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Chemicals that induce asthma at theworkplace are substances of concern. At present, there are nowidely accept-
ed methods to identify respiratory sensitizers, and classification of these substances is based on human occupa-
tional data. Several studies have contributed to understanding the mechanisms involved in respiratory
sensitization, although uncertainties remain. One point of interest for respiratory sensitization is the reaction
of the epithelial lung barrier to respiratory sensitizers. To elucidate potential molecular effects of exposure of
the epithelial lung barrier, a gene expression profile was created based on a DNA microarray experiment using
the bronchial epithelial cell line 16HBE14o−. The cells were exposed to 12 respiratory sensitizers and 10 non-
sensitizers. For statistical analysis, we used a class prediction approach that combined threemachine learning al-
gorithms, leave-one-compound-out cross validation, and majority voting per tested compound. This approach
allowed for a prediction accuracy of 95%. Identified predictive genes were mainly associated with the cytoskele-
ton and barrier function of the epithelial cell. Several of these genes were reported to be associated with asthma
as well. Taken together, this indicates that pulmonary barrier function is an important target for respiratory sen-
sitizers and associated genes can be used to predict the respiratory sensitization potential of chemicals.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Asthma induced by low molecular weight (LMW) chemicals (Sastre
et al., 2003) at the workplace is a common type of allergy, as 15–20% of
all asthma cases are due to this type of exposure. Occupational
asthma is described for several work environments, such as hospitals
(Vellore et al., 2006) and hair salons (Moscato et al., 2005), and the
socioeconomic- and medical impact is significant (Mapp et al., 2005;
Toren and Blanc, 2009). There are currently no widely accepted tests
available to identify respiratory sensitizers. This is partly due to the ab-
sence of validated predictive in vitro and in vivo tests. This can be attribut-
ed to the lack of mechanistic insight in the pathways involved.

By reviewing all relevant data regarding themechanismof respirato-
ry sensitization, Kimber et al. (2014) aimed to apply the general princi-
ples of modeling an Adverse Outcome Pathway (AOP) for chemical
respiratory allergy. The molecular initiating event of LMW respiratory
allergy is covalent binding of the chemical to a protein after exposure,
forming a hapten that can be recognized by dendritic cells (Kimber
et al., 2014). There are two types of methods currently available to de-
termine the chemical reactivity of LMW chemicals to covalently bind
proteins. The first are (quantitative) structure activity relationship
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(QSAR) models using chemical reactivity alerts associated with protein
binding and respiratory sensitization. A study implementing QSAR
models to predict respiratory sensitization was performed by Dik et al.
(2014). The second method is the direct peptide reactivity assay
(DPRA) for respiratory sensitizers (Lalko et al., 2012), which correlates
peptide depletion by a chemical with the reactivity of the chemical.

The cellular response to a hapten in case of a respiratory sensitizer is
similar to skin sensitization (OECD, 2012); dendritic cells recognize the
hapten and start to produce inflammatory cytokines (Kimber et al.,
2014). In case of respiratory sensitization, this usually leads to the initi-
ation of Th2-type responses (individual references are evaluated by
(Kimber et al., 2014)). The Th2-response then causes sensitization
through an IgEmediatedmechanism. The involvement of IgE in the sen-
sitization process remains unclear however, as some patients have de-
tectable IgE antibodies specific for the chemical, whereas other
patients do not (individual references are evaluated by Kimber et al.
(2014). Although much research has focused on the process of respira-
tory sensitization, several biological aspects are still not (fully)
understood.

Next to the cellular response of dendritic cells, cellular responses in
keratinocytes are identified as a key event in the AOP for skin sensitiza-
tion (OECD, 2012). Keratinocytes are considered essential for the gener-
ation of danger signal, necessary for the adaptive immune response
towards skin sensitizers (Natsch, 2010). In case of respiratory sensitiza-
tion, once a respiratory sensitizer is inhaled, it comes into contact with
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Table 1
Overview of all chemicals tested in this study, identified by name and CAS number. The ve-
hicle in which each chemical was dissolved (dimethylsulfoxide (DMSO) or Hanks Balanced
Salt Solution (HBSS)) as well as the exposure concentration (CV80) is also provided.

Chemical Abbreviation CAS number Vehicle
CV80
(mM)a

Respiratory sensitizers
Hexamethylene diisocyanate HDI 822–06-0 DMSO 1.10
Toluene diisocyanate TDI 584–84-9 DMSO 0.15
Maleic anhydride MA 108–31-6 DMSO 2.65
Phthalic anhydride PA 85–44-9 DMSO 1.33
Trimellitic anhydride TMA 552–30-7 DMSO 2.73
Ethylene diamine ED 107–15-3 HBSS 4.00
Triethylenetetramine TETA 112–24-3 HBSS 4.00
Ethanolamine Etha 141–43-5 HBSS 4.00
Sodium hexachloroplatinate HcPt 16,929–58-7 HBSS 0.42
Chloramine-T Chlor-T 127–65-1 HBSS 1.83
Glutaraldehyde Glut 111–30-8 HBSS 0.19
Formaldehyde Form 50–00-0 HBSS 0.11

Respiratory irritants
Acrolein Acro 107–02-8 HBSS 0.04
Methyl salicylate MS 119–36-8 DMSO 1.17
Epichlorohydrin EPI 106–89-8 HBSS 0.08
Sodium dodecyl sulfate SDS 151–21-3 HBSS 0.11

Respiratory non-sensitizers
Glycerol GLY 56–81-5 HBSS 4.00
Lactose LAC 63–42-3 HBSS 4.00
Mannitol MAN 69–65-8 HBSS 4.00
Vanillin VAN 121–33-5 DMSO 4.00
Saccharin SAC 81–07-2 DMSO 4.00
Lactic acid LAA 50–21-5 HBSS 4.00

a In all cases where the CV80 is 4.00, the chemical was not found to be toxic at this
concentration.
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the pulmonary epithelium. Holgate (2008) found that airway epitheli-
um is fundamentally abnormal in asthma and suggested that the barrier
function of the epithelium is compromised through defective tight junc-
tion formation. Studies that are more recent also show the importance
of pulmonary epithelial cells and their barrier function in relation to
asthma (Georas and Rezaee, 2014; Rezaee andGeoras, 2014). Therefore,
lung epithelial cells are considered to be an important target of in vitro
research. Verstraelen et al. (2008a) studied the applicability of different
epithelial cell types asmodels for the identification of respiratory sensi-
tizers. Among these are bronchial cells (for example BEAS-2B cells) or
alveolar cells (for example A549 cells). Both cell lines have already
been used to identify biomarkers associatedwith respiratory sensitizers
(Verstraelen et al., 2009a, 2009b). These cells have various benefits
compared to other cell lines, as discussed by Verstraelen et al.
(2008a). However, these cells do not or only slightly have the ability
to form tight junctions. As a decreased barrier function is an important
aspect of asthma, we selected a cell line capable of forming proper
tight junctions. The 16HBE14o− cell line was considered appropriate
in this regard as it has the ability to form tight junctions and a proper
barrier as measured by the trans-epithelial electrical resistance
(Cozens et al., 1994).

The aim of this studywas to evaluate the predictive performance of a
set of gene profiles to identify respiratory sensitizers. Additionally, these
gene profileswere evaluated to identifymolecular pathways induced by
respiratory sensitizers to elucidate the role of bronchial epithelial cells
in chemical respiratory sensitization.

2. Methods

2.1. Cell culture

The human bronchial epithelial cell line 16HBE14o−was obtained as
a kind gift from Dr. Gruenert (National Institutes of Health [NIH], San
Francisco, CA). Cells were grown to 80–90% confluence in DMEM/F12
cell culture media supplemented with 100 U/ml Penicillin/Streptomycin
solution (Gibco) and 10% Fetal Bovine Serum (FBS; Greiner)(complete
medium). Cells were cultured in plastic culture flasks (Greiner) and
were maintained at 37 °C, in a humidified atmosphere of 5% CO2 in air.

2.2. Chemical exposure

The chemicals used in this study were twelve respiratory sensitizers
(belonging to five different chemical subclasses) and ten respiratory
non-sensitizers that are not skin sensitizers. The chemicals tested in
this study can be found in Table 1, which shows the identity of the
chemical, whether the chemical is a respiratory sensitizer (RS), respira-
tory irritant (RI) or non-sensitizer (NS) (based on our previous work
(Dik et al., 2014)), the vehicle in which the test chemicals were dis-
solved and the final exposure concentration. The respiratory sensitizers
consisted of five chemical classes: Isocyanates, acid anhydrides, amines,
salts and aldehydes. All chemicals were obtained from Sigma Aldrich
(Zwijndrecht, The Netherlands). The final exposure concentrations
were determined by calculating the concentration that results in a de-
crease of cell viability to 80% (CV80), based on a colorimetric assay
using the tetrazolium dye MTT (Morgan, 1998) (data not shown). The
highest concentration tested was 4 mM. If a chemical did not show tox-
icity at this concentration, experiments were conducted using 4 mM.

Before exposure, cells were diluted to a concentration of 6 ∗ 105

cells/ml fresh complete medium, seeded into 6-wells plates (4 ml per
well; Costar, VWR) and incubated at 37 °C in a humidified atmosphere
of 5% CO2 in air for 24 h to form a monolayer. The cells were subse-
quently washed with HBSS and exposed to chemicals in mediumwith-
out FBS or solvent controls without FBS for 4 h. The DMSO or HBSS
content in all samples was 1%. At the end of the exposure, 700 μl
RNAprotect cell reagent (Qiagen, Westburg, The Netherlands) was
added to each well. Cells were resuspended and stored at −20 °C
until further analysis within the same week.
2.3. RNA isolation

RNA was isolated by using an RNeasy Plus Mini Kit (cat.no. 74134,
Qiagen) according to themanufacturer's instructions. RNA concentrations
and qualities were determined using a NanoDrop Spectrophotometer
(Isogen-Life Sciences) and an Agilent 2100 Bioanalyzer (Agilent), respec-
tively. All RNA samples were diluted in RNase-free water to a concentra-
tion of 200 ng/μl in 15 μl and stored at−80 °C. Control RNA samples from
HBSS and DMSO exposed cells were included in the analysis as well.
2.4. DNA microarray analysis

RNA samples were further processed for hybridization to Affymetrix
HT HG-U133+ PM plates at the Microarray department (MAD) of the
University of Amsterdam, The Netherlands. Amplification, labeling and
hybridization were performed according to Affymetrix protocols,
using an automated Affymetrix Genechip console. Samples were ran-
domized prior to processing and hybridization. Array plates were
scanned with a Genechip HT array plate scanner and analyzed with
the Affymetrix HT software suite. Quality control and normalization of
Affymetrix CEL files were performed using the ArrayAnalysis website
(www.arrayanalysis.org/) (Eijssen et al., 2013), using the Robust
Multichip Average (RMA) method (Bolstad et al., 2003) and the MBNI
custom CDF version 14 (Dai et al., 2005). Normalized data consisted of
log2 transformed signal values for 18,909 genes.
2.5. Statistical analysis

Further statistical analysis including classification was performed in
R (www.r-project.org) (version 3.0.3) (R Development Core Team,

http://www.arrayanalysis.org
http://www.r-roject.org
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2010). Values were corrected for the vehicle-exposed samples to obtain
log2-ratios for compound exposure data.

Next, the chemicals were classified as either respiratory sensitizers
or non-sensitizers (respiratory irritants + non-sensitizers). Classifica-
tion was done using a leave-one-compound-out cross-validation ap-
proach, employing methods described previously (van der Veen et al.,
2013; Vandebriel et al., 2010). In this approach, each time the replicate
samples for one compound are used as a test set, while the data for the
other compounds serve as a training set. A classification algorithm is
trained on the training set data, including gene selection and parameter
settings, and this algorithm is then applied to predict the class of the test
set samples. This is repeated until each compound has been classified.
The classification of a compound was based on the prediction for the
majority of the replicate samples.

To obtain a predictive gene set that is not only dependent on a single
classification algorithm, three different algorithms were applied to the
data, each of which working in a different way. The first is Support Vec-
tor Machine (SVM) (Rifkin et al., 2003), which creates a separating hy-
perplane in a multidimensional space. The second algorithm used is
Random forests (RF) (Breiman, 2001),which uses a combination of pre-
diction trees. Lastly, Prediction Analysis for Microarrays in R (PAM)
(Tibshirani et al., 2002), uses shrunken centroids to classify samples. Fi-
nally, to reduce the algorithm dependent class prediction, the outcomes
of the three classifier algorithmswere combined to a single overall class
prediction. The prediction accuracy for the test set sampleswas calculat-
ed as the average of all compound predictions.

2.6. Gene signature identification

For each of the 22 training sets a set of predictive geneswas obtained
using the leave-one-compound-out approach. Although the gene lists
Table 2
Predictions by statistical algorithm, based on the consensus genes found by A) SVM, B) RF
and C) PAM, to discriminate respiratory sensitizers from non-sensitizers. RS= respiratory
sensitizer, NS = non-sensitizer.

SVM (83 genes)

A RS NS

13 9 100% Sensitivity

Human
RS 12 12 0 90% Specificity

NS 10 1 9 92% PPV

Accuracy 95% 100% NPV

False prediction:

False negative False positive

- // Acrolein

RF (75 genes)

B RS NS

12 10 92% Sensitivity

Human
RS 12 11 1 90% Specificity

NS 10 1 9 92% PPV

Accuracy 91% 90% NPV

False prediction:

False negative False positive

Chloramine-T // Acrolein

PAM (6 genes)

C RS NS

11 11 83% Sensitivity

Human
RS 12 10 2 90% Specificity

NS 10 1 9 91% PPV

Accuracy 86% 82% NPV

False prediction:

False negative False positive

Chloramine-T // Acrolein

Glutaraldehyde
differ for each compound that is left out, overlap in the genes exists.
This overlap is used to identify consistent predictive genes for each algo-
rithm. Therefore, for each algorithm, genes that were present in at least
11 of the gene lists were selected as a consensus gene set for that algo-
rithm. Additionally, other consensus gene sets were defined usingmore
stringent approaches, namely genes present in two and three of the
lists, thus forming consensus gene sets across multiple algorithms.

Functional annotation and overrepresentation analysis was per-
formed using DAVID (Huang da et al., 2009), using functional databases
such as Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and
Genomes (KEGG). Functional terms were clustered using the DAVID
clustering option.

For genes identified as part of at least one consensus gene set, ex-
pression changes compared to controls were visualized in a heatmap
combined with hierarchical clustering (Euclidean distance, Ward link-
age method).

3. Results

3.1. Classification and biomarker selection

The three statistical algorithms (SVM, RF and PAM) were used indi-
vidually to classify the test chemicals as respiratory sensitizers or non-
sensitizers. SVM correctly identified all respiratory sensitizers and
misclassified only the irritant acrolein as respiratory sensitizer. There-
fore, the accuracy of SVM is 95% (Table 2A). The corresponding consen-
sus gene set for SVM contained 83 genes.

RF identified a consensus set of 75 genes to discriminate respiratory
sensitizers from non-sensitizers. As SVM, RF did not correctly classify
acrolein. In addition, the respiratory sensitizer chloramine-T was incor-
rectly predicted as non-sensitizer. This resulted in an accuracy of 91%
(Table 2B).

PAM misclassified acrolein, chloramine-T and the respiratory sensi-
tizer glutaraldehyde. The accuracy of PAM is 86% (Table 2C), with a cor-
responding consensus gene set of 6 genes.

The three individual statistical algorithms in total found 117 unique
genes (Fig. 1) thatwere able to discriminate respiratory sensitizers from
non-sensitizers.

Next, the algorithmswere combined bymajority voting class predic-
tion, which resulted in an accuracy of 91%. Chloramine-T and acrolein
were both misclassified (Table 3A). In addition, the robustness of the
classifications was evaluated by reducing the number of genes. For
this purpose, only genes that were selected by at least two algorithms
were used to predict the test chemicals, again by majority voting of
the three algorithms into a single predictor. In total, 42 genes are over-
lappingbetween at least two of the three signature sets (Fig. 2). The pre-
dictive performance of these genes on our test set is 100% accurate
(Table 3B). Finally, predictions on all test set chemicals were also gener-
ated based on the five genes that are selected by all three algorithms.
This resulted in a slightly lower accuracy (95%), as acrolein was not cor-
rectly identified as a non-sensitizer (Table 3C).

To confirm the statistical robustness of the consensus gene sets, the
above steps were repeated for a scrambled dataset, in which each
chemical was randomly assigned as a respiratory sensitizer or non-
sensitizer. Chemicals in the same chemical subclass could not be
assigned the same random label (e.g. if maleic anhydride was assigned
the label of non-sensitizer, phthalic anhydride was assigned the label
of respiratory sensitizer). Then the analysis was performed again, with
the aim to find consensus genes for each statistical algorithm to distin-
guish randomly assigned respiratory sensitizers from randomly
assigned non-sensitizers. The outcome for all three algorithms was sig-
nificantly lower compared to the original performance (SVM 23%, RF
27%, PAM 5%). Due to inconsistency between predictions per algorithm,
majority voting resulted in an accuracy performance of only 5%. Based
on the significantly lower performance of all algorithms including the
majority voting approach, and the consistent results obtained in the
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original analysis, it can be concluded that the observed consensus genes
in the original analysis are robust.
3.2. Biological function of genes

DAVID was used to functionally annotate the 117 unique genes
found by at least one of the algorithms. The most prominent associated
processes were (Table 4): cytoskeleton (20 genes, 17%), DNA binding
(19 genes, 16%), protein transport (6 genes, 5%).

Table 4 summarizes the genes that were detected in at least two of
the three algorithms. These genes were associated with cytoskele-
ton, DNA binding, protein transport and with NF-kB signaling. Only
five genes were retrieved by all three algorithms (GCC2, KIAA0355,
FCHSD2, ANKRD12, BAZ2B). A biological function is known for
GCC2 and BAZ2B. GCC2 is involved in Golgi structure maintenance
and AP-1 mediated vesicle tethering (Brown et al., 2011) and
BAZ2B is involved in chromatin remodeling (Jones et al., 2000) and
was categorized by DAVID to DNA binding. A general overview of
all 117 genes with their fold-changes can be found in the supplemen-
tal data.
Fig. 1.Heatmap of all 117 unique genes found by one ormore statistical algorithms. Up-regulat
the chemicals can be found in Table 1.
4. Discussion

Our study aimed to generate a set of genes to discriminate respirato-
ry sensitizers from non-sensitizers. By using three classification algo-
rithms combined with majority voting, an accuracy of 86% was
achieved based on 117 genes. The accuracy could be increased to
N95% by using only genes that were identified as discriminating by
two (45 genes) or even three (5 genes) algorithms. After randomly
assigning the test chemicals as respiratory (non-) sensitizers, the ob-
served high accuracy was lost. Overall, it can be concluded that our pre-
dictions are robust and the benefit of combining multiple prediction
algorithms was shown. However, these results should be validated
using for example a PCR experiment.

The other aim of this study was to identify molecular pathways in-
duced by respiratory sensitizers in bronchial epithelial cells. Several of
the genes found to be regulated after exposure in this study could be as-
sociated with the cytoskeleton. Interestingly, of these genes, three
(PPP1R12A, SOS1 and AKAP9) can be associated with the function of
the epithelial barrier and asthma. PPP1R12A was found to be involved
in the regulation of the actin cytoskeleton through the IL-33 signaling
pathway (Pinto et al., 2015), which is implicated in airway
ion of genes is colored in red, down-regulation of genes is colored in blue. Abbreviations of



Fig. 2. Venn diagram showing the number of genes and overlap found by the different
algorithms.

Table 3
Prediction results using majority voting of the three algorithms (SVM, RF and PAM) based
on A) all 117 unique genes selected by at least one of the algorithms; B) genes selected
by at least two of the three algorithms; C) the five genes selected by all three algorithms.
RS = respiratory sensitizer, NS = non-sensitizer.

A Prediction

Majority voting based on 117 genes

RS NS

12 10 92% Sensitivity

Human
RS 12 11 1 90% Specificity

NS 10 1 9 92% PPV

Accuracy 86% 90% NPV

False prediction:

False negative False positive

Chloramine-T // Acrolein

B RF (75 genes)

Majority voting based on 42 genes

RS NS

12 10 100% Sensitivity

Human
RS 12 12 0 100% Specificity

NS 10 0 10 100% PPV

Accuracy 100% 100% NPV

False prediction:

False negative False positive

- // -

C Prediction

Majority voting based on 5 genes

RS NS

13 9 100% Sensitivity

Human
RS 12 12 0 90% Specificity

NS 10 1 9 92% PPV

Accuracy 95% 100% NPV

False prediction:

False negative False positive

- // Acrolein
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inflammation (Oboki et al., 2011). IL-33 stimulation resulted in phos-
phorylation of PPP1R12A, which is a regulatory subunit ofmyosin phos-
phatase (Oboki et al., 2011). Phosphorylation of PPP1R12A results in the
inhibition of its myosin phosphatase activity (Feng et al., 1999). The
consequence is increased myosin light chain phosphorylation. This re-
sults in smooth muscle contraction, which is one of the causes of
bronchoconstriction in asthmatics. Interestingly, the actin cytoskeleton
regulation pathway described by Pinto et al. (2015) contains the Sos
peptide which is encoded by SOS1/2. SOS1 has been shown to be impli-
cated in the PI3K/AKT pathway (Guittard et al., 2015), which is also trig-
gered by the IL-33 signaling pathway (Pinto et al., 2015).

The gene AKAP9 was found to be involved in the functionality of the
epithelial barrier after exposure to cigarette smoke extract (CSE)
(Oldenburger et al., 2014). In that study, CSE-exposed 16HBE cells had
reduced barrier function and showed reduced protein expression of E-
cadherin and AKAP9. AKAP9 mRNA expression was also decreased in
primary bronchial epithelial cells from current smokers compared
with non/ex-smokers (Oldenburger et al., 2014).

Although the immune system plays a major role in occupational
asthma, our data indicates that respiratory sensitizers do not affect im-
munological pathways in epithelial cells. Our data are in line with other
studies that have shown that impairment of the epithelial barrier is a
major factor in asthma (Georas and Rezaee, 2014; Rezaee and Georas,
2014; Xiao et al., 2011). Combined, these findings suggest that for
predicting respiratory sensitizers, next to genes with a direct immuno-
logical function, a predictive gene expression profile can be based on
genes representing barrier function. This should however be evaluated
in an experimental set-up that represents the biological environment
of the pulmonary barrier more accurately, such as in an air-liquid inter-
face. In addition, sensitization induced by respiratory sensitizers is
thought to be possible through the skin as well (individual references
evaluated in for example (Kimber et al., 2014)). Therefore, evaluation
of keratinocytes exposed to respiratory sensitizers could also result in
an increased understanding of the biological mechanisms involved in
respiratory sensitization. It would also allow comparing the affected
pathways between skin and pulmonary epithelial cells, gaining insights
in the different and/or similar effects due to route of exposure.

Aswith all animal-free testing and non-testingmethods, it can be ar-
gued that they only provide information on only one or a few aspects of
the biological pathway(s) involved. The notion that multiple animal-
free tests should be combined to come to a conclusion on a toxicological
end-point received significant amounts of attention after publication of
the report Toxicity Testing in the 21st century (2007). The use of integrat-
ed testing methods that address different aspects of a biological path-
way was clearly shown, for example in the related field of skin
sensitization (Bauch et al., 2012; van der Veen et al., 2014). Based on
the AOP for skin sensitization, several testing methods that provide in-
formation on one of the key elements of the AOPwere successfully com-
bined. In contrast to the field of skin sensitization, which already has a
well-defined AOP (OECD, 2012), no accepted AOP currently exists for
respiratory sensitization. However, Kimber et al. (2014) evaluated sev-
eral key elements deemed important for the process of respiratory sen-
sitization. The role of the epithelial barrier was, however, not evaluated
by that group. We, nevertheless, felt that the epithelial barrier is an im-
portant target of the toxicological effects of respiratory sensitizers. One
of the aspects that was described by Kimber et al. (2014) is the involve-
ment of dendritic cells. The only other study, at the time of writing this
paper, that used genes to classify respiratory sensitizers was done by
Forreryd et al. (2015), using dendritic cells. They generated a set of
389 discriminating genes in the MUTZ-3 cell line, which was subse-
quently used to classify chemicals as respiratory sensitizers or non-
sensitizers with an accuracy of 84%. Both our study (using epithelial
cells) and that of Forreryd et al. (2015) (using dendritic cells) achieved
an accuracy of ~90%when predicting respiratory sensitization potential
of chemicals. This may suggest that both approaches could be used
within a testing strategy that incorporates multiple tests each address-
ing different parts of the (partly unknown) respiratory sensitization
pathway. Several other studies also aimed to identify biomarkers that
can discriminate respiratory sensitizers from respiratory non-
sensitizers (Huang et al., 2013; Lauenstein et al., 2014; Remy et al.,
2014; Verstraelen et al., 2009a, 2009b, 2009c; Verstraelen et al.,
2008b). Their results can contribute to the development of an AOP for
respiratory sensitization. However, our own study together with these
studies did not apply their findings to predict either a subset of their
test chemicals or a new set of chemicals, so their applicability within a
testing strategy for respiratory sensitization will need to be further
evaluated.



Table 4
Overview of all genes identified by one or more of the statistical algorithms that are associatedwith cytoskeleton, DNA binding, protein transport, NF-kB and the remaining genes that are
identified by all three algorithms. Genes are identified by Gene ID, symbol and full name.

Gene ID Symbol Found by which algorithm(s) Full name

Genes associated with cytoskeleton
1062 CENPE SVM, PAM Centromere protein E, 312 kDa
2909 ARHGAP35 SVM, RF Rho GTPase activating protein 35
4659 PPP1R12A SVM, RF Protein phosphatase 1, regulatory subunit 12A
6654 SOS1 SVM, RF Son of sevenless homolog 1 (Drosophila)
7486 WRN SVM, RF Werner syndrome, RecQ helicase-like
9928 KIF14 SVM, RF Kinesin family member 14
153241 CEP120 SVM, RF Centrosomal protein 120 kDa
667 DST SVM Dystonin
1063 CENPF SVM Centromere protein F, 350/400 ka (mitosin)
9738 CCP110 SVM CP110 protein
9857 CEP350 SVM Centrosomal protein 350 kDa
10142 AKAP9 SVM A kinase (PRKA) anchorprotein (yotiao) 9
10456 HAX1 SVM HCLS1 associated protein X-1
23637 RABGAP1 SVM RAB GTPase activating protein 1
6840 SVIL RF Supervillin
9585 KIF20B RF Kinesin family member 20B
11073 TOPBP1 RF Topoisomerase (DNA)II binding protein 1
26146 TRAF3IP1 RF TNF receptor-associated factor 3 interacting protein 1
54521 WDR44 RF WD repeat domain 44
642273 FAM110C RF Family with sequence similarity 110, member C

Genes associated with DNA binding
29994 BAZ2B SVM, RF, PAM Bromodomain adjacent to zinc finger domain, 2B
4204 MECP2 SVM, RF Methyl CpG binding protein 2
4205 MEF2A SVM, RF Myocyte enhancer factor 2A
5926 ARID4A SVM, RF A T rich interactive domain 4A (RBP1-like)
205717 KIAA2018 SVM, RF KIAA2018
5980 REV3L SVM REV3-like, catalytic subunit of DNA polymerase zeta (yeast)
5982 RFC2 SVM Replication factor C (activator 1) 2, 40 kDa
7110 TMF1 SVM TATA element modulatory factor 1
7913 DEK SVM DEK oncogene
9044 BTAF1 SVM BTAF1 RNA polymerase II, B-TFIID transcription factor associated, 170 kDa
10011 SRA1 SVM Steroid receptor RNA activator 1
23522 KAT6B SVM K (lysine) acetyltransferase 6B
29841 GRHL1 SVM Grainyhead-like 1 (Drosophila)
29966 STRN3 SVM Striatin, calmodulin binding protein 3
58508 KMT2C SVM Myeloid/lymphoid or mixed-lineage leukemia 3
1060 CENPC RF Centromere protein C1
2073 ERCC5 RF Excision repair cross-complementing rodent repair deficiency, complementation group 5
2186 BPTF RF Bromodomain PHD finger transcription factor
6874 TAF4 RF TAF4 RNA polymerase II, TATA box binding protein (TBP)-associated factor, 135 kDa

Genes associated with protein transport
10066 SCAMP2 SVM, RF Secretory carrier membrane protein 2
11276 SYNRG SVM, RF Synergin, gamma
83891 SNX25 SVM, RF Sorting nexin 25
84313 VPS25 SVM, RF Vacuolar protein sorting 25 homolog (S. cerevisiae)
2263 FGFR2 SVM Fibroblast growth factor receptor 2
7109 TRAPPC10 SVM Trafficking protein particle complex 10

Genes associated with NF-kB
5495 PPM1B SVM, RF Protein phosphatase, Mg2+/Mn2+ dependent, 1B
23,328 SASH1 SVM, RF SAM and SH3 domain containing 1

Other genes found by all three algorithms
9648 GCC2 SVM, RF, PAM GRIP and coiled-coil domain containing 2
9710 KIAA0355 SVM, RF, PAM KIAA0355
9873 FCHSD2 SVM, RF, PAM FCH and double SH3 domains 2
23,253 ANKRD12 SVM, RF, PAM Ankyrin repeat domain 12
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5. Conclusion

This paper described the search for biomarkers that can identify
respiratory sensitizers in vitro. Our findings show that the respirato-
ry sensitization potential of chemicals can be accurately predicted
using an epithelial cell line. Based on our study and that of the only
other study to date that aimed to predict respiratory sensitization
potential of chemicals (Forreryd et al., 2015), it can be suggested
that single cell line studies are suitable to predict respiratory
sensitization, even if the genes are not necessarily related to an
immunological function. Based on our results and on the other stud-
ies on epithelial cells discussed in this paper, the pulmonary barrier
should be considered an important target of research in the field of
respiratory sensitization.
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