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Toxicogenomics approaches are increasingly used to gain mechanistic insight into the toxicity of engineered
nanomaterials (ENMs). These emerging technologies have been shown to aid the translation of in vitro experi-
mentation into relevant information on real-life exposures. Furthermore, integrating multiple layers of molecular
alteration can provide a broader understanding of the toxicological insult. While there is growing evidence of the
immunotoxic effects of several ENMs, the mechanisms are less characterized, and the dynamics of the molecular
adaptation of the immune cells are still largely unknown.

Here, we hypothesized that a multi-omics investigation of dynamic dose-dependent (DDD) molecular alter-
ations could be used to retrieve relevant information concerning possible long-term consequences of the expo-
sure. To this end, we applied this approach on a model of human macrophages to investigate the effects of rigid
multi-walled carbon nanotubes (rCNTs). THP-1 macrophages were exposed to increasing concentrations of
rCNTs and the genome-wide transcription and gene promoter methylation were assessed at three consecutive
time points. The results suggest dynamic molecular adaptation with a rapid response in the gene expression and
contribution of DNA methylation in the long-term adaptation. Moreover, our analytical approach is able to
highlight patterns of molecular alteration in vitro that are relevant for the pathogenesis of pulmonary fibrosis, a
known long-term effect of rCNTSs exposure in vivo.

Mechanism of action
Toxicogenomics

1. Introduction

The immunotoxic potential of multi-walled carbon nanotubes
(MWCNTSs) on the respiratory system has already been reported with the
support of toxicogenomics evidence (Halappanavar et al., 2019; Labib
et al., 2016; Kinaret et al., 2017a, 2017b; Poulsen et al., 2017; Rydman
et al., 2014). Furthermore, we have recently demonstrated that
analyzing the transcriptome from in vitro as well as in vivo exposures can
successfully inform on relevant patterns of molecular adaptation,
possible toxic outcomes, and inflammatory responses (Kinaret et al.,
2017a). While the use of toxicogenomics in the assessment of adverse
effects of chemical exposures is gaining acceptance, chemical risk

assessment still largely relies on expensive and laborious animal ex-
periments. In vitro models are increasingly used in compliance with the
3R principles (Replacement, Reduction and Refinement) of animal
experimentation (Russell and Burch, 1959). Although long-term effects
have been investigated in vitro [e.g. (Comfort et al., 2014; He et al., 2016;
Holmgren et al., 2014; Luanpitpong et al., 2014; Wang et al., 2011)],
they typically require weeks to months of continuous exposure, hardly
cutting back on the time and effort. While recent developments in tox-
icogenomics can support more advanced interpretation of toxic mech-
anisms also from in vitro models, we are still lacking robust methods for
the interpretation of potential long-term effects from short-term assays.

Alterations in DNA methylation have been suggested as a mechanism
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of more persistent molecular changes upon engineered nanomaterials
(ENMs) exposures (Brown et al., 2016; Oner et al., 2017; Scala et al.,
2018a; Stapleton et al., 2018; Sierra et al., 2017). More recently, multi-
omics approaches have been used to explain the complex patterns of
molecular adaptation to ENMs in multiple cell types (Scala et al.,
2018a). Hence, we hypothesize that relevant information on possible
long-term effects of MWCNT can be obtained in a short in vitro exposure
set-up, by combining the analysis of dynamic gene expression changes
with epigenetic alterations that are more stable by nature.

The airways are one of the most prominent routes of exposure to
ENMs, making resident lung cell types a valid model for assessing the
toxicity of ENMs in vitro (Kinaret et al., 2017a; Scala et al., 2018a;
Stoccoro et al., 2017; Sgs Poulsen et al., 2013). Resident macrophages,
together with neutrophils, represent the first line of defense against
pathogens and foreign bodies introduced into the airways (Farrera and
Fadeel, 2015). These phagocytic cells attempt to internalize the foreign
intruders initiating defense mechanisms that can lead to inflammation
and, further, damage the tissue when unresolved. Many ENMs are,
however, rather biodurable, making their enzymatic degradation a
difficult task for phagocytes (Liu et al., 2010; Vlasova et al., 2016).
Furthermore, many rigid fiber-like particles are difficult to engulf due to
their high aspect-ratio, often leading to impaired ingestion and frus-
trated phagocytosis that further aggravates inflammation and contrib-
utes to the adverse consequences of ENMs exposures (Boyles et al.,
2015a; Murphy et al., 2012; Rydman et al., 2014). Moreover, recent
evidence suggests that ENMs can impact macrophage polarization, thus
affecting the long-term outcome of the exposure (Dong and Ma, 2018;
Meng et al., 2015; Kinaret et al., 2020). Although the role of macro-
phages in reactions induced by carbon nanotubes (CNTs) is recognized,
the dynamic patterns of molecular adaptation of macrophages to
MWCNTs are yet to be discovered (Kinaret et al., 2017b; Rydman et al.,
2014).

To date, dose-dependent molecular responses have been investigated
by focusing on individual time points of exposure (Bourdon et al., 2013;
Labib et al., 2016). This approach, however, makes the interpretation of
the kinetics of molecular adaptation difficult. To overcome this limita-
tion, we applied a novel computational approach that allows the
modelling of dynamic dose-dependent (DDD) alterations in two distinct
molecular layers, the transcriptome and the DNA methylome (Serra
et al., 2020). We applied this analytical strategy in order to model a
robust dynamic mechanism of action of MWCNTSs on a human macro-
phage cell model. We exposed macrophage-like cells derived from the
human monocytic THP-1 cell line to three different doses (5, 10 and
20 pg/mL) of long and rigid multi-walled carbon nanotubes (rCNTs) for
three consecutive time points: 24, 48, and 72 h. We then investigated the
DDD molecular alterations at the level of the transcriptome and gene
promoter methylation. In this way, we were able to underline key mo-
lecular changes already described in lung fibrosis in vivo. Our approach
supports the use of toxicogenomics in building more comprehensive
predictions about the long-term effects of ENMs exposure, such as
fibrosis, by using an in vitro exposure setup.

2. Material and methods
2.1. Nanomaterial

The multi-walled carbon nanotubes used in this study have been
previously characterized in Rydman et al. and Kinaret et al. (Kinaret

Table 1
Characteristics of the multi-walled carbon nanotubes used in the experiment.
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et al., 2017b; Rydman et al., 2015). The properties of the nanomaterial
are summarized in Table 1.

2.2. Cell culture and exposures

THP-1 cells (DSMZ ACC 16) were cultured at 37 °C in cell culture
flasks in RPMI 1640 media (Gibco, Thermo Fisher Scientific, USA) with
10% FBS (Gibco), 2mM ultraglutamine (Gibco), and 1% penicillin-
streptomycin (Gibco) supplementation (complete RPMI media). Cells
were plated into six-well plates (1.0 x 1076 cells/well) and differenti-
ated for 48 h with 50 nM PMA (phorbol 12-myristate 13-acetate, Merck
KGaA, Darmstadt, Germany). Fresh, complete RPMI media with PMA
was replaced after 24 h and after a total of 48 h, fresh complete media
without PMA was added. The control group was treated in a similar
manner, with complete media and PMA, without the rCNTs.

Dispersion of the rCNTs was based on publications by Bihari et al.
(Bihari et al., 2008) and Gallud et al. (Gallud et al., 2020), and suc-
cessfully used in several previous publications by us and others (Boyles
et al., 2015b; Chortarea et al., 2019; Kinaret et al., 2017a; Kinaret et al.,
20205 Scala et al., 2018a). A stock solution of 1 mg/mL of rCNTs was
freshly prepared prior to exposure in a sterile glass tube with plain RPMI
1640 media, vortexed for 1 min and sonicated in a bath sonicator
(37 kHz, Elmasonic S30 (H), Ilabequipment, USA) for 3 x 15min at
room temperature. The stock solution was then diluted with complete
RPMI media to obtain final exposure concentrations of 5, 10, and 20 pg
of r*CNT/mL (corresponding to mass per area exposure concentrations of
1.04, 2.08 and 4.16 pg/cm? as a total volume of 2 ml of exposure media
was used). The dose range was selected to reflect low-dose exposures
that are high enough to induce a response without showing significant
cytotoxicity (Scala et al., 2018a). The dilutions were vortexed and
sonicated prior to exposures for additional 15 mins. Cells (passage
number P8) were exposed to rCNTs in complete RPMI for 24, 48 or 72 h.
Cells treated in a similar manner, sonicated and RPMI media vortexed in
the same way but without rCNTs exposure were used as a reference
group. A total of 6 replicates of each treatment and dose pair were
performed. After exposures, two replicates were pooled into one sample
to produce a total of 3 independent replicates for each exposure group.
These triplicates were then used for the following transcriptomics and
DNA methylation experiments.

2.3. RNA/DNA extraction

Following each exposure period, the cells were harvested, and lysed,
and total RNA was isolated using RNeasy Mini kit (Qiagen, Germany)
following the instructions of the manufacturer. Total RNA samples were
quantified with NanoDrop (ND-1000, Thermo Fisher Scientific) and the
quality of the RNA was further verified using FragmentAnalyzer (Agilent
Technologies, USA). RNA samples with RNA quality number (RQN)
higher than 9.5 were used for the analysis.

DNA was extracted from the cell lysates using Maxwell® RSC
Cultured Cells DNA Kit and the Maxwell® RSC instrument according to
manufacturer’s instructions (Promega Corporation, USA). Integrity of
the DNA was verified by gel electrophoresis on 1% precasted E-gel
(Invitrogen, Thermo Fisher Scientific) and quantified using PicoGreen
(Quant-iT Broad-Range dsDNA Assay Kit, Invitrogen).

Description Product code Provider Aspect Average length Average diameter Average surface area [m?/
ratio [nm] [nm] gl
Rigid multi-walled carbon XNRI-7 Mitsui & Co., Ltd. 260 13,000 50 22
nanotube mitsui (Japan)
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2.4. DNA microarrays

Total RNA samples (100 ng) were labeled and amplified using the T7
RNA polymerase amplification method (Low Input Quick Amp Labeling
Kit, Agilent Technologies) following the instructions of the manufac-
turer (Agilent Technologies). cRNA samples labeled with either Cy3 or
CyS5 fluorescent labels (Agilent Technologies) were purified with RNeasy
Mini Kit (Qiagen). The quantity and specific activity of the samples were
verified using NanoDrop (ND-2000, Thermo Fisher Scientific). Finally,
300 ng of cRNA labeled with Cy3 were combined with a corresponding
amount of cRNA labeled with Cy5, fragmented, and hybridized onto the
Agilent SurePrint G3 Human GE 8 x 60 microarrays. After washing, the
slides were scanned with Agilent microarray scanner model G2505C
(Agilent Technologies). Data were extracted using the Agilent Feature
Extraction software (V12.0.2.2). Microarray data have been submitted
to NCBI Gene Expression Omnibus (GEO) database under the series
accession number GSE146710.

2.5. Genome-wide DNA methylation

Genome-wide DNA methylation analysis was performed using the
Infinium HD methylation assay (Illumina, USA) according to manufac-
turer’s protocol. First, DNA samples (500 ng) were bisulfite converted
using the EZ-96 Methylation Kit (Zymo Research, USA) following the
instructions of the manufacturer. Next, DNA was amplified, fragmented,
and hybridized to the Infinium MethylationEPIC BeadChips, and finally,
scanned with the iScan scanner (Illumina).

2.6. Transcriptomics

Transcriptomics data were preprocessed using the R Shiny applica-
tion eUTOPIA (Marwah et al., 2019). Raw data were imported, and low-
quality probes were filtered out using a quantile-based approach.
Particularly, probes with a value higher than 75% quantile of negative
probes in at least 85% of the samples were selected for further steps. The
log2 transformed intensity values were then normalized between arrays
using quantile normalization. Technical variation resulting from the
dye, slide, and the position on the slide were eliminated by batch
correction with the ComBat method from the R package sva (Leek et al.,
2012). Finally, multiple probes mapped to the same gene symbol were
summarized by their median values.

Differential expression between each exposure group (one dose at
one time point) and their corresponding control group was estimated by
linear models followed by empirical Bayes pairwise comparison as
implemented in the R package limma (Ritchie et al., 2015). Corrected
batches were included as covariates in the analysis. Genes with a fold
change >|1.5| and Benjamini & Hochberg adjusted p <0.05 were
considered significantly differentially expressed.

2.7. CpG methylation

Methylation data were preprocessed using eUTOPIA following the
workflow of the application (Marwah et al., 2019). Raw methylation
files were uploaded together with the phenotype file. CpG probes were
filtered by removing probes with a detection p-value >0.01 in any
sample. Further filtering was applied to remove probes for CpGs located
on the sex chromosomes, those containing single nucleotide poly-
morphisms or belonging to a set of known cross-hybridizing probes
(Chen et al., 2013). Data were normalized using the Subset-quantile
Within Array Normalization (SWAN) method (Maksimovic et al.,
2012). Batch correction was performed with the Combat method from
the R package sva to remove technical variation associated to the chip
(Leek et al., 2012). Finally, a gene promoter region was defined as
200 bp upstream from the transcription start site of each gene, and the
M-values for CpG probes in the promoter region were summarized by
their median value for each gene. M-values were transformed into Beta-
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values using the function m2beta from the R package lumi (Du et al.,
2008).

Differential methylation analysis was performed with the limma
approach as described above for transcriptomics (Ritchie et al., 2015).
The gene promoter was considered significantly differentially methyl-
ated with a fold change >|1.2| and p < 0.01.

2.8. Dose- and time modelling

Each molecular layer was analyzed separately with parallel ap-
proaches following the workflow of TinderMIX (Serra et al., 2020). In
brief, sample-wise fold changes were calculated between each exposed
sample and each of its corresponding control samples. Fold-changes
were log2 transformed and used for the modelling. For transcriptomics
data, two-way ANOVA was applied to identify the genes whose fold
change showed variance significantly (p <0.01) associated to dose,
time, or the interaction of dose and time. These genes were considered
“responsive” and selected for further modelling in both molecular
layers. First, a selection of polynomial models (linear, second and third
order) were fitted to the known points. The optimal model for each gene
was selected based on the lowest Akaike Information Criterion (AIC)
value, and the genes with a non-significant p-value (FDR corrected
p > 0.05) for the fitting were filtered out. Afterwards, the dose and time
ranges were divided into 50 equally distributed bins, and the optimal
model of each gene was used to predict their corresponding log2 fold
changes. In such a way, each gene is represented by a 50 by 50 activation
map in the space of time and dose, that is able to interpolate the doses
and time points not included in the experiment. From each activation
map, an area with monotonically increasing or decreasing (with respect
to the dose) fold change greater than the activity threshold (fold
change>|1.1]) was recognized by means of its gradient matrix and
determined as “responsive area”. If such an area could be identified, the
gene was considered to be altered in dynamic dose-responsive manner.
Finally, the activation map was divided into three equal sections on the
time axis and each section was assigned a label: “early”, “middle”, and
“late”, respectively, according to the implementation of the TinderMIX
software (Serra et al., 2020). With this approach, each gene was assigned
one of these labels based on the time of activation of the gene, i.e. the
section in which the activity threshold was surpassed at the earliest time
point and the lowest possible dose.

2.9. Functional enrichment

Pathway enrichments were performed using an R-shiny graphical
tool FunMappOne (Scala et al., 2019). Lists of official gene symbols were
offered as an input with the direction of the alteration (fold-change
increasing or decreasing with dose) as a modification of the genes.
Reactome annotations were used for pathway enrichment, and all
known genes were used as the statistical domain scope of the analysis.
Pathways were considered significantly enriched with a p-value <0.01
adjusted with the g:SCS method (Reimand et al., 2007).

3. Results and discussion

Given the important role of macrophages in the systemic responses to
ENMs exposure, we decided to focus on a macrophage in vitro model. We
aimed at disentangling the kinetics of the molecular adaptation by using
a multi-omics approach in combination with multiple time points and
rCNTs doses showing low toxicity (Scala et al., 2018a).

3.1. Transcriptional changes follow a dose-dependent trend

Differential expression is often used to statistically evaluate the
quantitative transcriptomic changes between experimental groups.
Exposing macrophages to increasing concentrations of rCNTs for three
consecutive time points resulted in a total of 5495 differentially
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expressed genes (DEGs) (Table S1). A clear dose-dependent increase in
the number of DEGs can be visually observed at each time point, sug-
gesting a more impactful exposure as the dose increases (Fig. 1A). On the
contrary, the number of differentially methylated promoters (DMPs)
only showed a visually increasing dose-dependent trend at 24h and a
dose-dependently decreasing number of hypomethylated promoters was
observed at 48 h (Fig. 1B). Total of 307 gene promoter regions showed
significant differential methylation as compared to unexposed controls.
The subtle impact on DNA methylation observed in the present study is
in line with previous reports suggesting limited changes of the methyl-
ation levels in fewer loci upon exposure to MWCNTSs (Oner et al., 2017;
Scala et al., 2018a; Sierra et al., 2017). However, we observed a
convincing pattern of DNA methylation adaptation at the highest dose
and the longest exposure time with a higher prevalence of hypomethy-
lated promoters (Fig. 1B). While the gene expression is regulated by
dynamic mechanisms, such as transcription factor binding, regulation of
the enzymatic machineries controlling DNA methylation is slower and
also involves cell replication -dependent events (Edwards et al., 2017).
For this reason, we cannot exclude that some of the regulatory mecha-
nisms of DNA methylation are not active in a differentiated cell type/cell
culture, where cell cycle is largely halted. This might be progressively
evident as the exposure time proceeds through the 72 h.

3.2. Dynamic dose-dependent analysis highlights an additional set of
adaptive genes

The conventional analysis of differential expression/methylation by
comparing treated to non-treated samples follows the observations of
several previous studies indicating a prominent transcriptomic response
but a marginal impact on the DNA methylation (Kinaret et al., 2017a;
Oner et al., 2017; Scala et al., 2018a; Sierra et al., 2017). We suspected
that part of the molecular effects are directly induced by the chemical
agents and substances and thus, show dose-dependent behavior. Hence,
we focused on finding the genes whose behavior is monotonically
altered with an increasing dose. Benchmark dose (BMD) modelling has
been proposed to identify such genes (Yang et al., 2007). Although BMD
modelling succeeds in highlighting monotonically altered genes, it gives
little insight into the kinetics of the molecular alteration. Here, we
investigated the DDD behavior of the genes upon rCNTs exposure by
simultaneously modelling the effects of the dose and time. With this
integrated approach, we obtained a total of 6428 genes with DDD
alteration in gene expression and 414 genes with DDD changes in the
promoter methylation. The genes with DDD behavior were labeled
“early”, “middle”, or “late” based on their point of departure (POD) in
each distinct molecular layer (Table 2, Table S2). Interestingly, the ki-
netics of the molecular alterations showed distinct patterns in each
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Table 2
Number of dynamic dose-dependent molecular alterations obtained for gene
expression and gene promoter regions, specified by their time of activation.

Activation time/Molecular layer Early Middle Late Total
Expression 3912 1092 1424 6428
Methylation 131 44 239 414

molecular layer, as the majority of the changes in gene expression were
initiated early, while alterations in the promoter methylation were
mostly observed at late exposure time (Table 2). Given the more stable,
regulatory nature of DNA methylation, later activation is expected. Ev-
idence of later changes in DNA methylation has also been shown in vivo,
as significant changes in DNA methylation levels in the lungs of mice
exposed to MWCNTs were observed 7 days after the exposure, but not at
24 h (Brown et al., 2016).

By comparing the differentially expressed genes and differentially
methylated promoters with the respective set of DDD genes, we found an
intersection of 3212 (58%) genes for expression (Fig. 2A), and an
intersection of 70 (23%) promoters for methylation (Fig. 2B), respec-
tively. As we suspected, these results suggest that the mechanism of
action of rCNTs is only partially dose-dependent, with 58% of DEGs
showing dose-dependent behavior, while molecular adaptation as a
whole is achieved, not surprisingly, by complex circuits of non-
monotonic molecular regulation. Furthermore, our approach identified
a large proportion of molecular alterations not captured by the tradi-
tional differential expression/methylation analysis (Fig. 2A-B). Our in-
tegrated dose- and time- modelling approach allows us to retrieve also
genes whose magnitude of alteration could not be sufficiently evident in
each exposed vs control pairwise comparison. Furthermore, the inves-
tigation of the POD is especially useful in the regulatory setting for
example in defining toxicological reference doses (Labib et al., 2016;
Webster et al., 2015).

3.3. A proportion of dynamic dose-dependent genes are coupled with
dose-dependent alteration also in the gene promoter methylation

The assessment of alterations in DNA methylation can be useful for
predicting long-term effects of short-term exposures (Canzler et al.,
2020). In order to understand the relationship between transcriptional
and epigenetic adaptation, we investigated the two molecular layers in
relation to each other. In total, the two layers shared 220 DDD genes
(3.4% of all the DDD transcriptionally altered genes) (Fig. 3A, Table S3).
These results are in line with our previous findings suggesting that only a
proportion of genes acquire “more stable” molecular alteration in the
form of DNA methylation (Scala et al., 2018a). When considering the
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Fig. 1. Number of genes altered in respect to rCNTs exposure. Timepoints 24, 48 and 72 h of exposure with 5, 10 and 20 pg/mL exposure concentrations (Dose). (A)
Differentially expressed genes with bars representing number of up- (red) and down- (green) regulated genes for expression (FC > |1.5|, FDR-corrected p-value
<0.05) (B) and hyper- (red) and hypomethylated (green) promoters for differential methylation (FC > |1.2|, p-value <0.01), respectively. (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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A Gene expression
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Fig. 2. Venn diagrams representing the overlap of genes obtained through the modelling of dynamic dose-dependent (DDD) alterations and standard analysis of
differentially expressed genes (DEGs) (A) or differentially methylated promoters (DMPs) (B).
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Fig. 3. Intersections between gene expression and promoter methylation at the level of all DDD genes (A) and the overlapping DDD genes and promoter regions

grouped by activation time (B).

kinetics of these molecular alterations, we found the largest overlap (79
genes) between genes whose expression alteration was initiated early
while methylation perturbation was triggered late, suggesting the role of
DNA methylation in sustaining or repressing these expression patterns
long-term (Fig. 3B).

The 220 common genes indicate several important macrophage
functions to be affected by epigenetic regulation in response to rCNTs.
Among the set of common genes, in fact, we identified multiple che-
mokine encoding genes that have a pivotal role in macrophage induced
inflammation (Table S3). For instance, CXCL8, CXCL10, and CCL20
were upregulated, while their promoters were hypomethylated, sug-
gesting a sustained long-term induction of these genes. We also observed
altered behavior of several genes indicating calcium homeostasis, as the
transcription of the calcium channel genes CACFD1, CACNA2D1, CAC-
NA2D4, CACNG2 was repressed, while their promoters were generally
hypermethylated. Downregulation of genes encoding for calcium
channels could indicate an increased level of cytosolic calcium, which in
turn triggers multiple signaling pathways in activated macrophages,
including IL-1p secretion and the activation of NLRP3 inflammasome
(Feske et al., 2015; Rada et al., 2014; Zumerle et al., 2019). Indeed,
nano-sized particles have been shown to modulate intracellular calcium
concentration, and exposure to long and rigid MWCNTs has been pre-
viously associated with NLRP3 inflammasome activation (Brown et al.,
2004; Li et al., 2017; Palomaki et al., 2011). Both of these events are
reported to be dependent on reactive oxygen species (ROS) production,
which is also known to be acutely induced in our experimental setup
(Scala et al., 2018a). Taken together, these results suggest the role of
methylation in sustaining selected patterns of transcriptional adaptation
of macrophages to rCNTSs exposure.

3.4. DDD alterations in transcription and methylation are related to cell
activation and homeostasis

To better understand the functionality of the DDD genes in each
molecular layer, we investigated the enriched pathways in each group.
Our analysis highlighted a total of 493 significantly enriched Reactome
pathways for gene expression and 68 pathways for promoter methyl-
ation. Out of these, 63 pathways (13%) were shared between the two
molecular layers (Fig. 4A). All the common enriched pathways were
activated early in the transcriptome with a great proportion (68%) of
them sustaining the enrichment along the time (Fig. 4B). Pathways such
as “immune system”, “disease”, “signal transduction”, “metabolism” and
“cell cycle” represent many of the functions already highlighted by
earlier toxicogenomic studies both in vitro and in vivo (Kinaret et al.,
2017a, 2017b; Oner et al., 2017; Poulsen et al., 2017; Scala et al.,
2018a).

We found several key pathways of the immune functions to be
prominently represented, including well known responses of macro-
phages to MWCNTSs exposure, such as innate immune response, inflam-
mation, cytokine signaling, and antigen processing and presentation (Fig. 4B)
(Kinaret et al., 2017a, 2017b; Poulsen et al., 2017; Scala et al., 2018a).
Previous studies have also reported epigenetic regulation of these pro-
cesses in response to MWCNTs (Oner et al., 2017; Scala et al., 2018a).
Interestingly, in methylation, immune system was the only pathway
already enriched at “middle” and sustaining it at “late”, suggesting a
more pronounced role of promoter methylation in the regulation of
immune-related genes. The combination of alterations in transcription
and promoter methylation suggests long-term regulation of the genes of
these pathways. While the enrichment of immune related functions is
not surprising considering the nature of the exposure, it indicates that
our analytical approach is able to highlight short- and possible long-term
patterns relevant for the exposure. In addition, several compartments of
the cell metabolism were found to be altered, including response to stress



L.A. Saarimdki et al. NanoImpact 20 (2020) 100274

A Pathways
Expression Methylation

KD

-

Early
Middle
ate
_Early
Middle
-Late

B

Expression

§
H
g

G2/M Checkpoints -

M/G1 Transition -

Orc1 removal from chromatin -
G1/S Transition -

Mitotic G1-G1/S phases -

M Phase -

Cell Cycle, Mitotic -

Cell Cycle -

Cell Cycle

Cellular responses to stress O
Cellular responses to external stimuli

Cellular responses to external stimuli

HATSs acetylate histones - Chromatin organization

Activation of anterior HOX genes in hindbrain development during early embryogenesis -
Activation of HOX genes during differentiation -

Signaling by ROBO receptors -

Axon guidance -

Developmental Biology -

Developmental Biology

HIV Infection -
Infectious disease - :
Disease
Diseases of signal transduction -

Disease -

CDT1 association with the CDC6:0RC:origin complex -
Assembly of the pre-replicative complex - DNA Replication

DNA Replication Pre-Initiation -

-8

RUNX1 regulates transcription of genes involved in differentiation of HSCs -
Transcriptional regulation by RUNX1 -
Generic Transcription Pathway -
RNA Polymerase Il Transcription -
RNA Polymerase | Chain Elongation -|
Transcriptional regulation by small RNAs -
Gene Silencing by RNA -|
B-WICH complex positively regulates rRNA expression -|
Positive epigenetic regulation of rRNA expression -
Epigenetic regulation of gene expression -|
Gene expression (Transcription) -

.

Genes
500

400
300
200
100

Gene expression (Transcription)

Neutrophil degranulation -

Innate Immune System |

Signaling by Interleukins -

Cytokine Signaling in Immune system -
Immune System

TCR signaling -

Class | MHC mediated antigen processing & presentation |
Adaptive Immune System -

h_-__l-—

Immune System -

Metabolism - .
Metabolism
Metabolism of vitamins and cofactors -|

Metalloprotease DUBs -
UCH proteinases -
Deubiquitination -
Neddylation - Metabolism of proteins
Post-translational protein modification |
Amyloid fiber formation -|

Metabolism of proteins -

Metabolism of RNA - Metabolism of RNA

Intracellular signaling by second messengers -|
Estrogen-dependent gene expression -
ESR-mediated signaling -|

Signaling by Nuclear Receptors -

RAF/MAP kinase cascade -

MAPK1/MAPKS signaling -

MAPK family signaling cascades -

Signaling by Receptor Tyrosine Kinases -

Signal Transduction

TCF dependent signaling in response to WNT -|
Signaling by WNT -
Signal Transduction -

Fig. 4. (A) Venn diagram representing the intersection of all enriched Reactome pathways for genes with DDD expression and promoter regions with DDD
methylation. (B) Heatmap representing the enrichment patterns of the 63 Reactome pathways common to gene expression and promoter methylation.



L.A. Saarimaki et al.

as well as protein and RNA metabolic processes (Fig. 4B). Alteration of
general metabolic pathways could indicate cellular stress, while func-
tions related to protein metabolism may support well known macro-
phage functions, such as antigen processing and presentation. The role
of epigenetic alteration in protein metabolic processes observed in this
study, have been also reported previously (Oner et al., 2017; Scala et al.,
2018b).

The most represented common functions in this study were related to
signaling pathways. We have previously observed a pronounced positive
association between the alteration of intracellular signaling pathways
and the nanoparticle aspect ratio (Scala et al., 2018a). Similar patterns
of alterations have been reported at the level of the transcriptome in vivo
as well as DNA methylation in vitro (Kinaret et al., 2017a, 2017b; Oner
et al., 2017; Scala et al., 2018a). Here, our results highlight the activa-
tion of MAPK signaling pathways, as also previously reported (Kinaret
et al., 2017a; Oner et al., 2017; Scala et al., 2018a). MAPK signaling has
an important role in regulating innate immune responses as well as cell
survival (Arthur and Ley, 2013; Cargnello and Roux, 2011). Interest-
ingly, functions related to epigenetic regulation of gene expression were
also retrieved among the pathways commonly represented in both data
layers analyzed in this study, supporting the role of DNA methylation
and its regulation in the adaptation of macrophages to rCNTSs exposure.

3.5. Pathways underlying short-term adaptation are not coupled with
promoter methylation changes

When looking at the alterations seen only at the level of the tran-
scriptome, we observed that 79% of the pathways were initiated early
and not sustained through time, indicating a rapid short-term macro-
phage response through transcriptomic alterations (Table S4). As in the
common pathways between expression and methylation, immune
functions, signaling pathways, and metabolic functions were highly
represented in the DDD genes in the transcriptomics layer (Table S4).
This suggests that epigenetic regulation of these functions is limited to a
small number of genes needed for long-term adaptation. Furthermore,
pathways observed only in the transcriptome include acute effects such
as apoptosis and DNA damage response indicating a stress response that
requires rapid engagement. Even at the sub-toxic concentrations used in
the present study, rCNTSs exposure is known to exert cellular stress, also
observed here by the induction of apoptotic pathways, downregulation
of cellular metabolism, and activation of DNA repair pathways (Kinaret
et al., 2017a; Scala et al., 2018a; Srivastava et al., 2011).

Furthermore, we identified nuclear factor kappa B (NF-kB) signaling
in the center of the macrophage transcriptomic response to rCNTs. NF-
kB transcription factors rapidly regulate a wide array of genes involved
in immune functions and inflammation, and NF-xB signaling can be
activated by various stimuli (Liu et al., 2017). The canonical NF-xB
signaling pathway activation is associated to several proinflammatory
cytokines and pattern recognition receptors (PRRs), such as Toll-like
receptors (TLRs). Instead, the non-canonical pathway is generally acti-
vated through tumor necrosis factor (TNF) receptor superfamily mem-
bers (Liu et al., 2017; Sun, 2017). Mukherjee et al. recently suggested
NF-kB signaling as a central regulator of transcriptional responses to
single-walled carbon nanotubes (SWCNTs) via a direct interaction with
TLRs (Mukherjee et al.,, 2018). Of note, while TLR pathways are
consistently found to be enriched in response to MWCNTSs exposure,
including this study (Table S4), direct physical interaction is reported in
literature only between SWCNTs and TLRs (Mozolewska et al., 2015;
Mukherjee et al., 2018). Considering the bigger diameter of MWCNTs
particles (up to 50 times larger than SWCNTs), the interaction between
different sized and shaped CNTs and TLRs might differ. In contrast to the
canonical NF-xB signaling induced by SWCNTs, our study highlights
early activation of TNFR2 non-canonical NF-kB pathway (Table S4),
suggesting distinct modes of NF-kB signaling activation between
different types of CNTs. Furthermore, our analysis showed an early in-
duction of key genes of the non-canonical NF-xB signaling, including
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both subunits of the p52/RelB complex alongside several possible
initiating molecules (e.g. CD40 and TNF), as well as the central signaling
component of the non-canonical NF-kB pathway, MAP3K14 (Table S2)
(Sun, 2017).

3.6. Macrophage molecular adaptation to rCNTs comprises alterations
recapitulating mechanisms leading to lung fibrosis

Pulmonary fibrosis is one of the best characterized pathologies
associated to CNTs exposures (Dong et al., 2015; Labib et al., 2016;
Nikota et al., 2017; Sun et al., 2015). Although the development of
pulmonary fibrosis is a complex process orchestrated by various cell
types in the lung tissue, macrophages have a pivotal role in the initiation
of the steps towards its development. While the complete set of
MWCNTs-induced pathological alterations leading to fibrosis in the lung
is still to be clarified, the early contribution of acute inflammation and
ROS production has been already elucidated (Dong et al., 2015; Labib
et al., 2016; Li et al., 2017). The increase of ROS production affects
various cell types, and the inflammation promoting response in mac-
rophages, specifically through NF-kB signaling, guides the biological
system towards a fibrogenic response (He et al., 2011). Indeed, our re-
sults also highlight NF-kB activation (cfr. Paragraph 3.5 and Table S4).
This type of signaling from macrophages is essential for the development
of fibrosis, as the molecules secreted by macrophages regulate the
function of other cell types, namely fibroblasts, in the tissue. In addition
to NF-xB signaling, other signaling pathways are also relevant. For
instance, TGF-b signaling, AKT/mTOR signaling, and WNT signaling,
whose role in fibrosis has been extensively reviewed elsewhere (He and
Dai, 2015), play a key role in the pathogenesis of fibrosis. All of these
signaling pathways were found significantly enriched in our results
(Table S4), and some of the key genes involved in these signaling
pathways are represented in Fig. 5. Furthermore, recent evidence sug-
gests that CNTs induce alternative macrophage activation both in vivo
and in vitro (Dong and Ma, 2018; Meng et al., 2015; Kinaret et al., 2020).
Mixed status of pro-inflammatory, M1-type and healing/regulatory M2-
type macrophage activation has been associated to CNTs-induced
fibrosis in vivo (Dong and Ma, 2018). Our observation on the induc-
tion of genes encoding for proinflammatory factors, such as IL-1p, CXCL-
8, and TNF, suggest M1 activation, whereas the upregulation of profi-
brogenic mediators such as PDGFA, TGF-f2, VEGF-A, and CTGF together
with anti-inflammatory IL-10, suggest the activation of M2-
macrophages (Fig. 5, Table S2). The imbalanced combination of pro-
longed inflammation and persistent activation of M2-macrophages
suggest pathogenesis of fibrosis (Dong and Ma, 2018; Braga et al.,
2015). Interestingly, a further comparison of the DDD genes with
known, rCNT-induced genes associated to lung fibrosis in an in vivo
murine model, resulted in 55 common genes (out of 138) (Nikota et al.,
2017). Altogether, these results suggest that our in vitro model of
macrophage exposure is able to highlight relevant patterns of molecular
alterations associated to the development of pulmonary fibrosis.

The involvement of DNA methylation in the progression of pulmo-
nary fibrosis caused by MWCNTs has also been postulated (Brown et al.,
2016). Indeed, we observed an early transcriptional induction and late
promoter hypomethylation of the pulmonary fibrosis marker MMP-7 as
well as the already mentioned CXCL-8, a chemokine associated with
chronic inflammatory diseases and fibrosis in the lung (Rosas et al.,
2008; Russo et al., 2014). These molecular changes suggest persistent
expression of these genes through reduced gene promoter methylation.
Our results also highlight DDD genes and gene promoters involved in
events known to contribute to the development of fibrosis, such as
cellular response to stress, alteration of calcium homeostasis, and pro-
tein metabolism in both molecular layers (Fig. 4, Table S4) (Ryan et al.,
2014). Moreover, pathways found enriched only in the methylome were
related to fibroblast growth factor receptor (FGFR) signaling (Table S4),
further suggesting the role of DNA methylation in the macrophage
response leading towards fibrosis (Inoue et al., 2002).
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Fig. 5. Pathways and genes relevant to pulmonary fibrosis. Heatmap represents selected genes associated to signaling pathways and biological functions relevant for
the pathogenesis of fibrosis. Colored squares denote the association of genes with biological functions. Blue indicates gene to have DDD alteration in expression,
orange in methylation and turquoise in both, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

We have previously shown the potential of in vitro strategies coupled
with advanced computational methods in informing on relevant out-
comes of in vivo exposures (Kinaret et al., 2017a). In this study, we
further utilized advanced toxicogenomics data modelling to investigate
the complex mechanisms of adaptation in response to rCNTs exposure.
We used PMA-differentiated THP-1 cells and a combination of multiple
doses and time points. With this relatively simple model, we were able to
highlight the activation of several well-known fibrosis-related genes and
specific activation patterns suggesting potential long-term effects pre-
viously described in vivo. However, macrophages are a diverse group of
cells, and differences between phenotypes and polarization status
cannot be neglected (Kinaret et al., 2020). Regulatory bodies and the
scientific community are currently putting significant effort to replace
animal experiments with as short as possible in vitro testing with pre-
dictive power. This study brings valuable insights into obtaining evi-
dence of potential long-term consequences from simple in vitro models
when combined with robust and innovative computational strategies
(Kinaret et al., 2017a). While our findings concerning the transcriptomic
alterations are in line with multiple reports of CNTs effects on the gene
expression, there is less data currently available concerning their ability
to alter the DNA methylation. Moreover, the effects of ENMs exposures
on other epigenetic mechanisms, including histone modifications,
chromosome remodeling, and non-coding RNAs, are even less charac-
terized (Gedda et al., 2019; Yu et al., 2020). Exploring the outcomes of
ENMs exposures on these mechanisms can deepen the understanding of
their toxicity. The approach used in the present study offers a valuable
steppingstone for future integrated studies investigating other molecular
alterations and the effects of different exposures.

While modelling the long-term effects from short-term in vitro ex-
posures is not a simple task, our multi-omics approach to dynamic dose-
dependent alterations is able to highlight macrophage responses both at
the level of the transcriptome and methylome, and is able to suggest
potential long-term effects already after a 72-h in vitro exposure set-up.
These findings support the use of combined in vitro model systems and
toxicogenomics approaches, simultaneously promoting the develop-
ment of faster, cheaper, and more ethical testing strategies for ENMs.

4. Conclusions

Here, we report alteration of multiple genes and pathways with a key
role in macrophage activation in response to rCNTs exposure. Our
findings show distinct kinetics of adaptation in the transcriptome and
promoter methylation. While macrophages respond at 24 h of exposure
by mainly altering gene expression, as the exposure continues through
72 h, epigenetic mechanisms also have a role in macrophage adaptation.
Our results convincingly suggest that our toxicogenomic approach of in
vitro models informs on relevant pathogenic events observed in vivo.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.impact.2020.100274.
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