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ARTICLE INFO ABSTRACT

Keywords: Graphene and its derivatives are attractive materials envisaged to enable a wealth of novel applications in many
GraPhefle-rela}ted materials fields including energy, electronics, composite materials or health. A comprehensive understanding of the po-
Transcriptomics tential adverse effects of graphene-related materials (GRM) in humans is a prerequisite to the safe use of these
xaxfirt(;ght?)i?zity promising materials. Here, we exploited gene expression profiling to identify transcriptional responses and
Lung toxicity pathways induced by graphene oxide (GO) and graphene nanoplatelets (GNP) in human macrophages.

Primary human monocyte-derived macrophages (MDM) and a human macrophage cell line, i.e. differentiated
THP-1 cells, were exposed to 5 or 20 ug/mL GO and GNP for 6 and 24 h to capture early and more persistent
acute responses at realistic or slightly overdose concentrations. GO and GNP induced time-, dose- and macro-
phage type-specific differential expression of a substantial number of genes with some overlap between the two
GRM types (up to 384 genes (9.6%) or 447 genes (20.4%) in THP-1 or MDM, respectively) but also a high number
of genes exclusively deregulated from each material type. Furthermore, GRM responses on gene expression were
highly different from those induced by inflammogenic material crystalline quartz (maximum of 64 (2.3%) or 318
(11.3%) common genes for MDM treated with 20 pg/mL GO and GNP, respectively). Further bioinformatics
analysis revealed that GNP predominantly activated genes controlling inflammatory and apoptotic pathways
whereas GO showed only limited inflammatory responses. Interestingly, both GRM affected the expression of
genes related to antigen processing and presentation and in addition, GO activated pathways of neutrophil
activation, degranulation and immunity in MDM. Overall, this study provides an extensive resource of potential
toxicity mechanisms for future safety assessment of GRM in more advanced model systems to verify if the
observed changes in gene expression in human macrophages could lead to long-term consequences on human
health.

1. Introduction

With the extensive use of nanomaterial (NM)-based products, the
safety and sustainability of NM with attention to the potential impact on
human health has become crucial. In the last years, great emphasis has
been given to graphene and graphene-related materials (GRM) due to
high expectations for the development of new technological applications
in the fields of energy storage, nano-electronic devices, sensors, elec-
tronics, and biomedical applications (Wick et al., 2014). GRM are

derivatives of monolayer graphene, and their classification is based
mainly on three key parameters including the number of layers, the
average lateral dimension and the atomic carbon oxygen (C/O) ratio.
Defined by their properties, GRM can be either graphene oxide (GO) or
few-layer graphene nanoplatelets (GNP) with micro- or nano-sized
lateral dimensions (Wick et al., 2014). The scientific and technological
interest in graphene increased rapidly when the physicists who pro-
duced graphene for the first time received the noble prize for their dis-
covery (Novoselov et al., 2004; Geim and Novoselov, 2007). With the
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emerging interest in GRM, the EU launched the largest scientific
research initiative Graphene Flagship (www.graphene-flagship.eu, n.d.),
assigned to take graphene from laboratories into the market, with a
budget of €1 billion. With the rise in graphene and GRM production, the
production volume has reached thousands of tonnes per year (Barkan,
2019). Several graphene technologies developed in laboratories have
already been translated into commercial products, with applications in
sports equipment, automotive coatings, or conductive inks (Kong et al.,
2019). GRM are expected to enter the environment during the produc-
tion, use and disposal of GRM-containing products. Consequently,
human exposure to GRM is inevitable, with inhalation being the primary
route of entry for GRM being released as an aerosol. Human exposure to
airborne NM has been frequently associated with adverse health effects
(Miihlfeld and Ochs, 2009; Oberdorster et al., 2007) and thus, safety of
GRM needs to be confirmed before their widespread use or to implement
safety measures at the working place. This is urgently needed consid-
ering the apparent conflicting findings of current literature on GRM in
vitro and in vivo toxicity. While some studies reported that certain GRM
induce oxidative stress, cell apoptosis or DNA damage (Li et al., 2018; Li
et al., 2012; Akhavan et al., 2012; Liu et al., 2013) others did not find
any adverse effects (Drasler et al., 2018; Schinwald et al., 2012; Schin-
wald et al., 2014; Mukherjee et al., 2018a) possibly due to differences in
the experimental design (e.g., biological models, GRM materials,
applied doses, exposure conditions).

The respiratory tract and in particular the sensitive gas-exchange
region of the alveoli is highly susceptible to inhaled foreign particles
and NM (Miihlfeld and Ochs, 2009; Oberdorster et al., 2007; Riediker
et al., 2019). Prominent examples are micron-sized asbestos fibres and
crystalline silica particles, which can induce a severe chronic inflam-
matory response and damages to the lung (Brunner et al., 2006;
Donaldson et al., 2010; Warheit et al., 1984). To better understand the
human health risks of pulmonary NM exposure, in vitro toxicity
assessment can provide valuable mechanistic insights on NM in-
teractions with key cell types of the air-blood tissue barrier. Macro-
phages are among the first and primary cells to process foreign particles
and are central mediators of immune homeostasis and inflammatory
responses (Hussell and Bell, 2014; Barlow et al., 2005). Several studies
have shown that NM depositing in the respiratory part of the lungs are
mainly found in alveolar macrophages (Barlow et al., 2005; Brown et al.,
2019). This includes also GRM, which have been shown to accumuate in
alveolar tissues and macrophages after inhalation exposure in rodents
(Shin et al., 2015; Creutzenberg et al., 2022). In a previous study we
investigated the impact of different GRM with distinct physicochemical
properties on acute toxicity responses (48 h) in differentiated THP-1
macrophages (Netkueakul et al., 2020). Although all GRM induced the
formation of intracellular reactive oxygen species (ROS) we only
observed oxidative stress and inflammatory responses as well as cyto-
toxicity for one type of large graphene nanoplatelets (GNP) and only at
high concentrations (20 and 40 pg/mL). However, the molecular events
leading to the observed toxicity of GNP are largely unknown. Moreover,
the previously investigated acute toxicity endpoints might not reveal
more subtle effects of GRM on macrophage functionality.

Here, we aimed to achieve an in-depth insight on the molecular
mechanisms and pathways triggered by GO and GNP in human macro-
phages. Moreover, we performed transcriptome profiling in human
primary monocyte derived macrophages (MDM) as well as in differen-
tiated THP-1 macrophages to assess if this widely used cell line (Chanput
et al., 2014) can deliver predictive responses. Primary cells are consid-
ered to better reflect physiological responses than cell lines, which could
be particularly relevant for transcriptomic profiling of NM effects. A
comprehensive understanding of GRM bio-responses at the molecular
level will be highly valuable for risk assessment and management of
GRM.
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2. Materials and methods
2.1. Materials

The GNP and GO materials used in this study were from commercial
sources (GNP from XG Science, USA; GO from Cheaptubes, USA) and
have been extensively characterized in our previous study (Netkueakul
et al., 2020). A summary of the GO and GNP characteristics is provided
in Table 1. Crystalline quartz particles (DQ) were included as an in-
flammatory benchmark control and were purchased from Dorentrup
Quartz GmbH & Co. KG (material No. 04; mean particle diameter d(50)
= 3.71 pm, d(97) = 12.03 pm). To remove possible endotoxin contam-
inations in the material, both GO and GNP powders were heated at 80 °C
for 4 h.

The materials were characterized and used in a previous study (Shin
et al., 2015) and a summary is provided here. AFM, atomic force mi-
croscopy; SEM, scanning electron microscopy; NA: not applicable (PdI
>0.7); PBS, phosphate buffered saline; PdI: polydispersity index; XPS, x-
ray photoelectron spectroscopy. @ value from manufacturer; ® AFM
measurements performed in (Netkueakul et al., 2020); ) Intensity ratio
of D- to G-bands determined by Raman spectroscopy measured at 532
nm in (Netkueakul et al., 2020).

2.2. Cell culture and cell treatment

Human THP-1 monocytes were obtained from the European collec-
tion of cell cultures (Lot number13 C011, ECOCC). Following thawing,
cells were grown in suspension in 75 cm? cell culture flasks (TPP), sub-
cultured at least three times prior to experiments and grown in complete
cell culture medium (RPMI-1640 medium, Sigma-Aldrich) supple-
mented with 10% foetal calf serum (FCS, Sigma-Aldrich), 1% i-gluta-
mine (Sigma-Aldrich) and 1% penicillin-streptomycin-neomycin (PSN,
Sigma-Aldrich). Cells were maintained at 37 °C and 5% CO; in a hu-
midified atmosphere and routinely sub-cultured twice a week. For ex-
periments, THP-1 monocytes were differentiated to macrophages with
200 nM phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich) for 72 h
before GRM exposure. THP-1 cells were seeded in 12 well plates at
densities of 5 x 10° cells per well (3.9 cm? growth area) in 1000 pL
complete cell culture medium and cultivated for 72 h in the presence of
200 nM PMA. After differentiation, PMA containing medium was
removed and the cells were washed with pre-warmed phosphate buff-
ered saline (PBS) twice before experiments.

Peripheral blood was obtained from 7 donations from 4 donors under
informed consent according to approval from the local cantonal ethics
committee, St. Gallen, Switzerland (BASEC Nr. PB_2016-00816).
Monocytes were isolated from blood provided by health donors as
described by Sallusto et al. (Sallusto et al., 1995; Blank et al., 2011) with
the modification of using CD14 magnetic beads (MicroBeads, Miltenyi
Biotec) for monocyte isolation. The primary monocytes were seeded in
6-well plates with densities of 1x 10° cells per well in 2000 pL complete

Table 1
GRM characterization data.
Material type GO GNP
Lateral Dimension (SEM) 1-50 pm 5-150 pm
Number of layers or thickness (AFM)  Few to single layer® 6-8 nm®@
21.6 + 21.1 nm® 239 + 174
am®
Zave diameter (nm)/ PdI + SD in 765 + 17.1 nm/ 0.42 + NA
water 0.03
Zave diameter (nm)/ PdI + SD in 940 + 87.7 nm/ 0.55 + NA
medium 0.04
Raman I(D)/1(G) ratio 0.94 0.52
C/0 ratio (XPS) 1.8 33.5
Zeta potential in 10%PBS (mV) + SD —45.8 + 2.93 —49.6 + 3.65
Endotoxin contamination (80 pg/ <0.011 EU/mL 0.015 EU/mL

mL)
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cell culture medium and were differentiated into MDM with addition of
10 ng/mL macrophage colony stimulating factor (M-CSF, Miltenyi Bio-
tec, Germany) in complete cell culture medium for 6 days. After dif-
ferentiation cells were washed with prewarmed PBS twice before
experiments. For all experiments, stock dispersions of the tested mate-
rials of 1 mg/mL in ultrapure water (GO) or sterile filtered (0.22 pm
filter) 160 ppm Pluronic F-127 (Sigma-Aldrich) in ultra-pure water
(GNP) were prepared by sonication for 10 min (ultrasonic bath, Sonorex
Super RK 156 BH, Bandelin) prior to usage and used for maximum one
month. Stock dispersions were diluted to the final experimental con-
centrations of 5 and 20 pg/mL in complete cell RPMI. DQ was freshly
dispersed in Hy0, vortexed 1 min and applied with a final concentration
of 100 pg/mL in complete cell culture medium.

2.3. RNA isolation

After the 6 h and 24 h treatment, material exposed, and control cells
were collected in RNA protect buffer (QIAGEN). Total RNA was
extracted using the miRNeasy® Mini kit (QIAGEN) according to the
manufacturer’s protocol. DNase digestion has been performed by RNase
Free DNase Set (QIAGEN) to discard residual DNA contamination. The
RNA samples were carefully labelled and stored at —80 °C prior to
sequencing.

The quantity and quality of the RNA was determined with a Nano-
drop ND-1000 (Thermo Fisher) and a Fragment Analyzer standard
sensitivity RNA measurement (SS RNA kit (15 nt), Agilent, Waldbronn,
Germany). The measured concentrations (> 200 ng/uL) and RIN (>8)
values qualified for a Poly-A enrichment strategy to generate the
sequencing libraries applying the TruSeq mRNA Stranded Library Prep
Kit (Illumina, Inc., California, USA). After Poly-A selection using Oligo-
dT beads the mRNA was reverse-transcribed into cDNA. The cDNA was
fragmented, end-repaired and poly-adenylated before ligation of TruSeq
UD Indices (IDT, Coralville, lowa, USA). The quality and quantity of the
amplified sequencing libraries were validated using a Fragment
Analyzer SS NGS Fragment Kit (1-6000 bp) (Agilent, Waldbronn, Ger-
many). The equimolar pool of 72 samples was sequenced on a Nova-
Seq6000 S1 FlowCell (Novaseq S1 Reagent Kit, 100 cycles, Illumina,
Inc., California, USA) targeting ~10-15 M single reads per sample. The
conversion to FastQ was performed using bcl2fastq2 v2.19 from the
CASAVA software suite allowing for 0,1 mismatches per barcode. The
quality scale used was Sanger/phred33/Illumina 1.8 + .

The RNA sequencing data associated with this publication have been
deposited in ArrayExpress database and are accessible via the
ArrayExpress E-MTAB-10099 series accession number.

2.4. Sequencing data analysis

Quality control checks including analysis of sequence quality, GC
content, presence or contamination with adaptors, duplication levels
and overrepresented sequences was conducted with FastQC (within
Supporting User for SHell-script Integration (SUSHI)) (Hatakeyama
et al., 2016; Andrews, n.d.-a; Andrews, n.d.-b). Processed sequencing
reads were aligned against the human reference genome Homo Sapiens
GRCH38 (Schneider et al., 2017; Chaisson et al., 2015) Spliced Tran-
scripts Alignment to a Reference (STAR) software (Dobin et al., 2013;
Dobin and Gingeras, 2016) which is extracting splice junctions from files
and uses them to greatly improve accuracy of the mapping with STAR-
app within SUSHI. Subsequently, CountQC was used as a quality check
for the alignment (Anders and Huber, 2010). The read counts to genes
were created using featureCounts (Anders and Huber, 2010; Liao et al.,
2014).

2.5. Bioinformatics analysis

Differently expressed genes (DEG) between different treatments
were determined with DEseq2 from the read counts. Only significantly
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differentially expressed genes with adjusted p-values <0.05 compared to
untreated cells (neg. control) were considered for further analysis. Of
note, DEseq2 adjusted p-values correspond to FDR-corrected p-values.
For this, transcript abundances were quantified with the Kallisto soft-
ware tool (Bray et al., 2016). Counts per transcript estimated this way
were imported into R using the tximport package and information on
gene-transcript relationships was obtained from the GRCh38 genome
build. GRCh38 annotations were downloaded from the Ensembl data-
base (Zerbino et al., 2018). Measurements were grouped per condition,
i.e., the applied material, cell type and a time point. DESeq2 performs an
internal normalization where geometric mean is calculated for each
gene across all samples. Measurements for each material that were ob-
tained at a specified time point (6 h or 24 h) were compared to the
corresponding negative control measurements for the same time and cell
type, i.e., all the analyses were performed separately for macrophages
derived from THP-1 or from primary cells. For each condition (i.e.,
material and time point), R package DESeq2 was used to identify genes
whose expression levels significantly differed from the corresponding
levels in negative control. Only genes that had at least 1 count in the
assessed conditions were considered further in the analyses. In order to
assess distances among the compared gene expression measurements,
the count data was first transformed with the variance stabilizing
transformation (Anders and Huber, 2010), which is implemented in
DESeq2, and the samples were grouped according to the values for the
two main principal components. Genes were defined as differentially
expressed if the adjusted p-value reported by DESeq2 was lower than
0.05 (fold change was not included as a criteria for the results shown
here).

Clustering of measured samples was performed using the ‘complete
linkage’ method implemented in the pheatmap R package. For this,
distances among samples were calculated with the PoiClaClu R package
and expression values (i.e., counts) of all genes were used. The package
implements the Poisson Distance for calculating sample distances
(Witten, 2011). It accounts for the Poisson distribution of RNAseq counts
and takes the inherent variance structure of counts into consideration.
Venn-diagrams were plotted with the webtool “VENNY 2.1 (https://bio
infogp.cnb.csic.es/tools/venny/) (Oliveros, n.d.). Enriched BioPlanet
pathways (Huang et al., 2019) and gene ontologies were evaluated with
the webtool EnrichR (Kuleshov et al., 2016; Chen et al., 2013). In
addition, identification and visualization of the interactions and bio-
logical networks among the proteins encoded by DEGs annotated with
the enriched functional terms and pathways were performed using the
web-based Search Tool for the Retrieval of Interacting Genes (STRING)
prediction platform (Szklarczyk et al., 2017).

2.6. qRT-PCR

RNA samples were transcribed into cDNA with the iScript™ c¢DNA
Synthesis Kit (BIORAD). The resulting cDNA was subjected to real time
PCR analysis on a CFX96 Dx (BIORAD) using the reaction volume con-
taining 50 ng cDNA, iQ™ SYBR® Green Supermix (BIORAD), distilled
H»0 and each primer pair was added at a final concentration of 200 nM.
The relative gene expression of BCL-2, FGR and IFI30 genes was evalu-
ated. Primers were designed with Primer-BLAST based on the sequences
accessible in NCBI. Gene expression levels were normalized to the
housekeeping gene GAPDH. The primer sequences and cycling param-
eters are listed in Table S1. The qPCR data were analysed using the
relative gene expression (AACT) method (Livak and Schmittgen, 2001).

2.7. Statistics

Results are presented as mean + standard deviation (SD) of at least 3
independent experiments (n = 3). Statistical analysis was performed by
a student’s t-test and/or one-way ANOVA followed by Bonferroni’s post-
correction, using the software GraphPad Prism (version 9.0). The results
were considered significant if p < 0.05.
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3. Results and discussion
3.1. Characteristics of GRM and experimental design

Two types of GRM with distinct physicochemical properties (size,
number of layers, C/O ratio) were selected based on our previous acute
toxicity screening study including five different GRM in differentiated
THP-1 macrophages (Netkueakul et al., 2020). The chosen commercial
GO and GNP materials showed the most distinct response with GNP
being more cytotoxic to THP-1 macrophages than GO after 24 h expo-
sure to 40 pg/mL (MTS assay: 48% viability for GNP (significant
reduction) and 102% for GO; LDH assay: significant 3.1 fold increase for
GNP and 1.6 fold increase for GO) (Netkueakul et al., 2020). For the
current study, we aimed to target an exposure relevant dose as well as a
higher but still sub-lethal concentration representing a potential worst-
case scenario. Due to the lack of GRM workplace exposure data, realistic
concentrations for the dosage of GRM in occupational exposure settings
were estimated from the current thresholds of carbon nanotubes (CNT)
exposure. For CNT, a full working lifetime exposure would result in an
alveolar mass retention of 10-50 pg/cm? and acute respiratory exposure
(24 h) would be in the range of 1 pg/cm2 (Drasler et al., 2018; Graham
et al., 2017). Therefore, we chose 1.3 pg/cm? (5 pg/mL) and 12.5 pg/
cm? (20 pg/mL) as low and high exposure concentrations. We have
previously shown that 5 pg/mL GNP and GO were not cytotoxic to
differentiated THP-1 cells after 24 h of exposure and only at 20 pg/mL,
GNP but not GO induced a slight but non-significant effect (MTS assay:
viability 100% for 20 pg/mL GO, 81.8% for 20 pg/mL GNP relative to
untreated control; LDH assay: 1.1 fold increase for 20 pg/mL GO, 2.1
fold increase for 20 pg/mL GNP compared to untreated control) (Net-
kueakul et al., 2020).

These GRM have been extensively characterized and a summary of
their properties is provided in Table 1. For the transcriptomic profiling
study, we exposed primary MDM and THP-1 macrophages to GO or GNP
at the low concentration of 5 pg/mL and the high concentration of 20
pg/mL for 6 h and 24 h (Fig. 1).

DQ silica particles served as toxic and well-characterized benchmark
material with expected inflammogenic responses (Brunner et al., 2006;
Clouter et al., 2001). In a pilot screening, we examined the pro-
inflammatory dose-response (indicated by the release of interleukin-8
(IL-8)) of DQ in differentiated THP-1 cells and chose the concentration
of 100 pg/mL for subsequent transcriptome profiling studies. At this
concentration, DQ induced the secretion of IL-8 without affecting cell
viability (Fig. S1A-B). By choosing two time points, we aimed to
distinguish early, probably more general stress related responses (6 h)

Macrophage differentiation Treatment
GO or GNP|[ DQ
@ 5o0r 20 pg/mL || 100 pg/mL
e - o
50 o
Peripheral blood Monocyte derived * 6h
macrophages = CQ
7 @ @ A\
(oM ceeR
f\Q\/\—/
‘ Sl 24 h
9 > @K ¢
) @ e
o 8
THP-1 monocytes THP-1
macrophages
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from GRM specific acute responses (24 h). After cell harvest and RNA
isolation, RNA sequencing and bioinformatics analysis was performed to
evaluate the differentially expressed genes and deregulated biological
processes and pathways in response to GRM.

3.2. GRM induce specific and reproducible responses in differentiated
THP-1 macrophages and MDM

All samples passed the raw data quality control checks and we
further assessed if gene expression profiles reflected treatment to various
materials. For this, we performed hierarchical clustering analysis using
expression levels of all measured genes. The clustering indicated that
different materials (GO, GNP and DQ) induced specific and reproducible
responses in both macrophage types after 6 h (data not shown) and 24 h
of treatment (Fig. 2). In differentiated THP-1 macrophages, replicates
clustered clearly according to the treatment and dose. MDM samples
also clustered well considering that samples originated from four indi-
vidual donors.

3.3. GRM impact gene expression in a highly cell type-, time-, dose- and
material-dependent manner

For each treatment, we identified genes with a significant expression
change compared to non-treated cells (adjusted p-value <0.05). The
number of genes with non-zero read counts that went into the DE
analysis ranged from 15,810 to 16,428. The percentages of significant
hits ranged from 0.01% (DQ after 6 h in MDM) to 17.8% and 17.5% (GO
5 pg/mL and GNP 20 pg/mL after 24 h in THP-1 cells). RNA-sequencing
revealed that both GRM induced a considerable number of up- and
downregulated genes in THP-1 macrophages and MDM (Figs. S2, S3,
S4).

A first comparison of DEGs in dependence of the different macro-
phage types (i.e. differentiated THP-1 macrophages versus MDM)
revealed a relatively low percentage of overlapping DEG for the low
GRM treatment (5 pg/mL) at both time points (6 h and 24 h) (Fig. S2A).
A considerably higher amount of overlapping DEGs in THP-1 macro-
phages and MDM was observed for the high GRM exposure (20 pg/mL)
after 24 h (GO: 576 (46.9%) and 118 (12.4%) shared down- and up-
regulated DEGs, respectively; GNP: 222 (12.2%) and 267 (13.9%)
shared down- and up-regulated DEGs, respectively) (Fig. S2B). For the
reference material DQ, the number of shared down- and up-regulated
genes between the two macrophage types after 24 h of exposure was 4
(1.3%) and 74 (18.4%), respectively (Fig. S3). Further analyses was
continued for both cell types to better understand differences and

RNA
isolation

RNA
sequencing

Gene expression Verification
analysis

| @

77N\
FUSTIRTTN Ty
__/ P

g

Fig. 1. Experimental setup. Human macrophages were isolated and differentiated from peripheral blood monocytes or differentiated from the THP-1 monocyte cell
line. Cells were exposed to GO or GNP at concentrations of 5 and 20 pg/mL. Global transcriptomic responses were investigated after 6 h or 24 h of GRM exposure. DQ
was used as positive reference material at a concentration of 100 pg/mL. Illustrations in Fig. 1 were created using http://BioRender.com.
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Fig. 2. Hierarchical clustering analysis of THP-1 and MDM samples. Correlation matrix with hierarchical clustering analysis of THP-1 macrophages (A) and MDM (B)
treated with different concentrations of GO, GNP and DQ for 24 h or untreated (NegCtrl). The name of the sample is formed by combining the information about

treatment, dose (pg/mL) and passage number (for THP-1 macrophages) or donor number (for MDM).
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similarities in their response to GRM.

When comparing the time-response, both GRM induced a higher
amount of DEG after 24 h compared to 6 h treament in THP-1 macro-
phages (Fig. S4A). In MDM, this trend was also observed for GO with the
exception of a higher number of upregulated genes at 6 h of exposure to
5 pg/mL GO (Fig. S3B). However, GNP showed a more pronounced
response at the early time point (6 h) in MDM. The amount of shared
genes between the two time points ranged from 0.7 to 52.7% indicating
the induction of fast sustained responses in gene expression (6 h and 24
h) in addition to fast transient (6 h only) and delayed (24 h only)
responses.

In addition, there was a clear dose-response with the high GRM
concentration of 20 pg/mL GRM inducing a more pronounced impact on
gene regulation compared to the lower 5 pg/mL exposure dose in both
cell types (Fig. S5). An inverse dose-response was only observed for THP-
1 exposed to GO for 24 h.

Focusing on material-specific responses we found that for the two
GRM, the number of shared DEG was between 8 (1.5%) to 384 (9.6%) in
THP-1 cells and 3 (0.4%) to 447 (20.4%) in MDM with a larger overlap
at the higher concentration (20 pg/mL) (Fig. 3). However, a consider-
able amount of DEG was unique to GO and GNP treatments. For
instance, exposure at to 20 pg/mL GO for 24 h resulted in 1018 (25.4%)
or 1214 (43%) unique genes in THP-1 cells or MDM, respectively while
treatment with 20 pg/mL GNP for 24 h resulted in 2361 (59%) or 899
(31.9%) unique genes in THP-1 cells or MDM, respectively. The overlap
between GO and DQ was below 45 genes (1.4%) for all investigated time
points and doses in both cell types while the number of shared DEG
between GNP and DQ was slightly higher in MDM after 24 h of exposure
(98 genes/12.9% and 270 genes/9.6% at 5 or 20 pg/mL GNP, respec-
tively). Only a very low amount of genes (< 48 genes or 1.7%) was
commonly differentially expressed by all three materials.

In summary, there is a considerable number of DEGs uniquely
deregulated from each material type indicating highly material-specific
responses. This is probably not surprising since GRM are a group of

A 6h
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materials with a broad range of distinct physicochemical properties (e.
g., lateral dimension, number of layers, C/O ratio, presence of metal
contaminants), which may lead to different biological responses. For
example, a previous inhalation study in mice found that GO exposure
induced a larger response on gene expression in lung and liver tissue
than rGO (Poulsen et al., 2021). In addition to the distinct responses
between GO and GNP, also the overlap with DQ was minimal, suggesting
that the genes affected by GRM are probably not associated to silicosis
toxicity related pathways. To further understand which biological pro-
cesses and pathways are involved and whether the genes affected by GO
and GNP are part of different biological processes or pathways, we
performed further gene ontology enrichment and pathway analysis.

3.4. 3.3 GNP affect biological processes and pathways related to
inflammation and apoptosis while GO and GNP interfere with genes
involved in immune responses

For gene ontology and pathway analysis, we only focused on the 24 h
time point since this was expected to reveal material-specific responses.
Moreover, only the high exposure dose of 20 pg/mL GRM was included
due to the stronger transcriptional responses (Fig. S5). Cell responses to
GO and GNP exposure as assessed by EnrichR included biological pro-
cesses associated with regulation of apoptosis, immune related re-
sponses, cellular processes and response to stimulus and metabolic
processes (Fig. 4). Specifically, GO induced an up-regulation of genes
involved in immune responses in MDM, as well as down-regulation of
genes involved in translation in both macrophage types. GNP exhibited a
strong up-regulation of inflammatory responses, along with down-
regulation of translational and cell-cycle processes in both MDM and
THP-1 macrophages. Additionally, GNP induced apoptotic signalling
pathways and downregulated genes involved in antigen processing and
presentation in MDM. As expected, the reference material DQ elicited a
strong activation of genes involved in cytokine responses both in THP-1
macrophages and MDM (Fig. S6).
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DQ DQ

24 h
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Fig. 3. VENN diagrams of DEG indicating material-specific responses in THP-1 macrophages and MDM. Comparison of DEG after 6 and 24 h of exposure to 5 or 20

pg/mL GO or GNP or 100 pg/mL DQ in THP-1 macrophages (A) or MDM (B).



D. Korejwo et al.

A\ [Regulation of Ras protein signal transduction

IRE1-mediated unfolded protein response

Positive regulation of transcription form RNA polymerase Il promoter
[Positive regulation of transcription, DNA-templated
[Positive regulation of GTPase activity
[Regulation of protein binding
[Regulation of transcription from RNA polymerase Il promoter
[Regulation of mitochondrion organization
[Regulation of bone resorption
[Regulation of small GTPase mediated signal transduction

Protein targeting to ER

SRP-dependent cotranslational protein targeting to membrane
Contranslational protein targeting to membrane

Peptide biosynthetic process

Translation

Nuclear-transcribed mRNA catabolic process nonsense-mediated decay
Viral gene expression

Viral transcription

| | | |
80

o

20 40 60
Negative logaritm of the p-value (base 10)
C |Neutrophil mediated immunity

Neutrophil activation involved in immune response

Neutrophil degranulaltion
|Eytic vacuole organization
[Eysosome organization

[Regulation of mitochondrion organization

Wacuolar acidifcation

[Regulation of autophagy

Jlon transport

Regulation of axonogenesis

Protein targeting to ER

SRP-dependent cotranslational protein targeting to membrane
Contranslational protein targeting to membrane

Translation

Peptide biosynthetic process

Nuclear-transcribed mRNA catabolic process nonsense-mediated decay
Viral gene expression

Viral transcription

| [ ]
20 . . 40 60
Negative logaritm of the p-value (base 10)

o

B

D

NanoImpact 29 (2023) 100452

Regulation of transcription from RNA polymerase Il promoter
Positive regulation of transcription, DNA-templated
Positive regulation of transcription form RNA polymerase Il promoter

Cytokine-mediated signaling pathway
Negative regulation oftranscription, DNA-templated
Transcription from RNA polymerase Il promoter

INEGave regUIatON O ANSCHBONMTOMENA polymerase Il promoter
Cellular response to cytokine stimulus
Response to lipopolysaccharide

SRP-dependent cotranslational protein targeting to membrane
Cotranslational protein targeting to membrane

Protein targeting to ER

Viral gene expression

Viral transcription

Nuclear-transcribed mRNA catabolic process nonsense-mediated decay
Cellular protein metabolic process

Nuclear-transcribed mRNA catabolic process

[Neutrophil activation involved in immune response

[ I | [ I ]
0 25

10 15 20
Negative logaritm of the p-value (base 10)

Regulation of transcription from RNA polymerase Il promoter

Intrinsic apoptotic signaling pathway in response to endoplasmic reticulum stress
Regulation of apoptotic process

Regulation'of extrinsic apoptotic signaling pathway via death domain receptors

Negativerregulationofapoptotic process
Cellularresponsetoyiokine stimulus
|Positiveregulationiofiprotein metabolic process
/Apoptotic process |

IIntrinsicapoptotieisighaling pathway
INegativelregulationiof intracellular signal transduction

Cellular macromolecule biosynthetic process

Mitotic sister chromatid segregation

SRP-dependent cotranslational protein targeting to membrane

Antigen processing and presentation of peptide antigen via MHC class Il

Positive regulation of cell cycle process

Antigen processing and presentation of exogenous peptide antigen

Antigen processing and presentation of exogenous peptide antigen via MHC class II
DNA metabolic process

(Cotranslational protein targeting to membrane

[Protein targetingtoER |

[
0 2 4 6
Negative logaritm of the p-value (base 10)

Fig. 4. Gene Ontology enrichment analysis. Top ten biological process terms significantly enriched with DEGs in THP-1 macrophages (A, B) and MDM (C,D) treated
with 20 pg/mL GO (A, C) or GNP (B,D) for 24 h. The graphs represent up-regulated (red) and down-regulated (green) gene ontologies in each functional category.
Bars are sorted by log of the p-value corrected for multiple testing. A full list of the enriched GO terms and the involved genes is available from Supplementary
Table S2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Inflammatory responses have been previously described for various
carbon-based NMs including GRM. For instance, single-walled carbon
nanotubes (SWCNT) have been shown to trigger inflammation in pri-
mary macrophages and GO activated the inflammasome in these cells at
similar NM concentrations and timepoints of 24 and 48 h or exposure
(Mukherjee et al., 2018a; Mukherjee et al., 2018b; Scala et al., 2018).
We observed pronounced changes in gene regulation involved in in-
flammatory pathways mostly for GNP but not GO treated macrophages.
This is in line with results from our previous study, where we observed
significant induction of IL-8 and IL-1 secretion in THP-1 macrophages
after treatment with GNP but not GO (Netkueakul et al., 2020). Similar
to our observations of negligible inflammatory responses of GO,
Mukherjee et al. described pronounced effects on chemokine-encoding
genes in MDM exposed to SWCNTs, but not in response to GO after
24 h exposure at concentrations up to 30 pg/mL (Mukherjee et al.,
2018b). In contrast, Orecchioni et al. found that exposure to small GO
sheets had a more significant impact on immune cells (human peripheral
blood mononuclear cells) compared to large GO sheets, which was re-
flected in the upregulation of critical genes in immune responses and the

release of cytokines IL1-f and TNF-a (Orecchioni et al., 2016). The
absence of inflammatory responses of GO in our study might therefore
be explained by the comparably large size of the investigated GO (1-50
pum) compared to the two GO materials (1-10 pm) used by Orecchioni
and colleagues. Moreover, another study described size-independent
effects of GO on inflammasome activation in primary human macro-
phages (Mukherjee et al., 2018a). Therefore, size is likely not the only
factor that impacts on GRM bio-responses, but a combination of particle
properties should be considered as recently evidenced in a multi-
hierarchical structure activity relationship (SAR) assessment visual-
izing the contributions of seven basic properties of Fe;O3 (e.g. surface
area and reactivity, hydrodynamic size, zeta-potential, aspect ratio) to
its diverse bio-effects in THP-1 cells and animal lungs (Cai et al., 2018).

An interesting observation was that six out of the top 10 most
enriched up-regulated gene ontology terms in GNP-exposed MDM were
associated with the regulation of apoptotic processes (GO: 0070059,
G0:0042981, GO:2001237, GO:0043066, GO:1902041, GO:0006915,
G0:0097193). Subsequently, we searched the interactions among the
DEGs involved in the apoptosis-related gene ontology terms and used
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the web-based tool STRING to construct a protein interaction network
(Fig. 5 A, B). Proteins encoded from the enriched genes are represented
with nodes. To limit the number of observed interactions and to avoid
false positive interactions, the settings were set to only identify gene
expression with a “medium to high confidence” (score > 0.4). The
thickness and opacity of each interaction line indicates the degree of
confidence prediction for the interaction. A total of 112 interactions
were obtained using 84 nodes among the analysed apoptotic-related
genes. The BCL-2 gene, a potent regulator of cell death with a crucial
role in development, tissue homeostasis and immunity (Czabotar et al.,
2014), exhibited high score interaction and its expression was further
analysed by RT-PCR in both THP-1 and MDM after exposure to GO or
GNP (5 and 20 pg/mL) for 24 h. A concentration-dependent increase
(non-significant, p > 0.05) in BCL-2 expression levels was detected after
GO treatment in THP-1 and MDM as well as in GNP-treated THP-1 cells.
A notable upregulation of BCL-2 was also shown in GNP-treated MDM at

apoptosis

antigen
processing/presentation
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5 pg/mL. While we did not observe GRM-induced cytotoxicity on THP-1
cells or MDM, it remains to be investigated whether the observed
changes in BCL-2 expression could affect tissue homeostasis and im-
munity over prolonged exposure times.

Among the most highly ranged downregulated biological processes
following GNP treatment in MDM were gene ontology terms related to
antigen processing and presentation (G0O:0002474, GO:0019886,
G0:0002478). The constructed protein-protein interactions of a set of
DEGs related to antigen processing revealed a dense network of 26 nodes
and 96 edges. A leading role in this network was ascribed for IFI30, a
novel mediator involved in immune processes but also in neutralization
of ROS, maintaining the oxidative stress balance (Cacialli et al., 2021;
Liu et al., 2020). An upregulation of IFI30 expression (non-significant p
> 0.05) was shown only in THP-1 cells after both GRM treatments but
not in MDM (Fig. 5C). Therefore, other genes might be more relevant
and further candidates from this network should be explored to
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understand better how GNP may potentially perturb antigen processing
and presentation in macrophages.

In addition, GO-associated top-ranked, enriched gene ontologies
included neutrophil related biological pathways such as neutrophil
degranulation (GO:0043312) neutrophil activation involved in immune
response  (GO:0002283) and neutrophil mediated immunity
(GO:0002446). String network analysis resulted in 43 nodes and 56
edges indicating direct (physical) and indirect (functional) associations
between the proteins encoded from the enriched genes (Fig. 5B). A key
role in this network was attributed to FGR. FGR is a part of the largest
family of protein kinases, the SRC family kinases (SFKs), and engages in
the regulation of crucial cellular events i.e., cellular movement, differ-
entiation, proliferation, survival, apoptosis and immune regulation
(Jing et al., 2021; Tuguzbaeva et al., 2019). Changes in FGR expression
after treatment with GRM in both macrophage types at 24 h revealed a
significant upregulation of FGR in GO-treated MDM at high concentra-
tion (20 pg/mL) and a notable but insignificant increase (p > 0.05) at the
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low GO concentration of 5 pg/mL (Fig. 5C). Therefore, future studies on
the impact of GO on immune processes related to neutrophil degranu-
lation and activation are warranted. In fact, a recent in vivo tran-
scriptomics study in mice exposed to GO by a single intratracheal
instillation described increased expression of genes encoding neutrophil
chemoattractants (e.g. TNFa, CXCL5, SAA3, and CCL7) associated with
neutrophil infiltration in bronchoalveolar lavage (BAL) fluid (Poulsen
et al., 2021).

Analysis of the top 10 up- and down-regulated pathways underlying
GRM responses in THP-1 and MDM macrophages using EnrichR showed
that up-regulated pathways were rather distinct between GO and GNP
(Fig. 6). While GNP activated several immune-related pathways (related
to IL-1, IL-2, IL-5 and TNF-a) and BDNF signalling pathway in both
macrophage types, as well as p53 pathway in MDM, only the IL-2 sig-
nalling pathway was induced by GO in MDM. In contrast, GO strongly
up-regulated chaperon and unfolded protein response (UPR) pathways
in THP-1 macrophages and the lysosome pathway in MDM. UPR was
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Fig. 6. Pathway enrichment analysis. Top ten significantly enriched BioPlanet pathways with DEGs in THP-1 macrophages (A, B) and MDM (C, D) treated with 20
pg/mL GO (A, C) or GNP (B, D) for 24 h. The graphs represent up-regulated (red) and down-regulated (green) DEGs in each pathway. The shown p-values are
corrected for multiple testing. A full list of the enriched GO terms and the involved genes are available from Supplementary Table S3. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).
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also the most significant pathway upregulated in lung tissue of mice
intratracheally exposed to a single dose of GO particles (Poulsen et al.,
2021). UPR is a highly conserved cellular process and enables cells to
manage endoplasmic reticulum (ER) stress toward restoring proteo-
stasis. The UPR is increasingly recognized for its role in immune cell
differentiation and function and in regulating immune and inflamma-
tory responses (reviewed in (Grootjans et al., 2016)). Thus a future
research direction may continue to exlpore whether GRM could induce a
pathophysiolgical UPR and lead to pulmonary diseases. Furthermore,
the lysosome pathway, which was perturbed by GO exposure in MDM,
could be an interesting candidate for further studies since in macro-
phages, lysosomal proteolysis generates essential peptides that bind
class II MHC molecules to create ligands for survey by the diverse an-
tigen receptors of the T lymphocyte system (Watts, 2012). Moreover,
antigen processing and presentation of exogenous peptide antigens were
also prominent among the most down-regulated biological processes
affected by GNP in MDM. Therefore, it could be relevant to address
potential risks of GRM not only in healthy but also in infected lungs to
understand if GRM could increase the susceptibility to or pathogenesis
of lung infections or interfere with an effective innate immune response.

Down-regulated pathways were more similar between GO and GNP
and mostly related to translation and cytoplasmic ribosomal proteins,
which could indicate a slow down of cellular growth or replication.

Cell lines are frequently used for in vitro studies to achieve fast and
reproducible results, but they may not fully recapitulate the behaviour
of primary cells or physiological responses. For instance, a recent study
revealed some alterations in chromosomal conformations and tran-
scriptomes of THP-1 macrophages compared to primary MDMs (Liu
et al., 2021). Indeed, the amount of common DEGs was mostly low for
the 5 pg/mL exposure concentration but at 24 h of exposure to the high
GRM concentrations (20 pg/mL) there was an increased overlap in the
DEGs between THP-1 macrophages and MDM (Fig. S2). Here, the top 10
biological processes and pathways of the common DEGs did not reveal
any novel interesting candidates (Supplementary Table S4) as compared
to those described already for the two macrophage types (Figs. 4-6). For
instance, there were multiple shared pathways between THP-1 macro-
phages and MDM such as IL-2 and IL-5 signalling pathways induced by
GNP or responses in translation and gene expression that were down-
regulated by GO in both cell types. Nevertheless, there were differences
between differentiated THP-1 macrophages and MDM (e.g., GNP mostly
affected transcription and protein targeting in THP-1 macrophages
while in MDM, they activated cytokine and apoptotic processes), which
could suggest that MDM might be more sensitive to NM exposure than
THP-1 macrophages. In summary, we observed some overlap but also
considerable differences in gene regulation from GRM exposure between
primary MDM and THP-1 cell line and further validation in vivo would
be required to understand whether the response of primary cells is more
predictive.

4. Conclusion

In this study, we unveiled extensive effects of two physico-
chemically distinct GRM types (GO and GNP) on transcriptional
response in primary human monocyte-derived macrophages and
differentiated THP-1 macrophage cells. Despite the overlapping genes
between the two GRM there is a high number of DEGs exclusively
deregulated from each material type, which highlights that GRM is not a
single class of material but that each GRM type is capable of mounting a
highly material-specific molecular response. In addition to material
characteristics, GRM impact on gene expression was also time- and dose-
as well as macrophage type-dependent. It remains to be shown if the
responses elicited in primary macrophages are more predictive than
those in macrophage cell lines. In general, GNP elicited a stronger in-
flammatory and anti-apoptotic response at gene expression level than
GO. However, long-term studies are warranted to understand if GNP
exposure induces apoptosis in macrophages. Moreover, to better
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understand which characteristics are responsible for the observed dif-
ferential transcriptional responses of GO and GNPs, future studies using
GRMs that ideally differ in only one property would be required.
Nevertheless, both GRM affected the expression of genes related to an-
tigen processing and presentation which could indicate possible inter-
ference with essential functions of macrophages in innate immunity.

The biological processes and pathways identified in this study reflect
acute toxicity responses but can guide future toxicity studies to better
assess the long-term consequences of pulmonary GRM exposure. As
such, it needs to be investigated if the identified mechanisms are of
transient nature or whether they can result in long-term consequences to
lung health. Importantly, such studies should be performed in appro-
priate models to adequately address the respective pathways, e.g., lung
disease models to verify potential risks of GRM on lung infection or
advanced lung models compatible with long-term exposure studies. In
addition to the single exposure scenario investigated in this study, future
research should further include repeated and prolonged exposure to
GRM. This is highly relevant as exemplified in a recent study by
Mukherjee et al. showing that repeated low-dose exposure of human
bronchial cells (BEAS-2B) to GO can induce significant differences in the
transcriptional response compared to a single high dose exposure
(Mukherjee et al., 2020). Overall, the novel insights on the toxicity
mechanisms of GO and GNP in macrophages are highly valuable for
future research and a prerequisite to support the safe use of these
promising materials.
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