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* Development of a human thyroid organotypic culture model to
address data gaps in screening and prioritization of thyroid
disrupting chemicals

 Establishing confidence with an inter-laboratory prevalidation
study of the human thyroid microtissue assay

* Orthogonal screening of prioritized chemicals in human thyroid
microtissues for functional and mechanistic relevance
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In vivo endpoints for thyroid-related endocrine testing
in guideline studies

+ Serum T3, T4 and TSH
* Thyroid and Pituitary weights
* Thyroid Histopathology

- DOI: 10.1289/EHP1304

1QTT

Endocrine Disruptor Screening Program

The current EDSP assay battery evaluates effects of chemical
exposures on estrogen, androgen, and thyroid endocrine

pathways

* No in vitro tests for thyroid endpoints
* No human representation for thyroid
+ Too reliant on animal tests

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 + +
EPA Pubertal female

+
+
+

+ (T4 and TSH)
+ (T4 and TSH)

Jomaa, B. (2015).
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Environmantal Protection EPA New Approach Methods Work Plan: Reducing Use of Animals in Chemical Testing

Agency

New Approach Methods — any technology, methodology, approach, or combination that can provide information on

chemical hazard and risk assessment to avoid the use of animal testing.

Examples of information gaps
» Inadequate coverage of biological targets.

* Minimal capacity for addressing xenobiotic
metabolism in in vitro test systems.

Evaluate Develop Establish Develop NAMs Engage and . o .
regulatory baselines and scientific that fill critical communicate * Limited Capablllty to address tissue- and

flexibility for metrics for confidence and information with organ -level effects

accommodating assessing demonstrate gaps stakeholders
NAMS progress application

» Lack of robust integrated approaches to
testing and assessment (IATAs) for complex

Five work plan objectives biology.

- https.//www.epa.gov/sites/production/files/2020-06/documents/epa_nam_work_plan.pdf 4
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Molecular
Initiating Event

- Receptor/ligand
interaction

« DNA binding

- Protein oxidation

KeyEvents @ » @ =» ©

- Gene activation
» Protein production

+ Altered signaling

= Cell-cell interactions

- Altered tissue
development

« Altered tissue
function

Adverse
Outcome

+ Disease
« Impaired development

+ Impaired reproduction

-

Chemical Structure
and Properties

I

Broad

Coverage,

High Content Assay(s)

l

:

Mo Defined Biological

'

Multiple cell types
+/- metabolic competence

Defined Biological Target

Tier 1 \

-

I

I

Target or Pathway or Pathway
: ™
& Tier 2
Select In Vitro ‘ } Orthogonal confirmation
Assays

8 ~

{ l l Tier 3 \
Existing AOP | No AOP |
l J 1 .

In Vitro | Organotypic Assays and Identify Likely Tissue,
Assays for other KEs Microphysiological Organ, or Organism Effect
and Systems Modeling Systems and Susceptible Populations

4

Estimate Point-of-Departure
Based on Biological Pathway or
Cellular Phenotype Perturbation

'

Estimate Point-of-Departure

Based on AOP

‘

Estimate Point-of-Departure
Based on Likely Tissue- or

Organ-level Effect without AOP

- https://ntp.niehs.nih.gov/go/niceatm-aop; DOI: 10.1093/toxsci/kfz058

EPA Computational Toxicology Blueprint: Tiered Hazard Screening and Prioritization

Tier 3 Experimental Approaches

* Tier 1/2 Prioritized Chemicals: Reduce HTS data
uncertainty and provide more physiologically
relevant insight into spatial and temporal
toxicodynamics.

* Organotypic Culture Models (OCMs): Primary cells
or tissues in complex culture systems that more
closely mimic organ structure and function.

* Microphysiological Systems: Microfluidic device
containing OCMs in a controlled microenvironment.
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Serym TH franiport

Interference TR:RXR
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D
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Interference
with distributor
protein binding

Free Bound
TH TH

Adverse Qutcomes
Mammals

Rat thyroid

Altered

follicular tumors

Cognitive,
learning and
memory deficits

Altered retinal
development |

5 " “whippocampul
h-:w":"'l functioning
Jsynaptogenesis,
'J'!DN:I::.;::: neuronal network
BB functioning
Altered cochlear
development

Hearing loss

Visual
|  dysfunction i

Al tissue "':'r':;t;':‘:"\
§ specific [T4] Fi
and/or [T3] transcription
M

4 Total and LDL

cholesterol

N
.

heterods
(CAR.PXR,PPAR)

TBG binding |

| TTR binding :

Albumin binding -

Peripheral TH metabolism

D101 inhibition
DI02 inhibition
D103 inhibition

Cellular TH transport

Altered TH conversions
[tissue specific)

_.McTE

j—

MRz

Alered cefl-membrane

transport of TH (liver,

tissue specific)

TR transactivation

TRa binding }

TRE binding

Lihyperlpidemia) | |5 Cardiovascular
impairments
Hypertension,
Jecardiac output,
contractility
Amphibians, Birds,
Fish, Reptiles
Amphibian
metamorphosis
impairments
fultered hatch, post
\atch devel
in birds, reptiles
Population
trajectory <
declines
Impaired T
Swimming,
& Teleost :
ik feeding Young-of-year
- o sk survival
biadder inflation Reduced R
hearing

Thyroid AOP Network: Broad Coverage of Mechanistic MIE-based Thyroid Assays

2013 Murk, A. J. et al. Mechanism-based testing
strategy using in vitro approaches for identification of
thyroid hormone disrupting chemicals. Toxicology in
vitro.

2014 OECD. New Scoping Document on in vitro and
ex vivo Assays for the Identification of Modulators of
Thyroid Hormone Signalling. OECD Series on Testing
and Assessment, No. 207

2019 Noyes, P.D. et al. Evaluating Chemicals for
Thyroid Disruption: Opportunities and Challenges
with in Vitro Testing and Adverse Outcome Pathway
Approaches. Environ Health Perspect.

How can the human thyroid gland be represented in vitro to provide ‘key event’ coverage?

B oo 10.1289/EHP5297
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Sites of Interference for Thyroid Disrupting Chemicals

Hypothalamus 7»_/» 8 Hormone Transport to Brain
7 e.g. MCT8, OATP1C1
T4/T3 Excretion ‘TRH 1 Thyroid Hormone Regulation 9 Brain Deiodinases
Negative feedback loop i (RPN
5 it ‘ [ via TRB, TSH, T3, T4 Fetal Brain P10z, bios ‘ :
e 4, ‘M\ . [ TsHR R v
* | Inhibition . . ‘
\ / T4 +T3 ' TPO TH P Serum NT4 in . anpgcampai Hippocampal| |Hippocampal Cognitive
| L Synthesis, pef T4, e "LUORA Bl SO0 Anatomy, Function, P Function,
A . | Inhibition Decreased | .| Decreased Deé:ssuesed Xprassion, Altered Decreased | | Decreased
) | <— lodine 2 Thyroid Hormone Synthesis : NIS . 3 Altered
5 Metabolism i
in Liver e.g. TPO, NIS, TSHR ¢ [_Inhibition ] ’
e.g. UDPGT, Placentz| W Q@® / BrainCetl i Thytot end »
DIO1, DIO3 " i
t 7 Molecular
Mat I'H
Tranare rormone Initiating Key Events bosssapon
/ e.g. MCT8, OATP1C1, Events come
T4 DIO2, DIO3
4 Peripheral T3 T3 ——>» KER - Direct
Deiodinases 3 Thyroid Distributing Proteins 10 Thyroid Hormone Signal —> KER - Indirect
DIO1, DIO2, DIO3 TBG, TTR, Albumin T4+T3 Transduction
e.g. TRa, TRB
Thyroid MIE 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 150 14 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 768 167 22 J. Wang et al, Environment International, 126, 2019, 377-386
DIO1 Recombinant Enzyme 292 18 6 M. Hornung et al, ToxSci, 162(2), 2018, 570-581
DIO1 Recombinant Enzyme 1819 139 8 J. Olker et al, ToxSci, 168(2), 2019, 430-442
IYD Recombinant Enzyme 1825 148 8 J. Olker et al, Toxicol In Vitro. 2021 Mar;71:105073.

- DOI: 10.1210/endocr/bgaa106 7
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Thyroid Follicle Thyrocyte
oy F - NIS
= T3NLGT® 5 J I B
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2Nat 0
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g 2K+ 2K+ D
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+
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S £ o ,_- 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

- DOV 10.1016/j.bbamem.2013.08.013
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A DMSO Control B Methimazole c 6-Propyl-2-thiouracil
TOXICOLOGICAL SCIENCES, 174(1), 2020, 63-78 m
=~ 150 ~ -
SOT SOCle doi: 10.1093/toxsci/kfz238 § § ° o T § 0o ° e
TQK'ICO Ogy Advance Access Publication Date: December 6, 2019 g’ 100 ; 100 m ;, 100 '_'T"\'\ﬂ_l
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b ra—— 2 y 4 2
log10 [M] log10 [M)
oy hd : hy D ium Perchlora E K- F n non
Development of an In Vitro Human Thyroid Microtissue o, mPerenlorate A o rophenene®
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Challenge

» Thyroid high-throughput screening (HTS) assays do not directly measure thyroid hormone disruption.

* Many HTS prioritized chemicals need orthogonal confirmation for biological and mechanistic relevance.

« Regulatory decisions for chemical safety currently use in vivo apical endpoints like serum thyroid hormone levels as indicators of thyroid disruption.

Impact
* May enable chemical regulatory bodies to apply human in vitro data for identifying thyroid as a mode-of-action for endocrine disruption.
« Chemical manufacturers could benefit from insight into thyroid toxicity early in the development process.

] 9
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* Development of a human thyroid organotypic culture model to
address data gaps in screening and prioritization of thyroid
disrupting chemicals

 Establishing confidence with an inter-laboratory prevalidation
study of the human thyroid microtissue assay

* Orthogonal screening of prioritized chemicals in human thyroid
microtissues for functional and mechanistic relevance
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Human Thyroid Microtissue Assay v2.0

hTMT hTMT hTMT hTMT hTMT hTMT hTMT Image
+TSH + TSH +TSH +TSH +TSH +TSH Acquisition
@ @ O @) o
Exposure Exposure Exposure
1 2 3
O\ o\ o\ (a2 . Collect Conditioned Medium

Day (0) 2) &) (10) 12) O " tor T4, T3 (optional)

O O O O O
Direct Cell Seeding Test Test Test Viability

from Cryopreservation Chemical Chemical Chemical

Microtissue Growth
and Maturation

TH Accumulation
and Sampling

Microtissue Viability

1
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B ermenil Poteion Historical Data Supports Reproducibility in a Variable-Donor Assay Platform
Methomyl Methimazole 95% Confidence Band
250 250+ 95% Prediction Band
200 ° 200
_ ° o _
Q 150- o o o © 9 150-
= o Yo 0 0 =
9 100- G—i—!—i—!—'—&_'_ﬂ_i S 1004
S o e o T 50
= ° v
0+ 0
I I I 1 1 I 1 1
-10 8 i 4 2 -10 -8 -6 -4 -2
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O 100 Q100+
S X
:l" 50 : 50 -
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0 0-
1 1 1 1 1 1 I 1
-10 8 6 4 2 10 8 6 -4 -2
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Independent Donor Performance Summary (N = 16)

12
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Baseline T4 Concentrations

Establishing Donor Acceptance Criteria

Donors (N=26) |7 + _| * Independent donors evaluated

* Minimum T4 synthesis threshold

T4 (ng/ml)

95% CI of median
Actual confidence level| 97.10%
Lower confidence limit | 2.710
Upper confidence limit | 6.520

Reference Chemical Potency

Methomyl (N=15) =

SeIeCtlng Reference Chemlcals Methimazole (N=19) - o I I
* Time Span: 2018 — 2022 6-Propyl-2-thiouracil (N=19) - 1"
« T4 synthesis inhibition Sodium perchlorate (N=16) e I

I
- 0.01 0.1 1 10 100 1000 13
IC5, Concentration (uM)
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 Validation provides confidence to regulatory stakeholders that a test method is reliable, relevant, and can be used
for decision-making in a defined regulatory application.

« Reliability (Reproducibility): “Measures of the extent that a test method can be performed reproducibly within
and between laboratories over time, when performed using the same protocol. It is assessed by calculating
intra- and inter-laboratory reproducibility and intra-laboratory repeatability.”

* Relevance: “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 the test correctly measures or predicts the biological
effect of interest. Relevance incorporates consideration of the accuracy (concordance) of a test method.”

B o=CD 6D 34 (ENV/AIMMONO(2005)14)
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e isormentl Protecton Inter-laboratory Prevalidation of the Human Thyroid Microtissue Assay

Agency

Goal: To structure and support a preliminary assessment of the test method reliability and relevance.

( ~~\/ A | Bayer CropScience
Advancing Alternatives
" toAnimal Testing
NICEATM
D
LifeNet /@ CORTEVA
Saving Lives. Restoring Health. Giving Hope agriscience

Objectives

1. Collaborative effort on the study design, analytical approaches, chemical selection, and data interpretation.

2. Test method standardization.
3. Test method transfer, training and intra-laboratory model performance evaluation.
4

Limited inter-laboratory reference chemical testing and assay performance evaluation.

15
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* Development of a human thyroid organotypic culture model to
address data gaps in screening and prioritization of thyroid
disrupting chemicals

 Establishing confidence with an inter-laboratory prevalidation
study of the human thyroid microtissue assay

* Orthogonal screening of prioritized chemicals in human thyroid
microtissues for functional and mechanistic relevance
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LRHS<

>m‘A subunit

| | Cleaved
0| region
(residues
~316-366)

e N,

NN >B"Bs"b“"“

- DOI- 10.1007/s12026-012-8312-8.

TSHR is a G-protein-coupled receptor expressed primarily in thyrocytes.

The primary ligand is Thyroid Stimulating Hormone (TSH), a pituitary hormone
that regulates thyrocyte growth and hormone synthesis.

Biological and chemical modulators
« TSH and TSHR autoimmune antibodies bind to the ectodomain (a subunit)
« Small molecule ligands bind to the transmembrane domain (8 subunit)

Modulator classifications
« Agonist — Activation from basal state
« Antagonist — Inhibition of activated state
« Inverse Agonist — Inhibition of basal state (constitutive activity)

Toxicological outcomes
« May contribute to hyperthyroidism (TSHR agonism) or hypothyroidism
(TSHR antagonism) and associated adverse effects.
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Ca?*
Extracelular © @

?W%W .,_

Intracelular .
°
AM
Qo
] ° 8
Q
Inactive PKA l l
Actlve PKA
1 iodide apical efflux /e
1 H0, generation 1 sodium-iodide symporter expression
1 activation of constitutive nitric oxide synthase 1 thyroid peroxidase
Non-Canonical Canonical

B 0o 10.1007/978-3-030-44436-5_3



"’EPA Tox21 TSHR Assay — Screening the Tox21 Chemical Library

Environmental Protection
Agency

y TSH Response
£ 1.6+
et ® Runi
1 1.2+ - Run3

1.0+
0.8+

‘ 0.6+

Cell Lysis + HTRF reagents 0.4~

|

) £ 5 4 -3 -2 41 0 1 5 ..';r
) % TSH, Log ng/mL

.
:
Ratio

665 nm | Fun1 Run2 Fun3

e ¥ A—.. NO FRET \ HILLSLOPE |—1.UEB 1086 -1.3G8

ECED 0.3024 0.2481 04732
cAMP-d2

cAMP-d2

‘ Bioactivity hit rate: 825 of 7871 chemicals (10%)

Cell Type TSHR Expression Test Chemical Exposure Endpoint Detection Technology

ACTOne-Gs TSHR GPCR HEK293 | Human Embryonic Kidney Cell Line Recombinant 30 min cAMP Induction HTRF

- https.://www.cisbio.eu/




"’UEESA Tier 3 Screening of TSHR-Prioritized Chemicals in Human Thyrocyte Assays

Environmental Protection

Agency
Broad Coverage, Multiple cell types Tert )
andﬂuunhl High Content Assay(s) +/- metabolic competence
No Defin edBiniovcal Defin edaloloycaﬂ rget
Target or Pal liwray or Pal thway v
~ - i s s
Tier 2 N:: in , anpGencan:npal Hippocampal| [Hippocampal| | Cognitive
— ]_ e m“" 'al P Expression, [*| Anatomy, p-{ Function, Funcﬁos:h
L. ) sed Altered
1
/ Tier 3 \
) )
I Existing AOP J \ No AOP J
1 /
In Vitro Organotypic Assays and identify Likely Tissue, Adverse
Assays for other KEs Microphysiological Organ, or Organism Effect Key Events Outcome
‘and Systems Modeling Systems and Susceptible Populations
— KER - Direct
Estimate Point-of-Depart: Estimate Point-of-Departure Estimate Point-of-Departure — - ired
B-a:el:j"on!m;:g:al Pa:l:w:;r Bastli on AOP & Based on Likely Tissue- :f KER lnd
Cellular Phenotype Perturbation Organ-level Effect without AOP

TSHR Hit Prioritization » Chemical selection based on bioactivity, structural diversity, HTS assay
Workflow specificity and promiscuity

Orthogonal Screening for MIE » Confirmation of TSHR bioactivity in normal human thyrocytes using a native
Effects protein biomarker

 Extension of MIE perturbation (TSHR) to apical key event (T4 synthesis)
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Uried States Tox21 TSHR Assay — Active Chemicals Prioritization Workflow
Agency
» TOX21_TSHR_Agonist_ratio - 489
» TOX21_TSHR_Antagonist_ratio - 336 Tox21 Screened Inventory: 7871 Chemicals
LD VIMELIY - Dual Agonist/Antagonist - 49

Assay

+ DMSO solution availability
Quality » Purity and degradation
Control

* Remove mixtures, unavailable chemicals, flagged inventory, QC fails, dyes, and detergents
* Remove ToxPrints associated with fluorescence artifacts
* Remove promiscuous compounds

+ High Bioactivity Signal
* Non-cytotoxic

Sataeouil © Structural Diversity
Parameters

— S S

Chemicals Agonist Mode | Antagonist Mode

Agonists 54 54 -
ioriti Agonist-Antagonist 8 8 8 o ,
Prioritized . ~10
SRS [ Antagonist 16 - e Prioritized chemicals: 108 of 825 (~13%)
Inactive 10 10 10
Total 118 72 64
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Environmental Protection
Agency

— Phase 1

Agonist Mode — 72 chems Antagonist Mode — 64 chems

Secondary Screening for Key Event Effects

— Phase 2

3D Thyroid Microtissues — T4 Assay

Agonist Mode — active chems Antagonist Mode — active chems
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Thyroglobulin Synthesis (Day 6)

hTMT hTMT hTMT Image Acquisition
-TSH -TSH -TSH (Controls) 25000—
@) @) @) @) B EPATHYO0016
20000 $ I EPATHY0019
Exposure Exposure -
1 A~ 2 Colleat Conitioned Medi TEI 15000 1 EPATHY0022
0 ondition ium £ 7
Day CO) . 4) . O “for Thyroglobuiin ELISA 2 B3 EPATHY0025
y 10000+ 1 EPATHY0026
= 5000— H = Donor Pool
O O O O A 0 "
Direct Cell Test Test Viability ols4—mr1—*rr— '? T
Seeding from  Chemical Chemical o+ -+ -+ -+ -+ o
Cryopreservation TSH (£ 1 miU/ml)
Donor ID Sample Age | Sex Race BMI Euthyroid (Y/N) | Passage

EPATHY0016 | Human Thyroid | 23 M Asian 36 Y PO

Test EPATHY0019 | Human Thyroid | 20 M Caucasian 28 Y PO

Chemical Thyroglobulin EPATHY0022 | Human Thyroid | 34 F African American 29 Y PO

EPATHY0025 | Human Thyroid | 44 F Caucasian 20 Y PO

M Y PO

EPATHY0026 | Human Thyroid | 24 Hispanic 26

EPATHY0016 EPATHYO0019 EPATHY0022 EPATHY0025 EATHY0026
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TG (Log; Fold Change)

2D Thyroglobulin Assay - Screen Results

TSH Control

9 "8 Noise Band
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thyroglobulin synthesis
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3D Thyroid Microtissue Assay (TSHR Agonist Variant) - Workflow

Thyroxine Synthesis (Day 14)

10
Donor ID Sample Age | Sex Race BMI TG T4 8 +

EPATHY0016 |Human Thyroid| 23 | M Asian 36 + + = -

EPATHY0019 |Human Thyroid| 20 | M Caucasian 28 + + %, 67

EPATHY0022 |[Human Thyroid| 34 F | African American| 29 + - ;C' 4- L *

EPATHY0025 [Human Thyroid| 44 F Caucasian 20 + + " 0]

EPATHY0026 |Human Thyroid| 24 | M Hispanic 26 + - - - - - -
ol

TSH (£ 1 mIU/ml)
hTMT hTMT hTMT hTMT hTMT hTMT hTMT Image Acquisition
Test -TSH -TSH -TSH -TSH - TSH -TSH -TSH (Controls)
Chemical T4 O O O O O O O O
Exposure Exposure Exposure Exposure Exposure Exposure
1 2 3 4 5 6
pay (0) (2) (4) (s) (s) (10) (12) o)
ay & &/ &/ &/ &/ A" &
00000000 o) o) o) O o) o) o) o)
Direct Cell Test Test Test Test Test Test Viability
Seeding from Chemical Chemical Chemical Chemical Chemical Chemical
Cryopreservation

EPATHY0016
EPATHY0019
EPATHY0022
EPATHY0025
EPATHY0026
Donor Pool

inni

0

Collect Conditioned
Medium for T4

25
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T4 (Log, Fold Change)

2_
o

(o] 08

—!a'. oh_go goo Uo
0- gi.§° B? 98!3.83.08'°

i . 388,

24 o
-4
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TSH Control

Noise Band
(£ 3BMAD)

3D Thyroid Microtissue Assay (TSHR Agonist Variant) — Screen Results

100 uM
28 uM
8 uM

2 uM
0.5 uM
0.2 uM
0.05 uM

000000

— Bioactive

6 of 24 chemicals bioactive for
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