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We established a luciferase reporter assay system, the Multi-ImmunoTox Assay (MITA), to evaluate the
effects on key predictive in vitro components of the human immune system. The system is composed
of 3 stable reporter cell lines transfected with 3 luciferase genes, SLG, SLO, and SLR, under the control
of 4 cytokine promoters, IL-2, IFN-y, IL-1B, and IL-8, and the G3PDH promoter. We first compared the
effects of dexamethasone, cyclosporine, and tacrolimus on these cell lines stimulated with phorbol 12-
myristate 13-acetate and ionomycin, or lipopolysaccharides, with those on mRNA expression by the
mother cell lines and human whole blood cells after stimulation. The results demonstrated that MITA cor-
rectly reflected the change of mRNA of the mother cell lines and whole blood cells. Next, we evaluated
other immunosuppressive drugs, off-label immunosuppressive drugs, and non-immunomodulatory
drugs. Although MITA did not detect immunosuppressive effects of either alkylating agents or antimetab-
olites, it could demonstrate those of the off-label immunosuppressive drugs, sulfasalazine, chloroquine,
minocycline, and nicotinamide. Compared with the published immunological effects of the drugs, these
data suggest that MITA can present a novel high-throughput approach to detect immunological effects of
chemicals other than those that induce immunosuppressive effects through their inhibitory action on cell

division.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Environmental contaminants, food additives, and drugs can tar-
get the immune system, resulting in adverse health effects, such as
the development of allergies, autoimmune disorders, cancers, and
other diseases. Accordingly, immunotoxicity, which is defined as
the toxicological effects of xenobiotics on the functioning of the
immune system, has raised serious concerns from the public as
well as regulatory agencies. Currently, the assessment of chemical
immunotoxicity relies on animal models and assays that character-
ize immunosuppression and sensitization. However, animal stud-
ies have many drawbacks, such as expense, ethical concerns, and
eventual relevance to risk assessment for humans. Therefore, Euro-
pean policy is promoting alternative testing methods and assess-
ment strategies to reduce the use of laboratory animals and, if
possible, replace animals employed for scientific studies (Balls
et al,, 1995).
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A workshop hosted by the European Centre for the Validation of
Alternative Methods (ECVAM) in 2003 focused on state-of-the-art
in vitro systems for evaluating immunotoxicity (Galbiati et al.,
2010; Gennari et al., 2005; Lankveld et al., 2010). In that workshop,
a tiered approach was proposed, since useful information can be
obtained from regular 28-day general toxicity tests. Namely, pre-
screening for direct immunotoxicity starts with the evaluation of
myelotoxicity. Compounds that are capable of damaging or
destroying the bone marrow will most likely have immunotoxic ef-
fects. If compounds are not potentially myelotoxic, they are tested
for lymphotoxicity. Then, they are tested for immunotoxicity by
approaches such as human whole-blood cytokine release assay
(HWBCRA), lymphocyte proliferation assay, mixed lymphocyte
reaction, natural killer cell assay, T-cell-dependent antibody re-
sponse, dendritic cell maturation, and fluorescent cell chip. Among
these assays, HWBCRA has undergone formal prevalidation,
although other techniques are being examined or have been previ-
ously examined in a rigorous prevalidation effort by ECVAM and
other groups.

The principle of HWBCRA, described by Langezaal et al. (2002),
is based on the well-known human whole-blood method for pyro-
gen testing (Hartung, 2002). In brief, human blood is treated with
lipopolysaccharide (LPS) or staphylococcal enterotoxin B (SEB),
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which causes monocytes and Th2 lymphocytes to produce IL-1B
and IL-4, respectively. After incubation for 40 h in the presence
or absence of immunotoxic and non-immunotoxic test com-
pounds, the levels of IL-1B and IL-4 in the supernatant are quanti-
fied, and the 50% inhibitory concentration (IC50) and the fourfold
stimulating concentration (SC4) are calculated to establish the
immunotoxic potency (Langezaal et al., 2002). According to the EC-
VAM workshop, this method has several advantages, such as the
avoidance of species differences between humans and animals,
employment of human primary cells, simple culture techniques,
and reduced expense and time requirements as compared to ani-
mal experiments. The interindividual variation in leukocyte num-
bers and their response to stimuli is a major concern when using
HWBCRA. Although cryopreservation techniques for human whole
blood can overcome these problems (Schindler and Hartung, 2002),
this method is not suitable as a high-throughput assay to evaluate
vast numbers of chemicals.

In the present study, to develop a high-throughput screening
system to evaluate chemical immunotoxicity, we first established
3 stable reporter cell lines transfected with luciferase genes under
the control of IL-2, IFN-v, IL-8, and IL-1B promoters. We selected
these 4 cytokines because IL-2 and IFN-y are mainly produced by
T cells and reflect T-cell function, while IL-8 and IL-1B are mostly
produced by monocytes or dendritic cells and correspond with
their activity. Next, we examined the effects of 3 well-character-
ized immunosuppressive drugs, dexamethasone (Dex), cyclospor-
ine A (CyA), and tacrolimus (Tac), on luciferase activities of these
three cell lines stimulated with phorbol 12-myristate 13-acetate
(PMA) and ionomycin (lo) or lipopolysaccharide (LPS). Then, we
compared the results with their effects on mRNA expression by
the mother cell lines, Jurkat cells or THP-1 cells, under the relevant
stimulation. Furthermore, we also compared their effects on lucif-
erase activities with mRNA expression by human whole blood cells
stimulated with PMA/lo or LPS in the presence of these immuno-
suppressive drugs. Finally, we treated these cell lines with immu-
nosuppressive drugs, immunomodulatory drugs, or drugs without
known immunomodulatory effects and estimated the performance
of our screening system for immunotoxicity.

2. Materials and methods
2.1. Reagents

Water-soluble dexamethasone (Dex), cyclosporin A (CyA),
tacrolimus (FK-506), rapamycin, cyclophosphamide (CP), azathio-
prine (AZ), mycophenolic acid (MPA), mizoribine (MZR), metho-
trexate (MTX), sulfasalazine (SASP), colchicine, chloroquine (CQ),
minocycline (MC), nicotinamide (NA), acetaminophen (AA), digox-
in, warfarin, phorbol 12-myristate 13-acetate (PMA), ionomycin
(o), and lipopolysaccharides from E. coli 026:B6 (LPS) were pur-
chased from Sigma-Aldrich (St. Louis, MO).

2.2. Cell lines and reporter cell lines

The human acute T lymphoblastic leukemia cell line Jurkat and
the human acute monocytic leukemia cell line THP-1 (ATCC,
Manassas, VA) were cultured in RPMI-1640 (Gibco, Carlsbad, CA)
with antibiotic-antimycotic (Invitrogen, Carlsbad, CA) and 10% fe-
tal calf serum (Biological Industries, Kibbutz Beit Haemek, Israel)
(Growth medium) at 37 °C with 5% CO,. We previously established
2 reporter cell lines, #2H4 derived from Jurkat cells containing sta-
ble luciferase green (SLG) regulated by IL-2 promoter, stable lucif-
erase orange (SLO) regulated by IFN-y promoter, and stable
luciferase red (SLR) regulated by G3PDH promoter (Saito et al.,
2011) and THP-G8 cells derived from THP-1 cells containing SLO
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regulated by IL-8 promoter and SLR regulated by G3PDH promoter
(Takahashi et al., 2011).

In the present study, we further established THP-G1b cells de-
rived from THP-1 cells containing SLG regulated by IL-13 promoter
and SLR by G3PDH promoter. Full details are available in Supple-
mentary Methods.

2.3. Chemical treatment

Based on the previous reports (Saito et al, 2011; Takahashi
et al., 2011), #2H4 cells (2 x 10 cells/50 uljwell), THP-G1b cells,
or THP-G8 cells (5 x 10* cells/50 pl/well) in 96-well black plates
(Greiner bio-one GmbH, Frickenhausen, Germany) were pretreated
with different concentrations of chemicals for 1 h. The optimum
cell numbers at seeding were based on the previous reports. After-
wards, #2H4 cells were stimulated with 25 nM of PMA and 1 pM of
ionomycin (PMA/Io) for 6 h, while THP-G1b cells or THP-G8 cells
were stimulated with 100 ng/ml of LPS for 6 h. In some experi-
ments, we changed the stimulation time to determine the opti-
mum incubation period for the luciferase assay. Three luciferase
activities, SLG luciferase activity (SLG-LA), SLO luciferase activity
(SLO-LA), and SLR luciferase activity (SLR-LA), were simultaneously
determined by using a microplate-type luminometer with a multi-
color detection system, Phelios (Atto Co., Tokyo, Japan), and the
Tripluc luciferase assay reagent (TOYOBO) according to the manu-
facturer’s instructions. To rule out the variation of cell number or
cell viability after chemical treatment, we obtained normalized
luciferase activity as follows:

Normalized SLG-LA (nSLG-LA) or normalized SLO-LA (nSLO-
LA) = SLG-LA or SLO-LA/SLR-LA.

We also calculated percent suppression as follows:

% suppression = (1 — nSLG-LA or nSLO-LA of the reporter cells
treated with drugs/nSLG-LA or nSLO-LA of non-treated reporter
cells) x 100.

To eliminate the data affected by cytotoxic effects of drugs or
cell death, we also defined the inhibition index of SLR-LA (II-SLR-
LA) as follows:

[I-SLR-LA = SLR-LA of reporter cells that were treated with
chemicals/SLR-LA of untreated reporter cells.

Since our previous study has reported that, in the treatment
showing more than 5% in II-SLR-LA, more than 75% of cells are
Pl-excluding living cells (Takahashi et al., 2011), we presented
only the data that demonstrated more than 5% in II-SLR-LA in this
study.

2.4. Human whole-blood cytokine mRNA expression test (HWBCMET)

The human whole-blood cytokine mRNA expression test
(HWBCMET) was performed by modifying the HWBCRA protocol
by Langezaal et al. (2002)) and Thurm and Halsey (2005). The fol-
lowing studies were approved by the ethics committee of Tohoku
University Graduate School of Medicine, Sendai, Japan, and con-
ducted according to the Declaration of Helsinki principles. Full de-
tails are available in Supplementary Methods.

2.5. mRNA expression by Jurkat and THP-1 cells

Jurkat or THP-1 cells (3 x 108 cells) in 6-well plates were pre-
treated with different concentrations of drugs for 1h and then
stimulated with PMA/lo or LPS for 6 h, respectively. Total RNA
was extracted by using Isogen (Nippon Gene, Tokyo, Japan) accord-
ing to the manufacturer’s instructions. The total RNA concentration
was measured by using a NanoDrop spectrophotometer.
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2.6. Quantitative RT-PCR

Complementary DNAs (cDNAs) were synthesized by using the
TaKaRa RNA PCR Kit (AMV) (Takara Bio Inc., Otsu, Japan) according
to the manufacturer’s instructions. Quantitative real-time PCR
(qPCR) was performed by using the Mx3000p QPCR System (Strat-
agene; Agilent Technologies Division, Santa Clara, CA). Sequences
for each target gene were obtained from GenBank. Forward and re-
verse primers and TagMan probes were selected by Primer Express
1.0 (Applied Biosystems) and synthesized by SIGMA GENOSYS
(Ishikari, Japan). Each primer and TagMan probe set used is de-
scribed in our previous publication (Saito et al., 2011). qPCR reac-
tion mixtures (25 ) contained 10 ng of template cDNA, 400 nM of
forward and reverse primers, 60 nM TagMan probe, 30 nM ROX,
and Brilliant I Fast QPCR Master Mix (Stratagene; Agilent Technol-
ogies Division). The thermal cycling conditions were 2 min for
polymerase activation and cDNA denaturation at 95 °C and 45 cy-
cles of 95°C for 55 and 60 °C for 20s. Constitutively expressed
G3PDH served as a normalization control by using the AACt meth-
od (Livak and Schmittgen, 2001). In the examination of mRNA from
whole blood cells, percent suppression was calculated as follows:

% suppression = (1 — the normalized mRNA expression of WBC
in the presence of drugs/the normalized mRNA expression of
WBC in the absence of drugs) x 100.

2.7. Statistics

Representative data from at least three independent experi-
ments for each analysis is shown. For each experiment, a one-way
ANOVA test followed by Dunnett's post hoc test was used to evalu-
ate statistical significance. For comparison of three independent
experiments, the Student's t-test was used to evaluate statistical sig-
nificance. p values <0.05 were considered statistically significant.

3. Results

3.1. Three reporter cell lines, #2H4, THP-G1b, and THP-GS, responded
with relevant stimulations by augmenting their SLG-LA or SLO-LA

First, we stimulated #2H4 cells with PMA/lo and THP-G1b or
THP-G8 cells with LPS and measured SLG-LA, SLO-LA, and SLR-LA
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after stimulation. PMA/lo significantly augmented SLG(IL2)-LA
and SLO(IFN)-LA of #2H4 cells corresponding with IL-2 and IFN-y
promoter activities, respectively, from 6 h after stimulation, while
it suppressed SLR(G3PDH)-LA corresponding with G3PDH pro-
moter activity (Fig. 1A). Similarly, LPS significantly augmented
SLG(IL1)-LA of THP-G1b cells corresponding with IL-1B promoter
activity and SLO(IL8)-LA of THP-G8 cells corresponding with IL-8
promoter activity without affecting SLR(G3PDH)-LA of both cell
lines from 3 h after stimulation (Fig. 1B and C). In Fig. 1A, B, and
C, we also presented nSLG(IL2)-LA and nSLO(IFN)-LA of #2H4 cells,
nSLG(IL1)-LA of THP-G1b cells, and nSLO-LA(IL8) of THP-GS8 cells at
various time periods after stimulation. PMA/lo significantly and
time-dependently augmented both nSLG(IL2)-LA and nSLO(IFN)-
LA of #2H4 cells from 6 to 10 h after stimulation. On the other
hand, LPS significantly and time-dependently augmented
nSLG(IL1)-LA of THP-G1b cells from 4 to 9 h after stimulation,
while it significantly augmented nSLO(IL8)-LA of THP-G8 cells from
3 to 10 h after stimulation, with maximum induction at 5 h.

3.2. The effects of 3 immunosuppressive drugs on the reporter activity
of the three reporter cells correlate with their effects on mRNA
expression by Jurkat or THP-1 cells

Next, we examined whether the effects of 3 well-characterized
immunosuppressive drugs, Dex, CyA, and Tac, on nSLG-LA or nSLO-
LA of 3 reporter cells stimulated with PMA/lo or LPS correlate with
their effects on the corresponding mRNA expression by Jurkat or
THP-1 cells (Fig. 2). When we stimulated #2H4 cells with PMA/lo
in the presence of Dex, CyA or Tac, Dex significantly suppressed
nSLG(IL2)-LA at concentrations of 0.01 pg/ml and greater
(>0.01 pg/ml) and nSLO(IFN)-LA at >100 pg/ml, while CyA sup-
pressed nSLG(IL2)-LA at >0.03ng/ml and nSLO(IFN)-LA at
>0.001 pg/ml, and Tac suppressed nSLG(IL2)-LA and nSLO(IFN)-
LA at >0.016 ng/ml. Although Dex suppressed nSLO(IFN)-LA, the
concentration to decrease nSLO(IFN)-LA was greater than 100 ug/
ml, and the magnitude of the suppression was small. When we
stimulated THP-G1b cells with LPS in the presence of Dex, CyA,
or Tac, Dex significantly suppressed nSLG(IL1)-LA at >0.01 pg/
ml, but CyA and Tac did not. Similarly, when THP-G8 cells were
stimulated with LPS in the presence of Dex, CyA, or Tac, only Dex
significantly suppressed nSLO(IL8)-LA at >0.01 pg/ml.
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Fig. 1. Time course of IL-2, IFN-v, IL-1, and IL-8 reporter activities in PMA/lo-stimulated #2H4 cells and LPS-stimulated THP-G1b or THP-G8 cells. #2H4 cells (2 x 10° cells/
100 plfwell) (A) in 96-well black plates were stimulated with PMA/lo, while THP-G1b (B) or THP-GS cells (5 x 10% cells/100 pl/well) (C) were treated with LPS. Then, SLG-LA,
SLO-LA, and SLR-LA were measured after stimulation by using a microplate-type luminometer with a multi-color detection system. To rule out the variation of cell number or
cell viability after chemical treatment, normalized SLG luciferase activity (nSLG-LA) or SLO luciferase activity (nSLO-LA) was obtained by dividing SLG-LA or SLO-LA with SLR-
LA. Data represent means +/— SD (1 = 4). SLG-LA (IL-2), SLO-LA (IFN-y), and SLR-LA (G3PDH) in A, SLG-LA (IL-1p) and SLR-LA (G3PDH) in B, and SLO-LA (IL-8) and SLR-LA

(G3PDH) in C.
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Fig. 2. The effects of Dex, CyA, and Tac on IL-2, I[FN-vy, IL-1B, or IL-8 reporter activity of reporter cell lines after relevant stimulation. #2H4 cells, THP-G1b cells, or THP-G8 cells
were pretreated with the indicated concentrations of drugs for 1 h and then stimulated with PMA/Io or LPS for 6 h. Luciferase activity was determined by using a microplate-
type luminometer with a multi-color detection system. IL-2 and IFN-y promoter activities are represented as nSLG-LA and nSLO-LA of #2H4 cells, respectively. IL-1B and IL-8
promoter activities are represented as nSLG-LA of THP-G1b and nSLO-LA of THP-G8 cells, respectively. Data represent means +/— SD (n = 4). » Means statistical significance
(p < 0.05). Gray bars indicate the value for stimulation without drugs. These results are representative of three independent experiments.

Next, we stimulated the mother cell line of #2H4 cells, Jurkat
cells, with PMA/Io in the presence of Dex, CyA, or Tac and the IL-
2 or IFN-y mRNA expression was examined by qPCR (Fig. 3). Dex
suppressed only IL-2 mRNA expression at >6 pg/ml, while both
CyA and Tac suppressed IL-2 as well as IFN-y mRNA expression
at concentrations of >0.012 pg/ml and 0.008 pg/ml, respectively.
When the mother cell line of THP-G1b and THP-G8 cells, THP-1
cells, was stimulated with LPS in the presence of the three inhibi-
tors, Dex significantly suppressed both IL-18 and IL-8 mRNA at the
concentration of >0.6 pg/ml, but CyA and Tac did not (Fig 3). These
data indicate that the suppression profiles obtained by three repor-
ter cell lines correlate closely with those obtained by gPCR analysis
of mRNA expression by Jurkat cells or THP-1 cells. Thus, we desig-
nated the immunotoxicity assay using 3 reporter cell lines as Mul-
ti-ImmunoTox Assay (MITA).

3.3. The effects of 3 immunosuppressive drugs on mRNA expression by
whole blood cells stimulated with PMA/Io or LPS also corresponded
with their effects on the reporter activities of the 3 reporter cell lines

Next, we examined the correlation between HWBCRA and
MITA. However, HWBCRA used SEB and LPS as stimulants and
quantified IL-1B and IL-4 to characterize the immunotoxicity of
chemicals. In contrast, MITA uses PMA/Io and LPS as stimulants
and IL-2, IFN-y, IL-1B, and IL-8 promoter activities as outputs.
Therefore, we stimulated whole blood cells (WBC) from healthy
volunteers with 25 nM of PMA and 1 uM of lIo or 100 ng/ml LPS
for 6 h in the presence or absence of 3 representative immunosup-
pressing drugs and analyzed IL-2, IFN-v, IL-1B, and IL-8 mRNA by q
PCR (HWBCMET). Fig. 4, which shows the % suppression of 3 drugs

on the induction of mRNA for 4 cytokines in each individual, indi-
cates that 1 pg/ml of Dex, 1 ug/ml of CyA, or 0.01 pg/ml of Tac sig-
nificantly suppressed both IL-2 and IFN-y mRNA induction after
stimulation with PMA/lo, although the suppression by Dex was
much smaller than that by CyA or Tac. On the other hand, only
1 pg/ml of Dex significantly suppressed IL-1B and IL-8 mRNA
induction by WBC stimulated with LPS, while CyA and Tac did
not. These data suggest that the evaluation of 3 immunosuppres-
sive drugs by MITA corresponded well with that by HWBCMET,
although the statistical analysis on MITA results could not detect
the effects of Dex on IFN-y reporter activity.

3.4. Several immunosuppressive drugs suppressed the reporter activity
of the 3 reporter cell lines at concentrations equal to or less than
5 x Cmax

Based on these results, we evaluated other immunosuppressive
or immunomodulatory drugs by using the 3 reporter cell lines. In
Table 1, we present the results of immunosuppressive drugs clas-
sified by their principal mechanism (reviewed by Allison (2000)).
Dex regulates gene expression; CyA, Tac, and RPM inhibit kinase
or phosphatase; CP alkylates DNA; AZ, MPA, and MZR inhibit de
novo purine synthesis; and MTX inhibits pyrimidine and purine
synthesis.

We conducted 3 independent experiments for each drug and
determined in each experiment whether chemicals induce statisti-
cally significant suppression or augmentation at two concentration
ranges, equal or less than 5 x Cmax (<5 x Cmax) and greater than
5 x Cmax (>5 x Cmax). Cmax is defined as the peak plasma con-
centration of each drug after administration. Cmax of each drug
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Fig. 3. The effects of Dex, CyA, and Tac on mRNA expression of IL-2 and IFN-y by Jurkat cells and that of iL-18 and IL-8 by THP-1 cells after stimulation. Jurkat cells or THP-1
cells (3 x 10° cells/well) in 6-well plates were pretreated with different concentrations of drugs for 1 h, followed by stimulation with PMA/lo or LPS for 6 h, respectively. Then,
mRNA expression of the indicated genes was analyzed by qPCR. The gene expressions were normalized by G3PDH gene expression, Data represent means +/— SD (n = 3).
+ Means statistical significance (p < 0.05). Gray bars indicate the value for stimulation without drugs.

is shown along with dose and route of administration in Table S1.
Since the drug concentration of interstitial fluid can be higher than
that of blood in some drugs (Kiang et al., 2012; Wiskirchen et al.,
2011) and Cmax is variable among subjects, we evaluated drugs
in these two different concentration ranges, considering that if a
drug suppresses or augments cytokine reporter activities at
<5 x Cmax, the observed effects can be expected in clinical use.
On the other hand, when the effects are recognized only at
>5 x Cmax, the drug potentially has immunomodulatory effects,
which are not expected in clinical use. Statistically significant sup-
pression is shown as —, statistically significant augmentation as +,
and no significance as 0; and a lack of data due to the inability to
dissolve chemicals in solvents at the concentration of 5 x Cmax
is shown as ND.

Furthermore, since the statistical evaluation of the chemicals in
each experiment was not necessarily consistent among three inde-
pendent experiments, we conducted statistical analysis on the re-
sults of 3 independent experiments. If chemicals showed
statistically significant immunosuppression or immunostimulation
in 3 experiments, they were judged as immunosuppressive or
immunostimulatory drugs, respectively. If chemicals showed sta-
tistically significant immunosuppression or immunostimulation
in only 2 independent experiments, they were judged as potential
immunosuppressive or immunostimulatory drugs, respectively. If
not, they were judged as ineffective.

Then, for potential immunosuppressive or immunostimulatory
drugs, we selected their percent suppression or percent augmenta-
tion (negative percent suppression) in three experiments that
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showed the most remarkable change, calculated their percent sup-
pression or percent augmentation, and statistically compared sup-
pression or augmentation of chemicals with that of vehicle control
in three different experiments by the Student’s t-test. Only when
chemicals demonstrated statistical significance, they were judged
as immunosuppressive or immunostimulatory, respectively. In
Table 1, the final judgment of immunotoxicity of chemicals by
MITA was indicated as S for immunosuppression, A for immuno-
augmentation, and N for no effect.

As mentioned above, Dex significantly suppressed IL-2, IL-18,
and IL-8 reporter activities at any concentration ranges in at least
2 of 3 experiments and that of IFN-y at >5 x Cmax in 2 of 3 exper-
iments (Table 1). Among 3 kinase or phosphatase inhibitors, CyA
and Tac suppressed IL-2 and IFN-y reporter activities at <5 x Cmax
in 3 experiments, while rapamycin did not show any inhibitory ef-
fects on IL-2 or IFN-y reporter activity, but rather augmented IL-2
reporter activity at <5 x Cmax in 2 of 3 experiments and IL-1B re-
porter activity at >5 x Cmax in 3 experiments (Table 1). In addition
to the evaluations in which 3 out of 3 experiments demonstrated
consistent results, the statistical analysis on the examinations in
which only 2 out of 3 experiments demonstrated consistent results
showed significant suppression in IL-1p reporter activity by Dex at
<5 x Cmax and significant augmentation in IL-2 reporter activity
by RPM at both concentrations.

Among an alkylating agent, inhibitors of de novo purine synthe-
sis, and an inhibitor of pyrimidine and purine synthesis (Table 1),
none of the drugs except for AZ demonstrated immunosuppressive
effects at any concentration ranges. Only AZ significantly suppressed
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Fig. 4. The effects of Dex, CyA, and Tac on IL-2, IEN-y, IL-1B, or IL-8 mRNA expression of whole blood cells stimulated with PMA/lo or LPS. Whole blood cells (WBC) from 6
healthy volunteers were collected using sodium heparin anti-coagulant and then diluted 1:2 with RPMI 1640 medium. Two ml of aliquots was either untreated or treated
with 1 pg/ml of Dex, or 1 pg/ml of CyA or 10 ng/ml of Tac for 1 h. Then, the WBC were stimulated with PMA/Io or LPS for 6 h at 37 °C. The mRNA expression of indicated genes
was analyzed by qPCR. The gene expressions were normalized by G3PDH gene expression. Percent suppression was calculated as described in Section 2. The percent
suppression of drugs in each individual is plotted. Each symbol indicates a different individual.

IL-8 reporter activities at >5 x Cmax in 2 of 3 experiments. On the
other hand, MPA significantly augmented IL-2 and IFN-y reporter
activities at <5 x Cmax in 3 experiments. MZR increased all
reporter activities at any concentration ranges in at least 2 of 3
experiments. [n addition, CP augmented IFN-y reporter activity at
>5 x Cmax in 3 experiments, while MTX augmented IL-2 and
IFN-y reporter activities at any concentration ranges in 2 of 3
experiments. The statistical analysis on the examinations in which
only 2 out of 3 experiments demonstrated consistent results
showed significant augmentation in IL-1B reporter activity by AZ
at >5 x Cmax, IL-2 reporter activity by MTX at >5 x Cmax, and
IFN-y reporter activity by MTX at both concentrations.

3.5. Sulfasalazine and nicotinamide significantly suppressed IL-1p and
IL-8 reporter activities

Next, we examined the effects of drugs that are not classified as
immunosuppressive or immunomodulatory drugs, but are cur-
rently in off-label use for the treatment of autoimmune or inflam-
matory disorders (Capell and Madhok, 2008; Chaiamnuay and
Alarcon, 2008; Sturrock, 2008; Surjana and Darmian, 2011) (Fig. 5
and Table 1). Among 5 off-label immunosuppressive drugs, SASP
significantly suppressed 4 reporter activities at any concentration

ranges in at least 2 of 3 experiments. CQ significantly suppressed
[L-2 and IFN-y reporter activities at any concentration ranges in
at least 2 of 3 experiments, while it significantly suppressed IL-
1B and IL-8 at >5 x Cmax in 3 experiments. MC significantly sup-
pressed IL-2 and IFN-y reporter activities at any concentration
ranges in 3 experiments, while it did not affect IL-1B and IL-8 re-
porter activities. NA significantly suppressed IL-18 and IL-8 repor-
ter activities at any concentrations in 3 experiments, while it
augmented IL-2 and IFN-y reporter activities at any concentrations
in at least 2 of 3 experiments. Colchicine increased IL-18 reporter
activity at <5 x Cmax in 2 of 3 experiments and all reporter activ-
ities at >5 x Cmax in 3 experiments. The statistical analysis of the
examinations in which only 2 out of 3 experiments demonstrated
consistent results showed significant augmentation in IL-1p repor-
ter activity by colchicine at <5 x Cmax.

3.6. Two non-immunological drugs, warfarin and digoxin, suppressed
some reporter activities at concentrations of <5 x Cmax

We examined the effects of 3 non-immunological drugs on the
reporter activities of the three reporter cell lines (Fig. 6 and
Table 1). Warfarin suppressed 1L-1B and IL-8 reporter activities at
<5 x Cmax in 2 of 3 experiments, while it augmented IL-2 and
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Table 1

Summary of MITA for 9 immunosuppressive drugs, 5 off-label immunosuppressive drugs, and 3 non-immunomodulatory drugs.

Principal mechanism of action Cmax IL-2 IFN-y IL-18 IL-8
<5 x Cmax >5 x Cmax <5 x Cmax >5 x Cmax < xCmax  >5 x Cmax 5 » Cmax >5 x Cmax
Immunosuppressing drugs
Regulation of gene expression Dexamethasone (Dex) 88 ng/mi -/-1- S /-]~ S ~/0j0 N —[+/- N /- S ~]-f- S~/ I S
- 0
Kinase and phosphatase inhibitors Cyclosporin A (CyA) 2144 pg/ml ~[~{~ S ND/ND/ —[-/- S NDJND/ 0/0/0 N ND/ND/ 0/—/0 N ND/ND/
ND ND ND ND
Tacrolimus (Tac) 44.6 ng/ml ~f=l= S =]=]- R o e R S +0/0 N 0/+0 N -/o/o N 0/+0 N
Rapamycin (RPM) 4.0 ng/ml Of++" A Of+[+ A 0/-/0 N o0fof0 N 0/0/0 N +[++ A 0fojo N 0/oj0 N
Alkylation Cyclophosphamide (CP) 6.36 pg/ml +/0/- N 0/0[~- N +/0/— N +f+[+ A 0/0/~ N 0/0/- N 0/0/- N 0+~ N
Inhibition of de novo purine synthesis Azathioprine (AZ) 73.7 ng/ml 0/0/0 N 0/-/- N 0/o/o N +/+[+ A 0/0/0 N #-f+ A 0/0j0 N #f—]- N
Mycophenolic acid (MPA)  34.0 pg/ml +/+]+ A ND/ND/ +[+[+ A NDJ/ND/ 0/0/+ N ND/ND/ 0/0/0 N ND/ND/
ND ND ND ND
Mizoribine (MZR) 9.6 pg/mi ++f— N +[+[0 N [+~ N +0j+ N 4+ A H+[+ A Hjer A Hfxf A
Inhibition of pyrimidine and purine synthesis Methotrexate (MTX) 162.2 ng/ml +/0/+ N +/0/+ A O++ A O+ A 0/0/- N 0/0j— N 0/0o/~- N 0j0/- N
Off-label immunosuppressing drugs
Sulfasalazine (SASP) 15.6 pg/ml o] N [ S ~]-- S ~]-]- S /-] NI B I e B e R S
Colchicine 5.64 ng/ml 0/0j0 N +[+[+ A O/+/0 N ++[+ A +0[+ A +[+[+ A +/0/0 N +/+]+ A
Chloroquine (CQ) 555 ng/ml B B e T B B S ~/-/0 N ~]-]- S 0/0j0 N ~[-/- S 0/ojo Y B S
Minocycline (MC) 4.8 pg/ml B - T B S ~/-/- S ~]-]- S 0/0/6 N 0/0/0 N 0/0/0 N 0/0j+ N
Nicotinamide (NA) 22.4-263 pg/ =+ N H[+[+ A Of++ N +[+[+ A —/~] S —f~/- SR [ B . S
mi -
Non-immunomodulatory drugs
Acetaminophen (AA) 9.4 ng/ml ++[+ A H[H[+ A [+ A HH[+ A +0/0 N ++/+ A +/0j0 N +/+/+ A
Digoxin 2.92 ng/ml ~[0f~ N —[—[- S 0/0/- N ~/-[- S 0/oj0 N +/0/0 N 0/0j0 N +/0j0 N
Warfarin 685 pig/ml +/+/+ A ND/ND/ 0/+/+ N ND/NDJ -0/ 'S ND/NDJ ~J-{ S ND/ND/
ND ND ND 0 ND

— and + mean significant suppression and augmentation by one-way ANOVA followed by a Dunnett’s post hoc test compared with the control group, respectively. 0 means no significant change.

" Means statistical significance by Student's t test S, A, and N indicate immunosuppression, immunoaugmentation, and no effect in final judgment, respectively.
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Fig. 5. The effects of SASP, CQ, and colchicine on IL-2, IFN-y, IL-1B, or IL-8 reporter activity of reporter cell lines after relevant stimulation. #2H4 cells, THP-G1b cells, or THP-
G8 cells were pretreated with the indicated concentrations of drugs for 1 h and then stimulated with PMA/lo or LPS for 6 h. Luciferase activity was determined by using a
microplate-type luminometer with a multi-color detection system. Data represent means +/— SD (n = 4). «+ Means statistical significance (p < 0.05). Gray bars indicate the
value for stimulation without drugs. These results are representative of three independent experiments.
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Fig. 6. The effects of warfarin, digoxin, and AA on IL-2, IFN-v, IL-1B, or IL-8 reporter activity of reporter cell lines after relevant stimulation. #2H4 cells, THP-G1b cells, or THP-
G8 cells were pretreated with the indicated concentrations of drugs for 1 h and then stimulated with PMA/lo or LPS for 6 h. Luciferase activity was determined by using a
microplate-type luminometer with a multi-color detection system. Data represent means +/— SD (n=4). » Means statistical significance (p < 0.05). Gray bars indicate the
value for stimulation without drugs. These results are representative of three independent experiments.
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[FN-y reporter activities at <5 x Cmax in at least 2 of 3 experi-
ments. Digoxin suppressed [L-2 reporter activity at <5 x Cmax in
2 of 3 experiments, while it suppressed IL-2 and [FN-y reporter
activities at >5 x Cmax in 3 experiments. AA augmented IL-2 and
[FN-y reporter activities at <5 x Cmax in 3 experiments and 4 re-
porter activities at >5 x Cmax. The statistical analysis of the exam-
inations in which only 2 out of 3 experiments demonstrated
consistent results showed significant suppression in IL-8 and IL-
1B reporter activities by warfarin at <5 x Cmax.

4. Discussion

We developed an immunotoxicity assay system, the Multi-
ImmunoTox Assay (MITA), with 3 reporter cell lines that can eval-
uate the effects of chemicals on the promoter activity of IL-2, IFN-y,
IL-1B, and IL-8. Then, we demonstrated the tight correlation be-
tween the evaluation of the effects of 3 representative immuno-
suppressive drugs based on MITA and that based on mRNA
expression of the mother cell lines, Jurkat cells and THP-1 cells.
There was a minor discrepancy between the two assays. The assay
based on qPCR demonstrated significant augmentation of IL-1B or
IL-8 mRNA expression by THP-1 cells treated with CyA or Tac.
Although we do not know the exact reason for the discrepancy,
the results obtained by HWBCMET suggest that the data obtained
by MITA are more appropriate.

Next, we demonstrated the correlation between the evaluation
of the effects of these 3 immunosuppressive drugs based on MITA
and that based on mRNA expression of whole blood cells. In the
originally reported HWBCRA, the final output was determined by
the amount of released cytokines. In contrast, our altered method
of HWBCRA, HWBCMET, measured mRNA expression of cytokines
by qPCR. When we compared the immunosuppressive effects of
Dex, CyA, and Tac recognized by HWBCMET with those by the ori-
ginal HWBCRA, which were reported by Langezaal et al. (2002), the
qualitative HWBCMET evaluation of these 3 immunosuppressive
drugs was consistent with that of HWBCRA. Namely, in both as-
says, CyA and Tac were more potent in the suppression of T cell
cytokine expression than Dex, while Dex was more potent in the
suppression of monocyte cytokine expression than CyA and Tac.
Next, we demonstrated that the qualitative evaluation of Dex,
CyA and Tac was consistent between HWBCMET and MITA, which
indicates that the qualitative evaluation by MITA was also consis-
tent with that by the original HWBCRA. Furthermore, the results
demonstrating that CyA or Tac significantly suppressed both IL-2
and IFN-y mRNA induction after stimulation with PMA/lo, while
only Dex significantly suppressed IL-18 and IL-8 mRNA induction
by LPS, are consistent with the previously reported effects of these
drugs on human T cells or macrophages (reviewed in Saag (2008)
and Furst and Clements (2008)).

Moreover, in general, when immunotoxicity of chemicals is
examined by using human blood cells or murine spleen cells, it is
not easy to determine whether the immunotoxicity is caused by
their effects on T cells or antigen presenting cells such as mono-
cytes and dendritic cells because of the difficulty in purifying each
population. Indeed, HWBCRA cannot confidently determine
whether the detected immunological effects of chemicals are due
to their direct effects on T cells or antigen presenting cells. In con-
trast, since MITA uses established T cell and monocyte cell lines, it
can separately determine immunotoxicity of chemicals on T cells
and monocytes.

In the present study, although we demonstrated that MITA can
correctly characterize the effects of 3 representative immunosup-
pressive drugs, Dex, CyA, and Tac, on the cytokine production by
T cells as well as monocytes, it did not reveal the immunosuppres-
sive effects of rapamycin, an alkylating agent or inhibitors of
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purine or pyrimidine synthesis. Rapamycin inhibits the action of
growth-promoting cytokines, while both alkylating agents and
antimetabolites induce immunosuppressive effects through their
inhibitory action on cell division (reviewed by Hardinger et al.
(2004)). In general, immunotoxicity assays detecting the inhibitory
effects of chemicals on cytokine expression may not be able to de-
tect their immunosuppressive effects. Indeed, HWBCRA could not
detect the immunotoxicity of CP, AZ, and MZR either since the
log 1C50 values against release of IL-4 by CP, AZA, and MZR were
beyond their therapeutic plasma concentrations (Langezaal et al.,
2002). The Fluorescent Cell Chip (FCC) could not detect immuno-
toxicity of cyclophosphamide (Wagner et al., 2006). Therefore, at
present, to overcome the drawbacks of these assays, they may need
to be combined with assays that can detect the inhibitory action of
chemicals on cell division, such as the conventional 28-day suba-
cute toxicity test (Investigators, 1998).

Unexpectedly, rapamycin, CP or inhibitors of purine or pyrimi-
dine synthesis augmented some reporter activities mostly at
>5 x Cmax. Since these immunosuppressive drugs inhibit cell
growth at much lower concentration than they augment reporter
activities, these effects might be overlooked in an in vivo system.
Further investigation is required to clarify their mechanism and
the significance in detecting immunotoxicity in vitro.

In addition to AZ and MZR, we also examined immunosuppres-
sive effects of drugs evaluated by HWBCRA, such as colchicine, AA,
digoxin, and warfarin (Langezaal et al., 2002). MITA did not detect
any suppressive effects of AA on the 4 reporter activities at any
concentration. Similarly, the log IC50 values against release of both
[L-1B and IL-4 by AA were greater than 1 mM and much higher
than 5 x Cmax. MITA detected inhibitory effects of warfarin in IL-
1B and IL-8 reporter activities, but not those in IL-2 or IFN-y repor-
ter activities. Likewise, HWBCRA revealed that warfarin suppressed
IL-1p formation more strongly than IL-4 formation. Moreover,
MITA demonstrated that digoxin suppressed IL-2 and IFN-y repor-
ter activities. Similarly, HWBCRA showed that it suppressed IL-4
release. These data are also consistent with the recent publication
demonstrating the immunological effects of digoxin (Huh et al.,
2011). Therefore, although MITA detected some immunological ef-
fects in presumptive non-immunological drugs, these drugs might
have unrecognized immunoregulatory activities.

Finally, in the present study, we presented the performance of
MITA in evaluation of immunosuppressive or immunostimulatory
activities of chemicals and demonstrated that MITA can distinguish
which cells, either T cells or monocytes, were primary targets for
immunological effects of chemicals. We have already reported that,
without any additional stimuli, THP-G8 cells can predict skin sen-
sitizers with test accuracies of greater than 80% (IL-8 Luc assay)
(Takahashi et al,, 2011). Thus, taking the present and previous
studies into consideration, we believe that MITA combined with
the IL-8 Luc assay can present a novel high-throughput assay to de-
tect immunotoxicity of chemicals and provide insight into their
mechanism in humans. The obtained information from these as-
says can be used to assess the risks from chemicals by industries
as well as regulatory agencies. Needless to say, a larger number
of chemicals must be evaluated by MITA to determine the potential
and limits of this technique.
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Nonmetal Haptens Induce ATP Release from
Keratinocytes through Opening of Pannexin
Hemichannels by Reactive Oxygen Species

Kaoru Onami', Yutaka Kimura', Yumiko Ito', Takeshi Yamauchi', Kenshi Yamasaki' and Setsuya Aiba'

Although extracellular adenosine 5'-triphosphate (eATP) has a crucial role in the sensitization phase of contact
hypersensitivity (CHS), the mechanism by which hapten causes keratinocyte cell death and ATP release is
unknown. We examined the time course of cell death, reactive oxygen species (ROS) production, and ATP release
in HaCaT cells and in normal human keratinocytes after exposure to nonmetal haptens, NiCl,, or irritants. Both
haptens and irritants caused cell death of keratinocytes but with different time courses. N-acetylcysteine (NAC)
significantly reduced only nonmetal hapten-induced cell death as assessed by propidium iodide exclusion. We
examined the effects of antioxidants and pannexin (Panx) inhibitors on cell death, ROS production, and ATP
release by chemical-treated HaCaT cells. Nonmetal hapten-induced cell death, but not NiCly- or irritant-related
cell death, was dependent on reactivity to thiol residues in the cells. NAC reduced cell death and ATP release,
whereas antioxidants and Panx inhibitors did not inhibit cell death but significantly attenuated ATP release. Panx1
small interfering RNA (siRNA) also suppressed ATP release from hapten-exposed HaCaT cells. Intraperitoneal
injection of a Panx1 inhibitor attenuated murine CHS. These findings suggest that nonmetal hapten reactivity to
thiol residues causes membrane disruption of keratinocytes and ROS production that leads to ATP release
through opening of Panx hemichannels.

Journal of Investigative Dermatology (2014) 134, 1951-1960; doi:10.1038/jid.2014.93; published online 17 April 2014

INTRODUCTION high-mobility group box protein 1, IL-1a, and IL-33 (reviewed
Sensitization to contact allergens requires activation of the  in Hirsinger et al., 2012).
innate immune system that leads to dendritic cell (DC) Recent studies using gene targeting in mice demonstrated

activation. However, the mechanisms by which contact that Toll-like receptor 2 (TLR2)/TLR4 double-deficient mice
allergens activate innate immune signaling pathways are  (Martin et al, 2008) or purinergic receptor P2X;-deficient
incompletely understood. It is possible that ‘““endogenous mice (Weber et al, 2010) are resistant to allergic contact
danger signals” or ““damage-associated molecular patterns’”  hypersensitivity (CHS), indicating an essential role of TLR2/
(reviewed in Willart and Lambrecht, 2009) are responsible  TLR4 as well as of purinergic receptor P2X; in the mouse CHS
for activation of the innate immune system in allergic model. Breakdown products of hyaluronic acid in the range of
sensitization. The following molecules have been identified 1.2 to 500kDa that are generated during inflammation or
as damage-associated molecular patterns:  adenosine  tissue damage have been demonstrated to stimulate TLR2 and/
5'-triphosphate  (ATP), heat shock proteins, hyaluronic or TLR4 in immune cells such as macrophages or DCs
acid, monosodium urate, galectins, thioredoxin, adenosine, (Termeer et al., 2002; Scheibner et al., 2006). Indeed, Esser
et al. (2012) reported that haptens induce reactive oxygen
'Department of Dermatology, Tohoku University Graduate School of Sfpec'les (ROS) PVQdUCUO.n by keratchytes In‘V{tro.as well E.;IS
Medicine, Sendai, Japan in vivo, thereby increasing hyaluronidase activity in the skin
Correspondence: Setsuya Aiba, Department of Dermatology, Tohoku that results in the PFOdUCﬁOn of low‘molecular-weight
University Graduate School of Medicine, 1-1 Seiryo-machi, Aoba-ku, Sendai,  hyaluronic acid fragments. Combined, these observations
980-8574 Japan. E-mail: saiba@med.tohoku.ac.jp suggest that hapten-exposed keratinocytes generate pro-
Abbrewat/ons:AT{’,' gdenos/ne 5’—1‘r{,r:_vhosphate; CBX, 'ca'rbenoxo/one,' CHS, inﬂammatory low-mo{ecular~weight hyaluronic acid frag-
contact hypersensitivity; DC, dendritic cell; DNCB, dinitrochlorobenzene; hat ind CHS vi imulati f TLR2/TLR4

DPCP, diphenylcyclopropenone; eATP, extracellular ATP; LA, lactic acid: meﬁts.t at induce via stimulation o .
LDH, lactate dehydrogenase; NAC, N-acetylcysteine; 4-NBB, 4- Similarly, extracellular ATP (eATP) released by stressed
nitrobenzylbromide; NHEK, normal human epidermal keratinocyte; Panx, or damaged cells can also activate innate immune responses.
pannexin; Pl, propidium iodide; ROS, reactive oxygen species; siRNA, small The transmembrane ATP receptor P2X> has been implicated
interfering RNA; TLR, Toll-like receptor e ol pt : 7 L1 and P L8
Received 26 September 2013; revised 30 January 2014; accepted 3 February ”? © pgs -.rans aflona processmgp pro-L- 1P an pl’O.- )
2014; accepted article preview online 14 February 2014; published online V1@ activation of the NLRP3 inflammasome (reviewed
17 April 2014 by Vitiello et al, 2012). Although Weber et al. (2010)
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demonstrated eATP release in skin painted with hapten, they
did not address the mechanism by which hapten-treated
keratinocytes release ATP.

In this study, we compared the effects of haptens with
irritants on keratinocyte cell death, ROS generation, and ATP
release. Although the generation of ROS by hapten-exposed
keratinocytes has been demonstrated in several studies
(Mehrotra et al., 2005; Esser et al., 2012; Kim et al., 2012),
the effect of the generated ROS on cell death and ATP release
from hapten-exposed keratinocytes has not been examined.
First, we demonstrated that haptens and irritants caused the
cell death of the human keratinocyte cell line HaCaT and
normal human epidermal keratinocytes (NHEKs), and induced
ATP release with different time courses. N-acetylcysteine
(NAC) significantly reduced cell death of HaCaT cells exposed
to haptens but did not affect the death of cells exposed to
irritants. Three representative nonmetal haptens, dinitrochlo-
robenzene (DNCB), 4-nitrobenzylbromide (4-NBB), and
diphenylcyclopropenone (DPCP), induced the generation of
ROS in HaCaT cells that was significantly attenuated by
pretreatment with NAC and several antioxidants. Despite the
inhibitory effects of NAC and antioxidants on ROS generation,
antioxidants suppressed lactate dehydrogenase (LDH) activity
and ATP release but did not affect cell death that was assessed
using propidium iodide (Pl) exclusion. In addition, studies
using pannexin (Panx) inhibitors revealed that ATP release
from hapten-treated HaCaT cells was through Panx hemi-
channels. Furthermore, intraperitoneal injection of a pannexin
inhibitor, carbenoxolone (CBX), significantly attenuated CHS
induced by DNCB. Combined, these results provide an insight
into the mechanism by which haptens cause keratinocyte
death and ATP release in CHS.

RESULTS

Both haptens and irritants induce HaCaT and NHEK cell death
and ATP release but with different time courses

Evaluation of cell death by PI exclusion using flow cytometry
and LDH release assay showed that two nonmetal haptens
DNCB and 4-NBB, one metal hapten NiCl,, and two irritants
SDS and lactic acid (LA) induced HaCaT cell death in a dose-
dependent manner (Figure 1a). The minimum concentrations
of reagents that were toxic to all cells were 100 um for DNCB
and 4-NBB, 6mm for NiCly, 250 um for SDS, and 34 mm for
LA. Haptens and irritants induced cell death with different
time courses: maximum cell death was evident 1hour after
irritant exposure but maximum cell death was only achieved
after more than 6 hours of hapten exposure as assessed by P!
staining. LDH activity in culture supernatants was increased
6hours after hapten exposure, whereas maximum release of
LDH was seen 1 hour after SDS exposure. The LDH activity of
LA-treated HaCaT cells could not be measured, possibly
because of disturbance of LDH enzyme activity due to the
acidity of culture supernatants containing LA.

The time course of ATP release was also different between
haptens and irritants. ATP release was evident 6hours after
hapten exposure, whereas maximum ATP release was seen
1 hour after exposure to irritants (Figure 1a). To test whether
higher concentrations of hapten induce an earlier release of
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ATP, HaCaT cells were incubated with increased concentra-
tions of DNCB (from 100 um to 3.2 mm); however, ATP release
earlier than 6 hours after DNCB exposure was not observed
(data not shown). To clarify whether the delayed ATP release
is limited to HaCaT cells, ATP release in culture supernatants
of NHEKs exposed to either haptens or irritants was assessed.
Similar to HaCaT cells, the time course of ATP release from
NHEKs was also different between haptens and irritants
(Figure 1b).

NAC attenuates HaCaT cell death caused by DNCB, 4-NBB, and
DPCP but does not affect cell death caused by NiCl,, SDS, or LA
We previously reported that haptens induce a redox imbal-
ance in DCs that stimulates the phosphorylation of p38
mitogen-activated protein kinase and DC activation, and that
pretreatment of DCs with NAC corrects the redox imbalance
and abrogates the phosphorylation of p38 mitogen-activated
protein kinase as well as DC activation (Mizuashi et al., 2005).
Therefore, we examined whether NAC could attenuate cell
death caused by haptens and irritants. NAC significantly
suppressed HaCaT cell death caused by nonmetal haptens
DNCB, 4-NBB, and DPCP, as assessed by Pl-positive cells, but
did not affect cell death caused by a metal hapten NiCl,, or
irritants SDS or LA (Figure 2). Similarly, ATP release and LDH
activity of HaCaT cells 12 hours after DNCB, 4-NBB, or DPCP
exposure were significantly attenuated by NAC, but NAC had
little effect on ATP release and LDH activity induced by NiCl,,
LA, or SDS (Figure 2).

HaCaT cells exposed to haptens and irritants produce ROS and
mitochondrial superoxide anion depending on their thiol
reactivity

Next, we examined whether exposure of HaCaT cells to
haptens or irritants results in production of ROS using the
CM-H,;DCFDA probe (Figure 3a). All nonmetal haptens but
not the metal hapten NiCl, stimulated intracellular ROS
production in a dose-dependent manner from 30 minutes to
6hours after stimulation. ROS production in HaCaT cells
exposed to DNCB or DPCP was greater than that in cells
exposed to 4-NBB. SDS exposure resulted in the production of
ROS in HaCaT cells from 30minutes to 24hours after
exposure, but the amount of ROS production in the first
6 hours after exposure was much smaller than that caused by
hapten exposure. The concentration of SDS that induced cell
death of the majority of HaCaT cells did not result in a
significant amount of ROS generation within 1hour after
exposure, suggesting that ROS did not contribute to SDS-
related HaCaT cell death. LA did not induce ROS in
keratinocytes. The positive control H,O; triggered immediate
production of ROS in HaCaT cells.

As pretreatment with NAC significantly attenuated
HaCaT cell death as well as ATP release, we examined the
effects of NAC on ROS production by hapten-exposed HaCaT
cells. Pretreatment of HaCaT cells with NAC significantly
attenuated ROS production by hapten-exposed HaCaT
cells 6 hours after exposure, whereas it did not significantly
affect ROS production by SDS- or HyO,-treated HaCaT cells
(Figure 3b).



