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Abstract: Skin sensitization is a term used to refer to the regulatory hazard known as allergic contact
dermatitis (ACD) in humans or contact hypersensitivity in rodents, an important health endpoint
considered in chemical hazard and risk assessments. Information on skin sensitization potential is
required in various regulatory frameworks, such as the Directive of the European Parliament and the
Council on Registration, Evaluation and Authorization of Chemicals (REACH). The identification
of skin-sensitizing chemicals previously required the use of animal testing, which is now being
replaced by alternative methods. Alternative methods in the field of skin sensitization are based on
the measurement or prediction of key events (KE), i.e., (i) the molecular triggering event, i.e., the
covalent binding of electrophilic substances to nucleophilic centers in skin proteins; (ii) the activation
of keratinocytes; (iii) the activation of dendritic cells; (iv) the proliferation of T cells. This review
article focuses on the current state of knowledge regarding the methods corresponding to each of the
key events in skin sensitization and considers the latest trends in the development and modification
of these methods.
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1. Introduction

Allergic contact dermatitis (ACD) is an inflammatory dermatosis resulting from the
repeated contact of many small-molecule chemicals which have the ability to activate
the immune system in delayed-type hypersensitivity. A total of 15-20% of the general
population suffer from ACD caused by one or more chemicals, most commonly nickel,
fragrances and preservatives; however, pollution present in the environment can also
contribute to the development of ACD [1,2].

Information on skin-sensitization potential is required by several regulatory regimes,
most notably Registration, Evaluation and Authorization of Chemicals (REACH). This
Regulation of the European Parliament and the Council aims to ensure a high level of
protection for human health and the environment [3]. REACH also promotes alternative
methods for risk assessment of chemicals that have become essential for modern toxicology
and ecotoxicology.

There are four basic systems used as partial or complete substitutes for animals in
toxicological experiments (Figure 1):

(i) Invitro methods, which are widely used in toxicology to assess topical toxicity, e.g.,
skin irritation/corrosion/sensitization, as well as systemic toxicity, e.g., genotoxicity
and developmental and reproductive toxicology [4]. In these methods, the animal
organism is replaced by a biological system consisting of cells or tissue models such
as primary cultures, finite cell lines, continuous cell lines or reconstructed 3D tissues.
In vitro systems are based on cell monolayer, coculture systems and three-dimensional
(3D) tissues, taking into account the tissue microenvironment. There has been a lot of
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interest in recent years in the organs on chips (OoCs) which reflect the structure and
physiological properties of tissues or organs.

(i) Exvivo methods (isolated animal tissues and organs). In toxicology, ex vivo methods
are mainly used to assess corrosion. Eye corrosion is evaluated by the methods
adopted by the Organization for Economic Cooperation and Development (OECD)
that use eyes obtained from slaughtered chickens (OECD TG 438) or cattle (OECD TG
437) [5,6]. In turn, skin corrosion is assessed by a rat skin transcutaneous electrical
resistance (TER) test (OECD TG 430). This method uses skin fragments obtained from
humanely euthanized rats [7]. Precision-cut tissue slices (PCS) are also used, both
from rodents and from humans, e.g., from biopsy material [8].

(iii) In chemico methods (chemical methods in which the properties of the substance under
test are evaluated by reaction with appropriate material, without using human or animal
cells). In chemico methods are used to evaluate reactive substances. In order to develop
them, it is necessary to know about the interaction of the test substance with a biological
substance. These methods are widely used in the skin-sensitization area.

(iv) Insilico methods: computer simulations and mathematical models such as Quanti-
tative Structure—Activity Relationship (QSAR), Threshold of Toxicological Concern
(TTC), etc. [9]. In silico methods are used to predict toxicity based on computational
methods and are used in conjunction with other alternative methods to reduce in vivo
testing. The particular advantage of in silico methods is the possibility of assessing
the potential physico-chemical or biological properties of substances before they are
synthesized [10-12].

Figure 1. Basic systems used as partial or full replacement of animals.

The replacement of animal tests has been strongly advocated [13], especially when
validation research has provided evidence that the new approaches do not lower safety
standards and can be integrated into regulatory safety assessments [14].

Apart from ethical issues, the use of animal models in toxicological research, including
skin sensitization, is also associated with the problem of reproducibility and sensitivity of
the model used for the study. As reported by Maertens et al. [15], the repeatability of the
test for maximization in guinea pigs (GPMT) obtained for 624 samples in the test was 93%,
while the repeatability of the Local Lymph Node Assay (LLNA) in mice (for 296 samples)
was 89%. It should also be kept in mind that there is no ideal animal model, and there are
also some differences in sensitivity and predictive ability between the animal species used
as test models. For example, the agreement of the responses and thus the classification
of the results in the test with mice and guinea pigs was 77% in 403 samples. Thus, this is
another reason to search for alternative methods to better predict the effects of chemical
compounds on humans and the environment.

In this article, we present the current knowledge on available alternative methods
corresponding to each of the key events in skin sensitization. Additionally, coculture
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methods are briefly discussed. Because both the system of good laboratory practice and
the integrated approach to testing and evaluation is constantly being improved, every
effort has been made to include only the most recent, corrected and updated versions of
procedures and methodologies in the article.

2. Skin-Sensitization Mechanism and Standard Assessment

Contact allergens (haptens) are small, reactive molecules with molecular weight below
500 Da. They are not immunogenic by themselves; the immune system recognizes them
after binding to peptides and proteins [16,17]. Recent literature data show that the size of
haptens is not a crucial parameter for skin sensitization, but their reactivity [18], which is
related to unpaired electrons in the last layer of the molecule. Haptens are electron acceptors
(electrophiles) that react by covalent bonding with electron-rich amino acids (nucleophiles)
such as lysine, cysteine, histidine, methionine or tyrosine [19,20]. Some chemicals with
low molecular weight become sensitizers after abiotic activation (prehaptens) or metabolic
transformation (prohaptens) [21,22]. Abiotic transformation occurs outside the skin and
involves the conversion of haptens without the involvement of a specific enzyme system,
for example, by oxidation or photoactivation [23]. Metabolic activation occurs in skin
containing appropriate enzymes. Changing the chemical structure of xenobiotics increases
hydrophilicity and allows excretion from the body.

ACD occurs in two phases: induction (also known as afferent) and elicitation (also
known as efferent). As shown in Figure 2, the induction phase encompasses all phases,
from the initial contact with the allergen to the development of sensitization. The elicitation
phase begins after contact with the hapten of an individual who has already been sensitive
and leads to ACD [20].
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Figure 2. Mechanism of allergic contact dermatitis [24]. KC: keratinocytes, APC: antigen-presenting
cells, NKT: natural killer T, IFNy: interferon vy.

Since allergic contact dermatitis is considered to be the most prevalent form of im-
munotoxicity found in humans [25], it is important to evaluate the sensitizing potential
of chemicals. The United Nations Globally Harmonized System of Classification and
Labelling of Chemicals (UN GHS) distinguishes substances into category 1 (sensitizing
substances) and no category (nonsensitizing substances, not classified). Substances are
classified as skin sensitizing if there is evidence that the substance may cause sensitization
by skin contact in a significant number of humans or if positive results have been obtained
in a corresponding animal test (UN GHS). Within the OECD, there are four main guidelines
for standardized skin-sensitization tests:

e  OECD 406: Skin Sensitization Guinea Pig Maximization Test and Buehler Test [26]
e  OECD 429: Skin Sensitization—Local Lymph Node Assay (LLNA) [27]
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e  OECD 442A: Skin Sensitization—Local Lymph Node Assay: DA (LLNA:DA) [28]
OECD 442B: Skin Sensitization—Local Lymph Node Assay: BrdU-ELISA or FCM [29]

The OECD 406 Guideline is intended for use with guinea pigs, while the rest of the
guidelines are intended for use with mice. The LLNA in vivo assay has largely replaced
the guinea pig-based tests [30] and offers many advantages, especially the reduction and
refinement of animal use [31]. It is based on the induction of primary lymphocyte prolifer-
ation in the auricular lymph nodes draining the area of the tested substance application.
Lymphocytes’ proliferation is proportional to the applied dose and enables the measure-
ment of sensitization by radioactive labeling. The other two methods are nonradioactive
modifications of LLNA assay that measure lymphocytes” activation by bioluminescence
(LLNA:DA) or ELISA (BrdU-ELISA) and flow cytometry (BrdU-FCM) methods.

Where sufficient data are available, a subclassification of category 1 substances should
be made according to potency. Subcategory 1A—substances that are very common in
humans and/or have high potency in animals and can be expected to cause significant
sensitization reaction in humans. Subcategory 1B—substances with low or moderate
frequency of occurrence in humans and/or low or moderate potency in animals and which
may be expected to cause sensitization reaction in humans. In general, subcategorizations
are based on data from animals or humans [3].

3. Skin-Sensitization Assessment—Alternative Methods

Currently, the trend is to reduce the number of animal tests or to replace these tests
with alternative methods. According to the regulation REACH, in vivo tests are performed
only when in vitro/in chemico testing methods are not applicable, or the results of these
tests are not suitable for classification and risk assessment [32]. Alternative methods
are based on existing knowledge describing the effects of molecular perturbations at the
subcellular, cellular, tissue, organ, whole animal and population levels and integrated in
Adverse Outcome Pathways (AOP). In the AOP of cutaneous sensitization, the following
key events (KE) can be distinguished:

o KEI: the first key event, i.e., the molecular initiating event (MIE), is the covalent
binding of electrophilic substances to nucleophilic centres in skin proteins;
KE2: the second key event, i.e., the keratinocytes (KCs) activation;
KES3: the third key event is the activation of dendritic cells (DCs);
KE4: the fourth key event is Tcell proliferation.

At the moment, it is not possible to replace the evaluation of sensitization with animals
using one alternative method addressing the first three key events to provide chemical
safety assessment.

For many years, there has been consensus in the research community that the best ap-
proach to assessing skin-sensitization potential is based on multiple sources of information
that integrate, weigh all relevant existing evidence and guide the targeted generation of
new data as needed [4]. In addition, most single tests have some specific limitations that
can be overcome when combined into a research strategy. These limitations include:

Unsatisfactory accuracy and predictability;

Not all possible outcomes of interest are included in a single test;

The need to consider different modes of action;

In vitro tests represent only one or a few steps in complex in vivo processes;

Not all classes of test substances are covered;

Not all classes of severity of effects are covered;

Positive test results are rare, and the number of false positives is too high;

Lack of integrated data and evidence from different studies;

Lack of integrated information on absorption, distribution, metabolism and excre-
tion of test substances, which makes it impossible to extrapolate data from in vivo
studies [4].
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To overcome those limitations, data from different sources of information (in chemico,
in vitro, in silico methods; read-across predictions from chemical analogues; existing human
data such as epidemiological data, Human Repeat Insult Patch Test (HRIPT), clinical
data; existing animal test data) are used within the integrated approaches to testing and
assessment (IATA) or defined approaches (DAs) to obtain information on whether the test
substance is a skin sensitizer and what the skin sensitization potency is [33].

The assessment of sensitization potential within IATA is based on weighted multiple
information and expert judgment under weight of evidence (WoE) and is always requested
for regulatory decisions [4]. An integrated analysis of existing information coupled with
the generation of new information using testing strategies is flexible and allows adaptation
to regional legal regulations and requirements [33]. In turn, DAs generate a prediction
without the expert judgement using the fixeddata interpretation procedure (DIP), i.e.,
mathematical models or rules-based approaches [34,35]. In 2021, the OECD guideline
No. 497 was adopted, which describes a defined approach allowing for a prediction of
hazard identification and/or hazard characterization. As indicated in Table 1, three DAs
are included in the guideline. Furthermore, 203 DA provides final prediction based on
two concordant results from study, covers at least two of the first three KE and allows
for hazard identification, i.e., discrimination between skin sensitizers and nonsensitizers.
Integration of computational methods with experimental methods increases the prognostic
accuracy [36]. Only the combination of in chemico/in vitro sources of information with in
silico methods (DEREK Nexus v6.1.0; OECD QSAR Toolbox v4.5) allows for hazard as well
as potency identification (ITSvl DA; ITSv2 DA).

Table 1. Characteristic of DAs under OECD TG 497 [34,35].

Type of DA Types of Covered KE Methods Prediction

DPRA,
203 DA KE1, KE2, KE3 KeratinoSensTM, Hazard
h-CLAT

DPRA,
ITSv1 KE1, KE3 h-CLAT, DEREK Hazard, potency
Nexus v6.1.0

DPRA,
ITSv2 KE1, KE3 h-CLAT, OECD Hazard, potency
QSAR Toolbox v4.5

DA limitations are related to the limitations of individual in chemico/in vitro/in
silico methods that have been evaluated using monoconstituent substances rather than
mixtures or formulations [37]. Much more work is needed for evaluating complex mixtures
and formulations; therefore, the next-generation risk assessment approaches for skin
sensitization are needed [35]. As more in vitro assays are developed and evaluated, there
will be opportunities to include these data in the new approach [38].

A key issue in assessing the predictive capacity of alternative methods and defined
approaches is the selection of appropriate reference data [39]. For skin sensitization, gold
standard, LLNA data are most often used. However, an analysis of 12 different DA /IATAs
showed that all of them allow hazard and potency identification equal to or better than the
LLNA. The authors pointed out that comparing DA predictions with animal prediction
may underestimate the accuracy of DA models that are in many cases more efficient at
predicting skin sensitization in humans [40]. Natch et al. emphasize that the optimal
approach to assess the predictive capacity of alternative methods and defined approaches
is to consider both animal and human data, especially since in the case of skin sensitization,
unlike other areas of toxicological endpoints, human data are accessible [41]. There is a
need for continuous evaluation of DA /IATA versus animal and human data to optimize
the use of nonanimal data for skin-sensitization risk assessment [42].
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It should be noted that the regulatory requirements for the assessment of skin sensiti-
zation may differ depending on the country and the type of tested substance. Although
many regulators accept alternative methods, only some of them indicate specific meth-
ods. Yet knowing the demands of regulatory bodies is essential in order to further refine
methods and implement new methods and integrated approaches. The skin-sensitization
requirements under REACH are best described [43]. In the following subsections, practical
implications of key event-based methods are described.

3.1. Key Event 1 (KE1)-Based Methods

The internationally recognized guideline addressing KE1, i.e., molecular initiating
event (TG 442C), has been adopted by the OECD and includes three in chemico methods:
Direct Peptide Reactivity Assay (DPRA), Amino acid Derivative Reactivity Assay (ADRA)
and The kinetic Direct Peptide Reactivity Assay (KDPRA) [44].

DPRA uses synthetic peptides containing lysine and cysteine, which are incubated for
24 h with an excess of chemicals. Subsequently, the concentration of peptides is evaluated
by high-performance liquid chromatography with UV-detection (HPLC-UV). Substances
are classified into one of four classes of reactivity on the basis of the cysteine and lysine
peptide depletion value. Since DPRA uses peptides with low UV absorption [45], the final
concentration of the tested chemical is high (100 mM), which prevents the analysis of poorly
soluble substances. Additionally, the peptides are detected at 220 nm, similarly to various
substances, which can lead to coelution and imprecise measurement of peptides [46]. These
disadvantages find a solution in the ADRA method, in which two types of detection are
used: ultraviolet (UV) detection and fluorescence (FL) detection. Using two amino acid
derivatives, N-(2-(1-naphthyl)acetyl)-L-cysteine (NAC) and «-N-(2-(1-naphthyl)acetyl)-L-
lysine (NAL) [45,47], which are highly sensitive nucleophilic reagents, allowed us to reduce
the final concentration of the tested chemical [48] and study hydrophobic substances [45].
For a substance with a known molecular weight (monoconstituent substance, mixture,
multiconstituent substance of known composition), ADRA should be performed using
a stock solution at a concentration of 4 mM. However, a gravimetric approach based
on a stock solution prepared at 0.5 mg/mL should be performed for a monoconstituent
substance or a mixture of unknown molecular weight [44].

Recent studies confirmed the possibility of using ADRA to evaluate mixtures used in
cosmetic ingredients, thanks to the application of the weight concentration, not the molar
one [49]. Since UV detection at 281 nm is used, even if the tested chemical is coeluted
with the nucleophilic agent, there will be no apparent effect on the quantification of the
peptides as long as the tested chemical itself does not absorb UV at 281 nm. Only test
chemicals containing conjugated double bonds of a certain length absorb UV at these
wavelengths [50]. However, NAC is susceptible to oxidation, especially in the presence of
even a small amount of metal ions. It can be prevented by adding a low concentration of
ethylenediaminetetraacetic acid (EDTA) [51]. The analysis of multiconstituent substances
may also be possible with fluorescence detection (ADRA-FL method), as the number of
peaks in the chromatogram has been significantly reduced. Fujita et al. reported that
fluorescence detection for HPLC analysis of NAC and NAL reveals a single sharp peak and
a stable baseline [52].

DPRA and ADRA support discrimination between skin sensitizers and nonsensitizers.
As a recently introduced method, kDPRA allows discrimination of subcategory 1A skin
sensitizers from those not categorized as subcategory 1A (non-subcategory 1A), i.e., subcat-
egory 1B or no category, but does not allow the distinguishing of sensitizers (Category 1)
from nonsensitizers [44]. The kDPRA uses five substance concentrations (5, 2.5, 1.25, 0.625
and 0.3125 mM) at six reaction times (10, 30, 90, 150, 210 and 1440 min) and multiwall plate
fluorometric read-out only for the Cys-peptide.

There have been a variety of detection methods as well as types of nucleophiles used
(Table 2). Cor1C420 assay based on both liquid chromatography-mass spectrometry (LC-
MS) analysis and detection of free thiol groups allows simultaneous determination of
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peptide depletion, peptide oxidation (dimerization), adduct formation and thiol reactivity
and thus generates a more detailed characterization of the reactivity of a molecule. A
more-reactive peptide, containing both Cys and Lys electrophilic residues, is used, which
allows a reduction of the concentration of both the test chemical and the test peptide, thus
reducing solubility issues of test chemicals [46].

N-butylamine and 1-butanethiol as surrogates for nucleophilic amine and thiol groups
of lysine and cysteine, respectively, were proposed in the NMR spectroscopy method. This
method provides a rapid initial assessment of the reactivity of a chemical and allows the use
of aqueous as well nonaqueous solutions. NMR spectroscopy can provide additional data
about chemical reactivity information used to inform toxicological risk assessments [53].
In other NMR-based methods, a model thiol dansyl cysteamine (NMR-DCYA) was ap-
plied due to its distinctive NMR spectrum and minimal interference with the majority
of electrophiles. A kinetics version of this method could be extended to obtain a reliable
reactivity index for potency estimation, and the accessibility of such resulting rate con-
stants may be useful for the quantitative prediction of potency by QMM or read-across
methods [54]. DCYA was also used in a fluorescence-based method—high-throughput
screening method (HTS-DCYA)—where the reaction adduct is quantified directly [55,56].
This method evaluates reactivity of the overall mixture even when the contributions of
individual components is unknown (the fluorescence emission can be extrapolated as the
total number of DCYA-adducts in solution). It was estimated that the HTS-DCYA method
would be sensitive enough to enable the detection of highly reactive compounds present in
a total concentration of 2-3% w/w [57]. The HTS-DCYA method may be useful in prescreen-
ings of large chemical libraries before performing more costly and time-consuming in vitro
and clinical evaluations of skin-sensitization potential [55]. In turn, high-performance
liquid chromatography coupled with tandem mass spectrometry (HPLC/MS-MS-based
DPRA) correctly predicted chemicals as sensitizers or nonsensitizers as well as increased
the possibility of identifying substances noncovalently binding to peptides or chemicals
with overlapping peaks with either peptide. The HPLC/MS-MS method deals better with
weakly water-soluble compounds [58].

In contrast to methods requiring expensive equipment, spectro-DPRA assay uses the
spectrophotometric method to monitor peptide reactivity. Unreacted cysteine-containing
peptide and the amine group of unreacted lysine-containing peptide are detected by UV-
VIS spectrophotometer and fluorometer, respectively. The spectrophotometric values
were measured before and after the addition of detection reagents to avoid any interfer-
ence from background signals. The main advantage is the reduction of the measurement
time to 10 min compared to DPRA (22-26 h); however, this method could not estimate
pre/prohapten and was unable to predict highly lipophilic chemicals [59-61]. The problem
with the correct prediction of prohaptens also appears in the method using glutathione and
cysteamine instead of synthetic peptides [62]. Cysteamine and glutathione residues follow-
ing the incubation with chemicals were derivatized with 4-(4-dimethylaminophenylazo)
benzenesulfonyl chloride (DABS-CI) and formed very stable (up to 48 h) complexes. Since
sodium acetate buffer at pH 4.5 is used, there is a risk of incorrect results for highly basic
chemicals. This method can be applied to differentiate skin sensitizers from nonsensitizers.
To increase the potential of prohaptens detection, a horseradish peroxidase and hydrogen
peroxide (HRP/P) oxidation system was included in the peroxidase peptide reactivity
assay (PPRA) method. This work shows the potential to incorporate an enzyme-mediated
activation step for prohaptens into an in chemico skin-sensitization assay that results in the
detection of all types of sensitizers [63].

PPRA has also been checked regarding whether it can detect respiratory allergens;
however, it does not show an advantage over the DPRA method in distinguishing between
respiratory and skin sensitizers [64].

An example of a method which fulfils the element of pathway associated with protein
expression is the allergen—-peptide/protein interaction assay (APIA). APIA focuses on
the initial haptenation processes in human skin and evaluates interactions between the
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potential allergens and skin-related proteins or peptides [65]. APIA is carried out under
conditions imitating the distinct human epidermal reactivity compartments of the skin
surface (pH 5.5), stratum basale (pH 6.8) and typical physiological conditions (pH 7.4) [66].

Electrophilic allergen screening assay (EASA) uses two complementary probes: an
amine-based probe, pyridoxylamine (PDA), and a thiol-based probe, 4-nitrobenzenethiol
(NBT), which represent lysine and cysteine side chains [67,68]. Initially, the method was
developed using a cuvette format. Then, a 96-well plate format was used to increase
throughput and include control measurements. The inclusion of multiple control mea-
sures contributed to the identification and correction of systematic errors. Absorbance
for NBT and absorbance as well as fluorescence for PDA was recorded at approximately
5min £ 30s, 20 £ 2 min, 35 £ 2 min and 50 £ 2 min. Using 92 testing chemicals, the
researchers achieved compliance of the EASA results with LLNA and GPMT comparable
to DPRA, i.e., 73% [69].

The in vitro test using the THP-1 cell line, which is widely used in the KE3 methods,
was also used to assess KE1. The SH-test is based on the measurement of cell-surface
thiols changes after two hours of treatment with chemicals. A nonpermeable thiol-reactive
compound, Alexa Fluor 488 C5 maleimide (AFM), is used to detect changes of cell-surface
thiols induced by binding of haptens to cell-surface proteins [70]. Recently, the SH-test was
improved by developing a new decision-making system, changing the statistical method
and evaluating and determining the maximum number of repetitions necessary for optimal
efficiency. In contrast to the DPRA, the SH test can be used for evaluating metal compounds
and is easily applied to substances of unknown molecular weight and mixtures because it
uses a gravimetric measurement method to set assay concentrations [71].

Table 2. KE1. Summary of methods.

Accuracy Specificity  Sensitivity
Detection Source

A Type of Nucleophile [%] [%] [%]

ey Method P P Dataset IRet.
Compared to the LLNA
theti tid taini
DPRA HPLC-UV synthetic peptice contaiing 157 80 77 80 [44]
cysteine and lysine
ADRA HPLC-UV NAC, NAL 136 76 79 76 [44]
kDPRA Fluorescence cysteine peptide 180 85 86 84 [44]
ADRA-FL HPLC-FL NAC, NAL 47 - - - [52]
COR1-C420 LC-MS COR1-C420 80 88.8* 89.5* 88.5* [46]
NMR NMR spectroscopy n-butylamine, 1-butanethiol 8 - - - [53]
NMR-DCYA NMR spectroscopy DCYA 17 - - - [54]
Fluorescence
HTS-DCYA . DCYA 33 82 90 78 [55]
detection
HPLC/MSMS HPLC/MS-MS teine and lysi tid 18 [58]
- ne an n - - -
method cysteine and lysine peptide
PPRA HPLC/MS-MS cysteine peptide 15 - - - [63]
MALDI-TOF mass i .
APIA peptide-21 and peptide-20 3 - - - [66]
spectrometry
UV-VIS

Spectro-DPRA  spectrophotometry/ cysteine and lysine peptide 40 82.5 86.7 80 [60]

fluorometry
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Table 2. Cont.

Accuracy  Specificity = Sensitivity

Detection Source
A Type of Nucleophile [%] [%] [%]
ssay Method yp p Dataset /Ref.
Compared to the LLNA
Method using
small, . .
HPLC—PDA cysteamine, gluthatione 30 93 82 100 [62]
endogenous
molecules
absorbance and 4-nitrobenzenethiol (NTB)
EASA . . 92 - - - [69]
fluorescence pyridoxylamine (PDA)
SH test flow cytometry cell surface thiols 52 - - - [70]
Improved SH .
flow cytometry cell surface thiols 25 84 62.5 94.1 [71]

test

* For depletion value.

3.2. Key Event 2 (KE2)-Based Methods

Keratinocytes activation can be evaluated by methods assessing the activation of
biochemical pathways, analysis of gene and protein expression, and evaluation of proin-
flammatory cytokines. The secretion of inflammatory cytokines is recognized as being
responsible for the pathological hyperactivation of cells, called excitotoxicity. Manifestation
of excitotoxicity is most prominent in the cytokine storm syndrome [72].

Several methods are based on the measurement of Nrf2 pathway activation (Table 3).
Activity of Nrf2 transcription factor, a major regulator of oxidative and electrophilic stress,
is negatively regulated by Kelch-like ECH-associated protein 1 (Keap1) [73], which is the
target for haptens [74]. Conformational changes in the Keap1 lead to accumulation of
Nrf2, resulting in translocation into the nucleus and activation of antioxidant response
element (ARE)-depending genes [75-78]. There are two validated assays included in the
OECD guideline No. 442D, i.e., the ARE-Nrf2 luciferase KeratinoSens™ and the ARE-
Nrf2 luciferase LuSens. Positive results generated with these methods may be used on
their own to classify a chemical into UN GHS category 1 [79]. Immortalized adherent cell
lines derived from human keratinocytes (KCs) were used for both assays. The luciferase
reporter gene was permanently introduced into KCs under control of the ARE-element of
the human AKRIC2 gene (ARE-Nrf2 luciferase KeratinoSens™ assay) [76] or the rat Ngol
gene (ARE-Nrf2 luciferase LuSens assay) [80]. Quantitative evaluation of luminescence
after induction of the luciferase gene in cells after exposure to test substance is an indicator
of the activity of transcription factor Nrf2 [79]. Furthermore, cell viability is determined
with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). Resazurin-based
viability assessment, not requiring cell lysis, was proposed as an alternative measurement
or instead of the MTT test [81,82]. Usage of the KeratinoSens™ assay with agrochemical
formulations demonstrated promising results [83]. All examined active ingredients (n = 8),
three of four sensitizing formulations, and all six nonsensitizing formulations were correctly
predicted comparing to in vivo data. However, it was necessary to modify the standard
assay procedure whereby the formulation was assumed to have a common molecular
weight. Other researchers showed the possibility of using KeratinoSens™ to assess the
sensitizing effect of plant extracts [84]. Moreover, the KeratinoSens™ and h-CLAT (KE3
method) binary test battery have greater sensitivity for detection of minute amounts of
sensitizer than LLNA [85].

For detection of skin sensitizers in medical devices, a reporter cell line MDA-ARE,
characterized by high levels of Nrf2 and Keapl, was created. It allowed reduction of
incubation time and application of phosphate-buffered saline (PBS) as an induction medium
without influence on cell viability and proliferation [86].



Toxics 2022, 10, 740

10 of 25

To increase the possibility of haptens and prohaptens detection, rat S9 liver fraction
alone [87] or supplemented with human skin cytochrome P450 enzymes [88] found appli-
cation in KeratinoSens™. Since only a small fraction of the known skin sensitizers need
to be activated, the KeratinoSens-S9 assay is proposed only for chemicals negative in a
first screening or containing either phenolic groups and/or alkoxy groups attached to a
benzene ring, aromatic amines and conjugated dienes [87]. In turn, to increase the sensitiv-
ity, ARE cell line derived from the human MCF7 breast carcinoma cell line containing an
eightfold repeat of the ARE sequence upstream of luciferase gene was used. The AREc32
cell line assay is characterized by good sensitivity to identify moderate, strong and extreme
allergens and high specificity [89].

Table 3. KE2. Biochemical pathway based methods.

Accuracy Specificity  Sensitivity
Method Cell Line Dataset [%] [%] [%] S/o;erfce
Compared to the LLNA
ARE-Nrf2 Luciferase KeratinoSens™
KeratinoSens™ Test transgenic cell line 145 77 72 79 (7]
The ARE-Nrf2 Luciferase LuSens tra?nsgemc 7 74 74 74 [79]
LuSens test cell line
AREc32 AREc32 102 83 86.6 81.4 [89]
cell line assay
MDA-ARE assay MDA-ARE reporter 22 - 100 92 [86]
cell line
Keratinosens™-resazurin KeratinoSens™
. . 35 - - - [81]
assay transgenic cell line
Keratinosens — KeratinoSens™
S9 assay transgenic cell line 7 i ) i [871
. . . ™
Keratinosens assay with 59 KeratinoSens 2 ) ) . [88]

and P450 assay

transgenic cell line

As shown in Table 4, an analysis of various genes’ expression has been used with
2D or 3D culture models. The 2D model, i.e., normal human keratinocytes (HaCaT), was
used to analyze the genes involved in the following pathways: Keap1/Nrf2/ARE/EpRE,
ARNT/AhR/XRE and Nrfl /MTE/MRE, by quantitative real time polymerase chain re-
action (QRT-PCR). The main limitation is its inability to separate nonsensitizers from
very weak sensitizers [90]. The same test system was used in the HaCaT gene profiling
method [91]. After 4 h exposure of HaCaT cells, the expression of genes of oxidative stress
response (HMOX1, STC2, ADM and SRD1) and genes related to the inflammatory response
(cFOS and FosL1) was analyzed using real-time polymerase chain reaction (RT-PCR).

In the SenCeeTox method, HaCaT cells were replaced by the 3D model—the recon-
structed human epidermis (RhE) [92]. The RhE mimics skin structure and organization,
has a differentiated epidermis and horny layer (stratum corneum), allows potency assess-
ment [93] and topical application and exhibits metabolic capability. Regarding Episkin,
the 3D model is used in the SENS-IS assay based on analysis of two groups of genes: the
redox and SENS-IS [94]. Redox group includes genes possessing an antioxidant respon-
sive element (ARE) in their promoter and monitors the redox-protective signals induced
through the interaction of sensitizers binding to cysteine amino acids of the Keap1-NRF2
complex [95]; the SENS-IS group includes genes involved in inflammation, danger signals
and cell migration to address the complex cascade of events leading to activation of DCs
by a sensitizing chemical [96]. Since four dilutions (50%, 10%, 1% and 0.1%) of the test
chemical are used, the SENS-IS assay provides potency information predicted according to
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a threshold value (the minimum test concentration necessary to induce the overexpression
of a given number of genes in two groups of genes) [96].

The early phase of skin sensitization (induction of inflammatory cytokines and cyto-
protective gene pathways) is evaluated in the epidermal sensitization assay (EpiSensA)
by RT-PCR. Initially, the expression of three genes (ATF3, DNAJB4 and GCLM) was mea-
sured [97]. Finally, the IL-8 gene was included. Overall sensitivity and accuracy of EpiSensA
were relatively higher than those of existing in vitro tests (DPRA, KeratinoSens™ and
h-CLAT) [98]. Additionally, in the small-scale study, very good transferability and repro-
ducibility of EpiSensA was stated [99].

Table 4. KE2. Methods based on gene expression analysis.

Accuracy Specificity  Sensitivity

Method Marker Genes Model Dataset [%] [%] %] SIOI:‘:; ¢
Compared to the LLNA
. ATF 3; GCLM

EpiSensA DNAJBE 3D 16 87.5-100 75-100 83.3-100 [97]

Modified ATF 3; GCLM DNAJB4; IL-8 3D 72 90 78 94 [98]

EpiSensA

. REDOX group: 17 genes,
SENS-IS SENS-IS group: 21 genes 3D 150 96.6 95.2 97.7 [96]
NQO1, AKR1C2, TXN,

HadCiT cell 11 g ALDH3A, HMOX1, Maff, 2D 58 84 92 81 [90]
modetassay  GCLC, CYP1A1, MT1, MT2

The expression of: eight

SenCeeTox Nrf2/ARE, one AhR/XRE, 3D 11 - - - [92]
two Nrfl/MRE-controlled genes
HMOX1, STC2
HaCaT gene ADM, SRD1, cFOS, FosL1,
signature DNMT3b, RBM5, CDK12, 2D 39 96.2 100 9 [91]
ARD37

The last type of the KE2 methods is based on the evaluation of proinflammatory cy-
tokines (Table 5). Interleukin (IL)-18 plays a key role in the induction of ACD by promoting
Th-1-type immune response enhancing the secretion of proinflammatory mediators such as
TNF-a, IL-8 and IFN-c [100]. Human KC constitutively expresses IL-18 mRNA and protein,
which are induced following the exposure to contact sensitizers [101]. The NCTC 2544, a
commercially available epithelial-like skin cell line originating from normal human skin,
has been used to identify contact allergens [102] on the basis of IL-18 production assessed
in the cell lysate by the ELISA method. All tested contact sensitizers, including prohaptens,
induced a dose-related increase in IL-18, whereas both irritants and respiratory allergens
failed. The critical point is the use of cells in the appropriate time, between 3 weeks and up
to 5 months after thawing [103]. The authors pointed to the possibility of using other than
the NCTC 2544 cell line; however, HaCaT gave a large number of false-negative results
(19 out of 24 sensitizers were incorrectly identified). The following accuracy, sensitivity
and specificity were obtained for 41 substances: 57.2%, 22.2%, 91.7%, respectively [104].



Toxics 2022, 10, 740

12 of 25

Table 5. KE2. Methods based on the evaluation of proinflammatory cytokines.

Accuracy Specificity  Sensitivity Source/
Method Cytokine Test System Dataset [%] [%] [%] Ref.
Compared to the LLNA
NCTC 2544 2D/
IL-18 assay IL-18 NCTC 2544 33 97 94.1 100 [105]
HaCaT IL-18 2D/HaCaT 41+ 57.2 91.7 222 [104]
IL-18 assay
3D/
IL-18 EE potency assay IL-18 27 95 - - [106]
RhE
IL-1c,
HaCaSens IL-6 2D/HaCaT 20 83.3 87.5 81.8 [107]
- IL-1a
Optimized HaCaSens IL-6 2D/HaCaT 22 81.8 80 83.3 [108]
IL-1 2D/
HaCaT/HEL30 assay IL-18 HEL-30/HaCaT 4 - - - [109]
HEL-30 IL-1x
IL-1o, MIP-2 MIP-2 2D/HEL-30 22 86 - - [110]
IL-1x EE potency assay IL-1x 3D/RhE 16 - - - [111]

* Compared to the human data.

The RhE model derived from normal human keratinocytes has been used in the IL-18
epidermal equivalent (EE) assay in order to identify contact sensitizers as well as determine
sensitizing potency [106]. Several in vitro-reconstructed 3D epidermis models were utilized
by the assay. Consistent results were obtained between the different 3D models, and only
minor method optimization may be required for different types of commercially available
EE and different vehicles. The amount of IL-18 in culture supernatants after 24 h incubation
with the tested chemical was quantified by a commercially available, specific sandwich
ELISA. Results are presented as a Stimulation Index (SI), i.e., the ratio of IL-18 released to the
basal IL-18 found on the epidermis treated with the solvent control. The IL-18 level is used
to discriminate sensitizing from nonsensitizing substances, and cell viability calculated by
MTT assay is used to evaluate the potency of the sensitizer. The most optimal prediction
model, i.e., >5 fold increase in IL-18 release and viability between 5-40%, showed 95%
accuracy. Andres et al. indicated that the critical point for the IL-18 evaluation is the
detection range of the ELISA kit [112]. No results should be extrapolated outside the
limits of the calibration standard concentrations. An acceptable IL-18 release from the
nonexposed RhE model was set at 60 4 40 pg/mL~!, which could be used to monitor the
model suitability over batches of epidermis. The possibility of using the reconstructed
human epidermis IL-18 assay to assess the sensitizing properties of metal sensitizers was
tested. It clearly showed that metal salts fall outside of the applicability domain of the
assay due to insufficient amounts of IL-18 being released and low cytotoxicity [113].

Levels of II-6 and IL-1 in supernatants after 24 h incubation with tested chemicals
were measured by the ELISA method in the HaCaSens assay [114]. Chemical classification
is determined using the stimulation index (SI). Nonsensitizers produce SI < 3 in both IL-1o
and IL-6, and sensitizers produce SI > 3 in one of the cytokines. HaCaSens obtained
75% sensitivity, 83% specificity and 77% accuracy using 22 coded substances; however,
during the validation study, in order to examine transferability, intra- and interlaboratory
reproducibility and predictive capacity, it demonstrated a sensitivity of 81.8%, specificity of
87.5% and accuracy of 83.3% in identifying skin sensitizers [107]. The optimized HaCaSens,
based on the reduction of doses from four to three, resulted in a sensitivity of 83.3%, a
specificity of 80.0% and an accuracy of 81.8% [108].

Based on the Il-1x production by in-house epidermal equivalents (VUMC-EE) and
commercial epidermal equivalent (EST1000™ and RHE™), the potency classification can
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be performed. It is based on the effective chemical concentration required to reduce cell
metabolism/viability to 50% of the maximum value (EE-EC50) and the effective chemical
concentration required to result in a 10-fold increase in secretion of IL-1a (EE-IL-110x
value) [111]. The lower the EC50 and EE-IL- 1x10x, the stronger the sensitizing potency.
Since this assay does not distinguish sensitizers from nonsensitizers, it should be applied
in a two-tiered strategy, i.e., the determination of potency should be conducted following
the identification of sensitizers using another method.

The murine cell line HEL-30 was used for assessment of KE2 through evaluation of
IL-1, macrophage inflammatory protein 2 (MIP-2), IL-6 and IL-18 [110]. IL-18 levels did
not statistically discriminate between sensitizers and irritants, while IL-6 was not produced
by HEL-30; therefore, the combination of IL-1 and MIP-2 gave the most robust result, i.e.,
overall accuracy: 86% (19 out of 22). Another study using HEL-30 showed a consistent
dose-response relationship for IL-1x and IL-18, which is in contrast to the HaCaT cell line,
where it was not possible to evaluate three out of four tested chemicals [109].

3.3. Key Event 3 (KE3)-Based Methods

KE3 concerns the activation of DCs which are specialized in the processing and presen-
tation of antigen to lymphocytes with the help of a major histocompability complex (MHC).
Mainly, the DCs present peptides via class II MCHC recognized by CD4+ T lymphocytes.
However, it is possible to present peptides in CD8+ T lymphocytes with MHC I class
antigen. Only dendritic cells may present an antigen to naive T lymphocytes (without
prior contact with the antigen). After the exposure to hapten, the DCs migrate from the
epidermis to local lymph nodes through dermal lymphatic vessels [115] and undergo
maturation to become more efficient antigen-presenting cells [116], which results in an
increased expression of various cell membrane markers, such as CD40, CD54, CD80, CD83
and CD86 [117], as well as production of the proinflammatory cytokines, e.g., TNFe, IL-6,
IL-8 and IL-13. The summary of the KE3 methods is presented in Table 6.

The following methods adopted by the OECD under the guideline No. 442E allow to
distinguish skin sensitizers, i.e., UN GHS category 1, from nonsensitizers:

Human cell line activation test (h-CLAT);

U937 cell line activation Test (U-SENS);

Interleukin-8 Reporter Gene Assay (IL-8 Luc assay);

Genomic Allergen Rapid Detection (GARD™) for assessment of skin sensitizers
(GARD™skin) [118].

The h-CLAT uses the ability of dendritic cells and monocytes to express cell surface
markers, i.e., CD86 and CD54, following 24 h of exposure to the test chemical. CD86 and
CD54 expression is measured on the human monocytic leukemia cell line (THP-1) derived
from the peripheral blood of a male with acute monocytic leukemia [119], which served
as a dendritic-cells surrogate [120]. In turn, in the U-SENS method, formerly known as
the Myeloid U937 Skin Sensitization Test (MUSST), the human histiocytic lymphoma cell
line (U937) is used. This type of cells responds to contact sensitizers by upregulating CD86
expression in a dose-dependent manner after 48 h of treatment [121]. A level of surface
markers is measured by flow cytometry, following cell staining with fluorochrome-tagged
antibodies. Concurrently, cytotoxicity is measured to assess whether upregulation of
surface markers expression occurs at subcytotoxic concentrations. The relative fluorescence
intensity (RFI) of surface markers compared to solvent/vehicle control is calculated and
used in the prediction model [118]. Due to the possibility of false-negative results for
water-insoluble chemicals (especially chemicals with LogKow > 2), the h-CLAT test was
modified by applying a different exposure method, i.e., short time exposure to the liquid
paraffin (LP) dispersion medium [122]. THP-1 cells shortly (for 5 min) exposed to the test
chemicals dispersed and diluted in LP. Then, cells were washed, resuspended in culture
medium and incubated for 24 h in the standard conditions (37 °C, 5% CO2). A tiered-system
combination of the original h-CLAT and modified h-CLAT provided high sensitivity and
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accuracy, at 95% and 88%, respectively. However, LP-medium exposure may be unsuitable
for prohaptens and LP-insoluble chemicals [122].

Since the regulation EC 1223 /2009 includes an animal testing ban for cosmetic products
and ingredients, there is a need to replace animal-derived components used in the standard
cell culture by nonanimal products. Replacement of fetal bovine serum (FBS) with human
serum (HS), bovine serum albumin (BSA) with human serum albumin (HSA) and the use of
antibodies derived from a nonanimal source using phage-display (Human Combinatorial
Antibody Library; HuCAL) was proposed [123]. The animal-product-free h-CLAT provided
appropriate results; all proficiency substances were correctly classified. Currently, authors
are pursuing inclusion of the nonanimal modification into the OECD 442E guideline. Other
researchers [124] proposed the culturing of THP-1 cells using media free of animal-derived
FBS, i.e., RPMI-1640 medium with HL-1™ supplement or X-VIVO™ 10 medium. However,
the use of the X-VIVO™ 10 medium required modification of the acceptance criteria for
the proficiency assay since THP-1 cells cultured without FBS were more susceptible to
hydrodynamic forces, including shear stress during several sample centrifugations and
pellet resuspensions. Despite minor adjustments of the original protocol, it was possible to
correctly predict the sensitizing potential of ten proficiency substances.

The above methods used cell lines with an extended period of multiplication, mainly
from hematopoietic neoplasms, and this approach may have some disadvantages. Cell
lines may be characterized by genomic instability and metabolic or signaling deficiency;
therefore, primary cells (cord or peripheral blood) have also been used [125]. Plasmocytoid
dendritic cells (pDC) obtained from human DCs generated from umbilical cord blood-
derived CD34+ progenitor cells may be used for measurement of CD86 due to low CD86
basal expression [126]. Compared to LLNA, the pDC method had sensitivity and specificity
of 96% and 86%, respectively. Flow cytometric measurement of CD86 expression after 48
h chemical treatment of the peripheral blood monocyte-derived dendritic cells (PBMDC)
was proposed [127]. The application of the PBMDC in the optimized assay (appropriate
monocyte isolation procedure, cytokine/chemokine concentrations, treatment conditions
and cytotoxicity threshold) allows for the discrimination of sensitizing from nonsensitizing
chemicals. The key issue is the initial assessment of CD86 expression; cells with elevated
(>50%) CD86 expression are excluded.

A convenient alternative to PBMDC can be U-937 cells. In the U-937 activation
test, cells were cultured with the presence of IL-4 to induce the dendritic cell-like pheno-
type [121]. Then, cells were exposed to test chemicals and analyzed by flow cytometry for
CD86 expression and by qRT-PCR for IL-1f3 and IL-8 gene expressions. A single marker
(e.g., CD86, IL-1p3 or IL-8) was not sufficient for a reliable evaluation of the DC activation;
however, a combination of multiple markers allowed a more precise analysis. CD86 surface
expression and cell viability is measured at 24 h and 72 h; IL-8 level is measured by ELISA
at 72 h only. Gene expression of IL-1p3 and IL-8 at 24 h should be considered in case of
doubtful results.

Not only human cells may be used, but also murine primary cells [128]. After 48 h of
incubation of mouse bone marrow-derived dendritic cell (BMDC) with the tested chemicals,
changes in MHCII, CD40, CD54 and CD86 expression were evaluated by the flow cytometry.
Additionally, a cytokine level in the culture supernatant was evaluated; however, it did not
lead to better discrimination of the contact or respiratory allergens. For 20 tested chemicals,
a sensitivity of 69% and accuracy of 75% was obtained [129].

The IL-8 Luc assay quantifies changes in IL-8 expression associated with the acti-
vation of dendritic cells. This assay uses a stable THP-1-derived IL-8 reporter cell line,
THP-GS8 characterized by harboring stable luciferase orange (SLO) and stable luciferase
red (SLR) genes under the control of IL-8 and glyceraldehyde 3-phosphate dehydrogenase
(GAPDHe-internal control promotor) promotors, respectively. A quantitative measure-
ment of luciferase gene induction is performed by detecting luminescence. After reaction
with firefly D-luciferin, two luciferases emit different colors [118,130]. The mechanism of
overproduction of IL-8 by THP-1 cells after exposure to sensitizers is associated with the
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MAPK (mitogen-activated protein kinase) pathways, and it is strongly induced by subtoxic
(60-90% viability) concentration of skin sensitizers [131].

The simultaneous detection of surface antigens and the analysis of cytokines in culture
supernatants were also used. A level of IL-1§3, IL-8 and TNF-« was analyzed in the culture
supernatants of THP-1 cells after 24 h of exposition to the test chemical and expression of
two surface markers, i.e., CD54 and CD86. A combination of CD86 expression with IL-8
secretion allowed for the prediction of sensitizers with an accuracy of 95.2% and sensitivity
of 93.5% [132].

Using monocyte-derived dendritic cells (moDC) isolated from heparinized leukocyte-
enriched buffy coats from different donors by density gradient centrifugation, it was found
that the concentration of IL-8 increased after exposure to sensitizers and decreased after
exposure to irritants. Therefore, the most promising method for predicting contact allergens
seems to be the determination of IL-8 together with the CD83 and CD86 expression [133].

The most recent method introduced into the OECD TG 442E is the genomic allergen
rapid detection (GARD), in which the expression of genes in the SenzaCells cell line,
which is of human myeloid origin with attributes similar to dendritic cells, is examined.
A total of 196 transcripts participating in signaling pathways involved in recognition
of foreign substances and DCs maturation is measured (GARDskin Genomic Prediction
Signature) [134]. GARD™ skin was validated formally under the supervision of the
European Reference Laboratory for Alternatives to Animal Testing (EURL ECVAM); ring
study showed an interlaboratory reproducibility of 92.0%, and the cumulative predictive
accuracy across the three laboratories was 93.8% [135]. Based on the GARD platform, the
prediction of sensitizer potency could be evaluated. The GARD potency gene signature
predicts three sensitizer potency classes (categories 1A, 1B and no category) [136]. For this
purpose, predictive genomic biomarkers (52 transcripts) were identified using a random
forest approach and 70 training samples. The system has been tested on separate chemicals
and the balanced accuracies (the average of sensitivity and specificity) of the test are
estimated to be 82% for category 1A, 74% for category 1B and 90% for no category, with an
overall accuracy of 78%.

A prediction model referred to as VitoSens quantifies the expression of two genes
using qPCR, cyclic adenosine monophosphate-responsive element modulator (CREM) and
monocyte chemotactic protein-1 receptor (CCR2) in CD34+ progenitor-derived DCs after
6 h exposure [137]. The VitoSens assay successfully discriminates sensitizing chemicals
from nonsensitizing chemicals [138]. The mouse fetal skin-derived dendritic cell line
(FSDC) could also be used for the analysis of gene expression and intracellular signaling
profiles [139].

Table 6. KE3. Summary of methods.

Accuracy  Specificity  Sensitivity =~ Source

Method Endpoint el Dataset  [% L%] %]~ [Ref.
Compared to the LLNA
h-CLAT expression of CD86/CD54 THP-1 142 85 66 93 [118]
Original h-CLAT
+ expression of CD86/CD54 THP-1 132 88 70 95 [122]
LP h-CLAT
Animal-free ion of CD86/CD54 THP-1 10 - - - [123]
h-CLAT expression o
Serum free .
h-CLAT expression of CD86/CD54 THP-1 10 - - - [124]
U-SENS expression of CD86 U-937 166 86 65 91 [118]
PBMDC assay expression of CD86 PBMDC 12 - - - [127]
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Table 6. Cont.

Cell Accuracy  Specificity  Sensitivity =~ Source
Method Endpoint Li;e Data Set [%] [%] [%] /Ref.
Compared to the LLNA
expression of MHC B
BMCDs assay 11/CD40,/CD54,/CD86 BMCD 20 75 69 [129]
pDC assay expression of CD86 pDC 45 91 86 96 [126]
IL-Luc assay IL-8 level THP-G8 136 89 53 96 [118]
GARD™skin gene expressionl96 SenzaCell 75 87.6 89.9 87.2 [118]
transcripts
GARD.potency gene expre§51on—52 SenzaCell 18 78 ) } [136]
gene signature transcripts
. genes expression: )
VitoSens CREM, CCR2 CD34-DC 73 89 97 82 [137]
gene expression: Trxrl,
Hmox1, Ngol and Cxcl10—
FSDC method the p38 MAPK and JNK FSDC 18 94 100 92 [139]
signalling pathways
CD86 and IL-8 level, expression
IL-8 release assay of CD86 THP-1 31 9.2 ) 93:5 [152]
U-937 activation IL-8 level and expression
test of CD86 U937 16 ] ; ] [121]
IL-8 level and expression
moDC IL-8 assay of CD83 and DCDS6 moDC 12 - - - [133]
THP-1IL-8 11-8 level THP-1 23 - - - [131]

3.4. Key Event 4 (KE4)-Based Methods

Present-day alternative methods for the assessment of skin sensitization focus on KE1-
KE3. It is considered that the inclusion of KE4 methods will increase predictive accuracy
and reproducibility [140]. The fourth key event is based on the activation and proliferation
of T-lymphocytes in the local lymph nodes. This final sensitization phase is evaluated by
the local lymph node assays (LLNA) described in the previously mentioned OECD test
guidelines 429, 442 A and 442B.

A nonanimal alternative for KE4, in vitro human T cell priming assay (hTCPA) is a
method which overcomes the main challenges, i.e., small number of naive T cells in the
peripheral blood showing specificity for a particular substance and the high activation
point of these cells. Peripheral blood mononuclear cells (PBMC) (e.g., from buffy coats or
300-500 mL fresh heparinized blood) from a single, healthy donor are used as a source
of moDC and naive T cells. moDCs are incubated overnight with the tested substance
in a nontoxic concentration (cell viability > 80%) in the presence of lipopolysaccharides
(LPS) or tumor necrosis factor o (TNF-w); as a result, T-cell epitopes are generated. Naive T
cells and chemical-modified moDCs are cocultured, optionally in the presence of feeder
cells, costimulatory CD28 antibody and cytokines. After 10 days, the IFN-c and TNF-o
production by T cells is detected after a rechallenge with chemical-modified moDC [141].
Other researchers [142] evaluated that priming of allergen-specific T cells is limited by
several subgroups of immune cells, such as CD1a"®8 DCs, CD25" T cells and CD56*
regulatory cells. The elimination of this subset of cells from peripheral blood lymphocytes
(PBLs), can significantly improve T-cell priming to weak sensitizers.

Unlike the hTCPA method, where repeated exposure to a chemical is necessary, other
researchers used interleukin-2 expression in T cells to evaluate the KE4. For this purpose,
Jurkat cells that express the luciferase gene downstream of the IL-2 promoter (IL-2p) are
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utilized (IL-2p::Jurkat cells). The test assumes a short treatment of cells with the tested
substance (9 h) and requires prior activation by anti-CD3; therefore, memory T cells specific
for antigen were probably assessed, and naive T cells were not [140].

The Jurkat Clone E6-1 human T cell line are commonly utilized in in vitro assays on
human T-cell activation [143]. Hou et al. used these cells to show early T-cell activation
induced by sensitizers using cytometric estimation of CD69 expression. No APCs were
involved in this model, which made the procedures much simpler than for the other
reported assays. The majority of sensitizing substances increased the expression of the CD69
antigen on the T cells linearly, depending on the concentration of the examined substance.

CD69 RFI > 1.5 was determined to be the positive criterion for skin sensitizer clas-
sification when cell viability > 50%. This method showed a good predictivity for skin
sensitizers; the sensitivity (79.4%), specificity (88.9%) and accuracy (82.7%) were obtained
for the 52 tested reference chemicals [144].

3.5. Coculture Methods

Different types of cells, including primary as well as immortalized cell lines, are used
in coculture methods. The 2D coculture methods developed in recent years mainly use
keratinocytes cell lines [145]. Some researchers use the HaCaT cell line [146-151]; however,
the NCTC 2544 cell line is also used [152,153]. For dendritic cells, cell lines such as THP-
1 [153-156] or MUTZ-3 are used. The advantage of MUTZ-3 cells is their physiological
similarity to dendritic cells [157], and these cells are commonly used to obtain Langerhans
cells (MUTZ-LC) or dendritic cells (MUTZ-DC) generated under a cytokine cocktail. Since
usage of immortalized cells may be associated with inconsistent results due to the possi-
bility of genotypic and phenotypic variability of cells at high passages, impaired signaling
mechanisms or reduced metabolic activity [125,158], primary cells are also used in cocul-
ture methods. Primary keratinocytes have been used in indirect coculture [155,159] and
direct coculture with PBMC [148]. In the recently presented coculture method, primary
keratinocytes seeded into inserts were used to keratinize, i.e., create a multilayered struc-
ture [156]. In the case of dendritic cells, the most commonly used are DC derived from
blood cell progenitors [125], mainly from CD14 + monocytes derived from peripheral blood
or hematopoietic CD34 + progenitor cells derived from peripheral blood, umbilical cord
blood or bone marrow [127,133,137].

Coculture endpoints are similar to monoculture methods, e.g., analysis of surface antigens
or inflammatory cytokines. It should be noted that the interaction of two or more cell types
may significantly affect the magnitude of the cellular response [160]. The communication
between keratinocytes and dendritic cells is a two-way reaction. On the one hand, THP-1
cells stimulate keratinocytes to secrete cytokines; on the other hand, keratinocytes increase
the activation of dendritic cells in response to sensitizing substances. Ohtani et al. showed
that the adenosine triphosphate (ATP) released by keratinocytes acts synergistically with
hapten, causing the maturation of dendritic cells [161], which may contribute to more effective
detection of weak and moderate allergens [152]. It has also been shown that the induction of
CD54 and CD86 antigens on THP-1 cells already occurs at an almost nontoxic concentrations
in the case of coculture [155], when subcytotoxic concentrations are necessary for the induction
of these antigens in the monoculture [162,163]. The chance to obtain a positive reaction at
lower concentrations of tested substance may increase the possibility of testing poorly
water-soluble substances.

The great advantage of coculture methods seems to be the increased possibility of
detecting prohaptens, thanks to the metabolic activity of keratinocytes [152,154,155] and
the use of more complex coculture models containing, e.g., fibroblasts [149].

Many coculture methods use reconstructed human epidermis models (RhE) in con-
junction with dendritic cells in a common medium or immunocompetent skin equiva-lents
(SE). Such models provide the possibility of topical exposure and reflect the in vivo skin
functions to a greater extent [164,165].
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The development of coculture methods involves considering many aspects, includ-ing
the type of cells (primary cells, cell lines), the format of the coculture (direct, indirect)
and the selection of endpoints [145]. The exposure time of the coculture system to test
substances is also essential and should be the subject of extensive research [150].

4. Conclusions

Assessing skin sensitization is mandatory not only for chemicals but also for substances
used in cosmetic products. Regulatory authorities in accordance with the 3Rs principle
introduced by W.M.S. Russel and R.L. Burch in 1959 [166] promote the replacement of in vivo
research with alternative methods in the field of skin-sensitization assessment as well.

At the moment, it is not possible to replace the evaluation of sensitization with animals
using one alternative method to achieve an adequate level of hazard identification. In
contrast to LLNA, in vitro/in chemico methods are not suitable for classification of potency,
i.e., subcategory 1A and 1B, according to UN GHS when it is used on its own. To overcome
this limitation, an attempt of combining different sources of information (in silico, in
chemico, in vitro) was made in order to attain predictive ability at the appropriate level to
predict responses in humans [27]. The assessment of sensitization potential within DAs
and IATAs is mainly based on methods concerning KE1-KE3 of AOP skin sensitization.
Additional data on the fourth KE may complement the information from KE1-KE3 as a part
of DAs and IATAs and contribute to increasing the prognostic capacity [144].

Alternative methods have limitations that must be considered in order to obtain
acceptable results under the conditions of the method. Limitations may arise from the
nature of the test system, the properties of the analyzed substance and the use of appropriate
threshold values or predictive models, and there may be technical limitations.

The solubility of the tested material is one of the basic issues limiting the use of a given
method, since methods require the use of a specific solvent and concentration. Especially,
cell-based methods require aqueous conditions that could exclude the analysis of strongly
lipophilic substances. On the other hand, in chemico methods may require specific reaction
conditions, e.g., strongly acidic or alkaline conditions, which may limit the possibility of
examination of unstable substances, or precipitate in such pH conditions. Some methods
require the use of a molar concentration, which makes it impossible to analyze, i.e., mixtures
of unknown composition. The gravimetric approach may allow the analysis of mixtures,
which is particularly important in the case of cosmetics ingredients that cannot be tested
by in vivo methods in the EU. Other methods allow the use of a different concentration,
e.g., a lower one, but then, only a positive result is considered, as a negative result is not
conclusive. The use of an appropriately high concentration may also be limited in cell-based
methods by high cytotoxicity.

The detection of prohaptens (S-9 fraction, microsomes fraction). Although Natsch
et al. report that a small fraction of sensitizing substances requires metabolic activation [87],
exogenous metabolic systems are incorporated in alternative methods to apply a test system
characterized by metabolic capability, e.g., the reconstructed human epidermis (RhE).

A selection of the appropriate threshold value or the prediction model providing
acceptable performance of the method could be challenging.

Limitations of alternative methods contribute to their improvement as well as to the
search for new opportunities. The market demand or legislation also contribute to the
development of alternative methods. There is a need to adapt existing methods or develop
new ones to assess sensitization potential for ingredients of cosmetics, nanomaterials or
medical devices.

Development directions may be different, i.e., searching for the most efficient research
system among primary or continuous cell lines but also 3D models such as equivalents of
the human epidermis or skin. Coculture methods may also be promising. A combination
of the main cells involved in the sensitization process, such as keratinocytes and dendritic
cells, reflects the mechanisms taking place in vivo, taking into account the intercellular
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interactions and, in complex methods, the influence of the microenvironment on the
modulation of the allergic reaction [140,145].

The continuous progress in knowledge underlying skin-sensitization mechanisms is the
basis for the development of alternative methods as well as DAs/IATA [167]. However, further
refinement of these methods is still needed to achieve better correlation with human data.
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