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Abstract. Skin sensitization is an allergic reaction caused
by certain chemical substances, and is an important factor
to be taken into consideration when evaluating the safety of
numerous types of products. Although animal testing has long
been used to evaluate skin sensitization, the recent trend to
regulate such testing has led to the development and use of
alternative methods. Skin sensitization reactions are summa-
rized in the form of an adverse outcome pathway consisting
of four key events (KE), including covalent binding to skin
proteins (KEI), keratinocyte activation (KE2), and dendritic
cell activation (KE3). Equivalent alternative methods have
been developed for KEI to KE3, but no valid alternative
has yet been developed for the evaluation of KE4 and T-cell
activation. Current alternative methods rely on data from
KEI to KE3 to predict the effect of chemicals on skin sensi-
tization. The addition of KE4 data is expected to improve the
accuracy and reproducibility of such predictions. The aim of
this study was to establish an assay to evaluate KE4 T-cell
activation to supplement data on skin sensitization related to
KEA4. To evaluate T-cell activation, the Jurkat T-cell line stably
expressing luciferase downstream of the pro-inflammatory
cytokine interleukin-2 promoter was used. After exposure to
known skin sensitizing agents and control substances, lucif-
erase activity measurements revealed that this assay was valid
for evaluating skin sensitization. However, two skin sensitizers
known to have immunosuppressive effects on T-cells reacted
negatively in this assay. The results revealed that this assay
simultaneously allows for monitoring of the skin sensitiza-
tion and immuno-suppressiveness of chemical substances
and supplements KE4 T-cell activation data, and may thus
contribute to reducing the use of animal experiments.

Correspondence to: Dr Ayano Satoh, Graduate School of
Interdisciplinary Science and Engineering in Health Systems, Okayama
University, Tsushima-naka 3-1-1, Kita-ku, Okayama 700-0082, Japan
E-mail: ayanol13@cc.okayama-u.ac.jp

Key words: skin sensitization, immunotoxicity, interleukin-2
promoter, Jurkat, T-cell activation

Introduction

Allergic dermatitis caused by skin sensitizers is one of the most
important factors that should be taken into consideration when
evaluating the safety of chemical substances. Skin sensitiza-
tion is classified as type IV hypersensitivity (delayed reaction),
involving immune cells, such as T-cells (1). In allergic derma-
titis caused by skin sensitization, inflammatory reactions peak
24 to 48 h after contact with the causative agent. Allergic
contact dermatitis accounts for ~60% of all occupational skin
diseases. Although skin sensitization is not a life-threatening
disease, it greatly affects social life and can result in issues
with regard to careers, particularly in patients dealing with
consumer products, reviewed in (2).

An allergy consists of two aspects: The sensitization stage,
in which a person acquires reactivity to a substance, and
the elicitation stage, in which allergic symptoms develop. In
skin sensitization, when a chemical substance is repeatedly
absorbed transdermally, T-cells that specifically react to a
chemical substance proliferate in the body, and sensitization
is established. When the same chemical is transdermally
absorbed again, the reacting T-cells release cytokines and
induce inflammation at the contact site (triggering). Knowledge
of the chemical and biological mechanisms involved in skin
sensitization reactions is summarized in the adverse outcome
pathway (AOP) that includes initial events at the molecular
level through intermediate events to adverse effects (3). The
initial event at the molecular level, or the first key event (KE1),
is the covalent bonding of the nucleophilic center of a protein
with an electrophilic substance present in the skin. KE2 is
the covalent bonding of the electrophilic substance with a
specific cell signaling pathway, such as the inflammatory
response in keratinocytes or the antioxidant/electrophile
response sequence-dependent pathway. KE3 is the activation
of dendritic cells (DCs), and KE4 is the activation of T-cells.
The skin sensitization assay is an in vivo or in vitro replication
of all or part of the AOP. Animal experiments, such as the
guinea pig maximization test (4) and mouse local lymph node
assay (5), have been used to evaluate skin sensitization.

Recent stricter regulations on animal experiments aim to
ensure animal welfare by following the basic principle of animal
testing defined by the 3Rs: Reduction, refinement and replace-
ment; replacement that signifies the complete elimination of
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animal testing is the most important issue, reviewed in (6). In
the EU, the leader in regulating animal testing in the cosmetics
industry, animal testing for cosmetics started to be gradually
banned in 2004. Since March 2013, there has been a complete
ban on the sale and import of all raw materials, processed
products containing raw materials, and finished products
tested on animals (7), and manufacturers exporting these raw
materials to the EU have been forced to respond. Not only for
the cosmetics industry, but also for other industries, including
pharmaceutical tests that likely accounts for the majority of
animal testing, reducing animal experiments would be preferred
in terms of animal welfare. Therefore, the development and
use of alternative methods for animal testing, such as in vitro
and in chemico testing are gaining importance. Currently, the
OECD Test Guidelines list the following alternative methods
for skin sensitization tests: The direct peptide reactivity assay
(DPRA), amino acid derivative reactivity assay (ADRA) for
KE1 (8), KeratinoSens™ for KE2 (9), the human cell line
activation test (h-CLAT), U-SENS™ and IL-8 Luc assay for
KE3 (10). However, an effective alternative method for KE4
‘T-cell activation’ has yet to be fully developed, representing a
challenge in this field.

KE4 in skin sensitization AOP involves activation of
naive T-cells, recognition of antigen presentation by DCs, and
proliferation of antigen-specific effector T-cells and memory
T-cells; it plays an important role in the overall AOP (11).
These responses occur through complex biological processes.
The activation of naive T-cells requires two signals that act
synergistically. The first major signal results from the binding
of major histocompatibility complex (MHC)-antigen peptide
complexes presented by antigen-presenting cells (APCs), such
as DCs, to T-cell receptors (TCRs) on T-cells. The second
major signal is derived from the interaction of costimulatory
receptors on T-cells with ligands on APCs. A typical costimu-
latory receptor is CD28 that interacts with the corresponding
ligands on APCs, CD80 and CD86. In addition to the two
major signals, cytokines are essential for T-cell activation.
For example, interleukins such as IL-la, IL-1p, IL-18 and
TNF-a are required for the migration of APCs from the skin
to lymph nodes and the presentation of MHC-antigen peptide
complexes, reviewed in (12). Owing to the complexity of these
processes, it is difficult to fully reproduce these events in vitro.

In the present study, an evaluation system for some of
these complex processes was established and proposed.
interleukin-2 (IL-2) expression in T-cells was used as an indi-
cator to evaluate the KE4 of skin-sensitizing AOPs. IL-2, a
pro-inflammatory cytokine, is released from activated T-cells
and plays an important role in the immune response by activating
immune-related cells, such as memory T-cells and natural killer
(NK) cells (13). Therefore, it was hypothesized that the evaluation
of IL-2 activity in T-cells could provide important information for
evaluating the KE4. The Jurkat clone E6-1 human T-lymphocyte
immortalized cell line is frequently used in studies of human
T-cell line activation in vitro (14). In the present study, Jurkat
cells (IL-2p::Jurkat cells) that express the luciferase gene down-
stream of the IL-2 promoter (IL-2p) were used. Using five skin
sensitizers, including a typical skin sensitizer 24-dinitrochloro-
benzene (DNCB), and two non-sensitizers as test substances, the
activation of the IL-2 promoter as a marker of T-cell activation
was evaluated to determine the validity of this assay.

Materials and methods

Cell culture. IL-2p::Jurkat cells (cat. no. J1651; Promega
Corporation; within 10-20 passages after obtaining the
cell line) (15) were maintained in RPMI-1640 medium
supplemented with 10% FBS at 37°C and 5% CO,. The cell
suspension was mixed with an equal volume of Trypan blue
solution (Nacalai Tesque Inc.), and the number of viable cells,
number of dead cells and cell viability were recorded using a
hemocytometer. Once every 2-3 days, the cells were seeded at a
density of 1-2x10° cells/ml, and a density of 0.1-1.0x10° cells/ml
was maintained.

Determination of the chemical concentration for 90% cell
viability (CV90). All chemicals used in the present study
were obtained from Sigma-Aldrich (Merck KGaA) or Tokyo
Chemical Industry. The concentrations of chemicals used
for cell viability studies were determined by referring to the
exposure experiments on Jurkat cells (11,16). Saline was used
as a solvent for NiSO,, glyoxal and lactic acid, and DMSO was
used as a solvent for the other chemicals.

IL-2p::Jurkat cells were transferred from flasks to 15 ml
tubes, centrifuged (250 x g, 5 min, 25°C), and the supernatant
was removed. The cell pellet was resuspended in fresh medium
to a concentration of 1x10° cells/ml. A total of 60 ul of the
resuspended cells were added to a 96-well plate (flat-bottom,
transparent), and 30 pl PBS or test chemicals shown in Table I
were added to each well containing the IL-2p::Jurkat cell
suspension. WST-1 assay reagent (3 ul; cat. no. MK400; Takara
Bio, Inc.) was added and cells were incubated for 1 h at 37°C
with 5% CO,. After incubation, the absorbance at 450 nm
(control wavelength 670 nm) was measured using an iMark™
microplate reader (Bio-Rad Laboratories, Inc.), and relative
cell viability and CV90 were determined using Equations 1
and 2, respectively; Equation 1: Relative cell viability = [(A,s,
of cells exposed to chemical)-(A4;, of cells exposed to chem-
ical)]/[(Ays, of cells exposed to PBS)-(Ag;, of cells exposed
to PBS)], and Equation 2: LogCV90 = [(90-c)xLog(b)-(90-a)
xLog(d)]/(a-c), where a is the minimum viability at which the
cell viability is >90%, c is the maximum viability at which the
cell viability was <90%, and b and d are the concentrations at
the cell viability of a and c, respectively.

Exposure of IL-2p::Jurkat cells to chemicals and their evalu-
ation. For the pre-activation of T-cells, anti-CD3 pre-coated
96-well plates were prepared. A total of 6 ul of a stock solu-
tion of anti-CD3 antibody (Clone OKT-3; cat. no. ab86883;
Abcam) was diluted in 1,200 gl PBS. The diluted anti-CD3
antibody solution was added to a 96-well plate (60 ng/well)
and incubated at 4°C overnight. After incubation, the solution
was removed with an aspirator, and 100 ul culture medium
(RPMI-1640 + 10% FBS) was added to each well. This process
was repeated twice (insufficient washing affects cell growth).
A total of 30 ul TL-2p::Jurkat cell suspension (1x10° cells/ml)
was then added to each 96-well plate, and 15 ul PBS was added
to the negative control, or anti-CD28 antibody solution as a
positive control (2 ug/ml; clone CD28.2; cat. no. 12-577-C100;
Exbio-Funakoshi, Co., Ltd.) and the chemical solutions were
added. The cells were then incubated for 9 h at 37°C, and
luminescence was measured using a GloMax® Navigator
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Chemical LLNA® h-CLAT! DPRA® CVoo* Solvent used
DNCB Strong + + 1.059 DMSO
NiSO, Moderate + + 27.13 Saline
Isoeugenol Moderate -b + 84.15 DMSO
Diethylenetriamine Moderate -b + 716.7 DMSO
Glyoxal Moderate + + 30.20 Saline
Benzyl benzoate Weak b - 276.0 DMSO
Lactic acid Negative - - 1203 Saline

3Skin sensitization test results from (12). *Chemicals exhibiting responses positive to LLNA but negative to h-CLAT. ‘CV90 was determined
using Equations 1 and 2 (see the Materials and methods section) and the data used for the determination are shown in Tables SI. LLNA, local
lymph node assay; h-CLAT, human cell line activation test; DPRA, direct peptide reactivity assay; CV90, chemical concentration for 90% cell

viability; DNCB, 2 4-dinitrochlorobenzene.

Microplate Luminometer (Promega Corporation) after adding
7 pl Bio-Glo reagent (cat. no. G7941; Promega Corporation)
to each well according to the manufacturer's instructions.
IL-2p (IL-2 promoter) induction was calculated using
Equation 3; Equation 3: IL-2p induction = [(luminescence
of cells exposed to test chemicals]-[luminescence of cells
exposed to PBS)] x100/[(luminescence of cells exposed to
anti-CD28)-(luminescence of cells exposed to PBS)].

Results

Determination of CV90. Reasonable alternative assays for the
animal experiments used for evaluation of KE4 of skin sensi-
tizing AOP are currently not available. In the present study, the
proliferation of an immortalized T-cell line, Jurkat cells, that
stably express luciferase under downstream of the IL-2 promoter
(IL-2p::Jurkat) were used to assist in method development. The
skin sensitizers and control chemicals used in this study are
listed in Table I. Chemicals marked with ‘b’ exhibit local lymph
node assay-positive but h-CLAT-negative response. The skin
sensitivities were also verified using the assay developed in this
study, which was termed the IL-2p::Jurkat assay.

To determine the appropriate concentration of the chemicals,
cells were exposed to various concentrations of the compounds,
and CV90 was determined using Equations 1 and 2, as shown
in Table I.

Evaluation of skin sensitization by IL-2p::Jurkat assay.
IL-2p::Jurkat cells were pre-activated by plating into anti-CD3
pre-coated 96-well plates. Test chemicals were then added,
incubated for 9 h, and luciferase activity corresponding to IL-2
promoter activation was measured to determine cell prolifera-
tion. IL-2p induction was determined using Equation 3.

Exposure to the skin sensitizers DNCB, diethylenetri-
amine and glyoxal increased IL-2 promoter activity, whereas
exposure to the weak or non-sensitizing substances benzyl
benzoate and lactic acid did not. That is, the IL-2p::Jurkat
assay correctly reflected the skin sensitivity to these five subst
ances (Fig. 1 and Table II). However, this assay did not detect
skin sensitivity to NiSO, and isoeugenol and showed inhibi-
tion of T-cell proliferation.

Possibility of simultaneous evaluation of skin sensitization
and immunosuppressiveness. There are two types of immuno-
toxicity: Immunosuppressive and hyper-immunogenic (17,18).
Initially, the aim was to develop an assay to evaluate skin
sensitization, a feature of hyper-immunotoxicity. However,
as mentioned above, NiSO, and isoeugenol, which exert an
immunosuppressive effect on T-cells, suppressed the expres-
sion of IL-2. Therefore, in the present study, it may be possible
to simultaneously evaluate immunotoxicity in terms of both
immunosuppressive and hyper-immunogenic properties based
on the degree of suppression and enhancement of IL-2 expres-
sion. The maximum and minimum values of IL-2p induction
for each chemical in this study are listed in Table II.

As shown in Table II, the weak or non-sensitizing
substances benzyl benzoate and lactic acid had maximum and
minimum values of IL-2p induction within + 20. Therefore,
the test developed in the present study may be used as a simple
screening test for immunotoxicity of chemical substances by
defining ‘IL-2p induction =20’ as hyper-immunogenic/immu-
notoxic (a skin sensitizer), 20> IL-2p induction >-20 or as
negatively immunotoxic, and ‘IL-2p induction <-20’ as immu-
nosuppressive/immunotoxic (Table IIT).

Discussion

In the present study, an IL-2p::Jurkat assay for determining the
skin sensitization AOP KE4 T-cell activation was designed and
evaluated. The inflammatory cytokine IL-2 is a typical cyto-
kine produced by activated T-cells; this assay has been shown
to correctly evaluate the activation of T-cells by chemicals.
However, it is unclear at which stage of the skin sensitiza-
tion response Jurkat cells reflect T-cell activation in vivo. The
two major time points when T-cells are activated in the skin
sensitization response are as follows: First, when naive T-cells
initially recognize antigens presented by DCs, and second,
when antigen-specific memory T-cells are already sensitized
and proliferating and recognize antigens presented by DCs.
Normally, it takes repeated exposure to a chemical and some
time for naive T-cells to recognize it and for sensitized T-cells
to proliferate (19). In the test system used in this study, the time
of exposure of the cells to the chemical substance was relatively
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Table II. Maximum/minimum interleukin-2 promoter induction at the indicated CV90.

Chemical Maximum?® (CV90 fraction) Minimum?® (CV90 fraction) Prediction using Table III
DNCB 113.9 (CV90) 12.5 (CV90/3) Hyper-immunogenic
NiSO, -4.9 (CV90/3) -27.9 (CV90) Immunosuppressive
Isoeugenol -7.0 (CV90/3) -26.3 (CV90) Immunosuppressive
Diethylenetriamine 39.9 (CV90/1.5) 13.3 (CV90/3) Hyper-immunogenic
Glyoxal 187.2 (CV90) 60.3 (CV90/3) Hyper-immunogenic
Benzyl benzoate 4.9 (CV90) -7.8 (CV90/1.5) Negative

Lactic acid 4.7 (CV90/3) -13.2 (CV90) Negative

*Original data to determine these values are shown in Fig. 1. CV90/1.5, CV90/2 or CV90/3 mean CV90 divided by 1.5, 2 or 3, respectively.
CV90, chemical concentration for 90% cell viability; DNCB, 2 4-dinitrochlorobenzene.

Table III Proposed new index for T cell activation.

Interleukin-2 promoter induction Prediction

Induction =20 Hyper-immunogenic
(skin sensitizer)
Negative

Immunosuppressive

[Inductionl <20
Induction <-20

short (9 h) and required pre-activation by anti-CD3, so the activa-
tion of antigen-specific memory T-cells that have already been
sensitized was likely being evaluated rather than naive T-cells.

Three possible reasons for the false-negative result in
which the assay did not detect skin sensitivity to NiSO, and
isoeugenol, and showed inhibition of T-cell proliferation, are
as follows: i) The immunosuppressive effect on T-cells: Nickel
and isoeugenol have been reported to exert immunosuppressive
effects on T-cells and suppress IL-2 expression (20,21). Note
that the word ‘immunosuppression’ is used here according
to the previous literature (20,21). Whether the expression of
other cytokines and cell surface antigens were altered by these
agents to determine their suppression or regulation was not
performed in the present study. ii) The lack of DCs: Nickel has
been reported to exert an immunosuppressive immunotoxic
effect on T-cells but induces cell maturation via NF-xB and
MAPK signaling pathways in antigen-presenting DCs (20).
DCs were absent in the in vitro test; nickel and isoeugenol,
having an immunosuppressive effect on T-cells alone, may
exert hyperimmunogenicity when interacting with DCs;
hence, the absence of DCs may have caused this false-negative
result. iii) Pre/pro-hapten issue; isoeugenol is a pre/pro-hapten
chemical that is prone to air oxidation and metabolism (22,23);
a pre/pro-hapten such as isoeugenol could be a false negative
in the test in the absence of a metabolic system.

The IL-2 expression of T-cells evaluated in this study is a
part of the skin sensitization AOP KE4 “T-cell activation’. To
complement KE4, other indicators, such as the expression of
IFN-y and other molecules, the proliferation of antigen-specific
memory T-cells, expression of granzyme B in CD8" T-cells,
and other assay systems, such as adopting stimulation from
DCs, oxidation and metabolism need to be considered.

The concentration of chemicals tested with IL-2p::Jurkat cells
in the present study were determined based on the CV90 value;
this correctly determined the skin sensitization of the five chemi-
cals better than CV75 used in KeratinoSens and hCLAT (12);
therefore, the use of CV90 is considered appropriate. However,
if false-negative results are obtained when testing weaker skin
sensitizers in the future, it will be necessary to re-examine the
effect of exposure concentrations. It is important to note that
exposure to high concentrations of highly cytotoxic chemicals
as well as skin sensitizers, such as DNCB, may cause cell
death, producing unreliable results; the duration of chemical
exposure may be another factor to be re-examined in the case of
false-negative results when testing weaker skin sensitizers.

In the future, the accuracy and validity of the test will be
assessed by evaluating more chemicals using IL-2p::Jurkat
cells. Agents that are unstable in the atmosphere or water were
not assessed to avoid inaccuracies in the evaluations, although
it would be better to have a greater number of test chemicals
evaluated for the further validation. In addition, evaluation
indices other than IL.-2 mentioned above will be used to comple-
ment the skin sensitization evaluation data related to KE4 by
combining the test system with the test system using CD69 as
an index, as this has already been examined (11), and/or the
THP-1 cell and CD4* T-lymphocyte co-culture system (24,25).

As described in the Materials and methods, FBS for Jurkat cell
culture was used, although it was minimal. FBS is widely used for
cell culture; therefore, there is a large amount of accumulated data.
Thus, it was decided that it would be beneficial and necessary to
compare and confirm our data obtained using past accumulated
data. Since FBS is derived from animals, there is a potential concern
that its performance depends on its batch (26,27). Furthermore,
there have been ethical concerns regarding FBS and discussions
about a fully chemically defined medium to replace FBS (26,27).
Although limited, FBS alternatives have been developed and used
for particular purposes, for example, non-allergenic purposes.
Therefore, FBS alternatives for Jurkat cell culture should be consid-
ered in the future. Additionally, as described in the Materials and
methods, anti-CD3 and anti-CD28 mouse monoclonal antibodies
obtained from pharmaceutical companies were used. Although
information on their origins is unavailable, they were likely puri-
fied from ascites. These antibodies should be replaced with those
that can be confirmed to have been purified from hybridomas
expressing anti-CD3 (OKT-3) and anti-CD28 (28.2), which would



BIOMEDICAL REPORTS 16: 3, 2022 5

50
140
130 40
120 30
110
100 g 20
8 gg g 10
° =]
2 70 g 0
£ 60 & -10
& 50 2 20
o) 40
30 -30
20
10 -40
0 ! 50
-10 CV90/3 CV90/2 CV90/1.5 CV90
CV90/3 CV90/2 CV90/1.5 CV90 .
NiSO,
DNCB
50
100
40
% 90
80
52 . 70
s 10 S
3 3 60
T 0 3
- £ 50
g -10 & 40
= =20 =2 30
-30 20
-40 10
-50 0
CV90/3  CV90/2 CV90/1.5 CV90 CV90/3 CV90/2 CV90/1.5 CV90
Isoeugenol Diethylenetriamine
250
40
200 30
; g 20
.S 210
g 150 E I
z £ 0 I
& 100 q 10
2 = 20
50 -30
-40
0 -50
CV90/3 CV90/2 CV90/L5 CV90 CV90/3 CV90/2 CV90/1.5 CV90
Glyoxal Benzyl Benzoate
50
40
30
= 20
8
E o l\ I
20 i
N?‘ 0 \T\‘\*
= 20
-30
-40
-50

CV90/3 CV90/2 CV90/1.5 CV90

Lactic acid

Figure 1. Relative IL-2p induction. IL-2p::Jurkat cells were exposed to four concentrations (CV90, CV90/1.5, CV90/2, CV90/3) of the indicated chemicals,
incubated for 9 h, and then IL-2p induction was measured. The vertical axis is the IL-2p induction where cell exposure to PBS was set to 0 as a negative and
background control, and cell exposure to anti-CD28 was set to 100 as a positive control. The values in the graph represent the mean + standard deviation of
three independent experiments. The concentrations and CVs that indicate maximum and minimum induction are shown in Table II. Importantly, CV90/1.5,
CV90/2, or CV90/3 refer to CVI0 divided by 1.5, 2 or 3, respectively. CV, cell viability; IL-2p, interleukin-2 promoter.
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further reduce the use of animal-derived materials. Ideally, these
antibodies should be replaced with identical recombinant anti-
bodies purified using animal-free materials if such antibodies are
available in the future.

In conclusion, the alternative method to evaluate KE4 of
skin sensitization proposed in this study, if further developed,
may eliminate the need for conventional skin sensitization
experiments that cause suffering and pain in animals, thus
contributing to the reduction of animal testing.
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