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ARTICLE INFO ABSTRACT

The worldwide restricted use of animal testing makes it challenging to identify the skin sensitizing potentials of
newly manufactured products. The HaCaSens assay has shown promise as an in vitro skin sensitizing assay
comparable to existing assays, and is currently under pre-validation. However, there is little agreement on how
to assess the results of the assay to discriminate sensitizers from non-sensitizers as the stimulation index (SI)
cutoff value was arbitrarily chosen without appropriate statistical methods.

Here, we investigated the SI cutoff values in identifying sensitizers to obtain the optimal value. Sensitivities
and specificities were calculated for a set of 30 test substances, and plotted in receiver operator characteristics
(ROC) curves. The SI cutoff values with the highest sum of sensitivity and specificity according to LLNA data
were 2.2, 1.8 and 3.0 for interleukin 1a (IL-1a), interleukin 6 (IL-6), and the combination of the two cytokines
respectively. Also, the same statistical analysis of human data demonstrated optimal SI cutoff values 2.0, 2.0 and
3.2 for the same respective parameters.

When considering the predictive capacity of each possible SI cutoff value determined by ROC curves, the
optimal value for HaCaSens is 3.0 for the combination of IL-1a and IL-6 as it had the highest sensitivity (90.9%),
specificity (75.0%) and accuracy (86.7%) based on LLNA data. Thus, we recommend the wide use of the SI cutoff
value of 3.0 to ensure consistent endpoints.

Keywords:
HaCaSens

Skin sensitization
Interleukin-la
Interleukin-6
Cutoff

ROC analysis

1. Introduction et al., 2015; Ramirez et al., 2014; Sakaguchi et al., 2006).

The newly developed HaCaSens assay, a skin sensitization test using

Allergic contact dermatitis (ACD), mainly induced by skin sensiti-
zation, is so prevalent that it accounts for 15-20% of skin-related dis-
eases (Diepgen, 2003; Diepgen et al., 2016; McDonald et al., 2006;
Peiser et al., 2012). In this regard, the skin sensitizing potential of
cosmetic ingredients and products must be tested. In the face of the
restriction of animal testing (EU, 2006, 2008a, 2009), there is an urgent
need for the development of cell-based in vitro assays. Hence, a number
of in vitro skin sensitization tests have been recently developed
(Ashikaga et al., 2006; Emter et al., 2010; Gerberick et al., 2004; Piroird
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the human keratinocyte HaCaT cell line, was found to be hold promise
with a high accuracy of 77%, satisfactory transferability, as well as
within-/between-laboratory reproducibility (Chung et al., 2018; Jung
et al., 2016). The endpoint for the assay is extracellular production of
pro-inflammatory cytokines such that the potency of skin sensitizing is
evaluated by a stimulation index (SI) indicating the fold increase in
extracellular production of two pro-inflammatory cytokines, interleukin
la (IL-1a) and interleukin 6 (IL-6), by chemical-treated keratinocytes
(Chung et al., 2018). One of the fundamental issues when interpreting
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and classifying test substances according to results of the assay is de-
fining the SI threshold for distinguishing between sensitizers and non-
sensitizers. Previously, we employed a SI value of 3.0 for a positive
response to HaCaSens, which is used in the traditional Local Lymph
Node Assay (LLNA) (OECD TG 429, 2010), so a chemical that stimulates
a threefold or greater increase in extracellular production of cytokine
IL-1a or IL-6 compared with vehicle treated control is considered a
sensitizer.

However, it is noteworthy that the SI cutoff value of 3.0 in LLNA
(OECD TG 429, 2010) is different from that of its analogous methods
LLNA:DA (1.8) (OECD, TG 442A), LLNA:BrdU-ELISA (1.6) (OECD, TG
442B) and LLNA:BrdU-FCM (2.8) (OECD, TG 442B), indicating that the
optimal cutoff values for different methods are different. The conven-
tional SI cutoff value 3.0 previously used in the HaCaSens assay was not
empirically determined and so a true SI cutoff value remains to be
optimized. Defining the optimal cutoff for HaCaSens by an appropriate
statistical model is important for further validation of the sensitizing
potential of substances.

To establish an optimized prediction model for HaCaSens, two cri-
tical factors should be considered: a SI cutoff value and parameter.
First, we generated unbiased receiver operating characteristic (ROC)
curves previously described (Kim et al., 2016). Potential optimal SI
cutoff values were selected based on their predictive capacities such as
sensitivity and specificity, and their performance were then reevaluated
with all possible SI cutoff values. Second, we assessed the performance
of HaCaSens to produce the optimal parameter (IL-1a and IL-6 alone or
in combination) that maximizes accurate discrimination between sen-
sitizers and non-sensitizers.

Here, we aim to (1) define the optimal SI cutoff value for sensitizer-
induced production of pro-inflammatory cytokines, and (2) determine
the optimal parameter for HaCaSens to classify sensitizers from non-
sensitizers with high sensitivity and specificity.

2. Materials and methods
2.1. Selection of test substances

We preferentially selected the substances used in LLNA or other
OECD test guidelines (DPRA, ARE-Nrf2-luciferase assay, hCLAT) with
concordant results among the previous studies. 30 test substances se-
lected included 22 sensitizers and 8 non-sensitizers and represented a
good distribution of 6 strong, 6 moderate, 2 moderate-weak, 8 weak
sensitizers along with 8 non-sensitizers. The physical state of the sub-
stances was also properly considered (15 liquid and 15 solid sub-
stances). Their detailed information is presented in Table 1. The test
substances used in this study are as follows: 2,4-dinitrochlorobenzene
(DNCB), lactic acid, isopropanol, hexyl cinnamic aldehyde, salicylic
acid, 2-mercaptobenzothiazole, formaldehyde, 4-hydroxybenzoic acid,
citral, chlorobenzene, 4-phenylenediamine, 2,3-butanedione, cobalt
chloride, tetramethylthiuram disulfide, vanillin, benzocaine, nickel
sulfate, glycerol, methyl methacrylate, ethylene glycerol dimethacry-
late and immidazolidinyl urea were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Phenyl benzoate, methyl salicylate, isoeugenol, cin-
namic alcohol, eugenol, benzylideneacetone and 4-aminobenzoic acid
were purchased from TCI (Tokyo Chemical Industry, Tokyo, Japan).
Glutaraldehyde and methylbromo glutaronitrile were purchased from
Alfa Aesar (Ward Hill, MA, USA) and CMI/MI (KathonTM CG Pre-
servative) was from Dow Chemical Group Company (Horgen, Switzer-
land).

2.2. HaCaSens procedure

As shown in Fig. 1, this study was performed according to the
methods of Chung et al. (2018). To determine the appropriate test
concentration of each chemical, lethal concentration causing death in
25% (LC25) was assessed using cell counting kit-8 (CCK-8) (Dojindo,
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Kumamoto, Japan). HaCaT cells were plated at 1.2 x 10° cells/ml (100
ué total volume/well) in a 96-well plate and treated for 24 h with each
chemical using various concentrations (1,000, 500, 100, 10, 1pg/ml) or
vehicle control. Then, 10u¢ of CCK-8 solution was added to each well
and cells were incubated for another 4h at 37°C according to the
manufacturer’s instructions. LC25 was calculated for each chemical
from the O.D. value at 450 nm.

To measure the extracellular production of IL-la and IL-6, cells
were seeded in 24-well plates at a concentration of 1.5 x 10° cells/ml
(500p£ total volume/well). At 24 h post incubation, the culture medium
was removed and cells were treated with 0.01, 0.1, 0.5, and 1 X LC25
concentration of each chemical or vehicle control. After 24h of in-
cubation, extracellular cytokines produced by cells were measured from
supernatants using a Duoset ELISA kit (R&D Systems, Minneapolis, MN,
USA) for IL-6 (DY206, sensitivity: 0.11 pg/ml) and IL-1a (DY200, sen-
sitivity: 1 pg/ml). The protein content of the cell lysates was measured
using the BCA protein assay method (Thermo Scientific, Rockford, IL,
USA). SI values were calculated as follows: SI = cytokine produced in
chemical-treated cells /cytokine produced in vehicle control.

2.3. Applying the results of HaCaSens to a prediction model

Three independent experiments were performed for 30 test sub-
stances for all concentrations (0.01, 0.1, 0.5, and 1 X LC25). The sen-
sitizing potential of each chemical was assessed based on the SI value of
IL-1a and IL-6 at each concentration. The following prediction model
was applied: a test substance was considered a sensitizer if the highest
SI value among all concentrations was greater than or equal to 3.0 in at
least one cytokine. Non-sensitizers produced a SI value under 3.0 in
both cytokines at all concentrations. To assess the predictive capacity of
the assay, the sensitivity, specificity, accuracy, positive predictivity and
negative predictivity were calculated as previously described (Ramirez
et al., 2016).

2.4. Determination of optimal SI cutoff values

The receiver operating characteristic (ROC) curve, which illustrates
sensitivity against false positive rate, has been frequently used to obtain
optimal cutoff values in diagnostic tests. 30 test substances were used to
plot a ROC curve. Of those SI values from diverse concentrations (0.01,
0.1, 0.5, 1 X LC25), those with maximum values were used to obtain the
ROC curve, since the test substance was defined as positive (sensitizer)
if the maximum SI value is greater than the cutoff value, and as nega-
tive (non-sensitizer) otherwise.

3. Results
3.1. Dataset in the HaCaSens

A set of 30 test substances including 22 sensitizers and 8 non-sen-
sitizers was tested to characterize the predictive capacity of HaCaSens.
Table 1 lists the classification of each test substance according to LLNA,
human, and mean values of max SI of three independent HaCaSens
experiments with three parameters: IL-1a, IL-6 and the combination of
the two cytokines. Although, overall, the test substances showed similar
max SI values between IL-1a and IL-6, there were also substances with
10-fold differences between the two cytokines such as methyl metha-
crylate, ethylene glycol dimethracrylate, CMI/MI and benzylide-
neactone. Thus, it may be difficult to test skin sensitizing potential of
test substances with single parameter.

As shown in Fig. 2, the SI values of sensitizers were significantly
higher than non-sensitizers excluding the false positive substances,
methyl salicylate. Furthermore, to investigate if the HaCaSens assay
could predict skin sensitizing potency of test substances, we classified
the 22 sensitizers tested in this study into 3 potency groups (weak,
moderate and strong) based on previous publications (Bauch et al.,
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Table 1
Maximal SI values for 30 test substances.
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No. Substances Chemical information Max SI values (Mean + SD) In vivo prediction
CAS No* Supplier Physical state Purity (%) IL-la IL-6 IL-la or IL-6  LLNA Human data
data”
1 Isopropanol 67-63-0 Sigma-Aldrich Liquid 99.5 2.0 = 0.6 1.9 = 0.9 2.4 = 0.8 - —-/+
2 Hexyl cinnamic aldehyde 101-86-0 Sigma-Aldrich Liquid 85 70.0 = 80.3 14.0 = 129 70.2 = 80.1 + +
3 Salicylic acid 69-72-7 Sigma-Aldrich Solid > 99 1.9 = 0.6 1.4 = 0.6 2.0 £ 0.6 - -
4 2-Mercapto benzothiazole 149-30-4 Sigma-Aldrich Solid 97 9.3 £ 9.9 104 £ 7.0 13.0 = 9.5 + +
5 Formaldehyde 50-00-0 Sigma-Aldrich Liquid 36.5-38 5.5 = 4.0 6.6 = 4.0 8.5 = 3.8 + +
6 4-Hydroxybenzoic acid 99-96-7 Sigma-Aldrich Solid =99 1.3 £ 0.7 1.4 £ 0.5 1.6 * 0.6 - -
7 Citral 5392-40-5 Sigma-Aldrich Liquid 95 114 = 134 2.8 = 2.0 11.5 = 13.3 + +
8 Phenyl benzoate 93-99-2 TCI Solid > 99 9.8 = 10.2 6.3 * 6.8 11.6 = 10.8 + +
9 Chlorobenzene 108-90-7 Sigma-Aldrich Liquid 99.9 2.9 *= 438 1.7 £ 0.7 3.4 £ 47 - -
10  4-Phenylenediamine 106-50-3 Sigma-Aldrich Solid 98 40.8 + 63.3 55 % 5.0 415 £ 629 + +
11  Methyl salicylate 119-36-8 TCI Liquid > 99 21 £ 1.1 84 + 3.6 8.4 + 3.6 - -
12 2,3-Butanedione 431-03-8 Sigma-Aldrich Liquid 97 1.5 = 0.7 1.4 = 0.6 1.5 = 0.7 + n.a.
13 Isoeugenol 97-54-1 TCI Liquid > 97 26 = 1.1 24 = 1.0 3.1 x£1.0 + +
14  Glutaraldehyde 111-30-8 Alfa Aesar Liquid 50 6.7 = 10.5 9.8 = 6.5 135 = 125 + +
15  Cobalt chloride 7646-79-9 Sigma-Aldrich Solid > 98 3.0 =21 21 = 0.8 3319 + +
16  Tetramethylthiuram 137-26-8 Sigma-Aldrich Solid 97 14.2 = 16.1 39 = 25 16.2 = 15.3 + +
disulfide
17  Cinnamic alcohol 104-54-1 TCL Solid > 97 25 = 0.7 6.6 = 0.7 6.6 = 0.7 + +
18  Vanillin 121-33-5 Sigma-Aldrich Solid 99 1.9 £ 0.8 1.5 £ 0.1 2.0 = 0.5 - +
19  Benzocaine 94-09-7 Sigma-Aldrich Solid - 1.0 = 0.1 1.2 £ 0.3 1.2 £ 0.3 + +
20  Nickel sulfate 10101-97-0 Sigma-Aldrich Solid 99 21 = 0.2 51 = 2.0 51 * 2.0 + +
21 Cinnamaldehyde 104-55-2 Sigma-Aldrich Liquid > 95 23.8 = 33.0 23.8 + 33.0 245 x 325 + +
22 Eugenol 97-53-0 TCI Liquid 929 1.7 = 0.6 49 + 1.2 49 = 1.2 + +
23 Glycerol 56-81-5 Sigma-Aldrich Liquid 99 1.2 = 0.8 1.3 £ 0.3 1.7 = 0.4 - -
24  Methyl methacrylate 80-62-6 Sigma-Aldrich Liquid 99 44.0 = 34.0 1.2 £ 0.5 30.3 = 338  +
25  Ethylene glycol 97-90-5 Sigma-Aldrich Liquid 98 49.6 = 18.8 1.2 = 0.1 49.6 + 188 + +
dimethacrylate
26  CMI/MI (Kathon™ CG 26172-55-4/ Dow Chemical Liquid - 29.5 = 25.1 1.3 = 0.4 45.0 = 52.2 + +
Preservative) 2682-20-4 Group Company
27  Methyldibromo 35691-65-7 Alfa Aesar Solid 99 19.8 = 24.5 27 + 1.3 55.5 = 142.0 + +
glutaronitrile
28  Benzylideneacetone 122-57-6 TCL Solid > 98 120.0 = 109.4 2.1 * 0.4 82.3 + 103.4 + n.a.
29  Immidazolidinyl urea 39236-46-9 Sigma-Aldrich Solid - 22.8 = 13.4 8.2 * 6.4 22.8 = 13.4 + +
30  4-Aminobenzoic acid 150-13-0 TCL Solid > 99 23 = 1.7 1.1 = 04 24 1.6 - n.a.

2 CAS No (Chemical Abstracts Service Number).

b Testing results using the LLNA (local lymph node assay) and data taken from OECD, test guideline (TG429). +; sensitizer, -; non-sensitizer.

* presumed to be a sensitizer in OECD, TG429, a non-sensitizer based on literature from Bauch C et al.,2011 and Ramirez T., 2016 and classified into human class
5, a weak sensitizer based on the literature from Basketter et al., 2014 and Cottrez et al.,2016.

** classified into human class 5 based on the literature from Basketter et al., 2014 and Cottrez et al., 2016.

2011; Natsch et al., 2013; Nukada et al., 2013; Tsujita-Inoue et al.,
2014). When comparing the max SI value of each sensitizer according
to sensitizing potency, we found that the sensitizers with higher sen-
sitizing potency exhibit the higher SI values, suggesting a positive
correlation between the potency and SI values, although not significant
(Table S1).

3.2. Identification of optimal SI cutoff values by ROC analysis

To find an optimal SI cutoff value for the discrimination of sensiti-
zers from non-sensitizers by HaCaSens, we plotted ROC curves using the
data of the set of 30 substances. Based on ROC analysis, the area under
the ROC curves (AUCs) for this assay were 0.799 (95% CI 0.757-0.96),
0.707 (95% CI 0.652-0.763) and 0.806 (95% CI 0.763-0.850) and the
optimal SI cutoff values were also plotted on the curve (Fig. 3). For
single parameters IL-1a and IL-6, the optimal SI cutoff values yielding
maximal sensitivity plus specificity of over 70% were 2.2 and 1.8 re-
spectively. For the combination of IL-1a and IL-6, the optimal SI cutoff
value was 3.2 with superior sensitivity (78.1%) and specificity (78.6%)
for predicting skin sensitization compared to other parameters but with
no significant increase in AUC.

Considering the discrepancy of sensitizing potential between LLNA
and human data, we also defined the optimal SI cutoff values based on
human data using the same approach. Using the same data from 26 of
the test substances excluding not applicable substances
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(benzylideneacetone, 2,3-butanedione, 4-aminobenzoic acid) and
equivocally predicted chemical (isopropanol), the AUCs for this assay
were 0.811 (95% CI 0.766-0.857), 0.658 (95% CI 0.591-0.724) and
0.784 (95% CI 0.32-0.836) and optimal SI cutoff values were 2.0, 2.0,
3.2 of IL-1a, IL-6 and the combination of the two cytokines respectively
(Fig. 4). These optimal SI cutoff values for each parameter were similar
to those based on LLNA data. The overall statistical analysis results
including AUC showed no significant differences as well.

3.3. Validation of the SI cutoff values

We selected the ROC-analysis based optimal SI cutoff values 1.8,
2.0, 2.2, 3.0 and 3.2 and applied them to 30 test substances to classify
them as sensitizers (+) or non-sensitizer (—) to further confirm these
acquired cutoff values. As shown in Table 2, we classified the test
substances following the prediction model same as above: if the highest
SI value between IL-1a and IL-6 was greater than or equal to SI cutoff
values, the substance was considered a sensitizer (Chung et al., 2018).

Next, we calculated the sensitivity, specificity and accuracy with
each SI cutoff value to determine the optimal SI value for prediction
(Table 3 and 4). All SI cutoff values showed the same sensitivity of
90.9%, except SI cutoff value 3.2 which resulted in a lower sensitivity of
86.3%. There was a greater variation in specificity: 25.0, 25.0, 50.0,
75.0 and 75.0% for SI cutoff value 1.8, 2.0, 2.2, 3.0 and 3.2 respec-
tively. For accuracy, HaCaSens produced 73.3, 73.3, 80.0, 86.7 and
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Fig. 2. Max SI values of 30 test substances with 22 sensitizers and 8 non-sensitizer. (a) IL-1a, (b) IL-6, (c) IL-1a or IL-6 and (d) overall predictive capacity of the

HaCaSens with a conventional cutoff SI 3.0.
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Fig. 3. ROC curves for maximum stimulation index (max SI) to discriminate sensitizers from non-sensitizers with pro-inflammatory cytokine IL-1a (a), IL-6 (b) and
combination of two cytokines (IL-1a or IL-6) (c) for 30 test substances based on LLNA data, cutoff SI yielding the maximal sensitivity plus specificity for predicting

skin sensitizing potential of the test substances.

83.3% identification of sensitizers for each respective SI cutoff value
(Table 3). When compared with human data, sensitivity was 95.2, 95.2,
90.5, 90.5, 85.7% and specificity was 40.0, 40.0, 60.0, 60.0, 60.0% for
SI cutoff value 1.8, 2.0, 2.2, 3.0 and 3.2 respectively (Table 4). Al-
though the variation of the sensitivity and specificity among the SI
cutoff values was more significant than that of LLNA data, all SI cutoff
values had the accuracy of 84.6%. Compared with human classification,
HaCaSens repeatedly showed the lowest predictivity with SI cutoff
value 3.2 in terms of sensitivity and accuracy.

3.4. Determination of the optimal parameter
Comparing the five possible SI cutoff values in terms of sensitivity,

specificity and accuracy, we propose the SI cutoff value 3.0 as the op-
timized cutoff for HaCaSens. With this SI cutoff value 3.0, HaCaSens

demonstrated the highest accuracy based on both LLNA (86.7%) and
human data (84.6%) (Tables 3 and 4). Actually the SI cutoff value 3.0
outperformed any other value in identifying sensitizers in all aspects of
predictive capacity including positive predictive value (90.9%) and
negative predictive value (75.0%) based on LLNA. With respect to
human data, the cutoff value 3.0 acquired the highest specificity
(60.0%), positive predictive value (90.5%) and accuracy (84.6%) de-
spite slightly lower sensitivity and negative predictive value. Although
the sensitivity of SI cutoff values 1.8 and 2.0 was 95.2%, which is
slightly higher than that of cutoff value 3.0 (90.5%), the specificity of
cutoff values 1.8 and 2.0 (40.0%) was far lower than 3.0 (60.0%).

We further investigated the optimal parameters for SI cutoff value
3.0. HaCaSens uses the pro-inflammatory cytokines IL-la and IL-6
produced by keratinocytes as parameters for discriminating sensitizers
from non-sensitizers. With the same set of test substances, we compared
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Fig. 4. ROC curves for maximum stimulation index (max SI) to discriminate sensitizers from non-sensitizers with pro-inflammatory cytokine IL-1a (a), IL-6 (b) and
combination of two cytokines (IL-1a or IL-6) (c) for 26 test substances based on human data, cutoff SI yielding the maximal sensitivity plus specificity for predicting
skin sensitizing potential of the test substances.
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Table 2

Decision based on conventional SI cutoff value 3.0 and SI cutoff values 1.8, 2.0, 2.2 and 3.2.
No. Substances LLNA data Human data HaCaSens

Group Max SI Cutoff 1.8 Cutoff 2.0 Cutoff 2.2 Cutoff 3.0 Cutoff 3.2

1 Isopropanol - —/+* 0.1x 24 + 0.8 + + + - -
2 Hexyl cinnamic aldehyde + + 1x 70.2 = 80.1 + + + + +
3 Salicylic acid - - 1x 2.0 = 0.6 + + - - -
4 2-Mercapto benzothiazole + + 1x 13.0 £ 9.5 + + + + +
5 Formaldehyde + + 1x 8.5 + 3.8 + + + + +
6 4-Hydroxybenzoic acid - - 1x 1.6 = 0.6 - - - -
7 Citral + + 1x 11.5 * 13.3 + + + + +
8 Phenyl benzoate + + 1x 11.6 = 10.8 + + + + +
9 Chlorobenzene - - 1x 3.4 = 47 + + + + +
10 4-Phenylenediamine + + 0.5x 41.5 = 62.9 + + + + +
11 Methyl salicylate - - 1x 8.4 + 3.6 + + + + +
12 2,3-Butanedione + n.a. 1x 1.5 = 0.7 - - - - -
13 Isoeugenol + + 1X 3.1 = 1.0 + + + + -
14 Glutaraldehyde + + 1x 13.5 + 125 + + + + +
15 Cobalt chloride + + 1x 33 1.9 + + + + +
16 Tetramethylthiuram disulfide + + 1x 16.2 = 15.3 + + + + +
17 Cinnamic alcohol + + 1x 6.6 = 0.7 + + + + +
18 Vanillin - + 1x 2.0 £ 0.5 + + - - -
19 Benzocaine + + 1x 1.2 + 0.3 - - - - -
20 Nickel sulfate + + 1x 5.1 * 2.0 + + + + +
21 Cinnamaldehyde + + 1x 24.5 = 325 + + + + +
22 Eugenol + + 1x 49 = 1.2 + + + + +
23 Glycerol - - 0.01x 1.7 * 0.4 - - - - -
24 Methyl methacrylate + + 0.5x 30.3 = 33.8 + + + + +
25 Ethylene glycol dimethacrylate + + 0.5x 49.6 = 18.8 + + + + +
26 CMI/MI (KathonTM CG Preservative) + + 1x 45.0 = 52.2 + + + + +
27 Methyldibromo glutaronitrile + + 1x 55.5 = 142.0 + + + + +
28 Benzylideneacetone + n.a. 0.5x 82.3 = 103.4 + + + + +
29 Immidazolidinyl urea + + 0.5x 22.8 = 134 + + + + +
30 4-Aminobenzoic acid - n.a. 0.01x 24 + 1.6 + + + - -

Table 3 Table 5

Predictive capacity of the HaCaSens for 30 test substances with possible SI
cutoff values based on LLNA data.

Predictive capacity of the HaCaSens for 30 test substances using possible
parameters based on LLNA and human data respectively.

HaCaSens
Cutoff 1.8  Cutoff 2.0 Cutoff 2.2  Cutoff 3.0  Cutoff 3.2
Total number (N) 30 30 30 30 30
Sensitivity (%) 90.9% 90.9% 90.9% 90.9% 86.3%
Specificity (%) 25.0% 25.0% 50.0% 75.0% 75.0%
Positive predictive  76.9% 76.9% 83.3% 90.9% 90.5%
value (%)
Negative predictive  50.0% 50.0% 66.7% 75.0% 66.7%
value (%)
Accuracy (%) 73.3% 73.3% 80.0% 86.7% 83.3%

Table 4
Predictive capacity of the HaCaSens for 30 test substances with possible SI
cutoff values based on human data.

HaCaSens
Cutoff 1.8  Cutoff 2.0 Cutoff 2.2  Cutoff 3.0  Cutoff 3.2
Total number (N) 26 26 26 26 26
Sensitivity (%) 95.2% 95.2% 90.5% 90.5% 85.7%
Specificity (%) 40.0% 40.0% 60.0% 60.0% 60.0%
Positive predictive ~ 87.0% 87.0% 90.5% 90.5% 90.0%
value (%)
Negative predictive  66.7% 66.7% 60.0% 60.0% 50.0%
value (%)
Accuracy (%) 84.6% 84.6% 84.6% 84.6% 80.8%

its predictive capacity according to all possible parameters, single re-
spective parameters IL-1a, IL-6 and the combination of the two cyto-
kines to identify the optimal parameter with maximal predictive ca-
pacity (Table 5). HaCaSens produced 72.7% sensitivity, 100.0%
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HaCaSens LLNA data Human data
with Cutoff 3.0
IL-1a IL-6 IL-laorIL- IL-1la IL-6 IL-1a or IL-
6 6
Total number 30 30 30 26 26 26
N)
Sensitivity (%) 72.7%  54.5% 90.9% 71.4%  71.4% 90.5%
Specificity (%) 100.0% 87.5% 75.0% 100.0% 80.0% 60.0%
Accuracy (%) 80.0%  63.3% 86.7% 76.9%  73.1% 84.6%

specificity and 80.0% accuracy for IL-la, 54.5% sensitivity, 87.5%
specificity and 63.3% accuracy for IL-6 and 90.9% sensitivity, 75.0%
specificity and 86.7% accuracy for the combination based on LLNA
classification. The same analysis with human classification also showed
the highest predictive capacity for the combination of the two cytokines
IL-1a and IL-6 (90.5% sensitivity, 60.0% specificity and 84.6% accu-
racy).

Next, we compared predictive capacity of the HaCaSens with that of
KeratinoSens™, DPRA or hCLAT with the goal of assessing any ad-
vantages over the currently accepted OECD TG guidelines (Table 6). To
this end, two criteria were used for the same set of 30 test substances; 1)
test substances not applicable should be excluded, 2) In case of test
substances with equivocal results among studies, they are considered as
false prediction, so that we could thoroughly compare the predictive
capacity with high reproducibility. Based on these criteria, the HaCa-
Sens was shown to have better sensitivity of 90.9% and lower specifi-
city of 75.0% compared to KeratinoSens™ (81.0% and 100%) and DPRA
(66.7% and 85.7%) while the hCLAT acquired similar predictive ca-
pacity (90.5% and 75.0%) with 29 test substances without benzocaine
(not applicable). With respect to accuracy, HaCaSens (86.7%),
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Table 6
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Comparison of predictive capacity among HaCaSens, KeratinoSensTM, DPRA and hCLAT (+: positive/sensitizer prediction; —: negative/non-sensitizer prediction;

+/—: equivocal prediction; n.a.: not applicable).

No. Substances LLNA HaCaSens KeratinoSens™" DPRA” hCLAT®
1 Isopropanol - - - - -

2 Hexyl cinnamic aldehyde + + + - +/—
3 Salicylic acid - - - - +

4 2-Mercapto benzothiazole + + + + +

5 Formaldehyde + + + + +

6 4-Hydroxybenzoic acid - - - - -

7 Citral + + + +

8 Phenyl benzoate + + - +/— +

9 Chlorobenzene - + - - +

10 4-Phenylenediamine + + + + +

11 Methyl salicylate - + - - -

12 2,3-Butanedione + - + + +

13 Isoeugenol + + + + -

14 Glutaraldehyde + + + + +

15 Cobalt chloride + + + n.a. +

16 Tetramethylthiuram disulfide + + + + +

17 Cinnamic alcohol + + + +/— +

18 Vanillin - - - +/— -

19 Benzocaine + - n.a. - n.a.
20 Nickel sulfate + + + - +

21 Cinnamaldehyde + + + + +

22 Eugenol + + +/= + +

23 Glycerol - - - -

24 Methyl methacrylate + + = +/- +

25 Ethylene glycol dimethacrylate + + + + +

26 CMI/MI (KathonTM CG Preservative) + + + + +

27 Methyldibromo glutaronitrile + + + + +

28 Benzylideneacetone + + + + +

29 Immidazolidinyl urea + + +/— +/— +

30 4-Aminobenzoic acid - - n.a n.a. -
Total number 30 28 28 29
Sensitivity (%) 90.9 (20/22) 81.0 (17/21) 66.7 (14/21) 90.5 (19/21)
Specificity (%) 75.0 (6/8) 100.0 (7/7) 85.7 (6/7) 75.0 (6/8)

Accuracy (%)

86.7 (26/30)

85.7 (24/28) 71.4 (20/28) 86.2 (25/29)

2 Literature data from Natsch (2010); Ashikaga et al., (2010); Bauch et al., (2011); Nukada et al., (2013); Natsch et al., (2013); Ramirez et al., (2014); Tsujita-Inoue

et al., (2014) and Reisinger et al. (2015).

b Titerature data from Natsch (2010); Bauch et al., (2011), Cho et al. (2013), Nukada et al., (2013); Natsch et al., (2013) and Reisinger et al. (2015).
¢ Literature data from Natsch (2010); Ashikaga et al., (2010); Bauch et al., (2011), Cho et al. (2013), Nukada et al., (2013); Natsch et al., (2013); Tsujita-Inoue

et al., (2014), and Reisinger et al. (2015).

KeratinoSens™ (85.7%), and hCLAT (86.2%) had similar results except
DPRA (71.4%). The satisfactory predictive capacity of the HaCaSens
shows great promise as an in vitro assay comparable with other assays.

4. Discussion

The present study, which was based on statistical ROC-analysis,
examined various SI cutoff values and parameters to find the optimal
prediction model for HaCaSens that would maximize predictive capa-
city (sensitivity, specificity and accuracy). The production of pro-in-
flammatory cytokines IL-1a and IL-6 in keratinocytes, the endpoint of
the HaCaSens assay, was shown to discriminate sensitizers from non-
sensitizers.

The fact that the assay uses a non-genetically transformed cell line
similar to normal keratinocytes and does not target a specific signaling
pathway such as keap-1/nrf-2 to identify sensitizers also enhances ac-
curacy over existing similar assays (Chung et al., 2018; Jung et al.,
2016). However, the arbitrary selection of the SI cutoff value 3.0 for
positive prediction in HaCaSens following LLNA has been debated as it
was selected without statistical consideration. Given the advantages
and high predictive capacity of HaCaSens, it should undergo further
validation to support its candidacy as a new OECD test guideline. De-
fining the optimal cutoff and parameters for the greatest predictive
capacity should be determined based on established statistical models
prior to further validation study.

We investigated the optimal SI cutoff values for identifying
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sensitizers using HaCaSens and a set of 30 test substances. ROC curves
plotted with the data showed several possible SI cutoff values with
three respective parameters: IL-1a, IL-6 and the combination of IL-1a
and IL-6 (Fig. 3). The SI cutoff values for IL-1a (2.2) and IL-6 (1.8) were
similar and lower than the SI cutoff value for the combination (3.2)
which could be due to the fact the highest SI values between the two
cytokines were additive in the combination parameter. When con-
sidering predictive capacity such as sensitivity and specificity, the
combination of the two cytokines significantly outperformed the in-
dividual parameters with the SI cutoff value 3.0. Of note, the SI cutoff
value 3.0 prediction model with the highest sensitivity and specificity
was also used in a previous study using HaCaSens (Chung et al., 2018).

Some substances show different skin sensitizing abilities in human
compared to LLNA, so there may be different optimal SI cutoff values in
human classifications data. In particular, applying the same analysis
with human data is meaningful since HaCaSens uses HaCaT cells,
human keratinocytes. The optimal SI cutoff values as well as the overall
statistical analysis results were almost same for LLNA and human data
(Fig. 4). The combination of the two cytokines with SI cutoff value 3.2
showed the highest predictive capacity with 76.1% sensitivity and
75.6% specificity. Among the 26 test substances following exclusion of
equivocal substances, vanillin, a non-sensitizer according to LLNA data,
has been reported to have very low skin sensitization ability in humans
(Basketter et al., 2014, 2001; Cottrez et al., 2016). As shown in Table 1,
the mean SI value of vanillin is below the cutoff to incorrectly cate-
gorize it as a non-sensitizer compared to human data, which is why the
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predictive capacity based on human had lower sensitivity and specifi-
city than LLNA.

Next, we identified five possible SI cutoff values 1.8, 2.0, 2.2, 3.0
and 3.2 by ROC analysis and validated these values by evaluating their
predictive capacities of HaCaSens with same set of test substances as in
the LLNA and human data (Table 2). We found that relatively lower SI
cutoff (1.8 and 2.0) had lower specificity and negative predictive value,
mainly because of the lower threshold for positive prediction, but there
was no significant difference among all SI cutoff values in terms of
sensitivity and positive predictive value. Also, the cutoff 3.0 produced
the highest accuracy of 86.7% based on LLNA data, but all except cutoff
3.2 (80.8%) had the same 84.6% accuracy based on human data (Tables
3 and 4). Taken together, we propose 3.0 as the optimal SI cutoff value
for the identification of sensitizers as it yielded the maximal sensitivity
plus accuracy, 90.9%, 86.7% and 90.5%, 84.7% based on LLNA and
human data respectively.

HaCaSens parameters were also further evaluated with ROC-ana-
lysis using the optimal SI cutoff value 3.0. Among the cytokines se-
creted by the keratinocytes, the pro-inflammatory cytokines IL-1a and
IL-6 increased upon exposure to sensitizers. Thus the production of
these two cytokines corresponded to in vivo classification data from
LLNA (Jung et al., 2016). When we consider the importance and indeed
necessity of optimizing the assay to make it simple to perform and to
ensure higher predictive capacity as well as intra/inter-laboratory re-
producibility, it is vital to thoroughly investigate whether single cyto-
kine or the combination of IL-1a and IL-6, is sufficient to discriminate
sensitizers from non-sensitizers. Herein, we compared the predictive
capacity of the assay applying all possible parameters, IL-1a, IL-6 and
the combination of the two cytokines with the same set of test sub-
stances. Consistent with the previous results, use of the two cytokines as
a parameter led to the highest accuracy 86.7% and 84.6% based on
LLNA and human classification, respectively, with corresponding sen-
sitivities 90.9% and 90.5% (Table 5). Considering that HaCaSens is
used to initially screen test substances for skin sensitization, identifying
a cutoff value with high sensitivity as well as accuracy is a high priority.
Thus, the combination of the two cytokines is suggested to be the ap-
propriate parameter despite having the lowest specificity (75.0% and
60.0%) among the parameters. Using two cytokines as a final para-
meter, it is also possible to implement sequential testing strategy (STS)
developed by Kao for prediction of the skin sensitizing potential
(Kleinstreuer et al., 2018; Nukada et al., 2013; Takenouchi et al., 2015).
When the STS approach is applied to the HaCaSens, chemicals being
positive at first cytokine (SI = 3.0) are classified as having sensitizing
potential with no need to be further tested with another cytokine. If the
chemical is negative at first cytokine, then analysis of another cytokine
should be performed as a second. This STS-based prediction model is
expected to enable the sophistication of the HaCaSens assay in terms of
reduced cost as well as labor force.

In conclusion, the present study is the first to use statistical methods
to define a SI cutoff value for HaCaSens. We used unbiased ROC curves
to evaluate the performance of HaCaSens and showed that SI cutoff
value 3.0 with parameter of the combination of IL-1a and IL-6 had the
highest accuracy 86.7% with 90.9% sensitivity and 75.0% specificity
compared with other ROC-analysis-based SI cutoff values. Thus the
results found in this study confirm the SI value 3.0 as the optimal cutoff
for HaCaSens to discriminate sensitizers from non-sensitizers and vali-
dated this value with a set of 30 test substances. Given the unmet
clinical need for risk assessment, the application of the HaCaSens with
this optimized prediction model paves the way for successful identifi-
cation of sensitizing potential. Further studies must be performed to
validate this SI cutoff value and parameter with additional test sub-
stances.
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Supplementary Table 1. Comparison of S| cutoff values of the HaCaSens according to sensitizing

potency
Invivo Max Sl values
No Substances potency Reference HaCaSens (Mean+SD)
Non-sensitizer OECD TG 429 (2010),
1 Isopropanol (8 substances) TG 442D (2015), - 2.4+0.8
TG 442E (2016)
2  Chlorobenzene OECD TG 429 (2010) + 3.4+4.7
T OECD TG 429 (2010), i
3 Sdicylicacid TG 442D (2015) 2.0+0.6

) . Nukada. et d. (2012) i
4  4-Hydroxybenzoic acid Tujita-noue K. et al. (2014) 1.6+0.6

5 Methyl sdlicylate OECD TG 429 (2010) + 8.4+3.6

) . Nukada. et a. (2012) i
6 4-Hydroxybenzoic acid Tujita-noue K. et al. (2014) 1.6+0.6

- NukadaY. et d. (2012)
7 Vanillin Tujitalnoue K. etal. (2014) 20£0.5

OECD TG 442D (2015), i
8 Glyceral TG 442E (2016), 1.7+04

Weak
i : Natsch A. et al.(2009) i
9 2,3-Butanedione (8 substances) Nukada. et al. (2012) 1.5+0.7

OECD TG 429 (2010),

TG 442D (2015) * 6.6+0.7

10 Cinnamic alcohol

) Arkusz J. et a.(2010) i
11 Benzocaine Cho S. et al.(2013) 1.2+0.3

12 Methyl methacrylate OECD TG 429 (2010) . 30.3+33.8
Ethylene glycol OECD TG 429 (2010),

13 dimethacrylate TG 442D (2015) ¥ 496:188
OECD TG 429 (2010),

14 Imidazolidinyl urea + 22.8+134

TG 442E (2016)

15 Phenyl benzoate OECD TG 429 (2010) + 11.6+10.8



16 Eugenol OECD TG 429 (2010) 4.9+1.2
17 Heyl cinnamic (“gﬁfaer(\clgk OECD TG 429 (2010) 70.2480.1

adehyde S
18 Citral OECD TG 429 (2010) 11.5+13.3

. Moderate .

Tetramethylthiuram Ashikagaet a., 2010
1B Gisulfide (6substances)  \yechA. et al (2013) 16.2£15.3
20 Nickel sulfate OECD TG 442E (2016) 5.1+2.0

. NatschA. et al.(2013)
21 Cinnamaldehyde Ramirez T. et . (2014) 245+32.5
22 Benzylideneacetone OECD TG 442C (2015) 82.3+103.4
23 Isoeugenol OECD TG 429 (2010) 3.1+1.0
] OECD TG 429 (2010),
24 ZMEGO TG 442D (2015), 13.0+95
TG 442E (2016),
Strong
25 Formaldehyde (6 substances) OECD TG 442C (2015), 8.5+3.8
- OECD TG 429 (2010),
26  4-Phenylenediamine TG 442E (2016) 41.5+62.9
Basketter D. et . (2008)

27 Glutaradehyde Natsch A. et al.(2013) 13.5+125
28 Cobalt chloride OECD TG 429 (2010) 3.3+1.9

Methyldibromo
29 Juaronitile OECD TG 442D (2015) 55.5£142.0
3 CMIUMI - (KathonTM OECD TG 429 (2010) 45.0452.2

CG Preservative)
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