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1. Introduction

Nanotechnology has delivered innovative 
solutions for a broad range of industrial 
and consumer applications. However, as 
the field develops and new products con-
tinuously emerge, the likelihood of uncon-
trolled human exposure to engineered 
nanomaterials (ENM) is also growing. 
A large part of ENM hazard assessment 
has so far been carried out in vivo on a 
material-by-material basis. As a result of 
their durability, the chronic and systemic 
effects of nanoparticles are better studied 
in in vivo set-ups. However, taking the 
ever-increasing number and diversity of 
ENM into account, it is not feasible to test 
all these materials in vivo with regards 
to time, cost, and ethical considerations. 
Several ways to reduce and refine animal 
testing have been proposed but the ulti-
mate goal is to replace animal experimen-
tation with alternative methods.[1,2]

The diversity and increasing prevalence of products derived from engineered 
nanomaterials (ENM), warrants implementation of non-animal approaches 
to health hazard assessment for ethical and practical reasons. Although 
non-animal approaches are becoming increasingly popular, there are almost 
no studies of side-by-side comparisons with traditional in vivo assays. Here, 
trans criptomics is used to investigate mechanistic similarities between 
healthy/asthmatic models of 3D air–liquid interface (ALI) cultures of donor-
derived human bronchial epithelia cells, and mouse lung tissue, following 
exposure to copper oxide ENM. Only 19% of mouse lung genes with human 
orthologues are not expressed in the human 3D ALI model. Despite dif-
ferences in taxonomy and cellular complexity between the systems, a core 
subset of matching genes cluster mouse and human samples strictly based 
on ENM dose (exposure severity). Overlapping gene orthologue pairs are 
highly enriched for innate immune functions, suggesting an important and 
maybe underestimated role of epithelial cells. In conclusion, 3D ALI models 
based on epithelial cells, are primed to bridge the gap between traditional 
2D in vitro assays and animal models of airway exposure, and transcrip-
tomics appears to be a unifying dose metric that links in vivo and in vitro test 
systems.
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Possible alternative methods to in vivo testing span in vitro 
and ex vivo systems to in silico approaches.[3] Cell lines have been 
widely used for nanotoxicological testing and although they are 
easy and cheap to handle, these models have disadvantages such 
as being immortalized, having reduced differentiation ability 
and lack of individual variety, calling into question how ade-
quately they represent cell behavior in vivo.[4] Primary cells are a 
better choice to reflect the actual cell behavior, but they in turn 
have limited life span, and similarly to cell lines, consist of only 
one cell type.[5] To overcome these shortcomings, advanced 3D 
in vitro systems consisting of polarized mucociliary differenti-
ated airway epithelial cell layers, that more  resembles the human 
airway epithelium (MucilAir), have been developed.[6] According 
to the manufacturer (Epithelix Sàrl, Switzerland), these primary 
cells can be cultured an air–liquid interface (ALI) in a homeo-
static state for more than a year. Another very significant limita-
tion of traditional in vitro systems is that the majority of studies 
that are intended to mimic pulmonary exposures (for example, 
using cells lines or primary cells from respiratory tract), are 
conducted in submerged cell culture conditions, as opposed to 
direct exposure via air. The protein corona derived from serum 
in culture media alters the biological identity of the nanoparticles 
before they encounter the cells.[7] ALI models based on epithelial 
cells provide a possibility to mimic real-life aerosol exposure in 
order to investigate adverse events associated with inhaled ENM 
at the respiratory tract barrier.[8] Cells derived from individuals 
with lung pathologies such as asthma, allergic rhinitis, chronic 
obstructive pulmonary disease and cystic fibrosis (Epithelix Sàrl, 
Switzerland), have also been incorporated into this system. This 
is an important aspect of hazard assessment since the airway of 
individuals with prevalent pulmonary diseases, such as asthma, 
is more sensitive to ENM exposure.[9] Thus, the validation of 
such models as non-animal alternatives would add significant 
value to ENM safety evaluation.

Although the nanotoxicological community has heeded calls 
to take advantage of non-animal testing methods, side-by-side 
comparisons of traditional in vivo exposures with alterna-
tive testing systems are lacking. In silico methods that predict 
structure-activity interactions of ENM or focus on biomarker 
identification when used in tandem with experimental models, 
have become a promising approach of the 3R concept.[10] There-
fore, in this study we use a systems level approach (microarray-
based transcriptomics) to explore the comparability of ALI 
 cultures based on donor-derived healthy and asthmatic human 
bronchial epithelial cells to traditional healthy and ovalbumin-
induced mouse models of allergic airway inflammation, after 
exposure to pristine (CuO) or carboxylated (CuOCOOH) copper 
oxide nanoparticles. With over 1700 publications in PubMed, 
60% of which have been published in the last 10 years, copper 
oxide toxicity is clearly an area of significant interest.

2. Results

2.1. Exposing Healthy or Diseased Airways to Copper Oxide 
Nanoparticles Triggers Dose-Dependent Changes in Gene 
Expression In Vivo and In Vitro

Enhanced expression of IL33 (marker of allergic airway 
inflammation) as well as MUC5AC and MUC5B (mucus 

hypersecretion) in asthmatic donor cells and inflamed lung 
tissue of mice, underscores a pre-existing asthmatic phenotype 
in both the in vitro and in vivo models without exposure to ENM 
(Figure  1A). As such, we here onward refer to the mice with 
OVA-induced allergic airway inflammation as asthmatic mice.

A dose-dependent response, characterized by the number of 
differentially expressed genes (DEG), was observed in mouse 
lung and human donor cells for each nanoparticle subtype 
(Figure 1B). On average, the highest and lowest number of DEG 
were observed in mouse lung and human donor cells exposed 
to high and low concentrations of nanoparticles respectively. 
The number of DEG did not clearly distinguish particle surface 
charge characteristics (pristine versus COOH-functionalized 
surface) and airway disease state (healthy versus asthmatic) 
in both mouse and human exposures, but a net decrease in 
number of DEG can be seen in asthmatic relative to healthy 
mouse lung tissue.

In order to investigate the underlying mechanisms of toxi-
city, gene set enrichment analysis was performed on pooled 
(low, mid and high concentration) DEG. This was followed by 
Venn comparisons of enriched biological processes in healthy 
and asthmatic airways exposed to either CuO or CuOCOOH 
nano particles. Although several unique biological processes 
dissociating healthy/asthmatic and CuO/CuOCOOH exposures 
were identified, the central overrepresented biological pro-
cesses (response to cytokine, response to toxic substance, metal 
ion response, and response to oxidative stress) in both mouse 
and human exposures, are consistent on adverse exposure to 
partially soluble metal oxide-based nanoparticles (Figure 1C).

2.2. Copper Oxide Nanoparticles Trigger Common DEG 
in Mouse Lung and Human ALI Model

Because of the pathway-level similarities identified between 
mouse and human exposures, we next sought to identify over-
lapping DEG. From the perspective of alternative testing, in 
vitro testing systems will have added relevance if organ level 
DEG are similarly triggered in vitro.

18 591 human orthologues to mouse genes were downloaded 
from ENSEMBL. In this way mouse genes with corresponding 
human orthologues were compared with genes identified from 
ALI cultures of donor human bronchial epithelia. 12 252 genes 
were identified between mouse lung tissue and human bron-
chial epithelia, of which 1936 were differentially expressed in 
both mouse and human exposures (Figure  2A,B). These 1936 
shared mouse and human DEG correspond to 30% and 31% of 
all the genes that were differentially expressed in response to 
CuO and CuOCOOH nanomaterials in human bronchial epithelia 
and mouse lung tissue respectively. These 1936 genes, as well as 
their fold change in expression in both human and mouse expo-
sures are provided as Table S1, Supporting Information.

Gene set enrichment analysis based on the shared mouse 
and human DEG, reveal that these genes are signature genes 
of human bronchial epithelial cells and human/mouse bulk 
lung tissue (Figure 2C, upper panel). The most significant bio-
logical processes represented by these shared genes are again 
consistent with known[11–16] pathobiological responses to metal 
oxide-based nanoparticles (Figure 2C, lower panel). These were; 
response to organic substance (adj. p value 1E-24 to 3E-28), 
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response to stress (adj. p value 2.1E-21), regulation of cell 
death (3.2E-18) and response to cytokine, metal ion, and oxida-
tive stress (adj. p value 3.3E-7–9.5E-18). Several biological pro-
cesses were enriched by genes that are uniquely differentially 
expressed in either the human or mouse exposures (Figure S1,  
Supporting Information). The DEG unique to mouse exposures 
were mainly involved in cell-mediated immune responses such 
as granulocyte activation and neutrophil mediated  immunity, 
whilst those DEG that were unique to the human in vitro 
exposures are predominantly involved in microtubule-based 
processes such as ciliary transport and cilium organization. 
Nonetheless, almost half ([17  +  81]/[52  +  52]) of the biological 
 processes represented by mouse- or human-specific DEG were 
also identified amongst the biological processes from shared 
mouse and human DEG (Figure S1, Supporting Information).

2.3. Following Exposure to Copper Oxide Nanoparticles, 
Healthy Human and Mouse Airways have More DEG in 
Common than Asthmatic Human and Mouse Airways

We next asked whether the shared human and mouse DEG 
could also distinguish exposed healthy airways from exposed 
asthmatic airways. Shared DEG were separately compared 
for either healthy or asthmatic airways. More DEG were 

shared between healthy (75%) human/mouse (1414 DEG) than 
between asthmatic (37%) human/mouse (605 DEG) exposures 
(Figure 3A,B).

Comparative functional enrichment analysis of shared 
DEG from asthmatic and healthy human and mouse airways, 
highlights differential response mechanisms that may reflect 
 disease-related enhanced sensitivity of asthmatic airways to 
nanoparticle exposure. Whilst cellular response to chemical 
stimulus and response to organic substance were similarly 
enriched GO terms in healthy and asthmatic airways, notable 
differences are absence (decreased) of cilium movement, 
decreased response to stress, decreased response to oxidative 
stress, and enhanced cytokine and immune system processes 
in exposed asthmatic airways (Figure 3C,D).

2.4. Shared Mouse and Human DEG Incorporate Particle Dose 
and Enhanced Particle Sensitivity of Diseased Airways

Having observed an enrichment of biological processes relevant 
to general toxicant and also specific to metal oxide-based nano-
particle exposures, from the subset of shared human/mouse 
DEG, we next sought to answer whether these genes could 
categorize all samples according to particle sub-type, dose, or 
airway disease state.
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Figure 1. Mechanism of action-based health hazard assessment of pristine or COOH-functionalized copper oxide nanoparticles in healthy versus 
asthmatic airways. A) Selected signature genes distinguish control from inflamed (asthmatic) airways, in both mouse lung tissue and air–liquid 
interface cultures of human bronchial epithelial cells. Mouse tissue and human cells were exposed to three different concentrations of pristine (CuO) 
and COOH-functionalized (CuO [COOH]) copper oxide nanoparticles. B) Dose-dependent modulation of gene expression (number of differentially 
expressed genes) was observed in both mouse and human airways, in response to each nanoparticle type. C) Venn comparisons of enriched biological 
processes represented by corresponding differentially expressed genes, show material-specific responses as well as exposure-disease interaction. In 
human and mouse exposure models, biological processes directly related to metal-based nanoparticle exposure (oxidative stress, response to metal 
ion, etc.), were similarly triggered by both nanoparticle sub-types in healthy and inflamed airways.
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We performed principal component analyses based on the 
expression intensity of shared human and mouse DEG across 
all independent exposures. In healthy airways, the top two prin-
cipal components, accounting for 53% of the total variation 
within the specified set of genes, grouped all exposures along 
a dose-response gradient in both human and mouse exposures 
(Figure  4, upper panel). In healthy airways, samples grouped 
according to; unexposed controls, low dose, mid dose, and high 
dose. In asthmatic airways, the top two principal components, 
explaining about 45% of the sample variance related to the spec-
ified subset of shared human and mouse genes, also grouped 
the exposures according to dose. But unlike in healthy airways, 
the low and mid doses clustered together in the mouse expo-
sures, whilst the mid and high dose samples clustered together 
in the human exposures (Figure  4, lower panel and dotted 
squares). No clear separation of CuO- and CuOCOOH-exposed 
samples could be seen in both human and mouse airways.

2.5. Cross Correlation Analysis Identifies Clusters of Highly 
 Positively Correlated Genes with Functional Relevance to 
Adverse Nanoparticle Exposure

Because shared human and mouse DEG may not necessarily 
have the same direction of activation in human and mouse air-
ways, we performed mouse–human correlation analysis based 

on shared DEG. In healthy and asthmatic airways four sets 
of positively correlated (R  >  0.8) clusters were identified; #1: 
m1–H1 (114 shared genes) and #2: m2–H2 (70 shared genes) 
in asthmatic and #3: m3–H3 (458 shared genes), and #4: m4–
H4 (269 shared genes) in healthy (Figure 5A,B). Enriched bio-
logical processes were only identified from the shared genes 
in clusters m1-H1 (asthmatic airways) and the shared genes in 
clusters m3-H3 (healthy airways). A Venn comparison of these 
biological processes, as well as a list of the top enriched bio-
logical processes, is depicted in Figure 5C.

2.6. Shared Upregulated as Opposed to Downregulated Genes 
Dictate Similarity and Specificity of Mouse and Human Airway 
Response to CuO Nanoparticles

Thus far a subset of genes that are, 1—commonly differ-
entially expressed in exposed human and mouse airways,  
2—highly positively correlated between human and mouse, and 
3—enriched for biological functions that are consistent with 
adverse exposure to CuO and CuOCOOH nanoparticles, have 
been identified in shared DEG from both healthy and asthmatic 
human and mouse airways (Figure 5C).

We next asked whether these subsets of genes represent a 
core transcriptomic signature that incorporates dose-response 
to copper oxide nanoparticles, irrespective of whether the target 
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Figure 2. Orthologue-based comparisons of mouse lung tissue and human-derived bronchial epithelia transcriptomes. A) 18 591 human orthologues 
of mouse transcriptome were downloaded from ENSEMBL, of which 12 252 are expressed in an air–liquid interface model of human 3D bronchial 
epithelia. B) 1936 genes were triggered by exposure of mouse airway and human bronchial epithelia to at least one of three different doses for both 
CuO and CuOCOOH nanoparticle exposures. C) Gene set enrichment analysis of these shared differentially expressed genes, reflects both the tissue and 
cell type origin of these genes (upper panel). The top-most enriched biological process is response to organic substance (GO:0010033). In fact, the top 
five functions represented by these genes all correspond to biological processes that are consistent with general cellular response to chemicals. Other 
top enriched functions are cytokine response, apoptosis, response to stress, oxidative stress, and metal ion response—all of which indicate adverse 
exposure to metal oxide-based nanoparticles (C; lower panel).
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is human or mouse airway. Hierarchical clusters of both human 
and mouse samples were generated from the shared genes 
identified in each of the positively correlated mouse–human 
gene clusters (m1–H1, m2–H2, m3–H3, and m4–H4, depicted 
in Figure 5). The relative expression of each gene was obtained 
separately for human and mouse samples by Z-score normali-
zation, and the average value from three to six biological rep-
licates was used to generate the hierarchical clusters. Interest-
ingly, clear dose-response hierarchical clusters emerged only 
from the shared genes between correlated clusters m1–H1 and 
m3–H3 (red boxes in Figure  5A,B, Figure  6, and Figure S2,  
Supporting Information). This is in line with the identifica-
tion of significantly enriched biological processes—all of which 
were consistent with ENM exposure, only in the shared genes 
from these two sets of clusters (Figure 5C).

It was also notable that whilst all shared positively corre-
lated DEG from clusters m1-H1 and m3-H3 are upregulated 
(Figure  6), the shared positively correlated DEG from clusters 
m2–H2 and m4–H4 are downregulated (Figure S2, Supporting 
Information). Human versus mouse correlation plots of three 
selected genes with functional relevance in regulation of oxi-
dative stress (GLRX gene), response to metal ion (MT1F gene) 
and inflammatory response (IL6 gene), are shown in Figure 7.

3. Discussion

Several alternative testing methods have been validated in the 
EU for the safety assessment of chemicals.[17] However, none of 
these are as yet focused on inhalation toxicity which is highly 
relevant within the context of nanoparticle exposure. Further-
more, they are designed to test the hazardousness of a sub-
stance under normal physiological but not in compromised 
health conditions. Various ENM-specific models have been 
proposed as alternatives for in vivo testing but there is limited 
information about direct in vivo–in vitro comparisons.[18] To the 
best of our knowledge, no such comparisons have been carried 
out for in vivo versus advanced in vitro models in both healthy 
and diseased conditions.

In ENM-exposed mouse lung tissue or human epithelial 
cells, the total number of differentially expressed genes (DEG) 
were almost identical; 6523 and 6294 DEG in human and 
mouse datasets, respectively. In both human ALI and mouse 
models, increasing number of DEG corresponds to exposure 
severity (dose), and on the pathway level similar mechanisms of 
copper oxide nanoparticle toxicity can be found. This is in line 
with previous comparisons of mouse lung tissue versus sub-
merged cultures of a human THP1 cell line exposed to carbon 
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Figure 3. Mouse–human comparisons of number and functions of shared differentially expressed genes in A) control and B) asthmatic airways. Over 
two times more differentially expressed genes were commonly triggered in healthy (A) when compared to asthmatic (B) mouse and human airways. 
C) As expected, unique and shared over-represented biological processes were identified between the common mouse–human genes in healthy and 
asthmatic airways. Gene set enrichment analysis was carried out using the Panther tool, implemented within the Gene Ontology database. D) Top 
ranked biological processes, from shared mouse–human differentially expressed genes, for control and asthmatic airways are listed. The scale rep-
resents the score, calculated as the fold enrichment (cut-off, 1.5-fold) multiplied by the −log of the false discovery rate (cut-off, 0.05). Each biological 
process represents a minimum of ten differentially expressed genes.
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nanomaterials.[18] Shared mouse/human DEG were found to 
enrich pathways involved in responses to cytokine and toxic 
substances as well as oxidative stress. Incidentally, oxidative 
stress (in vitro) and induction of inflammation (in vivo), are 
the most commonly reported inhalation-relevant toxicological 
outcomes of exposure to copper oxide[19] and several other 
nanoparticles.[20]

Orthologues are genes of different species that have devel-
oped during evolution from an ancestral gene and retained 
the ability to encode proteins with the same function.[21,22] In 
order to directly compare the changes in mouse and human 
transcriptome, we converted mouse genes to human ortho-
logues. Of the 18 591 mouse–human orthologue genes identi-
fied in ENSEMBL database, 15  174 were expressed in mouse 
lung tissue and 12  252 were commonly expressed between 
mouse lung tissue and human bronchial epithelial cells. Only 
19% (2872 genes) of the identified orthologues were uniquely 
expressed in mouse lung tissue. This is a rather small fraction 
considering that the lung samples represent a mixture of cells 
such as cells of the immune system, blood vessels, connective 
and muscle tissue and airway epithelial cells, whilst the human 
ALI culture system consists only of basal, goblet, and ciliated 
cells that make up the bronchial epithelium. However, the ana-
tomical proximity between the bronchioles and lungs might 

explain this high degree of gene expression overlap, and sup-
ports the relevance of non-animal models that are designed as 
organ-level mimics. On a functional level, 1936 gene-orthologue 
pairs were differentially expressed in response to nanomaterial 
exposure in both healthy and diseased airway models, in human 
bronchial epithelia and mouse lung tissue. These 1936 DEG 
showed a very high statistically significant association (adjusted 
p-value up to 10−57) to bronchial epithelial cells, smooth muscle, 
and lungs. Being that the respiratory epithelium is the front-
line physical and immunological barrier to inhaled foreign 
bodies,[23] it is logical that the shared mouse and human DEG 
are highly enriched for genes that serve this purpose. Pathway 
analyses of the common DEG showed that the core functions 
of the genes triggered by nanoparticle exposure were related 
to responses to different stimuli covering chemicals, oxidative 
stress, and metal ions.

The pulmonary environment of healthy individuals 
and asthmatic patients displays noteworthy immunolog-
ical  differences. Common signs of asthma include mucus 
 overproduction and the release of Th2-type cytokines and 
eosinophil-chemoattractant which induce the migration of 
corresponding effector cells into the lung tissue.[24] In this “pre-
existing” disease state, the presence of disease-specific media-
tors and cells may lead to a different outcome when asthmatic 
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Figure 4. Principal component analyses of mouse–human shared differentially expressed genes in A) healthy and B) asthmatic airways exposed to pris-
tine and COOH-functionalized copper oxide nanoparticles. Different exposures are indicated by different shapes, with circles and squares representing 
pristine and COOH-functionalized copper oxide nanoparticles respectively. Triangles are vehicle controls, that is, PBS for mouse lung and air for human 
bronchial epithelial cells cultured at the air–liquid interface. Incremental shape sizes correspond to samples exposed to different concentrations (low, 
mid, and high) of nanoparticles. Human samples are colored in red and mouse samples are colored black. Z-score normalization was used to scale 
mouse and human gene expression intensities prior to PCA analyses. In healthy airways, the top two components reveal a clear dose-response gradient 
in both mouse and human samples. In asthmatic airways, a dose-response variance in the gene expression can also be seen, as well as a potential 
disease-exposure interaction—whereby the low and mid nanoparticle concentrations cluster together in the mouse samples (black rectangle), while 
the mid and high nanoparticle concentrations cluster together in the human samples (red rectangle).
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airways are exposed to additional external stimuli compared to 
the one taking place under immunologically balanced/healthy 
conditions. Since asthmatics are suggested to have changes in 
the expression of proteins involved in innate immunity, lipid 
metabolism/transport, and metal ion homeostasis,[25] expo-
sure to copper oxide particles might cause more severe effects 
on their health. As such, we have previously investigated 
healthy and asthma-type models to mechanistically unravel 
if and how sensitivity to ENM is altered in disease-compro-
mised airways.[9,26] Therefore, in the current study we inves-
tigated similarities between mouse lung tissue and in vitro 
human ALI exposure systems, in both healthy and asthma-
type models. Of the 1936 shared differentially expressed 
gene-orthologue pairs, 74% (1414/1893 DEG) were common 
to healthy mice and human epithelial cells. The number of 
overlapping DEG was smaller in the asthmatic setting, where 
only 37.6% (605/1611 DEG) of differentially expressed gene-
orthologue pairs were common between mouse lung and 
human bronchial epithelia. Although, the shared changes 
of gene expression were twofold more between healthy than 
in the diseased airways, the number of shared enriched 
pathways were more alike—58% between healthy and 52% 
between asthmatic airways (data not shown)—confirming 

that pathway-level functions are differentially conserved when 
compared to individual mediator genes. Forty percent of the 
shared mouse–human pathway-level functions enriched by 
the shared DEG, were found to be common between healthy 
and asthmatic models. As anticipated, in asthmatic airways, 
inflammatory responses were stronger whilst responses that 
were suggestive of renewal of epithelial lining (mitotic cell 
cycle process, spindle organization) and cilia-dependent par-
ticle clearance (microtubule-based process, cilium move-
ment) were notably weaker. This asthma-related enhanced 
airway sensitivity to copper oxide ENM, is mirrored by PCA 
analysis based on shared differentially expressed gene-ortho-
logue pairs. In healthy airways, a clear separation of the dif-
ferent concentrations of CuO and CuOCOOH nanoparticles was 
observed, but in asthmatic airways, whilst the dose-response 
still exists, a narrowed range of clusters can be seen, with low 
and mid doses clustered together in mouse airways and mid 
and high doses clustered together in human bronchial epithe-
lial cells.

Since the biological functions represented by the shared 
differentially expressed gene-orthologue pairs have also been 
previously linked to toxicity of copper oxide nanoparticles, in 
in vitro and in vivo systems,[9,15,27,28] we performed correlation 
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Figure 5. Identification of similarly activated/de-activated biological processes between shared mouse–human differentially expressed genes. Pear-
son’s correlation was carried out between mouse and human genes, based solely on shared differentially expressed genes in healthy or asthmatic 
airways. Heatmaps of highly correlated (cut-off, −0.8 ≤ R ≥ 0.8 to at least 15 other genes) mouse–human differentially expressed genes are depicted for  
A) asthmatic and B) healthy airways. Clusters of positively and negatively correlated mouse–human genes were identified in shared differentially 
expressed genes from asthmatic and healthy airways. Clusters are named as m for mouse and H for human. Positively correlated m–H cluster pairs, 
that are compared with each other in the accompanying Venn diagrams, are indicated with same font colors (red: m1/H1, m3/H3 or black: m2/H2, 
m4H4). Venn comparisons and gene set enrichment analyses were carried out for the positively correlated mouse–human gene clusters (A,B, right 
panel and C). Significantly enriched biological processes (minimum 15 genes, 5% FDR) were only identified amongst the overlapping genes shared 
by clusters m1-H1 (asthmatic airways) and clusters m3-H3 (healthy airways). C) A Venn comparison of all significantly enriched biological processes, 
as well as the top ranked biological processes are depicted. Highly positively correlated mouse–human genes were found to be involved in biological 
processes such as cytokine response, inflammatory response, response to toxic substance, etc. in both asthmatic and healthy airways. 22 Biological 
processes were unique to positively correlated mouse–human genes from asthmatic airways, with top ranked functions corresponding mainly to innate 
immune responses. 338 biological processes were unique to correlated mouse–human genes in healthy airways, wherein the top ranked functions 
were related to cell division.
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analyses in tandem with functional enrichment analyses to 
answer whether the identified pathways were similarly activated 
or deactivated in mouse lung and human bronchial epithelial 
cells. Two pairs of highly positively correlated mouse–human 
gene clusters were identified, in healthy and asthmatic air-
ways. Interestingly only one gene cluster pair in healthy and 
asthmatic exposure systems (m1–H1 and m3–H3) consisted of 
genes with enriched biological processes. These positively cor-
related, functionally relevant mouse–human gene-orthologue 
pairs were almost entirely consisting of upregulated genes 

(Table S2, Supporting Information). In other words, shared 
downregulated mouse–human gene-orthologue pairs, though 
positively correlated, are not functionally interrelated and do 
not involve any known responses to copper oxide nanoparti-
cles, as opposed to the shared upregulated gene-orthologue 
pairs. The latter are involved in inflammation, responses to 
various internal and external stimulants including cytokines, 
viruses, lipopolysaccharide and chemicals. These processes are 
generally associated to innate immunity, and therefore nano-
particle exposures seem to have effects on antigen presenting 
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Figure 6. Hierarchical clustering of highly correlated mouse/human differentially expressed genes. A subset of differentially expressed genes (114 genes 
in asthmatic and 458 genes in healthy airways; Figure 5A,B, red boxes) common to mouse and human airways were identified as highly positively cor-
related, and significantly enriched for biological functions consistent with toxicant exposure (Figure 5). The expression intensities of these genes were 
Z-score normalized for human and mouse samples separately. Hierarchical clustering based on the normalized expression of these genes clustered 
samples according to nanoparticle dose—irrespective of whether samples are derived from mouse or human airways. These subsets of positively 
correlated mouse–human genes were mostly upregulated in response to copper oxide nanoparticles. In sample descriptions, A = asthmatic human, 
OVA = asthmatic mouse, H = healthy human, PBS = healthy mouse, l = low dose, m = mid dose, h = high dose, and PBS_ctrl/OVA_ctrl/Air_ctrl = 
unexposed mouse or human samples.

Figure 7. Mouse/human gene expression correlation of selected gene-orthologue pairs with functional relevance for hazardous exposure to copper 
oxide nanoparticles. Genes are glutaredoxin (GLRX), metallothionein 1F (MT1F) and interleukin 6 (IL6).
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activities and ensuing immune responses. Since these path-
ways also existed in the bronchial epithelial system, it suggests 
that alveolar macrophages are not the only driving cell type 
but epithelial cells and their responses might be much more 
important than previously believed. Additionally, we showed 
that hierarchical clustering of mouse lung and human bron-
chial epithelial cells, based solely on the normalized expression 
of shared, upregulated and positively correlated mouse/human 
gene-orthologue pairs, incorporates the previously mentioned 
dose-response and enhanced airway sensitivity of asthmatic air-
ways to nanoparticles, independent of model taxonomy, cellular 
complexity and particle surface charge. These genes potentially 
encompass a continuum of gene expression changes associated 
with exposure severity. As such, we propose these upregulated 
gene subsets as signature genes that could be assayed to eval-
uate diverse human and environmental exposures to copper 
oxide and probably other metal-based ENM.

A recurring limitation of ours and related nanotoxicological 
studies is the normalization of doses (or dose-related parameters) 
across different studies. Whilst the particle number and mass 
concentrations used in both the human ALI and mouse lung 
exposures are within the limits of feasible real-life exposures,[9,26] 
resolving dose effects that are independent of particle concentra-
tions is not trivial because the different physical and chemical 
properties of nanoparticles, as well as the method of exposure, 
affect their biological and toxicological responses. Nonetheless, 
we are still able to identify exposure-relevant similarities at both 
gene and pathway levels. Most importantly, we identified a subset 
of upregulated genes whose relative expression in combined 
mouse and human samples generated clusters that were related 
to exposure severity, independent of the study model. Kinaret 
et al. previously explored the transcriptomic responses of carbon 
nanomaterials in the differentiated human THP-1 cell line and 
lung tissue of mice, and found only a small overlap of DEG but 
a higher similarity in enriched pathways between the human in 
vitro and mouse model systems.[18] This emphasizes the strength 
of using omics-based multi-end-point approaches in identifying 
even subtle similarities between models. The degree of overlap 
between models depends on the utilized in vitro systems—for 
example, human monocytic leukemia cell lines might not reflect 
the normal cell functioning in vivo and also submerged exposure 
conditions may have an effect on the outcome. 3D ALI models 
represent a more realistic exposure scenario, and are therefore 
primed to bridge the gap between traditional 2D in vitro assays 
and animal models. Because we identify a subset of upregulated 
mouse/human gene-orthologue pairs that cluster mouse and 
human exposures, primarily via dose, transcriptomics has the 
potential to be a unifying dose metric that links in vivo and in 
vitro test systems despite potential differences in delivered par-
ticle mass concentration, agglomeration and aggregation.

4. Conclusion
We provide experimental evidence of a direct comparison of 
an advanced in vitro test method and its corresponding in vivo 
model for inhalation toxicity in the context of ENM exposure 
with two different model particles, at three different concentra-
tions during healthy and compromised airway conditions. Our 
multiple-end-point-oriented approach based on transcriptomic 

analysis showed that the traditional murine model shared a 
functional core of 1936 differentially expressed gene-orthologue 
pairs with a 3D human bronchial epithelial model. The shared 
genes and pathways, which we ultimately narrowed down to 114 
and 458 upregulated genes in asthmatic and healthy airways, 
respectively, represent a potential target set of biomarkers for 
non-animal toxicity testing of copper oxide ENM (and related 
metal and metal oxide based ENM such as MnO, ZnO, TiO2, 
Ag, etc.) exposures, and also for the development of computa-
tional approaches for predictive hazard assessment. Extrapo-
lating human health hazard from non-animal systems, for 
regulatory decision-making is complex, but these methods save 
time, effort, money, and are ethically more acceptable (3R prin-
ciple). Our study provides knowledge that contributes to the 
development of non-animal testing models designed to meet 
specific aspects of ENM hazard assessment. The experimental 
and analytical approach with the obtained findings may be also 
useful for regulatory bodies during the validation process of 
alternative methods for ENM hazard assessment whose accept-
ance ultimately could pave a path toward the regulated use of 
these materials.

5. Experimental Section
Characterization of ENM: Physicochemical characteristics of the 

ENM used in this study—core CuO and surface-carboxylated CuO 
(CuOCOOH), and their behavior in different media have been reported 
in details earlier.[26] Preparation of ENM dispersions and generation 
of their aerosols has been described by Ilves et  al. and Kooter et  al., 
respectively.[9,26]

ENM Exposures via Oropharyngeal Aspiration In Vivo: In vivo 
experiments were performed in an earlier published study in which ENM 
were administered to mice in an ovalbumin-induced murine model of 
allergic airway inflammation.[26] Briefly, mice received a mixture of OVA 
and aluminum/magnesium hydroxide on day 1 and 10 of the sensitization 
period. After a 10-day recovery period, mice were exposed to saline 
or OVA with or without dispersed CuO materials via oropharyngeal 
aspiration in isoflurane anesthesia on four consecutive days. CuO 
materials were tested at three doses (2.5, 10, and 40 µg per mouse per 
administration). Mice were sacrificed 24 h after the last administration by 
using isoflurane overdose. Half of the left pulmonary lobe was collected 
after bronchoalveolar lavage for total RNA extraction and microarray 
analysis. Animal experiments conducted in this study were performed 
in agreement with the European Convention for the Protection of 
Vertebrate Animals Used for Experimental and Other Scientific Purposes 
(Strasbourg March 18, 1986, adopted in Finland May 31, 1990). All 
experiments were approved by the State Provincial Office of Southern 
Finland (ESAVI-3241-04.10.07-2013, permission number PH701A).

ENM Aerosol Exposures at the Air–Liquid Interface In Vitro: Details 
of the exposure of MucilAir 3D human airway ALI model to CuO 
nanoparticles have been reported previously.[9] In short, MucilAir 
fully differentiated bronchial epithelial cells (Epithelix Sárl, Geneva, 
Switzerland) reconstituted from primary human cells of three healthy 
and five asthmatic donors, were exposed for 1 h in Vitrocell ALI system 
to clean, humidified air, low, middle, and high concentrations of CuO 
(23, 120, and 470  mg m−3, respectively) or CuOCOOH (32, 128, and  
495 mg m−3) aerosols simultaneously. Deposition rates were determined 
as 14% for CuO and 15% for CuOCOOH, corresponding to CuO ENM doses 
of low (1.0 µg cm−2), mid (5.0 µg cm−2), and high (19.7 µg cm−2) and that 
of CuOCOOH ENM being, low (1.4 µg cm−2), mid (5.8 µg cm−2), and high 
(22.3 µg cm−2). Cells were incubated for 24 h after the 1 h exposure and 
then collected for total RNA extraction and microarray analysis.

DNA Microarrays: Description of total RNA isolation and details on 
how DNA microarrays were carried out on homogenized lung or cell 
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lysates of 3D human bronchial epithelia ALI (MucilAir) samples, have 
been reported earlier.[9,26] The microarray data obtained from mouse 
lung samples are accessible through GEO series accession number 
GSE122197 and the data of human epithelial cells through the accession 
number GSE127773.

Data Preprocessing, Differential Expression Analyses, and Mouse–Human 
Gene Sets Comparisons: Processing of raw data and differential expression 
analysis were carried out separately for both data sets using eUTOPIA—a 
platform-independent graphical user interface based on  R, with 
comprehensive workflows for gene expression analysis.[29] Signal intensity 
and background corrections were performed by quantile normalization. 
Batch effects due to dye and array were accounted for during differential 
expression analysis using the limma package.[30,31] A Benjamini–
Hochberg FDR of at most 5% and abs log2 difference ≥ 0.58 were the 
specified cut-offs to consider a gene as significantly different between 
any two contrasts. All available human orthologues for Agilent-074809 
SurePrint G3 Mouse GE v2 8 ×  60K Microarray were downloaded from 
ENSEMBL (Ensembl 98 release) genome browser using the BioMart 
data mining tool.[32] Where indicated, Pearson’s correlation coefficient 
was used to investigate the relationship between commonly differentially 
expressed genes in mouse and human transcriptomes.

Hierarchical Clustering and Functional Gene Set Enrichment Analysis: 
The data matrix for cluster generation was quantile-normalized, and 
batch effects due to dye and array were adjusted with the ComBat 
algorithm[33] implemented in eUTOPIA. K-means based hierarchical 
clustering was carried out with Perseus omics analysis and visualization 
software.[34] To improve the separation accuracy and relevance of the 
generated clusters, hierarchical clustering was always performed on a 
specified subset of differentially expressed genes. Gene ontology based 
(release date 2018-04-04) identification of overrepresented biological 
processes were carried out using Panther enrichment analysis tool.[35] 
Where applicable, significantly enriched biological pathways were scored 
by multiplying panther-derived fold enrichment value with the −log of 
the false discovery rate. Biological processes having <10 genes, <1.5-fold 
enrichment and FDR ≥0.05 were excluded.

Graphical Illustrations: Bar and line plots were constructed using 
Prism 8 (GraphPad Software Inc., San Diego, CA, USA) or IPA software. 
Heat maps and PCA plots were created with Perseus, version 1.6.5.0.[36] 
and Venn comparisons were done with Venny 2.1.0.[37]
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