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A B S T R A C T   

The study of multi-walled carbon nanotube (MWCNT) induced immunotoxicity is crucial for determining hazards 
posed to human health. MWCNT exposure most commonly occurs via the airways, where macrophages are first 
line responders. Here we exploit an in vitro assay, measuring dose-dependent secretion of a wide panel of cy
tokines, as a measure of immunotoxicity following the non-lethal, multi-dose exposure (IC5, IC10 and IC20) to 7 
MWCNTs with different intrinsic properties. We find that a tangled structure, and small aspect ratio are key 
properties predicting MWCNT induced immunotoxicity, mediated predominantly by IL1B cytokine secretion. To 
assess the mechanism of action giving rise to MWCNT immunotoxicity, transcriptomics analysis was linked to 
cytokine secretion in a multilayer model established through correlation analysis across exposure concentrations. 
This reinforced the finding that tangled MWCNTs have greater immunomodulatory potency, displaying 
enrichment of immune system, signal transduction and pattern recognition associated pathways. Together our 
results further elucidate how structure, length and aspect ratio, critical intrinsic properties of MWCNTs, are tied 
to immunotoxicity.   

1. Introduction 

The versatile applications of multi-walled carbon nanotubes 
(MWCNT), has led to a significant increase in their production and use 
(De Volder et al., 2013; Beg et al., 2011; Cheng et al., 2021; Dong et al., 
2015a; Klumpp et al., 2006). At the same time as their increased use, the 
toxicity of MWCNTs is being recognized, with endpoints such as pul
monary toxicity, genotoxicity, carcinogenicity and immunotoxicity 
(Kobayashi et al., 2017; Fukushima et al., 2018; Fraser et al., 2020). One 
of the principal means of toxic exposure to MWCNTs is through inha
lation, resulting in pathologies of the pulmonary system (Dong et al., 
2015b; Umeda et al., 2013). Biopersistence of carbon nanomaterials in 
the lung can be chronic with aerosolized and inhaled MWCNTs (Mercer 
et al., 2013). Repeated inhalation of MWCNTs, coupled with bio
persistence, leads to epithelial injury and altered immune regulation 
(Rydman et al., 2014; Poulsen et al., 2016; Kinaret et al., 2017). Rodent 

studies have linked CNT exposure to pulmonary fibrosis and pulmonary 
carcinogenesis (Dong et al., 2015b; Nagai et al., 2011; Sargent et al., 
2014; Chen et al., 2014), prompting organizations such as the CDC and 
NIOSH to issue guidelines on exposure, citing inhalation of aerosolized 
CNTs during manufacture as the primary exposure risk, with dermal 
contact and ingestion also considered (Oberdörster et al., 2015; CDC, 
2013). Due to this toxic potential, the study of MWCNT exposure is 
becoming increasingly important, and mechanistic analyses that 
deconstruct biological responses to the increasingly large array of 
commercial MWCNTs are necessary. The varied structural properties of 
MWCNTs can change the biological response to their exposure, and at
tempts have been made to measure how differences in these structural 
properties confer intracellular effects and, subsequently, extracellular 
consequences (David et al., 2016). The three dimensional structural 
properties of length, diameter, aspect ratio, surface area and the overall 
shape of the material, alter how cells recognize and interpret MWCNTs 
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(David et al., 2016). However, the full extent to which MWCNT exposure 
phenotypes are altered by their structural properties remains unknown 
and requires further investigation. 

Previous work has demonstrated that MWCNTs induce altered 
macrophage cytokine and chemokine signaling at sublethal levels (Meng 
et al., 2015; Dong and Ma, 2018a; Kinaret et al., 2020), implicating them 
as potential immunotoxins in the progression of MWCNT related path
ogenesis. In the lungs, macrophages are among the first responders to 
epithelial insult by foreign substances. Persistent damage to the bron
chial and alveolar epithelium signals the recruitment of monocytes that, 
after activation and differentiation to macrophages, work together with 
tissue resident macrophages, eosinophils, neutrophils and myofibro
blasts, to resolve the damage, and attempt clearance of the initial insult 
(Wendisch et al., 2021; Adler et al., 2020). Macrophage pattern recog
nition receptors (e.g. toll-like receptors) activate downstream signaling 
pathways upon direct interaction with foreign substances, and alter the 
behavior of macrophages toward clearing out foreign substances via 
phagocytosis (David et al., 2016; Sharma et al., 2016). However, with 
fiber-like particles this clearance can be insufficient, leading to the in
duction of proinflammatory cytokines IL1B and TNF and eventually 
profibrotic signals including TGFB (Sharma et al., 2016). For moderate 
non-repetitive epithelial injury, TGFB drives profibrotic signals inducing 
tissue healing, but this same profibrotic environment, after repeated 
injury can lead to excessive fibroblast activation and collagen produc
tion causing thickening and scarring of the alveolar wall, fibrosis and 
impaired gaseous exchange and diminishing lung capacity (Sharma 
et al., 2016; Dong and Ma, 2018b; Wynn, 2008). 

The immune regulatory microenvironment changes seen upon 
MWCNT exposure, along with the aforementioned roles of macrophages 
in attempts at clearing MWCNTs, merits the study of direct macrophage 
exposure to MWCNTs in an in vitro system. Proinflammatory cytokines 
are secreted rapidly, and their modes of regulation reflect this. IL1B 
precursors are kept at a primed level within macrophages, and TNF 
mRNA is constantly produced for expedient translation when necessary 
(Murray and Stow, 2014). These rapidly secreted proinflammatory cy
tokines mediate an innate immune response by recruiting and activating 
phagocytic cells, eventually inducing an adaptive immune response. On 
the other hand, anti-inflammatory cytokines such as IL4, IL10 and IL13, 
suppress proinflammatory responses by inhibiting proinflammatory 
cytokine secretion and their downstream signaling, whilst also inducing 
the secretion of growth factors and recruiting fibroblasts (Murray and 
Stow, 2014; Ott et al., 2007). The secretion of cytokines has great po
tential in studying the immunotoxicity of MWCNTs, as it is one of the 
fastest acting mechanisms in the immune system (Dietert and Holsapple, 
2007; Elsabahy and Wooley, 2013), allowing for analysis on time scales 
compatible with in vitro studies. 

Finally, traditional approaches to toxicology and chemical hazard 
assessment use phenotypic endpoints to qualify exposures as harmful, 
but this falls short of elucidating the underlying mechanism of action 
(MOA) (Joseph, 2017). The nascent field of systems toxicology seeks to 
go further by interpreting underlying pathways involved in reaction to 
the initial toxic insult, employing OMICs methodologies and in silico 
models. Transcriptomics has been used to explore gene expression 
changes in response to MWCNT exposure (Kinaret et al., 2020; Horst
mann et al., 2021; Scala et al., 2021), but these studies have not explored 
the direct correlation of gene expression to the associated cytokine 
secretion profiles. 

As demonstrated by a lineage tracing experiment in mice, deletion of 
monocyte derived alveolar macrophages ameliorated bleomycin 
induced lung fibrosis, which was not the case when tissue resident 
macrophages were deleted (Misharin et al., 2017). This is consistent 
with studies showing that the depletion of circulating monocytes (e.g. in 
Ccr2− /− mice), also limits the severity of lung fibrosis (Moore et al., 
2001; Ogawa et al., 2021). Therefore, recruited monocytes that differ
entiate into macrophages at the site of injury are crucial to the immune 
response during the progression of lung fibrosis. In this study, we utilize 

an in vitro monocyte model differentiated into macrophages, compa
rable to recruited bone marrow derived monocytes (Chanput et al., 
2014; Bosshart and Heinzelmann, 2016; Tsuchiya et al., 1980), to 
scrutinize immunotoxicity upon exposure to a set of 7 MWCNTs, 
differing in surface area, aspect ratio and structure (rigid vs. tangled). 
We measure a panel of 10 cytokines, including both pro- and anti- 
inflammatory cytokines, to give precise information on the signaling 
status of macrophages. Our results indicate tangled MWCNTs induce 
dose-dependent IL1B pro-inflammatory cytokine secretion, which was 
not observed with rigid MWCNTs. Taking a systems toxicology 
approach, we investigated the MOA of MWCNT through transcriptomics 
analysis of dose-dependent gene expression. We found dose dependent 
alterations in gene expression, showing that all 7 MWCNTs cause gene 
expression dysregulation in crucial signaling pathways, including 
metabolism and the immune system. By combining data on altered gene 
expression with observed cytokine secretion changes into a multilayer 
model, we were able to link MWCNT structure to differences in pattern 
recognition related pathways, which were enriched by tangled but not 
by rigid MWCNTs. The multilayer analysis also showed a spectrum of 
gene expression changes induced by MWCNTs, correlating to either pro- 
inflammatory or anti-inflammatory cytokines. By coupling tran
scriptomics profiling with cytokine secretion, we gained mechanistic 
information on where differences are arising in immunotoxic outcomes 
from MWCNT exposure, that traditional toxicological hazard assessment 
studies would fail to observe. 

2. Materials and methods 

2.1. Nanomaterials 

All nanomaterials used in this study were MWCNTs. These materials 
have been characterized in Nanoatlas (Vippola et al., 2009) or in the 
case of NM400 and NM401 by the joint research center (Rasmussen 
et al., 2014). Their properties are summarized in Table 1. 

2.2. THP-1 cell culture 

THP-1 cells (ATCC TIB-202, USA) were cultured in RPMI-1640 
(Gibco, USA) supplemented with 10% FBS (Gibco, USA) (culture 
media). Cells were cultured in 75 cm2 flasks at a density < 1 × 106 cells/ 
ml. Cells were differentiated in 12 well plates, with 150,000 cells/ well 
(39,474 cells/cm2), in the culture media supplemented with 25 nM of 
phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich, USA) for 48 h. 
After PMA differentiation, cells rested for 24 h in 500 μl of RPMI-1640 
supplemented with 1% FBS (exposure media) before MWCNT exposures. 

2.3. MWCNT dispersions 

A stock solution of each MWCNT was prepared on the day of the 
exposure following the method in Scala et al. (Scala et al., 2018). Briefly, 
for powdered MWCNTs, a 1 mg/ml stock solution in exposure media, in 
glass tubes was prepared. NM400 and NM401, originally in water at 1 
mg/ml, were diluted 1:1 in 2% FBS RPMI-1640, for a final 0.5 mg/ml 
stock solution in 1% FBS RPMI-1640. Each of the stock solutions was 
sonicated in a bath sonicator for 2 x (BAY, CHT, SES, SIG) or 3 x (MIT, 
NM400, NM401) 15 min at 37 ◦C, with vortexing after each sonication, 
prior to use. 

2.4. WST-1 cytotoxicity assay 

An initial test to see whether the MWCNTs interfered with the WST-1 
assay was performed. 100 μg/ml of SIG with and without cell prolifer
ation reagent WST-1 (Roche, #11644807001) and with and without 
THP-1 cells were plated and scanned from 350 to 1000 nm, with WST-1 
reagent only and cells only used as a control. The scan indicated that 
there is no interference with the emission coming from WST-1 and with 
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SIG in the wavelength used to measure WST-1 signal (540 nm) (Fig. S1). 
To calculate IC5, IC10 and IC20 concentrations for each MWCNT, 

THP-1 cells were exposed to 8 concentrations of MWCNT in a two-fold 
dilution series ranging from 100 to 0.78 μg/ml, in four replicates. For 
each MWCNT-concentration, a blank containing exposure media and 
MWCNT alone was used. Unexposed cells were used as negative control. 
Cells were exposed for 24 h, after which the WST-1 assay was performed 
by adding 10 %V/V of WST-1 reagent into each well and incubating for 
2 h 15 min. The WST-1 emission was then measured at 450 nm with a 
multiplate reader Spark (Tecan). The cytotoxicity assay was repeated 
three times for each nanomaterial. 

After subtracting the blank values for each concentration of MWCNT, 
IC-values were calculated using a three-parameter nonlinear regression 
model in GraphPad Prism 9 for Windows (GraphPad Software, USA). 

2.5. Sample collection for multiplex ELISA and DNA microarray 

For multiplex ELISA and DNA microarray assays THP-1 cells were 
seeded in 2 × 12 well plates, and exposed in replicates of 6, to IC5, IC10 
and IC20 concentrations, calculated by WST-1 assay (see section 2.4). 
Exposures were performed in a semi-random distribution, with 4 nega
tive controls (unexposed cells) per MWCNT. Cells were exposed for 24 h. 
Supernatant for multiplex ELISA and cell lysate for RNA isolation, were 
collected from the same well. For both assays, two wells were pooled, 
per concentration, for a final of 3 replicates per MWCNT exposure and 2 
replicates of negative controls per MWCNT. 

2.6. Multiplex ELISA 

For multiplex ELISA from the collected supernatants (see section 2.5) 
a V-PLEX Proinflammatory Panel 1 Human Kit (Meso Scale Diagnostics, 
USA) containing 10 probes for cytokines IFNG, IL1B, IL8, IL6, IL12, TNF, 
IL2, IL4, IL10 and IL13 was used. The assay was performed following 
vendor’s instructions. The raw data from multiplex ELISA is in Table S1 
and the full range of cytokine secretion is shown in Fig. S2. 

2.7. DNA microarray 

Cells were lysed on the plate and RNeasy mini kit (Qiagen, Germany) 
was used as per the vendor’s instructions. The quality of the RNA sam
ples was verified using Bioanalyzer 2100 (Agilent, USA), with RNA 6000 
Nano Kit (Agilent, USA) following vendor’s instructions. The RIN values 
for each sample exceeded 9.4. 

DNA microarray was performed following the T7 RNA polymerase 
amplification protocol provided by Agilent Technologies (USA). Briefly, 
for amplification and labeling of RNA samples, Two Color Low Input 
Quick Amp Labeling Kit (Agilent, USA) was used, in which cRNA 

samples were labeled either with Cy3 or Cy5 dyes. The labeled cRNA 
samples were purified using RNeasy Mini Kit (Qiagen, Germany) and the 
quantity and specific activity was verified with NanoDrop ND-2000 
(Thermo Fisher Scientific, USA). Equal masses of Cy3 and Cy5 labeled 
samples were combined and the samples were fragmented and hybrid
ized onto Agilent SurePrint G3 Human GE 8 × 60 microarrays slides. 
Finally, the slides were washed and scanned with Agilent microarray 
scanner G2505C (Agilent, USA). The data was extracted using Agilent 
Feature Extraction software (version 12.2.2, Agilent, USA). All of the 
samples were randomly distributed across slides and labeling colors 
were randomly selected for each sample. DNA microarray data has been 
submitted to NCBI Gene Expression Omnibus (GEO) database, under 
series accession number GSE220646. 

2.8. Transcriptomics preprocessing and differential gene expression 

The preprocessing and differential gene expression analysis of the 
DNA microarray data was performed using the eUTOPIA application 
(Marwah et al., 2019). Raw data was imported, and low-quality probes 
were filtered out using a quantile based cutoff, in which probes with 
intensities higher than the 80% quantile of negative control probes in at 
least 80% of the samples remained for further steps. Log2 transformed 
values were normalized between arrays using the quantile normaliza
tion method. The ComBat method, from the sva R package (Leek et al., 
2012) was used to remove the technical variation induced by slides and 
labeling dyes. The probes mapped to the same gene symbol were 
aggregated by their median values and annotated using the 
GLP20844–88004 annotation file retrieved from Agilent eArray 
(https://earray.chem.agilent.com/earray/). 

Differentially expressed genes were retrieved for each MWCNT 
separately by comparing each dose against the controls. This analysis 
was performed in eUTOPIA by means of the R-package limma (Ritchie 
et al., 2015). Genes with nominal p-value above 0.05 were not consid
ered differentially expressed. 

2.9. Dose-dependent analysis of transcriptomics and multiplex ELISA 

The BMDx application (Serra et al., 2020) was used to identify lists of 
dose-dependent genes and cytokines. To retrieve the dose-dependent 
genes, the annotated and aggregated transcriptomics data processed 
with eUTOPIA was imported in BMDx along with the corresponding 
phenotype data. The benchmark dose modeling was performed under 
the assumption of constant variance and a benchmark response factor 
(BMRF) set to 1.349. For each gene, multiple models were fitted 
including linear, second order polynomial, power 2, exponential, hill, 
three- and two-parameters log-logistic model, two-parameters Weibull 
model, two-parameters Asymptotic regression model, and two- 

Table 1 
Properties of MWCNTs.  

Acronym Manufacturer Physical state Length 
(nm) 

Diameter 
(nm) 

Surface area 
(m2/g) 

Aspect 
ratio 

Structure Source 

MIT 
(XNRI MWNT-7, MWNT-7, 
NRCWE- 006) 

Mitsui & Co. Powdered 13,000 50 22 260 Rigid (Vippola et al., 
2009) 

NM401 JRC repository 1 mg/ml In 
H2O 

4048 ±
2371 

67 ± 24 30.5 60 Rigid (Rasmussen et al., 
2014) 

SIG Sigma-Aldrich Powdered 100,000 15 567 6666 Rigid (Vippola et al., 
2009) 

SES SES research Powdered 1500 20 60 75 Tangled (Vippola et al., 
2009) 

CHT Cheaptubes Inc. Powdered 30,000 11.5 180 2608 Tangled (Vippola et al., 
2009) 

NM400 JRC repository 1 mg/ml In 
H2O 

846 ± 446 11 ± 3 189.3 77 Tangled (Rasmussen et al., 
2014) 

BAY Bayer material 
science 

Powdered 1000 14.5 204 69 Tangled (Vippola et al., 
2009)  
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parameters Michaelis-Menten model. Models with lack-of-fit p-values 
lower than 0.1 were removed from the analysis. Finally, if multiple 
models were fitted for a gene, only the model with the lowest Akaike 
Information Criterion (AIC) value was used to estimate the BMD values. 
Genes for which the BMDx tool was not able to estimate the effective 
BMD values were further removed from the analysis. 

The same analysis was repeated with the multiplex ELISA data to 
retrieve the dose-dependent cytokines. Cytokines for which a BMD- 
value could not be determined were not filtered out, because we were 
only interested in checking whether the dose-dependent trend was 
present. Only the models with R2 above 0.5 were used in the final re
sults. If multiple models were fitted to the same cytokine, the one with 
the highest R2 was selected. 

2.10. Multilayer correlation analysis 

The Pearson correlation across the range of MWCNT doses, using 
stats R package, was calculated for signal from multiplex ELISA against 
fold-changes from genes which were both dose-dependent and differ
entially expressed. Correlations with p-value above 0.05 were discarded. 
The correlation coefficient and p-values for each cytokine-gene com
parison for each MWCNT are provided in Tables S2 and S3. 

2.11. Enrichment analysis 

FunMappOne application can be used to visualize enrichments of 
multiple experiments in 3-level hierarchical systems from least to most 
specific (Scala et al., 2019). This application was used in two assays, to 
investigate the functional roles of 1) dose-dependent genes and 2) dose- 
dependent and differentially expressed genes correlating with cytokine 
secretion. Functional annotation was done against REACTOME terms. 
Mean summarization function was used with gSCS p-value correction, 
with the p-value threshold set at 0.05. The enrichment for 43 common 
differentially expressed genes. 

3. Results and discussion 

THP-1 macrophages were used to analyze the immunotoxic potential 
of 7 MWCNTs, using a multiplex ELISA cytokine secretion analysis, and a 
DNA microarray transcriptomics analysis, and finally correlating data 
from these two experiments in a multilayer analysis revealing mecha
nisms of MWCNT immunotoxicity. An overview of the workflow used in 
this study can be seen in Fig. 1. 

3.1. Short, rigid MWCNTs are cytotoxic at low concentrations 

Cytotoxicity has the potential to mask the signatures of sublethal 
exposures in toxicological assays that aren’t using cytotoxicity as an 
endpoint. When cells are dying they are inducing major alterations in 
gene-expression, signaling and morphology (Fiers et al., 1999), which 
can cause interference when measuring, for example, immunotoxicity 
outcomes at the level of cytokine signaling. In order to prevent masking 
of potential immunotoxic effects in our downstream analyses, we first 
used a cytotoxicity assay to determine equipotent sublethal doses of 
MWCNTs to be used in follow up experiments. To achieve adequate 
exposures of MWCNTs to the adherent THP-1 cells, a time point of 24 h 
post-exposure was selected for analysis, based on previous studies of the 
sedimentation rate of MWCNTs (Septiadi et al., 2019; Bihari et al., 
2008). The cytotoxicity of THP-1 cells when exposed to 7 different 
MWCNTs (Table 1) was measured using WST-1 reagent solution (Fig. 2), 
which, importantly, did not itself interact with the MWCNTs based on 
our measurements (Fig. S1). 

MIT, NM401 and NM400 were the most cytotoxic by concentration, 
with an IC50 in each case ≤8.1 μg/ml, while CHT was the least cytotoxic 
with an IC50 of 59.8 μg/ml (Fig. 2). Rigid materials (MIT, NM401, SIG) 
were systematically more cytotoxic than tangled materials (NM400, 
BAY, SES, CHT) with the exception of NM400, which was slightly more 
cytotoxic than SIG (Fig. 2). Furthermore, within the tangled MWCNTs, 
shorter length correlated with greater cytotoxicity. Meaning that 
although the longest and the shortest of the tangled MWCNTs (NM400 
and CHT) had similar surface areas, the length still affected the 

Fig. 1. Overview of the workflow. Selection of sublethal doses was done with a WST-1 viability assay for each of the MWCNTs. A 24 h MWCNT exposure at 
cytotoxicity IC5, IC10 and IC20 concentrations was performed, followed by multiplex ELISA assay to discover cytokine secretion profiles and the immunotoxicity of 
each MWCNT. DNA microarray transcriptomics was used to characterize the mechanism of action of MWCNTs. Finally, the transcriptomics and secretion profiles 
were combined into a multi-layer model via correlation analysis to discover inflammatory profiles and to investigate mechanism of action of cytokine mediated 
immunotoxicity with different MWCNTs. Figure created with Biorender.com. 

V. Hautanen et al.                                                                                                                                                                                                                              

http://Biorender.com


NanoImpact 31 (2023) 100476

5

properties of MWCNTs enough to cause differential THP-1-MWCNT in
teractions. Within the rigid materials, the longest, SIG, was also the least 
cytotoxic. This suggests a possible correlation between MWCNT length 
and cytotoxicity, where the shorter MWCNTs used here are more cyto
toxic, which could be due to greater rates of internalization (Sohae
buddin et al., 2010). The toxicity of MWCNTs has often been linked to 
the amount of their active surface area (Joris et al., 2013). By trans
forming the concentrations used in the WST-1 assay into surface area/ 
volume or surface area/cm2 concentrations, we still observe that the 
order from most to least cytotoxic MWCNT remains the same, with the 
exception of SIG, which becomes the second to last cytotoxic (Table S1). 
Similar to our findings in THP-1 cells (Fig. 2), thin and rigid materials 
induced greater cytotoxicity in mesothelial cells as compared to tangled 
materials (Nagai et al., 2011; Hamilton et al., 2013). Thin and rigid 
materials have also been observed to cause greater in vivo inflammo
genicity and to have more fibrotic potential (Nagai et al., 2011). Strict 
comparisons between MWCNT in vitro cytotoxicity assays is challenging 
due to the heterogeneity between experimental setups, concentrations 
used and different MWCNTs used. 

By using equipotent concentrations of MWCNTs for immunotoxicity 
assays we can avoid masking the effects of MWCNT structural properties 
by intracellular, paracrine and autocrine signals caused by high levels of 
cytotoxicity. Based on the results of our WST-1 assay (Fig. 2), we 
determined IC5, IC10 and IC20 concentrations (Table S4), to be used in 
follow up experiments, as these concentrations did not induce major cell 
death but did differ from the baseline viability. These concentrations 
range from 0.3 to 15 μg/ml (0.08 μg/cm2 to 3.9 μg/cm2)(Table S4). 
Lifetime occupational exposure to MWCNTs has been estimated to be 
between 10 and 50 μg/cm2 (Gangwal et al., 2011). Thus our exposures 
in the following assays can be said to be within the limits of human 
relevant concentrations. 

3.2. Tangled MWCNTs induce dose-dependent IL1B secretion 

Immunotoxicity of the MWCNTs, based on cytokine signaling, was 
measured using a multiplex ELISA assay. The cytokine panel included 
both proinflammatory; IL1-beta (IL1B), IL6, IL8, IL12, TNF-alpha (TNF) 
and interferon gamma (IFNG) and anti-inflammatory; IL2, IL4, IL10 and 
IL13 cytokines (Bou Zerdan et al., 2021; Banchereau et al., 2012; Zhang 
and An, 2007). These cytokines have previously been suggested as useful 
quantitative indicators of nanoparticle immunotoxicity (Elsabahy and 
Wooley, 2013). An MWCNT was defined as immunotoxic if it caused 

dose-dependent cytokine secretion from THP-1 macrophages. That is, 
the MWCNT has the potential to lead to adverse outcomes by directly 
changing immune regulatory activity. By placing significance specif
ically on dose-dependently secreted cytokines we only observe cytokine 
secretion changes that are a direct consequence of MWCNT exposure 
(Fig. 3). 

Of the 7 MWCNTs we analyzed, MIT and SIG did not induce any 
dose-dependent cytokine secretion (Fig. 3). Our results indicate BAY, 
CHT, NM400, NM401 and SES to have immunotoxic potential at sub
lethal doses (Fig. 3). The proinflammatory cytokines increased in a dose 
dependent manner by MWCNT exposure were IL1B and IL6 (Fig. 3). 
Most notably, IL1B was strongly increased in a dose-dependent manner 
by tangled MWCNTs (NM400, BAY, SES, CHT) and not by rigid 
MWCNTs (NM401, MIT, SIG) (Fig. 3). IL10 and IL13 were the only anti- 
inflammatory cytokines seen to respond dose-dependently to MWCNT 
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Fig. 2. Cytotoxicity of MWCNTs measured using WST-1 viability assay. IC50 concentrations are indicated. MWCNTs are ordered from most to least cytotoxic.  

Fig. 3. Cytokines secreted in a dose-dependent manner for each of the 
MWCNTs. Color indicates whether the secretion is dose-dependently increasing 
(red) or decreasing (blue). (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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exposure, with IL10 decreasing with NM400 exposure, while IL13 was 
increased with BAY exposure (Fig. 3). The non-immunotoxic MWCNTs, 
MIT and SIG, were rigid MWCNTs with the highest aspect ratio and 
length (Table 1). MWCNT aspect ratios and length are, therefore, critical 
determinants of cytokine secretion in exposed macrophages, and IL1B 
secretion is an important immunotoxic effect seen with exposure to 
tangled MWCNTs. 

Previous studies have also investigated the secretion of cytokines and 
changes in gene expression, with macrophages, in relation to MWCNT 
characteristics. PMA and LPS treated THP-1 cells were found to induce 
higher secretion of IL1B when exposed to MWCNTs with small diameter 
and large length for 24 h (Hamilton et al., 2013). Similarly, long 
MWCNTs have been found to induce a greater release of acute proin
flammatory cytokines and chemokines (IL1B, TNF, IL6 and IL8) from 
THP-1 cells when compared to short MWCNTs, with the implication that 
longer CNTs causing frustrated phagocytosis leads to a greater proin
flammatory response (Murphy et al., 2012). The unstandardized 
approach of current assays in the field, using varied concentrations of 
MWCNT makes comparison of different in vitro assays difficult, further 
supporting a need for robust, standardized, and validated immunotox
icity assays. By using IC values to determine equipotent sublethal 
exposure concentrations, analyzing MWCNTs with varied structural 
properties, and by measuring a large panel of cytokines for MWCNT 
dose-dependent response, the approach followed here can act as a base 
for future standardized in vitro assays analyzing MWCNT immunotox
icity. To understand the MOA underlying the immunotoxic potential of 
MWCNTs in more detail, we proceeded to perform transcriptomics 
analysis of THP-1 cells exposed to MWCNTs. 

3.3. Signal transduction and immune system pathways are dysregulated 
by MWCNT exposure 

To further understand the MOA of the 7 MWCNT structures in 
immunomodulation, a transcriptomics assay was performed on RNA 
isolated from exposed THP-1 macrophages. Three methods were used to 

identify genes that are playing a role in the MOA of MWCNT exposure: 
1) analysis of dose-dependently altered genes, 2) analysis of differen
tially expressed genes, and 3) the identification of genes whose 
expression correlates with cytokine secretion (Fig. 4). Genes not 
included in these categories were deemed unaltered by MWCNT expo
sure (Fig. 4 and Fig. S3 light gray). The correlation analysis against 
cytokines also identified genes correlating with unaltered cytokines, 
thus a subset of the genes in this category are unaltered in their mRNA 
expression (Fig. 4 dark gray). 

With each individual MWCNT exposure, the number of genes falling 
into these categories varied (Fig. 5). MIT exposure gave the highest total 
number of dose-dependent genes (Fig. 5), while irrespective of dose- 
dependence, SIG exposure caused the highest number of differentially 
expressed genes (Fig. 5). Analysis of differentially expressed genes 
showed that many of the altered genes did not change in a dose- 
dependent manner, but instead expressed non-monotonic alteration 
(Fig. 5). All 7 MWCNTs commonly induced differential expression of 43 
genes (Fig. S6). These genes were enriched in signal transduction related 
terms such as MAPK, RAS, NOTCH and growth factor related pathways 
(Fig. S7). Corresponding with diseases that arise from MWCNT expo
sure, these pathways are often implicated in oncogenesis and lung dis
eases such as pulmonary fibrosis (Braicu et al., 2019; Yang et al., 2021; 
Stella et al., 2022). The internalization of MWCNTs has previously been 
shown to occur in part through endosomal and vacuolar routes (Man
zanares and Ceña, 2020; Foroozandeh and Aziz, 2018), and endosomal/ 
vacuolar pathways are enriched in these 43 common genes (Fig. S6) 
potentially suggesting a common route of internalization for each of the 
MWCNTs used here. 

Differentially expressed genes includes indirectly altered genes 
whose expression is either downstream in relevant signaling pathways, 
or subject to regulatory feedback. Therefore, we also used dose- 
dependent analysis to identify genes whose expression is altered 
directly by MWCNT exposure (Serra et al., 2020), with the number of 
dose-dependent genes being linked to the magnitude of effect induced 
by an exposure (Serra et al., 2020; Gao et al., 2015; Gou et al., 2010; 

Fig. 4. An overview of transcriptional and cytokine secretion alterations induced by MWCNT exposure. BMD modeling revealed dose-dependent genes, which had 
direct correlation to the MWCNT concentration. Analysis of differentially expressed genes also revealed genes with non-monotonic transcriptional alterations. A 
subset of genes correlated with cytokine secretion, which include genes affecting cytokine secretion and genes altered by cytokines (autocrine effects). We identified 
that the altered genes correlating with cytokine secretion were the essential genes in cytokine mediated immunotoxicity. 
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Fig. 5. Venn-diagrams of dose-dependent genes, differentially expressed genes and genes correlating with cytokines for each MWCNT. DD = dose-dependent, DEG =
differentially expressed genes, CORR = correlating with cytokines. 

Fig. 6. Enrichment of dose-dependent genes against immune system related REACTOME terms.  
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Hockley et al., 2006; Yang et al., 2007). Going by this measure, MIT with 
the highest number of dose-dependent genes, was the most potent of the 
MWCNTs, followed by CHT, NM400, SIG, NM401, BAY and SES (Fig. 5). 
Given this, it is unsurprising that MIT and NM400 had low IC50 values 
and were more cytotoxic (Fig. 2). While further examination revealed no 
dose-dependently altered genes were shared by all of the MWCNTs 
(Fig. S4), exploration of functional roles of these genes revealed com
monalities between the MWCNTs (Fig. S5). Of the enrichments on the 
highest level of REACTOME term hierarchy common terms for all 
MWCNTs were: developmental biology, metabolism, signal trans
duction, cell cycle, disease and immune system, protein metabolism, 
vesicle-mediated transport, gene expression and RNA metabolism 
(Fig. S5). Due to our findings on MWCNT induced cytokine secretion and 
immunotoxicity (see section 3.2), we looked closer at immune system 
related terms (Fig. 6). 

Of the innate immune system related terms, neutrophil degranula
tion was enriched by all but NM401, SIG and BAY (innate immune 
system was not enriched at all by SIG and BAY) (Fig. 6). Upon activation, 
macrophages can recruit neutrophils which use degranulation as a 
method of eliminating foreign intruders, however this may also lead to 
tissue damage (Prame Kumar et al., 2018; Lacy, 2006). Innate immunity 
mediated lung damage, linked to neutrophil and eosinophil influx, has 
been shown in vivo to induce cellular damage without activation of the 
adaptive immune system (Loret et al., 2022). The observed enrichment 
of degranulation may therefore be relevant to in vivo cell damage caused 
as a result of an innate immune reaction to MWCNTs. Induction of an 
innate immune reaction has been linked to high surface area and rigidity 
of carbon nanotubes (Rydman et al., 2014; Liu et al., 2017). However, 
we did not see a clear correlation between immune system related term 
enrichment and the structural characteristics of the MWCNTs tested 
here. 

We also investigated how the genes coding for cytokines used in the 
immunotoxicity assay (see section 3.2) are modulated by MWCNT 
exposure at the mRNA level. None of the cytokine coding genes were 
dose-dependently expressed, however some of them were differentially 
expressed (Fig. S8). Of note, many of these cytokine coding genes were 
found to have negative fold change in mRNA expression compared to the 
control (Fig. S8). For example, while CHT, NM400 and SES induced 
increasing dose dependent IL1B secretion (Fig. 3), IL1B RNA expression 
was decreased by exposure to these MWCNT (Fig. S8), likely indicating a 
negative feedback mechanism. We also found SIG, which did not induce 
dose-dependent cytokine secretion (Fig. 3), did dose-dependently 
decrease CXCL8 mRNA expression (Fig. S8), but this effect was not 
strong enough to cause alterations in the cytokine secretion microen
vironment, or then the effect of decreased mRNA was not reflected in 
secreted IL8 at 24 h. Because cytokines can have constant mRNA pro
duction or are stored in the cells as pro-cytokines, their secretion does 
not necessarily require or reflect changes at the mRNA level (Murray and 
Stow, 2014; Ott et al., 2007). 

Overall, through transcriptomics analysis, we observed a high vari
ation in the genes altered by different MWCNTs indicating that the MOA 
leading to the adverse effects of MWCNT exposure is affected by the 
intrinsic properties of MWCNTs. However, no clear correlation between 
a specific intrinsic property of MWCNTs and mRNA expression was 
detected. The different transcriptome profiles observed upon MWCNT 
exposure are therefore most likely determined by a combination of the 
underlying MWCNT structural characteristics. We proceeded by inte
grating altered gene expression data with cytokine secretion data into a 
multilayer model. 

3.4. A multilayer analysis of MWCNT exposure reveals mechanisms of 
immunotoxicity 

We reasoned that the gene subsets relevant to MWCNT immuno
toxicity could be further refined by looking for those genes whose RNA 
expression correlates with measured cytokine secretion. Therefore, 

cytokine secretion and transcriptomics results were brought together 
into a multilayer analysis to see if this could reveal mechanisms of 
immunotoxicity induced by MWCNT exposure that aren’t seen by 
analyzing dose-dependently and differentially expressed genes. 

As with the amount of dose-dependent genes being used as an indi
cation of the potency of each MWCNT exposure (Serra et al., 2020; Gao 
et al., 2015; Gou et al., 2010; Hockley et al., 2006; Yang et al., 2007), the 
number of genes correlating with cytokine secretion can be used to 
indicate the immunomodulatory potency of the exposure, and filters out 
many genes that are differentially or dose-dependently expressed but 
not directly involved in the immune response of the macrophages. Based 
on this, CHT was found to have the highest immunomodulatory potency 
followed by NM400, SES, BAY, SIG, NM401 and MIT (Fig. 5). This result 
highlights a clear difference between rigid and tangled MWCNTs, where 
tangled MWCNTs have higher immunomodulatory potency than rigid 
materials. It is possible that this is linked to the increase in IL1B secre
tion caused by tangled MWCNT exposure (Fig. 3) and that the increased 
immunomodulation seen with tangled MWCNT exposure is what pro
tects the macrophages from the higher rates of cytotoxicity at higher 
concentrations when compared to the increased cytotoxicity of rigid 
MWCNT exposure (see section 3.1). Corroborating our initial cytokine 
secretion results (Fig. 3), the number of cytokine correlating genes is low 
with the MWCNTs not inducing dose-dependent cytokine secretion, with 
1127 and 1876 correlating genes found for MIT and SIG respectively, as 
compared to >3000 cytokine correlating genes for the other MWCNTs 
(Fig. 5), again suggesting that MIT and SIG are less immunotoxic when 
compared to the other MWCNTs. 

Each MWCNT gives a unique profile regarding the proportion of 
genes correlating to each cytokine (Fig. 7). MWCNTs were deemed more 
or less proinflammatory based on the percentage of the altered genes 
correlating with pro- or anti-inflammatory cytokines (Fig. 7). While seen 
to be less immunotoxic along with MIT based on low numbers of cyto
kine correlating genes, SIG was the only MWCNT without any genes 
correlating with anti-inflammatory cytokines and instead correlating 
primarily with TNF, giving the most proinflammatory profile of all 
MWCNTs (Fig. 7). At the other end of the spectrum, NM400 had the 
highest percentage of genes correlating with anti-inflammatory cyto
kines (Fig. 7). Across all MWCNTs, cytokine correlating genes were 
mainly correlating with proinflammatory cytokines (Fig. 7) suggesting 
exposure to MWCNTs over 24 h primarily causes a proinflammatory 
response by macrophages. The order from most to least proin
flammatory profiles correlated with length of the material (Fig. 7), 
whereby the longest MWCNTs induced a more proinflammatory profile 
than shorter materials (Fig. 7). Previous studies have also suggested long 
MWCNTs as more proinflammatory when using cytokines as a measure 
for inflammogenicity (Hamilton et al., 2013; Murphy et al., 2012; 
Donaldson et al., 2010). In a comparison between dose-dependent 
cytokine secretion and inflammatory profiles, all of the MWCNTs were 
found to correlate with the cytokines which they were causing macro
phages to dose-dependently secrete (Fig. 3 & Fig. 7), supporting the use 
of this novel multilayer analysis to identify MWCNT immunomodulatory 
effects. For example all of the materials inducing dose-dependent IL1B 
secretion (BAY, NM400, CHT, SES), were also found to have a significant 
percentage of altered genes correlating with IL1B secretion (Fig. 3 & 
Fig. 7). 

To understand the functional roles of the altered genes associated 
with the cytokine polarization profiles, enrichment analysis was per
formed (Fig. S9). Enriched terms shared by all MWCNTs were signal 
transduction and immune system once again supporting this multilayer 
analysis approach as a means of observing MWCNT exposure immuno
modulation potential (Fig. S9). Tangled MWCNTs but not rigid gave the 
enrichment terms programmed cell death, vesicle-mediated transport, 
metabolism of RNA and cellular response to external stimuli (Fig. S9). 
Looking further at these terms at another layer of enrichment, only 
tangled MWCNTs gave the following enrichment terms: TLR-receptor 
cascade, Class 1 MHC mediated antigen processing and presentation, 
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intracellular signaling by secondary messengers, MAPK, WNT and re
ceptor tyrosine kinase signaling pathways, macroautophagy and mem
brane trafficking (Fig. S9). Of particular note, many of these terms are 
related to pathways which are used in recognition and internalization of 
MWCNTs (David et al., 2016; Halappanavar et al., 2020). MHC class I 
antigen presentation leads to activation of cytotoxic CD8-positive T-cells 
(Kim et al., 2019). For MHC I presentation, nanoparticles have to be 
localized in the cytosol (Kim et al., 2019), potentially indicating a dif
ferential localization between rigid and tangled MWCNTs, linked to 
different internalization methods. TLR2 and TLR4-receptor mediated 
recognition of MWCNTs has been linked to increased secretion of 
proinflammatory cytokines (David et al., 2016; Halappanavar et al., 
2020; Mukherjee et al., 2018), supporting the dose-dependent secretion 
of IL1B after 24 h of tangled MWCNT exposure seen in our immuno
toxicity assay (Fig. 3). Moreover, TLR can be activated by proin
flammatory cytokines (Soares-Silva et al., 2016), suggesting an additive 
effect from autocrine and paracrine signaling. Taken together, enrich
ment analysis suggests differential recognition, internalization and 
localization of tangled versus rigid MWCNTs, explains the differences in 
their immunotoxic potentials. 

4. Conclusion 

Due to the unique properties of nanomaterials, the effectiveness of 
traditional toxicity assays for their hazard assessment has been brought 
into question, and there is a growing call for nanomaterial toxicity as
says that provide a mechanistic understanding of potential toxic effects 
onset by exposure (Smith et al., 2014; Dusinska et al., 2017). In this 
study, we exposed THP-1 macrophages to MWCNTs to scrutinize carbon 
nanotube immunotoxic potential. We used dose-dependent cytokine 
secretion, informed by transcriptomics analysis, as an endpoint. Using 
this approach (Fig. 1), we gained further insight into how the critical 
intrinsic properties of MWCNTs, such as structure, length and aspect 
ratio, can affect cytotoxicity, immunotoxicity and inflammatory profile. 
Through a cytotoxicity assay, which was used in dose-selection for 
immunotoxicity assay, we showed that short and rigid MWCNTs were 
the most cytotoxic. Selecting equipotent sublethal doses (IC5, IC10 and 
IC20) for MWCNT exposures in a cytokine secretion assay, tangled and 
low aspect ratio MWCNTs caused most immunomodulation through the 
dose-dependent secretion of IL1B. Going beyond traditional approaches, 
we explored the MOA of MWCNT immunotoxicity using a novel multi
layer correlation analysis, coupling cytokine secretion measurements 
with transcriptomics. In doing so, long MWCNTs were shown to have a 

Fig. 7. Percentage of genes correlating with each of the studied cytokines represents the inflammatory profiles induced by different MWCNTs. IL13, IL10, IL4 and IL2 
are considered anti-inflammatory cytokines while IFNG, TNF, IL12, IL8, IL6 and IL1B are proinflammatory cytokines. 
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higher percentage of genes correlating with proinflammatory cytokine 
secretion, indicating MWCNT length was not only important in cyto
toxicity, but also for mediating inflammatory profiles at sublethal 
exposure concentrations. This multilayer correlation analysis also 
revealed tangled materials have greater immunomodulatory potency, 
based on the number of genes associated with cytokine secretion, 
corroborating our dose-dependent cytokine secretion finding that 
tangled MWCNTs also induced greater immunotoxicity than rigid 
MWCNTs. Finally, enrichment terms for those genes discovered in the 
multilayer analysis showed the mechanism of MWCNT immunotoxicity 
is conveyed by immune system, signal transduction and pattern recog
nition associated pathways, and that tangled MWCNTs are distinctly 
recognized, internalized, processed and presented by macrophages. 
With these MWCNTs, we observed a clear difference between the 
immunotoxicity of tangled and rigid MWCNTs. However, further studies 
are required with both tangled and rigid MWCNTs with similar lengths 
and aspect ratios to clarify this trend with a larger scope of MWCNTs. 
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