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* EPA Office of Research and Development: Conducts leading-edge research to foster the sound use of
science and technology to fulfill EPA’s mission to protect human health and the environment.
* Research Triangle Park, NC location conducts science that has broad impacts on decision making at local,

regional, and national levels.
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National Research Council released a report in 2007 calling for a
genuine commitment to the reduction, refinement, and replacement
of animal testing:

* Increase data relevance with human cell-based testing

* Speed up the data gathering process by transitioning away
from animal models to high-throughput screening

TOXICITY TESTING IN THE 21ST CENTURY * Focus on mechanisms of toxicity by integrating molecular
biology with toxicology

A VISION AND A STRATEGY

* Incorporate elements of population and exposure into every
risk assessment

* Suggestions grounded in the political and economic landscape
of global chemical testing

- http://nap.edu/11970. DOI 10.17226/11970
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«  Amendment of the Toxic Substances Control Act (TSCA), the
nation’s primary chemical management law

* Mandatory requirement for EPA to evaluate existing chemicals,
establish risk-based safety standards, increase public transparency
for chemical information, provide consistent source of funding for
EPA to carry out responsibilities in the law.

* Section 4(h) in the new TSCA legislation requires —
 “..Administrator shall reduce and replace, to the extent
practicable and scientifically justified...the use of vertebrate
animals in the testing of chemical substances or mixtures...”
* Alternative approaches need to provide “information of
equivalent or better scientific quality and relevance...” than
the traditional animal models

- https://www.congress.gov/114/plaws/publ182/PLAW-114publ182.pdf
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Goals

(0 57y,
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g T UNITED STATES ENVIRONMENTAL PROTECTION AGENCY . . .
) RPN He. 1D * Reduce requests for, and funding of, mammalian studies by 30% by 2025
s Seplember 10, 2019
* Eliminate all mammalian study requests and funding by 2035
o * Come as close as possible to excluding reliance on mammalian studies
MEMORANDUM

from its approval process (subject to applicable legal requirements).

SUBJECT: Dircctive to Prioritize Efforts to Rg}lucc nimal A'esting
. y ]

FROM:  Andrew R, Wheeler Mf N, * Exceptions may be granted on a case-by-case basis

Administrator

TO: Associate Deputy Administrator
General Counsel
Assistant Administrators
Inspector General

Chief Financial Officer b 1 1

Chief of Staff O JeCtlveS
Associate Administrators
Regional Administrators

During my March 2019 all-hands address, I reiterated the U.S. Environmental Protection

e Evaluate regulatory flexibility for accommodating the use of new
et oo, ss it smlomhon Pl oeL e o el I e approach methods (NAMs)

strategic directives. For example, the Toxic Substances Control Act, amended JTune 22, 2016, by
the Frank R. Lautenberg Chemical Safety for the 21% Century Act, requires the EPA to reduce . . .
reliance on animal testing. Also, Objective 3.3 of the F'¥ 2018-2022 7.5, EPA Strategic Pian ° Develo p baselines and metrics for assessin g progress
outlines a commitment to further reduce the reliance on animal testing within five years. More

than 200,000 laboratory animals have been saved in recent years as a result of these collective

ettt * Validation to ensure NAMs are equivalent to or better than the animal

Scientific advancements exist today that allow us to better predict potential hazards for risk
assessment purposes without the use of traditional methods that rely on animal testing. These new tests
approach methods (NAMs), include any technologies, methodologies, approaches or combinations
thereof that can be used to provide information on chemical hazard and potential human exposure

that can avoid or significantly reduce the use of testing on animals, The benefits of NAMs are . H H H
extensive, not only allowing us to decrease animals used while potentially evaluating more d DemOnSt ratlon that NAM S a re a p pl |Ca b | e fo r use | n rls k a Ssessme nt a n d
chemicals across a broader range of potential biological effects, but in a shorter timeframe with

fewer resources while often achieving equal or greater hiolagical predictivity than current animal p rotective Of h uman h ea Ith an d e nvi ronme nt

models.

* Engage and communicate with stakeholders

- https.//www.epa.gov/sites/production/files/2019-09/documents/image2019-09-09-231249.pdf
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lm " TH Regulation

Negative feedback
Excretion ' via TRS, TSH, T3, T4
in Bile §

TH Synthesis
TPO, I, NIS, T5Mg
Metabolism
in Liver
UDPGT, EROD,
PROD, Delodinases

Serum Binding Proteins
TEG, TTR, Albumin

T4
A
ot
Peripheral

Deiodinases -

' @ Local Deiodinases 02 03
Neauron

Thyroid Receplors TRp, TRa

Adapied from Boas et al. Eur J Endo, 2006

Local Transport Proleins MCTs, 0ATP

1 4 -. 1‘
TH Action ——— Structural/Functional Impact
Gene Transcription, Neurogenesis, Migration, Synaptic impairmen(s, learning
Synaptogenesis, Myelination delicits, hearing loss, visual delects

- European Commission. 2018. DOI: 10.2779/21828

Thyroid hormones are essential for normal growth,
development, cell differentiation, and energy
homeostasis.

Thyroid dysfunction is characterized by under-
(hypothyroidism) or over- (hyperthyroidism) activity
of the gland.

Thyroid dysfunction has an impact on four major
adverse health outcomes:

* Neurodevelopment and function

* Cancer

* Cardiovascular disease

* Lipid metabolism

Environmental chemical exposures associated with
thyroid dysfunction:
* Perchlorate and thiocyanate (with iodine
deficiency)
*  Mercury and arsenic
* Certain organochlorine pesticides, poly-
aromatic hydrocarbons, and
perfluorinated compounds
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Tier 1 Screening Battery
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Endocrine Disruptor Screening Program

in guideline studies

« Serum T4 and TSH
* Thyroid and Pituitary weights
* Thyroid Histopathology

In vivo endpoints for thyroid-related endocrine testing

Tier 2 Testing Assays
. & B
o Ex Al s E Eﬁ
:ﬁlggaq'gﬂ’i’a:'g i
gfé 8 82 €. 8¥ 32 The current EDSP assay battery evaluates effects of chemical
= =1 -0 = - 0
‘ég 238 $3 %5 e$ 35 exposures on estrogen, androgen, and thyroid endocrine
° —_—n @
<§ 52 "5 25 8° 55 pathways
@30 £ $°
E < ] " . .
s Fal= = * No in vitro tests for thyr0|d endpomts
* No human representation for thyroid
SRR + Too reliant on animal tests
" E = E B
E B E E B
| | | |
Screening Assay Thyroid weight Pituitary weight Thyroid Histopathology ~ Serum TH levels
OECD TG 407 + + + + (optional)
OECD TG 408 +
OECD TG 416 + +
OECD TG 422 +
OECD TG 441 + (T3 and T4,
optional)
OECD TG 443 + + + (optional) + (T4 and TSH)
OECD TG 451 +
OECD TG 452 + +
OECD TG 453 + +
EPA 15-day intact + + +
adult male rat assay
EPA Pubertal male + + + + (T4 and TSH)
EPA Pubertal female  + + + + (T4 and TSH)

Jomaa, B. (2015).
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Compound
availability

Bioactivation
Excretion

Mapping Mechanism-based Testing Strategies for Thyroid Hormone Homeostasis

[ Compound kinetics
L 2) 3 @ © Cellular
Central TH synthesis Systemic distr. Metabolism Local cellular .
regulation & secretion & transport & excretion responses il
Membrane
| Hypothalamus lodine uptake Plasma {de-) sulphation Mirbiace mediated
transport & : ;
- transporters Mitochondria
Pituitary gland TI; syr:th esis TTR, TBG glucuronidation P adited
Thyroid gland release .
vl :: :i?::ria;r Deiodination dI:?:dpir:'lea;aels Nuclear
mediated
12;:;313; NIS, TPO, H,0, C?:;’T::::mn Alteration TH Concentration Activation or
TRH. TSH. T4. T3 | TH production | W ereeig | levels at target site inhibition of action

v

Physiological
effects

=

Murk, A. J. et al. Mechanism-based

OECD

EPA

testing strategy using in vitro
approaches for identification of
thyroid hormone disrupting
chemicals. Toxicology in vitro.
(2013).

New Scoping Document on in
vitro and ex vivo Assays for the
Identification of Modulators of
Thyroid Hormone Signalling.
(2017).

Continuing development of
alternative high-throughput
screens to determine endocrine
disruption, focusing on androgen
receptor, steroidogenesis, and
thyroid pathways. FIFRA SAP,
November 28-30. (2017).
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| I‘SthR . y » The uncertainty surrounding the specificity of active chemicals

nhibition ' . . . e .

—s ™ | seum N;r:r;nnal H-ppgec«:;npal Hippocampal| [Hippocampal| | Cognitive identified in thyroid gland-related screens and the relevance to
Inhibition Synthesis, pr T4, B ‘necie Pl Expression, 7| Anatomy. p| Function, p- Function, phenotypic effects on in vivo human thyroid hormone synthesis
Decreased | .| Decreased D ! ' Altered Decreased Decreased . g . . . .
NIS : ecreased Altered are notable data gaps for hazard identification of thyroid disrupting
Inhibition _ : chemicals (TDCs).
Thyroid Gland '
Molecular . / « Additional data supporting indirect key event relationships (KER)
U . . .
Initiating Key Events 3:1";';1 could support predictive modeling of TDCs.
Events
—— KER - Direct
——» KER - Indirect

Target Gene Assay Environmental Chemicals Screened Active Chemicals % Active Reference
TSHR Engineered Cell Line 7871 825 10 TCPL: TOX21_TSHR_Agonist, TOX21_TSHR_Antagonist
TPO Microsomal Enzyme 1074 314 29 K. Paul Friedman et al, ToxSci, 151(1), 2016, 160-180
NIS Engineered Cell Line 293 137 47 J. Wang et al, EnvironSciTechn, 52, 2018, 5417-5426
NIS Engineered Cell Line 768 172 22 J. Wang et al, Environment International, 126, 2019, 377-386
DIO1 Recombinant Enzyme 292 50 17 M. Horning et al, ToxSci, 162(2), 2018, 570-581
DIO1 Recombinant Enzyme 1819 221 12 J. Olker et al, ToxSci, 168(2), 2019, 430-442
DIO 2 Recombinant Enzyme 1819 303 17 J. Olker et al, ToxSci, 168(2), 2019, 430-442
IYD Recombinant Enzyme 293 28 10 J. Olker et al, 2019, 58" SOT Annual Meeting
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Thyroid Follicle Thyrocyte
TR I I NIS
Ti\k‘ o " PDS CLC5? F 2Na+:ﬁ:l' E
@ +
N Tg @ 2Na
2K+ 2K+ D
3Nat §
+
- Na*/K*-ATPasc )
Lysosome T4 A3 T% T4 %
S )3 oo ,_- e .
] 518 T3 T4 | —— T‘{ ﬁ
T3
Cell Type

* No primary or thyroid cell lines, of any species, demonstrate appreciable capacity for thyroid hormone synthesis in 2D models

* Primary thyrocytes lose essential functions when cultured in conventional monolayer systems

Cell Architecture

* Follicular morphology is a critical feature for retaining hormone synthesis dynamics

- Biochim Biophys Acta. 2014 Jan;1838(1 Pt B):244-53
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TOXICOLOGICAL SCIENCES, 174(1), 2020, 63-78

SOCIH{ of doi: 10.1093/toxsci/kfz238
TOXICO Ogy Advance Access Publication Date: December 6, 2019

academic.oup.com/toxsci fessarch Arice

Development of an In Vitro Human Thyroid Microtissue
Model for Chemical Screening

Chad Deisenroth @ ,"* Valerie Y. Soldatow,’ Jermaine Ford,* Wendy Stewart,*
Cassandra Brinkman,* Edward L. LeCluyse,T Denise K. MacMillan,* and
Russell S. Thomas @ *

Tissue
Samples

RNA €«——

Normal Human
Thyroid Gland

LifeNet Health

Saving Lives. Restoring Health. Giving Hope

2D Cell Expansion

Harvest Follicle
Fragments

Outgrowth of Cells

Attachment and

Donor
N : Cryopreservation
- Bank

‘QC Validation: Protein Marker Expression

2D Monolayer 3D Microtissue
Culture Culture

/

2D vs 3D Analysis

Morphology

Gene Expression
Thyroglobulin Secretion
Thyroid Hormone Synthesis

Study objective: Develop a medium-throughput organotypic screening assay comprised of reconstructed human thyroid
microtissues to quantitatively evaluate the disruptive effects of chemicals on thyroid hormone synthesis and secretion.
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Agency
- Culture Model Design Specifications
2D Manglayer 3D Microtissue
Culture i’ Clkurs Donors Multiple (Tissue and Cells)
Cells Human Primary Thyrocytes
h7H h7H h7H h7H
No TSH +TSH +TSH +TSH
Culture Format 2D vs 3D
L Serum
Transition
pay (0 @ (3) @ Extracellular 2D (None)
I Matrix 3D (Matrigel)
Seed Cells h7H/CS-FBS h7H/CS-FBS h7H/CS-FBS h7H/CS-FBS h7H/CS-FBS h7H/CS-FBS PIate FOrmat 96 well
on Matrigel BM +TSH +TSH +TSH +TSH +TSH +TSH
Microtissue Morphol . Humanized 7 homeostatic additives
o Biomartare > Culture Medium (h7H) medium
Gene Expression I
Thyroglobulin Secretion | FBS (Day 0-8)
. Serum
lodide Uptak _
e TP CS-FBS (Day 8-20)
Thytold Hormone ]
Synthesis
Proliferation/Cell Viability - TSH Exposures 0,1,5mu/ml
Incubation Period 0-20 Days
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+ Institute of Regenerative Medicine develops innovative or novel uses of
donor tissues and organs through sound scientific and clinical research

* Thyroid: Procurement, digestion, expansion, cryopreservation

Donor LNH ID Age Gender Race BMI
1 1721880 32 M Caucasian 22
2 1722161 21 M Caucasian 32
3 1811621 66 M African American 35
4 1817005 27 M Caucasian 19
5 1818646 31 M Caucasian 31
6 1910289 18 M Caucasian 22
7 1910552 36 M Caucasian 37
8 1910594 17 M African American 27

Table 1. Donor Specifications. LifeNet Health donor identification number (LNH ID)
for all eight euthyroid donors examined in this study. Specifications for age, gender,
race, and body mass index (BMI) are noted.

Mean Age: 31 [Range:17-66] years
Gender: Male

Race: Caucasian and African American
Mean Body Mass Index: 28 [Range: 19-37]
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Agency
NKX2-1 Cytokeratin 7 Thyroglobulin

I1gG IgG, kappa NKX2-1 KRT?7 TG
Biomarker %POS SEM N % POS SEM N| %POS SEM N | %POS SEM N | %POS SEM N
NKX2-1 1.91 0.50 6 - - - | 95.18 1.74 6 - - - - - -
KRT7 - - - 0.30 0.14 6 - - - 9052 247 6 - - -
TG - - - 1.93 131 6 - - - - - - | 53.37 16.10 6

Donors LNH 1722161, 1817005, 1818646, 1910289, 1910552, 1910594

Table 3. Biomarker Image Cytometry. The cell-level frequency of IgG isotype controls (a-Mouse IgG kappa
and o-Rat 1gG), NK2 Homeobox 1 (NKX2-1), Keratin 7 (KRT7), and Thyroglobulin (TG) staining were
guantitatively evaluated by high-content imaging across 6 independent human donors for verification of
thyroid follicular epithelial cell enrichment. Data are the summary statistics presented as mean % positive (%
Pos) £ SEM (n=6).




“EPA
\’Eﬁéﬁfsn?éztﬁa. Protection Donor Thyrocyte Characterization: 2D vs 3D Morphology

Agency

—
0 2D Manglayer 3D Microtissue
Culture Culture
Hoechst Phalloidin Merge
TSH 1
(mU/ml) 2D
5 ) ...
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Agency

100 pm —_— 100 pm

100 pm D ————— U 111 ——— L A T 11]

100 pm R ——. L]  ————LL ] 101

Donor LNH1722161: Confocal series of 3D microtissue.
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Gene Expression Analysis: 2D vs 3D vs Tissue

TSHR TG TPO
= &0 . 2D = 4 m 2D = 1 m 2D
— 5 5 d
& m 3D *g' 3 |—\ r m 3D § * m 3D
3 40 3 10
a3 £ 1 .
g g r g ’_‘
¢ ] 1 5
L TSH (mU/ml) TSH (mUiml) TSH (mU/ml)
5 SLC5A5 (NIS) SLC26A4 (Pendrin) bUoX1 .
= % - - 2D % 3 m 2D % s m 2D
£ 2 = 3D 5 = 3D £ - r = 3D
38 3 2 S 4
g ¥ x g g
P 1
s B )
TSHR Human g ° g |_‘ g
TG Human ’ 0 1 5 ° [} 1 5 ° [} 1 H
TSH (mU/ml) TSH (mUfml) TSH (mU/ml)
TPO Human
SLC5A5 (NIS) Human puox2 DUOXA1T DUOXA2
SLC26A4 (Pendrin) Human = B . mn = mn = . [
€ .5 = 3D % 3 * = 3D £ 4 = 3D
PAX8 Human e P 5 5 -
NKX2-1 Human g r g’ r £,
FOXE1 Human L os £ <
g g g
DUOX1 Human — ; ; s ] ;
TSH (mU/ml) TSH (mU/ml) TSH (mU/ml)
DUOX2 Human
DUOXA1 Human . .. .
* Increased differentiation in a 3D model format
DUOXA2 Human
TBP Human

* Model- and TSH-dependent increase in genes regulating thyroid hormone synthesis
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TSH (5 mU/ml)

TSH (0 mU/ml) TSH (1 mU/ml)
3000- 3000+ 3000-
m 2D mm 2D mm 2D
mm 3D mm 3D mm 3D
= 2000 = 2000 = 2000-
=) = =
£ £ £ .
2 10001 . * * 2 1000 * 2 1000 |—|
o-_-.,.-_-.,.._—.,.._.l 0 o
2 4 6 8 2 4 6 8 2 4 6 8
Day Day Day

Donor LNH1817005 (n=4)

* Thyroglobulin production increases in a dose- and time-dependent manner

* TSH-dependent induction supports functional TSH receptor (TSHR) activity
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Thyroid peroxidase
I UPTAKE —— 1,0, [ﬂ_
F N » })
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N I N N A O I N I
Thyroid peroxidase THYROGLOBULIN
Hy0, __» Alanines
T; MIT Ty MIT DIT DIT MIT Ts DIT MIT MIT
] I I [
Lysosomal
Proteolysis

Y T
T, + T; + |MIT + DIT
\

Secretionl

Type III

Deiodinases [ ) [ 1
rT_:, - | T 4 + T3 -
Typel
Deiodinases Type Land II

Deiodinases

» Data support iodide organification and T4/T3
synthesis exclusively in a 3D model

Y

» Physiologic Actions

[ 1 1 | | =

pg/ml

pg/ml

pgiml

pa/ml

Thyroid Hormone Synthesis and Secretion

MIT MIT
15000 15000
10000 10000 - Medium
E -e TSH-0mu/ml
2 -
5000 5000 -~ TSH -1 mUml
@ TSH -5 mU/ml
° ° o—0 o
10 12 14 16 18 20 10 12 14 16 18 20
Day Day
DIT DIT
1000+ 1000
800+ 800+
600+ — 600 -o- Medium
E - TSH -0 mUWml
400 & 4004 - TSH-1mUml
200- 2004 e TSH-5muU/ml
ol M—...‘b—. ol FM‘—%
10 12 14 186 18 20 10 12 14 16 18 20
Day Day
T3 T3
8000 8000
8000 6000 -o- Medium
4000 E 4000 - TSH-0muU/ml
_E -~ TSH -1 mUiml
2000 2000 -~ TSH -5 mU/ml
o . ° o - o -—
10 12 14 16 18 20 10 12 14 16 18 20
Day Day
T4 T4
15000 15000
10000 10000 - Medium
E - TSH -0 mU/ml
2 — B
5000 5000 -~ TSH -1 mU/ml
K‘\h‘_*_. -0~ TSH-5muU/ml
P
[ s ° 0
10 12 14 16 18 20 10 12 14 16 18 20
Day Day

Donors LNH1722161, LNH1818646, and LNH1910594 (n=3)
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Structure CASRN Abbreviation  Target Classification
Dimethyl Sulfoxide Hac—s\/\o 67-68-5 DMSO - Solvent Control
Methimazole :2] 60-56-0 MMI TPO TPO Inhibitor
6-Propyl-2-thiouracil }\Jﬁi 51-52-5 PTU TPO TPO Inhibitor
Sodium Perchlorate O:Cj_o N 7601-89-0 PERC NIS NIS Inhibitor
VA-K-14 HCI 1171341-19-7, VAK14 TSHR TSHR Antagonist
Benzophenone 3 i 131-57-7 BP3 - Negative Control
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United States

Eg\éirr]g\r;mental Protection Cu Itu re Model
A DMSO Control B Methimazole c 6-Propyl-2-thiouracil
200 200+ 200
= 150 —_ = 150 = 1504
Q (o] * k& (o] * k&
g 2 | e o 2 | oo
a 100 o 100 o o 100
2 S 2 . s '_'_’T\ﬂ_l
=+ P -] < d
= 50 = 504 504
0 r 0 T T . v , 0 ; . . . ;
A2 10 -B 5 -4 -2 <12 10 -8 -6 -4 -2
log10 [M] log10 [M]
D . E F
Sodium Perchlorate VA-K-14 Benzophenone 3
200+ 200+ 200-
= 150 = 1504 ®© — 1504
2 . 2 : 2l e o ¢
= ° - = ° = ° ] o
a 100 a 1004 ° a 100{ ¢ ®© l 8 °
2 8 ° £ H s 2 ° @ e 8 g2 o
F o so; ° " 504 o * 5o °
0 ¥ T v v . 0 T T v r v 0 : * 3 T ,
A2 -0 R} -6 4 -2 A2 0 -8 5 4 2 42 410 ] ¥ -4 2
log10 [M] log10 [M] log10 [M]
Chemical ICsq (M) E,... (% T4) LEC (uM)
Methimazole 0.129 53.0 1
6-Propyl-2-thiouracil 0.172 49.3 1
Sodium Perchlorate 3.23 60.5 10
VA-K-14 HCI 5.61 72.3 10

] Benzophenone 3 : : :
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Agency
Hoechst Phalloidin M erge A DMSO Control B Methimazole c 6-Propyl-2-thiouracil

200

et R E

* Impact: An in vitro model of the human thyroid
that is fully competent in thyroid hormone
synthesis

T4 (% DMSO)

2
g 8 & B
g 8 3§ B

T4 (% DMSO)
T4 (% DMSO)

log10 [M] log10 (M)

o
m
m

* Phenotypic Relevance: Follicular-like Sodium Perchiorate vax-1a enzophenone 3
morphology, TSHR activation, thyroglobulin l

T4 (% DMSO)
g
.{ °
L1
L]
o E
- =»e
T4 (% DMSO)
H
L]
000
®
@ @
®
L]
°

T4 (% DMSO)
3

synthesis and secretion

synthesis, iodide uptake*, thyroid hormone
Iou otMl " ;wwﬂ: ‘ n log10 [M]

» Screening Throughput: Amenable to medium-
throughput (10s-100s), concentration-response
testing of HTS prioritized hits

) .
D .
Primary human thyrocyte microtissues in an

in vitro 3D culture model

+ Automation Accessible: Automated liquid
handling, acoustic dosing, and high-content
imaging

« Sampling Design: Cell culture supernatant
sampling (Thyroid Hormone and Thyroglobulin)
enables kinetic testing and chronic-dosing
paradigms

“ " “ \.; w \ \ \
‘,\,\,\,\,\ \»\\‘\-.:-
SOV AN * Applications: Drug and chemical testing,

organ-on-chip technologies, thyroid disease
research and modeling
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