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a b s t r a c t

Predictive testing to characterize substances for their skin sensitization potential has historically been
based on animal tests such as the Local Lymph Node Assay (LLNA). In recent years, regulations in the
cosmetics and chemicals sectors have provided strong impetus to develop non-animal alternatives. Three
test methods have undergone OECD validation: the direct peptide reactivity assay (DPRA), the Kera-
tinoSens™ and the human Cell Line ActivationTest (h-CLAT).Whilst thesemethods perform relativelywell
in predicting LLNA results, a concern raised is their ability to predict chemicals that need activation to be
sensitizing (pre- or pro-haptens). This current study reviewed an EURL ECVAM dataset of 127 substances
for which information was available in the LLNA and three non-animal test methods. Twenty eight of the
sensitizers needed to be activated, with themajority being pre-haptens. Thesewere correctly identified by
1 or more of the test methods. Six substances were categorized exclusively as pro-haptens, but were
correctly identified by at least one of the cell-based assays. The analysis here showed that skin metabolism
wasnot likely to be amajor consideration for assessing sensitizationpotential and that sensitizers requiring
activation could be identified correctly using one or more of the current non-animal methods.

Published by Elsevier Inc.
1. Introduction

Skin sensitization remains an important endpoint for risk
assessment purposes, however predictive testing still relies on
in vivo assays. The most notable of these is the local lymph node
assay (LLNA) which provides a quantitative measure of skin sensi-
tization potential and potency. Since the advent of EU regulations
such as REACH (EC, 2006) and the Cosmetics Regulation (EC, 2009),
there has been a call for non-animal methods to be developed to
assess skin sensitization potential. Significant progress has been
made to develop test methods and to evaluate their validity for use
(Adler et al., 2011; Goebel et al., 2012; Zuang et al., 2015). In parallel,
and Development, National
Alexander Dr, RTP, NC 2711,

wicz).
there has also been an effort to construct a framework to facilitate
the development, interpretation and application of mechanistic
information within Adverse Outcome Pathways (AOPs) (Edwards
et al., 2016; Kleinstreuer et al., 2016). The AOP for skin sensitiza-
tion, published by the OECD in 2012 (OECD, 2012), describes the
series of events that are needed to induce skin sensitization. Three
test methods in particular have undergone a significant validation
process and are now OECD test guidelines. Two of these methods,
the direct peptide reactivity assay (DPRA) and the KeratinoSens™,
have been adopted by the OECD in 2015 as TG 442C (OECD, 2015a)
and TG442D1 (OECD, 2015b), respectively. A third in vitro method,
the human Cell Line Activation Test (h-CLAT), was adopted by the
OECD in 2016 as TG 442E. The DPRA characterizes the first key
event (KE) or the molecular initiating event e the covalent binding
1 Note the guideline representing the KeratinoSens™ is known as the ARE-Nrf2
Luciferase Test Method.
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with skin proteins. Briefly, the DPRA readout is the percentage of
peptide depletion, after 24 h incubation with the test chemical,
calculated from the unreacted peptide concentration in the reac-
tion mixture relative to the average concentration of peptide in the
control. The percentage depletion is used as a measure of inherent
reactivity (Gerberick et al., 2004, 2007). Subsequent events
describe the activation of keratinocytes (KE 2) and dendritic cells
(KE 3) which can be detected by KeratinoSens™ and h-CLAT,
respectively. Keratinocyte exposure to sensitizing chemicals results
in the induction of the antioxidant/electrophile response element
(ARE/EpRE)-dependent pathways (Natsch and Emter, 2008). Reac-
tive chemicals bind to KEap1 (Kelch-like ECH-associates protein 1)
provoking the dissociation of the nuclear erythroid 2-related factor
(Nrf2) from the protein. Released Nrf2 translocates from the cyto-
plasm to the nucleus where it promotes the activation of ARE/EpRE
dependent pathways (Natsch and Emter, 2008). An in vitro lucif-
erase reporter gene assay based on activation via the ARE/EpRE
response element as covered by KeratinoSens™ has been shown to
be responsive to known sensitizers in HaCaT keratinocytes (Emter
et al., 2010). The activation, maturation of Langerhans cells and
their migration to the draining lymph nodes are detected in part by
measuring the expression of markers within the h-CLAT. The h-
CLAT quantifies in vitro changes in the expression of the CD86 and
CD54 membrane phenotypic markers in a human monocytic leu-
kemia cell line (THP-1 cells) (Ashikaga et al., 2006). THP-1 cells
have been shown to produce DC-like responses following exposure
to skin sensitizing chemicals (e.g. upregulation of surface markers
(e.g. CD86 and CD54) and cytokine production (e.g. TNF-a). The
CD86 (a co-stimulatory molecule) and the CD54 (an adhesion
molecule) are upregulated in activated Dendritic Cells (DC) and
play a critical role in DC presentation of antigens to T cells (T-cell
priming).

Performance metrics of each of the individual test methods
relative to the LLNA have been published that have provided suf-
ficient scientific confidence that skin sensitizers are correctly
identified (see EC EURL-ECVAM, 2013; 2014; 2015). However, it is
stated in the test guidelines that a combination of these non-animal
test methods will be needed to subcategorize skin sensitizers into
the UN GHS (subcategories 1A and 1B), or indeed to predict
sensitizing potency for safety assessment decisions. As such, there
are ongoing efforts to develop integrated approaches to assess both
skin sensitization potential and potency. An EPAA/Cefic LR/Cos-
metics Europe cross sector workshop report describes many of the
efforts to date (Basketter et al., 2015).

For REACH, there has been a concerted move to incorporate
these 3 non-animal test methods into an integrated testing strategy
or weight of evidence approach to address the skin sensitization
requirements for substances greater than 1 tonne per annum that
need to be registered in light of the 2018 registration deadline
(ECHA, 2016). A particular concern that was raised as part of the
discussions to revise the ECHA guidance (ECHA, 2016) was the
ability of the non-animal test methods to predict substances that
needed to be activated to induce sensitization, i.e. indirectly acting
sensitizers. The DPRA is a cell free assay and therefore does not have
anymetabolic capacity. The two in vitromethods on the other hand,
use cells which do possess some metabolic capacity, though do not
fully represent the in vivo metabolic situation (Urbisch et al., 2016).
N-acetyl transferase (NAT-1) and esterase activities have been
detected in both cell lines by Urbisch et al. (2016). They also
detected aldehyde dehydrogenase (ALDH) activities in Kera-
tinoSens™ cells; but, cytochrome P450 (CYP) and flavin-dependent
monooxygenase (FMO) activities were determined to be below the
limit of detection. It should be noted that cutaneous enzymes are in
general active at significantly lower constitutive levels than their
hepatic counterparts. A background on the relative activities in
comparison with hepatic activities can be found in Smith and
Hotchkiss (2001). More recent references include Wiegand et al.
(2014).

Indirectly acting sensitizers can be further subcategorized as
pro- or pre-haptens (Lepoittevin, 2006). Pre-haptens undergo
activation externally before coming into contact with the skin or on
the skin (e.g. through air oxidation processes e autoxidation). Pro-
haptens undergo activation within the skin, mainly through
metabolic processes. Many pre-haptens can also act as pro-haptens
and this potential should be considered as and when a pre-hapten
has been identified. The same haptens can sometimes be formed
from both activation pathways even though the mechanisms may
be different. Activation of pre-haptens often occurs via a radical
pathway with the formation of highly sensitizing hydroperoxides
as the primary oxidation products (Karlberg et al., 2008, 2013).
Some of these hydroperoxides are unstable; often they cannot be
detected and are only identified as a result of secondary oxidation
products being formed (Karlberg et al., 2008, 2013). The secondary
oxidation products can also be sensitizers and have for some sub-
stances, (e.g. geraniol (Hagvall et al., 2007, 2008) and alpha-
terpinene (Bergstrom et al., 2006; Rudb€ack et al., 2012) been
shown to be identical with those formed via the metabolic
pathway. It is important to remember that not all products formed
through oxidation processes result in sensitization.

A current uncertainty is whether the non-animal methods
available to date can adequately identify indirect skin sensitizers, or
whether a detailed investigation of metabolic products is neces-
sary. In order to address this question, we put into context the
incidence of skin sensitizers that require activation and secondly
assessed the performance characteristics of the 3 test methods to
determine their fitness-for-purpose to correctly identify indirect
skin sensitizers.

The two objectives of this study were therefore to: 1) quantify
the incidence of indirectly acting sensitizers using a dataset of high
quality skin sensitization information; and, 2) assess the ability of
the non-animal test systems to identify correctly the sensitization
response for the indirect sensitizers. The role and utility of in silico
systems for the prediction of transformation products is also dis-
cussed in brief.

These questions were discussed as part of an European Union
Reference Laboratory for Alternatives to Animal Testing (EURL
ECVAM) expert meeting held in November 2015 at JRC, Ispra, Italy.
A short technical report was published in March 2016 summarizing
themain findings (Casati et al., 2016). This manuscript describes the
evaluation performed in greater detail.

2. Materials and methods

Two datasets were considered to address objective 1. The first of
these (the comparative dataset) was published by Gerberick et al.
(2005) and Kern et al. (2010). Kern et al. (2010) published a data-
set of 108 LLNA results to augment an earlier set of 211 substances
published by Gerberick et al. (2005). Collectively these comprised
319 LLNA results. Each chemical evaluated had been previously
assigned into one of several reaction mechanistic domains using
the principles from Roberts and Aptula (2008). The incidence of
indirectly acting sensitizers as taken from Kern et al. (2010) and
Gerberick et al. (2005) was expected to provide a comparative
benchmark for the dataset in this current study.

The dataset for this study was compiled by EURL ECVAM and
consisted of 127 chemicals with DPRA, KeratinoSens™ and h-CLAT
data. The dataset was considered high quality in that it had been
carefully curated and evaluated as part of the respective test
method validation exercises (see EC EURL-ECVAM, 2013; 2014;
2015). The study dataset was complemented with LLNA outcomes



Table 1
Distribution of substances within the dataset.

Type #

Pre 12
Pro 6
Pre/Pro 9
Pre or Direct acting 1
Direct acting (DA) 59 directly þ LLNA positive
False positives in the LLNA 4
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and human response data. The LLNA outcomes were taken from
submissions to EURL ECVAM as well as scientific publications
whereas the human response data was taken from Basketter et al.
(2014). The EURL ECVAM dataset is also the subject of a comple-
mentary study (see Asturiol et al., 2016).

All experimental outcomes were denoted as positive (1) or
negative (0) for skin sensitization. The principles as outlined in
Roberts and Aptula (2008) were used to categorize each of the
chemicals in turn: firstly, to determine whether they were directly
acting or required activation emetabolic (pro) and/or abiotic (pre);
and secondly, to assign their reaction mechanistic domain(s). These
domains areMichael acceptors (MA), SN2 (nucleophilic substitution
bimolecular), Acylating agents, Schiff base formers (SB), SNAr and
special cases. Whilst in silico tools such as the profilers within the
OECD Toolbox (http://www.qsartoolbox.org/), the expert systems
TIssue MEtablism Simulator for skin sensitization (TIMES-SS)
(Dimitrov et al., 2005; Patlewicz et al., 2007, 2014) or Derek Nexus
(http://www.lhasalimited.org/products/derek-nexus.htm), the
Toxtree rulebases (https://eurl-ecvam.jrc.ec.europa.eu/
laboratories-research/predictive_toxicology/qsar_tools/toxtree),
could have been used to systematically identify electrophilic cen-
tres either directly or as precursors, in this case the assignments
were made by expert judgement by 4 of the participants at the
EURL ECVAM meeting. The experts (namely J-P Lepoittevin, DW
Roberts, A-T Karlberg and G Patlewicz) considered each substance
on the basis of its chemical structure to determine whether it was
reactive and if so whether it was directly acting or indirectly acting.
This was carried out by identifying whether there were any elec-
trophilic centres within the structure or whether plausible trans-
formations could occur that would result in the formation of a
reactive centre. This determination was based on their experience
and prior study. A large number of the substances in the dataset
had been studied previously and their chemical mechanisms were
investigated experimentally or discussed in prior publications by
some of the authors. The substances that have been considered
previously are noted in the dataset with their associated refer-
ence(s). The complete dataset is provided in Asturiol et al. (2016),
here we provide a summary set with the reaction mechanistic
domains as supplementary information.

3. Results and discussion

In the Kern et al. (2010) and Gerberick et al. (2005) datasets
collectively, approximately 25% of the 319 substances were re-
ported to be pre- or pro-haptens. Of the 127 substances considered
here as evaluated by the LLNA, a similar percentage was found. This
is not altogether surprising since the datasets did significantly
overlap, 109 of the 127 substances fell within the two published
sets from Kern et al. (2010) and Gerberick et al. (2005).

Twenty eight substances were designated as pre- and/or pro-
haptens (28/127 ¼ 22%). Of the 28 substances, 6 were assigned by
expert judgement as pro-haptens alone i.e. requiring metabolic
activation, 12 were exclusively pre-haptens, and the remaining 10
were assigned as capable of acting by more than one pathway
(Table 1).

3.1. Pro haptens

The substances assigned as pro-haptens alone were 3-
aminophenol, 4-allylanisole, ethylene diamine, resorcinol, dihy-
droeugenol (2-methyoxy-4-propyl-phenol) and 3-dimethylamino
propylamine. The experimental data for these substances are
recorded in Table 2. All 6 were correctly identified as sensitizers on
the basis of the h-CLAT. The KeratinoSens™ correctly identified 3 of
the set and the DPRA only 1.
3-Aminophenol is proposed to undergo hydroxylation followed
by oxidation to form a quinone-imine capable of reacting via
Michael addition as shown in Scheme 1.

4-Allylanisole is expected to undergo demethylation and form a
quinone-methide that could act as a Michael acceptor. Ethyl-
enediamine and 3-dimethylaminopropylamine are proposed to act
as pro-Schiff base electrophiles by conversion of the CHeN entity
into a (di)aldehyde. The conversion to a (di)aldehydewas aworking
hypothesis based on a proposal by Benezra, quoted by Foussereau
et al. (1983).

Resorcinol and dihydroeugenol are both proposed to act as pro-
Michael acceptors, i.e. hydroxylation in the para position would
result in the formation of a hydroquinone precursor which could
then act by Michael addition.

Albeit based on evaluation of a limited set, a feasible assessment
strategy might be to: 1) identify the reaction domain using the
principles outlined in Roberts and Aptula (2008) or using an in silico
tool (assuming it possessed the ability to simulate transformation
products) and if a robust assignment of pro-hapten could be made,
2) perform confirmatory testing of the parent substance in the h-
CLAT. If a conclusive assignment of pro-haptenwas not feasible but
activationwas nonetheless predicted, step 1 would be to test in the
DRPA. A negative outcome would be followed by step 2.
3.2. Pre-haptens

Twelve substances fell into the category of pre-haptens. All of
the pre-haptens were correctly identified by at least one of the 3
assays (experimental results are recorded in Table 3).

TheDPRA failed to identify linalool correctly. The KeratinoSens™
missed d-limonene and linalool and the h-CLAT missed abietic acid
and isoeugenol. Eight of the twelve substances were assigned as
being activated to react as Michael acceptors (pre-MA). Most of
these could form a quinone or quinone-imine derivative (1,4-
phenylenediamine, 2,5-diaminotoluene, 2-aminophenol, hydro-
quinone, isoeugenol, lauryl gallate and propyl gallate). 1-Napthol
was proposed to act via Michael addition via its keto-tautomer
(discussed in Roberts et al., 2007a). Three contained alerts for
autoxidation to hydroperoxide formation (abietic acid, d-limonene,
and linalool). 1,2-Dibromo-2,4-dicyanobutane (MDGN) was
assigned as a pre-Michael acceptor (pre-MA) or possibly a pre-SN2 -
loss of HBr could result in either a vinylic bromide that could un-
dergoMichael addition or an allylic bromide that could react via SN2.
Themechanistic pathwayswere discussed in Patlewicz et al. (2008).

If a robust assignment of a pre-hapten could be made by refer-
ence to the reaction domains, testing in the DPRA was likely to be
sufficient to conclude on sensitizing potential e only linalool was
missed but would have been picked up by confirmatory testing in
the h-CLAT. It is also worth noting that abietic acid, linalool and
limonene are challenging for any assay to identify since the pure
chemicals may be weak or non-sensitizing themselves (Karlberg
et al., 2008, 2013). The outcomes of the assays depend on how
much opportunity the test substance has had to become oxidized
before it is tested.

http://www.qsartoolbox.org/
http://www.lhasalimited.org/products/derek-nexus.htm
https://eurl-ecvam.jrc.ec.europa.eu/laboratories-research/predictive_toxicology/qsar_tools/toxtree
https://eurl-ecvam.jrc.ec.europa.eu/laboratories-research/predictive_toxicology/qsar_tools/toxtree


Table 2
Pro-haptens in the dataset.

Name Structure In vivo Cell free in chemico Cell based in vitro Reaction mechanistic domain

LLNA Human data DPRA KeratinoSens™ h-CLAT

3-Aminophenol

OH

NH2
1 NA 0 0 1 pro-MA

4-Allylanisole

O

1 NA 1 0 1 pro-MA

Ethylenediamine (free base)

NH2
NH2 1 1 0 1 1 pro-SB

Resorcinol

OH

OH
1 1 0 0 1 pro-MA

Dihydroeugenol (2-methoxy-4-propyl-phenol)

O

OH
1 NA 0 1 1 pro-MA

3-Dimethylamino propylamine
N

NH2

1 1 0 1 1 pro-SBa

Notes: NA e not available, 1 ¼ positive, 0 ¼ negative, SB ¼ Schiff base former, MA ¼ Michael acceptor.
a 3-Dimethylamino propylamine was originally assigned as a pre-SB in the original EC EURL-ECVAM report (Casati et al., 2016). It has been reconsidered as a pro-SB

electrophile.

NH2

OH

NH2

OH

OH

NH

OH

O

Scheme 1. Proposed reaction pathway for 3-aminophenol.
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3.3. Pro/pre-haptens

Nine substances were assigned to the category of pro/pre-
haptens. More than one possibility existed for each substance, but
no concrete evidence was available to rationalize which might be
themore dominant pathway leading to skin sensitization induction
(Table 4).

All nine substances were correctly identified as sensitizers by
the h-CLAT. The KeratinoSens™ and the DPRA mis-categorized 4 of
the sensitizers. 2-Methoxy-4-methylphenol was only picked up in
the h-CLAT, it was hypothesized to be a pro- or pre-Michael
acceptor. 2-Nitro-1,4-phenylenediamine and 4-ethyl-N-2-methan-
sulphomamido-ethyl)-2-methyl-1,4-phenylenediamine (CD3) and
Bandrowski's Base (N,N-bis(4-aminophenyl)-2,5-diamino-1,4-
quinone-diimine) were identified correctly as sensitizers by all 3
assays, and were categorized as pre- or pro-Michael acceptors.
Cinnamyl alcohol was also correctly identified as sensitizing by all 3
tests. It could become activated to react via a Michael addition,
alternatively evidence for a pro-SN2 mechanism by OH sulphation
might be feasible as proposed by Moss et al. (2016). Formation of
hydroperoxides is also possible. Eugenol has been discussed to a
great extent elsewhere (Roberts et al., 2007a). It was assigned as a
pro- or pre-Michael acceptor; the DPRA and h-CLAT correctly
assigned its sensitizing ability whereas the KeratinoSens™ pre-
dicted it to be negative. Aniline was only picked up as sensitizing by
the h-CLAT. Several pathways appear possible, including ring
oxidation to a pre- or pro-quinone imine and subsequent reaction
as a Michael acceptor. Alternatively, the NH2 group could undergo
oxidation to form a nitroso compound which would behave as a
pseudo Schiff base former. A free radical route is another option.
Geraniol was identified correctly by the KeratinoSens™ and the h-
CLAT e it was assigned as a pro-SN2 via sulphation as well as pre-
and pro-Michael acceptor. Alternatively, formation of hydroperox-
ides and epoxides as discussed in Hagvall et al. (2008) would allow
for a pre activation and free radical mechanism. Chlorpromazine
hydrochloride contains a diamine moiety which could be released
to form a dialdehyde and hence Schiff base formation could occur.

In the absence of being able to determine whether a pro and
pre-hapten drive the sensitization response, a positive outcome in
the DPRA would tend to indicate a pre-hapten whereas a negative
outcome could be followed up with the h-CLAT.

3-Propylidenephthalide was assigned as a potential acyl transfer
former but also could potentially act by a free radical route, i.e. a
direct acting hapten or a pre-hapten. It was positive in both the
DRPA and the h-CLAT but incorrectly predicted by the
KeratinoSens™.

To put into context the performance of the assays for indirectly
acting sensitizers, it is worth considering their performance for the
entire dataset. A more detailed analysis of the relative performance
of the individual assays and their combinations is the subject of a
companion manuscript (Roberts and Patlewicz, in prep), here we
only draw attention to the false negative and false positive rates of
the individual assays for this dataset. The false negative rates for h-
CLAT, KeratinoSens and DRPA were 17%, 24% and 22% respectively.



Table 3
Pre-haptens in the dataset.

Name Structure In vivo Cell free in chemico Cell based in vitro Reaction mechanistic domain

LLNA Human DPRA KeratinoSens™ h-CLAT

1,2-Dibromo-2,4-dicyanobutane (MDGN)

N
Br

N
Br 1 1 1 1 1 pre-MA/SN2

1,4-Phenylenediamine

NH2

NH2 1 1 1 1 1 pre-MA

1-Naphthol

OH

1 NA 1 1 1 pre-MA

2,5-Diaminotoluene sulphate (PTD)

NH2

NH2 1 1 1 1 1 pre-MA

2-Aminophenol

OH

NH2
1 1 1 1 1 pre-MA

Abietic acid

O
OH

1 1 1 1 0 pre

Hydroquinone

OH

OH 1 1 1 1 1 pre-MA

Isoeugenol

O

OH
1 1 1 1 0 pre-MA

Lauryl gallate 1 1 1 1 1 pre-MA

Propyl gallate

O
O

OHOH

OH

1 1 1 1 1 pre-MA

d-Limonene H 1 0 1 0 1 pre

Linalool

OH

1 1 0 0 1 pre

Notes: NA ¼ not available, 1 ¼ positive, 0 ¼ negative, MA ¼ Michael acceptor, pre ¼ free radical mechanism.
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The h-CLAT and the KeratinoSens had a false positive rate of 35%,
compared to 24% for the DRPA. This does suggests that the three
test methods are unlikely to miss sensitizers at the expense of
overclassifying for sensitization.

All substances that were assigned as non-reactive or insuffi-
ciently reactive to sensitize were also looked at to examinewhether
any insights could be inferred about the types of substances that
tended to be mispredicted by the assays and whether these were
similar between the assays. Thirty two substances were assigned as
non-reactive (25 substances) or insufficiently reactive enough (7
substances) to sensitize; all were negative in the LLNA but many
gave rise to positive outcomes in one or more of the non-animal
tests. For the non-reactive substances, the h-CLAT gave rise to 10
false positive outcomes whereas the KeratinoSens™ gave rise to 9
false positives and the DPRA, 4 false positives. The substances for
which the DPRA was incorrect coincided for 3 of the 4 substances
with the h-CLAT namely 2-acetyl-cyclohexanone, 3-
Table 4
Pre/Pro-haptens in the dataset.

Name Structure

2-Methoxy-4-methylphenol

O

OH

2-Nitro-1,4-phenylendiamine

O
-
N
+
O

NH2NH2

4-(N-Ethyl-N-2-methan-sulphonamido-ethyl)-2-methyl-1,4-
phenylenediamine (CD3)

NH

N
NH
S

O
O

Aniline

NH2

Chlorpromazine hydrochloride

N

N

S

Cl
ClH

Cinnamyl Alcohol

OH

Geraniol

OH

Bandrowski's Base (N,N-bis(4-aminophenyl)-2,5-diamino-1,4-
quinone-diimine)

N

NH

N

NH

NH

Eugenol

O

OH

Notes: NA ¼ not available, 1 ¼ positive, 0 ¼ negative, MA ¼ Michael acceptor, SB ¼ Sch
phenoxypropiononitrile and salicylic acid. The KeratinoSens™
incorrect predictions only overlapped with the h-CLAT in three
instances; 2-acetyl-cyclohexanone, benzaldehyde and propyl par-
aben. Only 2-acetyl-cyclohexanone was incorrect across the 3 as-
says. No specific insights could be extracted to rationalize the sorts
of substances that weremisclassified in the 3 assays for this dataset.

Four substances were assigned as false positives in the LLNA.
The four false positives in the LLNA were xylene, sodium lauryl
sulphate (SLS), nonanoic acid and oxalic acid. For xylene and SLS,
none of the non-animal assays were positive. Nonanoic acid and
oxalic acid gave rise to positive responses in the h-CLAT. Oxalic acid
elicited a positive response in the KeratinoSens™.

One of the common criticisms around non-animal test methods
in general is their apparent lack of metabolic capacity (NAS, 2015).
In this case, lack of metabolic capacity could mean that true sen-
sitizers are not correctly identified due to the inability to
adequately account for possible transformation products. However,
In vivo Cell free in
chemico

Cell based in vitro Reaction mechanistic
domain

LLNA Human DPRA KeratinoSens™ h-
CLAT

1 NA 0 0 1 pro/pre-MA

1 1 1 1 1 pro/pre-MA

2

1 NA 1 1 1 pre/pro-MA

1 1 0 0 1 pre/pro-MA or
pseudo SB

1 1 0 0 1 pro/pre-SB

1 1 1 1 1 pre/pro-(MA or SN2)/
pre

1 1 0 1 1 pro/pre-(MA or SN2)
or pre

NH

1 NA 1 1 1 pro/pre-MA

1 1 1 0 1 pro/pre-MA

iff base former, pre ¼ free radical mechanism.



Fig. 1. Workflow summarizing possible testing and assessment strategies to address indirectly acting sensitizers.
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there is wealth of knowledge regarding the reaction chemistry to
rationalize sensitizers (see Aptula et al., 2005; Roberts et al., 2007a,
b as examples) and much of this knowledge has been implemented
as structural rules in in silico tools such as TIMES-SS, Derek Nexus,
OECD Toolbox to facilitate routine use. These tools can be very
helpful in identifying the reaction mechanistic domain and/or po-
tential transformation pathways to determine whether a substance
is likely to be directly acting or will require activation (either abiotic
or biotic). If a determination of the reaction domain can bemade for
a given substance, then the DPRA could be used first to characterize
its inherent reactivity. If transformation through metabolism needs
to occur, as were identified in 6 cases in this dataset, the h-CLAT
could be potentially used to identify these cases as part of a tiered
approach with the DPRA.

4. Conclusions

Assessing skin sensitization potential remains a critical consid-
eration for risk assessment. Under REACH, three non-animal test
methods can now be used to fulfil the information requirements for
skin sensitization at tonnages greater than 1 tonne per annum as
laid out in column 1 of Annex VII (see ECHA draft guidance http://
echa.europa.eu/documents/10162/13643/ir_csa_r7a_r7-3_caracal_
draft_en.pdf). A particular concern that was raised as part of the
discussions to revise the ECHA guidance (ECHA, 2016) was the
ability of the non-animal test methods to predict substances that
need to be activated to induce sensitization, i.e. indirectly acting
sensitizers. This issue was discussed at an EURL ECVAM expert
meeting specifically convened to consider whether the metabolic
capacity within the current test systems were fit-for-purpose in
terms of predicting sensitizers correctly. A large dataset compiled
by EURL ECVAM was evaluated for which outcomes from the LLNA
and the 3 established non-animal test methods were available.
Each of the substances was assigned by 4 of the authors into one of
5 reaction domains using the reaction chemistry principles by
Roberts and Aptula (2008). Twenty two percent of substances
evaluated were found to require some level of activation. This was
consistent with the outcome from the collective compilation of

http://echa.europa.eu/documents/10162/13643/ir_csa_r7a_r7-3_caracal_draft_en.pdf
http://echa.europa.eu/documents/10162/13643/ir_csa_r7a_r7-3_caracal_draft_en.pdf
http://echa.europa.eu/documents/10162/13643/ir_csa_r7a_r7-3_caracal_draft_en.pdf
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Kern et al. (2010) and Gerberick et al. (2005). The indirectly acting
sensitizers were assigned by reaction domain. Reaction pathways
were postulated to determine whether metabolism or chemical
transformation would result in the formation of an electrophile
capable of binding with skin proteins. It was found that of the 28
substances identified; 12 were clearly identified as pre-haptens.
The majority of these either resulted in the formation of reactive
Michael acceptors upon activation or could be oxidized to form
reactive hydroperoxides or epoxides. Exploring the non-animal test
assay outcomes suggested that these pre-haptens could best be
identified using the DPRA.

For 9 substances, no determination could be made to differen-
tiate whether a pre- or pro-pathway would drive the sensitization
induction response; the substances were found to be correctly
identified using the DPRA and h-CLAT. Pro-haptens were best
identified using the h-CLAT. These findings are summarized by a
workflow (Fig. 1).

Based on the dataset herein studied, we concluded that most
indirectly acting sensitizers could be correctly detected using non-
animal test methods thus obviating the need for in vivo testing.
More non-animal test data are needed to substantiate this finding
more generally.
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