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Regulatory drivers

New Approach
!V\eihods WorkHP‘an

FDA’s Predictive Toxicology Roadmap - created to identify the
toxicology areas that could benefit from improved predictivity as well as
promising new technologies that could potentially meet these needs

and support animal 3Rs (Replacement, Reduction, and Refinement).
https://www.fda.gov

EPA's New Approach Methods Work Plan - created to prioritize
agency efforts and resources toward activities that aim to reduce
the use of animal testing while continuing to protect human health

and the environment (NAMs).
https://www.epa.gov




Can the computer replace lab animal testing?

technology feature * mapping the (chemical) world: structural alerts based on

Toxicology testing steps towards computers black-box read-across [Structure-Activity Relationships].

Can the computer eliminate the lab animal? As computational methods become more advanced and data more . .

Iroe::el\;tagsg:\t;lgli:oiiilc\'c‘l:tc;modelingapproaches have growing potential to help reduce the number of animals needed - LUEChtEfe/d et al. (2018) TOXICO/ SCI 165" 198-212'

JimKling

Thasm e, * opening the black box: data-driven machine learning using

high-throughput bioactivity datasets [ToxCast/Tox21].
- Ciallella and Zhu (2019) Chem Res Toxicol 32: 536-547.

* a step further: engineered microsystems (in vitro) and
dynamic simulation (in silico) [Virtual Tissue Models].

s. in silico: Cemputer models are in the works that might help shift the balance away from animal

- Knudsen et al. (2021) Toxicol Sci 180: 198-211.

meth

Kling (2019) Nature Lab Animal 48: 40-42

DART translation: in vitro assays and in silico models that reflect
embryo-fetal development and human pregnancy will be important for
NAM-based evaluation of developmental hazard potential.




Pluripotent stem cell (PSC) assays

An active area of investigation and one of the most promising in vitro alternatives to
pregnant animal testing for assessing developmental hazard potential; novel features:

"
i

* Self-renewal: cells replicate themselves indefinitely when cultured under
appropriate growth factor conditions.

* Pluripotency: cells have the potential to form most of the different cell
types comprising the embryo-fetus.

* Autopoiesis: capacity to self-organize into rudimentary tissues and more
complex organoid structures.

Established PSC lines can recapitulate some of the biology driving embryogenesis during
the period covered by guideline prenatal studies (e.g., OECD TG 414, OPPTS 870.3700).




PSC assays in developmental toxicity

Detailed Review Paper (DRP) on EST platforms @// OECD
e T D R eidos * Strategy: search for studies that used PSCs to
g = £ George Daston — Procter & Gamble Co. classify developmental toxicants:
Burkhard Flick — BASF (Berlin) . . . ]
= == ; Michio Fujiwara — Astellas Pharma Inc. (Japan) - chemical and blOlOglcal domains
T Thomas Knudsen— USEPA . .
S S Hajime Kojima — NIHS/JaCVAM (Japan - lead) - standardized protocols, biomarkers, readouts
Embnyonis Stem Calls o Aldert Piersma — RIVM (Netherlands) - reproducibility and performance.
TR Horst Spielmann — Berlin (retired)
pemeee g”lél!!|||||‘|| || NoriyukiSuzuki—Sl:JmitomIS Chemical Co. (Japan)
e AAARAARRARARARAARRAS Katya Tsaioun — Johns Hopkins University ° . . _ .
Abstractifter SWIFT MeSH terms, Chemicals Corpus: 1,533 PubMed records (circa 1991-2021):
Dashboard, ... - reduced to 192 papers by Al and manual curation
- 18 papers tested > 10 compounds (primary)
mEST ~ EO13505 ECVAM HCS GE SOX io/c  GS TxC  SC . :
MESCs ‘ hESCs ‘ h- |PSC5\ ‘ ACT \ eo/c | wp |osT us 3D - 174 papers tested 1-9 (evidentiary support).
1975 98 2001 06 2008 10 11 13 2013 14 15 17 18 2018 19 20 21 22 ° 1,250 annotated chemicals:

- accuracies 72-87% for well-curated compounds

1997-07 traditional mEST [accuracy ~80%)]
- most commonly represented: ATRA, 5-FU, MTX.

2008-13 improve mEST sensitivity and scalability [accuracy 72-83%]

2018- hPSC biomimetics and throughput [accuracy 77-87+%)]

Piersma et al., manuscript in final preparation 5



ToxCast_STM: devToX4 assay contracted from Stemina Biomarker Discovery

* 1065 ToxCast Ph I/1l chemicals
at single-conc. or multi-conc.;

* Data tcpl-pipelined into ToxCast
database (now >1125 assays);

 Raw and pipelined data in EPA’s
CompTox Chemicals Dashboard.

* Bioactivity concentration
predicting DevTox potential.

https://comptox.epa.gov/dashboard

Targeted biomarker (TI)

Viable cell number (CV)
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ASSAY:

NAME : Methotrexate

CHID: 20822 CASRN: 59-05-2
SPID(S): TP0001302A08

M4ID: 27404030

HILL MODEL (in red):
tp ga gw

val: 1.97 -1.08  3.96

sd:  0.0247 0.0229 1.06

GAIN-LOSS MODEL (in blue):

tp ga aw la
val: 1.98 -1.08 3.92 0.721
sd:  0.0529 0.0226 1.08 35.1

CNST HILL GNLS
AIC: 74.32 -52.43 -48.44
PROB: 0 0.88 0.12
RMSE: 1.1 0.07 0.07
MAX_MEAN: 1.98 MAX MED: 1.96
TI: 0.0588 HIT-CALL: 1  FITC: 41

FLAGS:
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BMAD:

AC50: 0.
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Methotrexate
TI=0.059, CV=0.062
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TOMCOLOGICAL SCIENCES, 174(2), 2120, 183-209

aw 01093 s a0
oo Publication Dats: Fab

SOT | &3,

academic.oup.com/toxsci
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Profiling the ToxCast Library With a Pluripotent
Human (H9) Stem Cell Line-Based Biomarker Assay for
Developmental Toxicity

Todd]. Zurlinden
Richard S. Judson
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In 2007, the National Research Council published Toxicity Testing
in the #st Century: A Vision and o Strategy {National Researd:
Councll, 2007). This report addnessed the potential for auto-
marad throughput screening (HTS) and high-content
screening (MCS) ssays and technologies to identify chemically

induced bidlogical activity in Tuman cells and 1o develop pre
dictive mode’s of in wiva ological resporse that would ignite a
shift from traditional animal endpoin
pathway-bessd risk assessment
with the NRC 2007 repart, the US. Environm

Fubliated by Crefond Usieaity Fress on Belalf of the Sox sty of Tef cilogy 2000, This wodk & saitien by US Gon —y P

19.2% positivity rate indicative of teratogenic potential

Zurlinden et al. (2020) Toxicol Sci




Example: vitamin-A and its morphogenetic metabolite (all-trans Retinoic acid)

Targeted biomarker (TI) Viable cell number (CV)
< o E ‘ N N %
il e W@-ﬂ P
3 g 8 k
£ . _g—e’g & o 18 8 g g g g % % all trans Retinoic acid (ATRA)
3 g °3 Tl = 0.003 uM, CV = NA
" o - dLEL rat = 2.5 mg/kg/day
O_{I,Ol O_Im 011 ; llo 0.:)01 0.I01 011 ; 1I0 dLEL rabbit = 0.5 mg/kg/day
Concentration (uM) Concentration (uM)
o C
§ - 48 g 8-8 e 8 g g - 48 8 o 8 e 8 g 8
g © 3 Retinol (vitamin-A)
o o TI=NA, CV=NA
0.:103 I O‘Ioa I 013 ; ; 1I0 | 0.503 I U.IOB I 013 ; ; llo (True Negative)
Concentration (uM) Concentration (uM)



Targeted biomarker (TI)

Viable cell number (CV)

-

Example: R-enantiomer (Fluazifop-P-butyl) is the active herbicide

lg " § ) \PJ | 0] O
o nm o g ©o 9 7%
0 o o 8 0 o - 8 . o .
i gv e et =18 86 g0 o Fluazifop butyl
- . Tl = not active, CV = no effect
—— T ? ———— dLEL rat = 10 mg/kg/day (< mLEL)
.03 021210030 100 0.03 0.3 1 3 10 30 100 dLEL rabbit = 90 mg/kg/day (mLEL)
Concentration (uM) Concentration (uM)
o] ™ )
& o & F:PK;Iiit:L\ 0//\\”//\\C%
g |9 88 ge8 ma._g_n_g_._,_:/
. Fluazifop-P-butyl
- ; Tl =26 uM, CV =40.8 uM
T T T T T T e dLELrat=5 mg/kg/day (< mLEL)
0.03 0.3 1 3 10 30 100 I l : \ : ' ' :

Concentration (uUM)

0.03 0.3 1 3 10 30 100

Concentration (UM)

dLEL rabbit = 50 mg/kg/day (mLEL)



Exam pIe: pharmacological angiogenesis inhibitors

Targeted biomarker (TI) Viable cell number (CV)
Q
HO . . .
\mm synthetic thalidomide analog
o
E g 5HPP-33
3 3 TI=10.5, CV = 16.4
. ) (no rat or rabbit data)
0.01 0.1 1 10 100 0.:)01 I 011 i 1Io 1:10
Concentration (uM) Concentration (uUM)
] 2 g . o
E . synthetic fumagillin analog
g - 8
A A
9w / 5
;8’] S NS :g'
S . Z ///////77/ 7///:'//?/// = 1 TNP-470
3e104 ' o.(l)oa ' o.'oa I of3 ; 3e104 ' o.cl)os ' o.'os 013 ; Tl= 0017’ CvV =0.020
Concentration (UM) Concentration (uUM) (nO rat or rabb|t data)
9



Quantitative prdiction: checking forward predictivity of the hPSC readout

Colleagues at Dow Chemical, led by Ed Carney, tested T.l. predictions for two structurally
diverse potential vascular disrupters (pVDCs) in rat whole embryo culture (WEC):

HO@iQ:N S5HPP-33: synthetic thalidomide analog
{ * T.I. predicted by hESC 10.5 uM

* AC50 observed in WEC 21.2 uM (embryo viability)

TNP-470: synthetic fumagillin analog
* T.l. predicted by hESC 0.02 uM
* AC50 observed in WEC 0.04 uM (dysmorphogenesis)

. H
S:'
o b 0

Ellis-Hutchings et al. (2017) Reprod Toxicol
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Example: false negatives (not detected in ToxCast_STM)

Targeted biomarker (TI)

Viable cell number (CV)

OH

oy
g - g ] HO
3 3
5o oo o . .
s 88 88 8 o 8 S 8o g8 8 T Diethylstilbestrol (DES)
A 8 TI=NA, CV = NA

- 2 dLEL rat = 0.03 mg/kg/day (= mLEL)

—r T 1 T 1 T T T T T T T (no rabbit data in ToxRefDB)
0.003 0.03 0.3 1 3 10 0.003 0.03 0.3 1 3 10
Concentration (uUM) Concentration (UM)

R ?
ke k-
o] (0} [o]
£ - 1g9§%00838,53g | | £ -{6c8eBescBBHegang
81 (o) (o} g‘ (o]
fia ] [ |

o . Cyclopamine

I 1 1 1
0.01 0.1 1 10

Concentration (UM)

1 1 1 1
0.01 0.1 1 10

Concentration (uM)

TI=NA, CV =NA
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What human relevant pathways are detected or missed?

Workflow to mine hPSC bioactivity against 337

. . Annotation System Keystone Pathway /Process #MIEs Class
Cel/-free bIOCh emlcal assays (7-Oxcast NVS) GOTERM_BP_DIRECT G0:0014066~regulation of phosphatidylinositol 3-kinase signaling 6 TP
- KEGG_PATHWAY hsa04068:FoxO signaling pathway 8 P
KEGG_PATHWAY hsa04510:Focal adhesion 13 TP
GOTERM_BP_DIRECT G0:0007200~phospholipase C-activating G-protein coupled receptor signaling pathway 10 FN
%) Ao
E ToxCast_NVS ToxCast_STM INTERPRO IPR001723:Steroid hormone receptor 7 FN
‘2 biochemical AC50 X binary hit calls GOTERM_MF_DIRECT G0:0005496~steroid binding 5 FN
= 337 inhibited features 183 STM-positive ;
g 83 activated features 882 STM-negative RTK ‘ GPCR ‘
| Ligands Ligands
logit fit — l )
o CZ) Logistic Regression 1 True Positive Space False Negative Space | l ;
4 8 )
g b . Geng Potenc;{ S.core (GPS) % A r ARy YRR 4
A chemical-specific gene score g STM (-Jve NVS space
< E * consolidate AC50 homologs E
‘u,'; * add up and down extensions q
Seelpmere —— S B TR ety () =ttt e e e
K “hLe o)
—| ¢ PIP3 = PIP2_ v
g Phenotype Weighting , - B
w E HMDC database (
E S * 28 phenotype systems e RAS-RAP
[Tl * 233 GPS bins (0,1,2,3) > Signaling _@Tl Calcium
u * log2 normalization i% @ Signaling
* top 40 weighted correlations 1682
CDK2
MAPK-ERK1
Signalin
Pathways and Processes MAPK3 <" FO
E‘ g DAVID 6.8 bioinformatics resources
g l: * GO Direct, KEGG, Reactome, INTERPRO P S
= S « Bonferroni adjusted p < 0.05 132 @ A Nuclear Receptor
L-) (] « redundancies resolved manually by FDR —>__ mitochondrion L|gands
% % * 60 category Spearman correlation matrix A 1
o< « discuss keystone pathways/processes

Sensitive Domain Insensitive Domain
Zurlinden et al. (2020) Toxicol Sci



Performance check for hPSC-based classification of DevTox

« Qualification on 42 well-curated reference compounds
often used to validate alternative DevTox platforms?.

- Balanced Accuracy (BAC) = 82% (0.65 sensitivity, 1.00
specificity) for these reference chemicals.

- Metrics are consistent with the original pharma-trained
model [Palmer et al. 2013].

Many PSC studies have been validated with a limited set of
data-rich chemicals, inflating predictive accuracy >80%.

1 Genschow et al. 2002; West et al. 2010; Daston et al. 2014;
Augustine-Rauch et al. 2016; Wise et al. 2016

| ATRA was most potent
_ across 1065
e e 0 compounds tested.

aaaaaaaaaaaaaaaaaa

- True Positive

- False Negative

- True Negative

||||||||||||||||

Zurlinden et al. (2020), Toxicol Sci
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Chemical landsca Pe: hPSC biomarker (in vitro) and ToxRefDB (in vivo)

100% |
80%

40%

Performance (classifier)

Sm‘ngencyOfcr’.te”'af?r}?(ivj?)f/f—f***””"“”“““7--

Scaling Criteria (ToxRefDB)
- BM-42 reference

- dLEL < mLEL, rat OR rabbit
- dLEL < 200 mg/kg/day
- LEL for any study type

model ToxVal Low
# chems 1040 432

20% e —: i
. = |

edium High REF

285 127 42

Although hPSC positivity
rate (19.2%) was similar to
concordant rat-rabbit
studies (18.7%), only a
subset was detected by
both platforms.

Zurlinden et al. (2020) Toxcol Sci

*
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Prenatal developmental toxicity outcomes in ToxRefDB

283 chemicals 283 chemicals
W rabbit | ” e
= 1 Y oo
W rat = . O Rabbit
4 = ) ) ."P ot ? (317 chemicals)
_—:ﬁ'—‘E T: I ; IL i mij ”[I I‘HI 1 lldf%i G\L ‘
I M I ' | 522 B 1
| = s 2
= | " or =] 2
I ) 1|| I "l‘lu A R ‘H' '::: 3 10
] At M[\ HJ “ T ]x%. 2
| I h— I | [ EE:%E 4
T \‘ ii:.'; P I| W TR II\‘ A ‘_|!|I j T ‘-_Iw i JI T , TR 'ﬁ“i‘""”i‘l | - 4
| i i I % 8
7
10
3
26
Species distribution of adverse outcomes was =
4
complex, but the overall pattern is captured 244 |
by the lowest effect level (dLEL) dose. T e
93
SOURCE: Knudsen et al. (2009) Reprod Toxicol L

Hierarchical clustering of 283 chemicals (columns)
by 19 adverse outcomes (rows) observed in
guideline rat and rabbit studies [circa 2009].

Rat
(350 chemicals)
-~ |
4
: 12
: 18
|
53
‘ 68
150
. 266
—
‘ 125
75
82 |

4 GEN

16 URT
19 REN
SPL

10 SOM
VAS
HRT

EYE

BRN

JWH

13 CLP
CRN
APP

AXL
MBW

FWR
RES
PRL

(131p 2 ) 10040 106.1E)
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Retinoid signaling pathway

[
The central role of ATRA in patterning and homeostasis of the skeleton makes
it a logical choice for case studies in computational toxicology.

N 30 nM <1 nM
= tarea) [ >
'. . ]
-

Vitamin A Provitamin A i

---------------

“~ (retinol) ~ (B-carotenoids)

! CYP26  Metoabolites
- i~ 12O — (inoctive)
STRA6 :crep: ROH  petinat RALOH — arpa

o o ® --'
NCoA l

Retinol O

RAR CRABP

o ‘ VR TR @ — @
, >OOA
. ,r‘( RARE/ORS
IR - ‘,

* ATRA gradients locally generated by cell-specific expression of enzymes, molecular transporters, and
nuclear receptors (RARs) collaborate with powerful morphogenetic signals (e.g., FGF, BMP, SHH, WNT, ...).

* Local regulation of ATRA homeostasis and its disruption may be captured in diverse Adverse Outcome
Pathway (AOP) frameworks linking molecular initiating events (MIEs) to developmental phenotypes.

16



Regulatory interest in the retinoid signaling pathway @” OECD

i POLICIE OR BETTER

2012: DRP 178 of OECD Test Guidelines Programme highlighted a critical need for

2| ENvCBE OGRS

harmonized regulations on this system for toxicity screening and evaluation.

2015: OECD EDTA Advisory Group initiated DRP Project 4.97 to review the retinoid
signaling pathway across diverse organ systems.

2018: DRP 4.97b narrowed to four areas: Overview, Reproductive System (Annex A),
Skeletal Patterning (Annex B), and CNS Development (Annex C).

2021: individual publications in Reproductive Toxicology (H Hakannson); final report
published in OECD Testing and Assessment Series No. 343 (P Browne).

by Ly wnaltie o il b vl T e v e e L v aLale i e

it - v e a - A 2 g z v ! .

o Reprodusctive Toxboology v Reproductive Toxicobogy v Reproductive Toxdcology ") Reproductive Toxicolo MV m_]
5 il ik A oo

retnm b . [Py PP . Tt | b b . il b age

. x
Regulstony needs and activities 1o address the retinold svstem in the com Retinold sigmaling in skeletal develoy v systens for =
of endocrine disnaption: The Eurcpean viewpoint Y
Vlise Grignard™, Heles blilsmmen™', Sharon Munn

enhance sdverse cuteome pathways and 1esting siemlegies =




ATRA concentration thresholds and critical response dosimetry

baseline ATRA (5 somite zebrafish embryo)
maternal serum (animal study)

devTOX9 assay (pluripotent hESC)

normal plasma concentration

axial gradient (5 somite zebrafish embryo)
endodermal differentiation (h-iPSC)
devTOX% assay (pluripotent h-iPSC)
genetic perturbation (mouse)
maternal serum (animal study)
limb-bud (GD 10.5 mouse embryo)
pharmacological kinetics

limb-bud (GD 11 mouse embryo)

limb-bud (GD 10.5 mouse embryo)

@ non-morphogenetic

1.7 nM

3.0nM

5.0 nM

30 nM

1,000 nM

12,500 nM

1,500 nM

non-teratogenic
teratogenic threshold
physiological (adult)
morphogenetic signal
toxicological tipping point
DevTox potential
altered homeostasis
teratogenic potential
physiological (embryo)
efficacious (therapeutic)
weakly teratogenic dose

fully teratogenic dose

(Shimozono, limura et al. 2013)

(Daston, Beyer et al. 2014)

(Zurlinden, Saili et al. 2020)

(Napoli, Posch et al. 1991)

(Shimozono, limura et al. 2013)

(Saili, Antonijevic et al. 2019)

(Palmer, Smith et al. 2017)

(Helms, Thaller et al. 1994)

(Daston, Beyer et al. 2014)

(Horton and Maden 1995)

(Helms, Thaller et al. 1994)

(Satre and Kochhar 1989)

(Horton and Maden 1995)

Molecular tipping point (ATRA)

inM 10nM 100 nM 1000 nM 10000 nM
6h 96h 192h 6h 96h 192h 6h 96h 192h 6h 96h 192h 6h 96h 192h
" .
— — — i
= =N =
— T
— — =
— 1
———— = —
. -5
—_— —
= —
||
— — D
— | —
—
_— —
= —_——
E—— ]
===

The tipping point between physiological and dysmorphogenic
endogenous ATRA is well below fully penetrant teratogenesis.

Knudsen et al. (2021), Reprod Toxicol

DMSO, 96h vs 6h

0.1 uM ATRA'vs DMSO, 96h

Saili et al. (2019) Reprod Toxicol
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ToxRefDB chemicals (370) clustered by regional phenotype

* Culled fetal effects data from
2,946 ToxRefDB studies;

e 57,198 skeletal defects across
rodent/nonrodent studies;

 clustered chemicals (k=5) by
phenotypic domains (ToxPi).

Limb

Axial

other

Cranial

-~
()

Fluazifop-P-
butyl

Triadimenol
ToxPi Score:
0.1000
Rank: 298

=

ToxPi Score: |

0.1000
Rank: 178

Halofenozide
ToxPi Score:
0.2000

Rank: 374

Principal Component 2

¢

Acephate
ToxPi Score:
0.1000
Rank: 88

Principal Component 1

k-means clusteringlegend J¢

(SN
v
o

-Cluster Group 1
-Cluster Group 2
-Cluster Group 3
-Cluster Group 4
-Cluster Group 5

Appendicular - Autopod

Benzophenone
ToxPi Score:
0.100

Rank: 107

B
—
xHZiram
ToxPi Score:
0.1000
Rank: 312
D

Axial - Vertebra

Appendicular - Stylopod

Cranial - Neurocranium

Appendicular - Zeugopod

Cranial - Orofacial

Axial - Cauda

-

Axial = Thoracic Cage

Cranial - Viscerocranium
Unspecified

|
|
|
|
|

ATRA
Broad range of

regional effects,

dominated by
zeugopod

Flusilazole
Dominated by
thoracic cage
defects, with
vertebral and

orofacial effects

Tetraconazole

Predominantly |

thoracic cage
defects

Endosulfan
Predominantly
vertebral
defects

SOURCE: Jocylin Pierro, work in progress

the ATRA signaling pathway?

Are fetal skeletal phenotypes consistent with AOPs linked to disruption of

19



Availability of in vitro profiling data for the ATRA system

Chemicals In vitro biactivity Literature

Retinol Binding Proteins (plasma and cellular transporters) Data ava ||a ble on 1 17

Molecular transporters for retinol uptake (STRA6, STRAS8)

Retinoid Pathway Targets (n=117) (k=8 assays) (k=8 assays)

Retinol Dehydrogenase (RDH10) Chem ICa IS to mOdeI »
Retinaldehyde Dehydrogenase (RALDH2) Skeletal em bryOpathleS -
Cellular Retinoic Acid Binding Proteins (CRABP-I, CRABP-II) ||n ked tO d Isru pt|on Of =
Retinoic Acid Receptors (RARs) alpha, beta, and gamma .

ATRA metabolism and

Nuclear Coactivators (NCOAs) and Corepressors (NCORs) Slgna I | ng_

Retinoid X Receptors (RXRs) alpha, beta, and gamma

Cytochrome P450 family 26 (CYP26A, CYP26B, CYP26()

- ChEMBL data on 12 metabolic assays for drug-like compounds;

- ToxCast HTS data on 11 reporter assays for ~2K chemicals;

- Tox21 HTS data on an intact retinol signaling pathway for ~10K chemicals;
- Potential disruption of ATRA signaling identified for 213 compounds;

- Literature mining (AbstractSifter v5.7) = 5903 related publications.

Baker et al. (2018); Baker et al. (manuscript under technical review) 20



Putative AOPs for ATRA-dependent skeletal embryopathy

MIE

KE1

KE2

Cell growth
& migration

KE3

AO

molecular initiating | Key Event 1 B Key Event 2 B Key Event 3 u
. Adverse Outcome
event (subcellular) (cellular) (tissue)
HOX patterning
REGION MIE KE1 KE2 KE3 KE4 KES AO
Inhibition of Local increase in Hyperactivation of ; Mis-specification of Maxillary arch
. . Repression of Fgf8 .
Anterior Neural Tube CYP26A1 enzymatic endogenous ATRA the RAR/RXR o 3 : CNC cell fate and dysplasia alters Cleft palate
.. : limits FGF8 signaling .
activity levels heterodimer behavior palatal outgrowth
ATRA
(_ Rediicions Local decrease in Hypoactivation of the . . Disruption of the Altered somite
Paraxial Mesoderm R |n. : endogenous ATRA RAR/RXR s .en5|c.>no periodic somitic number, shape, and Hemivertebra
FG F8 RDH/RALDH?2 activity ; FGF8signaling .
levels heterodimer wavefront alignment
Hyperactivation of | |Underextension FGF§| Dysregulation of Proximalization of Mis-specification of Malformed
Limb-Bud Mesoderm the RAR/RXR signaling from the Meis1/2 and Hox the limb-bud precartilage cartilaginous bone Phocomelia
heterodimer AER gene expression mesenchyme blastema rudiment

Although it is not clear which AOPs may be attributable exclusively to a retinoid-
related mechanism, the unifying theme is mutual ATRA and FGF signaling.

Knudsen et al., Reprod Toxicol (2021)




Temporal colinearity >

Patterning: tabl ional d
datte g: computable emergence of regional mesoderm , o )

e Cultured hPSCs most closely represent the ‘epiblast’ of an early embryo during
Embryoid gastrulation (34 week human), the hallmark of which is the primitive streak (PS).
Body
e Cell migration through the PS is an early determinant of mesodermal fate locking
gl  homeobox patterns in ‘decoding the genomic blueprint of the fetal body plan’.
Epiblast é
5  chordo-mesoderm__——par a-.’__"a"~-.f"e5°derm * Input parameters: dynamic signals
" @ t& (eg, FGF2), autnomous HOX clock.
» Stochastic determinants: cell position,
timing of migration through PS.
Primitive
Streak * Emergent property: computable cell
numbers for anatomical destiny.
* Editable features: kinematics of
signaling, rate of HOX clock.

R Spencer (EMVL) - CompuCell3D.org model
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Morphing NAMs data across levels of biological organization

* VVast collections of bioactivity data from in vitro chemical
profiling are now in hand (https://comptox.epa.gov/dashboard).

* These complex datasets provide a new resource to examine key
cellular and molecular determinants of developmental toxicity.

* However, virtual reconstitution of a self-organizing system from
unidimensional data (embryogeny) remains a challenge.

Tactic: build computer models that re-compose human biology and can utilize
NAMs data for dynamical simulation and photorealistic rendering.
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Cybermorphs: cellular ‘agents’ in a self-organizing system executed computationally

into a spatially-perturbed morphology reconstructing effects of an ATRA overload.

Control system driving polarized outgrowth
ATRA

Hacking the biology
1 normal Shh-null
etinol > i

Cell agent-based model (compucell3d.org)
cell field

Early limb development

FGF10
(~4-weeks gestation)

N

Galli et al. (2010) PLo‘s Gen




Smart models: specifying the right biology enables real outcomes to self-organize.

FGF10

BMP4

NOGGIN

Our Response: TGF-b3 knockout

Reviewer Comment: “Crucial
palates in vitro (Dudas et al. 2004).

mechanisms occurring during
palate fusion, especially
opposing palatal shelf adhesion,
are not considered in the model.
... Even in those strains in which
palatal shelves adhere partially, |
have never seen a MES as the
one shown in Fig. 5.”

100 MCS  1GFb3
"NASAL ™ peridem & Proliferation
Epithelium Fgii2 A
3
MAP Fgir2b>MAPK>c-Myc
T Egf7
g 1
Mesenchyme I Ptc1.5mo=Glit
D‘xﬁb MMP9
Msx1
_{p - Pie1smosgi M Degradation
....... Proliferation, Bmp4 | P ng
Maitrix Secretion . g Bmpria>SWADS i =2
F:gg Egfr g
E‘?K Bmpria>$MAD: W Pic1,Smo>Gli1 | Shh S&ADS ERK 'E
PTEN F MAPK
air2b>MAPK:c-Myc »
Faf10 |Z Tofp3
EphrinB1-EphB2/3 [Feiro J2 e —— gt i
. Apoplosis
MAPK
c-Myc / 2 EMT H
: Motility e
- EphrinB? WAPK, PI3K. PTEN
ORAL Noggln - Proliferation 4

Hutson et al. (2017) Chem Res Toxicol

Loose switch

Bistable MES Switch Tight switch
(n=24) (n=16)
TGFR3
EGFR \
ATRA

100 MCS

100 MCS



Computational neurovascular unit (cNVU)

endothelial tip cell
endothelial stalk cell
' B microglial cell

Microglia originate from the yolk sac (E8) and Microglial-endothelial interactions with angiogenic
pepper the neuroepithelium (E9) sprouts from PNVP promote BBB microvasculature.

e
” ' s
!! 4

Ginhoux et al. (2010) Science

Hypothesis: microglia cells promote
microvascular development as sensors of the
microenvironment and actuators of
neuroinflammatory processes.

EPA-A*STAR collaboration with F Ginhoux (work in progress)
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Translation of HTS concentration-response into phenotype

0Summary plots - Representative samples only
10+
| Mancozeb: profile from ToxCast dashboard
T8
s |
O
P
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* HTS bioactivity profile for three receptors known to mediate En“dot elial
microglial-endothelial interactions (predicted LEL = 0.5 uM). ye"s

 Critical effect in an engineered PNVP microsystem for microglial
cell migration (observed LEL = 0.3 uM) [Kaushik et al. (2020)].

Compucell3D model (Naphade et al., manuscript in preparation) Microglia Migration into Neural Layer




H DEVELOPMENTAL
Synth etic E m b rVO I Ogy See the June 2021 issue of ‘Development’ "~ Biowoor

devoted to ‘synthetic embryology’ > &9,

J..
Bow v,
b

4
A
® &

Anatomical homeostasis in a

self-regulating ‘Virtual Embryo * synthetic microsystems: reconstitute the physical system

in vitro from hPSCs (‘stembryo’).

e computational intelligence: smart models use fuzzy logic
to fill in missing or incomplete information (‘synbryo’).

e artificial life: reconstruct developmental toxicities evolved
through automation, control networks (‘cybermorphs’).

Step: 598
Spheres: 273

E(E)I:)i/:ri;fln(c)2003-2007,Crow[ey Davis Research, Inc. All F;i;;hm Reserved. A funy Computable Synthetic embryo (lsynbryo’) may be a
distant goal, but cinematic representation of time-evolved
Andersen et al. (2006) Am. Assoc. A.l. scientific data is a closer frontier.
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Interactive Cinematic Scientific Visualization (iCSV)

Presents scientific data in a way that is understandable and aesthetically pleasing, putting
dynamical systems into motion (e.g., award-winning documentaries in planetary science).

Same data displayed by traditional and CSV ... capturing one theory on ‘Birth of the Earth’

[video provided by KM Borkiewicz, National Center for Supercomputing Applications (NCAS), Univ. lllinois]

Photorealistic animation can put AOPs into motion in time and space for simple, direct,

and impactful translation of complex scientific data to a variety of audiences.
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Challenges for predictive toxicology

Computational intelligence: how complex must the
data and models be for synthetic embryology to work?

Performance-based case studies: what best practices
are suited for operationalization, circa 20257

Quantitative simulation: how far can artificial life take
us towards replacing animal testing, circa 2035?

Cinematic visualization: what new ways can users

interact with complex 3D data models in a virtual world?

Neural tube NVU/BBB
0 ]

Somite

______________

[
vt

Heart
Limb-bud ——J ——— V" CHILIyU &
J -

Vasculature

Sdie Liver / Gl

Testis/ BTB

Genital Tubercle
Renal
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