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Foreword

This substantial compilation of manuscripts provides an important and comprehen-
sive collection of papers by world-renowned scientists covering the literature on
alternatives for dermal toxicity testing.

Historically, dermal testing was initially thought of as one of the more difficult
in vitro methods. The physiological basis of dermal toxicity is very complex and
involves many different cell types and pathways for sensitivity, irritation, and corro-
sion. Yet surprisingly, dermal toxicity is one of the earliest areas of in vitro toxicity
to provide useful human cell-based systems.

Initial toxicity assay developments were seen as simple (quick) approaches to
commercial human skin systems that were being developed for treating burn
patients. A few companies learned the hard way that in vitro toxicology was no
simpler than using those cultured skin systems as skin grafts. After several years,
they all went out of business. Several scientists who understood the complexity,
however, focused on developing human skin models for the sole purpose of in vitro
toxicity. These models, simple at first, became more standardized and more com-
plex and provided a better matrix for testing.

The Johns Hopkins Center for Alternatives to Animal Testing (CAAT) was founded
in 1981 specifically to develop in vitro methods for hazard evaluation and safety test-
ing of cosmetic products (see [1]). One aspect of the research program, identified as
Program Projects, was the coordination of several projects within a selected topic to
develop a better understanding of mechanisms responsible for a toxic event.

The Avon Program Project

Avon funded CAAT from the first grant (from the Cosmetic, Toiletry, and Fragrance
Association (CTFA)) and then continued independently funding the center. After a
few years, Avon, in the person of Yale Gressel, asked if CAAT could take on a larger
project—developing an in vitro assay to predict skin sensitization.

We approached the problem by inviting about eight laboratories working on vari-
ous aspects of skin biology to present to their “competitors and colleagues.” They
were asked how they would approach the issue and what aspects they saw as the
most important. At first, the discomfort was obvious: “Will what I share be used by
my competitors?” As the day progressed, however, it became clear that each lab
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would be focusing on different aspects of the problem. We invited five individuals
to submit grant applications with the provision that, if approved, up to three applica-
tions would be funded.

The funded project teams would get together twice yearly in a roll-up-your-sleeves
discussion about their progress and how to proceed. The attendees at these “lab” meet-
ings were the participants along with other experts from Hopkins, the government,
and Avon. And they were wonderful meetings. At almost every meeting a person from
one of the sectors would ask a question and the response from another sector would
be, “That is a great question—I would have never thought of it.” In essence, the cor-
porate and government scientists wanted to know how to use the information gener-
ated and the academics wanted to better understand the mechanisms involved.

The project lasted nine years, and the science it generated formed the basis of our
understanding of mechanisms of skin sensitization. This project was summarized
by Craig Elmets [2].

“By all measures it was a very successful project, characterized by identification
of many of the interleukins, cytokine pathways, and the recognition that keratino-
cytes play an important role in sensitization.” (As quoted from [1])

Toxicity Testing in the Twenty-First Century

The NAS report, Toxicity Testing in the 21st Century: A Vision and a Strategy, was
a seminal moment in the development of in vitro assays [3]. This report had under-
gone external review and I was one of the external reviewers.

The major conclusions of the study included the following:

. Animal studies are time-consuming and expensive.

. There is a lack of predictability of animal studies as they relate to humans.

. We should be using human cells in culture.

. We should explore systems biology and pathways and mechanisms of toxicity.

O R

This publication was, and is, a major advancement in in vitro toxicology, alterna-
tives, and risk assessment. It created major new research approaches and opportuni-
ties. It provided an important source of encouragement for the development of
alternative toxicological methodologies and stimulated what is now recognized as a
scientific revolution.

Human Cell in Culture

As the in vitro toxicology field began to develop, animal cells, mainly from rats and
mice, were being used, as human cell culture was essentially not available. When
CAAT was founded, Leon Golberg (1982) emphasized that human cell cultures would
be the key to developing in vitro methods for risk assessment that would be accepted
for decision making. How correct he was. As a result of this realization, CAAT, from
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the very first round of grants, funded research to advance the science of human cell
culture. A number of contributors to this volume were funded by CAAT. A summary
of many aspects of human cell culture can be found in Bressler et al. [4].

Skin

The skin represents the largest organ of the human body. The ability to understand
how drugs and chemicals penetrate the skin and how they may adversely affect the
health of skin is important for protecting consumers from undesired effects. Excised
human skin sections from cadavers have been used extensively to understand the
dermal penetration of drugs and cosmetics. And for more than 30 years, the scien-
tific community has devoted much time developing monolayer cultures of cells and
more recently has focused on 3D reconstituted human skin models.

Alternatives for Dermal Toxicity Testing editors Chantra Eskes, Erwin van Vliet,
and Howard Maibach have compiled an excellent, important, and comprehensive
book that is necessary for anyone in the field—from beginner students to highly
acclaimed senior researchers.

The book contains six sections: irritation, corrosion, sensitization, UV-induced
effects, genotoxicity, and a concluding section with three papers exploring inte-
grated strategies and high-throughput systems.

I believe that every commercial model is covered, in depth, with adequate infor-
mation to assist one in identifying the best model for their studies. The volume is an
invaluable resource.

The editors should be congratulated for identifying essentially most, if not all, of
the contributors in this field and synthesizing a highly readable and important refer-
ence publication.

Alan M. Goldberg, PhD

Center for Alternatives to Animal Testing

Departmental of Environmental Health and Engineering
Bloomberg School of Public Health, Global Food Ethics
Johns Hopkins University

Baltimore, MD 21205, USA
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Preface

Dermal toxicity is one of the pioneer areas in which alternative methods to the use
of animal testing have gained scientific, industrial, and regulatory acceptance. Over
two decades have passed since the publication in 1994 of Mary Ann Liebert’s book
on In Vitro Skin Toxicology (Rougier A., Goldberg A.M., and Maibach H.I. Eds.).
Since then, several alternative methods for dermal toxicity have been optimized,
scientifically validated, and gained international regulatory acceptance. In some
cases it is already possible to fully replace the regulatory animal test, such as for
skin irritation and corrosion, by using, e.g., Integrated Approaches to Testing and
Assessment (IATAs). In other cases, such as for skin sensitization, it is possible to
partially replace the regulatory animal test with in chemico and in vitro test methods
that address key events of the adverse outcome pathway (AOP) leading to allergic
contact dermatitis. Furthermore, the use of human in vitro models in the area of skin
irritation and the use of defined approaches (DA) for skin sensitization testing (i.e.,
which combine, e.g., in chemico and in vitro test methods) have shown comparable
if not better correlations to human data than the regulatory animal tests.

In view of the considerable progress made, this book aims at providing up-to--
date comprehensive information on the most advanced alternative test methods
available for the assessment of dermal toxicity with particular emphasis on the areas
of skin irritation, skin corrosion, skin sensitization, UV-induced effects, and skin
genotoxicity. For each test method, a description of the currently available protocol
is given including highlights of its critical steps, applicability, limitations, potential
role, and use within testing approaches and correlation with the traditional animal
data and, when available, also human data. Furthermore, the book addresses explor-
atory areas that may be of relevance for the future of dermal toxicity safety testing,
including the use of human progenitor skin cells, integration of in vitro and clinical
methodologies, and application of high-throughput screening techniques.

The editors warmly acknowledge all authors that contributed to make the project
of this book a reality and Springer for their great support and belief in the project.
Albeit attempting to be comprehensive, new and/or additional methods and authors
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that could not be involved in this book will be invited to contribute to the next edi-
tions to come, for which any comments and/or suggestions are welcomed.

Magliaso, Switzerland Chantra Eskes
Houten, The Netherlands Erwin van Vliet
San Francisco, CA, USA Howard Maibach
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Skin Irritation



Overview on Current Status
of Alternative Methods and Testing
Approaches for Skin Irritation Testing

Chantra Eskes and Markus Hofmann

1.1 Background

If the animal in vivo study has been originally used to classify for potential skin cor-
rosion and skin irritation hazard effects (such as the OECD Test Guideline 404 [1]
originally adopted in 1981), the area of skin corrosion and irritation represents one
of the pioneering areas in which a number of alternative methods have been vali-
dated and internationally adopted since 2000 (and 2004) for skin corrosion and
since 2009 (and 2010) for skin irritation by the EU (and by the OECD
respectively).

In order to replace or minimize to the extent possible the use of in vivo animal test-
ing, current internationally agreed approaches (UN, OECD and EU) recommend the
use of integrated approaches and strategies for the assessment of skin irritation and
corrosion effects, such as the Integrated Approach for Testing and Assessment (IATA)
endorsed by OECD member countries [2]. These approaches recommend considering
all existing information sources, and conducting a weigh-of-evidence evaluation before
performing prospective testing first on alternative test methods, and only as a last resort
on animals. Depending upon regulatory requirements, some geographical regions
already allow the use of alternative methods for skin irritation and corrosion testing as
full replacement of the animal testing, as it is the case in the European Union (EU).

In the EU, a number of legislations indeed call for the use of alternative methods
to animal toxicological testing. The EU Cosmetics Regulation [3] prohibits animal
testing of finished products since 2004 and of cosmetic ingredients since 2009, rein-
forced by a marketing ban of cosmetics finished products tested on animals since
2004 and for cosmetics containing ingredients tested on animals since 2013 [3].

C. Eskes (P<)
SeCAM Services & Consultation on Alternative Methods, Magliaso, Switzerland
e-mail: chantra.eskes @secam-ce.cu

M. Hofmann
Swiss Federal Office of Public Health, Bern, Switzerland

© Springer International Publishing AG 2017 3
C. Eskes et al. (eds.), Alternatives for Dermal Toxicity Testing,
DOI 10.1007/978-3-319-50353-0_1


mailto:chantra.eskes@secam-ce.eu

4 C. Eskes and M. Hofmann

Furthermore, the EU regulation on the Registration, Evaluation, Authorisation and
Restriction of Chemicals (REACH; [4, 5]), requires that in vitro testing is conducted
by OECD member countries for skin corrosion and irritation unless the test chemical
falls outside of the applicability domain of the available in vitro methods or the results
obtained from such methods do not allow a conclusive decision on (non-)classifica-
tion and risk assessment. The EU regulation on Classification, Labelling and
Packaging of substances and mixtures (EU CLP; [6, 7]), which implemented the
Globally Harmonized System for classification and labelling of substances and mix-
tures in the European Union, encourages the use of tiered weight-of-evidence evalua-
tions, and makes use of information from in vitro testing in its tiered classification
approach for skin corrosion and irritation. Finally, the EU Directive on the protection
of animals used for scientific purposes [8] states that (article 13(1)) “Member States
shall ensure that a procedure is not carried out if another method or testing strategy
for obtaining the result sought, not entailing the use of a live animal, is recognised
under the legislation of the Union”.

1.2 Classification for Skin Irritation Hazard

The UN has published in 2003 the Globally Harmonized System (GHS) for classi-
fication and labelling to favour harmonized classification of hazards across the
world, which is now in its 6th revision [9]. This classification system was still then
based on the traditional in vivo animal test adopted within the OECD Test Guideline
404 [1] originally developed by Draize and co-workers [10]. Since validation stud-
ies on alternative methods for skin irritation testing have used the animal test as the
reference test method, a description of this classification system is given here.

Skin irritation is defined in vivo as “the production of reversible damage of the
skin following the application of a test substance for up to 4 hours” [2, 7, 9]. One
main irritant category is defined by the UN GHS classification system, i.e., Category
2, as described in Table 1.1. However, an additional optional category for mild irri-
tants (i.e., Category 3) is also defined for those authorities wanting to have more
than one skin irritant category.

In the European Union, the UN GHS classification and labelling system has been
implemented by means of the EU CLP regulation (1272/2008; [6, 7]). It replaced
from December 2010 the EU Dangerous Substances Directive establishing the for-
mer EU classification system for substances (EU DSD; [11]), and from 2015 the EU
Dangerous Preparation Directive establishing classification criteria for mixtures
(EU DPD; [12]). The EU CLP is equivalent to the UN GHS as shown in Table 1.1,
but makes use of a single category (Category 2) only, whereas the mild irritant cat-
egory 3 is not required. Substances falling in the UN GHS category 3, require No
Category classification under the EU CLP.

Figure 1.1 provides with a comparison of the criteria applied for skin irritation
classification according to the UN GHS, EU CLP and EU DSD classification sys-
tems for skin irritation [6, 7, 9, 11]. In addition to the cut-offs shown in Fig. 1.1, the
three classification systems also consider a substance irritant if effects persist at the
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Table 1.1 UN GHS skin irritation category(ies)

Categories Criteria®
Irritant (1) Mean value of > 2.3 and < 4.0 for erythema/eschar or for oedema in at
Category 2 least 2 of 3 tested animals from gradings at 24, 48 and 72 h after patch

removal or, if reactions are delayed, from grades on three consecutive days
after the onset of skin reactions; or

(2) Inflammation that persists to the end of the observation period normally
14 days in at least two animals, particularly taking into account alopecia
(limited area), hyperkeratosis, hyperplasia, and scaling; or

(3) In some cases where there is pronounced variability of response among
animals, with very definite positive effects related to chemical exposure in a
single animal but less than the criteria above

Optional Mean value of >1.5 and < 2.3 for erythema/eschar or for oedema from
mild irritant gradings in at least 2 of 3 tested animals from grades at 24, 48 and 72 h or, if
Category 3 reactions are delayed, from grades on three consecutive days after the onset

of skin reactions (when not included in the irritant category above)
*Grading criteria are understood as described in the OECD Test Guideline 404 [1]

EU DSD‘ No Classification | R38
EUCLP| No Classification ] Category 2
UN GHS‘ No Classification ‘ Category 3* Category 2
0‘ 1.‘5 2‘ 2l3 4

Erythema / Oedema in vivo Draize score

Fig. 1.1 Erythema/oedema Draize score ranges defining EU DSD, EU CLP and UN GHS classi-
fication of skin irritation. Scores refer to the mean value from gradings at 24, 48 and 72 h observed
in at least two out of three animals (or as required in case of more than three animals). *Category
3 is an optional category available for those authorities wanting to have more than one skin irritant
category

end of the observation period (day14) in two or more test animals, and other effects
such as hyperplasia, scaling, discoloration, fissures, scabs and alopecia.

1.3  Integrated Approaches for Testing and Assessment
(IATA)

Current internationally agreed approaches (OECD, EU and UN) recommend the
use of integrated approaches and strategies for the assessment of skin irritation and
corrosion effects. In particular, the OECD published in 2014 the first Guidance
Document (GD No. 203) on an IATA adopted at an international level by OECD
member countries for skin corrosion and irritation [2]. The IATA aims at hazard
identification of the skin corrosion or irritation potential of chemicals (or the absence
thereof) and to provide adequate information for classification and labelling accord-
ing to the UN GHS classification system.
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The TATA is divided in three major parts including as Part 1 the use of existing
information, physico-chemical properties and non-testing methods, as Part 2 a
weigh-of-evidence evaluation, and as Part 3 the conduct of prospective testing. The
possible individual information sources integrating the IATA have been grouped
into eight Modules according to the type of information provided, which can be
used in one or more Parts of the IATA as described in Table 1.2. The strengths and
limitations as well as the potential role and contribution of each Module and their
individual components in the IATA for skin irritation and corrosion are described
within the OECD GD 203 [2] with the purpose of minimizing the use of animals to
the extent possible, whilst ensuring human safety. Furthermore, a schematic outline
of the IATA for skin corrosion and irritation classification and labelling is presented
in Fig. 1.2.

Table 1.2 Parts and modules of the IATA for skin corrosion and irritation (extract from [2])

Part* Module Data
Part 1 (existing 1 Existing human data
information, physico- — Non-standardised human data on local skin effects
chemical properties and — Human Patch Test (HPT)
non-testing methods) 2 In vivo skin irritation and corrosion data (OECD TG 404)
3 In vitro skin corrosion data
— OECD TG 430
— OECD TG 431
— OECD TG 435
4 In vivo skin irritation data (OECD TG 439)
5 Other in vivo and in vitro data
— Invitro skin corrosion or irritation data from test
methods not adopted by the OECD
— Other in vivo and in vitro dermal toxicity data
6 Physico-chemical properties (existing, measured or
estimated)
such as pH, acid/alkaline reserve
7 Non-testing methods
for substances: (Q)SAR, read-across, grouping and
prediction systems;
for mixtures: bridging principles and theory of additivity
Part 2 (WoE analysis) 8 Phases and elements of Weight of evidence (WoE)
approaches
Part 3 (additional testing) (5b) Other in vivo and/or in vitro dermal toxicity testing (if
required by other regulations)
3) In vitro skin corrosion testing
“4) In vitro skin irritation testing
(5a) In vitro skin irritation testing in test method not adopted
by the OECD
2) In vivo skin irritation and corrosion testing

“While the three Parts are considered as a sequence, the order of Modules 1-7 of Part 1 might be
arranged as appropriate
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Modules 1 - 4 & 5a: Existing human, animal and in WoE
vitro data on skin irritation and corrosion |7 i f> NC [|Cat.2*||Cat.1
Part 1 l
- Module 5b: Other in vivo and dermal toxicit WoE
Existing, isting d LA B »| Nc ||cat. 2+ ||cat. 1%
physico- existing data
chemical & l
. WoE
non-testing Module 6: Physico-chemical properties =~ |- »| Cat. 1%+
data l
Module 7: Non-testing methods ((Q)SAR, read- WoE
L L PR >| NC [|cCat. 2* ||Cat. 1**
across, bridging principles, theory of additivity)
Part 2 : Wei i i
Module 8: Weight of evidence evaluationofall | »| nc ||cat 2+ |lcat, 1+
WoE collected information
I :
’ Module 5b if required H If inconclusive WoE
Part 3 Modules 3 & 4:Top-Down or Bottom-Up | +| nNe || cat.2 ||ecat. 10+
Additional in vitro testing (see section 1.4)
testing l
Module 5a or 2: Additional testing, if needed, with | . Cat.1B,
non adopted in vitro methods or in vivo test |2 L

Fig. 1.2 Schematic overview of the IATA for skin irritation and corrosion based on the recom-
mendations from the OECD GD 203 [2]. Cat. I corrosive to skin, Cat. 2 irritating to skin, NC no
category. *Including optional Cat. 3, as applicable. **Including corrosive sub-categories 1A, 1B
and 1C, as applicable. ***If corrosive sub-categorisation is required an appropriate in vitro skin
corrosion test needs to be conducted. **** Possibilities to sub-categorise depends on the specific
test method used: OECD TG 435 allows for the discrimination between Sub-cat. 1A, Sub-cat. 1B
and Sub-cat. 1C but with a limited applicability domain; OECD TG 431 allows for the discrimina-
tion between Sub-cat. 1A and the combined Sub-cat. 1B-and-1C but does not permit the discrimi-
nation between sub-categories 1B and 1C; OECD TG 430 only allows the identification of
corrosives into a single category without sub-categorisation, i.e., Cat. 1. *****If outside of the
applicability domain of OECD TG 435

While the three Parts are considered as a sequence, Modules 1-7 of Part 1 might
be arranged as appropriate. Ideally, the IATA should be universally applicable to
ensure human safety, whilst making maximum use of existing data, being resource
efficient and minimising or eliminating the requirement for animal experiments.

Under Part I of the IATA (existing, physico-chemical & non-testing data), exist-
ing and available information is retrieved from literature and databases and other
reliable sources for Modules 1-5, while under Module 6 on physico-chemical prop-
erties, primarily the pH and the acidic/alkaline reserve are considered, and under
Module 7 non-testing methods are considered. Whilst the retrieval of existing infor-
mation for Modules 1-5a directly relate to skin corrosion and irritation, Module 5b
requires a different search for other in vitro and in vivo dermal toxicity studies.
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The collected information from Part 1 is then evaluated in a weight of evidence
(WoE) approach in Part 2 (WoE). While a WoE approach implies the weighing of
each available piece of information on a case by case basis, the modules included in
the IATA differ a priori with respect to their intrinsic weight e.g. based on consider-
ations of relevance relating to the species of interest or biological and mechanistic
aspects. Typically, the relative a priori weights of the modules can be expected to be
as follows, based on regulatory acceptance of data when it is of equal quality (note
that the following relative a priori weights are indicative only and depend on the
quality of the individual data in each specific case):

* Reliable existing human data (in particular HPT data — Module 1b) would be
expected to carry the highest weight;

» Followed by, with equal weights, in vivo rabbit skin corrosion/irritation data
(Module 2) and in vitro skin corrosion or irritation data (Modules 3 and 4);

e Non-testing methods (Module 7), non-standard in vivo or in vitro and other der-
mal toxicity data (Module 5) and physico-chemical information (Module 6)
would typically carry less intrinsic weight.

If the WoE is conclusive, decision for C&L can be conducted accordingly.
However, if the WoE evaluation is inconclusive regarding the skin irritation and cor-
rosion potential, other in vivo or in vitro dermal toxicity tests (Module 5b) for which
data are still not available but may be needed to satisfy other regulatory require-
ments, shall be conducted. Once available, these additional test results should be
incorporated into a new WoE analysis. If the WoE is still inconclusive or no other
in vivo or in vitro dermal toxicity tests need to be conducted, all available informa-
tion from the WoE should then be considered to formulate a hypothesis of the most
likely skin corrosion or skin irritation potential of the chemical.

This hypothesis will then guide the sequence of in vitro prospective testing of
Part 3 (additional testing) in either a top-down or a bottom-up approach. The top-
down approach is to be used when available information suggests that the substance
has a high likelihood of being irritant or corrosive to the skin, starting with an
in vitro method for identification of skin corrosion (Module 3) followed eventually
by an in vitro method for identification of skin irritation (Module 4). On the other
hand, the bottom-up approach is to be used only when available information sug-
gests that the substance has a high likelihood to not be irritant to the skin, starting
with an in vitro method for identification of skin irritation (Module 4), followed
eventually by an in vitro method for identification of skin corrosion (Module 3).

If additional testing is still required to satisfy specific requirements, the Guidance
Document suggests that other in vitro skin irritation or corrosion test methods not
yet adopted by the OECD are used that may resolve specific optional- or sub- cate-
gorisation issues (e.g., Cat. 3 for mild irritancy or resolving between sub-categories
1B and 1C in case the test chemical is outside of the applicability domain of OECD
TG 435). Animal testing should be used only as a last resort when (1) discrimination
between optional sub-categories 1B and 1C for chemicals outside of the
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applicability domain of OECD TG 435 is required, (2) discrimination of optional
Cat. 3 from No Cat. is required, or (3) the test chemical cannot be tested with the
in vitro test methods currently adopted by the OECD due to limitations or
non-applicability.

The IATA is considered applicable to both substances and mixtures, although it
is acknowledged that there is a different amount of information available on the
applicability of the modules of this IATA to mixtures and that such applicability
may depend on the information available in each specific case to be assessed.
Indeed, with the exception of OECD TG 435, for which a number of tested mixtures
(n = 152) were part of the validation dataset [13], only limited information is avail-
able in the public domain on the testing of mixtures with test methods falling under
OECD TGs 430, 431 and 439 [2]. Despite the limited information available on
mixtures, the test methods falling within these three TGs (430, 431 and 439) are
currently considered to be applicable to the testing of mixtures as an extension of
their applicability to substances. However, if new information becomes available,
this should be taken into account, in combination with the existing evidence, to
evaluate the usefulness of a test method to assess mixtures. In cases where evidence
can be demonstrated on the non-applicability of the Test Guideline to a specific
category of mixtures, the Test Guideline should not be used for that specific cate-
gory of mixtures. Similar care should be taken in case specific chemical classes or
physico-chemical properties are found not to be applicable to the current Test
Guidelines (e.g., gases, aerosols, specific pH ranges, etc.).

1.4  InVitro Prospective Testing

Although no single in vitro test method can cover across the full range of skin corro-
sion and irritation responses from the traditional Draize in vivo regulatory test [1,
14], currently validated and adopted in vitro methods can replace the Draize in vivo
test when combined within a tiered testing strategy or depending on the outcome of
the testing [2]. In cases where the weight-of-evidence assessment indicates a need for
prospective testing, all available existing information should be used to formulate a
hypothesis of the most likely skin irritation/corrosion potential of the chemical. This
hypothesis and the regulatory context under which a decision must be taken will then
guide the choice of test methods to be used and the sequence of the prospective
in vitro testing in either a top-down or a bottom-up approach. Figure 1.3 provides a
schematic overview of the construction of the top-down and bottom up in vitro test-
ing strategies as recommended by the OECD GD 203 and within the EU [2, 15].

When all available collected information and the WoE assessment result in a
high a-priori probability of the test chemical to be an irritant or a corrosive, the top-
down approach should be used, starting with an in vitro method for the identifica-
tion of skin corrosion hazard followed, in case the test chemical is identified as not
being corrosive, by an in vitro method for the identification of skin irritation
hazard.
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If inconclusive WoE: identify most likely hazard ‘

For authorities requiring: identification of UN GHS Cat. 3 OR discrimination between UN GHS
subcategories 1B from 1C (and if outside of the applicability domain of OECD TG 435):
In vitro skin irritation or corrosion test method not adopted by the OECD
or in vivo skin irritation/corrosion test as last resort

Irritant or corrosive l 1 Not irritant
Top-down approach ‘ ’ Bottom-up approach ‘
Cat.1, | -+ve Skin corrosion Skin irritation e No
1A* 1B-C*,| result L o result Categor

== 1B*1C* in vitro test* in vitro test gory - -
! I
| Not corrosive l l Irritant i
' 1
1 1
' -ve - . . +ve Cat. 1 i
1 3 1
| c tNo result S!(ln !rrltatlon SI'(ln f;orrosmn result |1A% 1B-C*, !

----] Category in vitro test in vitro test* 1B%1C* -~
1 1
' 1
1 Irritant l 1 Not corrosive '
! i
' 1
' Cat. 2 Cat. 2 ‘
' i
! I
! I
' 1
' 1
1 1
! I

Fig. 1.3 Schematic overview of the top-down and bottom-up in vitro testing strategies [2, 15].
Cat. 1: Corrosive to skin; Cat. 2: Irritating to skin.* Corrosive sub-categories applicable as follows:
OECD TG 435 allows for the discrimination between Sub-cat. 1A, Sub-cat. 1B and Sub-cat. 1C but
with a limited applicability domain; OECD TG 431 allows for the discrimination between Sub-cat.
1A from Sub-cat. 1B-and-1C but does not permit the discrimination between sub-categories 1B
and 1C. OECD TG 430 only allows the identification of corrosives into a single category without
sub-categorisation, i.e., Cat. 1

Conversely, when all available collected information and the WoE assessment
result in a high a-priori probability of the test chemical not being an irritant to skin,
the bottom-up approach should be used, starting with an in vitro method for identi-
fication of skin irritation followed, in case the test chemical is identified as being
irritant, by an in vitro method for identification of skin corrosion. An example on the
use of such approaches has been described using the SkinEthic™ RHE model, in
which high accuracy values were reported using either a bottom-up or a top-down
approach [16].

An overview of the validated and regulatory adopted in vitro test methods to be
used within the bottom-up and top-down approaches for both skin corrosion and
skin irritation hazard classification is given in Table 1.3. These methods have been
validated according to internationally agreed principles [17], and adopted by the
OECD since 2004 for skin corrosion and since 2010 for skin irritation. As a conse-
quence they fall under the OECD international Mutual Acceptance of Data (MAD),
in which test data generated in any OECD member country in accordance with
these OECD Test Guidelines and following the Principles of Good Laboratory
Practice (GLP) should be accepted in other OECD member countries for
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Table 1.3 Overview of the validated and adopted in vitro methods available for skin corrosion
and skin irritation regulatory testing, their purposes, application and limitations

Purpose
Identification of skin
corrosives

Positive results lead
to skin corrosion
classification
Negative results lead
to no classification as
corrosive

Test method

OECD TG 431/EU

B.40bis

Reconstructed human

epidermis (RHE) test

method

— EPISKIN™ Standard
Model (SM)

— EpiDerm™ Skin
Corrosion Test (SCT)

— SkinEthic™ RHE

— epiCS® (previously
named EST-1000)

OECD TG 430/EU B.40
Transcutaneous
Electrical resistance
(TER) test method

OECD TG 435
Membrane barrier test
— Corrositex®

Application and limitations

Applicable to substances and mixtures®.
Allows identification of corrosives (GHS cat.
1), and discrimination between subcategory
1A from subcategories 1B-and-1C.

The test guideline does not allow
discrimination between skin corrosive
subcategory 1B and subcategory 1C. An
EPISKIN™ prediction model exists for
distinguishing GHS subcategory 1B from 1C
but its validity could not be evaluated due to
the limited set of well-known in vivo
corrosive subcategory 1C chemicals.

The test guideline is not designed to provide
information on skin irritation, and is not
applicable to gases and aerosols

Results obtained with test chemicals
presenting non-specific interactions with
MTT > 50% should be taken with caution
when OD is used as measurement for cell
viability. This may be circumvented for
coloured interference in case HPLC/UPLC is
used as alternative measurement

Applicable to substances and mixtures®.
Allows identification of corrosives

(GHS cat. 1).

The test guideline does not allow to
distinguish the three GHS subcategories (1A,
1B and 1C). It is not designed to provide
information on skin irritation, and is not
applicable to gases and aerosols. Finally, the
TER test method may be considered as an
animal test in some countries.

Applicable to substances and mixtures®.
Allows identification of corrosives (GHS cat.
1) and sub-categorisation into the three GHS
subcategories (1A, 1B and 1C).

In EU, the method was not adopted in
legislation as considered valid for the limited
applicability domain of acids, bases and their
derivatives.

The test guideline is not designed to provide
information on skin irritation, and is not
applicable to gases and aerosols.

Test chemicals not causing detectable
changes in the chemical detection system
cannot be tested.

(continued)
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Table 1.3 (continued)

Purpose

Identification of skin
irritants

Negative results lead
to no classification®
Positive results lead
to skin irritation Cat.
2 classification if
negative result with
the skin corrosion
test

Test method

OECD TG 439/ EU
B.46

Reconstructed human
epidermis (RHE) test
method

EPISKIN™ Skin
Irritation Test (SIT)
EpiDerm™ SIT
SkinEthic™ SIT#2is
LabCyte EPI-
MODEL?24 SIT

Application and limitations

Applicable to substances and mixtures®.
Allows identification of skin irritants
according to GHS Cat. 2, in case the test
chemical is found to be non-corrosive.
Furthermore, for countries not adopting the
optional GHS Cat. 3 such as in the EU, the
method also allows identification of
non-classified substances.

The test guideline is not designed to provide
information on skin corrosion nor on mild
irritants (optional GHS cat. 3), and is not

applicable to gases and aerosols.

Results obtained with test chemicals
presenting non-specific interactions with
MTT > 50% should be taken with caution
when OD is used as measurement for cell
viability. This may be circumvented for
coloured interference in case HPLC/UPLC is
used as alternative measurement.

“Before use of the test method on a mixture for generating data for intended regulatory purposes,
it should be considered whether, and if so why, it may provide adequate results for that purpose.
Such considerations are not needed, when there is a regulatory requirement for testing of the
mixture

"Classification according to EU CLP

assessment purposes and other uses relating to the protection of human health and
the environment.

When limitations and domain of the validated and adopted in vitro tests are ade-
quately considered, these tests can provide sufficient information for the decision
on potential of the substance to cause skin irritation and/or corrosion. In case of
in vitro skin corrosion testing, the most appropriate OECD TG for the test chemical
and the specific purpose should be chosen. In particular, the applicability domain
and the ability of the test methods to provide information on sub-categorisation may
play an important role in the choice of test method to be used.

In the EU, only in vitro testing should be conducted for substances manufactured
or imported in quantities between 1 tonne and 10 tonnes per year. In contrast, for
substances manufactured or imported in quantities of >10 tonnes per year, “an
in vivo study for skin corrosion/irritation shall be considered only if the in vitro
studies (...) are not applicable, or the results of these studies are not adequate for
classification and risk assessment” [S]. As a consequence, no in vivo testing should
be conducted in cases where the substance falls under the scope of the adopted
in vitro test methods performed and there are no substance-specific limitations to
using those tests [15]. Furthermore, the in vivo testing may be waived if an adapta-
tion is formulated according to Annex XI to the REACH Regulation [15].
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1.5 In Vitro Alternative Methods for Skin Irritation
1.5.1 Scientific Validation

The in vitro assays proposed for skin irritation have initially undergone pre-
validation and optimization studies [18-21] that led to a formal validation study
[22, 23] and the endorsement of the scientific validity of the EPISKIN™ Skin
Irritation Test (SIT) [24]. This statement was based on the former EU DSD clas-
sification system, which was then still in place in the EU [11]. Following this vali-
dation study, two Reconstructed human Epidermis models were considered to be
‘similar’ tests to the validated test method EPISKIN™ SIT, i.e. the EpiDerm™
Skin Irritation Test modified protocol and the SkinEthic™ RHE test method, as
they met the requirements of the performance standards as defined by EURL-
ECVAM for in vitro skin irritation testing and had sufficient accuracy and reliabil-
ity for predicting of skin irritating and non-skin irritating test chemicals as
compared to the validated EPISKIN™ assay [25-29]. Following a review by
ESAC, both test methods were also endorsed to be scientific valid based on the
former EU DSD classification system [30].

With the implementation in 2008 of the UN GHS Classification system in the EU
by means of the EU CLP Regulation [6], the performances of all three test methods
(EPISKIN™ SIT, EpiDerm™ SIT modified protocol and SkinEthic™ RHE) were
re-evaluated to take into account the change in the cut-off value for the classification
of skin irritants (shifted from a cut-off of 2 for the EU DSD [11] to a cut-off of 2.3
for the EU CLP/UN GHS Cat.2 [6, 7], see Fig. 1.1). Results from the three test
methods were considered to be satisfactory so that the statements relating to their
scientific validity continued to be accurate and were extended to the EU CLP/UN
GHS classification system [31].

The OECD TG 439 on “In vitro Skin Irritation: Reconstructed Human Epidermis
Model” was then adopted in 2010 [32] and revised in 2013 to include a fourth test
method, the Labcyte EPI-MODEL 24SIT, considered to be scientific valid also for
having met the established performance standard criteria [33-37].

As a consequence, four commercially available RhE test methods currently comply
with the OECD TG 439 for in vitro skin irritation regulatory testing [32]. These are:

— EPISKIN™ SIT [38], validated following an ECVAM prospective validation
study [24, 31],

— EpiDerm™ EPI-200-SIT [39], validated for having met the established perfor-
mance standards [30, 31],

— SkinEthic™ RHE SIT#®* [40], validated for having met the established perfor-
mance standards [30, 31], and

— Labcyte EPI-MODEL 24SIT [41], validated for having met the established per-
formance standards [37].

In case additional similar or modified test methods are developed, before they
can be used for regulatory testing they should be evaluated to determine their
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similarity, reliability and predictive capacity using the Performance Standards
defined in the OECD Guidance Document No. 220 [42].

1.5.2 Principles

The three-dimensional RhE models are comprised of non-transformed human-
derived epidermal keratinocytes cells which have been cultured in an air-liquid
interface to form a multilayered, highly differentiated model of the human epider-
mis. They consist of organised basal, spinous and granular layers, and a multilay-
ered stratum corneum containing intercellular lamellar lipid layers representing
main lipid classes analogous to those found in vivo. The in vitro RhE models repre-
sent therefore the target organ of the species of interest.

Chemical-induced skin irritation, manifested by erythema and oedema, is the result
of a cascade of events beginning with penetration of the chemicals through the stratum
corneum where they may damage the underlying layers of keratinocytes and other skin
cells. The damaged cells may either release inflammatory mediators or induce an
inflammatory cascade which also acts on the cells in the dermis, particularly the stro-
mal and endothelial cells of the blood vessels. It is the dilation and increased permea-
bility of the endothelial cells that produce the observed erythema and oedema [43].

The RhE-based test methods (in the absence of any vascularisation in the in vitro
test system) measure the initiating events in the cascade of skin irritation, e.g. cell/
tissue damage, using cell viability as readout. Test chemicals are applied topically to
the RhE models and cell viability is measured by enzymatic conversion of the vital
dye MTT into a blue formazan salt that is quantitatively measured after extraction
from tissues. Irritant chemicals are identified by their ability to decrease cell viability
below defined threshold levels (i.e. <50%, for UN GHS category 2 irritants).

If the main endpoint considered in the regulatory adopted RhE models is the cell
viability assessed by the reduction of MTT, the release of IL-1a in the EPISKIN™
SIT was considered as a useful adjunct to the MTT assay as it has the potential to
increase the sensitivity of the test without reducing its specificity. This endpoint
may be used to confirm negative results obtained with the MTT endpoint [24].

1.5.3 Applicability and Limitations

The reconstructed human epidermis tests falling under the OECD TG 439 can be
used for the hazard identification of UN GHS Cat. 2 irritant chemicals (substances
and mixtures), when test results are supported by a non-corrosive outcome (see
Sect. 4). In member countries or regions that do not adopt the optional UN GHS
Category 3 (mild irritants), such as in the EU, test chemicals that produce cell via-
bilities above the defined threshold level (i.e. >50%), are identified as not requiring
classification. Therefore, depending on the regulatory framework and the classifica-
tion system in use, the OECD TG 439 may be used to determine the skin irritancy
of chemicals either as a stand-alone replacement test for in vivo skin irritation test-
ing or as a partial replacement test within a testing strategy [2].
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A limitation of the OECD TG 439 is that it does not allow the classification of
chemicals to the optional UN GHS Category 3 (mild irritants). Furthermore, the
OECD TG 439 does not provide adequate information on skin corrosion. For this
purpose other in vitro methods such as OECD TG 430, 431 or 435 may be used that
specifically address the identification of skin corrosion hazard. For a full evaluation
of local skin effects after a single dermal exposure, the use of the IATA for skin cor-
rosion and irritation should be considered [2], in which in vitro testing for skin cor-
rosion and skin irritation should be conducted before considering testing in living
animals (see Sect. 3).

The OECD TG 439 is applicable to mixtures and substances as well as to liquids
(aqueous or non-aqueous), semi-solids, solids (soluble or insoluble in water) and
waxes. However, before using the test methods falling within the OECD TG 439 on
a mixture for generating data for intended regulatory purposes, it should be consid-
ered whether, and if so why, it may provide adequate results for that purpose. Such
considerations are not needed, when there is a regulatory requirement for testing the
mixture. Due to the fact that mixtures cover a wide spectrum of categories and com-
position, and that only limited information is currently available on the testing of
mixtures, in cases where evidence can be demonstrated on the non-applicability of
the OECD TG 439 to a specific category of mixtures (e.g. following a strategy as
proposed by [44]), the TG should not be used for that specific category of mixtures.
Similar care should be taken in case specific chemical classes or physico-chemical
properties are found not to be applicable to the current Test Guideline.

Finally, the OECD TG 439 does not allow testing of gases and aerosols.
Furthermore, test chemicals absorbing light in the same range as MTT formazan
and test chemicals that are able to directly reduce the vital dye MTT (to MTT
formazan), may interfere with the tissue viability measurements and require the use
of adapted controls for corrections. The type of adapted controls required will vary
depending on the type of interference produced by the test chemical and the proce-
dure used to measure MTT formazan (see [32]). Results for test chemicals produc-
ing non specific interactions with MTT > 50% of the negative control should be
taken with caution when OD is used as means of measurement. However, the use of
HPLC/UPLC spectrophotometry as an alternative means of measuring the MTT
formazan offers the possibility of evaluating the skin irritation potential of strongly
coloured test chemicals that could interfere with the standard OD measurements as
well as with visual observations in the in vivo animal testing [45, 46].

1.6  Comparison to the In Vivo Test Method

Morphologically, the adopted in vitro Reconstructed human Epidermis models, which
make use of 3D tissues are closer to the human epidermis as compared to the rabbit skin.
Although these models do not present all functional complexity that exist in vivo
(including the dermis and its components such as hair follicules, subaceous glands,
nerve and immune cells, which could play a role in the mechanisms of skin irritation),
the in vitro reconstructed human epidermis were found to have similar profiles of phase
I and IT enzymatic activities as compared to the human skin such as the low expression
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and function levels of phase I enzymes, and measurable activity of some phase II
enzymes [47]. Furthermore, in vitro reconstructed human epidermis models using mul-
tiple endpoint analyses were shown to have good correlation with the results of the
human patch test [48]. In particular, the RhE test methods were found to better predict
the effects on humans than the rabbit test [49]. Out of 16 chemicals classified as irritants
in the rabbit, only five substances were irritating to the human skin. The concordance of
the rabbit test with the 4 h Human Patch Test (HPT) was only of 56% (n=25 overall
chemicals), whereas the concordance obtained between the RhE test methods and the
HPT was of 76% (n=25) for the EpiDerm™ RhE model and of 70% (n=23) for the
EpiSkin™ RhE model [49]. Such findings were confirmed by Basketter and co-authors
who showed that the rabbit skin irritation test largely over-predicts human responses to
chemicals [50]. In their study, the authors show that out of 81 substances found to have
HPT data, about 50% were classified as irritating based on the rabbit skin test whereas
with the 4 h HPT test less than 20% were identified as acutely irritant to human skin.

The main endpoint considered in the OECD TG 439 is cell viability, based on the
principle that irritant chemicals are able to penetrate the stratum corneum by diffu-
sion and are cytotoxic to the cells in the underlying layers. The in vitro test methods
cover mainly the initial mechanisms of skin irritation occurring in the in vivo test
(Fig. 1.4). However, the evaluation of the release of Interleukin 1o, considered to be
a useful adjunct to the MTT assay to increase the sensitivity of the EpiSkin™ SIT
assay without reducing specificity [24], could give additional insight on the release
of inflammatory mediators that may act in the subsequent mechanistic cascade of
events occurring during skin irritation reactions.

A summary of the major components of the regulatory in vivo and in vitro recon-
structed human epidermis methods for skin irritation is shown in Table 1.4. The

Inflammatory cascade leading to local dermal irritation

>

Irritant
Xenobiotics

i

Trauma/noxic stimuli: Early events of Ultimate manifestations of

. Inflammatory response: )

Cell qamage/death, and - e.g.release of cytokines; - Inflammatory response:

tissue damage : : e edema and erythema
extravasation/diapedisis

|

Measured by in vitro Observed and assessed
RhE tests through by the in vivo skin
cell viability (MTT) irritation test

measurements

Fig. 1.4 Extract from the OECD Guidance Document 137 [28]. Schematic representation of the
inflammatory cascade leading to local acute dermal irritation
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Table 1.4 Comparison of the principal method components of the regulatory accepted in vivo and
in vitro tests for skin irritation

Model used

Number of
replicates
Dose and
application of
test chemical

Controls

Exposure time
Washing

Post-treatment
incubation time

Endpoint
assessed

Interpretation of
results

In vivo test for skin irritation
(OECD TG 404)

Albino rabbit.

2 to 3 animals based on
severity of effects.

0.5 ml (liquids) or 0.5 g
(solids) applied to ~6 cm? of
skin and covered with a gauze
patch (~83.3 pl or mg/cm?).
Solids might be moisten to
ensure good skin contact.
Potential influence of the
vehicle on irritation of the skin
by the test chemical should be
minimal, if any.

4 h.

At the end of exposure time to
remove test chemical.

If no corrosive effects seen, the
animal is observed up to

14 days.

— Grading of skin reactions

(erythema, edema).

— Other reactions such as:
defatting of skin, clinical
signs of toxicity and body
weight, persistence of
alopecia, hyperkeratosis,
hyperplasia and scaling.

— Histopathology may be
carried out in case of
equivocal responses

Method of reference for the
hazard identification of:
— UN GHS Cat. 1 (skin

In vitro reconstructed human epidermis
(RhE) test methods (OECD TG 439)
Three-dimensional reconstructed human
epidermis, consisting of organized basal,
spinous and granular layers, and a
multilayered stratum corneum.

Surface of tissue models: 0.3 cm? for
Labcyte EPI-MODEL 24SIT; 0.38 cm? for
Episkin™-SIT; 0.63 cm? for EpiDerm™
200-SIT and 0.5 cm? for SkinEthic™ SIT.
At least 3 replicates for each test chemical.

Liquids: 10 to 30 pl (26 to 83 pl/cm?
depending on model).

Solids: 10 to 25 mg (26 to 83 mg/cm?
depending on model). Tissues should be
moisten prior to solid application to ensure
good contact with the RhE.

Negative control: water or PBS.

Positive control: 5% aqueous SDS.

15-60 min depending on the model.

At the end of exposure time to remove test

chemical.

After washing, the exposure time is

followed by a post-treatment incubation

time of 42 h to allow for recovery from

weak cytotoxic effects as well as for

appearance of clear cytotoxic effects.

Cell viability based on the premise that

irritant chemicals are able to penetrate the

stratum corneum by diffusion and are

cytotoxic to the cells in the underlying

layers.

Use of HPLC/UPLC spectrophotometry

allows evaluating strongly coloured test

chemicals.

Inflammatory mediators such as

Interleukin lalpha may be a useful adjunct

to the MTT assay to increase sensitivity of

the assay.

Can be used for hazard identification of:

— UN GHS Cat. 2 if supported by
corrosive negative results, and

corrosion) including Sub-categ — No-Category in countries not adopting

ories 1A, 1B and 1C,

— UN GHS Cat. 2 (skin
irritation),

— UN GHS No Category.

the optional GHS Cat. 3 (mild irritant.s)

(continued)



18 C. Eskes and M. Hofmann

Table 1.4 (continued)

In vivo test for skin irritation In vitro reconstructed human epidermis

(OECD TG 404) (RhE) test methods (OECD TG 439)
Limitations — Opverpredicts human — Not designed to distinguish the optional

responses. GHS Cat. 3 (mild irritants), corrosive

— Coloured chemicals may chemicals, gases and aerosols.
interfere with observations. — Results obtained with test chemicals

— May be variable between presenting non-specific interactions with
laboratories. MTT > 50% should be taken with

— Does not assess repetitive caution when OD is used as
low-dose exposure. measurement for cell viability. This may

— Has the potential to cause be circumvented for coloured interfering
discomfort or pain to test chemicals with the use of HPLC/
laboratory animals. UPLC as an alternative measurement.

doses applied in vitro (26 to 47.6 ml or mg/cm?) are generally smaller with respect
to those applied in vivo (~83.3 ml or mg/cm?), with the exception of the LabCyte
EPI-MODEL24 SIT, which makes use of similar doses (83.3 ml or mg/cm?).
Furthermore, the exposure times used by the adopted in vitro RhE assays are in
general shorter as compared to those used in vivo (15-60 min in vitro versus 4 h
in vivo). Similarly the post-treatment time is shorter in vitro with respect to the
in vivo test (42 h versus 14 days). Finally, the ability of the RhE test methods to
detect skin irritants classified in vivo on the basis of persistence only could not be
assessed during the validation study due to the poor availability of such test chemi-
cals in around 5000 screened chemicals from the industrial commerce [22].
However, the need to identify such scarce occurring test chemicals classified based
on persistence only may be questionable. Furthermore, these differences might be
compensated by the more simple structure of the skin components involved in skin
irritation reactions present in the in vitro models with respect to the in vivo
situation.

Unlike the in vivo test, the in vitro assays make systematically use of positive and
negative controls to check for the functionality of the test method. In addition, the
OECD TG 439 recommend ensuring the technical proficiency of the assays, by the
laboratory, prior to the routine use of the in vitro assays by testing a list of recom-
mended proficiency chemicals.

In the EU, where the optional UN GHS Category 3 (mild irritants) is not imple-
mented, the adopted in vitro assays for skin irritation can be used as a stand-alone
assay for identifying test chemicals not requiring classification for skin irritation in
case of a negative result. In the case of a positive result, they can be used for the
hazard identification of UN GHS Cat. 2 irritant chemicals (substances and mix-
tures), when test results are supported by a separate non-corrosive outcome (based
on e.g., OECD TG 430, 431 or 435). OECD TG 439 does however not allow clas-
sifying test chemicals in the optional GHS Cat. 3 as mild irritants, nor does it pro-
vide adequate information on skin corrosion.
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1.7  Other In Vitro Test Methods for Skin Irritation Testing

A number of similar RhE models to the ones already adopted have been developed.
Among those three models have undergone a catch-up multi-laboratory validation
study based on the Performance Standards (PS) as defined in the OECD Guidance
Document No. 220 [42]. These are:

— The commercially available epiCS® SIT model which underwent a positive inde-
pendent peer-review (see Chap. 6),

— An open-source RhE model (OS-Rep), having an openly accessible protocol for
tissue production, that underwent a PS-based validation study in which each par-
ticipating laboratory made use of their in-house generated OS-Rep to assess the
set of PS reference chemicals [51, 52], and

— The commercially available Skin +® RhE test system produced by Sterlab and
commercialized by ATERA, which also underwent a PS-based validation study.

Other similar models developed include the Leiden human epidermal (LHE)
model that showed similar skin irritation results with the 20 reference chemicals to
those reported for the validated skin models [53], a model based on human skin
obtained from surgery [54], and a viable human full thickness skin model [55].

In addition, new assays based on the measurement of parameters other than cell
viability are being developed that show promise to distinguish not only irritants
from non irritants but also to determine the skin irritancy potential of chemicals. For
example, the IRR-IS assay exploits the quantitative analysis of expression profiles
of relevant genes and is proposed to contribute to the discrimination of non-irritants
(No Cat.), mild-irritants (Cat. 3) and irritants (Cat. 2) as shown in a study evaluating
gene expression changes in the validated EpiSkin™ test system in response to
chemical exposure [56]. Furthermore, use of biomarkers such as IL-1a, IL-1RA,
IL-8 and MTT in a reconstructed epidermis model was shown to determine the skin
irritant potency of chemicals in addition to distinguishing irritants from non irritants
[57]. Other endpoints investigated include the use of proteomics [58] and toxicoge-
nomics [59, 60].

Finally, attempts have also been made to develop an innervated in vitro model of
human skin including sensory neurons derived from embryonic rat dorsal root gan-
glion as neural components [61]. The aim was to integrate the sensory neuronal
components which are usually present in the skin and may play a role in vivo in the
production of neurogenic inflammation leading to sensory irritation and pain [62].
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Skin Irritation Hazard of Chemicals
Assessed by the EpiSkin™ In Vitro Test
Method

Nathalie Alépée, Marie Héléne Grandidier,
and José Cotovio

2.1 Principle of the Test Method and Scientific Basis

Information about a chemical’s potential to cause skin irritation is required by inter-
national regulations and testing guidelines for the safety assessment of chemicals
and mixtures (REACH, EU CLP, Cosmetics Directive, [1, 2]). Until the last decade,
the rabbit Draize dermal irritation test was the method traditionally used for this
purpose [3, 4]. However, this animal test has major drawbacks such as different
physiological characteristics as compared to human skin and the lack of reproduc-
ibility [5, 6]. Since the 1980s, the European Commission has advocated reducing
the use of laboratory animals in safety testing as soon as scientifically valid alterna-
tive methods are available (Council Directive on the protection of animals used for
scientific purposes 86/609/EEC revised as 2010/63/EU; [7, 8]). The 7th Amendment
to the Cosmetics Directive (Directive 2003/15/EC taken up by Regulation
1223/2009) went even further and implemented a complete ban on animal testing
for finished cosmetics products from 2004, and for cosmetic ingredients from 2009,
for all human-health-related effects (EC 2009, [2]). An important step in worldwide
harmonization was the adoption of the Globally Harmonized System (GHS) of
Classification and Labelling of Chemicals [9]. Within the EU, UN GHS came into
force in 2009 via the legislation referred to as the Classification, Labelling and
Packaging System (CLP; European GHS Regulation (EC) No. 1272/2008) and is an
integral part of REACH [10].

Skin irritation refers to the production of reversible damage to the skin following
the application of a test substance. Chemical-induced skin irritation, manifested by
erythema and oedema, is the result of a cascade of events beginning with
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Fig.2.1 Scientific basis of skin irritation [41, 42]

penetration of the stratum corneum and damage to the underlying layers of kerati-
nocytes (Fig. 2.1). Irritation is initially manifested by redness (erythema), vesicles,
serous exudates, serous scabs (scars) and various degrees of swelling (oedema).
Over time, other reactions may be manifested, such as small areas of alopecia,
hyperkeratosis, hyperplasia and scaling. Histopathology might be useful in discern-
ing responses. In most cases, inflammation is well developed within the first 72 h of
observation, commonly leading to the use of grades at 24, 48 and 72 h to evaluate
irritancy potential. In some cases, as with defatting agents and certain petroleum-
distillate-containing products, inflammatory responses may be delayed [11].
Stressed, damaged or dying keratinocytes release mediators that initiate an inflam-
matory reaction, which acts on the cells in the dermis, particularly the stromal and
endothelial cells. It is the dilation and increased permeability of the endothelial cells
that produce the observed erythema and oedema in vivo.

Several validated in vitro methods for skin irritation have been adopted by the
Organisation for Economic Co-operation and Development (OECD) and by the
European Union (EU) in the last decade [12]. These reconstructed human epidermis
(RhE)-based test methods, including the adopted EpiSkin™ skin irritation (SIT) test
method, measure the initiating events in the cascade irritation (i.e. cell and tissue
damage measured through decreased tissue viability in vitro). Four commercially
available RhE models have been endorsed as scientifically valid to be used within the
framework of the Test Guideline 439 (OECD TG 439). Furthermore, EU test guide-
line B.46 considers the RhE model a stand-alone replacement for the assessment of
acute dermal irritation test within a tiered testing strategy and/or in a weight-of-evi-
dence approach. The use of human-derived, non-transformed epidermis keratino-
cytes as cell source and the use of representative tissue and cytoarchitecture closely
mimic the biochemical and physiological properties of the upper parts of the human
skin, i.e. the epidermis. The EpiSkin™ model is constructed by culturing the kerati-
nocytes at the air-liquid interface to form a multilayered, highly differentiated model
of the human epidermis. It consists of organized basal, spinous and granular layers
and a multilayered stratum corneum containing intercellular lamellar lipid layers
representing main lipid classes analogous to those found in vivo. Test chemicals are
applied topically to the EpiSkin™ model and exposed for 15 min. Cell viability is
measured after a 42 h post-treatment incubation period by dehydrogenase conversion
of the vital dye MTT into a blue formazan salt that is quantitatively measured after
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extraction from tissues [13]. Irritant chemicals are identified by their ability to
decrease tissue viability below the defined threshold level.

Many chemicals are known to induce contact dermatitis in humans, and a number
are capable of doing so after a single exposure. Such primary irritants show great
diversity with respect to chemical structure, molecular weight, polarity and binding
capacity. They cause damage to the cellular components of the skin in a variety of dif-
ferent ways, including denaturation of epidermal keratins, the removal of surface lip-
ids and water-holding substances, damage to cell membranes and direct cytotoxic
effects.

2.2 Current Validation Status

An EURL ECVAM Skin Irritation Validation Study (SIVS) was conducted on the
EpiSkin™ test method from 2003 to 2007. The SIVS was a prospective validation
study involving the blind testing of 58 test substances representing a wide spectrum
of chemical functionalities and the full range of dermal irritancy [14]. The goal of the
study was to assess whether the in vitro test method would correctly predict in vivo
classifications according to the former EU Dangerous Substance Directive (DSD)
classification scheme, “R38” and “no label” (i.e. non-irritant). Following an indepen-
dent peer review, the EURL ECVAM Scientific Advisory Committee (ESAC)
endorsed the scientific validity of the EpiSkin™ SIT test method in 2007 as a replace-
ment for the rabbit skin irritation method [15]. Furthermore, the ESAC endorsed that
the original ESAC statement relating to the scientific validity of the test method
remained valid and was extended in the context of the EU CLP/UN GHS classifica-
tion system [16]. The EpiSkin™ test method using the MTT endpoint was therefore
validated as a potential stand-alone method, capable of reliably distinguishing non-
irritant (non-classified) from irritant chemicals according to the former (EU DSD)
and recently implemented Globally Harmonized Systems (GHS) — EU CLP classifi-
cations. EpiSkin™ (as a ‘reference method’) was also used to specify the EURL
ECVAM skin irritation performance standards with regard to the defined accuracy
values. The test method is included in the EU Test Method B46 and accepted in the
in vitro skin irritation OECD Test Guideline 439 adopted since 2010 [13].

2.3  Performance and Applicability of the Test Method
2.3.1 Reproducibility

Two types of reproducibility were evaluated for the EpiSkin™ test method: one
obtained by testing the same chemicals over time in a single laboratory (within-labo-
ratory reproducibility, WLR) and the other by testing the same chemicals in different
laboratories (between-laboratory reproducibility, BLR). WLR was calculated as the
percentage of chemicals for which 100% concordant classifications were obtained in
the three valid runs performed. BLR was calculated as the percentage of chemicals for
which 100% concordant classifications were obtained between laboratories.



28 N. Alépée et al.

™

Table 2.1 Within-laboratory and between-laboratory reproducibility of the EpiSkin™ skin irrita-
tion test method

EURL ECVAM SIVS laboratories
Reproducibility L’Oréal Sanofi Unilever BLR
58 SIVS chemicals (I vs. 94.5% (52/55) 90.9% (50/55) 94.6% (53/56) 89.5% (51/57)
NI)

WLR calculated on the basis of data extracted from Spielmann et al. [14] for the three valid runs
in L’Oréal, Sanofi and Unilever laboratories. BLR calculated on the basis of all median classifica-
tion per laboratory combined

During the international SIVS study conducted under the supervision of the
EURL ECVAM, 58 coded chemicals were tested in three laboratories (L’Oréal,
Sanofi and Unilever). During phase 1, 100% agreement was obtained. For phase
two, the same concordant classification was observed between the three valid runs
for 158 out of 169 items (93.5%) for the three laboratories when considering irri-
tants versus non-irritants [14] (Table 2.1). Therefore, the same prediction was
observed for 44 out of 50 chemicals (88%) in each triplicate experiment and in all
three laboratories when considering irritants versus non-irritants [14]. In only six
cases (12%) did one laboratory gives results which were consistently in a different
classification category to those from the other laboratories, with the 2-isopropyl-2-
isobutyl-1,3-dimethoxypropane (in vivo UN GHS Category 2) being under-predicted
in 2 out of 3 laboratories. Five chemicals (3-mercaptohexanol; 4-methylthio-benz-
aldehyde; bis[(1-methylimidazol)-(2-ethyl-hexanoate)], zinc complex and 2 mix-
tures of isomers) known to be UN GHS non-classified were over-predicted as UN
GHS Category 2 in at least one laboratory.

Importantly, the test method showed acceptable reproducibility both within
(>90%) and between (>85%) laboratories during its validation.

2.3.2 Predictive Capacity

The predictive capacity of the EpiSkin™ test method was originally validated in
reference to the cut-off value for hazard categorization as used in the EU Dangerous
Substance Directive, EU DSD (ESAC statements, [15]). As a result of the imple-
mentation of the UN GHS for Classification and Labelling in the EU from 2008
onwards through the EU Classification, Labelling and Packaging Directive
(1272/2008), the cut-off value for distinguishing irritants from non-irritants shifted
from an in vivo score of 2.0 to 2.3. A re-evaluation of the original results on predic-
tive capacity taking this shift of the cut-off value into consideration was performed
[5]. While the specificity of the EpiSkin™ method decreased from 81.8% (previous
EU DSD system) to 71.1% (EU CLP), the test sensitivity increased from 72.0%
(previous EU DSD system) to 84.6% (EU CLP) (Table 2.2). The original ESAC
statement relating to the scientific validity of the test method therefore remains
accurate and, with regard to its use in the context of decisions of classification, is
now extended to the CLP system [5, 16].
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The predictive capacity of EpiSkin™ was further calculated considering the data
obtained by L’Oréal, alone or in combination with the data obtained in the EURL
ECVAM SIVS. Thus, different chemicals ended up with a different number of inde-
pendent classifications used for calculating predictive capacity, i.e. ranging from 12
classifications (nine experiments from EURL ECVAM SIVS and three experiments
from L’Oréal) to at least 3 classifications (chemicals that were not part of EURL
ECVAM SIVS). To prevent different chemicals from weighing differently in the
calculation of predictive capacity, a weighted calculation was used to reflect the real
predictive capacity of the test method.

The EpiSkin™ test method showed a specificity of 75.4% considering the 65
tested in vivo non-irritant chemicals (Table 2.2). The EpiSkin™ test method showed
a sensitivity of 94.7% (Table 2.2). Three chemicals (out of 57 tested irritants) had
false-negative predictions, i.e. the in vivo Category 2 methyl palmitate, di-n-propyl
disulphide and 2-isopropyl-2-isobutyl-1,3-dimethoxypropane. However, it is impor-
tant to note that methyl palmitate, with an in vivo Draize score of 3.0, is known to be
non-irritant to humans based on the 4-h human patch test (1/29 positive reactions)
[17]. Similar observations were made with the di-n-propyl disulphide, with 6/30 posi-
tive reactions suggesting an over-prediction of in vivo Draize assay versus human
effects [17, 18]. Some chemicals were over-predicted (e.g. phenethyl bromide; trans-
cinnamaldehyde; 10-undecenoic acid; 4-methylthio-benzaldehyde; di-limonene;
1.6-dibromohexane; 1-bromo-4-chlorobutane; 3-mercaptohexanol; 3,4-dimethyl-
1H-pyrazole; 3-chloro-4-fluoronitrobenzene; 4-methylthio-benzaldehyde; tri-isobutyl
phosphate; eugenol; 2,4-xylidine) with some of them correctly categorized according
to the former EU DSD classification. Erring on the side of caution for consumers,
many of them are also misclassified in the other three validated test methods.

The overall accuracy of the EpiSkin™ test method to distinguish between irritant
and non-irritant chemicals was 84.4% (103/122).

2.3.3 Applications and Limitations

The EpiSkin™ skin irritation test method is applicable to all mono-substances or
multicomponent test substances that are solids, liquids, semi-solids, soluble or
insoluble in water. Gases and aerosols cannot be evaluated (although this is true for
all models included in OECD TG 439) [13].

The test method has been shown to be applicable to a broad range of chemicals
covering relevant ranges of chemical classes (fragrances, dyes, preservatives, actives,
UV filter and non-cosmetics ingredients), reaction mechanisms and physico-chemical
properties. However, volatility may considerably reduce the amount of chemical in
contact with the epidermis as in a human exposure. In addition, dyes and other strongly
coloured chemicals may impair the scoring of effects. Using the alternative HPLC/
UPLC-spectrophotometry as an endpoint measurement instead of the validated opti-
cal density (OD) measurement allows the determination of the cell viability for
strongly coloured chemicals enhancing the applicability domain to this chemical type
(see section on Possible Protocol Adaptation). Finally, the test method is applicable to
mixtures, although only limited information on the testing of mixtures is available.
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2.3.4 Comparison to Human Data

In vitro reconstructed human-based test methods for identification of skin irritation
have been the subject of validation and acceptance endorsement as a full replace-
ment for the in vivo rabbit Draize dermal irritation. However, an alternative strategy
and the associated protocol for the use of human volunteers to identify skin irrita-
tion have been described [19-21]. A total of 81 substances tested according to the
aforementioned four-hour human patch test protocol were found and collated into a
dataset together with their existing in vivo classifications published in the literature
[17, 22, 23]. Jirova, et al. [24] compared human patch test data with in vifro and
animal data and found that only five substances were human skin irritants out of 16
materials classified as skin irritants in the rabbit test. The authors concluded that
such results confirm observations that rabbits over-predict skin effects in humans.
When considering the EpiSkin™ test method, predictivity towards humans or rab-
bits was evaluated on the basis of 25 test chemicals. Of the ten chemicals classified
as irritants in rabbits, only six chemicals were found to be significantly irritating to
human skin (Table 2.3). Concordance between the human epidermis model was the

Table 2.3 Summary table of in vivo and in vitro results

CAS Invivo EU CLP/ 4-h human In vitro EU CLP/
Chemical name number UN GHS class  patch test ~ UN GHS class
Isopropyl myristate 110-27-0 NC NC NC
Methyl laurate 111-82-0 NC NC NC
Linalyl acetate 115-95-7 NC NC NC
Benzyl salicylate 118-58-1 NC NC NC
Isopropyl palmitate 142-91-6 NC NC NC
Dodecanoic acid 143-07-7 NC NC NC
Dipropylene glycol 25,265-71-8 NC NC NC
Heptyl butyrate 5870-93-9 NC NC NC
Hexyl salicylate 6259-76-3 NC NC NC
Isopropanol 67-63-0 NC NC NC
Water 7732-18-5 NC NC NC
Naphthaleneacetic acid 86-87-3 NC NC NC
10-Undecenoic acid 112-38-9 NC NC Cat?2
1-Bromo-4-chlorobutane 6940-78-9  NC NC Cat?2
Eugenol 97-53-0 NC NC Cat 2
Methyl palmitate 112-39-0 Cat 2 NC NC
Di-n-propyl disulphide 629-19-6 Cat 2 NC NC
1-Decanol 112-30-1 Cat 2 NC Cat?2
Butyl methacrylate 97-88-1 Cat 2 NC Cat 2
1-Bromohexane 111-25-1 Cat 2 I Cat2
Heptanal 111-71-7 Cat 2 I Cat 2
Nonanoic acid 112-05-0 Cat2 I Cat2
Octanoic acid 124-07-2 Cat 2 I Cat 2
Sodium lauryl sulphate (20% 151-21-3 Cat 2 I Cat 2
aq.)
Hydrogenated tallow amine  61,788-45-2 Cat 2 I Cat2

Cat. category, NC no category



32 N. Alépée et al.

same for the human and rabbit data, i.e. 80% (Table 2.3). Concordance between the
rabbit test and the 4-h HPT was 84% for the same dataset. Consistently false-
positive results (also true for almost all reconstructed human epidermis test methods
included in the OECD in vitro tests) were observed, indicating that the test method
errs on the side of caution for the safety of consumers.

2.4  Brief Description of the Protocol

Test chemicals are applied topically to the three-dimensional epidermal model, com-
prised of human-derived epidermal keratinocytes which have been cultured to form
a multilayered highly differentiated model. EpiSkin™ tissue is produced in accor-
dance with the quality standard ISO 9001, ensuring traceability and reproducibility
of the epidermal tissues. The reproducibility of each batch is checked by histological
analysis, taking into account the general organization, the stratification of the epider-
mis, the nucleation of the basal layer, the size of the intercellular spaces, the adhesion
of the basal layer to the support, the quantity of granular cells and the thickness of the
horny layer. In addition, the reproducibility of the response of each EpiSkin™ batch
is tested against a reference irritant, sodium dodecyl sulphate (SDS), for which the
acceptability range of the model is I mg/mL > ICs, > 3 mg/mL.

Three epidermis units are treated per test chemical for 15 min at room tempera-
ture. Concurrently to the test chemical, SDS 5% and PBS-treated epidermis are
used as positive and negative controls, respectively. Exposure to the test chemical is
terminated by rinsing with phosphate-buffered saline (PBS). The epidermis is then
incubated at 37 °C for 42 additional hours (Fig. 2.2). Cell viability determination is
based on cellular mitochondrial dehydrogenase activity, measured by MTT
[3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Thiazolyl blue;
CAS number 298-93-1] reduction and conversion into blue formazan salt that is
quantified after extraction from tissues [25]. The viability is assessed by incubating
the tissues for 3 h with a MTT solution in a 12-well plate (0.3 mg/mL; 2 mL per
well). The formazan precipitate is then extracted using acidified isopropanol
(0.5 mL) and quantified spectrophotometrically at 570 nm using 96-well plates
(200 pL/well). For each treated tissue, the viability is expressed as a % relative to
negative control tissues (mean). Irritant chemicals are identified by their ability to
decrease cell viability below a defined threshold level (i.e., <50%, for UN GHS
Category 2). Details are provided in the SOP [26].

Exposure time Post-treatment incubation Viability
P— 15 minutes Room 42 hoours MTT test I
_ Temperature 37

Fig. 2.2 Main steps of the EpiSkin™ skin irritation test method
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2,5 RoleinaTesting Strategy

The EpiSkin™ test method is able to identify UN GHS/EU CLP Category 2
(Cat. 2) and No Cat. chemicals and can thus serve as a stand-alone skin irritation
method for non-irritants in countries where the optional UN GHS Category 3 is
not implemented, e.g. in the European Union. If EpiSkin™ test method results
show Cat. 2, an in vitro skin corrosion test—if not performed beforehand—is
required to determine the final classification: Cat. 2 (irritant) or Cat. 1(A, B or
C) (corrosive) [27]. Indeed, for a full evaluation of local skin effects after a
single dermal exposure, the OECD Guidance Document No. 203 on an Integrated
Approach to Testing and Assessment (IATA) should be consulted [28]. In par-
ticular, the OECD IATA introduces the option to prospectively test the in vitro
skin irritation/corrosion potential of a chemical using either a top-down approach
(an in vitro skin corrosion test followed by an in vitro skin irritation test) or a
bottom-up approach (an in vitro skin irritation followed by an in vitro skin corro-
sion test) (Fig. 2.3).

Combining skin irritation and skin corrosion in vitro evaluations on EpiSkin™
tissues, the two approaches can be used to fully evaluate the local skin effects after
chemical exposure [29]. This approach is feasible due to the difference in exposure
times between the in vitro skin irritation and the in vitro skin corrosion tests. While
the former has an exposure time of 15 min (followed by a 42-h post-exposure incu-
bation) and a unified classification cut-off at 50% tissue viability (see Brief
Description, above), the latter has a maximum exposure time of 4 h (and no post-
exposure incubation time) (see Chap. 8) and classification cut-offs at 35% tissue
viability [29]. An evaluation was conducted with the EpiSkin™ skin irritation and
skin corrosion test methods on 87 test chemicals and demonstrated similar out-
comes using both testing strategies (bottom-up or top-down) and their relevance for
hazard assessment (manuscript pending).

Bottom Up approach Top Down approach

o @ No : @
Irrltatlon teSt CIaSSiﬁed Cat 1

O)

Corrosion test

2

Cat 1

Cat2 Irritation test Cat2

No
Classified

Fig. 2.3 Bottom-up and top-down testing strategies
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2.6 Perspectives from the Test Developer
2.6.1 Critical Steps in the Protocol
The critical steps of the standardized operating procedure include the following:

* The absence of air bubble under the epidermis should be verified at each step.

* All test substances should be tested alone in separate plate.

* Ensure the entire surface of the epidermis is covered with the test chemical.

» For viscous and sticky chemicals, a curved flat spatula should be used or the test
chemical shall be weighed directly on the nylon mesh (pretesting the compatibil-
ity of the test chemical with the nylon mesh should be considered).

 Tissues should be rinsed thoroughly.

* Always make use of a freshly prepared MTT solution (preparation to be used
within 3 h).

* The epidermis should be gently detached from the matrix and turned with the
epidermis topical side against the matrix before formazan extraction is conducted
with isopropanol acid.

2.6.2 Possible Protocol Adaptations

Protocol adaptions could be applied to the validated EpiSkin™ skin irritation test
method to either increase its applicability domain to strongly colourants or its sen-
sitivity as described below.

The skin irritation potential of a test chemical is determined by measuring tissue
viability using the photometric MTT-reduction assay. A known limitation of this
assay is the possible interference of direct MTT reducers or strongly coloured test
chemicals with measurement of formazan by absorbance (optical density). In this
case, test chemicals that act directly on MTT (e.g. MTT reducer) or which have a
colour that absorb at the same wavelength as MTT require the use of adapted con-
trols as described in the test method SOP. For strongly coloured chemicals, when
the evaluation is not possible by absorbance, Cosmetics Europe has evaluated the
use of HPLC/UPLC-spectrophotometry as an alternative formazan measurement
system. Using the approach recommended by the Federal Drug Administration
(FDA) guidance for validation of bioanalytical methods [30], 26 chemicals were
tested in the EpiSkin™ skin irritation test method. Results support that (1) formazan
measurement by HPLC/UPLC-spectrophotometry and OD gave almost identical
tissue viabilities for test chemicals exhibiting neither colour interference nor direct
MTT reduction and (2) HPLC/UPLC-spectrophotometry can measure formazan for
strongly coloured test chemicals when this is not possible by absorbance only [31].
Cosmetics Europe has undertaken a second study that focuses on evaluation of
chemicals with functionalities relevant to cosmetic products. Such chemicals were
primarily identified from the [32] memorandum (addendum) on the in vitro test
EpiSkin™ for skin irritation testing. Fifty test items were evaluated in which both
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standard photometry and HPLC/UPLC-spectrophotometry were used for endpoint
detection. The results obtained in this study (1) provide further support for within-
laboratory reproducibility of HPLC/UPLC-spectrophotometry for measurement of
formazan, (2) demonstrate, through use of a case study with Basazol C Blue pr.
8056, that HPLC/UPLC-spectrophotometry enables determination of an in vitro
classification even when this is not possible using standard photometry and (3)
addresses the question raised by SCCS in their 2010 memorandum (addendum) to
consider an endpoint detection system not involving optical density quantification
in in vitro reconstructed human epidermis skin irritation test methods [33]. The
HPLC/UPLC technique has been adopted within OECD TG 439 [13] and by the
authorities [34].

Furthermore, to improve the MTT viability-based prediction model, the release
of a membrane damage marker, cytokines IL-1, was also investigated as a possible
protocol adaption. In response to physical or chemical stress, keratinocytes produce
and release inflammatory cytokines interleukins [IL-1a, tumour necrosis factor o
(TNF-a)], chemotactic cytokines [IL-8, interferon, e.g. induced protein 10 (IP-10)],
growth-promoting factor [IL-6, IL-7, IL-15, granulocyte/macrophage colony-
stimulating factor GM-CSF)], transforming growth factor [TGF], cytokines regulat-
ing humoral versus cellular immunity [IL-10, IL-12] and other signalling factors,
which rapidly generate cutaneous inflammation, suggesting that measurement of
such keratinocyte responses may allow the evaluation of toxicological properties of
chemicals in order to identify irritants [35, 36]. As an additional measure of skin
irritation, release of inflammatory mediators (e.g. interleukin-1 alpha) may there-
fore be considered [37]. If the cytotoxic effect is absent or weak, a quantifiable
amount of inflammatory mediators is released by the epidermis and may be used in
a tiered approach to increase the sensitivity of the test. For EpiSkin™ tissues show-
ing a cell viability >50%, the amount of IL-la released into the tissue culture
medium at the end of the 42-h post-treatment incubation period was measured in the
medium (immediately or frozen) using ELISA (Roguet and Cotovi6 [38]). The test
chemical might be considered to be an irritant if the viability is >50% and the
amount of IL-1a release is >9.18 IU/mL or the viability only is <50%. This end-
point was found as a useful adjunct in the case of the EpiSkin™ test method, poten-
tially increasing the sensitivity of the assay.

2.6.3 Challenges and Opportunities

Challenges and opportunities might be seen in the context of the assessment of spe-
cific categories of ingredients (e.g. mixtures and vegetal extracts) as well as for the
identification of the optional UN GHS Category 3 (mild irritants) using the
EpiSkin™ test method.

Regarding its applicability, the EpiSkin™ skin irritation test method is appropri-
ate for the evaluation of mono- and multicomponent substances as well as mixtures.
However, only limited information is available in the public domain on the testing
of mixtures with test methods falling under OECD TG 439 [12, 39]. The
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applicability of the test method for the assessment of mixtures may depend on the
types and categories of products tested and/or the in vitro test method protocol used.
It is therefore not possible to generalize the applicability based on the types of mix-
tures assessed [12]. Furthermore, it is not possible to define criteria on the amount
of evidence needed to demonstrate the applicability of an adopted in vitro assay to
test mixtures, as this may depend on the availability of in vivo (animal and/or
human) data, as well as on the variety, category and type of mixture evaluated.
Further investigations would be beneficial due to the limited information reported.

According to the EU CLP classification, the EpiSkin™ test method can be used
as a stand-alone skin irritation replacement test method to distinguish Category 2
(Cat. 2, irritant) from not classified (no category, non-irritant) chemicals. UN GHS
foresees one category for irritant chemicals (Cat. 2) but allows the use of a further
optional category (Cat. 3) to classify substances with intermediate irritancy potency
(mild irritants) with in vivo scores of between 1.5 and 2.3. Using the EpiSkin™ tis-
sues, a protocol based on the measurement of parameters other than cell viability
has been developed. The IRR-IS assay—exploiting quantitative analysis of expres-
sion profiles of relevant genes—appears to be a promising methodology to contrib-
ute to the determination of skin irritancy potential, i.e. the discrimination of
non-irritants, mild irritants and irritants as shown in a study evaluating gene expres-
sion changes in the validated EpiSkin™ test system in response to chemical expo-
sure [40]. So before embarking on animal testing to generate information on UN
GHS/EU CLP Cat. 3 chemicals to satisfy the requirements of authorities imple-
menting this category, the use and/or generation of data from this approach should
be considered. Nevertheless, further investigations would be beneficial due to the
limited information reported in the literature.

2.7 Conclusion

The EpiSkin™ skin irritation test method evaluates the production of reversible
damage to the skin following the application of a test substance. Upon contact with
skin irritants, the tissue viability of EpiSkin™ decreased in vitro. According to the
EU CLP classification, the EpiSkin™ test method can be used as a stand-alone skin
irritation replacement test method to distinguish Category 2 (irritant) from non-
classified (no category, non-irritant) chemicals. The reliability (transferability, intra-
and inter-reproducibility) and the relevance were formally demonstrated, leading to
the regulatory acceptance of reconstructed human epidermis in OECD Test
Guidelines 439 and Guidance document 203.
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The EpiDerm™ Skin Irritation Test
(EpiDerm™ SIT)

Helena Kandarova and Manfred Liebsch

3.1 Principle of the Test Method and Scientific Basis

Skin irritation is defined in vivo as the reversible damage to the skin following the
application of a test chemical for up to 4 h [as defined by the United Nations (UN)
Globally Harmonized System of Classification and Labeling of Chemicals (GHS)]
[1]. The potential of chemicals to induce skin irritation (hazard) is an important
consideration in establishing procedures for the safe handling, packing and trans-
port of chemicals.

In vivo, skin irritation is determined using a modification of the Draize rabbit
skin irritation test, as described in the OECD TG 404 [2, 3]. Because systemic reac-
tions play a minor role in modulating local skin toxicity potential of chemicals, skin
irritation potential may be predicted by in vitro systems, provided they are suffi-
ciently complex to mimic the skin barrier and the inherent reactivity of cells within
the skin.

The method described here is based on a method initially developed and refined by
L’Oréal for the EPISKIN™ model [4, 5]. The SOP was applied to the EpiDerm™
model with the goals of developing a common protocol for both systems that was able
to predict skin irritation potential, according to the EU classification system, and of
replacing the in vivo acute skin irritation test in rabbits [6, 7]. Upon review of existing
information by the ECVAM Skin Irritation Task Force and an ECVAM Workshop,
both the EPISKIN™ and EpiDerm™ skin irritation tests (SIT) were regarded as
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sufficiently promising predictors of skin irritancy potential and were ready to enter the
formal validation study. Due to the under-prediction of several chemicals in the sec-
ond Phase of the ECVAM validation study [8], ESAC recommended increasing the
sensitivity of the EpiDerm™ SIT to better match in vivo rabbit data [9].

Following the recommendation of ESAC [9], the EpiDerm™ skin irritation test
was further optimized by MatTek Corporation during 2006 and 2007. Use of an
extended exposure time (60 min) and minor modification of exposure conditions
improved the sensitivity of the assay. The applicability domain, prediction model
(50% viability cutoff for identification of irritants) and the endpoint (MTT cytotoxic-
ity assay) did not change. Thus the concept of a common protocol was maintained
[10].

The predictive capacity of the modified EpiDerm™ SIT was initially assessed
by MatTek Corporation, USA in an intra-laboratory study [10]. Transferability of
the method was evaluated in 2007 in an external international validation study
between four laboratories: ZEBET at the BfR, Berlin, Germany; BASF,
Ludwigshafen, Germany; IIVS, Gaithersburg, MD and Zet-LSL, Linz, Austria
[11, 12]. The validation trial was in accordance with the principles and criteria
documented in OECD Guidance Document No. 34 on the Validation and
International Acceptance of New or Updated Test Methods for Hazard Assessment
[13] and ECVAM (2007) Performance Standards for applying human skin models
to in vitro skin irritation [14].

In 2008, ESAC concluded that the Modified EpiDerm™ SIT had sufficient accu-
racy and reliability for prediction of R38 skin irritating and no-label (non-skin irri-
tating) test chemicals [15]. The Modified EpiDerm™ SIT is an in vitro procedure
that, depending on information requirements, allows determining the skin irritancy
of chemicals as a stand-alone replacement test, as a screen, or within a testing strat-
egy in combination with, if appropriate, a weight of evidence approach [16].

The test consists of a topical exposure of the neat test chemical to a reconstructed
human epidermis (RhE) model followed by a cell viability test. Cell viability is
measured by dehydrogenase conversion in cell mitochondria of MTT
[(3-4,5-dimethyl thiazole 2-yl) 2,5-diphenyltetrazoliumbromide], into a blue
formazan salt that is quantitatively measured after extraction from tissues [17]. The
reduction of the viability of tissues exposed to chemicals in comparison to negative
controls (treated with water) is used to predict the skin irritation potential.
Comparative studies in RhE models employing various endpoints to predict skin
irritancy of topical formulations have shown that the MTT endpoint has clear advan-
tages, even over mechanistically based endpoints like the release of IL-1a [18, 19].

3.2 Current Validation Status

The ECVAM Scientific Advisory Committee (ESAC) formally endorsed the scien-
tific validity of the Modified EpiDerm™ Skin Irritation Test (SIT) at its November,
2008 meeting [15]. ESAC concluded that the Modified EpiDerm™ SIT has suffi-
cient sensitivity, specificity and accuracy for the prediction of skin irritating and
non-irritating test chemicals. This assay is considered to be a validated, stand-alone
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in vitro replacement test for animal skin irritation testing and was adopted as
EU.B46 an OECD TG 439 [16, 20].

3.3  Performance and Applicability of the Test Method

The EpiDerm™ SIT was developed and designed to predict skin irritation potential
of neat test chemicals in the context of identification and classification of skin irrita-
tion hazard according to the EU classification system. Since the EU and GHS sys-
tems were harmonized in 2008, the EpiDerm™ SIT also allows for hazard
identification of irritant substances in accordance with UN GHS [21]. The Modified
EpiDerm™ SIT allows discrimination between irritants of category 2 and non-irri-
tants. The test does not discriminate between non-mandatory subcategories of the
UN GHS, i.e. it does not distinguish between GHS category 2 and category 3
irritants.

3.3.1 Reproducibility

The between and within laboratory reproducibility of the EpiDerm™ SIT test has
been assessed twice, first in the original validation study during 2004-2006 [8] and
later on in the follow-up validation trial performed by four independent laboratories
in 2007 [11, 12].

The within-laboratory variability of the final version of the EpiDerm™ SIT was
assessed for each laboratory using

1. Assessment of the frequency of non-qualified experimental runs as defined by
the SOP (SD > 20%),

2. One-way ANOVA statistics,

. Analysis of the within-laboratory standard deviation,

4. Box plot analysis for identification of outliers.

(O8]

Amongst the 240 independent experiments, only ten experiments provided stan-
dard deviation above 20%. The frequency of the non-qualified experiments was
very low (less than 5%), and the pre-defined 95% confidence interval of acceptable
tests was confirmed. The most rigorous statistical measure applied in the validation
study was a 1-way ANOVA. Significance levels of 5% and 1% were chosen to
assess the variability between three independent runs for each of the tested chemi-
cals. Representative data obtained in the Follow-up validation study with 20 refer-
ence chemicals are shown in Figs. 3.1 and 3.2.

A box plot analysis was performed for each chemical tested in the four laborato-
ries. Amongst the 720 test results (20 chemicals (n = 3), three runs, four laborato-
ries), only one significantly outlying value was identified and excluded from the
data-set. Overall the protocol assessed in four laboratories was found to be reliable
and robust and of similar variability as the EPISKIN™ method, which had gained
the full regulatory acceptance in 2007.
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Within-laboratory reproducibility (3runs, n=3)
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Fig.3.1 Within laboratory reproducibility for in vivo non-irritating chemicals. **: 1-way ANOVA
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3.3.2 Predictive Capacity

The predictive capacity of the final version of the EpiDerm™ SIT, that has been
adopted and regulatory accepted as full replacement method, has been established
using 55 chemicals and published by Kandarova et al. in 2007 [10]. The 2 x 2
Contingency table (Table 3.1) provides the statistical values demonstrating the high
level of sensitivity and specificity of the method.

The follow-up validation study between four laboratories was conducted using 20
reference compounds listed in Table 3.2. These chemicals were selected by ECVAM
as reference substances for future validation studies. Overall sensitivity and specific-
ity and accuracy of almost 80% has been achieved for all three parameters (Table 3.3).

Table 3.1 2 x 2 contingency table for sensitivity, specificity and accuracy obtained with the

EpiDerm™ SIT when testing 55 chemicals [10]

EU DSD UN GHS /EU CLP

2 classes 2 classes

Cut-off =2.0 Cut-off =2.3
Modified SIT N =55 experiments N =55 experiments
Sensitivity 83.3% (20/24) 94.1% (16/17)
Specificity 77.4 (24/31) 71.1% (27/38)
Positive predictive value 74.1% 59.3%
Negative predictive value 85.7% 96.4%
Accuracy 80% 78.2%

Table 3.2 Twenty reference compounds tested in the follow-up validation study by four
laboratories

No Chemical name CAS number GHS In vivo score (DIS)
1 1-bromo-4-chlorobutane 6940-78-9 No cat 0

2 Diethyl phthalate 84-66-2 No cat 0

3 Di-propylene glycol 25265-71-8 No cat 0
4 Naphthalene acetic acid 86-87-3 No cat 0
5 Allyl phenoxy-acetate 7493-74-5 No cat 0.3
6 Isopropanol 67-63-0 No cat 0.3
7 4-methyl-thio-benzaldehyde 3446-89-7 No cat 1

8 Methyl stearate 112-61-8 No cat 1

9 Allyl heptanoate 142-19-8 Cat 3 1.7
10 Heptyl butyrate 5870-93-9 Cat 3 1.7
11 Hexyl salicylate 6259-76-3 Cat 3 2
12 Terpinyl acetate 80-26-2 Cat 3 2
13 Tri-isobutyl phosphate 126-71-6 Cat 3 2
14 1-decanol 112-30-1 Cat2 2.3
15 Cyclamen aldehyde 103-95-7 Cat 2 23
16 1-bromohexane 111-25-1 Cat 2 2.7
17 a-terpineol 98-55-5 Cat 2 2.7
18 Di-n-propyl disulphide 629-19-6 Cat 2 3
19 Butyl methacrylate 97-88-1 Cat 2 3
20 Heptanal 111-71-7 Cat 2 3,3

DIS Dominating irritating score
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Table 3.3 2 x 2 contingency statistics for four testing laboratories and 20 substances

Laboratory Sensitivity [%] Specificity [%] Accuracy [%]
BASF 73.3 80.0 76.7
ZEBET 76.7 73.3 75.0
Irvs 90.0 76.7 83.3
ZET 80.0 80.0 80.0
Overall 80.0 77.5 78.8

3.3.3 Applications and Limitations

The EpiDerm™ SIT was developed and designed to predict skin irritation potential
of neat test chemicals in the context of identification and classification of skin irrita-
tion hazard according to the EU and GHS classification system. No clear applicabil-
ity domain restrictions could be defined for EpiDerm™ SIT (similarly as for
EPISKIN™ assay), except for testing gases, vapours and aerosols. Testing of these
types of chemicals require special conditions not covered by the current test design.

The method is also not suitable for prediction of Cat 3 chemicals. Although
IL-1a may provide some additional indication about possibly mild irritation effects
of chemicals predicted as “no category”, no prediction model has so far been vali-
dated and officially accepted by regulators.

One limitation of this assay method is a possible interference of the test chemicals
with the MTT endpoint. A coloured test chemical, or one that directly reduces MTT
(and thereby mimics dehydrogenase activity of the cellular mitochondria), may inter-
fere with the MTT endpoint. However, these test chemical are a problem only if at
the time of the MTT test (i.e. 42 h after test chemical exposure) sufficient amounts of
the test chemical are still present on (or in) the tissues. In case of this unlikely event,
the (true) metabolic MTT reduction and the contribution by a coloured test material
or (false) direct MTT reduction by the test material can be quantified by a special
procedure described in details in the SOP provided by MatTek [22, 23].

34 Comparison to Human Data

A set of limited human data from controlled 4 h—huma patch testing exists [24].
These data have been generated with scientific interest to evaluate whether the false
negative results from the original EpiDerm™ SIT were obtained due to the insuffi-
cient exposure time in vitro, or whether the rabbit test provides oversensitive
outcomes.

Of the 16 chemicals classified as irritants in the rabbit, only five substances were
found to be significantly irritating to human skin. Concordance of the rabbit test
with the 4-h. HPT was only 56%, whereas concordance of human epidermis models
with human data was 76% (original EpiDerm™ SIT) and 70% (EPISKIN™). These
results confirm observations that rabbits over-predicts skin effects seen in humans.
Therefore, when validating in vifro methods, all available information, including
human data, should be taken into account before making conclusions about their
predictive capacity.
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3.5 Brief Description of the Protocol: Experimental
Procedure

3.5.1 Reconstituted Human Skin Model

The reconstructed tissue model EpiDerm™ (MatTek, Ashland, USA and MatTek
IVLSL, Bratislava, Slovakia—ISO 9001:2008 certified) consists of normal, human-
derived epidermal keratinocytes (taken from healthy volunteers negative to HIV,
and Hepatitis) which have been cultured to form a multilayered, highly differenti-
ated model of the human epidermis. It consists of organized basal, spinous and
granular layers, and a multilayered stratum corneum containing intercellular lamel-
lar lipid layers arranged in patterns analogous to those found in vivo [25].

The EpiDerm™ tissues (surface 0.63 cm?) are cultured on specially prepared cell
culture inserts and shipped to customers as kits, containing 24 tissues on shipping
agarose together with necessary amount of culture media and 6-well plates. In addi-
tion the MTT kit (containing MTT concentrate, diluent, extractant, PBS and 24-
well plate) can be provided by MatTek.

Quality controls of the test system: The EpiDerm™ System is manufactured
according to defined quality assurance procedures compliant to GMP process. All
biological components of the epidermis and the culture medium are tested by manu-
facturer for viral, bacterial, fungal and mycoplasma contamination. Barrier proper-
ties of each manufactured tissue lot are controlled by manufacturer. Per request,
MatTek provides detailed information about ET50 experiment with Triton X-100
(1%) (chemical recommended as penetration marker by the OECD TG 439), infor-
mation of tissue viability (MTT test), together with historical database of results.

Handling procedures for biological materials should be followed. It is recom-
mended to wear gloves during handling with the skin and kit components (Table 3.4).
After use, the epidermis, the material and all media in contact with it should be
decontaminated prior to disposal (e.g. using 10% bleach or special containers).

3.5.2 Materials

3.5.2.1 Protocol Steps: Day 0-day Prior to Dosing

Note: Before any testing on the viable reconstructed human tissues is performed, it
is recommended to perform the evaluation of the test chemical for interference with
the measured endpoint (MTT assay). This procedure is described in details in the
SOP that is provided together with the testing kit by MatTek.

1. EPI-200-SIT Kkits are shipped from MatTek facilities in USA and Slovakia (EU)
every Monday.

2. Upon receipt of the shipment, examine all kit components for integrity. If there

is a concern call MatTek immediately.

Record all information about supplied material into the MDS.

4. Place the DPBS into the refrigerator (5 + 3 °C) and the vial containing the MTT
concentrate in the freezer (=20 = 5 °C).

(O8]
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Table 3.4 Material required for the conductance of the EpiDerm™ SIT

#

™

Description

Detail

(A) Material provided by MatTek Corporation with standard EPI-200-SIT Kit

1

One sealed 24-well plate containing 24 inserts of EpiDerm™
embedded in transporting agar

EPI-200, 0.6 cm?

2 Sterile 6-well plates used during the assay 8 pieces

3 Sterile 24-well plates used for MTT assay 2 pieces

4 One Bottle of DPBS 100 ml

5  One bottle Assay Medium, EPI-100-NMM 100 ml

6 One vial, containing the positive control chemical—5% SDS 2 ml

7  Sterile Nylon Mesh for application of liquid test materials 25 pieces

8  Protocol for Skin Irritation test according to the OECD TG 439

(B) MTT-100 Assay Kit Components (ordered separately)

1 One vial containing MTT concentrate (5 mg/ml) 2 ml

2 One vial MTT diluent (DMEM based culture medium) 8 ml

3 One bottle containing extracting solution isopropanol 60 ml

(C) Additional material and equipment needed

1 Sterile Dulbecco’s PBS (DPBS) without Ca®* and Mg** (e.g. PAN 2L
or Biochrom)

2 Sterile, sharp blunt-edged forceps

3 Positive displacement pipette for application of semi-solid test 30 pl
materials

4 Mortar and pestle for grinding of granular solids

5  Sterile disposable pipettes, pipette tips 20-200 pl

200-1000 pl

6 Sharp spoon—for application of solids. Aesculap, Purchase NaCl weight: 25 mg
Number.: FK 623

7  Bulb headed Pasteur pipettes—for spreading of test chemicals

8  Parafilm

9  Sterile cotton tip swabs

10 Laminar flow hood—for work under sterile conditions

11 Humidified incubator 37 °C, 5% CO,, 95%

relative humidity

12 96-well plate photometer equipped with filter 570 nm

13 Laboratory balance

14 Plate shaker

15 Stop-watches

16 Wash bottle 500 ml

17 Beakers—for washing and collecting DPBS 200 ml

Tissue conditioning:

1. Let the assay medium reach room temperature (20-25 °C). Do not pre-heat to
37 °C.

2. Pipette 0.9 ml of the assay medium into each well of sterile 6-well plates (For
24 inserts prepare eight 6-well plates. Use one 6-well plate for pre-incubation
of three inserts).

3. Under sterile conditions, open the plastic bag containing the 24-well plate with

epidermal tissues. Under a sterile airflow, remove the sterile gauze and
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carefully (using sterile forceps) take out each insert containing the epidermal
tissue. Remove any remaining agarose that adheres to the outer sides of the
insert by gentle blotting on the sterile filter paper or gauze, and place the tissues
in the empty, sterile 24-well plate.

4. Perform visual inspection of the inserts within the next 5 min. Record any tis-
sue defects and excess moisture on the surface. Do not use tissues with defects
or tissues with excessive moisture on the surface.

5. Dry the surface of the tissues with a sterile cotton tip swab and transfer tissues
to a 6-well plate pre-filled with 0.9 ml medium. Place the plates for 60 = 5 min
into the incubator (37 =1 °C, 5 = 1% CO2, 95% RH).

6. At the end of the first (60 min) pre-incubation period, transfer the inserts from
upper wells into the lower wells of the 6-well plate. Further, pre-incubate the
tissues (37 + 1 °C, 5 £ 1% CO2, 95% RH) overnight for 18 + 3 h.

7. Place the plates back into incubator for overnight pre-incubation.

8. Place the rest of the assay medium into the refrigerator (5 = 3 °C) and the vial
containing the MTT concentrate in the freezer (=20 + 5 °C).

9. If necessary, prepare sufficient amount of rinsing DPBS for the next day
(approximately 1.5 L per 24 inserts).

10. Prepare and sterilize all devices which will be used in the assay.

Day 1: Chemical exposure.
Note: Do not dose more than 18 tissues (=6 test articles including PC and NC in a
block (SET), in order to be able to perform all steps as required by this protocol.

1. Place all devices, solution and chemicals necessary for the test into the sterile
hood.

2. Prepare a sufficient number of 6-well plates pre-filled with 0.9 ml of assay
medium in the upper row (1 plate = 1 chemical).

3. Remove the pre-equilibrated, 6-well plates from the incubator approximately
5 min before exposure to chemicals will begin.

4. Evaluate the surface of tissues and exclude completely wet tissues or tissues
with any visible defects.

5. Remove any moisture using sterile cotton tip.

6. Before test chemical exposure, label all 6-well plate lids with the test material
codes or names.

7. Apply 30 pl (liquid) or 25 mg (solid) of the undiluted test chemical, NC or PC to
three single tissues each. Dose tissues at the time intervals needed later for rising
off the test chemicals (optimal and highly recommended is 1 min interval).

8. Keep the plates with dosed tissues in the laminar flow hood, until the last tissue
is dosed.

9. After dosing the last tissue, transfer all plates for 35 + I min to the humidified
incubator (37 = 1 °C, 5 + 1% CO2, 95% RH).

10. After 35 min, remove all plates from the incubator, place them into the sterile
hood and wait until the period of 60 min is completed for the first dosed
tissue.
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11.

12.

13.

14.

15.

16.

After the 60 + I min test chemical exposure, rinse the tissues with sterile DPBS,
filling and emptying the tissue insert /5 times to remove any residual test mate-
rial. Use constant stream of DPBS applied from 1.5 cm distance from the tissue
surface. (The stream of DPBS should not be too soft, otherwise, the test article
will not be removed)

After the 15th rinse from washing bottle, completely submerge the insert 3
times in 150 ml DPBS (shake to remove all rests of test material).

Finally, rinse the tissue once from inside and once from outside with sterile
DPBS. Remove excess of DPBS by gentle shaking the insert, blot insert on
sterile blotting paper.

Transfer the blotted tissue inserts to new 6-well plates pre-filled with 0.9 ml of
fresh assay medium.

After all inserts are washed, DO NOT FORGET to carefully dry the surface of
each tissue with a sterile cotton tipped swab. In case that traces of the chemical
are still present on the surface, try to remove it with the sterile wetted cotton
swab. Record this procedure in the MDS. You may evaluate visually tissue sur-
face under a dissecting stereoscope.

Incubate tissues in the incubator for next 24 + 2 h. Record start time of incuba-
tion in the MDS.

Day 2—Change medium (mandatory—steps 1-2) and collect media for cytokine
analysis (optional—steps 3-7)

1.

2.

9]

At the end of the 24 + 2 h. incubation period, pre-fill the lower row of the 6-well
plates with 0.9 ml of fresh assay medium.

Transfer the inserts from the upper row of the 6-well plates into the lower row
and place the 6-well plates back into the incubator for an additional 18 + 2 h.
post-incubation.

. If the medium from the 24 h incubation will be analyzed for cytokine or chemo-

kine release, prepare a sufficient number of sterile vials (e.g. cryotubes, volume
1.5 ml). Alternatively, the media can be stored in a labeled 24-well plate.

. Mark the cryotubes or a 24-well plate with names or codes of the test chemicals

and replicate code (e.g. a, b, ¢). Include the tissue lot number and date of the
experiment. Use a water resistant marker.

Place the 6-well plates containing inserts on a plate shaker (500 rpm/min) for 5 min.
Transfer the medium (approximately 0.9 ml) from the 24-h incubation plates into
the cryotubes or 24-well plate. Use fresh pipette tips between samples.

. Close the vials properly. If used, the 24-well plate should be sealed with parafilm.

Store the samples at —20 + 5 °C (for up to 12 months) until analysis.

Day 3—-MTT viability test

1.
2.

Prior to the MTT assay, label a sufficient number of 24-well plates.
Prepare MTT medium from frozen concentrate and pipette 300 pl of MTT
medium in each well.
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3. Remove inserts from the 6-well plates, blot the bottom of the inserts, and transfer
them into the 24-well plates, pre-filled with 0.3 ml of MTT (1 mg/ml). Place the
plates in the incubator (37 = 1 °C, 5 £ 1% CO2, 95% RH), record the start time
of MTT incubation in the MDS and incubate for 3 i + 5 min.

4. After MTT incubation is complete, gently blot the tissue on the absorbing paper
and transfer inserts into new 24-well plates.

5. Immerse the inserts by gently pipetting 2 ml of isopropanol (extractant solution)
into each insert. The level will rise above the upper edges of the insert, thus com-
pletely covering the tissues from both sides.

6. Seal the 24-well plates (e.g. with Parafilm or place into a sealable plastic bag) to
inhibit extractant evaporation. Record start time of extraction in the MDS and
extract formazan for at least 2 h at room temperature with gentle shaking on a
plate shaker (120-200 rpm).

7. As an alternative, overnight extraction is also possible. Seal plates as described
above and extract at room temperature in the dark, without shaking. Before using
the extracts, shake for at least 15 min on plate shaker. After the extraction period
is complete, pierce the inserts with an injection needle (~gauge 20, ~ 0.9 mm
diameter) and allow the extract to run into the well from which the insert was
taken. Afterwards the insert can be discarded. Before transferring the extract to 96
well plates pipette up and down 3x until the extractant solution is homogenous.

8. For each tissue, transfer 2 x 200 pl aliquots of the blue formazan solution into a
96-well flat bottom microtiter plate according to the fixed plate design given in
spreadsheet. Use isopropanol as blanks.

9. Read OD in a 96-well plate spectrophotometer using a wavelength between 540
and 595 nm, preferably at 570 nm, without using a reference filter.

3.5.2.2 Test Data

A blank, password protected MS EXCEL workbook EpiDerm™-SIT-SPREAD.XLS
can be provided by MatTek. A copy should be made before the first data entry. The
workbook consists of two single spreadsheets named: IMPORT and SPREAD. Data
files of optical densities (ODs) generated by the microplate reader (without blank
subtraction) are copied from the reader software to the Windows Clipboard and then
pasted into the first spreadsheet of the EXCEL workbook. The blank corrections,
calculation of results and statistical parameters are done automatically in the second
part of the workbook. Use the fixed 96-well plate design as specified in the SOP
provided by MatTek.

After data entry, the spreadsheet performs the following calculations:

1. Blank correction

2. For each individual tissue treated with a test chemical (TS), the positive control
(PC) and the negative control (NC) the individual relative tissue viability is cal-
culated according to the following formulas
Relative viability TS (%) = [ODTS/Mean of ODNC] x 100.
Relative viability NC (%) = [ODNC/mean of ODNC] x 100.
Relative viability PC (%) = [ODPC/mean of ODNC] x 100.
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Table 3.5 Prediction model

In vitro result In vivo prediction

Mean tissue viability <50% Irritant (I) (EU DSD R38 or UN GHS / EU CLP
category 2)

Mean tissue viability >50% Non-irritant (no classification)

3. For each test chemical, negative control, and the positive control, the mean rela-
tive viability of the three individual tissues is calculated and used for classifica-
tion according to the Prediction Model.

4. The spreadsheet shows a graph of the results (% of relative viability +SD)

Data interpretation procedure (Prediction Model)

According to the EU and GHS classification (R38/Category 2 or no class), an
irritant is predicted if the mean relative tissue viability of three individual tissues
exposed to the test chemical is reduced below 50% of the mean viability of the nega-
tive controls (Table 3.5).

3.5.3 Assay Quality Controls (OECD TG 439)

Assay acceptance criterion 1: negative control.

The absolute OD of the negative control (NC) tissues (treated with sterile DPBS)
in the MTT-test is an indicator of tissue viability obtained in the testing laboratory
after shipping and storing procedures and under specific conditions of use.

The assay meets the acceptance criterion if the mean OD570 of the NC tissues is
>0.8 and < 2.8.

Assay acceptance criterion 2: positive control.

A 5% SDS (in H20) solution is used as positive control (PC) and tested concur-
rently with the test chemicals. Concurrent means here the PC has to be tested in
each assay, but not more than one PC is required per testing day. Viability of positive
control should be within 95 + 1% confidence interval of the historical data.

The assay meets the acceptance criterion if the mean viability of PC tissues
expressed as % of the negative control tissues is <20%.

Assay acceptance criterion 3: standard deviation (SD).

Since in each test skin irritancy potential is predicted from the mean viability
determined on three single tissues, the variability of tissue replicates should be
acceptably low.

The assay meets the acceptance criterion if the SD calculated from individual %
tissue viabilities of the three identically treated replicates is <18%.

Note: Chemicals that provide tissue viabilities in a range of 30-70% may pro-
vide high SD. If the high SD (above acceptance limits) is typical for the chemical
and the classification of the chemical is consistent in all independent runs, it is
recommended to accept this result, although the Assay Acceptance Criterion 3 is not
met.
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3.6 Rolein aTesting Strategy

According to the UN GHS /EU CLP classification systems, the EpiDerm™ SIT
method is able to identify Cat. 2 and No Cat. chemicals and can thus serve as a
stand-alone skin irritation method for test chemicals identified as non-corrosives
and in countries where the optional UN GHS Cat. 3 is not required. For authorities
adopting the optional UN GHS Cat. 3, additional testing in an in vitro skin irritation
test method not adopted by the OECD or in the in vivo test method may be required
to resolve Cat. 3 from No Cat. If the EpiDerm™ SIT method results in Cat. 2, an
in vitro skin corrosion test, if not previously performed, is required to determine the
final classification (Cat. 2 (irritant) or Cat. 1(A, B or C) (corrosive) [26].

3.7 Perspectives from the Test Developer
3.7.1 Critical Steps in the Protocol

The EpiDerm™ SIT is a robust and easy to perform method that utilizes readily
available laboratory equipment. The test can be performed by most laboratory per-
sonnel, provided that care is taken during the critical steps of exposure and
washing.

Unequal spreading of a test material may lead to the false negative outcomes or
high variability. Insufficient washing may lead to the over-prediction due to the
additional 42 h post-exposure time. Omission of aseptic techniques and use of non-
sterile tools may lead to contamination.

Special care should be taken when testing colorant materials (blue, deep red,
violet) and MTT reducing materials since they will interfere with the MTT end-
point. MatTek and other tissue model suppliers have developed procedures to deal
with such materials. The procedures are described in details in the SOPs provided
with the testing kits/tissue products.

3.7.2 Possible Protocol Adaptations

If a test material sticks to the surface, it is possible to improve the washing tech-
nique and removal of the material by submerging the tissue completely into the
DPBS for about 10 min. This step may also help achieve physiological pH levels
after the tissues were exposed to materials with either low or high pH.

The EpiDerm™ SIT protocol has been developed to cover the needs of the
REACH (Chemical regulations) regarding the classification and labeling purposes.
Also, it partially covers the transport regulations. However, other protocols address
the needs of the cosmetic industry for the assessment of mildness and skin tolerance
of the cosmetic products, and of the medical devices industry with regard to the
biocompatibility testing of the materials used (e.g. as implants). These protocols use
long exposure times (typically 18-24 h) to better reflect the in-use conditions.

A protocol for testing final cosmetic products has been described by Faller et al.
2002 [18] In this study, 22 formulations, covering the full range of irritation
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responses in vivo and representing different cosmetic product classes, were tested in
humans and in vitro with three different reconstructed human epidermis equiva-
lents. The human data for the 22 coded products correlated well to the in vitro data.
A coefficients of correlation of R = 0.94 for EpiDerm™, and of R = 0.90 and 0.84
for the other two models were obtained [18]. This study clearly demonstrated the
usefulness and relevance of RhE equivalents for the in vitro assessment of the irrita-
tion potential of a series of cosmetic products. Moreover, it demonstrated the high
correlation of the EpiDerm™ ET-50 approach (time-to-toxicity protocol) with
results obtained in humans.

A protocol for medical devices testing (i.e. testing of irritation potential of
extracts obtained from medical devices) has been published by Casas et al. in
2013 [27]. MatTek together with RIVM conducted follow up testing and optimi-
zation of the protocol [28] and the validation study of this protocol is on-going.
Detailed SOP has been released to the validation laboratories and will be pub-
lished in due course.

3.7.3 Challenges and Opportunities

The current method is not suitable for the prediction of the UN GHS optional Cat 3
chemicals (mild irritants). Although IL-1a may provide some additional indication
about mild irritation effects of chemicals it is questionable, whether the chemicals
classified as Cat 3 in rabbits would present any hazard to man. To develop a protocol
that is capable of correctly predicting Cat 3 chemicals (mild irritants) it will be nec-
essary to take into account human data.

3.8 Conclusions

The EpiDerm™ Skin Irritation Test (OECD TG 439), in its current form is a use-
ful tool in the hands of modern toxicologists. Since the implementation of this
assay into the EU and OECD test guidelines, the number of animals required for
predicting skin irritation has decreased to a minimum. Further studies should
focus on predicting UN GHS optional Cat. 3 chemicals and the applicability of
the test method to correctly predict the irritation potential of complex mixtures.
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An In Vitro Skin Irritation Test Using 4
the SkinEthic™ Reconstructed Human
Epidermal (RHE) Model

Nathalie Alépée, Marie Héléne Grandidier, Carine Tornier,
and José Cotovio

4.1 Principle of the Test Method and Scientific Basis

Acute irritation is characterised by the non-immunological inflammatory response
of living skin following injury caused by a single contact with an irritant substance.
This response is local and reversible (unlike that produced by corrosion, which is
irreversible). The in vivo evaluation of skin irritation is mainly based on semi-
quantitative visual scoring (erythema and oedema). Besides morphological changes,
irritation also involves more-complex, subjective and subtle phenomena, such as
itching and burning sensations, which are not easily measurable [1]. Since cytotox-
icity is also known (among other factors) to trigger irritation, it can be viewed as a
first event likely to be shared by the effects of many irritants. Following mechanical
or chemical assault, homeostatic mechanisms may be deregulated, leading to non-
specific inflammation processes triggered by inflammatory mediators originating
mainly from keratinocytes [2]. Cell and tissue damage lead to the release of inflam-
matory mediators, nerve stimulation, axonal reflexes, pain and itching [3-5]. The
inflammatory response ultimately leads to observable phenomena such as localised
skin swelling (oedema) and redness (erythema). Overall, clinical signs of irritation
include the development of a rash, inflammation, swelling, scaling, and abnormal
tissue growth in the affected area (Fig. 4.1).

Initially, to conduct the skin irritation assessment, most regulatory authorities
required a standardized in vivo test in which—having first excluded skin corrosion
potential—the chemical was applied to the skin of a maximum of three rabbits [6].
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Fig.4.1 Schematic of skin irritation effects

The ability of the chemical to induce erythema and/or oedema was scored per ani-
mal. A score of between 0 and 4 on the Draize scale, increasing with severity, was
subjectively assigned on the basis of erythemal and oedemal effects, usually at 24,
48 and 72 h after application of the substance [7]. However, scientific concerns
about the variability [8, 9] and predictive capacities of this animal test in terms of
human health effects [10-12] were raised.

Animal welfare and, more recently, political pressure in Europe in areas such as
legislation relating to chemicals and cosmetics have required the development of
appropriate and validated alternative, in vitro test methods [13]. In the last 20 years,
considerable scientific effort has gone into developing valid in vitro skin models to
replace animal testing. Initial progress was made through the availability of bioen-
gineered non-invasive methods applicable to the skin in vivo, such as trans-epithelial
water loss and electrical resistance. These methods permitted the quantification of
physiological changes and opened up new possibilities for in vitro/in vivo compari-
son [14, 15]. Based on these observations, various in vitro models such as primary
human keratinocytes [16] and human skin equivalent models [17-19] were evalu-
ated for their ability to assess cutaneous toxicity or irritation. Due to the increasing
need for non-animal tests to predict human skin irritation, the European and
Japanese Centers for the Validation of Alternative Methods (EURL-ECVAM/
JACVAM) have focused their evaluation on four suitable in vitro reconstructed
human epidermis test methods: these now-validated methods have similarly defined
characteristics (Fig. 4.2) and include the SkinEthic™ RHE test method [20-22].

The three-dimensional SkinEthic™ RHE tissue, based on a pioneering concept
by Dr. Prunerias, was first released by Martin Rosdy in 1989 [23, 24]. The
SkinEthic™ RHE model consists of normal human keratinocytes cultured using a
chemically defined growth medium at the air-liquid interface. It produces a highly
differentiated and stratified epidermis model comprising main basal, supra basal,
spinous and granular layers and a functional stratum corneum with a histological
morphology comparable to in vivo human tissue [25, 26]. The validated SkinEthic™
RHE skin irritation test method involves a topical application of chemicals for
42 min followed by rinsing and post-incubation for 42 h. Irritant chemicals are
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identified by their ability to decrease tissue viability (MTT reduction) below the
defined threshold of 50% viability.

4.2 Current Validation Status

The reliability and relevance of the SkinEthic™ RHE skin irritation test method
has been established through a rigorous, inter-laboratory validation study. Based
on its scientific validity, this test method has been recommended for the testing of
all classes of chemicals and for inclusion in tiered testing strategies [27]. The
SkinEthic™ RHE test method was originally validated on the basis of the
Performance Standards using the 20 defined reference chemicals (ESAC state-
ment from November 2008; [28]). The SkinEthic™ RHE test method has been
found scientifically valid in reliably predicting no-label and R38 (irritant) chemi-
cals with respect to the previous EU classification scheme [29]. Re-evaluation
based on recalculating the predictive values of the test method under the United
Nations (UN) Globally Harmonized System of Classification and Labelling of
Chemicals (GHS) was performed in 2008 and confirmed in April 2009 by ESAC
for use under the UN GHS system as “applicable to all authorities” [29-31]. As a
result, since 2010, the SkinEthic™ RHE test method has been accepted in the
official Organisation for Economic Co-operation and Development (OECD) Test
Guideline 439 (OECD TG439), allowing the identification of non-irritant and
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irritant substances and mixtures in accordance with UN GHS and the EU test
method B.46 [32-34]. The SkinEthic™ RHE test method was also recently
included as part of the Integrated Approach to Testing and Assessment (IATA) for
Skin Irritation/Corrosion in OECD Guidance Document 203 [27, 35].

4.3  Performance and Applicability of the Test Method
4.3.1 Reproducibility

Two types of reproducibility were evaluated for the SkinEthic™ RHE test method:
one by testing the same chemicals over time in a single laboratory (within-laboratory
reproducibility, WLR) and the other by testing the same chemicals in different labo-
ratories (between-laboratory reproducibility, BLR). WLR was calculated as the per-
centage of chemicals for which identical classifications were obtained in the three
valid runs performed. BLR was calculated as the percentage of chemicals for which
identical classifications were obtained between laboratories.

The reproducibility study involved evaluating the ten non-irritant and ten irritant
reference test chemicals selected in accordance with the Performance Standard doc-
ument [36]. The 20 chemicals were coded by Vitroscreen and subjected to blind
tests in three laboratories: L'Oréal, Coty and Oroxcell. The same concordant clas-
sification was observed for 59 out of 60 items (98.3%) for the three laboratories
when considering irritants versus non-irritants [20]. Therefore, none of those test
substances showed a standard deviation (SD) > 18% in two laboratories. Only the
allyl phenoxy-acetate gave a SD > 18% as unacceptable in the third laboratory,
demonstrating the reproducibility of the test method. The proportion of identically
classified test substances derived from the prediction model was 100% for two labo-
ratories and 95% for the third laboratory, when considering all experiments [20]. In
conclusion, regardless the analyses, low intra-and inter-run variability for all labo-
ratories was observed with the negative and positive controls, and the 20 reference
test substances indicated high intra- and inter-laboratory reproducibility.

4.3.2 Predictive Capacity

The study conducted by industry was submitted to EURL-ECVAM for evaluation
and peer review. The SkinEthic™ test method was regarded by EURL-ECVAM as
sufficiently similar to the validated EpiSkin™ method according to the European
Classification System based on the Dangerous Substance Directive (DSD) [28].
Sensitivity and specificity for the 20 reference chemicals were 90% and 80%,
respectively [20]. The results obtained in the three laboratories with an overall accu-
racy of 85% met EURL-ECVAM specificity (>80%) and sensitivity (>70%) require-
ments [36]. EURL-ECVAM also evaluated the test method in its in-house laboratory
(called ‘Correlate’) with regard to transferability. Based on 19 of 20 test chemicals,
a sensitivity of 90% and a specificity of 77.8% were reached (data available in
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Annexe 5 of the OECD Explanatory Background Document; [33]). The same three
test substances (1-bromo-4-chlorobutane, 4-methyl-thio-benzaldehyde and hexyl
salicylate) were misclassified, as in other epidermis test methods [20, 22, 33]. No
clear difference in the physicochemical properties between the correctly and incor-
rectly classified test substances was identified to explain this outcome [37].
Increasing the number of tests to 39 chemicals lead to similar predictive capacity
with a sensitivity of 90%, a specificity of 80% and an overall accuracy of 85%, with
33 out of 39 test substances correctly classified [38].

In December 2008, the EU adopted and implemented the UN GHS [29] through
the Classification, Labelling and Packaging (CLP) Regulation [39]. This regulation
replaced the previous EU DSD legislation [40] on the classification of substances
and mixtures. The CLP system continues to use two categories to distinguish non-
classified (No Category) from irritant (Category 2) substances. However, according
to the new rules for skin irritation classification and labelling (C&L) [29, 39], the
cut-off score to distinguish between No Category and Category 2 substances was
raised to 2.3 (UN GHS or CLP) from 2.0 (EU DSD). Consequently, substances with
an in vivo score of between 2.0 and 2.3 that were considered irritant under EU DSD
are now non-classified under UN GHS. This naturally led to a change in the speci-
ficity and sensitivity values. Since UN GHS defines irritants as substances with a
score of 2.3 or more, the sensitivity of the SkinEthic™ test system was increased to
100% and the specificity decreased to 69.2% using the 20 reference chemicals.
Overall accuracy was 80%, resulting in the test method being endorsed by the
EURL-ECVAM and OECD Committees as a stand-alone replacement test method
for the in vivo Draize rabbit test [41].

4.3.3 Applications and Limitations

This test is designed for mono- and multi-component test chemicals and mixtures.
The protocol was established for liquid, viscous, semi-solid and solid chemicals.
Topical application to the epidermis makes the method suitable for evaluating
chemicals that are soluble or insoluble in water, volatile, creamy, sticky, fatty, pow-
dered, etc.” The inclusion of HPLC/UPLC-spectrophotometry to measure formazan
in the procedures for the in vitro SkinEthic™ RHE test method also extends its
applicability to strongly coloured chemicals [42]. The test method is not appropriate
for testing gases and aerosols.

4.3.4 Comparison to Human Data

The in vivo Draize rabbit skin irritation test is an accepted regulatory method of
classifying and labelling chemicals. As such, the classification and labelling results
of this test were taken as the “gold standard” in the context of the validation study
for the reconstructed human epidemis models. Several large-scale studies on human
volunteers conducted in the 1990s concluded that the in vivo rabbit test often
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Table 4.1 Summary table of in vivo and in vitro results

CAS EU CLP/UN GHS Human 4-h In vitro
Chemical name number class patch test class
Isopropyl myristate 110-27-0 NC NC NC
Benzyl salicylate 118-58-1 NC NC NC
Isopropyl palmitate 142-91-6 NC NC NC
Dodecanoic acid 143-07-7 NC NC NC
Dipropylene glycol 25265-71-8 NC NC NC
Heptyl butyrate 5870-93-9  NC NC NC
Hexyl salicylate 6259-76-3  NC NC NC
Isopropanol 67-63-0 NC NC NC
Water 7732-18-5 NC NC NC
Naphthalene acetic acid 86-87-3 NC NC NC
10-Undecenoic acid 112-38-9 NC NC Cat 2
1-bromo-4-chlorobutane 6940-78-9  NC NC Cat 2
Eugenol 97-53-0 NC NC Cat 2
Methyl palmitate 112-39-0 Cat 2 NC NC
Butyl methacrylate 97-88-1 Cat2 NC Cat 2
Alpha terpineol 98-55-5 Cat 2 NC Cat 2
1-decanol 112-30-1 Cat2 NC Cat2
1-Bromohexane 111-25-1 Cat2 1 Cat2
Heptanal 111-71-7 Cat2 1 Cat 2
Nonanoic acid 112-05-0 Cat 2 I Cat 2
Octanoic acid 124-07-2 Cat2 1 Cat2
Sodium lauryl sulphate (20% aq.) 151-21-3 Cat2 1 Cat2
Decanoic acid 334-48-5 Cat 2 1 Cat 2

over-predicts the severity of skin reactions and damage produced by chemicals,
although there was also occasionally under-prediction [43-46]. Therefore, as
defined by Jirova et al. [47], while concordance between the rabbit test and the
results of the 4-h. HPT was rather poor (56%), the reconstructed human epithelium
methods provided more convincing results. The results presented in Table 4.1 con-
firm observations that rabbit tests over-predict skin effects in humans. Given that the
SkinEthic™ RHE test method was validated against the over-predicted rabbit test,
prediction errs on the side of caution for the safety of consumers, which is essential
in the context of risk assessment (Table 4.1).

4.4  Brief Description of the Protocol

Each test chemical (test material, negative and positive controls) is topically
applied to three tissue replicates concurrently for 42 min at room temperature
(RT), between 18 °C and 24 °C. Exposure to the test chemical is followed by
rinsing with phosphate buffer saline (PBS) and mechanically dried. The epider-
mis is then transferred to a fresh medium and incubated at 37 °C for another 42 h.
Cell viability is measured by enzymatic conversion of the vital dye MTT
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Table4.2 P re.dj;:tion model In vitro results In vivo classification
9f.tt hf.SkltnEtthlc thR(Ii—IE skin Mean tissue cell viability <50% Category 2 (Cat. 2)
frotation fest metho Mean tissue cell viability >50% Not classified (NC)

[3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Thiazolyl blue;
CAS number 298-93-1] into a blue formazan salt that is quantitatively measured
after extraction from tissues [48]. Cell viability is assessed by incubating the tis-
sues for 3 h with 0.3 mL MTT solution (1 mg/mL). The formazan crystals are
extracted using 1.5 mL isopropanol for 2 h at RT and quantified by spectropho-
tometry at 570 nm wavelength. Sodium Dodecyl Sulphate (SDS 5%) and PBS
treated epidermis are used as positive and negative controls, respectively. For
each treated tissue, the cell viability is expressed as a percentage of the mean
negative control tissues. The mean relative tissue cell viability above 50% pre-
dicts its non-irritancy potential. Irritant chemicals are identified by their ability to
decrease cell viability below the defined threshold level (i.e. <50%, for UN GHS
Category 2). The prediction model is defined as described below in Table 4.2.
Details are provided in the SOP [49] and described in [20]. Key components of
the protocol are also available at http://www.episkin.com.

4.5 Rolein aTesting Strategy

The evaluation of the skin irritancy and corrosivity potential of a test chemical is a
vital part of safety assessment. Alternatives to the rabbit Draize test for skin corro-
sivity have already received official approval, including human skin model tests
using reconstructed human epidermal equivalents such as the SkinEthic™ RHE
skin corrosion test method (see Chap. 10). For skin irritation, the SkinEthic™ RHE
skin irritation test method was validated as a stand-alone test replacement for the
rabbit Draize test (see above). In light of the full evaluation of local skin effects after
a single dermal exposure using in vitro test methods, the OECD Guidance Document
No. 203 on an Integrated Approach to Testing and Assessment (IATA) was estab-
lished [27]. This TATA approach includes in vitro tests for skin corrosion (as
described in OECD TG 431) and skin irritation (OECD TG 439) before considering
testing on living animals [50].

The top-down approach (an in vitro skin corrosion test followed by an in vitro skin
irritation test if the chemical is identified as non-corrosive in the first test) should be
used when all available collected information and the weight-of-evidence (WoE)
assessment result in a high a priori probability of the chemical being an irritant or a
corrosive. The bottom-up approach (an in vitro skin irritation test followed by an
in vitro skin corrosion test if the chemical is identified as an irritant in the first test)
should be used only when all available collected information and the WoE assessment
result in a high a priori probability of the chemical not being a skin irritant.

To demonstrate the application and relevance of both approaches using the
SkinEthic™ RHE test methods, SkinEthic™ RHE irritation and corrosion data on
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Fig.4.3 Invitro classifications for the 86 test chemicals in the bottom-up testing and the top-down
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86 substances were integrated in a bottom-up and top-down testing strategy to
assess their capacity for hazard and safety assessment under UN GHS classifica-
tions ([35, 42, 51]). The results showed that the SkinEthic™ RHE model was appli-
cable to a wide range of chemical classes and physical states. The bottom-up and
top-down testing strategies showed an identical number of correct and incorrect
classifications for the different (sub)-categories (Fig. 4.3). Overall strategies showed
an accuracy of 89.5% in distinguishing between non-classified and classified sub-
stances, and 93.4% in distinguishing between corrosive and non-corrosive sub-
stances (Fig. 4.3). Furthermore, excellent sensitivities were obtained in predicting
UN GHS category 1 chemicals (100%), followed by the category 2 irritant sub-
stances (70%), irrespective of the strategy and classification system used.
Interestingly, none of the skin corrosive category 1B—and-1C and 1A chemicals
were under-predicted as a skin irritant (Category 2) or non-classified, irrespective of
the strategy and classification system used, suggesting that the SkinEthic™ RHE
model ensures consumer safety when used in the context of the OECD recom-
mended IATA. Only a single non-classified substance (2,4-Xylidine) was over-
predicted as category 1B—and-1C and none as category 1A, suggesting that the
SkinEthic™ RHE model also helps to avoid unnecessary over-labelling.

4.6 Perspectives from the Test Developer
4.6.1 Critical Steps in the Protocol
The critical steps of the standardized operating procedure could be listed as follows:

» Verify the absence of air bubble under the epidermis at each step;

» Test all test chemicals alone in separate plate;

e For liquids (16 pL + 2 pL), dispense the substance onto the epidermis with a
positive displacement pipette and apply a nylon mesh to gently spread the sub-
stance, taking care to cover the entire surface;

e For solids (10 = 2 pL H,O and 16 + 2 mg test item), the substance should be
crushed to a fine powder, ensuring good contact with the epidermis;

» For viscous and sticky chemicals, use a curved flat spatula or weigh directly on
the nylon mesh;

* Apply the chemical-coated side of the nylon mesh to the epidermal surface;

e Carefully remove the nylon mesh before rinsing;

* Rinse the tissue thoroughly;

» Thoroughly protect the plate by stretching three parafilm layers over the plate to
prevent the evaporation of the formazan during the extraction step.

4.6.2 Possible Protocol Adaptations

In all reconstructed epidermis test methods, the skin irritation potential of a chemi-
cal is determined by measuring tissue viability in treated tissues after topical
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application to the tissue surface. Tissue viability is determined by enzymatic reduc-
tion of MTT tetrazolium salt to purple reduced MTT (formazan) [48]. A known
limitation of the photometric MTT-reduction assay is the possible interference of
coloured test chemicals with the absorbance measurement of formazan. Analytical
methods such as High/Ultra High Performance Liquid Chromatography (HPLC/
UPLC) might be more appropriate to detect formazan in the in vitro assay. Cosmetics
Europe undertook a study to establish and evaluate the use of this analytical method
[42]. Based on the outcome of this project, it was concluded that this analytical
endpoint detection system is relevant to all test methods, irrespective of the test
system and test method used (e.g. SkinEthic™ RHE skin irritation assay). It was
therefore recommended that the OECD Test Guideline 439 be revised to incorporate
HPLC/UPLC-spectrophotometry as an additional endpoint detection system in the
technical procedures for the in vitro SkinEthic™ RHE skin irritation test method
[32].

4.6.3 Challenges and Opportunities

Challenges and opportunities might be seen in the context of the assessment of spe-
cific categories of ingredients (e.g. mixtures) as well as for UN GHS categorization
using the SkinEthic™ RHE test method.

The SkinEthic™ RHE test method distinguishes between skin irritants (Cat. 2)
and chemicals not classified for skin irritation (No Cat.). However, the test method
is not designed to classify chemicals in the optional GHS Cat. 3 (mild irritants).
Development of a test method exploiting quantitative analysis of expression profiles
of relevant genes might be considered as such an approach was established and
defined using the EpiSkin™ RhE-based test system [52].

Mixtures are defined as “a mixture or a solution composed of two or more sub-
stances in which they do not react” [34]. Since mixtures cover a wide spectrum of
categories and compositions, the type of regulatory testing required may depend on the
type of mixture. For example, cosmetic formulations can no longer be tested using
animal studies in some parts of the world [53]. In contrast, biocides including mixtures
may be subject to specific testing requirements [54]. As such, depending on the field
and/or sector, the use of validated in vitro assays to assess mixtures is of relevance.
Cases in which in vitro testing of preparations and mixtures could be useful and rele-
vant include cosmetics, cleaning products, biocides and plant protection products
might be very useful [55]. Although these mixtures had high-quality in vivo data, not
all of them are publically available, allowing only limited comparisons between the
in vivo and in vitro observed effects. Access to in vivo data will permit a better defini-
tion of the applicability domain of the test method for mixtures with complex physical
properties such as hydrophobicity, sticky/buttery-like texture and waxy/creamy foam
characteristics. Further investigation would also be beneficial for agrochemicals due to
the limited-and-contradictory nature of information available and the difficulty in inter-
preting the data when the composition of the mixtures has not been identified—as
reported for another RhE-based test method [56, 57].
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4.7 Conclusions

The SkinEthic™ RHE skin irritation test method has gained international regula-
tory acceptance and has been adopted for the regulatory assessment of skin irrita-
tion to distinguish between EU CLP-UN GHS category 2 (irritant) and non-classified
(No Category, non-irritant) chemicals (OECD TG 439). Intra- and inter-
reproducibility findings indicate that the SkinEthic™ RHE model has high robust-
ness in terms of its performance with an enlarged dataset of diverse chemicals and
mixtures. Furthermore, the relevance of the integration of SkinEthic™ RHE skin
irritation data in a bottom-up or top-down strategy has been demonstrated with a
similar high accuracy for the determination of the potential hazard of chemicals.
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In Vitro Skin Irritation Assay
with the LabCyte EPI-MODEL

Hajime Kojima and Masakazu Katoh

5.1 Description of LabCyte EPI-MODEL24 [1]

5.1.1 The LabCyte EPI-MODEL24 Reconstructed Human
Epidermis

LabCyte EPI-MODEL24 is a commercially available reconstructed human cultured
epidermal model produced by Japan Tissue Engineering Co. Ltd., Japan. It consists
of normal human epidermal keratinocytes whose biological origin is neonatal fore-
skin. In order to expand the human keratinocytes while maintaining their pheno-
type, they are cultured with 3T3-J2 cells as a feeder layer [2]. Reconstruction of
human cultured epidermis is achieved by cultivating proliferating keratinocytes on
an inert filter substrate with a surface area of 0.3 cm? at the air-liquid interface for
13 days using an optimized medium containing 5% fetal bovine serum. The result
is a multilayer structure consisting of a fully differentiated epithelium with features
of the normal human epidermis, including a stratum corneum (SC). The LabCyte
EPI-MODEL?24 is embedded in an agarose gel containing a nutrient solution and
shipped in 24-well plates at around 18°C.

It is possible to observe in the ultrastructure a fully developed basement mem-
brane zone, consisting of a highly developed lamina densa, lamina lucida, and
anchoring filaments. Extrusion of lamellar bodies is observed at the interface
between the stratum granular (SG) and SC layer. Lipid lamellae showing a charac-
teristic electron-dense and electron-lucent pattern are also present. Keratohyalin
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granules are ubiquitously present in the granular cells at the SG layer. The synthesis
of specific lipids, including ceramides, which are known to be responsible for the
water barrier of the SC, is detected in LabCyte EPI-MODEL24.

5.1.2 Quality Control for LabCyte EPI-MODEL24 [3]

LabCyte EPI-MODEL24 is manufactured according to a well-defined standard
operating procedure (SOP). All production batches of LabCyte EPI-MODEL24 are
inspected for viability, barrier function, and morphology.

The product is released only in accordance with stringent quality control
procedures.

5.1.2.1 Tissue Viability: MTT Assay

Three replicate LabCyte EPI-MODEL24 tissues are subjected to an MTT assay as
follows. Tissues are placed in the wells of 24-well plates containing 0.5 mL of 0.5-
mg/mL MTT medium (Dojindo Co., Kumamoto, Japan) and were incubated for 3 h
at 37°C in a 5% CO, humidified atmosphere. Formazan produced in the tissues is
extracted with 300 pL of isopropanol and 200 pL of extract is measured at 570 nm
and at 650 nm as a reference absorbance, with isopropanol as a blank. The mean of
the OD values indicates tissue viability for each LabCyte EPI-MODEL?24 batch.
QC acceptance criteria is OD > 0.8.

5.1.2.2 Barrier Function: 50% Inhibitory Concentration (IC50) Assay

To evaluate whether the stratum corneum in the LabCyte EPI-MODEL24 tissue
resists the rapid penetration of the cytotoxic marker chemical sodium lauryl sulfate
(SLS), the viability of the epidermis tissue was estimated in terms of the half maximal
inhibitory concentration (IC50). 25 puL of SLS at concentrations of 0.1, 0.2, 0.3, and
0.4% (w/v) are applied to the LabCyte EPI-MODEL?24, and cell viability is measured
after 18 hours using an MTT assay. All experiments are performed in triplicate. The
acceptable range for the LabCyte EPI-MODEL?24 is shown in Table 5.1.

5.1.2.3 Morphology

A LabCyte EPI-MODEL24 tissue is fixed with 4% parafolmaldehyde and 2%
sucrose in 0.1 M phosphate-buffered saline (PBS: pH 7.4) for more than 3 h and
then embedded in paraffin. Five-micrometer vertical sections are cut and stained
with hematoxylin and eosin for light-microscopic examination (Fig. 5.1).

Table 5.1 Acceptability ranges for negative control OD values and QC batch release criteria of
the LabCyte EPI-MODEL24 according to the OECD TG 439 [4]

Lower acceptance limit ~ Upper acceptance limit
Negative control OD values 20.7 <25
QC batch release criteria (18-h treatment IC50 = 1.4 mg/mL IC50 = 4.0 mg/mL
with SLS)
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Fig.5.1 Pathological slide of the LabCyte EPI-MODEL

QC Acceptance Criteria
Confirmation of the formation of multilayered epidermis-like tissue containing a
stratum corneum.

5.2 Validation of the In Vitro Skin Irritation Test Method
Using the LabCyte EPI-MODEL24

5.2.1 Study Plan

The LabCyte EPI-MODEL24 in vitro skin irritation test method based on a recon-
structed human epidermis model (RhE) has undergone protocol optimization, and a
multi-laboratory validation based on the European Center for the Validation of
Alternative Methods (ECVAM) performance standards [5—7]. The validation report
contained results that are in accordance with the revised reference chemicals
described by the new ESAC statement 2009.

The objective of this study was to conduct a validation study of the in vitro
skin irritation test method using LabCyte EPI-MODEL24 (LabCyte EPI-
MODEL?24 SIT) to assess both intra- and interlaboratory reproducibility as well
as predictive capacity of this test method using set of 25 coded test chemicals for
which high-quality in vivo data were available. The study was coordinated by the
Japanese Society for Alternatives to Animal Experiment (JSAAE) and the
Japanese Center for the Validation of Alternative Methods (JaCVAM). An addi-
tional objective was to conform more accurately to the classifications for skin
irritation under the United Nations Globally Harmonised System of Classification
and Labelling of Chemicals (UN GHS). The validation study was undertaken in
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accordance with the principles and criteria documented in the Organisation for
Economic Co-operation and Development (OECD) Guidance Document on the
Validation and International Acceptance of New or Updated Test Methods for
Hazard Assessment (No. 34: [8]) and in accordance with the Modular Approach
to validation [9].

5.2.2 Brief Description of the Protocol

According to SOP ver. 8.3 (refer to [10]), the LabCyte EPI-MODEL24 tissues
were shipped from the supplier on Mondays and delivered to the recipients on
Tuesdays. Upon receipt, the tissues were aseptically removed from the trans-
port agarose medium, transferred to 24-well plates (BD Biosciences, CA,
USA) with 0.5 mL of assay medium, and incubated overnight at 37°C ina 5%
CO, humidified atmosphere. On Wednesday, the tissues were topically exposed
to the test chemicals. For liquids test chemicals, 25 pL are applied with a
micropipette. For solid test chemicals, 25 mg are applied from microtubes
after application of 25 pL of sterile water. When necessary, the mixture is
gently spread over the surface of the epidermis with a micro-spatula. Viscous
liquids are applied using a micropipette with a cell-saver type tip. Each test
chemical is applied to three tissues. In addition, three tissues serving as nega-
tive controls are treated with 25 pL distilled water, and three tissues serving
as positive controls are exposed to 5% SLS. After a 15-min exposure, each
tissue is carefully washed with PBS (Invitrogen, CA, USA) 15 times using a
washing bottle to remove any remaining test chemical from the surface. The
blotted tissues are then transferred to new 24-well plates containing 1 mL of
fresh assay medium.

The treated and control tissues are incubated for 42 h at 37°C in a 5% CO,
humidified atmosphere. After a post-incubation 42-h waiting period, the blotted tis-
sues are transferred to new 24-well plates containing 0.5 mL of freshly prepared
0.5-mg/mL. MTT medium (Dojindo Co., Kumamoto, Japan) for the MTT assay.
Tissues are incubated for 3 h at 37°C in a 5% CO, humidified atmosphere and then
transferred to and completely immersed in microtubes containing 300 pL of isopro-
panol. Formazan extraction is performed at room temperature, and the tissues are
allowed to stand overnight. Subsequently, 200-uL extracts are transferred to a
96-well plate. The optical density is measured at 570 nm and 650 nm as a reference
absorbance, with isopropanol as a blank.

The tissue viability is calculated as a percentage relative to the viability of the
negative control using the following equation:

Tissue Viability (%) = Mean Measured OD sample / Mean Measured ODNC x 100,

where measured OD = (570 nm OD sample—570 nm OD blank)—(650 nm OD
sample—650 nm OD blank).
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Table 5.2 Required predictive values for sensitivity, specificity, and accuracy for any similar or
modified test method to be considered valid in the performance standard for TG439 [13] and vali-
dation results on the LabCyte EPI-MODEL24 [14]
Sensitivity (%) Specificity (%) Accuracy (%)
Performance standards >80 >70 >75
LabCyte EPI-MODEL24 82.3 72.6 71.5

In the second phase study, a prediction model for skin irritation potential in
LabCyte EPI- MODEL24 was established per conditions for EPISKIN™ that are
described in the ECVAM draft performance standards [11].

Acceptance criteria:

OD for the negative control of greater than 0.7 (Table 5.1).

Viability for the positive control of less than 40%.

The median of three replicate values for viability from tests with mean of tissue
viability is used to classify a chemical according to the following prediction
model.

Irritant if the median tissue viability <50% (if the test chemical is also predicted as
NONCOrrosive).

Nonirritant if the median tissue viability >50% (in countries not adopting the UN
GHS optional category 3 on mild irritants).

5.2.3 Performance and Applicability

In the second and third phase studies [12], 12 irritants and 13 nonirritants from the
ECVAM performance standards based on the GHS-EU classification (GHS, 2013,
Regulation (EC) No 1272/2008, [5, 7]) were tested by seven laboratories using
LabCyte EPI-MODEL24 SIT. The assay demonstrated high reliability both within
and between laboratories, and reliability of the positive control was 100%, with
acceptable levels of accuracy: 77.5% overall accuracy, 82.3% overall sensitivity,
and 72.6% overall specificity. These results indicate that the MTT assay is suitable
for use as a stand-alone assay to distinguish between skin irritants and nonirritants.
The prediction model and the results are described in Table 5.2.

5.2.4 Independent Peer Review

An independent peer review was conducted by volunteer OECD skin irritation
experts. After the third phase study, the panel recommended that future work should
focus on the following matters [3]: (1) the issue of misclassifying 1-bromohexane
needed to be resolved, (2) an extensive analysis of the intra- and interlaboratory
reproducibility needed to be documented appropriately with reference to the OECD
performance standards, and (3) a need to assess variability between replicate tissues
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as well as to define acceptance criterion for each tissue. In order to comply better
with performance standards, final classification for a complete run sequence at any
given laboratory was required to be done using the mathematical mean rather than
the median. Finally, appropriate documentation describing and demonstrating the
adherence to GLP principles was requested [15]. These issues were each resolved in
the catch-up validation and supplementary studies [14].

53 Test Guideline

The LabCyte EPI-MODEL24 was subsequently included in OECD TG 439 in vitro skin
irritation: reconstructed human epidermis test method, which also provides information
on the type of validation study used to validate the respective test methods [4]. The
LabCyte EPI-MODEL24 SIT uses very similar protocols to the other adopted RhE mod-
els, and it is worth noting that all use a post-incubation period of 42 h. Variations are
found primarily in four parameters that relate to the different barrier functions of the test
methods: (a) preincubation time and volume, (b) application of test chemicals, (c) post-
incubation volume, and (d) maximum acceptable variation, as shown in Table 5.3.

Table 5.3 Protocol parameters specific to each of the test methods included in TG439 [4]

LabCyte
EpiDerm™ SIT  SkinEthic™ EPI-MODEL24
EpiSkin™ (SM)  (EPI-200) RHE™ SIT
(a) Preincubation
Incubation time  18-24 h 18-24 h <2h 15-30 h
Medium volume 2 mL 0.9 mL 0.3 mL 0.5 mL
(b) Chemical application
For liquids 10 pL (26 pL/em?) 30 pL (47 pL/em?) 16 pL (32 pL/em?) 25 pL (83 puLl/cm?)
For solids 10 mg (26 mg/ 25 mg (39 mg/ 16 mg (32 mg/ 25 mg (83 mg/
cm?) + DW (5 uL) cm?) + DPBS cm?) + DW cm?) + DW (25 pL)
(25 pL) (10 pL)
Use of nylon Not used If necessary Applied Not used
mesh
Total application 15 min 60 min 42 min 15 min
time
Application RT a) at RT for RT RT
temperature 25 min
b) at 37°C for
35 min
(c¢) Post-incubation volume
Medium volume 2 mL 0.9 mL x 2 2 mL 1 mL
(d) Maximum acceptable variability
Standard SD <18 SD <18 SD <18 SD < 18
deviation
between tissue
replicates

RT room temperature, DW distilled water, DPBS Dulbecco’s phosphate-buffered saline
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5.4 Conclusion

Three validation studies were conducted by JSAAE in order to assess the perfor-
mance of LabCyte EPI-MODEL24 SIT developed by J-TEC, and the results of
these studies were submitted to OECD for inclusion into the OECD TG 439.

In the summary review report from the OECD, the peer review panel indicated
the need to resolve an issue regarding the misclassification of 1-bromohexane. To
this end, a rinsing operation intended to remove exposed chemicals was reviewed
and SOP revised by J-TEC. Thereafter, in order to confirm general versatility of the
revised SOP, a new validation management team was organized by JaCVAM to
undertake a catch-up validation study that would compare the revised assay with
similar in vitro skin irritation assays, per OECD TG 439 (2010). The catch-up vali-
dation and supplementary studies for LabCyte EPI-MODEL24 SIT using the
revised SOPs were conducted at three laboratories. These results showed that the
revised SOP of LabCyte EPI-MODEL24 SIT conformed more accurately to the
classifications for skin irritation under UN GHS, thereby highlighting the impor-
tance of an optimized rinsing operation for the removal of exposed chemicals in
obtaining consistent results from in vitro skin irritation assays [14].
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The epiCS® Skin Irritation Test (SIT)
Method

Oliver Engelking, Horst W. Fuchs, and Dirk Weisensee

6.1 Principle of the Test Method and Scientific Basis

In vivo, chemical induced skin irritation is a non-immunogenic reaction, which
appears shortly after exposure to the chemical. It is manifested by erythema and
oedema, as the result of a cascade of events beginning with penetration of the stra-
tum corneum and damage to the underlying layers of keratinocytes. Stressed, dam-
aged or dying keratinocytes release mediators that initiate an inflammatory reaction,
which acts on the cells in the dermis, particularly the stromal and endothelial cells.
It is the dilation and increased permeability of the endothelial cells that produce the
observed erythema and oedema in vivo [1]. In the regulatory context the United
Nations (UN) Globally Harmonized System of Classification and Labelling of
Chemicals (GHS) defines skin irritation as the production of reversible damage to
the skin following the application of a test chemical for up to 4 h [2].

The epiCS® SIT method uses the reconstructed human epidermis epiCS® consist-
ing of normal human-derived keratinocytes. Under specific culture conditions, they
form a multilayered, highly differentiated model of the human epidermis. It is
organised in basal, spinous and granular layers and a multilayered stratum corneum
containing intercellular lamellar lipid layers representing main lipid classes analo-
gous to those found in vivo [3]. In the epiCS® SIT method, the RhE represents the
target organ in vitro. Due to the absence of any vascularisation in epiCS® tissues, it
is used to measure the initiating events of the inflammatory cascade: cell and tissue
damage.

To account for the reversibility of effects, a ‘recovery’ incubation time of 42 h
after exposure to the chemicals is part of the protocol for the epiCS® SIT method. It
is followed by an MTT assay to determine cell viability in epiCS® tissues: MTT
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[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] is reduced by
mitochondrial activity into a blue formazan salt that is quantitatively measured after
extraction from tissues [4]. Irritant chemicals are identified by their ability to
decrease cell viability below defined threshold levels (i.e. <50%, for UN GHS cat-
egory 2). Depending on the regulatory framework and applicability of the test
guideline, chemicals that produce cell viabilities above the defined threshold level,
may be considered non-irritants (i.e. > 50%, no category) [5].

6.2 Current Validation Status

The epiCS® skin irritation test (epiCS® SIT) method went through a multi-labora-
tory catch-up validation study based on the Performance Standards originally pub-
lished in 2009 [6]. Three laboratories participated in the study: two contract research
organisations (one in Europe, one in the USA) and one naive laboratory in Europe.
The study was conducted in concordance with the guidance document on the valida-
tion and international acceptance of new or updated test methods for hazard assess-
ment [7]. The European Union Reference Laboratory for alternatives to animal
testing (EURL ECVAM) was involved in this catch-up validation study from plan-
ning to data analysis. Data had been submitted to EURL ECVAM in 2015 for inde-
pendent scientific peer review by the EURL ECVAM Scientific Advisory Committee
(ESAC) resulting in an ESAC opinion about the test method readiness for screening
and regulatory use of epiCS® SIT method. As a consequence, the epiCS® SIT
method will be submitted for integration into the OECD TG 439 in 2017.

6.3  Performance and Applicability of the Test Method
6.3.1 Reproducibility

Data on reproducibility for the epiCS® SIT method are derived from the catch-up
validation study (see validation status). They were submitted to EURL ECVAM and
were used to calculate the reproducibility within each laboratory over time in the
three participating laboratories. The reference substances gave 90%, 95% and 100%
concordant results in the three laboratories, which meets the acceptance criteria of
>90% as defined in the Performance Standards [8].

The analysis of reproducibility between laboratories resulted in 84.2% concor-
dance of the final classifications between the three laboratories, which meets the
acceptance criterion of >80%.

6.3.2 Predictive Capacity

The predictive capacity of the epiCS® SIT method was determined in a catch-up
validation study (see chapter on validation status) based on the comparison of the
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in vitro classification with the in vivo classification according to the UN GHS clas-
sification system.

The overall sensitivity in the three laboratories was found to be 86.7% which
meets the acceptance criterion of >80% as defined in the Performance Standards
(PS; [8]). The overall specificity was 80%, also meeting the PS criterion of >70%.
Finally, the accuracy PS acceptance criterion of >75% was also met with an overall
accuracy of 83.3% in the three laboratories.

6.3.3 Applications and Limitation

The epiCS® SIT method is applicable to solids, liquids, semi-solids and waxes.
Liquids may be aqueous or nonaqueous; solids may be soluble or insoluble in water.
The method is not applicable to gases and aerosols [5].

The epiCS® SIT method can be used for hazard identification of irritant chemi-
cals (substances and mixtures) in accordance with UN GHS category 2.

None of the validated and regulatory accepted RhE based SIT methods can be
used for classification of chemicals to the optional UN GHS category 3 (mild irri-
tants). Therefore, depending on the regulatory framework in the country, it can be
used to identify non-classified chemicals [5].

Coloured test chemicals or chemicals that become coloured during tissue treat-
ment need the use of adapted controls. An interference of absorbance of up to 50%
of the negative control can be corrected by calculation [5]. Stronger interference
might need the use of different MTT detection methods (e.g. HPLC/UPLC) as indi-
cated in the OECD Test Guideline 439 [5].

Reducing test substances may interfere with the MTT assay, resulting in
reduction of MTT to blue formazan salt. This applies to substances, which
stick to the tissue or penetrate the tissue and cannot completely be rinsed off
the epidermis by the rinsing procedure before post-incubation. For correction,
freeze-killed epiCS® tissues can be used as negative control tissues. MTT
reduction detected with these tissues is caused by the chemical itself as the
reducing mitochondrial activity of non-viable tissue can be excluded. A pre-
test, in order to identify reducing chemicals before the actual tissue test, is
recommended.

6.3.4 Comparison to Human Data

Only very limited human data are available. During the catch-up validation of the
epiCS® SIT method, the 20 reference chemicals listed in the OECD Test Guideline
439 were used. Two out of these 20 chemicals (I-decanol and di-n-propyl-
disulphide) are known to be irritant in the rabbit but for which there is reliable evi-
dence that they are non-irritant in humans [9—11]. These substances are classified by
the epiCS® model as skin irritants (UN GHS category 2) in two laboratories and no
category in one laboratory.
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6.4  Brief Description of the Protocol

The epiCS® SIT method is carried out with three replicates (three tissues per chemi-
cal). Negative and positive controls are run in parallel.

After reception, epiCS® tissues are incubated at 37°C in a humidified incubator
to recover from transport stress for at least 4 h. Thereafter, 30 pl of the liquid or
30 mg of the solid test substance are applied topically to the tissue, which is exposed
to the chemical for 20 min at room temperature. A nylon mesh is added on top of the
chemical to allow for better repartition of the test chemicals on the tissue surface.
By rinsing with DPBS, chemicals are removed from the epiCS® surface. The tissues
are transferred to six well plates with new culture medium and post-incubated for
24 h (37°C, 5% CO,). Used medium is exchanged and followed by a second post-
incubation of 18 h (37°C, 5% CO,). epiCS® tissues are transferred into MTT assay
medium containing 1 mg/ml MTT and incubated for 3 h (37°C, 5% CO,). The
reduced formazan salt is extracted with isopropanol from the tissues and OD is
determined at 550-570 nm. Relative tissue viability is calculated by division of OD
values of the chemical treated tissue by OD value from negative control. A reduc-
tion of viability to <50% predicts the chemical as UN GHS category 2, values above
50% can be used to predict test chemicals as UN GHS no category.

6.5 Rolein aTesting Strategy

The RhE-based test methods are able to identify category 2 and no category chemi-
cals and can thus serve as stand-alone skin irritation methods for non-corrosives in
countries where optional category 3 is not implemented. For authorities adopting
category 3, additional testing in an in vitro skin irritation test method not adopted by
the OECD or in the in vivo test method may be required to resolve category 3 from
no category. In case RhE-based test methods result in category 2 prediction, an
in vitro skin corrosion test, if not performed upfront, is required to determine the final
classification (category 2 (irritant) or category 1 (A, B or C) (corrosive)).

6.6  Perspectives from the Test Developer

6.6.1 Critical Steps in the Protocol

The protocol for the epiCS® SIT method is available online [12].
The test is straightforward and no critical steps are involved.

6.6.2 Possible Protocol Adaptations

The protocol as part of the epiCS® SIT method is scientifically validated; therefore
adaptations are not possible.
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6.6.3 Challenges and Opportunities

The epiCS® tissues used in the epiCS® SIT method can be used for different toxi-
cology applications like skin corrosion, skin sensitisation, phototoxicity and geno-
toxicity testing. Furthermore, the epidermis can be used for efficacy testing and as
a tool for skin permeation assay. Protocols for these assays as well as further
information on reconstructed human epidermis are available online at www.skin-
invitro.com.

6.7 Conclusions

A validation study of the epiCS® SIT method was carried out, involving EURL
ECVAM and the independent scientific peer reviewing by the EURL ECVAM
Scientific Advisory Committee. The method was found to be highly reliable based
on the reconstructed human epidermis epiCS®. The method will be proposed for
incorporation into the OECD Test Guideline 439. The epiCS® tissues, however, can
be used in a vast range of different applications in in vitro toxicology, research and
efficacy testing.
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Skin Corrosion



Overview on Current Status
of Alternative Methods and Testing
Approaches for Skin Corrosion Testing

Chantra Eskes and Markus Hofmann

7.1 Background

Depending upon regulatory requirements, some geographical regions already
allow the use of alternative methods for skin irritation and corrosion testing as
full replacement of the animal testing, as it is the case in the European Union
(EU), where a number of legislations require the use of alternative methods to
animal toxicological testing. The EU Cosmetics Regulation, for example, pro-
hibits animal testing of finished products since 2004 and of cosmetic ingredients
since 2009. The animal testing ban was reinforced by a marketing ban of cos-
metics tested on animals that entered into force since 2004 for the finished prod-
ucts and since 2013 for cosmetics containing ingredients tested on animals [1].
Furthermore, the EU regulation on the Registration, Evaluation, Authorisation
and Restriction of Chemicals (REACH) 1907/2006 requires, depending on the
tonnage level, that only in vitro testing is conducted for skin corrosion and irri-
tation, or in case of need that the in vivo testing is conducted only if the test
chemical falls outside of the applicability domain of the available in vitro meth-
ods or the results obtained from such methods do not allow a conclusive deci-
sion on (non-)classification and risk assessment ([2, 3]; see also Sect. 7.3 below).
Finally, the EU regulation on classification, labelling and packaging of sub-
stances and mixtures (CLP), which implements the UN GHS classification and
labelling of substances and mixtures in the EU, encourages the use of tiered
weight-of-evidence evaluations and makes use of information from in vitro
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testing in a tiered classification approach for skin corrosion and irritation (EU
CLP; [4, 5]). Finally, the EU directive on the protection of animals used for
scientific purposes states in article 13(1) that “Member States shall ensure that
a procedure is not carried out if another method or testing strategy for obtaining
the result sought, not entailing the use of a live animal, is recognised under the
legislation of the Union” [6].

The area of skin corrosion represents one of the pioneering areas for the valida-
tion of alternative test methods, in which replacement alternatives have been vali-
dated and adopted in the regulation as early as 2000 in the European Union and in
2004 at the OECD level. If the animal in vivo study has been traditionally used to
classify for potential skin corrosion and skin irritation hazard effects (such as the
OECD TG 404 [7] originally adopted in 1981), current internationally agreed
approaches recommend the use of Integrated Approach for Testing and Assessment
(IATA) that allows to replace or minimize to the extent possible the use of in vivo
animal testing while ensuring human safety [8]. The IATA is divided in three major
parts including as Part 1 the use of existing information, physico-chemical proper-
ties and non-testing methods, as Part 2 a weight-of-evidence evaluation of all avail-
able information and as Part 3 the conduct of prospective testing first on in vitro
methods for both skin corrosion and skin irritation testing before considering the
use of in vivo animal testing as a last resort (see Sect. 7.3 for details). The IATA is
considered applicable to both substances and mixtures, although it is acknowledged
that there is a different amount of information available on the applicability of the
different information sources of the IATA to mixtures and that such applicability
may depend on the information available in each specific case to be assessed (see
Sect. 7.3 below).

7.2 Classification for Skin Corrosion Hazard

The UN has published in 2003 the UN GHS classification system to favour harmo-
nized classification of hazards across the world [9]. This classification system still
uses the traditional in vivo animal test adopted by the OECD [7] originally devel-
oped by Draize et al. [10] as a reference. However, it also recommends the use of
a tiered approach for skin corrosion and irritation which includes the use of in vitro
data as well as other information sources such as existing human and animal data,
physico-chemical properties and weight-of-evidence evaluation [9].

According to the UN GHS classification system, a substance is considered to be
corrosive to skin in the in vivo animal test when it produces destruction of skin tissue
(i.e. visible necrosis through the epidermis and into the dermis) in at least one tested
animal after exposure for up to 4 h. According to the UN GHS classification system,
corrosive substances are to be classified in category 1 where subcategorization is not
required by a competent authority or where data are not sufficient for subcategoriza-
tion. When data are sufficient and where required by a competent authority, substances
may be classified in one of the three subcategories (see Table 7.1): subcategory 1A,
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Table 7.1 Corrosion classification based on in vivo animal test data according to the UN GHS,
UN transport packaging group and EU CLP classification systems

In vivo corrosive in at least one

UN transport class 8 tested animal
UN GHS® and EU CLP® packaging group® Exposure Observation
Category 1~ Subcategory 1A I <3 min <lh
Subcategory 1B II >3 min, <1 h <14 days
Subcategory 1C T >1h,<4h <14 days

“Recommends considering the use of a tiered approach for the evaluation of initial information and
classification where applicable that includes existing human or animal data, existing in vitro data,
pH-based assessment, SAR methods and a weight-of-evidence approach [9]

"Recommends the use of a testing and assessment strategy for classification of substances based on
physico-chemical properties (organic (hydro)peroxide, pH), existing human and animal data, read-
across or (Q)SAR methods and results from OECD adopted, validated or suitable in vitro test
methods [11]

‘In the UN model regulations for the transport of dangerous goods, allocation of substances listed
in the Dangerous Goods List to the packaging groups in class 8 has been made on the basis of
experience taking into account such additional factors as inhalation risk and reactivity with water
(including the formation of dangerous decomposition products). In the absence of an entry in the
dangerous goods list, it is recommended to take into account human experience from accidental
exposure. In the absence of human experience, grouping shall be based on data obtained from
experiments in accordance with OECD TG 404 or 435. A substance determined not to be corrosive
according to OECD TG 430 or 431 may be considered not to be corrosive to skin for the purpose
of the UN transport regulation without further testing [12]

4An additional alternative criterion for PG III is metal corrosion: corrosion rate on either steel or
aluminium surfaces exceeding 6.25 mm a year at a test temperature of 55 °C when tested on both
materials [12]

where responses are noted following up to 3 min exposure and up to 1 h observa-
tion; subcategory 1B, where responses are described following exposure between
3 min and 1 h and observations up to 14 days; and subcategory 1C, where responses
occur after exposures between 1 h and 4 h and observations up to 14 days.

The European Union has implemented the UN GHS classification system by
means of the EU CLP regulation (1272/2008; [4, 5]) replacing since December
2010 the former EU Dangerous Substances Directive 67/548/EEC establishing cri-
teria for classification of substances (EU DSD; [13]) and since 2015 the EU
Dangerous Preparation Directive 199/45/EC establishing criteria for classification
of mixtures (EU DPD; [14]). The EU CLP is equivalent to the UN GHS and
requires the use of the three corrosive subcategories, i.e. 1A, 1B and 1C. When data
is not sufficient for subcategorization, a EU CLP category 1 classification only
should be assigned [5]. In addition to the UN GHS and EU CLP classification sys-
tems, skin corrosives can also be classified for transport purposes according to the
UN model regulations for the transport of dangerous goods [12], which is based on
three packaging groups (PG I, II, III). Table 7.1 provides an overview of the UN
GHS, UN transport packaging group as well as the EU CLP classification systems
as defined based on the traditional in vivo animal test method [5, 9, 12].
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7.3  InVitro Prospective Testing

In cases where the evaluation of existing information in a weight-of-evidence
approach as recommended within the IATA described in OECD GD 203 [8], indi-
cates the need for prospective testing, all available existing information should be
used to formulate a hypothesis of the most likely skin irritation/corrosion potential
of the chemical. This hypothesis and the regulatory context under which a decision
must be taken shall then guide the choice of the test methods to be used and the
sequence of the prospective in vitro testing to be conducted in either a top-down or
a bottom-up approach (for details see Sect. 7.4) [8, 15].

When the available collected information and the weight-of-evidence assessment
result in a high a priori probability of the test chemical to be an irritant or a corrosive,
a top-down approach should be used, starting with an in vitro method for the identi-
fication of skin corrosion hazard followed, in case the test chemical is identified as
not being corrosive, by an in vitro method for the identification of skin irritation
hazard. Conversely, when all available collected information and the weight-of-evi-
dence assessment result in a high a priori probability of the test chemical not requir-
ing classification for skin irritation and corrosion, a bottom-up approach should be
used, starting with an in vitro method for identification of skin irritation followed, in
case the test chemical is identified as being irritant, by an in vitro method for identi-
fication of skin corrosion. An example on the use of such approaches has been
described using the SkinEthic™ RhE model, in which high accuracy values were
reported using either a bottom-up or a top-down approach [16].

A number of validated and regulatory adopted in vitro test methods are recom-
mended to be used within the bottom-up and top-down approaches for skin corro-
sion and irritation hazard classification (for details see Sect. 7.4). These methods
have been validated according to internationally agreed principles [17] and adopted
by the OECD so that they fall under the OECD international Mutual Acceptance of
Data (MAD). According to MAD, test data generated in any OECD member coun-
try in accordance with these OECD test guidelines and following the principles of
Good Laboratory Practice (GLP) should be accepted in other OECD member coun-
tries for assessment purposes and other uses relating to the protection of human
health and the environment.

When limitations and domain of the validated and adopted in vitro tests are ade-
quately considered, these tests can provide sufficient information for the decision on
potential of the substance to cause skin irritation and/or corrosion. In case of in vitro
skin corrosion testing, the most appropriate OECD TG for the test chemical and the
specific purpose should be chosen. In particular, the applicability domain and the
ability of the test methods to provide information on subcategorization may play an
important role in the choice of the test method to be used.

In the EU, only in vitro testing should be conducted for substances manufactured
or imported in quantities between 1 tonne and 10 tonnes per year [2, 3, 5].
Furthermore, for substances manufactured or imported in quantities of >10 tonnes
per year, “an in vivo study for skin corrosion/irritation shall be considered only if
the in vitro studies (...) are not applicable, or the results of these studies are not
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adequate for classification and risk assessment” [3, 5]. As a consequence, no in vivo
testing should be conducted in cases where the substance falls under the scope of
the adopted in vitro test methods, result in appropriate classification and labelling
and there are no substance-specific limitations to using those tests [15].

According to the OECD IATA [8], animal testing for skin corrosion should be used
only as a last resort when, e.g., discrimination between optional subcategories 1B and
1C for chemicals outside of the applicability domain of OECD TG 435 is required, or
the test chemical cannot be tested with the in vitro test methods currently adopted by
the OECD due to limitations or non-applicability. Furthermore, if additional testing is
still needed, the OECD IATA suggests that other in vitro skin corrosion test methods
not yet adopted by the OECD be used that may resolve specific optional or subcatego-
rization issues [8]. This is the case for example of the EpiSkin™ test method for
which the original prediction model (not adopted due to the limited data set of well-
known in vivo corrosive subcategory 1C chemicals) may be considered in a weight-
of-evidence approach to distinguish between the subcategories 1B from 1C [18].

7.4 In Vitro Alternative Methods for Skin Corrosion

Several in vitro assays for skin corrosion have undergone prevalidation [19] and
validation studies in the 1990s [20, 21]. Such efforts led to the formal endorsement
of the scientific validity of three in vitro alternatives which were adopted and
included in the EU test guidelines in 2000 and in the OECD testing guidelines in
2004 and 2006 [22-26]. These assays are:

— The reconstructed human epidermal (RhE) models (OECD TG 431), including:

e The EpiSkin™ Standard Model (SM) validated in 1998 following a formal
prospective validation study [27]

e The EpiDerm™ Skin Corrosion Test (SCT) validated in 2000 following for-
mal prevalidation and catch-up validation studies [28]

e The SkinEthic™ Reconstituted Human Epidermis (RhE) validated in 2006
for having met the performance standards as required in the OECD TG 431
[29-31]

e The epiCS® (previously named EST-1000) validated in 2009 for having met
the performance standards as required in the OECD TG 431 [31, 32]

A follow-up study was further undertaken in the framework of the OECD
to investigate the capability of these four reconstructed human epidermis
models to correctly identify the UN GHS corrosive subcategories 1A, 1B and
1C, and the TG 431 has been updated accordingly [26, 33, 34].

— The in vitro skin corrosion rat skin transcutaneous electrical resistance (TER)
test [35], which uses excised rat skin as a test system and its electrical resistance

as an endpoint (OECD TG 430).

— The Corrositex® test [36, 37], based on the penetration of test chemicals through a
hydrogenated collagen matrix (biobarrier) and supporting filter membrane and which

was considered to be useful for acids, bases and their derivates (OECD TG 435).
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For a full evaluation of local skin effects after a single dermal exposure, it is
recommended that these assays are used within testing approaches such as the IATA
recommended in the OECD GD 203 [8] or the testing and assessment strategy rec-
ommended by ECHA [15].

7.4.1 Reconstructed Human Epidermis (RhE) Test Methods

The three-dimensional RhE models are comprised of normal, human-derived epi-
dermal keratinocytes, which have been cultured to form a multilayered, highly dif-
ferentiated model of the human epidermis. It consists of organized basal, spinous
and granular layers and a multilayered stratum corneum containing intercellular
lamellar lipid layers arranged in patterns representing main lipid classes analogous
to those found in vivo. The in vitro RhE models represent therefore the target organ
of the species of interest.

The principles of the RhE test method is based on the premise that corrosive
chemicals are able to penetrate the stratum corneum by diffusion or erosion and are
cytotoxic to the cells in the underlying layers. Corrosive test chemicals are identi-
fied by their ability to produce a decrease in cell viability below defined threshold
levels. The test chemical is applied topically to reconstructed human epidermis. Cell
viability is measured by dehydrogenase conversion of the vital dye MTT into a blue
formazan salt that is quantitatively measured after extraction from tissues.

The test methods described in the OECD TG 431 [26] allow the identification of
corrosive and non-corrosive substances and mixtures. Furthermore, it allows identi-
fication of the subcategorization of corrosive substances and mixtures into the UN
GHS subcategory 1A as well as into a combination of subcategories 1B and 1C [26,
33, 34, 38, 39]. All four commercially available models falling within OECD TG
431 are therefore able to subcategorize 1A versus 1B-and-1C versus no category
[26, 33]. The standard operating procedures (SOPs) of these RhE models should be
consulted when implementing and using one of these four models in a test
laboratory:

— EpiSkin™ SM [18]

— EpiDerm™ SCT [40]
— SkinEthic™ RhE [41]
— epiCS® [42]

Based on the overall data set available (mainly composed of individual sub-
stances) that supported the test methods inclusion in the OECD TG 431 [20, 21, 34],
the test guideline is considered applicable to a wide range of chemical classes and
physical states including liquids (aqueous or nonaqueous), semi-solids, solids (sol-
uble or insoluble in water) and waxes. In addition, OECD TG 431 is assumed to be
applicable to mixtures as an extension of its applicability to substances. However, if
additional information is available, this should be taken into account, in combina-
tion with the existing evidence, to evaluate the usefulness of a test method to assess
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mixtures [8]. In cases where evidence can be demonstrated on the non-applicability
of the test guideline to a specific category of mixtures (e.g. following a strategy as
proposed by Eskes et al. [43]), the test guideline should not be used for that specific
category of mixtures [8, 24]. Similarly, in cases where evidence can be demon-
strated on the non-applicability of test methods included in OECD TG 431 to a
specific category of test chemicals, these test methods should not be used for that
specific category of test chemicals [24]. Finally, the OECD TG 431 does not allow
testing of gases and aerosols.

The OECD TG 431 does not allow discriminating skin corrosive subcategory 1B
from subcategory 1C, despite the fact that the EpiSkin™ proposes a prediction
model able to distinguish between these two corrosive subcategories [18]. This is
due to the limited set of well-known in vivo corrosive subcategory 1C chemicals
available to allow a formal assessment of the performances of the assays falling
within the OECD TG 431. Furthermore, while the OECD TG 431 does not provide
adequate information on skin irritation, it should be noted that OECD TG 439 [44]
specifically addresses the health effect skin irritation in vitro and is based on the
same RhE test system, though using another protocol. For a full evaluation of local
skin effects after a single dermal exposure, the OECD Guidance Document No. 203
on an IATA for skin corrosion and irritation should be considered, which includes
the conduct of in vitro tests for skin corrosion and skin irritation before considering
testing in living animals [8].

Test chemicals absorbing light in the same range as MTT formazan and test
chemicals able to directly reduce the vital dye MTT (to MTT formazan) may inter-
fere with the tissue viability measurements and require the use of adapted controls
for corrections. The type of adapted controls that may be required will vary depend-
ing on the type of interference produced by the test chemical and the procedure used
to measure MTT formazan. Results for test chemicals producing non-specific inter-
actions with MTT >50% of the negative control should be taken with caution when
OD is used as means of measurement. However, the use of HPLC/UPLC spectro-
photometry as an alternative means of measuring the MTT formazan offers the pos-
sibility of evaluating the skin corrosion potential of strongly coloured test chemicals
that could interfere with the standard OD measurements [45, 46]. Finally, fatty
amine derivatives (characterized as cationic surfactants) were shown to have a ten-
dency to be under-predicted with the test methods falling within the OECD TG 431
[47]. For these chemistries, an extended exposure period of 4 h is recommended for
the EpiDerm™ SCT (see also Chap. 9 of this book).

7.4.2 Transcutaneous Electrical Resistance Test (TER)

In the transcutaneous electrical resistance test, corrosive chemicals are identified by
their ability to produce a loss of normal stratum corneum integrity and barrier func-
tion, which is measured as a reduction in the TER below a certain threshold level
[24, 48]. The transcutaneous electrical resistance is a measure of the electrical
impedance of the skin, as a resistance value in kilo-ohms. The test chemical is
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applied for up to 24 h to the epidermal surfaces of skin discs (obtained from
humanely killed rats aged 28-30 days), in a two-compartment test system in which
the skin discs function as the separation between the compartments. For rat TER, a
cut-off value of 5 k€ has been selected based on extensive data for a wide range of
substances where the vast majority of values were either clearly well above (often
>10 kQ) or well below (often <3 kQ) this value. Generally, test chemicals that are
non-corrosive in animals but are irritating or non-irritating do not reduce the TER
below this cut-off value.

Furthermore, a dye-binding step is incorporated into the test procedure for con-
firming positive results specially for TER values around 5 kQ [24, 48]. The dye-
binding step is based on the dye sulforhodamine B and determines if the increase in
ionic permeability is due to physical destruction of the stratum corneum. Indeed,
exposure of certain non-corrosive test chemicals can result in a reduction of resis-
tance below the cut-off of 5 kQ allowing the passage of ions through the stratum
corneum, thereby reducing the electrical resistance. For example, neutral organics
and chemicals that have surface-active properties (including detergents, emulsifiers
and other surfactants) can remove skin lipids making the barrier more permeable to
ions. In case of skin corrosive effects where the stratum corneum is disrupted, the
dye sulforhodamine B, when applied to the skin surface, rapidly penetrates and
stains the underlying tissue. This particular dye is stable to a wide range of sub-
stance and is not affected by the extraction procedure. As a consequence, obtaining
high dye contents may indicate a corrosive effect.

The test method described in OECD TG 430 [24] and following the recommended
protocol [48] allows the identification of corrosive chemical and non-corrosive sub-
stances and mixtures. However, a limitation of the OECD TG 430, as demonstrated
by the validation study, is that it does not allow the subcategorization of corrosive
substances and mixtures in accordance with the UN GHS subcategories, which may
have importance regarding transportation rules such as the UN [9, 12].

Based on the data set used in the validation (mainly substances) underlying the
OECD TG 430 [20], the TG is considered applicable to a wide range of chemical
classes and physical states including liquids (aqueous or nonaqueous), semi-solids,
solids (soluble or insoluble in water) and waxes. However, since for specific physi-
cal states test items with suitable reference data are not always readily available, a
comparably small number of waxes and corrosive solids were assessed during vali-
dation. The OECD TG 430 does not allow testing of gases and aerosols. Furthermore,
in cases where evidence can be demonstrated on the non-applicability of the OECD
TG 430 to a specific category of substances, the TG should not be used for that
specific category of substances.

The TG 430 is assumed to be applicable to mixtures as an extension of its appli-
cability to substances. However, if additional information is available, this should
be taken into account, in combination with the existing evidence, to evaluate the
usefulness of the test method to assess mixtures [8]. In cases where evidence can be
demonstrated on the non-applicability of the OECD TG 430 to a specific category
of mixtures (e.g. following a strategy as proposed by Eskes et al. [43]), the test
guideline should not be used for that specific category of mixtures [8, 24].
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While the OECD TG 430 does not provide adequate information on skin irrita-
tion, it should be noted that OECD TG 439 [44] specifically addresses the health
effect skin irritation in vitro. For a full evaluation of local skin effects after a single
dermal exposure, the OECD Guidance Document No. 203 on an IATA for skin cor-
rosion and irritation should be considered, which includes the conduct of in vitro
tests for skin corrosion and skin irritation before considering testing in living
animals [8].

Finally the TER assay still makes use of animals from which the dorsal and flank
hair are carefully removed at day 22 using small clippers. The clipped area is sub-
merged in an antibiotic solution the first, third and fourth day, and the animals are
humanely killed when 28-30 days old. Because of such procedures, depending on
national regulations, this assay may or may not be considered as an animal experi-
mentation. Indeed, the EU directive on the protection of animals used for scientific
purposes (2010/63/EU; [6]) states that a “‘procedure’ means any use, invasive or
non-invasive, of an animal for experimental or other scientific purposes, with
known or unknown outcome, or educational purposes, which may cause the animal
a level of pain, suffering, distress or lasting harm equivalent to, or higher than, that
caused by the introduction of a needle in accordance with good veterinary
practice”.

7.4.3 In Vitro Membrane Barrier Test Method for Skin Corrosion
(Corrositex®)

The in vitro membrane barrier test method for skin corrosion is described in detail
in the OECD TG 435 [25]. It is also recommended by the UN model regulations for
the transport of dangerous goods [12]. The only in vitro membrane barrier method
currently endorsed as valid falling within the OECD TG 435 is the commercially
available Corrositex® test method [49]. In Europe, although it was endorsed by the
ECVAM’s Scientific Advisory Committee (ESAC) as being scientifically valid, it
has not been taken up in the EU legislation due to the fact that the Corrositex® test
method was considered valid only for limited applicability domain of acids, bases
and their derivates [36, 37].

The in vitro membrane barrier test method utilizes an artificial membrane
designed to respond to corrosive chemicals in a manner similar to animal skin in
situ. The system is comprised of two components: a synthetic macromolecular
biobarrier and a chemical detection system (CDS) which allows detecting the mem-
brane barrier damage caused by corrosive test chemicals after the application of the
test chemical to the surface of the membrane barrier.

The classification assigned is based on the time (in minutes) it takes for a test
chemical to penetrate through the membrane barrier and its supporting filter to the
indicator solution. Penetration of the membrane barrier (or breakthrough) is mea-
sured by a change in the colour of a pH indicator dye or changes in other properties
of the indicator solution such as physical appearance (flaking, precipitation, etc.).
The time required for this change to occur (the breakthrough time) is reported to be
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inversely proportional to the degree of corrosivity of the test chemical, i.e. the lon-
ger it takes to detect a change, the less corrosive is the substance.

The OECD TG 435 allows the identification of corrosive test chemicals as well
as the subcategorization of corrosive test chemicals according to the three UN GHS
subcategories of corrosivity, i.e. 1A, 1B and 1C and to the UN transport packaging
groups I, IT and III for corrosivity hazard [9, 12]. In addition, the test method may
be used to make decisions on the corrosivity and non-corrosivity of specific classes
of chemicals including organic and inorganic acids, acid derivatives! and bases
[36, 37].

In contrast to the OECD TG 430 and 431 which were validated mainly using
individual substances, the validation data set of the Corrositex® test method falling
within OECD TG 435 comprised both substances and mixtures. As a consequence,
the method is considered applicable to both substances and mixtures. Furthermore,
the in vitro membrane barrier test method may be used to test solids (soluble or
insoluble in water), liquids (aqueous or nonaqueous) and emulsions.

A limitation of the Corrositex® test method is that many non-corrosive and some
corrosive test chemicals may not qualify for testing, based on the compatibility test.
Indeed, test chemicals that do not cause a detectable change in the compatibility test
(i.e. induce a colour change of the CDS) cannot be tested with the membrane barrier
test method and should be tested using other test methods. For instance, aqueous
test chemicals with a pH in the range of 4.5-8.5 often do not qualify for testing,
even though 85% of chemicals tested in this pH range were found to be non-corro-
sive in animal tests [37].

Finally, while the OECD TG 435 does not provide adequate information on skin
irritation, it should be noted that OECD TG 439 [44] specifically addresses the
health effects of skin irritation in vitro. For a full evaluation of local skin effects
after a single dermal exposure, the OECD Guidance Document No. 203 on an IATA
for skin corrosion and irritation should be considered, which includes the conduct
of in vitro tests for skin corrosion and skin irritation before considering testing in
living animals [8].

7.5 Comparison to the In Vivo Test Method

A summary of the major components of the regulatory in vivo and in vitro tests for
skin corrosion is shown in Table 7.2.

The adopted in vitro reconstructed human epidermis methods are based on cul-
tured tissues of the species of interest, i.e., humans. Although these models do not
present all functional complexity that exist in vivo, i.e. the dermis and its features
such as hair follicles, sebaceous glands and nerve and immune cells, such features
seem to play a less important role in the mechanisms of skin corrosion than in the

'“Acid derivative” is a non-specific class designation and is broadly defined as an acid produced
from a chemical either directly or by modification or partial substitution. This class includes anhy-
drides, halo acids, salts and other types of chemicals.
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inflammatory reactions that could lead to skin irritation. On the other hand, the
adopted in vitro TER method makes use of excised rat skin which does include the
dermis but no blood circulation. Finally, the adopted in vifro membrane barrier
assay does only mimic the morphological features of the in vivo skin.

The various adopted in vitro models for regulatory purposes also mimic the
mechanisms of skin corrosion occurring in the in vivo test. These encompass:

— Cell viability (reconstructed human epidermis models) based on the principle
that corrosive chemicals are able to penetrate the stratum corneum and are cyto-
toxic to the underlying layers

— Loss of barrier function and integrity (TER assay), based on the principle that
corrosive test chemicals can produce loss of stratum corneum integrity and bar-
rier function

— Membrane barrier damage (membrane barrier test) presumably by the same
mechanism(s) of corrosion that operate on living skin

With the exception of TER, the exposure times used with the adopted in vitro
assays are comparable to those used in vivo (3 min, 1 h and 4 h for the RhE test
methods and cut-offs of 3 min, 1 h and 4 h for the in vitro membrane barrier test),
and the doses applied in vitro are similar or greater than those applied in vivo (for
details see Table 7.2).

Unlike the in vivo test, the in vitro test methods make systematically use of posi-
tive and negative controls to check for the functionality of the test method. In addi-
tion, the in vitro test methods require ensuring technical proficiency by the laboratory
prior to the routine use of the in vitro methods, by testing a list of recommended
proficiency chemicals.

Overall, the adopted in vitro assays for skin corrosion are all able to distinguish
between corrosive (UN GHS cat. 1) and non-corrosive test chemicals according to
the UN GHS classification system. However, regarding the possibility of the
assays to identify the UN GHS corrosive subcategories, the following currently
applies:

— The membrane barrier test falling within the OECD TG 435 is considered valid
to distinguish the three UN GHS subcategories 1A, 1B and 1C (as well as the
three UN transport packaging groups I, IT and III), even though its applicability
is limited to test chemicals that are compatible with the chemical detection sys-
tem of the assay and, in the EU, to acids, bases and their derivates.

— The RhE test methods falling within the OECD TG 431 are accepted to distin-
guish between the UN GHS subcategory 1A from a combination of subcatego-
ries 1B-and-1C but not to distinguish between the UN GHS subcategory 1B from
the subcategory 1C due to the limited set of well-known in vivo corrosive sub-
category 1C chemicals.

— The TER assay falling within the OECD TG 430 does not allow the subcategori-
zation of corrosive test chemicals in accordance with the UN GHS
subcategories.
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Finally, none of the in vitro assays adopted for skin corrosion testing provide

with adequate information on skin irritation. For that purpose, the in vitro method
falling within the OECD TG 439 [44] should be used as it specifically addresses the
health effects of skin irritation in vitro. For a full evaluation of local skin effects
after a single dermal exposure, the OECD Guidance Document No. 203 on an IATA
for skin corrosion and irritation should be considered [8].
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The EpiSkin™ Human Epidermis Model
for In Vitro Skin Corrosion of Test
Chemicals

Nathalie Alépée, Marie Héléne Grandidier,
and José Cotovio

8.1 Principle of Test Method and Scientific Basis

Common corrosives usually include strong acids, strong bases, or concentrated
solutions of certain weak acids or weak bases. Their effect on living tissue such as
skin is mainly based on acid-base reactions of amide hydrolysis and ester hydroly-
sis. Final clinical effects mostly depend on the substance. For example, hydrogen
peroxide removes a bleached layer of skin, while nitric acid causes a characteristic
yellow colour change in the skin. These reactions lead to chemical burns and define
the usual mechanism of tissue damage caused by corrosives. Chemical burns follow
the standard burn classification and may cause extensive and variable tissue dam-
age. The exact symptoms of a chemical burn depend on the chemical involved.
Symptoms and clinical signs include itching, bleaching or darkening of the skin, a
burning sensation and tissue necrosis. Corrosive substances irreversibly damage the
skin through the epidermis and into the dermis, beyond repair. The skin may be
exposed to a wide range of chemicals through occupational exposure or consumer
products such as solvents and detergents. Chemical production and related profes-
sional fields are examples of occupations in which chemical burns can occur.
Because chemicals may even lead to severe risks, there is a strong need for data
on skin corrosion potential. These data would ensure a high level of protection in
terms of human health and occupational safety as well as the safe transportation of
chemicals (in line with UN Recommendations on the Transport of Dangerous
Goods). It would also be necessary to achieve sustainable development while
enhancing competitiveness and innovation. These requirements are reflected in leg-
islation such as the Classification, Labelling, and Packaging (CLP) Regulation
(1272/2008), the EU regulation on cosmetic products (EC 1223/2009) [1] and the

N. Alépée (P<1) » M.H. Grandidier ¢ J. Cotovio

L’ Oréal Research and Innovation,

1, Avenue Eugéne Schueller, 93600 Aulnay-sous-Bois Cedex, France
e-mail: nalepee @rd.loreal.com

© Springer International Publishing AG 2017 107
C. Eskes et al. (eds.), Alternatives for Dermal Toxicity Testing,
DOI 10.1007/978-3-319-50353-0_8


mailto:nalepee@rd.loreal.com

108 N. Alépée et al.

REACH Regulation (1907/2006) [2]. Corrosion is also an endpoint addressed by
the Environmental Protection Agency in its assessments of pesticide formulations
and ingredients.

Currently, internationally accepted skin corrosion test methods are based on the
fact that corrosive substances show cytotoxic effects following topical, short-term
exposure of the epidermis. They include the traditional Draize rabbit test [3] as well
as in vitro test methods based on reconstructed human epidermis technology, such
as the EpiSkin""method. The test described herein is based on tissue viability evalu-
ation after topical, short-term exposure to substances.

EpiSkin"is an in vitro three-dimensional reconstructed human epidermis model
closely mimicking the biochemical and physiological properties of the upper parts
of the human skin, i.e. the epidermis. In this model, keratinocytes are cultured at the
air-liquid interface. The tissue is organised in basal, spinous and granular cell lay-
ers, but also presents a multi-layered functional stratum corneum containing inter-
cellular lamellar lipid layers close to the main lipid classes found in vivo [4]. The
test method involves topical application of the tested substance to the EpiSkin™
tissue, followed by tissue cell viability assessment. Corrosive chemicals are identi-
fied by their ability to decrease cell viability below defined threshold levels [5].

8.2  Current Validation Status
The reliability and relevance of the EpiSkin™ test method has been established
through a controlled, inter-laboratory validation study overseen by the European
Centre for the Validation of Alternative Methods (EURL-ECVAM). Based on its
scientific validity, this test method has been recommended for all classes of chemi-
cal testing [6, 7] and for inclusion in tiered testing strategies as part of a tiered or
weight-of-evidence evaluation [7]. Validation studies have reported that the
EpiSkin™ test method was able to discriminate known skin corrosives and non-
corrosives with an overall sensitivity of 82% (23/28) and specificity of 84% (27/32)
in a database of 60 substances [8—11]. The test protocol provides promising indica-
tion of allowing distinction between severe and less-severe skin corrosives [11].
The EpiSkin™ test method was first accepted under the official Organisation for
Economic Co-operation and Development (OECD) Test Guideline 431 [12] allow-
ing the identification of non-corrosive and corrosive substances and mixtures in
accordance with the United Nations (UN) Globally Harmonised System of
Classification and Labelling of Chemicals (GHS) [12, 13]. In 2014, OECD Test
Guideline 431 further supported the sub-categorisation of corrosive substances and
mixtures into optional Category 1A, in accordance with the UN GHS, as well as a
combination of Categories 1B and 1C using the EpiSkin™ test method [5, 14, 15].
Therefore, in the context of the revision of OECD TG 431, knowing that EpiSkin™’s
Prediction Model already resulted in sufficiently accurate predictions, it has been
used for comparison purposes of investigative analyses for others Reconstructed
human Tissues models [15, 16]. EpiSkin™ was also recently included as part of the
Integrated Approach to Testing and Assessment (IATA) in OECD Guidance
Document 203 [17]for Skin Irritation/Corrosion.
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8.3  Performance and Applicability of the Test Method
8.3.1 Reproducibility

Reproducibility was evaluated using two calculation methods: one by testing the
same chemicals over time in a single laboratory (within-laboratory reproducibility,
WLR) and the other by testing the same chemicals in different laboratories (between-
laboratory reproducibility, BLR). WLR was calculated as the percentage of chemi-
cals with identical classifications in three runs. BLR was the percentage of chemicals
with identical classifications between laboratories.

8.3.1.1 Within-Laboratory Reproducibility (WLR)

In 1996-1997, an international skin corrosion validation study (SCVS) was con-
ducted under the supervision of the EURL-ECVAM. Sixty coded chemicals were
tested in three different laboratories (AFSSAPS, INRS, and Rhone Poulenc).
Concordant classification was observed for 167 out of 180 items (92.7%) for the
three laboratories when considering corrosives versus non-corrosives [11]
(Table 8.1). In particular, the same prediction was observed for 42 out of 60 chemi-
cals (70%), each in triplicate experiments and in all laboratories when considering
corrosives versus non-corrosives [11]. In three cases (5%, 3/60), one laboratory had
consistently different classification categories to those from the other laboratories.
When considering UN GHS subcategory 1A versus 1B-and-1C versus non-
corrosives, the WLR was still high, with 88.3% (159/180) reproducibility (Table 8.1).
None of the UN GHS subcategory 1A substances were under-predicted as
non-corrosives.

More recently, the OECD expanded its work plan to include a project to update
OECD TG 431 on skin corrosion to allow sub-categorisation of corrosive chemicals
[15]. Thus, in 2012, the OECD recommended testing 82 chemicals, including the
chemical set initially used to validate all in vitro skin corrosive test methods, along
with adapted controls for direct MTT reducers or colour interference. Eighty-five

Table 8.1 Within-laboratory reproducibility of the EpiSkin™ skin corrosion test method

ECVAM SCVS laboratories
Reproducibility Rhone Poulenc AFSSAPS INRS L’Oréal R&I
60 SCVS chemicals 100% (60/60)  93.3% (56/60) 85.0% (51/60) —
(corrosives vs. NC)
60 SCVS chemicals 95.0% (57/60) 93.3% (56/60) 76.7% (46/60) —
(1A vs. 1B—and-1C vs. NC)
55 SCVS chemicals 100% (55/55)  92.7% (51/55) 85.5% (47/55) 92.7% (51/55)
(corrosives vs. NC)
55 SCVS chemicals 96.4% (53/55) 90.9% (50/55) 78.2% (43/55) 87.3% (48/55)
(1A vs. 1B—and-1C vs. NC)
85 chemicals (corrosives - - - 94.1% (80/85)
vs. NC)
85 chemicals - - - 88.2% (75/85)
(1A vs. 1B-and-1C vs. NC)
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chemicals were tested by L’Oréal using the EpiSkin™ test method in three indepen-
dent runs [5]. Different combinations were used to calculate performance for the
UN-GHS categories (1A, 1B, 1C, grouped category 1B-and-1C, and non-corrosive),
with WLR estimated for the 85 chemicals altogether. To be able to compare results
within the three laboratories that participated in the EURL ECVAM SCVS, WLR
was also calculated for 55 EURL-ECVAM SCVS commercially available chemicals
that were part of the 85 tested in this study [11].

When considering three different subcategories (1A, 1B-and-1C, and non-
corrosive), 88.2% of the 85 chemicals (75/85) and 87.3% of the 55 SCV'S chemicals
(48/55) showed 100% concordance of classifications for the three independent runs
performed at L’ Oréal laboratories [S] (Table 8.1). In addition, for the same set of 55
SCVS chemicals, the other three participating laboratories found 100% concor-
dance of classifications between three independent runs for 96.4% (53/55), 90.9%
(50/55), and 78.2% (43/55) of the chemical set.

Overall, data obtained by L’Oréal laboratories can be compared with EURL
ECVAM SCVS data from 20 years ago. In conclusion, the EpiSkin™ test method
showed reproducible predictions based on cell viability values within-laboratories
and over a long period of time. As such, the test method can reliably predict chemi-
cals into the three different UN GHS skin corrosion subcategories.

8.3.1.2 Between-Laboratory Reproducibility (BLR)

The final classification of chemicals was based on the arithmetic mean value (n = 3)
of cell viability at each exposure time (3 min, 1 and 4 h). For comparison, BLR was
calculated considering (1) the three laboratories that participated in the EURL-
ECVAM SCVS (using the data reported in [11]), (2) the three laboratories partici-
pating in the EURL-ECVAM SCVS plus L’Oréal R&I (using the data reported in
[5]), and (3) three out of four laboratories including L’ Oréal R&I (L’ Oréal plus two
of the laboratories that participated in the EURL ECVAM SCVS).

BLR was assessed through a skin corrosion validation study (SCVS) under the
auspices of the EURL-ECVAM. Concordant classification was observed for 53 out
of 60 chemicals (88.3%) in the three laboratories when considering corrosives ver-
sus non-corrosives [11] (Table 8.2). In five cases, results crossed classification
boundaries in more than one laboratory related to UN GHS NC versus

Table 8.2 Between-laboratory reproducibility (BLR) of the EpiSkin™ skin corrosion test method

3 ECVAM L’Oréal R&I + 3 L’Oréal R&I + 2
Reproducibility SCVS labs ECVAM SCVS labs ECVAM SCVS labs
60 SCVS chemicals (corrosives 88.3% (53/60) - -
vs. NC)
60 SCVS chemicals 80.0% (48/60) — -
(1A vs. 1B-and-1C vs. NC)
55 SCVS chemicals (corrosives 85.50% (47/55) 83.60% (46/55) 92.70% (51/55)
vs. NC)
55 SCVS chemicals 81.80% (45/55) 74.50% (41/55) 87.30% (48/55)

(1A vs. 1B-and-1C vs. NC)
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subcategories 1B-and-1C, or UN GHS subcategories 1A versus 1B-and-1C. No
chemical in UN GHS subcategory 1A was under-classified as non-corrosive.

Even after distinguishing between UN GHS subcategory 1A, 1B-and-1C, and
non-corrosives, BLR was still high, with an accuracy of 80.0% (48/60)
(Table 8.2).

When data acquired by L’ Oréal laboratories in 2012-2013 are compared with the
EURL-ECVAM SCVS data from almost 20 years ago, 74.5% of the chemicals
(41/55) show 100% concordance on classifications for the four participating labora-
tories [5] (Table 8.2). When considering the three subcategories, 81.8% (45/55) to
87.3% (48/55) of the chemicals evaluated showed 100% concordance on classifica-
tions between three participating laboratories. When considering only corrosives
versus non-corrosives, BLR was even higher, with an accuracy of between 85.5%
(47/55) and 92.7% (51/55) (Table 8.2).

8.3.2 Predictive Capacity

The Management Team of the EURL-ECVAM SCVS defined several predictive
capacity criteria to judge the scientific validity of the evaluated test methods.
EpiSkin™ was the only one found suitable to distinguish between R35 (equivalent
to UN GHS Category 1A) and R34 (equivalent to a combination of UN GHS
Categories 1B and 1C) for all chemical types tested [11, 18]. The EpiSkin™ test
method met the ‘best possible” expected outcome for all over- and under-predic-
tion criteria defined for non-corrosives and R34, while for R35, the under-predic-
tions were acceptable but only slightly better than the ‘unacceptable’ outcome
[11, 18].

More recently, the EU Classification, Labelling, and Packaging Regulation (EU
CLP) system required the sub-categorisation of corrosive chemicals into the three
UN GHS optional subcategories 1A, 1B, and 1C [19]. L’Oreal R&I was tasked with
investigating the usefulness of the validated EpiSkin™ test method. The goal was to
identify skin corrosive UN GHS Categories 1A, 1B, and 1C using the original vali-
dated prediction prediction model and adapted controls for direct MTT reduction.
In total, 113 chemicals were tested, including 82 chemicals selected by the OECD
expert group on skin corrosion. Predictive capacity was calculated on the basis of all
individual predictions obtained for each chemical (Table 8.3). Calculations were
performed for three categories (Category 1A, Category 1B-and-1C, and non-
corrosive). Moreover, the predictive capacity of EpiSkin™ was calculated consider-
ing the data obtained by L’ Oréal alone and in combination with the data obtained in
the EURL-ECVAM SCVS. Thus, different chemicals ended up with a different
number of independent classifications used to calculate predictive capacity, i.e.
ranging from 12 classifications (40 chemicals from EURL-ECVAM SCVS that
were not identified as MTT reducers in this study) to at least three classifications
(chemicals that were not part of EURL-ECVAM SCVS or were identified as MTT
reducers in this study). To prevent some chemicals from weighing differently in the
calculation of predictive capacity, a weighted calculation was used to reflect the real
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predictive capacity of the test method. The ensuing predictive capacity of the
EpiSkin™ skin corrosion test method, to classify chemicals according to three sub-
categories (UN GHS Categories 1A, 1B-and-1C, and non-corrosive), is shown in
Table 8.4.

The EpiSkin™ test method showed a specificity of 88.3% considering the 67
tested in vivo non-corrosive chemicals. Of the 7.86 false-positive classifications
obtained, 11.2% were classified as UN GHS Category 1B-and-1C and 0.5% as
UN GHS Category 1A (Table 8.4). The EpiSkin™ test method showed a sensitiv-
ity of 98.4%. There were two chemicals having false-negative classifications,
i.e. Methacrolein and Iron (IIT) chloride, both UN GHS Category 1B chemicals
under-predicted as non-corrosive in the EURL-ECVAM SCVS. None of the UN
GHS Category 1A chemicals were under-predicted as non-corrosive. Of the
classifications obtained for the in vivo UN GHS Category 1A chemicals, 83.3%
were correctly predicted, 16.7% were under-predicted as UN GHS Category
1B-and-1C. Of the classifications obtained for the in vivo UN GHS Category
1B-and-1C chemicals, 79.8% were correctly predicted, 17.7% were over-pre-
dicted as UN GHS Category 1A, and 2.4% were under-predicted as
non-corrosive.

The overall accuracy of the EpiSkin™ test method in distinguishing between cor-
rosive and non-corrosive chemicals was 92.4% [5]. The accuracy in distinguishing
between UN GHS Category 1A, Category 1B-and-1Cand non-corrosive chemicals
was 83.1% when considering the L’Oréal data combined with the EURL-ECVAM
SCVS data.

Table 8.4 Predictive capacity of the EpiSkin™ skin corrosion test method considering L’Oréal
data for the complete set of 113 chemicals combined with the data for non-MTT reducers* obtained
in the EURL ECVAM SCVS (weighted data)

Predictive capacity Predictions/total %

Specificity (non-corrosive correct predictions) 59.14/67 88.3
False positives (NC — C) 7.86/67 11.7
NC — Category 1B/1C 7.53/67 11.2
NC — Category 1A 0.33/67 0.5
Sensitivity (Corrosive correct predictions) 45.25/46 98.4
False negatives (C — NC) 0.75/46 1.6
Category 1A correct predictions 10.00/12 83.3
Category 1A — Category 1B/1C 2.00/12 16.7
Category 1A — NC 0.00/12 0.0
Category 1B/1C correct predictions 24.75/31 79.8
Category 1B/1C — Category 1A 5.50/31 17.7
Category 1B/1C — NC 0.75/31 2.4
Accuracy (Corrosive vs Non-corrosive) 104.39/113 924
Accuracy (Category 1A vs. Category 1B/1C vs. Non-corrosive) 93.89/113 83.1

aSince in the EULR ECVAM SCVS all data were acquired without the use of adapted controls for
direct MTT reducers (water-killed tissues), the calculation of predictive capacity was performed
using only the data obtained for non-MTT reducers obtained
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8.3.3 Applications and Limitations

The test method allows the hazard identification of mono- and multi-component test
substances (solids, liquids, and semi-solids). The liquids can be aqueous or non-
aqueous; solids can be soluble or insoluble in water. Samples may be pure chemi-
cals or dilutions. Where appropriate, solids should be ground to a powder before
application; no other prior treatment of the sample is required. The test method is
not applicable to the testing of gases and aerosols (although this is true for almost
all reconstructed human epidermis test methods, included in OECD TG 431). A
wide range of chemicals representing mainly individual substances was tested in the
validation study. The empirical database of the validation and OECD studies
amounted to 60 and 85 chemicals, respectively, covering a wide range of chemical
classes [5, 8, 11]. The 113 chemicals presented in this paper include 27organic
acids, 11 inorganic acids, 13 organic bases, three inorganic bases, 49 neutral organ-
ics, six inorganic salts, and four soap/surfactants.

Evaluation of coloured chemicals and chemicals that act directly on MTT (e.g.
MTT reducer) could be performed. However, use of adapted controls, as described
in the test method SOP, is needed to define the non-specific colour inherent to the
chemical as well as the non-specific MTT reduction. Using standard photometry as
the endpoint detection system, test results for chemicals inducing high non-specific
MTT reduction and/or high non-specific colour should be taken with caution. Such
coloured chemicals can be tested nevertheless by using an HPLC/UPLC spectro-
photometry procedure (see Sect. 6.2), which may also be used with all types of test
chemicals (coloured, non-coloured, MTT-reducers, and non-MTT reducers).

8.4  Brief Description of the Protocol

The assay is performed as described in Alépée et al. [5] and according to OECD
Test Guideline 431 on in vitro skin corrosion, using the validated Standard Operating
Procedure (SOP) available for download at: https://eurl-ecvam.jrc.ec.europa.eu/
validation-regulatory-acceptance/topical-toxicity/skin-corrosion. The main differ-
ence between this approach and the original protocol used in Fentem et al. [11] is
the inclusion of controls to correct direct MTT reduction by the test substances
(using water-killed tissues), as described in the validated SOP.

Test substances are applied topically to the epidermal model (two epidermis
units per test substance) at three different exposure periods: 3, 60, and 240 min at
room temperature. Liquids (50 pL) are added using a positive displacement pipette.
For solids, the chemical is crushed to a powder, if necessary, and 20 mg (in 100 pL
of NaCl 9 g/L) is applied to the EpiSkin™ tissues. NaCl 9 g/L (50 pL) and glacial
acetic acid (50 pL) are used as negative and positive controls, respectively. At the
end of the exposure period, samples are rinsed with phosphate-buffered saline. Cell
viability, used as the endpoint, is determined on the basis of cellular mitochondrial
dehydrogenase activity, measured by tetrazolium salt MTT reduction
((3-4,5-dimethyl triazole-yl) 2,5-diphenyltetrazoliumbromide) and conversion into


https://eurl-ecvam.jrc.ec.europa.eu/validation-regulatory-acceptance/topical-toxicity/skin-corrosion
https://eurl-ecvam.jrc.ec.europa.eu/validation-regulatory-acceptance/topical-toxicity/skin-corrosion
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Table 8.5 Prediction model of the EpiSkin™ skin corrosion test method

Exposure time Viability (% of negative control) UN GHS category

3 min <35% after 3 min exposure Skin corrosive Category 1A

3minand 1 h >35% after 3 min exposure; and Skin corrosive Category 1B*
<35% after 1 h exposure

lhand4h >35% after 1 h exposure; and Skin corrosive Category 1C*
<35% after 4 h exposure

4h >35% after 4 h exposure Non-corrosive

4If sub-categorisation into Categories 1B and 1C is not used as described, e.g. in the OECD TG
431, Category 1B-and-1Ccan be determined if the tissue viability is >35% after 3 min exposure
and <35% after 4 h exposure

blue formazan salt that is quantitatively measured after extraction from tissues [20].
The tissues are incubated for 3 h in a MTT solution (0.3 mg/mL; 2 mL per well) at
37 °C, 5% CO,, and >95% humidified atmosphere. MTT is reduced from a yellow-
coloured tetrazolium soluble salt into blue formazan precipitate by succinate dehy-
drogenase in the mitochondria of living cells. The precipitated formazan is extracted
overnight with acidified isopropanol (0.5 mL, 0.04 N HCl in isopropanol) at room
temperature, protected from light. Each tube should be mixed thoroughly before
reading to verify that all the formazan is correctly extracted. The precipitated extract
is then quantified by spectrophotometry at a wavelength of 570 nm. The extracted
MTT formazan may be quantified using either a standard absorbance (ODs;,) mea-
surement or an HPLC/UPLC-spectrophotometry procedure (see Sect. 6.2). For each
treated tissue, the viability is expressed as a % relative to negative control tissues
(mean). The final viability, for the three measurement times, allows the classifica-
tion of the substance according to the prediction model (Table 8.5).

8.5 RoleinTesting Strategy

The OECD has adopted an Integrated Approach to Testing and Assessment (IATA)
for skin corrosion and irritation (OECD GD 203) that provides guidance—through
a modular approach to classification and labelling—on how to integrate and use
existing and new information on the corrosive and irritant hazard potential of chem-
icals. The goal is to keep the use of animals to a minimum while ensuring human
safety [17]. IATA comprises well-described and characterised modules. Each of
them contains one or more individual information sources of a similar type. One of
the modules addresses the use of validated and accepted in vitro or ex vivo tests for
skin irritation and skin corrosion when no existing human and/or animal data are
available. A sequential bottom-up or top-down testing strategy is proposed to assess
the potential need for skin irritation and corrosion classification, as described in
Fig. 8.1.

In vitro EpiSkin™ skin irritation and skin corrosion test methods have been for-
mally validated and adopted for the regulatory assessment of both skin irritation
(OECD TG 439) and skin corrosion (OECD TG 431) of substances, respectively
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Bottom-up strategy Top-down strategy
no : yes
Non Irritant .
ECD TG 4 ECD TG 431
OECD TG 439 (No Category) OECD TG 43 Corrosive

(Cat. 1, 1A, 1B-and-1C)

No
(non corrosive)

Yes
(irritant or corrosive)

no 3 no .
OECD TG 431 P OECD TG 439 Non Irritant
(Cat. 2) (No Category)
Yes Yes
Corrosive Irritant
(Cat. 1, 1A, 1B-and-1C) (Cat. 2)

Fig.8.1 Overview of the sequential bottom-up and top-down testing strategies based on OECD
IATA Guidance Document 203 for the classification of chemicals according to their skin corrosion
and irritancy potential

[15, 21, 22]. EpiSkin™ skin irritation and corrosion data were integrated into either
a sequential bottom-up or a top-down testing strategy (based on a set of 87 chemi-
cals) to investigate the usefulness and limitations of the two approaches using sta-
tistical data analysis, according to the EU CLP/UN GHS classification system [13,
19].

The skin irritation and skin corrosion test methods showed high predictive
capacities in both bottom-up and top-down testing sequences. The overall classifi-
cation of the 87 chemicals, according to the EU CLP/UN GHS classification sys-
tem, remained very similar. However, the respective predictive capacities of the test
methods did differ slightly, depending on whether they were used as a first or a
second step in the testing sequence (Fig. 8.2).

When used as a first step, in a top-down approach, the skin corrosion method
(OECD TG 431) correctly identified 100% (35/35) of the Category 1 chemicals. It
should be noted that seven category 1B-and-1Cchemicals were over-predicted as
Category 1A and one Cat. 1A chemical was under-predicted as Category 1B-and-1C
(Fig. 8.2). Similarly, this approach correctly identified 76.9% (10/13) of Category 2
and 84.6% (33/39) of non-classified chemicals. However, methyl palmitate (UN
GHS Cat. 2, consistently false negative in in vitro tests) was misclassified as
non-classified.

When the skin irritation method (OECD TG 439) was used as a first step in a
bottom-up strategy, 84.8% (33/39) of non-classified chemicals were correctly iden-
tified, whereas six non-classified chemicals were over-predicted as either irritants
(five chemicals) or a corrosive (one chemical). Using the skin corrosion test method
as the second step led to correct identification of 76.9% (10/13) of Category 2 irri-
tants and 100% (35/35) of Category 1 corrosive chemicals. Overall, few false nega-
tives were generated (e.g. di-n-propyl disulphide and methyl palmitate, both UN
GHS Cat.2).

Both testing approaches (Bottom-Up and Top-Down) resulted in comparable and
high overall performances. EU CLP classified (UN GHS Cat. 1 and Cat. 2)
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EU CLP — Top Down . Epi.Skin | Sum
Non Class.: Cat.2 :Cat. 1B-1C : Cat. 1A
TG431 | Cat 1A I 10 7
v Cat. 1B-1C o . o - 17 . 7 24
TG 439 Cat. 2 1 10 = 2 L0 13
Non Class. 33 . 5 ; 1 C0 39
Sum 34 15 21 17 87
EpiSkin

EUCLP -BotomUp |0 Class. | Cat. 2 i "Gat 1BAC | Cat1a | U7
TG 439 | Non Class. 33 : 5 : 1 : 0 39
v Cat. 2 3 + 10 0o 0 13
TG 431 |Cat. 1B-1C 0 : 0 L7 7 o4
Cat.1A 0 : 0 ; 1 L 10 11
Sum 36 15 19 17 87

Fig.8.2 Sequential testing approaches using both EpiSkin™ skin irritation and skin corrosion test
methods. Contingency table for 87 tested chemicals according to EU CLP classification

chemicals were identified with a very high sensitivity (94.2-95.7%), the EU CLP
non-classified (UN GHS optional Cat. 3 and No Cat.) chemicals with an appropriate
specificity (70.4-70.7%), so that high overall accuracy values were obtained for the
identification of EU CLP classified versus non-classified chemicals by both
approaches (82.6-83.2%). Furthermore, very high sensitivities were obtained for
the identification of UN GHS/EU CLP Cat. 1 chemicals (97.9-99.8%), very high
specificities for non-Cat. 1 chemicals (92.6-93.0%), and very high accuracies for
the identification of skin corrosives vs. non-corrosives by both approaches (94.9—
95.5%). Overall accuracies of 71.7-72.2% were found for predicting the single
(sub)categories (EU CLP non-classified, EU CLP/UN GHS Cat. 2, Subcat. 1B/1C
and Subcat. 1A). Results also indicated the testing strategies to be more predictive
than the individual assays and to tend to err towards safety. Finally, no in vivo UN
GHS/EU CLP Subcat. 1A was under-predicted as non-Cat. 1, and no EU CLP non-
classified chemical was over-predicted as Cat. 1A, showing that no extreme mis-
classifications occur when using either the bottom-up or top-down testing
strategies.

8.6  Perspectives From the Test Developer
8.6.1 Critical Steps in the Protocol
The critical steps of the standardised operating procedure include the following:

e The absence of air bubble under the epidermis should be verified at each step;
e All test substances should be tested alone in separate plate;
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» For viscous and sticky chemicals, a curved flat spatula should be used or the test
chemical shall be weighed directly on the nylon mesh (pre-testing compatibility
of the test chemical with the nylon mesh should be considered);

» Tissues should be rinsed thoroughly;

* Always make use of a freshly prepared MTT solution (preparation to be used
within 3 h);

* The epidermis should be gently detached from the matrix and turned with the
epidermis topical side against the matrix before formazan extraction is conducted
with isopropanol acid.

8.6.2 Possible Protocol Adaptations

Test chemicals may interfere with the MTT assay, either by direct reduction of the
MTT into blue formazan and/or by colour interference if the test chemical absorbs—
naturally or due to treatment procedures—in the same OD range as formazan
(570 = 30 nm). Additional controls should be used to detect and correct potential
interference such as the non-specific MTT reduction (NSMTT) control and/or the
non-specific colour (NSCjine 0r NSCyeq) controls [S]. This is especially important
when a chemical is difficult to remove from the tissue by rinsing or when it pene-
trates the epidermis and is therefore present in the tissues when the MTT viability
test is performed. A detailed description of how to correct direct MTT reduction and
interference from colouring agents is available in the SOP (www.episkin.com).

For coloured test chemicals that are not compatible with the standard absorbance
(OD) measurement (strong interference with the MTT assay), the alternative HPLC/
UPLC-spectrophotometry procedure to measure MTT formazan may be used. The
HPLC/UPLC-spectrophotometry allows the separation of the MTT formazan from the
test chemical before its quantification. As a result, NSCj;,, 0r NSCyjieq controls are not
required when using HPLC/UPLC. NSMTT controls should nevertheless be used if
the chemical is suspected of directly reducing MTT or has a colour that impedes the
assessment of the capacity to directly reduce MTT. When using HPLC/UPLC-
spectrophotometry to measure MTT formazan, viability is calculated as the percentage
of the MTT formazan peak area obtained with living tissues exposed to the test chemi-
cal relative to the MTT formazan peak obtained with the concurrent negative control.
As such, HPLC/UPLC-spectrophotometry may be used with all types of test chemi-
cals (coloured, non-coloured, MTT reducers, and non-MTT reducers) for the measure-
ment of MTT formazan [23]. Due to the diversity of HPLC/UPLC-spectrophotometry
systems, qualification of the device must be demonstrated before use, ensuring compli-
ance with acceptance criteria based on a set of standard qualification parameters simi-
lar to those described in the U.S. Food and Drug Administration guidance for industry
on bio-analytical method validation [23, 24]. Cosmetics Europe has undertaken a
study that focuses on evaluation of skin corrosive chemicals. The results obtained in
this study provide further support for Within Laboratory Reproducibility of HPLC-
UPLC-spectrophotometry for measurement of formazan on methacrolein and boron
trifluoride dihydrate [25]. Taking into account the low variability between the three
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tissue replicates and between the three independent experiments, the results demon-
strated that the test method protocol is robust irrespective of whether OD or HPLC/
UPLC-spectrophotometry is used as the endpoint detection system for measurement
of formazan. Finally, use of HPLC/UPLC-spectrophotometry for measurement of
formazan is incorporated into the OECD TGs 431 (skin corrosion) and in the Scientific
Committee on Consumer Safety Note of Guidance [15, 26].

8.6.3 Challenges and Opportunities

Because chemicals may lead to severe risks, there is a strong need for data on skin
corrosion potential. These data would ensure a high level of protection in terms of
human health and occupational safety as well as the safe transportation of chemicals
and mixtures (in line with UN Recommendations on the Transport of Dangerous
Goods). It would also be necessary to achieve sustainable development while
enhancing competitiveness and innovation.

The EpiSkin™ test method may be used as a stand-alone test method for the detec-
tion or exclusion of corrosive effects of chemicals. Negative results with this test
method will require an additional in vitro skin irritation test—if not performed
beforehand—to determine whether the chemical should be classified Category 2
(irritant) or if it does not require classification (No Category). This in vitro strategy
replaces the in vivo test according to OECD TG 404 for decision-making. As a result,
the integration of all existing and all newly generated information on the corrosion
and irritation hazard potential of chemicals for final decisions on classification and
labelling is needed [17]. For a final product, the skin corrosion potential will actually
depend on a number of factors such as the final concentration of the ingredient in the
finished product, the presence of ‘neutralising’ substances, the excipients used, the
exposure route, the use conditions, and applied concentrations [27].

The OECD TG 431 further allows the sub-categorisation of corrosive chemicals
into UN GHS skin corrosive sub-categories Category 1A or Category 1B-and-1C
but does not allow the distinction between Category 1B and 1C. The original predic-
tion model from the EpiSkin™ test method allows sub-categorisation of corrosive
chemicals into the three Categories 1A, 1B, and 1C. However, it should be noted
that its ability to discriminate between Categories 1B and 1C could not be formally
evaluated/validated due to the lack of high-quality in vivo reference data that could
be benchmark in vitro results [5, 8, 11, 16].

8.7 Conclusions

Pre-validation and validation studies have been completed for the in vitro human
epidermis model of commercially available EpiSkin™. Based on its scientific valid-
ity, the test method has been recommended for the testing of all classes of chemicals
and for inclusion in tiered testing strategies as part of integrated approaches for
testing and assessment.
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The EpiDerm™ Skin Corrosion Test
(EpiDerm™ SCT)

Helena Kandarova and Manfred Liebsch

9.1 Principle of the Test Method and Scientific Basis

The potential for chemical induced skin corrosion is an important consideration in
establishing procedures for the safe handling, packing and transport of chemicals.
Various systems for classification of corrosive potential are included in international
regulatory requirements.

The EpiDerm™ Skin Corrosion Test (SCT) is based on the experience that cor-
rosive chemicals are cytotoxic after a short term exposure to the stratum corneum of
the epidermis, if cytotoxicity is immediately determined after chemical exposure. It
is designed to predict and classify skin corrosion potential of chemicals by using a
three dimensional human epidermis model EpiDerm™. The EpiDerm™ SCT is able
to reliably discriminate chemicals that are corrosive to skin from non-corrosive
chemicals, and can therefore be used for the classification of skin corrosion hazard
according to the UN Globally Harmonised System (GHS) for classification [1]. The
EpiDerm™ SCT with its modification of the Prediction model can be also used to
distinguish between sub-categories of corrosivity [2—4].

The EpiDerm™ SCT has been scientifically described for the first time by Perkins
et al. [5], later on evaluated, optimized and in its final form validated by ZEBET at the
BfR in the framework of ECVAM activities. In order to replace the skin corrosion test
in animals, ECVAM has in the 1990s supported twice a formal validation study for
predicting skin corrosion by alternative methods. The first validation study [6], con-
ducted between 1995 and 1997, was performed with two commercially available
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in vitro test systems, the Skin2 ZK 1350 and EPISKIN™ and it also included two other
methods CORROSITEX (analytical assay) and TER test (ex vivo method). The TER
test [7] and both skin model assays have shown usefulness for corrosion testing, how-
ever of the skin model assays only EPISKIN™ was considered as assay fully meeting
the acceptance criteria set by the Management Team [8]. Unfortunately, the Skin2
model was withdrawn from the market very shortly after the ECVAM validation study
without possibility of method optimization. Also, the commercial availability of
EPISKIN™ model (at that time belonging to SADUC-Biomatériaux Imedex, France)
was restricted following the completion of the validation study. It was due to the trans-
fer of the ownership of the EPISKIN™ technology from Imedex to L’Oréal and con-
struction of new production laboratories in Lyon-Gerlan.

Due to the lack of commercial availability of the validated methods for the skin
corrosion endpoint, ECVAM supported a catch-up validation study of the EpiDerm™
SCT in 1998. The study was performed according to the ECVAM pre-validation
scheme, to allow for refinement of the test protocol and the prediction model, as
well as for independent assessment of the performance of the refined methodology
in a final blind trial in three laboratories [9].

The validation study revealed that the EpiDerm™ SCT protocol provided a highly
balanced prediction of 88% sensitivity and 86% specificity, which was regarded as the
best predictivity that an in vitro skin corrosivity test could be expected to achieve [9]
taking into account the inherent variability of the in vivo reference test [6].

Based on the successful validation studies with EPISKIN™ and EpiDerm™
models [8, 10], in 2002 the National Coordinators of OECD Test Guideline
Programme (WNT) endorsed New Draft Test Guidelines TG 431 (Human Skin
Model) for In Vitro Skin Corrosion Testing which was originally adopted by the
OECD in 2004 [4]. The EpiDerm™ SOP has been successfully transferred to and
validated with the SkinEthic™ RHE [11, 12] and EST-1000 [13, 14]. The two mod-
els, that underwent catch-up validation studies were also endorsed for skin corro-
sion testing and later on implemented into the OECD TG 431 [4].

The OECD TG 431 initially allowed only discrimination between corrosive and
non-corrosive chemicals, however in light of the REACH and transport regulations,
and after thorough analysis of all available data from EPISKIN™, EpiDerm™,
SkinEthic™ and EST-1000 validation studies and new data generated by the skin
models suppliers [3] the OECD updated the OECD TG 431 concerning sub-cate-
gorisation information of corrosives [4].

9.2 Current Validation Status

The ECVAM Scientific Advisory Committee (ESAC) formally endorsed the scien-
tific validity of the EpiDerm™ Skin Corrosion Test (SCT) at its 14th Meeting [10].
ESAC concluded that the EpiDerm™ SCT has sufficient sensitivity, specificity and
accuracy for the prediction of skin corrosive and non-corrosive effect of test sub-
stances. EpiDerm™ SCT is considered to be a validated, stand-alone in vitro
replacement test for animal skin corrosion testing and is adopted as EU.B41 since
in 2000 and OECD TG 431 since 2004.
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Regarding sub-categorization (prediction of corrosive potency) the EpiDerm™
SCT is able under the current prediction model (described in the latest version of
OECD TG 431 [4]) to classify the severely corrosive chemicals (cat 1A) with a
sensitivity of >90% based on 3 min exposure time and 50% viability cut off.
Furthermore, a modified Prediction Model to assess the skin corrosion potential in
two steps (to minimize the over-prediction of corrosive effects of cat 1A), has been
adopted in the latest version of the OECD TG 431 [4], in which a cut off of 25% at
3 min is used to discriminate the optional sub-category 1A from a combination of
optional Sub-categories 1B-and-1C.

9.3  Performance and Applicability of the Test Method

The EpiDerm™ SCT was initially developed and designed to predict skin corrosion
potential of neat test chemicals in the context of identification and classification of
skin corrosion hazard according to the EU Dangerous Substance Directive (DSD)
classification system (i.e. R34/R35 and no class), later replaced by the UN GHS by
means of the EU Classification Labelling and Packaging (CLP) classification sys-
tem [15]. The EpiDerm™ SCT also allows for hazard identification of corrosive
substances in accordance with UN GHS (corrosive vs. non-corrosive), and is also
able to partially discriminate between the corrosive subcategories of the UN
GHS. Discrimination between categories have importance mainly for the transport
of chemicals. The EpiDerm™ SCT is able to discriminate between cat 1A (severely
corrosive chemicals) and the merged cat 1B-and-1C matching exactly the classes of
the former EU DSD system.

9.3.1 Reproducibility

The between and within laboratory reproducibility of the EpiDerm™ SCT was
assessed in the original validation study [9]. In phases I and II, simple biostatistical
methods were applied. Contingency tables were used for the assessment of the pre-
dictive value of the test in phase I. For the assessment of intra-laboratory and inter-
laboratory variability in phase II, the percentage concordances between assays and
laboratories were determined. Data obtained in phase III of the validation study (24
chemicals tested in three laboratories) were analysed by applying a two-factor
ANOVA, regarding the factor “chemical” as non-random and the factor “labora-
tory” as random sources for data. The possible presence of systematic inter-
laboratory deviation was checked: (a) visually, by plotting the viability values of
two laboratories against each other in bivariate scattergrams, as shown in Fig. 9.1;
and (b) by applying the non-parametric sign test. This test is robust against devia-
tions of the residual distribution from the normal Gaussian distribution.

Later on, as a part of the follow-up work performed at the request of the OECD
expert group, additional data on 80 chemicals were produced in three independent
runs by MatTek [2]. Most of these chemicals have also been tested in the Phase I
of the ECVAM’s validation study, however only with the 3 min time-point. In the
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Fig. 9.1 Inter-laboratory reproducibility obtained in Phase III of the validation study (datasets of
BASFE, ZEBET and Huntington Life Science). The two graphs displayed in figure show 48 mean tis-
sue viability values obtained from testing 24 chemicals in two independent tests with a 3 min expo-
sure in the blind trial. Each graph compares the data of two laboratories which, in the case of ideal
concordance, would be placed along the 45° line. Dot: corrosive in vivo, open dot: non-corrosive
in vivo. The graphs display a sufficient inter-laboratory concordance, characterised by an excellent
concordance at the lower and upper ends of the scale and some more variability in the middle

“OECD” follow up study, data for both 3 min and 60 min exposure times were
generated and MTT correction step was applied for the MTT reducing chemicals.
The overall results of this testing and proposal for a new prediction model for sub-
categorization were published by Desprez et al. [3]. Furthermore, data obtained
for the 3 min exposure during the original validation [9], and data that were pro-
duced almost 15 years afterwards in the OECD follow up study demonstrated
excellent long-term reproducibility of the model and the assay.

9.3.2 Predictive Capacity

The EpiDerm™ SCT allows discrimination between corrosives and non-corrosives
with a sensitivity of 88% and a specificity of 86% [9]. Sensitivity achieved in the
original validation study could have been further improved to more than 95% if an
MTT correction step would have been performed for the MTT reducing chemicals
tested in the Phase III of the validation. Unfortunately, this very useful procedure
developed by IIVS and described in Liebsch et al. [9], has been implemented into
the SOP only after the validation.

More recently, the EpiDerm™ SCT test has been evaluated for its ability to dis-
criminate the corrosive subcategories UN GHS Cat. 1A vs. the merged Cat.
1B-and-1C. The statistical parameters for the OECD TG 431 implemented predic-
tion model, which is based on the originally validated viability cut-offs, and the new
PM, proposed by Desprez et al., are shown in Table 9.1.

The new PM consists of a two-step approach. In the step 1, corrosive and non-
corrosive chemicals are classified based on the originally validated PM [9]. In the
second step, the group of corrosive chemicals undergoes sub-categorization based
on the 25% cell viability cut-off obtained at 3 min. of exposure.
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Table 9.1 Contingency tables for EpiDerm™ SCT [3]

In vivo In vitro predictions

(a) EpiDerm™ SCT using original PM (50% cut off at 3 min exposure time), 240 predictions
(80 chemicals tested 3 times independently)

1A 1BC NC
1A 91.7 % 8.33% 0
1 BC 41.9% 58.1% 0
NC 2.7% 23.4% 73.9%
Overall accuracy 70.4%

(b) EpiDerm™ SCT using the new PM (25% cut off at 3 min exposure time, 2 steps procedure),
240 predictions (80 chemicals tested 3 times independently)*

1A 1 BC NC
1A 83.3% 16.67% 0
1 BC 29.0% 71.0% 0
NC 2.7% 23.4% 73.9%
Overall accuracy 74.2%

“The Episkin™ sensitivity for Cat. 1A, merged Cat. 1B-and-1C and specificity for the same dataset
is 83.3%, 76.3%, 79.2% resulting in overall accuracy of 78.8%

The new PM significantly improves the over-prediction rate for cat 1B-and-1C
chemicals, whilst maintaining high sensitivity as requested by regulators. With this
new PM for EpiDerm™, the sensitivity and specificity for sub-categorization pur-
poses of EpiDerm™ SCT and EPISKIN™ SCT is almost the same.

9.3.3 Applications and Limitations

The EpiDerm™ SCT was developed and designed to predict skin corrosion poten-
tial of neat test chemicals in the context of identification and classification of skin
corrosion hazard according to the EU and GHS classification system. No clear
applicability domain restrictions could be defined for EpiDerm™ SCT, except for
testing gases, vapours and aerosols. Testing of these types of chemicals require
special conditions not covered by the current test design. Possible toxic interference
of volatile chemicals across plate wells can be avoided by sealing the wells with an
adhesive cover sheet, or testing the volatile chemicals on separate plates.

The test is able to partially discriminate between the corrosive subcategories of
the UN GHS, i.e. Cat. 1A vs. the merged Cat. 1B-and-1C. It does not distinguish
between GHS category 1B and category 1C. No prediction model for this type of
prediction using RhE models has been so far adopted by regulators.

One limitation of this test method is a possible interference of the test substances
with the MTT endpoint. A coloured test substance or one that directly reduces MTT
(and thereby mimics dehydrogenase activity of the cellular mitochondria) may
interfere with the MTT endpoint. However, these test chemicals are a problem only
if at the time of the MTT test sufficient amounts of the test chemical are still present
on (or in) the tissues.

In case of this event, the (true) metabolic MTT reduction and the contribution by a
coloured test material or (false) direct MTT reduction by the test material can be quan-
tified by a special procedure described in details in the SOP provided by [16].
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9.3.4 Comparison to Human Data

Limited human data that exist on skin irritation and corrosion endpoint suggest, that
reconstructed human tissue models and the validated in vitro assays for assessment
of skin corrosion err on the side of safety. Some over-predictions have been reported
for materials with low pH by cleaning industry [17].

9.4  Brief Description of the Protocol
9.4.1 Reconstituted Human Skin Model

The reconstructed tissue model EpiDerm™ (MatTek, Ashland, USA and MatTek
IVLSL, Bratislava, Slovakia) consists of normal, human-derived epidermal kerati-
nocytes which have been cultured to form a multilayered, highly differentiated
model of the human epidermis. It consists of organized basal, spinous and granular
layers, and a multilayered stratum corneum containing intercellular lamellar lipid
layers arranged in patterns analogous to those found in vivo [18].

The epidermal cells are taken from healthy volunteers negative to HIV, and
Hepatitis. The EpiDerm™ tissues (surface 0.63 cm?) are cultured on specially pre-
pared cell culture inserts and shipped to customers as kits, containing 24 tissues on
shipping agarose together with necessary amount of culture media and 6-well plates.
In addition the MTT kit (containing MTT concentrate, diluent, extractant, PBS and
24-well plate) can be provided by MatTek.

The EpiDerm™ kit is manufactured according to defined quality assurance pro-
cedures compliant to GMP process and ISO 9001:2008. All biological components
of the epidermis and the culture medium are tested by manufacturer for viral, bacte-
rial, fungal and mycoplasma contamination. Barrier properties of each manufac-
tured tissue lot are controlled by the manufacturer. Per request, MatTek provides
detailed information about ET50 experiment with Triton X-100 (1%) (chemical
recommended as penetration marker by the OECD TG 431), information of tissue
viability (MTT test), together with historical database of results.

Handling procedures for biological materials should be followed. It is recom-
mended to wear gloves during handling with the skin and kit components. After use,
the epidermis, the material and all media in contact with it should be decontami-
nated prior to disposal (e.g. using 10% bleach or special containers).

9.4.2 Materials

All material that is needed to conduct the EpiDerm™ skin corrosion test is sum-
marised in Table 9.2. The basic EpiDerm™ SCT kit (EPI-200-SCT) contains 24
units of the standard EpiDerm™ model (EPI-200) embeded in transporting agar,
bottle of assay medium, sterile 6 and 24-well plates, small amount of DPBS and
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one vial of the contol material that can be used to test barrier properies of the
EpiDerm™ model (Triton X-100). In addition, MatTek also offeres kit for con-
ducting MTT-assay that contains MTT-concentrate, MTT-diluent and extracting
solution. Further details on the material and reagents required for the EpiDerm™
SCT can be found in Table 9.2.

Table 9.2 Material required for the conductance of the EpiDerm™ SCT

#

Description

Detail

(A) Material provided by MatTek Corporation with standard EPI-200-SCT Kit:

1 One sealed 24-well plate containing 24 inserts of EpiDerm™ EPI-200, 0.6 cm?
embedded in transporting agar

2 Sterile 6-well plates used during the assay 4 pieces

3 Sterile 24-well plates used for MTT assay 2 pieces

4 Two bottles of DPBS 100 mL

5 One bottle Assay Medium, EPI-100-ASY 100 mL

6  One vial, containing the positive control chemical—1% Triton 10 mL

7  Sterile Nylon Mesh for application of liquid test materials 25 pieces

8  Protocol for Skin Corrosion test according to the OECD TG 431

(B) MTT-100 Assay Kit Components (ordered separately):

1  One vial containing MTT concentrate (5 mg/mL) 2 mL

2 One vial MTT diluent (DMEM based culture medium) 8 mL

3 One bottle containing extracting solution isopropanol 60 mL

(C) Additional material and equipment needed

1 Sterile Dulbecco’s PBS (DPBS) without Ca2+ and Mg2+ (e.g. 2L
PAN or Biochrom)

2 Sterile, sharp blunt-edged forceps

3 Positive displacement pipette for application of semi-solid test 50 pL
materials

4 Mortar and pestle for grinding of granular solids

5  Sterile disposable pipettes, pipette tips 20-200 pL

200-1000 pL

6  Sharp spoon—for application of solids. Aesculap, Purchase NaCl weight: 25 mg
Number.: FK 623

7  Bulb headed Pasteur pipettes—for spreading of test substances

8  Parafilm

9  Sterile cotton tip swabs

10 Laminar flow hood—for work under sterile conditions

11 Humidified incubator 37°C, 5% CO,, 95%

relative humidity

12 96-well plate photometer equipped with filter 570 nm

13 Laboratory balance

14 Plate shaker

15 Stop-watches

16  Wash bottle 500 mL

17 Beakers—for washing and collecting DPBS 200 mL

18 Potassium Hydroxide, 8 N, to be used as positive control in the Sigma P4494

SCT assay
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9.4.3 Protocol steps: DAY 0-Day prior to dosing

Note: Before any testing on the viable reconstructed human tissues is performed, it
is recommended to perform the evaluation of the test substance for interference with
the measured endpoint (MTT assay). This procedure is described in details in the
SOP [16].

1. EPI-200-SCT kits are shipped from MatTek facilities in USA and Slovakia (EU)
every Monday.

2. Upon receipt of the shipment, examine all kit components for integrity. If there

is a concern call MatTek immediately.

Record all information about supplied material into the MDS.

4. Place the DPBS into the refrigerator (5 + 3°C) and the vial containing the MTT
concentrate in the freezer (—20 = 5°C).

5. If the test is not performed on the day of receipt, store the EpiDerm™ tissues in
the refrigerator at 4°C until next day. If you plan to determine any additional
endpoints to MTT viability measurements, place the tissues immediately upon
arrival into the EpiDerm™ Maintenance Medium and pre-incubate 1 h (37°C,
5%. CO,, humidified atmosphere). Afterwards replace the medium and continue
with overnight pre-incubation.

W

9.4.4 DAY 1:Tissue Conditioning (Pre-Incubation) and Chemical
Exposure

1. Prepare two 6-well plates for four chemicals and the negative (NC) and positive
control (PC) for the 3 min application. Pipette 0.9 mL Maintenance Medium in
each well.

2. Prepare two 6-well plates for four chemicals and the negative (NC) and positive
control (PC) for the 1 h application. Pipette 0.9 mL Maintenance Medium in
each well.

3. Remove the shipped multiwell plate from the plastic bag. Open the 24-well
plate under a sterile airflow and remove the sterile gauze. Carefully take out
each insert containing the epidermal tissue, rapidly remove any remaining
agarose that adheres to the outer sides of the insert by gentle blotting on the
sterile filter paper, and immediately place it in a well of the prepared 6-well
plate. Act quickly as the epidermal cultures dry out rapidly when not in con-
tact with medium. Make sure that no air bubbles are formed underneath the
insert!

4. Mark the 6-well plates as shown in Fig. 9.2.

5. Place the 6-well plates containing the tissues into a humidified (37°C, 5% CO,)
incubator for 1 h.
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3 minutes exposure 1 hour exposure

NC Chemical 1 | Chemical 2 NC Chemical 1 | Chemical 2
tissue 1 tissue 1 tissue 1 tissue 1 tissue 1 tissue 1
NC Chemical 1 | Chemical 2 NC Chemical 1 | Chemical 2
tissue 2 tissue 2 tissue 2 tissue 2 tissue 2 tissue 2
Chemical 3| Chemical 4 | PC 1 Chemical 3 [ Chemical 4 | PC 1
tissue 1 tissue 1 tissue 1 tissue 1 tissue 1 tissue 1
Chemical 3 | Chemical 4 | PC 2 Chemical 3 | Chemical 4| PC 2
tissue 2 tissue 2 tissue 2 tissue 2 tissue 2 tissue 2

Fig.9.2 Plate design for the skin corrosion testing

3 minutes exposure

1 hour exposure

9.4.5 Preparations for the Main Test (Performed During the
Pre-Incubation Time on a Day of Experiment)

1. Prepare the MTT medium according to the procedure below.

9.4.6

(a) Thaw the MTT concentrate (MTT-100-CON) and dilute with the MTT dilu-
ent (MTT-100-DIL). Store the remaining MTT solution in the dark at 4°C
for later use on the same day (do not store until next day since MTT will
degrade with time).

If you are preparing your own MTT, after preparation of stock solution of
MTT (5 mg/mL in DPBS) and filtration using a sterile 0.45 pm filter, add
2 mL of the stock-solution to 8 mL Maintenance Medium (final concentra-
tion: 1 mg MTT/mL medium). MTT Stock solution can be stored frozen
(=20 °C) up to 1 month. Since MTT is toxic wear protective gloves during
manipulation with MTT solution!

. Prepare two 24-well plates to be used as “holding and MTT plates” one for the
3 min experiment, the other for the 1 h experiment

. Pipette 300 pL of either maintenance medium or MTT medium in each well and
place the plates in the incubator

(b)

1-Hour Application

Note: Dosing time interval is dictated by rinsing procedure. If the technician has
performed the test already, 45 s intervals is sufficient for both application and wash-
ing procedures. However, if the test is performed for the first time, 1 min dosing
interval is recommended.
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1. After 1 h of pre-incubation, transfer each insert to new 6-well plates with
fresh medium (0.9 mL per well). Alternatively, aspirate the pre-incubation
medium from the 6-well plates and pipette 0.9 mL of fresh medium into each
well.

2. Set the timer to 1 h and start it. Add 50 pL of H,O (negative control) into the first
insert atop the tissue. After 45 s repeat the procedure with the second tissue.
Proceed with test material 1-4 (50 pL: liquids, 25 mg + 25 pL H,O: solids) and
the positive control in the same manner until all tissues are dosed.

Dosing interval scheme for the 60 min experiment:

0:00-0:45—tissue 1 (NC) 4:30-5:15—tissue 7 (C3)
0:45-1:30—tissue 2 (NC) 5:15-6:00—tissue 8 (C3)
1:30-2:15—tissue 3 (C1) 6:00-6:45—tissue 9 (C4)
2:15-3:00—tissue 4 (C1) 6:45-7:30—tissue 10 (C4)
3:00-3:45—tissue 5 (C2) 7:30-8:15—tissue 11 (PC)
3:45-4:30—tissue 6 (C2) 8:15-9:00—tissue 12 (PC)

3. After the 60 min period of exposure for the first tissue is complete, using forceps
remove the first insert from the 6-well plate. Using a wash bottle gently rinse the
tissue with DPBS (= fill and empty insert 20 times in a constant stream of DPBS)
to remove any residual test material. Remove excess DPBS by gently shaking the
insert and blot bottom on blotting paper. Place insert in the prepared holding plate

4. Once all tissues have been rinsed and are in the holding plate, dry the surface
with cotton swab, remove inserts from the holding plate, blot bottom and transfer
into the 24-well plate, prepared for the MTT assay.

5. Place plate in the incubator, record start time of MTT incubation and incubate for
3h (37°C, 5% CO,).

9.4.7 3 Min Application

1. Start the timer for 3 min. Add 50 pL. H,O (negative control) into the first insert
atop the tissue. After 45 s repeat the procedure with the second tissue. Following
45 s intervals enable to dose four tissues. Afterwards, washing of the tissue 1 has
to start.

2. After the 3 min period of exposure for the first four tissues is complete, start the
timer for 3 min and with forceps remove the first insert from the 6-well plate.
Using a wash bottle gently rinse the tissue with DPBS (= fill and empty insert 20
times in a constant stream of DPBS) to remove any residual test material.
Remove excess DPBS by gently shaking the insert and blot bottom on blotting
paper. Place insert in the prepared holding plate. After 45 s repeat the procedure
with the second insert, after 1:30 min with the third...etc.
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Dosing interval scheme for the 3 min experiment:

SET 1 = NC and chemical 1 (6 min)
Dosing:

0:00-0:45—tissue 1 (NC)
0:45-1:30—tissue 2 (NC)
1:30-2:15—tissue 3 (C1)
2:15-3:00—tissue 4 (C1)
Rinsing

3:00-3:45—tissue 1 (NC)
3:45-4:30—tissue 2 (NC)
4:30-5:15—tissue 3 (C1)
5:15-6:00—tissue 4 (C1)

SET 2 = chemical 2, 3 (6 min)
SET 3 = chemical 4, PC (6 min)

. Proceed with all test materials (50 pL: liquids, 25 mg + 25 pL. H,O: solids) and

the positive control in the same manner until all tissues are dosed and rinsed.

. Once all tissues have been rinsed and are in the holding plate, carefully dry the

surface of the tissue with a cotton swab. Afterwards remove inserts from the
holding plate, blot bottom and transfer into the 24-well plate, prepared for the
MTT assay. Place plates in the incubator, record start time of MTT and incubate
for 3 h (37°C, 5% CO,).

9.4.8 MTT Test and Reading

1.

2.

After the 3 h MTT incubation period is complete, gently blot the tissue on the
absorbing paper and transfer inserts into new 24-well plates.

Immerse the inserts by gently pipetting 2 mL of isopropanol (extractant solution)
into each insert. The level will rise above the upper edges of the insert, thus com-
pletely covering the tissues from both sides.

. Seal the 24-well plates (e.g. with Parafilm or place into a sealable plastic bag) to

inhibit extractant evaporation. Record start time of extraction in the Methods
Documentation Sheet (MDS) and extract formazan for at least 2 h at room tem-
perature with gentle shaking on a plate shaker (120-200 rpm).

As an alternative, overnight extraction is also possible. Seal plates as described
above and extract at room temperature in the dark, without shaking. Before using
the extracts, shake for at least 15 min on plate shaker. After the extraction period
is complete, pierce the inserts with an injection needle (~gauge 20, ~0.9 mm
diameter) and allow the extract to run into the well from which the insert was
taken. Afterwards the insert can be discarded. Before transferring the extract to 96
well plates pipette up and down 3x until the extractant solution is homogenous.



138 H. Kandarova and M. Liebsch

5. For each tissue, transfer 2 x 200 pL aliquots of the blue formazan solution into a
96-well flat bottom microtiter plate according to the fixed plate design given in
spreadsheet. Use isopropanol as blanks.

6. Read OD in a 96-well plate spectrophotometer using a wavelength between 540
and 595 nm, preferably at 570 nm, without using a reference filter.

9.49 TestData

A blank MS EXCEL workbook EpiDerm-SCT-SPREAD.XLS can be provided by
MatTek for the data analysis. A copy should be made before the first data entry. The
workbook consists of two single spreadsheets named: IMPORT and SPREAD. Data
files of optical densities (ODs) generated by the microplate reader (with blank subtrac-
tion) are copied from the reader software to the Windows Clipboard and then pasted into
the first spreadsheet of the EXCEL workbook. The blank corrections, calculation of
results and statistical parameters are done automatically in the second part of the work-
book. Use the fixed 96-well plate design as specified in the SOP provided by MatTek.
After data entry, the spreadsheet performs the following calculations:

1. For each individual tissue treated with a test chemical (TC), the positive control
(PC) and the negative control (NC) the individual relative tissue viability is cal-
culated according to the following formulas

Relative viability TC(%) =[ODTC / Mean of ODNC]x 100
Relative viability NC (%) = ODNC/mean of ODNC]x100

Relative viability PC (%) = [ODPC / mean of ODNC] x100

2. For each test chemical, negative control, and the positive control, the mean rela-
tive viability of the two individual tissues is calculated and used for classification
according to the Prediction Model.

3. The spreadsheet shows a graph of the results (% of relative viability + Difference)

9.4.10 Data Interpretation Procedure (Prediction Model)

A single testing run composed of at least two tissue replicates should be sufficient
for a test chemical when the resulting classification is unequivocal. However, in
cases of borderline results, such as non-concordant replicate measurements, a sec-
ond run may be considered, as well as a third one in case of discordant results
between the first two runs.

The prediction model for the EpiDerm™ skin corrosion test method associated
with the UN GHS classification system and currently implemented into the OECD
TG 431 [4] is shown in Table 9.3:
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Table 9.3 Prediction model of the EpiDerm™ Skin Corrosion Test

Viability measured after exposure time points

(t =3 and 60 min) Prediction to be considered
Step 1 (all chemicals)
<50% after 3 min exposure Corrosive

>50% after 3 min exposure AND <15% after Corrosive

60 min exposure

>50% after 3 min exposure AND >15% after Non-corrosive
60 min exposure

Step 2 (corrosive chemicals)

<25% after 3 min exposure Sub-category 1A
>25 after 3 min exposure A combination of optional Sub-categories
1B-and-1C

9.4.11 Assay Quality Controls (OECD TG 431)

9.4.11.1 Assay Acceptance Criterion 1: Negative Control (NC)

The absolute OD of the H,O treated NC tissues in the MTT-test is an indicator of
tissue viability obtained in the testing laboratory after the shipping and storing pro-
cedure and under specific conditions of the assay. Tissue viability is meeting the
acceptance criterion if the mean OD of the mean of NC is >0.8 and <2.8.

9.4.11.2 Assay Acceptance Criterion 2: Positive Control (PC)
8 N KOH (Sigma P4494) is used as PC and has to be tested once on each testing day.
1 h exposure of the PC will reveal a mean tissue viability less than 15%.

9.4.11.3 Assay Acceptance Criterion 3:Variability

Based on the test design the experiments can be performed on two or three tissue
replicates per exposure time. The SD (if N = 3) or Difference (if N = 2) should not
exceed 20%. In the range between 20% and 100% viability the coefficient of varia-
tion (CV) is an additional acceptance criterion. Based on the results from the origi-
nal validation study, it should not exceed 0.3.

9.5 Rolein aTesting Strategy

The EpiDerm™ SCT method may be used as a stand-alone test method for the
detection or exclusion of corrosive effects of test chemicals. A negative result in
these test methods will require an additional in vitro skin irritation test, if not per-
formed upfront, to determine if the chemical should be classified Cat. 2 (irritant) or
if it does not require classification (No Cat.), and thus replace the in vivo test accord-
ing to OECD TG 404.

The EpiDerm™ SCT also allows for the sub-categorisation of corrosive chemi-
cals into Cat. 1A or Cat. 1B-and-1C but does not permit the distinction of the latter
into Cat. 1B and Cat. 1C. [19].
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9.6 Perspectives from the Test Developer
9.6.1 Critical Steps in the Protocol

The EpiDerm™ SCT is an easy to perform method that utilizes readily available
laboratory equipment. The test can be performed by most laboratory personnel.
Critical steps of this procedure are exact timing and sufficient removal of the test
articles from the tissue surface. Unequal spreading of a test material may lead to the
false negative outcomes or high variability. Insufficient washing may lead to the
over-prediction of the corrosive effect.

Special care should be taken when testing colorant materials (blue, deep red,
violet) and MTT reducing materials since they will interfere with the MTT end-
point. MatTek and other tissue model suppliers have developed procedures to deal
with such materials. The procedures are described in detail in the SOPs provided
with the tissue products.

9.6.2 Possible Protocol Adaptations

Some amines, when tested in EPISKIN™ and EpiDerm™ Skin Corrosion Tests have
shown tendency for under-prediction of corrosive effects [20]. Based on the non-
published experimental data with this group of chemicals, it is recommended to extend
exposure time in the EpiDerm™ SCT to 4 h for these materials. MTT correction step will
be necessary, since amines, besides causing delayed corrosion effects will also reduce
MTT chemically and could cause false negative predictions. The cut-off 20% cell viabil-
ity at 4 h should be applied to improve the prediction of these groups of chemicals.

9.6.3 Challenges and Opportunities

Test methods based on reconstructed human epidermis tissues are playing a prominent
role in topical toxicology and for risk assessment purposes. History has shown that test
methods can be improved and further modified even after their validation to serve bet-
ter purposes of the modern toxicology. For complete replacement of the animal tests, it
will be important to understand better the applicability domains, the strengths and
weaknesses of the particular assays described in the current guidelines. This will be
very important with regard to their correct and justified use in the testing strategies and
assessments in vitro such as described in the OECD GD 203 on IATA [19].

One of the remaining challenges in the development of in vitro test methods for
skin corrosion is the need to correlate the in vitro predictions to in vivo rabbit data.
This has been very challenging to achieve for materials that do not cause corrosion
in human but only in rabbit. It seems to be almost impossible to develop a reliable
method for further distinguishing cat. 1B from cat. 1C chemicals, since the rabbit
test itself does not provide reliable and reproducible reference data for method
development and validation purposes.
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9.7 Conclusions

The EpiDerm™ Skin Corrosion Test (OECD TG 431), was one of the first test
methods accepted for regulatory use by the EU and OECD Competent Authorities
after scientific validation and peer review. The protocol represents a robust, reliable
and reproducible in vitro method. Furthermore, it is easily transferable to other tis-
sue models as shown in the catch up validation studies with SkinEthic™ and EpiCS®
(former EST-1000). Since the adoption of this test method within EU and OECD
test guidelines, the number of animals required for predicting skin corrosion has
significantly decreased. In combination with the in vitro skin irritation test and
QSARs it may completely replace the need of in vivo topical toxicity testing in
animals for most of the chemicals under the EU chemicals regulation. Adoption of
the new prediction model for sub-categorization allows to further enhance this
method and enable a better prediction of corrosive potency as required by certain
specific regulations.
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Assessment of the Human Epidermis 1 0
SkinEthic™ RHE Model for In Vitro Skin
Corrosion Testing of Chemicals

Nathalie Alépée, Marie-Héléne Grandidier,
and José Cotovio

10.1 Principle of the Test Method and Scientific Basis

Corrosive agents are chemicals that cause irreversible damage and destruction of
the skin, often burning through several layers of tissue. Reactions are characterized
by specific serious signs such as ulcers, bleeding, bloody scabs, and discoloration.
Corrosivity represents the most extreme form of skin hazard, in which the skin can
be destroyed beyond the body’s ability to heal easily. Chemical burns can occur
when skin is exposed to a corrosive substance such as a strong acid or base able to
damage proteins (amide hydrolysis) or modify lipids (ester bonds hydrolysis).

According to current international regulatory requirements, assessment of skin
corrosion is mandatory for all chemicals placed on the market. Data on skin corro-
sion potency are required by several pieces of legislation, notably the Classification,
Labelling and Packaging (CLP) Regulation (1272/2008) [1], the Cosmetics
Directive (76/768/EEC), which was repealed from July 2013 by the EU regulation
on cosmetic products (EC 1223/2009) [2], and the REACH Regulation (1907/2006)
[3]. Corrosivity data are also collected by regulatory agencies concerned with the
transportation of hazardous chemicals, in the event of accident and chemical spill
(Fig. 10.1).

To replace the Draize rabbit skin test [6], significant efforts have been undertaken
to develop alternative in vitro test methods to replace in vivo testing. The SkinEthic™
Reconstructed Human Epidermis (RHE) test method has been developed on the
premise that corrosive chemicals are able to penetrate the stratum corneum by dif-
fusion or erosion and are cytotoxic to the cells in the underlying layers.
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Cause burns
EU DSD No label R38
(R34)
Cat.2
UN GHS No Category Cat.1C
UN GHS No Category| Cat. 3 Cat.2 Cat.1C Cat.1B
Model Regulations Class 8 Class 8
Good (TDG) PG I PG I
Not classified Irritant Corrosive

Fig. 10.1 EU DSD, EU CLP, UN GHS, and TDG classifications. EU DSD Former European
Classification System based on the Dangerous Substance Directive prior to adoption of the UN
GHS system. EU CLP Current European Union system of classification, labelling, and packaging
of chemical after adoption of the UN GHS system. Indeed, in the EU, the UN GHS system is
implemented through the regulation on classification, labelling, and packaging of substances and
mixtures (CLP) ([1, 4]) UN GHS UN Globally Harmonized System of Classification and Labelling
of Chemicals (GHS) [4], TDG Transportation of Dangerous Goods. Regarding transportation
rules, class 8 includes the following packaging groups: class 8 packaging groups—PG I, very
dangerous; PG II, medium danger; PG III, minor danger. Cat: category 1A, 1B, 1C [5]

The SkinEthic™ RHE model consists in fully differentiated three-dimensional
epidermal tissue grown from normal human keratinocytes in a chemically defined
medium at the air-liquid interface [7, 8]. The model is histologically similar to
in vivo human epidermis and features a functional permeability barrier, which is one
of the main functions of viable skin. The SkinEthic™ RHE corrosion test method
has been developed and internationally accepted using the decrease in cell viability
after exposure to a chemical [9, 10]. Briefly, cell viability determination is based on
cellular mitochondrial dehydrogenase activity, measured by MTT reduction and
conversion into blue formazan salt that is quantified after extraction from tissues
[11]. The decrease in cell viability in treated tissues is compared to negative con-
trols and expressed as a percentage. The percentage reduction in viability is used to
predict the corrosion potential.

More recently, the EU CLP classification system—based on the United Nations
Globally Harmonized System of Classification and Labelling of Chemicals [4]—
required subcategorization of corrosive chemicals into the three UN GHS optional
subcategories: skin corrosion subcategories 1A, 1B, and 1C (Fig. 10.1). In parallel,
during an international workshop organized by the Swiss regulatory authorities, it
was recommended that further investigations be carried out on the reconstructed
human epidermis models originally validated to discriminate between corrosive and
non-corrosive chemicals. This was in order to evaluate their usefulness in identify-
ing the three optional subcategories of corrosive chemicals under the UN GHS clas-
sification system (1A, 1B, and 1C) or at least to distinguish subcategory 1A from
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subcategory 1B and 1C skin corrosive chemicals [12]. Investigation of the useful-
ness of the validated SkinEthic™ RHE test method to discriminate between UN
GHS skin corrosive subcategory 1A and subcategory 1B and 1C substances was
then further explored [13, 14]. More than 80 substances were tested based on the
OECD Expert Panel on Skin Irritation and Corrosion recommendation since the
original validation studies of the SkinEthic™ RHE protocol underwent refinements.
Those improvements include the possibility to correct MTT interacting substances
as implemented in the skin irritation SkinEthic™ RHE test method [15].

10.2 Current Validation Status

The SkinEthic™ Reconstructed Human Epidermis (RHE) test method has been
adopted to distinguish between corrosive and non-corrosive chemicals as well to iden-
tify UN GHS subcategories 1A and 1B and 1C [16] within the context of Organization
for Economic Co-operation and Development Test Guideline 431 [17].

Historically, the SkinEthic™ RHE test method has been formally validated by
the European Centre for the Validation of Alternative Methods (ECVAM, recently
renamed EURL ECVAM Scientific Advisory Committee (ESAC)) to distinguish
between corrosive and non-corrosive chemicals [9]. The method was scientifically
validated as sufficiently similar in regard to its structural and functional characteris-
tics and its performance in reference to the performance standards as required by
OECD TG 431. The SkinEthic™ RHE test method underwent an external valida-
tion study conducted by ZEBET. A blind trial was conducted in three laboratories
(ZEBET, Safepharm, and BASF), where several chemicals from the EURL ECVAM
validation trials were tested using the SkinEthic™ RHE test method. Performance
and reproducibility standards were met as defined by OECD TG 431 ([17, 18];
ESAC, 2006 revised in [19]).

Until 2005, SkinEthic™ RHE tissues were cultivated on 0.63 cm? inserts. Due to
manufacturing constraints, the size of the inserts was harmonized and the method
adapted accordingly by applying a reduced volume of test chemical and a reduced
isopropanol extraction volume during the MTT reduction assay. The test method
was assessed with 25 representative test chemicals from different chemical classes
including 12 OECD reference test chemicals similarly classified as compared to
in vivo and fully compliant with OECD performance and reproducibility require-
ments [15, 17].

Changing classification criteria in the European Union from the EU
Dangerous Substances Directive [20] to the EU Classification, Labelling, and
Packaging Regulation [1] had substantial consequences on regulatory classifica-
tion for skin corrosion. The EU CLP classification system, based on UN GHS
classification [4], required that corrosive chemicals be subcategorized into the
three UN GHS optional subcategories. Tests involving 84 test chemicals (includ-
ing chemicals from EURL ECVAM Skin Corrosion Validation Studies (SCVS)
and new chemicals identified by the OECD Expert Panel on Skin Corrosion
(OECD TG 431)) showed that the SkinEthic™ RHE test method was highly
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sensitive and allowed reliable identification of UN GHS subcategories 1A and
1B and 1C [13, 16]. The initial prediction model (cutoff value of 50% cell via-
bility at 3 min) for SkinEthic™ RHE resulted in quite high over-prediction rates
of category 1B and 1C chemicals that were over-predicted as category 1A,
whilst providing high correct predictions rates of category 1A and non-corro-
sive chemicals. Switching from the original PM to the novel PMs (PMvarl or
PMyvar2) allows to obtain higher correct predictions for categories 1B and 1C in
a range of 60-70% [14]. The SkinEthic™ RHE test method has been adopted
within the context of OECD TG 431 to distinguish subcategories of corrosive
and non-corrosive chemicals [17].

10.3 Performance and Applicability of the Test Method
10.3.1 Reproducibility

To allow adequate determination of inter-laboratory reproducibility, a blind trial
was conducted in three laboratories (ZEBET, Safepharm, and BASF) in which the
12 endorsed OECD reference chemicals were tested. Results obtained with the
SkinEthic™ epidermal model were reproducible both within and between laborato-
ries and over time [18]. Performance of the SkinEthic™ RHE test method with
regard to its intra-laboratory reproducibility was evaluated in the three laboratories.
Performance of 88.8% (32/36) was found for the 12 reference chemicals tested
altogether in the three laboratories when distinguishing between corrosives and
non-corrosives. Assessment of classification concordance was further evaluated on
25 chemicals by Tornier et al. [15]. Only 2 out of 25 tested chemicals were differ-
ently classified between three independent experiments, presenting a within-
laboratory reproducibility of 92.0%.

In the context of the OECD TG 431 [21] revision, a total of 84 chemicals identi-
fied by the OECD Expert Panel on Skin Corrosion were tested in three independent
experiments. Independent statistical data analysis was performed to evaluate
between-run variability and classification concordance of the SkinEthic™ RHE test
method for subcategorization of skin corrosive chemicals, according to the EU CLP
classification system [16]. Only 6 out of the 80 OECD chemicals were differently
classified between three independent experiments when distinguishing between
corrosive and non-corrosive chemicals, in accordance with the prediction model.
Concordance of 92.5% in classifications was then obtained when discriminating
between corrosive and non-corrosive chemicals (Table 10.1). Of all the 84 tested
chemicals (including the four chemicals from ECVAM SCVS that were not part of
the OECD list), 92.9% (78/84) showed 100% concordance in classifications between
the three independent runs [13]. Furthermore, 87.5% concordance in classifications
was found when distinguishing between UN GHS subcategories 1A and 1B and 1C
and non-corrosives (70 concordant predictions in the three classes out of the 80
tested chemicals).
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Table 10.1 Within-laboratory reproducibility of the SkinEthic™ RHE skin corrosion test
method. Assessment of concordant classifications

Data set/analysis Within-laboratory reproducibility
NC vs. C 92.5% (74/80)

(80 OECD chemicals)

Cat. 1A vs. cat. 1B and 1C vs. NC 87.5% (70/80)

(80 OECD chemicals)

NCvs. C 92.9% (78/84)

(80 OECD chemicals + 4 subst. SCVS)

SCVS skin corrosion validation study, NC non-corrosives, C corrosives

Table 10.2 Predictive capacity of the SkinEthic™ RHE skin corrosion test method

Reference All OECD All chemicals
chemicals (30)  chemicals (80) (84)
Predictive capacity Total nb. % Total nb. % %
Subcategory 1A correct predictions 27/30 90.0 29/36 80.6 NA
Subcategory 1A — non-corrosive 0/30 0.0 0/36 0.0
Subcategories 1B and 1C correct 24/30 80.0 59/93 63.4
predictions
Subcategories 1B and 1C — subcategory 6/30 20.0 27/93 29.0
1A
Sensitivity (corrosive correct 60/60 100.0 122/129 94.6  94.9
predictions)
Specificity (non-corrosive correct 24/30 80.0 82/111 739 74.6
predictions)

Accuracy (non-corrosive vs. corrosive)  84/90 93.3 204/240 85.0 85.7
Accuracy (NC vs. subcategories 1B and ~ 75/90 83.3 170/240 7.8 NA
1C vs. subcategory 1A)

NA: Not applicable. Four chemicals from the ECVAM SCVS that were not part of the OECD list
were also tested: one non-corrosive and three corrosives. Three corrosive chemicals are relevant in
assessing the overall sensitivity of the test method but were excluded from the OECD list because
available in vivo data do not allow their corrosive classification to be subcategorized

10.3.2 Predictive Capacity

The predictive capacity of the SkinEthic™ RHE test method for 84 chemicals,
tested in three independent experiments, is described in Table 10.2. Detailed speci-
fications on tested chemicals, cell viabilities, and predictive capacities are given by
Alépée et al. [13].

Among the 30 OECD reference chemicals, 8 non-corrosive chemicals were cor-
rectly predicted as such and 2 were false positives, corresponding to a specificity of
80%. For corrosive chemicals, the sensitivity was 100% since all were correctly
classified. Overall accuracy over 25 test chemicals was 93.3%. Furthermore, dis-
crimination involving UN GHS subcategory 1A versus 1B and 1C versus non-cor-
rosives leads to 83.3% concordance of classifications (75 concordant predictions in
the three classes out of the 90 tests).



148 N. Alépée et al.

Of the 84 chemicals identified by the OECD Expert Panel on Skin Corrosion
and the four additional chemicals from the SCVS, the SkinEthic™ RHE test
method showed 74.6% specificity (85/114). None of the 38 non-corrosive tested
chemicals was overclassified as UN GHS category 1A. Overall, the SkinEthic™
RHE test method showed 94.9% sensitivity (131/138). The accuracy of
SkinEthic™ RHE in distinguishing between corrosive and non-corrosive chemi-
cals was 85.7% (216/252).

122 out of 129 corrosive classifications (36 category 1A and 93 categories 1B
and 1C from all OECD chemicals) were correctly classified and 7 were false nega-
tive. This leads to 94.6% sensitivity. All false-negative classifications were in vivo
GHS subcategory 1B and 1C chemicals, showing that none of UN GHS subcategory
1A chemicals was under-classified as non-corrosive. Furthermore, of the 111 non-
corrosive classifications, 82 were correctly predicted as such, which corresponds to
73.9% specificity. However, 29 false positives (26.1%) were classified as skin cor-
rosion UN GHS subcategories 1B and 1C with no over-prediction as subcategory
1A.

Concerning the 93 chemicals in UN GHS subcategory 1B and 1C classifications,
59 chemicals were correctly predicted as subcategories 1B and 1C (63.4%), 27 were
overclassified as UN GHS subcategory 1A (29.0%), and 7 were under-classified as
non-corrosive (7.5%). Regarding the identification of UN GHS subcategory 1A for
the 36 subcategory 1A classifications, 29 were correctly predicted (80.6%), with
seven under-classifications as UN GHS subcategories 1B and 1C (19.4%). No sub-
category 1A was under-predicted as non-corrosive. Overall accuracy in distinguish-
ing between UN GHS subcategory 1A, UN GHS subcategories 1B and 1C, and
non-corrosive chemicals was 70.8% (170/240).

10.3.3 Applications and Limitations

The SkinEthic™ RHE skin corrosion test method is applicable to both chemicals
and mixtures, although only limited information on the testing of mixtures is avail-
able, in contrast to chemicals for which information is available for a wide range of
chemical classes. The 84 tested chemicals include 26 organic acids, 9 inorganic
acids, 2 acid mixtures, 12 organic bases, 3 inorganic bases, 24 neutral organics, 6
inorganic salts, and 2 soap/surfactants. Physical states include liquids, solids, and
semi-solids. Liquids may be aqueous or nonaqueous; solids may be soluble or insol-
uble in water. However, the method is not appropriate for testing gases and aerosols
(even though this is true for all reconstructed human epidermis test methods, includ-
ing OECD TG 431).

Evaluation of chemicals that act directly on MTT, such as MTT reducers (those
that are naturally coloured or become coloured during tissue treatment), could be
performed. Nevertheless, adapted controls—as described in the test method
Standard Operating Procedure (SOP)—are needed to define non-specific MTT
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reduction and non-specific colour inherent to the chemical or developed once the
chemical has been applied to the tissue. Using standard spectrophotometry as the
read-out results obtained for chemicals inducing high non-specific MTT reduction
and/or non-specific colour should be taken with caution. However, the use of the
alternative HPLC/UPLC spectrophotometry as an endpoint measurement instead of
the optical density (OD) measurement allows the determination of the cell viability
for strongly coloured chemicals enhancing the applicability domain to this chemical
type (see Sect. 10.6.2).

10.3.4 Comparison to Human/In Vivo Data

Skin corrosion produces irreversible damage. However, human data are usually not
sufficient to subcategorize chemicals according to their corrosion potential (e.g. UN
GHS subcategories 1A, 1B, and 1C) as required in some regulatory frameworks and
legislation. A clear case for subcategory 1A classification (corresponding to 3 min
contact in in vivo protocol involving rabbits) would be an accidental splash that
gives rise to skin necrosis. In cases where prolonged exposure is needed before
necrosis occurs (not to be confounded with delayed effects), subcategories 1B and
1C seem more reasonable. The distinction between category 1B and category 1C
(corresponding to 1 and 4 h exposure in rabbits, respectively) may not be so obvious
in practice. Simple classification as Cat.1 (without subcategorization) should be
used, if distinction between category 1A and categories 1B and 1C is not clearly
apparent. Different comparisons were performed and performance was determined
(see paragraph on Predictive Capacity, above).

Despite the fact that information might be gained from evaluation of single
parameters within a tiered approach (e.g. caustic alkalies with extreme pH should be
considered dermal corrosives), it is worth taking into account all available informa-
tion and making a hazard assessment based on the overall weight of evidence.
Particular care must be taken in classifying certain types of chemicals such as acids
and bases, inorganic salts, aldehydes, phenols, and surfactants. For mixtures con-
taining strong acids or bases, the pH should be used as a classification criterion
since it is a better indicator of corrosion. Such correlation has been proven using
reconstructed human epidermis test methods [22].

10.4 Brief Description of the Protocol

The test chemical is applied topically to a three-dimensional SkinEthic™ model,
consisting in fully differentiated epidermal tissue grown from normal human kera-
tinocytes in a chemically defined medium at the air-liquid interface. The tissue is
organized in basal, spinous and granular cell layers, but also presents a multi-layered
functional stratum corneum containing intercellular lamellar lipid layers close to
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Exposure time Post-treatment incubation Viability
3 min 60 min
s - none MTT test
AR o 4| Room 37C, 5% CO,
Temperature 95% RH

Fig. 10.2 In vitro skin corrosion SkinEthic™ RHE testing method

the main lipid classes found in vivo [8]. The SkinEthic™ RHE skin corrosion test
method is performed using a SOP in accordance with the relevant OECD TG 431
[16, 24]. Key details and components of the protocol to perform the skin corrosion
test are available at http://www.episkin.com.

Briefly, for each exposure time (3 min and 60 + 5 min), liquid/viscous (80 pL/
cm?) or solid/sticky chemicals (40 mg/cm?) are applied to RHE tissue samples
(Fig. 10.2). Negative (sterile H,O treated tissue sample) and positive (8 N KOH
treated tissue sample) controls are evaluated concurrently with chemicals. At the
end of each exposure time (3 min at room temperature and 60 min at 37 °C, with 5%
CO, and 95% saturated humidity), the RHE tissue samples are rinsed with PBS
without Ca** and Mg*". Tissue viability is then assessed via MTT reduction by incu-
bating SkinEthic™ RHE tissue samples in a MTT solution (1 mg/mL) for
180 + 15 min at 37°c, with 5% CO, and a >95% humidified atmosphere. After 2 h
or overnight extraction at room temperature, the formazan crystals are dissolved in
isopropanol. Quantification of cell viability after 3 min and 1 h treatment of the tis-
sue is then obtained by comparing the optical density of the extracts measured at
570 nm and expressed as a percentage relative to the negative control (treated with
H,0).

The experiment is qualified when the acceptance criteria described in the stan-
dard operating procedure and in OECD TG 431 are met, i.e.: (1) negative control
(sterile H,O treated tissue sample) is qualified if mean OD is >0.8 and <3.0; (2)
positive control (8§ N KOH treated tissue sample) is qualified if it is classified as
corrosive at 1 h; and (3) the difference in viability between the two tissue replicates
should not exceed 30% in the range of 20—100% viability, and for optical density
>0.3.

The prediction model used to classify a test chemical as non-corrosive, UN
GHS skin corrosive subcategory 1A or skin corrosive subcategories 1B and 1C is
shown in Table 10.3. A chemical is classified as “skin corrosive subcategory 1A”
if relative tissue viability has decreased below 15% after 3 min of treatment irre-
spective of the result obtained at 1 h of treatment. If tissue viability is >15% after
3 min Treatment, but decreases below 15% after 1 h of treatment, the chemical is
classified as “skin corrosive subcategories 1B and 1C”. Finally, a chemical is clas-
sified as “non-corrosive” if the relative tissue viability is >15% after 3 min and
1 h treatment.
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Table 10.3 Predictions models (PM) applied to the cell viability values obtained using the
SkinEthic™ RHE test method to classify test chemicals into the EU CLP/UN GHS optional
subcategories

E Viability UN GHS / EU
x_?%?ure (% of negative CLP
e control) Subcategory
<15 %
3 min (independent of Skin corrosive
result obtained at 1 Category 1A
hour)
3 min & >15% at 3 min. Skin corrosive
1 hlo ' and <15% at 1 Category 1B-
u hour and-1C
3 min & >15% at 3 min.
1 hour and 215% at 1 Non Corrosive
hour
From Desprez et al., 2015
Step1: Corr. vs. Non-Corr. {v3<50} OR {v3>50 AND v60<15} — Corr. v3>50 AND v60>15 — Non-Corr.
Step2: Cat. 1A vs. Cat. 1B/1C v3<x — Cat. 1A v32x — Cat. 1B/1C —
Theoretical
Establishment of composite indicator 'vfin' range of values Criteria Prediction
for 'vfin'
v3<50 — vfin =v3 [0; 50] viin<y Cat. 1A
y<vfin
v3>50 AND v60<15 — vfin = v3 + v60 [50; 115] Cat. 1B-and1C
z
— vfin=(2 x v3) +
v3>50 AND v60=15 0 [115; 300] vfin>z Non-Corrosive
i

10.5 Rolein a Testing Strategy

In 2014, the OECD adopted the first Guidance Document (GD) on an Integrated
Approach to Testing and Assessment (IATA) for Skin Corrosion and Skin Irritation
[21]. The GD proposes an IATA to identify chemicals’ potential to cause skin cor-
rosion or skin irritation based on classification and labelling according to UN GHS
[4]. The IATA comprises modules consisting of non-testing information (e.g. exist-
ing human/in vivo/in vitro skin irritation and corrosion data, QSARSs, and read-
across), weigh-of-evidence analyses, and prospective in vitro testing. With regard to
in vitro testing, OECD IATA introduces the possibility to test the in vitro skin irrita-
tion/corrosion potential of a chemical using either a top-down approach (an in vitro
skin corrosion test followed by an in vitro skin irritation test) or a bottom-up
approach (an in vitro skin irritation followed by an in vitro skin corrosion test).
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In the context of testing strategy, the SkinEthic™ RHE skin corrosion test
method is not a stand-alone method. This method must be coupled with the irrita-
tion test method for a top-down or bottom-up approach. In the top-down approach,
if the result concludes that the substance is corrosive, then the chemical belongs to
category 1. If the conclusion is non-corrosive, an in vitro irritation test must be con-
ducted. Based on the outcome of this test, the chemical is then either classified as
category 2 or is nonclassified. In contrast, in the bottom-up approach, if the chemi-
cal is identified as non-irritant, it is considered as nonclassified; otherwise, a corro-
sion test is necessary. If the result of this test is corrosive, then the chemical is
considered category 1; if non-corrosive, it is considered a category 2 (Fig. 10.3).

The in vitro SkinEthic™ RHE methods have been formally validated and adopted
for the regulatory assessment of skin irritation (OECD TG 439) and corrosion
(OECD TG 431) of chemicals [17, 21, 23]. A study based on the SkinEthic™ RHE
skin irritation and corrosion data on 83 chemicals, used either in a sequential bot-
tom-up or top-down testing strategy, assessed their predictive capacity (Fig. 10.3).
For the EU CLP system, both strategies showed an accuracy of 90.0% to distinguish
nonclassified from classified chemicals. Furthermore, a 76% accuracy was found in
distinguishing between UN GHS subcategory 1A, subcategories 1B and 1C, irri-
tants (Cat.2), and nonclassified (NC) chemicals out of the 83 tested chemicals [25].
7 out of 43 chemicals were over-predicted as either irritant (n = 4) or a corrosive
(n = 3). Only one false negative result (methyl palmitate, UN GHS Cat.2) was
obtained, which is a chemical consistently identified as false negative (No category)
in all reconstructed human epidermis test methods included in the OECD in vitro
Test Guidelines.

Corrosion Cat.1

:

o
o

S.
Neg TG 404

EU CLP - Top Down | I i
NonClass. : Cat.2 . Cat.1B-1C : Cat. 1A

— TG 431 Cat. 1A 0 : 0 : 2 : 9 11
— - v Corrosive 0 i 0 1 1 1 0 !
Neg Pos. TG439 [ Cat 1B-1C 0O | 0 | 18 | 10 28
Cat. 2 1 | 10 | 2 | 0 13
i i i

— Non Class. 25 4 1 0 30
s % a 2 o 5
Neg

Irritation No Category
TG 404
EU CLP - Bottom Up i | i Sum
NonClass. : Cat.2 :Cat. 1B-1C : Cat. 1A
Posl TG439 | Non Class. 25 4 A . 30
N Cat. 2 1 i 10 i 2 i 0 13
- TG431 | Cat 1B-1C 0 0 i 18 | 10 28
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Fig. 10.3 Main steps of the IATA recommended in OECD GD 203 and contingency table for 83
tested chemicals based on the EU-CLP classification system (median classification applied)
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The integration of SkinEthic™ RHE skin irritation and corrosion data in a bot-
tom-up or top-down strategy showed a similar high accuracy for the determination
of the potential hazard of chemicals. The sequence of testing should be guided by a
weight-of-evidence approach as recommended in the OECD IATA.

10.6 Perspectives from the Test Developer
10.6.1 Critical Steps in the Protocol
The critical steps of the standardized operating procedure include the following:

» The absence of air bubble under the epidermis should be verified at each step.

» For liquids (40 + 3 pL), the test chemical is dispensed onto the epidermis with a
positive displacement pipette, and a nylon mesh is applied to gently spread the
substance; be sure to cover all the surface.

* For solids (20 + 2 pL. H,O and 20 + 3 mg test item), the test chemical should be
crushed to a fine powder. Ensure good contact with the epidermis.

* Viscous and sticky chemicals are applied using a curved flat spatula or weighed
directly on the nylon mesh; apply the chemical-coated side of the nylon mesh to
the epidermal surface.

e The nylon mesh should be carefully removed before rinsing.

 Tissues should be rinsed thoroughly.

» Plates should be thoroughly protected by stretching 3 parafilm layers over the
plate to prevent the evaporation of the formazan during the extraction step.

10.6.2 Possible Protocol Adaptations

In the in vitro SkinEthic™ RHE test method, the skin corrosion potential of a chemical
is determined by measuring cell viability, which is determined using the MTT assay by
enzymatic reduction of MTT tetrazolium salt to reduced MTT (formazan). Formazan
is quantified photometrically with the results being expressed as the percentage viabil-
ity of the chemical-treated tissues relative to the negative control. A known limitation
of the MTT photometric assay is possible interference by, for example, coloured test
chemicals and chemicals that have the ability to directly reduce the MTT with optical
density absorbance (OD) measurement of formazan. To address this limitation,
Cosmetics Europe undertook a project that evaluated the use of HPLC/UPLC as an
endpoint detection system to extend the applicability of in vitro RhT test methods to
include strongly coloured chemicals [26]. Twenty six chemicals chosen to create a bal-
anced chemical set of coloured and noncoloured chemicals were tested using the
SkinEthic™ RHE skin corrosion test method. The formazan solvent extracts were
measured by OD within L’Oréal R&I that performed the in vitro test method and by
HPLC/UPLC in three participating laboratories. The standard deviation data, well
below 18%, demonstrated a very high level of reproducibility between the participating
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laboratories in measuring the formazan extract samples from the in vitro skin corrosion
test method using HPLC/UPLC. For 92% (24 out of 26 test chemicals), high concor-
dance for the measurement of cell viability using the OD or HPLC/UPLC detection
systems was observed (difference < 5%). The two remaining chemicals (CAS# 74578-
10-2 and #176429-22-4), which were incompatible with OD since the non-specific
colour was >50% at 1 h, could be correctly classified using HPLC/UPLC, bypassing
the known limitation of the MTT photometric assay. A comparison of these classifica-
tions for all test chemicals (24) for which measurements could be made in both end-
point detection systems (considered compatible with OD measurement) identified
100% concordance. On the basis of the results obtained, it was concluded that this
HPLC/UPLC analytical endpoint detection system is relevant to the in vitro SkinEthic™
RHE test method but also to all reconstructed human tissue test methods irrespective of
the model used within the OECD Test Guideline 431 [17].

10.6.3 Challenges and Opportunities

Corrosivity is not a risk factor that usually occurs with cosmetics. But corrosivity
could occasionally arise after a manufacturing error, misuse of chemicals by the
consumer, or the unrestricted transport of chemicals. As a result, additional data to
support negative predictions might be requested depending on national require-
ments and legislation. In this case, in the context of the acute topical irritation effect,
a chemical that is not predicted to cause corrosive effects by the SkinEthic™ RHE
test method would require additional testing to establish a definitive classification as
either irritant or non-corrosive (also relevant to all RHE test methods).

OECD TG 431 allows for the subcategorization of corrosive chemicals into cat-
egory 1A or categories 1B and 1C but does not permit the distinction of the latter
into category 1B and category 1C due to the lack of high-quality in vivo reference
data against which to benchmark the in vitro results. Scientific evaluation of the
capacity of all RHE test methods is therefore hampered by the lack of relevant
(human and animal) reference data.

Opportunities might also be explored by considering the applicability of the
method to hazard identification for lower-concentrated mixtures without further
testing when the evaluation of the mixture has been already performed using the
bridging principle. Briefly, a mixture will be classified using the criteria for sub-
stances, taking into account the testing and evaluation strategies to develop data for
the skin corrosion endpoint. If a tested mixture classified in the highest subcategory
for corrosion is concentrated, a more concentrated mixture should be classified in
the highest corrosion subcategory without additional testing. Moreover, if a tested
mixture classified in the highest category for skin/eye irritation is concentrated and
does not contain corrosive ingredients, a more concentrated mixture should be clas-
sified in the highest irritation category without additional testing. If a mixture is
diluted with a diluent which has an equivalent or lower corrosivity/irritancy classi-
fication than the least corrosive/irritant original ingredient and which is not expected
to affect the corrosivity/irritancy of other ingredients, then the new mixture may be
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classified as equivalent to the original mixture. Further testing might be needed to
confirm this, preferably using an appropriate validated in vitro test before any regu-
latory acceptance.

10.7 Conclusions

Currently, internationally accepted test methods for skin corrosion testing include
the traditional animal test (Draize rabbit test) as well as in vitro test methods, includ-
ing validated test methods based on reconstructed human epidermis technology.
The SkinEthic™ RHE skin corrosion test method has gained international regula-
tory acceptance and has been adopted for the regulatory assessment of skin corro-
sion to distinguish between UN GHS subcategories 1A, 1B and IC, and
non-corrosives (OECD TG 431). Intra- and inter-reproducibility findings indicate
that the SkinEthic™ RHE model has high robustness in terms of its performance
with an enlarged dataset of diverse chemicals. Furthermore, the relevance of the
integration of SkinEthic™ RHE skin corrosion data in either a bottom-up or a top-
down strategy (as recommended in [21]) has been demonstrated to have a similar
high accuracy for the determination of the potential hazard of chemicals. The
sequence of testing of a chemical should be guided by a weight-of-evidence
approach as recommended in the OECD IATA.
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The epiCS”° Skin Corrosion Test Method 1 1

Oliver Engelking, Dirk Weisensee, and Horst W. Fuchs

11.1 Introduction and Principle of the Test Method

In vitro assessment of the human health endpoint skin corrosion makes use of recon-
structed human epidermis (RhE), which is obtained from normal human epidermal
keratinocytes. During the in vitro culture of the keratinocytes, there are several steps
that lead to differentiation from monolayer cell cultures into a 3D model which
closely mimics the histological, morphological, biochemical and physiological
properties of the upper parts of the human skin, i.e. the epidermis. At the air-liquid
interface, the RhE models develop a highly differentiated structure comprising via-
ble cell layers forming the stratum basale, stratum spinosum and stratum granulo-
sum in the lower regions and several layers of finally differentiated keratinocytes
forming the stratum corneum at the apical site (5) [2].

As recommended by the OECD guideline TG 431, epiCS® meet the general con-
ditions of a multilayered tissue with a functional stratum corneum and the func-
tional conditions of a stable and sufficiently high cell viability, skin barrier and
reproducibility within or between laboratories. Due to this reconstructed skin bar-
rier which resembles the barrier in vivo very closely, this test method was estab-
lished to replace the assessment of skin corrosivity using laboratory animals.

The principle of the RhE in vitro test method for skin corrosion is based on the
hypothesis that corrosive chemicals are able to penetrate the stratum corneum by
diffusion or erosion and are cytotoxic to the underlying cell layers. Skin corrosion
refers to the production of irreversible damage to the skin manifested as visible
necrosis through the epidermis (and into the dermis) following the application of a
test chemical. This was defined by the UN GHS (United Nations Globally
Harmonized System of Classification and Labelling of Chemicals) [3] and provided
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the basis for an in vitro procedure that allows the identification of non-corrosive
(NC) and corrosive (Cat. 1) substances and mixtures as described in the test guide-
line OECD TG 431 (2016). After refinement of the method using a larger set of
chemicals, it became possible to discriminate also between the corrosive subcate-
gory 1A and a combination of subcategories1B and 1C by several RhE test methods
including epiCS®. The epiCS® test method has shown to have a high reliability and
relevance for specific testing purposes like skin corrosion and skin irritation testing
(see Chap. 6 on epiCS® skin irritation test (SIT) method) as well as in vifro skin
sensitization testing (see Chap. 20 on epidermal equivalent (EE) potency assay).
The functional conditions of the epiCS® test method are very well characterized and
include viability, barrier function, morphology, reproducibility and quality control,
demonstrating high performance and predictive capacity of the epiCS® test system.

The degree of tissue necrosis is determined by the MTT assay [4]. This assay
measures cell viability of the tissues after topical exposure with the test chemicals
for 3 min or 60 min. The tetrazolium salt is reduced by intracellular dehydrogenases
and converted into coloured formazan. Two or three tissues are used per treatment
together with the negative control and positive control. After exposure, tissues are
rinsed and blotted, and assay medium is replaced by MTT assay medium. After 3 h
MTT incubation, tissues are washed with PBS and blotted, and the blue formazan
salt is extracted with isopropanol. The optical density of the formazan extract is
determined spectrophotometrically at 540-570 nm, and the cell viability is calcu-
lated for each tissue as percent of the mean of the negative control tissues. The cor-
rosivity potential of unknown chemicals can be predicted from the mean tissue
viabilities obtained after 3 and 60 min exposure in comparison to the negative con-
trol tissues treated with H,O. A chemical or mixture is classified as corrosive if the
relative tissue viability is decreased below 50% after a 3 min exposure period (UN
GHS Cat. 1). Furthermore, a test chemical classified as non-corrosive with a value
>50% viability after 3 min will be classified corrosive (UN GHS Cat. 1) if the rela-
tive tissue viability decreases below 15% after exposure for 60 min. Finally for
those test chemicals identified as corrosives, if cell viability at 3 min is <15%, the
test chemical is predicted to be within the corrosive subcategory 1A, whereas if cell
viability at 3 min exposure is >15%, the test chemical is predicted to be within the
corrosive combined subcategories 1B and 1C [1].

In some cases enough information may be available from structurally related
compounds to make classification decisions. Likewise, pH extremes like <2 and
>11.5 may indicate dermal corrosive effects. However, the use of extreme pH alone
as a marker to classify an acid-containing product as corrosive to skin might result
in over-prediction. Consequently, it is recommended to test substances or mixtures
having extreme pH, in a validated in vitro test method to investigate the corrosive
capacity or to confirm a non-corrosive classification.

11.2 Current Validation Status

The in vitro skin corrosion test makes use of reconstructed human epidermis (RhE)
test methods and is described by the OECD guidelines for the testing of chemicals
(OECD TG 431, 2016).
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Table 11.1 Predictive capacity (specificity, Specificity (%) 84.7 (61/72)
sensitivity and overall accuracy) of the epiCS® Sensitivity (%) 100 (72/72)
(formerly EST1000) skin corrosion test method Overall accuracy (%) 92.4 (133/144)

(corrosive vs. non-corrosive)

An inter-laboratory study with the epiCS® human reconstituted epidermis (RhE)
model (formerly EST-1000) was conducted and reviewed by an independent
ECVAM Scientific Advisory Committee (ESAC) Peer Review [5]. Based on the
study results, the non-commission members of the ECVAM Scientific Advisory
Committee endorsed on 12 June 2009 the statement that the epiCS® test method for
skin corrosion testing can be used for reliably predicting the corrosive potential of
chemical substances. The epiCS® test method was therefore considered to meet the
Performance Standards as determined in the OECD test guideline TG 431 on in vitro
skin corrosion testing using human skin model tests [5].

In this context, epiCS® was validated successfully with 12 reference chemicals
and obtained regulatory approval for skin corrosion testing in accordance with the
OECD test guideline 431 [1, 5]. On the basis of the individual predictions of the
four participating testing laboratories for the 12 reference chemicals (three tests per
reference chemical per laboratory), the predictive capacity shown in Table 11.1 was
obtained.

In this study each of the 12 chemicals were tested three times in four laborato-
ries. The total number of test results was therefore 144, with 72 results concerning
non-corrosives (7 = 6 chemicals) and 72 results concerning corrosives (n = 6 chemi-
cals). In this validation study, 11 out of 12 reference chemicals of the OECD TG
431 were correctly predicted using epiCS®. Only tetrachloroethylene was incor-
rectly predicted by three laboratories as a skin corrosive (false-positive prediction),
with the forth laboratory making a correct prediction as non-corrosive.

Recently, the EU Classification, Labelling and Packaging Regulation (EU CLP)
system required the subcategorization of corrosive chemicals into the UN GHS
optional subcategories 1A and 1B and 1C. This is mainly relevant for regulation on
transportation of goods, whereas protection measures for human health are not
affected by subcategorization, i.e. the protection measures for human health remain
the same independent of the corrosive subcategory.

A further study assessed whether the epiCS® skin models can reproducibly dis-
criminate the corrosive subcategory 1A (strong corrosive) from combined subcate-
gories 1B and 1C (weak corrosive). Eighty chemicals including solids, semi-solids
and liquids of different chemical classes (e.g. electrophiles, organic bases and acids,
neutral organics, surfactants, inorganic salts and acids, phenols), selected by the
OECD expert group on skin corrosion, were tested in two independent runs. Freeze-
inactivated tissues were used to correct for direct MTT reduction and interference
by colouring agents. The results are shown in Sect. 15.3.2, demonstrating high pre-
dictive capacity values.

The classification is based on the following two-step prediction model:

Step 1: Non-corrosive (NC) classification is achieved if the viability is >50%
after 3 min and >15% after 1 h of chemical exposure. A chemical is classified cor-
rosive if the viability is <50% after 3 min and/or <15% after 1 h of exposure.
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Step 2: For those test chemicals identified as corrosives in Step 1, if cell viability at
3 min is <15%, the test chemical is predicted to be within the optional corrosive sub-
category 1A, whereas if cell viability at 3 min exposure is >15%, the test chemical is
predicted to be within the optional corrosive combined subcategories 1B and 1C [1].

The possibility for subcategorization was adopted within OECD TG 431 which
included the epiCS® test method for the subcategorization of corrosive substances
and mixtures into optional category 1A, in accordance with the UN GHS [3], as
well as a combination of categories 1B and 1C [1, 6].

11.3 Performance and Applicability of the Test Method
11.3.1 Predictive Capacity

With regard to the latest testing guideline, the results with the epiCS® test method
obtained after testing 80 chemicals in two independent runs demonstrate correctly
classified corrosive and non-corrosive chemicals with a high sensitivity (87, 50%)
and specificity (71, 62%). The overall accuracy regarding subcategorization into
UN GHS subcategories 1A and 1B and 1C is 69, 81%. According to the current
prediction model using the two-step approach (see above), which is described in the
latest testing guideline [1], predictions for category 1B and 1C chemicals could be
further improved (Tables 11.2 and 11.3).

The results demonstrate that the epiCS® skin corrosion test method is able to cor-
rectly identify corrosive and non-corrosive chemicals according to the UN GHS clas-
sification system and also distinguish between UN GHS category 1A and subcategory
1B and IC chemicals with the current PM. Modifications of the original prediction
model were adopted within the OECD TG 431 that resulted in improved prediction
capacity especially for the identification of subcategory 1B and 1C chemicals [1, 7].

11.3.2 Applications and Limitations

The epiCS® in vitro skin corrosion test method is applicable to solids, liquids, semi-
solids and waxes. Liquids may be aqueous or nonaqueous; solids may be soluble or
insoluble in water. The method is not applicable to gases and aerosols [1].

The epiCS® in vitro skin corrosion test method can be used for hazard identifica-
tion of corrosive and non-corrosive chemicals (substances and mixtures) and further
distinguish UN GHS category 1A from categories 1B and 1C.

A possible limitation is the interference of a test chemical with the endpoint
MTT. To identify colour interference, spectral analysis of a coloured chemical in
water (environment during exposure) and/or isopropanol (extracting solution)
should be performed to evaluate if the test chemical requires additional controls. If
the test chemical in water and/or isopropanol absorbs light in the range of
570 = 30 nm, colourant controls should be performed. A test chemical may also
directly reduce MTT, thus mimicking cellular dehydrogenase activity. This property
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Table 11.2 Predictive capacity of in vitro subcategorization with the epiCS® skin corrosion test
method (non-corrosive vs. 1A or 1B and 1C corrosivity) using the new prediction model

epiCS® In vitro sub-categorization results

In vivo
results 1A 1B-and-1C NC
1A 87.50% 12.50% 0.00%
Correct prediction for 1A 1A Under-predicted as 1A Under-predicted as NC
1B-and-1C
1B-and-1C 32.79% 60.66% 6.56%
1B-and-1C Over- Correct prediction for 1 B-and-1 C Under-
predicted as 1A 1B-and-1C predicted as NC
NC 0.00% 28.38% 71.62%
NC Over-predicted as IA ~ NC Over-predicted as Correct prediction for NC
1B-and-1C

Accuracy = 69.81%

In this approach the corrosivity categories can be discriminated in a second step: a viability value
<15% after 3 min exposure is assigned to category 1A; a viability value >15% after 3 min exposure
is assigned to categories 1B and 1C

Table 11.3 Predictive capacity of in vitro subcategorization with the epiCS® skin corrosion test
method (non-corrosive vs. 1A or 1B and 1C corrosivity) in comparison with other RhE methods

Statistics on entire set of chemicals (n = 80 chemicals tested over 2 or 3 runs, i.e. 159-240
classifications)

Other RhE models epiCS®
Overclassifications
1B and 1C overclassified 1A 21.5-31.2% 32.8%
NC overclassified 1B and 1C 20.7-27.0% 28.4%
NC overclassified 1A 0.0-2.7% 0.0%
NC overclassified corrosive 20.7-27.0% 28.4%
Global overclassification rate (all categories) 17.9-24.5% 25.8%
Underclassifications
1A underclassified 1B and 1C 16.7% 12.5%
1A underclassified NC 0.0% 0.0%
1B and 1C underclassified NC 0.0-7.5% 6.6%
Global underclassification rate (all categories) 3.3-5.4% 4.4%
Correct classifications
1A correctly classified 83.3% 87.5%
1B and 1C correctly classified 61.3-76.3% 60.7%
NC correctly classified 73.0-79.3% 71.6%
Accuracy (predictive capacity) 70.0-78.8% 69.8%

NC non-corrosive

of the test chemical is only a problem, if at the time of the MTT test (after the test
chemical has been rinsed off), there is still sufficient amount of the test chemical
present on (or in) the tissues. In this case the (true) metabolic MTT reduction and
the (false) direct MTT reduction can be differentiated and quantified by a procedure
described in the SOP epiCS® skin corrosion test ([8]—Sect. 6.2). In brief, the test
chemical should be incubated for 3 h (37 =1 °C, 5 = 1% CO,, 95% RH) with the



164 0. Engelking et al.

MTT assay medium without the skin model to evaluate direct MTT-reducing activ-
ity of the test chemical. In case of direct interaction, the MTT-reducing chemicals
are applied to freeze-killed tissues that possess no metabolic activity but absorb and
bind the test substance similar to viable tissues. Each MTT-reducing test chemical
is applied to two freeze-killed tissues. In addition, two freeze-killed tissues are left
untreated, and the entire protocol is performed in parallel to the assay performed
with viable epiCS® tissues. The freeze-killed epiCS® tissues should undergo 2-3
freeze-thaw cycles beforehand to ensure complete inactivation of intracellular
reducing enzymes.

Other limitations include the fact that the surface of epiCS® being hydrophobic,
so that even spreading of aqueous substances is sometimes not possible. When a
nylon mesh is used as a spreading support for liquid test chemicals, it has to be
considered that some test chemicals may react with the mesh itself. If an interaction
between test substance and the mesh is noticed microscopically, the test substance
has to be applied without using a mesh as a spreading aid. Finally, the method is not
designed to be compatible with highly volatile test substances. However, possible
toxic interference across plate wells can be avoided by sealing the wells with an
adhesive cover sheet or testing volatile chemicals on separate plates.

11.4 Brief Description of the Protocol

Upon reception, tissues should be conditioned by pre-incubation for release of
transport stress-related compounds and debris. After overnight pre-incubation tis-
sues are transferred to fresh epiCS® culture medium and topically exposed with the
test chemicals for 3 min and 60 min, respectively. Two or three tissues each are used
per treatment, negative control and positive control. After exposure tissues are
rinsed and assay medium is replaced by 300 pl MTT assay medium per tissue in a
24-well plate. Freshly prepared MTT is used at a concentration of 1 mg/ml. After
3 h incubation, tissues are washed with PBS and the blue formazan salt is extracted
with isopropanol. The optical density of the formazan extract is determined spectro-
photometrically at 540-570 nm, and cell viability is calculated for each tissue as %
of the mean of the negative control tissues. Skin corrosivity potential of the test
materials is classified according to the remaining cell viability obtained after 3 min
or 60 min exposure with the test chemical.

11.4.1 60 min and 3 min Exposure in Detail

Liquids (50ul) are applied apically. In case of solids, the test material is grinded in
a mortar with a pestle. 25 mg of test substance is applied apically using a sharp
application spoon with fine ground test material. To increase the contact between
tissue surface and the solid chemical, 50 pl H,O should be applied first for wetting
the tissue surface. To avoid possible toxic interference across wells, it is recom-
mended to use one plate per chemical, in particular if volatile substances are tested.
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8 N KOH serves as a positive control (PC) and should be tested once per testing day.
One hour exposure of the PC should result in a mean tissue viability less than 20%.

Furthermore, it is recommended to start with the 60 min exposure first. For this
purpose, 50 pl H,O (negative control) is added onto the first epiCS® surface and if
needed a mesh is applied above. After 1 min the procedure is repeated with the sec-
ond tissue. After 2 min the third tissue is dosed and so on. After dosage of all epiCS®
tissues (50 pl for liquids, 25 mg + 50 pl H,O for solids), the 6-well plates are stored
in the incubator (37 = 1 °C, 5 £ 1% CO,, 95% RH) for the rest of the exposure time
until 1 h exposure is reached for the first tissue dosed. The mesh is removed and the
tissue gently rinsed with a wash bottle with PBS (the insert is filled and emptied 20
times in a constant soft stream of PBS). All tissues are rinsed in an interval of 1 min.
The excess PBS is removed by gently shaking the insert and blot bottom with blot-
ting paper, and the insert is placed in the prepared holding plate containing culture
medium. The inserts are transferred into the 24-well plate, which is prepared for the
MTT assay (1 mg/ml MTT in assay medium, 300 pl per insert). The plate is then
placed in the incubator for 3 hours (37 = 1 °C, 5 £ 1% CO,, 95% RH). A similar
procedure is to be conducted for the 3 min exposure time, with the exception that all
is done at room temperature.

11.4.2 MTT Procedure

After completion of the 3 h MTT incubation (1 mg/ml MTT in assay medium,
300 pl per insert), the inserts are removed, dried by blotting the bottom on blotting
paper and transferred into a new 24-well plate containing 2 ml of the isopropanol
extraction solution. The extraction plate is sealed and stored over night without
shaking at 4-8 °C or with shaking (100 rpm) at room temperature for 2 h. Inserts are
pierced and discarded, and 2 x 200 pl of the blue formazan extract is transferred into
2 wells of a 96-well plate per tissue. The read out of optical density (OD) is done in
a spectrophotometer at 540-570 nm without reference filter, since the “classical”
reference filter often used in the MTT test (630 nm) is still within the absorption
curve of formazan.

Cell viability is calculated for each tissue as the percentage of the mean negative
control cell viability. Skin corrosivity potential of the test materials is classified
according to the cell viability obtained after 3 min or 60 min exposure with the test
chemical according to the prediction model mentioned above (Sect. 15.2).

11.5 Perspectives from the Test Developer

The protocol for the epiCS® in vitro skin corrosion test method is robust and does
not need further adaptations. Detailed instructions of how to perform the test are
described in the SOP for epiCS® [8], and it is important to stick to the recommenda-
tions mentioned there. For example, the method is not designed to be compatible
with highly volatile test substances, and therefore the use of one six-well plate per
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chemical is important to avoid cross contamination into neighbouring cavities.
Moreover, the exact timeline for chemical incubation, washing and subsequent
MTT incubation should be followed. Therefore, the intermediate step with a hold-
ing plate was introduced, before entering all treated tissues into the MTT medium
at once.

In a further study, the data of different RhE methods were compared and the dif-
ferent prediction models (PM) for each test system evaluated. Optimization of the
PM yielded an improved predictive capacity for each of the in vitro test methods [7].

11.6 Conclusions

Results demonstrate that the epiCS® skin corrosion test method is able to correctly
identify corrosive and non-corrosive test chemicals and to distinguish between UN
GHS category 1A and UN GHS category 1B and 1C test chemicals. The epiCS®
skin corrosion test method with the most recent recommended prediction model,
which led to higher accuracy of the test method and improved prediction capacity
especially with respect to subcategorization into categories 1B and 1C, is mentioned
in the latest revised version of the OECD TG 431 (2016).
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The In Vitro Membrane Barrier Test 1 2
Corrositex’ for Skin Corrosion

Rich Ulmer and Amy Wang

12.1 Principle of the Test Method and Scientific Basis

Corrositex is a standardized, quantitative, in vitro test for skin corrosivity based
upon the determination of the time required for a test material to pass through a
biobarrier membrane. The test system is comprised of two components, a synthetic
macromolecular biobarrier and a chemical detection system (CDS). The basis of
this test method is that it detects membrane barrier damage caused by corrosive test
substances [1], presumably by the same mechanism(s) of corrosion that operate on
living skin. Membrane barrier damage caused by a corrosive test material after the
application of the test material to the surface of the artificial membrane barrier is
detected by the CDS, i.e., by either color change of the indicator solution or consis-
tency change at sample/testing fluid interface below the barrier. The assay system is
depicted in Fig. 12.1.

The scientific basis of the Corrositex method is the relationship between the abil-
ity of a chemical or formulation to destroy the integrity of the biobarrier and its
corrosive potential in vivo. The description of major components and the mecha-
nism of action of the Corrositex test are briefly shown in Figs. 12.2 and 12.3.

When a test material diffuses through the biobarrier, it mixes with and alters the pH
of the CDS. A color change occurs when the pH of the CDS falls below 4.5 or rises
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Fig. 12.1 Schematic diagram depicting the biobarrier and chemical detection system of the
Corrositex® test method

Collagen gel is predominantly composed of water, with small amounts of dissolved
protein. Most test materials actually diffuse through the aqueous phase of this gel. Only
the most corrosive materials (Packing Group I) will destroy this portion of the biobarrier.

_ Porous Cellulose membrane permits free diffusion of chemicals whose molecular weight is
<12,000. Only the most corrosive substances actually burn a hole in the membrane.
Chemical Detection System is composed of water and two pH indicator dyes. The pH of the
CDS is 7. The acid indicator dye changes color when the pH of the solution drops below
4.5. The basic indicator dye changes color when the pH rises above 8.5. Therefore, acids
and bases that enter the CDS are detected because they promote a visible change in the

color of these indicator dyes. NOTE: Chemicals that do not cause the pH to change
appreciably will not qualify for the assay because they fail to provoke a color change.

Fig.12.2 Description of the components of the Corrositex® test

above 8.5. The time that is required to cause this change in pH is governed by three
factors: (1) the strength of the acid or base, (2) the rate of diffusion of the test material,
and (3) for very corrosive substances, the rate of destruction of the biobarrier.

These mechanisms are depicted in the graph shown in Fig. 12.3. In this example,
concentrated and dilute hydrochloric acid (HCL) were analyzed with the Corrositex®
test. Because the rate of diffusion is proportional to concentration, the concentrated
acid diffused through the biobarrier more rapidly than the dilute acid solution.
Additionally, the concentrated HCL reacted chemically (hydrolyzed) with collagen
and cellulose to cause destruction of the biobarrier. As a result, the concentrated
acid entered the CDS and caused a color change in less than 2 min. By contrast, the
dilute acid required 25 minutes to diffuse through the biobarrier and induce a visible
color change. Based on the prediction model of the test method, the concentrated
acid was considered to be a Packing Group I material and the dilute acid was a
Packing Group II substance.
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Fig.12.3 An example of diffusion time and acid strength govern “breakthrough” times

12.2 Current Validation Status

Corrositex® has been granted regulatory approval by the US DOT since 1993
(Exemption DOT-E 10904 Revision 8) [2]. The US DOT limits the use of Corrositex®
to specific classes of chemicals, including acids, acid derivatives, acyl halides,
alkylamines and polyalkylamines, bases, chlorosilanes, and metal halides and
oxyhalides.

Corrositex® has also been accepted by the Transport Canada—Permit for
Equivalent Level of Safety SU 5807 (Ren.1) as an alternative test method to deter-
mine the UN packing group for not fully specified products or substances that have
a primary or subsidiary classification of Class 8 [3].

In 2000, the National Institute of Environmental Health Sciences (NIEHS) and the
major US federal regulatory agencies including the Environmental Protection Agency
(EPA) (http://www.epa.gov), the Occupational Safety and Health Administration
(OSHA) (http://www.osha.gov), and the Consumer Product Safety Commission
(CPSC) (http://www.cpsc.gov) accepted the use of the Corrositex® skin model test as
areplacement for the animal test for skin corrosivity. The Food and Drug Administration
(FDA) (http://www.fda.gov) also endorsed the acceptability of the method but stated
that corrosivity testing for the types of products it regulates is likely to be limited. The
Department of Transportation (http://www.dot.gov) had already accepted the method
for certain chemicals since 1993 (see above). Then in 2013, OSHA (29CFR1910.1200
Appendix A) stated in vitro alternatives (such as Corrositex) that have been scientifi-
cally validated shall be used to make classification decisions.
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In 2000, the European Union ECVAM Scientific Advisory Committee (ESAC)
unanimously endorsed the statement that the Corrositex® assay is a scientifically
valid test method. The applicability domain is stated to identify noncorrosives and
skin corrosive subcategories 1A, 1B, and 1C. Corrositex® was considered applica-
ble to specific classes of chemicals, i.e., organic and inorganic acids, acid deriva-
tives, and bases [4].

Since 2006, the In Vitro Membrane Barrier Test Method for Skin Corrosion was
adopted as the OECD Test Guideline No 435, which is applicable to Corrositex®
[5]. Furthermore, in 2014, the OECD published a guidance document on an inte-
grated approach on testing and assessment (IATA) for skin corrosion and irritation.
OECD Test Guideline 435 was the third adopted in vitro test method for skin corro-
sion (ENV/JM/MONO (2014)19). Within its approved applicability domain, OECD
accepted Corrositex to identify noncorrosives and skin corrosive subcategories 1A,
1B, and 1C according to the Globally Harmonized System (GHS) for classification
(equivalent to UN Packing Group L, II, and III).

12.3 Performance and Applicability of the Test Method

The Corrositex test method allows the identification of corrosive chemical sub-
stances and mixtures and allows the subcategorization of corrosive substances
according to the GHS classification system (Table 12.1). In addition, such a test
method may be used to make decisions on the corrosivity and noncorrosivity of
specific classes of chemicals, e.g., organic and inorganic acids, acid derivatives, and
bases for certain transport testing purposes. The in vitro membrane barrier test
method may be used to test solids (soluble or insoluble in water), liquids (aqueous
or nonaqueous), and emulsions. The samples may be pure chemicals, dilutions, for-
mulations, or waste. No prior treatment of the sample is required.

However, test chemicals (substances and mixtures) not causing a detectable
change in the compatibility test (i.e., color change in the chemical detection sys-
tem) cannot be tested with the membrane barrier test method [1]. In particular
aqueous substances with a pH in the range of 4.5-8.5 often do not qualify for
testing; however, 85% of chemicals tested in this pH range were noncorrosive in
animal tests [1].

Table 12.1 Designation of UN packing groups/GHS skin corrosion categories [6]

Corrositex time (minutes)

Corrositex category 1 0-3 min >3-60 min >60-240 min >240 min
Corrositex category 2 0-3 min >3-30 min >30-60 min >60 min

UN packing group PGI PG II PG III Noncorrosive
GHS skin corrosion GHS skin corrosion category 1

category

GHS skin corrosion Subcategory 1A Subcategory 1B Subcategory 1C not Catergory 1
subcategories
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Another potential limitation of this method is misinterpretation of category when
the test material has an intense color. The misinterpretation can be easy to reduce by
measuring the pH value as well as observing the color change.

12.4 Brief Description of the Protocol

The Corrositex test method is performed in three steps: qualify, categorize, and clas-
sify. Before following the Corrositex testing protocol, the biobarrier discs must be
prepared and refrigerated at 2—-8°C for at least 2 h. When making the biobarrier
discs, the entire content of the Corrositex diluent vial is slowly added and mixed
with the biobarrier matrix powder vial kept in a water bath at 68—70°C for about
20 minutes to ensure complete and uniform solubilization. After solubilization of
the matrix, the hot solution (200 pL) is pipetted into each disc placed in 24-well
plate. The plate is then sealed with plastic wrap and stored at 2—-8°C.

The first step, a qualification test, is done to insure that the test sample and the
CDS reagent are compatible. Test material (150 pL or 100 mg) is added to the
“qualify” test tube. If a color change or consistency change at sample/testing fluid
interface is observed, the sample is judged to be compatible with the detection sys-
tem and the remainder of the test is performed.

The second step of the Corrositex test utilizes appropriate indicator solutions to
permit categorization of the test sample as either a Corrositex Category 1 or
Corrositex Category 2 material. Corrositex Category 1 materials are typically strong
acids/bases, while Corrositex Category 2 materials are typically weak acids/bases.
A “categorization screen” is conducted to enable the test material to be assessed
against the appropriate scoring scale. Test material (150 pL or 100 mg) is added to
Tube A and Tube B. The tubes are then mixed and the resulting colors observed. If
a color observed in either tube matches to a color on the chart provided by InVitro
International, record that category. If no color change is seen, add two drops of the
“confirm” reagent to tube B. The tube is then mixed and the resulting colors are used
to confirm the proper category.

The third step of the test is performed by applying the test sample to the biobar-
riers. When the chemical permeates through or destroys the full thickness of the
biobarriers, it comes into contact with the CDS which then undergoes a color
change. This color change is visually observed and the time required for the color
change to occur is recorded. Four replicate vials are used for each test material. For
each assay, at least one vial for the positive control and one vial for the negative
control are employed. In details, a biobarrier disc is placed into a vial containing
CDS, and approximately 500 pL or 500 mg of the test material is added to the bio-
barrier disc. The vial is then observed continuously, against a solid white back-
ground, for the first 10 min, and then at approximately 10 min intervals for 1 h
(Category 2 test materials) or 4 h (Category 1 test materials), or until the break-
through of the chemical occurs. Breakthrough time is recorded in minutes and sec-
onds. The assay results are considered to be acceptable if the positive control and
negative control time fall in predefined time ranges. The UN packing group and
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GHS skin corrosion category are predicted using the mean breakthrough times
shown in Table 12.1.

12.5 Rolein aTesting Strategy

Corrositex serves several purposes in a responsible commercial corporation’s cor-
rosive testing strategy. Probably its primary purpose is to meet corporate ethical
safety responsibilities and accountability. Next, Corrositex’s role is to meet regula-
tory standards as much as possible globally. Thirdly, Corrositex plays a major role
in replacing the use of live animals in what is generally acknowledged as a painful,
even cruel use of rabbits or rats. Finally, Corrositex plays an important role in reduc-
ing both the cost and time spent to make a proper corporate decision determining
noncorrosive or corrosive/hazardous status of a material or commercial good.

Furthermore, in 2014, the OECD published a guidance document on an IATA for
skin corrosion and irritation in which the OECD Test Guideline 435 is part of the
recommended information sources. IATA describes several modules which group
information sources and analysis tools and also provide guidance on how to (1)
integrate and use existing test and non-test data for the assessment of skin irritation
and skin corrosion potentials of chemicals and (2) propose an approach when fur-
ther testing is needed, including when negative results are found [5]. This IATA
approach includes the conduct of in vitro tests for skin corrosion (such as described
in the OECD TG 435) and skin irritation before considering testing in living ani-
mals. Positive results from in vitro test methods can be used to classify a chemical
as corrosive or Non-corrosive without the need for animal testing, thus reducing and
refining the use of animals and avoiding the pain and distress that might occur if
animals were used for this purpose.

12.6 Perspectives from the Test Developer

The preparation of the biobarrier membrane discs is probably the most critical step
in the assay since the classification assigned is based on the time it takes a substance
to penetrate through the membrane barrier to the indicator solution. When mixing
the biobarrier matrix powder and diluent, it is important to make sure that the pow-
der is completely dissolved before applying the solution to the discs. It is also
important to ensure that no air bubbles are formed either when filling the pipette
with solution or when applying into each membrane disc evenly. In general, the
biobarrier is stable for 7 days if it is wrapped and stored at 2—8°C. For each assay,
the positive and negative control should be used to ensure the quality of the biobar-
rier discs.

Furthermore, when performing the qualification step, it is important to focus
attention immediately on the vial in case a change in color or consistency is a short-
lived change. Finally, when performing the categorization step, besides the color
change from Tube A and Tube B, it is also recommended to measure the pH value
in Tube A and Tube B to ensure the final category of the test material.



12 The In Vitro Membrane Barrier Test Corrositex® for Skin Corrosion 173

12.7 Conclusions

Based on current available information, the Corrositex test method is best suited for
the determination of corrosivity of acidic and alkaline compounds. Consequently,
manufacturers and shippers of these types of products, typically referred to as pos-
sible Class 8 corrosives, would be expected to benefit most from the use of this
in vitro alternative to the in vivo skin corrosivity test method.
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The Rat Skin Transcutaneous Electrical 1 3
Resistance (TER) Test

Robert Guest

13.1 Principle of the Test Method and Scientific Basis

The rat skin transcutaneous electrical resistance (TER) test (hereafter referred to as
the TER test) was initially developed and used by Oliver and co-workers in the
1980s to screen chemicals for their skin corrosion potential and to guide humane
in vivo skin testing. After protocol refinement, followed by intra-laboratory, inter-
laboratory, pre-validation and validation studies [1-6], the test was adopted as
OECD Test Guideline 430 in 2004, being revised in 2013 and again in 2015 [7]. The
test can be used to determine the skin corrosion potential of chemicals or chemical
mixtures without the use of living animals, thereby avoiding the pain or discomfort,
which can accompany serious skin damage. Whilst described as an in vitro proce-
dure, the TER test can be more correctly defined as an ex vivo method as it is con-
ducted on skin discs obtained from a humanely killed young rat. In vivo, skin
corrosion can be identified as irreversible damage to the skin manifested as visible
necrosis through the epidermis and into the dermis [8]. The skin effects can be seen
as areas of necrotic skin or ulceration, which may sometimes be preceded or accom-
panied by severe inflammation (erythema and oedema), and may lead to scab (crust)
and scar tissue formation with or without bleeding and alopecia. Depending upon
the degree of skin corrosivity of the chemical, some skin effects (e.g. visible necro-
sis) may occur within minutes of exposure, whilst others may take longer to develop.
Scar tissue may even take weeks to form.

The scientific basis of the TER test is that corrosive chemicals or chemical mix-
tures have the potential to produce a loss of integrity of the stratum corneum (the
surface layer of the epidermis) and a reduction in the normal barrier function of the
skin. These effects can be measured by recording the passage of ions through skin
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discs using a “Wheatstone bridge’ apparatus, which provides a measure of the elec-
trical impedance of the skin as a resistance value in kilo ohms (k). The TER of the
skin is dependent upon a number of factors, including the species and strain of the
animal, region of the body, age and condition, and so these have to be standardized
in order to ensure reproducibility of measurements. The skin of a young rat is used
because the sensitivity in testing of chemicals for skin corrosion potential has been
previously demonstrated, and rat skin is the only source that has been formally vali-
dated [6]. The threshold for corrosion in rat skin, of the age and strain specified in
the validated TER test method, using the prescribed apparatus and procedures, is a
value of 5 k€. This value has been selected on the basis of extensive data for a large
number of substances and mixtures [4—6]. The value is considered to be robust
because almost all corrosive substances produce a mean TER value of less than
3 k€ in this system, whilst almost all non-corrosive substances produce a TER
value of greater than 10 kQ. However, in addition to corrosive substances, some
substances that are not corrosive to skin, for example, some surfactants and neutral
organic chemicals, are able to cause a reduction of the barrier properties of the skin
without producing irreversible tissue damage. For this reason a ‘dye-binding’ pro-
cedure is incorporated into the TER test to allow identification of false-positive
results.

In outline, the skin corrosivity of each test chemical or mixture is determined
using three skin discs freshly prepared from the dorsal pelt of a humanely killed
young rat. Each skin disc is secured tightly over the end of a PTFE (polytetrafluoro-
ethylene) tube, with the epidermis facing inside the tube. The end of the PTFE tube
with skin disc in place is submersed in electrolyte solution in order to form a two-
compartment test system. The test chemical is then applied to the epidermal surface
of the skin. After a contact time of up to 24 h, the test item is washed from the epi-
dermal surface, and following hydration of the skin using electrolyte, the TER is
measured. Negative and positive controls are incorporated into the test, each con-
sisting of exposure of three skin discs to a negative control or positive control sub-
stance. If the mean TER of the skin discs treated with the test item is below, or is
close to 5 KQ, but the possibility of this being not due to true corrosivity is sus-
pected, as might be the case for some surfactants and neutral organic chemicals,
then a dye-binding step is conducted.

13.2 CurrentValidation Status

The TER test was originally used by industry in the early 1980s, primarily as a
screening test to predict skin corrosion potential rather than the degree of corrosiv-
ity and to guide humane in vivo skin testing [1, 2]. During the next 10 years, a
number of protocol refinements resulted in optimization of the skin contact time
(24 h) and reduction of the rate of false-positive results [3]. An inter-laboratory trial
was undertaken [4], and a formal pre-validation study took place between 1993 and
1994 in two laboratories using 25 corrosive and 25 non-corrosive chemicals [5]. A
formal international validation study was conducted in three test facilities between
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1996 and 1997, under the auspices of ECVAM, using 60 chemicals [6]. The results
met the predefined criteria for acceptable under- and over-prediction rates, and on 3
April 1998 the ECVAM Scientific and Advisory Committee (ESAC) unanimously
endorsed the TER test as scientifically validated for use as a replacement for the
animal skin corrosion test for distinguishing between corrosive and non-corrosive
chemicals [9].

The rat skin TER test was also accepted for its intended use by the European
Scientific Committee for Cosmetic Products and Non-food Products (SCCNFP)
[10]. On 8 June 2000, the test was adopted as Method B.40 of Annex V to Council
Directive 67/548/EEC under the 27th adaptation to technical progress, superseded
in 2008 by the EU ‘Test Methods Regulation’ to bring the test methods in line with
the EU REACH chemicals directive [11]. In 2001, a summary report focusing on
the performance of the TER test was prepared on behalf of the US National
Toxicology Program Interagency Center for the Evaluation of Alternative
Toxicological Methods (NICEATM) [12]. The authors concurred with the ECVAM
conclusion that the test is both reliable and reproducible, but that for some chemical
or product classes (e.g. cleaners and detergents), the small number of chemicals
and/or the unbalanced distribution of corrosive and non-corrosive chemicals did not
allow accurate conclusions to be made on the performance of this assay for these
chemical classes. The summary report was incorporated into a background review
document (BRD) published by ICCVAM in August 2001 [13] which provided a
number of recommendations following review of available validation studies. A
draft OECD Test Guideline 430 was issued for the test method on 27 March 2002,
and OECD formally adopted the finalized test guideline on 13 April 2004. This was
further revised on 26 July 2013 to include a set of performance standards as Annex
1, for the assessment of new or modified TER test methods having similarity to the
validated reference method (VRM) in accordance with the principles of OECD
Guidance Document No. 34 [14]. OECD TG 430 was revised again on 28 July 2015
[7], to include reference to the guidance document on an integrated approach to test-
ing and assessment (IATA) for skin corrosion and irritation [15]. The revised test
guideline no longer included the performance standards set out as Annex 1 in the
previous version, but in August 2015, these were published as a separate OECD
Guidance Document, No. 218 of the OECD Series on Testing and Assessment [16].
This stand-alone document is intended for use by developers of new or similar test
methods for generating the validation data that is required by the OECD for inclu-
sion of a new or modified test method into the Test Guideline 430 and before use of
the test for regulatory purposes.

13.3 Performance and Applicability of the Test Method
13.3.1 Reproducibility

The repeatability and reproducibility of the TER test in three different studies have
been summarized [12].
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In the inter-laboratory trial reported by Botham et al. in 1992 [4], no statistically
significant level of inter-laboratory variability was found for corrosives (6 chemi-
cals), non-corrosives (14 chemicals) or for all test materials (20 chemicals), but an
intra-laboratory analysis was not possible. In the pre-validation study reported by
Botham et al. in 1995 [5], the agreement for the classifications obtained by both of
the participating laboratories was 92% (23 of 25 corrosive and 23 of 25 non-
corrosive chemicals).

In the ECVAM validation study reported by Fentem et al. in 1998 [6], 60 chemi-
cals were each tested twice by each of three laboratories. Based on their analyses,
ECVAM concluded that inter- and intra-laboratory variability was approximately
equivalent, with no evidence of systematic differences between experiments within
a laboratory. Of the 60 chemicals tested, 37 gave the same skin corrosion classifica-
tion in both experiments in all three laboratories. For 10 of the remaining 23 chemi-
cals, only one experiment resulted in a classification differing from the other 5
predictions. Although there were differences for some chemicals between experi-
ments within, and between laboratories, ECVAM concluded that the rat skin TER
assay was reliable and reproducible. Due to the lack of quantitative data for indi-
vidual chemicals in the published studies, no independent evaluation of repeatabil-
ity or reproducibility for the rat skin TER assay could be conducted. However, after
reviewing the intra- and inter-laboratory evaluations conducted by ECVAM, it was
concluded that the analyses were appropriate and that the conclusions were
accurate.

Based on the performances obtained with the TER test for the 24 Reference
Chemicals listed in the OECD Performance Standards Document No. 218 [16], any
future similar or modified TER test method must achieve a within-laboratory repro-
ducibility (WLR) equal to or higher than 90% and a between-laboratory reproduc-
ibility (BLR) equal to or higher than 80%, when tested with those 24 chemicals.

13.3.2 Predictive Capacity

The result of the TER test can be used to determine whether the test chemical will
require classification as a Category 1 corrosive substance or if it does not require
classification as corrosive to skin, according to the UN GHS [8]. The results cannot
be used to assign skin-corrosive subcategories 1A, 1B or 1C.

Using data obtained from the Botham et al. (1992 and 1995) and ECVAM vali-
dation studies [4—6] for 122 chemicals and chemical mixtures, the rat skin TER
test method was able to discriminate between known skin corrosives and non-
corrosives with an overall accuracy of 81% (99/122), a sensitivity of 94% (51/54)
and specificity of 71% (48/68). Based on the ECVAM validation study alone,
which consisted of 355 trials on 60 chemicals [6], the overall accuracy was 79%
(282/355), with a sensitivity of 88% (140/159) and specificity of 72% (142/196).
So when the data from the ECVAM validation study [6] were evaluated indepen-
dently from other studies Botham et al. [4, 5], the overall performance was very
similar.
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Table 13.1 Sensitivity, specificity and accuracy required for proposed or similar test methods to
the VRM

Sensitivity Specificity Accuracy
>90% (actual for rat skin >75% (actual for rat skin >82.5% (actual for rat skin
TER?, 93%) TER?, 75%) TER?, 84%)

*Values based on the results from the Validated Reference TER test method (VRM) for the 24
Reference Chemicals

The performance characteristics for the TER test remained consistent when eval-
uated against various chemicals classes, including organic and inorganic bases and
base mixtures, organic and inorganic acids and acid mixtures.

Based on the predictive capacity obtained with the TER test for the 24 Reference
Chemicals listed in the OECD Performance Standards Document No. 218 [16], any
future similar or modified TER test method must achieve a sensitivity, specificity
and accuracy values as shown in Table 13.1 to be considered valid to discriminate
corrosive from non-corrosive chemicals.

13.3.3 Applications and Limitations

On the basis of the data generated in the ECVAM validation study for 60 chemicals
over a wide range of chemical classes and physical states including liquids, semi-
solids, solids and waxes, and taking into account the relative simplicity of the mech-
anism of action of corrosives, it was concluded that the test method would be
generally applicable across all chemical classes [6]. However, a comparably small
number of waxes and corrosive solids were assessed during validation.

In practical terms, the rat skin TER test can be conducted on any chemical, sub-
stance, mixture or formulation that can be applied uniformly over the surface of the
skin disc and can be removed from the skin disc at the end of the exposure period to
allow measurement of the skin TER. If it is demonstrated that the TER test is not
applicable to a specific category of substance, then the test should no longer be used
for that category. The test may not be appropriate for substances that cannot be
removed from the skin surface, such as some adhesives or paints since this would
likely result in elevated TER values. It is not possible to test gases or aerosols using
the validated protocol, and currently, OECD TG 430 does not allow testing of these
forms of substance. It may be conceivable that these forms of material could be
tested using a modified TER test method.

Some non-corrosive surfactants and neutral organics may disrupt the stratum
corneum in the TER test causing a lowering of the TER below 5 kQ, in which case
the additional dye-binding step should be conducted. The TER test can be used to
assess coloured substances, but if it is necessary to conduct the dye-binding step, the
possibility of the coloration interfering with measurements in the dye-binding step
should be considered.

The TER test is assumed to be applicable to testing of mixtures as an extension
of its applicability to substances. However, since mixtures cover a wide spectrum of
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categories and composition, in cases where it can be shown that the test is not appli-
cable to a specific category of mixtures, e.g. following a strategy as proposed by
Eskes et al. [17], the OECD TG 430 should not be used for that specific category of
mixtures.

Before use of the Test Guideline on a mixture for generating data for an intended
regulatory purpose, it should be considered whether, and if so why, it may provide
adequate results for that purpose. Such considerations are not needed, when there is
a regulatory requirement for testing of the mixture.

13.3.4 Comparison to Human Data

No published comparisons of rat skin TER skin corrosion and human skin corrosion
data have been identified.

13.4 Description of the Protocol

OECD TG 430 describes the experimental methodology for the validated reference
model of the TER test, and also its protocol is described in the ECVAM DB-ALM
Protocol Number 115 [18]. Whilst the test is relatively inexpensive and simple to
conduct, it is essential that the test facility is able to house, handle and maintain
laboratory rats in accordance with national regulations and recognized standards of
animal care and welfare. In some countries, national law may regulate the prepara-
tion of rats for provision of the skin to be used in the TER test, whilst in some other
countries, preparation and use of the rat may not be regarded as a ‘regulated’ proce-
dure. Prior to the routine use of the TER test, and for adherence to OECD TG 430,
laboratories should demonstrate technical proficiency by correctly classifying the
skin corrosivity of the proficiency substances listed in the Test Guideline. It is also
essential that the test facility can generate acceptable results using the recommended
positive and negative control materials and can demonstrate reproducibility of the
test method.

13.4.1 Apparatus Required to Conduct the Test

* A low-voltage alternating current Wheatstone bridge apparatus, e.g. LCR 6401
Databridge (H Tinsley & Co., Croydon, Surrey, UK).

* Electrodes and PTFE tubes with rubber ‘O’-rings. Specifications can be found in
Fig. 13.1.

» Resistance box for calibration of the Wheatstone bridge apparatus, as shown in
Fig. 13.2.

* Bench centrifuge

* Spectrophotometer (for measuring optical density of extracted sulforhodamine
dye solution).
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Fig.13.2 Calibration of
the Wheatstone bridge
apparatus

Fig.13.3 TER apparatus

e Other materials: crocodile clips, spring (‘Terry’) clips (optional), disposable
receptacles to serve as receptor chambers, scalpel, disposable plastic syringes,
disposable vials for extraction of dye from skin discs, petroleum jelly.

Figure 13.3 shows a typical arrangement of the TER apparatus.

13.4.2 Materials Required for the TER Step

e Antibiotic solution (e.g. a mixture of 8000 pg/mL streptomycin, 800 pg/mL pen-
icillin, 10 pg/mL amphotericin, 10 pg/mL chloramphenicol). It is also acceptable
to use mixtures of antibiotics containing glutamine, which are commercially
available.

e Electrolyte solution: Magnesium sulphate heptahydrate 154 mM.

» Tap water for rinsing test material from the skin surface.

* De-ionised water for moistening of solid test materials and to also serve as nega-
tive control material.
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» Test chemical: A sufficient amount is required to allow the application of 150 pL.
ofa

* liquid or a uniform layer of a solid to each of three skin discs.

* 10 M hydrochloric acid to serve as positive control material.

e 70% ethanol (for lowering surface tension at the skin surface).

13.4.3 Materials for Dye-Binding Step (if Required)

* 10% solution of sulforhodamine B dye (Acid Red 52; C.I. 45,100; CAS No.
3520-42-1) in distilled water

* De-ionised water for washing skin discs

* 30% (v/v) aqueous solution of sodium dodecyl sulphate for extraction of sul-
forhodamine dye from skin discs

The procedure section of OECD TG 430 covers all of the technical and practical
aspects of the test. The first part of this section discusses the source and specifica-
tions of the animals used for the test, the key features being the use of a standard
laboratory strain of rat (Wistar derived is recommended) of either sex but of a spe-
cific age, 22 days at the time of hair removal and 28-30 days at the time of prepara-
tion of skin discs. The age of the rat is critical to ensure that the hair follicles are in
the dormant (telogen) phase. The use of older animals can result in lower than
expected TER values.

Careful preparation of the skin and skin discs is critical to the successful conduct
of the test. During removal of hair from the dorsum and flanks, it is important to
avoid abrasion of the skin. The clipped skin should be washed with antibiotic solu-
tion after clipping and again on the third or fourth day after the first wash. This
procedure is conducted to inhibit bacterial growth on the skin and therefore mini-
mize the possibility of changes in the barrier properties. Animals should then be
used within 3 days of the second wash.

A sufficient number of skin discs can be obtained from the pelt of one animal to
conduct one study or possibly two studies when sharing the negative and positive
controls. The skin used must be stripped of excess subcutaneous fat by carefully
peeling it away. A total of eleven discs are usually required, two for the initial qual-
ity control procedure and three for each of the test, positive control and negative
control materials. Any skin discs that have abrasions or other defects should be
rejected. Ideally, the skin discs should be used straight away, but if storage is neces-
sary, data should be generated to show that the specific storage conditions do not
result in unusual results for the positive and negative controls. The Test Guideline
describes the removal of skin discs of 20 mm in diameter before placement onto the
end of the PTFE tubes, but an alternative, and possibly more convenient, procedure
is to stretch the complete strip of prepared skin over the end of the PTFE tube and
then press fit a rubber ‘O’-ring over the end of the tube to hold the skin in place,
whilst the excess tissue is removed using a scalpel blade. The rubber ‘O’-ring must
be sealed to the end of the tube using a thin film of petroleum jelly, but care must be
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taken not to contaminate the skin disc as this could affect the skin impedance
(Fig. 13.4a—e). A spring clip can be used to support the tube in the receptor chamber,
but alternatively, the tube can be held in place by a clamp attached to a retort stand.
It is important that the skin disc is fully submerged in the electrolyte.

To ensure the integrity of the skin, a quality control check must be conducted
before commencement of the test. Two discs are used for this purpose, and a resis-
tance value of greater than 10 k€ in each indicates suitability of the skin.

Fig.13.4 (a—e) Skin disc preparation. (a) The prepared skin is place over one end of a PTFE tube,
epidermal surface in contact with the tube. (b) A rubber ‘O’-ring is press fitted over the end of the
PTFE tube. (¢) Excess skin is trimmed away. (d) ‘O’- ring is sealed using petroleum jelly. (e) Skin
disc in situ
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For each testing run (experiment), skin discs from a single animal should be
used. Three skin discs are exposed to the test chemical, three to a positive control
chemical and three to a negative control chemical. The concurrent positive and neg-
ative controls are included to demonstrate adequate performance of the experimen-
tal model. For the VRM, the positive and negative control test chemicals used are
10 M hydrochloric acid and distilled water, respectively. 150 pL of a liquid test
chemical, or a sufficient quantity of solid test chemical to cover the skin disc, must
be applied as evenly as possible to the epidermal surface. Application of liquids can
be achieved using a syringe, and solids can be applied using a small spatula or sharp
spoon. Moistening of solids is recommended and is achieved by addition of 150 pLL
of de-ionised water followed by gentle agitation of the tube. For some solids (e.g.
waxes) moistening may not be appropriate, but instead, assurance of good skin con-
tact might be possible only after prior softening or melting (a temperature of 30 °C
is recommended). The use of higher temperatures must be documented and an
assessment made of whether this could affect the outcome of the study. The test and
control chemicals are allowed to remain on the skin surface for 24 h at a temperature
of 20-23 °C. At the end of the exposure period, the test chemical and control materi-
als are removed from the skin discs by washing using a jet of tap water (at, or below,
room temperature) until no further material can be removed.

The skin impedance is measured as TER by using a low-voltage, alternating cur-
rent Wheatstone bridge. General specifications of the bridge are 1-3 volt operating
voltage, a sinus or rectangular shaped alternating current of 50—1000 Hz and a mea-
suring range of at least 0.1-30 kQ. The Databridge used in the validation study
measured inductance, capacitance and resistance up to values of 2000H, 2000 pF
and 2 MQ, respectively, at frequencies of 100 Hz or 1 kHz, using series or parallel
values. For the VRM, measurements are recorded in resistance, at a frequency of
100 Hz and using series values.

Prior to measuring the TER, the surface tension of the skin must be reduced by
addition of a volume of 70% aqueous ethanol sufficient to cover the epidermis, which
is then discarded before addition of 3 mL of electrolyte solution (154 mM magnesium
sulphate solution). The Databridge electrodes are placed on either side of the skin disc
to measure the resistance in k€/skin disc as shown in Fig. 13.5. It is important that the
position of the electrodes is as described in the Test Guideline when conducting the
TER measurement. Electrode dimensions and the length of the electrode exposed
below the crocodile clips are shown in Fig. 13.1. The clip attached to the thicker
(inner) electrode is rested on the top of the PTFE tube during resistance measurement
to ensure that a consistent length of electrode is submerged in the MgSO4 solution.
The thinner (outer) electrode is positioned inside the receptor chamber so that it rests
on the bottom of the chamber. The distance between the crocodile clip and the bottom
of the PTFE tube is maintained as a constant, because this distance affects the resis-
tance value obtained. Consequently, the distance between the inner electrode and the
skin disc should be constant and minimal (e.g. 1-2 mm in the VRM).

If the measured resistance value is greater than 20 kQ, this may be due to the
remains of the test chemical coating the epidermal surface of the skin disc. Further
removal of this coating can be attempted, for example, by sealing the PTFE tube
with a gloved thumb and shaking it for approximately 10 s. The electrolyte solution
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Fig. 13.5 Transcutaneous Electrical Resistance Test 2-compartment System (from DB-ALM
Protocol n° 115)

is then discarded, and the resistance measurement is repeated with fresh electrolyte
solution.

When the skin discs are removed from the PTFE tubes after measurement of
the TER, the epidermal surface and the whole skin disc should be examined, and
any skin changes should be recorded, e.g. perforation, blanching and
thickening.

If it is suspected that the test material might have the potential to reduce the
resistance of the skin without causing dermal corrosion, for instance, in the case
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of some neutral organic chemicals or surface-active agents, or if a TER value of
less than 5 k€ is obtained and there is no visual evidence of damage to the skin
disc (e.g. erosion, perforation or obvious blanching), then a dye-binding step,
using sulforhodamine B, must be conducted on all of the skin discs. The proce-
dure is adequately described in the Test Guideline and results in production of
solutions of the dye extracted from skin discs using a 30% (w/v) SDS solution in
distilled water. The optical density (OD) of the extracted dye solutions is mea-
sured at 565 nm in a spectrophotometer.

13.4.4 Calculation of Sulforhodamine B Dye Content

The sulforhodamine B dye content in pg/disc can be calculated from the optical
density values. Whilst OECD Test Guideline 430 recommends that the dye content
is determined for each skin disc by the use of an appropriate calibration curve, a
calculation method was used in the protocol used in the 1996-1997 ECVAM valida-
tion study [16]:

Using a sulforhodamine B dye molar extinction coefficient of 8.7 x 10* and a
molecular weight of 580 (with no correction for the purity of the dye being made)
and the example of a measured optical density of 0.973:

% x107* =11.2x10 *equivalent to11.2 uM solution or11.2 umol /L

11.2x580x10° = 6496x10°g /L = 6.496x10°g/L

The dye is extracted in 5 mL of solvent, therefore:

6.496x10°°
200
The solution is diluted 1 in 5 (v/v) prior to measurement of OD, therefore:

=0.325x10"g/L=32.5x10"°g/L

32.5x107° x5 =162.5x10"°equivalent to162.5 pg / disc

The values for each of the three discs can then be used to calculate the mean dye
content.

An adaptation of this calculation method is that if an optical density of 1.000 is
assumed, the dye content of the skin disc is calculated to be 167 pg (providing the
dye is extracted in 5 mL of solvent and the solution is diluted 1 in 5 (v/v) prior to
measurement of the OD). Hence, to allow simple routine calculation of the dye
content of each treated skin disc, the optical density of the extracted dye measured
at 565 nm (ODsgs) can be multiplied by a constant value of 167 pg to give the dye
content in pg/disc. To demonstrate this using the above example of a measured opti-
cal density of 0.973:

0.973x167 =162.5ng/ disc
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Table 13.2 Acceptable - Control  Substance Resistance range (k<)
mean TEtR Val“ei f‘l"” positive Positive 10 M hydrochloric acid 0.5-1.0
and negative controts Negative Sterile distilled water 10-25

Table 13.3 Acceptable dye-binding results for positive and negative controls

Control Substance Dye content range (pg/disc)
Positive 10 M hydrochloric acid 40-100
Negative Sterile distilled water 15-35

13.4.5 Acceptability Criteria

The mean TER values and mean dye content for the concurrent positive and nega-
tive controls must fall within acceptable ranges; otherwise, the test is considered
invalid. The acceptable ranges are given in Tables 13.2 and 13.3, respectively.

13.4.6 Interpretation of Results

Interpretation of the results of the test must take into account the mean TER values,
and where appropriate the mean dye content, for the test material treated discs.
The prediction model for the rat skin TER test, associated with UN GHS [8], and
given in OECD TG 430 (9), is as follows:
The test chemical is considered to be non-corrosive to skin:

1. If the mean TER value obtained for the test chemical is greater than 5 kQ.
2. The mean TER value obtained for the test chemical is less than or equal to 5 kQ:
a. The skin discs show no obvious damage.
b. The mean disc dye content is less than the mean disc dye content of the 10 M
HCI positive control obtained concurrently.

The test chemical is considered to be corrosive to skin:

1. If the mean TER value obtained for the test chemical is less than or equal to
5 kQ, and the skin discs are obviously damaged, for example, they are perforated
(Fig. 13.6) or are blanched (Fig. 13.7).

2. The mean TER value obtained for the test chemical is less than or equal to 5 kQ:
a. The skin discs show no obvious damage.

b. The mean disc dye content is greater than or equal to the mean disc dye con-
tent of the 10 M HCI positive control obtained concurrently.

A testing run (experiment) composed of at least three replicate skin discs should
be sufficient for a test chemical when the classification is unequivocal. However, in
cases of borderline results, such as non-concordant replicate measurements and/or
mean TER equal to 5 £ 0.5 kQ, a second independent testing run (experiment)
should be considered, as well as a third one in case of discordant results between the
first two testing runs (experiments).
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Fig.13.6 Example of
perforation of skin disc
following exposure to test
chemical

Fig.13.7 Example of a
blanched skin disc (right)
as compared to normal
skin disc (left)

13.5 Rolein aTesting Strategy

The TER test may be used as part of an integrated approach to testing and assess-
ment (IATA) for skin corrosion and irritation [15]. It can be used to determine or
confirm the potential of a test chemical to cause skin corrosion and so can be used
as a stand-alone test for classification purposes, for example, classification to UN
GHS or EU CLP [8, 19], providing that subcategorization of skin corrosivity is
not required. Alternatively, it can be used to screen for skin corrosion potential as
part of wider programme of tests to identify human health hazards. In this
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situation, the skin corrosion test should be conducted before any other tests
because if the chemical is shown to be corrosive to skin, it is possible to waive
testing for skin irritation and eye irritation. Furthermore, testing for oral, dermal
or inhalation toxicity using the neat chemical would not be recommended due to
the potential to cause corrosive effects (although skin corrosion potential may not
always correlate precisely with corrosivity via the oral and inhalation routes due
to factors such as acid/alkaline reserve and the dosage delivered). If a test chemi-
cal is shown to be non-corrosive in the TER test, and an assessment of skin irrita-
tion is required, this should be conducted using a validated in vitro skin irritation
test to determine if the chemical requires classification for skin irritancy potential.
One use of the TER test can be to test a range of dilutions of a chemical or formu-
lations containing different concentrations of active ingredients in order to deter-
mine the thresholds for skin corrosion. This can provide useful information for
selection of suitable non-corrosive concentrations for use in other toxicological
studies or for product development purposes.

13.6 Perspectives from a Test User

The rat skin TER test was originally used by industry to screen chemicals and for-
mulations for skin corrosion without the use of living animals. The use of the test
extended to the assessment of skin corrosion to satisfy regulatory requirements, and
it has undoubtedly resulted in reduced usage of live animals for assessment of skin
corrosion potential. The test allows an ex vivo assessment of skin corrosion potential
using full-thickness rat skin in which a visual assessment of skin damage can be
made in addition to changes in the TER. Whilst it is a simple, rapid and relatively
inexpensive method, the use of the test has declined in recent years due to the avail-
ability of methods that do not require the use of an animal and which can be used to
generate data for subcategorization of corrosivity of substances and mixtures in
accordance with classification schemes such as UN GHS or EU CLP, e.g. OECD
431 In Vitro Skin Corrosion: Reconstructed Human Epidermis (RHE) Test Method
[20] and OECD 435 In Vitro Membrane Barrier Test Method [21]. The TER test is
still used by a small number of companies in situations when a simple determination
of skin corrosion potential is required without subcategorization, and/or for com-
parison of TER test data with historical data for similar test chemicals, or where a
test chemical is outside the applicability domain of other validated skin corrosion
test methods.

When conducting proficiency testing according to OECD TG 430, it has been
noted that TER values much higher than 5 k€ (even as high as the values obtained
for negative controls) can be obtained following a 24-h exposure of skin discs to the
chemical 2-tert-butylphenol (CAS Number 88-18-6), which is classified as a cor-
rosive chemical (UN GHS Category 1B—and-1C) according to in vivo skin corrosiv-
ity data. Test user experience has shown that blanching of the skin discs can also be
noted at the end of the exposure period (unpublished data). In the ECVAM valida-
tion study conducted using exposure times of 24 h and 2 h [6], two of the six runs
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of testing failed to identify the chemical as corrosive. After the 24-h exposure
period, all TER values were greater than 5 k€, and after the 2-h exposure period,
TER values ranging from below 2 k€ to above 10 kQ were recorded. It is thought
that coagulative necrosis of the skin discs may occur following exposure to 2-tert-
butylphenol and that after a 24-h exposure, the skin changes can actually result in
an increase in the TER. It is therefore recommended that when blanching of one or
more of the skin discs is noted, further investigations be undertaken in order to
establish if the test chemical is or is not corrosive (e.g. testing of the chemical using
additional exposure times, histopathological examination, use of a different in vitro
skin corrosion test method).

13.6.1 Strengths of the TER Test Method
The rat skin TER test method:

* Is a scientifically validated test method for discrimination between skin corro-
sives and non-corrosives.

* Does not require the use of live animals.

» Uses fresh, full-thickness skin so it is a scientifically relevant model.

* Isrelatively simple to conduct. No special skills are required.

* Does not require highly specialized equipment.

e Isrobust.

» Isrelatively inexpensive (about the same as a rabbit skin irritation study).

* Israpid and can be conducted within a small laboratory area.

* Requires only a small amount of test sample (<0.5 g in total).

» Is applicable to most classes of substance (including most coloured materials).

* Has an objective endpoint (only minimal subjective assessment of skin effects is
required).

* The 24-h exposure may increase the likelihood of identification of corrosive sub-
stances that have a delayed mechanism of corrosivity.

13.6.2 Weaknesses of the TER Test Method
The rat skin TER test method:

* Requires the use of an animal and of a specific age.

* Requires a facility that is able to accommodate laboratory animals.

* Requires a time period before testing whilst the animal is obtained, acclimatized
and subjected to skin preparation.

* May be (or may become) a regulated animal procedure in some countries.

* May not be appropriate for testing of materials with adhesive properties (e.g.
paints).

* Uses skin that is derived from a non-human source.
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* Does not permit subcategorization of corrosives as required by a number of clas-
sification schemes.
e There is limited potential for further refinement, e.g. to assess skin irritancy.

13.6.3 Critical Steps in the Protocol

The main aspects of the protocol that are critical to satisfactory performance of the
TER test and reproducibility of measurements are:

» The species, strain, age and condition of the animal from which the skin pelts are
obtained. These are specified in the test method and great care must be taken in
preparation of the pelts and skin discs. It is essential to avoid abrasion of the skin
during removal of hair and to ensure removal of the subcutaneous fat.

* Uniform application of the test chemical over the epidermal surface of the skin
discs.

» Satisfactory removal of the test chemical from the epidermal surface prior to
measurement of the TER. The washing procedure is described in the test method,
including the procedure for removing chemicals that adhere to the epidermal
surface, but in some cases it may not be possible to remove all traces of the test
chemical.

e The properties and dimensions of the test apparatus. These may influence the
TER values obtained. The 5 kQ corrosive threshold was developed from data
obtained with the specific apparatus and procedures described in the ECVAM
validation study and OECD Test Guideline. Different threshold and control val-
ues may apply if the test conditions are altered or a different apparatus is used.

» Correct positioning of the electrodes during measurement of the TER. Details
are provided in the test protocol.

13.6.4 Possible Protocol Adaptations

In principal, it would be possible to modify the TER test protocol to use the skin
obtained from other animals, including the skin from humans. The use of the human
skin would eliminate the factor of species differences in prediction of human skin
corrosivity but would introduce the complication of obtaining supplies of the human
skin of acceptable quality and consistency of TER to provide an acceptable level of
reproducibility. It is considered that this adaption is unlikely to be pursued given
that the predictive capacity of the rat skin TER test is already high, as demonstrated
in validations studies against in vivo animal data.

If a false-negative result is suspected following the 24-h exposure period (e.g.
blanching of the skin accompanied by a TER of greater than 5 k€), the possibility
of coagulative necrosis of the skin having occurred could be investigated by mea-
surement of thickness of the skin discs and comparison to negative controls (to
detect increases in skin thickness) and histopathological examination. Assessment
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of an exposure time of less than 24 h could also be investigated to determine if a
shorter exposure time would result in a TER of less than 5 k€.

As described in Sect. 13.4, if the dye-binding step is conducted, an adaptation of
the calculation method can be used for simple, routine determination of the dye
content of each treated skin disc (providing that the dye extraction and dilution of
the resultant solution is conducted according to the protocol). The optical density of
the extracted dye measured at 565 nm (ODs4s) can simply be multiplied by a con-
stant value of 167 pg to give the dye content in pg/disc. The values for each of the
three discs can then be used to calculate the mean dye content.

13.6.5 Challenges and Opportunities

The main challenge to conduct of the TER test is the pre-test requirement to
obtain, prepare and care for a laboratory rat in accordance with animal welfare
regulations. On the basis that the test requires the use of the skin obtained from a
laboratory rat, the future use of the TER test is likely to be limited to testing of
substances that fall outside the applicability domain of alternative validated skin
corrosion tests that do not require the use of skin from animals, i.e. OECD TG 431
and OECD TG 435. When testing for skin corrosion potential is required, it should
be noted that the results of a TER test will not permit subcategorization of skin
corrosivity according to the UN GHS or EU CLP schemes. A substance shown to
be corrosive in the TER test would require classification as GHS Category 1,
without subcategorization.

13.7 Conclusions

The rat skin transcutaneous electrical resistance test is a validated test for assess-
ment of skin corrosion potential of chemicals including substances and mixtures
that does not require the use of use live animals. It has been adopted as the OECD
TG 430 “In Vitro Skin Corrosion: Transcutaneous Electrical Resistance Test Method
(TER)” and is a fairly rapid, relatively simple and inexpensive test to conduct.
However, it does require the use of a humanely killed rat, and in some countries this
may be regulated by national law relating to animal use. Even before adoption as an
OECD Test Guideline, the TER test had been used by industry as a screening test
for assessment of skin corrosion. It is still used by industry, but not extensively due
to the more common use of validated skin corrosion test methods that do not require
the housing of animals and use of the animal skin, and which, unlike the TER test,
can also be used to generate data for subcategorization of corrosivity of substances
and mixtures in accordance with classification schemes such as UN GHS or EU
CLP. With the increasing desire to minimize the use of animals and animal tissues
for testing of chemicals, it is feasible that the use of the rat skin TER test will further
decline, whilst the use of methods not requiring the use of the animal skin will
increase.
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and Combination of Test Methods

Erwin L. Roggen

14.1 Introduction

The mode of action (MOA) concept, the Tox21 strategy, the concept of pathways of
toxicity and the adverse outcome pathway (AOP) framework aim at toxicity testing
and assessment based on in-depth understanding of the in vivo physiological and
toxicological processes in humans and on their relation to specific toxicological
endpoints [1-5].

New technologies and paradigms are currently transforming these concepts into
applicable animal-free toxicity testing systems by implementation of libraries of
generic profiles of genes (genomics), proteins (proteomics) and metabolites (meta-
bonomics) describing molecular initiators, pathways and key events of toxicity
within tissues, organisms and biological systems [6].

14.2 The Mouse Local Lymph Node Assay (LLNA):
A ‘Surrogate’ Gold Standard for Human Toxicity

The LLNA is the only animal-based test that underwent formal validation, which
makes it the preferred gold standard for development of animal-free test methods
for sensitization, when sufficient human data are not available. Compared with
other in vivo methods (e.g. in guinea pig), the LLNA offers important advantages
with respect to animal welfare, including a requirement for reduced animal numbers
as well as reduced pain and trauma. In addition to hazard identification, the LLNA
is used for determining the relative skin sensitizing potency of contact allergens as
a pivotal contribution to the risk assessment process [7].
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In the light of its importance for the development of useful animal-free test meth-
ods, the Cosmetic Directive prohibiting the use of animals, and the European
Directive making (available) animal-free test methods the first choice, it is relevant
to review the learnings provided by the LLNA with focus especially on misleading
results, weight of evidence arguments for classification, labelling and risk assess-
ments and the available body of information for the development of animal-free
methods targeting defined chemical classes (see Chap. 15).

14.3 The Current Toolbox for Animal-Free Assessment
of Skin Sensitization

Decades of intensive research have provided mechanistic understanding, toxicity
pathways and components of these pathways, involved in in vivo sensitization as
well as elicitation responses to xenobiotic allergens [8—10]. Ankley et al. [1] used
the available information to suggest an MOA pathway that comprises distinct but
interrelated events. This MOA pathway formed the basis for the development of the
recently published OECD flow diagram of the AOP for skin sensitization induction
[11].

14.3.1 Bioavailability: The Chemical Has the Capability to Reach
the Viable Cell Layers

Before any of the suggested key events can occur, the compounds have to acquire
access to the immune system. Useful in vitro and in silico methodologies for assess-
ing skin absorption and systemic availability of chemicals exist [12, 13]. With the
methodologies available, efforts should now go to the development and implemen-
tation of methods for quantification of compound disposition in, e.g. the skin, to
obtain information on kinetics, potential tissue bioaccumulation and actual expo-
sure at cellular level.

14.3.2 Haptenation: The Chemical Reacts Covalently
with a ‘Carrier Protein’

Sensitizing chemicals are generally reactive, electrophilic chemicals that form
covalent bonds with nucleophilic nuclei on proteins (haptens), although some
chemicals require activation by host enzymes (pro-haptens) or by oxidative
derivatization (pre-haptens) to acquire sufficient electrophilicity. Occasionally, non-
electrophilic binding occurs through disulphide exchange or co-ordination bonds
[14]. The reaction rate and mechanism by which the chemical is reacting with the
nucleophilic groups on the protein influence its allergenic potency [15, 16].

Tools for animal-free assessment of haptenation are well established and are
extensively described in Chap. 16. The direct peptide reactivity assay (DPRA) is
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based on measurement of the reactivity of the hapten with two different peptides
and allows for the detection of the majority of reactive chemicals [17]. Adding an
incubation step with horseradish peroxidase and hydrogen peroxide (PPRA) pro-
vides a straightforward approach for detecting the peptide reactivity of pro-haptens
[18]. The available data indicate that chemical reactivity with lysine appears to drive
a type I sensitization response, while reactivity with cysteine results in a type IV
response [19].

In vitro studies suggest that the specificity of the covalent modification is time
and dose dependent and that the target proteins in vitro become more general and
less discriminative over time and with increasing concentrations of the chemical
[20]. A better understanding is required of the features (if any) on both chemical and
targeted protein that make the resulting hapten—protein complex a sensitizer, deter-
mine potency and drive T helper cell type 1 (Th1)-Th2 skewing. This would render
the current test methods into in vitro protein haptenation assays that provide a more
complete data set on the tested chemicals.

14.3.3 Inflammation: Innate Recognition Followed by Activation
of Innate Immunity

There is increasing evidence underpinning the central role of innate immune
responses and inflammation in skin sensitization. Reactive oxygen species (ROS)
play a central role in allergen-induced sensitization induction [21-23]. ROS produc-
tion results in degradation of endogenous hyaluronic acid (HA) and TLR2 and
TLR4 activation. The available evidence strongly points at TLR2 and TLR4 as cru-
cial for activation of the Thl responses in skin sensitization and allergic contact
dermatitis [24, 25]. ROS also signal the ‘nucleotide-binding domain and leucine-
rich repeat containing family’ protein 3 (NLRP3) inflammasome resulting in IL-1b,
IL-18 and IL-33 activation. Especially, IL-18 is consistently found to play a role in
skin sensitization induction, but not irritant contact dermatitis [26].

The acquired knowledge has resulted in several assays performed with human
primary keratinocytes (KCs) or KC cell lines either as a submerged culture or as
reconstructed human epidermis (RhE). The most advanced test methods are
described in subsequent chapters and assess oxidative stress, IL-18 release or
cytotoxicity.

14.3.3.1 Assessing Chemical Reactivity and Oxidative Stress

The relevance of ‘nuclear factor erythroid 2-related factor 2 (Nrf2) — ‘Kelch-like
ECH-associated protein 1’ (Keap1) pathway to skin sensitization is explained by the
direct reactivity of most sensitizing materials to key cysteine residues of Keapl, an
Nrf2 repressor protein. Test chemicals that exclusively react with lysine should
therefore be considered outside the chemical applicability domain [27, 28]. The KC
cell line-based methods (e.g. KeratinoSens™, LuSens) are typically cell-based
reporter gene assay for screening substances with a full dose-response assessment.
The induction of a luciferase gene under the control of the antioxidant response
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element (ARE) is determined (Chaps. 17 and 18). Other assays are based on RhE
(e.g. SENS-IS, SenCeeTox). The SENS-IS method is based on the quantitative anal-
ysis of specific biomarkers for irritation and ARE gene expression in combination
with a proprietary gene set expressed in EPISKIN™ (SkinEthic™) upon exposure
to chemicals (Chap. 25). Similarly, the SensCeeTox approach combines markers for
cell viability, Nrf2/ARE gene expression and direct reactivity over concentration
and time in a proprietary algorithm (Chap. 26).

14.3.3.2 Assessing Inflammation by Measuring IL-18 Levels

IL-18 plays a proximal role in skin sensitization induction, but not in irritant contact
dermatitis or asthma, by enhancing the secretion of pro-inflammatory mediators and
by favouring Th-1-type immune response [21, 22]. The NCTC 2544 IL-18 test was
shown to be potentially useful for identification of skin sensitizers (Chap. 19).
Respiratory sensitizers and non-sensitizing irritants were consistently negative in
this assay [21, 22]. In combination with a RhE-based irritation test (Chap. 20), a
good potency categorization was obtained [29]. Gibbs et al. [30] integrated both
tests for identification and classification of skin sensitizing chemicals, including
chemicals of low water solubility or stability. This human in vitro assay appears is
currently being subjected to additional testing of a larger chemical set to fully evalu-
ate the utility of this assay and to establish a definitive prediction model.

14.3.3.3 Assessing Chemical Sensitizers Using a Specific Gene
Signature

The analysis of chemical-induced changes in gene expression by the HaCaT human
keratinocyte cell revealed ten genes that with high accuracy could discriminate sen-
sitizers and non-sensitizers, including irritants. An algorithm was developed to
compare changes in gene regulation of chemicals of unknown class to that induced
by chemicals of known class. A chemical was assigned the most predominant class
indicated by these algorithms [31].

While the involvement of TLR2, TLR4 and ROS signalling, and NLRP3 inflam-
masome assembly in skin sensitization is well established, there is growing evi-
dence that these mechanisms also play a role in lung sensitization [32]. Thus, a
better understanding is required about the subtle balance between danger signals or
intracellular interactions promoting distinct immune phenotypes. Furthermore, it is
imperative to understand how reactivity rate and mechanisms of haptenation affect
this balance.

14.3.4 Dendritic Cell Activation: From Innate Responses
to Dendritic Cell (DC) Maturation

It is generally accepted that activation of DCs results in prominent phenotypic and
functional changes including enhanced levels of MHC class I and co-stimulatory
molecules (e.g. cluster of differentiation (CD54, CD80 and CD86) and receptors
that are essential for migration) and antigen-presenting capacity [33].
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Extensive genomic analysis of monocyte-derived dendritic cells (Mo-DCs),
human monocytic leukaemia cell line (THP-1) and MUTZ-3 cells exposed to skin
sensitizers exerting cysteine and cysteine/lysine reactivity has identified genes
describing the primary pathways of skin sensitization, i.e. signalling through tran-
scription factors Nrf2 and aryl hydrocarbon receptor (AHR), and protein ubiquitina-
tion [28, 34]. Lysine-reactive chemicals appeared to be less efficient [28].

By stratifying the sensitizing chemicals into chemical reactivity groups, a num-
ber of canonical pathways known to be involved in the biology of sensitization were
confirmed, while novel pathways were identified. Sensitizers with different reactiv-
ity mechanisms or potency were further shown to engage different pathways, indi-
cating that the biological endpoint of T-cell priming is achieved through different
upstream mechanisms [15].

The available tools for assessing DC activation and maturation can be grouped
based on the read-out for sensitization, i.e. specific CD marker, gene profile or pro-
tein signature.

14.3.4.1 Assessing Phenotypic Changes

Peripheral blood mononuclear cells (PBMCs) or CD34+ hematopoietic progenitor
cells are applied to identify chemicals as sensitizers based on their capacity to trig-
ger expression of CD86/CD54, IL-1b release or internalization of MHC class II
molecules (Chap. 23). However, generation of DC like cells often is considered
time-consuming and complicated, with donor-to-donor variability introducing
uncertainty about negative results. Therefore, cell lines with some characteristics of
DC have gained much attention. The most advanced DC maturation test is the
human cell line activation test (h-CLAT), which uses THP-1 cell and measures
changes in CD86 and CD54 expression levels [35]. There are indications that the
h-CLAT correlates with the LLNA and may have the potential to provide informa-
tion about the potency of the test chemical (Chap. 21). The MUSST (recently
renamed ‘U-Sens’) and the modified MUSST assays are possible alternatives to the
h-CLAT assay (Chap. 22). These protocols are based on the U937 cell line and pre-
dict a chemical to be a sensitizer if it induces a dose-dependent increase in CD86
expression [36].

A foetal skin-derived dendritic cell (FSDC) line was described to discriminate
sensitizers and irritants through differential effects on CD40 and CXCR4 protein
expression (Chap. 29). The assessed sensitizers increased CD40 and CXCR4 levels,
while irritants decreased the expression of both proteins. Since these observations
were similar to those obtained with monocyte-derived dendritic cells, the FSDC test
method was suggested as a potential tool for in vitro assessment of chemicals for
their sensitizing potential [37].

14.3.4.2 Assessing Changes in Gene Expression

Transcriptomic analyses revealed a discriminating gene expression profile in human
CD34+ progenitor-derived DC after exposure to skin sensitizers versus non-
sensitizers. By comparing their responsiveness towards a non-sensitizing danger
signal and a sensitizer, VITOSENS® gene markers CREM and CCR2 appeared to
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display a specific response [38] (29). Functional and transcriptional analysis of vari-
ous myeloid cell lines has clearly demonstrated the significance of the MUTZ-3 cell
line as a model for functional studies of inflammatory responses [39]. The genomic
allergen rapid detection (GARD) test is a MUTZ-3-based assay for assessing chem-
ical sensitizers utilizing genomic biomarker prediction signatures to generate pre-
diction calls of unknown chemicals as skin sensitizers, respiratory sensitizers or
non-sensitizers, including irritants [34]. The predictive performance of the GARD
for skin sensitization was assessed in an in-house validation study (Chap. 27).

14.3.4.3 Assessing Changes in Protein Expression

More than 200 proprietary skin and lung markers emerged from the EU-funded FP6
project Sens-it-iv using the mass spectroscopy-based proteomic biomarker discov-
ery platform of Proteome Sciences [40]. Specific assays were developed using its
tandem mass tagging technology combined with selected reaction monitoring mass
spec. SensiDerm™ applies a biomarker panel comprising ten proteins which were
shown to be differentially expressed in MUTZ-3 cells in response to sensitizers
compared to non-sensitizers (Chap. 28).

A better understanding of how the early gene changes contribute (or not) to the
expression of maturation markers may help to understand and resolve the reasons
behind the low specificity of the available test methods. Furthermore, understanding
better the association between pathway activity and chemical class will help the
development of assays for subcategorization.

14.3.5 Dendritic Cell Migration: Translating the Message
into Specific Actions

The molecular mechanisms driving migration of DC to and from peripheral tissues
were reviewed [41]. Fibroblasts play a key role both as advisors helping the KCs
and Langerhans cells (LCs) to discriminate irritants from sensitizers, which in many
cases are irritants themselves, and as guides helping the LCs out of the epidermis
into the dermis and further towards lymphatic vessels [42]. Using a full-thickness
tissue-engineered skin model containing fully functional MUTZ-3-derived LCs
(MUTZ-LC), the MUTZ-LCs were demonstrated to mature and to acquire the abil-
ity to migrate towards C-X-C motif ligand (CXCL)I2 and C-C motif ligand
(CCL)19/21 in a comparable manner with primary LCs in skin explants [43].

The acquired knowledge has resulted in a DC migration assay, which is based on
carboxyfluorescein succinimidyl ester (CFSE)-labelled MUTZ-3 cells. The dis-
criminating feature of the assay is that irritant-induced migration is CCL5 depen-
dent, while sensitizer-induced migration is CXCL12 dependent. The read-out of the
test is the ratio between migration towards CXCL12 or to CCLS5 [44].

While the preliminary data on 12 chemicals are promising (no misclassification),
further evaluation performed with more chemicals is required. The test is also
expensive and rather complicated which may hamper its application by industry.
More work is required to refine the test to make it more attractive for industrial use.
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14.3.6 T-Cell Priming and Proliferation: The Turning Point

Primary T-cell responses in lymph nodes require contact-dependent information
exchange between T cells and DCs. The available evidence indicates that T-cell
priming by DCs occurs in three successive stages. Transient serial encounters dur-
ing the first activation phase (T-cell activation) are followed by a second phase of
stable contacts culminating in cytokine production antigen-driven T-cell prolifera-
tion, which triggers a transition into a third phase of high motility and rapid prolif-
eration (antigen-independent and IL-12-driven proliferation) [45, 46]. Studies in
mice have exposed the induction of two functionally polarized populations of T
cells, distinguished by patterns of cytokine production [47]. Th17 cells were shown
to play a crucial role in allergen-specific cellular and humoral immune responses
through the activation of both contact hypersensitivity and airway hyperresponsive-
ness. It has been suggested that IL.-17 has activities similar to the pro-inflammatory
cytokines IL-1 and TNF-a, which are known to have crucial roles in the induction of
other cytokines, chemokines and adhesion molecules. It is also known that IL-17
itself is a potent inducer of IL-1 and TNF-a acting on macrophages and keratino-
cytes [48, 49].

The human T-cell priming assay (hTCPA) described in Chap. 31 is based on a
coculture system that measures the effect derived from the contact of freshly iso-
lated T cells with autologous DC cells previously activated and chemically modified
by the test substance. The test is usually repeated on T cells derived from five differ-
ent donors to minimize donor-to-donor variability. T cells are isolated again and
restimulated with autologous DC and the same control chemicals to assess antigen
specificity [50]. Comparison of the proliferation during stimulation and restimula-
tion is an important parameter. The second, more reliable and robust read-out is
when the expression of IFN-y and TNF-« is measured simultaneously. Preliminary
results demonstrated the capability of this assay to effectively predict antigenicity of
chemicals, including drugs.

Our understanding of the T-cell populations that are activated by xenobiotics is
increasing. It is, however, not clear yet how Th1-Th2 skewing and the balance
between regulatory and effector T cells is controlled. T-cell stimulation is a pivotal
event, being part of the sensitization induction phase as well as the clinical phase.
Potency assessment performed with T-cell-based assays needs therefore to build on
an in-depth understanding of mechanisms behind potency of sensitization induction
on one hand and severity of clinical symptoms on the other hand.

14.4 Skin-Based Methods for Assessing the Clinical Outcome
of T-Cell Stimulation

From the previous it should be clear that there are a number qualified test methods
available for assessing the sensitizing potential of chemical substances. However,
these methods rely on responses by either KCs or isolated immune cells (e.g. DCs)
upon exposure to a chemical challenge, while in vivo responses to a challenge are
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the result of alterations in cell-cell interactions and micro-environments [42, 51].
Furthermore, the available tools identify hazard but do not provide information
about the clinical consequence of this hazard.

These aspects are to some extent covered by Skimune™ (Chap. 30). This
approach involves taking blood and skin tissue samples from human donors and
culturing, or growing, them in the lab. The first step of the approach, like the hTCPA
discussed earlier, involves treatment of monocyte-derived DCs with a chemical sub-
stance and culturing with autologous T cells. Subsequently, the activated cells are
cocultures with autologous skin. T-cell proliferation and interferon-y secretion are
measured in separate assays, while the skin explants are analysed histologically. By
observing how the skin sample reacts to its own immune cells, potentially allergenic
substances can be identified.

While such approaches provide information about the clinical relevance of the
chemical-specific T cells, no information is acquired with respect to skin penetra-
tion, bioavailability and early inflammatory responses leading to sensitization.

14.5 Integrated Approaches for Testing and Assessment

Each of the test methods described in this chapter represents one of the key events
currently believed to be essential for the development of skin sensitization [52]. It is
anticipated that full replacement of animal-based testing and assessment of chemi-
cal substances for their potential of being a sensitizer requires testing strategies
combining several of the test methods described. However, it is not clear yet how
many different key events should be addressed.

While the implementation of testing strategies for safety assessment is not new
(OECD TG 404, 2002; OECD TG 405, 2002), the definition and set-up of such
strategies differ considerably among the various industry sectors, while variations
on the theme exist within a specific sector or even company [6, 53]. In an effort to
harmonize reporting, the OECD has been coordinating efforts aiming at the estab-
lishment of a guidance document on the reporting of integrated approaches to test-
ing and assessment (IATA). This has recently resulted in the endorsement by OECD
of two guidance documents on the reporting of IATAs [54, 55].

In the area of skin sensitization, several strategies have been assessed, while
more are coming (Table 14.1). Bauch and co-workers (2012) developed a strategy
based on protein reactivity, activation of the Keap-1/Nrf2 signalling pathway and
DC activation. The accuracy of the emerging prediction model was 94% as com-
pared to human data and 83% as compared to the LLNA for the 54 chemicals tested.
Nukada et al. [59] suggested that a tiered testing strategy using the h-CLAT and
DPRA had a practical utility in skin sensitization screening of 101 chemicals, on the
basis of a 96% sensitivity. In an effort to bridge the gap between qualitative and
quantitative approaches, Jaworska et al. [60-62] developed a methodology to design
a testing strategy in the form of a Bayesian network. For the development of the
most recent ITS-3 strategy, 207 chemicals were used for which in vitro (h-CLAT,
KeratinoSens™), in chemico (DPRA) and in silico test data were available. The
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accuracy of the strategy for predicting LLNA hazard (two classes) was 100%, GHS
potency classification (three classes) 96% and LLNA potency (four classes) 89%
using an external test set of 60 chemicals. Natsch et al. [58] tested a database of 145
chemicals in the MUSST, KeratinoSens™ and the DPRA. The tests and combina-
tion of tests were evaluated for predictivity. Furthermore, analysis of the dose—
response parameters of the individual tests indicated a correlation to sensitization
potency (Natsch et al.) [65]. van der Veen et al. [63] designed a tiered strategy based
on the complementary characteristics of QSARs, DPRA, KeratinoSens™, HaCaT
gene signature, IL-18 release and h-CLAT that was able to correctly identify all 41
chemicals tested. In line with the previous reports, Urbisch et al. [66] and Hirota
et al. [67] showed that various combinations of descriptors from several in vitro
sensitization test models were more predictive than the individual descriptors. In
general, the nonanimal test methods exhibited good predictivities when compared
to local lymph node assay (LLNA) data and even better predictivities when com-
pared to human data. However, better performance was obtained with the ‘2 out of
3’ prediction model, which achieved accuracies of 90% or 79% when compared to
human or LLNA data, respectively (Urbisch et al.) [66]. Hirota et al. [67] observed
that some combinations (e.g. h-CLAT + DPRA) performed better than others (e.g.
DPRA + antioxidant response element-based assay). Takenouchi et al. [68] evalu-
ated a testing strategy incorporating the h-CLAT, DPRA and DEREK, by compari-
son to LLNA data using a data set of 139 chemicals. The combinations of the
methods were based on integrated testing strategy (ITS) concept and a sequential
testing strategy (STS). After exclusion of the negative results for chemicals with log
Kow > 3.5, the sensitivity and accuracy of ITS and STS improved to 97% and 89%
and 98% and 85%, respectively. Moreover, both strategies showed good correlation
with LLNA on three potency classifications, yielding accuracies of 74% (ITS) and
73% (STS). Most recently, Strickland et al. [69] evaluated an IATA including
machine learning approaches to predict human skin sensitization hazard. Data from
three in chemico or in vitro assays (DPRA, h-CLAT and KeratinoSens™), six physi-
cochemical properties and an in silico read-across prediction of skin sensitization
hazard were combined into 12 variable groups, which were evaluated for their pre-
dictive capacity using two machine learning approaches, logistic regression and
support vector machine. Models were trained on 72 substances and tested on an
external set of 24 substances. The 6 models with the highest accuracy of 92% for
human hazard used: (1) DPRA, h-CLAT and read-across; (2) DPRA, h-CLAT, read-
across and KeratinoSens; or (3) DPRA, h-CLAT, read-across, KeratinoSens and log
P. The models were better predictors of human skin sensitization hazard than the
LLNA (88%), any of the alternative methods alone (63—79%) or test batteries com-
bining data from the individual methods (75%). The seven models with the highest
accuracy for predicting LLNA hazard (89-96% test set and 96-99% for training set)
used a support vector machine (SVM) approach with different combinations of pre-
dictor variables. The performance statistics of the SVM models were higher than
any of the nonanimal tests alone and higher than simple test battery approaches
using these methods [71]. Finally, Asturiol et al. [70] combined DPRA,
KeratinoSens™, h-CLAT and predictions from several software packages for
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hazard identification. As compared to the LLNA, consensus of two classification
trees based on descriptors for protein reactivity and structural features revealed an
accuracy of 93%.

14.6 Summary

During the last decade, several methods for assessing skin and respiratory sensitiza-
tion have emerged. Some have entered the pre-validation process, and other less
advanced assays generated interesting contributions to the molecular understanding
of sensitization mechanisms. There are also promising animal-free strategies emerg-
ing, which in contrast to the in vivo studies distinguish between skin and respiratory
sensitizers. Evaluation of the potency of chemical sensitizers with in vitro methods
may become reality in the near future.

Our understanding of the molecular mechanisms driving skin sensitization and
contact dermatitis is substantial. While the most advanced tools can be used for
classification, our understanding of the relation between reactivity rate, mecha-
nism of haptenation, protein target selection, pathway activation and T-cell skew-
ing is still not sufficient to fully describe chemicals using animal-free testing
methods. More efforts should be addressed to refine existing methods and to fur-
ther develop new methods that lead to an improved awareness of the real mecha-
nisms of a chemical in triggering a sensitization reaction in exposed human
beings.

The currently available methods have proven complementary. Most important
however is the observation that detailed analysis of chemicals producing misleading
results may help to define limitations of the respective tests as well as of the data-
base derived from animal studies.

Several testing strategies have emerged, and more will emerge in the near future.
Currently, the usefulness of these strategies in the context of an IATA for skin sen-
sitization is being evaluated by several groups in the context of the OECD
initiatives.
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15.1 The Early History of the LLNA

The early history of the local lymph node assay (LLNA) evolved from an appetite
to develop alternative predictive methods for the identification of contact allergens
that avoided some of the pitfalls of the earlier guinea pig techniques [1] and that
would also deliver animal welfare benefits. The approach was based on harnessing
the then understanding of the immunological events that drive the acquisition of
skin sensitisation. In particular the aim was to employ mice rather than guinea pigs
and to engineer an approach that would permit the accurate identification of contact
allergens based on events associated with the acquisition of sensitisation, rather than
the elicitation of an allergic reaction (as employed by the standard guinea pig test
methods) [2]. The plan also was to develop a method that would support screening
of larger numbers of chemicals in a shorter timeframe than required for guinea pig
assays and where decisions would be based upon objective and quantitative read-
outs [3].

These goals were achieved by the development of what is now called the local
lymph node assay (LLNA). The efficacy of the method was established in a collab-
orative research programme involving four UK laboratories, assisted by funding
from the UK government [4]. However, those first few years of design and develop-
ment were coincident with the wider scientific community identifying the
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refinement, reduction and replacement of animals (3Rs) as being an important
objective. This gave work on development and refinement an added impetus because
it was clear that the LLNA offered important 3R advantages with respect to both
reduction and refinement. As a consequence, work continued with the LLNA, com-
paring its ability to identify skin sensitisers with the experience in the guinea pig as
well is what was understood from human predictive testing. Ring trials were also
conducted under blinded conditions as well as under what were regarded as ‘field
conditions’, i.e. the normal manner in which the LLNA would be used in practice
[5, 6]. Importantly it was demonstrated that the assay generated reliable and repro-
ducible results in multiple laboratories with the newly publicised OECD positive
control sensitisers [7]. There flowed from these investigations the initiation of inter-
laboratory trials, which involved a number of facilities in the USA in addition to
some of those from the UK [8-10]. Finally, analyses were undertaken to demon-
strate the temporal stability of local lymph node assay predictions [11].

The outputs of this body of work encouraged the view that the LLNA was an
alternative method for hazard identification, which provided both refinement and
reduction animal welfare benefits, as well as technical and scientific advantages,
and was ready for formal validation [12, 13]. In parallel, agencies in Europe and in
the USA, in collaboration with the OECD, had begun to develop draft guidelines
concerning the formal validation of alternative methods, recognising that standards
had to be set that would ensure alternative methods, including in vitro techniques,
and would produce results which were reliable and fit for purpose and which could
also be accepted globally. Although Europe could lay claim to the institution of the
first official body focused on alternatives, the European Centre for the Validation of
Alternative Methods (ECVAM), it was actually the USA in the form of its multia-
gency representative body, the Interagency Coordinating Committee on the
Validation of Alternative Methods (ICCVAM)), that produced the first official guid-
ance on the validation of such alternatives. Because of this, the decision was taken
by the originators of the LLNA to submit their body of data following the ICCVAM
guidelines to that agency for their formal consideration. The submission was made
in 1998, the independent peer review took place in 1999, and the official publica-
tions arising from the outcome appeared a little later [14, 15]. A complementary
paper from the LLNA originators detailing the validation information was also pub-
lished [16]. As is well known, the LLNA was thereby regarded as a valid alternative
to the older guinea pig methods and proceeded to the OECD, where it became an
official test guideline [17], updated a number of years later [18].

15.2 Lessons on Hazard Identification and Validation

In a sense, that should be the end of the story, at least for skin sensitisation hazard
identification. However the reality was somewhat different. It must be borne in mind
that both for the developers of the assay and for the host of regulators and reviewers
involved in the formal validation process, the experience was completely novel. In
effect, the validation of the LLNA represented the first practical learning exercise in
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validation [15]. The originators of the assay subsequently published a paper reflect-
ing that experience, noting in particular some of the key areas that were made by the
independent validation review process [19]. Perhaps the most important of these
were that the review process insisted on making changes to both the protocol and to
the prediction model. It is to be hoped, indeed expected, that validation in the future
has learned that this is anathema: the protocol and the associated prediction model
submitted must be sacrosanct; those undertaking the independent review (a very
necessary and important step) have to decide only whether they are relevant and
reliable in respect of their stated purpose ([19, 20].

Another lesson that was learned in the LLNA validation process concerned the
vexed question of applicability domains. In the LLNA validation, 200 substances
had been evaluated, probably still the record for any validation submission. However
questions still arose during the validation process, with concerns that certain classes
of material had not been adequately evaluated [14, 15]. How this impacted the
LLNA is not crucial here, rather what is important is that, for the future, the lesson
to be learned is that applicability domain questions must only be asked in relation to
the mechanism of action and/or mechanistic chemistry relevant to the toxicological
endpoints under examination. For example, a statement such as ‘pesticides were not
assessed in the validation’ is not a legitimate question. The assay does not know the
use that humans will make of the substance. What the assay should do is reflect the
necessary mechanistic elements of the toxicological endpoints such that questions
of the type mentioned are always irrelevant.

What else does the LLNA teach us about the validation of alternatives? Perhaps
one of the most significant things is that once an assay is submitted for validation
much of the ownership (and certainly a lot of the control) is taken away from the assay
originators. This is right and proper as it is essential for global acceptance of data that
there is no question of bias. From the test developers’ perspective, it means that, at the
latest, at the point where the protocol and prediction model are fixed, it is in their very
best interests to be entirely open and transparent about all the results, including the
data that does not fit the expected pattern. In the case of the LLNA, the crucial exam-
ples were the false-negative results normally obtained with nickel, the most common
human skin sensitiser, and the positive results obtained w