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Abstract

Ethical issues in animal toxicity testing have led to the search for alternative methods

to determine the skin sensitization potential of cosmetic products. The emergence of

ethical testing issues has led to the development of many alternative methods that

can reliably estimate skin sensitization potentials. However, a single alternative

method may not be able to achieve high predictivity due to the complexity of the

skin sensitization mechanism. Therefore, several prediction assays, including both in

chemico and in vitro test methods, were investigated and integrated based on the

skin sensitization adverse outcome pathway. In this study, we evaluated three differ-

ent integrated approaches to predict a human skin sensitization hazard using data

from in vitro assays (KeratinoSens™ and human cell line activation test [h-CLAT]),

and a newly developed in chemico assay (spectrophotometric direct peptide reactiv-

ity assay [Spectro-DPRA]). When the results of the in chemico and in vitro assays

were combined, the predictivity of human data increased compared with that of a

single assay. The highest predictivity was obtained for the approach in which sensiti-

zation potential was determined by Spectro-DPRA followed by final determination

using the result of KeratinoSens™ and h-CLAT assays (96.3% sensitivity, 87.1% speci-

ficity, 86.7% positive predictive value, 96.4% negative predictive value and 91.4%

accuracy compared with human data). While further optimization is needed, we

believe this integrated approach may provide useful predictive data when determin-

ing the human skin sensitization potential of chemicals.

K E YWORD S

adverse outcome pathway, integrated approaches, skin sensitization, (AOP), animal

alternative, spectrophotometric DPRA

1 | INTRODUCTION

One of the common side effects of cosmetic products, allergic contact

dermatitis, is a common health hazard affecting 15%-20% of people

worldwide (Adam, Pichler, & Yerly, 2011). It is caused by repeated

exposure to a non-immunogenic, low-molecular-weight chemical

called hapten (Kimber, Basketter, Gerberick, & Dearman, 2002;

Kimber, Basketter, Gerberick, Ryan, & Dearman, 2011). Allergic con-

tact dermatitis develops in two phases, i.e., a sensitization phase and

an elicitation phase (Adler et al., 2011; Basketter et al., 2012). In the

sensitization phase, antigen-specific T cells are generated. When the

antigen/allergen binds to the peptides of the skin (haptenization),

these chemical-peptide adducts interact with keratinocytes and

Langerhans cells (LCs). Keratinocytes are the main cell population in
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the skin epidermis and undergo activated responses when they

encounter an antigen/allergen. One example of these responses, the

oxidative stress response via Keap1/Nrf2-ARE (antioxidant response

element) is a well-known toxicity pathway (Natsch, 2010; Natsch &

Emter, 2008). LCs, which are cutaneous immature dendritic cells, rec-

ognize the hapten-protein conjugate. These cells take up and process

the hapten-protein conjugate and migrate to regional lymph nodes

through lymphatics. In the lymph node, these LCs present the antigen

to T lymphocytes and trigger an antigen-specific T-cell response. Dur-

ing migration, LCs undergo differentiation and maturation processes,

wherein various regulatory cytokines and cell surface maturation bio-

markers, such as CD54 and CD86, are expressed (Sakaguchi et

al., 2006).

The ban on testing cosmetics or their ingredients on animals in the

EU market (EU, 2006; EU, 2008; EU, 2009) affected the cosmetic

industry. As a result, a reliable toxicity test that did not involve animal

experiments, but ensured the safety of cosmetics and their ingredi-

ents needed to be established. Many alternative testing methods have

been developed to predict the endpoint of animal toxicity testing for

decades. Alternative methods were developed in accordance with the

mechanism of skin sensitization. However, due to the complexity of

the biological processes involved in skin sensitization reactions, it has

been proposed that the assessment of skin sensitization using a single

animal alternative test is not adequate (Corsini et al., 2009; dos Santos

et al., 2009).

The Organization for Economic Co-operation and Development

(OECD) presented the concept of adverse outcome pathway (AOP),

which represents a series of processes from the molecular initiation

event and key event (OECD, 2012). Currently, there are several ongo-

ing approaches to develop an integrated testing strategy (ITS) for

achieving higher predictivity for skin sensitization potential combined

with OECD Test Guideline methods or individual laboratory assay

development (Hirota, Ashikaga, & Kouzuki, 2018; Jaworska, Dancik,

Kern, Gerberick, & Natsch, 2013; Jaworska, Harol, Kern, & Gerberick,

2011; Jaworska et al., 2015; Macmillan, Canipa, Chilton, Williams, &

Barber, 2016; Macmillan & Chilton, 2018; Nukada, Miyazawa,

Kazutoshi, Sakaguchi, & Nishiyama, 2013; Otsubo et al., 2017;

Takenouchi et al., 2015; Urbisch et al., 2015). In addition, the OECD

in collaboration with EURL ECVAM, proposed a roadmap for develop-

ing an AOP-based integrated approach to testing and assessment

(IATA)/ITS and has attempted to develop formally validated and regu-

lated strategies in the approach to skin sensitization predictivity

(Kinsner-Ovaskainen et al., 2012).

Based on these research guidelines, we applied AOP-based IATA/

ITS to the newly developed in-chemico assay, spectrophotometric

direct peptide reactivity assay (Spectro-DPRA), to evaluate hapten-

peptide reactivity (Cho et al., 2014; Cho, An, & Park, 2019). We

applied this assay in combination with the in vitro assays, Kera-

tinoSens™ and human cell line activation test (h-CLAT), to evaluate

skin cell activation and immune cell activation or maturation, respec-

tively. We compared this with existing approaches to develop a reli-

able integrated prediction approach for skin sensitization of cosmetic

ingredients.

2 | MATERIALS AND METHODS

2.1 | Test chemicals

The chemical names, class, molecular weight, chemical abstract system

(CAS) number, log Kow, the classification by human data and local

lymph node assay (LLNA) data (animal data) of 58 test materials are

presented in Table 1. The test substance was selected based on the

results of an in vivo test of the cosmetic ingredient (LLNA and human

data: Basketter et al., 2014; Bauch et al., 2012; Cruz et al., 2009;

Gerberick et al., 2005; Nukada et al., 2012; Pang & Fiume, 2001;

Urbisch et al., 2015; Yamashita, Shinoda, Hagiwara, & Itagaki, 2015).

We used most of the test chemicals recommended to confirm the per-

formance standard in skin sensitization evaluations (ICCVAM, 2010).

We also included an additional 15 chemicals in this study that are

widely used as cosmetic ingredients (α-linolenic acid, squalene, maleic

acid, oleic acid, linoleic acid, succinic acid, p-anisic acid, caprylyl sul-

fobetaine, hydroxyacetophenone, apigenin, 2,3-butanediol, caprylic/

capric glycerides, 1,2-hexanediol, 1,2-octanediol, 2-phenoxyethanol).

There are no published data on LLNA and human data for these

15 substances. However, they are widely used in the cosmetics field

and classified as non-sensitizers without any reported sensitization.

2.2 | Spectrophotometric direct peptide reactivity
assay

Spectro-DPRA is the same evaluation principle with standard DPRA

(OECD 442C), but unlike DPRA, it determines the reactivity of

chemicals toward two chemical groups by spectrophotometric assay

instead of high-performance liquid chromatography analysis. Spectro-

DPRA was performed according to our previous protocol (Cho et al.,

2014; Cho et al., 2019) (Figure 1). We used two model peptides, a cys-

teine peptide (Ac-RFAACAA-COOH) and a lysine peptide (Ac-

RFAAKAA-COOH) with >95% purity (Peptron Co.). The cysteine pep-

tide reaction solution was prepared by diluting the cysteine peptide

stock solution to 400 μM with 100 mM sodium phosphate buffer

(pH 8.0, 1 mM ethylenediamine tetraacetic acid [EDTA]). Chemical

reaction solutions were prepared by diluting chemical stock solutions

to 2 mM in 100 mM sodium phosphate buffer (pH 8.0, 1 mM EDTA).

Ninety microliters of peptide reaction solution and 90 μL of chemical

reaction solution were reacted in a 96-well enzyme-linked immuno-

sorbent assay plate for 24 hours at room temperature. After 24 hours,

20 μL of a 10 mM 5,50-dithiobis(2-nitrobenzoic acid) (DTNB; Sigma-

Aldrich) solution solubilized in 100 mM sodium phosphate buffer

(pH 8.0) was added to each well of the plate. The mixture was incu-

bated for 3 minutes to achieve a complete reaction between the

unreacted peptide and DTNB. Both before the addition of the DTNB

solution and after the reaction between unreacted peptide and DTNB,

the optical density was measured using an ultraviolet-visual spectro-

photometer (absorption wavelength: 412 nm, SpectraMAX 190™;

Molecular Devices). The lysine peptide reaction solution was prepared

by diluting the lysine peptide stock solution to 200 μM with 100 mM

sodium phosphate buffer (pH 10.0, 1 mM EDTA) before the
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experiment and chemical reaction solutions were prepared by diluting

chemical stock solutions to 2 mM with isopropanol. Then, 110 μL of

the peptide reaction solution and 110 μL of the chemical reaction

solution were reacted in the 96-well clear plate for 24 hours at room

temperature. After incubation, 180 μL of the reaction mixtures were

transferred to a light-proof black clear-bottom 96-well plate (Greiner

Bio-One). Next, 20 μL of a 20 mM fluorescamine solution (prepared in

dimethyl sulfoxide) was added to each well of the plate and incubated

for 3 minutes to achieve a complete reaction. Fluorescence intensity

was measured using a fluorometer before the addition of fluo-

rescamine solution and after the reaction between unreacted peptide

and fluorescamine (excitation: 390 nm; emission: 465 nm, 475 nm;

Flexstation 3; Molecular Devices). The reactivity of a chemical

towards a peptide was expressed as the peptide depletion ratio after

24 hours incubation of the peptide with the chemical, and the peptide

depletion rate was calculated as follows: peptide depletion ratio

(%) = (1 – Punreacted/Ptotal) × 100. If the depletion rate of the cysteine

peptide by the test substance exceeded 10% or the depletion rate of

the lysine peptide exceeded 30%, it was judged a skin

sensitization risk.

2.3 | KeratinoSens™ (ARE-Nrf2 luciferase assay)

The KeratinoSens™ cell line derived from the human keratinocyte cell

line, HaCaT, was generously provided by Dr. Andreas Natsch (in vitro

toxicology research at Givaudan Fragrances). It contains a stable inser-

tion of a luciferase gene under the control of the ARE-element of the

gene AKR1C2. All tests were performed according to the previously

published protocol (Natsch et al., 2013). Cells were seeded to three

clear bottom white 96-well plates and one clear 96-well plate at a

density of 1 × 104 cells/well in Dulbecco's modified Eagle medium

(Gibco) with 500 μg/mL G418 (Gibco) and 10% fetal bovine serum

(Gibco) for 24 hours at 37�C in a 5% CO2 atmosphere. The medium

was then replaced with medium containing the test substance and a

final level of 1% of the solvent vehicle, dimethyl sulfoxide. Each test

substance was tested at 12 binary serial dilutions in the range of

0.98-2000 μM. The plates contained five test chemicals with 12 dilu-

tions per column respectively: six wells with the solvent control, one

well with no cells for background value and five wells with the posi-

tive control, cinnamic aldehyde, in five different concentrations. In

each repetition, three parallel replicate plates were prepared for

F IGURE 1 Schematic of the Spectro-direct peptide reactivity assay. Every test set was composed of four wells. Change of SV was calculated by
measuring optical density or fluorescence intensity just before and after adding the detection reagent. SVADP and SVBDP are the spectrophotometric
values after and before addition of the detection reagent to the peptide-only control, respectively. SVADS and SVBDS are the spectrophotometric
values after and before addition of the detection reagent to the solvent-only control, respectively. SVADR and SVBDR are the spectrophotometric
values after and before addition of the detection reagent to reaction solutions, respectively. SVADC and SVBDC are the spectrophotometric values
after and before addition of the detection reagent to the chemical-only control, respectively. SV, spectrophotometric value
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cytotoxicity measurement using an (3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) (Sigma-Aldrich) assay. Cells

were incubated in a 37�C and 5% CO2 atmosphere for 48 hours with

the test compounds, and then washed with 200 μL of Dulbecco's

phosphate-buffered saline (Gibco). Luciferase activity was measured

according to the manufacturer's protocol (One-Glo™ luciferase assay

system kit; Promega). After the luciferase activity of each well was

measured with luminometer (Promega GloMax® Discover; Promega),

fold induction was calculated. Cell viability was also calculated at each

test concentration by an MTT assay. Chemicals were classified as pos-

itive in the assay if the following three criteria were fulfilled: (1) EC1.5

value is below 1000 μM in all three repetitions or in at least two repe-

titions; (2) at the lowest concentration with a gene induction above

1.5-fold (i.e., at the EC1.5 determining concentration), the cellular via-

bility is above 70%; and (3) there is an apparent overall dose-response

for luciferase induction, which is similar between the repetitions.

2.4 | Human cell line activation test

Human leukemia monocytic cell line (THP-1) was obtained from the

American Type Culture Collection. These cells were cultured in RPMI

1640 medium (Gibco) with 100 U/mL penicillin/100 μg/mL strepto-

mycin (Gibco), 10% fetal bovine serum (v/v) (Gibco) and 0.05 mM

2-mercaptoethanol (Gibco) at 37�C and 5% CO2 atmosphere. The h-

CLAT assay was performed as previously described (Sakaguchi, Ryan,

Ovigne, Schroeder, & Ashikaga, 2010). THP-1 cells were plated at

1 × 106 cells/mL in a 24-well plate (1 mL per well) and treated with

test chemicals for 24 hours at 37�C and 5% CO2 atmosphere. After

24 hours, cells were washed twice with FACS buffer (phosphate-

buffered saline (PBS: Gibco) solution containing 0.1% (w/v) bovine

serum albumin (BSA; Sigma-Aldrich, St. Louis, USA)). Cells were then

treated for 15 minutes at 4�C with 0.01% (w/v) globulins in FACS

buffer. Cells were stained with fluorescein isothiocyanate (FITC)-

conjugated antihuman for CD54 or CD86 (antihuman CD54, ICAM-1/

FITC [clone 6.5B5; DAKO] using 6 μL/3 × 105 cells/100 μL for the

antihuman CD86 monoclonal antibody [mAb], 3 μL/3 × 105 cells/

100 μL for the antihuman CD54 mAb, 3 μL/1 × 105 cells/100 μL for

the antihuman IgG mAb) for 30 min at 4�C. FITC-labeled mouse IgG1

(clone DAK-G01; DAKO) was used as an isotype control. Cells are

washed twice with FACS buffer and stained with a solution containing

0.625 μg/mL of propidium iodide (Sigma-Aldrich). Cell surface marker

expression and cell viability were measured using FACS and analyzed

with CellQuest software (Becton-Dickinson). In total, 10 000 living

cells were analyzed and the relative fluorescence intensity (RFI) was

calculated using the following equation for the expression of surface

markers in comparison with the isotype control.

RFI = MFI of chemical-treated cells – MFI of chemical-treated

isotype control cells

MFI of vehicle-treated cells – MFI of vehicle-treated isotype con-

trol cellsWhere MFI = geometric mean fluorescence intensity. When

the cell viability with the test chemical was more than 50%, the RIF

value of the cell surface marker CD86 was more than 150%, or when

the RFI value of CD54 was more than 200%, it was judged that there

was a risk of skin sensitization.

2.5 | Comparison of skin sensitization potential
results for in chemico and in vitro method from
peptide depletion and local lymph node assay or
human data

The skin sensitization potentials of the 58 chemicals determined using

peptide depletion were compared with the in vivo data from the LLNA

EC3 values or human data (Basketter et al., 2014; Bauch et al., 2012;

Cruz et al., 2009; Gerberick et al., 2005; Nukada et al., 2012; Pang &

Fiume, 2001; Urbisch et al., 2015; Yamashita et al., 2015). We evalu-

ated the predictivity of Spectro-DPRA, KeratinoSens™ and h-CLAT by

calculating the accuracy, sensitivity, specificity, positive predictive

value (PPV) and negative predictive value (NPV) of the results based

on LLNA EC3 data or human data of the 58 chemicals as follows

(Cooper, Saracci, & Cole, 1979):

Sensitivity %ð Þ=TP= TP+FNð Þ×100,

Specificity %ð Þ=TN= TN+FPð Þ×100,

Positive predictive value %ð Þ=TP= TP+FPð Þ×100,

Negative predictive value %ð Þ=TN= TN+FNð Þ×100, and

Accuracy %ð Þ= TP+TNð Þ= TP+TN+FP+FNð Þ×100,

whereTP= true positive,TN= true negative,

FN= false negative, andFP= false positive:

2.6 | Comparing the predictivity of the integrated
approach to local lymph node assay and human data

Based on the key event of AOP for skin sensitization (OECD, 2012c),

we applied an approach that combined two or three test methods.

The test scheme is outlined in Figure 2. Approach 1 (Figure 2A) and

has two steps. At the first step, the result of Spectro-DPRA shows as

the chemical as a sensitizer. It is therefore judged as a sensitizer. How-

ever, if the chemical is determined to be a non-sensitizer, we also con-

ducted the KeratinoSens™ and h-CLAT. If both KeratinoSens™ and h-

CLAT predicted the chemical to be positive, the chemical is confirmed

as a skin sensitizer. If not, the chemical is considered a non-sensitizer.

Approach 2 (Figure 2B) is also composed of two steps. At the first

step, if the result of Spectro-DPRA shows the chemical to be a sensi-

tizer, it is judged as a sensitizer. However, if it is shown as a non-sen-

sitizer, we conducted the h-CLAT assay. If h-CLAT predicted the

chemical as positive, the chemical is considered a skin sensitizer.

Approach 3 (Figure 2C) is carried out similarly to Approach 2; how-

ever, instead of h-CLAT, we conducted KeratinoSens™ as the addi-

tional assay. If KeratinoSens™ predicted the chemical to be a positive,

we conclude the chemical to be a skin sensitizer. The “2 out of 3” pre-

diction (Urbisch et al., 2015) uses any two congruent results of the

three tests (Spectro-DPRA, KeratinoSens™ and h-CLAT) to determine
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an overall assessment (Figure 2D). If at least two of the three assays

were positive, the chemical was classified as a skin sensitizer. If at

least two of the three assays were negative, the chemical was classi-

fied as a non-sensitizer. We evaluated the predictivity of each

approach by calculating the accuracy, sensitivity, specificity, PPV and

NPV using Cooper statistics in comparison with LLNA or human data

(Cooper et al., 1979).

3 | RESULTS

3.1 | Spectrophotometric direct peptide reactivity
assay has a higher predictivity than the KeratinoSens™
and human cell line activation test assays

The results of Spectro-DPRA, KeratinoSens™ and h-CLAT for

58 chemicals are outlined in Table 2. Based on these results, we calcu-

lated the sensitivity, specificity, PPV, NPV and accuracy using Cooper

statistics (Cooper et al., 1979) (Tables 3 and 4).

Compared with human data, all single assay tests could predict the

strong and extreme sensitizers accurately. However, for predicting

the weak and moderate sensitizers, the level of prediction varied

based on the test method. Spectro-DPRA showed sensitivity, specific-

ity, PPV, NPV and accuracy of 81.5%, 90.3%, 88.0%, 84.8% and

86.2%, respectively. Cobalt chloride, ammonium persulfate, geraniol,

linalool and nickel chloride were predicted as false negatives.

α-Linolenic acid, α-hexylcinnamaldehyde and linoleic acid were classi-

fied as false positives. The h-CLAT assay showed 88.9%, 74.2%,

75.0%, 88.5% and 81.0% for sensitivity, specificity, PPV, NPV and

accuracy, respectively. The h-CLAT assay could not predict seven

chemicals (isoeugenol, diethylenetriamine, abietic acid, salicylic acid,

2-phenoxyethanol, linoleic acid and succinic acid). However, unlike

other assays, h-CLAT assay could correctly predict linalool as a sensi-

tizer. The KeratinoSens™ test showed similar predictivity to the h-

CLAT test (88.9% for sensitivity, 74.2% specificity, 75.0% for PPV,

88.5% for NPV and 81.0% for accuracy (Tables 2 and 3).

The overall predictability compared with the LLNA data was lower

than that for human data for all test methods. Spectro-DPRA showed

F IGURE 2 Workflow of each integrated approach. A, Binary Approach_1 is composed of two steps. At the first stage, if the result of Spectro-
DPRA shows as a sensitizer, it is judged as a sensitizer. However, if it shows as non-sensitizer, we conducted additional tests, both KeratinoSens™
and h-CLAT. If both KeratinoSens™ and h-CLAT predicted the chemical as positive, the chemical is confirmed as a skin sensitizer. If not, the
model determines that the chemical is a non-sensitizer. B, Binary Approach_2 is also composed of two steps. At the first stage, if the result of
Spectro-DPRA determines that the chemical is a sensitizer, it is judged as a sensitizer. However, if it shows up as a non-sensitizer, we conducted
an h-CLAT assay. If h-CLAT predicted the chemical as positive, the chemical was confirmed to be a skin sensitizer. C, Binary Approach_3 is
composed the same way as Approach 2, however instead of h-CLAT, we conducted KeratinoSens™. If KeratinoSens™ predicted the chemical as
positive, we concluded the chemical was a skin sensitizer. D, “2 out of 3” prediction (Urbisch et al., 2015) uses any two congruent results of the
three tests (Spectro-DPRA, KeratinoSens™ and h-CLAT) to determine the overall assessment. If at least two of the three assays were positive, the
chemical was classified as a skin sensitizer. If at least two of the three assays were negative, the chemical was classified as a non-sensitizer. h-CLAT,
human cell line activation test; Spectro-DPRA, spectrophotometric direct peptide reactivity assay
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sensitivity, specificity, PPV, NPV and accuracy percentages of 65.8%,

100.0%, 100.0%, 60.6% and 77.6%, respectively. Spectro-DPRA could

not predict 13 chemicals accurately (cobalt chloride, ammonium

persulfate, geraniol, linalool, squalene, maleic acid, tartaric acid,

dimethyl sulfoxide, sodium lauryl sulfate, xylene, pyridine, R-

(+)-limonene and oleic acid). The Spectro-DPRA also showed the

highest predictivity of any other assays and aligned most similarly to

human data.

3.2 | Improvement of predictivity through integrated
testing

A brief scheme of each integrated approach is given in Figure 2. Based

on data sets of Spectro-DPRA, KeratinoSens™ and h-CLAT (Table 2),

we applied four integrated approaches (Figure 2) and evaluated the

predictivity compared with human or LLNA data using Cooper statis-

tics (Cooper et al., 1979). The sensitivity, specificity, PPV, NPV and

accuracy of each approach is suggested in Tables 5 and 6.

TABLE 3 Performance of animal alternative individually for the prediction of human data

Human

Spectro-DPRA KeratinoSens™ h-CLAT

Positive Negative Positive Negative Positive Negative

Sensitizer (27) 22 5 24 4 24 3

Non-sensitizer (31) 3 28 8 23 8 23

Sensitivity (%) 81.5 88.9 88.9

Specificity (%) 90.3 74.2 74.2

PPV (%) 88.0 75.0 75.0

NPV (%) 84.8 88.5 88.5

Accuracy (%) 86.2 81.0 81.0

h-CLAT, human cell line activation test; NPP, negative predictive value; PPV, positive predictive value; Spectro-DPRA, spectrophotometric direct peptide

reactivity assay.

TABLE 4 Performance of animal alternative individually for the prediction of LLNA data

LLNA

Spectro-DPRA KeratinoSens™ h-CLAT

Positive Negative Positive Negative Positive Negative

Sensitizer (38) 25 13 28 10 28 10

Non-sensitizer (20) 0 20 5 15 4 16

Sensitivity (%) 65.8 73.0 73.7

Specificity (%) 100.0 76.2 80.0

PPV (%) 100.0 84.4 87.5

NPV (%) 60.6 61.5 61.5

Accuracy (%) 77.6 74.1 75.9

h-CLAT, human cell line activation test; LLNA, local lymph node assay; NPP, negative predictive value; PPV, positive predictive value; Spectro-DPRA,

spectrophotometric direct peptide reactivity assay.

TABLE 5 Performance of binary and “2 out of 3” approaches in different data sets for the prediction of human data

Human

Binary Approach_1 Binary Approach_2 Binary Approach_3 2 out of 3

Positive Negative Positive Negative Positive Negative Positive Negative

Sensitizer (27) 26 1 27 0 26 1 25 2

Non-sensitizer (31) 4 27 8 23 8 23 4 27

Sensitivity (%) 96.3 100.0 96.3 92.6

Specificity (%) 90.3 74.2 74.2 87.1

PPV (%) 89.7 77.1 78.8 86.2

NPV (%) 96.6 100.0 85.8 93.1

Accuracy (%) 93.1 86.2 84.5 89.7

NPP, negative predictive value; PPV, positive predictive value.
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Compared with the human data, prediction rates were greater

than 84.5% in all integrated approaches except for the specificity and

PPV of Binary Approach_2 and 3. Compared with the single test

method, the overall predictability of each test increased when using

the combined approach with the exception of Binary Approach_2 &

3. Among the approaches, Binary Approach_1 showed the highest

predictivity value. Most notably, four chemicals (cobalt chloride,

ammonium persulfate, geraniol, nickel chloride) that previously

showed false negative results using the Spectro-DPRA were predicted

correctly as sensitizers by using a combination of tests.

By using an integrated approach, we were able to increase the

predictivity compared with a single assay approach. We were able to

attain more accurate predictivity that was close to the human and

LLNA data. Binary Approach_2 showed the highest accuracy (82.8%)

to LLNA data.

4 | DISCUSSION

The overall predictivity of a single test was higher for human data

than for LLNA. The accuracy of a single test was in the range of

81.0%-86.2% for human data and in the range of 74.1%-77.6% for

LLNA data. We applied an integrated approach using Spectro-DPRA

as the first step for Approach 1-3. Spectro-DPRA represents a molec-

ular initiating event or key event 1 haptenization in the AOP of skin

sensitization similar to standard DPRA (OECD TG 442C). Skin sensiti-

zation is a hapten-specific delayed-type hypersensitivity (Adam et al.,

2011). Therefore, skin sensitizers cannot induce skin sensitization

directly, and the formation of adducts between chemical and endoge-

nous proteins in the skin is essential for the initiation of skin sensitiza-

tion (Dupuis, Benezra, Schlewer, & Stampf, 1980; Landsteiner &

Jacobs, 1935; Patlewicz, Basketter, Smith, Hotchkiss, & Roberts,

2001). In the four integrated approaches, the range of accuracy was

84.4%-91.4% compared with human data and 81.0%-82.8% compared

with LLNA data. All three integrated approaches showed a higher pre-

dictivity to human data. The accuracy of Spectro-DRPA, Kera-

tinoSens™ and h-CLAT was better for human data than for LLNA

data, and the overall accuracy was higher than that of single tests. The

integrated approach resulted in fewer false positive and negative sen-

sitivity predictions. A previous study using the “2 out of 3” prediction

model with data from DPRA, KeratinoSens™ and h-CLAT showed a

similar accuracy to our study, with 90% accuracy for human data and

79% accuracy for LLNA data (our data showed 89.7% and 81.0%

accuracy for human and LLNA data, respectively) (Urbisch et al.,

2015). In a binary combination study with KeratinoSens™ and h-CLAT,

the accuracy was 94.4% for human data and 93.4% for LLNA data,

which was somewhat higher than our results (Otsubo et al., 2017).

Another binary combination study with DPRA and h-CLAT had an

accuracy of 93% (human) and 85% (LLNA) with 93% (human) non-sen-

sitizer predictions being correct (Roberts & Patlewicz, 2018). How-

ever, the above study did not include unsaturated lipid compounds,

which are well known to cause false positives in LLNA and are highly

lipophilic. Thus, one advantage of our integrated approach, particularly

in reference to Binary Approach_1, is that we can evaluate the skin

sensitization potential of cosmetic ingredients with high lipophilicity.

The combination of three assay methods (Spectro-DPRA, Kera-

tinoSens™ and h-CLAT) helped to improve the overall prediction

power compared with the binary approaches that used two test

methods (Spectro-DPRA + KeratinoSens™ or Spectro-DPRA + h-

CLAT) (Tables 5 and 6). Among the three integrated approaches,

Binary Approach_1 (Figure 2.) showed the highest sensitivity, specific-

ity, PPV, NPV and accuracy. This high prediction power seems to be

due to the high predictivity of Spectro-DPRA itself. Spectro-DPRA

could not predict cobalt chloride, ammonium persulfate, geraniol and

nickel chloride as sensitizers; however, by combining with other tests

that have other key events of skin sensitization AOP, we were able to

predict these chemicals as sensitizers correctly. As previously

described, Spectro-DPRA showed high positive predictivity and was

easy to evaluate. If Spectro-DPRA is performed and followed up with

binary testing of KeratinoSens™ and h-CLAT, we can predict skin sen-

sitization hazard for cosmetic ingredients more accurately. However,

this approach also has limitations. This approach cannot estimate all

pre-/pro-haptens accurately. Similarly, to previous studies examining

an integrated approach, as pro-hapten is outside the domain of the

Spectro-DPRA, two negative results could falsely classify a chemical

as a non-sensitizer. However, as most fragrance chemicals used in

TABLE 6 Performance of binary and “2 out of 3” approaches in different data sets for the prediction of to LLNA data

LLNA

Binary Approach_1 Binary Approach_2 Binary Approach_3 2 out of 3

Positive Negative Positive Negative Positive Negative Positive Negative

Sensitizer (38) 29 9 32 6 31 7 28 10

Non-sensitizer (20) 1 19 4 16 4 16 1 19

Sensitivity (%) 76.3 83.8 81.1 73.7

Specificity (%) 95.0 81.0 80.1 95.0

PPV (%) 96.7 88.6 88.2 96.4

NPV (%) 67.9 73.9 70.8 65.5

Accuracy (%) 82.8 82.8 81.0 81.0

LLNA, local lymph node assay; NPP, negative predictive value; PPV, positive predictive value.
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cosmetics have pre-/pro-hapten properties, further research is

needed to improve prediction for these chemicals.

In conclusion, following a binary approach, our method posits that

if at the first stage Spectro-DPRA shows the chemical to be a sensi-

tizer, it is considered a sensitizer. If this first stage shows the chemical

to be a non-sensitizer, we conducted both KeratinoSens™ and h-CLAT

as additional tests. If both KeratinoSens™ and h-CLAT predicted the

chemical as positive, the chemical is confirmed to be a skin sensitizer.

If the chemical is still not predicted to be a sensitizer, it is confirmed

to be a non-sensitizer. Overall, the order of our integrated approach

performed better than individual assays and our combination of

assays was accurate at predicting the sensitization outcome in both

the LLNA and human data. Although further optimization are needed,

the approach in which skin sensitization potential was determined by

the Spectro-DPRA followed by the final determination that using the

result of the KeratinoSens™ and h-CLAT assays could be a reliable

and convenient approach to predict the human outcome.
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