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

- DOI: 10.1289/EHP5297 3
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Thyroid HTS Assays Do Not Directly Measure Thyroid Hormone Disruption

Challenges with In Vitro Thyroid Testing:

Sites of Interference for Thyroid Disrupting Chemicals
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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/endoct/bqaa106; DOI: 10.1289/EHP5297
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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 a55e55ing 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 5
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Molecular Adverse
Siias Key Events
Inltlatlng Event y o ‘ o . e Outcome
. Receptqr!ligand » Gene activation « Altered tissue + Disease
interaction » Protein production development « Impaired development
« DNA binding « Altered tissue

+ Altered signaling + Impaired reproduction

function Tier 3 Experimental Approaches

+ Protein oxidation - Cell-cell interactions

@ ChemicalStrcture Broad Coverage, Maltiple celltypes el ) e Tier 1/2 Prioritized Chemicals: Reduce HTS data
| WTM ' “wmlmm RESERSE uncertainty and provide more physiologically
[ ] relevant insight into spatial and temporal
st Pty et toxicodynamics.
N -
. sk « Organotypic Culture Models (OCMs): Primary cells
e ]’ SRS or tissues in complex culture systems that more
kf l l — \’ closely mimic organ structure and function.
E““TOP NTP )  Complex In Vitro Model Platforms: 3D microtissues
a E— s T or organoids, micropatterned co-culture systems,
| snasyemsiodelng J L e J } ik edidhc endioee microphysiological systems, 3D bioprinted tissues
- l [ J

Estimate Point-of-Departure Estimate Point-of-Departure Estimate Point-of-Departure
Based on Biological Pathway or Based on AOP Based on Likely Tissue- or
Cellular Phenotype Perturbation Organ-level Effect without AOP

- https://ntp.niehs.nih.gov/go/niceatm-aop; DOI: 10.1093/toxsci/kfz058
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Saving Lives. Restoring Health. Giving Hope.

D APPLIED IN VITRO TOXICOLOGY
"’ Volume XX, Number XX, 2021
© Mary Ann Liebert, Inc. SCR EEN

DOI: 10.1089/aivt.2020.0027

Characterization of Novel Human Immortalized

Development of an In Vitro Human Thyroid Microtissue Thyroid Follicular Epithelial Cell Lines

Model for Chemical Screening , . . e 1
Kristen Hopperstad,© Theresa Truschel™ Tom Wahlicht~ Wendy Stewart,

Chad Deisenroth @ ,** Valerie Y. Soldatow, Jermaine Ford,* Wendy Stewart,” Andrew Eicher,' Tobias May? and Chad Deisenroth ™"
Cassandra Brinkman,* Edward L. LeCluyse, T Denise K. MacMillan,* and

Russell S. Thomas @ * Thy 1 Thy 2 i Thy 3 | Thy 4
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« A"Tier 3" assay designed to evaluate thyroid hormone disruption as a mode- i T T Tt TR A
of-action for endocrine-related hazard screening.
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= TSH -1 mU/ml

jeoeten

T4 (ng/ml)
T4 (ng/ml)

» Established commercial sources of primary human thyrocytes and
immortalized cell lines.

- - . 7
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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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Improving the Platform: Human Thyroid Microtissue Assay v2.0

/
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Method modifications for improved performance,
accessibility, and implementation.

Expansion of the EPA Thyroid
Donor Biobank
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Characterizing the EPA Donor Biobank

Reference Chemical Potency

Methomyl—

Methimazole= .

T T T T T 1
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EC,y Concentration (uM)
N=21

6-Propyl-2-thiouracil -

Sodium Perchlorate-

Selecting Reference Chemicals

doi.org/10.1007/s00204-022-03365-4

Increasing Confidence in a Human Thyroid Microtissue New Approach Method (NAM)
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Independent Peer Review by Validation
Management Team

T4 (% DMSO)
T4 (% DMSO)

Independent Donor Performance Summary (N= 21)

( Fitness for Purpose (Independent Review)

Evaluating Human Donor Variability

Human
Biological

Framework for Establishing

Relevance Scientific Confidence in NAMs

Baseline Thyroglobulin (Day 14) Frequency Distribution

o

Technical Data Integrlty Control (N=30) g .
Characterization and Transparency 5 5
TSH (N=30) l— H 4| g 2
H z
l; 20‘00 40‘00 60’00 80‘00 ’ ) 2000 4000 6000 8000
Thyroglobulin (ng/ml) Bin Center

Establishing Donor Acceptance Criteria

Long Range Goal: Establish a validated test method for human thyroid hormone disruption

10
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Goal: To structure and support a preliminary assessment of the test method reliability and relevance.

SRLTR DA TEIR Bayer CropScience Independent Validation

L_'“'m"'m”"’"rm Management Team
NICEATM \
LifeNet @ CORTEVA
Saving Lives. Restoring Health. Giving Hope agriscience

Objectives
1. Test method standardization.
2. Test method transfer, training and intra-laboratory model performance evaluation.

] 3. Limited inter-laboratory reference chemical testing and assay performance evaluation. 11
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EPA Thyroid Donor Biobank — Donor Characterization and Qualification Life
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Savi ives. Restoring Health. Giving Hope

Biobank Summary (August 2017 — Present)

Donors 52

Median Age 34 (17-66)

Sex Male (37); Female (15)

Race Caucasian (37), African American (13), Hispanic (1), Asian (1)
Median BMI 28 (19-39)

Serologies CMV, EBV

Euthyroid 51/52

What donors should be tested for the model and performance validation phases?
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TSH (Ct-2)

K1-70 mAb ccm

Baseline (Ct-1)

Day 14 /

Donors
Age
Sex
Race
BMI

Donor Cohort Demographic Summary

30

35(17-61)

Male (23), Female (7)

Caucasian (24), African American (6)
28 (20-37)

* Microtissue Morphology
* Microtissue Biomass

« TSH Receptor Sensitivity
« Thyroglobulin Synthesis
 Hormone Synthesis

» Reference Chemical Response

13
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Thyroglobulin and Thyroxine (T4) synthesis are most

impacted by donor demographics.

Identifying TSH-dependent Performance Parameters Influenced by Donor Demographics

30-62% of the total variance explained by age, sex,

race, and BMI.

T4/T3 Ratio
159 R*=0.30
p= 0.067
1.0- -.
®
o ‘oz 27 e ®
054 ¢ "%
@ ¢
0.0~ . . ]
0.0 0.5 1.0 1.5
Actual

-~

< TSH (Ct-2)

-

K1-70 mAb (c%

Baseline (Ct-1)

Day 14

/

14
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Ct-1
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What Parameters Predict Thyroglobulin Synthesis?

TG (ng/mL)

TG (ng/mL)

Ct-2

10000 RZ2=0133
p= 0.001
8000+
6000
4000+

2000+

10000

8000

6000

4000+

2000

TG (ng/mL)

TG (ng/mL)

Ct-3
10000 RZ=0230
p= 0.002
80004
6000
4000+
2000+
0 1
0 80

10000 R2 = 37
8000-
6000-
4000+

2000+

/ K1-70 mAb {C&

TSH (Ct-2)

Baseline (Ct-1)

N ownw

Generally, there is an inverse
relationship between in vitro
performance and age or BMI.

15
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Generally, there is an inverse
relationship between in vitro
performance and age or BMI.

16
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Baseline Thyroglobulin (Day 14) Frequency Distribution
: 67
: 2 ¢ Minimum Thyroglobulin and
Control (N=30) | + — %4_ yrog
3 Thyroxine (T4) synthesis
: S
: 2 5. g
TSH(N=30) |  |——: ] E? thresholds set for TSH sensitivity.
: z
T T |E —r T 1 r r 1 1 0 T T
0 2000 4000 6000 8000 0 2000 4000 6000 8000
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Cl (95%
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Baseline Thyroxine (Day 14) Frequency Distribution
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: Confidence Limit ’
; g 8
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v rocaor DONOF Qualification - Curation of the Donor Cohort to Emphasize Hormonogenic Competence
Thyroglobulin vs Thyroxine  Thyroglobulin (TG) and Thyroxine
10000- : R2 = (28 (T4) synthesis are positively
: p= 0.003 correlated.

8000-
-
% 6000 « 21/30 donors qualify based on T4
g" 4000 synthesis threshold.
-

2000

« Data suggests up to 30% of donors
0 | | | | |

would not qualify for use in the assay.

T4 (ng/ml)
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T4 (% DMSO)

@
T4 (% DMSO)

« Reference chemicals provide coverage
for key mechanistic targets and exhibit

expected responses.

» Population-level data modeling defines

the EC10 as the POD.

T4 (% DMSO)

250+
2004
150

100

Methomyl

250+
200+
1504

100+

log10 [M]
6-Propyl-2-thiouracil

T4 (% DMSO)

log10 [M]

2504
2004
150

100

Reproducibility is Supported in a Variable-Donor Assay Platform with Qualified Donors

Methimazole

95% Confidence Band

95% Prediction Band

250
200+
150

100

log10 [M]

Sodium Perchlorate

log10 [M]

Independent Donor Performance Summary (N= 21)

-~

o

Methomyl Methimazole 6-Propyl-2-thiouracil Sodium Perchlorate
Best-fitvalues CI(95%) Best-fitvalues CI(95%) Best-fitvalues CI(95%)  Best-fit values Cl (95%)
Log EC10 (M) NA NA -7.2 -7.5t0-7.0 -7.0 -7.2t0-6.9 -5.4 -5.6t0 -5.2
EC10 (nM) NA NA 0.06 0.04 to 0.11 0.09 0.06 to 0.13 4.0 2.6t05.9

/
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Methomyl=
Methimazole=|
6-Propyl-2-thiouracil=

Sodium Perchlorate=

Evaluating Inter-individual Human Toxicodynamic Variability to Benchmark

Expectations in a Variable-Donor Assay Platform

Reference Chemical Potency

— [—

Toxicodynamic
Variability Factor

- Lt}

Donor Frequency

0.001 0.01 0.1 1 10 100 1000 _ '
EC,, Concentration (pM) Point of Departure
N =21
ECy¢ (MM) Methomyl Methimazole 6-Propyl-2-thiouracil Sodium Perchlorate \
Range NA 0.003-0.24 0.026 — 0.44 0.59 — 36.97
Median 1000 0.039 0.067 5.79
TDVFy, 1 13 2.6 9.8

\_

20
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Endpoint: ACC Exposura Route: oral
. Species: h Exposure Interval: 48.0
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z sEmen B EAD
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Methirlrlazo e I'-1etf'lorm,f|

1
6-Propyl-2-thiourac

N=21

Equivalent administered dose (median Cmax) of multi-donor thyroid hormone disruption can be
compared to exposure predictions to evaluate margins of exposure.

- https://ice.ntp.niehs.nih.gov/
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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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Age cy

LRHS<

Cleaved
region
(residues

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

>m‘A subunit

>B!B subunit

TSHR is a G-protein-coupled receptor expressed primarily in thyrocytes.
The primary ligand is Thyroid Stimulating Hormone (TSH).

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.



\‘huEle | TSHR Signaling Pathways in Thyroid Follicular Epithelial Cells

Environmental Protection
Agency

Ca?*
Extracelular © @

?W%W .,_

Intracelular .
°
AM
Qo
] ° 8
Q
Inactive PKA l l
Actlve PKA
1 iodide apical efflux /e
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B 0o 10.1007/978-3-030-44436-5_3
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? TSH Response
e 1.6+
s ] "
1 1.24 = Run3

1.0+
0.8+

‘ 0.6+

Cell Lysis + HTRF reagents 0.4+

‘ 0.2+
D'E L] L L) L ¥ L L

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

z
0
Ratio

665 nm | Fun1 Run2 Fun3

e ¥ A—.. NO FRET \ HILLSLOPE | -1.069 -1.086 -1.368

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 HTRF

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

Agency
l Chemical Structure I l Broad Coverage, I Multiple cel types Tert )
and Properties High Content Assay(s) +/- metabolic competence
No Definy edmmu Defin: edmoloycaﬂ rget
| TargetorPa Bwray or Pa thway \ v
- £ -
Tier 2 N:: in ; Huppg:::npal Hippocampal| [Hippocampal| | Cognitive
| st I ]_ e mw: P Expression, [| Anatomy, p-| Function, Funcﬁos:h
. J Altered
1
/ [ l Tier 3 \
I Existing AOP J \ No AOP J
1 J
in Vitro Organatypic Assays and Identify Likely Tissue, Adverse
Assays for other KEs J l Microphysiological J Oy o Orkaoai B Key Events Outcome
and Systems Modeling Systems and Susceptible Populations
——>» KER - Direct
Esti Poi f-De i Estil Poi f-Dey Esti Point-of-De; - i
SusedonBonglPutueyor | DasedondOF | Basedon Ukely Tasve.or = KER - Indirect
Cellular Phenotype Perturbation Organ-level Effect without AOP

TSHR Hit Prioritization « Chemical selection based on bioactivity, structural diversity, and
Workflow HTS specificity

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

» Extension of MIE perturbation (TSHR) to 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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United States

Thyroid Organotypic Culture Models — TSHR Hazard Screening Workflow

Environmental Protection

Agency

Test
Chemical

Test
Chemical

I 0000 OO0 ool

Thyroglobulin Synthesis (Day 6)

i 25000+
Thyroglobulin B EPATHY0016
20000 $ =1 EPATHY0019
) = EPATHY0022
£ 15000
g [ EPATHYO0025
‘ o© 10000 1 EPATHY0026 '
F =1 Donor Pool
5000 . E
g B
0 T 1 LI '.I- 1 LI LI T 1
-+ -+ -+ + -+ -+
TSH (£ 1 mIUimI)
Thyroxine Synthesis (Day 14)
10
'I' mm EPATHY0016
T4
8- B EPATHY0019
o
:lg 6 mm EPATHY0022
- D mm EPATHY0025 -
£ L *
E 4 EPATHY0026
5 1 Donor Pool
n M - Y T e e e e o Medium
v m L | LI | LI | T T
+ - * - % - +* -
TSH (£ 1 miU/ml)
Donor ID Sample Age | Sex Race BMI Euthyroid (Y/N) | Passage
EPATHY0016 | Human Thyroid | 23 | M Asian | 36 ¥ o |
EPATHY0019 | Human Thyroid | 20 M Caucasian 28 Y PO
EPATHY0022 | Human Thyroid | 34 | F | African American | 29 Y 0|
EPATHY0025 | Human Thyroid | 44 F Caucasian 20 Y PO
EPATHY0026 | Human Thyroid | 24 | M Hispanic | 26 Y PO |

Decreasing uncertainty in prioritized HTS data using longer-term 2D and 3D human thyroid assays.

TSH Control

o e e o
o e'? o3°85° V7 9 ¢
URATENGEE MR T T

b3 . °
S S o
AR IR
P

9 8
AR P90 loise Ban(
Foraraalgtieals T Mo oo

TG (Log; Fold C)

1Z"factor: 0.53

s o

T4 (Log, Fold Change)

TSH Control

Bioactive

Noise Band
(2 3BMAD)

rZ'-factor: 0.86
........................
NS AN eaCINOTEEERERANRR
Chemical
hTMT hTMT hTMT hTMT hTMT hTMT
TSH -TSH -TSH -TSH -TSH -TSH

Direct Cell Test
Seeding from  Chemical
Cryopreservation

Test Test Test
Chemical Chemical Chemical

Consideration of general population effects using validated sample pools.

Collecting quantitative data in a thyroid AOP context to evaluate MIE and Key Event relationships.

e
Chemical

hTMT  Image Acquisition
-TSH  (Controls)

Test Viability
Chemical

®000000
£E

© 100M
> 14um
« 2um

o 025M

Bioactive

288
S

oRGL
TEE

Collect Conditioned
Medium for T4

-~

TG (Fold Change)

T4 |Fold Change)

-~

MIE

Chem AD3 - Thyroglobulin

~

15
-+ TSH Control
10 °
LS
T
04
Concentration (uM)
Chem A03 - Thyroxine
50
40 v @l TEH Control
30 ¢
20 & °
[}
10
o
n:ﬂ Do B Noise Band
0.01 0.1 1 10 100

Concentration (M)

/
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Vé’n"éﬁfgn?;zt:tzl o A Tiered Testing Paradigm to Identify Potential TSHR-dependent Human Thyroid Disruptors

Agency

= e J - ] - Tert ) Tox21 Screening Library

— Tier 2: TSHR Screening
Assay Bioactivity

7871 Chemicals

825 Chemicals

No Defined Biological Defined Biological Target
l Target or Pathwary J or Pathway
TSHR Hit Prioritization .
> i — Sl o iow (Agonist) Y2 el
Salact by Vira rthogonal confirmation .
l aeon J } ) » 24 Chemicals
" I J
/ [ l Tier 3 \
. * 6 Chemicals
Existing ADP | No ADP
in Vitro Organatypic Assays and identify Likely Tissue,
Assays for other KEs Microphysiological Organ, or Organism Effect . . . .
and Systems Modeling Swtems ]} andusceptivle Populations 6 chemicals identified as potential
& e/ human thyroid agonists
Estimate P:Hr:: -of-Departure Estimate Foh':lrunl-l.‘mpmurt Estimate Pmn.t-of-mmnur-r
Based on Biclogical Pathway or Based on AQP Based on Likely Tisswe- or
Cellular Phenotype Perturbation Organ-level Effect without ADP

- DOV 10.1093/toxsci/kfz058 29
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Unted States Parting Thoughts - Virtual and Complex Tissue Models Play a Pivotal Role in

Environmental Protection

Agency Chemical Hazard Identification and Characterization.

Chemical Safety for
Sustainability

Strategic Research Action Plan
Fiscal Years 2023-2026

u' y -f_'v‘-.-' ‘

Office of Research and Developm
Immediate Office of the Assistant Administrator
Chemical Safety for Sustainability Research Program

Complex Biology and Lifestage Sensitivity: Assay batteries to evaluate
neurodevelopment, human pregnancy, and early embryonic development.

Target Organ Toxicity: Cellular composition and architectures that better represent in
vivo systems biology with phenotypes not captured in many conventional high-
throughput assays.

Tiered Hazard Screening: Medium-throughput organotypic culture models fit into a
tiered hazard screening paradigm to provide critical context to mechanistic high-
throughput screening assays.

Human Relevance and Toxicological Variability: Primary cell types derived from
human donors enable evaluation of human inter-individual toxicodynamics that cannot
be addressed with inbred animal models or isogenic cell lines.

More Flexible Exposure Paradigms: Long-term culture models enable repeat
exposure paradigms simulating acute and sub-acute exposure scenarios.

Computational Modeling: Quantitative data generation useful for establishing virtual
tissue model simulations, and MIE and KE data for gAOPs.

30
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