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I.KoCVAM and R&D in NAMs

KoCVAM and R&D in NAMs

1 KoCVAM: past, present and future

Korean Center for the Validation of Alternative Methods (KoCVAM) has been operated
within the Ministry of Food and Drug Safety (MFDS) since 2009 in order to introduce
alternative test methods or new approach methodologies (NAMs) in safety assessment,
which conventionally relies on animal testing, and to support the promotion and
utilization of NAMs.

MFDS has provided support for the promotion of NAMs since when they were not
much popular and nor studied by, for example, conducting research and providing
education on the methods. MFDS is the only government agency in Korea that has
developed NAMs adopted in OECD Test Guidelines. As a member of the OECD, Korea
has adhered to the Mutual Acceptance of Data (MAD), a multilateral agreement on
recognition of the safety assessment data of chemicals including cosmetics, and mutually
accepts the safety assessment data with other participating countries. According the
the OECD, the MAD saves around 300 million euros (300M €) of testing cost and sacrifices
of over 10,000 laboratory animals each year. MFDS has helped the national industry
and GLP facilities to increase their competitiveness in the world by helping domestic
technologies to be adopted by the OECD, which the MAD system is based on.

This is attributed to over 14 years of KoCVAM's commitment to international cooperation
with the OECD and the International Cooperation on Alternative Test Methods (ICATM).

KoCVAM signed the Memorandum of Cooperation (MOC) to join the ICATM in 2011
and has participated in the development and validation of over 30 NAMs led by the

ICATM member countries.

¢ International Cooperation
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MFDS has focused on regulatory acceptance and development of NAMs for evaluation
of medical products including medical devices as well as cosmetics ingredients. In
particular, an in vitro skin irritation test for evaluation of medical devices developed
by MFDS has been approved unanimously as an internationally standardized test method
at the ISO/TC194* Meeting held in October 2023. This is the first and the only
accomplishment made by a national organization relating to ISO 10993-23™* skin irritation
test.

* Technical Committee of ISO (International Organization for Standardization) dealing with

biological and clinical evaluation of medical devices

** International standard ISO 10993-23:2021 (Biological evaluation of medical devices—Part 23:
Tests for irritation)

Also, KoCVAM has provided full support for distribution of NAMs in Korea to promote
the use of the methods by organizing workshops and training programs (including
video training) for academia and industry including non-clinical research institutions

as well as co-organizing international symposium each year since 2013
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KoCVAM has been committed to supporting the development of NAMs and promoting
practical use and regulatory acceptance of advanced new methods through active

international cooperation.

Regulatory acceptance of NAMs

The world has tightened ban on animal testing for safety assessment of chemicals
including cosmetic ingredients and medical devices, and the ban has increasingly spread

to medical products. Therefore, it is imperative to develop and accept internationally
harmonized NAMs.
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Since the EU's complete ban on animal testing for cosmetics, more and more countries
have also prohibited animal testing. With the revision of Cosmetics Act in 2016, Korea

has also banned sales and marketing of cosmetics and their ingredients tested on animals.

The domestic companies exporting cosmetics and medical devices need NAMs for safety
assessment, and failing to perform one will make them experience a huge financial
loss. The current Korean laws relating to NAMs are: Laboratory Animal Act, Cosmetics
Act; Regulation on Evaluation of Functional Cosmetics, and Standards for Biological
Safety Evaluation of Medical Devices. Pursuant to the Laboratory Animal Act. MFDS
is responsible to establish and implement the policy to support development and
acceptance of NAMs able to replace animal testing. Accordingly, the Minister has
established KoCVAM that carries out tasks related to development, validation, and
dissemination of NAMs. Reticently, “the draft bill for promotion of development,
dissemination and utilization of alternative test method (proposed by law maker In-soon
Nam, Dec. 2020)" and “the draft bill for encouraging development, distribution and
use of alternative test methods (proposed by law maker Jung-ae Han, Dec. 2022)" have
been submitted to the national assembly in order to strengthen the role of KoCVAM

and to promote the use of NAMs in Korea.

In 2023, MFDS revised the Korean Pharmacopoeia to accept NAMs for quality control
of pharmaceutical products. With the revision, the test methods using recombinant
factor C have newly been included to replace the use of horseshoe crab blood to

detect endotoxins in pharmaceutical products.

With the establishment of the FDA Modernization Act 2.0 in December 2022, FDA
allows the use of NAMs in new drugs and biologics application. In other words, the
law concerning foods, drugs and cosmetics has permitted the use of the data generated

using NAMs as non-clinical test data.

To keep up with the change in the U.S., MFDS has made an administrative notice
on implementation of the revised “Regulation on Pharmaceuticals Approval, Notification
and Review . The revised regulation allows submission of data from non-animal methods
or human biology-based tests (cell-based test, MPS, bioprinting, computaional model,

etc.) that are produced in accordance with the Good Laboratory Practice.

To proactively respond to the changes in the world where NAMs are expanding their
realm from cosmetics including cosmetic ingredients and medical devices to
pharmaceuticals, MFDS has worked hard to promote NAMs in Korea for the last 14
years. With the knowledge and know-hows accumulated in KoCVAM, MFDS will be
able to take lead nationally and internationally in the field of NAMs.
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3 MFDS R&D budget relating to NAMs

The Toxicological Evaluation and Research Department at the National Institute of
Food and Drug Safety Evaluation (NIFDS), an affiliation of MFDS, has conducted researches
on development of advanced safety assessment methods since 1998 as part of MFDS
research and development project for food and drug safety.

The project is intended to establish base technologies for safety prediction and evaluation
including development of toxicological, pharmacological and clinical tests, advanced
analytic methods, laboratory animals and alternative test methods, which can serve
as a scientific basis for the policies relating to safety management of foods, drugs,
etc. As a part of the project for development of safety assessment methods, the
Toxicological Evaluation and Research Department has developed and validated NAMs
and developed novel toxicity assessment and narcotics analysis methods.

KoCVAM and Toxicological Screening and Testing Division of the Department has
developed and validated NAMs for safety assessment of cosmetics, medical devices,
etc. in the project.

Table 1. R&D project for development of NAMs for safety assessment conducted by Toxicological Screening

and Testing Division
Title Main topic

Establishment of foundation

10

O Development of internationally harmonized test guidelines for NAMs

for development and reflecting animal welfare and their acceptance in Korea

validation of NAMs

Scientific outcome of the project

- The R&D project for development of NAMs for safety assessment is divided into 8
studies, which are carried out by each division in Toxicological Evaluation and
Research Department.

- Many remarkable papers have been able to be published from the project, leading to
establishment of scientific basis for the regulations on safety management of foods and drugs.

* 139 SCI(E)-grade papers were published through this project for the past 3 years (2020 to 2023),
exhibiting average Impact Factor of 4.17

Social outcome of the project

- Establishment of the system to control new narcotics and to prevent their introduction
in Korea by rapidly responding to them.

* Selected as one of the 100 best national R&D projects in 2020
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- Reduction of public fear over hazardous chemicals by performing toxicity evaluation
on consumer chemical products and medicinal substances and establishing

regulations on hazardous ingredients that might threaten public health.

- Protection of public health from corona virus by preparing the draft guideline for
efficacy evaluation of drug candidates and by providing information on clinical trials

in order to facilitate rapid development of COVID-19 treatments

Technical outcome of the project

- Development of internationally harmonized alternative test methods adopted in
OECD Test Guidelines

- Application of 14 patents in Korea and in other countries for the technologies
developed by internal R&D project
* Out of the 14 patents applied for the past 3 years (2020 to 2023) through the project, 3
applications have been filed in other countries

* A qualitatively remarkable outcome with 5.00 of patent rating in SMART

Budget for R&D on Establishing foundation
for Development & validation of NAMs

Unit: 1 million won

2016 2017 2018 2019 2020 2021 2022 2023

The project for research and development of safety assessment technology will continue
to serve as a platform for strengthening the country’'s global profile and competitiveness
by developing safety assessment technology meeting international standards. ® In order
to actively respond to global bans on animal testing, research for development of NAMs

using advanced technologies will be performed to obtain original technology for next

"
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generation safety assessment method and to enhance economic feasibility of the domestic
industry by using the technologies and products produced within the country.
® Confidence in the policy for safe management of narcotics and safe use of foods
and drugs will be maintained by preemtively responding to new narcotics, foods and
drugs. © The public will continue to trust MFDS as it is able to rapidly execute political

countermeasures to any issues relating to toxic substances in foods and drugs.

Research project: establishment of foundation for advanced toxicity evaluation
technology (2022~2025)

- Toxicological Research Division of NIFDS has conducted the study aiming to establish

foundation for regulatory science by preemtively obtaining advanced toxicity

evaluation technologies developed in Industry 4.0 (budget: 8.38 billion won).

- The Division has been working to propose a toxicity evaluation platform using liver

organoid as an international standard and to create new bioindustry by performing

an independent validation study and peer-review.

New research project: standardization of NAMs for practical implementation (2024~2028)

- Toxicological Research Division of NIFDS will launch 5 year project in 2024 budgeted

at 47.5 billion. The project aims to improve coherence of regulatory science and
to encourage practical use of NAMs by developing, optimizing and standardizing

NAMs for safety, efficacy and quality evaluation of drugs.

The project consists of research on development of alternatives to animal testing
especially for safety evaluation and for specification testing of drugs. It will focus
on standardization of toxicity and efficacy evaluation technologies including
organoid, organ-on-chips and 3D tissue models and fostering their regulatory

acceptance.

(4]

* @ heart @ kidney © nerve system @ respiratory system © skin @ digestive system

MFDS will build intergovernmental cooperation system to facilitate development of
toxicity and safety evaluation methods based on standardized organoids and
organ-on-chips and to propose the methods as OECD Test Guidelines with support
from KoCVAM.
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Table 2. Main topics of the research project “standardization of alternative test methods for practical
implementation”

Main Topics

Project Title | Development of alternatives to animal testing for safety evaluation of drugs

Detailed subject Timeline budget

(D International harmonization and standardization of alternative
test methods

@ International harmonization and standardization of safety
and efficacy evaluation technologies based on heart organoid
and (or) tissue chip

® Optimization and standardization of safety and efficacy
evaluation technologies based on nerve system organoid
and (or) tissue chip

_ @ Optimization and standardization of safety and efficacy
Project A evaluation technologies based on skin organoid and (or)

tissue chip 5 years
(® Optimization and standardization of safety and efficacy

evaluation technologies based on respiratory system
organoid and (or) tissue chip

30.875 billion
won

® Optimization and standardization of safety and efficacy
evaluation technologies based on kidney organoid and
(or) tissue chip

@ Optimization and standardization of safety and efficacy
evaluation technologies based on digestive system
organoid and (or) tissue chip

Development of Al-based alternative test methods

Project title | Development of alternative test methods for specification testing of drugs

Detailed subject timeline budget

(® Development of alternative test methods for quality
evaluation of plasma—-derived medicinal products

Project B | 3 Development of alternative test methods for evaluation

of oral mucosa irritation potential of medical devices = 5 years 16.625 billion
won
® Development and optimization of alternative test methods

using zebrafish and C. elegans

@ Establishment of biological resource bank
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Development and validation of internationally harmonized
alternative test methods recognized by the OECD

[0 Development and validation of alternative test methods

Test Guidelines (TGs) issues by the OECD are adopted by governments, industries and
research institutions in the world for hazard and safety evaluation of chemicals including
cosmetic ingredients. Use of the Test Guidelines that are based on validated test methods

help obtain reliable safety assessment data for protection of human and animal health.

Most NAMs for evaluation of hazardous substances should be validated by national
and (or) international organizations. The size of validation studies can range from small

to large, international scale.

Validation of a test method (or an approach) is a research process that is based on

scientific principles to establish reliability and relevance.

- Reliability refers to measures of the extent that a test method can be performed
reproducibility within and between laboratories over time, when performed using

the same protocol.

- Relevance refers to description of relationship of the test to the effect of interest
and whether it is meaningful and useful for a particular purpose. It is the extent

to which a test correctly measures or predicts the biological effect of interest.

KoCVAM has supported the OECD adoption of the NAMs developed by NIFDS R&D
projects in Test Guidelines. The test methods in OECD TGs are regulatorily accepted
in Korea under Cosmetics Act, Regulation on Evaluation of Functional Cosmetics, and
Standards for Biological Safety Evaluation of Medical Devices and utilized in safety
assessment of not only drugs that MFDS is concerned but also chemicals and pesticides.
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The first domestically developed skin sensitisation test method adopted

in OECD TG
S”c;’.e.“’.'s'"g Toxicological Screening and Testing Division of NIFDS
ivision

type Internal project

Study on international harmonization for development of test guidelines based on

title alternative test methods (1)(17181MFDS486)

[0 Background for the study

Since the 3R principles (reduction, refinement and replacement) suggesting ethical
use of animals in science were proposed, demand for NAMs for safety assessment has

been increased.

There should be an alternative to the existing Local Lymph Node Assay (LLNA) (OECD
TG 429) that uses lab animals and radioisotope.

- A KoCVAM-developed “me-too” method to TG 442B (alternative to TG 429) is able
to overcome some of the limitations of LLNA. The method was included in the OECD
workplan in April 2016 and adopted in the TG 429 in June 2018 following a successful

validation study and an independent peer-review.

There has been an increasing demand on alternatives to animal testing in biological
safety assessment of medical devices. An alternative skin sensitisation test method for

safety assessment of medical devices should be developed.

O Study in brief

The objectives of the research were to propose the revised OECD TG 442B including
LLNA: BrdU-FCM developed in Korea; to conduct follow-up study based on the comments
from the OECD expert group; and to perform research on the skin sensitisation test

method for safety assessment of medical devices.

LLNA:BrdU-FCM

- LLNA:BrdU-FCM, a “me-too’ method to OECD TG 429, has advantages over OECD
TG406 that requires use of guinea pigs. The method is able to detect skin sensitisation
potential without using radioisotope, to reduce the number of animals used, and

to alleviate pain in animals as it does not require the use of an adjuvant.

18
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Principle of the method: A local lymph node assay is able to detect skin sensitisation
potential of test substances according to the UN GHSD by evaluating T-cell activation

and proliferation, the fourth key event of skin sensitisation Adverse Outcome Pathway
(AOP).

- The method is able to evaluate skin sensitisation potential of test substances using
a flow cytometry that measures proliferation of auricular lymph node cells during

the induction phase of skin sensitisation.

O Overview of the Research Outcome

Major accomplishment: LLNA:BrdU-FCM developed by NIFDS has become the first
domestically-developed toxicity test method adopted in OECD Test Guideline (OECD
TG 442B)

- Validation study: KoCVAM worked with international stakeholders and operated a
validation management team to coordinate the validation study in accordance with

the guidance suggested by the OECD, and prepared the validation study report.

- OECD recognition: The scientific rationale of the method was proved during the peer
review, and the method was officially included in OECD TG 442B in June 2018
following the OECD WNT approval in April 2018.

* WNT: OECD Working Group of National Co-ordinators of the TGs programme who take
decisions on TGs (approve and update of TGs) and decide on project proposals to include in
the work plan. The group consists of representative from the member countries that adhere
to MAD and meets annually.

Academic accomplishment
- Awarded as one of the best MFDS R&D projects in 2017

- Publication: 1 paper in a SCI-grade journal*

* Regulatory Toxicology and Pharmacology

[0 Excellence and advantages

Excellence: LLNA: BrdU-FCM developed in Korea has been recognized as a reliable
and relevant alternative to OECD TG 442B and a “me-too” method to OECD TG 442B
during the KoCVAM-coordinated international peer review consisting of experts from

the U.S., Switzerland and Japan.

1) UN GHS: United Nations Globally Harmonized System of classification and labelling of chemicals
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Advantages: Compared to Local Lymph Node Assay (LLNA) that often faces issues relating
to radiation exposure or disposal of radioactive waste due to use of radioisotope,
LLNA:BrdU-FCM is able to evaluate skin sensitisation potential without using radioisotope
and to perform mechanistic research including B-cell and T-cell.

O Utilization of the Outcome and Its Impact

The outcome has proven that KoCVAM plays a leading role in the field of alternative
test methods in Korea.

* Countries developed test methods recognized in OECD TGs: the U.S., 5 European Countries
(Germany, lItaly, Netherlands, Belgium, and France), Japan, Canada and Korea.

International relation: International exchange and cooperation has been promoted (e.g.
participation and presentation in the general meeting of ISO/TC194, Biological and
clinical evaluation of medical devices).

* Countries joining in the ISO/TC194 general meeting: 29 participating countries including

Germany (host), Australia, Austria, Belgium, Canada, the U.S. Japan Brazil and 19 observing
countries

The related industry has grown thanks to introduction and dissemination of a new
alternative test method, which has helped nurture professional personnel, and technical
support provided by the government.

- Guidance on the use of LLNA:BrdU-FCM, has been published, education workshops
have been organized; and training programs have been run to transfer the techniques
required to use the method to those working in the domestic GLP facilities and related
academic area.

O Performance of the research

MFDS performance evaluation standard

Title -
type performance indicators
1 Proposal to add a method in the OECD | Encouragement of practical use| Number of TG proposals
Test Guideline (OECD TG442B) by policy improvement, etc. submitted
Press release: Alternative test method Number of the education or

2 | developed in Korea soon to be added in Education and promofion of

the research outcome promotion materials about
OECD TG

the outcome

Publication: Evaluation of skin

sensitization potential of chemicals by Building on expertise Number of papers published

3 local lymph node assay using through academic i\ SCl-arade iournal
5-bromo—2-deoxyuridine with flow accomplishment 9 J
cytometry

20
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MFDS performance evaluation standard

Title -
type performance indicators
Publication: Development of the LLNA: Building on expertise Number of presentations
4 BrdU-FCM for Skin Sensitization through academic and publications in
Evaluation accomplishment international workshops

Publication in academic journal:

Evaluation of Skin Sensitization Potency Building on expertise Number of presentations

5 Using the LLNA: BrdU-FCM and the £x through qoademm and publications in national
. . accomplishment workshops
vivo Cytokine Assay
Publication: Evaluation of Skin Building on expertise Number of presentations
6 | Sensitization Potential of Chemicals Using through academic and publications in national
the LLNA: BrdU-FCM accomplishment workshops
Publication: Predictive Possibility of the  Building on expertise Number of presentations
7 | Ex vivo Cytokine Assay in LNCs on Skin through academic and publications in
Sensitization Potency accomplishment international workshops

Encouragement of practical
use by policy improvement,
etc.

Addition in OECD Test Guideline
(OECD TG 442B)

Number of TG proposals
submitted

Number of the education or
promotion materials about
the outcome

Utilization and dissemination

9 | Awarded as an excellent R&D project
of research outcome

Press release: MFDS—developed skin Number of the education or

10 = sensitisation test method adopted in Utllization and dissemination promotion materials about

OECD TG of research outcome the outcome

Making presentation in 2018 Education | Utilization and dissemination Level of mutual exchange of

1 Workshop on Alternative Test Mehtod of research outcome . mfor_ma’uon for
dissemination of technology
Hosting 2019 Training Workshop on  Utilization and dissemination Level (.)f mutua! exchange of
12 . information for
Alternative Test method of research outcome . o
dissemination of technology
SOP-sensitisation-19: Local Lymph Improyement of ability in Total count of test methods
13 ; . . testing, research and
Node Assay Using Medical Devices . developed
experiment
14 Making oral presentation in the 29" Improving national Performar;iiﬁggn;erna’uonal
ISO/TC194 general meeting competitiveness g

(e.g. signing MOU etc.)

Publication: Evaluation of the Local Lymph | Encouragement of practical| Number of presentations
15 ' Node Assay: BrdU-FCM to investigate use by policy improvement, and publications in
Skin Sensitizers etc. international workshops

Publication: Utilization of the LLNAL:
BrdU-FCM and the Ex vivo Cytokine Assay
to evaluation of Skin Sensitization
Potency.

Building on expertise Number of presentations
through academic and publications in national
accomplishment workshops

16
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O Major accomplishment

1. Adoption in OECD Test Guideline (OECD TG442B)

OECD/OCDE

4428
Adopted:
25June 2018

QECD GUIDELINE FOR THE TESTING OF CHEMICALS

GENERAL INTRODUCTION

L A skin sensitiser refers to a substance that will lead to an allergic response
following repeated skin contact as defined by the United Nations Globally Harmonized
System of Classification and Labelling of Chemicals (UN GHS) (1),

2 There is general agreement regarding the key biological events underlying skin
sensitisaion. The current knowledge of the chemical and hiological mechanisms
associated with skin sensitisation has been summarised in the form of an Adverse
Qutcome Pathway (AOP) (2), starting with the molecular initiating event through
intermediate events to the adverse effect, namely allergic contact dermants. This ACP
focuses on chemicals that react with thiol (i.e. cysteine) and primary amines (i.e. lysine)
such as organic chemicals. In this instance, the molecular initiating event (i.e. the first
key event) is the covalent binding of electrophilic substances to nucleophilic centres in
skin proteins, The first key event can be addressed using the in chemico Direct Peptide
Reactvity Assay (DPRA) TG 442C (3). The second key event in this AOP takes place in
the keratinocytes and includes inflammatory responses as well as changes in gene
expression  associated with specific cell signalling pathways such as the
antioxidant/electrophile response element (ARE)dependent pathways, This key event
can be addressed wsing the in viro ARENif2 Luciferase Test Methods
(KeratinoSens TM or LuSens) TG 442D (4). The third key event is the activation of
dendritic cells (DC), typically assessed by expression of specific cell surface markers,
chemckines and cyrokines, and can be addressed using either the in vitro Human Cell
Line Activation Test (h-CLAT), the in vitro U937 Cell Line Activation Test (L-SENS™)
or the Interleukin9 Reporter Gene assay (IL-8 Luc assay) as described in TG 442E (5),
The fourth key event is T-cell proliferation, which is indirectly assessed in the in vivo
murine Local Lymph Node Assays (LLNA) (6).

3. The first Test Guideline (TG) for the determination of skin sensitisation in the
mouse, the Local Lymph Node Assay (LLNA: TG 429) was adopeed in 2002, and has
since then been revised (7). The details of the validation of the LLNA and a review of the
associated work have been published (8) (9) (100 (11) (12) (13) (14) (15) (16). In the
LLNA, radicisotopic thymidine or iodine is used to measure lymphocyte proliferation
and therefore the assay has limited use in regions where the acquisition, use, or disposal
of radicactivity is problematic,

BOECD, (2018)

You are free to use this marerial subject to the terms and conditions available at hirp s cecd, ong termsandeonditions.,

In accordance with the decision of the Council ona delegation of authonty o amend Annex [ of the decision of the council on the Ml
Accepsance of Dt in the assessment of chemicals [CCA018MY, this Guideline was amended by the OECD's Joint Meeting of the Chemicals

Commines and the Wotking Party on Chemicals, Pesticides and Biotechnology by wrinen procedure on 25 June 2018,

22
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3. Publication: Evaluation of skin sensitization potential of chemicals by local lymph node assay using
b5—bromo-2-deoxyuridine with flow cytometry

Regulatory Taxicology and Pharmacology 107 (2019) 104401

e
ELSEVIER

journal homepage: www_elsevier.com/locate/yrtph

Contents lists available at Scienceldrect "
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HE

Byeol-1. Han™", Jung-Sun Yi*', Souk Jin Seo”, Tae Sung Kim®, llyoung Ahn®, Kyungyuk Ko®,
Joo Hwan Kim®, SeungJin Bae®, Jong Kwon Lee™

* Towieologieal Sereening and Testing Divisien, Marional Inctinire of Foad and Drug Safery Evafuanion, Mistry of Food and Drug Safery, Chesngje-s, 28159, Republic of

Korea

* Calfege of Pharmacy, Ewha Womans Dniversity, Ssoul, 07760, Republic of Korea
* Taicological Ressarch Divisdon, Matiomal stince of Food and Dresg Safety Evalwarion, Minizry of Food and Drug Ssfery, Cheonglss, 38159, Republic of Korea

ARTICLEINFO

ABSTRACT

Keywards:

Local lymph node assay
LLMA

ErdU-FC

Skin sensitization
BALB/c

Flenw cytametry

The local lymph node assay using 5-bromo-2 -deoxyuridine with flow cytometry (LLNA: BrdU-FCM) is a modified
LLMNA used to identify skin sensitizers. This assay measures the proliferation of auricalar lymph node cells (LNCs)
during the induction phase of skin sensitization and the number of ErdU-positive LNCx using flow cytometry. We
determined if LLNA: BrdlU-FCM can evaluate the skin sensitization pobential of 20 substances, including 16
sensitizers and 4 non-sensitizers, that were tested using LLNA: DA and LLNA: BrdU-ELISA but not listed in OECD
TG 429. After selecting appropriate vehicles and conducting pre-screen tests in 2 phases, solvents and test
comcentrations for the main test were determined. In the main study, we measured changes in LN weight, the
number of LNCx, and the proportion of BrdU incorporated into LNCs to caloulate stimulation indexes (SI). 51 was
calculated based on the total number of LNCs and BrdU incorporation in LNCs. We found that all substances were
correctly classified as sensitizers or non-sensitizers. Owverall, we confirmed that the LLNA: BrdU-FCM can eval-
uate skin sensitization potential of the 20 substances. Additionally, our results of combining 22 reference sub-
stances histed in QECD TG 429 and 20 additional substances showed that concordance of LLNA: BrdU-PCM with

the LLNA was higher than before.

1. Introduction

The murine local lymph node assay (LLNA) for evaluating the skin
sengitization potentlal of substances has been used worldwide as an
altemative test method o the conventionally used guinea plg test
(OECD TG 406, 1992); it was adopted as OECD TG 429 (Skin Sensiti-
zatlon: Local Lymph Node Assay) in 2002 (OECD, 2010a). The LLNA s
a skin sensitization test in mice that measures the proliferation of
murine local auricular lymph node cells (LNCs) after topical exposure o
test substances. However, the use of LLNA has been limited due to the
employment of radlolsotope-labeled *H-methyl thymidine and the re-
sultant difficulty in the disposal of radioactive waste in some countries.
For this reason, LLNA was modified to replace “H-methyl thymidine,
and two nonradio lsotople LINA methods (LLNA: DA as OECD TG
4424 and LLNA: BrdU-ELISA as OECD TG 442K) were adopted in 2010,
LINA: DA quantifies the ATP content of LNCs and LLNA: BrdU-ELISA
measures the Incorporation of BrdU, an analogue of thymidine, into

* Corresponding awthaor.
E-muil address: jklesst i korea ks (1K, Lee).
! These anthors contributed equally to do this work.

https://doiorg/ 1010016,/ yriph. 2001 9.05.026

lymph nodes (OECD TG 4424, 20100; OECD TG 4428, 2010¢,d) w
evaluate LNC proliferaton. In Chemico Skin Sensitdzation (DPFRA) as
OECD TG 442C and In Viro Skin Sensitdzation (KeratinoSens) as OECD
TG 4420 were adopted in 2015 and v Vitro Skin Sensitization (h-CLAT)
a5 OECD TG 442E was adopted in 2017 (OECD TG 442C, 2015a; OECD
TG 442D, 2015b; OECD TG 442E, 2017).

The LLMA: BrdU- FCM is a novel non-radiodsotople version of the
LLNA that performs similar to existing LLNA methods. This test mea-
sures the proliferation of auricular LNCs during the induction phase of
skin sensitizatlon by determining the number of BrdU-positve LNCs by
flow eytometry. The LLNA: BrdU-FCM has been optimized and wvall-
dated (Yang et al., 2015; Kim et al., 20016 Ahn et al, 2016). LLNA:
BrdU-FCM can be used to evaluate the skin sensitization potency of test
substances in the same way as the conventional LINA, LLNA: BrdU-
ELISA, and LLNA: DA, The LLNA: BrdU-FOM has several additional
advantages. First, the proliferation of living LNCs |s quantitatively
measured in the LLNA: BrdU-FOM, whereas cells are indirectly scored

Received 21 March 2018; Received in revised form 27 May 201%; Accepted 28 May 2019

Available online 31 May 3019
0273-2300/ & 2019 Elsevier Inc. All rights reserved.
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Development of an alternative eye irritation test method adopted
fourth in the OECD Test Guideline 492

Supervising

divisi Toxicological screening and testing division of NIFDS
ivision

Project type | Entrusted project (prof. Kyung-min Lim, Ewha Womans University)
Title Validation study on the eye irritation test method using RhCE (16182MFDS522)

[0 Background for the study

Local toxicity tests are an integral part of cosmetics safety assessment. In particular,
an eye irritation test requires use of animals (rabbits) and includes procedures causing

pain to the animals, and thus should be replaced by an alternative method.

With the global ban in European countries on animal testing for cosmetics and their
ingredients, Korea has revised the Cosmetics Act. In this sense, development of a new
alternative test method that can be utilized by national industry and non-clinical test

facilities was considered necessary.

O Study in brief

The study aimed to develop an in vitro eye irritation test method using RhCE (reconstructed

ETM

human cornea-like epidermis), MCTT HCE™, as an alternative to Rabbit Eye Draize

Test (OECD TG405) that uses rabbits.

E™ developed in Korea was studied

An in vitro eye irritation test method using MCTT HC
further, and an international validation study was performed to verify the feasibility

of the method as an internationally harmonized one accepted by the OECD.

MCTT HCE™ is a 3D human cornea model that is manufactured with primary cultured
cornea epithelium using residual skin tissues from cornea transplant. Since human
primary cornea cells are used, its morphological microstructure and biomarker

expressions are similar to those of human epithelium.

Principle of the method: This method evaluates an eye irritation potential of a test
chemical by measuring reduction in cell viability of MCTT HCE™ following local exposure
to the test chemical using WST-1 assay.
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- Serious eye damage and (or) eye irritation (corneal opacity, iritis, conjunctival redness
and/or conjunctical chemosis) are the results of the responses initiated by penetration

of a test chemical through cornea and/or conjunctiva and following cell damage.

Development and validation of the test method: A validation study on the eye irritation
test method using MCTT HCE™ was conducted in accordance with OECD guidance.
KoCVAM led the validation study in cooperation with the method developer.

O Overview of the study outcome

Major accomplishment: An eye irritation test method using the model developed in
Korea, MCTT HCE™ EIT, has become the fourth test method adopted in the OECD
TG 492 as one of the internationally harmonized methods.

* MCTT HCE™ is the only model in the world that is manufactured with human primary cultured

epithelium.

- Validation study: KoCVAM was in charge of assuring that the validation study fulfilled
OECD guidance by cooperating with international partners including OECD

Secretariat and operating a validation management team.

- OECD recognition: The method was approved to be included in the OECD Test
Guideline 492 at the WNT Meeting in April 2019 and the revised TG was officially

issued in June 2019.

* WNT: OECD Working Group of National Co-ordinators of the TGs programme who take
decisions on TGs (approve and update of TGs) and decide on project proposals to include in
the work plan. The group consists of representative from the member countries that adhere
to MAD and meets annually.

Major accomplishment

- Academic accomplishment: publication of 4 papers in SCI and non-SCI grade journals

* Food and Chemical Toxicology, Toxicology in vitro and Toxicological Research

[ Excellence and advantages

Excellence: Compared to the other OECD-adopted models that are manufactured with
human keratinocytes (EpiOcular™) or corneal epithelial cell line (SkinEthic HCE), MCTT
HCE™ used in this test method is manufactured with human primary cultured corneal

cells and thus able to effectively mimic human corneal responses.
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Advantages: Other methods using EpiOcular™ or SkinEthic™ HCE use separate protocols
for liquids and solids and require a lot of models because each protocol requires inclusion
of both positive and negative controls. In this regard, the test method using MCTT

HCE™ has advantages over the two methods.

Economic advantage: Foreign Models including EpiOcular™ and SkinFthic™ HCE are
unlikely to be shipped directly to the Korean users. Further, shipment takes a long
time due to shipping or customs process. Since MCTT HCE™ is domestically-developed
model, it does not require long shipment period and tends to cost less compared to

the foreign models.

O Utilization of the outcome and its impact

26

The outcome has proven that KoCVAM plays a leading role in the field of alternative
test methods in Korea.

* Countries having test methods recognized in OECD TGs: the U.S., 5 European Countries
(Germany, ltaly, Netherlands, Belgium, and France), Japan, Canada and Korea.

E™ is the first domestically-developed and manufactured

Increasing export: MCTT HC
ocular model that has been internationally recognized and can be exported to overseas

test facilities conducting eye irritation testing.

Development of related industry: Eye irritation test was highly dependent on foreign
models in the past. However, the development of MCTT HCE™), will help increase

the sales of the domestic manufacturer.

Introduction and dissemination of the alternative test method helps train professional

personnel and transfer necessary techniques and thus promote the related industry.

- Following development of MCTT HCE™ eye irritation test method, standard operating
procedure and guideline have been prepared and the method have been transferred
to the people at the national GLP test facilities and academia in education workshops,

etc.



II. Development and validation of internationally harmonized alternative test methods recognized by the OECD

O Performance of the study

10

"

12

Title

Presentation: Identification of ezrin
expression as a possible biomarker of in-vitro
eye irritation using a 3D reconstructed human
corneal model MCTT HCE™ and immortalized

human corneal cells

Presentation at the industry, academia and
government workshop for promotion of
alternative test methods development and
advancement of validation management:
Global trends in development of alternative
test methods and future demand

Presentation at the 1% Cosmetics forum
organized by Cosmetics ICC: Overview of
current research on alternative test methods

Intensive course in non—clinical education
program hosted by KOHI: International
validation study and global trends

Presentation: A new 3D reconstructed human

cornea-like epithelium, MCTT HCETM and its

application for alternative to draize rabbit eye
irritation test

Presentation: Development of 3D
reconstructed human cornea-like epithelium,
MCTT HCETM from primary limbal cells, and
its application for alternative to animal test

Producing specialists with a master’'s degree
Producing specialists with a master's degree

Producing specialists with a master’'s degree

Digital PCR assay

SOP: Ezrin reporter assay—based eye toxicity
evaluation method using immortalized corneal
cells

Presentation: Assessment of the Availability
of Ezrin Expression in 3D Reconstructed
Human Cornea Models (MCTT HCE™)and
Immortalized Human Corneal Cell Lines as
Biomarkers of /n Vitro Eye Stimulation Tests

MFDS performance evaluation standard

type

Building on expertise
through academic
accomplishment

Utilization and
dissemination of research
outcome

Utilization and
dissemination of research
outcome

Utilization and
dissemination of research
outcome

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Nurturing professional
personnel

Nurturing professional
personnel

Nurturing professional
personnel

Improvement of ability in
testing, research and
experiment

Improvement of ability in
testing, research and
experiment

Building on expertise
though academic
accomplishment

performance indicators

Number of presentations
and publications in national
workshops

Number of education or
promotion materials about
the outcome

Number of education or
promotion materials about
the outcome

Number of education or
promotion materials about
the outcome

Number of presentations
and publications in national
workshops

Number of presentations
and publications in
international workshops

Manpower training
performance

Manpower training
performance

Manpower training
performance

Number of test methods
development

Number of test methods
development

Number of presentations
and publications in national
workshops
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13

14

15

16

17

18

19

20

21

22

23

28

Title

Presentation: An in-vitro test to indentify eye
irritants using a stable human corneal
epithelial-derived EZR reporter cell line

Presentation: Application of the EZR repoter
assay as an /n vitro test

Presentation: Investigation of ezrin
expression as a potential biomarkers for
in—vitro eye irritation using a 3D reconstructed
human corneal model MCTT HCE™ and

immortalized human corneal cells

Presentation: Development of the EZR luc
assay as an in vitro test

Press release: 2017 Rush Prize Awarded

Publication: Evaluation of ocular irritancy of

coal—-tar dyes used in cosmetics employing

reconstructed human cornea-like epithelium
and short time exposure tests

Publication: Nervonoylceramide (C24:1Cer),

a lipid biomarker for ocular irritants released

from the 3D reconstructed human cornea-like
epithelium, MCTT HCE™

Publication: Prevalidation trial for a novel in

vitro eye irritation test using the reconstructed

human cornea-like epithelial model, MCTT
HCE™

Publication: Alternatives to /n Vivo Draize
Rabbit Eye and Skin Irritation Tests with a
Focus on 3D Reconstructed Human
Cornea-Like Epithelium and Epidermis
Models.

Presentation: OECD TG492 Performance

standard based multi-laboratory validation

study for a new in vitro eye irritation test using

the reconstructed human corneal epithelial
model, MCTT HCE™,

Presentation: Validation study of alternative
in vitro eye irritation test with
3D-reconstructed human cornea epithelium,
MCTT HCE™ for OECD Test guideline

MFDS performance evaluation standard

type

Building on expertise
though academic
accomplishment

Building on expertise
though academic
accomplishment

Building on expertise
though academic
accomplishment

Building on expertise
though academic
accomplishment

Utilization and

outcome

Building on expertise
though academic
accomplishment

Building on expertise
though academic
accomplishment

Building on expertise
though academic
accomplishment

Building on expertise
though academic
accomplishment

Building on expertise
though academic
accomplishment

Building on expertise
though academic
accomplishment

performance indicators

Number of presentations
and publications in national
workshops

Number of presentations
and publications in national
workshops

Number of presentations
and publications in national
workshops

Number of presentations
and publications in
international workshops

Number of education or

dissemination of research | promotion materials about

the outcome

Number of papers
published in SCl-grade
journal

Number of papers
published in SCl-grade
journal

Number of papers
published in SCl-grade
journal

Number of papers
published in
non-SCl-grade journal

Number of presentations
and publications in
international workshops

Number of presentations
and publications in national
workshops
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O Major accomplishment

1. Adoption in OECD TG492

Health effects

Test Guideline No. 492
Reconstructed human Cornea-like
Epithelium (RhCE) test method for
identifying chemicals not requiring
classification and labelling for eye
irritation or serious eye damage

18 June 2019

OECD Guidelines for the '
Testing of Chemicals

@) OECD

AFTTFR PN ICIFS FOsR RFTTRR | IVFS
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4. Publication: Evaluation of ocular irritancy of coal-tar dyes used in cosmetics employing reconstructed
human cornea-like epithelium and short time exposure tests
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Contents lists available at ScienceDirect * rood and |-
Toxicology |=—
Food and Chemical Toxicology
journal homepage: www.elsevier.com/locate/foodchemtox SELEE

Evaluation of ocular irritancy of coal-tar dyes used in cosmetics
employing reconstructed human cornea-like epithelium and short
time exposure tests
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ABSTRACT

Article history:
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Received in revised form
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Keywords:

Coal tar dyes

Eye irritation

3D reconstructed human cornea-like
epithelium

RhCE

UN GHS categorization

Short time exposure test

STE

Coal-tar dyes in cosmetics may elicit adverse effects in the skin and eyes. Countries, like the US, have
banned the use of coal-tar dyes in cosmetics for the eye area due to the potential for ocular irritation. We
evaluated the eye irritation potential of 15 coal-tar dyes permitted as cosmetic ingredients in recon-
structed human cornea-like epithelium (RhCEs [EpiOcular™ and MCTT HCE™|) tests and the short time
exposure (STE) test. Eosin YS, phloxine B, tetrachlorotetrabromofluorescein, and tetrabromofluorescein
were identified as irritants in RhCEs; dibromofluorescein and uranine yielded discrepant results, STE
enabled further classification in accordance with the UN Globally Harmonized System of Classification
and Labelling of Chemicals, as follows: eosin YS as Cat 2; phloxine B, Cat 1; and tetra-
chlorotetrabromofluorescein and tetrabromofluorescein, Cat 1/2. STE indicated dibromofluorescein
(irritant in EpiOcular™) and uranine (irritant in MCTT HCE™!) as No Cat, resulting in the classification of
“No prediction can be made.” based on bottom-up approach with each model. These results demon-
strated that in vitro eye irritation tests can be utilized to evaluate the potential ocular irritancy of
cosmetic ingredients and provide significant evidence with which to determine whether precautions
should be given for the use of coal-tar dyes in cosmetics or other substances applied to the eye area.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Colorants or dyes are widely used in foods, cosmetics, beauty
supplies, and personal care products to increase the appeal of the
product to consumers. Colorants are prepared from natural sources
or are artificially synthesized. Coal-tar dyes, representative artificial
colorants, are widely used as dye agents in color cosmetics and face
paints, owing to their lasting, vivid, and appealing colors (Keck-
Wilhelm et al., 2015), intense hues, bright tints and relatively low
cost (Kanekar and Khale, 2014). Coal-tar dyes are chemically syn-
thesized utilizing various aromatic hydrocarbons, such as toluene,

* Corresponding author. College of Pharmacy, Ewha Womans University, 52
Ewhayeodae-gil, Seodaemun-gu, Seoul 03760, Republic of Korea.
*+ Corresponding author. College of Pharmacy, The Catholic University of Korea,
Bucheon 14662, Republic of Korea.
E-mail addresses: joolee@catholic.ac kr ()Y, Lee), kmlim@ewha.ac kr (K.-M. Lim).
! These authors contributed equally to this work.

http://dx.doi.org/10.1016/].fct. 2017.08.001
0278-6915/© 2017 Elsevier Ltd. All rights reserved.

xylene, or benzene, chemicals that are acquired through the
distillation of bituminous coal or petroleum (Harp and Barrows,
2015; Pérez-lbarbia et al, 2016). Coal-tar dyes have hetero-
aromatic, azo, or aromatic amines in their chemical structures,
which may be associated with a variety of adverse health effects,
ranging from dermatitis (Bonamonte et al., 2014; Sugai et al., 1977)
to carcinogenesis (Andrew et al., 2004; Meller and Wallin, 2000).
Accordingly, there are increasing concerns regarding the safety of
cosmetics containing coal-tar dyes for human use.

Case reports suggest that blindness can occur after the appli-
cation of color cosmetics for dyeing eyebrows and eyelashes. The
color cosmetics therein were suspected of deriving their color from
coal-tar dyes (Gettings et al., 1992). Chemical injury to the human
eye, mainly manifesting as eye irritation, can also cause blindness,
and some visual loss might be attributable to use of products
containing color derived from coal-tar dye (Wagoner, 1997). Some
coal-tar dyes, such as phloxine B (Foster et al., 2004), and synthetic
organic color additives (Burnett and Opdyke, 1971) have been
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ARTICLE INFO ABSTRACT

Keywords:

Eye irritation

3D reconstructed human cornea-like
epithelium

Lipidomics

Nervonoylceramide. C24:1 ceramide

Due to invasive and painful procedures during in vivo rabbit eye irritation test, in vitro alternative methods have
been widely investigated. Recently, 3D reconstructed human cornea-like epitheliums (RhCEs) garner a huge
attention. RhCEs employ the tissue viability as a primary endpoint to determine ocular irritancy but additional
biomarkers may improve its predictive capacity. Here, we explored lipid biomarkers for ocular irritants in MCTT
HCE™ RhCE model. Three irritants; sodium laury! sulfate, benzalkonium chloride and triton X-100 were selected
to represent anionic, cationic and non-ionic detergent respectively. After treating MCTT HCE™ with irritants, the
alteration of lipids in the treated tissues was examined with Nile Red staining, which revealed the depletion of
corneal lipids. We further quantitated the release of ceramides and free fatty acids, major lipid components of
cornea, into the medium during the post-treatment incubation, employing a sensitive UPLC-MS/MS method.
Among 44 lipid species, nervonoylceramide (C24:1Cer) was found to be released commonly by all three irritants
in a concentration-dependent manner. Tests with 10 additional reference substances further supported that
C24:1Cer release was significantly correlated with viability. Examination of the genes involved in the biosyn-
thetic pathway for C24:1Cer revealed that stearoylCoA desaturase (SCD) and elongasel (ELOVL1) were upre-
gulated, suggesting that lipids and related genes may be employed as biomarkers for ocular irritants.

There are several alternatives to the draize test: in vitro methods
using rabbit cornea epithelial cells (Matsuda et al., 2009; OECD, 2015b;

1. Introduction

Cosmetics, contact lenses and personal care products are frequently
being placed in direct contacts with human eyes during daily use.
Accordingly the evaluation of eye irritation is mandated by regulation
(Ng et al., 2012; Ng et al., 2015). Rabbit draize eye test has long been a
gold standard method (Draize et al., 1944; OECD, 2002) but with the
increasing awareness of animal welfare, demands for the establishment
of non-animal-based alternative test methods are escalating. Especially,
due to the painful and invasive test procedure, and long restraints of
animals during in vivo eye irritation test, in vitro methods to replace the
draize eye irritation test have been explored actively (Wilson et al.,
2015; Lee et al., 2017).

Takahashi et al., 2008), and organ culture methods such as bovine
corneal opacity permeability (BCOP) and the isolated chicken eye test
(ICE) (Gautheron et al., 1992; OECD, 2013a, 2013b; Prinsen, 1996).
Another in vitro alternative test method using reconstructed human
cornea-like epithelium (RhCE), has drawn increasing attention, which
may resolve the issues of species difference and enable the identifica-
tion of weak or moderate irritants. At least four RhCE models have been
reported; EpiOcular™ (MatTeck, USA) (Kaluzhny et al., 2015; OECD,
2015c), SkinEthic™ HCE (SkinEthic, France) (Alepee et al., 2010;
Pfannenbecker et al., 2013), MCTT HCE™ (Biosolution, Korea) (Jang
et al., 2015; Jung et al., 2011) and Labcyte Cornea model (JTE, Japan)

* Correspondence to: D.W. Choi, Korea University, 145 Anam-ro, Seongbuk-gu, Seoul 02841, Republic of Korea.
** Correspondence to: K.M. Lim, College of Pharmacy, Ewha Womans University, 52 Ewhayeodae-gil, Seodaemun-gu, Seoul 03760, Republic of Korea.
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Here, we report the results of a prevalidation trial for an in vitro eye irritation test (EIT) using the reconstructed
hurnan cornea-like epithelium, MCTT HCE™, The optimal cutoff to determine irritation in the prediction model
was established at 35% with the receiver operation characteristics(ROC) curve for 126 substances. Within-
lab{WL) and between-lab( BL) reproducibility was tested for 20 reference substances by 3 participating laborato-
ries. Viability data described by mean =+ SD or +1/2 difference between duplicate wells, and scatter plots, dem-
onstrated the WL/BL consistency. WL/BL concordance with the binary decision, whether non-irritant or irritant

gﬂiﬁﬁm test was estimated to be 85-95% and 95%, respectively. WL/BL reproducibility of viability data was further supported
MCTT HCE™ by astrong correlation(ICC, r = 0.9). WL/BL agreement of binary decisions was also examined by Fleiss' Kappa sta-
Reproducibility tistics, which showed a strong level of agreement (>0.78), nevertheless weaker than the reproducibility of the
Predictive capacity viability. The EIT with MCTT HCE™ exhibited a sensitivity of 82.2% (60/73), a specificity of 81.1% (43/53), and

Statistical analysis an accuracy of 81.8% (103/126) for 126 reference substances ( for liquids; a sensitivity of 100% (47/47),a specific-
ity of 70.6% (24/34), and an accuracy of 87.7% (71/81), and for solids, a sensitivity of 50% ( 13/26), a specificity of
100% (19/19), and an accuracy of 71.1% (32/45), suggesting that the accuracy is satisfactory but the sensitivity
needs improvement, which shall be addressed through correcting the poor sensitivity for solid substances in fu-
ture full validation trials.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction reproducibility (Weil and Scala, 1971) and species differences

(Roggeband et al., 2000) with respect to identifying ocular irritants

Animals have long been exploited to assess the effects of chemicals
on human health, however, concerns regarding animal welfare and spe-
cies differences are escalating. In particular, the Draize in vivo eye irrita-
tion test in rabbits ( Draize et al., 1944; OECD, 2002; Reshma et al., 2015)
has been criticized by animal welfare activists due to its cruel proce-
dure. In addition, other problems have also been raised such as low

Abbreviations: EIT, eye irritation test; RhCE, reconstructed human cornea-like

epithelium; OECD TG, OECD Test guidelines; GHS, global harmonization system; WL/BL,
within-/between-laboratory; ROC, receiver operating characteristics; 5D, standard
deviation; AUC, area under curve; ICC, intra-class correlation; PS, performance standard.
* Corresponding authors at: College of Pharmacy, Ewha Womans University, 52
Ewhayeodae-gil, Seodaemun-gu, Seoul 03760, Republic of Korea.
E-mail addresses: kmlim@ewha.ackr (K-M. Lim), sjbae@ewha.ackr (S. Bae).
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0887-2333/© 2016 Elsevier Ltd. All rights reserved.

that conform to the UN global harmonization system (GHS) classifica-
tion, namely serious eye damage (UN GHS Category 1), eye irritation
(UN GHS Categories 2A and 2B), and non-classified (UN GHS No
Category).

In view of a replacement, numerous alternative in vitro tests have
been developed, including organ-culture methods using isolated animal
eyes, in vitro cytotoxicity tests employing monolayer cell lines, and re-
constructed human cornea-like epithelium (RhCE) (Wilson et al.,
2015). Of these, RhCEs such as EpiOcular™ (Kaluzhny et al., 2015),
SkinEthic™ HCE (Alépée et al,, 2013; Alepee et al.,, 2016; Cotovio et al,,
2010), MCTT HCE™ (Jang et al., 2015; Jung et al,, 2011), and the Labcyte
Cornea model (Katoh et al., 2013) have garnered tremendous interest,
since they are expected to provide a high level of structural and physio-
logical similarity to those of real human corneal epithelium (Choi et al.,
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7. Publication: Alternatives to /n Vivo Draize Rabbit Eye and Skin Irritation Tests with a Focus on
3D Reconstructed Human Cornea-Like Epithelium and Epidermis Models.

Review Article

Toxicol. Res. Vol. 33, No. 3, pp. 191-203 (2017)
https://doi.org/10.5487/TR.2017.33.3.191

Open Access

Toxicological Research
www.ToxicolRes.org

Alternatives to In Vivo Draize Rabbit Eye and Skin Irritation Tests
with a Focus on 3D Reconstructed Human Cornea-Like Epithelium
and Epidermis Models

Miri Lee’, Jee-Hyun Hwang' and Kyung-Min Lim
College of Pharmacy, Ewha Womans University, Seoul, Korea

Human eyes and skin are frequently exposed to chemicals accidentally or on purpose due to their external
location. Therefore, chemicals are required to undergo the evaluation of the ocular and dermal irritancy for
their safe handling and use before release into the market. Draize rabbit eye and skin irritation test devel-
oped in 1944, has been a gold standard test which was enlisted as OECD TG 404 and OECD TG 405 but it
has been criticized with respect to animal welfare due to invasive and cruel procedure. To replace it,
diverse alternatives have been developed: (i) For Draize eye irritation test, organotypic assay, in vifro cyto-
toxicity-based method, in chemico tests, in silico prediction model, and 3D reconstructed human cornea-
like epithelium (RhCE); (1) For Draize skin irritation test, in vitro cytotoxicity-based cell model, and 3D
reconstructed human epidermis models (RhE). Of these, RhCE and RhE models are getting spotlight as a
promising alternative with a wide applicability domain covering cosmetics and personal care products. In
this review, we overviewed the current alternatives to Draize test with a focus on 3D human epithelium
models to provide an insight into advancing and widening their utility.

Key words: Eye irritation, Skin irritation, Alternative to amimal tests, 3D reconstructed human cornea-like

epithelium (RhCE) models, 3D reconstructed human epithelium (RhE) models

INTRODUCTION

Chemicals can be exposed to human accidentally or
intentionally, and toxicity tests of chemicals are essential to
ensure human safety against chemicals. Especially there are
high probabilities of ocular and dermal exposure to pharma-
ceuticals, cosmetics and personal care products. It is re-
quired therefore to test the ocular and dermal irritancy of
chemicals whereupon, the irritancy of chemicals are classi-
fied and labeled properly according to the severity. UN
GHS categorization provides a universal standard for label-
ing the ocular irritancy of chemicals, which categorizes
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chemicals into Category 1, Category 2A/2B and No cate-
gory, and the dermal irritancy of chemicals are categorized
into Category 1A/1B/1C, Category 2, Category 3, and No
category according to the severity and irreversibility of irri-
tation (1). To obtain relevant information for labeling and
classification, eye and skin irritation tests are mandatory.
Before 2009, Draize in vivo rabbit irritation test developed
in 1940, has been only officially accepted test method by

OECD (2). Draize rabbit test procedure is composed of

forced application of test substance to the eye or skin of a
non-anesthetized rabbit in a restrainer and subsequent scor-
ing of signs of irritation including redness, swelling, cloudi-
ness, edema, hemorrhage, and discharge (3). Due to this
cruel and invasive procedure, experimental animals are
imposed severe pain and discomfort (4,5). As the concern
for animal welfare increases throughout the world, the test-
ing of finished cosmetics on animals has been banned in EU
since 2004 and it enters full into force in 2013. Here, we
present an overview of several types of alternatives to
Draize test, with a focus on 3D reconstructed human cor-
nea-like epithelium (RhCE) and 3D reconstructed human
epithelium (RhE) models and suggest future direction for

pISSN: 1976-8257  elSSN: 2234-2753
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Supervising

3  Development and OECD adoption of androgen disruptor screening assay

divisi Food Safety Risk Assessment Division of NIFDS
ivision

Project type | Internal project

Study | on development of internationally harmonized (OECD) estrogen/androgen receptor

Ui interaction test method using novel technique (18161MFDS108)

[0 Background for the study

With increasing development and use of chemicals, potential endocrine disruptor, also
known as environmental hormone, has become a global issue. Therefore, it is necessary
to develop an internationally harmonized test method (OECD Test Guideline) that can
be used to screen existence of substances with potential endocrine disrupting effect

that people consume or are exposed to in daily life.

O Study in brief

34

The study aimed to develop an alternative method to animal testing for evaluation
of androgen interaction by endocrine disruptors. The method can reduce sacrifices

of lab animals by screening and selecting test chemicals at the cell experiment stage.

Principle of the method: This assay can evaluate existence of endocrine disruptors
relating to androgen hormone at a cell-level by qualitatively measuring the expression
of the genes in a cell line that specifically interacts with androgen receptor - test

chemical conjugate in the cell line.

Development and validation: The androgen disruptor screening assay was developed
using a prostate cancer cell line, and validated in collaboration with KTR (Korea Testing

& Research Institute) and Dongguk University.

- In the study, the existing human prostate cancer cell line (22Rvl/MMTV)* was
optimized by minimizing false positive responses by removing glucocorticoid
receptors that have the same hormone response elements with androgen receptors.
The assay was developed using the optimized cell line (22Rv1/MMTV-GR-KO)**.
* Study on the development of endocrine disruptors screening assay — Androgen receptor and

transcriptional activation assay (11162MFDS728, Prof. Mi-sook Dong, Korea University)

** International validation study on development of standardized androgen screening assay using
a cell line (for OECD recognition) (16161MFDS115, Food Safety Risk Assessment Divison)
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O Overview of the study outcome

Major accomplishment: OECD Recognition of the androgen disruptor screening assay
using human prostate cancer cell line (OECD TG 458).

Summary

- OECD recognition: Approval of inclusion of the assay in the OECD TG 458 by the
OECD WNT in April 2020, and the revised TG was officially issued in June 2020.

[0 Excellence and advantages

Excellence: An androgen transcriptional activation assay using a human prostate caner
cell line for detection of androgen receptors. This is the first national and the second
OECD adopted test method for evaluation of endocrine disruption activation. This
shows that our domestic technology is recognized internationally as advanced technology.

* Compared to the existing androgen screening test using the cell line that does not include

activated androgen receptors (developed by Japan in 2016), the assay exhibits improved
accuracy and sensitivity.

Advantages: This is an alternative method having improved accuracy and sensitivity
for detection of androgenic substances. The method can address ethical issues relating
to use of laboratory animals by reducing their sacrifices. The method brings economic
benefit as well since it can detect a large number of substances with endocrine activation
in a short period (4 days).

* Comparison with the existing technology

Summary

test chemical

(cell line test) Androgen screening assay
using a human prostate cancer cell line

An assay for detection of endocrine active
chemicals that can interact with androgen
receptors using human prostate cancer cell
line expressing androgen receptors

(animal test) Reproductive and developmental
toxicity screening assay *

A screening assay for determination of
developmental and (or) reproductive toxic
does. It aims to obtain initial information
about the impact of test chemicals on
reproduction and development.

number/ 4 test chemicals/96-well plate 1 test chemical

repetition

Test period |4 days at least b0 days

Nurmber of at least 40 male mouse

. = at least 48 female mouse (including at least
animals used

40 pregnant mouse)
Other Should be performed in a laboratory with . "
experimental | Bio safety level 2 (BL2) for 22R1V1 cell | o1ould be performed in a GLP test facility
i . . for animal experiment
condition line experiment

* Chapter 5 of the Regulation on Testing of Chemicals: tests on health effects, paragraph 16:
reproductive and developmental toxicity screening test
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O Utilization of the Outcome and Its Impact

The assay was developed to support the safety management of the chemicals with
endocrine disrupting potential and has been recognized as an internationally harmonized
method. This shows that MFDS plays a leading role in development of NAMs.

Support for industry, academia and research institute: The know-hows accumulated
during the development of the first successful endocrine disruptor assay in Korea is
expected to bring about a leap ahead in a follow-up study aiming international
standardization.

- 22Rv1/MMTV_GR-KO cell line developed with our own technology has been donated

to the KCTC (Korean Collection for Type Cultures) for national and overseas
researchers. The cell line can be obtained with no charge. This will contribute to
utilization and development of the related technology and field.

- Access to the information on the assay has been expanded. OECD TG 458 was

translated in Korean and published in July 2020, uploaded on the NIFDS website
and distributed to related organizations. Also, press release on the publication was sent.

Minimization of sacrifices of lab animals: Countries in the world have been focusing
on developing alternatives to animal testing in order to reduce use of lab animals.
The assay developed in this study is expected not only to reduce the cost for tests
but also to address ethical issues relating to lab animals by minimizing their sacrifices.

O Performance of the study

36

MFDS Performance Evaluation Standard

Title
type Performance Indicators
Adoption in OECD Test Guideline system improvement and | Proposal and inclusion in
(OECD TG 458) utilization of policy OECD TG

(Establishment of standardized product)
Development and donation of

Number of development

Establishment of basis for (donation) of standardized

22Rv1/MMTV_GR-KO cell line standardization oroducts
Guideline on Endocrine disruptor screening  system improvement and | Publication and revision of
assay (Korean translation of OECD TG 458) utilization of policy guidelines
Publication in academic journal: Assessment
of androgen receptor agonistic antagonistic  Building on expertise Number of papers
effects on 25 chemicals in household through academic published in SCl-grade
applicants by OECD /n vitro stably transfected accomplishment journal

transcriptional activation assays

Publication in academic journal: Enhancement

e " Building on expertise Number of papers
Sased or-gonomb 6di64 gcocorioad knoor hrovh acaderic. | published in SCI-grade
accomplishment journal

out human prostate cancer cell line
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O Major accomplishment

1. Adoption in OECD Test Guideline

1 L
Section 4

Health effects

Test Guideline No. 458 /&~

Stably Transfected Human Androgen 4

Receptor Transcriptional Activation £~

Assay for Detection of Androgenic 4~
Agonist and Antagonist Activity of £ b

Chemicals 4

26 June 2020 4

OECD Guidelines for the
Testing of Chemicals

&) OECD

BETTER POLICIES FOR BETTER LIVES
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4, (Publication in academic journal) Assessment of androgen agonistic/antagonistic effect on 25 chemicals
in household applicants by OECD in vitro stably transfected transcriptional activation assays

Chemasphers 191 { 3018) 589586

journal homepage: www.elsevier.com/ocete/chemosphere

Contents lists evallable &t ScienceDiect

Chemosphere

Assessment of androgen receptor agonistic/antagonistic effects on 25 @m,,m
chemicals in household applicants by OECD in vitro stably transfected
transcriptional activation assays

Hee-Seok Lee ™", Eun-Jung Park ®, Songyi Han *, Gyeong-Yong Oh *, Hui-Seung Kang *,
Jin-Hyang Suh 2, Min-Ki Shin ?, Hyun-Suk Oh *, Myung-Sil Hwang °, Guiim Moon *,
Young-Ho Koh *, Yooheon Park ", Jin-Hwan Hong *, Yong Eui Koo "

* Food Safety Kick Awezzment Division, Mational Instute of Food and Drug Safety Evabustion, Kanean Ministry of Food and Drug Safety Chungoheonghu ke

do 28158, South Konm

hLln:mgplk University Recemrch Institute of Boterhnolazy & Mediml Comenged Srimer, Dongguk University, Cyaongg 10325, South Koma

HIGHLIGHTS

» AR agonisticlantagonistic effects on 25 chemicals in household applicants are assessed.
» Twar i vitro stalbly transfected transcriptional activation assays are applied.

« a-Dadecyl-w-hydroxypoly (oxyethylens) has been determined as AR antagonist.

» F-loddo-2- propynyd butycarbamate also exhibited a weak AR antagonistic effect.

» This report firstly provides information about their AR agonistjantagonistic effects.

ARTICLE INFOD

ABSTRACT

Article history:
Remeved 5 July 2017

Rereved in revised farm

10 ot ber 2077

.llnrp‘ed 14 Ocinher 20717
Availatile anline 14 Ocinher 2017

Handling Editar: Prederic Lewsch

Keywards:

Human and

Transaiptional activation asay
CECD test guideline

Aganist

Anbgonist

The aim of this study i 10 assess the androgen receptor (AR) agonistic/antagontstic effects on vanous
chemicabs, which are used in howsehold products incheding cleaning agents and werted tissues by in v
OECD test guideline No 458 (using AR-Ecofcreen™ cell line) and the me-ton test method |(wsing
22Rvicel] limel which was adepted a8 OECD project No. 4.99. All chemicals were nof determined as AR
agoniss. However a-dodecyl-w-ydraypy (oxyethylens) and 3-iodo-2-propym butylcarbamate have
shown a weak AR antagonistic effects with 105 valees of 218 £002 and 426 =017 pgfmi via binding
affinity to AR in only 22Rv] [mouse mammary tumor vires using AR franscriptional activation assay,
becase of their different cytotadicity on each applied cell line. This report firstly provides §nfrma tion
albsout agontsticlantagonistic effects against human AR of vaneus chemicals including surfactants and
biocides by DECD i viro stably transfected transeriptional activation assaya However, further invive and
human model studies are needed to confim their adverse effects.

& 2017 Ekevier Lid. All rights reserved.

1. Introduction

parabens are considered endocrine disrupting chemicals (EDCs),
since they can exhibit the adverse effect on the mammalian

During the past several decades, a number of synthetic chem-
icals weredeveloped to meet a wide variety of industrial needs, and
they were easily released into the environment (UNEF, 2004 ). Un-
fortunately, various chemicals such as bisphenols, phthalates and

* Carmes ponding author. Tel: 482 431194515; fax: 82 4794500
** Corresponding author
E-mail addregees: hal a5 19 @korea kr (HoS L, kpe2 0208k arsa kr (Y.E Kool

hitps: fidoi o rgM1010 6] chenosphere 2012 0084
0045653581 2017 Eleevier Ltd All rights nessrved.

endoine system { Schug etal., 2011 ). Espedally, nonyphenolis the
maost abundant derivatives of alkylphenol polyethoxylate com-
pounds that mimics the biological activity of estrogens by binding
to estrogen receptor affecting reproduction { Brown and Reinhard,
2003). Alkylphenal polyethooylate compounds are widely used as
non-ionic surfactants in detergents, emulsifiers and cosmetics
(Cevdet et al, 2009). EDCs can be exposed to human by oral con-
sumption of food and water or by using cosmetics and various
household applicants including cleaning agents (Giulive et al,
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5. (Publication in academic journal) Enhancement of androgen transcriptional activation assay based

on genome edited glucocorticoid knock out human prostate cancer cell line

Environmental Besearch 171 (2019) 437443

Contents lists avallable at Scienceliirect

SrsironmiEal

Environmental Research

journal homepage: www._elsevier.comilocate/envres

Enhancement of androgen transcriptional activation assay based on genome | M)
edited glucocorticoid knock out human prostate cancer cell line |

Hee-Seok Lee™', Seok-Hee Lee™', Yooheon Park™

* Novional st of Food o Drug Safery Evoluadon, Osong 28159, Repubis of Koren
* Deparmment of Feod Sclence and Bioechnology, Dongguk Universlyy, Goyang 10326, Republic of Korea

ABRTICLEINFO ABSTRACT

Keywonts: Endocrine-disrupting chemicals (EDCs) interfere with the biclogical activity of hormones. Among EDC's, (anti-)
Z2Rv1 cell lines: androgenic compoands potentially cause several androgen-related diseases. To improve the accumcy of an in
Andmgen transactivation assay witro transactivation asay (TA) for detection of (anb-landrogenic compounds,

RMA-guided engimeered nudease

We established the glucocorticoid receptor (GR) knockoat Z2ZRv1/MMTY cell line by using an RNA-gaided
engineered muclease (RGEN)-derived CRISPR/Cas system_ The Z20v1/MMTV GRED cell line was characterized
and validated by androgen receptor (AR)-mediated TA assay compared with the AR-TA assay using 22Rv1/
MMTV. In conclusion, the AR-TA assxy with the 22Rv]LMMTV GREO cell line was more accurate, excluding the
misleading signals derived from glucocorticodds or equivalent chemicals, and might be an effective method for

Gilncocortioold receptor

screeming potential (ant-Jandrogenic compounds.

1. Introduction

Over recent decades, concrete sclentific concluslons have provided
evidence that many Industrial chemicals, Including agricultural che-
micals ncluding pesticides, have disruptive effects on endocrine sys-
tems (Colbomn et al., 1993; Jabtodska-Trypud et al., 20017; Naz, 2004;
Tyler et al., 19594). In response to the concerns of soclety, In 1098, the
Organization for Economic Cooperation and Development (OECD) In-
Itiated an activity based on the OECI) conceptual framework to revise
exlsting and develop new test guldelines (Tizs) for screening and testing
potential endocrine-disrupting chemicals. This comprises five levels,
each level corresponding to a different level of biologlcal complexity
(OECD, 2005, 2007).

The transcriptional activation (TA) assay, & level 2 “In vitro assay
providing mechanistic Information’, Is a constructed stable cell Line for
the detection of agonlst/antagonist activities medlated through endo-
crine receptors. TA assays should be validated by demonstrating the
relevance and rellability of the assay for 1ts Intended purpose. In vitro
TA aszays are based on binding of the candidate chemlical to a specific
receptor that functions as a transcription factor that regulates expres-
ston of & reporter gene, the product of which can be readily quantitated,
Numerous In vitro TA assays have been proposed to screen estrogeniclty
as well as androgeniclty (ICCVAM, 2003; Jefferson et al, 2002

Sonneveld et al., 2006).

Androgenicity 1s one of four Important endocrinological endpolnts
classified by OECD to distinguish It from other endocrine dismuptors
(ED=). A considersble number of chemicals components, Including
pesticides (Kojima et gl., 2004), flame retardants (Hamers et al., 2006),
packaging chemicals (Satoh et al, 2004), and Industrial chemicals
[Araki et al., 2005a, 20050), have been |dentified as androgenic or
antlandrogenic. In terms of TA assays, only one assay employing a
stably transfected HeLa cell line for detecting estrogenicity has been
validated and adopted as OECD TG455 In 2009, Other assays are cur-
rently under development, consideration, and validation (Araki et al.,
20M)5a; Satoh et al., 2004; 5un et al., 2016). One of the proposed TA
assays, the Androgen Receptor (AR)-EcoScreen system, is a CHO cell-
based reporter assay (Satoh et al., 2004). CHO cells have been stably
transfected with human androgen receptor (hAR) (Lee et al., 1981) as
well as hormone response element (HEE) from the C3 gene of prostatic
binding protein (Kojima et al., 2003), which regulates the reporter u-
ciferase. Another TA assay, the AR-TA, which comprises the 22Rv1/
MMTV cell line stably transfected with 8 pGL4 reporter plasmid con-
taining the luclferase gene under the control of mowse mammary tmaor
wirus (MMTV), has also been constdered (Sun et al., 2016). Among the
varlous prostate cancer cell lines, the 22Rv] cells might be an appro-
priate model cell line for the screening of (anti-)androgenlc endocrine

* Carrespondence to: Department of Food Science and Biotechoology, Doagguk University, 32, Dongguk-ro, lsandong-gu, Goyang-si, Gyeooggi-do 10326, Republic

of Korea.
E-mod address: yparki@dongpak.eda (Y. Park).
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4  Development and OECD adoption of an alternative skin irritation test method

Suge_rv_lsmg Toxicological screening and testing division of NIFDS
ivision
Project type | Entrusted project (prof. Kyung-min Lim, Ewha Womans University)

Title Pre—validation of an alternative to skin irritation test using RhE tissue model developed
in Korea (18182MFDS463)

[0 Background for the study

With enforcement of Cosmetics Act in Korea and global bans on animal testing for
cosmetics and their ingredient including the EU and other countries, development of
alternatives to animal testing that can be utilized in the national industry and GLP
facilities considers necessary.

In particular, an in vitro test method that can replace in vivo Draize rabbit skin irritation
test (OECD TG 404) is needed.

O Study in brief

A pre-validation study on KeraSkin™ SIT (skin irritation test), which closely mimics
human skin and generates more precise results while reducing sacrifices of experimental
rabbits, was conducted.

- The pre-validation was performed in collaboration with KoCVAM

KeraSkin™: KeraSkin™ is 3D reconstructed human epidermis (RhE) model manufactured
with human-derived keratinocytes isolated from foreskin. It owns biochemically and

morphologically similar features to human skin.

- KeraSkin™ is produced by culturing it until it forms highly differentiated,
multi-layered RhE. It consists of multi-layered stratum corneum composed of basal
layer, spinous layer, and lamellar lipid layer representing main lipid classes analogous
to those found in vivo.

Principle of the method: The method evaluates skin irritation potential of test
chemical-induced cell viability of KeraSkin™ using MTT assay following local exposure
of the chemical to the RhE model.

- Skin irritants may damage the underlying layers of keratinocytes by penetrating

through stratum corneum. The damaged cells may induce an inflammatory cascade
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which also acts on the cells in the dermis, particularly the stromal and endothelial
cells of the blood vessels.

Development and validation: Validation study on KeraSkin™ SIT using the domestically
developed RhE model, KeraSkin™, was set up by KoCVAM and performed in collaboration
with national researchers

* Pre-validation study on KeraSkin™ SIT (18182MFDS463, Prof. Kyung—min Lim, Ewha Womans
University)

O Major outcome

Summary: KeraSkin™ SIT using the domestically developed RhE model was approved
and adopted in OECD Test Guideline (OECD TG 439)

- KeraSkin™ is the world's first and only model that is manufactured with residual
foreskin separated after circumcision.

Overview of the outcome

- Validation study: KoCVAM coordinated the validation study and ensured that it
fulfilled the OECD guidance by operating a validation management team and
cooperating with the OECD.

- OECD approval: Inclusion of the method to OECD TG 439 was approved by the OECD
WNT in April 2021 and the updated TG was officially issued in June 2021.

* WNT: OECD Working Group of National Co-ordinators of the TGs programme who take
decisions on TGs (approve and update of TGs) and decide on project proposals to include in
the work plan. The group consists of representative from the member countries that adhere
to MAD and meets annually.

- Academic accomplishment: Publication of 2 papers in SCI-grade journal

* Toxicology /n vitro and Regulatory Toxicology and pharmacology

[0 Excellence and advantages

Excellence: An international peer-review panel consisting of experts from the U.S.,
Switzerland and Japan organized by KoCVAM concluded that KeraSkin™ SIT is
scientifically valid “me-too” method to OECD TG 439.

Advantages: KeraSkin™ used in this test method is manufactured in Korea. With OECD
recognition, the data generated using this domestic model can be accepted by regulatory
bodies in the world.

* The RhE-based assays in OECD TG 439 are the only alternatives to in vivo skin irritation test
and are essential in cosmetic toxicity testing.
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O Utilization of the outcome and its impact

The outcome has proven that KoCVAM plays a leading role in the field of alternative
test methods in Korea.

* Countries developed test methods recognized in OECD TGs: the U.S., 5 European Countries
(Germany, ltaly, Netherlands, Belgium, and France), Japan, Canada and Korea.

Increasing export: International recognition of the RhE model for evaluation of skin
irritation that is developed and produced in Korea enables export of the model to
foreign test facilities conducting skin irritation test.

Supporting the related industry: Utilization of domestically-developed RhE models in
the skin irritation tests that highly depend on oversea models is expected to promote
the sales of the manufacturer.

The related industry is expected to grow thanks to introduction and dissemination
of a new alternative test method because it will help nurture professional personnel
and support for new technique will be provided.

- Training on the techniques needed to perform KeraSkin™ SIT has been provided
to the people working in GLP test facilities and the related academic field by

publishing and distributing the guideline on KeraSkin"

M

and by servicing the video demonstrating the method.

O Performance pf the study

_

Preparation of the draft protocol for /n vitro Improvement of ability in
2 | skin irritation test with a 3D-reconstructed
human skin model, KeraSkin™.

Publication: Employment of cytology for /n
3 | vitro skin irritation test using a reconstructed
human epidermis model, Keraskin™.

Publication: Me-too validation study for in vitro
skin irritation test with a reconstructed human
epidermis model, KeraSkin™ for OECD test

NN

Presentation: Employment of cytological
5 | evaluation of skin irritancy for Keraskin™, 3D
reconstructed human epidermis model.

(e}

7 Present
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Title

Adoption in OECD Test Guideline

guideline 439.

Presentation: Global trends in alternatives to
animal tests and regulatory uptake.

ation: /n vitro toxicity evaluation of

biocide using RhE models

SIT; by organizing workshops;

MFDS Performance Evaluation Standard

Type

Encouragement of
practical use including
policy improvement

testing, research and
experiment

Encouragement of
practical use including
policy improvement

Encouragement of
practical use including
policy improvement

Encouragement of
practical use including
policy improvement

Encouragement of
practical use including
policy improvement

Encouragement of
practical use including
policy improvement

Performance Indicators

Number of TG proposals
approved

Number of test method
development

Number of publication in
SCl-grade journal

Number of publication in
SCl-grade journal

Number of presentations
(publications) in national
workshops

Number of publications in
national workshops

Number of publications in
national workshops
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O Major accomplishment

1-1. OECD Adoption in OECD Test Guideline (OECD TG 439)

Health effects

Test Guideline No. 439 4 /
In Vifro Skin Irritation: Reconstructed 4
Human Epidermis Test Methods

14 June 2021 4

DECD Guidelines for the
Testing of Chemicals

&) OECD

EETTER POLICIES FDA BETTER LIWVES
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1-2. OECD Adoption in OECD Test Guideline (OECD TG 439)

OECD/OCDE

ANNEX 2 - TEST METHODS INCLUDED IN THIS TG

Pre-validation, optimisation and validation studies have been completed for seven commercially
available jn vitro test methods (10) (11) (12) (13) (14) (15) (16) (17} (18) {19) (20) (21) {22} (23)
(24) (25) (26) (27) (2B) (43) (45) (50) (51) based on the RhE test system with the following
minimumn of predictive capacity: (80% sensitivity, 70% specificity, and 75% accuracy). These
seven teslt methods are included in this TG and are listed below, together with the type of
validation study used to validate the respective test methods. The WVRMs that have been used to

439 |2

develop the present TG and the PS (8) are EpiSkin™ and EpiDerm™ SIT (EPI-200).

Validation study type

Nr. Test method
name

1 EpiSkin™
(VRM)

2 EpiDerm™

SIT (EPI1-200)
(VRM)

3 SkinEthic™
RHE

4 LabCyte EPI-
MODEL24
SIT

5  epiCs®

6  Skin+®

7 KeraSkin™
SIT

Full prospective validation study {2003-2007).
The tast mathod components of this meathod
were used to define the essential test method
components of the orginal and updated
ECVAM PS (39) (40) (21). Moreover, the
method's data relating to identification of non-
classified vs classified substances formed the
main basis for defining the specificity and
sansitivity values of the original PS*.
EpiDerm™ (orginal): Initizlly the test method
underwent full prospective validation together
with Mr. 1. from 2003-2007. The test method
components of this method were used to
define the essential test mathods components
of the original and updated ECVAM PS5 (39)
(40) (217"

EpiDerm™ SIT (EPI-200): A modification of
the onginal EpiDerm™ was validated using
the original ECVAM PS (21} in 2008*
Validation study based on the original
ECVAM Performance Standards (21) in
2008*,

Validation study (2011-2012) based on the
Performance Standards (PS) of OECD TG
439 (B) which are based on the updated
ECVAM PS* (39) (40).

Performance Standards based Validation
Study for SIT

according fo OECD GD 220 (8)

following ESAC opinion in 2016 (45) and
Indepandent pesar review in 2018 (43)
Performance Basad Validation Study for SIT
acconding to OECD GD 220 (8)

following ECVAM opinion in 2016 (48) and
indepandent peer review in 2018 (43)
Performance Standards based Validation
Study according o OECD GD 220 (8)
followed by independant paer-review in 2020,
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3. Publication: Employment of cytology for in vitro skin irritation test using a reconstructed human
epidermis model, Keraskin™.
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ARTICLE INFO ABSTRACT

Skin irritation tests using reconstructed human epidermis (RhE) employ viability as an endpoint, but color
interference or borderline results are often problematic. We examined whether the cytology of cells from treated
RhE could determine skin irritancy. Six chemicals (three irritants; DnP, 1-B, PH, three non-irritants; DP, APA,
HS) were evaluated in a RhE, Keraskin™. DP, HS, and PH were clearly classified with viability, but DnP, 1-B, and
APA were often falsely determined, due to borderline values falling near the cutoff, 50%. In histology, the tissues
treated with DnP, 1-B, and PH showed erosion of the stratum corneum, vacuolization, and necrosis in the basal
layer. DP- and HS-treated tissues showed relatively normal morphology but APA induced necrosis similar to
irritants. Cytology revealed that DnP, 1-B or PH depleted cells and induced irregular and abnormal cell shapes. In
contrast, relatively regular and normal shapes and clear distinction between the nucleus and cytoplasm was
observed for DP, APA and HS. To further confirm it, additional 10 substances, including false positives from
OECD TG 439, were tested. Overall (16 substances in total), cytology: total area predicted the skin irritancy of
test chemicals with the highest accuracy (87.5%) followed by cytology: cell count (81.3%), histology (75%) and
viability (68.8%), confirming the utility of cytology as an alternative endpoint in the skin irritation test using

Keywords:

Dermal toxicity

Skin irritation

Reconstructed human epidermis model
Cytology

RhE.

1. Introduction

The Draize skin irritation test has been replaced by the in vitro skin
irritation test (SIT) using reconstructed human epidermis (RhE) (Lee
et al., 2017a; Lemper et al., 2014). OECD Test Guideline (TG) 439
(OECD, 2015Db) is being widely used to determine the skin irritancy of
chemicals either as a stand-alone test or in combination with other in
vitro test methods within a frame of IATA - Integrated Approaches to
Testing and Assessment (OECD, 2017; Tollefsen et al., 2014). TG 439
addresses skin irritation by using RhE, which closely mimics the bio-
chemical and physiological properties of the human epidermis. Human
derived non-transformed keratinocytes are cultured to form a multi-
layered, highly differentiated model, RhE.

In most of tissue-based irritation test methods including RhE, irri-
tancy of a test chemical is determined by the viability of the treated
tissues measured after the chemical application (Joo et al., 2019; Jung
et al., 2014; Lim et al., 2019). In SIT using RhE, viability is measured by
the enzymatic conversion of a vital dye, 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) into a blue formazan salt
(Mosmann, 1983). The optical density of formazan extracted from the
treated tissues is then measured and calculated into % viability relative
to the negative control. Classification of skin irritancy is made using a
prediction model based on a viability cutoff value (Alepee et al., 2010).

Incidentally, test chemicals with strong-color or MTT-reducing ac-
tivity may interfere with MTT assay, often leading to a false estimate of
viability. To avoid color interference, OECD TG 439 advises that ad-
ditional controls should be used to correct the viability measurement.
Alternatively, HPLC/UPLC-spectrophotometry is being employed to
measure reduced formazan directly, circumventing color interference
(Alepee et al., 2015). But the cost for the instrumental analysis is often
expensive and prohibitive. Furthermore, it is pre-requisite to con-
ducting independent analytical validation before doing an instrumental
analysis in GLP tests. Histology has been explored to supplement via-
bility assays in tissue models (Hwang et al., 2018; Lee et al., 2017b;
Park et al., 2018; Zanetti et al., 2016), which can examine the micro-
anatomy of cells, tissues, and organs under a microscope. Especially,

Abbreviations: DP, diethyl phthalate; APA, allyl phenoxyacetate; HS, hexyl salicylate; DnP, di-n-propyldisulphide; 1-B, 1-bromohexane; PH, 5% potassium hy-

droxide

* Corresponding author at: College of Pharmacy, Ewha Womans University, 52 Ewhayeodae-gil, Seodaemun-gu, Seoul 03760, Republic of Korea.

E-mail address: kmlim@ewha.ac.kr (K.-M. Lim).
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Me-too validation study for in vitro skin irritation test with a reconstructed
human epidermis model, KeraSkin™ for OECD test guideline 439
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ARTICLE INFO ABSTRACT

Keywords: We conducted a me-too validation study to confirm the reproducibility, reliability, and predictive capacity of
KeraSkin™ KeraSkin™ skin irritation test (SIT) as a me-too method of OECD TG 439. With 20 reference chemicals, within-
Reconstructed human epidermis laboratory reproducibility (WLR) of KeraSkin™ SIT in the decision of irritant or non-irritant was 100%, 100%,
gf;z;igiiy and 95% while between-laboratory reproducibility (BLR) was 100%, which met the criteria of performance

standard (PS, WLR>90%, BLR>80%). WLR and BLR were further confirmed with intra-class correlation (ICC,
coefficients >>0.950). WLR and BLR in raw data (viability) were also shown with a scatter plot and Bland-Altman
plot. Comparison with existing VRMs with Bland-Altman plot, ICC and kappa statistics confirmed the compat-
ibility of KeraSkin™ SIT with OECD TG 439. The predictive capacity of KeraSkin™ SIT was estimated with 20
reference chemicals (the sensitivity of 98.9%, the specificity of 70%, and the accuracy of 84.4%) and additional
46 chemicals (for 66 chemicals [20 + 46 chemicals, the sensitivity, specificity and accuracy: 95.2%, 82.2% and
86.4%]). The receiver operating characteristic (ROC) analysis suggested a potential improvement of the pre-
dictive capacity, especially sensitivity, when changing cut-off (50% — 60-75%). Collectively, the me-too vali-
dation study demonstrated that KeraSkin™ SIT can be a new me-too method for OECD TG 439.

Predictive capacity
Skin irritation

46

1. Introduction

The European Commission has prohibited animal experiments for
cosmetics in 2013 and has been working on developing alternative test
methods to replace animal testing based on the ‘3R’s Principle’ (Adler
et al., 2011). Since the EU ban on animal testing for cosmetics, more
than 37 countries worldwide have legally prohibited animal experi-
ments for the development of cosmetics (Akbarsha and Mascarenhas,
2019). In addition, there is an increasing demand for new approach
methodologies (NAMs) to evaluate the safety of numerous chemicals on

human health in various sectors (Parish et al., 2020). In vitro skin irri-
tation test, OECD TG 439, has been developed to replace OECD TG 404
(OECD, 2002) in which rabbits are used as a test species to evaluate the
skin irritancy of chemicals and cosmetic products (Kose et al., 2018;
Park et al., 2018). OECD TG 439 uses a reconstructed human epidermis
(RhE) (OECD, 2015a) and can be used as a stand-alone to identify UN
GHS No category chemical, i.e., non-irritant or in combination with
other replacement methods, such as OECD TG 435 “In Vitro Membrane
Barrier Test Method for Skin Corrosion” (OECD, 2015b) to further
classify the hazard on skin in the framework of Integrated Approach on

Abbreviations: OECD, The Organisation for Economic Co-operation and Development; TG, Test guideline; PS, Performance Standards; VRM, Validated Reference
Method; SIT, skin irritation test; WLR, Within-laboratory reproducibility; BLR, Between-laboratory reproducibility; RhE, Reconstructed human Epidermis; CV, cell
viability; I, irritant; NI, non-irritant; GHS, Globally Harmonized System of Classification and Labelling of Chemicals.
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@) Development and standardization of organoid platform for toxicity
assessment

@ Development of next-generation toxicity prediction and evaluation
method

€ Study on creation of basis for next-generation toxicologic pathology
diagnosis

€ Survey on the latest technology trends of stem cells and organoid

© Study on next-generation safety pharmacology evaluation of cardiovascular
effects

(@ Study on next-generation neurotoxicity evaluation method

@ Study on development of a method for evaluation of (new) narcotics
pharmacology and toxicity in central nervous system







III. Development & validation of NAMs based on advanced technologies

Development & validation of NAMs based on advanced
technologies

Countries around the world have developed alternatives to animal testing or new approach
methodologies (NAMs) in order to address various issues including ethical issues related

to laboratory animals and interspecies differences.

The definition of NAMs has evolved from the methods reflecting the 3R principles

to the methods based on advanced technologies.

Comprehensive term embracing NAMs (New
Aproach Methodologies) using innovative
non—-animal methods (approaches) which can
improve predictivity against human

The methods replace and reduce the use of
animals or refine the treatment of animals based —
on the 3R principles

The U.S. FDA enacted the FDA Modernization ACT 2.0 in December 2022 that allows
the use of NAMs for new drug and biologic applications. The data generated with
NAMs using advanced technologies including MPS and bioprinting are able to be submitted

as non-clinical data.

Also, MFDS has made administrative notice on the revision of Regulations on
pharmaceuticals approval, notification and review, and allows submission of the data
generated with non-animal or human biology based methods (e.g. cell-based assays,
MPS, bioprinting, computational model, etc.) that are conducted in accordance with
the GLP.

MFDS and KoCVAM has focused on developing NAMs using advanced technologies

in order to actively respond to such a global change.

Different government agencies have conducted research on advanced technologies
including organoid in order to obtain source technology. However, regulatory acceptance

of organoid requires validation of assays using the source technology.

- MFDS, as a regulatory body, has focused on development and international harmonization

of safety assessment methods using organoid.
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Development and standardization of organoid platform for toxicity

assessment
Supe_rv_lsmg Toxicological Research Division of NIFDS
division

Type Entrusted project

Development of an organoid platform for toxicity assessment
(22213MFDS386, Myung-Jin Son, KRIBB)

Validation study on an organoid platform for toxicity assessment
(23213MFDS489, Gun-Hwa Kim, NST)

Title

[0 Background for the study

There has been an urgent need to develop an toxicity evaluation model able to make
an accurate toxicity prediction and support rapid decision-making during new drug

development that require enormous cost and time.

- The toxicity evaluation model will help prevent waste of money incurred from
withdrawal of drug candidates from the market by supporting rapid and accurate

selection of the candidates passing non-clinical stage.

For the last decade, a lot of money has been invested into R&D led by different government
agencies and some achievements have been made. However, none of them has feasibility

in actual utilization for evaluation.

With development of advanced technologies, countries are competing harshly with
each other to hold a lead in the competition concerning the technologies. However,
such advanced technologies are rarely accepted by regulatory bodies. Stakeholders
from industry, academia and research institutes have urged the regulatory authorities

to accept the technologies.

- Since it was demonstrated that Korea has technological prowess in organoid, MFDS
has determined to take the lead to develop and propose an international standard

for organoid.

O Study in brief

Development of organoid models (liver and intestine) for toxicity assessment and selection

of test methods
Pre-validation and transfer of the organoid-based toxicity assessment methods
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III. Development & validation of NAMs based on advanced technologies

Optimization of the toxicity assessment methods based on the organoids (liver and

intestine) through pre-validation

Proposal of an international standardization through establishment of the
organoid-based toxicity assessment method and a between-laboratory validation study

(using liver organoid, proposal of an OECD SPSF)

Final goal: Development of a toxicity assessment method using the standardized organoid

* Study on the development of an organoid platform for toxicity assessment (22213MFDS386,
Myung-Jin Son, KRIBB) Validation study on an organoid platform for toxicity assessment
(23213MFDS489, Gun-Hwa Kim, NST)

O Overview of the study outcome

Major accomplishment: Development of organoid models (liver and intestine) for toxicity
assessment and standardized organoid through between-laboratory validation and

establishment of assessment the method.

Main outcome

- Development of organoid models for toxicity assessment using human-derived stem cells

* A standard organoid pool categorized by races, genders and ages has been established.

- Establishment of the organoid models for toxicity assessment: A Quality Control (QC) method
for standard organoids have been established. Following selection of a toxicity assessment
method (evaluation of within-laboratory reproducibility and accuracy) and reference

substances, the method has been validated by confirming reproducibility and accuracy.

- Standardization of the organoid model

1) Reliability and relevance of the toxicity assessment method has been demonstrated
by performing within-laboratory pre-validation and between-laboratory validation.
The standardized method has been established by transferring it to other laboratories.

2) Proposal of the standardized organoid model to the OECD for international

standardization
* MFDS presented the toxicity assessment method using the organoid model at the WNT 35
(April 2023). Many countries made positive response and offered joint research.
* MFDS presented the toxicity assessment method using the organoid model at the OECD ESCA
meeting in June 2023 and received positive response. With guidance by the OECD secretariat,
MFDS has been focusing on standardization of the method for international acceptance.
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O Excellence and advantages

Excellence

- The organoid-based toxicity assessment method has been developed with our own

technology

The model owns various advantages™ that can compensate some of the limitations

of the existing models and able to produce more accurate results in a short period.

* The model is able to be customized for each patient, passaged over 90 times, and be frozen
and thawed repeatedly. Further, it enables toxicity evaluation based on mechanism and
produces more accurate results compared to animal testing.

Drugs that passed non-clinical and clinical studies but were withdrawn from the
market due to hepatotoxicity have been tested with our organoid model. The model
exhibited over 80% of accuracy, which is higher than the accuracy from the

non-clinical trials using animals.

Advantages

- This toxicity assessment method is not a “me-too” method that is developed by

modifying exiting method. Rather, it is developed using our original technology based

on the organoid developed in Korea

Among many nations researching organoids, Korea is the first to announce

international standardization of organoids and presented study outcome. Now, MFDS

of Korea is leading the international standardization of organoid.

* MFDS presented the toxicity assessment method using the organoid model at the WNT 35
(April 2023). Many countries made positive response and offered joint research.

* MFDS presented the toxicity assessment method using the organoid model at the OECD ESCA
meeting in June 2023 and received positive response. With guidance by the OECD secretariat,
MFDS has been focusing on standardization of the method for international acceptance.

O Utilization of the outcome and its impact

52

Development of national industry: Development of OECD Test Guideline for
organoid-based toxicity assessment method accepted internationally is expected to

help create a new bio-industry relating to organoid.

Contribution to new drugs development: With increased accuracy in replicating human
response, the toxicity evaluation model is expected to reduce time and cost for drug

development.
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III. Development & validation of NAMs based on advanced technologies

Performance of the research

MFDS Performance Evaluation Standard

Title :
Type Performance Indicators
. - Promotion and Number of evaluation and
MFDS researching toxicity assessment . - . .
. . dissemination of research | promotion materials about
method using organoid
outcome the outcome

Number of papers
Academic outcome published in SCl—grade
journals

Publication: Advances in liver organoids: Model
systems for liver disease

Publication: Limosilactobacillus reuteri
DS0384 promotes intestinal epithelial
maturation via the postbiotic effect in human
intestinal organoids and infant mice

Number of papers
Academic outcome published in SCl-grade
journals

Publication: Advanced human liver models for Number of papers

. L Academic outcome published in
assessment of drug-induced liver injury .
non-SCl-grade journals
Publication: Recent advancements of . Number of Papers
. . Academic outcome published in
multicellular human liver models .
non-SCl-grade journals
Presentation: 2022 International Conference: Number of presentations
Korean Society for Molecular and Cellular Academic outcome (publications) in
Biology workshops

Encouragement of
practical use by policy
improvement, etc.

Number of TG proposals
submitted

Preparation of draft: Draft SOP on liver organoid
passaging

Encouragement of
practical use by policy
improvement, etc.

Number of TG proposals
submitted

Preparation of draft: Draft SOP on liver organoid
Indocyanine Green absoption and release test

Encouragement of
practical use by policy
improvement, etc.

Number of TG proposals
submitted

Preparation of draft: Draft SOP on liver organoid
freezing

Encouragement of
practical use by policy
improvement, etc.

Number of TG proposals
submitted

Preparation of draft: Draft SOP on orgaonid
differentiation induction

Encouragement of
practical use by policy
improvement, etc.

Preparation of draft: Draft SOP on
measurement of cell count on orgaonid

Number of TG proposals
submitted

Encouragement of

oractical use by policy Number of TG proposals

Preparation of draft: Draft SOP on organoid

thawing . submitted
improvement, etc.
Preparation of draft: Draft SOP on Encouragement of
. L . . Number of TG proposals
measurement of organoid CYP3A4 activation practical use by policy .
. submitted
level improvement, etc.
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15

16

17

18

19

20

21
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Title

Preparation of draft: Draft SOP on
measurement of bile acid pool size on
oraganoid

Preparation of draft: Draft SOP on
determination of liver function marker
expression on organoid using IF staining

Preparation of draft: Draft SOP on quantitative
analysis of albumin secretion on organoid

Preparation of draft: Draft SOP on quantitative
analysis of alpha—1-antitrypsin on organoid

Preparation of draft: Draft SOP on mycoplasma
test method

Organization of industry, academia and

research institutes meeting for standardization | dissemination of research

of organoid

Attending and making presentation at the
OECD WNT35

Attending and making presentation at the
OECD ESCA

MFDS Performance Evaluation Standard

Type

Encouragement of
practical use by policy
improvement, etc.

Encouragement of
practical use by policy
improvement, etc.

Encouragement of
practical use by policy
improvement, etc.

Encouragement of
practical use by policy
improvement, etc.

Encouragement of
practical use by policy
improvement, etc.

Promotion and

outcome

Promotion and

dissemination of research

outcome

Promotion and

dissemination of research

outcome

Performance Indicators

Number of TG proposals
submitted

Number of TG proposals
submitted

Number of TG proposals
submitted

Number of TG proposals
submitted

Number of TG proposals
submitted

Number of education and
promotion materials about
the outcome

Performance in
international exchange

Performance in
international exchange
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O Major accomplishment

2. Publication: Advances in liver organoids: Model systems for liver disease
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Advances in liver organoids: model systems for liver disease
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Abstract  Reliable in vitro modals with human-derived
cells that recapitulate in vivo-like physiologies are required
for drug discovery and development to reduce the gap
between the resulis of cell-hased drug westing. animal 1est-
ing. and human clinical trals. Liver organcid models have
emerged as novel tools for hepatoioxicity evaluation, liver
disease modeling, and drug screening, Liver organoids can
be gencrated from biopsies of liver Gssues or pluripotent
stern cells and can be applied w various liver diseases,
ncluding metabolic associated fatly liver disease, infec-
tious liver disease, penetic liver disease, and liver cuncer.
This review focuses on recent studies on organoids to
mode] huwman liver diseases and discusses the advantages
and limitations of current liver organodds for translational
applications.

Keywords  Liver - Organoids - Discase model - Drug
SCreening

Introdpetion

Mew drug discoveries and developments are complex. with a
huge failure rate in which one FDA-approved drug can start
with 10,000 candidate compounds, and take over 10 years
{Harrer et al., 200149}, This discrepancy arises from the gap

=1 Myung Jin San

s @ Kribb.re_kr

Stem Cell Convergence Besearch Center, Korea Research
Instivure of Blosciencs ad Biotechoology (KRIBB), 123
Gwnhak-re, Tuseong-gu, Dacjeon 34141, Repablic of Korea

Department of Functions! Genamics, Korea University
ol Science & Techanology (UST), 21T (Gajungro, Yuseong-ga,
Daejeon 34113, Repablic of Kones

&) Springer

Betwesn m viteo and in vive animal testing and human
responses. In vitro testing canmot fully reflect the complex
responses o drugs, and animal testing is not sufficient to
replace the human system owing 1o species differences.
Therefore. there is an urgent need for model svstems that
accurately reflect human responses o drugs. In the case
of liver models, primary haman hepatocytes (PHHs) have
been the gold standard for drug testing and toxicity predic-
tion; however, the limited availability of cellular sources
and long-term mainlenance have been majer obstacles (o
their use in various in vitro applications, including disease
modeling. With recent advances in stem cell research and
thres-dimensiomal (30} lissue engineering. the limitations of
conventional models have grudually been resolved. In par-
ticular, human cell-bascd organoid models are expected to
substitute conventional in vitro models in terms of accessi-
bality to cellular sources and similarity to in vivo physiology.
Therefore, recent progress in organeid technology is in the
spatlight as a bridge that recapitulates comples responses in
non-clinical drug development research and provides reli-
ahle human cell-based ex vive models (Fig, 1),

Organoids wre self-organized 30 structures that recapitu-
late aspects of native tissue architecture and function in vitro
(Marsee et al., 2021}, thus, they have attracted attention as
highly advanced models with in vivo-like features. Liver
organoids huve emerged as novel platforms for drog develop-
ment. The liver is the main organ for drag metabolism, and
drug-induced liver injury is the primary cause of drog woxic-
ity and market withdrawal owing to unexpected side effects.
Funhermore, no proper models represent & patients actual
pathalogy of fatal liver diseases, Liver organodids can be gen-
erated from patient-derived liver biopsies or patient-derived
induced pluripotent stem cells (iIFSCs), and have great
advantages in that 11 is possible to implement personalized
drug testing plattorms and disease models o recapitulate the

55



MFDS NAMs Report: Regulatory Acceptance and Research Outcomes

3.

Publication: Limosilactobacillus reuteri DS0384 promotes intestinal epithelial maturation via the

postbiotic effect in human intestinal organoids and infant mice
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Limosilactobacillus reuteri DS0384 promotes intestinal epithelial maturation via
the postbiotic effect in human intestinal organoids and infant mice
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ABSTRACT

Lirtle is known about the modulatory capacity of the microbiota in early intestinal development, We
examined variows intestinal medels that respond to gut microbial metabolites based on human
pluripotent stem cell-derived human intestinal organoids (hiQs): physiologically relevant in witro
fetal-like intestine, intestinal stern cell, and intestinal disease models. We found that a newly
Isolated Limesilacrobacillus rewrer strain Q50384 accelerated maturation of the fietal intestine
using 3D hIO with immature fetal charactersistics. Comparative metabolomic profiling analysis
revealed that the secreted metabolive M-carbamyl glutamic acid (MCG) is involved in the beneficial
effect of D50384 cell-free supernatants on the intestinal maturation of hiOs. Experiments in an
intestinal stem cell spheroid model and hid-based intestinal inflamed model revealed that the cell-
free supematant from DS0384 comprising NCG promoted Intestinal stem cell proliferation and was
impartant for intestingl protection against cytokine-induced intestinal epithelial injury, The prabio-
tic properties of D50384 were also evaluated, including acid and bile wolerance and ability to adhere
to human intestinal cells. Seven-day oral administration of 050384 and cell-free supernatant
promoted the intestinal development of newborn mice. Moreover, NCG exerted a protective effect
on experimental colitls in mice, These results suggest that D50384 is a useful agent for probdotic
applications and therapeutic treatment for disorders of early gut development and for preventing
intestinal barrier dysfunction.
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Intreduction epithelial cells, vascularization, production of
mucus, and maintenance of epithelial junctions.**
Failure of the intestine to mature normally has been
implicated in the pathogenesis of neonatal intestinal
diseases, such as necrotizing enterocolitis and early-
onset inflammatory bowel disease (IBLY). Very early
onset IBD (VEQ-1BD) is characterized by not only
the commeon symptoms of adult IBD, such as rectal
bleeding and diarrhea due to inflammation and
intestinal epithelial disruption, but also growth

failure.”™
One strategy for reinforcing intestinal epithelial

Postnatal intestinal maturation plays an important
role in the normal development and physiological
function of the intestine, including establishment of
the epithelial barrier and immune system as well as
colonization and stabilization of the microbiota dur-
ing the first two years of life.' A key aspect of
intestinal maturation is the development of barrier
integrity, which is critical not only for nutrient
absorption but also for preventing the entry of
pathogenic bacteria and toxic substances.” The
initial colonization of gut microbiota and their inter-

actions with the host can influence intestinal devel-
opment and epithelial maturation by promoting the
proliferation and differentiastion of intestinal

functions 15 administration of probiotics, which are
defined as ‘live microorganisms that, when adminis-
tered in adequate amounts, confer a health benefit on
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Drug safety issues continue to oceur even with drugs that are approved after the completion

of clinical studies. Drug=induced liver injury (DILI) is 3 major obstacle to drug development,
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because the liver is the primary site of dreg metabolism, and injuries caused during this pro-
cess gre severe. Conventional s witre human liver models, such as 2-dimensional hepatic cell
lines, lack in vive physiological relevance, and animal studies have limitations in the form of
species differances and regulatory restrictions. To resclve this issue, an increasing number of
J-dimensional human liver systems, including organoids, are being developed. In this review,
we provide &n overview of recent assessments of DIL peediction, approaches for in vitro hep-
atotoxicity evaluation, and a variety of advanced human liver models. We discuss the advan-

tages, limitations, and future perspectives of current human liver models for accurate drug

safety evaluations.

Kewwords: Liver: Organoids; Chemical and drug induced liver injury: Toxicity

Introduction

Drug development requires complex steps, including drug
discovery, in vitro and in vivo nonclinical trials, clinical trials,
and the United States Food and Drug Administration [FDA)
approval. The entire process typically takes more than 10 years
and costs $3 billion [1]. Additicnally, the success rate of clini-
cal trials is lower than 10%, and drugs are withdrawn from the
matket ewing to safety issues even after their approval, Dreug-in-
duced liver injury [DILL), one of the leading causes of drug
development failure, accounts for 18% of all drug withdrawals
from the market between 1953 and 2003 [2]. Statistically, only
approcimately $0% of compounds exhibiting liver toadcity in ho-
mans have been identified through animal studies, which have

recently been restricted due to ethical concerns [3]. Therefore,

Cogneright © 2032 The Organald Somety

muore accurate model systems are urgently required to reduce
these discrepancies and concerns, as well as to accurately predict
human responses.

In this regard, primary human hepatocytes (PHHs) obtained
from human liver tissue are considered the gold standard for the
evaluation of hepatotowicity. However, the function of PHHs
in vitro rapidly decreases in conventional 2-dimensional {2D)
culture formats; therefore, 3-dimensional {300) culture systems
have been extensively studied to overcome this limitation,
PHHs in 3D culture maintain their function i vitro for over 2
weeks and exhibat accurate toxicity prediction results compared
to those in 2D culture [4,5]. Furthermore, 3D organoids have
recently emerged as a novel alternative source for human liver
models with advanced native tissue architecture and function

[6-3]. As a mechanistic understanding of DILI-related adverse

Thes is an Open Access article distributed under the terms of the Creafive Commans Attnbution Mon-Commercial Licerse [httpofcreativecommon s orgflcersesfhy-
nef40f) which permits unrestricted mon-commersial use, distribution, and reproduction = any medium, provided the ceignal wark is praperly ciled.
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Introduction

The liver is the most important metabolic organ in the body. Model systems that recapitulate
the complex organ structure and cell compasition of the human lver are insufficient to study
liver biology and to test toxicity and efficacy during new drug development. Recently estab-
lished 3-dimensional liver models, including spheroids and organoids, organs-on-a-chip, bio-
printing, and the decellularization/recellularization technigue, have provided platforms that
emulate the strectiral and functisnal characteristics of the human liver better than conven-
tional 2-dimensional cell culture models and animal models, This review summarizes the ar-
chitecture and cell compositions of human liver tissue, focusing on recent studies of multi-
cellular human liver models that recapitulate in sive-like physiologies with morphological and
functional advances by the cellular communication of parenchymal and non-parenchymal
cells. We discuss the applications, limitations, and future perspectives of advanced multicel-
lukar human lner models,

Keywaords: Liver; Organoids; Coculture Techniques; Tissue engineering; Growth & develop-
ment

complexities af cell compositions and Hssue structure in com-

parison with 2-dimensional (2D) cell culture models. Primary

The liver is a central organ in various metabolic processes, and
its primary functions are {1} metabolism of carbohydrates, lip-
ids, amino acids, and bile acids; {2) detoxification; (3 ) symthesis
of plasma proteins such as albumin and clotting factors; and (4)
storage of glycogen, vitamins, and minerals | | |. Hepatic failure
arises due to the deterioration of liver function, mainly owing to
xenobiotics or disease progression, and is often fatal, Unfortu-
nately, reliable liver models for predicting the risk of hepatotox-
icity during new drug development and evaluating the efficacies
of drugs to target liver diseases are insufficient,
Three-dimensional (30) liver models, including sphersids
and organoids, have recently been developed, and their ad-
vantages were highlighted with respect to recapitulation of the

human hepatocytes (PHHs) isolated from human liver tissue
have high functionality and are therefore generally used as the
gold standard for an in vitre drug testing platform. However,
their viability and functionality are not sufficiently maintained
in conventional 2D culture formats. Approaches to manage the
3D microenvironment by controlling stiffness using extracel-
lular matrix (ECM), such as Matrigel and hydrogel, have been
implemented and improved the viability of PHHs until 40 days
in culture [2,3]. In addition, intermctions between hepatocytes
and non-parenchymal cells, such as endothelial cells and hepatic
stellate cells (HSCs), in 30 hepatic spheroids improved viabilicy
and the liver phenotype [4,5]. Importantly, ameliorated liver
functions, including high cytochrome 450 (CYF) enzyme ac-

Copyright & 3032 The Organoid Society
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2  Development of next-generation toxicity prediction and evaluation method

Sup_e_rv_lsmg Toxicological Research Division of NIFDS
division
Type Entrusted project
Title Study on the development of next—generation toxicity prediction and evaluation method
using advanced technologies

[0 Background for the study

Every year, thousands of new chemicals are introduced and used as ingredients in
foods and drugs, cosmetics, medical devices, etc. Humans are exposed many new alien

chemicals as well as known existing chemicals that are flown into air and water.

It is a universal task for countries around the world to evaluate the effects of the
chemicals on humans, diagnose their risks and introduce necessary regulations. However,
the current approaches (or methodologies) are unlikely to rapidly investigate their

mechanism and their interaction with humans or environment.

In particular, the existing toxicity test methods relied on laboratory animals tend to
have issues concerning energy consumption and environmental pollution. Also, the
existing methods have limitations including differences incurring during interspecies
extrapolation and dose extrapolation that evaluates biological toxicity of chemicals
based on the results following high-volume exposure of the chemicals to parenchyma

cells in a single organ.

This increases the need for use of laboratory animals. Further, for lots of chemicals
that are used nowadays, it is difficult to obtain their safety data in a rapid and efficient

manner.

[ sz g2y
ELEER |
s Ay @)

ot SOt E
UHYEE HE

4/o/et otFZtE|0f B LB ZetEE
E40& 7§ nedf He

O H2ld e WE HIS 8 SYYHpe M Y Y ER
O 42|%f QrEEE|E |fft Apet 3 opA
O HEST HAFHY SLUS FHE Y s 29 S

59



MFDS NAMs Report: Regulatory Acceptance and Research Outcomes

O Study in brief

Goal: Development of an intelligent toxicity prediction and evaluation model based
on Industry 4.0. technologies

Big data were collected to support the development of a toxicity prediction model
A plan for development and utilization of an intelligent toxicity prediction model was proposed

Hepatotoxicity prediction system was developed based on deep-learning technique
with the big data related to toxicology

A two-stage® deep learning model for toxicity prediction was built based on the big data

* Deep learning algorithm for toxicity prediction based on chemical structure, physical and
chemical properties, and atomic information

* Deep learning algorithm for toxicity network prediction based on integrated data of
transcriptome and bionetwork.

Confirming and validating feasibility of the toxicity prediction model

O Overview of the study outcome

60

Major accomplishment: Development of a hepatotoxicity prediction system using a
deep learning technique by creating hepatotoxicity big data.

Main outcome

(1) Collecting data on compounds and creating big data related to hepatotoxicity

- Data on compounds including their hepatotoxicity potential were collected from
Tox-21 (EPA), LTKB (FDA) and LiverTox

- Structure and physical and chemical property of the compounds were collected from
PubChem, ChEMBL and ZINC, and atomic information from RDKit.

- Information on the transcriptome before and after application of the compounds
were collected from cMAP, LINCS (Human) and Drug Matrix (Mouse/Rat).

(2) Development of a deep learning model for the big data

- A positive and negative compound set for heapatotoxicity was defined.

- A positive and negative compound set was defined using compound structure,
physical and chemical properties and atomic information

- A deep learning model for toxicity prediction was created based on transcriptome
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(3) Validation of the performance of the deep learning model for hepatotoxicity prediction

- The deep learning model was applied to the compounds with no toxicity information

to identify the compounds with hepatotoxic potential.

- A toxicity evaluation platform applied with the toxicity prediction model was

established and 17 reference substances were evaluated with the platform.

- Producing real cases of toxicity prediction based on the developed model: The
toxicity prediction model was validated with substances selected specifically for the

validation using in vivo and in vitro toxicity test platform.

[0 Excellence and Advantages

Excellence

- Development of Al-based deep learning algorithm for toxicity prediction using our

own technology

- Laying the foundation for the development of an alternative to animal testing by
building a database containing information on over 5000 chemicals and developing
a hepatotoxicity prediction model

* An evidence—based hepatotoxicity prediction model developed based on the database applied
with Al technology

- The Al-based toxicity prediction model is able to identify chemicals with hepatotoxic

potential, which is expected to help reduce time and cost of drug development.

- With the development of the toxicity prediction model, hepatotoxicity prediction
of newly developed chemicals* used in consumer chemical products is possible, and
base technology for risk and toxicity prediction of chemicals that humans are exposed

to is obtained.

* Perfluorinated compounds (e.g. PFOS, PFAS, PFOA, F53B, etc.) and Bisphenol are reported
to induce hepatotoxicity

Advantages

- Development of the nation's first Al-based toxicity prediction model and chemical

database

- Risk and (or) toxicity information on over 5000 chemicals scattered across various
national or foreign databases have been collected and standardized to create big

data for development of a two-stage toxicity prediction model.
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- The database* has been developed based on the standardized big data and the

two-stage prediction model, which is expected to support the new drug development

and (or) chemical developers by providing information on toxicity prediction.

* HepatoToxicity portal based on Al and applied with hepatotoxicity prediction technology

O Utilization of the outcome and its impact

adhering to the 3R principles

data on compounds

O Performance of the Study

62

Title

Publication: A review on compound-protein
interaction prediction methods: Data, format,
representation and model

Publication: On modeling and utilizing chemical
compound information with deep learning
technologies: A task-oriented approach

Publication: Drug-likeness scoring based on
unsupervised learning

Publication: Subnetwork representation
learning for discovering network biomarkers
in predicting lymph node metastasis in early

oral cancer

Publication: Risk stratification for breast cancer

patient by simultaneous learning of molecular

subtype and survival outcome using genetic
algorithm—based gene set selection

Publication: Improved drug response
prediction by drug target data integration via
network—based profiling

Publication: Supervised chemical graph mining
improves drug-induced liver injury prediction

Safety assessment: In the non-clinical study of compounds, the model can be utilized

as a hepatotoxicity screening system before performing animal experiment

- The model can provide basis for a next-generation safety assessment technology

Mechanism prediction: toxicity mechanism can be predicted by generating transcriptome

MFDS Performance Evaluation Standard

Type

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Performance Indicators

Number of papers
published in SCl—grade
journals

Number of papers
published in SCl—grade
journals

Number of papers
published in SCl—grade
journals

Number of papers
published in SCl—grade
journals

Number of papers
published in SCl-grade
journals

Number of papers
published in SCl-grade
journals

Number of papers
published in SCl-grade
journals
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Title

Publication: DRPreter: interpretable anticancer
drug response prediction using
knowledge—guided graph neural networks and
transformer

Presentation: A Supervised Markovian
Random Walk Model for Investigating
Hepatotoxicity Signatures of Chemical Drugs
with Structural Alerts

Presentation: Identification of toxic signature
in transcriptomic space

Presentation: Integrating Drug Target
Information via Network Propagation for Drug
Response Prediction

Presentation: Leveraging biological
knowledge as guide for random walk on
biomedical heterogeneous network for drug
repurposing

Presentation: Leveraging hierarchical tree data
as guide for random walk on heterogeneous
network for drug repurposing

Presentation: TH NMR-based metabolomics
of brain, urine and serum in rat model of
valproic acid-induced autism spectrum
disorders (ASD)

DB creation: HepatoToxicity Portal
https://www.kobic.re.kr/htp/

MFDS Performance Evaluation Standard

Type

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Creation of website
(database)

Performance Indicators

Number of papers
published in SCl-grade
journals

Number of presentations
(publications) in national
workshops

Number of presentations
(publications) in national
workshops

Number of presentations
(publications) in national
workshops

Number of presentations
(publications) in national
workshops

Number of presentations
(publications) in national
workshops

Number of presentations
(publications) in national
workshops

Number of DB creation or
updates
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O Major outcome

and model
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A large number of chemical compounds are avallable in databases such as PubChem and ZINC. However,
currently known compounds, though large, represent only a fraction of possible compounds, which &
known a5 chemical space. Many of these compounds in the databases are annotated with properties
and assay data that can be used for dneg discovery efforts. For this goal, a number of machine learning
algorithms have been developed and recent deep learning technologies can be effectively used to navi-
gate chemical space, especially for unknown chemical compounds, in terms of dreg-related tasks. Inthis
article, we survey how deep leaming tech nol oges can maode] and wtilize chemical compound informat lon
in a tsk-oriented way by exploiting annotated properties and assay data in the chemical compounds
databases. We first compile what kind of tasks are trying to be accomplished by machine leaming met k-
ods. Then, we survey deep learning technologies to show their modeling power and ¢ urrent applications
for accomplishing drug related tasks. Mext, we survey deep learning techniques to address the o ffi-
clency issue of annotated data for more effective navigation of chemical space. Chemical compound infor-
mation alone may not be powerful enowgh for dreg related tasks, thus we survey what kind of
information, such as assay and gene expresion data, can be wsed to improve the predicton power of
deep learning models Finally, we conclsde this survey with four imponant newly developed technolo-

gies that are yet to be fully incorporated into computational analyss of chemical infomation
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Drug-likeness scoring based on unsupervised

Kyunghoon Lee,#* Jinho Jang, }* Seonghwan Seo, ©4* Jaechang Lim &*°

Drug-likeness prediction is important for the virtual screening of drug candidates. it i challenging because
the drug-likeness i presumably associated with the whole set of necessary properties to pass through
clinical trials, and thus no definite data for regression is available. Recently, binary classification models
based on graph neura networks have been proposed but with strong dependency of their performances
on the choice of the negative set for training. Here we propose a nowvel unsupervised learning model
that requires only known drugs for training. We adopted a language maodel based on a recurrent neural
network for unsupenvized leaming. it showed relatively consistent performance across different datasets,
unlike such classification modets. In addition, the unsupervised learning model prowvides drug -likeness
soores that well separate distributions with increasing mean values in the order of datasets composed of
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molecules at a later step in 3 drug development process, wheres the classification model predicted

a polarized distribution with two extreme values for all datasets presumably due to the overconfident
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1 Introduction

Prediction of the biochemical properties of molecules is
essential for efficient drug development. Simulations based on
physicochemical principles @n be used for this purpose.
However, these methods are often not practical, especially if
cither target properties are associated with a number of
different biological causes or those mechanisms are undear.
Data-driven approaches can be applied to such cses thanks to
their convenience of making predictions from data alone
without efforts to kmow the underlying biol ogical mechanisms,
as have been shown by successful examples of deep learning
methods for accelerated drug developments,*”

One cxample of such biochemical properties drug-
likeness. It can be used to remove compounds in advance that
are likely to fail in clinical trials, which is important to enhance
the suocess rate and reduce the economic costs of drug devel-
opment*® It is presumably associated with the whole set of
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prediction for unseen data. Thus, this new concept offers a pragmatic tood for drug-likeness scoring and
further can be applied to other bicchemical applications.

essential characteristics to pass through clinical trials such as
bioactivity, metabolic stability, toxdcity, and so on. As those
numerous factors can affect drog-likeness, it cannot be directly
measured as a singlevalued quantity. Therefore, various drug-
likeness expressions have been suggested using data-driven
approaches as a result of stdies for more than two decades.™

In the beginning, the drug-likeness has been defined based
on the certain physicochemical properties of the known drug
molecules. In general, human experts select those physico-
chemical properties that seem to be closely associated with the
drugdikeness and have been analyzed their distribution from
drug databases. According to the result, a certain drug-likeness
method is determined and used in avirtual screening scenario,
Most methods developed in the carly days were a classifier pe
based on the rules derived from the property distribution
analysis."™* It is designed to determine whether a query
molecule has drog potential or not. The representative example
is the rules of five (Ro5) proposed by Lipinski et al, which
introduced the criteria of the num ber of hyd rogen bond donors,
the number of hydrogen bond acceptors, the molecular weight,
and the octanol-water partition coefficient for being drug-
like.™** Though these rule-based filters have been widely used
thanks to the conwnience, their inflexibility provokes
a substantial possibility of screening out good drug cand idates.
For instance, 16% of the oral drogs violate at least one of the
Ro5, and 6% of them violate more than two** Thus, these
rules have been used to predict the bioavailability of molcoles.
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Cervical lymph node metastasis is the leading cavse of poor prognosis in oral tongue squamous cell
carcinoma and alse aoours in the early stages. The current clinical diagnosis depends on a physical
examination that is not enowgh to determing whether micrometastasis remains. The transcriptome
profiling technigue has shown great potential for predicting micrometastasis by capturing the
dynamic activation state of genes. However, there are several technical challenges in using
transcriptome data to model patient conditions: (1) An Insufficient number of samples compared to
the number of genes, (2) Complex depandence between genes that govemn the cancer phenotype,
and (3) Hetzrogenaity between patients between cohorts that differ gecgraphically and racially. We
developed a computational frrmework to lzarn the subnetwork representation of the transcriptomea
tio discover network biemarkers and determine the patential of metastasis in early oral tongue

squamous cell carcinomia. Cur method achieved high acouracy in predicting the potential of metastasis

in two gecgraphically and radialky different groups of patients. The robustness of the model and the

reproducibility of the discovered network biomarkers show great potential as a teol to dizgnoss lymph

noed e metastasis ineary oral cancer.

Oral tongue squamaus cell carcinoma (OTS0C) s one of the most common malignant tamors in the oral cavity”,
Cervical lymph node metastasis is a major factor in a poor prognosis for OTSCC and also occurs even in early
stages”. Currently, clinical diagnosis relies on physical examinations such as palpation, ultrasonography, com-
puted tomography (CT-scan), and magnetic resonance imaging (MR1). Unfortunately, these physical examina-
tioms are not accurate enough to determine if micrometastasis remains in the lesion. Micrometastasis indicates
that a small number of cancer cells that have spread from the primary tumaor to other parts of the body are too few
to ke detected by screening or physical examination. For this reason, dinicians recommend lyrmphadenectomy
for patients who do not require resection”. Lymphadensctomy refers to surgery to remove lymph nodes, which
can cause serious side effects. Therefore, being able to detect micrometastases with molecular-level data could

be of significant ben=ht to patients with (TSCC.

Transcriptome data are whole genome-scals melecular profiles generated by high-throughput KNA profling
technigues such as microarrays and RNA sequencing (RNA-seq), which are known to have great potential to
identify micromelzstasis in cancer patients' ®. There are several challenges in modeling patient conditions using
transcriptome data. First, despite advances in high-throughput BMA profiling technology, the cost of production
per sample is still 3t a non-negligible level, and the number of genes to consider is relatively large compared 1o
the number of samples, which is a chall=nge for many researchers. This problem is also referred to as the low
sample high dimension problem”. In addition, cellular proteins mrely act individuwlly and generally cooperate
to perform specific functions and express a specific phenotype®. Thereore, the complex dependence between
genes due to protein interactions should also be considered. Finally, heterogeneity between patient samples &
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Simple Summary: Pabent stratification is chmeally important because it allows us to understand the
characterishics and establish treatment strateges for a group. Transcriptomac data play an important
role in determuning molecular subty pes and predichng survival In the case of breast canceg, although
the order of prognosis according to molecular sublby pes 18 well known, there is heteropeneity even
withan a subtype. Thenefore, patient strabfication considermg both molecular sublypes and survaval
oubeomes 15 fequired. In this study, a methodology to handle this problem is presented. A pgenetic
algorthm s used to select a set of genes, and a nsk score 15 assigned o each patient using thear
expression level According to the risk scome, patients are ordeted and strabibed considefing molecular
sublypes and survival cutcomes. Consequently, informative genes for patient stratification with
respect bo both aspects could be nonunated, and the wsefulness of the risk scone was show n through
comparson with other indiwcators.

Abstract: Patient stratiffcation iz a chimcally important task because it allows us to estabhish and
develop efficient treatment strake gies For parbicular groups of patients. Molecular subtypes have been
successfully defined using transcriptomic profiles, and they are wsed effectively in chinacal practice,
ez, PAMAD sublypes of breast cancer. Survival prediction contributed to understanding diseases
and also idenbifymg genes elated to prognesis. It is desirable to stratify patients considering these
b o aspects simultaneowsly. However, thene ame no methods for patsent stratification that consider
molecular subty pes and survival cutcomes at once. Hene, we propose a methodology to deal with
the problem. A genetic algorithm is used to select a gene set from transcriptome data, and their
expression quantibies are ubilzed to assign a nsk scome o each pabent The pabents are ordered and
strabified accordmg to the score. A gene sel was selected by our method on a breast cancer cohort
(TCGA-BRCA), and we exanined its clinical utility using an independent cohort (SCAN-B). In this
experment, our method was sucoesshul m strabfy ing pabents with respect to both molecular sublype
and survival outcome. We demonstrated that the orders of patients wene consistent across nepeated
experiments, and prognestic genes were successfully nonunated  Addibionally, 1t was observed that
the rsk score can be used o evaluate the molecular aggressaveness of mdividual patents.

Keywords patient stratification; molecular subtype; survival outcome; genetic algorithm; gene
sel selection
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Abstract

Drug respansa predicton {DRF) {5 important for preciston medicine to predict howa patient would resct to a drog before sdministration.
Existing studies take the cell Ine transcriptome data, and the chemical structurs of drigs 35 iInput and pradlct dnig response as 1050 or
AUC valugs. Inhultively, use of drug target Interaction (DTT) information can be usaful for DRE. However, use of DT 5 IEMOUT because
existing dTug r25ponss database such 35 COLE and GDSC do not have Information shout transcriptoms after dnig treatment. Although
transcriptome aftar drog treatmant 1s not avallabls, If we can compute the perturbation effects by the pharmacologic moduletion of barget
geme, We Can utilize the DTI Information In CCLE and GDSC. In this study, we proposed 3 framework that can Smprove existing deep
learning-tased DRP models by effectively utlizing drug target Information, Our framework Includes NatGF, a moduls to compute gene
perturbation scores by the network propegation techolque on 2 network. NetGP produces genes In 3 ranked lst In terms of gene
parturtation soores 2nd the mnked genes are INput to @ muktl-layer percaptron to generats A fixed dimenslon Vector fof the Integration
with existing DEP models. This integration i done In 5 modsl-agnostic wey so that 2ny axlsting DRP tool czn be Incorporated. As 3 result,
ouT frRmework boosts the performance of existing DRP models, In 64 of 72 compartsons. The performance gains re larger aspecially
for test scenarios with samples with unseen drags by l2rge margins up to 243 in Pearson's cortelation coefficlent.

Heywords: drug Iesponss, drug targes, natwork propagetion, deep leaming

Introduction Related work

The whole premise of preczion medicne is to provide individu-  Becent studies show that it is possible to predict drug response

afized treatment for patients. A racent study reported that only
about 5% of the patients are actually benefiting from predsion
medicine |1]. This is rgely duwe to the 1ack of data that is required
to anzlyze variations in responsas of individuz] patents to the
same treatment [2, 3]. Since clinical date am oftan not publicly
avzilahle due to privacy and ethical issues, most studies for dnug
responsa rely on pre-clinical dats such zs cell lines, patient-
darived xencgraft= (FDX) or organoids, Thers are saveral large
consortiums that provide large pre-clinicel data such as OCLE [4],
GDEC [5] and CTRP [6]. Mow that such lzrpe amounts of molecular
profilas of cell Hnes and diversa drug screaning datz ana ayvailahla,
development of computationzl methods for individualized dnig
respones prediction (DRF) is petting mora important.

with chemiral structure and cell line gene expression dats. [7]
developed an interpratable DRP frameawork, DEERS, that uses two
autoenoaders, ane for encoding cell line dzta and another for
drug data. The ltent vectors produced by each autoencoder con-
tain intarpretable information that represent hiological processes
associated with the drup response. SROFM is & DRFP framework
daveloped by [E]. SRDFM utiizes 3 sizmesa network to predict
relative drug response so that the model can recommend best-
suited drags for a cell line. One of the main components of
EROFM is = module called responzs unit, which adaptivaly waights
important genes bazed on drep properties. DeapTTA presentad
by [9] predicts drug response using a transformer-hased model
[13] for encoding SMILES represantztion of & drug ss well s a

Mimamo Fak i 2 Fh.[l stodent at the Department of Computer Soence and Engmearing, Seoul Mational University. His research interests molode bininformatics,

natwork amalyss, artifidal intelBgenme and drog disomery

Sangeann Lo & 3 postdoactoral felloer at Institete of Computer Teckmalogy, Secul Matinal Uriversity. Hie received 2 Fh D degres in Computer Soenme &
Engmearing from Saoul National Undversity in 2020, His resgarch area focuses an deweloping maching kaming algorithms and deep learning modsls fior analyzing

gaph-stnectured datz and mulk-omics data.

Imyoung Sung i a Fh D studont 2t the Intordsciplinary Frogram in Bininformatics, Seow] Mational University. Sho mooived a M 5. degroe in the Department af
Mathematical Science from Secid Mational Universty n 3012 Her research inkerests fons on developing deap learning modals for drug dsomer—y and safety, and

amalyzing hinlogicz] natwerks.

Bonil Koo is a Fh 0 stodent at the Interdisciplinary Program in Biginformatics, Seoul Mabional University. His ressarch interests nclude artifidal intelligenos,

muiti-omirs and dneg disoovery.

Sun Kim received the FhD degree in oomputer sciaros from the University of lows, in 1997. Ho & currently 2 professor with the School of Computer Scienos and
Enginearing, Director of Rignformatics insttute, and an afflated faculty for the Interdisciplinary Program in Bigmformatics at Segul National Unimrsity. Bafore
jaming =KL, ha was chair of Fanalty Division ©; directar of Center for Exanformatics Resesach, an assncate professor i Schoal of Infarmatics and Computing,
Indiana University {ILf} Bloomingine. Prioe o joining 1L, in 2001, he worked at DuFent Cantral Resaasch from 1558 to 2001, and with the Unowersity of linois at
Urkana-Champaign from 1567 tn 1998, His ressarch interests mdude hismformatios, comgrotation] biclngy, maching learning, and datz mining, He is acthmly
contriting to tha kininfarmatics community, serving on the editorial bod for journals includieg editns for the METHDOS Journal and the Intemational
Journal of Data Mining and Boandormatcs, assodate edibor-in.chief for the ACMAEEE Transictinns o Computations] Binlogy and Rioinformatics, having sared
an the baard of directors for ACM SIG Eicdnformatics and for education far the 1EEE Computer Society Technisl Committea on Bioinfarmatis.

Novambar 19, 2032, Revised: [arrary 2, 2123, Acoaptod: Janusry 14, 2078

© Tha Author(s) 2023, Fublished by 0xford University Fress. All dghts mesarved. For Permissions, plaese amail: journals. parmissions@oap.com

EZ0EAN© G0 U0 sesn mnar) PUCEEY (NOeS A 5L LEDL A EDPREG S - G A0 N 0 DL P O St By WDy PRPRDLCT)

69



jeptance and Research Outcomes ,

6. Publication: Improved drug response prediction by drug target data integration via network—based profiling

iIScience

Article

Supervised chemical graph mining improves
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SUMMARY

Drug-induced liver injury (DIL) is the main cause of drug failure in clinicl triaks.
The characterization of toxic compounds in terms of dvemical structure is impaor-
tant because compounds can be metabolized to toxic substances in the liver.
Traditional machine leaming approaches have had limited success in predicting
DL, and emerging deep graph neural network (GNN) models are yet powerful
enough to predict DILL In this study, we developed a completely different
approach, supervised subgraph mining (55M), a strategy to mine explicit sub-
graph features by iteratively updating individual graph transitions to maximize
DiLI fidelity. Our method cutperformed previous metheds incuding state-of-
the-art GNN tools in classifying DILI on two different datasets: Dilst and TDC-
bendhmark. We also combined the subgraph features by using SMARTS-based
frequent structural pattern matching and associated them with drugs’ ATC mde.

INTRODUCTION

Dmugeind uced lwer injury (DILY has baen the keading cause of drug withdrawal or the discomtinuation of
newly apprwed drugs fom e market in the US since 19707 Only 47% of drug candidates progmss
from predinical trials i the dinical stage due to satety concems. ™~ Thus, DiLlis a major hurdie in dug
devel gpment. While direct DILI can be detected in peedinical/dinical studies in a dose-rdlated manner,
idiosynomtic DI is detected only at an indidence rate of 0.1% or below during dinical sudies ** What
mialkoes DIL identifica tion evwen more difficult in dinical tialks i the kow concordan ce between DL outcomaes
in animal andhuman madels, with 43% and 43% in non-rodents andredents, mspectively. ™ Thus, a nume
beer of research projects hawe been Launched to characterize DIL | from multiple perspectives.

Ewal uating DLl directly from small-modecule drugs in tenms of dimical cutcomes is wery dithcult, and itwas
necessary o design new appeoaches to fillina large gap in how chemical structumes translate to hepato-
toocc risk in humans. " Thus, addiional biochemical experiments ane perfrmed to explore fie mechanism
of DIl wsinghigh4hroughputscmeningor pharmacogencmics ™ - in pejects desgned to bridge the gap
between structuml infosmation and the DIL cutcome. Tox21 is a seminal prgect o broadly define the
chemical tomcity of more than 10,000 chemical compounds.>™ Tox2! indudes 14 major prgects de-
signed to improve oar undestanding of how chemical drugs reflect biochemical mechanisms and affect
doanstream pathways, and Tox2! data have been used for further ivesigaton. Wy et al'* divided
drg modes of action imto 17 diterent =2y to nvestigate wheter a drug aftecs indwicual targeis.
This approach demornstated how to integraie asay data into DIL prediction to improve cur inowledge
of the mechanistic detalls of DILL Follow-up methods adopted a smiar srateqy by leveraging deep
leaming (DL) architecure'® o gene expression profiles™ to bridge the gap between chemial structum
and DIL catcome using bislogical fhinche mical measurements.

O the other hand, we also need tounderstand the tocty of small-motecule drugs direclly from the chems-
ical stucture perspective becawse projects such as Tow21 require careful expenmental design and expert
inowled ge on how tointegrate and inerpret the vast amount of expeimental data, which is espensive and
time consuming. For mone than 9% of orally administesed drugs, the Bver s fhe main s of structure-
dependent metbolism. Thus, the detection of DIUl at the compound strucre lewel requises the
identification of substructumes of tomic drugs. A structuml alert (54) & a substuchre of a compound
that contributes to a speafic chemical property and determines the metabolic proce= of a compound.
Examples of S indude functional gmups such a5 aromatic amines, carboaylic acids, and benzene mioi-
eties. Some chemical moieties ane rgported 10 be rdated to dhemial toxicty, such & arylacetic acd,
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Abstract Some of the recent studies on diug senativity prediction have applied graph neural
nebworks o leverage pros knowledge on the drug structune or gene nebwork, and other studies have
focused cn the interpoetability of the model to delineate the mechanism governing the drug response.
Homwrewer, it 18 erucal to make a predichon model that is both knowledge-guaded and mterpaetabls, so
that the predicion accuracy s improved and practical use of the model can be enhanced. We propose
an mberpretable model called DEPreter (drug response predictor and interpreter) that predicts the
anticancer drug response. DRPreter leams cell lme and drug mformation wath graph newral nebworks;
the cell-lime graph is further divided mito mulbple subgraphs with domain knowledge on biologacal
pathoways. A by pe-awane transformer m DEPreter helps detect relabionships bebaseen pathways and a
drug, highhghting important pathways that ane mvolved in the drug esponse. Extensive expe riments
on the GDSC (Genonncs of Drug Sensibivity and Cancer) dataset demonstrate that the proposed
methed cutperforms state-of-the-art graph-based models for drug esponse prediction. In addition,
DEFPmeter detected putative key genes and pathways for speafic drug—oell-lne pairs with supporting
evidence m the hteratume, wplymg that our model can help interpret the mechamsm of action of the
drug,

Keywords transcriptomics; artficial inte lligence; pharmacogenomics; human health; cancer; drug
sensibivily; graph neural networks; Explamable Al precision mediane; drug diseovery

1. Introduction

The advances in technology and sdentific capability enable the acquisition of large
amounts of personal omics data at a reduced cost [1]. Consequently, there is a growing
interest in using individualized health data for precision medicine, leading to a number of
data-driven healthcare models [2]. Pharmacogenomics, one of the branches of precision
medicine, is the study of how a person’s genetic profile influences their response to medica-
tions [3,4]. Prediction of drug response or efficacy using the omics data of patients before
the actual treatment is crudal because it can help increase clinical success and minimize
adverse drug effects by modifying dosages or selecting alternative medications based
on predicted value for personalized chemotherapy. However, obtaining patients’ tumor
tissues via surgical procedure or biopsy involves safety issues [5], and performing animal
experiments for clinical trials to infer human drug efficacy leads to ethical and financial
concerms [6]. In addition, even though cormelating the drug response and omics data can
help improve understanding the drugs” mechanisms of action [7] many candidate drugs

Int. J. Mol Sci 2022, 23, 13919, hitps:/ / doiomg 10,3390/ §jms232213519
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3  Study on creation of basis for next-generation toxicologic pathology diagnosis

Supervising

. Toxicological Research Division of NIFDS
division

Type Entrusted project lead by Jae-Wooo Cho, KIT
Title Creation of basis for next-generation toxicologic pathology diagnosis (20183MFDS411)

[0 Background for the study

As new types of cancers are introduced to human body, Al-based pathology system
that can rapidly and accurately diagnoses cancers have emerged.

- With adoption of a digital pathology software, rapid and accurate diagnosis of human
pathology data become possible.

In toxicologic pathology that is used to make comprehensive toxicological decision
in the non-clinical safety assessment, a standardized program for toxicologic pathology
diagnosis using big data and Al is necessary.

- With the emergence of the Industry 4.0, demand from research institute and industry for
digital pathology technologies in non-clincal safety assessment has increased, and the need
to build a digital system for pathology diagnosis led by the government has been increasing.

O Study in brief

Collecting toxicologic pathology data relating to a digital pathology technology and
creating big data

Standardizing toxicologic pathology diagnosis on main organs

- Diagnostic terminology of lesions in main organs (standardization of INHAND-based
diagnostic terminologies and KNTP toxicologic pathology terminologies) were
standardized.

- Intensity of toxicologic pathology diagnosis was standardized.

Developing and validating toxicologic pathology diagnosis technology based on digital
pathology technology

- Database for learning lesions in main organs was created and learning algorithm was created.

- Learning algorithm for intensity of lesions was generated using Al: Toxicologic
pathology diagnosis technology was developed.
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O Overview of the study outcome

Major accomplishment: Establishment of basis for next-generation toxicologic pathology

diagnosis by converging big data containing large image files of toxicologic pathology
slides and Al

Summary of the outcome

(1) Creation of toxicologic pathology big data for digital pathology technology

- Existing pathology diagnosis models and technologies in Korea and in the world were

investigated.

- Toxicologic pathology data were obtained and WSI (Whole Slide Image) archive was

constructed.

- data includes multi-site slides. The WSI archive is accessible on-line and utilized as
education material for researchers in the related field.

- Data set for Al diagnosis was created.

- Images of over 20 multi-site lesions in liver, kidney and lung have been obtained and
over 10,000 data set has been created for each organ.

(2) Standardization of terminologies and intensity of toxicologic pathology diagnosis

- Terminologies for toxicologic pathology diagnosis were standardized.
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- Terminologies for diagnosing lesions in main organs has been standardized based on
INHAND

- Consultation group consisting of pathologists from GLP facilities was organized to
create the system for validation of standard terminologies for diagnosis

- The standard terms has been disseminated and an education system created.
- The terms are available on KNTP as standard terminologies for toxicologic pathology

- Standardized terminologies for Al-based diagnosis system and the guideline for reading
were provided.
(3) Development of toxicologic pathology diagnosis program

- Based on the database for learning lesions in liver, kidney and lung, the algorithms
for learning the lesions and the intensity of the lesions by using Al were created

and toxicologic pathology diagnosis program was developed.

- Toxicologic pathology viewer was developed: The viewer that supports management of
tissue reading history was created and linked to auto-documentation of reading results

and diagnosis standardization files. All these greatly enhance convenience of pathologists

O Excellence and advantage

Excellence

- The Al-based system and toxicologic pathology diagnosis has been developed with

our own technology.

- The AI model selected is appropriate for toxicologic pathology and exhibits over

90% of average accuracy.

* Digital slide images can be analyzed by developing a program viewer equipped with Al technology

- Time and accuracy of diagnosis by pathologists have greatly improved thanks to

automation using Al

Advantages
- The nation’s first Al-based toxicologic diagnosis (reading) program

- By upgrading the learning contents on the program format, the program can be

expanded and customized program for individual research can be supplied.

- Al accuracy is expected to be improved by giving access of the toxicologic pathology

data sets to the Al model researchers
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O Utilization of the outcome and its impact

Development of the nation’s first Al-based toxicologic pathology diagnosis program

will lead to development of the overall domestic industry.

Enhanced diagnostic speed and accuracy of toxicologic pathology, an essential part

of non-clinical study, will eventually improve the speed and accuracy of drug

development.

O Performance of the study

10

1

Title

Participated in 2023 KALAS winter symposium
as an exhibitor

Presentation: Possibility and reality of
toxicologic pathology evaluation through Al
model

Toxicologic pathology diagnosis terminology
explanation program

Authomatic pathology screening program

Region extraction method of medical image
data

Meeting to report research the outcome of
the project on establishing basis for next
generation toxicologic pathology diagnosis

Publication: A comparative study for the
implementation of deep learning algorithms
to analyze hepatic necrosis in toxicity studies.

Presentation: A comparative study of artificial
intelligence analysis for diagnosis of liver
fibrosis in rats

Presentation: Artificial
Intelligence(Al)-assisted Histopathology
Analysis of Acetaminophen-induced Rat Liver
Injury in Preclinical Study

Publication: Artificial intelligence—assisted
image analysis of acetaminophen-induced
acute hepatic injury in Sprague—Dawley rats

Presentation: Evaluation on seatosis using Al
model learning steatosis in digital slide image

MFDS Performance Evaluation Standard

Type
Promotion and

Performance Indicators

Number of education and

dissemination of research | promotion materials about

outcome

Academic
accomplishment

Intellectual property

Intellectual property

Intellectual property

Promotion and

the outcome

Number of presentations
(publications) in national
symposium

Number of patent
applications(In Korea)

Number of patent
applications(In Korea)

Number of patent
applications(In Korea)

Number of education and

dissemination of research | promotion materials about

outcome

Academic
accomplishment

Academic
accomplishment

Academic
accomplishment

Academic
accomplishment

Academic
accomplishment

the outcome

Number of papers
published in SCl—grade
journals

Number of presentations
(publications) in national
symposium

Number of presentations
(publications) in national
symposium

Number of papers
published in SCl-grade
journals

Number of presentations
(publications) in national
symposium
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12

13

14

15

16

17

18

19

20

21

22

23

24

25

76

Title

Presentation: Hepatic steatosis screening
analysis study applying artificial intelligence
to rats

Publication: Image analysis for acetaminophen
(APAP)-induced liver necrosis in SD rat using
classification algorithm

Publication: Preparing pathological data to
develop an artificial intelligence model in the
nonclinical study

Presentation: Segmentation algorithm can be
used for detecting hepatic fibrosis in SD rat

Presentation: Study on effect of staining
condition in H&E slide on prediction
performance of Al model

Presentation: How to create lesion image data
set for Al-based tissue slide reading

Database for toxicologic pathology diagnosis
terminology

Patent application:
10-2021-0072051_extraction method of
medical image data

Patent application: 10-2022-0049876_
region extraction method of medical image
data

Patent registration: 10-2383495_ extraction
method of medical image data

TPX 2022 Series EP2

Publication: Implementation and Practice of
Deep Learning—Based Instance Segmentation
Algorithm for Quantification of Hepatic Fibrosis
at Whole Slide Level in Sprague-Dawley Rats

Presentation: Application of object detection
deep learning algorithms for automated
detection of infiltration of mononuclear cell in
SD rat liver

Presentation: Artificial intelligence—assisted
histopathology analysis of APAP-induced rat
liver injury in preclinical study

MFDS Performance Evaluation Standard

Type

Academic
accomplishment

Academic
accomplishment

Academic
accomplishment

Academic
accomplishment

Academic
accomplishment

Academic
accomplishment

Creation and utilization of
DB

Intellectual property

Intellectual property

Intellectual property

Promotion and
dissemination of research
outcome

Academic
accomplishment

Academic
accomplishment

Academic
accomplishment

Performance Indicators

Number of presentations
(publications) in national
symposium

Number of presentations
(publications) in national
symposium

Number of papers
published in SCl—grade
journals

Number of presentations
(publications) in national
symposium

Number of presentations
(publications) in national
symposium

Number of presentations
(publications) in national
symposium

Creation of information
basis (e.g. database)

Number of patent
applications(In Korea)

Number of patent
applications(In Korea)

Number of patent
applications(In Korea)

Number of education and
promotion materials about
the outcome

Number of papers
published in SCl—grade
journals

Number of presentations
(publications) in national
symposium

Number of presentations
(publications) in national
symposium
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27

28

29

30

31

32

33

34

35

36
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Title

Presentation: Automated detection using the
deep-learning method of liver lesions induced
by acetaminophen in Sprague-Dawley rats

Presentation: Preliminary study for developing
renal injury diagnosis system in SD rat using
deep learning method

Presentation: Quantification of hepatic fibrosis
in SD rats using deep learning instance
segmentation focused on H&E staining whole
slide level

Presentation: Segmentation of histology
images of mononuclear cell infiltration in liver
of SD rat through deep learning algorithms

Presentation: Segmentation of histology
images of the portal triad in liver of SD rat
through deep learning algorithms

Presentation: Deep Learning and the
Application Trend in Veterinary Medicine
Research

Patent application:
10-2021-0072051_extraction method of
medical image data

Press release: Developing Al-based toxicity
prediction technology

Presentation: Current status and practice of
toxicologic pathology evaluation using and
artificial intelligence model.

Presentation: Pixel level detection of rat liver
fibrosis using Mask R-CNN

Presentation: Research on a Proper Deep
Learning Algorithm for Automated Detection
of Coagulative Necrosis in SD Rat

MFDS Performance Evaluation Standard

Type

Academic
accomplishment

Academic
accomplishment

Academic
accomplishment

Academic
accomplishment

Academic
accomplishment

Academic
accomplishment

Academic
accomplishment

Promotion and

outcome

Academic
accomplishment

Academic
accomplishment

Academic
accomplishment

Performance Indicators

Number of presentations
(publications) in national
symposium

Number of presentations
(publications) in national
symposium

Number of presentations
(publications) in
international symposium

Number of presentations
(publications) in national
symposium

Number of presentations
(publications) in national
symposium

Number of presentations
(publications) in national
symposium

Number of patent
applications(In Korea)

Number of education and

dissemination of research | promotion materials about

the outcome

Number of presentations
(publications) in national
symposium

Number of presentations
(publications) in national
symposium

Number of presentations
(publications) in national
symposium
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O Major outcome

7. Publication: A comparative study for the implementation

hepatic necrosis in toxicity studies.
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A comparative study on the implementation of deep learning
algorithms for detection of hepatic necrosis in toxicity studies
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Abstract

Deep leaming has recently become one of the most popular methods of image analysis. In non-clinical stdics, several tissne
slides are generated to investigate the woxicity of a test compound, These are converted into digital image data using a slide
scanner, which is then siudied by researchers o investigate abnormalities, and the deep learning method has been siared
to adopt in this study. However, comparative studies evaluating different deep learning algorithms for analyzing abnormal
lesions are scarce. In this study, we applied three algorithms, S50, Mask R-CNN, and DeepLabV3*, o detect hepatic necrosis
in slide images and determine the best deep learning algorithm for analyzing abnormal lesions, We rained each algorithm
on 575 images and 5835 annotations of hepatic necrosis including validation and test, sugmented with 500 image tiles of
448 = 448 pixels, Precision, recall, and accuracy were calculated for each algorithm based on the prediction resulis of 60
test images of 2688 % 2688 pixels. The two segmentation algorithms, DeepLabV 3t and Mask R-CNMN, showed over 90% of
accuracy (0,94 and 0.92, respectively), whereas S50, an object detection algorithm, showed lower accurucy. The truined
Deeplab¥Wi* outperformed all others in recall while also successfully separating hepatic necrosis from other features in the
fest images. I is important o localize and separate the abnormal lesion of interest from other features 1o investigate it on a
slide level. Thercfore, we suggest that segmentation algorithms are more appropriate than object detection algorithms for
use in the pathological analysis of images in nos-clinical studies.

Keywords Deep learning - Hepatic necrosis - Histopathology - Image analysis - Toxicology

Introduction characters of the image. This process shows high accuracy
in image analysis and has, therefore, been actively applied
to fields that use image data, such as medical imaging.

Within this application, computational analysis of histopa-

In recent years. artificial intelligence {Al) methods involv-
g the use of convolutional meural networks (CNN), also

of deep learning algorithms to analyze

known as deep learning algorithms, have been applicd
m various helds. Particularly in computer vision lasks,
decp learning methods deconvolute the image content
into thousands of prominent features and select or aggre-
gate the most meaninglul features wo identily the complex

L=l JeeeWion Cho
cjwos i kiton. e ki

Taxicologic Pathology Research Group, Depariment
of Advanced Toxicology Research, Korea Instinse
of Toxienlogy, [aejeon 34114, Republic of Korea

* Dwparimemt of Advanced Toxicology Research. Korea
Institute of Toxicolngy, Daejean 34114, Repablic of Kores

Research & Development Teans, LAC Inc, Seoul OTH07,
Kepublic of Korea

thology has recenily shown significant advancement with
the intreduction of slide scanners. A slide scanner gener-
ates a whole-slide image (WSI) by combining multiple
captured images of entire tissue sections on the slide. This
procedure enabled the ransition from classical pathology
to digital pathology [1, 2] and has been applied to clinical
as well as non-clinical stidies. According to the Food and
Drug Admimstration (FDA) guidelines, many tissue slides
are generated to assess the toxicity of test compounds in
non-climical siudies. For example, when following FDA
guidelines in rodent subchronic toxicity tests, over 3,004
tissue slides are produced based on 40 different tissues
from 20 animals of each sex in each treatment growp, for
the control and high-dose groups. |3, 4]. Therefore, several
studies have attempted o adapt deep learning methods for

&) Springer
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injury in Sprague-Dawley rats
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Abstract: Although drug-induced liver injury (DILI) is a major target of the pharmaceutical industry,
wie currently lack an efficient moded for evaluating liver toxicity in the early stage of its development.
Recent progress in artificial intelligence-based deep leaming technology promises to improve the
accuracy and robustness of current towicity prediction models. Mask region-based CNMN (Mask R-
CMNNY s a detechon-based segmentation model that has been wsed for d.m'c[npinE a]E:ml:h.mx. In the
present study, we applied a Mask R-CNIN algorithm to detect and predict acute hepatic injury lesions
indwced by acetaminophen (APAF) in Sprague-Dawley rats. To accomplish this, we trained, validated,
and tested the model for various hepatic lesions, including necresis, inflammation, infiltration, and
portal triad, We confirmed the model performance at the whole-slide image (W5I) level, The training,
validating, and testing processes, which were performed using tile images, vielded an overall model
accuracy of %6.44%, For confirmation, we compared the model's predictions for 25 WSls at 20
magnification with annotated lesion areas determined by an accredited toxicologie pathologist. In
individual ¥W5ls, the expert-annotated lesion areas of necrosis, inflammation, and infiltration tended
to be comparable with the values predicted by the algorithm. The overall predictions showed a
high correlation with the annotated area, The R square values were 009953, 08610, and 0.945 for
necrosis, inflammation plus infiltration, and portal triad, respectively, The present study shows that
thee Mask R-CNN algorithm is a useful tool for detecting and predicting hepatic lesions in non-clinical
studies. This new algonthm might be widely usetul for predicting liver lestons in non-clinical and

clinical settimgs.

Keywords: drug-induced liver injury; acute hepatic injury; deep neural network; mask region-based
comvalutional newral network; artificial intelligence; deep leaming

1. Introduction

In recent years, artificial intelligence (Al)-assisted digital pathelogy has made rapid
progress owing to the success of deep learming [1,2]. Some trials have applied deep-
learning techniques in clinical and non-clinical fields of digital pathology, as they may be
used to accomplish tasks that could not be automated using classical imaging analysis
methods [3,4]. Deep-learning-based techniques are being increasingly applied in many
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14. Publication: Preparing pathological data to develop an artificial intelligence model in the nonclinical

study
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OPEN Preparing pathological data
to develop an artificial intelligence
model in the nonclinical study

Ji-Hee Herang®, Minyoung Lim?, Gyeangjin Han®, Heejin Park®, Yong-Bum Kim?,
Jinsexk Park?, Sang~Yeop Jun®, Jaeky Lee® & Jae-Woo Chot

Artificial imtelligence {Al}-based analysis has recently been adopted in the examination of histclogical
slides via the digitization of glass slides using a digital scanner. Inthis study, we examined the effect
of varying the stairing calor tene and magnification level of a dataset on the result of A madel
predictian in hematoaylin and eosin stained whole slide images (WS15), The WS1s of lver tissiues with
fibrosis were used a5 an example, and three different datasets (N20, B20, and B10) were prepared
with different color tones and magnifications. Using these datasets, we built five models trained
Mask RB-CHM algarithim by a single o mized dataset of NI0, B2, and BLO, We evaluated thelr
muodel performance using the test dataset of three datasets. I was found that the models that were
trained with mixed datasets (models B20{N20 snd BLO{E20), which consist of different color tones:
or magnifications, performed better than the single dataset trained models. Consequently, superios
perfarmance of the mized radels was ebtalned from the actual predicthan results of the test Images,
‘We suggest that training the algarithm with variows staining color tones and multi-scaled image
datasets would be more optimized for consistent remarkable performance in predicting pathelogical
lasions of intarest.

Hisrapathalogical images inclode influesial information referring ra the cell anatamy and tissies of organisas,
which can be crucial foe the final decision procedure ol eflective therapeutics Ror dise ases such as cancer . Tradi
tiomal pathed cggecal diagnesss is performed by ohserving the staimed specimen an a glass slide wsing a microscope’,
“The development af while-slide scaniners hagalkowed for the digitizasion of hiswparhadagical images by genera-
ingg, vwhale-slicle images (WS, which have Beilitated the pathologists workillvw threagh digital pathiagy?. In
addition, a large mumber of WSk can he acoomulated. which accelerabes the adaptatson of digstal image analysis
fite el to ald in ||ﬁ|h¢|n;y-mareu1ﬁ1ka im.'Jm’.iug, disgnisis®

Alter the dissemination of WAls. digital approaches 1o histopathelogical image analysis in digilal pathokgy
Thanve fircusad prienarily oo kw-level image analvsis tasks, such as staining noemalization, nuclear segmentation,
atwd fearuse extraction, fllowed by the construction of clessification models using clagssical machine learning
methods®, Ai a resull of low-level image analysis, computer-aidded diagnusis (CADY using histopathological
images has hecome a standard clinical diagnaste proceduare far cancer detection, and it is none pae of 1the magr
sages in the hisropathological imaging ansd diagrasis process”, The first stage of the disgnosis process is catego-
rizing 4 WEI or multiple W18 for a disese, which is essential for sapervised learning vasks, The classslication
accuracy of the machine learning system is different from that of a human pathalogist™; therefore, it can be
improved nsing CAD and could prevent oversight by investigating all plxels within W5ls®, Afier categorizing the
WEls; the oiher daagnosis tasks are the detection or segmentation of regions o intenest (RO such s the wrar
regiom in WSIY, scoring of immunostainisg ™", cancer staging™ 1'%, mitasis detection™", gland segmentaban ',
aned detection and goentification of vascalar invesion ™. These are the labeling stges of Al algorichm waining. The
perlormans i al e saperyvisnd learning Al moded is greatly aflocted by Gata preparatzon for raining and esting,
which could be the key to avercoming the chstacles 1o applving Al in pathalegical diagnosis'.

There are warieas ahstachss to overconse i preparation far tralming an Al algorithsn with W51 of crgan tissue,
such ag Che Large siec ol 1he insage and insuthciently Bbaelid images, Numerons resanchers bae altompied 1o
wilve these prablenss by inoreasing the efficiency of label data, atilizng weak labels or unlibeled mformation, ar
utilizing mesdelsiparamerers for other taskes. However, the magnification and staining variacion of the imags are

Toxkologe Pathalogy Research Group, Department of Advanced Touicologqy Hesearch, Kaorea Wnstiute of
Tomicalogy, Daejean 35114, Korea, “Departrent of Advanced Tamicalagy Ressarch, Korea Institute of Tasicalogy,
Daejean 34114, Korea "Ressarch ard Developenent Team, LAC Ine, Seoul OTBO7, Korea, Slemail: cjwoaii
b ne ko

Selentific Reports | (2023113:3806 | hotps:fidcd. ongeL0. 103554 L 595 022304 % nature portfolin

80



III. Development & validation of NAMs based on advanced technologies
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Implementation and Practice of Deep
Learning-Based Instance Segmentation
Algorithm for Quantification of Hepatic
Fibrosis at Whole Slide Level

in Sprague-Dawley Rats
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Ji-Hee Hwang'"), Hyun-Ji Kim'?2, Hee|in Park', Byoung-Seok Lee',
Hwa-Young Son’, Yong-Bum Kim®, Sang-Yeop Jun®, Jong-Hyun Park?,
Jaeku Lee?, and Jae-Woo Cho'

Abstract

Exponentlal development In artificial intelligence or deep learming technolegy has resulted In more trials to systematically
determine the pathological diagnoses using whole slide images (W) i clinical and nonclinical studies. In this study, we applied
Mack Reglons with Convolution Meural Metwork (Mask R-CMM), a deep learning model that uses Instance segmentation, to
detact hapatic fibrosis Induced by M-nitrosodimethylamine (MDMA) In Sprague-Dawley rats. From 51 WSls, we collected 2011
cropped Images with hepatic fibrosls annotatione. Training and detection of hepatic flbrosie via artificial intelligence mathode was
performed wsing Tensorflow 2. 1.0, powered by an MYIDIA 2080 T GPU. From the test process using tle images, 95% of model
accuracy was verffled. In addition, we validated the model to determine whether the predictions by the trained model can reflact
the scoring system by the pathologlsts at the WWEI level. The validation was conducted by comparing the model predictions In
18 W5ls at 20 and [0 magnifications with ground truth annotations and board-certified pathologists. Predictions at 20
showed a high comelation with ground truth (R = 0.9660) and a good correlation with the average fibrosie rank by pathologists
(R? = (.BBB7). Therafore, the Mask R-CMNMN algorithm 15 a useful tool for detecting and quantifying pathological findings In
nonclinical studles.

Keywords
deep leaming, Mask R-CMM, liver fibrosis, MASH, steatohepatitis, MDMA, cirrhosls

catepories of images using pixel-level prediction.® Image
sagmentation has been widely used in the medical field, even
before the advent of deep leaming, using machine learning
methods to detect and track medical instruments in surgical
operations,f 1o analyze brains and their tumors from magnetic
resonance imaging (MRI),” and to visualize colon crypis.*
A fter the introduction of deep leaming, the implementation of

Introduction

With the development of medical imaging technigues over the
past few decades, research has been actively conducted on
diagnosis and prediction in the clinical field, using the data
derived from imaging.! Amificial intellizence (AT} methods,
including traditional machine leaming and deep learning, have
offered opportunities to apply medical imaging data, such
as radinlogical and histopathological data, in clinical prediction

o reduce the human effort in diagnostics.? Since the advent of
deep leaming, which wses conwolutional meural networks
{CHMNs), computer vision technigques have enabled break-
through developments in accuracy, which could not be accom-
plished by traditional machine leamning. 34

There ara 2 main tasks in image analysis where deep leam-
ing can be used. Ome is image classification, which freais
oach image as an identical category. Tha other is object detec-
tion, which refers to object localization and recognition. In
addition to object detection, segmentation classifies the

" Toxkcologic Pathology Ressardh Group, Dapartment of Advancad
Toxkcology Resaarch, Korea nstitrba of Toxicology, Daojeon, Korea

! Collega of Veterinary Madidne, Chungram Mational Linhwersity, Daejeon,
Korea

1 Dapartmant of Advanted Toxicology Ressardh, Korm lnstzuta of
Towkcology, Dasgeon, Kora,

* Rasaarch & Dievelopmant Taam, LAC Inc, Sagul, Kora

Corrasponding Awthor:

|as-Woa Che, Korsa Institute of Towcology, 141 Gajeong-ro Tusaong-gu,

Dagjeon, Chungcheongnam-do 341 14, Rapublic of Korea.
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4  Survey on the latest technology trends of stem cells and organoid

S“(;’.e.“’.'s'"g Clinical Research Division of NIFDS
IVISION

Type Entrusted project (led by Prof. Si-woon Kim, Konkuk University)

Study on utilization of stem cell-based translational medicine — focusing on stem cells

Tite | g organoid (21182MFDS293)

[0 Background for the study

Research on translational technology has been actively performed globally in order

to better predict the reactions of human body to drugs in the process of drug development.

- In order to address limitations of in vivo animal models and ethical issues related
to animal experiment, many are attempt to assess pharmaceuticals’s efficacy and
safety using induced pluripotent stem cells (iPSCs) or organoid including 3D culture

mimicking the structure and function of human organs and tissues.

O Study in brief

O Survey and analysis of research trends of pharmaceutical evaluation using stem

cells and organoid (translational technology)

- Changes in national and international environment and megatrend (of R&D and

industry) were analyzed.

- Studies published in national and international academic journals were surveyed.

Mid to long-term study plan on pharmaceutical evaluation technology using stem cells

and organoid (translational technology) was established.

- Based on analysis of SWOT and GAP, key strategies, mid to long-term research

road-map and new projects were proposed.

O Overview of the study outcome

82

Major accomplishment: Providing information on the most updated technology trends

on the use of stem cells and organoid
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Main outcome

- Publication: Providing the most updated information on the market trend of the
advanced assessment technology including organoid, research and development, and
related patent status in collaboration with KRIBB.

- Publication and promotion of casebook: Providing the most updated information
including the cases creating organoid specific to an organ/cancer type and and
efficacy evaluation models using the organoid.

- Presentation in workshops: Promoting and disseminating the research outcome by
presenting in professional workshops.

[0 Excellence and advantage

Excellence: Establishment of mid to long term research plan on pharmaceuticals efficacy
and safety evaluation technology using advanced technologies.

Advantage: Providing R&D strategy of an assessment system using organoid and the direction
for future research (multi-site validation, need for establishment of technology infra
structure including exper training, etc.)from the perspective of regulatory organization

O Utilization of the outcome and its impact

The publications prepared in the study can be referred by drug developers and researchers
when establishing a research plan and strategy for safety and efficacy evaluation of drugs.

Also, it provides basis for developing and utilizing NAMs using iPSCs and organoid.

O Performance of the study

- MFDS Performance Evaluation Standard
itle
Type Performance Indicators

BiolNdustry No. 160(2021-06) Promotion and dissemination
— Global market status and prospect of organoids'  of research outcome

_

publications

Publication of casebook of creation and
2 | utilization of organ—specific organoids and
upload on the official website

Promotion and dissemination

ublications
of research outcome P

Presentation: Establishment of advanced Building on expertise | Number of presentations

3 | multi-organoid model based on functional through academic (publications) in national
characteristics accomplishment workshops

Presentation: Generation of Human iPSCs | Building on expertise | Number of presentations

4 | Derived Heart Organoids Structurally and through academic (publications) in national

Functionally Similar to Heart accomplishment workshops
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Study on next-generation safety pharmacology evaluation of cardiovascular

5
effects
Suge_rv'lsmg Pharmacological Research Division of NIFDS
ivision
Type Internal project
Title Study on next—generation safety pharmacology evaluation of cardiovascular effects

(21181MFDS276)

[0 Background for the study

The paradigm of regulatory science of safety pharmacology evaluation has shifted to
development of human-relevant models and the ICH (International Council for
Harmonisation of Technical Requirements for Pharmaceuticals for Human Use) also

is adapting to the shift.

Since inclusion of a new test method using a stem cell line in ICH S7B, a guideline
for cardicovascular safety pharmacology, is currently being discussed, it is necessary
to establish in Korea a next generation safety pharmacology technology for evaluation

of cardiovascular effects.

Therefore, the goal of this study was to establish next generation safety pharmacology
technology for evaluation of cardiovascular effects using human hiPSC and to understand

electrophygiology of cardiotoxicity.

O Study in brief

84

Development of cardiotoxicity evaluation models for drugs causing deep vein thrombosis
- Drugs causing deep vein thrombosis (high/intermediate/low risk) were selected.

- Sensitivity of each drug in cells with cardiac ion channel expression and hiPSC-CMs

ion channels was compared.

Mechanism study on cardiotoxicity induction of durgs (test drugs) causing cardiotoxicity
- Mechanism inhibiting cardiac ion channel was investigated.

- Pathway effects related to cardiovascular system caused by test drugs were compared

and analyzed.
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O Overview of the study outcome

In vitro safety pharmacology test methods for high/intermediate/low TdP-risk drugs

on cardiovascular system
- Development of a multiple cardiac ion channel test method using CiPA-based cell line
- Development of a test method for repolarization delay using CiPA-based hiPSC-CMs

- Development of a test method for cardiac action potential measurement using stem cells

Study on a next-generation multiple cardiac ion channel test method using

commercialized national hiPSC-CMs

- Development of test methods for cardiac action potential and multiple cardiac ion
channel using hiPSC-CMs

- Similarity was observed from the test results using cell lines and hiPSC-CMs

Cardiovascular safety pharmacology assay

- Development of a test method for prediction of TdP risks based on the results from

the test method for cardiac repolization delay

O Excellence and advantage

Overcoming current limitations of cardiovascular safety pharmacology methods

- It was demonstrated that the existing methods have limitations of low specificity in

prediction of TdP induction risks due to their dependency on hERG channel.

- In this study, a cardiovascular safety pharmacology method for high/intermediate/low
TbP risk drugs was developed, which would help overcome some of the limitations

of the existing methods with higher accuracy and reliability.

Proposal of the need for multiple cardiac ion channel evaluation

- This study has proposed the need for novel methods for multiple cardiac ion channel

evaluation to assess the effects of drugs.

Utilization of an hiPSC-CMs model

- This study demonstrated the possibility of various applications of hiPSC-CMs as
human-relevant models and reliability and accuracy compared to existing in vitro

cell culture models
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O Utilization of the outcome and its impact

Responding to the updated ICH (S7B) that can replace hERG assay and telemetry

- This study has contributed to the revision of ICH (S7B) by developing and proposing
novel methods for cardiovascular safety pharmacology that are able to replace hERG

assay and telemetry.

Inclusion of various ion channel evaluation

- While the existing method rely on hERG channel, the methods developed in this study
are able to conduct more sophisticated evaluation by including various ion channels
including action potential measurement of calcium and sodium channel as well as

potassium channel (hERG).

Utilization of hiPSC-derived cardiomyocytes

- This study demonstrated the reliability and usefulness of the new method by
developing human-relevant cardiovascular model using hiPSC-derived cardiomyocyte

models

Provision of scientific basis for prediction of adverse drug reaction

- This study has contributed to pharmaceutical development and safety evaluation by
providing scientific basis for prediction of adverse drug reaction using a new

cardiovascular safety pharmacology method.

O Performance of the research

MFDS Performance Evaluation Standard

Title
Type Performance Indicators
New in vitro multiple cardiac ion channel
screening system for preclinical Torsades de Number of papers
1 Pointes risk prediction under the academic outcome published in SCl-grade
Comprehensive in vitro Proarrhythmia Assay journals
concepta
In vitro cardiac safety and pharmacology Number of papers
2 |assessment of the 3 drugs categorized as TdP academic outcome published in
low risk, intermediate risk and high risk non—-SCl-grade journals

Assessment of Drug Proarrhythmic Potential

3 in Human iPSC-Dereived Cardiomyocytes

using Microelectrode Arrays (Korean Society
for Stem Cell Research)

Number of publications
academic outcome and presentations in
national workshops
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Title

In vitro cardiac safety and pharmacology
assessment of the 3 drugs categorized as TdP
low risk, intermediate risk and high risk (Korean

Society for Stem Cell Research)

In vitro electrophysiological assessment for
proarrhythmia risk prediction under CiPA
initiative (Korean Physiological Society)

Cardiotoxicity Screening for Proarrhythmic

Potential of Drugs in Human iPSC-Dereived

Cardiomyocytes using Microelectrode Arrays
(Korea Society of Toxicology)

A Novel Approach in the Area of Preclinical
Cardiac Safety Testing via the CiPA Concept(
Korea Society of Toxicology)

Outstanding poster award: A Novel Approach

in the Area of Preclinical Cardiac Safety Testing

via the CiPA Concept (awarded by Korea
Society of Toxicology)

Guidance on cardiovascular safety
pharmacology assessment methods

10 Q&A book on comprehensive deep vein

thrombosis evaluation

MFDS Performance Evaluation Standard

Type

academic outcome

academic outcome

academic outcome

academic outcome

social assessment

Promotion and

Performance Indicators

Number of publications
and presentations in
national workshops

Number of publications
and presentations in
national workshops

Number of publications
and presentations in
national workshops

Number of publications
and presentations in
national workshops

Number of educational
and promotion materials
about the study outcome
(e.g. social assessment,
rewards, etc.)

Number of educational

dissemination of the study  and promotion materials

outcome

Promotion and

about the study outcome

Number of educational

dissemination of the study | and promotion materials

outcome

about the study outcome
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O Major accomplishment

1.

Publication: New in vitro multiple cardiac ion channel screening system for preclinical Torsades

de Pointes risk prediction under the Comprehensive in vitro Proarrhythmia Assay concepta

Horean J Physicl Pharmacol 2023 27(30:267-275
httpsyidodong 1047196k pp 202327 3.267

Original Article

KIPP

New in vitro multiple cardiac ion channel screening system
for preclinical Torsades de Pointes risk prediction under the
Comprehensive in vitro Proarrhythmia Assay concepta
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INTRODUCTION

ABSTRACT Cardiotoxicity, particularly drug-induced Torsades de Pointes (TdP), is
a concern in drug safety assessment. The recent establishment of human induced
pluripotent stem cell-derived cardiormyocytes (human iPSC-CMs) has become an at-
tractive human-based platform for predicting cardiotoxicity. Moreover, electrophysi-
ological assessment of multiple cardiac ion channel blocks is emerging as an impor-
tant parameter to recapitulate proarrhythmic cardiotoxicity. Therefore, we aimed
to establish a novel in vitro multiple cardiac ion channel screaning-based mathod
using human IPSC-Chis to predict the drug-induced arrhythmogenic risk. To explain
the cellular mechanisms underlying the cardiotoxicity of three representative TdP
high- [sotalol], intermediate- (chlorpromazine), and low-risk {mexiletine) drugs, and
their effects on the cardiac action potential [AF) waveform and voltage-gated lon
channels were explored using human iIPSC-CMs. In & proof-of-principle experiment,
we investigated the effects of cardioactive channel inhibitors on the electrophysi-
ological profile of human IPSC-CMs before evaluating the cardiotoxicity of these
drugs. In human iPSC-CMs, sotalol prolonged the AP duration and reduced the total
amplitude (TA) via selective inhibition of I, and L, currents, which are associated
with an increased risk of ventricular tachycardia TdR. in contrast, chlorpromazine did
ot affect the TA; oweves, It slightly Increased AP duration v balanced Inhibition
of |, and |, currents, Moreowver, mexiletine did not affect the TA, yet slightly reduced
the AP duration wvia dominant inhibition of I, currents, which are associated with a
decreased risk of ventricular tachycardia TdP:. Based on thesa results, we suggest that
hurman iPSC-CMs can be extended to other predlinical protocols and can supplement
drug safety assessments.

ity accounting for the failure of 45% of the compounds |2]. Hence,
the [nternatzonal Conference for Harmonization (ICH) presented

[ the 19905 to early 2000s, eight non-cardiac drugs were with-
drawn from the market because of their association with Torsade
de Polntes [TdP), a potentially life-threatening vemtricular ar-
rhythmia condition [L]. Up to %% of new compounds that pass
preclinical testing fail at the clinical trial phase, with cardioteoic-

the regulatory guidelines 578 and E14 in 2005, which focuses
om two markers 1o assess TdP risk: in vitro inhibition of a single
hurman Erher-d-go-go-Related Gene (WERG) potassium channel
(representing the rapidly activating delayed rectifier potassiom
current, or I} and prolongation of the heart rate corrected QT

Iy (10 This ks an Open Access article distributed under the terms
el {8 of the Creative Commons Attribution Non-Commencial
Licenae, which permits unrestricted non-commesscial use, distribution, and
reprodiuction in any medium, provided the onginal work & properly cited
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2. Publication: /n vitro cardiac safety and pharmacology assessment of the 3 drugs categorized as
TdP low risk, intermediate risk and high risk

| Onginal Articies |

| qu\
Journal of Altermatives to Amimal Experiments xltsiuli}
16(1}, December, 2022-15-24 TN

TdP 3+ & - A $H2 35 AT in vitro 4 BEA ehdHeke] H7}
AR, FA' whgd, e, WBY, HAUL
S EsepE A ST chele )
In vitro Cardiac Safety and Pharmacology Assessment of the 3 Drugs Categorized as
TdP Low Risk, Intermediate Risk and High Risk

Jin Ryeal An', In Kyo Jung', Seong Hye Pak, Kwan So0 Kim, Chan Hyeok Kwon, S O Chol
Pharmacological Research Divivion, Torcologicel Evalwation ard Revearch Department,
Natiomal fosfitute of Faod and Drig Sgfere Eaalvation, Mimiary of Food and Drug Sty

ABSTRACT. The Comprehensive in vitre Proarythmea Assay (CiPA} project has been recemly proposed to
pesess the proamhythmic misk on multiple comdine on chonnels i the development of new drugs. Due o be
bzl sodely omomn vitre WERG chamnel block and in wvive QT m*mﬂ‘l:irn, the cirrert ICH STHR menclinscal
testing strategy s imperfect and wsed o be mis-identified for an evabuation of drug-associated torsade de pointes
(TdP) risk. The inhibition of hERG channels induces QT prolengation and even generate TdP, while the balanced
block of ather carchac don channels such as Mavl 5 sediom channels and Cavl]? calowm chamnels reduees QT
prodongation or TdP occusrence. From this remsons, we investigated the drog effects on Navld chanmels and
Cavl.2? channels as well as hERG channels. First, we examined the effect of the 3 CiPA fraining set drogs
cobegorized s proarrhythmic low risk (mexiletine), intermediate risk {chloropromazing) and high risk (sotalel) on
three cardmac jon chamnels, Using the manual whole-cell palch clamp technigue, each cardiac jon currents wene
measwred o ocell lines expressing hERG, Mavl.5, and Cavl2 clamncl, respectively. Lo addition, ficld potemtial
duration (FPDY in buman-induced  pluripotent stem cell-derived  cardiomiyoeytes (hiPSC-CMs) were recorded by
p:rl'unnmg microelecirode army (MEA) w0 conlinm ihe mbegrative charmel effiect of those drogs, As a resuli, all
of sotalol, chlorogromazine amd mexiletine blocked hERG chanmels, whereas chloeopromazine and mexileting
inhibited Cavl.2 caleium currents more than sotalol, expecting the reduction of QT probengation and TdP
oopwrence vin holanced jon channel block by chloropromasing and mesiletime, Corresponding 1o thess results,
furthermaore, sotalol induced more prolonged FPD in hiPSC-CMs a5 compared w chloropromazine and mexiletine.
Thus, we suggest that the optimization and development of new in vitro cardiac safety and pharmacobogy st
ambegy on multiple cordise Jom charmels o comprehenzively presdict proarrhythmic risk

KEY WORDS: CiPA initistive, TdF, in vitre multiple jon crenned sssay, MEA, WPSC-CMe
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6 Study on next-generation neurotoxicity evaluation method

Sudge_rv_lsmg Pharmacology Research Divison of NIFDS
ivision
Type Entrusted project
Title Study on next-generation neurotixicity evaluation method (/) (19182MFDS408)

[0 Background for the study

Recently, drug abuse cases are increasing and drug users are becoming younger and

more diverse, which become a serious social issue.

- In addition, drug abuse cases are expected to increase since new narcotics are

continuously introduced and the society is becoming more complex and diverse.

There is no neurotoxicity test method for neuroterapeutic drugs targeting adult nervous

system instead of developmental stage in the world.

- Although a safety pharmacology test of the central nervous system do exist, it remains

at the level of behavioral evaluation analysis using rodents (Functional Observation
Battery: FOD, Modified Irwin's)

O Study in brief

Establishment of human-mimicking neuron test system* using hiPSC

* neurons, astrocytes, and microglia

Development and validation of neurotoxicity test method using the established

neurotoxicity test system.

Human cells

Rodent

Neurotoxicity

\ . invivo R
€ ) —aaa — . ¢
S - e In vitro

models

iPSC ahourel Neuron ipsc-
Astrocyte derived

] | {1 e ————

HIZ 713 AEAIE

o B
i e

iPSC neuron based toxicity

Development of
neurotoxicity method

Validation with
classical models

Animal primary cell

Commercial Cell line
SH-SYS5Y cell

Traditional Test

{Concept mapping of the study on development of next-generation neurotoxicity test method based

90

on iPSC-derived neurons)



III. Development & validation of NAMs based on advanced technologies

- Establishment of neurotoxicity analysis method based on morphology, electrophysiology,
nerve function and apoptosis.

- Development of drug abuse test method for mid to long term exposure to drugs

* 30 substances including reference drugs and narcotics were evaluated for toxicity
Establishment of a platform system that can be used to encourage practical use of

stem cell-based toxicity evalaution methods.

O Overview of the study outcome

Establishment of hiPSCs derived from human fibroblast

- A differentiation method for stable and homogenous neuronal system has been established.

* neural progenitor cells, glutamatergic neurons, GABAergic neurons, motor, dopaminergic
neurons, and astrocytes

n/Sox1/DAPI vGlut1/NF/DAPI

neural progenitor cells produced glutamatergic neurons produced

GAD/Tuj1/DAPI GFAP/Tuj1/DAPI

< . « Astrocyte purity 90%
GABAergic neurons produced astrocytes produced

- Development of drug abuse evaluation method for middle to long term exposure to drugs

* Development and validation of a cell line using for drug evaluation using a multi—electrode assay

1
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Establishment of neurotoxicity analysis method for toxicity evaluation based on
morphology, reactive oxygen, apoptosis, and electrophysiology

- 30 substances including reference drugs and narcotics were evaluated for toxicity

* Preparation of SOP for toxicity evaluation on central nervous system

O Excellence and advantage

Utilization of human-mimicking neuron test system established using iSPC-derived stem cells

- The differentiation method for iSPC-derived neurons that is highly functional and
efficient can be utilized as efficacy evaluation method in drug envelopment.

- The 3D cell culture plaform can be utilized as a new cell culture technology, and
in production of medical devices.

O Utilization of the outcome and its impact

Publication of guidance on neurotoxicity test method using stem cells

- Accurate prediction of human body response to drugs can reduce failure of new drug
development caused by toxicity, and can be used in central nervous system safety
pharmacology which is an integral part in a non-clinical study.

* While existing methods eevaluate toxicity inducing neuronal cell apoptosis, this method
evaluates electrophysiological changes and receptor abnormality of neurons that will be followed
by real neurological symptom.

Provision of scientific basis for regulation and safety management policy of substances
of abuse risk including narcotic drugs

- While there is no reliable evaluation method for drug abuse, this study proposes a
standard for abuse evaluation based on human-mimicking neurons.

O Performance of the study

MFDS Performance Evaluation Standard

Title .
Type Performance Indicator
Publication: BAPTA, a calcium chelator, neuroprotects ' Building on expertise| Number of papers
1 |injured neurons /n vitro and promotes motor recovery through academic published in
after spinal cord transection in vivo accomplishment SCl-grade journal

Publication: Development and validation of
dual—cardiotoxicity evaluation method based on analysis
of field potential and contractile force of human IPSC—derived

cardiomyocytes/multielectrode assay platform

Building on expertise | Number of papers
through academic published in
accomplishment SCl-grade journal
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O Major accomplishment

1. Publication: BAPTA, a calcium chelator, neuroprotects injured neurons in vitro and promotes motor

recovery after spinal cord transection in vivo

Receised: 30 December 2020 | Riswiagd: 25 March 2021

Arcepted 11 Agril 2021

DaOH: 10118 8w 13551

ORIGIMAL ARTICLE
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BAPTA, a calcium chelator, neuroprotects injured neurons
in vitro and promotes motor recovery after spinal cord

transection in vivo

K]FU'FEEKHI'IEI | Jin Kim® | BokyeongRyu’ | Seul-GilLee' | Min-Seck Oh' |
Jieun Baek! | Xiaoping Ren®™* | Sergio Canavero®™® | C-Yoon Kim™*®@& |

Hyung Min Chung?®

*Department of Stem Cell Biokogy, School
of Medicine, Konkuds University, Sl
Karea

:'Lab-c-uh:ﬂ Acnimal Medicine, College
ol Veterimary Medicine, Secul Hational
University, Seooul Korea

:'Dtparhrmm: of Ovthopedics, Rulang
Hizipital, Manning. China

AGICLP-Glabal Initiative bo Cure Paralysis,
‘Cobannbais, Ohio, S

*HEAWEMGEMINI Intemational
Collaborative Group, Turin, Raly
“Department of Physiokegy, Collige of
Veterinary Midicing, Honkak University,
Seoul, Konea

Comespandence

C-¥oon Kim, PhD, Depantment of
Fhysiology, Collepe of Veterinary
MSc i, Komkiik Uiniversity, Seoa,
Kaf.

Emiadl: wivianeta@ gmailoom

Hiung Min Criang, FhD, Department of
Stem Cell Biclogy, School of Modfcine,
Konibuk University, 120 Heungdong-Ra,
Giarggjin-0Ou, Seoad 143-T01, Kofea.
Emiadl: Femchung@kkuac ky

Funding information

Miristry af Food and Drug Safety, Geant/
Award Mumber: 1918IMFD5408 and
20UEIMFOE423

Abstract

Alm: Despite animal evidence of a role of calcium in the pathogenesis of spinal cord
injury, several studies conducted in the past found calchum blockade ineffective.
Howewer, those studies invalved oral or parenteral administration of Ca++ antago-
mists. We hypothesized that Cat+ blockade might be effective with local/immediate
application [LIA) at the time of newral ingury.

Methods: In this study, we assessed the effects of LIA of BAPTA (12-bis
lo-aminophenoxy] ethane-N, M. N°, W'-tetrascetic acid), a cell-permeable highly selec-
thee Ca++ chelator, after spinal cord transection (SCT) in mice over 4 weeks. Effects
af BAPTA were assessed behodorally and with immunohistochemistry. Concurrently,
BAPTA was subraitted for the first time to multimodality assessment In an in vitro
model of neural damage as a possible spinal neuroprotectant.

Results: We demonstrate that BAPTA alleviates neuronal apoptosis caused by physi-
cal damage by inhibition of neuronal apoptosis and reactive oxygen species (ROS)
generation. This translates to enhanced preservation of electrophysiological function
and superior behavioral recovery.

Concluslon: This study shows for the first time that local/immediate application of
Ca++ chelator BAPTA Is strongly neuraprotective after severe spinal cord injury.

KEYWORDSE
calcium, locomator recovery, neuronal apoptosis, coddative stress, spinad cord Injury
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2. Publication: Development and validation of dual-cardiotoxicity evaluation method based on analysis
of field potential and contractile force of human iPSC-derived cardiomyocytes/multielectrode assay
platform

Bizchemical and Biophysical Research Communicanions 555 (2021]&7-73

Contents lists available at ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www. elsevier.com/locate/ybbre

Development and validation of dual-cardiotoxicity evaluation method
based on analysis of field potential and contractile force of human
iPSC-derived cardiomyocytes [ multielectrode assay platform
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A recent in vitmo cardiovascular safety pharmacology test wses cardiomyocytes derived from haman
imduced pluripotest stem cells (hiPSCs) to overcome the imitations of the classical test systems, such as
species differences amd local channel analysis. The Comprehensive in vito Proarrhythmia Assay (CiPA) is

a new proarrhythmia screeming paradigm proposed by a CiPA steering expert group, which essentially
requires iFSCs derved cardiomyocyte-based electrophysiological evaluation technaology. Moreover, the

E:,'“‘t' e measarement of the contractile force is also emeTging as an important parameter to recapitulate noo-
Feld - | proarrthythmic cardictoxicity. Therefore, we consinucied an multbelecirode assay (MEA) evaluation
ConaTacriliy method that can measure the electrophysiological changes with & reference dnags in hiPSC-derived
Multielerde assay cardinmyocytes. Subsequently, it was confirmed that the electrophysiological were changed in aooor-
Cardiazouciny dance with the mechanizm of action of the drags. Furthermore, based on the multi-probe impedance, we
confirmed the decrease in contractile force due to treatment with drags, and developed a pladform to
evaluaie cardiobmccity acoording to drugs along with field potential changes. Our excitation—contraction
coupling cardictoxicity assessment is considered to be more supportive in cardiac safety studies on

pharmacologic sensitiviey by complementing each assessment parameter.
& 2001 Elsevier Inc. All nights resenved.
1. Intrisduction A3 woere respansible for sefious cardiovasoular sade effects |2). In

particular, not only an acule elfect bur also a chronic effect with

For the development of new dougs, the process of identilying delayed onset may occur in the case of cardiotaxiciny. Therefore,

adverse drug reactions [ADRS) i esential, and rmany potential
candidate drugs fail because of their side elfects. Cardiatoxicity is
one of the major causes of dreg withdrrnwal from the marker and
rivoree Than 2000 pest-market drugs, incuding anticancer drugs and
antibiotics on the market, were found o have cardiae ADRs [ 1] 14%
ol the 462 drugs withdrawn from the markel between 1953 and

= Corresponding authar.
= Carpesponding aurhor.
E-miall  adfresses:
{H. ML Oty ]
! These authars conmritesed equally 1o ths work ag Aesr and comesponding au-
thars, nespecvely.

vivacrsPgmallooan (O KR, b b olad o

Wi o lerg 100D bk 200103039
0DD6-29K 2020 Elsevier Inc. ANl rights risend

even after passing through preclinical screening, toxicity may be
confirmed in phase 2 and phase 3 clinical trials or after being
relexsed into the market |3 | Therelore, evaluating potentisl cardiac
roaicity is an important parameter in the druag market.

In this context, the International Conference for Harmonization
{ICH) presented guidelines STB and E4 in 2005. WOH S7B, &
fusdeline for svaluating nonclinical cardiase axicry, i5 based on
ventricular repolarization (QT interval prolongation] in cell lines
transfected with human Ether-d-go-go-Related Gene [RERE) or in
cardsarmyocytes (CMS ) isolated from anirmals of humans, ICHELT, 4
clinical trial guideline, analyzes the thorough QTIQTe study o
evaluate the arfhythmia-indudng efleds of non-antiarthythoc
drugs |4). By pre-sereening through the application al the above
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Study on development of a method for evaluation of (new) narcotics
pharmacology and toxicity in central nervous system

Suge_rv'lsmg Pharmacological Research Division of NIFDS
ivision
Type Entrusted project

Study on development of a method for evaluation of (new) narcotics pharmacology

= and toxicity in central nervous system (20182MFDS423)

[0 Background for the study

As the number of new narcotics introduced into Korea is increasing, a regular system
for hazard evaluation should be established in Korea. Further, the evaluation system should
meet the national regulations (three years of designation period as) temporary narcotics)

and the requirements by the UN and other advanced countries for designation of narcotics.

Neurotoxicity or dependency evaluation performed on animals has a limitation of
requiring a lot of samples, and thus a new assay for evaluation of toxicity and
pharmacological mechanism should be developed to overcome the limitation.

O Study in brief

Establishment of a new assay for evaluation of new narcotics of central nervous system
actions and dependency/abuse potential

- An electrophysiological measurement method using mouse tissues and neurons
derived from human stem cells, and a method for analyzing binding force and
function of mitochondria to narcotic receptors have been developed.

Establishment of new dependency test methods by utilizing various electrical

measurement methods on the existing neural cells and circuits
- An electrical measurement method using rat-derived primitive neurons has been established.

- An electrical measurement method using hippocampal slices and nucleus accumbens
slices has been established.

Establishment of stem cell-derived neurons for evaluation central nervous system
reactions to narcotics.

- Human stem cell-based cell lines for evaluation narcotics on central nervous system
actions have been established.
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- Human stem cell-based cell lines for evaluation of neurotoxicity/ dependency have
been established.

Establishment of methods for prediction of narcotic receptor binding affinity

- Non-radioactive receptor binding assay using Surface Plasmon Resonance (SPR) has
been established.

- Narcotic receptor binding affinity is evaluated using SPR.

Development of new test methods using analysis of mitochondria function

- The effect of narcotics on central nervous system is evaluated by analyzing

mitochondria function.

- Neurotoixicity and (or) dependency of narcotics are evaluated by analyzing

mitochondria function.

O Overview of the study outcome

The following pharmacology and toxicity test method of new narcotics on central nervous
system using neurons have been established: a new narcotics central neurotoxicity
and dependency test method using synapse; a novel test method based on mitochondria
function: and a novel SPR-based test method.

SPR (surface plasmon resonance) evaluation method for measurement of new narcotics

receptor binding affinity

- The method evaluates hazard of new narcotics by assessing their binding affinity to
receptors using SPR.

- Mitochondria function test method neurons derived from human pluripotent stem cells

- The method evaluates safety on new narcotics on neurons by assessing their effect
on the function of mitochondria in neurons derived from human pluripotent stem cells
(Glycolytic ATP production and Mitochondrial ATP production).

- Neuron activation level measurement method

- The method analyzes activation level of nuerons by confirming neuron excitation based on
the action potential measured by changes in membrane potential of Nat+ and K+ ion channels.

Method for measuring neurotransmitter release

- The method measures neurotransmitter glutamate release by analyzing membrane
potential changes of neuron synapse channels (NMDAR, AMPAR, and GABAR)
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Method for measuring disruption of dopamine receptor

- A sensor (GFAP104-GRABda2m) for measuring dopamine has been introduced to
investigate changes in GFP (green fluorescent protein) that incur during interaction
between dopamine and dopamin receptor.

Method for evaluating presynapse release using paired pulsed ratio

- The method confirms inhibition of neurotransmitter release by new narcotics by
analyzing paired pulsed ratio

In vitro dependency test method

- Dependency of new narcotics is evaluated by observing LTP (long term potentiation)
that regulates memory and learning. In addition, existence of dependency is determined
by observing increase in synapse AMPA receptor expression, a major mechanism of LTP.

- New narcotics test method using a synapse channel

- The method evaluates the effect of new narcotics on neurons by analyzing disruption
level of synapse channel based on glutamate release measurement.

[0 Excellence and advantage

Academic accomplishment: publication of papaers with 90% mrnIF

- The study provides the scientific basis and objectivity of MFDS safety management
skills and standard specifications by publishing high quality papers (2 papers with
94% and 80% mrnlF each)

* Digital selective transformation and patterning of highly conductive hydrogel bioelectronics by
laser-induced phase separation. SCIENCE ADVANCES. 2022. 8(23).

* An Octopus—derived pepetide with antidiuretic activity in rats. Marine drugs. 2022. 20.

SOP: While there is lack of research on neurotoxicity test methods for new narcotics
and narcotics, this study provides research basis to research institutes or laboratories
that newly perform neurotoxicity studies by establishing related test methods and

preparing SOPs.

Action mechanism: This study has become the first in the world to reveal the action
mechanism by which four temporary narcotics (4-EA-NBOMe, LY-2183240, DCMP,
AB-CHGFUPYCA) induce neurotoxicity.

For the temporary narcotics that cannot be designated as narcotics based the the results

from the existing test method (rodent behavioral test), their neurotoxicity test results

97



MFDS NAMs Report: Regulatory Acceptance and Research Outcomes

obtained in this study has been utilized to prepare technical report that provides scientific

basis for revision of Narcotics Control Act.

- This study provides a neuron-based test method for temporary narcotics that are
difficult to be tested by the traditional dependency test methods focused on
behavioral test including 4-EA-NBOMe, and LY-2183240

O Utilization of the outcome and its impact

Utilization of the outcome

- The data generated in this study is utilized as scientific basis for hazard evaluation

of new narcotics for designation of them as (temporary) narcotics.

- The basis that can be used in preparation of technical report for designation of
temporary narcotics (amendment to the enforcement decree of the Narcotics Control
Act) has been obtained.

Impact of the outcome

- The data generated in this study are utilized as raw data for evaluation of
neurotoxicity and dependency of narcotics. It is used as base data for the Narcotics

Control Act and contributes to public safety management.

- The SOPs on neuron-based toxicity test methods prepared in this study would help
research institutes or laboratories that newly adopt narcotics neurotoxicity test

methods.

Demonstration of excellence and reliability of MFDSs safety assessment methods

- The influx of new narcotics into Korea has emerged as a serious social problem,
amplifying public anxiety. Against this backdrop, this study provides preemptive
measures to safely and scientifically evaluate the new narcotics, which would respond

to the needs of the people and increase the public trust to the government agency.

- Since the 2000s, stem cells have been constantly attracting public attention with new
science and technology. Announcement of practical research using stem cells is
expected to contribute to increasing public trust to the MFDS while promoting the

excellence of the Ministry's research capabilities.
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O Performance of the study

10

1

12

Title

Digital selective transformation and patterning of
highly conductive hydrogel bioelectronics by
laser—induced phase separation.

Establishment of Neurotoxicity Assessment Using

Microelectrode Array (MEA) with hiPSC-Derived

Neurons and Evaluation of New Psychoactive
Substances (NPS).

Acute effects of 4-EA-NBOMe, 3, 4-DCMP,
LY-2183240 and AB-CHFUPYCA on the
excitability of rat cortical primary cultured neurons.

An Octopus—derived pepetide with antidiuretic
activity in rats

Anti-stress effects of octopus cephalotocin in rats.

Classifcation of advanced methods for evaluating
neurotoxicity

BAPTA, a calcium chelator, neuroprotects injured
neurons /n vitro and promotes motor recovery after
spinal cord transection in vivo

Development and validation of dual—cardiotoxicity
evaluation method based on analysis of field
potential and contractile force of human
iPSC-derived cardiomyocytes / multielectrode
assay platform

4-EA-NBOMe, an amphetamine derivative, alters

glutamatergic synaptic transmission through 5-HT
receptors on both C57BL/6 mouse and

Sprague—-Dawley (SD) rats (The Korea Society of
Toxicogenomics and Toxicoproteomics)

In vitro evaluation of new psychoactive substances
(NPS) by using synaptic channels (Korea Society
of Toxicogenomics and Toxicoproteomics)

In vitro evaluation of new psychoactive substances
(NPS) by using synaptic channels (Korean Society
of Toxicology)

Establishment of Advanced Multi-organoid Model
Based on Functional Characteristics (Korea Tissue
Engineering and Regenerative Medicine Society)

MFDS Performance Evaluation Standard

Type

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Performance Indicators

Number of papered
published in SCl-grade
journal

Number of papered
published in SCl—grade
journal

Number of papered
published in SCl—grade
journal

Number of papered
published in SCl—grade
journal

Number of papered
published in SCl—grade
journal

Number of papered
published in SCl-grade
journal

Number of papered
published in SCl-grade
journal

Number of papered
published in SCl—grade
journal

Number of publications
or presentations in
national workshops

Number of publications
or presentations in
national workshops

Number of publications
or presentations in
national workshops

Number of publications
or presentations in
national workshops
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13

14

15

16

17

18

19

20

21

22

23

100

Title

Establishment of advanced multi-organoid model
based on functional characteristics (Korean Society
for Stem Cell Research)

Establishment of next—generation
pharmacotocixity using iPS— derived neuron and
cardiomyocyte (Korean Society of Toxicologic
Pathology)

Establishment of next—generation
pharmacotocixity using iPS— derived neuron and
cardiomyocyte (The Organoid Society)

Evaluation of neurotoxicity and efficacy using in

vitro alternative model: hiPSC—derived mini brain

with multi-electrode array(Korean Society for
Alternative to Animal Experiments)

Generation of Human iPSCs Derived Heart
Organoids Structurally and Functionally Similar to
Heart (The Organoid Society)

Novel reversible effect of
N-(ortho-methoxybenzyl)-4-Ethylamphetamine
(4-EA-NBOMe) on the frequency of excitatory
postsynaptic currents from rat primary cortical

neurons and mouse medial prefrontal
cortex(Korean Society of Toxicology/Korean
Environmental Mutagen Society)

Reversible effect of
N-(ortho—methoxybenzyl)-4-Ethylamphetamine
(4-EA-NBOMe) on the frequency of excitatory
postsynaptic currents /n vitro and ex vivo (Korea
Society of Toxicogenomics and Toxicoproteomics)

Special features of
N-(ortho-methoxybenzyl)-4-Ethylamphetamine
(4-EA-NBOMe) on excitatory postsynaptic current
from rat primary cortical neurons (Korean Society

for Brain and Neural Sciences)

SPR (surface plasmon resonance) evaluation
method for measuring new narcotics receptor
binding affinity

iPSC-based method for measuring mitochondria
function

Method for measuring neuron activation

MFDS Performance Evaluation Standard

Type

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Improving testing,
investigation and
research capabilities

Improving testing,
investigation and
research capabilities

Improving testing,
investigation and
research capabilities

Performance Indicators

Number of publications
or presentations in
national workshops

Number of publications
or presentations in
national workshops

Number of publications
or presentations in
national workshops

Number of publications
or presentations in
national workshops

Number of publications
or presentations in
national workshops

Number of publications
or presentations in
national workshops

Number of publications
or presentations in
national workshops

Number of publications
or presentations in
national workshops

Number of test method
development

Number of test method
development

Number of test method
development



24 | Method for measuring Neurotransmitter release

25

26

27

28 | New narcotics test method using synapse channel

III. Development & validation of NAMs based on advanced technologies

Title

Dopamin receptor disruption level measurement

method

Pre—synapse release evaluation method using

paired pulsed ratio

In vitro dependency test method

MFDS Performance Evaluation Standard

Type

Improving testing,
investigation and
research capabilities

Improving testing,
investigation and
research capabilities

Improving testing,
investigation and
research capabilities

Improving testing,
investigation and
research capabilities

Improving testing,
investigation and
research capabilities

Performance Indicators

Number of test method
development

Number of test method
development

Number of test method
development

Number of test method
development

Number of test method
development
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O

Major accomplishment

1. Publication: Digital selective transformation and patterning of highly conductive hydrogel
bioelectronics by laser-induced phase separation

SCIENCE ADVANCES | RESEARCH ARTICLE

APPLIED SCIENCES AND ENGINEERING

Digital selective transformation and patterning
of highly conductive hydrogel bioelectronics by

laser-induced phase separation

Daeyeon Won'2t, Jin Kim**t, Joonhwa Choi'?, HyeongJun Kim®, Seonggeun Han'?, Inho Ha'?,
Junhyuk Bang"z. Kyun Kyu Kim'2, Youngseok Lea'?, Taek-Soo Kim®, Jae-Hak Park’,

C-Yoon Kim**, Seung Hwan Ko'25*

Copyright € 2012

The Authors, some
rights rasenved;
BXCIUSIVE licansae
American Association
for the Advancement
of Science. Mo dalm to
original LS. Gvemment
Works. Distributed
undera Creztive
Commans Attribution
Licanse 4.0 (CC BY)

The patterning of poly(3.4-ethylenedioxythiophene):polyistyrene sulfonate] (PEDOTPSS) hydrogels with excellent
electrical property and spatial resolution is a challenge for bleelectronic applications. However, most PEDOT:PS5
hydrogels are fabricated by conventional manufacturing processes such as photolithography, Inkjet printing, and
screen printing with complex fabrication steps or low spatial resolution. Moreover, the additives used for fabricating
PEDOT:PSS hydrogels are mostly cytotoxic, thus requiring days of detoxification. Here, we developed a previously
unexplored ultrafast and blocompatible digital patterning process for PEDOT:PSS hydrogel via phase separation
Induced by a laser. We enhanced the electrical properties and agueous stabllity of PEDOT:PSS by selective laser
scanning, which allowed the transformation of PEDOT:PSS Into water-stable hydrogels. PEDOT:PSS hydrogels
showed high electrical conductivity of 670 S/cm with 6-pm resolution in water. Furthermore, electrechemical
properties were maintalned even after 6 months In a physiological environment. We further demonstrated stable
naural signal recording and stimulation with hydrogel elactrodes fabricated by laser.

INTRODUCTION

Engineering conductive hydrogels with excellent electrical properties
and aqueous stability is important for developing electrode materials
that are of broad interest to rescarch ficlds such as bioclectronics
(1), e-skin (2), and energy devices (3). In bioelectronics, achieving
tissue-like mechanical properties and retaining their electrical con-
ductivity under strain in physiological environments are crucial for
electrode materials to interface with elastic soft tissue in a long-term
operation (4, 5.

Hydrogels fabricated by conducting polymers [e.g., polypyrrole,
polyaniline, and poly(3.4-cthylenedioxythiopheneh:polystyrene
sulfonate (PEDOT:PS5)] are promising electrode materials (1) owing
to superior softness, stretchability, and dectrochemical stability to
metal (Au and Pt) (6, 7} and oxide materials {Ir0x and RuO) (6) in
physiclogical environments. In particular, conductive hydrogels
consisting of PEDOT:P55 have attracted the most attention due
to their unigque electrical and ionic dual conductivity and excellent
biocompatibility. However, PEDOT PSS is disadvantageous for long-
term operation in contact with biological tissues as it suffers from a
relatively high Young's modulus (1 to 2 GPa), low stretchability
{~2% strain) (8) duc to the brittle PEDOT-rich domain, and water
instahility due to the hydrophilic P55-rich domain. To transform
PEDOT:PSS into water-stable soft hydrogels, phase separation

'St Robotics Ressarch Center, Seoul National University, 1 Gwanak-ro, Gwanak-gu,
Seoul 08826, Republic of Korea. *Applied Nano and Thermal Science Lab, Department
of Mechanical Engineering, Seoul Mational University, 1 Gwanak-ro, Gwanak-gu,
Sepul 0862€, Republic of Korea. *Laboratory Animal Medicine, Collegs of Veternary
Medicine, Seoul Mational University, 1, Geanak-ro, Gwanak-gu, Secul 08826, Republic
of Korsa_ *Collage of Vieterinary Medicine, Konlkuk University, 120, Neungdong-ra,
Gwangjin-gu, Seoul 05029, Republic of Korea. *Department of Machanical Engi-
neering, Korea Advancad Institute of Science and Technology (KAIST), Dagjeon
34141, Republic of Korea. *institute of Advancad Machines and Dasign/Institute of
Enginaering Research, Seoul National University, Seoul 08826, Republic of Korea.
*Comesponding author. Email: maxkogsnu.ac ks (G HI; vivevet@konkuleackr [C-YK )
tThese authors contributed equally to this work.
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methods that properly redistribute the networks between the con-
ductive and hydrophabic PEDOT -rich domain and the soft and
hydrophilic F55-rich domain have been develaped (4, 9-17). Far
phase separation, sulfuric acid or ionic liguids with strong ionic
strength were usually introduced to break the ionic bond between
positively charged PEDOT (PEDOT') and negatively charged PSS
(P557) and rearrange the networks between them (4, 9- 14). Subsequent
dry annealing was able to physically interconnect the PEDOT-rich
domain that made the PEDOT:P5S hydroge stable in aqueous en-
vironments. However, the additives were harmful to living tissues,
thus requiring posttreatment of washing with water for several days
before usage (4, 9, 11-14). For phase separation, a strong electric field
was also applied with several hours of thermal annealing in a state
where the jonic bond between PEDOT and PSS was weakened by
additives {15-17). Even after tedious and lengthy postprocesses, the
hydrogels in previous studies had a low electrical conductivity of
less than 200 5/cm when fully swollen in the dectrolyte.

Despite the promising properties of PEDOT:P55 hydrogels,
patterning them with a high spatial resolution is another major
challenge for bioelectronic applications. Various printing methods
[e.g.. inkjet printing, screen printing, and three-dimensional {30}
printing] (13, 14, 18, %) were developed by mixing additives into
PEDOT:PSS aqueous solution that can induce phase separation
for transformation into hydrogels. However, most of the studies
showed low spatial resolutions of over 100 pm and required a long
detoxification process to remove cytotoxic additives. Processes to
change the physical properties of PEDOT:PS5 by irradiating a light
source have also been attempted (4, 20, 2[). The incorporation of a
photo—cross-linkable monomer has been tried, but a nonconductive
monomer could reduce the conductivity of PEDOT:PSS hydrogel
(4, 20). Supplying infrared photons to selectively remove P55 shell
for conductivity enhancement has been introduced (21); however,
it could not induce physical aggregation of PEDOT-rich domain,
which cannot assure aqueous stability in physiclogical environments.

Tof12
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2. Publication: Establishment of Neurotoxicity Assessment Using Microelectrode Array (MEA) with

hiPSC-Derived Neurons and Evaluation of New Psychoactive Substances (NPS).

eI5EN 20055447
International Journal of Stem cells wol. 15, Mo 3, 2022 hitps:/doi.org/10.15283/ijsc21217

ORIGINAL ARTICLE

Establishment of Neurotoxicity Assessment Using Microelectrode
Array (MEA) with hiPSC-Derived Neurons and Evaluation of
New Psychoactive Substances (NPS)

Kyu-ree Kang™*, C-Yoon Kim'™*, Jin Kim®, Bokyeong Ryu’, Seul-Gi Lee, Jieun Baek’, Ye.Ji Kim',
Jin-Moo Les’, Yootmo Lee’, Sun-Ok Choi®, Dong Ho Woo', I Hwan Park®, Hyung Min Chung’

. “Department of Stem Cell Biology, School of Medicine, Fonkuk Unsversity, Seoul, Fovea
s “Department of Phystolagy, College of Veterninary Medicine, Eonkuk Umiversity, Seoul, Korea
‘Depariment of Laboratory Amimal Medicine, Gollege of Veterinary Medicine, Seoul National Urisersizy, Seoul, Forea
i ‘Dmg Abuze Research Group, Research Genter of Convergence Toxicology, Eovea Fstinute of Toxicolozy, Daejeon, Korea
“Pharmacoozical Research Division, Toxicolopical Evaluation and Research Department, Nanonal Fnstitute of Food and Drug Safery
Evaluation, Mimstry of Food and Drug Safety, Cheongpu, Korea
Eﬂeprmm af Thorace and Cardrovascular Surgery, Yomser University Wompn College of Medicene, Womgn, Koren

Background and Objectives: Currently, safety pharmacological testz for the central servous system depend on animal
behavioral analysiz. Howeever, due to the subjectivity of behawioral analyziz and differences between species, there iz
2 limit to appropriste nervous system tomicity assessment, therefore 3 new nenrotosdcity assessment that can simulate
the homan central mervous system iz required.

Methods and Results: In cur study, we developed an s wifre neurotoxicity assessment focusing on newronal function.
To minimize the differences between species and fast screening, hiP3C-derived neurons and a micmoelectrode array
(MEA) that could simultaneously measure the action potentials of the newronal networks were used. After analyzing
the mofecnlar and electrophysiological characters of our neuronal network, we conducted 3 neurotocicity assessment
ofl QeNrotransmitiers, oeurobaxdcants, illicit drogs, and new poychoactive substances (WPS). We found that mest sub-
stances used in oo experiments rezponded more zensitively to our MEA-based neurctoccicity azsessment than to the
comventional neurotoccity aswessment. Also, this is the first paper that evaluates vatons illicit dmgs and NP3 using
MEA-bazed neurotomicity assessment uzing MPSC-derived neurons

Condusions Cur ztudy expanded the scope of application of neurotomicity asseszment using hiPSC-derived neurons
to WPE, and sccomulated evaluation data of various tomic substances for hiPSC-derived neurons.

KEeywonds: Nenmotomicity assessment, Microelectrode armay, iP3C-derived pewon application, Ilicit drugs, New peychoactive
subatance
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3. Publication: Acute effects of 4-EA-NBOMe, 3, 4-DCMP, LY-2183240 and AB—-CHFUPYCA on the
excitability of rat cortical primary cultured neurons

Molecular & Cellular Touboology
https=/idol.ongs 10.1007/513273-022-002 24-2

ORIGINAL ARTICLE m

Acute effects of 4-EA-NBOMe, 3, 4-DCMP, LY-2183240
and AB-CHFUPYCA on the excitability of rat cortical primary cultured
neurons

Hyun-A Oh" . Jong-Hwa Lee' . Dong Ho Woo'

Accapted: 26 lanuary 2022
© The Authoris) under exclusive licence to The Korean Soclety of Toxcogenomics and Taxlcoprotecmics 2022

Abstract

Background Various methods to evaluate the effect of new psychoactive substances (NPSs) on the central nervous system
(CNS) are available, but they ans not sufficient. There is an urgent need for a method to measure and analyze the effect of
NPS on the CNS for scientific rescarch.

Objectives We investigated whether seven psychoactive substances (PSs) affect the excitability of rat cortical culture neurons
by counting the number of action potentials (APs) in current clamp modes.

Results Incubation with Meth, THC, LY2183240 and AB-CHFUPYCA for 2 min increased the number of APs; in contrast,
incubation with & EA-NBOMe and CMP reduced the number of APs. Cocaine did not show any effects on the number of APs.
Conclusion Acute treatment with PSs changed newral excitability as evidenced by the number of APs. Owr data provide
scientific evidence that acute PS5 exposure can affect the CINS.

Keywords Mew psychoactive substance - Meth - £ EA-NBOMe - 3, &-DCMP - THC - LY-2183240 - AB-CHFUPYCA -

Cocaine - Rat primary cortical neurons
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Abstract: Discovering new drug candidates with high eficacy and few side effects 1s.a major challenge
in new drug development The two evelubionarily related peptides axytocm (OXT) and argimine
vasopressin (AVE) are known o be associated with a vanety of physiological and psychological
processes via the association of OXT with three types of AVP teceplors. Over decades, many synthetic
analogs of these peptides have been designed and tested for therapeutic apphcations; how ever,
only a few studies of their natural analogs have been performed. In thes study, we inveshgated
the bioactivity and wsefulness of two natural OXT/AVF analogs that onginake from the marine
mvertebrate Octopis melgars, named octopressin (OTF) and cephalotocin (CPT). By measuring the
intracellular Ca®* or cydic AMP meease m each OXT,/ AVF rece ptor subty pe—ovenexpressing cell, we
found that CPT, but not OTE, acks as a selective agonist of human AVF type 1b and 2 seceplors. Thas
behavior is remimscent of desmopressin, the mest widely prescribed antidiusebic drug i the world
Sumilar to the case for desmopoessin a single intravenous tail igection of CPT mto Sprague-Dawley
rats freduced wrine outpul and meseased urinary csmoelality. In conclusaon, we suggest that CFT has a
significant anbidiusetic effect and that CPT maght be beneficial for reating urological conditions such
as nocturia, enufesis, and diabetes nsiprdus.

Keywords cephalotoan; oclopressin; anbdiune e octopus; vasopressin

1. Introduction

Oxytocin (OXT) and arginine vasopressin (AVF) are nonapeptides that are well known
as a uterine-contracting hormone and an antidiuretic hormone, espectively. The genes
enceding these two peptides are usually located close to each other on the same chromo-
some and ame thought to have arisen through the duplication of an ancestral gene, named
vasotocin [1]. Consequently, the two active nonapeptides ame very similar in structure
in terms of internal disulfide bonds and amidated C-termini [2,3]; only two amino acids,
at positions 3 and 8, distinguish OXT and AVFE. Once secreted from the posterior pitu-
itary into the bloodstream, these peptide hormones exert their actions via one oxytocin
receptor (OXTR) and three vasopressin receptors (V1aR, V1bE, and V2R), which are differ-
entially expressed in various tissues [4]. In addition to their emerging roles in sociality and
emotion [5] these hormones have physiological consequences, including uterine con-
traction and breast milk ejection via OXTR [6], vasoconstriction and platelet aggregation
via V1aR (also called VIR), pituitary adrenocorticotropic hormone secretion in esponse
to stress via VI1bR (also called V3R), and antidiuretic water reabsorption in the kidney
via V2R [7]. Inappropriate receptor activation leads to diseases and medical conditions
associated with the various physiological processes described above [6,7].

M. Drugs 2022, H), 328 https:// doiorg/ 103350/ md 20050328
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Anti-stress Effect of Octopus Cephalotocin in Rats

Ye-Ji Kim'?, Seonmi Jo’, Seung-Hyun Jung’ and Dong Ho Woo'**
'Research Center for Convergence Toxicology, Korea Instituie of Toxicology, Daejeon 34114,
*Department af Human and Environmental Toxicology, University of Science and Technology, Dagjeon 34114,
*Department of Genetic Resources, National Marine Biodiversity Institute of Korea, Seocheon 33662, Korea

Cephalotocin is 2 bivactivity-regulating peptide expressed in octopus (Chctoprs visfrans). The peptide sequence of cephalotocin is very similar to
the peptide sequence of mammalian vasopressin, and cephaltocin has been proposed to mainly activate arginine vasopressin 1b receptor (Avprib)
in the brain. However, the effects of cephalotocin on mammalian behavior have not been studied. In the current study, cephalotocin significantly re-
duced both the frequency and amplitude of spontaneous excilatory postsynapitic currents (sEPSCs) recorded from not only coltured newronal cefls
from postnatal Sprague- Dawley (S0 rats but also hippocampal slices from 4-week-old male (57BL/6 mice. Intraperitonesl (IF) injection did not
affect the open field behaviors of C57BL/G mice Cephalotocin was directly infused into the hippocampus because the normalized Avprib staining
intensity divided by the DA PI staining intensity indicated that Avprib expression tended to be high in the hippocampus. A hippocampal infusion
of 1 mg/kg cephalotocin via an implanted canmula exerted an anti-stress effect, significantly reducing the immobility time in the til suspension
test (TST). The present results provide evidence that the effects of cephalotocin on the activity of hippocampal neurons are refated to ameliorating
stress, suggesting that cephalotocin may be developed as an anti-stress biomodulator that functions by affecting the brain.

Key words: Cephalotocin, S13 rat, Tail suspension test, sEPSCs, Intrahippocampal infusion

INTRODUCTION

Arginine vasopressin { Avp) is an important regulator of stress.
Vasopresan-deficient Bratilehoro rats have been shown to exhibit
lower stress levels than wild-type rats in a 5 min forced swim test
but not after a 15 min test, suggesting that Avp is strongly cor-
related with stress regulation [1]. The Avp 1a receptor {Avprla) is
related to vascular modulation [2, 3], the Avp 2 receptor (Avpr2)
is related to renal duct water reabsorption [4], and the Avp 1b
recepior (Avprlb or V3R) is related to stress regulation. Avprib
plays key roles in social memory, aggressive behavior and stress
responses [5]. An acute 38T treatment increases the blood Avp
levels and decreases Avprlb protein cxpression, suggesting that
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Awprlb is strongly related to stress regulation [6].fn giw hybndiza-
tion histochemistry (ISHH) and RT-PCR have provided evidence
suggesting that Avprlb transcripts are expressed in the hippocam-
pal CA3,CA2 and CAl regions [7].

The sequence of an octopus-orginated peptide, cephalotocin
(CPT), 15 similar to that of Avjp and exytocn. CFT has the poten-
tial to interact with the human oxytocin receptor and the vaso-
pressin receptor. The 397 amino acid sequence of the receplor of
CPT shares dose homology with the receptor of vasopressin and
is a potential Gg protein-coupled receptor that activates Ca®-
activaled Cl' currents in the Xenopus oocyle expression system [B].
Thus, CPT is a potential aponist of cxytocin and vasopressin re-
ceptors, CPT has the potential to interact with the vasopressin re-
ceptor for two reasons. First, CPT vanies from Avp only in the 4th
and 9th amino acids and exhibits 78% sequence homology with
oxytocin and vasopressin [9]. Sccond, Avp treatment increases the
number of action polentials from CA pyramidal neurons in hip-
pocampal slices by blocking the G protein-gated mwardly rectify-
ingg potassium (GIRK) channd and increases glutamate release in
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Abstract

Purpose of review As fields such as nearotoxicity evaluation and neuro-related drug research are increasing in popularity,
there is a demand for the expansion of nearstoxicity research. Corrently, neurotoxicity is assessed by messuring changes
in weight and behavior. However, meassurement of such changes does not allow the detzction of subtle and inconspiconas
neurstoxicity. In this review, methods for advancing neurotoxicity research are divided into molecule-, cell-, circwit-, and
anirsal model-based methods, and the results of previous studies assessing neurotoxicity ane provided and discussed.
Recent findings In coming decades, cooperation between universities, national research institutes, industrial reseanch insti-
ttes, governments, and the private sector will bacome necessary when idemtifying alternative methods for neursioxicity
evaluation, which is a current goal related v improving newrotoxicity assessment and an appropriabe approach 1o neuroiogicity
prediction. Many methods for messuring nearotoxicity in the field of neuroscience have recently been reported. This paper

classifies the supplementary and complementary experimental messures for evaloating newrotoxicity.

Keywords Mewrotoxicity - Synapse - lon channel - Synaptic plasticity - Electrophysiology - Imaging

Introduction

Agcording to a global burden disease study. from 1990 1o
2016, there was a 29.9% increase in years lived with disabil-
ity (YLDs) for subjects with bipolar disorder (from 3764 1o
4891 YLDs in thousands), a 65.6% increase for dementia
{from 360.8 1o 397.6 ¥YLDs in thousands), a 13.6% increase
for alcohol-related disorders {from 5582 0 633.9 YLDs in
thousands). a 36% increase for schizophrenia (from 503.3
to GR5.2 YLDs in thousands), a 30.5% increase for opioid
s disorders (from 1256.2 to 16389 YLDs in thousands), a
30.8% increase for anxiety disorders {from 1341.7 w 17550
YLDs in thousands)y, a 27.2% increase for migraine {from
15803 (o 2010.1 YLDs in thousands), and a 27.0% increase
fior major depressive disorder (from 1726.2 10 2193.0 YLD
in thousands) (Collaborators, US B.oD. et al. 2018).
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Meuromodulation technologies are required for the
asassament of treatments and drugs administered for various
discases. Such technologies are nsed to improve cognition
in stroke or derentia patients, aid recovery from mental ill-
ness, and rapadly assess the effects of drgs.

Current methods used 1o measune newrotoxicity involve
asaessing the effects of drugs on the central nervous system
{CMS) by evaluating behaviors. However, behaviors reprz-
sent many physiological functions and therefore cannot be
vaed o assess specific neurmonic effecta. As many sud-
ies in neuroacience are being performed, various methods
for measuring neurotoxicity are being developed. Systems
biology, bioinformatics. and rapid assay technologies may
be alternatives w the existing behavioral tests (Gilbb 2008 ).
Methods for assessing the risk of neurotoxicity are shifting
from traditional animal woxicity wsis o varions mechanistic
siudies designed to clarify the toxicity mechanism and iden-
tify techniques for coping with the adverse effects of toxic
substances (Krewski et al. 2009, In this paper, we present a
classification system for various methods thar may be used
b ESSESS MEUroloXiciny.

In newroscience, the mechanizms underlying the conpec-
tions between various circuits were established through the
study of synapses. For example, the memory and learning
peocesses can be explained by long-term and shor-term

€l Springer
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Abstract

Alm: Despite animal evidence of a role of calcium in the pathogenests of spinal cord
injury, several studies conducted in the past found calcium blockade ineffective,
However, those studles involved oral or parenteral administration of Cas+ antago-
nists. We hypothesized that Ca++ blockade might be effective with local/immediate
application [L1A) at the time of neural injury.

Methods: In this study. we assessed the effects of LIA of BAPTA (1,2-bis
{o-aminaphenaoxy) ethane-N, M, N, N'-tetraacetic acid], a cell-permeable highly selec-
tive Ca++ chelator. after spinal cord transection (SCT} in mice over 4 weeks., Effects
af BAPTA were assessed behaviorally and with immunchistochemistry. Concurrently,
BAPTA was submitted for the first time to multimodality assessment in an in vitro
maodel of neural damage as a possible spinal neuropratectant.

Results: We demonstrate that BAPTA alleviates neuranal apoptosis caused by physi-
cal damage by inhibition of neuronal apoptosis and reactive owygen species [ROS]
generation. This translates to enhanced preservation of electrophysiclogical function
and superior behavioral recovery.

Concluslon: This study shows for the first time that local/immediate application of
Ca++ chelator BAFTA is strongly neuroprotective after severe spinal cord injury.

KEYWORDS
calcium, locomotor recovery, neuronal apoptosis, cridative stress, spinal cord injury
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ARTICLE INFO ABSTRACT

Artivie Risnory: A recent R wiro cardivasoular safety pharmacology test uses cardiamyocytes derived from human
Reeceived 22 Febrairy 1021 induced pluripotent stem cells (hEPSCs) to overcome the limitations of the classical test systems, such as
Acrepted & Mapch 2021

species differences and Jocal channel analysis. The Comprehensive in vitro Proarchythmia Sssay [CiPAY is
a new proarthythmia screening paradigm proposed by a CiPA steering expert group, which essentially
regquires iPSCs derived candiomyocyie-basedl electrophyssological evaluation technalogy, Moreseer, the

Available online 1| Apnl 2021

f::‘d"::‘: e measurement of the contractile foroe is also emerging a5 an important parameber to recapitulate non-
Fiekd anul proarrhythimic cardiomomiciny. Therefore, we constrieted an multicleorode assay (MEA) evaluation
Conracrilicy method that can measure the electrophysiological changes with & reference drogs in hiPSC-derived
Wailtislrstioshe sy cardiomyooytes. Subsequently, it was confirmed that the electrophysiological were changed in acoor-
LCardiotosicity danoe with the mechanism of action of the drugs. Furthermore, based on the multi-probe impedance, we
confirmed the decrease in comtractile foroe due to treatment with drugs. and developed a platform to
evaluate cardiotondcity according to drugs along with field potential changes. Qur excitation—contraction
coupling cardioboxicity adsessment i considered o be more supportive in cardiac safery studies on

pharmacologic senstivity by complementing each assessment parameter.
& 2021 Elsevier Inc. All rights reserved
1. Introduction 2013 were responsible for serious cardsovascular sicde effects | 2], In

For the development of new drugs, the process of identifying
adverse drug reactions (ADRs) is essential, and many potential
candidate drugs fail because of their side effects. Cardiotoxicity is
one of the major causes of drug withdrawal from the market and
more than 2000 post-market drugs, including anticancer drugs aned
antibiotics on the market, were found to have cardiae ADNS | 1], 14%
of the 462 drugs withdeawn from the marker between 1953 and
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particular, not enly an acute effect but also a chronie effect with
delayed onset may occur in the case of cardiotoxicity. Therelore,
even after passing through preclinical screening, toxicity may be
confirmed in phase 2 and phase 3 clinical trials or after being
released into the market | 3], Therefore, evaluating potential cardiac
tolcity is an important parameter In the drug marker.

In thas context, the International Conlerence for Harmonization
(ICH) presented guidelines 578 and E14 in 2005, ICH 578, a
guideline for evaluating nonclinical cardiac toxicity, 15 based on
ventricular repolarization (T interval prolongation] in cell lines
transfected with human Ether-a-go-go-Related Gene [hERG) or in
cardiomyocytes [CW5) isolated from animals or humans. ICHEIT, a
clinical trial guideline, analyzes the thorough QT/QTe study o
evaluate the ardythmia-inducing effects of non-antiarrhythmic
drugs [4]. By pre-screening through the application of the above
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Latest studies on NAMs and their
I V regulatory acceptance

@ Study on development of OECD skin sensitization test method using
nanomaterial

@ Development of mitochondria-targeted toxicity evaluation method

© Development of alternative developmental neurotoxicity evaluation
technology using stem cells

@ Study on evaluation of drug interaction using big data and machine
learning

@ Study on establishment of big data-based model for prediction of drug
cardiovascular safety







IV. Latest studies on NAMs and their regulatory acceptance

Latest studies on NAMs and their regulatory acceptance

The Ministry of Food and Drug Safety (MFDS) has put effort into regulatory acceptance
of NAMs by participating in the development of OECD Test Guidelines and working
groups including OECD Expert Groups, Working Party on Manufactured Nanomaterials
(WPMN) and Advisory Group on Emerging Science in Chemical Assessment (AG ESCA).

In particular, as the use of nanomaterials with advancement of nanotechnology as
well as the used of chemicals including cosmetic ingredients and medical devices have
been increasing, MFDS has been working with overseas organizations to perform joint

study on nanomaterials and to revise related test guidelines.

MFDS has developed NAMs applicable to medical devices as well as conducted studies

on new methods for regulatory implantation.

MFDS has been committed to reducing the use of laboratory animals and increasing
predictivity by, for example, building a system for prediction of the results of drug

interaction using bid data in order to reduce adverse effect caused by pharmaceuticals.
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Study on development of OECD skin sensitization test method using

nanomaterials
S”(;?e.“’.'s'“g Toxicological Research Division of NIFDS
ivision
Type Internal Project
Title Study on enhancing international cooperation and infrastructure for development of toxicity
test methods
[0 Background for the study

O

114

The OECD constantly publishes and revises Test Guidelines and Guidance Documents
that reflect advanced technologies and animal welfare to support the mutual acceptance
of data (MAD). Korea has participated in the meetings of OECD expert groups and

WNT to provide inputs for publication and revision of the documents.

As the use of nanomaterials is increasing with the development of nanotechnology, a study

that informs the revision of toxicity test methods for evaluation of nanomaterials is necessary.

MFDS has performed research on safety assessment of nanomaterials since the late
1990s and produced sufficient toxicity data on nanomaterials by performing target
organ toxicity tests. The paradigm of nanotoxicity research has shifted to development
of evaluation method using nanomaterials since the mid 2010s, and research keeping

pace with the change is necessary.

MFDS has conducted a joint study with the Swiss Federal Office of Public Health (FOPH)
on the properties of nanomaterials in order to revise Test guideline 442D (in vitro

skin sensitization test). The SPSF (Standard Project Submission Form) on the revision
was adopted by the OECD in April, 2019.

International joint study on incorporation of nanomaterials properties to skin
sensitization test methods was conducted and the draft updated Test Guideline was
prepared to include considerations for toxicity test methods using nanomaterials based

on the study outcome.

Study in brief

Demonstration of scientific basis to update OECD Test Guideline to incorporate testing

of nanomaterials.



IV. Latest studies on NAMs and their regulatory acceptance

- The draft OECD Test Report (project number 4.133 led by Switzerland) was accepted
by the OECD WNT in April 2023.

- The results we presented was accepted as the scientific basis for the OECD Study Report.

O Overview of the study outcome

Major accomplishment: Presenting scientific basis to incorporate testing of manufactured
nanomaterials into OECD Test Guideline and enhancing Korea’'s profile in the world

by carrying out international joint study.

Main outcome
- OECD acceptance: OECD WNT acceptance of the OECD Test Report in April 2023.

- Scientific outcome: Publication of 7 papers in SCI-grade journals and presentations

of 5 posters (awarded as outstanding poster)

- Social outcome: Participation in various international conference including OECD
WNT, WPMN, etc.

- Technocal outcome: Monitoring of the skin sensitization tests (OECD TG 442) using

nanomaterials

[0 Excellence and Advantage

Exellcence: Establishment of skin sensitization test method for nanomateiral skin

exposure

- Risk assessment tests have been conducted using the clinical route of nanomaterial
exposure, but few research has addressed toxicity caused by nanomaterial skin

exposure.

- The international joint study with Swiss FOPH helped establish scientific basis for
the revision of OECD TG to incorporate nanomaterials properties to the skin
sensitization test methods in the TG and risk assessment methods for nanomaterial

skin exposure.

Advantage: Establishment of scientific basis for acceptance of OECD Test Report

- Since the mid 2010s, global paradigm of nanotoxicity research has moved towards
development of nanomaterial assessment methods and many related studies have

been performed.
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- In particular, various studies to develop or revise test methods for nanomaterials
that can by accepted in globally harmonized test guidelines have performed. We
carries out an international joint study with Swiss FOPH to update OECD TG to extend

the applicability of the skin sensitization test methods to nanomaterials.

- The data generated in this study has provided the scientific basis for the approval
of OECD Test Report.

O Utilization of the outcome and its impact

Establishment of the major scientific basis for preparation of the Test Report for OECD

skin sensitization test methods incorporating nanomaterials properties.

- The international joint study produced scientific and professional data to support
nanomaterials toxicity (skin sensitization) assessment. Based on the data, Test Report
of OECD skin sensitization test methods extending the applicability to nanomaterials
has been prepared. The study outcome is expected to enhance practical use of the

methods and have influence related national and global industry and academia.

Improvement of the national profile through international cooperation and

reinforcement of the infrastructure for toxicity tests

- Exchange of regulations and research trend related to safety of nanomaterials, etc.
at international meetings including OECD WNT and WPMN strengthened national
competitiveness in development of nanomaterials safety evaluation methods and

international standards and improved national profile.
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O Performance of the study

—_

w

10

"

12

13

14

= MFDS Performance Evaluation Standards
itle
Type Performance Indicators

Encouragement of
Draft updated TG442D-KeratinoSensTM  practical use by policy TG proposal
improvement, etc.

Encouragement of
Draft updated TG442Eh-cLAT practical use by policy TG proposal
improvement, etc.

Encouragement of
practical use by policy TG proposal
improvement, etc.

Draft updated TG442B-LLNA:BrdU-FCM
(skin sensitisation testing of nanomaterials)

Promotion and
dissemination of research
outcome

35th Annual Meeting of KSOP/KEMS best
workshop poster

Education and promotion
of research outcome

Promotion and
2020 MFDS best R&D project-Tst prize winner dissemination of research
outcome

Education and promotion
of research outcome

Promotion and Education and promotion

KSOP best workshop poster dissemination of research
of research outcome
outcome
KSTP best workshop poster-The research of Promotion and . .
- L . . N Education and promotion
toxicity and sensitization potential of dissemination of research of research outcome
PEGylated Silver and Gold Nanomaterials outcome
Promotion and Education and promotion
KSTP best workshop poster dissemination of research P
of research outcome
outcome
Promotion and Education and promotion
2021 MFDS best R&D project—1st prize winner| dissemination of research P

of research outcome

outcome
Skin sensitisation testing of metal Building on expertise in
nanoparticles (3 test areas, 7 items, and 21| testing, research and Monitoring
cases) investigation

2 Building on expertise in

Skin sensitisation testing of nanomaterials ( testing, research and Monitoring

test areas, 6 items and 19 cases)

investigation
Skin sensitisation testing of nanomaterials | Building on expertise in
(OECD TG442D)(1 test areas, 13 testing, research and Monitoring
items and 13 cases) investigation
Skin sensitisation testing of nanomaterials | Building on expertise in
(OECD TG442E)(1 test areas, 5 testing, research and Monitoring
items and 5 cases) investigation

Skin sensitisation testing of nanomaterials | Building on expertise in
(OECD TG442B)(1 test areas, 10 testing, research and Monitoring
items and 10 cases) investigation
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15

16

17

18

19

20

21

22

23

24

25

26

27

28

118

Title

Participation in the 11th OECD EAGMST
Meeting

Participation in the 18th OECD WPMN Meeting
and Seminar

Participation in the OECD WNT30 and review
of draft TGs

Participation in the 14th OECD EAGMST
Meeting

Participation in the 21st OECD WPMN

Participation in the OECD WNT33 and review
of draft TGs

Copper and Cobalt lons Released from Metal
Oxide Nanoparticles Trigger Skin Sensitization

Effect of Pulmonary Inflammation by Surface
Functionalization of Zinc Oxide Nanoparticles

Evaluation of the Skin Sensitization Potential
of Carbon Nanotubes Using Alternative /n Vitro
and /n Vivo Assays

Evaluation of the skin sensitization potential
of metal oxide nanoparticles using the
ARE-Nrf2 Luciferase KeratinoSensTM assay

Flow cytometric evaluation of the potential of
metal oxide nanoparticles for skin sensitization
using b-Bromo-2-deoxyuridine

Colony-Forming Efficiency Assay to Assess
Nanotoxicity of Graphene Nanomaterials

Skin Sensitization Evaluation of
Carbon - Based Graphene Nanoplatelets

Six-well plate—based colony-forming efficacy
assay and Co-Culture application to assess
toxicity of metal oxide nanoparticles

MFDS Performance Evaluation Standards

Type

Improvement of
international
competitiveness

Improvement of
international
competitiveness

Improvement of
international
competitiveness

Improvement of
international
competitiveness

Improvement of
international
competitiveness

Improvement of
international
competitiveness

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Performance Indicators

International exchange
and cooperation (e.g.
signing of MOU, etc.)

International exchange
and cooperation (e.g.
signing of MOU, etc.)

International exchange
and cooperation (e.g.
signing of MOU, etc.)

International exchange
and cooperation (e.g.
signing of MOU, etc.)

International exchange
and cooperation (e.g.
signing of MOU, etc.)

International exchange
and cooperation (e.g.
signing of MOU, etc.)

Publication of papers in
SCO-grade journals

Publication of papers in
SCO-grade journals

Publication of papers in
SCO-grade journals

Publication of papers in
SCO-grade journals

Publication of papers in
SCO-grade journals

Publication of papers in
SCO-grade journals

Publication of papers in
SCO-grade journals

Publication of papers in
SCO-grade journals



29

30

31

32

33

34

35

36

37

38

39

40

Title

Skin Sensitization Potential and Cellular
ROS-Induced Cytotoxicity of Silica
Nanoparticles

The Research of Toxicity and Sensitization
Potential of PEGylated Silver and Gold
Nanomaterials

Evaluation of metal nanoparticles on skin
sensitization using OECD TG442B

Evaluation of the skin sensitisation potential
of TiO2 and ZnO nanoparticles using the OECD
skin sensitization test guideline

Evaluation of nanomaterials by shape
difference on skin sensitization using OECD
TG 442B

Evaluation of the skin sensitization &
histopathological analysis by titanium oxide
nanoparticles

Evaluation of the skin sensitization potential
of Carbon Nanotubes using alternative
methods

Overview of skin sensitization AOP for titanium
oxide (TiO2) nanoparticles

Comparison of skin sensitization potential of
metal nanoparticles and metal ions using
OECD TG442B (LLNA: BrdU-FCM)

Copper and Cobalt lons Released from Metal
Oxide Nanoparticles Trigger Skin Sensitization

Evaluation of the Skin Sensitization Potential
of Silica nanoparticles using /n vitro and in vivo
assay

Skin Sensitization Potential and Cellular
ROS-Induced Cytotoxicity of Silica
Nanoparticles

IV. Latest studies on NAMs and their regulatory acceptance

MFDS Performance Evaluation Standards

Type

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Performance Indicators

Publication of papers in
SCO-grade journals

Publication of papers in
SCO-grade journals

Publication or
presentation in national
workshops

Publication or
presentation in national
workshops

Publication or
presentation in national
workshops

Publication or
presentation in national
workshops

Publication or
presentation in national
workshops

Publication or
presentation in national
workshops

Publication or
presentation in national
workshops

Publication or
presentation in national
workshops

Publication or
presentation in
international workshops

Publication or
presentation in national
workshops
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Copper and Cobalt lons Released
from Metal Oxide Nanoparticles
Trigger Skin Sensitization

Sung-Hyun Kim, Jin Hee Lee, Kikyung Jung, Jun-Young Yang, Hyo-Sook Shin,
Jaong Pyo Lee, Jayoung Jeong, Jae-Ho Oh* and Jong Kwon Lea®

Dirzion of Toxbobgical Ressarch, MNafona ireflule of Food and Drug Safdy Balalin, Mnely of Food and Drug Salfkely,
Qeong, South Korea

Human skins are exposed to nanomaterids in everyday life from vanious sources such as
nanomaterial-containing  cosmetics, air polutions, and industrial nanomatenials.
Manomaterials comprising metal haptens raises concerns about the skin sensitization
to nanomaterials. In this study, we evduated the skin sensitization of nanomaterials
comparning metal haptens i wio and in wio. We selected five metal axide NPs,
containing copper oxde, cobalt monoside, cobalt owxde, nickel oxide, or titanium
owide, and two types of metal chiorides {CoCl, and CuCl), to compame the skin
sensitization abilities between MFs and the constituent metsls. The matedals were
applied to KemtinoSens™ cells for imitated skin-ervironment setting, and luciferase
induction and cytotoeicity were evaluated at 48h post-incubation. In addiion, the
response of metal oxide MNPs was confirmed in mph node of BALBAC mice via an in
wivo method. The results showed that Cul and CoQ NPs induce a similar pattem of
positive luciferase induction and cytotoxcity compared to the espective meta chionides;
Coa04, NI, and TiQe induced no such responsze. Collectively, the results implied fast-
dissoling metal axide (CuQ and CoQ) NPs relesse their metal ion, inducing skin
sensitization. However, further imestigations are required to elucidate the mechanism
underying MP-induced skin sensitization. Based on ion chedation data, metal ion release
was confirmed as the major “factor” for skin sensitization.

Keywords: skin sensitization, dtematve est, KeatinoSers™, LLHA, dissolving nanopartides, nanopartides,
oopper, cobalt

INTRODUCTION

Metal oxide nanopartides (MFs) constitate one of the major types of nanomaterials (Whs) that are
used in industrial, hiomedical, and cosmetic applications. With an increase in the number and
production volume of MPs, concerns about their toxicity have ncreased exponentially in the recent
years. While the major NP-exposure pathways inchide inhalation, ingestion, and ahsorption into the
skin, the latter can cause lesions such as local inflammation, contact aller gy, and skin sensitization
(Oberdirster et al, 2005 Maynard and Kuempel, 2005). With an ecponential increase in the
commercialization of NPs in cosmetics and relevant safety concerns, evaluation of NP safety has
become important (Katz et al, 2015). In recent cosmetic tests, the importance of alternative test
methods considering animal welfare and the 3R principles has been emphasized (Fusche, 2003
Kalwhny et al, 2011). However, since these guidedines are based on chemical substances,

Fronfiers in Pharmaosiogy | weas frontiersn arg 1

February 2021 | Molurme 12 | Adicle 827781
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Abstract: Sinc oxide nanopartickes (Zn0 NPs) are used in various industries such as food additives,
commetics, and biomedscal applications. In this study, we evaluated hung damage over ime by three
types of Znl NPs (L-serine, citrate, amd pristine} hﬂhm'i:nj'q the regulation o funictional ErOups after
a single intratracheal instillation to rats. The three types of Zn0 NPs showed an acute inflammatory
reaction with increased LOH and inflammatory cell infiltration in the alvesls 24 b after sdministration.
Especially in treatment with L-serine, citrate Zr0) NI showed higher acute granulboortic inflamma-
tion and total profein induction than the pristine ZnC} MPs at 24 h. The scute inflammatory reaction
aof thee lungs recovered on day 3 with bronchaalveslar fibrosix. The concentrations of IL-4, 6, THE-o.
and eotaxin in the bronchoalveolar lavage fuid (BALF) decreased over time, and the levels of these
inflammation indicators are consistent with the following inflammatory cell data and acute lung
inflammation by Znl) NI This study suggests that single inhalabion exposure o functionalized Zn0)
MPs may cause acute lung injury with granulocytic inflammation. Although it can recover 30 days
after exposure, acute pulmonary inflammation in surface functionalization means that additional

studies of exposure limits are needed to probect the workers that produce it.

Keywords: I'IaI'IIJFﬂI'HCII:ﬁ; zine oxides intratracheal instillation; broschoalveolar |D\'ﬂ.£\l:; arute
inflammation

1L Introduction

Im recent years, as the number of cases of applying nanomaterials in various industrial
fields has increased, it has become a critical issue to identify the toxicity of nanomaterials
accurately. Primarily, zinc oxide nanoparticles {Zn(» NPs) are used in many commercial
products, including food additives, cosmetics, textiles, paints, and personal hygiene prod-
ucts [1]. In addition, Znl NPs are widely used as an ingredient of paints and coating and
finishing materials in products and buildings because they provide long-term protection
fromy ultraviclet lighe [2.3].

The increasing use of Znd NFs has raised concerns aboul their potential loxicity
to humans and the environment. Zn0 NPs might enter the human body by various
routes, including oral ingestion, nasal inhalation, intravenous injection, and transdermal
delivery [4-5]. Therefore, the loxicological properties of Znr NP5 have been studied
according to the different roules of exposure. Nanoparticles camn translocate into the blood
and various organs from the respiratory tract and fuether induce lesions [Y]. Many studies
have evaluated the toxicity of Zn0 MPs in cell lines and animal models [10-12]. The
inhalation of low levels of Zr( NP5 causes marked changes and damage to pulmonary
function in guinea pigs [14], and Znd¥ inhalation causes pulmonary impairment and
systemic effects such as metal fume fever in humans [15].

Recently, due to the developmwent of bicmedical applications, studies for the appli-
cation of nanomaterials are in progress, and surface modificalion of nanomaterials is

Towiez 2021, 9, 536, hitps / /doborg, TLA300 o es81 204360
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Abstract Carbon nanotubes {CNTs) are one of the major types of nanomaterials that have various
industrial and biomedical applications. However, there is a risk of accidental exposume to CNTs in
individuals involved in their large-scale production and in individuals who use products containing
CMTs This study aimed toevaluate the skin sensitization induced by CMTs using two alternative
tests. We selected single-wall carbon nanotubes and multi-walled carbon nanotubes for this study.
First, the physiochemical properties of the CINTs were measured, including the morphology, size,
and zeta potential, under various conditions. Thereafter, we assessed the sensitization potential of
the CNTs using the ARE-Nrf2 Ludiferase KeratinoSens™ assay, an in vitro alternative test method.
In addition, the CNTs were evaluated for their skin sensitization potential using the LLNA: BrdU-FCM
in vivo alternative test method. In this study, we report for the first time the sensitization results of
CNTs using the KeratinoSens™ and LLMNA: BrdU-FCM test methods in this study. This study found
that both CNTs do not induce skin sensitization. These results suggest that the KeratinoSens™ and
LILMA: BrdU-FCM assay may be useful as alternative assays for evaluating the potential of some
nanomaterials that can induce skin sensitization.

Keywords: skin sensitization; alternative to animal testing; KeratinoSens™%; LLNA; nanomaterial;
CNT

1L Introduction

Carbon nanotubes (CINTs) are a major type of nanomaterial that is used for various industrial and
biomedical applications [1,2]. In recent years, with the growing number and production volume of
CNTs, concerns about their toxicity have also increased exponentially. Generally, nanomaterials are
defined as particles less than 100 nm in at least one dimension [3], whichexhibitvarious physicochemical
properties associated with a nanostructure [4]

The various physicochemical characteristics of a nanomaterial are the major determinants of its
toxic potential [5,6]. In normal environmental conditions, nanomaterials are mostly poorly soluble;
however, some nanomaterials have shown to be soluble in lysosomal fluid or gastric fluid [7,5].
Dissolution of nanomaterials can cause toxicity due to the release of ions [9].

The major exposure pathways of nanomaterials are inhalation, ingestion, and absorption into the
skin. Absorption pathway s within the skin can cause lesions, such as local inflammation, contact allergy,
and skin sensitization [10,11]. Recently, with an exponential increase in the cosmetic commercialization

Torics 2020, £ 122: doi- 10,3390 tox icxB0d01 72 \nwr.mdpi.m']m]."tmia
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Evaluation of the skin sensitization potential of metal oxide
nanoparticles using the ARE-Nrf2 Luciferase KeratinoSens™ assay
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Abstract

MNumerous studies have reported the potential of chemicals for inducing skin sensitization; however, few studies have exam-
ined skin sensitization induced by nenomaterials. This study aimed to evaluate skin sensitization induced by metal oxide
nanopartickes (NPs) using the ARE-Nri? Luciferase KeratinoSens™ assay. Seven different metal oxide NPs, including copper
mide, cobalt oxide, nickel oxide, titanium oxide, cerium oxide, iron oxide, and zinc ovide, were assessed on KeratinoSens ™
cells. We selected an appropriate vehicle among three vehicles (DMS0. DW, and culture medium) by assessing the hydrody-
namic size at vehick: selection process. Seven metal oxide NPs wer analyzed, and their physicochemical properties, includ-
ing hydrodynamic size, polydispersity, and zeta potential, were determined in the selected vehicle. Themrafier, we assessed
the sensitization potential of the NPs using the ARE-NriZ Luciferase KeratinoSens™ aszay. Copper oxide NPs induced a
positive response, whereas cobalt oxide, nickel oxide, titanium oxide, cerium oxide, iron axide, and zinc oxide NPs induced
no response. These mesults suggest that the ARE-Nrf2 Luciferase KeratinoSens™ assay may be useful for evaluating the
potential for skin sensitization induced by metal oxide NPs.

Keywords Skin sensitization - A lternative to animal testing - KeratinoSens™ - Manomaterial - Nanoparticle

Introduction

There are nume mous reports regarding the potential of indoc-
ing skin sensitization using chemicals [ | ]; however, whether
skin can be sensitized using nanoparticles (NPs) remains
unclear.

It is well-known that NPs relessed into the environment
can enter the human body and potentially cause damage to
organs [2, 3]. Metal oxide NPs have been used in various
applications including the industrial, electrical, pharmaceu-
tical, and biomedical fizlds because of their unique physico-
chemical properties compared to bulk chemicals [4]. These
physicochemical properties include a small sive, easy disso-
Iution, and a surface charge. While desirable, these proper-
ties can also lead to various adverse effects in humans. Their
very small size, which is characteristic of NPs, increases the
surface ama to volume ratio, showing higher toxicity than

[-1 JongKwon Lae
jkleestéE@konea kr

Division of Toxicological Research, Mational Institute

of Food and Dirug Satety Evaluation, Ministry of Food
and Drug Safety, Osong, Korea

Published online: 01 Janwary 2021

larger particles of the same composition with a lower surface
area to volume ratio [3]. Thus, it is important to analyze the
phy sicochemical properties of NPs because they can persist
in vivo [6-8].

The current knowledge on the chemical and biological
mechanisms associated with skin sensitization has besn
summarized in the form of an adverse outcome pathway,
starting with the molecular initiating event through inter-
mediate events to the adverse effect, namely allergic contact
dermatitis [9]. The first key event is that electrophilic chemi-
cals in the irritant initially covalently react with nucleophilic
thiol and primary amines in skin proteins. The second key
event occurs within the keratinocytes and includes inflam-
matory TeSponses, as well as changes in gene expression
associated with specific cell signaling pathways such as the
antioxidant/electrophile response ebement (ARE J-dependent
pathoways [10]. The ARE-Nri2 Luciferase KeratinoSens™
test, representing the second key event, can be used to dis-
criminate between skin sensitizers and non-sensitizers in
accordance with the United MNations Globally Harmonized
System of Classification and Labelling of Chemicals [9].

Park et al. [11] reported that titanium oxide NPz do
not induce skin sensitization in mice according to a local

&) Springer
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Abstract

Although skin sensitization potential of various chemicals has been extensively studied, there are only a few repors on
nanoparticles induced skin sensitization. Aiming to fill this lacuna, in this study we evaluated the poiential of metal oxide
nanoparticks (MPs) to induce skin sensitization with flow cytometry. Seven different metal axide NPs, including copper
oxide, cobalt oxide, nicke] axide, titanium oxide, cerium oxide, iron oxide, and zinc oxide were applied to Balbic mice.
After selecting the proper vehicle, the MPs wen applied. and the skin sensitization potential were assessed using 5-bromo-
I-deoxyuridine with flow cytometry. Fhysiochemical properties such as hy drodynamic size, polydispersity, and zeta potential
were measured for the NPs prior to the ests. All the seven metal oxide NPs studied showed negative responses for skin
sensitization potential. These results sugeest that the OECD TG 442B using 5-bromo-2-deoxy uridine with flow cytometry

can be applied to evaluate the potential of NPs for skin sensitization.

Keywords MNanomaterials - Manoparticles - Skin sensitization - Local lymph node assay - 5 bromo-2-deoxyuridine

Introduction

The Guinca pig Maximisation Test (GPMT) has been used
worldwide to evaluate the skin sensitization potential of sub-
stances [1]. The LLMNA, an allemnative to the conventional
mecthod that uses guinea pigs, was adopted as OECD TG 429
{Skin sensitization; Local Lymph Node A ssay ) in 2002 [2].
The LLMA is a skin sensitization test in which the prolifra-
tion of murine local auricular lymph node cells (LNCs) is
measured after exposure of mice to test substances. How-
ever, the extensive use of LLMA has been restricted because
it imvolves the use of radicisotope-labeled *H-methy] thymi-
dine, mainly due to difficulties in the disposal of radicactive
waste in some countries. A fAow cytometry based LLNA
using 5-bromo-2-deoxyuridine (LLNA: BrdU-FCM) was
developed as a novel non-radicactive model of the LLNA
with a performance similar to that of the conventional LLNA
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method. This variant of LLNA was adopted as OECD
TG442B in 2018 [3].

While there are many reports of skin sensitization poten-
tial indeced by chemicals [4], only fow studics that investi-
gate the skin sensitization potential of nanoparticles (NFs)
are avgilable. Sinoe nanoparticles eleased into environments
may enter the human body and can cause potential damage
to organs |3, 6], it is pertinent to study the skin sensitization
potential of different NPs to assess the risks they pose to
public health.

Becanse of their unique physicochemical properties
compared to bulk chemicals, metal oxide NPs have been
used for various applications in several fields, including
electrical, pharmaceuticals, and biomedical fields [7].
While their physicochemical properties such as small
size, altered solubility, and higher surface charge, these
propertics can lead to various adverse effects on human
body. Very small size, which is characteristic of nanopar-
tickes, results in an increase in the surface anea and conse-
guently, high toxicity. Thuos, small NPs are penerally mons
toxic than large particles of the same composition [B].
Since NPs tend to remain in the body under physiological
conditions, it is essential to analyze their physicochemical
properties that influence their in vivo persistence [9-11].
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Abstract: The nano-market has grown rapidly over the past decades and a wide variety of products
ATE T I:IEiI'IE manufactured, in.cludjng these for biomedical app]i.cati.nruc. De:pile thee W’jdl.‘:GPI'Hd
use of nanomatenals in various industroes, -ufet_!,' and health effects on humans are still controver-
sial, and Il:'.\sti.n.s methods for n.n'um'micily hawe nat yet been clearly established. Nanomaterials have
been r\epnrlled. to interfere with conventional :ybcmxiciﬂr tests due to their uniqu: Flmperti.es.. such
as light absorption or light scattering. In this regard, the colony-forming efficacy (CFE] assay has
been suggesbed as a suitable test method for testing seme nanomaterials without these color-inber-
terences. In this .-;Iu.d:.r, we sedected tm:-tﬂ:-unl GNI":;(E]raphem nan.np]:lfe]rlx:l as best nanomateri-
als and evaluated CFE assay to asuecs the q*bntnxi:il}' of GNP, Moreover, for further :inve-xtigatinn,
i.ncluding expanxi.nn into other cell types, GMNMs were evaluated In' the conventional :y‘bnln:ﬂ.i:i.t:_v
tests including the 3-{d 5-dimethy [thiazol-2-41)-5-{ Fcarboxymethoxy phenyly-2-(4-sultopheny [-2H-
tetrazolium [MTS), Cell Counting Kit-8 ({CCE-8), and Mewtral red uptake (MEL] assay using MDCK,
A543 and Hep(32 cells. The results of CFE assay suggest that this test method for three aell les can
be applied for GNPs. In addition, the CFE assay was able to evaluate q.rlnbm-:i:it].' TEE:I.I’-ﬂlE!H- mare
accurately of color interference caused by residual nanomaterials,

Keywords: graphene; cytotoxicity: CFE; interference

1. Introduction

In recent vears, due to the rapid growth of nanotechnology, various manufacturing
nanomaterials are being produced, and nanomaterials are used in various industries such
as batteries, electrodes, cosmetics, displays and biomedical engineering [1-3]. The geowth
of the nano-industry affects our lives in a more prosperous manner and contribules to it
by providing various benefits, however like a "double-edged sword” it has the potential
to induce buman toxicity, both large and small when exposed to the body. Therefore, it is
crucial o develop an accurate nanotoxicity evaluation method to understand the Loxicity
of these nanomaterials.

The Crganization for Economic Cooperation and Development (OECD), European
Union (ELT) and other organizations stipulate the following for manufactured nanomateri-
alz: "Materials with a size less than 100 nm made for this purpase’ [4.5]. As such, nano-
materials are nancscopic in size, and the risk of nanomaterial products stem from iLs small
size and the unigue physicochemical properties of the nanomaterial. Taking the physical
‘shape’ as an example, carbon nanotube (CNT) nanomaterials with acicular structures
such as asbestos or glass fibees have risks such as cancer-causing potential [6,7]. In addi-
tior, high surface reaction power and surface charge. due to their very small size, can

Tuwies 2022, 16, 236, hitpsyidol.org T 350 b0 xics1 005034
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Abstract: Graphene nanoplatelels (GNPs) are one of the major types of carbon based nanomaterials
that have different industrial and biomedical applications. Therse is a risk of exposure to GNP
material in ndividuals mvolved m thear large-scale production and in individuals who use products
contammng GNPs. Determinng the exact toxicity of GNP nanomaterials 1s a very important agenda
Thus research aimed to evaluate the skin sensibizabion polenbials induced by GNFs using bero types of
alternabive to arumal testing. We analy zed the physicochemical characteristics of the kest material
by seleching a graphens nanomaterial with a nano-size on one side. Thepafter, we evaluated the
skin sensitization effect using an m vitro and an i vivoe allernative est method, respectively. As a
fesult, we found that GNFPs do not indwee skin sensitization. In addition, it was observed that the
admanestration of GMNPs did not indwee cytotoxicity and skin toxiaty. This s the first report of skin
sensitization as a result of GNFPs obtamed using allernative test methods. These resulls suggest that
GNP matenals do not cause skin sensatizabion, and these assays may be useful inevaluating the skin
senstizabion of some nanomatenals.

Keywords: skin sensitization; allernabive to aramal testng; KeratinoSens ™; local Iy mph node assay
(LLMNA); nanomatenal; graphense

L Introduction

Graphene nanoplatelets (GMNPs), a two-dimensional monocrystalline layer form of
carbon, are a major type of carbon-based nanomaterial which are used for various industrial
and biomedical applications. Graphene has drawn attention across a vast field, such as in
diverse devices or applied in batteries [1,2]. In recent years, as the types and production of
GMNPs have increased, concerns about towicity caused by human exposume have increased
exponentially. The major routes of exposure for nanomaterials are ingestion, inhalation and
skin penetration in the workplace. Skin penetration of nanomaterials can induce lesions,
contact allergy, local inflammation, and skin sensitization [3,4]. However, there are no
studies on the toxdcological database for GNP in skin sensitization which is the most easy
exposume route in the workplace.

In addition, with the recent exponential increase in commercialization of nanomate-
rials for use in the cosmetic industry, etc., and the safety concerns associated with these,
Mano safety evaluation has gained importance [5]. The focus on allemative methods in
cosmetic testing is also increasing due to conerns regarding animal welfare and the 3Es
principle of replacement, reduction, and refinement [6,7]. However, as these guidelines
are based on chemical substances, there is a need to develop alternative test methods that
reflect the properties of nanomaterials.

The Organization for Economic Cooperation and Development (OECDY) has suggested
an adverse outcome pathway (AOTP) leading to allergic contact dermatitis (ACD) starting

Timics 2021, 9, 62 https // doi.ong/ 10,3390, toxics90300462
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1. Introduction Cytotoxicity or cell viability assays are among the most basic & vire

The development of nanctechnology bas concemns shout the safaty of
nanoparticlss (NPs). However, safety assessment of KPs is difficult
because their toxicity varies according to physicochemical properties
such as size, shape, and surface charge (Cho o al, 2010b). Hence, the
guantitative evaluation of the impact of the physicochemical properties
of MPs with sxpansion to the strectare-toxicity relationship has been
suggested 2 & strategy for safety assecement of MPs (Lamon =t al., 2008;
Liw et al., 2015; Thang et al., 21 2). In this regard, large sets of o wiro
and @n vivo toxicity studies are needed. Since animal sxperiments are
limited dus to ethical issuss, the development of a high-throughput
toxicity scresning method dictating the in o toxicity is needed (Cho
etal, 20130

assays, and can be psed to determine the toric potential of test materials.
Since cytotoxicity assays generally utilize chromaophiores or fluorophares
in the mensurement, researchers should consider the interferences (op-
tical or chemical) by NPs in the steps of such assays (Guadagnini ez al,
2015 Holder =t al., 3012; Kroll et al., 2012). Optical interference can
occur due to light absorbance: by the NPs present in the medium, apd the
adsorption of chromophores or fluorophores on the surface of NPs
{Stane et al, 20090 Chemical interference includes interference in the
enrymatic reaction of the lactate debrydrogenase (LDH) assay by copper
axide (Co0) and zine oxide (In0) NPs (Aslantick 201%; Erall a2 al |
2009

Simpe it is pot possible to completely avoid interference by NFs in
chromaphare. or flucrophore-based cptotoxicity assays, there is o nesd
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Abstract: Nowadays, various industries using nanomaterials are growing rapidly, and in particular,
a3 the commercialization and use of nanomaterials increase in the cosmetic Aeld, the possibility of
exposure of nanomaterials to the skin of product producers and consumers is increasing. Dhue to the
unigue properties of nanomaterials with a very small size, they can act as hapten and induce im-
mune responses and skin sensitization, so accurate identification of toxicity is required. Therefore,
we selected silica nanomaterials used in various fields such as cosmetics and biomaterials and eval-
wated the skin sensitization potential step-by-step according to in-vitro and in-vivo alternative test
methods. KeratinoSens™ cells of modified keratinocyte and THP-1 cells mimicking dendritic-cells
were treated with silica nanoparticles, and their potential for skin sensitization and cytotowxdicity
CHablon: Kim, 5-H: Loe, DH. Chai,  were evaluated, respectively. We also confirmed the sensitizing ability of silica nanoparticles in the
5 Yarg, ¥ Jung, K. Jeorg, .; Oh, auricle-lymph nodes of BALB/C mice by in-vivo analysis. As a result, silica nanoparticles showed
T Ler, | H. Siin Sensitization high protein binding and reactive oxygen species (ROS) mediated cytotoxicity, but no significant
Posential s Cellclor ROE-Tndnond observation of skin sensitization indicators was observed. Although more studies are needed to
Sytwtaniclay ol Sicx besopartice. elucidate the mechanism of skin sensitization by nanomaterials, the results of this study showed

Nanoesaterials 3021, 17, 21400, 5 = . S ! Fe £
7 that silica nanoparticles did not induce skin sensitization.
hitpssidolong 10 33%) mano 108214
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1. Introduction

Puidiglher’s Mo MIFY. stayy s Manufactured nanomaterials refer to materials that are created to have at least one
tral with regard B0 prisdictional oy o0 caction of a size of 100 nm or less. The unique properties of nanomaterals are in-
claims in published mapeandinalite:  ponging their use value in various industries, induding food and biomedical science
Srmat R, fields. Silica nanomaterials are one of the major types of nanomaterials which are partic-
N ularly used in the industrial and cosmetics fields [1]. Therefore, it is pivotal for the man-
(e} ufacturers and consumers who consume these substances to identify the silica nanotosd-
city due to its potential for human exposure through varous routes.

crsse MOFL Rasel Seritopriand In recent years, to evaluate substances used in cosmetics, animal substitution test
This article s an open acosss artide methods have been applied by reflecting the 3R (Replacement, Reduction and Refine-
distribated undes the terms and con. | eNt) principles for animals [2,3). Spedifically, the chemical and biological mechanisms
Aitions of the Creative Commons Ak related to skin sensitization such as allergic contact dermatitis have been summarized as
tribution (CC BY) Boense (itpyierea.  the adverse outcome pathway (AQFP) of skin sensitization [4]. The Organization for Eco-
trvecommons. org lioonsacs/bpla ). nomic Cooperation and Development (OECD) skin sensitization guidelines dlassify four

Copyright: & A1 by the authors. Li-
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Abstract: Polyethylene glycol (FEG) s a poly mer wsed for surface modification of important sub-
stances in the modern pharmaceubical industry and biopharmacewtical felds. Despite the many
benefits of PEGylation, thene is also the possibility that the appheation and exposune of the substance
may cause adverse effects mn the body, such as an immune esponse. Themefors, we aimed to evaluate
the sensitizabion responses that could be mduced through the mtercomparison of nanomaterials
of the PEG-coated group with the oniginal group. We selected gold/silver nanomaterials (NMs)
for original group and PEGylated sibver/ gold NMs in this study. First, we measuned the physac-
ochencal propertes of the four NMs, such as size and zeta polential under variows condibions,
Additionally, we performed the kst of the NM's sensitization polential using the KeratinoSens™
assay for m vitro lest method and the LLMNA: 5-bromeo-2-deoxy uridine (BedUFFCM for invivo test
method. The resulls showed that PEGylated-NMs did not lead to skin sensitizabion according to
OECD TG 442 (alternabive best for skin sensibization). In addition, gold nanomaterial showed that
oy totoxscaty of PEGylated-AuNMs was lower than AuNMa These mesults suggest the possibality that
FPEG coating does not induece an immune fesponse in the skin tsswee and can lower the oy teloxialy
of nanomaterials.

Keywords: skin sensibizabion; immunogenicty; allernative lest; nanomaterials; polyethy lene
ghyeol; PEGylation

L Introduction

Polyethylene ghycol (PEG) is composed of repeating ethylene glycol units and, when
it is attached to a polypeptide or another molecule, the phenomenon is referred to as
“PEGylation™ [1]. PEGylation technique is commonly used in pharmaceuticals, performing
an important role in nanoparticle (NF) stabilization [2]. NP is used to transport genes and
drugs to target cells and tissues, and PEG prevents the NPs from opsonization, aggregation,
and phagooytosis by altering Ns size and solubility [2]. Therefore, PFEGylation protects
the content of the delivery carrier from being degraded by proteclytic ensymes and swiftly
eliminated by the kidneys, and upregulates the circulation time to increase the delivery
efficiency [1,2]. With regard to the abovementioned benefits which overcome the biological
limitations, PEGylated MPs have been applied to treatment of various diseases such as
cancer, pulmonary diseases, and hepatocellular carcinoma [3-6].

Substantially, PEGylation of NPs is utilized for messenger ribonucleic acid (mRMNA)
vaccines of Coronavirus disease 2009 (COVID-19) [7]. The COVID-19 vaccine manufactured
by Pfizer and BioMN-Tech delivers mEMNA, packaged with a PEGylated lipid nanoparticle
{LNF} to improve the effectiveness of a vacdine [7]. Anaphylaxis has rarely been reporied
after vaccination, however mENA vaccines containing PEG are known to sometimes

Timics 2021, 9, 355 hitps:/ / dodorg/ 10,3300, toxics$] 20055
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2 Development of mitochondria-targeted toxicity evaluation method

Supervising

divisi Toxicological Screening and Testing Division of NIFDS
ivision

Type Entrusted project (led by Prof. Kyung-cheol Choi, Chungbuk National University)
Title Development of mitochondria—targeted toxicity evaluation method (20183MFDS525)

[0 Background for the study

Mitochondrial damage causes damages to tissues including cardiac and (or) muscle
tissues that consume a lot of energy or liver tissues that are often exposed to
pharmaceuticals. In fact, several drugs have been reported to cause adverse effects
on liver, heart and muscle due to mitochondrial toxicity. In this sense, it is necessary
to perform mitochondrial toxicity assay as a screening method in order to assure the

safety of drugs.

O Study in brief

Usefulness of mitochondria in development of an alternative model to animal toxicity

testing

- Mitochondria are organelles surrounded by double membrane that contain different
kinds of protein and mitochondrial DNA (mtDNA) and play critical role in life and
death of cells.

Development of mitochondria-targeted toxicity assay using cardiac muscle cell line,

mouse embryonic stem cells and kidney cell line

- Test substances that affect cardiac muscle cells, liver and mitochondria were selected.
Then, the substances were applied on cardiac muscle cell line and kidney cell line
to determine mitochondrial toxicity potential by evaluating cell proliferation, active

oxygen generation rate, mitochondrial toxicity and oxygen consumption rate.

- MitoSOX™ dye that enables analysis of mitochondrial peroxide volume and oxidative
stress in cardiac muscle cell line was used to develop and evaluate reproducibility

of the assay.

- Test substances were applied on mouse kidney stem cells and changes in

mitochondrial DNA copy number was measured.
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Study on mitochondrial-targeted toxicity evaluation method using liver cells and animal

models

- Following application of toxic substances on liver cell line, protein expression of
mitochondrial electron transport chain and oxidative stress were evaluated. The
model cells for evaluation of mitochondrial reactive oxygen species were established

using the cell line showing high reproducibility.

- Toxic substances were applied to mouse and liver toxicity index, mitochondrial
membrane potential, reactive oxygen species, protein expression of electron

transport chain and oxidative stress were evaluated.

Study on mitochondrial toxicity evaluation using clinical specimen

- Non-invasive biomarker for determination of mitochondrial toxicity was identified

using clinical specimen of 17 patients with mitochondrial disease.

- When normal control group and non-alcoholic fatty liver disease patients were
divided by simple steatosis and NASH and compared, reduction in mtDNA copy

number based on occurrence of ALT and diabetes was confirmed.

O Overview of study outcome

Major accomplishment: Five mitochondrial toxicity assays for prediction of adverse
effects by chemicals or drugs have been developed, and the study results were published

and (or) presented in 5 SCI-grade journals and national international workshops.

Main outcome

- Academic outcome: publication of 5 papers in SCI-grade journals

* TToxicology in vitro,, "Toxicologycal Research,, Life Sciences;, "BBA-Molecular Basis of |
2! "Frantiers in Endocrinology

[0 Excellence and advantage

Excellence: Oxygen consumption rate analysis method was established by evaluating
reactive oxygen generation rate based on mitochondrial activation in target organ cells,
and high reproducibility of the method was confirmed. Correlation between application
of chemicals and anticancer drugs and mitochondrial toxicity reaction was identified

in in vivo animal models and clinical models.
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- There has been no other study that established a Developmental neurotoxicity study
method using embryonic body and analyzed accuracy and transferability of the

method with varioud neurotoxic substances.
Advantage: Biomarker was identified from clinical specimen of the patients with
mitochondrial diseases
O Utilization of the outcome and its impact

Technical: The study help improve public health by evaluating mitochondrial toxicity
in chronic disease related to kidney using mouse embryonic stem cell-induced kidney

cells, and by establishing mitochondrial-targeted toxicity assay and its scientific basis.

Economic and industrial: It is assumed that diabetes and cardiovascular diseases are
induced by mitochondrial damage. Introduction of mitochondrial toxicity assay in drug

development will help reduce social and economic loss.
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Title

Publication: Peripheral blood mononuclear cell
mitochondrial copy number and adenosine
triphosphate inhibition test in NAFLD

Presentation: Peripheral blood mononuclear
cells mitochondrial copy number and
adenosine triphosphate inhibition test in
non—alcoholic fatty liver disease

Presentation: Peripheral blood mononuclear
cells mitochondrial copy number and
adenosine triphosphate inhibition test in
non—alcoholic fatty liver disease

Mitochondrial DNA copy number
measurement method

Publication: Mitoregulin controls
mitochondrial function and stress—adaptation
response during early phase of endoplasmic

reticulum stress in breast cancer cells

Presentation: Monocarboxylate transporter 1
targeting strategy in tamoxifen-resistant
breast cancer cells

Mitochondrial membrane potential
measurement method using human liver
cancer cell line

Draft Guideline on mitochondrial-targeted
toxicity assay

Publication: Effects of anticancer drugs on

the cardiac mitochondrial toxicity and their

underlying mechanisms for novel cardiac
protective strategies

Publication: Establishment of a platform for
measuring mitochondrial oxygen
consumption rate for cardiac mitochondrial
toxicity

Publication: Evaluation of mitochondrial
oxidative toxicity in mammalian
cardiomyocytes by determining the highly
reproducible and reliable increase in
mitochondrial superoxides after exposure to
therapeutic durgs

Presentation: An increase in MitoSOX by

therapeutic drugs was highly reproducible and

reliable to measure mitochondrial toxicity in
mammalian cardiomyocytes
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MFDS Performance Evaluation Standards

Type

Acamedic accomplisment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Establishment of scientific
basis for regulation

Acamedic accomplisment

Building on expertise
through academic
accomplishment

Establishment of scientific
basis for regulation

Improvement of regulation

and utilization in policy

Acamedic accomplisment

Acamedic accomplisment

Acamedic accomplisment

Utilization and
dissemination of the study
outcome

Performance Indicators

Number of papers
published in SCl-grade
journal

Publication and
presentation in
international workshop

Publication and
presentation in national
workshop

Number of test method
development

Number of papers
published in SCl-grade
journal

Publication and
presentation in national
workshop

Number of test method
development

Number of TG proposals

Number of papers
published in SCl-grade
journal

Number of papers
published in SCl-grade
journal

Number of papers
published in SCl—grade
journal

Level of mutual
information exchange for
technology dissemination
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13

14

15

16

17

18

19

20

21

22
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Title

Presentation: Analytical method to assess the
oxidative stress in mouse renal stem cell
mitochondria by anticancer chemicals

Presentation: Establishment of evaluation
platform for cardiac mitochondrial toxicity
using three cardiomyocyte cell lines

Presentation: Establishment of oxygen
consumption rate as an evaluation platform
for mitochondrial toxicity in diverse
cardiomyocytes

Presentation: /n vitro oxidative stress
measuring methods to investigate the
relationship between mitochondrial toxicity
and kidney injury

Presentation: Methods to measure the
oxidative stress in mouse kidney stem cell
mitochondria by toxicant

Presentation: Novel toxicological method to
investigate the increased ROS in mouse
kidney stem cell mitochondria by doxorubicin

Presentation: Screening for mitochondrial
toxicity in mouse kidney stem cell by
measuring oxidative stress

Mitochondrial reactive oxygen species
measurement method using human cardiac
muscle cell line

Mitochondrial reactive oxygen species
measurement method using mouse kidney
cell line

Mitochondrial oxygen consumption rate
measurement method using human cardiac
muscle cell line

MFDS Performance Evaluation Standards

Type

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment

Performance Indicators

Publication and
presentation in national
workshop

Publication and
presentation in national
workshop

Publication and
presentation in national
workshop

Publication and
presentation in national
workshop

Publication and
presentation in national
workshop

Publication and
presentation in national
workshop

Publication and
presentation in national
workshop

Establishment of scientific| Number of test method

basis for regulation

development

Establishment of scientific| Number of test method

basis for regulation

development

Establishment of scientific| Number of test method

basis for regulation

development
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O Major accomplishment

1. Publication: Peripheral blood mononuclear cell mitochondrial copy number and adenosine triphosphate
inhibition test in NAFLD
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(M) Check for updiates

DOPEM ACCESS

EDITED BY
Juanje Gao,
Shanghai Jise Tong University, China

REVSEWED BY

Ming fang

University of Mssouri, United States
Earim Gariani,

Hapitaus wniversitaires de Ganiées
[HUG), Switmerland

"CORRESPONDENCE

Dae Won Jun
rieshifaryang. s ke
Eileen L Yoon
rrseilzenBDaharyang. ac e

These authors have contributed
equally to this work and share
first authorship

These authors have contributed
equally to this work

SPECIALTY SECTION

This article was submitted 1o
Cellular Erdacrinatogy.

& section of the journal
Frantiers in Endocrinolagy

RECEVED 13 June 2022
£0 04 August 2022
1 24 Cetaber 2022

CITATIOH

Les A-H, Oh JH, Kim H5, Shin J-H,
Woon EL and Jun DW 2022} Peripheral
bBlood manonuciesar cell mibochondial
copy number and adencsine
triphosphate inhibition test in MAFLD.
Front. Endocrinal 13967848,

dei: 10 33809/ ferwda 2022 967E4R

COPYRIGHT

D 20232 Lee, Oh, Krm, Shin, Yoon and
Jur. This & an open-access artiche
distributed wnder the terrms af the
Creative Commaor Attribution Licerse
0CC EY). The use, distributicn or
reproducticn in ather fomnems =
perrritted, provided the ariginal
authers) and the copyright ewmer(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted scadarmc
practice. No use, distribution ar
reproducticn is perrmitted which does
riok comply with these terrms

Frontiers in Endocrinology

TvrE Original Research
PUBLISHED 24 October 2022
oo 10 3385 fends 2022 D6TB4E

Peripheral blood mononuclear
cell mitochondrial copy number
and adenosine triphosphate
inhibition test in NAFLD

A-Hyeon Lee™, Ju Hee Oh", Hyun Sung Kim?,
Jeong-Hun 5hin®, Eileen L. Yoon™' and Dae Won Jun®™

tDepgartment of Translational Medicine, He

Background and aim: Non-alcoholic fatty liver disease [NAFLD) is associated with
mitochondnial dysfunction. This study aims to develop biomarkers for assessing
mitechondrial dysfunction in patients with MAFLD.

Methods: Mitcchondrion-associated transcriptome analysis was perforrmed.
Peripheral blood mononuclear cells obtained from patients with MAFLD (69) and
healthy controds [19) were used to determing the mitochondrial DMNA (mDMNA] copy
number. & mitochondrial inhibition substrate test (ATP assay) was performed in
HepG2 cells using the patient serum.

Results: Hepatic mRMA transcriptome analysis showed that the gene expression
related to mitochondrial functions (mitcchondrial fusion, apoptotic signal, and
mitochondrial envelope) increased in patients with steatohepatitis, but not in
those with NAFL. Gene set enrchment analysis revealed that the upregulated
expression of genes is related to the patiweays of the tricarbaxylic (TCA) cycle and
deoxyribonucleic acid (DMA) replication in patients with steatohepatitis, but not in
healthy contrals. The mMtDNA copy number in the peripheral blood mononuclear
cells was 128-fold lower in patients with NAFLD than that in healthy controls
(P <.0001). The mitochondral inhibition substrate test showsed that the cellular
adenacsine triphosphate (ATP) concentration was 12-fold times less in NAFLD
patients than that in healthy controls (P <0001 The mtDMNA copy number and
mitochondrial ATP inhibition substrate test dernonstrated negative correlations with
the degree of hepatic steatosis, whereas the ATP concentration showed a positive
corelation with the mitDMNA copy number.

Conclusion: The mitochondrial copy number of peripheral blood mononuclear
cells and mitochondrial ATP inhibition substrate can be used as biomarkers for
assessing the mitechondrial dysfunction in patients with MAFLD.

HEYWORDE

HNAFLD, mitochondrial dysfunction, mitochondria copy number, ATP, biomarker

o1 frontiersin.ong
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5. Publication: Mitoregulin controls mitochondrial function and stress—adaptation response during early
phase of endoplasmic reticulum stress in breast cancer cells

BBA - Molecular Basis of Disease 1869 (2023) 166570
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Mitoregulin controls mitochondrial function and stress-adaptation response
during early phase of endoplasmic reticulum stress in breast cancer cells

Munkyung Choi, Keon Wook Kang

College of Pharmacy and Research Institute of Pharmaceutical Sciences, Seoul National University, Seoul 08826, Republic of Korea

ARTICLE INFO ABSTRACT

Keywords:

Mitoregulin

Mitochondrial quality control
Mitochondria-associated ER membrane
ER stress

The proper regulation of mitochondrial function is important for cellular homeostasis. Especially, in cancer cells,
dysregulation of mitochondria is associated with diverse cellular events such as metabolism, redox status, and
stress responses. Mitoregulin (MTLN), a micro protein encoded by LINC00116, recently has been reported to
control mitochondrial functions in skeletal muscle cells and adipocytes. However, the role of MTLN in cancer
cells remains unclear. In the present study, we found that MTLN regulates membrane potential and reactive
oxygen species (ROS) generation of mitochondria in breast cancer cells. Moreover, MTLN deficiency resulted in
abnormal mitochondria-associated ER membranes (MAMs) formation, which is crucial for stress adaptation.
Indeed, the MTLN-deficient breast cancer cells failed to successfully resolve ER (endoplasmic reticulum) stress,
and cell vulnerability to ER-stress inducers was significantly enhanced by the downregulation of MTLN. In
conclusion, MTLN controls stress-adaptation responses in breast cancer cells as a key regulator of mitochondria-
ER harmonization, and thereby its expression level may serve as an indicator of the responsiveness of cancer cells
to proteasome inhibitors.

1. Introduction However, mitochondrial dysfunction affects not only the characteristics
of energy metabolism but also the various intracellular stress responses.
Several studies have reported that dysregulation of mitochondrial

function causes an imbalance in redox status, endoplasmic reticulum

Long non-coding RNAs (IncRNAs) are a group of RNA transcripts
longer than 200 bp which do not encode proteins. Although IncRNAs do

not encode proteins, they do have pleiotropic functions in mammalian
cells, as reported in recent studies [1]. Several other studies have
revealed that some IncRNAs, despite their name, encode small proteins
shorter than 100 amino acids encoded from short open reading frames
(sORFs). Those microproteins have been spotlighted as important me-
diators regulating diverse cellular processes [2]. Stein et al. recently
demonstrated that LINC00116 enriched in muscle-type cells encodes a
56-amino-acid microprotein named mitoregulin (MTLN) [3]. Subse-
quent studies further revealed that lipid metabolism and respiration in
mitochondria can be controlled by MTLN in several cell types, including
adipocytes and skeletal muscle cells [4-6].

Changes in mitochondrial function have been attracting attention as
an important topic in cancer biology. Metabolic shifts in cancer cells,

(ER) stress, and autophagy [8-10]. Thus, mitochondrial dysfunction
may affect overall cellular status as well as energy metabolism. The
influence of mitochondrial dysfunction on cellular stress responses could
be explained by the active interaction between mitochondria and other
intracellular organelles. Mitochondria are not solely-acting organelles
but communicate with other intracellular organelles directly or indi-
rectly. Among them, ER is one of the major interaction partners of
mitochondria. The interaction between these two organelles is mainly
through what are called mitochondria-associated ER membranes
(MAMs), which enable direct membrane contact without fusion [11].
MAMs are involved in several intracellular processes such as calcium
transfer from ER to mitochondria and maintenance of mitochondrial
membrane potential (MMP) [12,13]. Moreover, MAMs affect the

including the Warburg effect, are well-established phenomena [7]. morphological control mechanisms of two organelles, including

Abbreviations: ARE, antioxidant response element; ATF4, activating transcription factor 4; CRE, cAMP response element; DRP1, dynamin-related protein 1; ER,
endoplasmic reticulum; ETC, electron transport chain; GRP78, glucose regulatory protein 78; LncRNAs, long non-coding RNAs; MAMSs, mitochondria-associated ER
membranes; MMP, mitochondrial membrane potential; MTLN, mitoregulin; OMM, outer mitochondrial membrane; sORFs, short open reading frames; ROS, reactive
oxygen species; TNBC, triple negative breast cancer; OXPHOS, oxidative phosphorylation; UPR, unfolded protein response.

* Corresponding author.
E-mail address: kwkang@snu.ac.kr (K.W. Kang).

https://doi.org/10.1016/j.bbadis.2022.166570
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Available online 11 October 2022
0925-4439,/© 2022 Elsevier B.V. All rights reserved.
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9. Publication: Effects of anticancer drugs on the cardiac mitochondrial toxicity and their underlying
mechanisms for novel cardiac protective strategies

Life Sciences 277 (2021) 119607
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Effects of anticancer drugs on the cardiac mitochondrial toxicity and their
underlying mechanisms for novel cardiac protective strategies

Cho-Won Kim, Kyung-Chul Choi

Laboratory of Biochemistry and Immunology, College of Veterinary Medicine, Chungbuk National University, Cheongji, Chungbuk, Republic of Korea

ARTICLE INFO ABSTRACT

Keywords:

Anticancer drugs
Mitechondrial toxicity
Cardiomyocytes
Reactive oxygen species

Mitochondria are organelles that play a pivotal role in the production of energy in cells, and vital
maintenance of cellular homeostasis due to the regulation of many biochemical processes. The heart con|
lot of mitochondria because those muscles require a lot of energy to keep supplying blood through the cire
system, implying that the energy generated from mitochondria is highly dependent. Thus, cardiomyocy
sensitive to mitochondrial dysfunction and are likely to be targeted by mitochondrial toxic drugs. Tt ha
reported that some anticancer drugs caused unwanted toxicity to mitochondria. Mitochondrial dysfunc
related to aging and the onset of many diseases, such as obesity, diabetes, cancer, cardiovascular and
degenerative diseases. Mitochondrial toxic mechanisms can be mainly explained concerning reactive
species (ROS)/redox status, caleium homeostasis, and endoplasmic reticulum stress (ER) stress signalin
toxic mechanisms of many anticancer drugs have been revealed, but more studying and understanding
mechanisms of drug-induced mitochondrial toxicity is required to develop mitochondrial toxicity scr|
system as well as novel cardioprotective strategies for the prevention of cardiac disorders of drugs. This
focuses on the cardiac mitochondrial toxicity of commonly used anticancer drugs, i.e., doxorubicin, m:
trone, cisplatin, arsenic trioxide, and cyclophosphamide, and their possible chemopreventive agents th
prevent or alleviate cardiac mitochondrial toxicity.

1. Introduction at a rate approximately 100 times faster [12-14]. In addition t

plying cellular energy, mitochondria are involved in a variety of

In the cell, there is a power plant that turns nutrients supplied from
the outside into energy that can be used, which is the mitochondria
[1,2]. Mitochondria are double membrane-bound organelles of a
eukaryote cell containing mitochondrial DNA (mtDNA) [3,4], which is
the circular chromosome found inside mitochondria [5], and play an
important role in energy generation through a breakdown of energy
sources such as pyruvate, fatty acids and amino acids and oxidative
phosphorylation [6,7]. They are vital to the maintenance of cellular
homeostasis due to the regulation of many biochemical processes [8].
The most important function of mitochondria is the synthesis of aden-
osine triphosphate (ATP), an energy source directly used by cells [9].
They produce most of the supply of ATP [10], and consume about 98%
of the total O, we breathe [11]. In the mitochondria, the glucose
metabolism is completed, then pyruvate enters the mitochondria and is
oxidized by Oy to CO3 and Hy0. This allows 15 times more ATP to be
made than that produced by glycolysis alone although glycolysis occurs

* Corresponding author at: Laboratory of Biochemistry and Immunology, College of Veterinary Medicine, Chungbuk National University, Cheongju, Cht

28644, Republic of Korea.
E-mail address: kchoi@cbu.ac kr (K.-C. Choi).

https://doi.org/10.1016/j.1{s.2021.119607

Received 11 February 2021; Received in revised form 29 April 2021; Accepted 4 May 2021

Available online 13 May 2021
0024-3205/@ 2021 Published by Elsevier Inc.

processes, such as mitochondrial regulation of intracellular cz
concentration and signal transduction, cell differentiation, cell
cell division, and cell growth [8,10,15,16].

Cells are exposed to free radicals by respiration or from an ex
environment, which causes damage to the DNA base. In part
mitochondria produce various types of reactive oxygen species
and reactive nitrogen species (RNS) as by-products such as super
hydrogen peroxide, nitric oxide, peroxynitrite, hypochlorous
singlet oxygen, and hydroxyl radical through the process of respii
Mitochondrial ROS mainly is generated at the electron transport]
located on the inner mitochondrial membrane during the prod
oxidative phosphorylation [17]. Low levels of ROS play a major
metabolic adaptation [18], stimulated by signals such as lysoph
tidylcholine and Toll-like receptor 4, and are involved in the regu
of the inflammatory responses [19,20]. However, high levels of|
chondrial ROS activate apoptosis or autophagy pathways thi
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10. Publication: Establishment of a platform for measuring mitochondrial oxygen consumption rate
for cardiac mitochondrial toxicity
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Establishment of a platform for measuring mitochondrial oxygen
consumption rate for cardiac mitochondrial toxicity
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Abstract

The heart has an abundance of mitochondria since cardiac muscles require copious amounts of energy for providing con-
tinuous blood through the circulatory system, thereby implying that myocardial function is largely reliant on mitochondrial
energy. Thus, cardiomyocytes are susceptible to mitochondrial dysfunction and are likely targets of mitochondrial toxic
drugs. Various methods have been developed to evaluate mitochondrial toxicity by evaluating toxicological mechanisms,
but an optimized and standardized assay for cardiomyocytes remains unmet. We have therefore attempted to standardize
the evaluation system for determining cardiac mitochondrial toxicity, using AC16 human and H9C2 rat cardiomyocytes.
Three clinically administered drugs (acetaminophen, amiodarone, and valproic acid) and two anticancer drugs (doxorubicin
and tamoxifen) which are reported to have mitochondrial effects, were applied in this study. The oxygen consumption rate
(OCR), which directly reflects mitochondrial function, and changes in mRNA levels of mitochondrial respiratory complex 1
to complex V, were analyzed. Our results reveal that exposure to all five drugs results in a concentration-dependent decrease
in the basal and maximal levels of OCR in AC16 cells and H9C2 cells. In particular, marked reduction in the OCR was
observed after treatment with doxorubicin. The reduction in OCR after exposure to mitochondrial toxic drugs was found
to be associated with reduced mRNA expression in the mitochondrial respiratory complexes, suggesting that the cardiac
mitochondrial toxicity of drugs is majorly due to dysfunction of mitochondrial respiration. Based on the results of this study,
we established and standardized a protocol to measure OCR in cardiomyocytes. We expect that this standardized evalua-
tion system for mitochondrial toxicity can be applied as basic data for establishing a screening platform to evaluate cardiac
mitochondrial toxicity of drugs, during the developmental stage of new drug discovery.

Keywords Mitochondrial toxicity - Mitochondrial dysfunction - Oxygen consumption rate - Cardiomyocytes

Introduction supply oxygen and nutrients to organs in the body, and the

energy required for this is mainly provided by mitochondria

Mitochondria are multifunctional organelles in eukaryotic
cells that provide energy in the form of adenosine triphos-
phate (ATP), largely via the process of oxidative phospho-
rylation (OXPHOS) in which electrons generated by the cit-
ric acid cycle translocate to the mitochondrial respiratory
complexes [1-3]. The heart is constantly pumping blood to

Cho-Won Kim and Hee-Jin Lee have contributed equally as the
first authors.

4 Kyung-Chul Choi
kchoi@cbu.ac.kr

Laboratory of Biochemistry and Immunology, College
of Veterinary Medicine, Chungbuk National University,
Cheongju, Chungbuk 28644, Republic of Korea

Published online: 10 May 2022

[4]. Similar to other muscle cells, particularly the cardio-
myocytes are mainly powered by mitochondria. However,
increased mitochondrial density at times results in skyrock-
eting of energy output [5, 6]. Considering the above indi-
cates that the heart is sensitive to mitochondrial-targeted
drugs and is vulnerable to mitochondrial dystunction [7].
Mitochondrial dysfunction is now widely implicated
in the etiology of medication-induced toxicities, and has
become the primary cause of compound attrition and post-
market drug withdrawals due to safety concerns [8, 9].
However, most assays currently used for mitochondrial
toxicity provide limited mechanistic information. Besides,
although clinical testing and genetic analysis are being
achieved through various biochemical assays to con-
firm the diagnosis of mitochondrial diseases, there is no

@ Springer
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10. Publication: Establishment of a platform for measuring mitochondrial oxygen consumption rate
for cardiac mitochondrial toxicity
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Evaluation of mitochondrial oxidative toxicity in mammalian
cardiomyocytes by determining the highly reproducible and reliable
increase in mitochondrial superoxides after exposure to therapeutic drugs

Dohee Ahn', Cho-Won Kim ', Ryeo-Eun Go, Kyung-Chul Choi

Laboratory of Biochemistry and Immunology, College of Veterinary Medicine, Chungbuk National University, Cheongju, Chungbuk, Republic of Korea

ARTICLE INFO ABSTRACT

Editor name: Maxime Culot Mitochondria are important cytoplasmic elements present in eukaryotic cells, and are involved in cony

energy to ATP through oxidative phosphorylation. Mitochondria are vulnerable to reactive oxygen species

Keywords: thereby making it imperative to evaluate the toxicity. However, existing methods that evaluate mitochq

M“"C.h"”d”a ) toxicity in cardiomyocytes are limited. In the current study, we aimed to determine a mitochondrial bior|

Ze::lme OXygen species that measures the toxicity of mitochondria, and subsequently suggest an efficient evaluation system for
atalase

soD2 ating mitochondrial-specific oxidative toxicity. To achieve this, AC16 human cardiomyocytes, H9C2 .
diomyocytes were exposed to acetaminophen (AP), amiodarone hydrochloride (AMD), doxon
hydrochloride (Dox), valproic acid sodium salt (Val), and (Z)-4-hydroxytamoxifen (4-OHT). Mitochq
oxidative stress was determined by staining the diug-treated cells with MitoSOX™ red fluorescence dye, fol
by imaging with a fluorescence microscope. All working concentrations of Dox showed increased levels
fluorescence in AC16 and H9C2 cells, whereas exposure to Val did not alter the red fluorescence level

cells. Considering our results, increased MiroSOX™ subsequent to drug exposure is a highly reproducib)
reliable merhod to measure the mitochondrial-specific oxidarive toxicity. These results indicare thar a scr
system using MitoSOX™ has the potenrial to be applied as a reliable biomarker for detrermining mirochd
oxidative toxicity in new drug development.

Cardiomyocytes

1. Introduction currently no standardized methods capable of assessing the toxic

mitochondria. It is therefore necessary to develop a new stal

Eukaryotic mitochondria are important organelles that convert en-
ergy in the body into ATP, via the TCA cycle. Thus, organs having a high
density of mitochondria require voluminous energy, such as the heart,
liver, and brain. It is well validated that mitochondrial dysfunction is
strongly associated with heart diseases, such as heart failure (Zhou and
Tian, 2018). This is because cardiomyocyte functions are mitochondria-
dependent, and the cells are extremely susceptible to mitochondrial
dysfunction. Furthermore, cardiomyocytes are vulnerable to cardiotox-
icities, such as cardiomyopathy and heart failure caused by adverse side
effects when using anticancer drugs (Upadhyay et al., 2021). Mito-
chondrial dysfunetion is associated with the mechanism of various dis-
eases caused by toxicity attributed to drugs (Chistiakov er al., 2018;
Forbes and Thorburn, 2018; Johnson et al., 2021). However, there are

* Corresponding author at: Laboratory of Biochemistry and Immunology, College of Veterinary Medicine, Chungbuk National University, Cheongju, Chu

28644, Republic of Korea.
E-mail address: kchoi@cbu.ac.ka (K.-C. Choi).
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method that evaluates mirochondrial toxicity in cardiomyocytes.

Oxidative stress is one of the causes of mitochondrial dysfun
Mitochondria are the organelles that mainly generate reactive o3
species (ROS) in cells, and the abnormally high rate of ROS prodt
results in apoptosis and causes pathological problems. Mitochoi
oxidarive damage may cause mitochondrial outer membrane
meabilization (MOMP)-induced transmembrane space protein re
accelerating mechanisms that promote cell apoptosis. In add
occurrence of ischemia or reperfusion injury may progress to p
ability transition pore (PTP), in which the inner membrane beg
permeable to small molecules (Murphy, 2009). Superoxide (O3
droxyl radical (-OH), and hydrogen peroxide (H;03) are various
generated in the respiratory process, utilizing oxygen in live cells.
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Development of alternative developmental neurotoxicity evaluation technology
using stem cells

Suge_r\{|3|ng Toxicological Testing and Screening Division of NIFDS
ivision
Type Entrusted Project (led by Prof. Ui-Bae Jung, Chungbuk National University)

Development of alternative developmental neurotoxicity evaluation technology using

Title ' ciom cells (20183MFDS522)

[0 Background for the study

With increasing global interest in animal welfare including OECD, Europe, the U.S.,
etc., test methods that are able to rapidly evaluate toxicity using stem cell gene expression
based on key events of adverse outcome pathway (AOP) have been developed as

alternatives to animal testing.

In order to replace OECD TG426 that requires many laboratory animals, time and
cost alternatives that are based on the AOP have been developed and it is considered
necessary to establish technological basis for safety evaluation of developmental

neurotoxicity in Korea.

O Study in brief

In this study, an alternative method to animal testing was proposed by investigating
and developing developmental neurotoxicity alternative test method using stem cells

(Sox1-GFP) for safety evaluation of pharmaceuticals.

Usefulness of stem cells in development of alternatives to animal testing for toxicity

evaluation

- Using totipotency stem cells, unlimited number of cells with the identical genetic
background can be obtained, and thus toxicity comparison between similar drugs
or cell reaction comparison under the identical condition and development of highly

efficient screening method are possible.

SoxI-GFP stem cell: Sox! is a gene that plays a critical role in development of central
nerveous system. When Sox! is expressed, embryonic stem cells are induced to

neuroectoderm. Sox! was used as a marker of neural precursor cell.

- Sox1-GFP stem cells have been derived from SoxI-GFP knock-in reporter mouse
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in which SoxI genes were replaced by enhanced green fluorescent protein (EGFP).
The cells are characterized by their self-expression of GFP only in the neuroglial

stage.

Principle of the method: Developmental neurotoxicity potential is evaluated by measuring
inhibition of differentiation to nerve cells and cell viability following application of

test substances to SoxI-GFP stem cells.

O Overview of the study outcome

Major accomplishment: This study produced social and scientific accomplishment.
Development of developmental neurotoxicity assay using stem cells was selected as
one of the best MFDSR&D projects and multiple papers based on the study were published
in SCI-grade journals.

Main outcome

- Academic outcome: Publication of 3 papers in SCl-grade journals

* TInternational Journal of Molecular Sciences;, "Reproductive Toxicology,, and "Food and
Chemical Toxicology,

- Award
- 2021 MFDS best R&D project
- 2020 KSVS Autumn Workshop - best poster award
- 2021 KALAS Winter Symposium - best poster award

- Development of developmental neurotoxicity assay using SoxI-GFP stem cells

O Excellence and advantage

Excellence: Development of a method for screening developmental neurotoxic substances
using SoxI-GFP cells that were established by promoting differentiation of mouse

embryonic stem cells into neurons

- There has been no other study that established developmental neurotoxicity study
method using embryonic body and used difference neurotoxic substances to confirm

accuracy and transferability of the method.

Advantage: Developmental neurotoxicity assay using Sox1-GFP can be used to

simultaneously evaluate both neurotoxicity and developmental toxicity.
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- Developmental toxicity alternative method in other countries: Embryonic Stem Cell
Test of EURLECVAM and Hand1-Luc EST of JaCVAM

- Neurotoxicity alternative methods in other countries: Neurotoxicity assay using
ReNCell CX of EPA

Public interest: Reduction in use of laboratory animal leads to improvement in animal

welfare

- The existing developmental neurotoxicity assay (OECD TG 426) is a large scale animal
experiment that requires use of many laboratory animals. However, developmental
neurotoxicity assay using Sox1-GFP does not use laboratory animals nor involve in

bioethical issues.

Utilization of the outcome and its impact: Development of developmental neurotoxicity

assay that can replace animal testing

- To keep pace with the international changes that pose ban on animal testing, an
alternative developmental neurotoxicity assay that uses stem cells instead of

laboratory animals has been developed.

- The developed assay can be used in safety evaluation of the pharmaceuticals that

have been unclassified yet.
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O Performance of the study

10

"

12

13

Title

Presentation: Alternative Developmental
neurotoxicity test Based on Sox1-GFP mouse
embryonic stem cells

Presentation: Establishment of a
developmental neurotoxicant screening using
Sox1-GFP mouse embyronic stem cells

Presentation: Establishment of a
developmental neurotoxicity test (DNT) using
Sox1-GFP mouse embryonic stem cells

Presentation: Establishment of a
developmental neurotoxicity test using 46C
cells

Presentation: Screening for developmental
neurotoxicity test using 46C cells

urturing professional personnel with master’s
degree

Nurturing professional personnel with
master's degree

Nurturing professional personnel with
master’'s degree

Nurturing professional personnel with
master's degree

MFDS best R&D award

Publication: Combined Exposure to Diazinon

and Nicotine Exerts a Synergistic Adverse

Effect /n Vitro and Disrupts Brain Development
and Behaviors /n Vivo

Publication: Establishment of a developmental
neurotoxicity test by Sox1-GFP mouse
embryonic stem cells

Publication: Pre-validation of an alternative
test method for prediction of developmental
neurotoxicity

IV. Latest studies on NAMs and their regulatory acceptance

MFDS Performance Evaluation Standards

Type

Building on expertise
through academic
accomplishment

Building on expertise
through academic
accomplishment
Building on expertise
through academic
accomplishment
Building on expertise
through academic
accomplishment
Building on expertise

through academic
accomplishment

Human resource training

Human resource training

Human resource training

Human resource training

social evaluation

Academic
accomplishment

Academic
accomplishment

Academic
accomplishment

Performance Indicators

Number of publication and
presentation in national
workshop

Number of publication and
presentation in national
workshop

Number of publication and
presentation in national
workshop

Number of publication and
presentation in national
workshop

Number of publication and

presentation in
international workshop

Human resource training

Human resource training

Human resource training

Human resource training

Education and promotion
material about the study
outcome

Number of papers
published in SCl—grade
journal

Number of papers
published in SCl-grade
journal

Number of papers

published in SCl—grade
journal
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14

15

16

17

18

19

20

21

22

2

w

144

Title

Presentation: Development neurotoxicant test
in mouse Sox1-GFP cell

Presentation: Establishment of a
developmental neurotoxicant screening using
SOX1-GFP mouse embryonic stem cells

Presentation: Establishment of a
developmental neurotoxicant screening using
46C cells

Presentation: Perinatal
Octamethylcyclotetrasiloxane exposure to
maternal mice disrupts brain development and
behavior in offspring mice

Presentation: Pre-validation study of
alternative developmental neurotoxicity test
using Sox1-GFP cell.

Presentation: Study for the pre—validation of
alternative development neurotoxicity test
using Sox1-GFP cell

Presentation: Study for the pre-validation of
alternative developmental neurotoxicity test
using Sox1-GFP mouse stem cell

2020 KSVS Autumn Workshop — best
workshop poster-Establishment of a
developmental neurotoxicant screening using
Sox1-GFP mouse embryonic stem cells

2021 KALAS Winter Symposium best poster
award-Establishment of a developmental
neurotoxicant screening using 46C cells

Preparation of the draft DNT test method using
Sox1-GFP stem cells

MFDS Performance Evaluation Standards

Type
Academic

accomplishment

Academic
accomplishment

Academic
accomplishment

Academic
accomplishment

Academic
accomplishment

Academic
accomplishment

Academic
accomplishment

social evaluation

social evaluation

Establishment of

scientific basis for

regulation

Performance Indicators

Number of publication and
presentation in national
workshop

Number of publication and
presentation in
international workshop

Number of publication and
presentation in national
workshop

Number of publication and
presentation in national
workshop

Number of publication and
presentation in
international workshop

Number of publication and
presentation in national
workshop

Number of publication and
presentation in national
workshop

Education and promotion
material about the study
outcome

Education and promotion
material about the study
outcome

Number of TG
development
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O Major accomplishment

11. Publication: Combined Exposure to Diazinon and Nicotine Exerts a Synergistic Adverse Effect /n
Vitro and Disrupts Brain Development and Behaviors /n Vivo

International Journal of

Molecular Sciences
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Combined Exposure to Diazinon and Nicotine Exerts
a Synergistic Adverse Effect In Vitro and Disrupts
Brain Development and Behaviors In Vivo
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Abstract: A real-life environment during pregnancy involves multiple and simultaneous exposures
to toxic chemicals. Perinatal exposures to toxic chemicals have been reported to exert an inhibitory
effect on mouse neural development and behaviors. However, the effect of combined exposures
of organophosphate and nicotine has not been previously reported. In this study, we investigated
whether a combined exposure of diazinon and nicotine can have a synergistic effect. The effects of
the combined chemical exposure on cell viability and neuronal differentiation were examined using
mouse Sox1-GFP cells. Additionally, mice were maternally administered 0.18 mg/kg diazinon, a no
adverse effect level (NOAEL) dose, combined with 0.4, 1, and 2 mg/kg nicotine. Mice offspring
underwent behavior tests to assess locomotor, depressive, cognitive, and social behaviors. Morpho-
logical change in the brain was investigated with immunolocalization. We revealed that the combined
exposure to diazinon and nicotine can have a synergistic adverse effect in vitro. In addition, the
chemical-treated mouse offspring showed abnormalities in motor leaming, compulsive-like behav-
iors, spatial learning, and social interaction patterns. Moreover, 0.18 mg,/ kg diazinon and 2 mg/kg
nicotine co-exposure resulted in an increase in tyrosine hydroxylase (TH)-positive dopaminergic
neurons. Thus, the findings suggest that perinatal co-exposure to nicotine and diazinon can result in
abnormal neurodevelopment and behavior, even at low-level administration.

Keywords: organophosphate; combined exposure; diazinon; nicotine; dopaminergic neuron

1. Introduction

During pregnancy, maternal exposure to a specific chemical compound may result
in abnormal brain development and behavior in humans and animals, and the real-life
environment during pregnancy can involve multiple and simultaneous exposures to toxic
chemicals, such as pesticides and cigarette smoke. In this regard, synergistic adverse
effects generated by co-exposure of toxicants have attracted contemporary researchers.
For example, even at an environmental-level exposure, a mixture of pesticides (varying
from 0.001 to 0.004 ppm) can generate an inhibitory effect on aquatic ecosystems via
oxidative stress or cholinergic inhibition [1]. Likewise, a combination of benzopyrene
and lead (Pb) can produce a synergistic adverse effect on spatial learning and memory
impairments by exacerbating oxidative stress [2]. In addition, co-exposure of dichlorvos
and monocrotophos has resulted in more severe damage to neurons than from individual-
exposures by depleting neurotransmitter levels [3]. Indeed, combined exposure to multiple
substances may enhance or counterbalance the toxicity of chemicals, leading to unknown
risks to animal health.

Diazinon is one of the most extensively used organophosphate pesticides for house-

hold or agriculture purposes [4]. Additionally, cigarettes represent one of the globally

Int. . Mol. Sci. 2021, 22, 7742. https:/ /doi.ong/ 10,3390/ {jms22147742

https:/ /www.mdpi.com/joumal /ijms

145




MFDS NAMs Report: Regulatory Acceptance and Research Outcomes

12. Publication: Establishment of a developmental neurotoxicity test by Sox1-GFP mouse embryonic

stem cells

Reproductive Toxicology 104 (2021) 96-105

Contents lists available at ScienceDirect
Reproductive Toxicology

journal homepage: www.alsevier.com/locate’reprotox

Establishment of a developmental neurotoxicity test by Sox1-GFP mouse

embryonic stem cells

Seon Mi Park®, Na Rae Jo ", Bonn Lee *, Eui-Man Jung ‘, Sung Duck Lee ", Eui-Bae Jeung **

" Labarmtary of Veterinary Biochemistry and Molecular Biolagy, College of Veterinary Medicine, Chungbuk Notianal Universty, Cheorgiu, Chungbuk, 28644, Republic of

Korea

* Department of Information and Statistics, College of Natural Sciences, Chunghuk National University, Cheongite, Chungbuk, 28644, Republic of Korea
 Department of Motecidar Biology, College of Namra! Sciences, Pusen Notionel University, Busan, 46241, Republic of Korex

ARTICLEINFO ABSTRACT

Handling Editor: Bal-Price Anna Developmental toxicity tests have been generated by applying the embryonic stem cell tests at the European
Centre for the Validation of Alternative Methods, or by using the embryoid body test in our laboratory. This study
Keywordsc was undertaken to explore novel developmental neurstoxicity (DNT) assay, using & Sox1-GFP cell line (mouse

DT embryonic stem cells with an endogenous Sox1-GFP reporter). The expression of Soxl, & marker for neuro-

’:“?G;L‘ epithelial cells, is detected by green fluorescence, and the fluorescence intensity is a critical factor for achieving
Sm:ll-:GFP neuronal differentiation. Sox1-GFP cells cultured for 24 h were exposed to eleven neurotoxicants and four non-

neurotoxicants. CCK-8 assays were performed to determine [Cgy values after 48 h of chemical treatment. The
fluorescence intensity of GFP was measured 4 days after treating the cells, and it was observed to decrease after
exposure to neurotoxicants at higher concentrations, thereby indicating that the neuronal differentiation of Sox1-
GFP cells is inhibited by the chemicals. Taken together, the results obtained in this study provide a model for
DNT using embryonic stem cells, which may be applied to evaluate the toxicity of new chemicals or new drug

Cell differeniiation

candidates.

1. Introduction

The nervous system is stimulated and give responds to the sur-
rounding environment. The nervous system originates from the ecto-
derm of the three germ layers of the developing embryo [1]. In the early
stages of gestation, neuroepithelial cells divide symmetrically or un-
symmetrically when the neuroepithelial cells produce apical radial ghial
cells [2]. Any anomalies during this process result in neuro-
developmental disorders. About 10-15% newborn child has this discase
[2]. Moreaver, neurodevelopmental disorders such as attention deficit
hyperactive disorder and autism are rising sharply [4]. This alarming
number of newborn children with neurodevelopmental diseases is now
currently drawing attention. In this paper, we suggest the test method
for developmental neurotoxicity (DNT). Even though this topic has
drawn much attention, however, the cause of these global neuro-
developmental disorders is only partially understood. 1t is well docu-
mented in the paper written by Grandjean and Landrigan [5). Needham
et al. suggested that 30--40 % of all neurodevelopmental disorder cases

are due to genetic factors. In some cases, non-genetic environmental
exposure is caused by anomalies interacting with genetically inherited
tendencies. Fetuses are implanted on placenta, however, the placenta is
unable to block all trespassing of varieties of environmentally harmful
substances, which will consequently be transferred to the baby. Also,
after born, the harmful chemicals can be transferred from mother to
baby during lactation [6]. The developing human brain is also vulner-
able to harmful chemicals during fetal and early childhood [7]. The
brain of the baby is very vulnerable, and the amount of harmful chem-
icals affecting the fetus is a significantly smaller amount than that for an
adult; this means that negligible amount of chemiral could cause per-
manent brain damages to the baby and children during the develop-
mental stage. Laboratory studies have reported more than 1000
substances to be neurotoxic to animals [5]. In the United States, Canada
and Europe, more than 30,000 of the commonly used industrial chem-
icals have been exhibit developmental neurotoxicity [4].

Growing concerns on neurotoxicants lead to an increase in identi-
fying developmental neurotoxicants, new guidelines have been

* Corresponding author ar Laboratory of Veterinary Biochemistry and Molecular Biology, Veterinary Medical Center and College of Veterinary Medicine,

Chungbuk Mational University, Cheongju, Chungbuk, 28644, Republic of Korea.

E-muail address: ebjeungi@chungbul.ackr (E.-B. Jeung).
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13. Publication: Pre-validation of an alternative test method for prediction of developmental

neurotoxicity

Food and Chemical Toxdcology 164 (2022) 113070

ELSEVIER

journal homepage: www.elsevier.com/locate/foodchemtox

.,.
Contents lists available at ScienceDirect - S |
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Food and Chemical Toxicology

Pre-validation of an alternative test method for prediction of

=

developmental neurotoxicity
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ARTICLEINFO

ABSTRACT

Handling Editar: Dr. Jose Luis Demings

Keywords:

Walidation

Developmental neurctaxicity
460

Embryonic stem cell

Expaosure to neurodevelopmental toxicants can cause permanent brain injury. Hanee, determining the neuro-
toxicity of unknown substances is essential for the safety of substance. As an alternative method to animal
studies, developmental neurotoxicity test (DNT) and the first discriminant function (DF) were established in
previous study. This study aimed to increase the predictability of the DNT method and perform a mobility test.
Two endpaints of 29 newly investigated substances were used to establish a second-generation DF (2nd GDF). As
two endpoints, the half-inhibitory concentration of the cell viability (ICzo) was determined using a cell counting
kit-8 assay. The half-inhibitory concentration of differentiation {IDz;) was determined by measuring the green
fluorescent protein (GFF) intensity in 460 cells. The substances were treated dose-dependently to measure 1Cgy
and IDgp. The 2nd GDF classified 29 chemicals accurately as toxic and non-toxic. Four participants of three
independent laboratories were enrolled to test the mobility. The results of the test set were highly accurate in
reproducibility (100% of accuracy, sensitivity, and specificity) and mobility (accuracy 93.33%, sensitivity
Q0.91%, and specificity 100%). In conclusion, the protocol is transferable, reproducible, and arcurate. Therefore,
this could be & standardizing method for determining & neurotoxicant as an alternative for animal experiments.

1. Introduction

animals. Moreover, the use of animals is a ime-consuming process that
is restricted because of ethical issues (Fritsche et al., 2018). Several

Developmental neurotoxicity is one of the most important endpoints
for the toxicity of substances (Li et al., 2019). Neurodevelopmental
taxicants impair brain development, and their sequelae usually do not
recover and persist for life. This study referred to Organization for
Eronomic Co-operation and Development (OECD) test guideline ‘TG
426", the US Environmental Protection Agency (EPA) Office of Chemical
Safety and Pollution Prevention (OCSPP) guideline (CFR Title 40,
Chapter [, Subchapter R), and “Toxic Substances Control Act” to establich
the developmental neurotoxicity test. These protocols were approved
using a standardized approach to determine developmental neurotox-
irity, but this method requires the sacrifice of large number of lab

alternative methods for a laboratory animal study have been suggested
to settle these issues. In humans and animals, such as rodents, embryonic
stem cells (de Lecuw et al, 2020), inducible progenitor stem cells
(Hofrichter et al., 2017a), neural progenitor (Masjosthusmann et al.,
2019), and primary neural cells (Hofrichter et al., 2017a) neurotoxic-
ities, were investigated by measuring the cell viability (Masjosthusmann
et al, 2019) and neural cell differentiation (de Leeuw et al, 2020;
Hofrichter et al., 2017z). In addition, the use of mouse embryonic stem
cells genetically modified with the Sox] (SRY-box transcription factor 1)
gene reporting system marked green fluorescent protein (GFP) gene was
also recommended (Park cf al., 2021). These were visualized as green

* Corresponding author. Laboratory of Veterinary Biochemisiry and Molecular Biology, Veterinary Medical Center and College of Veterinary Medicine, Chunghuk

Mational University, Cheongju, Chungbuk, 28644, Republic of Korea.
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4  Study on evaluation of drug interaction using big data and machine learning

Supervising

Divisi Pharmacological Research Division of NIFDS
ivision

Type Entrusted project

Study on evaluation of drug interaction using big data and machine learning

Tite | 19182MFDS407)

[0 Background for the study

Drug interaction can be the cause of negative clinical outcome including increase

in occurrence of adverse effects or reduction in drug efficacy.

- It was reported that, of all combination of drugs on the market, about 10% of drug

interaction has yet been identified.

When approving new drugs, MFDS requires to label as much drug interaction information
as possible by performing as many drug interaction clinical trials as possible.

- Clinical trials demand a lot of time and cost, and a system that is able to predict

drug interaction results using algorithm is needed.

O Study in brief

Development of algorithm for prediction of drug interaction using information on drugs

and authorization

- Prediction of interaction between drugs, food ingredients and drug metabolizing
enzyme (CYP450, etc.)

- Prediction of Korean-specific drug interaction and adverse effects based on gene

information of Koreans

Establishment of a platform for prediction of drug interaction based on machine learning

- Prediction model for predicting effects of drug interaction on absorption, distribution,

metabolism and excretion

- Prediction model for predicting drug-induced toxicity and adverse effects caused by

drug interaction

- Prediction model for predicting CYP 450 reactions at a molecular level and drug
metabolism derived from genetic differences between Koreans and Westerners
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Establishment of big data-based platform for evaluation of drug interaction

Establishment of DM model for prediction of interaction between drugs and foods

Suggestion of combination and alternative drugs that would reduce adverse drug

reactions

Establishment of prediction model for drug metabolism and active metabolic

pathways at a network level based on Korean-specific genetic information

Evaluation of the platform using CDW dig data of medical records of hospitals

O Overview of the study outcome

Establishment of prediction model of interaction between drugs and between food

ingredients

- DDIP - NNP (Drug to drug interaction prediction neural network platform) system
has been established.

* Target: regulatory body, pharmaceutical companies developing drugs, clinical experts (e.g.
physicians and pharmacists), etc.

* Where to use
* To predict interaction of new drugs being developed

* To identify and (or) predict interaction between drugs taken by patients in clinical
practice

* To predict interaction of drugs that have been developed, but rarely have known
interaction due to lack of clinical evidence

e ® o o
o 0
i:'
B—e—a

DDIP-NN

Orug-Drug Interaction Prediction
Neural Network Platform
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- Prediction of appropriate pharmaceutical and adequate dose volume in Korean based

on drug interaction

- Suggestion of combination and alternative drugs that reduce drug adverse effects

S{DRUG-DRUG INTERACTION)

-

rediction
atform

o=t = =0 - Lo =NV . L = -
FEHE T Y=(Perpetrator drug FEE 2= A E(Victim drug va®
M
Voriconazole Tacrolimus B | DDﬁao ':NP
rug-Drug interaction
el Hetarerk
= [=] K=t
FH SE M
B g T oFE(Perpetrator FEE P 2FE(Vietim yemg
drug) rug)

Isavuconazole

Alitretinoin

Isavuconazole2 Alitretinoin®] AUCE 17.30%Ct3
ZhAIE.

=
[=]

Isavuconazole

Voclosporin

Isavuconazole2 Voclosporing| AUCE 2542%CH8 &
HAE.

Isavuconazole

Crisaborole

Isavuconazole2 CrisaboroleZ] AUCE 27.50%%HS &
THA .

Isavuconazole

Cyclosporine

Isavuconazole Cyclosporine2| AUCE 28.00%%2tS
S7rAE.

lsavuconazole

Pimecrolimus

Isavuconazole2 Pimecrolimus2| AUCE 28.03%2+&
SHAE.

Isavuconazole

Cromoglicic acid

Isavuconazele® Cromoglicic acid2| AUCE 28.03%FH
= 7t E.

Isavuconazole

Dupilumab

Isavuconazole2 Dupilumab®2] AUCE 28.03%%t2
JEAIE.

Voriconazole

Cyclosporine

Voriconazole2 Cyclosporine2] AUCE 70.00%2H2 &
E =S

{Screenshot of suggested drug pairs when drug to drug interaction is searched)

- Establishment of prediction model for predicting drug metabolism and active

metabolic pathways at a network level based on Korean-specific genetic information

- Evaluation of platform using CDW big data of medical records of hospitals

= ]
MBEE BO TUE Pe
T UEL 4=EHEE LEL HHE S50 @0 UE /tsE0] s
Chul =l Voriconazole Tacrolimus
Cytochrome P450 3A4 inhibitor substrate
Cytochrome P450 3A5 inhibitor substrate
g =3

(Providing information on proteins involving in interaction )
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O Excellence and advantage

Development of a system for prediction of drug interaction based on accumulated

medical big data

- Development of machine learning algorithm can be used as an independent
technology specialized in pharmaceutical sector, and can also be utilized in other

drug related projects.

* A new technology to generate valuable data by integrating and editing information related to
drug interaction has been obtained.

- The drug interaction prediction system has higher accuracy and predictivity as it

is built based on medical-related big data accumulated for the past.

* In particular, it can be used as a major part of the Al drug administration proposal system
in conjunction with other algorithms that help precise customization of drug administration when
building prediction and evaluation models that reflect characteristics of Koreans.

O Utilization of the outcome and its impact

Providing personalized medication that minimizes adverse effects

- The quality of medical services and for the general public has enhanced. This
contributes to improving public health and quality of life, and thereby satisfaction

of the people.

Medical professionals are able to provide medication-related services more accurately.

- Medical professionals would be constantly exposed to expert knowledge by using
the platform and this can hel reduce the time and cost required for repeated

education and training.

Prioritization of drug interaction information considering the clinical situation can

reduce unnecessary notification.

- The platform can become more trustworthy by the medical professionals. Also, it
can reduce unnecessary fear of adverse effects among the public and correct the

understanding of drugs in the long term.
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O Performance of the study

Title

MFDS Performance Evaluation Standards

Type Performance Indicators

Patent: 10-2022-0119792
Pharmacokinetic change prediction device and
method

Intellectual property

Number of patent
applications

Publication: An annotated corpus from
biomedical articles to construct a drug—food
interaction database

Building on Expertise
through academic

Number of papers
published in SCl—grade

accomplishment journals

Publication: Machine learning—-based
quantitative prediction of drug exposure in
drug—drug interactions using drug label
information

Building on Expertise
through academic

Number of papers
published in SCl-grade

accomplishment journals
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O Major accomplishment

2. Publication: An annotated corpus from biomedical articles to construct a drug—food interaction database

Journal of Biomedical Informatics 126 [2022) 103565

Contents ligts available at ScienceDirect
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ELSEVIER

Journal homepage: www.elsevier.com/locatalybin

An annotated corpus from biomedical articles to construet a drug-food S
interaction database
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ARTICLEINFO ABETRACT

Kigywonis: Motivatior: While drug-food interaction (DFI) may urdermine the efficacy and safety of drugs, DFI detectian has
E:"‘*' Nﬁr“ been difficult because o well-organized database for DF] did noe exist. Ta construct a DF] database and build a
[ESFT |

natural language processing system extracting DFI fram biomedical articles, we fornudated the DPI extraction
tzsks and manually annctated texts that could have contadeesd DPI information. In this adicle, we introducsd a
new annotated corpus for extracting DF, dhe DT corpus.

Results: The DFI carpus contains 2270 abstracts of biomedical anticles accessible through PubMed and 2498
sentences that contain DF] and/or drug-drug information (DDI), a substantial ameount of infarmation about drsg/
food entities, evidence-levels of abstracts and relations between named entities. BERT models pre-trained on the
biomedical domain achieved 2 F1 score 55,08 in extracting DPI key-sentences. To the best af aur knowledge, the
DFl corpus is the largest public corpus for drug-food interaction.
Avmiahility ond. implememtmtion: Our COpLE is

cam/coadd snu/cocpus-for- DFl -extraction.

Dvug-food leneractlon

Hatural langnage processing
Inliemition exraction

availshle at hitt

-/ fgithub

1. Introduction recognized beferehand. Drug interactions can be identified al various

stages of drug development, post-marketing pharmacovigilanos, and

Drrisg interaction occurs when the exposure o a drag (or wiclim) or its
efficacy andsar safety is affected by another substance (or perpetrator]
consumed together with the drug. Perpetrators include, bul are net
limited to, ansther drug, food, baverage, or o chemical. Drug interaction
may increase or decrease the activity of the victim drug. For example,
grapelruit can increase the blood pressure-lowering affect of some anti-
hypertensive when ingested together [1]. In contrast, omeprazobe can
reduce the plasma levels of co-administered nelfinavir, an antiviral
agent to treal human immunodeficiescy virus, leading to the develop-
ment of viral resistance [2,2].

Of warious types of drug interactions, those with another drog (drug-
drug interaction, DD ar food (drug-food interaction, DFI) are clinically
impattant because DDs and DFls can ollen be avoided il they were

routing elinical use through prospective systematic investigations or by
accident. Mo matter how drug interactions are identified, a drug inter-
action database can assist clinicians to choose a sel ol medications,
which ean be safely co-administered to avoid harmiul drug interactions.

A natural language processing (MLF) system that automatically ex-
tracts drug interaction infermation from biomedical texis can facilitate
the construction af a drug interaction database. Far example, several
DD extraction MLP models developed on the DDIExtraction 2003 corpus
hawve shown geod performance in extracting and classifying DDIs [4-5].
Asimilar HLP maodel to extract DF1s from scientific literature was trained
o the DDIExtraction 3013 corpus an the assumption that the structure
of DDI-describing sentences is close 1o that of DFl-describing coes (7.
This assumplicn, however, may not be substantiated given the

* Corresponding suthors at: Department of Clinical Pharmacolegy and Thempeutics, S=oul Hational University College of Medicine and Hospatal, 103 Daehak-ro,
Jongno-gu, Seoul 110:-755, Korea (H. Lee) College of Pharmacy, Seoul Mational University, 1, Gwanak-ro, Gwanakegu, Seoul 08626, Korea (1. Oh).
E-mail addresses: jmohd@snuac kr (J. M8 Oh), howardl=s@enu ac kr, shinknS5Gsmaac kr (H Lee).
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2. Publication: An annotated corpus from biomedical articles to construct a drug—food interaction

database
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Machine learning-based quantitative prediction of drug
exposure in drug-drug interactions using drug label

information

Ha Youmg Jang (@', Jiyeon Song™, Jae Hyun Kim (', Howard Lee®, In-Wha Kim', Bonghki Moon (7™ and Jung Mi Oh(' =

Many machine learning techniques provide a simple prediction for drug-drug interactions (DDIs). Howewver, a systematically
constrected database with pharmacokinetic (FK) DDl information does not exist, nor is there a machine leaming model that
numerically predicts PK fold change (FC) with it. Therefore, we propose a PE DD prediction (PK-DDIF) model for quantitative DDI
prediction with high accuracy, while constructing a highly reliable PK-DDI database. Reliable information of 3,627 P DDIs was
constrected from 3,587 drugs using 38,711 Food and Dreg Administration (FDA) drug labels. This PE-DDIF model predicted the FC
of the area under the time-concentration curve (AUC) within + 0.5959. The prediction proportions within 0.8-1.25-fold, 067-15-
fold, and 0.5-2-fold of the AUC were 75.77, 86,68, and 94.76%, respectively. Two external validations confirmved good prediction
performance for newly updated FDA labels and FC from patients’. This model enables potential DDI evaluation before clinical trials,

which will save time and cost.

npj Digital Medicine (2022)5:88; hitpsy/doLorg/10.1038/541 746-022-006359-0

INTRODUCTION

A drug-drug interaction (DDM) occurs when the phamacoki-
netics (PK) or pharmacodynamics (PD) of the victim drug is
changed by a perpetrator drug previously taken or adminis-
tered in combination. DDMs may lead to products” withdrawal
from the market. For instance, astemizole, a drug for the
treatment of allergic symptoms, was withdrawn from the
market due to the possibility of prolongation of the QT interval
and arrhythmias when combined with cytochrome P450 3A4
[CY¥P3A4) inhibitors, including grapefruit juice and enythromy-
cin'. Mibefradil, a treatment for hypertension and chronic
angina, was withdrawn from the market due to bradycardia and
rhabdomyolysis when combined with various cardiovascular
drugs, such as beta-blockers or statins®. Likewise, DDls have
been studied as one of the causes of severe adverse reactions
ocourring in clinical settings™®. Furthermore, the increasing
trend of mukti-drug prescriptions increases the possibility of
side effects due to DDis®.

Howeewer, despite this imporance, numerous DD exist, but
hawe not been identified. What is worse, approcdmately 10% of
DDl pairs may hawe adwerse reactions due to DDIs among all
combinations of commercially available drugs®. This is because,
first, the Food and Dreg Administration (FDA) recommends that a
clinical trial fior DDls be conducted when dregs affect anly, or are
affected by, a specific enzyme in an in-vitro study”’. High costs and
time-consuming clinical trials may be part of the reason for the
limited number of known DDls. Second, the mechanisms by which
DDls occur are very diverse, and each mechanism may be
complex, so not all potential DD may be detectad.

Warious machine learning technigues have been developed to
predict DDIs to overcome the lack of known DDI pairs. In

previous studies™ ", many models have been developed to

predict the presence or absence of DDIs, discovering DD pairs
that cause side effects, or classifying the types of DDIs using
open source databases (DBs). Howewer, there are clear limita-
tions. First, most models have only provided a simple prediction
for the existence or classification of DDIs. These models do not
aid in complex clinical decisions, swch as precise dose
adjustment or alternative drug selection. Predictions about fiold
change of PK parameters are needed to help physicians and
pharmacists, but, to date, there are no models that have been
succassful in predicting this. Second, a systematically comn-
structed true-negative dataset does mot exist. The DDN DB, such
as DwrugBank, widely wsed for DDis prediction, contains
information that ‘there is a DDI between drug A and B, but
does mot contain information that ‘there is no DDI'. As a result,
researchers inevitably have selected random sets of drug pairs
thinking there were mo interactions™''-1#20E- 3033443 Car
tainly, absence of evidence is not evidence of absence. Using a
model without good input makes it difficult to obtain reliable
output. If the negative set is random, it is difficult to identify the
exact cause when unexpected problematic output oocurs,

Therefore, a sufficient amount of DDN information containing
fold chamge of F¥ parameters was collected by hand search from
FDA drug labels for high model performance and a reliable PE-DDN
DB was constructed (Fig. 1). Using this data, a PK DDl prediction
model (PE-DDIF model) is proposed that quantitatively predicts
the fold change of drug PK parameters in DDis. In addition, a
standalone application, which provides predicted fold changes
amd reported fold changes of PK parameters, amatomical
therapeutic chemical (ATC) code-based alemative drug choices,
and single nucleotide polymorphism (SMP) action information was
distributed.

'Culh'g{: of Phammacy and Research Instibute of Phamaceutical Sdences, Seoul Matkonal University, Secul, Republic of Konea. ‘Depanment of Computer Scence and Engineering,
Secul National Unkeersity, Secul, Republic of Korea, *School of Pharmracy, Jeonbuk Naticnal Unkersity, Jeonjy, Republic of Karea. *Department of Cincal Phammacology and
Therapeutics, Secul National University Coliege of Medicine and Hospital, Secal, Korea. “These suthars contributed equally: Ha fowng Jang, Ahyean Song.

“emait: bkmoon@snuwackr; moh@snuac ke

Publighed in partnership with Ssoul Mational University Bundang Hospital
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Study on establishment of big data-based model for prediction of drug
cardiovascular safety

Supervising

Divisi Pharmacological Research Division of NIFDS
ivision

Type Entrusted project

Study on establishment of big data—based model for prediction of drug cardiovascular

Tile | Cofety (19182MFDSA06)

[0 Background for the study

Drug adverse reactions in cardiovascular system are integral part in hazard evaluation,
and many drugs have been withdrawn from the market due to their potential to cause

deep vein thrombosis

* New drugs applied for approval are evaluated using safety pharmacology test methods

New drugs have been commercialized after non-clinical and clinical studies in accordance
with international guidelines, but issues related to false negatives or false positives

are persisting.

- Cardiotoxicity evaluation using animal models have limitations including variability
caused by experimental environment and interspecies differences.

O Study in brief

Selection of arrhythmia drugs based on big data and development of prediction algorithm
- Establishment of clinical big data for prediction of drug safety in cardiovascular system

- Development of clinical big data-based algorithm for prediction of cardiovascular safety

Preparation of non-clinical test method for verification of cardiovascular safety

prediction platform

- Establishment and validation of in vitro cardiovascular hazard evaluation model: Multi
electrode array using hiPS-CMs

- Validation of in vivo cardiovascular hazard evaluation model: Telemetry using beagle dogs
Validation of big data-based model for prediction of cardiovascular safety

- Validation of prediction rate using non-clincal model for evaluation of cardiovascular

hazard
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Establishment of a single ion channel measuring assay for major channels related to
cardiac action potential

Obtention of data on evaluation of single channel effect induced by drugs

Obtention of non-clinical data-based prediction model for deciding QT extension in
clinical situation

O Overview of the study outcome

Establishment of a platform for prediction of effects on clinical ECG using in vitro
single ion channel assay

Establishment of clinical biological signal big data for prediction of cardiovascular safety

- Clinical electrocardiogram data and electronic medical records have been collected
to create database.

* As for standard 12-lead ECG, 1,040,752 ECG data from 447,632 people have been collected.

@« Dash Board
i) & Total Patients @ Days £ Total Rows |2 Total Wave © Patient Year & Storage (Total 43.9T, Used: 1

@ 26,481 1,449 ’ 1,595,047,022 ’ 69,605,692 1,324.0 30.4%
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{Dashboard of Ajou University Hospital in October 2020 showing statistics of patient biological signal collection)

ReIzER3IF
EEEEEE

ECGaVR

8

Establishment of an active cardiovascular risk monitoring system and dashboard based
on clinical big data

- A total opf six tabs* are configured to display overall data collection and provide
guidance and contextual monitoring systems

* Dashboard, Tutorial, Standard 12-lead ECG, ICU continuous ECG, Patient specific, and
pre—clinical risk evaluation
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DaTS EN ¢

Dashboard Tutorial Standard 12-lead ECG ICU continuous ECG Patient specific Preclinical risk evaluation

Dashboard

Accumulated patients in ajou university hospital
8 week accumulated outpatients

OUTPATIENTS

S8/2539

eeeeee

ICU PATIENTS

2,416

‘‘‘‘‘‘
Qs i ovme: G

{Dashboard)

[0 Excellence and advantage

Establishment of clinical biological signal big data for prediction of cardiovascular

safety

- By utilizing the data of single cardiac ion channel experiment in non-clinical stage,
risk of extending QT interval in clinical stage can be predicted during new drug

development.

* This is expected to reduce cost and complexity of clinical trials by helping set the direction
and scale of the trials

An active cardiovascular risk monitoring system and dashboard based on clinical big
data

- Safe medical environment would be created thanks to early detection of drugs with

deep vein thrombosis risk and timely countermeasures.

* Through commercialization, it can be utilized as a decision support system when physicians
prescribe drugs with cardiac toxicity risks

O Utilization of the outcome and its impact

Improvement of national health care by enabling monitoring and early screening of
potential cardiovascular threats caused by drugs prescribed frequently as well as analysis

of the causes

Utilization of a big data-based cardiovascular safety prediction platform during new

drug development that requires a lot of cost
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{Example of the use of a clinical data—driven cardiovascular safety prediction model )

- Minimizing trial errors caused by interspecies differences, reducing cost for new drug

development and improving the competitiveness of national pharmaceutical industry.

O Performance of the study

MFDS Performance Evaluation Standards

Title

Type

Performance Indicators

Publication: Data—driven drug—induced QT
prolongation surveillance using adverse
reaction signals derived from 12-lead and
continuous electrocardiogram data

Building on expertise
through academic

accomplishment

Number of papers
published in SCl-grade
journals

Publication: Risk of QT prolongation through

drug interactions between hydroxychloroquine

and concomitant drugs prescribed in real world
practice

Building on expertise
through academic

accomplishment

Number of papers
published in SCl-grade
journals

Publication: Development of a Risk Score for

QT Prolongation in the Intensive Care Unit

Using Time-Series Electrocardiogram Data
and Electronic Medical Records

Building on expertise
through academic

accomplishment

Number of papers
published in
non-SCl-grade journals
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O Major accomplishment

1. Publication: Data—driven drug-induced QT prolongation surveillance using adverse reaction signals
derived from 12-lead and continuous electrocardiogram data

PLOS ONE

L)

Cheack for
updates

E OPEN ACCESS

Cliation: Chol B Koo ¥, Kim TY, Lim H-5_ Yoon D
(#022) Data-driven drug-induced OT prolongation
sunvelllance using adverse reaction signats derived
from 12-lead and continuous electrocardiogram
data. PLo% ONE 17(1): el263117. hiips:/dol.ong
10,1371 feurnal. pone. 0263117

[Editor: Chiara Lazzer, Azienda Ospedaliero
Universitar Caregal, ITALY

Recelved: May 13, 2021
Accepted: January 12, 2022
Published: tanuary 31, 2022

Peer Review History: PLOS recagnizes the
benefits of transparency in the peer review
process: theredore, we enable the publication of
all of the content of pesr review and author
responses alongside final, published articles. The
editorial history of this article is available here:
hitps:/idol.org0.137 1/ journal pone. 0263117

Copyright: & 2022 Chol et al. This is an open
access arficle distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in amy medium, provided the oniginal
author and source are credited.

Data Availability Statement: Data for drugs
knaown to prodong OT interval can be downloaded
at CredibleMeds {hitps./www.crediblemeds.org’)-
[rata for analysis on the 12-lead ECGs i based on

RESEARCH ARTICLE

Data-driven drug-induced QT prolongation
surveillance using adverse reaction signals
derived from 12-lead and continuous
electrocardiogram data

Byung Jin Choi'™, Yeryung Koo®*, Tae Young Kim®, Hong-Seok Lim?,
Dukyong Yoon**%#

1 Depariment of Biomedical Informatics, Ajou University School of Madicine, Suwon, Gyeongai-do, Republic
of Korea, 2 BUD.on Inc, Jeonju, Jeollabuk-da, Republic of Korea, 3 Department of Cardiology, Ajou
University Schoal of Madicine, Suwon, Gyeonggi-do, Republic of Korea, 4 Department of Biomedical
Systems Informatics, Yonsei University Callege of Medicine, Yongin, Gyeonggi-do, Republic of Korea,

5 Center for Digital Health, Yongin Severance Hospital, Yonseai University Health System, Yongin, Gyeonggi-
do, Republic of Korea

% Thase authors contributed equally 1o this work.
* dukyong.yoon @ yonssiac.kr

Abstract

Drug-induced QT prolongation is one of the most common side effects of drug use and can
cause fatal outcomes such as sudden cardiac arrest. This study adopts the data-driven
approach to assess the QT prolongation risk of all the frequently used drugs in a tertiary
teaching hospital using both standard 12-lead ECGs and intensive care unit (ICU) continu-
ous ECGs. We used the standard 12-lead ECG results (n = 1,040,752) measured in the hos-
pital during 1994-2019 and the continuous ECG results (n = 4,835) extracted from the ICU's
patient-monitoring devices during 2016-2019. Based on the drug prescription fraguency,
167 drugs were analyzed using 12-lead ECG data under the case-control study design and
60 using continuous ECG data under the retrospective cohort study design. Whereas the
case-control study yielded the odds ratio, the cohort study generated the hazard ratio for
each candidate drug. Further, we observed the possibility of inducing QT prolongation in 38
drugs in the 12-lead ECG analysis and 7 drugs in the continuous ECG analysis. The seven
drugs (vasopressin, vecuronium, midazolam, levetiracetam, ipratropium bromide, nifedi-
pine, and chlorpheniramine) that showed a significantly higher risk of QT prolongation in the
continuous ECG analysis were also identified in the 12-lead ECG data analysis. The use of
two different ECG sources enabled us to confidently assess drug-induced QT prolongation
risk in clinical practice. In this study, seven drugs showed QT prolongation risk in both study
designs.

PLOS ONE | https:/doi.org/10.1371journal pone.0263117  January 31, 2022
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