion of oxidative stress upon CNP exposure can potentially affect the expression of other genes. Thus, while 
performing RNA-Seq data analysis, we focused on differentially expressed genes belonging to apoptosis, 
DNA damage, cell stress and inflammatory pathways. Strongly increased expression of ATF3, ATF4, PMAIP1, 
CDKN1A, DDIT3 and DDIT4 was indicative of activated apoptosis pathway and DNA damage in CNP-exposed 
cells (Fig. 5a). This was supported by significantly decreased expression of different histone 1 subunits (Fig. 5b). 
Strongly increased expression of various heat shock protein genes and DNA-binding protein genes in CNP-
exposed cells suggest that they are in a stress state (Fig. 5c). We also measured markers for the inflammatory 
pathway and show significantly differentially regulated genes (Fig.  5d). TNF, IKBKE, CXCL1 and IL1B were 
downregulated while GDF15 was highly upregulated in CNP-exposed cells.

Discussion
Carbon nanoparticles account for a substantial proportion of ambient particulate matter in urban environments 
and are nowadays well recognized to cause adverse effects in lung cells14,50,51. Inhalation of particulate matter as 
the major component of outdoor air pollution affects human health and exacerbates symptoms in chronic airway 
disease patients such as in CF52,53. CF patients with mutated CFTR show highly variables phenotypes, even among 
patients with the same mutation3 suggesting that environmental factors may influence the severity of the disease. 
CFTR expression is fundamental for lung function, nevertheless its expression after CNP exposure in human 

Figure 3.   Analysis of CFTR and oxidative stress related genes expression (a) Schematic representation of 
a qPCR device and a plate used for the analysis. (b) ALI-cultured 16HBE14o- cells were exposed to spark-
ablated CNP generated with 8 L/min nitrogen gas flow, 1.0 kV gap voltage and 5 mA at day 5 of ALI and gene 
expression of CFTR, ANO1 and TNFAIP3 was measured by qPCR, normalized to PGK1 expression. Data are 
mean ± SEM of three independent experiments. Each experiment was measured with two technical replicates. 
Two-tailed, unpaired student ‘s t-test, * p < 0.05, ** p < 0.01. (c) From the same cells proteins were isolated 
and 30 µg protein were subjected to western blot analysis (cropped image, depicted are lane 4 and 5 of Fig. S9 
with the full western blot image with 3 biological replicates) for CFTR and β-Actin as reference protein. Data 
are expressed as fold of CAC samples. Data are mean ± SEM of four independent experiments. Two-tailed, 
unpaired student ‘s t-test, **p < 0.01. (d) A panel of markers for oxidative stress was analyzed by qPCR. Data are 
mean ± SEM of three independent experiments. Each experiment was measured with two technical replicates. 
Two-tailed, unpaired student ‘s t-test, * p < 0.05.
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lung cells has not been studied before. So here, we wanted to test whether CNP influence CFTR expression and 
if the environment can account for these discrepancies. Thus, we first established an ALI system with cells that 
have been extensively used in CF research and toxicological studies. By culturing 16HBE14o- cells at the ALI we 
showed a developing barrier integrity, indicated by decreased FITC-Dextran permeability. This is supported by 
increasing CLDN1 gene expression during ALI culture of the cells suggesting this protein as a major contributor 
to that barrier. Moreover, increase in CFTR expression during ALI culture suggests that cell polarity develops, 
since CFTR incorporates predominantly into the apical cell membrane. The formation of a cell polarity was also 
suggested by ZO-1 immunostaining (Supplement 3d) as also previously shown by He et al.39.

Using the particle generator VSP-G1, we generated pure CNP with a mean diameter of approximately 44 nm 
and a particle number concentration of 6.36 × 106/cm3. With these parameters, we calculated the particle mass 
deposited on the cells after 4 h exposure to be approx. 50 ng/cm2. This calculation was based on the mean particle 
diameter and not on the number particle size distribution. However, due to the presence of agglomerates, the 

Figure 4.   RNA-Seq analysis of 16HBE14o- cells exposed to clean air control or spark-ablated CNP. (a) 
RNA-Seq analysis was performed using a minION device (ONT, top). DNA or RNA molecules pass through a 
pore and cause alterations in electric signal when passing through the pore (bottom). Eventually, these signal 
fluctuations are further translated (basecalled) into distinct bases with special algorithms (b) Heat Map analysis 
of RNA-Seq data. Visualized are the 30 top differentially expressed genes in a heatmap plot and genes ranked by 
Wald test p-value, then clustered by hierarchical clustering (c) CFTR and TNFAIP3 expression or (d) oxidative 
stress markers. Data are expressed as fold of clean air control (CAC). Data are mean ± SEM of two (CNP) or 
three (CAC) independent experiments. Statistical significance was calculated using the DESeq2 algorithm as 
described in the method section. *p < 0.05; **p < 0.01; ***p < 0.001.
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effective density of the carbon particles is lower than its physical density54. Assuming a lower density would result 
in even less particle mass, than already estimated with our calculation. The size distribution of the particles was 
also investigated with electron microscopy and the element analysis confirmed their chemical purity. Silicon 
and oxygen in the particle, measured by EDS might derive from siloxanes degassing from the silicone tube that 
connects the particle generator with the exposure station55.

16HBE14o- cell exposure to CNP leads to decreased TEER and increased FITC-Dextran permeability, indi-
cating that CNP decrease barrier integrity in ALI-cultured 16HBE14o- cells (Fig. 2d, e). Diesel engine exhaust 
particles showed similar responses in previous studies despite differences in particle composition as well as cell 
culture and exposure conditions30,31.

In order to investigate our initial hypothesis that inhaled carbonaceous particles may have an impact on CFTR 
abundance, we tested the ability of CNP to alter CFTR gene expression. We detected a significant downregula-
tion of CFTR expression at protein and transcript level following a 4-h exposure to CNP in the ALI-cultured 
16HBE14o- cells. To our knowledge, we are the first group that reports such effects by CNP.

In our settings, such effect was not observed in cells exposed to the nitrogen-air mixture without particles 
(Supplement 4). This indicates that lower oxygen levels in the AES (10.9% versus 21%) per se, do not drive 
altered CFTR and oxidative stress responses in the 16HBE14o- cells, though some priming or additive effect 
on the observed CNP effects cannot be entirely ruled out. Downregulation of CFTR promotes epithelial-to-
mesenchymal transition (EMT) in the development of breast cancer56. During EMT epithelial cells lose their 
polarized functionality and cell–cell contact57. CFTR is expressed on the apical surface of the cells58. Thus, losing 
cell polarity by EMT might be associated with decreased CFTR expression. EMT has also been associated with 
decreased expression of micro RNAs MIR205 and MIR12659,60. Interestingly, MIR126 was also reported to be 
downregulated in CF airway epithelial cells61. In our RNA-Seq analysis (Supplement 5, 6, 7) of CNP-exposed 
cells, MIR205HG expression was downregulated (Fig. 4b, Supplement 5) and while MIR126 was not detected, 
the expression of one of its main targets VEGFA was highly increased (Fig. 4b, Supplement 5). Notably, reduced 
expression and function of CFTR has been previously associated with increased VEGF-A expression in airway 
epithelium62. Together with decreased barrier integrity and downregulated CFTR expression, these data might 
indicate first signs of EMT in CNP-exposed cells.

The molecular mechanisms that control CFTR downregulation at transcript and protein levels, upon CNP 
exposure, need further investigation.

At protein level, a possibility is that the exposure to carbon particles lead to CFTR internalization and deg-
radation. Indeed, it was recently shown that cigarette smoke exposure induces a retrograde trafficking of CFTR 
to the endoplasmic reticulum in a clathrin/dynamin-dependent fashion63.

Furthermore, CNP-exposed cells exhibited increased expression of genes involved in the regulation of oxida-
tive stress and it has been shown that oxidative stress leads to CFTR downregulation in T84 and Calu-3 cells20.

Figure 5.   Differentially regulated genes analyzed by RNA-Seq reveal further adverse effects of CNP on 
16HBE14o- cells. Isolated RNA was subjected to Long Read Nanopore Sequencing to analyze gene expression 
of different markers involved in apoptosis and DNA damage (a,b), heat shock and DNA-binding (c) or 
inflammatory processes (d) Data are expressed as fold of CAC. Data are mean ± SEM of two (CNP) or three 
(CAC) independent experiments. Statistical significance was calculated using the DESeq2 algorithm as 
described in the method section. *p < 0.05; **p < 0.01; ***p < 0.001.
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We showed a significant downregulation of ANO1 and TNFAIP3 in CNP-exposed cells. ANO1 encodes a 
transmembrane channel that is critical for mucus secretion and production, it is thought to act in cooperation 
with CFTR and it can partially compensate for CFTR deficiency64–66. Reduced TNFAIP3 and CFTR expression 
was reported in CF patients and seem to clinically correlate with lung function67. Moreover, TNFAIP3 was 
downregulated in urban asthmatic patients68 indicating an important role of TNFAIP3 (A20) in airway disease. 
A20 is a negative regulator of NFκ-B activation exhibiting anti-inflammatory properties69. Decreased expres-
sion of TNFAIP3 suggests therefore a pro-inflammatory response in CNP-exposed cells. However, this was 
not represented in our transcriptomic analysis, where most differentially regulated genes were downregulated, 
except for GDF15, which is reported to be a stress-induced cytokine70. In conclusion, downregulation of both, 
ANO1 and TNFAIP3 together with decreased CFTR expression in CNP-exposed 16HBE14o- cells suggest an 
unhealthy lung cells state.

Amongst other genes, HMOX1 and NFE2L2 were significantly increased, while CAT​ was significantly 
decreased. This expression pattern has been shown before in states of oxidative stress even upon exposure to 
cigarette smoke or airborne particles71–73. In this scenario, on the one hand, hydrogen peroxide accumulates in the 
cell due to decreased CAT​ expression. On the other hand, upregulated HMOX1 will result in increased production 
of Fe2+ ions, which in turn support the Fenton reaction of hydrogen peroxide towards hydroxyl radicals. This 
induces a negative spiral to worsen oxidative stress in the cell and lead to DNA and cell damage and apoptosis74,75.

Our RNA-Seq analysis showed marked upregulation of several genes that are associated with an apoptotic 
state or signature of DNA damage. Apoptosis has been seen in CF76–78 and in bronchial epithelial cells exposed 
to carbon nanoparticles51,79. DNA damage and pathways involving the unfolded protein response and endoplas-
mic reticulum (ER) stress were also induced in CNP-exposed cells and seen in few CF patients80,81. Moreover, 
histone subunits were significantly downregulated, while CDKN1A was upregulated which has been described 
during DNA damage82.

Complementary to our current findings, ALI exposure studies with non-cystic fibrosis (CF) and CF air-
way epithelial cells have revealed marked further differences in susceptibility to nanoparticles. Using FITC-
labelled model nanoparticles it was demonstrated that uptake and intercellular accumulation of these particles 
is enhanced in CF-cells in comparison to non-CF epithelial cells83. A role of CFTR in these uptake differences 
was confirmed via antisense oligonucleotide-based downregulation in NP-exposed epithelial cells. In another 
study, the effects of spark-generated CNP, as well as silver nanoparticles, were compared in CF versus normal 
bronchial epithelia at ALI-conditions. In the CF-cells enhanced necrosis as well as increased Caspase-3 activ-
ity and IL-6 release were observed36. Taken together our transcriptomic data indicate that CNP-exposed cells 
display an oxidative stress, DNA damage and apoptotic state. Thus, ALI-cultured 16HBE14o- cells are suitable 
for a toxicological assessment of spark-ablated nanoparticles after aerosol exposure.

Conclusion
In conclusion, this study describes spark-ablated carbon nanoparticles in a realistic exposure of aerosols to 
decrease CFTR expression accompanied with transcriptomic signs of oxidative stress, apoptosis and DNA damage 
in ALI-cultured 16HBE14o- cells. Downregulation of CFTR might be a new mechanistic link to the aforemen-
tioned effects after CNP exposure. These effects, due to environmental factors, might explain the development 
of different phenotype severity in patients carrying the same CFTR mutation.

Data availability
The datasets generated and/or analysed during the current study are available at https://​iufdu​essel​dorf-​my.​share​
point.​com/:​f:/g/​perso​nal/​thach_​nguyen_​iuf-​duess​eldorf_​de/​EgVUZ​hXYif​9Kpwq​NXWab_​ZoBAE​aKUDr_​FI2g0​
OsaAa​0Jdw?e=​BTXlR8 or in the ArrayExpress repository (accession number E-MTAB-11389).
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