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Paradigm for ‘predictive toxicology’

- Mechanistic understanding of biology is becoming increasingly dependent on ‘big
data’: by 2025 the volume of genomics data is projected to exceed that from
astronomy, YouTube and Twitter combined. TOXICTY TESTING N THE 21ST CENTURY

A VISION AND A STRATEGY

- Toxicity Testing in the Twenty-first Century [National Academy of Sciences, 2007] flips
testing from data-poor observation in animal studies (in vivo) to data-rich evaluation
associated with pathway-level profiling (in vitro, in silico).

- Emphasis on new approach methods (NAMs): HTS/HCS data, human cells and
cell lines, chemical-biological interaction(s), computational and organotypic
models, concentration-response and extrapolation based on exposure models.

- An integrated approach to toxicity assessment (eg, IATAs) brings it all together
in the ‘animal-free zone’ where possible and targeted testing where necessary,
assimilating hazard-exposure information into pathway-based risk assessment.

https://www.nap.edu/cataloqg/11970/toxicity-testing-in-the-21st-century-a-vision-and-a-strateqy
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K P o f “It's tough to make predictions,
ey oints especially about the future”

-Yogi Berra

Automated HTS assays enable rapid chemical screening to help ‘decode the toxicological
blueprint of active substances that interact with living systems’ [Sturla et al. 2014].

Reducing a self-organizing biological system to simpler assays for chemical profiling
disrupts the spatial and temporal dynamics that render it adaptive in the first place.

Vast HTS data now in hand, the need arises for organotypic culture models (in vitro) and
computer (in silico) systems that can rebuild this complexity.

Focus of this lecture is on predicting the potential for human developmental and
reproductive toxicity (DART) testing with less reliance on vertebrate animal testing.
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“Molecular biology took Humpty Dumpty apart ...
mathematical modeling is required to put him back together again.”

ali shots
_ L are callin
Schnell et al. (2007) Amer Scientist in bumei_ s your

industry next?
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Outline: computational and organoid approaches

1. Profiling the ToxCast library with a pluripotent human
(H9) embryonic stem cell assay.

2. AOP-based ontologies for developmental toxicity: case

study on developmental vascular toxicity. ; 23 2006
anuary 23,

3. Virtual Tissue Models (VTM): computer simulation and
biomimetic systems.
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Shifting toxicology to pathway-based approaches
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https://www.epa.qov/chemical-research/toxicology-testing-21st-century-tox21
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Why systems models are needed ...
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Profiling the ToxCast library with a pluripotent human
(H9) embryonic stem cell assay

Objective: increase the diversity and relevance of assays in ToxCast

that can be used to profile chemicals for potential adverse effects on
human embryonic development. |

-
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ToxCast_STM assay

* devTOX9" assay from Stemina Biomarker Discovery

* pluripotent H9 stem cells exposed = secretome of 37 day analyzed by metabolomics
e critical drop of ornithine:cystine ratio is the targeted biomarker

* pharma test set yields 77% accuracy (0.57 sensitivity, 1.00 specificity) [Palmer et al. 2013]
» Key point: 183 of 1065 (17%) ToxCast chemicals tested positive in this screen

Workflow Example: Methotrexate

AEID1691 (STEMINA HY ORNCYSSISnorm RATIO dn)
* Plate MG‘p‘S Virtual Plates HAME: Methotrexate
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LUeeCCeesessl Concentration
[0 000000 @® ] g
JeeC 000000 e® ] |
ST TIITTTT s TI: 0.0%88 HIT=-CRLL:
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SOURCE: Zurlinden et al. (NCCT manuscript in clearance)
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Performance anchored to ToxRefDB

Key point: balanced accuracy improves with evidence for DevTox

Stringency Filter Applied to DevTox Anchor
in vivo Condition? Base Low Medium High
TP 85 60 35 19
= TP ﬂ FP 14 37 23 9
= FN 217 127 51 11
£ TN TN 116 208 176 88
n 432 432 285 127
sensitivity 0.281 0.321 0.407 0.633
specificity 0.892 0.849 0.884 0.907
PPV 0.859 0.619 0.603 0.679
NPV 0.348 0.621 0.775 0.889
ACC 46.5% 62.0% 74.0% 84.3%
MCC 0.190 0.202 0.332 0.554
\ \ )
| || | |
any dLEL SOME evidence CLEAR evidence CLEAR evidence
rat OR rabbit rat OR rabbit rat OR rabbit rat AND rabbit
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STM platform

STM versus rat WEC

S5HPP-33: synthetic thalidomide analog
* T.l. predicted 9.5 uM
* AC50 observed 21.2 uM (embryo viability)

o™
iy
a
(o
o
1)

TNP-470: synthetic fumagillin analog
* T.I. predicted 0.01 uM
* AC50 observed 0.04 uM (dysmorphogenesis)

TNP-470

Key point: exposure-based potential for DevTox
predicted by STM assay (quantitative prediction). SOURCE: Ellis-Hutchings et al. (2017) Reprod Toxicol
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ToxCast STM Keystone Pathways
: biochemical AC50 X binary hit calls
= 337 inhibited features 183 STM-positive
g 83 activated features @ 882 STM-negative (prEdICted)
logit fit

Z Logistic Regression ammman « Mining STM response against biochemical
x = Gene P Score (GPS 2
g b ) hene. oltency.f.core( ) H bt b
g o Ao e pathways constructed from ToxCast_NVS.

7 * add up and down extensions o wew——— e

@ « What we can and cannot say about the
= N
Ph W ht STM() STM-) . ope .

o 2 e T pm—— o e applicability domain of the STM response:
5 b « 28 phenotype systems 2z rocsa, soun B o
] g + 233 GPS bins (0,1,2,3) . e L e

w * log2 normalization = EBrew S0 e o S . . . .

e « top 40 weighted correlations Do - sensitive domain: regulation of PI3K signaling, FoxO

@ signaling pathway, and focal adhesion pathway.
Pathways and Processes . . . . .

3Z DAVID 6.8 bioinformatics resources - insensitive domain: GPCR signaling through G(q) and
< = . irec eactome . . H :
B . oonicciciein<00s steroid hormone mediated signaling pathways.
U o] * redundancies resolved manually by FDR
Z = + 60 category Spearman correlation matrix
E ﬁ » discuss keystone pathways/processes

SOURCE: Zurlinden et al. (NCCT manuscript in clearance)
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AOP-based ontologies for developmental toxicity:
case study on developmental vascular toxicity

Objective: formalize a mechanistic framework for developmental toxicity

that can be used to quantitatively link adverse outcomes with MIEs an
KERs in the angiogenic cycle.

.
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AOP Core Principles
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1. AOPs are not chemical-specific (based on biological motifs of failure)
2. AOPs are modular (individual relationships based on weight of evidence)

3. Individual AOPs are a pragmatic simplification (linearized sequence of biology)

4. AOP networks are the functional unit of prediction (in most cases)

Welcome to the Collaborative Adverse Outcome Pathway Wiki (AOP-Wiki) aOpWIkI.Org

5. AOPs are living documents (evolve as knowledge grows)

Adverse

'\.;; oo -A"- “ u m
g?g\ & = @) m
*V/ sanor  WIKI OECD =

SOURCE: Villeneuve et al. (2014) Toxicol Sci
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Vascular Development

- Blood vessel development is essential to embryogenesis (cardiovascular is first
functioning organ system across Vertebrate species).

- Vascular insufficiency is tied to many disease processes (stroke, diabetes, preeclampsia,
neonatal respiratory distress, osteoporosis, teratogenesis, ...).

« Aop43: one of 28 AOPs included in the OECD work plan with status ‘open for citation &

comment’ [https://aopwiki.org/aops/43]. | |

Aop: 43
Disruption of VEGFR Signaling Leading to
Developmental Defects

Short name:
Developmental Vascular Toxicity

Practical Reproductive and Developmental Toxicology
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VEGFR2 inhibition (PTK787)
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SOURCE: Tal et al. (2014) Reprod Toxicol

Practical Reproductive and Developmental Toxicology



Aop43 framework

Vasculogenesis

Primary tubular network

Angiogenesis

Remodeling

L J?L

Hypoxia . .
VDC

s =P (4,02, TROS) Angioblasts Placenta Newborn ' - Population
: : HIFla, AhR Yvasculogenesis Nutrient exchange Low birth weight Developmental
i Jblood islands . . . health
:: Altered physiology Functional deficit
. * Impaired blood flow Malformation consequences
T Angiogenic Lethality
T switch ¢
L T— VEGF, FGF .
E P Endothelial cells Embryo-Fetus
: \ 4
. Notch-DIl4 \l,cy't.oskelfetal cycle Altered hemodynamics
. _ Jrangiogenic sprouts .
. signals Impaired growth
. Dysmorphogenesis
E L ’ Chemokine Altered differentiation
E pathway
: CCL2, CXcL10, Macrophage cells ; ;
: 1l-1, TNF-alpha anglogenesis
E J-cell motility . development
T reeeans > ECM J growth factor release Chemlca|S
. interactions
: uPAR, PAI-1, v
: MMPs, Intg
: — Mural cells I W GPCR system (chemokines)
ammnmnnn
remodeling B RTK system (growth factors)

Jrcell recruitment
Jvessel stabilization

B UPAR/ITG system (ECM)

SOURCE: Knudsen and Kleinstreuer (2011) Birth Defects Res
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AOP-based ranking: predicted vascular disrupting chemicals (pVDCs)

24 ToxCast target assays
(pVDC ToxPi)

i MMP2 | CASPS

FHIF1A |
{ AHR |EPHA1',

SOURCE: Kate Saili, NCCT
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1058 ToxCast chemicals ranked by pVDC ToxPi
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ToxCast pvDC B>
FICAM
tubulohenesis

tubulogenesis
Matrigel
tubulogenesis

tubulogenesis
synthetic

NCATS

EC Migration m
Sprouting UWiscI

ZF-TG embryo
tubulogenesis

. . Decane
] inactive e
Methimazole ]
. Imazamox
B active e
ralpr cid
Tris(2- ethvlh&v\"; p':1 sphate -
. p——TL T
Bl cytotoxic -
4-Nonylphend el -

1,2,4-Trich loroben zene

a
Diethanolamine I
[ ] nodata Resep e I
sodium dodecylbenzenesulfonate [N M

Oxytetracycline dibydrate [ IR
Quercetin .
Tris{2-chloroethyl) phosphate
2,4-Diaminotoluene
Tris{1,3-dichloro-2-propyl)phosp hate

Celecox

C.I. Solvent Yello
tert-Butylhydrogu

Triclesan
gisphenol AF [N
Haloperido! IR
Docusate sodlum-

SHPP-33
————

SOURCE: Saili et al. (submitted)
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pVDC ToxPi

HUVEC tubulogenesis (FICAM)
HUVEC tubulogenesis (NCATS)
tubulogenesis in synthetic matrices (HMAPS)
tubulogenesis in Matrigel (HMAPS)
NUCTNB biomarker (VALA)
endothelial cell migration (VALA)
iPSC endothelial sprouting (HMAPS)
ISV reporter zebrafish (NHEERL)
reporter zebrafish (UDUBLIN)
HUVEC tubulogenesis (VALA)

ANY (B to K)

sensitivity 0.89, specificity 0.80
balanced accuracy 87% (PPV 93%, NPV 73%)
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Virtual Tissue Models (VTM):
computer simulation and biomimetic systems

Objective: build and test computer models of complex tissues that
advance critical phenomena (specificity, canalization, plasticity) for
guantitative prediction for virtual screening and in silico testing.

V-Emaryo -2

L
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Computer simulation: cell agent-based models (cABMs)

VEGF corridors Network assembly

VEGF165
— Tip cell MMPS
VEGF121
sFlit1
TIE2
CXCL10
CCL2

Li and Carmeliet (2018) Science Nicole Kleinstreuer
Kleinstreuer et al. (2013) PLoS Comp Biol

Endothelial Stalk

SOFTWARE: www.compucell3d.org Endothelial Tip
BioComplexity Institute, Indiana U % Mural Cell

® Inflammatory Cell
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http://www.compucell3d.org/

Anatomical homeostasis in a self-regulating ‘Virtual Embryo’

Step: 598

Spheres: 273

Cells: 21 ‘

Copyright (c) 2003-2007, Crowley Davis Research, Inc. All Rights Reserved.

SOURCE: Andersen, Newman and Otter
(2006) Am. Assoc. Artif. Intel.
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cABMs in predictive DART

Approach: build and test self-organizing morphogenetic systems in silico using an open-
source modeling environment (CompuCell3d.org).

Input: A.l. cast into mathematically-defined cells (agents), synthetic gene circuits, and
viscoelastic properties to emulate developmental progression (embryogeny).

Emergence: simulation resolves into normal or perturbed phenotypes reading in vitro
data input from specific ToxCast assays (cybermorphs).

Output: probabilistic rendering of where, when and how a developmental defect might
occur (critical phenomena).

Practical Reproductive and Developmental Toxicology
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Genital Tubercle —
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Palatal fusion: epithelial seam breakdown and mesenchymal confluence

FGF10

i =

BMP4 NOGGIN

100 MCS TGFb3

SOURCE: Hutson et al. (2017) Chem Res Toxicol
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Hacking the control network

NASAL -
Periderm & Proliferation
Epithelium Fqi2 A
b
MAPK Fofr2b=MAPK>C-MyC
c-My
Fgf7 || N
Mesenchyme I Ptct Smo>Glit T
ﬂ
ons g MMP9 (e
Msx1 {,
: p . BM Degradation
— Ptc1.5mo=Gli1
....... Proliferation, sssssnsnnnnacbennns| Bmpd I Egf |1
Matrix Secretion _I_ Bmpria=SMADs J,
- — P%g Eqgfr
Bmpria=sMADS Ptc1,Smo>Glit q
e et Bmp2 e sth_] fswnce |
PTEN Fgir2b=MAPK>C-Myc A
Fgf10 Tgfp3
EphrinB1-EphB2/3 € Ptc1,Smo>Glit A
i .
Tgfbri Apoptosis
e ([
SMADs =
c-Myc MAPK I—I EMT l-
= Matility
EphrinB? o F
] MAPK. PI3K, PTEN . _
Noggin \I—J Proliferation
2

ORAL

VI3

AN

A.l. = synthetic cell signaling networks

Cybermorphs = simulated loss of function

SOURCE: Hutson et al. (2017) Chem Res Toxicol
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Smart model ...

This s an open access article published under an ACS AuthorCholce License, which permies
nnnnnnnn e i or fefLay @

Chemical i
Researchin pr—

Toxicology

Computational Model of Secondary Palate Fusion and Disruption

M. Shane Hutson,® ™ Maxwell C. K. ]_.Eung.: Nancy C. Baker,” Richard M. Spenu:en15
and Thomas B. Knudsen*

and Vanderbilt Institute for Integrative Biosystem Research

e & Education, Oak Ridge,
k,l:v ham, North Carolina
r for Cor 1pnm aJ Tmumlogg, urﬁc of Research & Development, US. Environmental Protection Agency,

Kumd}T gJel’k,th iorth Carolina 27711, United States

© Supporting Informa

ABSTRACT: Morphogene driven by cell-
genentzd physicl forces d comp] calidar dmamics. To
improve our capadity to predict de lupmenul effects from -
chemical-induced cellular alteratio e bult a multicdlular
agent-based model in CompuCe T pitubates the |
cellular networks and collective cell behavior underlying growth
and fusion of the mammalian secondary palate. The modd
aling pathways (TGES, BMP, FGF,
iological framework to recapitulate
palatal outgrowth through mld] ine

edge seam (MES) b ;kd.mn
ence, and fusion defects) in response to
nla] perturhations. Pe rturhm n analysis
vedle dmnde]funct nality with respect to cell signaling systems and feedback loops for growth and

n, indivi dnal oe]] behavioss and m]ka we cellular behavior leadi ng ph:ma] (onm:t and midine fusion, and

quantitative analysis of the TGF/EGI F switch that controls MES breakd, key e ic fusion. The virtual

palate model was then executed with theoretic a] chemical penu(ba jon scenarios to snmul ate switch behav or leading o a

diengtion of ol olowing checele. (g, divsin) and scuts (o, neinoic ) chemical axposones. This computer modkl acds
ictual _embrun” for
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Reviewer Comment: “Crucial
mechanisms occurring during
palate fusion, especially opposing
palatal shelf adhesion, are not
considered in the model. In fact,
the main reason why Tgf-b3 KO
mice have cleft palate is a failure
of opposing MEE adhesion,
leading to separation of palatal
shelves after their initial contact.
Even in those strains in which
palatal shelves adhere partially, |
have never seen a MES as the one
shown in Fig. 5.”

Our Response: TGF-b3 knockout mouse

palates transduced with ALK vectors in
vitro. (from Dudas et al. 2004).




Messin’ with the switch: two scenarios for bistable switch dynamics

TGFR3
}
EGFR 7
Rl
g | TGFp3 EGF
O
g 2
’
. z .4 \/ 1. Narrow hysteresis:
: Q 4 o .
7 y less resilient but reversible
100 MCS 0 . . . k
06 038 1. 1.2 1.4 1.6 1.8 2.
EGFR Fold Change
03
g | TGFp3 EGF
O
g 2} i /
z ' 2. Broad hysteresis:
4| more resilient but irreversible
= {/,}»::__H“
O ¥ .\ﬁh‘-—__- -------- |-—=- L ]
06 08 1. 1.2 1.4 1.6 1.8 2.
100 MCS EGFR Fold Change
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ToxCast dataset

ChemicalName '\~ |FR_up(/7 5FR_up| " b1_dowi-T|b1 dow ~ | ToxRef{lo1 /P E GF R \l/ TGF 6 1 TOX R e f D B

=
E Methylene bis{thiocyanate) 114 213 593 426 MEG
Zoxamide 14.22 185 17.37 969 NEG [ [
ml 2-(Thiocyanomethylthio)benzothiazole 228 154 6.48 7.21 MEG “M effeCt In Vltro AC5O top AC50 top DEVTOX
(] Diphenylamine 32.71 149 5.95 163 NEG
\-IG Azamethiphos 0.89 181 1000.00  1000.00 NEG
o Bromacil 20.50 157 1000.00  1000.00 NEG o
é Forchlorfenuron 0.02 153 1000.00 1000.00 NEG .: Ca pta n 4‘ 59 2' 57 7' 15 7' 25 POS
= | Methyl isathiocyanate 4.60 144 1000.00 1000.00 NEG & . .
T |owron s 14 wom wwe  ws | S Triflumizole 32.71 2.48 19.88 19.88 POS
Rotenone 0.82 142 1000.00  1000.00 NEG 4
459 257 715 725 POS
> A R Butachlor 32.71 2.47 17.85 17.85 POS
3271 247 17.85 17.85 POS
Dﬂ% 12 220 3% 325 POS Ca ptafol 1.02 2.20 3.76 3.25 POS
g Thiram 4.45 196 6.95 538 POS
Raloxifene hydrochloride 12.40 191 15.94 10.94 POS 1
;':I:_J Fluazinam 239 161 248 4.84 POS Th Iram 445 1 96 6 95 5 38 POS
Carbaryl 0.07 155 1000.00  1000.00 POS e . .
S |muron w16 www www eos |-, | RAlOXifene hydrochloride 12.40 1.91 15.94 10.94 POS
= Maneb 0.01 146 1000.00  1000.00 POS X
F [sendoan 2 1s wow omo s || Flyazinam 2.39 1.61 2.48 4.84 POS
~— |Fipronil 118 143  1000.00 1000.00 POS ., ° ° ° °
Propoxur 167 143 1000.00  1000.00 POS
TNP-470 778 157 397 361 x
1-{2,3,8,8-Tetramethyl-1,2,3,4,5,6,7,8-octal  8.33 2.10 9.74 1.88 x
Trimethylol propane triacrylate 202 1.80 5.17 141 x
Diiodomethy| 4-methyl phenyl sulfone 3.15 177 374 17.68 x
1,2-Benzisothiazolin-3-one B22 174 11.91 14.70 x
Tralopyril 18.30 168 0.87 1.08 x hd hd
Bis(trichl oromethyl )sulfone 195 161 449 5.74 x L 54 Ch em Ica IS 1\ EGFR densl ty
M,N,N-Trimethyloctadecan-1-aminium chl ~ 2.22 1.56 177 145 x
beta-Nitrostyrene 7.12 152 20 234 x . .
4,5-Dichloro-3H-1, 2-dithiol-3-one 271 147 6.42 6.56 x [ ] Som e also ¢ TGF_be ta SI n al’n
Tri-o-cresyl phosphate BO95 145 954 1.56 x g g
Isobornyl methacrylate 13.66 144 21.86 197 x
SAR102779 0.05 143 12.95 14.97 x
PharmaGsID_48511 12.19 137 11.22 17.33 x
P ndecanoic acid 6.81 135 4.76 5.04 X
< 17.65 206 1000.00  1000.00 x
Monobutyl phthal ate 001 135 1000.00 1000.00 X
Niclosamide 0.58 214 100000 1000.00 x . .. .
Trpropyene sycol acyte ®R 20 W0® 000 negative for developmental toxicity in ToxRefDB
CP-457920 350 192 1000.00  1000.00 x
Trimethylolpropane trimethacrylate 32.85 181 1000.00 1000.00 X
alpha-Terpinyl acetate 39.18 164 1000.00  1000.00 x Hr f d I | HP. H f
e B B e positive for developmental toxicity in ToxRefDB
1,4-Dinitrobenzene 285 154 1000.00 1000.00 x
5B281832 34.72 154 1000.00  1000.00 x « e "
2(Morpholin-ayldithio) -1 Sbenzothiazol 561 152 100000 100000  x no developmental toxicity data in ToxRefDB
Tolclofos-methyl 771 149 1000.00 1000.00 X
1,1":3,1"-Terphenyl 11.98 138 1000.00 1000.00 X
Estrone 0.03 135 1000.00  1000.00 X
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EGFR signaling: I immunoreactivity relative to DMSO
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W ® BSK_hDFCGF_EGFR_up -
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i
o ® BSK_hDFCGF_EGFR up -
L FR1B7356 (174185-16-1) -
4
T ® B3K_hDFCGF_EGFR_up -
— Triflumizole (88594-11-1- | Captan
% ,------f: ________ Captafol

r
é 7 | I ; { FR167356
] ! I Triflumizole
O Cut off i [ }
% ""r ,r;
i I:I - ;.a_._-.-i ________ L
T
[
o
https://comptox.epa.gov/dashboard
_2 1 1 1 1 I |
0.001 0.01 0.1 1 10 100 100
Concentration (uM)
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In silico dose-response: MNEGFR conc. response in topological context

Cell Type - E12.0

Cell Type - E12.0

FR167356
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Predictive model: critical phenomenon

INPUT: switch dynamics Captan in ToxCast
fusion I no fusion %; — Ca ptan in ToxRefDB
';5’: 3.TGF,83 | EGF 2 T NOAEL =10 mg/kg/day
2l | g LOAEL =30 mg/kg/day
& v
= L
R X — | human HTTK model
I — : - 2.39 mg/kg/day would
06 08 1. 1.2' 1.4 16 1.8 2. .
EGFR FollChange : LM concentration achieve a steady state of
' : 1 — w 4 uM in fetal plasma
I ' N
|
|
tipping point predicted by OUTPUT: tipping point |
computational dynamics mapped to concentration -----=-=---=
(hysteresis switch) response (4 uM) CompTox exposure prediction

0.88 x 10" mg/kg/day
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Pathogenesis: simulating the prefusion alterations

pre-critical dose post-critical dose

Captan Concentration 6/16 - E13.1 Captan Concentration 7/16 -

urare
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Cleft palate: multiple mechanisms inferred from ToxCast

Molecular Adverse
Initiating Key Event =Y Cellular Response mp Tissue Response P OrganResponse s Outcome
Event

= summarizedby @ 63 of 500 g 6 mechanistic

‘é ToxCast gene S chemicals ‘g‘ pathways

@ score and » associated with G inferred from

= TU . o .

O chemotype for e cleft palate in o integration of

ofud . 5

Y machine- 'c ToxRefDB or < HTS data with

% learning < biomedical chemical

= l> literature l> structure.

SOURCE: Baker et al. (manuscript)
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Urethane
Hydroxyurea I
5,5-Diphenylhydantoin

Cymaoxanil

Tri-allate

Phanobarbital sodium

SAR102TTO

S-Fluorouracil

Adverse
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AOP clusters: inferred from chemical structure-bioactivity profiles

Molecular PR
Chemical mi [nitiating  jum| Key Event - Cellular Response mp Tissue Response mp OrganResponse Onteoms
Event

Volinanserin , Altered Palatal

Haloperidol GPCRs Mesenchym.all Cell - A Stromal Tissue Shelf
C ; A contractility Shape ) )

Chlorpromazine Altered Orientation

Diphenhydramine cAMP signaling
E Caffeine Phosphodiesterase Mesenchymal Cell i

Theophvlline Aproliferation  wap 8 Strorsr!a Tissue

Po— ize
— Altered glucocorticoid | gp  Omigration

Tria r!'!clnolone h GRs H signaling Altered Palatal
D Corticosterone Shelf Growth & Cleft Palate

Cyproterone acetate Mesenchymal Cell . Elevation

— Altered GF signaling AECM production o StromaI‘Tlssue
Valproic acid . Expansion/ =
RTKs & remodeling ;

F Mancozeb | g Phosohat Remodeling

Oxytetracycline dihydrate oepaaases I Altered MMP/TIMP h

Ethylene thiourea

Altered TGFR/Smad  |L3?  Palatal MEE Cell
] ionaling A growth/death A Palatal MEE Altered Palatal
A m Bez'“‘;’l_r Dieldri A migration Degeneration Fusion
TN ERCHIR,ERarA P RAR H RA breakdown and / or A EMT
: . A Adhesion
radient disrupted

Fluconazole,Paclobutazole,
B Triadimefon, Propiconazole, Cyp26

Cyproconazole, Flusilazole
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Fusion-competent organoids

Stromal Compartment:
Human mesenchymal Stem
Cells

lineage

l Differentiate to osteogenic

Add Human Epithelial Cells

>

Bring Organoids Into
Contact

Monitor Adhesion and Fusion of
SOURCE: Belair et al. (2018) Toxicol Sci Mesenchymal/Epithelial Organoids
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Fusion is delayed by excessive EGF Signaling

Control 10 ng/mL EGF Chemical Perturbation Perturbation Cytotoxicity
Days 0-2 Days 0-4

TCDD

All-Trans Retinoic Acid (ATRA) v v
Dexamethasone

Corticosterone

Triamcinolone 4

Valproic Acid v

Fluconazole

Caffeine

Nicotine

Tributyltin v v v
Triadimefon

Theophylline v

* 2,400 spheroids per batch (120 wells per week) to assess tissue fusion in a human cell-based system.
* Process is sensitive to pharma compounds acting on various pathways (EGF, IGF, FGF, HGF, BMP);
e Sensitive to chemicals (ATRA, TBT, VPA, Theophylline, Triamcinolone) via viability or epithelial migration.
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Microphysiological system: reverse-engineering E/M interactions during outgrowth

Gli-luciferase Ki67 proliferation
Microfluidic plates X
Media
Ports
I
\ \ Nl S B Bl Microtissue
S RN, ‘1’75,‘;‘ .xu “w.& .« Wells ]
(e W, w8, ., ey
IC50
150+ -e- \/ismodegib  2.818e-008
-u- Cyclopamine 1.519e-007
-+ PBO 6.45e-006
* 3D epithelial / mesenchymal organization a{: - g:t:;:\:\;i:
* SHH gradient directs Glil-outgrowth E i
 HTS and HCl amenable 2o
* fluorescent and luminescent readouts 1 .
SOURCE: Brian Johnson, U Wisconsin (HMAPS) roolAntagonist, M
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Micropatterning: regionally-diverse stem cell arrays for the human neural tube

Dorsoventral (D/V) Axis N-cad / ECM [ DAPI

P

2D well plate model

In Vivo

13 '

‘Organotypic cell
phenotype diversity’

hPSC NMPs DV
(Sox2*/T*) Progenitors

: RA
| COmra? ®awnt_shh or BuP -
(e
™ ==
—_—
Thoracic (1)

— — @
—_— — .

'1, Y
30 | 30 Lumbar (L) —_— > @
—_— — @
' m —_ ——
v—> —> @

Biomaterial
Platform

(Microfluidic
Array)

QDO

SOURCE: Randolph Ashton, U Wisconsin H-MAPS Center [Lippman et al. 2015; Knight and Ashton 2015]
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Wnt, FGF, +/- GDF11
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In a nutshell ... Computer modeling
is 3R’s compliant!

- Advances in biomedical, engineering, and computational sciences enable
high-throughput screening (HTS) to profile the toxicological landscape.

« Surfeit of HTS data now in hand, a practical need arises to formally
translate this information into actionable biological understanding.

 Information must be collected, organized, and assimilated across
multiple levels of biological organization to meet these requirements.

https://www.pinterest.com/co
- Computational systems and human organoids models are uniquely urtney1882/disney-ratatouille/

positioned to help shift decision-making to mechanistic prediction.
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Pondering the way forward ...

Translational: what do synthetic models of human development - both
computational and organoids - bring to future of DART testing?

Investigational: how smart must these models be (A.l.) to support decision-making
in the animal-free (3Rs) zone?

Operational: what best practices are needed to implement synthetic models into
an integrative decision framework (eg, AOP-based IATAs)?

Communication: what are the practical considerations for science, engineering,
and stakeholder engagement (academics, government, industry, NGOs, policy, ...)?
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National Center for Computational Toxicology
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Virtual Tissue Models: Predicting How Chemicals Impact Human Development
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