NIH National Institute of
Environmental Health Sciences

Division of Translational Toxicology

Integrating Screening Level Developmental Neurotoxicity
(DNT) Information of Chemicals In a New Approach
Methods (NAMs) Battery to Identify Compounds for Future
Study

Christopher McPherson, PhD
NIEHS/DTT

SACATM
Bethesda, MD
September 17-18, 2024

National Institutes of Health « U.S. Department of Health and Human Services



Environmental Health Sciences

Division of Translational Toxicology H ea Ith Effe Cts I n n OVat i o n ( D N T H E I)
Program objectives
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1) Generate screening level information using New Approach
Methodologies (NAMs) as an interim means to evaluate
hazard and prioritize further evaluation

DNT HEI

2) Incorporate human-relevant mechanistic, behavioral, and
brain network assessments to address complex
neurodevelopmental issues.

3) Contextualize in vitro and in vivo findings with human
exposure using IVIVE and in silico approaches

4) Establish communication pipelines with stakeholders to allow
for concerted global progress of DNT
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HHHHH e QECD [ DTT comparison

- US EPA (7assays)

- |UF Dusseldorf University (7
assays)

- Konstanz University (3 vs. 1
assays)

- DNT-HEI battery includes
zebrafish neurobehavioral

&

assays
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Cancels & rep

Table 3.1. Examples of weight of evidence (WoE) limitations of the DNT IVB

Initial Recommendations on Eva
(DNT) In-Vitro Testing Battery

Series on Testing and Assessment
No. 377

« Relatively limited number of tested chemicals as compared to current
accepted batteries (e.g. ER activation).
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« Screen chemicals for DNT potential in a battery of assays that covers key
neurodevelopmental events

« Evaluate assays in existing screening battery for redundancy

« Develop ranking methods to evaluate and compare chemicals for degree of
DNT potential

* Prioritize chemicals for further testing in targeted studies

* Integrate data into DNT-DIVER to serve as a central repository to host DNT
data (DTT and global) for the DTT and its stakeholders
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Selection Criteria

« Evidence of DNT in vivo * Incomplete in vitro battery data
 Known human exposure « Suggested by multiple stakeholders
» Guideline study complete, lacking in

vitro

Phase I: 115 chemicals Phase ll: 108 chemicals

Phase | Phase Il
Insect repellant PFAS
PFAS Mixture
Metal
Flameretarda_nt Flameretardant
@ Industrial 4 Industrial
8 Insecticide g Insecticide
w Herbicide ~ Herb!c!de
3 Fundicide 3 Fungicide
= g £ Food Dye
2 Drug 2 Food Additive
O  Miscellaneous O Drug
Botanical Cannabinoid
. Botanical
DNT Negative DNT Negative
DNT Positive DNT Positive
1 1 1 1 1 1 1 1
0 10 20 30 0 10 20 30

Number of compounds Number of compounds
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Endpoint
=

-"" | g | -':.'l:-

* Activity was observed in all use classes in the battery
* 99% of compounds were active in at least 2
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experimental neurodevelopmental processes (e-NPs)

. CytotOX|C|ty observed in 99% of compounds
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Summary of Selectivity Values

« Selective activity was observed across all e-NPs
and chemical use classes

All Chemicals (n=95)

HCI hNP1 Proliferation@24h -

NPC1 Proliferation@72h -

HCI hNP1 Apoptosis@24h -

UKN2 NCC Migration@24h -

NPC2a Radial Glia Migration@72h -
NPC2a Radial Glia Migration@120h -
NPC2b Neuron Migration@120h -
NPC2c Oligo Migration@120h -
NPC3 Neuron Differentiation@120h -
NPCS5 Oligo Differentiation@120h -
CDI hN Initiation@48h -

HCI Cortical Initiation@48h -

NPC4 Neurite Outgrowth@120h -
HCI Cortical Maturation@120h -

HCI Cortical Synapses@120h -

MEA Dev Network Connectivity @288h -
LDTT Locomotor Activity@114hpf -

0%

percentage

47.4 31.6
64.2 | 347
57.9 { 37.9
66.3 { 28.4
67.4 | 316
72.6 R
64.2 ) 31.6
74.7 R
54.7 44.2
52.6 44.2
32.6 | 51.6
42.1 | 495
58.9 ! 37.9
37.9 | 38.9
35.8 | 34.7
.2 35.8
47.4 3538
1 1 1 1
25% 50% 75% 100%

I:l selective active

non-selective active

|:| inactive




National Institute of
Environmental Health Sciences

Division of Translational Toxicology

NIH

Summary of Selectivity Values (2)

Drug (n=8) Fungicide (n=16)
HCI hNP1 Proliferation@24h - 25 3756 HCI hNP1 Proliferation@24h - 188 375
NPC1 Proliferation@72h - 50 | 50 NPC1 Proliferation@72h - stz | 688
HCI hNP1 Apoptosis@24h - 37.5 | 62.5 HCI hNP1 Apoptosis@24h - 312 | 625
UKN2 NCC Migration@24h - 50 | 50 UKN2 NCC Migration@24h - 25 68.8
NPC2a Radial Glia Migration@72h - 62.5 375 NPC2a Radial Glia Migration@72h - 312 68.8
NPC2a Radial Glia Migration@120h - 75 | 125 NPCZ2a Radial Glia Migration@120h - 43.8 | 56 2
NPC2b Neuron Migration@120h - 75 25 NPC2b Neuron Migration@120h - 375 | 50
NPC2c¢ Oligo Migration@120h - 75 25 NPC2c¢ Oligo Migration@120h - 50 | 438
NPC3 Neuron Differentiation@120h - 37 5 | 62.5 NPC3 Neuron Differentiation@120h - | 125 812
NPC5 Oligo Differentiation@120h - 62.5 375 NPC5 Oligo Differentiation@120h - | 125 81.2
CDI hN Initiation@48h - 25 | 625 CDI hN Initiation@48h - [ 125 75
HCI Cortical Initiation@48h - 376 375 HCI Cortical Initiation@48h - 6.2 812
NPC4 Neurite Outgrowth@120h - 25 625 NPC4 Neurite Outgrowth@120h - 188 812
HCI Cortical Maturation@120h - 25 625 HCI Cortical Maturation@120h - 52 438
HCI Cortical Synapses@120h - 25 625 HCI Cortical Synapses@120h - |62 25
MEA Dev Network Connectivity@288h - | 50 MEA Dev Network Connectivity@288h - 18.8
LDTT Locomotor Activity@114hpf - | 50 375 LDTT Locomoator Activity@114hpf - | 56.2 |ES
0% 25% 50% 75% 100% 0% 25% 50% 75% 100%
percentage percentage |:| selective active
Insecticide (n=28) Herbicide (n=15) |:| .nont.selectlve active
inactive
HCI hNP1 Proliferation@24h - 393 367 HCI hNP1 Proliferation@24h - 667 | 33.3
NPC1 Proliferation@72h - 643 357 NPC1 Proliferation@72h - 733 | =0
HCI hNP1 Apoptosis@24h - 57 1 429 HCI hNP1 Apoptosis@24h - 50 [ 23
UKN2 NCC Migration@24h - 71.4 | 179 UKN2 NCC Migration@24h - 80 | EEE
NPC2a Radial Glia Migration@72h - 71.4 25 NPC2a Radial Glia Migration@72h - 80 [ 2
NPC2a Radial Glia Migration@120h - 67.9 25 NPC2a Radial Glia Migration@120h - 93.3 le7
NPC2b Neuron Migration@120h - 679 D NPC2b Neuron Migration@120h - 50 T 2
NPC2c Oligo Migration@120h - 75 | 25 NPC2c Oligo Migration@120h - 933 |
NPC3 Neuron Differentiation@120h - 714 | 26 NPC3 Neuron Differentiation@120h - 60 | 40
NPC5 Oligo Differentiation@120h - 50 i 46 4 NPC5 Oligo Differentiation@120h - 733 | 87
CDI hN Initiation@48h - {107 I 71.4 CDI hN Initiation@48h - 533 EE
HCI Cortical Initiation@48h - 2 i 843 HCI Cortical Initiation@48h - 533 [ 40
NPC4 Neurite Qutgrowth@120h - 807 | NPC4 Neurite Outgrowth@120h - 80 T 2
HCI Cortical Maturation@120h - 286 393 HCI Cortical Maturation@120h - 40 | 60
HCI Cortical Synapses@120h - 25 393 HCI Cortical Synapses@120h - 40 | 533
MEA Dev Network Connectivity@288h - 286 MEA Dev Network Connectivity@288h - 20 457
LDTT Locomotor Activity@114hpf - | 357 [ 429 LDTT Locomotor Activity@114hpf - 57 %7
0% 25% 50% 75% 100% 0% 25% 50% 75% 100%
percentage percentage
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Redundancy Analysis of Assays

A. Activity
¢
»

] e

PC#1 PCH#2 PCH#3 PCH4 PCH5
52.04% 19.32% 7.74% 6.07% 4.45%

o HCI Cortical Synapses@120h
- HCI Cortical Maturation@120h
o HCI Cortical Initiation@48h
- CDI hN Initiation@48h
= MEA Dev Network Connectivity@288h
o NPCS5 Oligo Differentiation@120h
- HCI hNP1 Proliferation@?24h
o HCI hNP1 Apoptosis@24h
- NPC3 Neuron Differentiation@120h
o NPC1 Proliferation@72h
- LDTT Locomotor Activity@114hpf
- NPC2c Oligo Migration@120h
- NPC2b Neuron Migration@120h
- NPCZ2a Radial Glia Migration@120h
- NPC2a Radial Glia Migration@72h
- NPC4 Neurite Outgrowth@120h
- UKN2 NCC Migration@24h

quality

B. Activity(cytotoxicity excluded)
HCI Cortical Synapses@120h - o

HCI Cortical Maturation@120h : o

LDTT Locomotor Activity@114hpf - .

HCI Cortical Initiation@48&h .
CDI hN Initiation@48h -
NPCS5 Oligo Differentiation@120h
MEA Dev Network Connectivity@288h -
HCI hNP1 Proliferation@24h -
HCI hNP1 Apoptosis@24h .
NPC3 Neuron Differentiation@120h
NPC1 Proliferation@72h .
NPC2c Oligo Migration@120h -
NPC2b Neuron Migration@120h .

NPC2a Radial Glia Migration@120h 1
NPC4 Neurite Outgrowth@120h .
NPC2a Radial Glia Migration@72h 1
UKN2 NCC Migration@24h .

L DU

PC#1 PCH#2 PCH#3 PC#4 PCHS5
36.02%14.79% 13.39% 8.19% 6.15%

correlation

o000 |
1 i | J

0.00 025 050 075 1.00

0.0 0.5 1.0

+ Different assays provide complementary information that together offer a
comprehensive picture of a chemical's neurodevelopmental toxicity.




NIH National Institute of
Environmental Health Sciences

Division of Translational Toxicology

Compound Prioritization Using Toxicological

BMC Selectivity Ratio

Rotenone

Methyl
mercuric (I1)
chloride

L-ascorbic @ &
acid

Saccharin
Sodium ® )
Salt

hydrate

Prioritization Index (ToxPi)

ToxPi models (BMC & Selectivity)
integrated data from battery assays to
visualize which e-NPs are affected by
each chemical to generate an overall

prioritization ranking

Fotenone
o

Chemical Group

(=]
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= & :
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75}
02 > .
[Nelfinavir mesylate | o :
Cyarofamid & i . 2
Sorsuie| PICOYstrobin o . . UL Methy1 mercuric (IT) chioride
o o O Trifloxystrobin Py raclostrobin
s ® Chlorfenapyr
_ [Thallium(l) acetate | Prothioconazole [Abamectin 1 and 2 |
[Dichiorvos (DDVF) e Bifenthrin & »
o® ©
@ Fluoxastrobin Hexabromocyclododecane (HBCD)

o

o

Famaoxadone

N
A

wie o
g

n n
.3

BMC

=)

@ Dvug

Flame Retardant
Fungicide
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Industrial
Industria-PFRAS
Insectrepellent
Insecticide

Me cellaneowus
Negative Control

Positive Contral

o ¢ o8 @8 0 ¢ 0 00
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Compound prioritization using

Pareto ranking based on the following

attributes:

1. Mean BMC from active endpoints
Mean selectivity scores from active
endpoints

2. Mean activity confidence scores
from active endpoints

3. Fraction of active endpoints

* In this assessment, chemicals with
higher potency and/or selectivity
were considered to possess
greater potential for developmental
neurotoxicity and thus could be
prioritized for further testing

Product of 17 preference levels

1e+09 4

1e+12 1

1e+154

1e+18 1

Pareto frontier rankings

Abamectin 1 and 2
Atorvastatin calcium salt
Fenpyroximate (Z,E)
Pyridaben

Nelfinavir mesylate
Tetrachlorvinphos
Emamectin benzoate
Cytarabine hydrochloride
/ Chlorfenapyr

i L-ascorbic acid

‘g‘\%dium saccharin hydrate

00 01 02 03 04 05 06 07 08 09 10
Cumulative propotion of chemicals

® Drug
Flame Retardant
Fungicide
Herbicide

@ Industrial
Industrial-PFAS

@ Insect repellent

@® Insecticide
Miscellaneous

@ Negative Control
Positive Control
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Compound prioritization using

Pareto ranking based on the following

attributes:

1. Mean BMC from active endpoints
Mean selectivity scores from active
endpoints

2. Mean activity confidence scores
from active endpoints

3. Fraction of active endpoints

* In this assessment, chemicals with
higher potency and/or selectivity
were considered to possess
greater potential for developmental
neurotoxicity and thus could be
prioritized for further testing

Pareto frontier rankings

rank#1
QSAR BBB?
LDTT HC\
MEA Locomotor
Deﬂctlvny@W 14hprroI\feratlon@24h
Connectivi lty@ZBBh Pmllf raton@TZh
HCI HCI
Cortical O hNP1
Synapses@120h Apoptosis@24h
HCI1 UKN2
Cortical _ _NCC
Maturation@ 120h )K O Migration@24h
NPC4 Rotenone NPC2a
- Radial
Glia
O tgmwﬂ\@uﬂh Migration@72h
HCI. O O NPC2a
Cortical ® O R d |
Initiati 8h
"""" @ Mgmtion@mh
cor . O NPCZb
) hN
Initiation@48h NPCS I NF‘C2 Mgmh n@120h
Oligs NPC3 Olig
D\fferemlat\on%W 20h Neumn M|arat\on@120h
flerentiatio
rank#86
QSAR BBB-
LD'I'I' HC\
MEA  Locol
Deul\ctlvny@W 14hpf F’rol\feratlcvn@24hpC1
Connectivi ny@ZBBh Profiferation@72h
HC\ HCI
[] hNP1
Synap@es@ﬂﬂh Apoptosis@24h
HCI1 UKN2
Cortical _ _NCC
Maturation@120h Migration@24h
L-ascorbic
NPC2a
NPC4 A -
Neurite = acid L gigla\
Outgrowth@120h Migration@72h
HCI. _NPC2a
Cortical Radial
Inftiation@48h [ ] Clia
Migration@120h
cor NPC2b
. hN Neuron
Initiation@48h NPC5 ) NPC2 Migration@120h

Oligo NPC3 Oligo
D\fferemlat\on%W 20h Neumn M|8rat\on@120h
fferentiatio

selectivity

rank#d
QSAR BBB?
LDTT HCI
MEA Locomotor hNP1
Deuﬂ\cnwly@1 14hpft F‘m\lferatlon@zxth
Cnnnachwly@zﬁﬁh Pr ME““‘ n@72h
HCI * HCI
Cortical ¥ @ hNP1
Synapses@ 120k Apoptosis@24h
HCI UKN2
Cortical _ _NCC
Maturation@120h * Migration@24h
Methylmercuric(ll)
\Npes . NPC2a
O chloride @ -Ruda
omgmmh@unh . @ Mgm —
NPC2a
HC‘ R d |
Initiati Bh O
""@4 * Mgrau n@120h
cor O O @ NPCZb
hN
Initiation@48h NPl | NF‘CZ Mgr:mo @120h
Qligo NPC3 Olig
Diﬁerentlaﬁon%uﬂh Neuron M|8rahon@120h
ifferentiation@
rank#34
QSAR BBB?
LDTI' HCI
MEA motor hNP1
De\ACIMl\j@1 14hpft F‘m\lferatlon@zxthpm
Cnnnachwly@lﬁﬁh Profiferation@72h
HCI HCI
Cortical [ ] hNP1
Synapses@ 120k Apoptosis@24h
HCI UKN2
Cortical _NCC
Maturation@120h” Sodium Migration@24h
NPCA saccharin NPC2a
Neurite - - Radial
hydrate glia
Outgrowth@120h i Migration@72h
HCI. NPCZ2a
Cortical Radal
Initiation@48h Glia
Migration@120h
cor NPC2b
hN Neuron
Initiation@48h Migration@120h

NPC5 1 NPC2e
Qligo NPC3 Oligo
Diﬁerentlaﬁon%uﬂh Neuron M|8rahon@120h
ifferentiation@

potency(uM)
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Minimum Values:
B DNTBMC @ DNT Selective BMC Tox21 POD

Pyridaben [ |
Fenpyroximate (Z,E) ||
Abamectin 1 and 2 [ |
Emamectin benzoate i3
Atorvastatin calcium salt [ |
Thiram |
Rotenone |
Pyraclostrobin i
Cytarabine hydrochloride a
Methyl mercuric (1) chloride 43
Chlorfenapyr [ |
Trifloxystrobin ||
Fluazinam 0 |
Picoxystrobin o
Nelfinavir mesylate =
Tetrachlorvinphos [ |
Hexabromocyclododecane (HBCD) &
Bensulide )
Cyazofamid &

= D = 0 1
Logqo(Value [uM])
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« Summary * Lessons learned
— Screening battery covers multiple — Current battery assays do not
endpoints, rapid, high-throughput Include all cell types
and reproducible necessary for

. _ _ neurodevelopment
— Activity was observed with varying

potency across all endpoints and — In its current form not fit for
chemical classes purpose to elucidate

_ mechanistic understanding
— The screening battery captures a

wide range of potency/selectivity in — Narrow coverage of chemical
the compounds we’ve tested. universe

— It is well suited for screening and
prioritization.
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Peer-Reviewed Manuscripts
and/or Integrated Health
Assessments

Data Sharing Using
FAIR Principles

Data / Knowledge q s
Mining

Computational
Analysis ~ DNT Guideline
Studies
Neurodevelopmental In vivo Rodent imaging
Health Effects
Chemical

Nominations

Automated Behavioral
Assays

2D in vitro 3D in vitro Complementary
\ models models Animal Models ]
|

Screening Battery
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Genna St Aﬁnour | Jason Stanko OPO Dalisa Kendricks Jesse Cushman
DTT/DIR MTB/NL NL/DIR
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Division of Translational Toxicoloty (DTT)

OPO (Office of Program Operations)

CMPB (Comparative & Molecular Pathogenesis Branch)
MTB (Mechanistic Toxicology Branch)

OSD (Office of the Scientific Director)

PTB (Predictive Toxicology Branch)

35 A ).
.
Robert_S_iIIs CMPB Stephania Papatheodorou Leslie Wilson NL/DIR  Xuying Zhang, CMPB Division of Intramural Research (DIR)

Liaison Climate Scholar (adjunct) (adjunct) NL (Neurobiology Laboratory)
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