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In the last 20 years, alternative approaches to the identiﬁcation of skin sensitisation hazards have been at the
forefront of the 3Rs and have helped reﬁne the validation and acceptance processes. However, experience with
the local lymph node assay showed that, post-validation, challenges still occurred, particularly when a wider
diversity of chemical substances was addressed, a situation which will arise with validated in vitro alternatives.
In the present work, a range of substances potentially challenging to assess in current nonanimal OECD test
guidelines were evaluated in several of the emerging in vitro alternatives. Twelve such substances (of which just
over half were known skin sensitisers) were assessed in 4 assays, all based on reconstructed human epidermis
(RHE) models. For hazard identiﬁcation, the overall predictive accuracy ranged around 70% for three assays,
although for one (SensCeeTox), it fell below 50% when human data was used as the benchmark. In most cases,
sensitivity was high, such that sensitisation was overpredicted. As the substances were challenging to assess in
other nonanimal methods, the results indicate that the 3D RHE models may be a useful tool for assessing skin
sensitisation potentials without needing to revert to animal use.

1. Introduction
Since the pace of the development and validation of alternatives was
accelerated by the implementation of the European legislation which
prohibited the use of animal tests for safety assessment of cosmetic
products and their ingredients (European Union, 2009), there has been
a steady adoption of nonanimal methods, most notably in the ﬁelds of
irritation and sensitisation both in regulatory and risk assessment settings (OECD, 2015a, 2015b; 2016, 2018a; 2018b, 2018c; Ezendam
et al., 2016; Strickland et al., 2017; Hoﬀmann et al., 2018; Kleinstreuer
et al., 2018). The primary development of in vitro alternatives has
depended upon research insights in the relevant ﬁeld of toxicology.
When this development has been successful and gained a degree of

∗

acceptance, the more formalised procedures of independent validation
to demonstrate the relevance and reliability of a method have been
initiated. Once validation has been achieved, the methods have then
progressed to the Organisation for Economic Co-operation and Development (OECD), where they have been taken up and promulgated in
globally accepted test guidelines (e.g. OECD, 2015a; 2015b, 2016).
Subsequent to that, each method, generally in combination with others,
is ﬁnally taken up into regulatory guidelines such as those in the European Union derived from the United Nations (European Union, 2008;
United Nations, 2015). Once all of this has been achieved, relevant
industries around the world are able to fully adopt and implement the
nonanimal methods, conﬁdent that the results will be accepted by the
authorities to whom they are required to submit the data.
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(McKim et al., 2012), but in brief was carried out as follows: RHE from
EpiDerm™ (MatTek Corporation, USA), equilibrated for a minimum of
1 h prior to dosing with test and reference substances, was exposed to a
range of six concentrations of each test substance for 24 h 10% Triton X100 was used as a viability control. RNA was isolated using QIAGEN's
RNeasy 96 kit (QIAGEN, LN 151052720) according to Cyprotex standard operating procedure (SOP) 2062. Isolated RNA was quantitated
with a Nanodrop ND-8000 spectrophotometer with 2 μL of eluted RNA.
Gene induction by test substances and controls was determined by
running quantitative reverse transcription-polymerase chain reaction
(qRT-PCR) according to Cyprotex SOP-2050. The fold-over vehicle results for the four control genes were plotted in a box and whisker plot.
The control gene that showed the lowest variation was selected. The
target gene induction over vehicle was then divided by the selected
control gene to determine a fold-induction over background for each
target gene.
The second element of the assay required a measurement of protein
reactivity and followed methods already published (Natsch et al., 2007;
Gerberick et al., 2004). In brief, reaction mixes were prepared in 96well micro plates with each test substance run. The reactions were incubated for 24 h at room temperature After 24 h, metaphosphoric acid
(MPA) was added. Then 50 μL of reaction mix was added to a 96-well
plate with 10 μL of 1.5 M triethanolamine. After 2 min of shaking,
150 μL glutathione (GSH) assay buﬀer was added to the wells. The plate
was shaken for an additional 2 min and absorbance at 415 nm read on a
plate reader. The mean absorbance for the sample triplicates was divided by the mean of the vehicle controls, and the percent of GSH depletion relative to vehicle control was calculated.
Outputs from the above assay components were used as inputs to
the prediction model which employs an algorithm which is proprietary
to SensCeeTox, grading the test substance into one of ﬁve categories,
the lowest two of which do not trigger classiﬁcation as a skin sensitiser
(McKim et al., 2012).

Whilst some have been known to observe that the overall process
outlined above can be cumbersome and consequently prolonged (e.g.
Basketter et al., 2010), history will show that at least for the endpoints
already addressed (skin and eye irritation, skin sensitisation, dermal
penetration, phototoxicity, preliminary tests in genotoxicity and so on)
there appears to have been a good deal of success. Nevertheless, there is
one aspect of the entire development, validation and acceptance suite of
processes that needs to be considered, regardless of whether it is an
animal or a nonanimal method. This is the fact that those processes can
never be broad enough to evaluate the vast spectrum of substances that
the world of chemistry may present to them. In addition, the knowledge
of the applicability domain of the test methods, including their technical limitations as deﬁned in course of validation, will necessarily
evolve as soon as new experience is acquired with the implementation
of the methods by various laboratories.
In the present work, the toxicology endpoint that is addressed is that
of skin sensitisation, where a suite of new nonanimal test methods
based on key events in the adverse outcome pathway have become
available in the last few years (OECD, 2015a, 2018b; 2018c). At least
initially, the validated cell-based methods have required a substance to
be placed in a hydrophilic medium compatible with the respective
suspension cell culture (e.g. Ashikaga et al., 2006; Emter et al., 2010).
This is already one well recognised limitation, as some skin sensitising
chemicals may be very hydrophobic and thus not amenable to these test
systems. Indeed, in consumer products they may well be applied to skin
using vehicles or formulations which are not water miscible. Thus a
further advantage of RHE assay is the scope to apply substances in
“real-life” vehicles. With the existing validated in vitro alternatives, it is
known already that a number of substances, for a variety of reasons,
have proven somewhat diﬃcult to evaluate (e.g. Sakaguchi et al.,
2010). To the extent characterised so far, these issues are documented
in the respective OECD Test Guidelines and may be updated in future as
new knowledge on the applicability of the methods will be acquired.
Accordingly, various eﬀorts are underway to develop, validate and gain
acceptance for approaches based on reconstructed human epidermis
(RHE) models since these systems develop a form of stratum corneum at
the air-liquid interface. Consequently, direct application of test materials in lipophilic solvents to such a surrogate skin surface obviates the
key technical challenges associated with cells in suspension (e.g. Gibbs
et al., 2013; Cottrez et al., 2016; Rodrigues Neves and Gibbs, 2018).
What we have chosen to address in this study is how a range of upcoming assays based on RHE models perform with a selection of substances that may prove challenging to test in aqueous culture systems.

2.3. SENS-IS assay
This assay is fully described already (Cottrez et al., 2016), but in
brief was carried out as follows: test substance solution was applied to
the surface of 2 week cultured reconstituted epidermis (SkinEthic,
Episkin, Lyon) for 15 min at 37C. The 6 test concentrations employed
were 0.1%, 1%, 10%, 50%, and 100% v/v, although 10% and 50% are
typically tested ﬁrst and, if necessary, subsequent concentrations
chosen based on these initial results. After a washing with phosphate
buﬀered saline, the epidermis was incubated without test substance
exposure for a further 6 h. At the end of this incubation, the epidermis
was snap frozen in liquid nitrogen and total RNA extracted for qRT-PCR
analysis. Transcript measurements for 61 genes were normalized to the
mean expression levels of 3 housekeeping genes. The genes were categorised into three groups: 23 genes as indicators of skin irritation, 21
“SENS-IS” genes, and 17 “redox” genes. The ﬁrst group of genes was
used for assay acceptance, and if > 20 of these irritation genes were
over-expressed (> 1.25x control vehicle value) the test was rejected,
and the substance was tested at a lower concentration. The relative
expression of the “SENS-IS” and “redox” genes were used for the prediction of a test substance's skin sensitising potency. While the identity
of irritation genes has been published (Cottrez et al., 2016), the identity
of the genes of the “SENS-IS” and “redox” genes has only been disclosed
in a patent. The cycle threshold value of the HSPAA1 gene was used for
the evaluation of tissue destruction and had to be 110% to be acceptable. The prediction model, which was developed to predict the LLNA
result, was based on the number of over-expressed genes in the SENS-IS
and redox group and the test substance concentration. To be considered
as a skin sensitiser, a test substance had to induce at least a 1.25-fold
increase in the expression of at least seven genes in either the SENS-IS
or redox group. The lowest concentration meeting these requirements
determined the potency prediction: 100% or 50% = weak sensitiser,

2. Materials and methods
2.1. Test substances
Table 1 records the 12 substances assessed in this study, their source
and purity, the existing outcomes from in vivo and in vitro testing,
together with a primary justiﬁcation for their selection. The underlying
data in the table is adapted from previous publications (Basketter et al.,
2014; Urbisch et al., 2015; Api et al., 2017; Hoﬀman et al., 2018), together with consultation of the European Chemicals Agency (ECHA)
dissemination website (ECHA, 2018). Although not stated explicitly in
the table, a key requirement was a good body of existing data, including
human information, this last mentioned also being presented in the
same table, and which is based on the categories introduced previously
(Basketter et al., 2014). Test substances were coded, with diﬀerent
coding being adopted for each laboratory. Also, note that vehicle and
concentration selection was a matter for the individual test laboratories.
2.2. SensCeeTox assay
In this assay, changes in keratinocyte gene expression are measured
alongside protein reactivity. The assay is fully described already
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GPMT

Tween 80 is a mixture of long chain fatty acids with majority (65%–80%) oleic acid, the remainder being largely linoleic, palmitic and stearic acids.
Unpublished data on blinded testing courtesy of Cosmetics Europe, Brussels.
At study initiation this was regarded as class 5, whereas according to the Api et al., 2017 criteria this could now be categorised as class 4.
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CAS
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Table 1
Substances selected with existing underlying data and brief rationale.

no (class 6)

yes (class 4)
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under reviewc

no data
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yes (class 3)
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no indication in
market data (2011)
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Classiﬁable human
skin sensitiser

high cytotoxicity; disruption of cell
membranes
pre/prohapten and false negative in
DPRA and KeratinoSens
high logP; LLNA gives incorrect
classiﬁcation
prehapten (hydroperoxide former);
high logP
pre/prohapten and false negative in
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false positive in in vitro assays
compared to human and animal data
false positive in in vitro assays
compared to LLNA; dye
false positive in in vitro assays
compared to LLNA
pre/prohapten; high logP
high logP; discordant results in vitro
(2 out of 3) vs. in vivo (LLNA,
human); oxidizing agent
high logP; discordant results in vitro
(2 x neg) vs. in vivo (LLNA, human
“borderline")
cytotoxicity by disruption of cell
membranes

Justiﬁcation for testing
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of the test substances proved to give positive results in the SensCeeTox
assay. As the classiﬁcation “weak” would be considered to be a nonsensitiser in this test, ﬁve substances were classiﬁed as non-sensitizers
and eight as sensitizers (positive predictions). This assay also delivers a
prediction of potency; outcomes were almost evenly distributed between the weak and moderate categories, with the exception of the
surfactant Tween 80, which was classiﬁed as extreme, but which is a
non-sensitiser in humans.

10% = moderate sensitiser, 1% = strong sensitiser, and 0.1% = extreme sensitiser; if none of the test concentrations met these criteria, the
substance was considered to be a non-sensitiser (Hoﬀmann et al.,
2018).
2.4. RHE IL-18 method (epiCS)
This method is fully described already (Corsini et al., 2013; Gibbs
et al., 2013), but in brief was carried out as follows: 25 μl of a range of
concentrations of test substance are applied to the surface of the RHE
skin model (CellSystems® Biotechnologie, Troisdorf, Germany) for 24 h.
After washing with phosphate buﬀered saline to terminate the exposure, cell viability is measured using an MTT (3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide) assay. Levels of interleukin (IL)
−18 in the culture medium are determined by enzyme linked immunosorbent assay (ELISA) in both starting and 24 h samples. In this
method, a test substance is classiﬁed as contact allergen if it induces a
5-fold increase in stimulation index (SI) in IL-18 release compared to
vehicle RHE at a cell viability between 5% and 40% in at least one of
the concentrations tested. To optimise the prediction model, where
there is no cytotoxicity, but the following criteria are met: (1) a 5-fold
increase (SI) in IL-18 release compared to vehicle treated RHE, (2) in at
least two independent runs and (3) at least at one of the concentrations
tested in each run, then the test substance should be considered a skin
sensitiser. In this situation, for relative potency ranking only the twofold stimulation index (SI-2) can be used. In situation where there is no
cytotoxicity at the maximum soluble concentration and no increase in
IL-18 release, the test substance should be considered a non-sensitiser in
the RHE IL-18 assay. In the case of two runs yielding discordant results,
a third run is conducted and a “two out of three” approach for classiﬁcation is used.

3.2. b. SENS-IS assay
Key test details and the test results are presented in Table 3. Three of
the test substances were shown to be non-sensitisers; the remainder
proved positive in this assay. The proprietary nature of the prediction
model limits a more detailed analysis, although potency predictions
were evenly split between weak and moderate.
3.3. c. RHE IL-18 (EpiCS)
Key test details and the test results using an optimised prediction
model are presented in Table 4. In this assay, three of the test substances were shown in all runs to be non-sensitisers; a fourth was negative once, but proved positive in another two runs; the remaining
eight substances proved reproducibly positive in this assay.
3.4. d. RHE IL-18 (EpiDerm)
Key test details and the test results for this assay are presented in
Table 5. Whereas three of the test substances reliably were shown to be
non-sensitisers, a fourth produced discordant results. The remaining
eight substances proved reproducibly positive in this assay.
However, concern over the integrity of two samples led to (unblinded) retesting. At the time of original testing, the ﬁrst original
sample of benzoyl peroxide (and which was negative in this assay) had
passed its expiration date and also required heating to enable solubility
(which may also have led to inactivation), whereas a fresh sample was
clearly positive in the retest. Three further experiments were performed
on the same tissue lot number, in parallel, with a fresh sample from the
original supplier. When the 12 dilutions were prepared from the stock
concentration 200 mg/ml (without heating so the compound was not
well soluble) the overall prediction was negative. To address the limited
solubility at 200 mg/ml, the other 2 experiments used stock concentrations of 100 mg/ml (solubility was much better, but not complete) and 50 mg/ml (completely soluble). In both cases, in each of 2
runs per experiment, these lower concentrations gave positive results.
Probably, solubility and bio-availability had a signiﬁcant impact on the
prediction for this substance. In addition, a third experiment was conducted with 2-hydroxy-4-methoxybenzophenone using both the original sample and a replacement sample from the same lot as the original, run in parallel. Whereas the former remained negative, the
replacement sample was clearly positive.

2.5. RHE IL-18 method (EpiDerm)
The EpiDerm IL-18 protocol has been developed on the basis of
published research (Corsini et al. 2008; Deng et al., 2011; Gibbs et al.,
2013) and further optimised by MatTek IVLSL (Letasiova et al., 2018)
in collaboration with University Milano. Brieﬂy, test substances stock
solutions were prepared in the standard assay vehicles of Dulbecco's
phosphate buﬀered saline (DPBS) or acetone:olive oil (4:1), and applied
directly applied to the surface of EpiDerm RHE model (25 μl, without
occlusion) for 24 h. At the conclusion of the exposure period, test
substances were rinsed from the surface of the tissues with DPBS.
Subsequently, the MTT assay was conducted in order to determine the
EC-50 value, i.e. the eﬀective chemical concentration required to reduce cell viability to 50% of RHE measured by metabolic activity
compared to the maximum value of vehicle treated RHE. Culture
medium from the test tissues was stored frozen at −80 °C until analysis
for IL-18 content. IL-18 secretion was analysed using a method developed by University of Milano (self-made kit). A stimulation index (SI)
was calculated for each of the 12 concentrations of a test substance. In
this model, a test substance was classiﬁed as a skin sensitiser if it induced a 2.0-fold or greater increase (SI) in IL-18 release compared to
vehicle-treated RHE at a cell viability < 50% in at least one of the
concentrations tested.
Given its exploratory nature, all the study work reported in this
paper was carried out to the spirit of, but not in full compliance with,
formal good laboratory practice (GLP). The investigators in each individual laboratory were responsible for taking the steps necessary to
assure the quality and integrity of the data.

3.5. e. Comparison with OECD in vitro, existing in vivo and human data
Table 6 oﬀers an overview of how results from the RHE-based in
vitro assays compared with the known in vivo results from animal
(LLNA) and human data (where the correlation is only approximately 2
out of 3). For each assay, sensitivity (rate of true positives), speciﬁcity
(rate of true negatives) and overall accuracy (rate of correctly identiﬁed
substances in the test dataset) were calculated.
The performance with respect either to the LLNA or to the human
result is comparable for all of the assays except SensCeeTox, where the
lack of any apparent speciﬁcity suggests that the prediction model of
this assay may need to be modiﬁed and/or that the assay is not suited
for use with certain challenging substances. So, with this exception, the
RHE assays appear to oﬀer an enhanced performance compared to the

3. Results
3.1. a. SensCeeTox assay
Key test details and the test results are presented in Table 2. All 12
4
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Table 2
SensCeeTox results.
Substance

Vehicle/solvent

Hexaethylene glycol monododecyl ether
Resorcinol
Isopropyl myristate
Abietic acid
Aniline
Propyl paraben
2-Chloro-6-methyl-3-aminophenol
2-Hydroxy-4-methoxybenzophenone
Farnesol
Benzoyl peroxide
Amylcinnamyl alcohol
Tween 80
a
b
c

PBS
Water
Olive oil
A/OOc 1:1
A/OO 1:1
A/OO 1:1
A/OO 1:1
A/OO 1:1
A/OO 1:1
A/OO 1:1
A/OO 1:1
A/OO 1:1

Depletion (%)
Mean

SD

1.5
−0.8
18.7
4.0
−5.1
1.9
−0.2
1.1
0.5
2.5
−2.4
4.5

0.7
2.3
3.3
0.7
7.0
5.5
1.9
2.9
2.0
1.4
4.2
1.5

EC3 (%)

Predicted potencya

Predictionb

2.05
12.21
6.46
6.12
10.28
7.54
15.81
9.37
12.06
6.27
10.46
0.02

Moderate
Weak
Moderate
Moderate
Weak
Moderate
Weak
Moderate
Weak
Moderate
Weak
Extreme

Sensitiser
Non-sensitiser
Sensitiser
Sensitiser
Non-sensitiser
Sensitiser
Non-sensitiser
Sensitiser
Non-sensitiser
Sensitiser
Non-sensitiser
Sensitiser

The proprietary nature of the prediction model means that the detail of the results is not available.
In the SensCeeTox prediction model, a weak response is considered not to classify as a skin sensitiser.
Acetone/olive oil.

institution (and the requirements of the relevant SOP), this means that
there are additional variables to consider when relative test performance is assessed.
Despite the above mentioned shortcomings, it is interesting to note a
few trends. The SensCeeTox method proved to be too sensitive, identifying all tested substances as skin sensitising (albeit with varying
potency predictions, but classiﬁable as non-sensitising for the weakly
positive results in their prediction model). This was regardless of
whether a substance proved initially positive in the LLNA or compared
to human evidence. Whilst the other three assays (SENS-IS and IL-18 in
two RHE test systems) provided more varied results, these did not always match the assessment made with the LLNA or the human situation. Nevertheless, it is worth remembering that the LLNA also did not
correctly predict the human sensitisation potential of all substances
(e.g. 74% or 82% accuracy, depending on the study and materials
tested (Hoﬀmann et al., 2018 or Urbisch et al., 2015 respectively)). In
this regard it is interesting to note that overall, there is a tendency for
higher sensitivity, speciﬁcity, and accuracy of the RHE assays (excluding SensCeeTox) when human data are used as a basis for comparison versus the comparison based on the LLNA. Furthermore, in
comparison to the predictions stemming from the validated cell-culture
based assays (’2 out of 3’ approach), the overall sensitivity, speciﬁcity,
and accuracy of the RHE-based assays (except for SensCeeTox) were
clearly superior, at least for this test set.
The results obtained in this small study highlight also the wider
challenges of bioavailability in in vitro assays, reinforce the need to
ensure sample integrity and in general demonstrate that it is unlikely
any in vitro (or in vivo) predictive assay in toxicology will ever be
perfect (Basketter et al., 2009). Indeed, if anything, they strengthen the
argument that toxicology results should always be subject to weight of
evidence expert judgment.
Overall, it is considered that the tests with reconstructed human
epidermis can assist in a weight of evidence approach to identify the
skin sensitisation potential of substances for which testing in aqueous
medium proves diﬃcult. The results with the tested substances in these
3D RHE skin models suggest that the positive experience with in vitro
methods in culture media may be extended by such 3D skin models.
Enhancing the dataset and experience is necessary to move such 3D
models to an OECD guideline stage to complement the existing validated cell-culture based models.
In conclusion, the hereby presented results from 3 RHE assays
(SENS-IS, and IL-18 with two diﬀerent skin models) suggest a superior
performance for a small set of substances that prove diﬃcult to test in
aqueous in vitro assays. This is particularly true when the results are
compared to skin sensitisation data in humans. The results of this study

Table 3
SENS-IS results.
Substance

Vehicle

Predicted
potencya

Predictiona

Hexaethylene glycol
monododecyl ether

PBS or DMSO
(both
negative)
Water
Olive Oil
DMSO
DMSO
DMSO
DMSO

Nonsensitiser

Non-sensitiser

Moderate
Weak
Weak
Weak
Weak
Weak

Sensitiser
Sensitiser
Sensitiser
Sensitiser
Sensitiser
Sensitiser

DMSO

Nonsensitiser
Moderate
Moderate
Moderate
Nonsensitiser

Non-sensitiser

Resorcinol
Isopropyl myristate
Abietic acid
Aniline
Propyl paraben
2-Chloro-6-methyl-3aminophenol
2-Hydroxy-4methoxybenzophenone
Farnesol
Benzoyl peroxide
Amylcinnamyl alcohol
Tween 80

DMSO
DMSO
DMSO
DMSO

Sensitiser
Sensitiser
Sensitiser
Non-sensitiser

a

The proprietary nature of the prediction model means that further detail of
the results is not available.

existing OECD in vitro assays where predictions were based on the “2
out of 3” model (Bauch et al., 2012). The overall performance in terms
of sensitivity, speciﬁcity and accuracy for each of the 4 RHE assays, as
well as the “2 out of 3” approach for this limited set of chemicals,
compared to LLNA (n = 12) and human (N = 11) data is contained in
Table 7.
4. Discussion
Perhaps the most important caveat to be kept in mind when considering the results from this study is that the substances were chosen
because, for a variety of reasons (see Table 1) they were deemed to be
diﬃcult to evaluate using the currently adopted in vitro OECD test
methods (OECD 442C, D and E). Furthermore, the intention of this
study was a comparative feasibility trial with several methods, so only a
small number of chemicals were tested. Accordingly, it is reasonable to
expect when testing “challenging” substances that measures such as
sensitivity, speciﬁcity and overall accuracy are unlikely to match those
found with the broad spectrum of chemistry normally deployed in skin
sensitisation validation studies, i.e. typically in the range of 75%–90%
(e.g. Gerberick et al., 2000; Sakaguchi et al., 2010; Emter et al., 2010;
Cottrez et al., 2016). Also, it should be borne in mind that as the choice
of test concentrations and vehicles was the responsibility of the test
5

6

54.7
4.0
104.1
5.6
30.8
56.1
74
98.9
13.7
102.2
98.1
95.2

Viability (%)
5.6
−0.1
3.1
6.9
7.4
6.3
7.6
0.8
5.5
0.1
9.5
0.5

IL-18 SI

Conc. (mg/mL)
1.56
0.39
200
200
100
12.5
50
200
25
200
25
200

Pred.a
Sc
NSc
NS
S
S
S
S
NS
S
NS
S
NS

Experiment 2

47.1
120.2
107.1
49.9
15.8
40.8
50.1
115.9
29.3
104.5
15.1
80.9

Viability (%)
5.0
5.21
0.8
5.2
14.3
5.1
14.5
−0.2
7.0
−1.2
6.6
−0.2

IL-18 SI
S
S
NS
S
S
S
S
NS
S
NS
S
NS

Pred.a

0.1

Conc. (mg/mL)

Experiment 3b

72.2

Viability (%)

5.7

IL-18 SI

S

Pred.a
Sensitiser
Sensitiser
Non-sensitiser
Sensitiser
Sensitiser
Sensitiser
Sensitiser
Non-sensitiser
Sensitiser
Non-sensitiser
Sensitiser
Non-sensitiser

Final prediction

14.8
36.1
96.9
15.6
46.2
29.7
35.9
42.0
33.2
39.4
74.2

25
200

Viability (%)

6.25
50
200
12.5
50
6.25
25
50
25

Conc. (mg/mL)

Experiment 1

3.2
5.9
0.8
6.25
3.6
4.9
5.3
2.9
4.3
< 2.0
4.2
0.7

IL-18 SI
S
S
NS
S
S
S
S
S
S
NS
S
NS

Pred.

a

25
200

3.125
25
200
12.5
25
3.125
25
200
25

Conc. (mg/mL)

Experiment 2

41.7
79.4

37.5
45.7
102.7
23.4
32.5
45.4
16.1
62.9
33.5

Viability (%)

2.1
6.5
0.4
4.7
5.7
3.7
4.1
0.4
3.3
< 2.0
4.5
0.8

IL-18 SI

S
S
NS
S
S
S
S
NS
S
NS
S
NS

Pred.

a

200

Conc. (mg/mL)

Experiment 3b

72.5

Viability (%)

0.8

IL-18 SI

NSc

Pred.

a

Sensitiser
Sensitiser
Non-sensitiser
Sensitiser
Sensitiser
Sensitiser
Sensitiser
Non-sensitiser
Sensitiser
Non-sensitiser
Sensitiser
Non-sensitiser

Final prediction

d

c

S = Sensitiser; NS = Non-sensitiser.
a
RHE-IL18 EpiDerm prediction model: test substances that induce stimulation index ≥ 2 are predicted sensitiser (S) in IL-18 release compared to vehicle-treated RHE at a cell viability < 50% in at least one of the
concentrations tested; test substances that induce a stimulation index < 2 are predicted non-sensitiser (NS).
b
In the case of two runs yielding discordant results, a third run is conducted and a “two out of three” approach for classiﬁcation is used.
c
Unblinded retesting.
d
Unblinded retesting, due to solubility issues in the ﬁrst experiments this test substance was retested and it was identiﬁed as S in two independent experiments at a concentration of 50 mg/ml – see Results section.

3

AOO
AOO
AOO
AOO
AOO
AOO
AOO
AOO
AOO
AOO
AOO
AOO

Hexaethylene glycol monododecyl ether
Resorcinol
Isopropyl myristate
Abietic acid
Aniline
Propyl paraben
2-Chloro-6-methyl-3-aminophenol
2-Hydroxy-4-methoxybenzophenone
Farnesol
Benzoyl peroxide
Amylcinnamyl alcohol
Tween 80

(4:1)
(4:1)
(4:1)
(4:1)
(4:1)
(4:1)
(4:1)
(4:1)
(4:1)
(4:1)
(4:1)
(4:1)

Vehicle

Substance

Table 5
RHE-IL18 EpiDerm.

c

b

0.78
200
200
200
100
12.5
50
200
25
200
1.56
200

Conc. (mg/mL)

Experiment 1

RHE-IL18 epiCS optimised prediction model: test substances that induce stimulation index ≥ 5 are predicted sensitiser (S) and test substances that induce stimulation index < 5 are predicted non-sensitiser (NS).
In the case of two runs yielding discordant results, a third run is conducted and a “two out of three” approach for classiﬁcation is used.
S = Sensitiser; NS = Non-sensitiser.

AOO
AOO
AOO
Ethanol
AOO
AOO
AOO
AOO
AOO
AOO
AOO
AOO

Hexaethylene glycol monododecyl ether
Resorcinol
Isopropyl myristate
Abietic acid
Aniline
Propyl paraben
2-Chloro-6-methyl-3-aminophenol
2-Hydroxy-4-methoxybenzophenone
Farnesol
Benzoyl peroxide
Amylcinnamyl alcohol
Tween 80

a

Vehicle

Substance

Table 4
RHE-IL18 epiCS.
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Table 6
Results summary and comparison with OECD-validated1 in vitro, existing in vivo and human outcomes.
Substance

LLNA

Human2

DPRA

Keratinosens

h-CLAT

2 out of 3 in vitro
prediction

SensCeeTox

SENS-IS

IL-18
epiCS®3

IL-18
EpiDerm

Hexaethylene glycol monododecyl ether
Resorcinol
Isopropyl myristate
Abietic acid
Aniline
Propyl paraben
2-Chloro-6-methyl-3-aminophenol
Farnesol
2-Hydroxy-4-methoxybenzophenone
Benzoyl peroxide
Amylcinnamyl alcohol
Tween 80

S4
S
S
S
S
NS
NS
S
NS
S
NS
NS

NS4
S
NS
S
S
NS
Not known
S
S
S
S
NS

NS
NS
NS
S
NS
NS
S
NS
No data
S
NS
S

NS
NS
NS
S
NS
S
S
S
S
NS
NS
S

NS
S
S
NS
S
S
S
S
S
NS
S
NS

NS
NS
NS
S
NS
S
S
S
S
NS
NS
S

S
NS
S
S
NS
S
NS
NS
S
S
NS
S

NS
S
S
S
S
S
S
S
NS
S
S
NS

S
S
NS
S
S
S
S
S
NS
NS
S
NS

S
S
NS
S
S
S
S
S
NS4
NS
S
NS

1
The local lymph node assay (LLNA), direct peptide reactivity assay (DPRA) and human cell line activation test (h-CLAT) were the validated alternatives and the time
of the study.
2
It is essential to remember that this judgment is made with respect to regulatory classiﬁcation; substances described as NS may still sensitise, albeit rarely.
3
Outcome includes the results with the optimised prediction model.
4
S = Sensitiser; NS = Non-sensitiser
5
Correctly identiﬁed as a skin sensitiser when a fresh, but non-blinded sample was evaluated.

Table 7
Overall conclusisson on sensitivity, speciﬁcity and accuracy.
Assay

SensCeeTox
SENS-IS
RHE-IL18 epiCS
RHE-IL18 Epiderm
Prediction (2 out of 3) from aqueous in vitro testing
a

Compared to human dataa

Compared to the LLNA
Sensitivity

Speciﬁcity

Accuracy

Sensitivity

Speciﬁcity

Accuracy

57
86
71
71
29

40
40
40
25
20

50
67
58
55
25

43
86
71
83
43

0
50
50
50
50

27
73
64
70
45

See footnote 3 on Table 1. For this analysis, 2-Hydroxy-4-methoxybenzophenones has been assumed to be class 4.

also indicate that use of 3D RhE models may well prove to be a viable
alternative to the aqueous in vitro tests when testing challenging substances, expanding the applicability (domain) of nonanimal test
methods for skin sensitisation.
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