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21st Century Tools for Nanotoxicology: Transcriptomic
Biomarker Panel and Precision-Cut Lung Slice Organ
Mimic System for the Assessment of NanomaterialInduced Lung Fibrosis
Luna Rahman, Andrew Williams, Krishna Gelda, Jake Nikota, Dongmei Wu, Ulla Vogel,
and Sabina Halappanavar*

There is an urgent need for reliable toxicity assays to support the human health
risk assessment of an ever increasing number of engineered nanomaterials
(ENMs). Animal testing is not a suitable option for ENMs. Sensitive in vitro
models and mechanism-based targeted in vitro assays that enable accurate prediction of in vivo responses are not yet available. In this proof-of-principle study,
publicly available mouse lung transcriptomics data from studies investigating
xenobiotic-induced lung diseases are used and a 17-gene biomarker panel (PFS17)
applicable to the assessment of lung fibrosis is developed. The PFS17 is validated
using a limited number of in vivo mouse lung transcriptomics datasets from
studies investigating ENM-induced responses. In addition, an ex vivo precision-cut
lung slice (PCLS) model is optimized for screening of potentially inflammogenic
and pro-fibrotic ENMs. Using bleomycin and a multiwalled carbon nanotube, the
practical application of the PCLS method as a sensitive alternative to whole animal
tests to screen ENMs that may potentially induce inhalation toxicity is shown.
Conditional to further optimization and validation, it is established that a combination of PFS17 and the ex vivo PCLS method will serve as a robust and sensitive
approach to assess lung inflammation and fibrosis induced by ENMs.
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1. Introduction

Engineered nanomaterials (ENMs, materials in the size scale of 1–100 nm) are
application-tailored, sophisticated materials that exhibit functionally diverse
physical, chemical, and biological properties, and as a result, are desirable for
various consumer applications. Toxicological research, based mainly on animal
testing, has shown that ENMs are potentially harmful to humans when inhaled or
consumed.[1–5]
When conducting research for the purposes of human health risk assessment
(HHRA) and in support of regulatory
decisions, in vivo animal models are the
standard. Animal testing enables investigation of the intact biological specimen,
but it is animal intensive, as well as cost
and time prohibitive. More importantly,
it is not a feasible testing option for
emerging substances such as ENMs and
their wide range of physicochemical variants. Animal test surrogates are available, including organ/tissue culture and in vitro
cell culture systems that range from simple monolayer cultures to sophisticated co-cultures involving multiple cell types.
Although studies investigating the potential toxic responses
to ENMs using in vitro systems outnumber the published in
vivo exposure studies, the biological relevance of data generated
using in vitro systems remains questionable. In most cases, the
results of in vitro tests indicate toxicity (measured mainly by
cytotoxicity assays); however, in subsequent applications such
as risk assessment, the data are often considered irrelevant as
they do not describe the in vivo response they are intended to
predict or are not predictive of a response observed in vivo in
animals or in humans.
Attempts are made to establish representative in vitro systems that reflect healthy and whole organ responses to xenobiotic exposure but not without significant challenges. For
example, lung epithelial cells derived from normal or cancerous
lung tissue from different species are used to assess substanceinduced lung toxicity. However, the lung is a multicellular organ
and simple monocultures or even complex cultures involving
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multiple lung cell types do not capture the co-ordinated
responses of different cell types in the lungs. In addition to the
simplicity of the in vitro systems, the in vitro assays, endpoints,
and specific biomarkers chosen for measuring responses are
not mechanism-informed and are often limited to the experiences and expertise of the respective investigator. In the context
of ENMs, additional constraints, such as lack of clear understanding of the in vivo mechanisms of toxicity,[6] have made it
difficult to design the appropriate in vitro assays targeting in
vivo response. As a result, after almost two decades of intense
toxicological research, quality quantitative data for HHRA is
not available for most ENMs and an acceptable HHRA framework has yet to be developed.
In recent years, there has been increasing interest in the
use of omics data to inform the design and development of
in vitro biomarkers that are predictive of in vivo toxicity. Toxicogenomics investigates global responses induced following
chemical exposure at the level of the genome, transcriptome,
proteome, and metabolome. Of these, genome-wide mRNA
expression analysis or transcriptomics technologies are extensively used and readily applied in toxicology for identifying the
underlying mechanisms of substance-induced toxicity. Transcriptomic perturbations that occur very early following exposure to a substance of interest can be related to apical toxicity
endpoints measured in both in vivo and in vitro experiments
and are characteristic of the adverse outcomes observed in
intact organisms. Transcriptomics tools have been successfully
used as an alternative approach to comprehensively investigate
the toxicological response induced by various classes of ENMs
and to identify the properties of ENMs that are responsible
for eliciting adverse effects.[7–14] However, in order for toxicogenomics data to be effectively applied in safety assessment or
predictive toxicology, it is essential to identify and discriminate
genes that define tissue defense mechanisms from those potentially critical for the progression of toxic outcomes and diseases.
We previously used a meta-analysis approach to query publicly available transcriptomic datasets describing specific lung
diseases and ENMs-induced responses, to identify gene features,[15] and functionally related bi-clusters of genes that are
associated with lung pathology following ENMs exposure.[16,17]
These approaches identified the essential transcriptional signatures of diseases that can be measured early after exposure and
provided insight into the underlying mechanisms of ENMsinduced toxicities. The mechanistic information gathered was
further used to identify toxicity pathways involved in ENMsinduced lung pathologies and an adverse outcome pathway
(AOP) for ENMs-induced lung fibrosis. This AOP clearly identifies the key events in the progression of lung fibrosis (the
detailed AOP can be found at https://aopwiki.org/aops/173).[9,18]
In the present study, we developed a 17-gene pro-fibrotic biomarker panel (here after referred to as PFS17) that is specifically predictive of lung fibrosis in mice. Previously published,
publicly available gene expression microarray data from mouse
lungs exposed to a variety of stressors that are known to cause
lung disease (i.e., lung inflammation, emphysema, chronic
obstructive pulmonary disease [COPD], lung fibrosis, and lung
cancer) were used.[19–30] The PFS17 was pre-validated using
transcriptomics data generated in-house from mice exposed to
multi-walled carbon nanotubes (MWCNTs) that are suspected
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to induce fibrosis in mouse lungs. Furthermore, an ex vivo
precision-cut lung slice (PCLS) technique, an alternative to
whole animal testing, was optimized for the assessment of lung
fibrosis using bleomycin as a model pro-fibrotic agent and was
tested for its applicability to assess ENMs-induced lung fibrosis
for the HHRA purpose.

2. Results
The training set consisted of lung gene expression profiles
derived from 12 individual publicly available transcriptomic
datasets that describe characteristic features of lung diseases
(Table 1 and Table S1, Supporting Information). From this, PFS17
(a panel of 17 pro-fibrotic genes; Table 2) was identified to classify substances as pro-fibrotic (PF) or non-fibrotic (NF). Figure 1
shows the principal component analysis (PCA) performed using
the prcomp function in R using the training dataset. The scatter
plot of the first two principal components is presented. The red
line reflecting the first principal component clearly shows the
contrast between the PF and NF classes highlighting a distinct
separation between the two classes with the exception of two
studies involving bacterial infection and tumor. Bacterial infection can trigger pro-fibrotic reactions,[31] and tumor formation
is shown to be associated with fibrotic lesions.[32] The grey line
separates ten profiles that are borderline PF with their first principal component being negative. Many of these profiles were
classified as unknown from the shrunken centroid analysis.
Figure 2 shows the heatmap of the PFS17. With the exception of
two studies, all studies that were assigned to the PF class were
correctly predicted as PF. In accordance with the results shown
in Figure 1, among the studies assigned to an NF class, many of
them were classified as unknown.
2.1. Validation of PFS17 Using Publicly Available
Transcriptomics Studies
The PFS17 was validated using a limited number of publicly
available in vivo lung transcriptomics datasets. The PCA loadings obtained from the analysis of training set data was applied
to the transcriptomic profiles obtained from studies involving
the PF stressors bleomycin, ozone, radiation, and MWCNTs. The
PCA plots and heat maps (Figures S1–S38, Supporting Information) show the data from the training set in red (PF) and blue
(NF) circles, with each individual validation study displayed as a
green triangle with labels in green font. Separate PCA plots and
heatmaps are presented for each study grouped by the stressors.
Table S2, Supporting Information, lists all datasets included
in the validation set and the class prediction results.[9,12,14,33–44]
Figures 3 and 4 show heatmaps of all non-nano and nano
studies included in the validation dataset. The validation set
consisted of three bleomycin studies with 12 individual experimental conditions reflecting different exposure concentrations
and post-exposure time points. With the exception of two experimental conditions from a single study, all studies involving bleomycin were classified as PF or borderline PF (Figures S1–S6,
Supporting Information). Similarly, 16 experimental conditions
from three individual studies investigating ozone-induced lung
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Table 1. Studies used in the development of the PFS17 gene signature.
Phase
Training set

GEO accession no.

Ref.

Gene expression platform

Strain

Disease model

GSE4231

[19]

UCSF 10Mm Mouse v.2 Oligo Array (GPL1089);
UCSF GS Operon Mouse v.2 Oligo Array (GPL3330);
UCSF 11Mm Mouse v.2 Oligo Array (GPL3331);
UCSF 7Mm Mouse v.2 Oligo Array (GPL3359)

C57BL/6; BALB/c; C3H; transgenic
mice expressing IL-13 under the
control of a Clara cell-specific
promoter

Lung inflammation models

GSE6116

[20]

Affymetrix Mouse Genome 430 2.0 Array (GPL1261)

5-week-old female B6C3F1

Biomarkers to predict
female mouse lung tumors

GSE6858

[21]

Affymetrix Mouse Genome 430 2.0 Array (GPL1261)

8-week-old BALB/c and BALB-RAG

Model of experimental
asthma

GSE8790

[22]

Affymetrix Mouse Genome 430 2.0 Array (GPL1261)

A/J mouse strain (Jackson Lab)

Cigarette smoke-induced
emphysema

GSE11037

[23]

Agilent-011978 Mouse Microarray G4121A (GPL891)

C57BL/6; SP-C/TNF-α

Emphysema

GSE18534

[24]

Affymetrix Mouse Genome 430 2.0 Array (GPL1261)

RB-p53 double knockout mouse;
RB-p53-p130 triple knockout mouse

Mouse small cell lung
cancer model

GSE19605

[25]

Illumina MouseRef-8 v2.0 expression beadchip
(GPL6885)

Wildtype or CC-LR (a Clara cell-targeted
K-ras mutant mouse model of lung
cancer)

Lung carcinogenesis

GSE25640

[26]

Affymetrix Mouse Genome 430 2.0 Array (GPL1261)

C57BL/6 and C57BL/6 with FIZZ2
knockout

Pulmonary fibrosis

GSE31013

[27]

Affymetrix Mouse Genome 430 2.0 Array (GPL1261)

B6C3F1

Spontaneous lung tumors

GSE40151

[28]

Affymetrix Mouse Genome 430 2.0 Array (GPL1261)

C57BL6/J

Idiopathic pulmonary
fibrosis

GSE42233

[29]

Illumina Mouse WG-6 v2.0 expression beadchip
(GPL6887)

129S2 K-rasLA1

Lung cancer

GSE52509

[30]

Illumina MouseRef-8 v2.0 expression beadchip
(GPL6885)

C57BL/6N

Chronic obstructive pulmonary disease (COPD)

fibrotic responses were included in the validation set, of which
only two experimental conditions were classified as borderline
PF with all others classified as NF (Figures S7–S12, Supporting
Information). Of the four separate radiation studies, only 1 of
the 27 experimental conditions were classified as borderline PF
(Figures S13–S20, Supporting Information). While PFS17 was
best at predicting bleomycin-induced lung fibrosis, it was not
effective in classifying the ozone or radiation-induced fibrotic
response. Pertinent to ENMs, a total of six individual studies
investigating MWCNT-induced lung responses were included in
the validation set that consisted of 82 different exposure concentrations and post-exposure time points. Application of PFS17 to
MWCNT datasets revealed 22, 26, and 34 experimental conditions were classified as PF, borderline PF, or NF, respectively
(Figures S21–S38, Supporting Information). Half of all MWCNT
datasets were classified as borderline PF or PF; the classification did not follow any particular dose, post-exposure time, or
MWCNT-specific trend, although high dose studies were more
likely to be binned as PF or borderline PF.

conditions (stagnant versus moving/rocking conditions) on
slice health and slice viability over the intended duration of
culture was assessed using the lactate dehydrogenase (LDH)
cytotoxicity assay. The PCLS of 250 or 500 µm thickness were
cultured in PCLS medium at 37 °C. The LDH release was
assessed at different time points (Figure 5A). Comparison
of viability of 250 versus 500 µm slice thickness showed that
250 µm PCLS remained healthy on day 1 and by day 3, began to
show signs of toxicity, which was increased by day 7 in culture.
The 500 µm slices showed no signs of toxicity for up to 7 days
(Figure 5A) in culture, which was also confirmed by the histological analysis of haemotoxylin and eosin (H&E) stained slices
(Figure 5B). In addition, culturing PCLS in stagnant or rocking
conditions did not impact slice health. Based on these results,
all experiments investigating acute endpoints were conducted
using 250 µm thick slices. For the long-term experiments
including histopathology requiring more than 2 days of culture, 500 µm slices were used. Slices were cultured throughout
experiments without rocking under stagnant conditions.

2.2. Optimization of PCLS Culture Conditions

2.2.2. Selection of MWCNT Dose

2.2.1. Impact of Slice Thickness, Incubation Conditions,
and Culture Time on PCLS Viability

Dose Selection, Viability, and Interaction of Mitsui-7 with Cells
in PCLS Following Exposure: Since the PCLS technique was
being optimized for its application in the assessment of ENMsinduced lung responses and pathology, all optimizing experiments were conducted mainly using Mitsui-7 MWCNT, which

Before using the PCLS for testing ENMs-induced lung
responses, the impact of slice thickness and culturing

Small 2020, 16, 2000272

2000272 (3 of 17)

© 2020 Her Majesty the Queen in Right of Canada. Published by Wiley-VCH Verlag GmbH & Co. KGaA.

Reproduced with the permission of the Minister of Health Canada

www.small-journal.com

www.advancedsciencenews.com
Table 2. Genes in the PFS17 biomarker set.
Gene symbol

Accession no.

Gene name

Arg1

NM_007482.3

Mus musculus arginase 1, liver (Arg1),
mRNA

C1qb

NM_009777.2

Mus musculus complement component 1,
q subcomponent, beta polypeptide (C1qb),
mRNA

Ccl9

NM_011338.2

Mus musculus chemokine (C-C motif)
ligand 9 (Ccl9), mRNA

Ccr5

NM_009917.5

Mus musculus chemokine (C-C motif)
receptor 5 (Ccr5), mRNA

Ch25h

NM_009890.1

Mus musculus cholesterol 25-hydroxylase
(Ch25h), mRNA

Clec4a2

NM_001170333.1

Mus musculus C-type lectin domain family
4, member a2 (Clec4a2), transcript variant
1, mRNA

NM_021281.3

Mus musculus cathepsin S (Ctss),
transcript variant 2, mRNA

Fcgr2b

NM_001077189.1

Mus musculus Fc receptor, IgG, low affinity
IIb (Fcgr2b), transcript variant 1, mRNA

Fxyd4

NM_001173372.1

Mus musculus FXYD domain-containing
ion transport regulator 4 (Fxyd4), transcript
variant 2, mRNA

Itgb2

NM_008404.4

Mus musculus integrin beta 2 (Itgb2),
mRNA

Lpxn

NM_134152.3

Mus musculus leupaxin (Lpxn), mRNA

Ly86

NM_010745.2

Mus musculus lymphocyte antigen 86
(Ly86), mRNA

Retnla

NM_020509.3

Mus musculus resistin like alpha (Retnla),
mRNA

S100a4

NM_011311.2

Mus musculus S100 calcium binding protein
A4 (S100a4), mRNA

Serpina3g

NM_009251.2

Mus musculus serine (or cysteine)
peptidase inhibitor, clade A, member 3G
(Serpina3g), transcript variant 1, mRNA

that total alveolar surface area. This means that the alveolar surface area of the left mouse lung is estimated to be 26.304 cm2.
The total number of slices we could theoretically harvest from
a left mouse lobe is 12 (500 µm thickness) and 24 (250 µm
thickness) slices (in the present study, left lung was sectioned
to obtain ≈9 (500 µm thickness) and ≈18 (250 µm thickness)
undamaged slices of uniform thickness, which represents
≈75% of the left lung tissue). By this calculation method, surface area for each slice is estimated to be 2.191 cm2/500 µm
slice and 1.096 cm2/250 µm slice (the total alveolar surface area
of the left lobe divided by theoretical number of slices). Thus,
the 100 µg mL−1 MWCNT exposure dose in 0.5 mL volume
is equivalent to 45.62 and 22.82 µg cm2 in 250 and 500 µm
slices, respectively. For a 50 µg mL−1 MWCNT exposure, the
dose would be equivalent to 22.81 and 11.41 µg cm2 in 250 and
500 µm, slices, respectively. These doses are comparable to in
vitro doses used in Poulsen et al. 2013,[12] but are high with relation to in vivo intratracheal instillation doses used in the same
study.
Notable amounts of Mitsui-7 were present in PCLS 12 h postexposure and Mitsui-7 fibers were seen evidently penetrating
the slices (Figure 6A). Hyperspectral mapping of H&E stained
images of PCLS exposed to media control or Mitsui-7 was conducted to determine if MWCNTs interact with PCLS ex vivo in a
similar way to what is observed in vivo. In our previous studies,
we have successfully applied hyperspectral mapping to localize
ENMs in lung tissue from mice.[9,14] As each pixel in a hyperspectral image contains spectral information of that spatial pixel
area, comparison between the spectral profiles of hyperspectral
images of Mitsui-7 in PCLS with the reference spectral libraries
created for Mitsui-7 allowed localization and identification of
Mitsui-7 in PCLS. The dark field images and corresponding
mapped hyperspectral images of PCLS exposed to Mitsui-7 and
overlay image are represented in Figure 6B. The areas of the
hyperspectral images that matched to reference spectral libraries
of Mitsui -7 in PCLS are colored in red and indicated by red
arrow heads.

Serpina3n

NM_009252.2

Mus musculus serine (or cysteine)
peptidase inhibitor, clade A, member 3N
(Serpina3n), mRNA

2.3. Applicability of PCLS to Assess ENM-Induced Fibrosis

Ctss

Slc26a4

NM_011867.4

Mus musculus solute carrier family 26,
member 4 (Slc26a4), mRNA

has been shown to induce lung fibrosis in previous studies.[45–47]
A dose-range study was conducted using 250 or 500 µm PCLS
exposed to different concentrations of Mitsui-7. Any concentration above 100 µg mL−1 was cytotoxic (data not shown)
and thus, for the remaining experiments, concentrations of
100 µg mL−1 and below were used. The LDH assay results
showed no cytotoxicity on day 1 post-exposure of 250 µm slices
or up to 7 days after exposure of 500 µm slices to any tested
doses of Mitsui-7, compared to the matched vehicle only treated
controls (Figure 5C,D). Since exposures to ENMs resulted in
subtle or no cytotoxicity, the above-mentioned concentrations
were used in the subsequent experiments.
Based on Kunst et al. 2009,[48] the average alveolar surface
area (which accounts for most of the surface area in lungs) in
C57BL/6 mice is 82.2 cm2 and the left lung comprises 32% of
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Upon inhalation or deposition in the lungs, most ENMs
induce pulmonary inflammation in vivo. Inflammation is
one of the early essential key events identified in the AOP for
substance-induced lung fibrosis (AOP173, https://aopwiki.
org/aops/173).[9,18] Thus, the ability of PCLS to activate the
pro-inflammatory process following exposure to ENMs was
assessed in PCLS stimulated with Mitsui-7 by assessing the
differential expression of 23 cytokines via the 23-plex cytokine
ELISA kit. The supernatant was used in the present study, as
secretory proteins playing important roles in disease progressions are readily accessible in cell supernatants.[49–51]
As shown in Figure 7, the expression of a total of ten
cytokines (interleukin 1 beta [IL-1β], interleukin-5 [IL-5], interleukin-6 [IL-6], interleukin-10 [IL-10], p70 subunit of interleukin-12 [IL-12 (p70)], interleukin-17 [IL-17], granulocyte-colony
stimulating factor [G-CSF], macrophage inflammatory protein-1
beta [MIP-1β], RANTES, and tumor necrosis factor [TNF-α])
was found to be altered in at least one Mitsui-7 dose group by
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Figure 1. Scatter plot representing the first two components of PCA performed applying the prcomp function in R using the training dataset. The red
line reflecting the first principal component clearly shows the contrast between the PF and NF classes highlighting a distinct separation between the
two classes with the exception of two studies involving bacterial infection and tumor formation.

≥1.3-fold change compared to the control on day 1 (Figure 7A).
The relative expression of cytokines was assessed on day 7 postexposure to 100 µg mL−1 Mitsui-7 or 100 µg mL−1 bleomycin to
assess if inflammation persisted over time. The results did not
reveal differential expression of pro-inflammatory mediators in
the supernatant, which could be attributed to frequent changes
of the medium or degradation of proteins in the supernatant
over time. To rule out the possibility of dying PCLS over time
following MWCNT exposure, day 7 post-exposure PCLS lysates
were assessed by 23-plex ELISA for differential expression of
cytokines (Figure 7B). The results showed that expression levels
of 16 pro-inflammatory proteins, including interleukin-1 alpha
(IL-1α), IL-1β, interleukin-2 (IL-2), interleukin-3 (IL-3), interleukin-9 (IL-9), p40 subunit of interleukin 12 (IL-12 (p40)), IL-17,
eotaxin, G-CSF, granulocyte-macrophage colony-stimulating
factor (GM-CSF), chemokine (C-X-C motif) ligand-1 (CXCL-1/KC),
monocyte chemoattractant protein-1 (MCP-1) or C-C motif
chemokine ligand-2 (CCL-2), macrophage inflammatory protein
1 alpha (MIP-1α), MIP-1β, and TNF-α were increased by ≥1.3-fold
change compared to the control on day 7 post Mitsui-7 exposure.
Bleomycin treatment resulted in increased expression levels of
14 proteins, including IL-3, interleukin 4 (IL-4), IL-9, IL-10, IL-12
(p40), IL-12 (p70), IL-17, eotaxin, G-CSF, CXCL-1, CCL-2, MIP-1α,
MIP-1β, and TNF-α by ≥1.3-fold change compared to the matched
controls on day 7 post-exposure.
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Lung fibrosis is routinely reported in studies investigating
the toxicity of ENMs, which is manifested following ENMs
inhalation or instillation in rodents. In order to determine if
lung fibrosis can be induced ex vivo, the expression levels of
classic early pro-fibrotic markers CCL-2, osteopontin (OPN),
and transforming growth factor beta (TGF-β) was assessed
by ELISA on day 1 post-exposure of PCLS (Figure S40B, Supporting Information). Following stimulation with Mitsui-7,
levels of CCL-2 were increased by 3.8-, 3.9-, and 6.3-fold in
low, medium, and high doses, respectively, compared to the
untreated controls. Similarly, there was a 6.4-, 5.7-, and 9.2-fold
increase in the expression of OPN, and 3.1-, 2.4-, and 2.9-fold
increase in TGF-β levels compared to the untreated controls in
the low, mid, and high dose groups, respectively. The increase
was dose-dependent in most cases and was statistically significant at all doses tested. It was interesting to note that treatment of PCLS with lipopolysaccharides (LPS), a pro-inflammatory endotoxin, resulted in increased CCL-2 expression, which
is also known to play a role in the process of inflammation,
but this treatment did not alter OPN or TGF-β expression.
Analysis of CCL-2 and TGF-β at day 5 and day 7 post-exposure
to Mitsui-7 and bleomycin revealed a significant increase in
the levels of the two markers in PCLS exposed to bleomycin,
but not in Mitsui-7-exposed PCLS (Figure S40B, Supporting
Information).
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Figure 2. Heatmap showing the individual studies included in the training set, PFS17 biomarker genes, and the predictions made by the PFS17
biomarker. On the right are the PFS17 gene names. Each gene is represented by a square in the heatmap. The level of expression is indicated by red
(upregulation) or green (down-regulation). The color scale corresponds to the fold change in expression on the log2 scale. A fold change of two or
greater was considered significant. Each experimental condition is represented by a column and study labels are presented on the x-axis. Above the
heatmap, actual classification and PFS17 prediction results are presented, with blue representing non-fibrotic, red representing pro-fibrotic, and no
color representing unclassified. The bottom bar represents the classification of each study and the top bar represents outcomes of prediction by PFS17.
On the left side, gene clustering is presented.

2.4. Histopathological Analysis
The images in Figure 8 represent the histopathological analyses
of PCLS exposed to media control, Mitsui-7, or bleomycin. H&E
stained lung slices exposed to media only showed 
minimal
morphological changes with scattered small inflammatory
foci on day 5 (Figure 8a) and day 7 (Figure 8j), whereas PCLS
exposed to Mitsui-7 (Figure 8b,k) or bleomycin (Figure 8c,l)
showed moderate changes including lesions around the junctions of the terminal bronchioles and alveolar ducts on day 5
and day 7. The inflammatory foci in PCLS exposed to Mitsui-7 or
bleomycin were larger compared to the control samples. These
lesions predominantly consisted of macrophages in controls
but included activated neutrophils and lymphocytes in exposed
PCLS. Masson trichrome staining of PCLS exposed to Mitsui-7
(Figure 8e) or bleomycin (Figure 8f) showed a mild increase in
collagen deposition in the area of localized inflammatory foci
compared to the control samples (Figure 8d) on day 5. The
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extent of collagen deposition induced by Mitsui-7 or bleomycin
was higher on day 7 (Figure 8m–o) than on day 5. The increases
in macrophage numbers in exposed groups were confirmed by
CD68 staining (Figure 8g–i,p–r), a macrophage marker.
2.5. Validation of PFS17
Since the ex vivo PCLS model effectively responded to stimulation by the pro-inflammatory and pro-fibrotic stressors
MWCNTs and bleomycin, further experiments were conducted
using quantitative real-time PCR (RT-qPCR) array to determine
if the observed pro-fibrotic pathology ex vivo corresponds to the
altered expression levels of genes included in the PFS17 panel.
Figure 9 shows the differential expression PFS17 genes. On day 1
post-exposure, bleomycin induced upregulation of 11 genes
and on day 7 post-exposure, 15 genes showed differential expression with fold changes ≥1.5. On day 1, Retnla (4.03), Serpina3g
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Figure 3. Heatmap showing three bleomycin studies (GEO accession no. GSE8553, GSE34814, GSE132869) included in the validation set, PFS17 genes,
and the PFS17 predictions. Gene names are presented on the right. The level of expression (log2 fold change) is indicated by red (upregulation) or
green (down-regulation) squares in the plot. A fold change of two or greater was considered significant. Each experimental condition is represented
as a column and study labels are on the x-axis. Above the heatmap, classification and prediction results are presented, with blue representing nonfibrotic, red representing pro-fibrotic, and no color representing unclassified. Class represents the classification of each study and prediction represents
outcomes of PFS17 classification.

(4.00), Lpxn (1.69), Ch25h (2.81), and Arg1 (3.85) were among
the most differentially expressed genes. Retnla stimulates
immunity-related genes, whereas Lpxn and Ch25h regulates cell
adhesion and cholesterol/lipid metabolism. Arg is known to be
involved in cytoskeletal rearrangement. Slc26a4 is suggested to
play a role in many respiratory diseases though producing pendrin protein, whereas Serpina3n is involved in muscle damage.
Retnla (43.31), Serpina3n (36.46), Serpina3g (13.03), Lpxn (11.56),
Slc26a4 (10.02), and Ch25h (8.38) were among the most highly
differentially expressed genes on day 7. On the contrary, the
responses to Mitsui-7 were not as robust. On day 1 post-exposure, only two genes showed upregulated expression (C1qb, 1.75)
and Arg1 (1.56), and six genes showed down-regulated expression: Serpina3n (-1.79), Lpxn (-1.68), Slc26a4 (-1.82), Ch25h (-1.71),
S100a4 (−1.53), and Ccl9 (−1.60). On day 5, no PFS17 genes
showed differential expression in Mitsui-7 treated PCLS. On
day 7 post-exposure, 4 genes (Retnla, 4.01), Serpina3n (1.72), Lpxn
(−2.48), and Ctss (1.66)) showed differential expression. The
number of differentially expressed genes were much higher in
PCLS exposed to bleomycin compared to Mitsui-7-treated PCLS
at all post-exposure time points tested.
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3. Discussion
In the context of ENMs exposure, lung fibrosis is one of the
routinely observed pathologies in animals and thus is of high
interest and relevance to regulatory scientists.[9,13–15,18,47,52–56]
Lung fibrosis is a progressive interstitial lung disease marked
by chronic scarring of the lungs. It is a widely investigated
occupational hazard and is commonly observed in miners
and welders exposed to metal dusts. A wide variety of environmental, pharmacological, and occupational substances and
other non-chemical substances, such as microbes and radiation, induce lung fibrosis. Interestingly, regardless of the differences in the types of pro-fibrotic stressors including ENMs
and their chemical properties, the underlying mechanisms of
substance-induced lung fibrosis seem to share significant similarities, and mostly involve a robust inflammatory response.[57]
As a result, a detailed AOP (AOP173, https://aopwiki.org/
aops/173), describing the most common pro-fibrotic mechanism and identifying the key measurable events involved in the
process, has been recently established, which is applicable to a
broad group of substances and ENMs.[18]
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Figure 4. Heatmap showing the individual nano studies included in the validation set, PFS17 biomarker genes, and the PFS17 biomarker classifications.
Gene names are indicated on the right. Each gene is represented by a square in the heatmap. The level of expression is indicated by red (upregulation) or green (down-regulation). The color scale corresponds to the fold changes in expression on the log2 scale. A fold change of two or greater was
considered significant. On the x-axis, represented by the columns are individual studies. On the far left side, the two columns represent averages of
the training dataset classification and prediction outcomes grouped as PF and NF classes. Above the heatmap, classification and prediction results
are presented, with blue representing non-fibrotic, red representing pro-fibrotic, and no color representing unknown classification. The bottom bar
represents the classification of each study and the top bar represents outcomes of prediction by PFS17.

As stated earlier, animal testing is the preferred approach for
testing tissue fibrosis, which is not a preferred option for testing
ENMs. With the tremendous advancement of ENMs industry,
screening of large numbers of novel ENMs for toxic potential
employing a fast and reliable approach becomes n
 ecessary. In
the present study, an ex vivo lung model that uses fewer animals compared to traditional whole animal testing was optimized to support the effective assessment of the ever growing
number of ENMs for their potential to induce lung fibrosis.
In addition, using publicly available high content mouse lung
transcriptomics data, a 17-gene signature PFS17, which targets assessment of multiple key events identified in the lung
fibrosis AOP, was established (AOP173, https://aopwiki.org/
aops/173).[9,18] The results showed that the PCLS system can be
used to effectively screen ENMs and other substances for lung
inflammation and lung fibrosis. The results also determined
that PFS17 is a sensitive biomarker panel that can be used to
classify pro-fibrotic substances; however, further optimization
of PCLS technique and ENMs exposure protocols is required
to determine the applicability of PFS17 for the assessment of
pro-fibrotic ENMs.
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Transcriptional signatures (biomarker genes) that predict
toxicity or pathology can facilitate timely and accurate screening
of diverse ENMs. The PFS17 was derived from analyzing a
wide variety of lung disease models, including bleomycin
injury, bacterial infection, lung cancer, and COPD, which seem
to exhibit some association with inflammatory and immune
responses. The genes included in PFS17 span multiple KEs in
the AOP173 from early inflammatory response to late involvement of the fibroblasts in the disease process (https://aopwiki.
org/aops/173).[9,18] For example, complement gene C1qb and
Fcgr2b receptor play an important role in the innate immune
response and regulation of inflammation;[58–60] whereas,
S100a4, S
erpina3g, and Serpina3n are acute phase response
genes. Altered expression of CC chemokines (e.g., Ccl9) and
associated receptors (e.g., Ccr5) regulate Th2 response signaling and have been strongly associated with the process of
lung fibrosis. The down-regulated expression of Ccr5 has been
observed in idiopathic pulmonary fibrosis.[61] Arg1 is induced
by the alveolar macrophages in Th2-driven inflammatory conditions and its upregulated expression is observed in asthma,
parasitic infections, and pro-fibrotic disease conditions,[9,62] and

© 2020 Her Majesty the Queen in Right of Canada. Published by Wiley-VCH Verlag GmbH & Co. KGaA.

Reproduced with the permission of the Minister of Health Canada

www.small-journal.com

www.advancedsciencenews.com

Figure 5. Optimization of PCLS method: A) Influence of slice thickness and culture conditions on slice viability was assessed by the LDH assay (one
biological replicate). The results were expressed as fold-change of LDH release compared to the vehicle-treated controls; B) histology images showing
PCLS morphology over time; C) 250 µm PCLS viability following exposure to different doses of Mitsui-7 (three biological replicates); D) 500 µm PCLS
viability following exposure to different doses of Mitsui-7. The results were expressed as average fold-change of LDH release compared to the vehicletreated controls (three biological replicates). Lysis buffer was used as an assay control and LPS was used as an experimental control. * represents
statistical significance. Statistical significance was calculated (three biological replicates) using Student’s t-test (p ≤ 0.1 and fold change ≥ 1.5). No
significant difference was observed in the Mitsui-7 or LPS-treated samples.

in lung fibrosis induced by MWCNTs. Retnla is hypothesized to
promote wound healing and fibrosis in a Th2-driven inflammatory conditions.[63] The expression of Ch25h was recently shown
to be induced in primary lung fibroblasts by the activated eosinophils and was suggested to contribute to the development of
IPF.[64] Thus, the panel of 17 genes included in PFS17 reflect the
complex biology perturbed during the process of lung fibrosis
and reflect the involvement of multiple cell types and as a
result, can be effective for screening pro-fibrotic stressors in ex
vivo lung organ surrogate systems.
The underlying mechanisms of lung fibrosis share significant similarities in key events. However, a third of all studies
included in the validation set were classified as NF by the PFS17
biomarker. A detailed analysis of the experimental designs
applied in the studies above did not clarify why some studies
expected to be classified as PF were classified as NF. It is
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important to note that PFS17 is derived from a training dataset
that included a variety of studies and diverse microarray platforms. The heterogeneity and variables present in the training
data set resulted in a limited gene space of 9000 genes found at
the intersection of all these studies for use in the development
of PFS17. However, the validation dataset consisted of studies
derived from only two microarray platforms and most of them
were derived from similar experimental conditions, which considerably reduced the variability and resulted in expanded gene
space of 20000 genes.[65] Lack of concordance in gene space
covered suggests that not all biology perturbed may have been
captured by PFS17. It is known that many genes and pathways
involved in early inflammation and immune response exhibit
redundancy and pleiotropy, which may not be effectively represented in PFS17 due to the small subset of genes used in establishing it. Moreover, fibrosis is a progressive disease that solely
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Figure 6. A) Optical light microscopy of untreated and Mitsui-7-treated PCLS. Scale bar represents 100 µm in (a) and (c); 50 µm in (b) and (d); 20 µm
in (e). B) Hyperspectral imaging of PCLS exposed to vehicle only or Mitsui-7 for 12 h. Mitsui-7 fibers appear white in the dark-field image and are
colored red in hyperspectral images to show mapping to reference library of CNTs. On the far right, a fiber piercing through the PCLS slice can be
seen. Scale bar represents 50 µm.

depends on the feedback signaling received from the changing
microenvironment over time. The training and validation datasets were limited in the range of doses and post-exposure time
points covered for a given substance. The training set consisted
of several bleomycin studies and from the results above, it was
clear that PFS17 was most predictive of bleomycin-induced
fibrosis. Based on these results, it can be concluded that a
large number of datasets derived from standardized platforms
and protocols, accurately capturing the diverse universe of
pro-fibrotic stressors, a full range of post-exposure time points
and exposure doses, are required to achieve robust predictive
results with PFS17. Such an enriched database will also aid in
expanding the PFS17 gene space with genes that accurately
describe the gene and pathway heterogeneity and complementarity involved in the process of lung fibrosis.
Albeit a few, PFS17 was able to accurately classify some
MWCNT studies as PF, which included studies with repeated
or high dose exposure to Mitsui-7 and NM-401, which are
long and needle-like MWCNTs. PFS17 also identified studies
involving NRCWE-026 as PF, which is a tangled MWCNT,
which is considered inert in terms of inducing fibrosis.
Although, acute transcriptional responses to NRCWE-026
have been shown to be milder,[46] the sub-chronic response
to NRCWE-026 are much more pronounced compared to the
responses induced by Mitsui-7 or NM-401, suggesting that the
fibrotic response to NRCWE-026 may take time to establish but
involve the expression of genes represented in PFS17. However,
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several other studies investigating less toxic MWCNTs were all
correctly identified as NF. At present, there are not many publicly available transcriptomics studies describing ENM-induced
lung responses, which is a serious limitation to the conclusions
derived in this study. A large repository of transcriptomics data
describing gene expression profiles in lungs following exposure
to a wide variety of ENMs may be required to increase the sensitivity, accuracy, and predictive efficiency of PFS17 for ENMs.
In addition to assessing PFS17 against the available
genomics profiles of mouse lungs exposed to a variety of
known pro-fibrotic stressors, the study also assessed applicability of PFS17 for assessing stressor-induced fibrosis using an
ex vivo lung organ mimic. Ex vivo organoid mimics represent a
model in between in vitro and in vivo, which involve culturing
of a tissue slice as opposed to select single cell types. The main
advantages of this tissue mimic model are that a tissue slice
retains the foundational cytoarchitecture and maintains most
cell-to-cell interactions, signaling and metabolic 
processes,
required for the development of a pathology. The results
showed that PFS17 was effectively triggered in PCLS following
exposure to bleomycin on day 7 post-exposure, which aligned
with the histological manifestation of bleomycin-induced
fibrotic lesions in PCLS. However, PFS17 was weakly triggered following exposure to MWCNTs, although slight increase
in trichrome stain reflective of fibrosis was observed in histological sections on day 7 post-exposure to Mitsui-7. Unlike for
bleomycin, which is a soluble substance, the critical event in
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Figure 7. A) Schematic heat map depicting fold changes of 23 cytokine expression via 23-plex cytokine ELISA in supernatant from 250 µm PCLS exposed
to 25, 50, and 100 µg mL−1 of Mitsui-7 compared to that of 250 µm PCLS exposed to media control on day 1 post-exposure. B) Schematic heat map
depicting fold changes of cytokine expression in lysate from 500 µm PCLS exposed to 100 µg mL−1 of Mitsui-7 and 100 µg mL−1 bleomycin compared
to that of PCLS exposed to media control on day 7 post-exposure. Cytokine expressions were quantified using Bioplex assays using three biological
replicates. Statistical significance was calculated using Student’s t-test (p ≤ 0.1 and fold change ≥ 1.5).

the path of MWCNT-induced lung fibrosis in vivo is the interaction between the MWCNT fibers and lung cells. Although,
hyperspectral imaging (HSI) showed that MWCNTs interact
with PCLS ex vivo, the duration of exposure may not have
been sufficient to trigger the full-fledged fibrotic responses, or
it may require higher doses and/or longer post-exposure time
periods for complete manifestation of the response. Additional
ex vivo experiments were conducted with repeated MWCNT
dosing; however, repeated dosing required the change of cell
culture medium with each dosing, which resulted in the loss
of microenvironment, resetting the biological response (data
not shown). Further optimization experiments are warranted to
determine the best exposure conditions, dose setting, and postexposure time points for assessing the applicability of PFS17 in
an ex vivo model of lung fibrosis.
The PCLS technique has been used and pre-validated for
testing inhalation toxicity of chemicals.[66] However, a majority
of these studies used a Krumdieck microtome system that
necessitated tissue coring. Although tissue coring enabled harvesting of slices with uniform diameter, often the risk of damaging the health of the slice is high due to the damage incurred
during the coring process. Also, this old method of slice generation was manual resulting in heterogeneity in thickness and
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surface smoothness of slices. In the present study, PCLS culture
technique was optimized as an ex vivo alternative to test lung
pro-inflammatory and fibrosis pathology induced by ENMs.
Specifically, optimal slice thickness for specific endpoints, and
short- and long term maintenance, were assessed by the slice
viability and the ability to induce physiological markers of lung
inflammation and fibrosis, two of the most commonly and
consistently observed effects of ENMs in rodent models. The
advanced digitalized vibratome used in the present study generated slices of uniform size and thickness without damaging the
tissue. Digitalization eliminates the need for expertise and minimizes technical variations introduced by different staff using
the equipment, thus enhancing the quality of slices generated,
in addition to reproducibility. Since the present study did not
core the tissue, lung architecture remained intact in the slices;
however, they differed in size and thus, the total surface area.
This issue was addressed by normalizing the assay results to
the total protein content of the slice.
This study demonstrated that the thin 250 µm slices maintained structural integrity for 48 h; whereas, the thicker 500 µm
slices were structurally intact in cultures up to 7 days postharvesting. This is different to what was shown previously by
Neuhaus et al.,[67] where increasing slice thickness decreased
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Figure 8. Histopathological analysis of PCLS exposed to vehicle control, Mitsui-7, or bleomycin for morphology (H&E), collagen deposition (Masson
trichrome–MT), and resident macrophage activation (CD68), on day 5 and day 7 post-exposure. Scale bar represents 50 µm.

viability of cells due to reduced oxygen supply owing to reduced
diffusion. Although we did not quantitatively assess the levels
of oxygen available in the culture medium, morphological
analysis of the slice at different post-culture time points did
not show any avert loss of cell viability in 500 µm slices. These
results suggested that depending on the endpoint of interest,
different slice thicknesses can be used, thus optimizing the
maximum number of slices that can be used from one individual animal. One mouse lung (left lobe only) produced up to
18–22 healthy 250 µm slices, which allowed multiple end-point
analyses and cross comparison of dose and/or time effects in
the same mouse. The right lobes were also included in the
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preliminary optimization phase; however, were found cumbersome to work with in that the small multiple lobes yielded
smaller size slices that often necessitated pooling of more than
two slices to get enough sample for the assays. Moreover, due to
the small size, slicing was also more difficult. Thus, use of right
lobes was not deemed useful to perform the assays performed
in this study. One of the important objectives of the study was
to evaluate the applicability of PCLS to assess ENMs-induced
lung inflammation and fibrotic responses. PCLS have been
used to assess uptake and cytotoxicity of gold nanoparticles,[68]
induction of inflammatory proteins following exposure to high
concentration of silica particles,[69] and to assess lung responses
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Figure 9. Heatmap showing the qRT-PCR validation results for the differential expression of PFS17 biomarker genes in PCLS following exposure to Mitsui-7 or bleomycin on day 1, day 5, and day 7 post-exposure.
The results are normalized to housekeeping genes Gadph and Actb and
expressed as relative fold change compared to matched vehicle exposed
controls using three biological replicates.

of exposure to 16 OECD reference ENMs, including titanium
dioxide, zinc oxide, cerium oxide, silica, silver, and MWCNTs.[70]
However, none of these studies determined the applicability of
PCLS to assess fibrosis. The results of the present study demonstrated that PCLS can be effectively used to screen inflammogenic and pro-fibrotic ENMs and non-ENM fibrotic stressors.
In general, the response in PCLS was much higher following
exposure to bleomycin compared to the responses induced by
MWCNTs. A large number of pro-inflammatory chemokines
and cytokines were secreted in the PCLS culture supernatants following a 1 day exposure to a wide variety of ENMs or
bleomycin (data not shown). In the lung, the fibrotic process
involves activation, recruitment, differentiation and transformation of different cell types, secretion of several pro-inflammatory cytokines, growth and repair factors, and synthesis
and accumulation of ECM components, all of which create a
microenvironment that engages in intricate signaling during
the process leading eventually to wound healing and the repair
process. Because of this complexity, animal testing is the preferred choice for assessing fibrosis. Although the present
ex vivo model did not allow the assessment of infiltrating
monocytes, using histological analysis, the study showed
recruitment of resident immune cells to the site of injury, activation of macrophages (Figure 8b–c,k–l), presence of fibroblasts
(Figure 8h–i,q–r), and increased deposition of collagen
(Figure 8e–f,n–o), the hall mark events of the fibrotic process.
Although, in general the response to ENMs was weaker in all
the endpoints assessed compared to the response induced by
bleomycin, the results conclusively showed the sensitivity of
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the technique as an alternative to whole animal testing for the
assessment of pro-fibrotic stressors.
The PFS17 is derived from animal experimentation and
thus not fully transferable to human models. However, one of
the attractive features of the ex vivo model is the future possibility of using human tissue slices from tissue banks. The
PFS17 genes have human homologues and most are shown
to be involved in human pro-fibrotic responses. For example,
in a study by Roach et al., families of serine (or cysteine) proteinase inhibitor genes—SERIPINE1, SERPINH1, SERPINA1;
integrins—ITGB5, ITGB8; and a chemokine receptor—CCR2,
were shown to be differentially expressed in TGFB stimulated precision-cut lung tissue slices that were derived from
patients with idiopathic fibrosis.[71] In another study by Wright
et al., leupaxin C type lectin, natural killer cell receptor family
(CLEC2D), calcium binding protein coding gene S100A16,
and Na/H exchanger (FXYD2) were differentially expressed in
nasal respiratory epithelial cells collected from patients with
cystic fibrosis.[72] Gene expression analysis of lung tissue from
patients with systemic sclerosis presenting with severe pulmonary fibrosis showed differential expression of TGFB1, calcium binding protein 4A (SI004a), and solute carrier organic
anion transporter family (SLCO2A1).[73] Genes encoding calcium binding protein; serine (or cysteine) proteinase inhibitor;
clade E (SERPINE2) and solute carrier family 34, member 2
(SLC34A2); solute carrier family 6, member 4 (SLC6A4); solute
carrier family 6, member 14 (SLC6A14); and resistin (RETN)
were found differentially expressed in lung tissue samples from
patients with idiopathic pulmonary fibrosis.[74] Noguchi et al.
showed that genes encoding calcium binding protein (S100A10)
and solute carrier family 7 members (SLC7A14, SLC7A5) were
differentially expressed in human lung fibroblast cells transfected with TAZ (Transcriptional coactivator with PDZ-binding
motif) siRNA.[75] The expression of cholesterol 25 hydroxylase
(CH25H) is upregulated in human lung primary fibroblasts
following stimulation with eosinophils.[76] Several studies have
shown detectable level of cathepsin S (Ctss) in the airways of
patients with cystic fibrosis.[77] Thus, many of the genes from
PFS17 are associated with lung fibrosis disease in humans. Further work is underway to expand PFS17 and to validate its applicability to predict fibrotic responses in humans. In concluding,
the ex vivo model is effective in delivering the 3Rs principles;
however, it is not a perfect alternative to a whole animal study
and has its own limitations. Although it preserves the lung
architecture with all the cell types in their original morphological and functional state, the dynamic defense and repair mechanisms of an organ may not be fully replicated ex vivo. While
ex vivo system makes cross species investigation easier, the limitation is that each individual organ has to be separately studied.
Thus, in the current search for effective animal alternatives, the
value of traditional animal studies that offer systematic investigation of systemic responses of all possible organ systems
impacted by the exposure cannot be understated.

4. Conclusions
In this proof-of-principle study, we have established a transcriptomics biomarker panel PFS17 to predict stressor-induced
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fibrosis that can be applied to screening the pro-fibrotic ENMs
and non-nano substances. The study also optimized an ex
vivo lung organ mimic system for assessing ENMs-induced
fibrosis. Conditional to further optimization, the combination
of the PFS17 biomarker and the ex vivo lung mimic system is
a robust and promising alternative for screening thousands of
stressors, including ENMs, for their fibrogenic potential. The
PFS17 biomarker is anchored to the key events identified in the
AOP173 and thus offers mechanistic information on genomics
responses associated with the fibrotic process. With further
optimization, this experimental combination offers a medium
throughput testing strategy that is a resource and cost effective
alternative to whole animal testing.

5. Experimental Section
Collection of Microarray Datasets and Data Processing: All data
used in the study are publicly available and were obtained from
the Gene Expression Omnibus (GEO). The accession numbers for
the studies[19–24] used in the development of the gene signature are
presented in Table 1. The datasets represent a variety of lung diseases
and lung injury outcomes, including lung inflammation, emphysema,
COPD, and lung cancer. The individual microarray platforms used in
the studies differed and included the Illumina expression beadchip,
oligo arrays, and Affymetrix. For the two color microarray studies, the
LOWESS normalization method[78] using the R statistical software
environment was applied.[79] The RMA normalization was applied using
the justRMA function in the affy[80] R package for studies using the
Affymetrix GeneChips. Quantile normalization was applied for studies
that utilized the Illumina beadchip using the lumiN function in the lumi
R package.[81] The normalized signal intensities were log2 transformed
and probes with technical replicates were averaged using the median,
and the data were further collapsed using the gene symbol. Each sample
condition was then averaged to the group median and then normalized
to the appropriate control samples.
Bi-Clustering Analysis: The detailed methodology was published
previously.[16,17] Briefly, the bi-clustering data analysis was conducted in
R using the biclust package.[82] The repeated Bimax method was selected
for this analysis.[83] Bimax uses a simple data model that assumes two
possible states for each expression level, no change and change with
respect to a control experiment. For this analysis, two binary matrices
were constructed: one matrix, consisting of zeros and ones, where the
ones indicated genes that were twofold up-regulated and a second
matrix, where the ones identify genes that were twofold down-regulated.
The option for the minimum number of rows for the Bimax method
was set at 15. The minimum number of columns (which represent the
experimental conditions) was set as 5 and the maximum number of
columns was set as 15. This resulted in eight bi-clusters from the binary
matrix representing the up-regulated genes and two bi-clusters were
identified for the matrix representing the down-regulated genes.[16]
Development of a Pro-Fibrotic Signature: Of the eight bi-clusters (from
above), one of them consisting of 17 genes and experimental samples
related to the T helper type 2 (Th2) response, bacterial infection,
asthma, and pulmonary fibrosis was further evaluated for shrunken
centroid analysis (SCA).[84] Activation of Th2 response pathways,
bacterial infection and asthmatic conditions are known to favour the
development of lung fibrosis. The class (pro-fibrotic – PF or non-fibrotic
– NF) labels were defined by the samples that constituted the bi-cluster
and additional samples were added to the PF class which had a subset
of expressed genes that were common to bi-cluster but did not meet the
inclusion criteria used in defining the bi-clustering algorithm. SCA was
then conducted in R using the pamr library using these genes,[85] and
sample labels were then used to estimate the centroids for the predictive
model.
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Validation of the Pro-Fibrotic Signature: Independently conducted,
publicly available data were obtained from GEO to validate the 17-gene
PF biomarker panel (PFS17). Studies involving exposures to potential
PF stressors, such as bleomycin, ozone, radiation, and MWCNTs,
were downloaded from the public domain, processed, and normalized
as described above. For the Illumina HiSeq 2500 platform, counts per
million was used to estimate gene expression and biological replicates
for each experimental condition were averaged using the median.
The PFS17 was then applied to each of these studies. The probability
of class membership was estimated using the analogy to the Gaussian
linear discriminate.[84] Samples with PF class probabilities greater than
0.8 were classified as PF and samples with PF class probabilities less
than 0.2 were classified as NF. Samples with class probabilities between
0.2 and 0.8 were classified as unknown. Heatmaps with the training
set and each of the individual studies were utilized to visualize the
predictions.
Animal Care, Handling, Sacrifice, and PCLS Generation: C57BL/6 female
mice aged 6–8 weeks were obtained from Charles River (St Constant,
QC, Canada) and were housed under pathogen-free conditions using a
12 h:12 h light/dark cycle with food and water available ad libitum. The
mice were allowed to acclimatize for at least 3–5 days before necropsy.
All animal procedures were conducted in accordance with the guidelines
of the Canadian Council for Animal Care and approved by the Health
Canada Animal Care Committee.
Control unexposed mice were anesthetized under isoflurane and
euthanized by cervical dislocation. Post mortem, the trachea was
gradually filled with 1.5 mL of a 1:1 ratio of 4% low gelling temperature
agarose (Sigma Aldrich, Oakville, ON, Canada) and 1X Hank’s Balanced
Salt Solution (HBSS) (Gibco, Burlington, ON, Canada) at 40 °C, followed
by a 0.2 mL injection of air to inflate the lungs. Gauze saturated with
chilled 1X HBSS was placed over the lungs and the mouse was incubated
on ice for a minimum of 15 min. Once cooled, the lungs were extracted
and placed in a petri dish covered with chilled 1X HBSS saturated gauze
and then placed on ice until slicing was conducted.
PCLS were generated using the VT1200 S vibrating-blade microtome
(Leica Biosystems, 14048180101 RevC; Concord, ON, Canada) as per the
manual. Using super glue, the lung lobe was mounted on the specimen
plate denoted for specimens 2 cm in height, with the lung branches
facing upward and the buffer tray was filled with chilled 1X HBSS. The
blade feed rate was set at 0.60 min s−1, the amplitude at 1.00 mm, and
the section thickness at 250 or 500 µm. Each slice was then placed in
chilled 1X HBSS. The left lung lobe was preferred as it is a single large
lobe compared to the multi-lobe right lung; it is easier to manipulate and
provides larger slices. Figure S39, Supporting Information, represents a
schematic diagram for lung slice generation.
PCLS Culture: Following sectioning, the PCLS were incubated at 37 °C
for 45 min, after which slices were washed every hour for a total of three
times using lung slice media (Dulbecco’s Modified Eagle Medium/
Nutrient Mixture F-12; Gibco, Burlington, ON, Canada) supplemented
with 35 µg mL−1 L-ascorbic acid (Sigma-Aldrich, Oakville, ON, Canada),
5 µg mL−1 transferrin (bovine, Halo form; Gibco, Burlington, ON,
Canada), 2.85 µg mL−1 insulin from bovine pancreas (Sigma-Aldrich,
Oakville, ON, Canada), 3.2 pg mL−1 selenium (Fluka, Oakville, ON,
Canada), 250 ng mL−1 of amphotericin B (Sigma-Aldrich, Oakville, ON,
Canada), and 5 mL of Pen-Strep (Gibco, Burlington, ON, Canada).
Preparation of Mitsui-7 and Bleomycin for Exposure: The stock
suspensions of Mitsui-7, bleomycin, LPS, and lysis buffer were prepared
fresh each time immediately before the exposure. The stock suspensions
of MWCNTs were prepared in MilliQ water containing 2% serum prepared
from C57BL/6 mice at a concentration of 1 mg mL−1. Suspensions were
sonicated at 40 W on ice using the S-450D sonifier (Branson Ultrasonics
Corporation, Danbury, CT, USA) equipped with a disrupter horn (model
number: 101-147-037) in an enclosed chamber. To ensure dispersions,
MWCNTs in MilliQ water containing 2% serum were sonicated for 16 min
without any pulse. The stock was diluted further in the lung slice medium
to obtain different exposure concentrations of 25, 50, and 100 µg mL−1.
The dilutions were sonicated for an additional minute on ice before
exposing PCLS. Dilutions of bleomycin (100 µg mL−1) were prepared in
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lung slice medium from 2 mg mL−1 bleomycin stock in phosphate buffer
saline; stock solutions of LPS (1 µg mL−1) and lysis (10% Triton X-100)
buffer were prepared in lung slice medium.
PCLS Exposure: Following the washes, the PCLS were acclimatized
overnight in a 24-well cell culture plate, with a single slice per well in
0.5 mL lung slice media. Occasionally, two smaller-sized slices were
cultured together in a single well. The lung slice media was carefully
removed from wells with a pipette following 24 h incubation and
replaced with 0.5 mL of fresh suspensions of ENM, chemicals, or
exposure vehicle only (control untreated slices). Different experimental
controls were used; 1 µg mL−1 of LPS, a known pro-inflammatory
endotoxin, was used as a positive control in experiments targeting
inflammatory reactions. For cytotoxicity experiments, 10% Triton X-100
(Thermo-Fisher Scientific, BP151500, Burlington, ON, Canada) served
as a positive control. Following treatment with stressors, the lung slices
were returned to the incubator at 37 °C. Lung slices and the supernatant
were harvested at different post-exposure time points and stored at
−80 °C until processed for the specific assays.
Hyperspectral Imaging of PCLS Exposed to Mitsui-7: Tissue slices for
histology were prepared and a hyperspectral imaging (HSI) system
was used to visualize Mitsui-7 fibers in PCLS in accordance with the
protocols described previously.[9] Briefly, HSI of H&E stained PCLS
samples stimulated with Mitsui-7 were taken at 100× magnification
using a Cytoviva nanoscale hyperspectral microscope with a detection
range of 400–1000 nm (Cytoviva, Inc., Auburn, AL, USA). The images
were analyzed using the Environment for Visualization (ENVI 4.8;
Cytoviva, Inc. Auburn, AL, USA) software. The spectra from the Mitsui-7
stimulated samples were compared to a reference spectral library
created for Mitsui-7 by spectral angle mapping, a spectral classification
algorithm in ENVI that uses an n-D angle to match pixels from the
stimulated samples to reference spectra. An n-D angle equal or lower
than the maximum threshold of 0.15 radian represents 100% match to
the reference sample.[14]
Total Protein Extraction and Quantification: Frozen tissue slices were
homogenized in cell lysis solution with a 5 mm Retsch stainless steel
bead (Thermo-Fisher Scientific, Burlington, ON, Canada).
Cell lysis solution was assembled using multiple components (factor
1 and 2; BioRad, Mississauga, ON) and protease inhibitor (SigmaAldrich, Oakville, ON, Canada).
Samples were homogenized twice using pre-chilled Retsch
Mixer Mill MM 400 adapters at 25 Hz for 1 min. The procedure was
repeated the second time with incubation on ice for 1 min between
homogenizations. The homogenates were incubated on ice for 20 min
with regular agitation at 5 min intervals. Samples were centrifuged twice
at 8000 rpm at 4 °C for 10 min to ensure complete removal of MWCNTs.
The supernatant above the MWCNT pellet was removed and stored at
−80 °C until use.
Total protein from each sample was quantified using the bicinchoninic
acid (BCA) assay, using bovine serum albumin (BSA) as the standard,
as per the manufacturer’s instruction for the microplate procedure
(Pierce, Rockland, IL). The sample was diluted 1:10 in 1X Dulbecco’s
phosphate-buffered saline solution (Gibco, Burlington, ON, Canada)
and serial dilutions of the standard were prepared in the same solution.
Absorbance was read at 562 nm using a microplate reader.
Cytotoxicity Assessment: Cells with compromised membrane integrity
release LDH, which is used as an indicator of cell death. Thus, the
percentage of cell death is proportional to the percentage of LDH
released by the cells in the supernatant. In brief, 10 µL of supernatant
from each sample and standards were loaded into individual wells of
96-well plate, followed by the substrate mix (LDH assay kit by Abcam,
Toronto, ON, Canada). Absorbance was measured at 490 nm, with a
reference wavelength of 600 nm. LDH release was normalized to the
protein content of the corresponding PCLS lysate and expressed in
terms of fold change compared to media control. Lysis buffer was used
as a positive control for cytotoxicity. All assays were conducted in three
biological replicates.
Measurement of Cytokines via Bio-Plex Pro Assays: The levels of proinflammatory and pro-fibrotic cytokines were determined using a 23 Plex
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panel of Bio-Plex Pro Mouse Cytokine assay (BioRad, Mississauga,
Canada). The specific cytokines included: IL-1α, IL-1β, IL-2, IL-3, IL-4,
IL-5, IL-6, IL-9, IL-10, IL-12 p40, IL-12 p70, IL-13, IL-17, eotaxin, G-CSF,
GM-CSF, INF-γ, KC, MCP-1, MIP-1α, MIP-1β, RANTES, and TNF-α. The
assay was performed according to the manufacturer’s instructions.
Both the standard diluent (lung slice media) and PCLS supernatants
(after the removal of MWCNTs by centrifugation) were prepared in
0.5% w/v bovine serum albumin, BSA (Sigma-Aldrich, A-9647, Oakville,
ON, Canada) to stabilize protein analytes and to prevent adsorption
onto labware. The plates were washed using a manual vacuum manifold.
Concentration of each chemokine/cytokines was obtained using the
Bioplex Manager Software (version 6), which uses calibration curves
obtained from a fourfold serial dilution of standards. For the analysis
of proteins in the supernatants, concentrations of each chemokine/
cytokines in the supernatant were normalized to total protein in the
corresponding PCLS. In contrast, for the analysis of proteins from lysate,
a total of 25 µg of protein extracted from each PCLS sample (n = 3, from
three individual mice) was used in the assay and each sample was run
twice (two technical replicates).
Quantification of Pro-Fibrotic Markers OPN, TGF-β, and CCL-2: The
expression of pro-fibrotic markers OPN, TGF-β, and chemokine (C-C
motif) ligand 2 (CCL-2) were measured in the supernatants using
commercially available mouse enzyme-linked immunosorbent assay
kits (Quantikine ELISA, R&D Systems, Minneapolis, MN, USA). ELISAs
were performed according to the manufacturer’s specifications. The
lower limit of detection for OPN, TGF-β1, and CCL-2 was 39, 31.3, and
15.6 pg mL−1, respectively. Absorbance was determined at 450 nm with a
reference wavelength at 540 nm.
Histopathology: The PCLS from control and treated groups (n = 3)
were fixed in 10% formalin for 24 h, paraffin embedded, cut into 4 mm
thick sections and stained with H&E or Masson trichrome to assess
inflammation and collagen deposition, respectively. The paraffinembedded PCLS were also stained with macrophage marker CD68
(Rabbit CD68; Abcam, Toronto, ON, Canada). Immunostaining with
CD68 was conducted according to the manufacturer’s protocol. The
service was carried out in the PALM Histology Core Facility, University of
Ottawa, Ottawa, Ontario, Canada.
Assessment of PFS17 in PCLS: A custom quantitative real-time
(qRT)-PCR array (CLAM28143_ QIAGEN Sciences, Maryland, USA)
was designed to assess the expression of PFS17 in PCLS following
exposure to pro-fibrotic substances. PCLS were harvested and treated
with MWCNT Mitsui-7 and bleomycin, the two well-studied pro-fibrotic
substances included in this study. A total of 0.8 µg of total RNA from
each PCLS sample exposed to vehicle only, Mitsui-7, or bleomycin was
reverse transcribed using the RT2 first strand kit (QIAGEN Sciences,
Maryland, USA). The qRT-PCR was conducted using a BioRad CFX96
Real-Time PCR detection system using a RT2 SYBR Green qPCR
Mastermix (QIAGEN Sciences, Maryland, USA). Data were normalized
to hypoxanthine-guanine phosphoribosyltransferase (Hprt), actin
β (Actb), and glyceraldehyde 3-phosphate dehydrogenase (Gapdh)
reference genes, which were chosen based on their stable expression
levels in mouse lungs in previous studies.[86] Relative expression of
genes was calculated using the online PCR array data analysis software
(QIAGEN Sciences, Maryland, USA).
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