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ARTICLE INFO ABSTRACT

Keywords: Allergic contact dermatitis (ACD) is an adverse health effect that develops following repeated exposure to skin
ITS sensitizing chemicals. An animal testing ban has been applied in EU, leading to development of reliably
Skin sensitization predictive non-animal methods. Several in vitro methods have been developed as alternatives but one single non-

EPRA animal test method is not been sufficient to fully address since the LLNA test ban.
SE?VL?;FS Here, we have selected an ITS (Integrated Testing Strategy) for skin sensitization which focuses on three in
AOP vitro methods that covered the first three steps of the AOP (DPRA, SENS-IS or h-CLAT). The aim of this study was

to compare these three methods due to the WoE approach based on a 2-out-of-3-assessment. The results of 33
references were compared to in vivo data (especially human). We have shown that tested firstly DPRA and SENS-
IS have permitted to conclude on 29 of 33 chemicals, whereas DPRA and h-CLAT on 25, and SENS-IS and h-CLAT
on 23. With this sequence, DPRA and SENS-IS and then h-CLAT in case of equivocal results, we conclude more
quickly by performing fewer tests. Thereby, we have shown that it is better to follow a preferential sequence than
testing chemicals simultaneously with these three methods.

1. Introduction

The principle of the “Three Rs” (Russell and Burch, 1959) has been
present in spirit in European Union (EU) legislation from as early as
1986, when the first EU law for the protection of animals used for
experimental and other scientific purposes was adopted. Russell and
Burch proposed the principles of Replacement, Reduction and Refine-
ment (the “Three Rs”) as key strategies of a systematic framework
aimed to achieve the goal of humane experimental techniques. They
saw replacement as the ultimate goal for laboratory animal based
research, education and testing, with the other two, reduction and
refinement, being more readily achievable in the short term. This
concept, combined with societal change for 20 years, has led to a total
animal testing ban in cosmetics which came into force with the

Cosmetic Regulation no. 1223/2009 on March 13th, 2016. Since
2004, EU law bans the sale of any cosmetic product in finished form
tested on animals, as well as cosmetics containing ingredients subject to
new animal testing since 2013.

Allergic Contact Dermatitis (ACD) represents a severe health
problem with increasing worldwide prevalence, which is estimated at
15-20% in the world's population (Bruckner et al., 2000; Thyssen et al.,
2007). ACD resulting from skin sensitization is provoked by repeated
skin contact with low molecular weight chemicals (Kimber et al., 2011).
Information on this toxicological endpoint is required in different legal
frameworks, including the European Regulation of Registration, Eva-
luation, Authorization and Restriction of Chemical substances (REACH;
EC 1907/2006) and under the United Nations Globally Harmonized
System for Classification, Labeling and Packaging (GHS/CLP). One of
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the objectives of the REACH Regulation was to promote non-animal test
methods. To better understand the impact of chemicals, reliable hazard
and exposure information must be provided to demonstrate their safety.
The hazard data has been traditionally generated through animal
testing but now there are presently a number of other ways: by
comparing substances with similar ones; by grouping them together
into logical categories; by performing specialised computer modelling;
by using Weight of Evidence; or by using a validated alternative test.
The REACH Regulation is clear that every effort must be made and
alternative methods used wherever possible and testing on animals is
truly the last resort. To conform this, a revision of Annex VII of REACH
was published at the end of 2016 (European Parliament, 2016). This
text allows, if adequate, the use of in vitro/in silico methods in place of
the local lymph node assay (LLNA), a sensitization test on mice for
classification and labeling. Furthermore, under the EU animal testing
Directive (2010/63/EU) companies must not test on animals when an
alternative method is accepted under the EU legislation (European
Union, 2010). In that vein, a revision of the ECHA R7a guidance on skin
sensitisation was published recently at the end of 2016 (European
Chemicals Agency, 2016).

To complete, information on skin sensitization is required in the
safety assessment of EU Cosmetics Regulation (EC 1223/2009). Within
these various legislative frameworks, information is necessary on the
skin sensitization hazard potential. Furthermore, quantitative informa-
tion that allows hazard assessment is needed to meet the regulatory
requirements to sub-categorize skin sensitizers according to their
potency class. Until recently, these legislative frameworks had been
relying on information from animal models. Models accepted by the
different regulations are the guinea pig (GP) models described in OECD
TG406 (OECD, 1992) including the guinea pig maximization test
(GPMT) and Buehler test, and the LLNA described in OECD TG429
(OECD, 2010a) and non-radioactive variants of the LLNA in OECD
TG442A and 442B (OECD, 2010b, 2010c). From an animal welfare
perspective, the LLNA has been a first refinement and reduction method
compared to the classical guinea pig methods. Another advantage of the
LLNA was generating dose-response data on lymphocyte proliferation.
These quantitative data were used to derive the EC3 value, which was
the Effective Concentration that induces a threefold increase in local
lymph node proliferative activity. The EC3 correlates relatively well
with known human thresholds for contact allergy (Basketter et al.,
2005; Griem et al., 2003; Schneider and Akkan, 2004). This value is
used for sub-categorizing of skin sensitizers, e.g. in the GHS 1A
(EC3 = 2%; strong skin sensitizers) and 1B (EC3 > 2%; other skin
sensitizers) and allowing Quantitative Risk Assessment (QRA). Clearly,
since the animal testing ban, novel predictive test methods or strategies
for skin sensitization need to provide information that allow both
hazard identification and potency sub-categorization of skin sensitizers.

ACD is composed of two phases: the first called sensitization phase
and the second one the elicitation phase. The chemical and biological
pathways involved are relatively well characterized and have been
simplified and structured into an Adverse Outcome Pathway (AOP).
The KEs involved have now been formally described by the OECD
(OECD, 2012). AOP represents existing knowledge concerning the
causal linkages between initial molecular events and an adverse
outcome at the individual and population levels. These events include
skin bioavailability and metabolism, hapten formation (i.e., the ability
of a chemical to react with skin proteins), epidermal inflammation via
keratinocyte and/or dendritic cell (DC) signalling, DC activation,
maturation and migration, and T-lymphocyte (T-cell) proliferation;
meaning that several KEs are required for acquisition of skin sensitiza-
tion. Thus, many in vitro methods including haptenisation with in
chemico assays (Direct Peptide Reactivity Assay (DPRA), Peroxidase
peptide reactivity assay (PPRA)), DC line activation (cell based assays
(U-SENS™, mMUSST, h-CLAT)) and keratinocyte activation (Keratino-
Sens™ and SENS-IS) have been developed as alternative methods and
are currently used in different stages of formal validation (Reisinger
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et al., 2015). Among those methods developed or under development,
three in vitro methods have been recently validated:

1) The test method OECD 442C adopted in 2015 - Direct Peptide
Reactivity Assay (DPRA) is an in chemico test method which
addresses peptide reactivity, postulated to be the Molecular
Initiating Event (MIE) (corresponding to the first Key Event (KE1))
of the skin sensitization AOP (OECD, 2012). Reactivity is measured
by quantifying depletion of synthetic peptides containing either
cysteine or lysine.

2) The test method OECD 442D adopted in 2015- ARE-Nrf2 Luciferase
Test Method (KeratinoSens™) is an in vitro test method which
addresses keratinocyte induction of a cyto-protective gene pathway
linked to skin sensitization, i.e. KE2 of the AOP (OECD, 2012). The
test method uses luminescence detection to measure gene expression
of the Antioxidant/electrophile Response Element (ARE)-dependent
pathway.

3) The test method OECD 442E adopted in 2016 - human Cell Line
Activation Test (h-CLAT) is an in vitro method which addresses
activation of the dendritic cells (DCs), i.e. KE3 of the AOP (OECD,
2012). The assay quantitatively measures changes in the expression
of cell surface markers (CD86 and CD54), associated with the
activation of DCs, in a human monocytic leukemia cell line by flow
cytometry analysis.

These tests cover specific KEs within the skin sensitization AOP,
previously outlined (OECD, 2012).

Besides these, many other assays are in development and at
different stages of the evaluation process (EURL-ECVAM, 2016). Out
of these, two in vitro keratinocyte assays are in development: the LuSens
assay (Bauch et al., 2012; Ramirez et al., 2016; Ramirez et al., 2014;
Urbisch et al., 2015), a test method similar to KeratinoSens™ and the
SENS-IS assay (Cottrez et al., 2016b; Cottrez et al., 2015), a test
determining the sensitizing potential and potency of chemicals using a
panel of genes. Moreover, data on over a hundred substances is
available for the myeloid U937-based skin sensitization assays (U-
SENS™, formerly known as MUSST, myeloid U937 skin sensitization
test) (Ade et al., 2006; Alépée et al., 2015; Bauch et al., 2011; Piroird
et al., 2015; Urbisch et al., 2015), which is similarly to the h-CLAT. The
U-SENS™ test is currently being peer-reviewed by EURL-ECVAM and a
proposal for the development of an OECD Test Guideline has been
included in the OECD work program (EURL-ECVAM, 2016; Ezendam
et al., 2016).

However, there is a current scientific consensus that one single non-
animal test method will not be able to provide sufficient information to
fully address this AOP and replace the use of animals, compared to
LLNA (Adler et al., 2011). In many cases, the use of a battery of tests in
combination and/or with other information in the context of integrated
approaches such as Weight of Evidence (WoE) or testing and assessment
strategies have to be considered (European Parliament, 2016; Patlewicz
et al., 2014; Tollefsen et al., 2014). There are several testing strategies
proposed that combine in silico (QSARs), in chemico (OECD TG 442C)
and/or in vitro tests (e.g. OECD TG 442D and 442E) to distinguish skin
sensitizers from non-sensitizers.

In addition, the new REACH consolidation as well as ECHA
guidance R7a or OECD EU test guidelines updated agree that these
methods can be used within a WoE assessment. Recently, the OECD has
also developed two guidance documents on defined approaches to
testing and assessment. The first is a general document that provides a
set of principles and how to use them within an Integrated Approaches
to Testing and Assessment (IATA) (OECD, 2016a); the second document
specifically focuses on case studies (OECD, 2016Db).

Therefore, all of these tests (except for the SENS-IS) are already
being successfully used in combination in a number of Integrated
Testing Strategies (ITS). Some of them, which include, but are not
limited to, the “2 out of 3” approach (Bauch et al., 2012; Natsch et al.,
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2013; van der Veen et al., 2014a), an ITS based on Bayesian Networks
(Jaworska et al., 2013) or an ITS which includes an assessment of
potency (Nukada et al., 2013; Tsujita-Inoue et al., 2014). Some
approaches are constructed on a mechanistic base using parts of the
AOP, e.g. the “2 out of 3” ITS (Urbisch et al., 2015) or the Sequential
Testing Sequence (STS) of the RIVM (van der Veen et al., 2014a,
2014b). Others apply statistical approaches to conduct their strategy
(e.g. the integrated decision strategy of Strickland et al. (2016)) or use a
combination of both (e.g. the Bayesian ITS of Jaworska et al. (2015)).
The skin sensitization ITS proposed by BASF (Bauch et al., 2012) and
later updated by Natsch et al. (2013) and Urbisch et al. (2015), is based
on assays reflecting the first 3 KEs: KE1 with DPRA, KE2 with LuSens
assay or the KeratinoSens™ and KE3 with the mMUSST or the h-CLAT.
Their initial approach was developed using assays that reflect the first
three KEs of the AOP. The preliminary prediction model was based on a
dataset of 54 substances. Application of this prediction model resulted
in an accuracy of 83-94%, a sensitivity of 81-93% and a specificity of
88-95% compared to LLNA or human data, respectively (Bauch et al.,
2012). This ITS further evolved with a larger dataset of 145 substances
(102 skin sensitizers and 43 non-sensitizers). The data interpretation
procedure used was simplified compared to that used in the initial study
of Bauch et al. (2012). Thus, an ITS combining data from the regulatory
accepted test methods (DPRA, KeratinoSens™ and h-CLAT) resulted in
the highest accuracy of 90%; sensitivity and specificity both were 90%
as well, compared to human data. This predictivity was more accurate
compared to predictions based on the LLNA for the same dataset, for
which the accuracy, sensitivity and specificity were 82%, 91% and
64%, respectively (Urbisch et al., 2015). Many AOP-based testing
strategies are focused mainly on MIE (KE1), KE2 and KE3, meaning
that the AOP is not yet totally covered. Informations on these last
events seem to be sufficient to predict skin sensitization with a high
certainty. Furthermore, the “2 out of 3” approach shows that it is
possible to identify skin sensitizers with a high accuracy based on only
two KEs (Ezendam et al., 2016). But, the majority of predictive in vitro
or in chemico assays cannot estimate potency on their own. A possible
explanation may be that the dynamic range of in vitro and in chemico
assays is too limited to detect the broad range of skin-sensitizing
potencies (e.g lack of bioactivation of prohaptens, water solubility of
the test substances, ...).

In this study, we propose an in-house IATA selecting three in vitro
tests that cover main KEs defined by the AOP (Fig. 1): DPRA (MIE),
SENS-IS (KE2) and h-CLAT (KE3). According to the previous explana-
tion, the originality of our ITS has been to integrate the SENS-IS which
measures the gene expression of irritation and sensitization biomarkers
at the KE2 level. The SENS-IS assay was submitted to ECVAM in
September 2011 and was enrolled in the OECD guideline work in 2015.
Despite the fact that this assay is not yet approved, it can provide an
accurate prediction of potency categories (Cottrez et al., 2015). More-
over, the use of 3D model allows us to avoid any solubility limitation of
the test item. In addition, several studies have shown that regulation of
gene expression correlates with potency (McKim et al., 2012; van der
Veen et al., 2013). Thus, the different read-out(s) issued from the SENS-
IS assay seems to be more capable of distinguishing sensitizer, irritant
or antioxidant and assigning potencies. Thereby, SENS-IS provide a
possible way to encompass metabolism as well as bioavailability
limitations of ingredients and come closer to potency assessment
(Cottrez et al., 2015). Therefore, the aim of this study was to compare
the available data, previously published (Cottrez et al., 2015; Urbisch
et al., 2015) with the above mentioned in vitro methods (DPRA, SENS-IS
and h-CLAT). All results obtained within this ITS was compared to
LLNA and human data from literature. The predictivities of the
individual methods as well as their combinations (2 or 3 methods)
are evaluated. A pragmatic “WoE” approach is used: Any two of the
three tests decide the overall result (any two assays must be positive to
rate the substance as a skin sensitizer and any two assays must be
negative to rate the substance as a nonsensitizer). The final aim of our
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ITS is to give reliable information about the potential sensitization risk
induced by a chemical.

2. Material and methods
2.1. Strategy for selecting tests

Each AOP starts with a Molecular Initiating Event (MIE), consisting
in the first step that initiates the perturbation caused by a chemical,
followed by several KEs at the cellular, organ or organism level,
eventually resulting in the adverse outcome. For skin sensitization,
the MIE is the covalent binding of a chemical or its metabolites to skin
proteins, resulting in the formation of an immunogenic conjugate. This
triggers two cellular events, KE2 and KE3. The electrophilic properties
of skin sensitizers cause an activation of keratinocytes (KE2), resulting
in the release of pro-inflammatory cytokines and chemokines, and
activation of antioxidant responses. These mediators are essential
components for the generation of an adaptive immune response
(Martin et al., 2011; van der Veen et al., 2011). The immunogenic
conjugate is taken up by dermal DCs and/or Langerhans cells, resulting
in activation and migration of these cells to the draining lymph nodes
(KE3). The DC present epitopes of the conjugate to T cells, resulting in
activation and proliferation of T cells (KE4), occurring in sensitization
phase of the immune system. The AOP is a simplification of a complex
biological process, which offers the opportunity to anchor existing test
methods or in silico tools that measure the MIE or other KEs. This AOP
can be used to mechanistically underpin the development of strategies
for the testing and assessment of chemicals for a specific regulatory
need (MacKay et al., 2013; Patlewicz et al., 2014). Considering this
AOP, ITS used within the IATA consists of methods with a mechanistic
relevance for the endpoint that must be assessed. Placed in the context,
we have selected validated or under-validation in vitro methods that
covered three main KEs.

The DPRA evaluates KE1 and the protein/peptide reactivity of a
substance (covalent interaction with cellular proteins). The SENS-IS
represents KE2 and addresses keratinocyte activation (through
Pathways-associated gene expression). And the h-CLAT describes KE3
and DCs activation (expression of co-stimulatory and adhesion cell
surface markers). When used together, they cover the first three of the
four KEs of the sensitization process, thus being of mechanistic
relevance and supporting the scientific rationale for using a combina-
tion of these methods in an AOP-based ITS.

2.2. Selection of chemicals

The main selection criterion for the substances was the availability
of both human and LLNA reference data. Only molecules having results
in each of 3 in vitro methods were retained: DPRA, h-CLAT and SENS-IS
as well as LLNA and human data, taken from two publications (Cottrez
et al., 2015; Urbisch et al., 2015) indicated in Table 1. These chemicals
are used in cosmetics as well as fragrance or pharmaceutic use. Among
the 33 selected, 23 (70%) are classified as sensitizers according to LLNA
and 19 (58%) according to human data. In Table 1, all results are
combined per test to each molecule, and compared to both human and
LLNA data.

For each chemical and per test, we attributed a simple number: “0”
for negative test results, “1” indicates positive test results for all
different tests and “0/1” for equivocal results. However, for equivocal
results, and during combination process, the worst-case will be retained
(e.g. “1”for salicylic acid which is quoted in DPRA (“0/17)).

2.3. Non-animal tests methods selected: in vitro skin sensitization studies
according to AOP Skin Sensitization

2.3.1. Direct peptide reactivity assay (DPRA) for the Key Event 1
The Molecular Initiating Event leading to skin sensitization is
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Fig. 1. Schematic representation of Adverse Outcome Pathway for Skin Sensitization and necessity to follow an Integrated Testing Strategy (ITS) since the LLNA ban to cover the different

keys events.

This figure is inspired by the AOP for skin sensitization (OECD, 2012). It shows the in vitro methods selected in our prediction model to cover the different key events of the AOP (Adverse
Outcome Pathway). All results obtained were compared to LLNA and human data.

Table 1
Chemical references selected including available data for in vitro methods as well as in vivo tests (LLNA and human data). The references have been classified according to their potency
in LLNA.
Chemical name LLNA DPRA SENS-IS h-CLAT
0; 1 15646-46-5 0,003 Extreme MA / Ac 1 1 1 1 1
Diphenylcyclopr 886-38-4 0,003 Extreme Ac 1 1 1 1 1
p: i 106-51-4 0,01 Extreme MA 1 1 1 1 1
1,4-Pl 1 diami 106-50-3 0,16 Strong i precursor 1 1 1 1 1
Phthalic anhydride 85-44-9 0,16 Strong Ac 0 1 1 1 0
Propyl gallate 121-79-9 0,32 Strong i precursor 1 1 1 1 1
2-Amino-phenol 95-55-6 0,4 Strong i precursor 1 1 1 1 1
Formaldehyd: 50-00-0 0,7 Strong SB 1 1 1 1 1
Methyldibromo glutaronitrile 35691-65-7 09 Strong Sx2 1 1 1 1 1
Glyoxal 107-22-2 14 d SB 1 1 1 1 1
2-Merc b hiazole 149-30-4 1,7 Moderate Syn2 1 1 1 1 1
| 97-54-1 1,8 d i precursor 1 1 1 1 0
1,2-Benzisothiazolin-3-one 2634-33-5 24 Moderate Sx2 1 1 1 1 1
Ci ic aldehyd 104-55-2 31 d MA 1 1 1 1 1
Citral 5392-40-5 5 d MA 1 1 1 1 1
Tetramethylthiuram disulfide 137-26-8 52 Moderate Sx2 1 1 1 1 1
Diethyl mal 141-05-9 5,8 d MA 1 1 1 1 1
Alpha hexyl ci i y 101-86-0 11 Weak MA 0 1 0 1 0
1 97-53-0 13 Weak i precursor 1 1 1 1 1
Benzyl benzoate 120-51-4 17 Weak Sx2 [} 1 (1] 1 L)
Hydroxycitronellal 107-75-5 23 Weak SB 1 1 1 1 1
Butyl glycidil ether 2426-08-6 31 Weak Sx2 1 1 1 1 L)
Salicylic acid 69-72-7 >50 None no alert 0 0 0/1 0 1
chloride 8001-54-5 False positive None no alert 0 0 0 0 0
Propyl paraben 94-13-3 >50 None no alert 0 0 0 0 1
Sodium laurylsulfate 151-21-3 False positive None no alert 0 0 0/1 0 0
Octanoic acid/caprylic acid 124-07-2 >50 None no alert 0 0 0 0 1
1 1 71-36-3 >50 None no alert 0 0 0 0 0
Hexyl salicylate 6259-76-3 >50 None no alert 0 1 0 0 1
Glycerol 56-81-5 >50 None no alert 0 0 0 0 0
Lactic acid 50-21-5 >50 None no alert 0 0 0 0 0
Pr glycol 57-55-6 >50 None no alert 0 0 0 0 0
Diethyl phthalate 84-66-2 >50 None no alert 0 0 0 0 1
19 23 2 | 22 22
14 10 1 | 11 11

* For Salicylic acid and Sodium Lauryl Sulfate, the results were equivocal, so we considered them ultimately as positives.
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postulated in the AOP to be covalent binding of electrophilic chemical
species with selected nucleophilic molecular sites of action in skin
proteins (Gerberick et al., 2008; Karlberg et al., 2008).

The correlation of skin reactivity and skin sensitization is well
established (Gerberick et al., 2008; Jordan, 1983; Landsteiner and
Jacobs, 1936; Rastogi et al., 1998). Gerberick et al. (Gerberick et al.,
2009; Gerberick et al., 2004) have developed a Direct Peptide
Reactivity assay (DPRA) for screening the skin sensitization potential
of chemicals by measuring peptide depletion following incubation with
allergens and non-allergens.

The DPRA was performed according to the OECD TG442C (OECD,
2015a) and describing into the publication of Urbisch et al. (2015).
Peptide reactivity data were generated using a method to measure
reactivity of a test chemical with model heptapeptides containing lysine
(Ac-RFAAKAA-COOH) or cysteine (Ac-RFAACAA-COOH) (Gerberick
et al.,, 2004). Peptide reactivity was reported as percent depletion
based on the decrease in non-reacted peptide concentration in the
sample relative to the average concentration measured in the control.
Peptides were prepared and purified by the SynPep Corporation
(Dublin, CA, USA) to > 90% purity as measured by HPLC, and
molecular weight confirmation was determined by flow injection
positive-ion electrospray mass spectrometry. Briefly, 400 uL of a
1.25 mM peptide stock solution prepared in buffer and a 100 mM test
chemical stock solution prepared in either acetonitrile or DMSO/
acetonitrile were added to 100 mM ammonium acetate buffer
(pH 10.2) for the lysine peptide or 100 mM sodium phosphate buffer
(pH 7.5) for the cysteine peptide. The final reaction, containing 0.5 mM
of the peptide and 5 or 25 mM of the test chemical, representing 1:10
and 1:50 M ratios, was mixed and incubated in the dark for 24 h at
25 °C. Control samples and standards used for defining the calibration
curve for each analysis were prepared without test chemical for each
peptide and ranged from 0.0156 to 1.0 mM. All samples were prepared
in triplicate. Following incubation, the peptide was quantified by
reverse-phase HPLC (Waters 2695 Alliance) on a Zorbax SB-C18 column
(2.1 % 100 mm, 3.5 pm) with UV detection at 220 nm (Waters 996 PDA
detector) using an external standard linear calibration curve. The UV
spectrum was collected from 210 to 400 nm to allow verification of the
peptide peak identity. For salicylic acid and sodium lauryl sulfate, the
results are equivocal, so we considered these results as positive.

2.3.2. Explorative sensitization prediction test (SENS-IS test) for the Key
Event 2

Haptens can also react with cell surface proteins and activate
response pathways in keratinocytes (Weltzien et al., 2009). Uptake of
the hapten by keratinocytes activates multiple events, including the
release of pro-inflammatory cytokines and the induction of cyto-
protective cellular pathways. Keratinocyte exposure to sensitizers also
results in induction of ARE/RhE-dependent pathways (Natsch and
Emter, 2008). Expression of ARE/RhE-dependent genes and other
cytoprotective genes (including CYP1A1l, MT1 and MT2) in HaCaT
cells are part of a proprietary in vitro battery approach to determine
sensitization potency (McKim et al., 2010).

To address that complexity and this second key event described in
the AOP, the SENS-IS model was developed by Inmunosearch Company
to assess the potential of the test products to specifically induce the
expression of irritation and/or sensitization biomarkers in an in vitro 3D
skin model. Immunosearch developed this assay after analyzing genes
modulated during the sensitization process either on mice (LLNA) or
human (blisters). The panel of sensitization biomarkers defined in-
cludes genes already identified as markers, such as the ARE family, and
others not yet associated with the sensitization process (called SENS-IS
gene subset).

The SENS-IS is based on the overexpression analysis of three sets of
genes (62 genes) defined by Cottrez et al. (2015), one specifically
reflecting the irritant potential (IRR genes) and the other two set of
genes (ARE and SENS-IS genes) correlating with the sensitization
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potential. ARE genes control the expression of proteins critical in the
detoxification and elimination of Reactive Oxygen Species (ROS) and
electrophiles (Nguyen et al., 2009). The SENS-IS assay was submitted to
ECVAM in September 2011 and was enrolled in the OECD guideline
work in 2015. SENS-IS expose 3D epidermal skin tissues addressing
substance activation by keratinocytes as well as the cytotoxicity of a
substance. This assay was primarily developed for simple ingredients
and has been tested and validated with around 180 chemicals (100
from phase II, + 30 RIFM + 50 Phase III). Furthermore, its prediction
model gives a quantitative response (potency) for ingredient that
correlate to the LLNA. EpiSkin® tissues (L'Oréal, France) are exposed
with the test substances using the protocol to determine in vitro skin
irritation described in OECD TG439 (OECD, 2015b). Chemical refer-
ences were used diluted in PBS, Olive oil or DMSO, at the concentra-
tions of 50% to 0.1% depends on the LLNA category. 30 pL (26.3 uL/
cm?) of each dilution was applied on the top of each reconstituted
epidermis. The test product was gently spread on the epidermis surfaces
to ensure it covers the entire surface. After 15 min exposure, the
Episkin® were rinsed with PBS. Epidermis were then incubated at
37°C for 6 h and then samples were harvested and frozen in liquid
nitrogen before tissue lysing and RNA extraction. The complete
epidermis was collected, placed in a RNAzol® solution and the total
RNA was isolated. After reverse transcription, quantitative gene
expression was measured by RT-PCR with a SYBR green buffer using
the LC480 Roche's apparatus and specific biomarkers primers defined
for the SENS-IS test. Three negative controls (PBS, Olive oil and DMSO
treated skins), a positive irritation control (5% SLS) and two positive
sensitization controls (Hexylcinnamaldehyde (HCA) at 50% in Olive oil
and TNBS at 1% in PBS) were performed.

A test substance is considered to be sensitizer if it increases the
expression (compared to the solvent control) of at least 7 genes
measured by qPCR in either the “SENS-IS” (7/21) or the “ARE” (7/
17) gene sets. To take into account non-specific gene over-expression
due to cell stress, the induction of > 15 genes (on 23) in the irritation
gene set, classifies a result as inconclusive and the test substance is re-
analyzed at a lower concentration. Similarly to the LLNA, potency is
classified according to the concentration of test material needed to
induce a positive response: positive at 0.1%: extreme; positive at 1%:
strong; positive at 10%: moderate; positive at 50%: weak. SENS-IS is
considered to mainly address KE2 from the AOP of skin sensitization,
but may, as ARE-activated genes are included, also provide information
on protein reactivity of a test chemical. Furthermore, up to today,
product safety evaluation in the EU is predominantly based on data/
information on their individual ingredients. However, for skin sensiti-
zation, mixture component effects have been demonstrated in numer-
ous studies either by the presence of irritating chemicals or by the
modification of dermal absorption. SENS-IS assay has evaluate the
ability of mixture component effects on the potency of skin sensitization
of chemicals and seems to be efficient to measure the component effects
and assess mixtures or final products. Influence of formulations (oil-in-
water, emulsion, cleansing water, oil, water-in-oil emulsion) and state
of the skin (irritated or not) on the sensitizing potential of some
components has been measured (Cottrez et al., 2016a). SENS-IS assay
could be used in a near future to test complex mixtures and final
products.

2.3.3. Human Cell Line Activation Test (h-CLAT) for the Key Event 3

As noted in the AOP during allergen contact with the skin, immature
epidermal DCs (known as Langerhans cells and dermal DCs) serve as
antigen-presenting cells (Kimber et al., 2011; Ryan et al., 2007). In this
role, they recognize and internalize the hapten-protein complex formed
during covalent binding. Subsequently, the DC loses its ability to seize
new hapten-protein complex and gains the potential to display the
allergen-MHC-complex to naive T-cells; this process is often referred to
as DC maturation. The h-CLAT test is an in vitro method measuring by
flow cytometry the expression of CD86 and CD54 protein markers on
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the cell surface of the human monocytic leukemia cell line THP-1
(American Type Culture Collection, Manassas, VA, USA) used as a
surrogate for human DC (Ashikaga et al., 2010; Ashikaga et al., 2006;
Sakaguchi et al., 2010; Sakaguchi et al., 2009; Sakaguchi et al., 2006).
The h-CLAT has been validated by ECVAM and OECD (Aeby et al.,
2010; European Commission, 2015; OECD, 2016c).

For dose finding, cytotoxicity tests were conducted and the con-
centration resulting in 75% cell viability, termed CV75, was calculated
based on the analysis of viable cells. THP-1 cells were treated with eight
different concentrations, decided based on dose finding cytotoxicity
test, for 24 h. After removing the test substance, the expression of CD86
and CD54 on the cell surface was measured by flow cytometry. The
Relative Fluorescence Intensity (RFI) was used as an indicator of CD86
and CD54 expression. If the RFI of CD86 or CD54 was > 150% or 200%
at any dose in at least two out of three experiments, the substance was
judged as a sensitizer. Otherwise, it was considered a non-sensitizer
(Ashikaga et al., 2006).

The Relative Fluorescence Intensity (RFI) is used as an indicator of
CD86 and CD54 expression. RFI is calculated using the following
formula:

RFI = MFI of test item-treated cells — MFI of test item

-treated isotype control cells

MEFI of vehicle control cells — MFI of vehicle isotype control cells

2.4. In vivo study and human data

The predictivities of the non-animal test methods listed previously
were compared to LLNA and human data.

2.4.1. Guinea pig assays and local lymph node assay (LLNA)

In the regulatory context, the skin sensitization potential of a
chemical has traditionally been evaluated using animal tests, in
particular the guinea pig based tests (GPTs) including guinea pig
maximization test (GPMT) and Buehler test described in OECD TG406
(OECD, 1992) or the mouse-based local lymph node assay (LLNA)
described in OECD TG429 (OECD, 2010a) (or OECD TG442 A + B
(OECD, 2010b, 2010c)). In the GPMT, guinea pigs are exposed to the
test substance by intradermal injection and topical application by
occlusion. Following a rest period of ten to fourteen days, the challenge
dose is introduced dermally. The extent and degree of skin reactions to
this challenge exposure are then compared with control animals. In the
Buehler test, guinea pigs are repeatedly exposed to the test substance by
topical application under occlusion. Following a rest period of twelve
days, a dermal challenge treatment is performed under occlusive
conditions. The LLNA is the gold standard regulatory toxicology test
for skin sensitization along with GPMT. Compared with the GPMT,
LLNA uses fewer animals, it is quantitative, and it gives a numerical
prediction of potency. In the LLNA, the test substance is applied to the
ears of mice for three days and later tritiated radioactive thymidine is
introduced to measure cell proliferation in auricular lymph nodes. An
increase in lymph node cell proliferation compared to control animals
indicates sensitization.

In the main study, a minimum of four animals per dose group is
recommended. Test substance treatment dose levels were based on the
recommendations given by Kimber and Basketter (1992) and in the
ICCVAM Panel Report (ICCVAM, 1999). Dose levels selected from the
concentration series 100%, 50%, 25%, 10%, 5%, 2.5%, 1%, 0.5%, etc.
The maximum concentration tested should be the highest achievable
level while avoiding excessive local irritation and overt systemic
toxicity.

The LLNA experimental procedure is performed as follows:

In the main study, groups of 4 or 5 mice were treated by topical
applications of 25 pL test or control solutions to the entire dorsal
surface of each ear. The topical applications were performed once daily
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over three consecutive days. In each study, a positive control was
included. The negative control group was treated with the vehicle
alone. On day 6, record the weight of each mouse and inject 250 pL of
sterile phosphate-buffered saline (PBS) containing 20 pCi of CH)-
methyl thymidine or 250uL PBS containing 2uCi of
125_jododeoxyuridine (***IU) and 10~ °M fluorodeoxyuridine into
each mouse via the tail vein (Kimber, 1995; Loveless et al., 1996). Five
hours later, each mouse is euthanized and the draining (“auricular”)
lymph nodes of both ears are collected and placed in PBS (one container
per mouse). Both bilateral draining lymph nodes must be collected in
PBS and individually pooled for each animal. Following further
processing steps, the incorporation of *H-methyl thymidine into the
lymph nodes was measured in a scintillation counter and expressed as
the number of disintegrations per minute (DPM). The proliferative
response of lymph node cells was expressed as the number of radio-
active disintegrations per minute per lymph node (i.e., DPM/lymph
node). For each dose group, the stimulation index (SI) was calculated as
the ratio of the arithmetic mean DPM/lymph node values (corrected for
background) of the test and negative control groups. The EC3 value
(theoretical concentration resulting in a SI value of 3) was determined
by linear interpolation of points on the dose-response curve, immedi-
ately above and below the 3-fold threshold.

2.4.2. Human data/clinical sensitization exposure

Human data were available for all 33 substances selected; we
retained only the column that shown the final classification of human
data mainly issued of Urbisch et al. (2015) board (“1” indicates positive
test results and “0” for negative test results).

2.5. Cooper statistics to compare in vitro assays as stand-alone or in
combination

The Cooper statistics of predictivity were calculated for the single
assays and their combinations as well as for the “2 out of 3” prediction
model (Cooper et al.,, 1979). All parameters are based on a 2 x 2
contingency table counting the number of compounds that are “true
positive” (TP), “false positive” (FP), “true negative” (TN) and “false
negative” (FN):

Sensitivity [%] = (TP/(TP + FN))%100&Specificity[%] = (TN/(TN + FP))
%100

Positive predictive value[%] = (TP/(TP + FP))=100
Negative predictive value[%] = (TN/(TN + FN))x*100

Accuracy[%] = ((TP + TN)/(TP + FP + TN + FN))*100

3. Results
3.1. Comparison of single assays compared to LLNA and human data

After attributing a positive (“1”) or negative (“0”) results to each
chemical reference (Table 1) in each alternative method as well as
LLNA and human data as described in Mat & Med, we compared results
of single assays in terms of sensitivity, specificity and accuracy using
Cooper statistics.

To determine the performance of the LLNA to predict skin sensitiza-
tion hazard of this data set, LLNA data were directly compared to the
available human data for all substances. A total of 4 (12%) of the
substances (phthalic anhydre, alpha hexyl cinnamic aldehyde, benzyl
benzoate and hexyl salicylate) were incorrectly identified as FP by the
LLNA. In total, comparison to human data revealed a sensitivity of
100%, a specificity of 71% and an overall accuracy of 88% of the LLNA
(Table 3).

For salicylic acid and sodium lauryl sulfate, the results were
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equivocal in DPRA, so we considered them finally as positive to get into
the worst-case approach.

When calculating the Cooper statistics, the assessments were
reduced to Yes/No (“1”/“0”) ratings according to the prediction models
of the individual assays. Using the data, a direct comparison between
the predictivities of the non-animal test methods and human is possible
(Table 3). Accuracies of the single assays compared to LLNA data range
from 79 to 91% for these 33 chemicals. Interestingly, when comparing
the positive predictive values of almost all single non-animal test
methods with human data, the percentages were generally higher than
comparison with LLNA data (except for h-CLAT in that case).

3.2. Comparison of combination assays compared to LLNA and human data

We have performed an attribution number system combining two in
vitro methods among those selected, as shown in Table 2. To attribute
the final number, we have classified the chemicals as a sensitizer or “1”
when for the both tests the score is 1, non-sensitizer or “0” when a score
is 0 for both tests. For ambiguous result, positive in one test and
negative in another one, we have classified as an equivocal result or “0/
1”. To realize Cooper statistics, we considered them finally as positive
to get into the worst-case. Using all the data from Table 2, a direct
comparison between the predictivities of the non-animal test methods
and human and LLNA data has been possible thanks to Cooper statistics
(Table 3). Thus, in combining two alternatives methods, we didn't
obtain better result than with LLNA. Nevertheless, the best two in vitro
methods combination seems to be DRPA and SENS-IS compared to the
two others, DPRA and h-CLAT, and h-CLAT and SENS-IS.

3.3. “2 out of 3” prediction model and order to carried out the testing
sequence.

We realized the same process to combine our three selected in vitro
methods (Table 2). The least complicated way to assess the skin
sensitization hazard potential of a substance is to use the results of
single assays which reflect key steps of the AOP within a “2 out of 3”
prediction model. For the assays addressing the three KE described in
the OECD AOP on skin sensitization mentioned above (OECD, 2012), a
“2 out of 3” assessment was introduced for the first time by Bauch et al.
(2012). In our study, this prediction model was applied using DPRA,
SENS-IS and h-CLAT data. We realized the previous attribution number
system combining these three in vitro methods, shown in Table 2. Any
two congruent results of the three tests rule the overall assessment: If at
least two of the three assays were positive, the substance was rated to
be a skin sensitizer (“1”). If at least two of the three assays were
negative, the substance was rated to be a non-sensitizer (“0”). The
classification as a sensitizer or non-sensitizer is therefore based on a
WoE pertaining to key events of the AOP. Cooper statistics for our final
prediction model were determined in comparison to human data (and
benchmarked to the previous gold standard test, the LLNA). Results for
33 substances, respectively, were obtained using this prediction model
in Table 3.

Our prediction model, DPRA, SENS-IS and h-CLAT, provides some-

Table 3
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what higher accuracies compared to the predictivities of the single
assays, whereby the accuracies compared to human or LLNA data were
94% or 88%, respectively. These results indicate that the investigated
non-animal methods generally predict human data more accurately
than LLNA data. To determine the performance of the LLNA to predict
skin sensitization hazard of this data set, LLNA data were directly
compared to the available human data. For comparison, our prediction
model revealed a sensitivity of 100%, a specificity of 86% and an
overall accuracy of 94% for the same set of substances suggesting
predictions to be more relevant for humans. The analysis shows that
combination of two in vitro methods is not enough to obtain better
predictivity than LLNA (Fig. 2). Finally, the results indicate that the
investigated non-animal methods generally predict human data more
accurately than LLNA data.

After determine our prediction model in a “2 out of 3” strategy in
order to predict better human sensitization than LLNA, we wondered
whether these three tests should be performed at the same time or
sequentially. According to the Fig. 2, three different “2 out of 3”
strategy are conceivable. With the first strategy, DPRA and SENS-IS
combined, we are able to classify 29 out of 33 chemicals and for 4
others, the h-CLAT test is added to draw a conclusion from the WoE. For
the second strategy, combining DPRA and h-CLAT, we can classify 25
out of 33 chemicals and for 8 others, the SENS-IS test is added to draw
conclusion from the WoE. Within the third strategy, SENS-IS and h-
CLAT combined, we can classify for fewer chemicals, 23 out of 33, and
for 10 others, the DPRA is added to draw a conclusion from the WoE.
Finally, the first strategy permits us to classify a larger number of
molecules, associating fewer tests than the two other strategies.

It is interesting to note that the number of tests performed is
increased by + 5% and + 8% respectively with strategies 2 and 3
compared to the first. So, the strategy 1 appears to be the best one.

4. Discussion
4.1. Discordant results between LLNA and human data

The arbitrary assignment of “1” to equivocal results in LLNA and
human data could be questionable because that triggers false results
and particularly a final positive result. Regarding the difference
between human data and LLNA results obtained, we can discuss as
follows for the 4 molecules, phthalic anhydride, a-hexyl cinnamic
aldehyde, benzyl benzoate and hexyl salicylate.

For example in Table 1, phthalic anhydride is positive in DPRA and
SENS-IS (classed as a strong sensitizer). Moreover, phthalic anhydride is
classified in the Annex VI of CLP as a sensitizer (H317) because positive
in LLNA but it appears negative in humans (Urbisch et al., 2015).
According to Urbisch et al. (2015), phthalic anhydride is known to be a
respiratory sensitizer, but not a skin sensitizer (Dearman et al., 2013).
Phthalic anhydride led to complete peptide depletion and adduct
formation at Lys-residues of the peptide, due to its amine reactive
function (Natsch et al., 2015). Phthalic anhydride appears negative in
human population, but it is considered a sensitizer on specific workers
exposed daily to this molecule. Their sensitivity was confirmed by

Cooper statistics results for single assays as well as their combination compared to human data.

«Compared to human» Positive predictive value Negative predictive value Sensitivity Specificity Accuracy
In vitro assays Individual assays DPRA 86 100 100 79 91
h-CLAT 77 82 89 64 79
SENS-IS 86 100 100 79 91
Combinations DPRA and h-CLAT 73 100 100 50 79
DPRA and SENS-IS 79 100 100 64 85
hCLAT and SENS-IS 70 100 100 43 76
Prediction model DPRA, h-CLAT and SENS-IS 90 100 100 86 94
In vivo standard LLNA 83 100 100 71 88
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Fig. 2. Different «2 out of 3» strategies and preferential sequence selected.

direct bronchial tests, positive prick tests and positive RAST
(Newcombe, 1992).

For a-hexyl cinnamic aldehyde, Urbisch et al. (2015) discuss the
final inconclusive human data but we gave a final negative result in
humans according to the RIFM database and Basketter et al. (2014). For
benzyl benzoate, it is probably not or only a weak sensitizer in humans
(Basketter et al., 2014) (class 5 of potency) with no evidence of
induction in HRIPT at 59000 ug/cm?.

Finally, concerning the hexyl salicylate, we observed no induction
in HRIPT at 35433 ug/cm2 and in HMT (Human Maximization Test) at
20654 ug/cm>. Therefore, the very low EC3 (0.18%) may be due to its
irritating properties (possibly sensitizing impurities).

4.2. Misclassified substances and applicability domain in single assays

Concerning equivocal results obtained in stand-alone assays in
Table 1, two molecules, salicylic acid and sodium lauryl sulfate, had
inconclusive results.

Salicylic acid appears positive (96.5% Cysteine/78.9% Lysine) in
DPRA of Natsch et al. (2013) and negative (91.3% Cys/99% Lys) in
Bauch et al. (2012). Similarly, sodium lauryl sulfate (SLS) appears
negative (100% Cys/100% Lys) in DPRA of Natsch et al. (2013) and
positive (100% Cys/2.9% Lys) in Bauch et al. (2012).

According to Gerberick et al. (2007), salicylic acid co-eluted with
lysine peptide, indicating that it could not be evaluated using DPRA.
However, salicylic acid could be easily separated from NAL using ADRA
(Amino acid Derivative Reactivity Assay), and its depletion could hence
be determined (Fujita et al., 2014). Finally, in case of an inconclusive
result, we assumed a worst-case scenario by assigning “1” for individual
method, without taking into account the applicability domain or the
physical-properties of the test item.

The discussion of false predictions provided by the single non-
animal test methods would be beyond the scope of this study. Hence,
the analysis was restricted to the detailed investigation of false positive
and false negative predictions by the “2 out of 3” approach, when
compared to LLNA and human data.

4.3. Integrated Testing Strategy results

The “sensitization testing strategy” is an approach, which incorpo-
rates the latest validated (or under validation) methods. The safety
assessor evaluating or analyzing simple cosmetic ingredients can apply
it. Before defining its ITS, it is important to have an understanding on
each test selected and especially to know their respective applicability
domain as well as the strategy to follow. Various strategies are presently
proposed (van der Veen et al., 2014a). The outcome of the approach
suggested here meets the requirements of the EU Cosmetics Regulation
by providing a sensitization profile, which covers all available sensiti-
zation endpoints, required to make a safety decision. In addition, this
approach, to an extent, overcomes the challenges of the animal testing
ban. Finally, this approach was confirmed by previous in vivo tests and
human data. In order to facilitate acceptance of in vitro sensitization
methods by regulatory committees, results of the single test methods as
well as simple “2 out of 3” ITS have been compiled and qualitatively
compared to both animal and human data. The sensitizing potential of
the chemical reference was investigated in three explorative in vitro
tests, DPRA, SENS-IS and h-CLAT validated or under validation by
OECD (OECD, 2016¢; 2015a) or ECVAM (under submission and
external validation study). These three methods covered three out of
four KEs defined by AOP for skin sensitization (OECD, 2012). Unfortu-
nately, despite a good correlation between the proposed ITS and the
results obtained by LLNA and human data, it is presently not yet
approved to draw conclusions on potency by using only in vitro methods
(Bauch et al., 2011). Regarding the results obtained from this prediction
model, we achieved a good correlation between our final prediction and
human data for 31 chemicals, except for phthalic anhydride and
salicylic acid. As explained above, phthalic anhydride is known to be
a respiratory allergen and supposed to be a cutaneous sensitizer in some
specific populations. Regarding salicylic acid, its inconclusive result
comes from the co-elution obtained with the lysine peptide, whereas it
is a non-sensitizer in humans. In h-CLAT, salicylic acid was false
negative in all labs because it is not stable in water and falls out of
the applicability domain. Due to the attribution of “1” in inconclusive
results into the DPRA and the false positive result in h-CLAT, salicylic
acid has been misclassified in our prediction model. However, despite
the results, this attribution number system allows us to reach a better
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positive predictive value of our model than the LLNA, and at the same
time to be more conservative.

Moreover, the major limitation of the methods presented is that they
no longer permit the use of Quantitative Risk Assessment (QRA)
approaches, as was done previously with available LLNA EC3 values.
The EC3 value allows the safety assessor to carry out risk quantification,
which was essential for the safety evaluation and risk assessment. With
the ban on animal testing, we must therefore devise a new strategy to
manage the use of skin sensitizing chemicals as effective as the QRA
approach to define several potency classes. Unfortunately, unlike the
LLNA and associated QRA process, all in vitro models currently
developed allow only the prediction of hazard without a clear notion
of potency.

Concerning our strategy, it should be noticed that this approach
seems interesting for simple molecules but difficult to implement for
mixtures (e.g. perfumes, essential oils and plant extracts). Indeed,
although this seems applicable with the SENS-IS (Cottrez et al.,
2016a), this goes beyond the scope of applicability domain for DPRA
and h-CLAT. Moreover, preliminary results (data not shown) indicate
that this prediction model does not appear to be applicable to mixtures.

Finally, different strategies were proposed in the literature, such as
other ITS using the “2 out of 3” prediction model (Urbisch et al., 2015).
For example, Bauch et al. (2012) proposed a strategy using DPRA,
LuSens and mMUSST. An overall accuracy of 83% and 94% compared
to LLNA or human data, respectively, was achieved. Natsch et al. (2013)
used the DPRA, Keratino-Sens™ and MUSST in their “2 out of 3”
prediction model and reported a similar accuracy for 145 substances
(81% compared to LLNA). In the model proposed by Urbisch et al.
(2015), the results of the DPRA, KeratinoSens™ and h-CLAT were used
for applying this prediction model. All three of these “2 out of 3”
prediction models provide very similar accuracy levels as high as those
of our prediction model. These “2 out of 3” prediction models revealed
a higher accuracy rate when compared to human data for the same set
of substances. This indicates that the “2 out of 3” predictions might be
more relevant for humans than the LLNA predictions.

However, some specific substances like pre/pro-haptens or mole-
cules with specific physical-properties (e.g. physical state, stability,
interference with the detection system) may be misclassified in some in
vitro models. The major interest of our proposed strategy consists in
integrating a 3-D reconstructed epidermal model (SENS-IS) in which
solubility problems or technical limitations can be avoided.

5. Conclusion

Our original goal was to develop an ITS based on three in vitro
methods that cover the main key events of the AOP for skin sensitiza-
tion. Our prediction model seems to have a high accuracy rate of hazard
prediction for human data compared to LLNA.

The interest of this approach is that it integrates a reconstructed
human skin model (SENS-IS) avoiding some specific limitations (solu-
bility, substances with high cytotoxicity or some pro/pre haptens)
which may be limited in others methods. Finally, it seems interesting to
carry out this prediction model sequentially: firstly, DPRA and SENS-IS;
and in case of an ambiguous result, a third test, the h-CLAT, must be
realized in order to draw a conclusion due to the WoE. Our prediction
model could be used as an ITS, allowing the safety assessor to meet the
EU Cosmetics Regulation requirements and to overcome the challenges
raised by the animal testing ban in terms of skin sensitization.

Transparency document

The http://dx.doi.org/10.1016/j.tiv.2017.05.014 associated with
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