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We previously reported a dataset of the IL-8 Luc assay covering reference chemicals published by ECVAM,
in which the effects of chemicals on IL-8 promoter activity were evaluated by an IL-8 reporter cell line,
THP-G8 cells. To clarify its performance, we created another dataset of 88 sensitizers and 34
non-sensitizers. Simultaneously, to improve its performance, we changed the incubation time from 5 h
to 16 b, deleted the criterion regarding the effects of N-acetylcysteine, and set an exclusion criterion
for detergents. These modifications significantly improved its performance, In addition, we examined
the following three criteria to judge chemicals as sensitizers: Criterion 1: Fold induction of SLO luciferase
activity (FInSLO-LA) > 1.4, Criterion 2: the lower limit of the 95% confidence interval of FInSLO-LA > 1.0,
Criterion 3: the intersection of criteria 1 and 2. Among them, Criterion 1 produced the best performance,
demonstrating that the accuracy, sensitivity and specificity were 81%, 79%, and 90%, respectively. In addi-
tion, we found that the IL-8 Luc assay solubilizing chemicals with X-VIVO substantially improved its per-
formance. Finally, the IL-8 Luc assay combined with DPRA and DEREK could improve substantially its
performance. These data suggest that the [L-8 Luc assay is a promising test method to screen skin
sensitizers.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

to detect the skin sensitizing potential of chemicals and four meth-
ods are currently undergoing formal validation at the European

In the regulatory context, currently only data from animal
experiments are acceptable to assess the skin sensitizing potential
of chemicals. The European Union (EU) imposed an animal testing
ban effective 2009 on both cosmetics products and their ingredi-
ents. This was accompanied by a concomitant marketing ban effec-
tive March 1, 2013 if animal tests were conducted after this date
for the purpose of cosmetics legislation (Regulation (EC) No.
1223/2009 of the European Parliament and of the Council, 2009).
On the other hand, under the European chemicals legislation
REACH, skin sensitization data for any chemical registered under
the European Chemicals Legislation (REACH, EC 1907/2006) is
mandatory, and animal testing Should only be performed as a last
resort  (hitp:/jechacury /documents/ 10162713639 alterna-
tives_fest animals 2014 e f

Pushed by these ethlcal and legislative demands, various
promising methods have been developed as alternative methods
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Centre for Validation of Alternative Methods (ECVAM). In 2012,
the Organization for Economic Co-operation and Development
(OECD) published the adverse outcome pathway (AOP) for skin
sensitization (OECD, 2012) in which the key steps in the sensitiza-
tion process are defined. According to the AOP, 4 methods are con-
sidered to target three different steps in the skin sensitization
process: protein-binding/haptenization (e.g., the Direct Peptide
Reactivity Assay, DPRA) (Gerberick et al., 2004), induction of the
Kelch-like ECH-associated protein 1 (Keap-1)/nuclear factor
(erythroid-derived 2)-like factor 2 (Nrf2) pathways in ker-
atinocytes (e.g., the KeratinoSens™ assay) (Emifcr ef al, 2010),
and the activation of antigen presenting cells such as dendritic
cell-like cell lines (The Myeloid U937 Skin Sensitization Test
(U-SENS) (Piroird et al, 2015) or the human Cell Line Activation
Test, h-CLAT) (Ashikaga et al, 2006; Sakaguchi et al, 2006).
However, it is unlikely that a smgle assay wxll be sufficient to ade-
quately assess the sensitization potential because of the complex-
ity of the sensitization process (Bauch et al., 2012),

Dendritic cell activation is one of the key steps in sensitization
indicated in the AOP for skin sensitization published by the CEC!

141



Y. Kimura et al /Toxicology in Vitro 29 (2015) 1816-1830

(2012}, In this step, CD54 and CD86 expression is augmented; an
increase in interleukin-8 (IL-8) mRNA or IL-8 protein has been sug-
gested as another biomarker for discriminating sensitizers from
non-sensitizers in monocyte-derived dendritic cells (MoDCs)
(Toebak et al,, 2006), U937 cells (Python et al,, 2007), or THP-1 cells
(Mitjans et al, 2008, 2010; Nukada et al, 2008). IL-8 is well estab-
lished as a potent chemotactic peptide for neutrophils, T lympho-
cytes, basophils (Leonard et al, 1980), and NK cells (Sebok et al.
1993). 1t was recently reported that human immature MoDCs
express the IL-8 receptors CXCR1 and CXCR2, which are
down-regulated in mature MoDCs (Couwy et al, 2074) and that
accordingly, human immature MoDCs are chemoattracted by IL-8
(Feijoo et al., 2005). It is impossible to demonstrate the exact role
of IL-8 in contact hypersensitivity using IL-8 knockout mice
because of the lack of a mouse counterpart of IL-8. Regardless, sev-
eral studies suggest the importance of IL-8 in the DC activation
step in the AOP for skin sensitization. Specifically, CCL2 that is
coordinately regulated with IL-8 (Singha et al., 2014) plays a cru-
cial role in dendritic cell maturation (Jimenez et al, 2010), On
the other hand, Natsuaki et al. have reported DC clusters around
macrophages in both the elicitation phase and the sensitization
phase in murine contact sensitivity, suggesting the crucial role of
CXCR2 expression on DCs in murine contact sensitivity (Matsuaki
ct al, 2014). Since CXCR2 is a receptor for IL-8 in humans
(Marchese et al, 1995; Murphy and Tiflany, 1991), a murine coun-
terpart of IL-8 produced by dermal macrophages may play a crucial
role in murine contact sensitization.

In addition, it is now well-recognized that skin sensitization and
chemical protein reactivity are linked. Although chemical sensitiz-
ers are extremely diverse in molecular weight and structure, most
share electrophilic properties and possess intrinsic reactivity
toward various amino acids containing nucleophilic hetercatoms
(i.e., cysteine, lysine, histidine, arginine, and methionine). Indeed,
a correlation between the reactivity of chemicals with cysteine or
lysine residues in peptides and their sensitization potential has
been demonstrated {Gerberick er al, 2007). Electrophiles can be
detected by the Keapl-Nrf2 cellular sensor pathway implicated
in the antioxidant response of the cell and recently reviewed by
itoh et al. (2010}, Under normal conditions, Keap1 sequesters the
transcriptional regulator nuclear Nrf2 in the cytoplasm, provoking
its proteasomal degradation. In the presence of electrophiles, the
highly reactive cysteine residues of Keapl are modified, leading
to the dissociation of Keap1 from Nrf2. Nrf2 translocates to the
nucleus, forms heterodimers with small Maf proteins, and then
induces the transcription of genes with an antioxidant response
element (ARE) in their promoters (Holland and Fishbein, 2010).
These genes code for proteins mostly involved in detoxification,
such as heme oxygenase-1 (HO-1) and NADPH-quinone oxidore-
ductase 1 {(Nqol). Interestingly, Zhang et al. reported that the 5
flanking region of the IL-8 gene has several areas homologous to
the consensus ARE (ATGAC/TnnnGCA/); in addition, Nrf2 caused
only a weak induction of IL-8 transcription but significantly
increased the half-life of IL-8 mRNA (Zhang et al., 2005). These data
suggested that the induction of IL-8 mRNA by haptens is regulated
transcriptionally by p38 MAPK and post-transcriptionally by Nrf2.
Therefore, the IL-8 Luc assay is a unique screening method for hap-
tens since it detects their effects on p38 MAPK and Keap1-Nrf2.

We established the IL-8 reporter cell assay (IL-8 Luc assay)
using a stable THP-1-derived IL-8 reporter cell line, THP-G8, which
harbors SLO and SLR luciferase genes under the control of IL-8 and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) promoters,
respectively (Takahashi et al., 2017). This previous study demon-
strated that use of the IL-8 Luc assay to examine 35 chemicals,
including reference chemicals published by ECVAM (referred to
as the “ECVAM list”; (Casati et al.. 2009), resulted in an overall test
accuracy of 82%.
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In the current study, we increased the number of chemicals for
evaluation by the IL-8 Luc assay, explored the reason for false
results, modified the procedure and protocol (including the crite-
ria), examined the correlation of parameters between the IL-8
Luc assay and other test methods, and proposed the test battery
system.

2. Materials and methods
2.1. Cells and culture

We previously established a reporter cell line, THP-G8 cells
derived from the human acute monocytic leukemia cell line
THP-1 cells containing stable luciferase orange (SLO) regulated
by IL-8 promoter and stable luciferase red (SLR) by GAPDH pro-
moter {Takahashi et al, 2011). THP-G8 cells were cultured in
RPMI-1640 (Gibco, Carisbad, CA) with antibiotic-antimycotic
(Invitrogen, Carlsbad, CA) and 10% fetal bovine serum (FBS)
(Biological Industries, Kibbutz Beit Haemek, Israel) at 37 °C with
5% CO,.

2.2. Test chemicals and chemical treatment

We examined 122 chemicals that are listed with their Chemical
Abstract Service (CAS) numbers in Tabile 51, All chemicals had been
previously evaluated and classified with the LLNA (Gerberick et al.,
2005)., Seventy-two sensitizers were evaluated, including 8
extreme, 16 strong, 25 moderate, and 23 weak sensitizers, as clas-
sified by the local lymph node assay (LLNA); 28 non-sensitizers
were also evaluated, one of which (sodium lauryl sulfate; SLS)
was false positive in the LLNA. All the chemicals were purchased
from Sigma-Aldrich, St. Louis, MO, at the highest available purity.

Water soluble chemicals were dissolved in distilled water at a
concentration of 25 mg/ml, 50 mg/ml, or 100 mg/ml to determine
the highest soluble concentration. Chemicals not soluble in water
were dissolved in DMSO at 500 mg/ml. If they were not soluble
at 500 mg/ml, the highest soluble concentration was determined
by diluting the suspension from 500 mg/ml by a factor of two with
DMSO. Sonication and vortex mixing were used if needed and the
attempt to dissolve the chemical continued for at least 5 min. All
dissolved chemicals were used within 4 h of being dissolved in dis-
tilled water or DMSO.

To examine the effects of FBS on the IL-8 Luc assay, three
methodologies were examined to solubilize haptens: {1) solubilize
in DMSO, and then dilute with RPMI-1640 containing 10% FBS, as
used in the IL-8 Luc assay (DMSO/FBS); (2) solubilize in DMSO
and then dilute with X-VIVO 15 (Lonza, Walkersville, MD)
(DMSO/X-VIVO); and (3) solubilize in X-VIVO and then dilute with
X-VIVO (X-VIVO/X-VIVO).

For water soluble chemicals, 11 serial dilutions were conducted
using RPMI-1640 with 10% FBS diluting by a factor of 2, in the 1st
experiment. In the 2nd, 3rd, or 4th experiment, 11 serial dilutions
were conducted, diluting by a factor of 1.5. For water insoluble
chemicals, 11 serial dilutions were conducted using DMSO as the
solvent, diluting by a factor of 2 in the 1st experiment and by a fac-
tor of 1.5 in the 2nd, 3rd, and 4th experiments.

Based on the previous report (Saito et al, 201 1; Takahashi et al,,
2011), THP-G8 cells (5 x 10* cells/50 pljwell) in 96-well black
plates (Greiner bio-one GmbH, Frickenhausen, Germany) were cul-
tured for varying time periods. The optimum cell numbers at seed-
ing were based on the previous reports. In some experiments, the
cells were pretreated with 25 mM N-acetyl-i-cysteine (NAC) for
30 min.
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2.3. IL-8 promoter-luciferase gene reporter assay

The luciferase reporter assay system was constructed using 2
luciferase genes, SLO and SLR, that emit orange and red light,
respectively, with a single substrate. The activities of these luci-
ferases can be measured simultaneously and quantitatively with
optical filters. This system can rapidly and easily monitor multiple
gene expression (Nakajima et al, 2005; Noguchi et al, 2
this study, luciferase activity was determined using a
microplate-type luminometer with a multi-color detection system,
Phelios (Atto Co., Tokyo, Japan), using the Tripluc® luciferase assay
reagent (TOYOBO Co., Ltd., Osaka, Japan) according to the manufac-
turer's instructions.

Since some chemicals affected cell viability, we defined the
parameter nSLO-LA to represent IL-8 promoter activity. This
parameter is calculated by normalizing SLO luciferase activity
(SLO-LA) to SLR luciferase activity (SLR-LA). We also calculated
the inhibition index of SLR-LA (LL-SLR-LA) by dividing the SLR-LA
of THP-G8 cells that were treated with chemicals by the SLR-LA
of non-treated THP-G8 cells. The fold induction of IL-8 promoter
activity (FInSLO-LA) was calculated by dividing the nSLO-LA of
THP-G8 cells that were treated with chemicals by that of
non-stimulated THP-G8 cells.

We further evaluated the suppressive effect of NAC
co-treatment with each chemical by calculation of the inhibition
index (LL). The Ll was obtained by dividing the FInSLO-LA of
THP-G8 cells stimulated with the chemical in the presence of
NAC by the FInSLO-LA stimulated with the chemical alone, using
the concentration of chemical at which the chemical induced the
largest FInSLO-LA.

The parameters used in the IL-8 Luc assay are shown in Table 1.

Using these parameters, we defined the criteria to identify pos-
sible sensitizers. Each criterion is composed of two conditions.
Condition 1 defines positive induction or negative induction of

Table 1
Parameters used in the IL-8 Luc assay.
Parameters Description
SLO-LA SLO luciferase activity regulated by IL-8 promoter
SLR-LA SLR luciferase activity regulated by G3PDH promoter
nSLO-1A SLO-LA/SLR-1A
IL-SLR-LA  SLR-LA of THP-G8 treated with chemicals/SLR-LA of non-treated
THP-G8
FInSLO-LA  nSLO-LA of THP-G8 cells treated with chemicals/nSLO-LA of

non-stimulated THP-G8 cells
LL FInSLO-LA of THP-G8 cells stimulated with the chemical and
NAC/FInSLO-LA stimulated with the chemical alone

SLO-LA in each experiment and condition 2 defines sensitizers or
non-sensitizers based on the repeated experiments. In our previous
paper (Takahashi et al, 2011), chemicals that demonstrate
FInSLO-LA > 1.4 and LI < 0.8 at the concentration of the chemical
at which LL-SLR-LA is >0.2 in two or three of three different exper-
iments are categorized as sensitizers and those that do not fulfill
these criteria are classified as non-sensitizers. In this study, we
optimized the IL-8 Luc assay by examining its performance using
six criteria. The precise definition of each criterion is summarized
in Talsle 2. Briefly, these six criteria are different from the original
criterion in condition 2: chemicals are categorized as sensitizers
when they fulfill condition 1 in two or three of three different
experiments in the original criterion, while they are categorized
as sensitizers when they fulfill condition 1 in two of two to four
different experiments in the new six criteria. Among them,
Criterion A, B, and C include the condition LL < 0.8, while
Criterion 1, 2, and 3 do not.

24. Real-time monitoring of luciferase activity of THP-G8 cells after
chemical stimulation

To clarify the time-dependent change of SLO-LA and SLR-LA of
THP-G8 cells after chemical stimulation, THP-G8 was suspended
with RPMI1640 supplemented with 10% FBS, 0.1 mM p-luciferin
25 mM HEPES/HCI (pH 7.0), and plated onto 35 mm dish at
2 x 10% cells/dish, After 30 min, 1.6 or 0.8 ug/ml DNCB, 1.6 or
0.8 ug/ml 4-NBB was added to the culture. Bioluminescence was
in real-time under a 5% CO, atmosphere at 37 °C using the
dish-type luminometer AB2500 Kronos (ATTO, Tokyo, Japan).

2.5. Statistics

To demonstrate statistical significance, representative data
from at least three independent experiments for each analysis is
shown. A one-way ANOVA test followed by Dunnett’s post hoc test
was used to evaluate statistical significance. p values <0.05 were
considered statistically significant. We performed Pearson's pro-
duct-moment correlation analysis to determine the strength of a
correlation.

3. Results
3.1. Determination of the optimal incubation time
The performance of the IL-8 Luc assay, when we first reported

(Takabashi et al., 2071), was an accuracy of 86%, a sensitivity of
83%, and a specificity of 90% for 35 chemicals including ECVAM list

Table 2
Criteria used in the [L-8 Luc assay.
Criteria Condition 1 Condition 2
Original Sensitizer FInSLO-LA > 1.4 and LI < 0.8 at the concentration Fulfill the condition 1 in 2 or 3 of 3 different experiments
of the chermnical at which 11-SLR-LA is >02
Original Non-sensitizer Do not fulfill the condition 1 in 2 of 3 different experiments
A Sensitizer FInSLO-LA > 1.4 and 11 £ 0.8 at the concentration Fulfill the condition 1 in 2 of 2-4 different experiments
of the chemical at which 1LL-SLR-LA is >0.2
B Sensitizer FInSLO-LA > 1.4 and 11. < 0.8 at any concentrations
C Sensitizer FInSLO-LA > 1.4 and 1I. £ 0.8 at the concentration
of the chemical at which 11-SLR-LA is >0.05
1 Sensitizer FInSLO-LA > 1.4 at the concentration of the chemical
at which 11-SLR-LA is >0.05
2 Sensitizer The lower limit of the 95% confidence interval
of FInSLO-1A > 1.0
3 Sensitizer Tand 2

Either criteria Non-sensitizer

Do not fulfill the condition 1 in 3 of 34 different experiments
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Casati et al, 2009). When we conducted ring trials with 3 different
laboratories using 10 coded chemicals, they revealed the accuracy
and the intralaboratory reproducibility were not necessarily high
enough to conduct further validation studies. Indeed, the accuracy
of each laboratory was 80% by Laboratory A, 60% by Laboratory B,
and 63% by Laboratory C, respectively, and the intralaboratory
reproducibility was 70%. Therefore, we first explored the reason
for the poor response of the IL-8 Luc assay to some potent sensitiz-
ers, such as DNCB. In our previous study, we examined the time
course of FInSLO-LA of THP-G8 cells after LPS stimulation and
found the maximum induction of FInSLO-LA between 4 and 7 h
after stimulation. In this study, we re-examined the time course
of FInSLO-LA after the treatment with strong sensitizers, DNCB
and 4-NBB.

We stimulated THP-G8 cells with different concentrations of
DNCB or 4-NBB for different time periods and FInSLO-LA was mea-
sured (Figz. 1a and b). DNCB and 4-NBB significantly augmented
FInSLO-LA dose-dependently from 5h to 24h and from 4h to
24 h after stimulation, respectively. The maximum induction by
DNCB was observed between 9h and 12 h at the concentration
of 1.19 pug/ml and 2.67 pg/ml. On the other hand, the maximum
induction by 4-NBB was observed between 8 h and 10 h at the con-
centration of 1,19 pg/ml and at 10 h and 16 h at the concentration
of 2.67 pg/ml.

Next, we monitored SLO-LA of THP-G8 cells for 1 min at inter-
vals of 19 min during DNCB or 4-NBB treatment under a dish type
luminometer (Fig. 2a and b). Consistent with the results obtained
by measuring luciferase activity intermittently, real-time monitor-
ing also demonstrated the increase in FInSLO-LA from 5h to 24 h
by both 0.8 pg/ml and 1.6 pg/ml of DNCB and 4-NBB with maxi-
mum induction at 12 h and 10-12 h, respectively.

These results demonstrated that the optimal incubation period
with chemicals is around 10 h. This is not practical because one
IL-8 Luc assay requires more than 12 h, including general prepara-
tion, plating the cells, applying the chemicals and measuring luci-
ferase activity using a luminometer. Therefore, from the practical
standpoint, we compared FInSLO-LA between 6 h incubation and
16 h incubation in Figs. 1 and 2. For both DNCB and 4-NBB, inter-
mittent measurement and real-time monitoring indicated that
FInSLO-LA at the optimal concentration was much higher in 16 h
incubation than in 6 h incubation. This was confirmed by stimulat-
ing THP-G8 cells with different concentrations of DNCB and 4-NBB
for 6 h and 16 h (data not shown).

Finally, we evaluated the ECVAM list of chemicals by the IL-8
Luc assay with a 16 h incubation period and with the IL-8 Luc assay
with a 6 h incubation period and compared the results. As shown
in Table 3, most sensitizers increased FInSLO-LA in the 16h
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incubation IL-8 Luc assay more than in the 6h incubation IL-8
Luc assay. In addition, the data from the 16 h incubation period
moved isoeugenol from the non-sensitizer category to the sensi-
tizer category, increasing accuracy to 94%.

3.2. Comparison between the criterion with LL-SLR-LA > 0.2 and that
with LL-SLR-LA > 0.05

After increasing the incubation time from 6 h to 16 h, we exam-
ined 89 chemicals that were used as a data set of h-CLAT (Ashikaga
et al, 2010) and evaluated their skin sensitization potential
e 51). The dataset for the IL-8 Luc assay was created following
examination of the IL-8 Luc assay’s performance using the six cri-
teria described in Table 2. When we examined its performance
using Criterion A, which used the same condition 1 as the original
criterion, Cooper statistics of the IL-8 Luc assay for these 89 chem-
icals yielded an accuracy of 69%, a sensitivity of 59%, and a speci-
ficity of 92%, suggesting that the IL-8 Luc assay using the current
criterion produce false negative results for a considerable number
of sensitizers tested. Closer examination of the data showed that
most of the treatments that produced false negative results
increased FInSLO-LA more than 1.4 at the concentrations providing
L.I.-SLR-LA < 0.2 (data not shown). SLR-LA corresponds with pro-
moter activity of GAPDH gene. GAPDH mRNA is a ubiquitously
expressed at moderately abundant levels. It is frequently used as
an endogenous control for quantitative real-time polymerase chain
reaction because, in some experimental systems, its expression is
constant at different times and after various experimental manip-
ulations (Edwards and Denhards, 1885; Morl et al, 2008; Winer
et al, 1999). Indeed, in this study, all but two (benzocaine and
methylisothiazolinone) of the 122 chemicals examined did not
increase SLR-LA, and most dose-dependently decreased SLR-LA at
toxic concentrations, suggesting that SLR-LA can act as an internal
control to indicate cell number and viability. Our previous study
demonstrated that 1.1.-SLR-LA is more sensitive in detecting dying
cells than the percentage of Pl-excluding cells, and cells showing
less than 0.2 of LL-SLR-LA retained more than 80% of
Pl-excluding cells. In this study, we further examined the correla-
tion between the percentage of Pl-excluding cells and LL-SLR-LA,
and confirmed that THP-GS cells treated with chemicals whose
LL-SLR-LA showed 3>0.05 maintained more than 75% of the
Pl-excluding cells (Fig. 3). We therefore examined the performance
of the IL-8 Luc assay using Criterion C that included
L.L-SLR-LA > 0.05 instead of LL-SLR-LA > 0.2 in the condition 1
and obtained Cooper statistics for these 89 chemicals of 74%
accuracy, 69% sensitivity, and 89% specificity.

a Fold Induction (DNCB) b Fold Induction (4-NBB)
20 14
aN 2 D
15 » 10 ./\ /\ - 0.79
3 \ 3  \ -~ 119
2 10 9 : e " W —e 2.67 (ug/ml)
\T:. /fJ\ \‘\' E Y ) \_.\
5 .
é E: : \-‘_.,\‘ 2 — -—
[ T ™ - : 0+ T - v 2
4 8 12 16 20 24 4 8 12 16 20 24
Time (hr) Time (hr)

Fig. 1. Determination of the optimal incubation time - time course study for the IL-8 Luc assay. THP-G8 cells were stimulated with the indicated dose of DNCB (a) or 4-NBB
(b) for various time periods, and luciferase activity was measured using a microplate-type luminometer.
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Fig. 2. Determination of the optimal incubation time - real time monitoring of IL-8 luciferase activity. THP-G8 cells were suspended in RPMI-1640 supplemented with 10%
FBS, 0.1 mM p-luciferin, 25 mM HEPES/HCI (pH 7.0) and plated onto 35 mm dishes at 2 x 10° cells/dish. After 30 min, 0.8 or 1.6 pg/ml DNCB (a), or 0.8 or 1.6 pg/ml 4-NBB (b),
was added to the culture. Bioluminescence was continuously recorded at intervals of 19 min under a 5% CO; atmosphere at 37 °C using a dish-type luminometer. Open

circles: 0.8 pg/ml, closed circles: 1.6 pg/ml.

3.3. Comparison between the criterion with and without the response
to NAC treatment

Despite having accepted the LIL-SLR-LA > 0.05 criterion, the
IL-8 Luc assay still produced significant numbers of false negative
results. Therefore, we further modified the criterion. Although
most haptens react with cysteine residues, there may be some
exceptions. For example, Gerberick et al. reported that phthalic
anhydride and trimellitic anhydride significantly reacted with glu-
tathione and lysine peptides, but not with cysteine peptides in
their direct peptide reactivity assay (DPRA) (Gerberi
2007). We hypothesized that removing the condition that LL is
<0.8 (Criterion 1) would increase the accuracy and specificity of
the IL-8 Luc assay. Indeed, this modification significantly improved
the performance of the IL-8 Luc assay and significantly improved
accuracy and sensitivity (i.e., accuracy of 78% and sensitivity of
77%) but decreased the specificity to 74% (Table S1 and Table 4),
when we examined the 122 chemicals (9 extreme, 17 strong, 34
moderate, and 28 weak sensitizers, and 34 non-sensitizers as clas-
sified by the LLNA (Gerberick et al 2)) as a dataset for h-CLAT
(Ashikagact al, 2010 Nukada et 11,,&};4; Takenouchi et al., 2013).

et al,

3.4. Comparison between the criterion with FInSLO-LA > 1.4, the
criterion with the lower limit of the 95% confidence interval of
FInSLO-LA > 1.0, and their combination

We empmcally determined the condition of FInSLO-LA > 1.4
( akc has al, 2011), similar to the condition used in h-CLAT
Sakaguchi et al, 2006). In contrast, each independent repetition
was statistically evaluated in the KeratinoSens assay (Lmier
ot al, 2010). We likewise tried to evaluate each IL-8 Luc assay
experiment statistically. When we evaluated 122 chemicals using
the criterion of the lower limit of the 95% confidence interval of
FInSLO-LA > 1.0 (Criterion 2) did not necessarily improve the per-
formance of the IL-8 Luc assay (accuracy of 74%, sensitivity of 80%,
and 59% of specificity). We also examined the performance of the
combination of Criterion 1 and Criterion 2 (Criterion 3). Both the
accuracy and sensitivity of Criterion 3 was inferior to those of
Criterion 1, although the specificity of Criterion 3 and Criterion 1
was equal (Table 51 and Table 4).

3.5. The factors that produce false negative or positive results in the
IL-8 Luc assay (1) — physical properties

The [L-8 Luc assay conducted according to Criterion 1 produced
9 false negative results among 88 haptens determined by LLNA. To
clarify the underlying reason for these false negative results, we
first compared two physical properties of haptens judged by the

IL-8 Luc assay to be sensitizers (true positive) and those judged
to be non-sensitizers (false negative): molecular weight, and
LogKo/w or water solubility. The results could not demonstrate
statistically significant differences (¥iz. 4). Indeed, 8 sensitizers
had LogKo/w values above 3.5. The accuracy and sensitivity of
these chemicals by the IL-8 Luc assay were both 87.5%.

3.6. The factors that produce false negative or positive results in IL-8
Luc assay (2) - the effects of FBS

The effects of FBS in the culture medium were considered next.
Recently, several researchers have demonstrated that most sensi-
tizers can bind to both FBS and cellular proteins, although the dis-
tribution of covalent binding to cellular or FBS protein varies
depending on the hapten (Divkovic et al, Z005; Hopldns et al,
2005 Saito et al, 2013). These reports suggested that the amount
of reactive electrophiles in haptens to bind to nucleophiles of cel-
lular protein might be reduced in the presence of FBS.

Therefore, we examined whether a reduction in FBS concentra-
tion in the IL-8 Luc assay can reduce false negative results. First,
THP-G8 cells were stimulated with oxazolone, which was judged
as a non-sensitizer by the IL-8 Luc assay. Three methodologies
were examined to solubilize oxazolone: (1) solubilize in DMSO,
and then dilute with RPMI-1640 containing 10% FBS, as used in
the IL-8 Luc assay (DMSO/FBS); (2) solubilize in DMSO and then
dilute with X-VIVO (DMSO/X-VIVO); and (3) solubilize in X-VIVO
and then dilute with X-VIVO (X-VIVO/X-VIVO) (Fig. 5a-c). As we
have repeatedly demonstrated, oxazolone diluted with DMSO/FBS
did not induce significant induction of FInSLO-LA at the concentra-
tion at which LI-SLR-LA showed >0.05. In contrast, oxazolone
diluted with X-VIVO/X-VIVO significantly and dose-dependently
induced FInSLO-LA at the concentration at which LL-SLR-LA
showed >0.10. Oxazolone diluted with DMSO/X-VIVO signifi-
cantly induced FInSLO-LA at the concentration at which
LL-SLR-LA showed >0.6, but significant induction was observed
only at this single concentration. These results clearly demon-
strated that the dilution of oxazolone with X-VIVO significantly
improved the response of THP-G8 cells. Furthermore, contrary to
our expectation, even solubilization of oxazolone with DMSO did
not necessarily improve THP-G8 response.

Clearly, FBS perturbed the response of THP-G8 cells for oxa-
zolone; we therefore next examined whether changing the culture
medium during treatment with the chemicals from RPMI-1640
with 10% FBS to X-VIVO improved the response of THP-G8 cells
to haptens. The results clearly showed that the response of
THP-GS8 cells to oxazolone became far weaker in X-VIVO than that
RPMI-1640 with 10% FBS {(data not shown).
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Table 3

Comparison of the performance between IL-8 Luc assay (16 h} and 11.-8 Luc assay (6 h).

Chemical LLNA The I1-8 Luc assay (6 h) Takahashi et al. in Toxicol. Sci. The IL-8 Luc assay (16 h)

1st 2nd 3rd Positiveexp  Decision  1st 2nd 3rd Positive exp  Decision

FInSLO-LA 11 FInSLO-LA 11 FInSLO-LA LI FInSLO-IA 1L FInSLO-LA L1 FInSLO-LA 1L
Oxazolone Sensitizer 1 ND. 1 N.D. [ Non-sens  1.43 115 129 1.03 o Non-sens
4-NBB Sensitizer 39 027 44 021 2 Sens 74 014 683 014 2 Sens.
DNCB Sensitizer 23 044 18 053 2 Sens 5.83 015 1038 0.08 2 Sens
MDGN Sensitizer 16 085 27 0.5 2 Sens 3.68 028 1.87 047 2 Sens
Glyoxal Sensitizer 17 077 14 0.76 2 Sens 297 0.71 3.76 03 2 Sens.
2-MBT Sensitizer 19 0.7 19 0.76 2 Sens 229 078 636 0.56 2 Sens.
Cinnamal Sensitizer 2 054 27 042 2 Sens 5.09 019 8.05 0.15 2 Sens.
TMTD Sensitizer 17 063 36 044 2 Sens 7.28 0.14 3.95 0.28 2 Sens
PPD Pre/pro hapten 1.5 066 23 057 2 Sens 1.61 061 178 0.6 2 Sens
Isoeugenot Prefpro hapten 1.8 079 18 086 155 104 1 Non-sens  2.94 074 4.07 044 2 Sens
Eugenol Prejpro hapten 2.1 064 17 077 2 Sens 4.85 069 272 117 169 072 2 Sens
Cinnamic alcohol  Prefpro hapten 2.1 047 23 0.76 2 Sens 7.68 054 852 0.54 2 Sens.
Glycerol Trritant 15 082 14 0383 o Non-sens 112 095 1.03 125 4 Non-sens
Salicylic acid Irritant 13 127 11 0.98 o Non-sens 1 1 1 1 o Non-sens
lactic acid Trritant 12 082 1.1 132 0 Non-sens 135 195 154 218 [ Non-sens
Sis Irritant 3.1 088 46 0.86 0 Non-sens  2.84 118 449 1.04 o Non-sens
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Fig. 3. Comparison between criterion with 1.L-SLR-LA > 0.2 and that with L1.-SLR-LA > 0.05. Cell viability was determined by a PI exclusion assay using flow cytometry. THP-
G8 cells were stimulated with the indicated dose of DNCB or 4-NBB. In this Pl exclusion assay, THP-G8 cells after chemical treatment were mixed with 30 pg/ml of P}, and the
live cells (which are not permeable to PI) were counted using flow cytometry. The results of the luciferase assay are shown on the left.

Table 4
Comparison of the performance among different criterion.

Criteria With L1. criterion (11. < 0.8) Without LI criterion

Without L1L-SLR-1A criterion LL-SLR-LA > 0.2 L1-SLR-LA > 0.05 Criterion 1 Criterion 2 Criterion 3
Chemical numbers 98 89 97 122 122 122
Accuracy 0.75 0.69 0.74 0.77 0.73 0.73
Sensitivity 0.69 0.59 0.69 0.77 0.80 0.72
Specificity 0.89 0.92 0.89 0.74 0.59 0.74

Next, we examined whether the other chemicals providing false
negative results in the IL-8 Luc assay could be judged as sensitizers
if diluted with X-VIVO/X-VIVO (Tabie 5). Interestingly, 5 of the 14
chemicals that showed false negative results were judged as sensi-
tizers. To confirm the efficacy of solubilization of chemicals with
X-VIVO, we re-evaluated the chemicals in the ECVAM list
(Table ©). The IL-8 Luc assay using chemicals diluted with
X-VIVO/X-VIVO increased the FInSLO-LA of all sensitizers, i.e., oxa-
zolone, 4-NBB, DNCB, MDGN, eugenol, and PPD, and changed the
judgment of oxazolone. As a result, the Cooper statistics of the
IL-8 Luc assay using chemicals diluted with X-VIVO yielded an
accuracy of 94%, a sensitivity of 100%, and a specificity of 75%.
These data suggested that the IL-8 Luc assay diluted with X-VIVO
can improve the accuracy and sensitivity, while it does not lower
the specificity.

3.7. The factors that produce false negative or positive results in IL-8
Luc assay (3) - detergents

The IL-8 Luc assay conducted according to Criterion 1 produced
8 false positive results among 28 non-sensitizers, of which hexade-
cyltrimethylammonium  bromide, benzalkonium  chloride,
Tween-80, and SLS are well-known. detergents, It has been
reported that the treatment of reconstructed human epidermis

with detergents, such as sodium lauryl sulfate, triton, and benza-
lkonium chloride, increased IL-8 mRNA levels in and IL-8 release
from the cells (Coquette et al, 1999). Moreover, White et al. have
demonstrated that SLS induced early growth response-1 (EGR-1)
depending on the activation of MEK1/p44/42 ERK and EGFR
White et al., 2011). In contrast to these observations on epidermal
cells, several researchers examined IL-8 release by THP-1 cells and
demonstrated the lack of IL-8 production when stimulated with
SLS (Mitjans et al. 2008; Trompezinski et al, 2008). However,
the concentration of SLS used in these studies was 30 pg/ml or less.
Since the optimal concentration of SLS to induce FInSLO-lA is
50 ng/ml, and the concentration range that significantly aug-
mented FInSLO-LA was narrow, the previous authors either did
not stimulate THP-1 with the optimal concentration of SLS or there
was a discrepancy between IL-8 release and IL-8 mRNA induction
that corresponds with FInSLO-LA. Regardless, we propose not to
evaluate detergents by the IL-8 Luc assay.

b

3.8. The factors that produce false negative or positive results in the
IL-8 Luc assay (4) - relative human skin sensitizing potency

Recently, Basketter et al. {2014) collected data regarding the
sensitizing potential of chemicals to human skin and classified
131 chemicals into 6 categories based on their relative human skin
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Fig. 4. Factors responsible for false negative or positive results in the IL-8 Luc assay (chemicai properties). Sensitizers judged by the LLNA are divided into false negative and
true positive groups according to the results of the 1L-8 Luc assay. Molecular weight, LogKo/w, and water solubility of each chemical are plotted on the y-axis for each group.

The mean and p value compared with Student’s t-test are shown.

sensitizing potency, with category 1 being the most potent, cate-
gory 5 being the least potent, and category 6 being true
non-sensitizers. Comparison of the relative human skin sensitizing
potency of these chemicals with their LLNA evaluation provided
excellent correlation in that all sensitizers judged by relative
human skin sensitizing potency are also classified as sensitizers
by LLNA, However, there were some differences between the two
categorization schemes. For example, although vanillin and benza-
lkonium chloride are classified as non-sensitizers by LLNA, relative
human skin sensitizing potency included them in category 5, the
least potent sensitizer. The IL-8 Luc assay also judged vanillin as
sensitizers.

3.9. The performance of the IL-8 Luc assay after considering the
exclusion criterion and human sensitization potential, and using
X-VIVO as a solvent

If we delete the data of hexadecyltrimethylammonium bro-
mide, Tween-80, SLS and benzalkonium chloride and consider
vanillin as a sensitizer, the performance of the IL-8 Luc assay was
accuracy of 81%, sensitivity of 79%, and specificity of 90% in
Criterion 1, accuracy of 77%, sensitivity of 80%, and specificity of
69% in Criterion 2, and accuracy of 77%, sensitivity of 73%, and
specificity of 90 in Criterion 3 (Tabie 7). Furthermore, if we
consider the results using X-VIVO as a solvent, the performance
of the IL-8 Luc assay was accuracy of 90%, sensitivity of 90%, and
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specificity of 90% in Criterion 1, accuracy of 82%, sensitivity of
87%, and specificity of 69% in Criterion 2, and accuracy of 86%,
sensitivity of 84%, and specificity of 90% in Criterion 3 (Table 8).

3.10. Correlation between the IL-8 Luc assay and other screening
methods

Next, we examined the correlation of the parameters between
the IL-8 Luc assay and other assays. Statistical analysis of the cor-
relation between FInSLO-LA, and the percent depletion of peptides
containing either lysine or cysteine in DPRA, provided no signifi-
cant correlation (Fig. 6). Similarly, we also examined the correla-
tion between the minimum concentration required to induce
more than 1.4 of FInSLO-LA in the IL-8 Luc assay (IL-8 Luc assay
minimum induction threshold (MIT)) and that required to induce
more than 150% of CD86 augmentation (h-CLAT MIT (CD86G
EC150)) (Fig. 7a) or more than 200% of CD54 in h-CLAT (h-CLAT
MIT (CD54 EC200)) (Fig. 7b). The results demonstrated weak corre-
lation between them (Fig. 7a and b). In contrast, there was no sig-
nificant correlation between the IL-8 Luc assay MIT and EC 1.5 of
KeratinoSens (Fig. 7c).

3.11. Score-based battery system

To improve the performance of the IL-8 Luc assay for predicting
sensitizing potential and the potency of chemicals, we developed a
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Fig. 5. The effects of FBS on the IL-8 Luc assay. To stimulate THP-G8 cells, we solubilized oxazolone in the following 3 ways: (a) solubilize in DMSO and then dilute with RPMI-
1640 containing 10% FBS as used in the IL-8 Luc assay (DMSO/FBS); (b) solubilize in DMSO and then dilute with X-VIVO (DMSO/X-VIVO); and (c) solubilize in X-VIVO and then

dilute with X-VIVO (X-VIVO/X-VIVO).

Table 5
Re-evaluation of chemicals demonstrating false negative results by the IL-8 Luc assay
using X-VIVO as a solvent.

Chemicals Experiments Judgment
1st 2nd
Oxazolone 1.66 3.98 Sensitizer
Phthalic anhydride 1.09 1.60
2-Hydroxyethyl acrylate 1.00 1.00
Ethylenediamine 196 2.38 Sensitizer
Methyl-2-nonynoate 193 591 Sensitizer
3.4-Dihydrocoumarin 1.00 1.00
Trimellitic anhydride 2.28 1.66 Sensitizer
1-Bromohezxane 1.07 1.05
4-Allylanisole 4.67 1971 Sensitizer
Benzocaine 1.11 1.00
Ethyleneglycol dimethacrylate 498 436 Sensitizer
Penicillin G 135 1.00
Pyridine 1.09 1.00
Aniline 1.03 1.12

test battery by assigning scores to the outcomes in each single test,
based on the concept reported by iowsey et al. (2008, We con-
verted the results of the IL-8 Luc assay and DPRA into a score from
0 to 2 based on the sensitizing potency classification. In the IL-8
Luc assay, we first obtained the maximum value of FInSLO-LA
{(MAX FInSLO-LA) and the MIT for each chemical. MAX FInSLO-LA
was the largest value of FInSLO-LA in all repeated experiments.
The MIT was defined as the lowest value among the concentrations
in all repeated experiments in which the chemical induced
FInSLO-LA more than 1.4. MAX FInSLO-LA/MIT was calculated by
dividing MAX FInSLO-LA by MIT and each chemical was given a
score of 0, 1, or 2 based on the criterion shown in Table 8,

The mean + SEM of MAX FInSLO-LA/MIT of chemicals in each
group with different allergenicity was shown in Fig. 8a.
Generally, the MAX FInSLO-LA/MIT values were higher in the group
of chemicals containing more potent sensitizers. The data and the
scoring system published by Mukada et al (2013} and jaworska
et al. (2013) were used for DPRA and DEREK. The positive results

in DPRA were classified as strong if the average depletion score
of cysteine and lysine peptide was above 22.62% and weak if it
was above 6.376% and less than or equal to 22.62%. Similarly, if
the analysis outcome by DEREK was defined as probable or plausi-
ble, the test chemical was judged as a sensitizer. If defined as
doubtful or no report, the test chemical was judged as a
non-sensitizer. For the 103 test chemicals, the total battery score
between 0 and 5 was then calculated by the sum of the individual
scores. The box plot indicated the resulting scores split up for the
five LLNA potency classifications (i.e., extreme, strong, moderate,
weak, and not classified) (Fig. £b). The median values in the box
plot of the IL-8 Luc assay combined with DPRA and DEREK
decreased with the corresponding LLNA potency classes with a bet-
ter linear correlation (R? = 0.90) than that of the IL-8 Luc assay
alone,

Table 6
Re-evaluation of the chemicals in the ECVAM List by the IL-8 Luc assay using X-VIVO
as a solvent.

Chemicals Experiments Judgment
1st 2nd
Oxazolone 7.69 3.98 Sensitizer
4-NBB 10.03 8.77 Sensitizer
Glyoxal 3.50 223 Sensitizer
2-MBT 5.17 437 Sensitizer
DNCB 1454 948 Sensitizer
MDGN 423 435 Sensitizer
Cinnamal 1.53 557 Sensitizer
TMTD 458 361 Sensitizer
PPD 430 248 Sensitizer
Isoeugenol 1.89 159 Sensitizer
Eugenol 257 252 Sensitizer
Cinnamic alcohol 7.24 713 Sensitizer
Glycerol 1.09 1.04 Non-sensitizer
Salicylic acid 1.18 1.00 Non-sensitizer
Lactic acid 100 1.08 Non-sensitizer
SLS 294 288 Sensitizer
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Table 7
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Performance of the IL-8 Luc assay after deleting the data for detergents and considering human sensitizing potential.

Criteria IL-8 Luc assay Modified 1L-8 Luc assay
Criterion 1 Criterion 2 Criterion 3 Criterion 1 Criterion 2 Criterion 3
Chemical numbers 122 122 122 118 118 118
Accuracy 0.77 0.73 0.73 0.81 0.77 0.77
Sensitivity 0.77 0.80 0.72 0.79 0.80 0.73
Specificity 0.74 059 0.74 0.90 0.69 0.90
Modified IL-8 Luc assay: Deleting the data for detergents and considering human sensitizing potential.
Table 8
Performance of the IL-8 Luc assay after deleting the data for detergents, considering human sensitizing potential, and changing to X-VIVO as a solvent.
Criteria IL-8 Luc assay Modified IL-8 Luc assay
Criterion 1 Criterion 2 Criterion 3 Criterion 1 Criterion 2 Criterion 3
Chemical numbers 122 122 122 118 118 118
Accuracy 0.77 0.73 0.73 0.90 0.82 0.86
Sensitivity 0.77 0.80 0.72 0.90 0.87 0.84
Specificity 0.74 059 0.74 0.90 0.69 0.30

Modified IL-8 Luc assay: Deleting the data for detergents, considering human sensitizing potential, and changing to X-VIVO as a solvent.

Next, we set the positive criterion as a score of above 2 for
hazard identification. Furthermore, to determine the sensitizing
potency using a three-rank classification (strong, weak, and not
classified) from the total battery scores, we set the strong score
as 5, the weak score as 4, 3, and 2, and not classified as 1 and 0.
Table 10 demonstrates the results of hazard identification and
shows that the sensitivity, the specificity and the overall accuracy
of the score-based battery system was 87.1%, 80.8%, and 85.4%,
respectively, according to the Cooper statistics. All these parame-
ters were improved compared to either DPRA or the IL-8 Luc assay
alone for the examined chemical sets.

In the potency classification {Table 11), the strong class in this
battery system included 14 of 23 extreme and strong sensitizers
in the LLNA. Likewise, the weak class included 38 of 54 moderate
and weak sensitizers in the LLNA. Thus, the accuracy in the potency
prediction with the battery system was 70.9%, the over-prediction
rate was 10.7%, and the under-prediction rate was 18.4%. These
data suggested that the potential and potency of sensitizing chem-
icals were identified with good reliability by the score-based
battery system.

3.12. Tiered system with h-CLAT and DPRA

We next developed a tiered approach, weighing the predictive
performance of the IL-8 Luc assay and DPRA for the 103 evaluated
chemicals. The IL-8 Luc assay provided high sensitivity and suffi-
ciently detected extreme and strong sensitizers (Fig. £a), indicating
that the IL-8 Luc assay was a good first step for a tiered approach.
The positive results in the IL-8 Luc assay were classified into two
classes, strong or weak, based on Max-FInSLO-LA/MIT values.
Then, to reliably predict weak and moderate sensitizers, which
the IL-8 Luc assay failed to detect, we determined that DPRA was
a good second step. The positive results in DPRA were classified
into the weak class regardless of the average depletion score. If
the chemical scored as negative in both tests, it was considered
as not classified. As shown in Tabie 12, the tiered system provided
a relatively high sensitivity of 96.1% (74 of 77 sensitizers) and an
accuracy of 87.4% (90 of 103 test chemicals).

The potency classification by the tiered system is summarized
in Table 13, All tested chemicals, except for 1 chemical classified
as strong in the tiered system, were sensitizers in the LLNA,
suggesting a positive predictivity of 98.0% in this class. Moreover,
16 of 19 chemicals categorized as not classified by the tiered
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system were non-sensitizers in the LLNA, suggesting a negative
predictivity of 84.2%. The false negative rate in the weak class
was 5.5% (3 of 54 sensitizers). Importantly, the tiered system with
the IL-8 Luc assay and DPRA could detect 51 of 54 sensitizers
classified as moderate and weak in the LLNA. The strong, weak,
and non-classified classes have good correlation with the
extreme/strong, moderate/weak, and non-classified class in the
LLNA. Thus, the accuracy of potency prediction with the battery
system was 62.1%, the over-prediction rate was 28.2%, and the
under-prediction rate was 9.7%.

4. Discussion

In parallel with conducting the inter- and intra-laboratory
reproducibility tests, we tried to improve the performance of the
IL-8 Luc assay. Consequently, we found that the modification of
the original protocol of the IL-8 Luc assay by increasing the incuba-
tion time, revising the lower limit of LL-SLR-LA, deleting the
process to examine the effects of NAC, and setting the exclusion
criterion could substantially improve the performance of the IL-8
Luc assay. In final, by taking these modifications into account,
the performance of the IL-8 Luc assay was accuracy of 81%,
sensitivity of 79%, and specificity of 90% in the evaluation of 122
chemicals.

In addition, we here examined the difference in determining
positive induction of SLO-LA between Criterion 1 and Criterion 2.
Condition 1 used in Criterion 1 was determined empirically, while
that used in Criterion 2 was based on the statistical significance.
After examining the 122 chemicals, the concordance rate was
90%, which suggests that condition 1 used in Criterion 1,
FInSLO-LA > 1.4 at the concentration of the chemical at which
LI-SLR-LA is »0.05, is statistically supported. We also accepted
the new condition 2 to judge sensitizers based on the repeated
experiments: chemicals are categorized as sensitizers when they
fulfill condition 1 in two of two to four different experiments,
while they were categorized as sensitizers when they fulfilled con-
dition 1 in two or three of three different experiments in our pre-
vious report (Takahashi et al,, 2011). In this new condition 2, some
experiments showing positive induction are repeated only twice to
judge sensitizers, while those showing negative induction are
repeated three times to judge non-sensitizers. Therefore, to verify
this condition, we repeated three experiments for 21 chemicals
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Fig. 6. Correlation between the 11-8 Luc assay and other screening methods (DPRA). The correlation between FInSLO-LA and the percent depletion of peptides containing

either lysine or cysteine in DPRA was examined.

that showed positive induction in the first two experiments. The
results demonstrated that the third experiment also showed posi-
tive induction in all 21 chemicals, verifying the new condition 2.
In this study, we examined 4 detergents, i.e., hexadecyltrimethy-
lammonium bromide, benzalkonium chloride, Tween-80 and SLS
and found that these detergents significantly increased FInSLO-LA,
which suggested that they could stimulate IL-8 promoter activity.
These data are consistent with the previous reports that have
demonstrated IL-8 production by keratinocytes after the stimula-
tion of various detergents (Coquette ct al. 1999, White et al,
2011). Detergents can be categorized according to the charge pre-
sent in the hydrophilic head (after dissociation in aqueous solution)
into four primary groups: anionic, cationic, amphoteric {(dual
charge) and nonionic (Corazza et al., 2010). Quaternary ammonium
compounds, such as hexadecyltrimethylammonium bromide and

benzalkonium chioride, are cationic, while Tween-80 and SLS are
nonionic and anionic, respectively. Therefore, our data suggested
that detergents could stimulate IL-8 promoter activity irrespective
of kinds of the charges present in the hydrophilic head. It is not nec-
essarily clear how detergents induce IL-8 mRNA. In contrast to hap-
tens that induce IL-8 mRNA expression by DCs or THP-1 cells
depending on p38 MAPK, however, at least SLS has been demon-
strated to induce IL-8 mRNA depending on the activation of
MEK1/p44/42 ERK (wWhite et al,, 2011). Indeed, our previous study
demonstrated NAC could not suppress FInSLO-LA induced by
Tween-80, SLS, and benzalkonium chloride, while it significantly
attenuated it induced by most haptens (Takahashi et al, 2011).
Therefore, it is plausible to include the criterion for examining the
effects of NAC on FInSLO-LA. However, since the IL-8 Luc assay
including the criterion to examine the effects of NAC makes the test
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induce more than 1.4 of FInSLO-1A in the IL-8 Luc assay (IL-8 Luc assay MIT) and that required to induce more than 150% of CD86 augmentation (h-CLAT MIT (CD86 EC150))
(a), that to induce more than 200% of CD54 in h-CLAT (h-CLAT MIT (CD54 EC200)) (b), and EC 1.5 of KeratinoSens (c).

Table 9
Conversion of the outcome in each single test into scores.
Score MAX FInSLO-LA/minimum induction threshold (MIT) in 1L-8 Luc assay Avg. score in DPRA DEREK or times
2 >0.1 >22.62%
(Strong positive) (Strong positive)
1 0.01-0.1 6.376-22.62% Alert
(Weak positive) (Weak positive) {Positive)
0 <0.01 <6.376% No alert
{Negative) (Negative) {Negative)

method complicated and reduces intra- and inter-laboratory
reproducibilities, we would like to include detergents in an
exclusion criterion.

It is widely recognized that a single in vitro test is insufficient to
replace animal testing and that integration of results from different
in vitro tests, as well as in silico methods, is needed for prediction of
the skin sensitization potential of chemicals, Since jowsey et al.
(2006) first proposed the integration framework based on the
scoring system, weighing the evidence from structure-activity
relationships in skin sensitization, penetration, peptide reactivity,
and dendritic cell and T-cell activation to evaluate the sensitizing
potential as well as the relative potency, a variety of test batteries
integrated with different in vitro tests and/or in silico methods have
been reported (Bauch ct al, 2012; Jaworska et al, 2011; Natsch
et al, 2008; Nukada et al, 2013; Tsujita-Inouc et al, 2014). Most
of these approaches substantially improved the accuracy and
sensitivity for the potential and potency prediction, compared with
LLNA. Therefore, in this study, we also tried to combine the [L-8 Luc
assay with other in vitro methods to test for skin sensitizing
potentials.

h
$99 3
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Before determining the best combination of test methods, we
first examined whether any of the parameters in the IL-8 Luc assay
correlate with LLNA potency. Although we could not recognize sig-
nificant correlation between MIT or FInSLO-LA of the IL-8 Luc assay
and LLNA EC3 (data not shown), we found that the MAX
FInSLO-LA/MIT values were higher in the group of chemicals with
more potent sensitizers. Therefore, we decided to use the MAX
FInSLO-LA/MIT with the battery approach.

When we tried score-based battery system and tiered battery
system according to the procedure conducted by Nukada et al
(2013), both systems increased accuracy, 87.9% and 90.1%, respec-
tively and the score-based system increased specificity while the
tiered-system improved sensitivity. In particular, the chemicals
judged as false negative by the IL-8 Luc assay due to the reactivity
of chemicals with FBS can be judged as positive by DPRA except for
ethylenediamine (Jaworska et al., 2013).

In addition to the yes/no prediction, in vitro approach to detect
allergenicity of chemicals is required to predict the potency.
However, the accuracy in the potency prediction with the scored
battery system and the tiered battery system was 67% and 58.2%,
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Fig. 8. Score-based battery system based on the IL-8 Luc assay. The mean + SEM of MAX FInSLO-LA/MIT of chemicals in each group was plotted for different allergenicity

groups in the LLNA after conversion of the raw data into a score based on Tabie @ (a). The data and the scoring system published by Nukada

tal 3y and jaworska et al.

{2013 were used for DPRA and DEREK. Then, for the 103 test chemicals, the total battery score between 0 and 5 was calculated by the sum of individual scores (b).

Table 10
Hazard identification by the score-based battery system based on the IL-8 Luc assay.
LLNA Score-based battery system
Positive Negative
Sensitizers (77) 67 10
Non-sensitizers (26) 5 21
Sensitivity (%) 87.1
Specificity (%) 808
Accuracy (%) 85.4

respectively, It is still far from perfect. There is a significant spread
for the quantitative data within individual potency classes. LLNA
and human data correlate partly with each other, with an R? in
log-log linear regression between LLNA and human data between
0.45 and 0.75 reported in different studies (ICCVAM, 2011). It
means that EC3 in LLNA cannot correctly predict the potency clas-
sification of chemicals in humans. In addition, so far, it is not clear
how the potency of haptens is determined. Most screening meth-
ods do not take T cell response into account. To improve the accu-
racy, it may need to construct a battery system with a screening
method based on T cell response.

Finally, in this study, we explored the factors that impair the
performance of the IL-8 Luc assay. Among them, the impacts of
FBS on the performance of the IL-8 Luc assay was not negligible.
It is a well-known procedure to solubilize water insoluble chemi-
cals in DMSO and dilute the solution with culture medium. This
procedure was also employed by h-CLAT and KeratinoSens.
Indeed, most of water insoluble haptens we examined in this study
significantly increased FInSLO-LA after diluted by this procedure,
although we must admit that the IL-8 Luc assay with this

Table 11
Potency classification by the score-based battery system based on the IL-8 Luc assay.
LLNA Score-based battery system
Strong Weak Not-classified
Extreme + strong (23) 14 9 0
Moderate + weak (54) 6 38 10
Non-sensitizer (26) 0 5 21
Over prediction rate (%) 10.7% (11/91)
Under prediction rate (%) 18.4% (19/103)
Accuracy (%) 70.9% (73/103)

procedure produced considerable numbers of false negative
results. Surprisingly, the judgment of 5 among 14 haptens in 122
chemical lists we examined was corrected by diluting chemicals
with X-VIVO. Saito et al. have reported the similar observation,
in which hapten-induced ROS production by THP-1 was signifi-
cantly attenuated in the presence of FBS (Szito et al, 20132). It is
conceivable that FBS suppresses the binding of some haptens with
cysteine or lysine residues. Therefore, our novel procedure in
which chemicals are diluted with X-VIVO may significantly
improve the performance of the IL-8 Luc assay.

There are several advantages in the IL-8 Luc assay. At first, the
culture of THP-G8 cells are relatively simple and does not use tryp-
sin or EDTA because THP-G8 cells do not stick to the culture dishes.
The second is its simple procedure. At first, chemicals in graded
concentrations are added into 96-well culture plate as required
in every in vitro test method. Then, the cells adjusted to the opti-
mum concentration are seeded to each plate. After 16 h incubation,
the plates are set in the luminometer. The process afterward is
completely automated except calculating the obtained results in
the predesigned Excel sheet. Therefore, the IL-8 Luc assay is consid-
ered as a test method that can significantly reduce human errors.

Moreover, the IL-8 Luc assay does not need the step to precul-
ture or determine cell viability after chemical treatment. In the
IL-8 Luc assay, since THP-G8 cells can present the promoter activ-
ities of IL-8 promoter and GAPDH, a well known house keeping
gene, the information of the effects of chemicals on both IL-8
induction and cell viability is obtained simultaneously in each
experiment. Therefore, even though 4 experiments are required,
one set of experiments can be completed within 4 days.
Therefore, the IL-8 Luc assay is a truly high-through method.

Finally, this study succeeded in optimizing the IL-8 Luc assay to
predict allergenicity of chemicals and demonstrated that the IL-8

Table 12
Hazard identification by the tiered system based on the IL-8 Luc assay.
LINA Tiered system
Positive Negative
Sensitizers (77) 74 3
Non-sensitizers (26) 10 16
Sensitivity (%) 96.1
Specificity (%) 61.5
Accuracy (%) 87.4
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Table 13
Potency classification by tiered battery system based on the IL-8 Luc assay.
LLNA Tiered system
Strong Weak Not-classified
Extreme + strong (23) 16 7 [}
Moderate + wealk {54) 19 32 3
Non-sensitizer (26) 1 9 16
Over prediction rate (%) 28.2% (29/103)
Under prediction rate (%) 9.7% (10/103)
Accuracy (%) 62.1% (64/103)

Luc assay is a promising in vitro alternative method. Furthermore,
the battery approach of the IL-8 Luc assay combined with DPRA
and DEREK could significantly improve the performance.
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Simultaneous Multicolor Luciferase Reporter Assays for Monitoring of

Multiple Genes Expressions
Yoshihiro Ohmiya’

DAILAB, Biomedical Research Institute, National Institute of Advanced Industrial Science and

Technology (AIST), Tsukuba, Japan

Abstract: Multicolor luciferase reporter assays are powerful tools for simultaneously monitoring the
expression of several genes. Dual-color luciferase reporter assays were established in 2004 and have
been used in broad range of application from basic researches to applications in clinical research, e.g.,
drug screening and alternative toxicological tests. The advantage of this method is that it can be used
to simultaneously monitor sequential and complex changes in the expression of multiple genes from
the single-cell level to the tissue level. In this review, I focus on the simultaneous analysis of multiple

genes using multicolor beetle luciferases.

Yoshihiro Ohmiya

Keywords: Beetle luciferase, bioluminescence, multicolor luciferase assay, imaging luciferase assay, reporter assay.

INTRODUCTION

Bioluminescence is a form of “cold light” in living
organisms, based on the chemical reaction; that is, the
measured light activity depends on the amount of enzyme,
substrate, and cofactor(s). Bioluminescence reporters, such
as luciferase (enzyme) and luciferin (substrate), are widely
used for the analysis of various biological functions, such as
protein-protein interactions, and gene expression [1-3]. The
structural relationship between luciferin and luciferase is
restricted in each bioluminescence reaction. Additionally,
bioluminescence can be reproduced in vitro using a
chemically synthesized luciferin reporter and a genetically
produced luciferase enzyme. The bioluminescence system
comprising these two components produces a unique light
source used widely in the field of biotechnology for
visualizing biological functions. Thus, luciferases are good
candidate reporter enzymes in cell-based assays. Advanced
biotechnologies using multicolor luciferases permit the
quantitative analysis of multiple genes from the single-cell
level to the tissue level using a luminometer/charged-coupled
device (CCD) camera equipped with optical filters.
Bioluminescent protein techniques are sensitive approaches
for understanding cell physiology, whereas fluorescence
imaging that use fluorescent proteins (e.g., green fluorescent
protein [GFP]) as probes have contributed to the
understanding of cell physiology researches. Especially,
bioluminescent probes are highly sensitive, display good
linearity, and are easy to perform compared with other
fluorescent probes. Beetle luciferases are particularly
suitable as reporter enzyme because they produce stable
color lights ranging from green to red under any condition;
in contrast, the light produced by firefly luciferases can
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change depending on pH or temperature. In this review, [
discuss the simultaneous analysis of multiple genes using
multicolor beetle luciferases.

FIREFLY AND BEETLE BIOLUMINESCENCE

Bioluminescence is a well-known phenomenon. In the
presence of firefly and beetle luciferases as a catalytic
enzyme and ATP and Mg®" as cofactors, the biolumine-
scence reactions produc photons (Fig. 1) [4-6]. In light-
emitting reactions, the emission maxima of firefly D-
luciferin-type bioluminescence are found at around 535-630
nm (Fig. 2A, B). Beetle bioluminescence is also known to
produce much higher quantum yield (QY) values than other
types of luminescence [7, 8]. The QY value of native firefly
D-luciferin varies from 0.15 to 0.60 depending on the
luciferase enzyme; for example, the green-yellow-emitting
luciferase of the American firefly (Photinus pyralis) has a
QY value of 0.41. Moreover, the QY value of the firefly
luciferase is correlated with the Iuminescence peak
wavelength. The red-emitting luciferase of the Brazilian
railroad worm (Phrixothrix hirtus), which has the reddish
peak wavelength, has the lowest QY (0.15), whereas the
green-emitting luciferase of the Brazilian click beetle
(Pyrearinus termitilluminans), whose luminescence spectrum
has the greenish peak of all reported luciferases, possesses
the highest quantum yield (0.61) [9].

Interestingly, beetle bioluminescence, including that of
fireflies, can be classed into two large groups according to
bioluminescent spectral sensitivity to pH: 1) pH-sensitive
luciferases (fireflies) that exhibit a red color shift with
increasing temperature or decreasing pH [4, 5); and 2) pH in-
sensitive (railroad worm and click beetle) luciferases that are
not affected by these changes in pH and temperature [9, 10].
Additionally, the spectra of pH-insensitive beetle luciferases
are narrower than those of pH-sensitive firefly luciferases,
although many color mutants have still been constructed. For
example, Fig. (2) shows the corrected luminescence spectra
for pH-insensitive (Fig. 2A) and -sensitive luciferases (Fig.
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Fig. (1). Proposal mechanism of chemical reaction in firefly bioluminescence. Luciferin (D-LH,) is converted into an adenylate (D-LH,-
AMP) in the presence of ATP, which is oxidized in the presence of oxygen, forming a peroxide intermediate by splitting of AMP.
Decomposition of the intermediate via the dioxetanene intermediate is sufficiently energetic to produce the excited state of the oxyluciferin
(OxyL) monomer or dianion, and then to produce the light from excited state to ground state.

2B). The spectra of the multicolor luciferase mutants are
broader than those of pH-insensitive red and green light-
emitting luciferases [9]. For the various beetle luciferases,
the QY values and spectra of the bioluminescence reaction
have been analyzed in order to explain their relationships.

The mechanisms mediating the different color emissions
of beetle bioluminescence were proposed based on active
site determined by the 3D-structure of the Luciola cruciata
firefly luciferase [11]. For example, Hirano et al.
investigated the spectroscopic properties of the phenolate
anion of firefly luciferin and proposed that the excited
Tuciferin as a light emitter was modulated by the polarity of
the active-site environment of firefly luciferase and
protonated basic moiety in the active site [12]. On the other
hand, the emitter of firefly bioluminescence may relate to the

lability of firefly oxyluciferin. Maltsev et al. explained that
its lability is due to autodimerization of the coexisting enol
and keto forms in a Mannich-type reaction based on NMR
spectroscopy and X-ray crystallography data of a side
product [13]. Nazivet et al. demonstrated that emitting light
depends on the micro-environmental polarity at the
phenolate/phenol of the benzothiazole fragment in
oxyluciferin, and furthermore, denied that the color
modulation of the emitting light depends on the size of the
compact luciferase protein which is a cavity embedding the
excited oxyluciferin molecule [14]. Nazivet er al. also
demonstrated that based on a model of Cypridina
oxyluciferin and coelenteramide, carbony! group of firefly
oxyluciferin or the different chemical environment of the
dioxetanone is more rigid in the firefly bioluminescence
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s SLG, pH=8

os - SLR, pH=8
0.6 === Ppy, pH=8
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Fig. (2). Luminescence spectra of bioluminescence reactions for various beetle luciferases. Spectra were measured using PicaGene reagent at
24°C, corrected for spectral sensitivity of the sphere spectrometer, and normalized at each luminescence maximum [9]. Ppy; Photinus pyralis

luciferase, ELuc, SLG, SLR (see Table 1).
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system [15]. However, the mechanisms mediating the pH
sensitivity (or insensitivity) of the beetle luciferase enzyme
remain unknown. In particular, the mechanism of pH
insensitivity in the beetle luciferases is not clear because the
3D-structure of pH-insensitive luciferases has not been
determined. Thus, improving our understanding of the
mechanisms of beetle bioluminescence could facilitate the
development of novel luciferase assays and biological
applications of luciferases in a variety of research fields.

CELL-BASED MULTICOLOR
REPORTER ASSAYS

LUCIFERASE

Fig. (3) demonstrates a simple luciferase reporter assay.
In general, the reporter plasmid containing the luciferase
gene plus the target promoter region of interest is transfected
into target cells, and luciferase-expressing cells are lysed
after an appropriate period, e.g., 1-2 days. We can measure
the amount of expressed luciferase as a light signal in vitro,
and we can estimate the target promoter activity as a light
intensity. Table 1 summarizes the characteristic properties of
bioluminescence systems based on commercially available
luciferases from beetles, sea pansy, copepods, and ostracods.
Commercially available luciferins comprise only three types:
firefly D-luciferin, coelenterazine and Cypridina luciferin,
although other luciferins, including dinoflagellate [16] and
Latia luciferins [17], have been identified. In light-emitting
reactions, the emission maxima of firefly D-luciferin-type,
coelenterazine-type, and Cypridina  luciferin-type
bioluminescence are found at around 535-630, 460-480, and
460 nm, respectively. The molecular weights of luciferases
vary widely (20-62 kDa), and their molecular structures,
which originate from phylogenetically distant systems,
belong to different super families. Cypridina [18], Gaussia
[19], and Meridia [20] luciferases (Cluc, GLuc, and
MetLuc, respectively) are secreted enzymes. The luciferin-
luciferase reaction is triggered by adding luciferin, although

Luciferase gene

Combinatorial Chemistry & High Throughpur Screening, 2015, Vol. 18, No. 10 3

the bioluminescence of firefly, click beetle and railroad
worm luciferases requires ATP and magnesium ions as
cofactors.

Advances in the luciferase assay system have an
additional luciferase as an internal control reporter (dual-
reporter assay), thereby minimizing inherent experimental
variability that can undermine experimental accuracy, such
as differences in the number and viability of cells used and
the efficiency of cell transfection and lysis. Thus, the first
generation of dual-reporter assays is a combination of firefly
luciferase and sea pansy Renilla luciferase using firefly D-
luciferin-type and coelenterazine-type bioluminescence. Of
the luciferases 1dentified to date, the firefly luciferase from
P. pyralis is the commonly used bioluminescent reporter in
commercial vectors. Only the expression of one gene or one
target event can be monitored at a time, aithough this
luciferase has been extensively used to monitor cellular
events in cell-based assays and in vivo imaging [21-23].

Gene expression events are both complex and sequential
because of the elaborated regulatory pathways found in
living cells. Many researchers have sought new reporter
assay systems, focusing on the characteristics of multicolor
beetle luciferases. Advanced luciferase technology,
involving progressives in both the luciferase and the
detection equipment, as well as newly cloned luciferase
genes, have allowed us to simultaneously monitor the
expressions of multiple genes when luciferases are used that
induce different color emission spectra in the catalysis of a
single D-luciferin substrate. The advantages of beetle
Iuciferases producing multiple colors are as follows: (1) the
colors are separable with an optical filter; (2) the number of
substrates is minimal; (3) the temperature dependences are
similar; and (4) the half-lives are similar (Fig. 4). Thus, these
mixed emission spectra are measured simultaneously. Each
intensities can be quantified by splitting them with optical
filter(s) [24].

Target
Promoter

Luciferase gene
(Reporte/c)

Reporter vector

Fig. (3). Principle of a simple luciferase reporter assay. The reporter plasmid vector consists of the target promoter sequence and luciferase
gene sequence. After transfection of the plasmid into target cells, the promoter region regulates the expression of luciferase gene in living
cells. The expressed luciferase protein catalyzes a reaction with luciferin to produce light. In the transient transfection luciferase assay,
luciferase-expressing cells are lysed for an appropriate period. The amount of expressed luciferase protein can be estimated from the light
intensity which indicates the promoter activity in living cells. In this case, the promoter activity is normalized by cell numbers or cellular

enzymatic activity.
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Table 1. Summary of characteristic properties of commercialized bioluminescence system.
Organism Gene Symbol Luciferin Mass (kDa) Amax (nm) Main Company
Non-Secreted
Firefly lue(+), lue2 firefly luciferin 61 562 Promega
Sea pansy Rluc coelenterazine 36 480 Promega
Click beetle (Jamaica) CBGluce firefly luciferin 60 537 Promega
Click beetle (Jamaica) CBRluc firefly luciferin 60 613 Promega
Click beetle (Brazil) ELuc firefly luciferin 61 638 TOYOBO
Railroad-worm SLR firefly luciferin 60 630 TOYOBO
Railroad-worm (Japan) SLG firefly luciferin 60 550 TOYOBO
Railroad-worm (Japan) SLO firefly luciferin 60 580 TOYOBO
Secreted
Copepoda GLuc coelenterazine 20 480 NEB
Copepoda MetLuc coelenterazine 24 480 Clontech
Ostracod Cluc cypridinid luciferin 61 465 NEB
APPLICATION OF CELL-BASED MULTICOLOR receptor o response element (RORE) (Fig. 5). They

LUCIFERASE REPORTER ASSAY

In the first example of dual-color luciferase assays in
2004, Kitayama et al. constructed a simple dual-reporter
system monitored simultaneously two promoter activities in
living cyanobacterial cells [24]. Two Phrixothrix railroad-
worm luciferases [10] catalyzing the generation of different
color emissions served as the dual reporters; each emissions
was separated by interference filters to estimate the
individual emission signals using photomultiplier tubes.
Using this system, they clearly demonstrated the expression
profiles between promoters in the same cells.

As a second example, Nakajima er al. developed a
simultaneous monitoring system [25] in mammalian cell line
using green light emitting luciferase (SLG, see Table 1) and
red light-emitting luciferase (SLR, see Table 1) from the
Phrixothrix railroad worm. The two spectral mixed
emissions were divided using a > 600-nm long-pass filter,
and the respective luciferase activities were calculated.
Splitting the emissions with a long-pass filter is
advantageous in that the emission loss is less than when
interference filters are used. The linear response range of this
system using cell extracts which are expressed the green and
red light-emitting luciferases could be estimated to be more
than two orders of magnitude.

Furthermore, Nakajima ez al. established a tricolor
reporter assay using SLG, orange-emitting luciferase (SLO,
see Table 1), and SLR [26]. Because all of these enzymes
emit light with D-luciferin, their respective activities can be
detected in a one-step reaction from a single sample. Using
this method, they estimated that the linear response range of
the system exceeds two orders of magnitude, although the
low-threshold light intensities require one order of
magnitude higher intensity than those estimated in the dual-
color luciferase assay. Using this system, they introduced
SLG as an internal control reporter and measured its activity
separately from those of SLO for Bmall and SLR for the part
of Bmall promoters for retinoic acid receptor-related orphan

159

demonstrated a simultaneous monitoring of the clock genes
expressions in vitro and clarified the role of retinoic acid
receptor-related orphan receptor o (RORo) in the
transcriptional regulation of the clock genes Bmall and
RORE in mammalian cell.

Since 2005, many researchers have published papers
describing the application of the dual-color luciferase assay.
Branchini ez a/. developed a model system for the dual-color
luciferase assay by combination of green light-
(Val2411le/Gly246 Ala/Phe250Ser, kmax = 549 nm) and red
(Ser284Thr, Amax = 615 nm) emitting firefly luciferase
mutants. They divided the emissions using two band-pass
filters and confirmed that the green light-emitting GST
fusion protein could be measured over a 10,000-fold range
from about 20 amol to 200 fmol when the amount (10 fmol)
of red light-emitting GST fusion protein was kept constant in
the crude cell extracts [27]. Moreover, based on the results,
they generated thermostable firefly luciferase mutants and
quantified both luciferase activities at 1.0 fmol in a mixture
using the microplate luminometer format [28]. Using a
similar approach, Michelini er al. simultaneously monitored
the expression of two genes in cell extracts using two beetle
luciferases (green light-emitting luciferase from P. pyralis
[kmax = 560 nm] and red light-emitting luciferase from
Luciola italica [hmax = 613 nm]), which emit light via
reaction with firefly D-luciferin as the experimental reporter.
The latter enzyme is a mutant of the wild-type form,
displaying a red-shift emission and better thermostability
[29].

Furthermore, in plant cells, Ogura ez al. used reporter
plasmids harboring the green light-emitting luciferase from
the Jamaican click beetle Pyrophorus plagiophthalamus
(CBG; Amax = 537 nm) connected with the chlorophyll a/b
binding protein (Cab) promoter and the red light-emitting
luciferase from P. plagiophthalamus (CBR; kmax = 613 nm)
connected with the cauliflower mosaic virus promoter as a
control. They co-injected these plasmids into plant cells
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Fig. (4). Characteristic properties of SLG, SLO, and SLR. A; Bioluminescence color of SLG, SLO, and SLR. B; Bioluminescence spectra
example (blue line) of mixture of SLG, SLO, and SLR and individual spectra of SLG (green dotted line), SLO (orange dotted line) and SLR
(red dotted line) luciferases, and the transmission spectra of > 560 nm (056, black dotted line) and > 600 nm (R60, gray dotted line) long-
pass filters. C, Quantitative relationship among SLG (green circle), SLO (orange circles), and SLR (red circles) activities in a mixture of
each proteins expressed in silkworm. Each samples were diluted with PicaGene Dual lysis buffer (Toyo B-net, JP) at the indicated volume
ratio were mixed. The respective luciferase activities were measured with an AB2250 luminometer (ATTO, JP) after injecting PicaGene.
RLU, relative light unit. D; Temperature dependence of SLG (green circle), SLO (orange circles), and SLR (red circles) activities of each
proteins. Luminescence activities under different temperatures were measured as followings. 5 pL of each luciferases solution (0.1 pg/mL) at
4°C was mixed with 50 uL of Tripluc Luciferase Assay Reagent (TOYOBO, JP) that was pre-incubated at 16, 20, 24, and 28°C for 10 min.
All the apparatus except for the luminometer at room temperature were also incubated at each temperatures in advance. E; Half-lives of
PEST (rapid degradation sequence) sequence fused-SLG (green circle), -SLO (orange circles), and -SLR (red circles) activities. Functional
half-life of PEST-fused SLG, SLO and SLR luciferases in NIH3T3 cells. Expression plasmids were independently transfected into NIH3T3
cells. Forty hours after transfection, the culture medium was replaced with DMEM supplemented with 10% FBS and 100 pM cycloheximide,
and incubated for 30 min to block protein synthesis. After 30 min (time = 0), incubation was continued in the same medium. At the indicated
periods, the cells were disrupted and measured their activities in Tripluc Luciferase Assay Reagent (TOYOBO, IP).

using the microprojectile bombardment system and throughput features of reporter assays need to be improved.

demonstrated the simultaneous measurement of dual-color
luciferase activities in extracts of spinach leaves [30].
Respective light intensities were measured simultaneously
with two interference filters using a CCD camera and
demonstrated the light-induced expression of the Cab
promoter.

PRACTICAL APPLICATIONS OF CELL-BASED
MULTICOLOR LUCIFERASE REPORTER ASSAYS

For the purposes of diagnostics, drug discovery and
alternatives for animal models, the reliability and high-
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Assays must also save time and money, reduce the amount of
sample needed, and facilitate the interpretation of data. The
dual-color reporter assay is a simple method in which only
one luciferin is used and the similar characteristic properties
of luciferases are exploited, however, special equipment is
required for measuring the different color emissions. The
internal control reporter as a simultaneous dual-reporter
assay can be optimized for inherent experimental reliability
in order to improve experimental accuracy.

Indeed, to establish a practical drug screening, Davis ef
al. developed a high-throughput dual-color luciferase assay
system using a 1,536-well plate format for screening small



