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The currently available animal-free methods for the detection of skin sensitizing potential of chemicals
seem promising. However, no single method is able to comprehensively represent the complexity of
the processes involved in skin sensitization. To ensure a mechanistic basis and cover the complexity,
multiple methods should be integrated into a testing strategy, in accordance with the adverse outcome
pathway that describes all key events in skin sensitization. Although current majority voting testing
strategies have proven effective, the performance of individual methods is not taken into account. To that
end, we designed a tiered strategy based on complementary characteristics of the included methods, and
compared it to a majority voting approach. This tiered testing strategy was able to correctly identify all 41
chemicals tested. In terms of total number of experiments required, the tiered testing strategy requires
less experiments compared to the majority voting approach. On the other hand, this tiered strategy is
more complex due the number of different alternative methods required, and predicted costs are similar
for both strategies. Both the tiered and majority voting strategies provide a mechanistic basis for skin
sensitization testing, but the strategy most suitable for regulatory decision-making remains to be

determined.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Changes in EU legislations, such as the 7th amendment to the
cosmetics directive and the REACH regulation (EC, 2006, 2008),
have prompted the development of alternative methods that
assess skin sensitizing potential of chemicals (Adler et al., 2011;
Rovida et al,, 2013; Vandebriel and van Loveren, 2010). Although
several of these alternatives seem promising (Zuang et al., 2013),
it is unlikely that a single method can capture the complexity of
the processes involved in skin sensitization. It is therefore foreseen
that multiple alternative methods need to be integrated into a
testing strategy for reliable classification of chemicals. The Organi-
zation for Economic Co-operation and Development (OECD) has
proposed an adverse outcome pathway (AOP) that describes the
molecular initiating event and key events that lead to allergic
contact dermatitis (ACD) (OECD, 2012). This AOP can guide the
integration of methods that each represent a different key event
in the development of ACD.
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The binding of a chemical to proteins is considered the molec-
ular initiating event of skin sensitization and is influenced by bio-
availability of the chemical and the cellular metabolism that either
activates or inactivates a chemical. The initiating event is the basis
for methods that predict sensitizing potential of chemicals through
the binding capability of chemicals, such as the ECVAM-validated
direct peptide reactivity assay (DPRA) (Gerberick et al., 2004;
EC-JRC, 2013a) or quantitative structure-activity relationships
(QSARs). Subsequently, the epithelial cells respond to the haptens
and hapten-protein complexes, mainly through the production
and release of cytokines and stress markers by keratinocytes
(KC). This includes interleukin IL-18, which can be used to predict
the sensitizing potential of chemicals in epithelial cell lines and
3D-skin models (Gibbs et al., 2013; McKim et al., 2010; Corsini
et al., 2009; Van Och et al., 2005). In addition, cellular stress caused
by chemicals activates cytoprotective responses such as the
Nrf2-Keap1 pathway, which serves as the basis of several reporter
assays, such as the KeratinoSens assay for which the ECVAM-vali-
dation report is expected soon (EC-JRC, 2013b; Emter et al., 2010).
Methods that assess multiple stress related cellular mechanisms
are available, such as a gene signature that includes biomarker
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genes with roles in oxidative stress, immune response and gene
regulation (van der Veen et al., 2013).

The next key event outlines the activation of dendritic cells
(DC), which is influenced by both the chemical and the mediators
released by keratinocytes. Activation leads to up-regulation of co-
stimulatory molecules, such as CD86. In the h-Clat and MUSST
methods this is indicative of the skin sensitizing potential of chem-
icals (Nukada et al., 2011). The h-Clat has been validated by EURL
ECVAM and results are expected in 2014. Upon activation, DCs
migrate out of the skin towards the closest lymph node and pres-
ent a peptide-hapten conjugate on the MHC-class II protein, here
the T-cells can recognize the haptenated peptide and start their
clonal expansion. This event is measured in the LLNA, but currently
no routine in vitro assay is available to assess this step in the AOP
(Martin et al., 2010; Adler et al., 2011; OECD, 2012).

These animal-free classification methods can be combined in a
testing strategy in which molecular initiating and key events of the
AOP are captured. Recently, a majority voting approach was pro-
posed in which results from the DPRA, KeratinoSens and MUSST
methods are used to classify a chemical according to the most pre-
valent prediction (Natsch et al., 2013; Bauch et al., 2012). In this
study, we compared this majority voting strategy to a tiered test-
ing strategy that is based on the predictive performance of the
included methods.

2. Materials and methods
2.1. Chemicals

The sensitizing and non-sensitizing chemicals used in this study
are shown in Table 1. The sensitizing compounds were selected
based on human evidence and to reflect various potency classes.
In addition, chemicals that have proven either false-positive or
false-negative in the LLNA were included (Gerberick et al., 2005).
All compounds were obtained from Sigma-Aldrich (Zwijndrecht,
The Netherlands), except for 2-Mercaptobenzothiazole, which
was obtained from Merck (Schiphol-Rijk, The Netherlands). Chem-
icals were dissolved in either absolute ethanol or dimethylsulfox-
ide (DMSO) and then added to the cells to a final solvent
concentration of 1%.

2.2. Methods reflecting protein reactivity

The protein reactivity of chemicals was assessed using the indi-
vidually effective methods of in chemico peptide reactivity meth-
ods and in silico QSAR methods.

2.3. Peptide reactivity

A literature search was performed to establish for which of the
chemicals peptide reactivity has been assessed in chemico (Natsch
et al., 2013; Bauch et al., 2012; Gerberick et al., 2007). The peptide
reactivity of the 4 chemicals (tBHQ, TIBP, MA and HEG) that were
not described in literature was evaluated using the DPRA
(Gerberick et al., 2007). In short, the chemical was added to a syn-
thetic peptide containing either a cysteine or a lysine. The mixture
was then analyzed with HPLC using UV detection. After 24 h the
mixture was analyzed again, a sensitizing chemical is designated
by a significant decrease in the peak related to the unmodified
peptide.

2.4. QSAR predictions for skin sensitization

In order to evaluate the predictive value of skin sensitization
QSARs for our chemical set, the non-commercial QSAR models of

MultiCASE, CAESAR, DEREK and the OECD QSAR toolbox were
applied to all chemicals to generate prediction of skin sensitization
potential, these models are briefly described here.

MultiCASE (Klopman et al., 2005) generates QSAR models based
on substructure fragments linked to biological activity. A Multi-
CASE implementation for skin sensitization from the Danish EPA
(DTU, 2013) is used here. In the present study, only the positive
and negative predictions within the applicability domain were
taken into account. The CAESAR model (Chaudhry et al., 2010) uses
atom centered fragments as descriptors in a multivariate statistical
model. The model gives a prediction of active or inactive (as skin
sensitizer), together with applicability domain information. Again,
only predictions of active or inactive within the applicability
domain are taken into account. The DEREK knowledgebase
(Lhasa, 2013) is a collection of structural alerts linked to skin sen-
sitization. The model only identifies skin sensitizers and is not
meant to identify non-sensitizers. Despite this limitation, we have
interpreted the absence of any structural alert as a prediction of
non-sensitization. DEREK predictions of “certain”, “probable” and
“plausible” were considered as positive predictions of skin sensiti-
zation. Predictions of “improbable”, “impossible” or “nothing to
report” were interpreted as a prediction of non-sensitization.
Equivocal predictions were not taken into account. In the OECD
QSAR Toolbox software (OECD, 2013) an implementation of a set
of protein binding reactivity alerts from Enoch et al. (2008) is pres-
ent, as the “Protein binding” profile. These alerts are considered
indicative of reactivity towards proteins, and subsequently any
substance that has an alert in this profile is considered a skin sen-
sitizer for this study. Absence of any of the alerts in this profile was
taken as a prediction of non-sensitization.

2.5. Independent Bayesian approach to evaluate a battery of QSAR
predictions

Instead of characterizing the individual predictivity of the QSAR
models for our dataset, a classification of the four QSAR models
combined (QSAR-battery) was generated, based on Bayesian statis-
tics. A detailed description of the methodology, applied to skin sen-
sitization, can be found in Rorije et al. (2013). In addition, the
applicability domain information provided by the individual QSAR
methods is taken into account. Furthermore, a newer version of the
DEREK knowledge base and an entirely new model (CAESAR) are
introduced here. The specificity and sensitivity of each model used
in our Bayesian analysis, taking into account the applicability
domain information in the case of MultiCASE and CAESAR, are
based on the analysis of a large number of chemicals in comparison
with the LLNA (Table 2).

Threshold values used to determine a reliable prediction from
the battery of QSARs are applied as proposed in Rorije et al.
(2013). These values are >80% or >90% probability for a positive
or a negative conclusion respectively. This is based on the reliabil-
ity with which the GPMT test predicts the LLNA outcome (or vice
versa) in the official LLNA validation study (NICEATM-ICCVAM,
1999). If there are insufficient or conflicting results from the
battery of QSAR models, these thresholds will not be reached and
substances are considered equivocal.

2.6. Methods reflecting epithelial response

To assess which in vitro approach would be most effective in a
tiered strategy, the expression of biomarker genes, activation of
the Nrf2 transcription factor, and production of interleukin 18
were evaluated.
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Table 1
Detailed results of the predictions based on the individual test methods.
Name Abrr. CAS-nr Ve EC3 (%) | Human | LLNA Bayesian  Peptide Signature Keratinosens IL18 | hCLAT
(ug/mL) QSARs _ Binding
5-Chloro-2-methyl-d-isothiazolin-3-one  CMI 26172554 1496 0.009 S s S S S S NS s
Diphenylcyclopropenone DCP  886-38-4 21 0.003 S s o s s s NS s
Oxazolone OXA 15646465 2172 0.003 S s 0 s S S X s
p-Benzoquinone BQ 106-51-4 9.7 0.0099 S S (6] S S S NS S
1-Chloro-2,4-dinitrobenzene DNCB  97-00-7 41 0.04 S s S S S S NS S
nitrobenzyl bromide NBB 100-11-8 35 0.05 S N S N S S S S
p-Phenylenediamine PPD 106-50-3 1622 0.11 S s 0 S s S S S
Cobalt(II) chloride ccl 7646-79-9 39.0 0.6 S s 0 S S S NS S
Isoeugenol IsoEug ~ 97-54-1 88.7 15 s S S S S S o
2-Mercaptobenzothiazole 2-MBT  149-30-4 167.3 17 S s S S S S S o
Cinnamaldehyde Cal 104-55-2 300 3 S s S s s S S
Tetramethylthiuram disulfide TMTD  137-26-8 48.1 52 S S 0 S s S NS S
Resorcinol RES 108-46-3 35.1 55 S s o NS s NS NS s
Diethyl maleate DM 141-05-9 43.0 58 S S S S S S S s
Citral ci 5392-40-5 343 9.2 S s S S S S NS S
a-Hexylcinnamaldehyde HCA  101-86-0 303 9.7 S s s NS s S NS (o)
Eugenol EU 97-53-0 164.2 10.1 s S S S s NS X S
Cinnamyl alcohol CA 104-54-1 228.1 21 S s 0 S s NS X S
Benzocaine BENZ  94-09-7 470.8 2 S s 0 NS s s NS s
Hydroxycitronellal HC 107-75-5 689.0 23 S s s S s S S S
Imidazolidinyl urea U 39236469 388 24 s S 0 S S S NS o
Ethylene glycol dimethacrylate EGDM  97-90-5 793 28 S S S S S S NS s
Ethyl acrylate EA 140-88-5 40.0 28 S s S S s S NS X
Methyl methacrylate MMA  80-62-6 400.5 90 S s s S s NS NS S
tert-Butylhydroquinone tBHQ  1948-33-0 32 NA s S 0 S S S NS X
Nickel(IT) chloride NiCl  7718-54-9 1555 NA S NS 0 S s S NS o)
Triisobutylphosphate TIBP 126716 186.4 NA s NS 0 s s NS NS X
Chlorobenzene DCB  108-90-7 251 NA NS NS 0 NS NS NS X S
2-Propanol Iso 67-63-0 15.0 NA NS NS NS NS NS NS NS NS
Lactic acid LA 50215 3.6 NA NS NS NS NS NS NS NS NS
Methyl salicylate MS 119-36-8 426.0 NA NS NS NS NS NS NS S NS
Salicyclic acid SA 69-72-7 3453 NA NS NS NS NS NS NS NS o
Hexane Hex 110-54-3 3.9 NA NS NS NS NS NS NS NS NS
Dextran DEX  9004-54-0 20000 NA NS NS 0 NS NS NS NS NS
Propylene glycol PG 57-55-6 3044 NA NS NS NS NS NS NS NS NS
Tween80 T80 9005-65-6 10000 NA NS NS 0 NS s S NS NS
Xylenes Xy 1330-20-7 212 95.8 NS s NS NS NS NS NS NS
Benzalkonium chloride BK 63449412 60 0.07 NS s o NS s s X NS
Sodium dodecyl sulfate SDS 151213 144.2 4.0 NS S NS S S NS NS NS
Maleic acid MA 110-16-7 464.3 7.0 NS s o NS NS S NS X
hexaethylene glycol monodecyl ether  HEG  5168-89-8 1090 NA NS s o s s NS NS X

The chemicals marked “S” are classified as sensitizer, while the “NS” marks a non-sensitizer. The predictions marked yellow are misclassified, the green marker “O” are
equivocal calls and the orange “X” represents missing data. Classification is based on comparison with human data.

2.7. Gene signature

Gene expression was analyzed as described in our earlier work
(van der Veen et al., 2013). In short, the HaCaT human keratinocyte
cell line was exposed for 4 h to a concentration of the chemical that
results in 80% cell viability (CV80). The total RNA was extracted
and the expression levels of 10 genes (Supplementary Table [) were
assessed using RT-PCR and normalized against HPRT1. The chemi-
cal class was then determined using the classification algorithms of
Random forest, support vector machine and PAM-R (Breiman,
2001; Rifkin et al., 2003; Tibshirani et al., 2001). These algorithms
compare changes in gene regulation of chemicals of unknown
class to that induced by chemicals of known class. A chemical
was assigned the most predominant class indicated by these
algorithms.

2.8. KeratinoSens

To establish which chemicals had already been tested in the
KeratinoSens assay a literature search was performed. The Kerati-
noSens assay (Emter et al., 2010; Natsch et al., 2011) was applied to
evaluate the three chemicals (tBHQ, TIBP and HEG) that had not
been previously described in literature. In short, KeratinoSens cells
were exposed to a concentration range of the three chemicals.
After 48 h of exposure the cells were lysed using passive lysis buf-
fer (Promega, Leiden, The Netherlands) and the luminescence sig-
nal was evaluated. In a concurrent exposure the viability of the
cells was determined using the MTT assay. Chemicals were consid-
ered sensitizers when they induced an luminescence intensity
increase of 1.5-fold compared to vehicle control, at concentrations
at which less than 30% cell death occurred.
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Table 2

Performance of the individual QSARs.
Model Sensitivity Specificity
MultiCASE 0.660 0.667
CAESAR 0.943 0.321
DEREK 0.818 0.589
OECD Toolbox 0.778 0.523

Characterization of the individual predictive performance of the four QSAR models
is based on comparison with LLNA data.

2.9. Interleukin 18

HaCaT keratinocytes were plated at 3.75 x 10 cells per well in
a 12-well plate. The cells were allowed to adhere to the plate for
24 h. The medium was refreshed and the cells were then exposed
for 24 h to the CV80 concentration of the chemical (van der Veen
et al., 2013). After the exposure period, the cells were lysed using
0.5% Triton x-100 in PBS. The experiments were performed in trip-
licate for each chemical.

The lysate was used to determine the total protein content. This
was determined using BCA (Thermo Fisher scientific, Landsmeer,
The Netherlands) and the IL-18 concentration using a custom
ELISA. Nunc maxisorp 96-well plates (Thermo Fisher scientific)
were coated overnight using anti-human IL-18 (Millipore, cat.
D044-3, Amsterdam, The Netherlands), followed by 1% BSA in
PBS for 1 h. After washing, the samples were incubated for 1 h at
room temperature in a 10-fold dilution, and a dilution range of
recombinant IL-18 (MBL, B001-5) standard was included. The
detection antibody (Millipore, D045-6) was applied followed by
streptavidin-HRP (Immunotools, cat. 31334248, Germany). Quanti-
fication of tetramethylbenzidine (Sigma-Aldrich) was assessed
spectrophotometrically at 450 nm. A chemical inducing a 20%
increase in pg IL-18/ug protein (Corsini et al., 2009) was consid-
ered a sensitizer.

2.10. Methods reflecting DC maturation

For DC maturation a literature search was performed to estab-
lish which chemicals had been tested in the h-Clat assay (Bauch
et al., 2012; Ashikaga et al., 2010, 2006). In short, this assay uses
THP-1 cells to measure the sensitizer induced expression of CD86
using FACS; up-regulated CD86 indicates sensitizing potential.
Although no h-Clat data was available for several chemicals in
our set, no additional chemicals were assessed using this method.

2.11. Calculation of the predictive performance and costs of the
individual tests and testing strategies

The predictive performances of the individual test methods and
the two testing strategies were characterized using Cooper statis-
tics (Cooper et al., 1979); sensitivity, specificity, positive predictive
value (PPV) and negative predictive value (NPV). The sensitivity
and specificity are an indication of the diagnostic performance of
a model, whereas the PPV and NPV are a measure of the reliability
of a prediction. As opposed to sensitivity and specificity, the PPV
and NPV are dependent on the ratio of skin sensitizers versus
non-sensitizers in a dataset. The PPV and NPV were therefore bal-
anced to an equal ratio of sensitizers and non-sensitizers. A
detailed description of these statistics, specifically the use of bal-
anced PPV and NPV, can be found elsewhere (Rorije et al., 2013).
In the testing strategies equivocal calls can arise due to insufficient
or contradictory data for classification, here no definite class
can be assigned to the chemical. These results were excluded from
statistical analysis.

Two different testing strategies were evaluated, a majority vot-
ing approach and a tiered approach (Fig. 1). Each strategy uses pre-
dictions of three individual methods. The majority voting strategy
is comprised of the methods with high accuracy that reflects either
protein reactivity, KC response or DC maturation. In practice, two
equal predictions are sufficient for classification, therefore the pro-
tein reactivity and KC response are performed first, as they are
cheaper and easier than DC maturation. In case of disagreement
between protein reactivity and KC response, the DC activation
method h-Clat is included for additional information (Natsch
et al.,, 2013; Bauch et al., 2012).

In the tiered approach the methods are performed in sequence.
The first tier reflects protein reactivity through a combination of
the QSAR battery and peptide reactivity. Here peptide reactivity
is used to provide additional information for the chemicals that
the QSAR battery is unable to predict with sufficient probability.
The result from this tier determines which epithelial response
method is performed next. If a sensitizer is indicated, the chemical
is tested in the epithelial method with the lowest number of false-
positive results and thus the highest positive predictive value
(PPV). When a non-sensitizer is indicated, the epithelial method
with the lowest number of false-negative results and thus the
highest negative predictive value (NPV) is used in the second tier.
When the first and second tiers agree, a class can be assigned to the
chemical. When contradictory results are obtained the h-Clat
method determines the chemical class in the third tier.

The costs of both testing strategies were estimated, based on
the number of times a method needs to be used in the strategy.
The estimated cost for the individual methods to assess a single
chemical was based on correspondence with the method develop-
ers and EURL ECVAM. The Bayesian QSAR battery is estimated at
€25, the DPRA at €250, the KeratinoSens at €500, the gene signature
at €530 and the h-Clat at €1.000. In addition, the costs for an LLNA
were estimated at €2.500.

3. Results
3.1. Protein reactivity

The protein reactivity key event has been assessed using peptide
binding and the Bayesian QSAR battery. This Bayesian QSAR battery
correctly classifies all chemicals included in this study, although 19
chemicals cannot be classified with sufficient probability and are
marked equivocal (Table 1, Supplementary Table III). For the set
of chemicals selected in this study, the accuracy of peptide binding
was 87.3%. The sensitizers Res, HCA, Benz and TIBP were false-
negative, while SDS was false-positive (Table 1, Supplementary
Tables II and III).

3.2. Epithelial response

The performance of the epithelial cell-based methods was eval-
uated for the set of 41 chemicals. The results are shown in Tables 1
and 3, detailed results are indicated in Supplementary Table II. IL-
18 production by HaCaT cells resulted in a low accuracy due to a
high number of false-negatives. Here 19 out of 24 sensitizing
chemicals were incorrectly identified, and only NBB, pPD, 2-MBT,
DM and HC induced a positive response. Both the gene signature
and the KeratinoSens have accuracies similar to the LLNA (85.7%,
80.0% and 78.4%, respectively).

The gene signature resulted in four false-positive chemicals, of
which BK, SDS and HEG were also misclassified by the LLNA. On
the other hand, the KeratinoSens assay mainly had false-negative
chemicals, including Res, EU, and TIBP. Both the KeratinoSens
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Fig. 1. The schematic setup of the majority voting and tiered testing strategies for skin sensitization. Representing the various testing strategies compared in this study,
applying methods that each represent a different key events of the adverse outcome pathway.

Table 3
Performance of the individual test methods.
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LLNA (%) Individual assays
QSARs (%) Peptide binding (%) Gene signature (%) KeratinoSens (%) IL18 (%) hCLAT (%)

Accuracy 78.4 100.0 87.3 85.7 80.0 57.2 95.5
Sensitivity 92.6 100.0 88.9 100.0 81.5 22.7 100.0
Specificity 64.3 100.0 85.7 714 78.6 91.7 90.9
npv 89.7 100.0 88.5 100.0 80.9 54.3 100.0
ppv 72.2 100.0 86.2 77.8 79.2 73.2 91.7
No prediction 0 19 0 0 0 0 11

The predictive capacity is based on comparison with human data.

and the gene signature misclassified T80. The gene signature had a
higher NPV, while the KeratinoSens has a higher PPV (Table 3).

3.3. DC maturation

The key event of DC maturation was addressed by the h-Clat
method. For this method the results were obtained from literature
(Tables 1 and 3, Supplementary Table II) (Bauch et al.,, 2012;
Ashikaga et al., 2010). However, results were unavailable for five
chemicals: EA, tBHQ, TIBP, MA and HEG. In addition, contradictory
results have been published for six chemicals: IEU, 2-MBT, HCA, IU,
Ni and SA, these chemicals have been marked equivocal (Bauch
et al., 2012; Ashikaga et al., 2010). For the remaining 30 chemicals,
the h-Clat has a high accuracy (95.5%), with DCB as the only false-
positive result.

3.4. Test strategy

Two testing strategies were analyzed, a majority voting and a
tiered strategy (Fig. 2), of which the results are shown in Tables 4
and 5. In the majority voting strategy, protein reactivity is assessed
using peptide reactivity. In the majority voting approach it is of
importance that the included methods are able to predict each
chemical tested, which is not the case for the QSAR battery. The epi-
thelial response is addressed by either the KeratinoSens or the gene
signature, and, in case of disagreement between the previous
methods, the DC maturation is assessed using the h-Clat assay. In
this majority voting approach, the h-Clat method was required
for HCA, EU, Benz, MMA, T80 and SDS using the KeratinoSens

(Fig. 2A) and for Res, HCA, Benz, TIBP, T80, BK and HEG when using
the gene signature (Fig. 2B). The majority voting approach using the
gene signature has a balanced accuracy of 96.2%, as it misclassifies
SDS. In addition, this approach classifies HCA, TIBP and HEG as
equivocal, due to missing or inconsistent data from the h-CLAT.
The majority voting using the KeratinoSens misclassifies TIBP and
RES, leading to a balanced accuracy of 96.2% (Table 5). In this strat-
egy, only HCA is an equivocal result.

In the tiered approach (Fig. 2C) all chemicals were first evalu-
ated in the Bayesian QSAR battery, which was able to classify 22
chemicals. For the remaining 19 chemicals results from the peptide
binding methods were used. In this tier, combining data from the
QSAR battery and peptide reactivity, indicated 24 sensitizing
chemicals and 17 non-sensitizers. This combination of QSAR bat-
tery and peptide reactivity misclassified two sensitizers (Benz
and TIBP) and has an overall accuracy of 95.1%. In the second tier,
these results were verified by testing the 24 predicted sensitizers
in the KeratinoSens, while the gene signature was applied for the
predicted non-sensitizers. In this tier, 31 chemicals were already
correctly identified as either sensitizers or non-sensitizers, but 10
equivocal calls remained. For these equivocal ones the h-Clat assay
was used as a third tier. After the third tier, the accuracy was 100%,
but TIBP and HEG remained equivocal because these chemicals
have not been previously assessed using the h-Clat assay (Table 5).

The different testing strategies have a comparable accuracy.
Nevertheless, the tiered strategy requires less experiments com-
pared to the majority voting approach. A total of 69 experiments
was required to classify the chemicals; 19 DPRA, 24 KeratinoSens,
17 gene signature and 10 h-Clat assays. The majority voting
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required 88 experiments: 41 for both the DPRA and KeratinoSens
and 6 h-Clat assays. The difference of 19 experiments is mainly
due to the inclusion of the QSAR battery in the first tier, which
limits the need for in chemico peptide reactivity experiments. In
addition to accuracy and number of tests, the costs associated with
a testing strategy can also be of importance for implementation of
a strategy. Therefore the cost for evaluation of a single chemical
was estimated for each approach. The total costs for evaluating
the 41 chemicals in the tiered approach is €36.785, while the
majority voting costs €36.750. In comparison, the LLNA has an
estimated total cost of €102.500.

4. Discussion

This proof of principle study showed that both integrated test-
ing strategies were able to predict skin sensitizing potential of the
set of chemicals evaluated here with a higher accuracy than the
LLNA. In addition, the AOP-based testing strategies generate more
knowledge concerning mechanistic events triggered by the chem-
icals than is obtained in individual animal-free methods. The tiered
testing strategy includes non-testing methods and takes the statis-
tical characteristics, i.e. the NPV and PPV of individual methods
into account. Ultimately, this results in an adequate classification
and a lower number of required experiments, compared to a
majority voting strategy.

The Bayesian QSAR battery that was incorporated to reduce the
number of experiments has a good predictive capacity, but 19
chemicals are indicated equivocal. This is due to thresholds of
probability in the Bayesian method. The probability is influenced
by the information provided by the individual QSARs (Rorije
et al., 2013), contradictory results between the individual QSARs
as well as missing information due to applicability domain
constraints. Predictions for the chemicals indicated equivocal by
the QSAR battery were generated by also performing the DPRA in

the first tier. It should be noted that the accuracy of the QSAR bat-
tery might be biased as many of the included chemicals have also
been used in the development of the QSARs. Therefore, their pre-
dictive capacity for unknown chemicals may not be as good as
for the set of chemicals used here, which is in line with previous
observations (Teubner et al., 2013).

In the second tier, methods that measure activation of kerati-
nocytes were included. Measurement of IL-18 was not included,
since in the current study this proved unreliable in determining
the sensitizing potential of chemicals. This is remarkable, since
the HaCaT cell line has been shown to produce IL-18 upon expo-
sure to sensitizers (Van Och et al., 2005) and a preliminary cell
line assessment has indicated that HaCaT would also be suitable
to identify sensitizers based on IL-18 (Galbiati et al., 2011), as
was previously described for the human KC cell line NCTC-2544
(Corsini et al., 2009). The other keratinocyte-based methods did
provide accurate predictions. In the tiered approach, the selection
of the methods in the second tier was based on the PPV and NPV,
which ensured that the classification of chemicals was confirmed
using the method that provides the most certain outcome. Com-
bined, the first and second tier were able to classify the majority
of the chemicals, and the h-Clat was only required for a minority
of the chemicals. Unfortunately, equivocal calls remain due to
lacking h-Clat data. These equivocal predictions will no longer
arise when a reliable and consistent h-Clat prediction is available
for all chemicals.

Overall, both approaches were able to correctly predict sensitiz-
ers, including the selected prohaptens. Nevertheless, it is possible
that other prohaptens will not be recognized, as this is a well-
known limitation of the peptide reactivity assays and QSARs in
the first tier. In addition, the THP-1 cells from tier three might
not have sufficient metabolic activity (Gerberick et al., 2004,
2009; Ashikaga et al., 2010). In tier two, the HaCaT cells have some
intrinsic metabolic capacity, with the presence of Phase I and Phase
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Name Abrr. CAS-nr EC3(%) | Human | LLNA Majority voting Tiered
Gene Signature KeratinoSens TIER1 TIER2 TIER3
5-Chloro-2-methyl-4-isothiazolin-3-one (@] 26172-55-4 0.009 S S S S S S S
Diphenylcyclopropenone DCP 886-38-4 0.003 S S S S S S S
Oxazolone OXA 15646-46-5 0.003 S S N S S S S
p-Benzoquinone BQ 106-51-4 0.0099 S S N S S S S
1-Chloro-2,4-dinitrobenzene DNCB 97-00-7 0.04 S S S S S S S
nitrobenzyl bromide NBB 100-11-8 0.05 S S S S S S S
p-Phenylenediamine PPD 106-50-3 0.11 S S S S S S S
Cobalt(ll) chloride ccl 7646-79-9 0.6 S S S S S S S
Isoeugenol IsoEug 97-54-1 15 S S S S S S S
2-Mercaptobenzothiazole 2-MBT 149-30-4 1.7 S S S S S S S
Cinnamaldehyde Cal 104-55-2 3 S S S S S S S
Tetramethylthiuram disulfide TMTD 137-26-8 5.2 S S S S S S S
Resorcinol RES 108-46-3 5.5 S N N NS NS (0] N
Diethyl maleate DM 141-05-9 5.8 S N N S S N N
Citral Ci 5392-40-5 9.2 S N S S S S N
a-Hexylcinnamaldehyde HCA 101-86-0 9.7 S S (0] (0} S S S
Eugenol EU 97-53-0 10.1 S S S S S (0] S
Cinnamyl alcohol CA 104-54-1 21 S S S S S (0] S
Benzocaine BENZ 94-09-7 22 S S S S NS (0] S
Hydroxycitronellal HC 107-75-5 23 S S S S S S S
Imidazolidinyl urea [V] 39236-46-9 24 S S S S S S S
Ethylene glycol dimethacrylate EGDM 97-90-5 28 S S S S S S S
Ethyl acrylate EA 140-88-5 28 S N N S S S N
Methyl methacrylate MMA 80-62-6 90 S S S S S (o] S
tert-Butylhydroquinone tBHQ 1948-33-0 NA S S S S S S S
Nickel(l1) chloride NiCl 7718-54-9 FN S NS S S S S S
Triisobutylphosphate TIBP 126-71-6 FN S NS (0] NS S 0 [0}
Chlorobenzene DCB 108-90-7 NA NS NS NS NS NS NS NS
2-Propanol Iso 67-63-0 NA NS NS NS NS NS NS NS
Lactic acid LA 50-21-5 NA NS NS NS NS NS NS NS
Methyl salicylate MS 119-36-8 NA NS NS NS NS NS NS NS
Salicyclic acid SA 69-72-7 NA NS NS NS NS NS NS NS
Hexane Hex 110-54-3 NA NS NS NS NS NS NS NS
Dextran DEX 9004-54-0 NA NS NS NS NS NS NS NS
Propylene glycol PG 57-55-6 NA NS NS NS NS NS NS NS
Tween80 T80 9005-65-6 NA NS NS NS NS NS (0] NS
Xylenes Xy 1330-20-7 FP NS S NS NS NS NS NS
Benzalkonium chloride BK 63449-41-2 FP NS S NS NS NS (0] NS
Sodium dodecyl sulfate SDs 151-21-3 FP NS S S NS NS (0] NS
Maleic acid MA 110-16-7 FP NS S NS NS NS NS NS
hexaethylene glycol monodecyl ether HEG 5168-89-8 FP NS S (0] NS S (0] [0}

The chemicals marked “S” are classified as sensitizer, while the “NS” marks a non-sensitizer. The predictions marked yellow are misclassified, while the green marker “O” are
equivocal calls. Classification is based on comparison with human data.

Table 5
Performance of the tiered testing strategy and majority voting approach.
LLNA (%) Majority voting Tiered
Gene signature (%) KeratinoSens (%) TIER 1 (%) TIER 2 (%) TIER 3 (%)

Accuracy 78.4 96.2 96.2 92.7 100.0 100.0
Sensitivity 92.6 96.2 96.2 92.7 100.0 100.0
Specificity 64.3 100.0 92.3 92.6 100.0 100.0
npv 81.8 100.0 92.9 92.6 100.0 100.0
ppv 83.3 92.9 100.0 914 100.0 100.0
No prediction 0 3 1 0 10 2

The predictive capacity is based on comparison with human data.
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I metabolizing enzymes. The expression of CYP450 has been
shown to be comparable to human skin, combined with abundant
CYP2S1 expression (Hewitt et al., 2013; Fabian et al., 2013). Pro-
haptens are therefore only likely to be detected in the second tier,
and correct classification of prohaptens might fail in both testing
strategies. To address this issue, both testing strategies should be
further evaluated by testing additional chemicals that require met-
abolic capacity. It should also be explored whether inclusion of
other test methods, for example the peroxidase peptide reactivity
assay, which includes limited metabolism, can be used to replace
the DPRA (Lalko et al., 2012) and to use a KeratinoSens with a
S9-metabolic component which has been recently described to fur-
ther enhance prohapten detection in HaCaT based models (Natsch
and Haupt, 2013). Another important limitation of the individual
methods and the testing strategies is that they are unable to assign
sensitizing potency to a chemical, which is one of the main advan-
tages of the LLNA (Kimber et al., 1994; Kimber and Dearman,
2010). Currently, methods based on full thickness skin models
are being explored to resolve this issue (Gibbs et al., 2013; Saito
et al., 2013). In addition, the potency might also be estimated
through advanced statistical methods, such as Quantitative Mech-
anistic Modeling (Enoch and Roberts, 2013) or Bayesian statistics
(Jaworska et al., 2013).

Although both testing strategies are based on the AOP, neither
of them address all key events. Based on the data presented here
and in previously published ITS (Natsch et al., 2013; Bauch et al.,
2012), it might be unnecessary to address additional key events,
such as T-cell proliferation, as the current ITS are already proficient
in the prediction of sensitizing potential of chemicals. As the costs
and prediction accuracy of the testing strategies are similar, other
characteristics become more important. The tiered approach is bet-
ter able to correct for the limitations of the individual methods as
only the most favorable characteristics of the KC methods are
applied. On the other hand, the majority voting strategy is more
straightforward, as it requires less different methods and is easier
to evaluate. In conclusion, the combination of non-animal testing
methods in a testing strategy provides a mechanistic basis for clas-
sification and high prediction accuracy, although the strategy most
suitable for implementation remains to be determined.
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Supplementary table I: The gene signature. The gene signature was defined through analysis of gene

profiling performed in HaCaT cells (van der Veen et al. 2013).

Entrez ID |Gene name Function
1789 DNA (cytosine-5-)-methyltransferase 3 beta DNMT3b |DNA methylation |(Hervouet et al. 2009)
3162 Hemeoxygenase 1 HMOX1 (Morse and Choi 2002)
8614 Stanniocalcin 2 STC2 — (Law and Wong 2010)
- Oxidative stress -

133 Adrenomedullin ADM (Katsuki et al. 2003)
140809 |Sulfiredoxin 1 homolog SRXN1 (Singh et al. 2009)
2353 FBJ murine osteosarcoma viral oncogene homolog [FOS Development and |(Zenz et al. 2008)
8061 FOS-like antigen 1 FosL1 inflammation (Zenz et al. 2008)
10181 RNA binding motif protein 5 RBM5 . . (Kotlajich and Hertel 2008)

- - Alternative splicing -
51755 Cyclin-dependent kinase 12 CDK12 (Bartkowiak et al. 2010)
353322  |Ankyrin repeat domain 37 ANKRD37 |Unknown (Benita et al. 2009)




Supplementary table II; Detailed results of individual assays. The results of each individual assay have been detailed, indicating literature
references and experimental results. Results indicated in yellow represent misclassified chemicals.

Name CAS-nr Peptide Reactivity Gene Signature KeratinoSens IL18 hCLAT
Result Ref* Cys (% rem.) Lys (% rem.) Result Results Ref* EC1.5 Result Fold change Result Ref*
5-Chloro-2-methyl-4-isothiazolin-3-one 26172-55-4 S B,N S S B NS 0.9 S B
Diphenylcyclopropenone 886-38-4 S Ge, N S S NS 0.5 S A
Oxazolone 15646-46-5 S B,Ge,N S S , X S B,A
p-Benzoquinone 106-51-4 S B,Ge,N S S , NS 0.7 S B,A
1-Chloro-2,4-dinitrobenzene 97-00-7 S B, Ge S S , NS 1.0 S B,A
nitrobenzyl bromide 100-11-8 S N S S S 1.3 S A
p-Phenylenediamine 106-50-3 S B,N S S B,N S 1.3 S B,A
Cobalt(ll) chloride 7646-79-9 S B S S NS 0.8 S B,A
Isoeugenol 97-54-1 S B S S B,N X 0.8 (0] B,A
2-Mercaptobenzothiazole 149-30-4 S B, Ge S S B,N S 1.4 (0] B,A
Cinnamaldehyde 104-55-2 S Ge S S X S
Tetramethylthiuram disulfide 137-26-8 S N S S NS 0.7 S A
Resorcinol 108-46-3 NS Ge S NS NS 0.9 S
Diethyl maleate 141-05-9 S B, Ge S S B, S 3.7 S B,A
Citral 5392-40-5 S B S S B NS 0.8 S B,A
a-Hexylcinnamaldehyde 101-86-0 NS B, Ge S S B,N NS 0.9 (0] B,A
Eugenol 97-53-0 S B S NS N X S B,A
Cinnamyl alcohol 104-54-1 S B,N S NS N S B,A
Benzocaine 94-09-7 NS N S S N NS 0.7 S
Hydroxycitronellal 107-75-5 S Ge S S N S 15 S
Imidazolidinyl urea 39236-46-9 S B, Ge S S B,N NS 0.8 o B,A
Ethylene glycol dimethacrylate 97-90-5 S B, Ge S S B NS 1.1 S B,A
Ethyl acrylate 140-88-5 S B S S N NS 1.0 X
Methyl methacrylate 80-62-6 S B S NS B NS 0.8 S B
tert-Butylhydroquinone 1948-33-0 S - 70.0 1.5 S S - 8.7 NS 1.0 X
Nickel(ll) chloride 7718-54-9 S B S S N NS 0.8 (0] B,A
Triisobutylphosphate 126-71-6 S - 15.4 100.0 S NS - >2000 NS 0.6 X
Chlorobenzene 108-90-7 NS Ge NS NS X S A
2-Propanol 67-63-0 NS B, Ge NS NS , NS 0.8 NS B,A
Lactic acid 50-21-5 NS B, Ge NS NS , NS 0.9 NS B,A
Methyl salicylate 119-36-8 NS B, Ge NS NS , S 1.3 NS B,A




Salicyclic acid

Hexane

Dextran

Propylene glycol
Tween80

Xylenes

Benzalkonium chloride
Sodium dodecyl sulfate

Maleic acid

hexaethylene glycol monodecyl ether

69-72-7
110-54-3
9004-54-0
57-55-6
9005-65-6
1330-20-7

63449-41-2

151-21-3
110-16-7
5168-89-8

NS
NS
NS
NS
NS
NS
NS
S
NS
S

NS
NS
NS
NS
S
NS
S
S
NS
S

NS
NS
NS
NS
S
NS
S
NS
S
NS

®® 2 W

NS
NS
NS
NS
NS
NS

NS
NS
NS

0.9
0.8
0.9
0.6
0.7
0.8

0.4
0.8
1.0

NS
NS
NS
NS
NS
NS
NS

*: References: A - (Ashikaga et al. 2010) ; B - (Bauch et al. 2012) ; Ge - (Gerberick et al

.2007) ; N - (Natsch et al. 2013)

w
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Supplementary table llI; Predictions of the individual QSARs and the bayesian statistics. The chemical set was evaluated using qualitative
structure-activity relationships of DEREK, CEASAR, MultiCase and the OECD toolbox. The results of the individual QSARs were combined using
bayesian statistics (rorije 2013) to obtain the probability of prediction. The chemicals marked “S” are classified as sensitizer, while the “NS”
marks a non-sensitizer. The predictions marked yellow are misclassified, the green marker “O” are equivocal calls and the orange “X” represents

missing data.
Name Abrr. Human CASnr |CEASAR DEREK MultiCase SMARTSs| Bayesan Probability
5-Chloro-2-methyl-4-isothiazolin-3-one  CMI S 26172-55-4 s s o s IS 818% 182%
Diphenylcyclopropenone DCP S 886-38-4 o s o s e} 76.4% 23.6%
Oxazolone OXA S 15646-46-5 NS s s IS e} 535% 46,5%
p-Benzoquinone BQ S 106-51-4 s S NS s O  697% 30,3%
1-Chloro-2,4-dinitrobenzene DNCB S 97-00-7 s S S s IS 8909% 10.1%
4-Nitrobenzylbromide NBB S 100-11-8 s S S s IS 8909% 10.1%
p-Phenylenediamine PPD S 106-50-3 s S S NS e} 69,9% 30,1%
Cobalt(ll) chloride CCl S 7646-79-9 o s X NS e} 458% 54.2%
Isoeugenol IsoEug S 97-54-1 s s s s S 899% 10,1%
2-Mercaptobenzothiazole 2-MBT S 149-30-4 o s s s IS 86,5% 13.5%
Cinnamaldehyde Cal S 104-55-2 s s s s S 899% 101%
Tetramethylthiuram disulfide TMTD S 137-26-8 s S S NS e} 69.9% 301%
Resorcinol RES S 108-46-3 s S S NS e} 69,9% 30,1%
Diethyl maleste DM S 141059 s s S S S 899% 10,1%
Citral Ci S 5392405 S s o) S S 81,8% 182%
a-Hexylcinnamaldehyde HCA S 101-86-0 s s o s IS 818% 182%
Eugenol EU S 97530 s s S s S 899% 10,1%
Cinnamyl alcohol CA S 104-54-1 s NS s s o 58.0% 42.0%
Benzocaine BENZ S 94-09-7 NS s S NS O  231% 769%
Hydroxycitronellal HC S 107-75-5 s S S s IS 899% 10.1%
Imidazolidinyl urea 10] S 39236-46-9 o 10 o s e} 62.0% 38.0%
Ethylene glycol dimethacrylate EGDM S 97-90-5 s S S s IS 899% 10.1%
Ethyl acrylate EA S 140-88-5 s S s s S 899% 101%
Methyl methacrylate MMA S 80-62-6 s s s s IS 89.9% 10.1%
tert-Butylhydroquinone tBHQ S 1948-33-0 s s s NS e} 69.9% 301%
Nickel(1) chloride NiCl S 7718-54-9 o s o NS o 458% 54.2%
Triisobutylphosphate TIBP S 126-71-6 1) s 0 IS o) 76.4% 23.6%
Chlorobenzene DCB NS 108-90-7 s NS s NS O  265% 735%




2-Propanol

Lactic acid

Methyl salicylate
Salicyclic acid

Hexane

Dextran

Propylene glycol
Tween80

Xylenes

Benzalkonium chloride
Sodium dodecyl sulfate
Maleic acid
hexaethylene glycol monodecyl ether

LA
MS

Hex
DEX

T80
Xy
BK

MA
HEG

NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS

67-63-0
50-21-5
119-36-8
69-72-7
110-54-3
9004-54-0
57-55-6
9005-65-6
1330-20-7
63449-41-2
151-21-3
110-16-7
5168-89-8

NS
NS
NS
NS
NS

NS
NS
NS
NS
NS
NS
NS

NS
NS
NS
NS
NS

(7))

NS

NS

NS
NS
NS
NS
NS

NS

NS
NS
NS
NS
NS

NS
NS
NS
NS
NS

NS

NS

NS

1,2%
1,2%
1,2%
1,2%
8,5%
22,6%
4,4%
33,5%
8,5%
11,6%
8,5%
26,5%
15,4%

98,8%
98,8%
98,8%
98,8%
91,5%
77,4%
95,6%
66,5%
91,5%
88,4%
91,5%
73,5%
84,6%
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