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Abstract
False-negative judgment due to poor chemical solubility is a problem with in vitro skin sensitisation tests. Water-insoluble 
chemicals are typically dissolved in DMSO in most sensitisation tests but precipitate when diluted with medium beyond 
their solubility in water. Such tests lack procedures to rule out false-negative judgments due to poor solubility. The IL-8 
Luc assay (OECD442E) is unique in that if chemicals do not dissolve at 20 mg/mL in medium and have no effect on IL-8 
luciferase activity (IL8LA), they are classified as indeterminate. The purpose of the present study was to reduce the number 
of indeterminate chemicals and improve assay performance. The IL-8 Luc assay can simultaneously examine glyceraldehyde 
3-phosphate dehydrogenase luciferase activity (GAPLA) and IL8LA, and thus we examined the correlation between the 
reduction of GAPLA (defined as Inh-GAPLA) and the reduction of propidium iodide (PI)-excluding cells for three sensitizers 
and three non-sensitizers. We observed a significant correlation between luciferase activity driven by the GAPDH promoter 
of THP-G8 cells and the number of viable cells. Furthermore, chemicals providing an Inh-GAPLA value below 0.8 always 
reduced the ratio of PI-excluding cells to less than 0.6. Using the modified criteria, indeterminate chemicals are judged as 
negative if they provide Inh-GAPLA values below 0.8. This modification reduced the number of indeterminate chemicals 
and increased specificity, highlighting the unique advantage of the IL-8 Luc assay.
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Introduction

There are three reasons for false-negative judgments in 
in vitro skin sensitisation tests (IVSSTs). Reason 1 is that 
chemicals classified as prohaptens must be metabolized to 
acquire biological activity as sensitizers. Reason 2 is that 
sensitisation may be induced by a unique biological pro-
cess different from that described in the adverse outcome 
pathway (AOP) for skin sensitisation, as may be the case 
with urushiol (Kim et al. 2016). Reason 3 is perhaps the 

most critical: sensitizers dissolve poorly in culture medium, 
resulting in concentrations too low to stimulate the target 
cells.

Most IVSSTs use DMSO to dissolve chemicals, but the 
chemicals often precipitate when diluted with medium to 
beyond their solubility in water. These precipitates are gen-
erally ignored in IVSSTs because the precipitates form in 
the small wells of multiple-well plates. This leads to two 
potential problems: reducing the performance of the assays 
(reason 3) and resulting in an unknown concentration of the 
chemical in each well.

Takenouchi et al. (2013) reported that the sensitivity 
and predictivity of the human Cell Line Activation Test 
(h-CLAT) for lipophilic chemicals with log octanol/water 
partition coefficients (logKow) > 3.5 was significantly inferior 
to that for those with logKow < 3.5, suggesting that h-CLAT 
is not suitable for examining the sensitizing potential of 
chemicals with logKow > 3.5. Other IVSSTs may have similar 
issues, and thus there is an urgent need to design an IVSST 
that can detect sensitizers with logKow > 3.5 with high 
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sensitivity. Furthermore, most IVSSTs have no procedure 
for recognizing a false-negative judgment due to reason 3,

In contrast, the IL-8 Luc assay (OECD442E) avoid 
judgment if chemicals are not dissolved at 20 mg/ml of 
X-VOVO™ 15 and have no effects on the IL-8 luciferase 
activity (IL8LA). These chemicals are classified as inde-
terminate (Kimura et al. 2018; OECD 2018). Although 
the elimination of insoluble chemicals from judgment is 
an advantage of the IL-8 Luc assay over other IVSSTs, the 
assay cannot evaluate a substantial number of chemicals, 
which is a major drawback compared to other IVSSTs. Alter-
ing the IL-8 Luc assay to reduce the number of indetermi-
nate chemicals is, therefore, an urgent matter.

Fortunately, the IL-8 Luc assay uniquely uses the dual 
reporter cell line THP-G8, which can evaluate the effects 
of chemicals on both IL-8 and glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) promoter activities (Kimura 
et  al. 2015; Takahashi et  al. 2011). GAPDH mRNA is 
ubiquitously expressed at moderately abundant levels. It 
is frequently used as an endogenous control for quantita-
tive real-time polymerase chain reaction because, in some 
experimental systems, its expression is constant at differ-
ent times and after experimental manipulation (Edwards 
and Denhardt 1985; Mori et al. 2008; Winer et al. 1999). 
Although there are several reports suggesting that its use as 
an internal standard is inappropriate in some cases (Oliveira 
et al. 1999; Thellin et al. 1999), in general, within-tissue var-
iation of GAPDH mRNA expression levels is small whereas 
between-tissue variation can be substantial, depending on 
tissue type (Barber et al. 2005). Therefore, we introduced 
the GAPDH reporter gene into THP-G8 cells.

We previously reported that luciferase activity driven by 
the GAPDH promoter (GAPLA) of THP-G8 cells shows 
good correlation with the number of viable cells (Takahashi 
et al. 2011) and that the parameter Inh-GAPLA, defined as 
the ratio of GAPLA of THP-G8 treated with chemicals 
divided by the GAPLA levels of untreated cells after 16 h of 
chemical treatment, can be used as a marker of cell viability 
(Kimura et al. 2015; Takahashi et al. 2011). However, there 
is a discrepancy between Inh-GAPLA and the percent of 
propidium iodide (PI)-excluding cells as examined by flow 
cytometry: THP-G8 cells with an Inh-GAPLA value of at 
least ≥ 0.05 after 16 h of chemical treatment still contained 
more than 75% of PI-excluding cells (Kimura et al. 2015; 
Takahashi et al. 2011).

In this study, we examined more precisely the correlation 
between Inh-GAPLA and the number of PI-excluding cells 
for three representative sensitizers and non-sensitizers. We 
found a significant correlation between Inh-GAPLA and the 
reduction of PI-excluding cells, with strengthened correla-
tion depending on the culture period. Moreover, chemicals 
providing Inh-GAPLA below 0.8 after 16 h of chemical 
treatment always reduced PI-excluding cells to less than 0.6 

after 48 h, indicating that this is a maker of the cytotoxicity 
of chemicals and reflects that chemicals are dissolved in the 
culture medium. We, therefore, modified the criteria for the 
IL-8 Luc test using the values of Inh-GAPLA, examined the 
performance of the assay, and further explored the possibil-
ity of improving its performance by the combination with 
another non-animal skin sensitisation test, direct peptide 
reactivity assay (DPRA).

Materials and methods

Cells and culture

We established the THP-G8 reporter cell line, derived from 
THP-1 human acute monocytic leukemia cells express-
ing the genes for SLO regulated by the IL-8 promoter and 
SLR regulated by the GAPDH promoter (Takahashi et al. 
2011; Kimura et al. 2015). THP-G8 cells were maintained 
in RPMI-1640 medium (Gibco, Carlsbad, CA) containing 
10% fetal bovine serum (Biological Industries, Kibbutz Beit 
Haemek, Israel), antibiotic and antimycotic agents (Gibco), 
0.15 μg/mL puromycin (InvivoGen, San Diego, CA), and 
300 μg/mL G418 (Nacalai Tesque, Kyoto, Japan). Cells were 
cultured at 37 °C with 5% CO2. For testing, THP-G8 cells 
were plated into a 96-well flat-bottom black plate (Greiner 
Bio-one, Frickenhausen, Germany) at 5 × 104 cells/50 μL/
well.

Different protocols for the IL‑8 Luc assay

Using THP-G8 cells, we developed the IL-8 Luc assay to 
detect skin sensitizing chemicals in vitro and modified the 
protocol of the assay during the course of development. We 
first published the IL-8 Luc assay using DMSO as a solvent 
(Takahashi et al. 2011), changed the solvent to X-VIVO™ 
15 (Kimura et al. 2015), and finally modified the criteria to 
determine sensitizers taking the solubilities of the chemicals 
into consideration (Kimura et al. 2018; OECD 2018). In this 
study, to aid our understanding of the effects of these modi-
fications, we designated the IL-8 Luc assay using DMSO as 
a solvent as the D-IL-8 Luc assay, that using X-VIVO™ 15 
as the X-IL-8 Luc assay, the X-IL-8 Luc assay together with 
taking into consideration the solubilities of the chemicals as 
the tgIL-8 Luc assay (an OECD 442E test guideline), and 
the X-IL-8 Luc assay using modified criteria as the moIL-8 
Luc assay.

The precise procedures for the different IL-8 Luc assays 
were described in our previous publications (Kimura et al. 
2015, 2018; OECD 2018; Takahashi et al. 2011) and their 
differences are summarized in Table 1.
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Luciferase gene reporter assay

The activity of SLO driven by the IL-8 promoter (IL-8 
luciferase activity: IL8LA) and that of SLR driven by the 
GAPDH promoter (GAPDH luciferase activity: GAPLA) in 
THP-G8 cells can be measured simultaneously and quanti-
tatively using optical filters (Nakajima et al. 2005; Nogu-
chi et al. 2008). In this study, luciferase activity was deter-
mined using a microplate-type luminometer with a Phelios 
multi-color detection system (Atto Co., Tokyo, Japan) and 
Tripluc® luciferase assay reagent (Toyobo Co., Ltd., Osaka, 
Japan), according to the manufacturer’s instructions.

Some chemicals affected cell viability and thus we 
defined the parameter nIL8LA to represent IL-8 promoter 
activity. This parameter is calculated by normalizing IL8LA 
divided by GAPLA. We also calculated Inh-GAPLA by 
dividing the GAPLA of THP-G8 cells treated with chemi-
cals by that of non-treated cells. Ind-IL8LA was calculated 
by dividing the nIL8LA of THP-G8 cells treated with chemi-
cals by that of non-stimulated cells. The parameters used in 
the moIL-8 Luc assay are defined in Table 2.

PI‑excluding cells

Cell viability was determined by a propidium iodide (PI) 
exclusion assay using flow cytometry. THP-G8 cells after 
16 h, 24 h, and 48 h of chemical treatment were mixed with 
30 μg/mL of PI (Sigma), then dead cells permeable to PI 
were counted using a fluorescence-activated cell sorter 
(C6 flow cytometer, Accuri Cytometers Inc., Ann Arbor, 
MI). Since THP-G8 cells without chemical treatment also 
decreased PI-excluding cells, depending on the culture 
period, we defined the ratio of PI-excluding cells as: the 
reduction of PI-excluding cells (PI reduction) = % of PI-
excluding cells among THP-G8 cells treated with chemi-
cals / % of PI-excluding cells among THP-G8 cells without 
chemical treatment.

Correlation between Inh‑GAPLA and PI‑excluding 
cells

To examine the correlation between Inh-GAPLA and PI-
excluding cells in different time periods after chemical treat-
ment, we first conducted the tg-IL-8 Luc assay for 2,4-dini-
trochlorobenzene (DNCB), 4-nitrobenzyl bromide (4-NBB), 
diethyl maleate, and limonene, and 2 non-sensitisers, sodium 
lauryl sulfate (SLS) and streptomycin sulfate. The precise 
procedure of the tg-IL-8 Luc was described in our previous 
publication (Kimura et al. 2018; OECD 2018).

Briefly, the chemicals were dissolved by adding X-VIVO™ 
15, a commercially available serum-free medium (Lonza, 
04-418Q), to 20 mg of test chemical (regardless of the chemi-
cal’s solubility) in a microcentrifuge tube, brought to a volume Ta
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of 1 mL, vortexed vigorously, and then shaken on a rotor at 
a maximum speed of 8 rpm for 30 min. For test chemicals 
soluble in X-VIVO™ 15, the solution was diluted by a factor 
of 5 with X-VIVO™ 15 and used as an X-VIVO™ 15 stock 
solution of the test chemical. For test chemicals not soluble 
in X-VIVO™ 15, the mixture was rotated again for at least 
30 min, and then centrifuged at 15,000 rpm (≈20,000 g) for 
5 min; the resulting supernatant was used as an X-VIVO™ 15 
stock solution of the test chemical. In this study, the concentra-
tion of stock solution was designated as Css.

In the first test run, 10 serial dilutions of the X-VIVO™ 
15 stock solutions of the test chemicals were diluted by a 
factor of two. In subsequent test runs (i.e., the second, third, 
and fourth replicates), each X-VIVO™ 15 stock solution was 
made at a concentration four times higher than the concen-
tration of cell viability 05 (CV05; the lowest concentration 
at which the Inh-GAPLA becomes < 0.05) in the first experi-
ment. Ten serial dilutions of the X-VIVO™ 15-s stock solu-
tions were prepared at a dilution factor of 1.5. Next, 50 μL/
well of diluted solution was added to 50 μL of cell suspen-
sion in the wells of a 96-well flat-bottom black plate. The 
samples were then mixed on a plate shaker and incubated 
for 16 h at 37 °C and 5% CO2, then the luciferase activity 
was measured as described below. Each concentration of 
each test chemical was tested in four wells. The IL-8 Luc 
assay requires at most four test runs to determine whether a 
chemical has a positive or a negative prediction.

Since we previously examined these six chemicals using 
the tg-IL-8 Luc assay (Kimura et al. 2018), THP-G8 cells 
were stimulated using concentrations of each chemical at 
which the values of Inh-GAPLA distributed from 0.02 to 
1.0. Inh-GAPLA was determined only 16 h after initiating 
chemical treatment whereas PI reduction was examined after 
16 h, 24 h, and 48 h. The correlation between Inh-GAPLA 
and PI reduction was examined using the same concentration 
of test chemical.

The examination of non‑sensitisers with logKow > 3.5 
by the IL‑8 Luc assay

Since there were no non-sensitisers with logKow > 3.5 among 
the 143 chemicals we have already examined by the IL-8 

Luc assay, we additionally examined 4 non-sensitisers with 
logKow > 3.5, 1-iodohexane, butylbenzylphthalate, clofibrate, 
and dibutyl phthalate (Sigma-Aldrich, St Louis, MO) by the 
tgIL-8 Luc assay.

Results

The correlation between Inh‑GAPLA 
and PI‑excluding cells

THP-G8 cells were treated with various concentrations of 
the three sensitizers DNCB, 4-NBB, diethyl maleate, and 
limonene, and the two non-sensitizers SLS and streptomycin 
sulfate. The cells were examined for Inh-GAPLA after 16 h 
of chemical treatment, and the number of PI-excluding cells 
was determined after 16 h, 24 h, and 48 h of chemical treat-
ment. All the chemicals were dissolved and diluted accord-
ing to the protocol for the tg-IL-8 Luc assay, then THP-G8 
cells were stimulated using the concentration of each chemi-
cal at which the values of Inh-GAPLA distributed from 0.02 
to 1.0. These concentrations of chemicals were determined 
based on in-house data. When these cells were cultured dur-
ing 48 h, the number of PI-excluding cells in THP-G8 cells 
treated with most concentrations of chemicals decreased 
gradually depending on the culture period (Fig. 1). How-
ever, the chemicals providing more than 0.8 of Inh-GAPLA 
maintained more than 0.8 of PI reduction except for DNCB. 
Indeed, THP-G8 cells treated with DNCB that gave 0.908 
of Inf-GAPLA reduced PI reduction to 0.6 after 48 h of 
culture. In contrast, THP-G8 cells that gave less than 0.8 of 
Inh-GAPLA reduced PI reduction dose-dependently.

Inh-GAPLA and PI reduction values for all chemicals 
were summarized and examined for correlation. Chemical 
treatment for 16 h, 24 h, and 48 h gave a significant correla-
tion with Inh-GAPLA (Fig. 2). Interestingly, the correlation 
strengthened with increased culture period, with correlation 
coefficients after 16 h, 24 h, and 48 h of 0.708, 0.828, and 
0.912, respectively.

These data suggest that Inh-GAPLA is a good marker 
for cell viability, with a strong correlation with PI-
excluding cells, and that Inh-GAPLA below 0.8 indicates 

Table 2   Parameters used in the 
IL-8 Luc assay

Parameters Definition

GAPLA SLR luciferase activity driven by the GAPDH promoter
IL8LA SLO luciferase activity driven by the IL-8 promoter
nIL8LA IL8LA / GAPLA
Ind-IL8LA nIL8LA of THP-G8 cells treated with chemicals/nIL8LA of untreated cells
Inh-GAPLA GAPLA of THP-G8 treated with chemicals/GAPLA of untreated cells
CV05 The lowest concentration of the chemical at which Inh-GAPLA is < 0.05
Css The concentration of an X-VIVO™ 15 stock solution of the test chemical
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cytotoxicity of the test chemical, which in turn suggests 
that the chemical dissolved in X-VOVO™ 15.

Distribution of the lowest Inh‑GAPLA values of 143 
chemicals examined by the IL‑8 Luc assay

We next plotted the lowest Inh-GAPLA of 143 chemi-
cals examined in the tgIL-8 Luc assay in our previous 
publication (Kimura et al. 2018) (Fig. 3). The plot indi-
cates that chemicals can be classified into three groups: 
chemicals showing Inh-GAPLA values ≥ 0.80, from 0.20 
to 0.80, and ≤ 0.20. These data suggest that Inh-GAPLA 
values < 0.8 is a reasonable marker indicating that the test 
chemical is dissolved sufficiently to be cytotoxic.

Modification of the IL‑8 Luc assay

Of the 143 chemicals examined by the tgIL-8 Luc assay, 
23 were classified as indeterminate. As mentioned above, 
Inh-GAPLA of the IL-8 Luc assay can be used as a marker 
for dissolved chemicals. We, therefore, modified the criteria 
using the values for Inh-GAPLA: of the indeterminate chem-
icals (those that do not dissolve at 20 mg/mL in X-VIVO™ 
15 and have no effect on IL8LA), chemicals are judged as 
negative if they provide Inh-GAPLA values < 0.8 whereas 
those with values ≥ 0.8 are judged as indeterminate. We 
demonstrated LLNA potency category, solubility in 20 mg/
ml of X-VIVO™ 15, the average of maximum values of Ind-
IL8LA and the average of minimum values of Inh-GAPLA 
in repeated experiments, the judgments by the tgIL-8 Luc 

Fig. 1   PI reduction in THP-
G8 cells treated with chemi-
cals decreases as the level of 
Inh-GAPLA decreases and 
the culture period increases. 
THP-G8 cells treated with 
various concentrations of the 
four sensitizers DNCB, 4-NBB, 
diethylmaleate, and limonene, 
and the two non-sensitizers 
SLS and streptomycin sulfate, 
were examined for Inh-GAPLA 
after 16 h and for the number 
of PI-excluding cells after 16 h, 
24 h, and 48 h of chemical 
treatment. THP-G8 cells were 
stimulated using concentrations 
of chemicals at which the values 
of Inh-GAPLA distributed 
from 0.02 to 1.0. The reduction 
in PI of THP-G8 cells treated 
with each concentration of the 
chemical is shown at 0 h, 16 h, 
24 h, and 48 h. Each line is 
labeled with an Inh-GAPLA 
value for THP-G8 cells treated 
with the concentration of the 
chemical at which PI reduction 
was measured
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assay and by the moIL-8 Luc assay, and logKow of the 143 
chemicals (Supplementary Table 1).

By applying these criteria, 10 of the 23 indeterminate 
chemicals were classified as non-sensitizers. Consequently, 
the performance of the moIL-8 Luc assay was 93.9% for sen-
sitivity, 68.0% for specificity, and 88.6% for accuracy when 
143 chemicals were examined, while that of the tgIL8 Luc 
assay was 95.8% for sensitivity, 53.0% for specificity, and 
89.4% for accuracy. In addition, the number of chemicals 
classified as indeterminate is 13 by the moIL-8 Luc assay 
and 23 by the tgIL-8 Luc assay (Table 3).

Next, we plotted the logKow values of sensitizers, non-
sensitizers, false-negative, false-positive and indeterminate 
chemicals as classified by the tgIL-8 Luc assay and the 
mo-IL-8 Luc assay. Of 23 chemicals classified as indetermi-
nate by the tgIL-8 Luc assay, 10 were classified as negative 
and 13 as indeterminate by the moIL-8 Luc assay. Interest-
ingly, the logKow values of these 13 indeterminate chemicals 
were much higher than those of the 10 negative chemicals 
(Fig. 4a, b).

The effects of the logKow values of chemicals 
on the performance of the tgIL‑8 Luc and moIL‑8 Luc 
assays

Takenouchi et al. (2013) reported that the sensitivity and 
predictivity of h-CLAT for lipophilic chemicals with log-
Kow > 3.5 was significantly inferior to that for those with 
logKow < 3.5. We, therefore, examined the difference in the 
performance of the tgIL-8 Luc and moIL-8 Luc assays for 
chemicals with logKow < 3.5 and those with logKow ≥ 3.5. 
As shown in Table 4, the performance of the moIL-8 Luc 
assay for 100 chemicals with logKow < 3.5, which were 
composed of 75 sensitisers and 25 non-sensitisers, was 

Fig. 2   There is a significant correlation between Inh-GAPLA and 
PI reduction values with strengthened correlation, depending on the 
culture period. Inh-GAPLA and PI reduction values for all chemicals 
were examined for correlation at three time points (16  h, 24  h, and 
48 h) of chemical treatment

Fig. 3   The distribution of the lowest values of Inh-GAPLA of chemi-
cals examined by the IL-8 Luc assay (n = 143). The lowest values of 
Inh-GAPLA of 143 chemicals examined by the IL-8 Luc assay, pub-
lished previously, are plotted
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92.0% for sensitivity, 68.0% for specificity, and 86.0% for 
accuracy, while that for 26 chemicals with logKow ≥ 3.5, 
which were only sensitisers, was 100.0% for sensitivity and 
100.0% for accuracy. There were 10 and 3 indeterminate 
judgments for chemicals with logKow < 3.5 and those with 
logKow ≥ 3.5, respectively. Unfortunately, since there were 

no non-sensitizers with logKow ≥ 3.5 of the 36 non-sensi-
tizers, we could not obtain sensitivity for chemicals with 
logKow ≥ 3.5.

Therefore, in this study, we examined 4 non-sensitisers 
with logKow ≥ 3.5, 1-iodohexane, butylbenzylphthalate, 
clofibrate, and dibutyl phthalate. None of them dissolved at 

Table 3   Performance of the 
IL-8 Luc assay using different 
protocols and criteria

n.a: not applicable, D-IL-8 Luc assay: DMSO as the solvent, X-IL-8 Luc assay: X-VIVO15 as the solvent, 
tgIL-8 Luc assay: X-VIVO15 as the solvent and the criteria of the OECD test guideline, moIL-8 Luc assay: 
X-VIVO15 as the solvent and the modified criteria, IATA: integrated approaches to testing and assessment

Single assay IATA​

D-IL-8 Luc X-IL-8 Luc tgIL-8 Luc moIL-8 Luc tgIL-8 
Luc + DPRA

tgIL-8 
Luc + DPRA

Chemical number 143 143 143 143 143 143
Out of AD 7 7 7 7 0 0
"indeterminate" n.a n.a 23 13 0 0
Accuracy 77.9% 84.6% 89.4% 88.6% 87.3% 86.7%
Sensitivity 78.1% 87.6% 95.8% 93.9% 93.5% 91.6%
Specificity 77.4% 74.2% 53.0% 68.0% 68.6% 72.2%

Fig. 4   The distribution of the 
logKow values of chemicals 
with different judgments in 
the tgIL-8 Luc assay and the 
moIL-8 Luc assay. The values 
of logKow of sensitizers, non-
sensitizers, false negatives, false 
positives and indeterminates 
classified by the tgIL-8 Luc 
assay (a) and the moIL-8 Luc 
assay (b) are plotted. Twenty-
three chemicals classified as 
indeterminate by the tgIL-8 Luc 
assay were further classified as 
10 negatives (arrows) and 13 
indeterminates by the moIL-8 
Luc assay. Of the ten negative 
chemicals, eight were non-
sensitizers and two were false 
negatives (a and b)
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20 mg/mL in X-VIVO™ 15, satisfied the criteria for positive 
or gave less than 0.8 of Inh-GAPLA. So, they were judged 
as indeterminate.

The combination with the DPRA

There is a wide consensus that because of the complexity of 
the skin sensitisation pathway, no single non-animal method 
can replace animal testing. Instead, it is necessary to develop 
integrated approaches to testing and assessment (IATA) 
using combinations of assays representing different key 
events of the Adverse Outcome Pathway (AOP) [reviewed 
by Roberts and Patlewicz (2018)]. Based on this concept, 
various combinations of testing have been proposed. In this 
study, we proposed a combination with the DPRA. First, 
chemicals are examined by the moIL-8 Luc assay because 
it is characterized by high sensitivity. Then, the chemicals 
excluded by the applicability domain, or judged as being 
indeterminate, are evaluated by the DPRA. The obtained 
results were 91.6% for sensitivity, 72.2% for specificity and 
86.7% for accuracy (Table 3). Performance was not signifi-
cantly improved by the combination with DPRA, but the 
combination approach succeeded in reducing chemicals that 
could not be evaluated by the moIL-8 Luc assay.

Discussion

Many sensitizers do not dissolve in culture medium and thus 
most IVSSTs use DMSO as a solvent. Although sensitiz-
ers dissolved in DMSO can be miscible with water, DMSO 
does not change the solubility of a chemical. Chemicals 
dissolved in DMSO precipitate after dilution with culture 
medium. Fortunately, since most sensitizers are potent, even 
a small amount of dissolved sensitizer can usually stimulate 
target cells. In contrast, the X-IL-8, tgIL-8 and moIL-8 Luc 
assays use X-VIVO™ 15 instead of DMSO. Unexpectedly, 
as shown in Table 3, the sensitivity of the X-IL-8 Luc assay 
is much greater than that of the D-IL-8 Luc assay, which we 
attribute to the vigorous dissolution process for the X-IL-8 

Luc assay, as opposed to just pipetting in a small well as with 
the D-IL-8 Luc assay. A significant number of chemicals 
do not dissolve at 20 mg/mL in the IL-8 Luc assay using 
X-VIVO™ 15, as seen with other IVSSTs using DMSO. 
However, most of them appear to dissolve in X-VIVO™ 15 
to concentrations sufficient to stimulate IL8LA in THP-G8 
cells. Even though, it is thought that some chemicals cannot 
dissolve to sufficient concentrations.

Indeed, the sensitivity and predictivity of h-CLAT for 
lipophilic chemicals with logKow > 3.5 was significantly 
inferior to those with logKow < 3.5, suggesting that h-CLAT 
is not suitable for detecting sensitizers among chemicals 
with logKow > 3.5 (Takenouchi et al. 2013). This is due to 
the solubility of the chemical and is likely an issue in other 
IVSSTs using DMSO as a solvent. In addition, although log-
Kow > 3.5 appears to be a good indicator for poor solubility, 
h-CLAT can judge a substantial number of chemicals with 
logKow > 3.5 as sensitizers (Takenouchi et al. 2013), sug-
gesting that logKow > 3.5 is not necessarily a clear marker 
for the solubility of a chemical in medium. If this is the case, 
most IVSSTs cannot determine if a chemical is dissolved in 
the medium.

In contrast, the moIL-8 Luc assay can avoid false-nega-
tive judgment caused by poor solubility. Since THP-G8 is a 
dual reporter cell line that can assess the effects of chemi-
cals on both IL-8 promoter activity and GAPDH promoter 
activity, the moIL-8 Luc assay can determine if a chemical 
is solubilized at a concentration sufficient to exert cytotox-
icity, even in case of no effect on IL8LA. In this study, we 
demonstrated that Inh-GAPLA is a good marker for cell 
viability and that Inh-GAPLA below 0.8 indicates that the 
chemical is cytotoxic, which suggests that the chemical dis-
solved in X-VIVO™ 15. So, we modified the criteria. This 
simple modification of the criteria using the data inevitably 
obtained by the moIL-8 Luc assay succeeded in reducing 
the number of chemicals labeled with indeterminate by the 
tgIL-8 Luc assay and significantly improving its specificity.

Moreover, the sensitivity of the moIL-8 Luc assay for 
26 chemicals with logKow > 3.5 was 100.0%, although three 
chemicals were excluded from judgment. This high sensitiv-
ity, and the ability to exclude judgment for chemicals that 
are not dissolved at a high enough concentration to affect 
IL8LA or GAPLA, are significant advantages of the moIL-8 
Luc assay over other IVSSTs.

Even by the moIL-8 Luc assay, however, it is impossible 
to discriminate non-sensitisers, which do not affect either 
IL8LA or GAPLA, from sensitisers that cannot dissolve suf-
ficiently to stimulate either IL8LA or GAPLA. This issue is 
shared by other IVSSTs. Namely, the chemicals that IVSSTs 
judged as non-sensitisers can be sensitisers with poor solu-
bility. Narita et al. (2018) recently have proposed a unique 
procedure to prevent the false-negative judgments due to 
poor water solubility: dispersing chemicals in liquid paraffin, 

Table 4   Performance of the moIL-8 Luc assay for chemicals with 
logKow < 3.5 and those with logKow > 3.5

logKow < 3.5 logKow ≥ 3.5

No. of chemicals 110 26
No. of sensitizers 75 23
No. of Non-sensitizers 25 0
Accuracy 86.0% 100.0%
Sensitivity 92.0% 100.0%
Specificity 68.0% Not determined
No. of indeterminate 10 3
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then exposing THP-8 cells to these dispersions, apparently 
prevents false-negative judgments for at least some lipophilic 
chemicals. However, as previously mentioned, it is not easy 
for most IVSSTs to know whether a false-negative judgment 
is due to poor solubility. To overcome this problem, Narita 
et al. (2018) proposed applying their method if the logKow of 
a chemical is over 2.0, but many chemicals with logKow > 0.2 
are correctly judged as sensitizers by h-CLAT. On the other 
hand, since the moIL-8 Luc assay can discriminate chemi-
cals that do not dissolve in medium to a concentration suf-
ficient to stimulate IL8LA or decrease GAPLA, it is clear for 
the moIL-8 Luc assay which chemicals need to be tested in 
this procedure. Applying their procedure to chemicals that 
are judged as indeterminate can reduce false-negative results 
by the moIL-8 Luc assay.

It is widely accepted that no single non-animal method 
can replace animal testing and that IATA is mandatory. 
However, it is not easy to determine which assays should 
be combined, and how to use and weight the data. For the 
tgIL-8 Luc assay or moIL-8 Luc assay, however, the pur-
pose of the IATA is straightforward: to reduce the number 
of chemicals classified as out of the applicability domain 
or indeterminate. It is, therefore, not difficult to select a 
partner assay; since the classification as indeterminate is 
dependent on the solvent used in the assay, the partner 
should be an assay using a solvent other than water. We, 
therefore, selected DPRA, in which chemicals can be dis-
solved in acetonitrile, isopropanol, or acetone (Gerberick 
et al. 2007). Taking advantage of the high sensitivity of the 
moIL-8 Luc assay, we used DPRA to judge chemicals clas-
sified as out of the applicability domain or indeterminate. 
The results were very satisfactory, in particular in reducing 
the number of unevaluated chemicals.

Finally, compared with other in vitro assays, the tgIL-8 
Luc assay is unique because it can eliminate the false-neg-
ative results due to extremely poor chemical solubility in 
water. In this study, we demonstrated that the moIL-8 Luc 
assay can decrease chemicals classified as indeterminate 
using GAPLA as a marker for cell viability. Moreover, by 
excluding false judgments due to poor solubility, we may 
be able to consider the reason for the false-negative judg-
ment which is not due to solubility.
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