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Working Party of National Coordinators of the Test Guidelines Programme

Draft Agenda of the Meeting of the Expert Group on Developmental Neurotoxicity (DNT)-
In Vitro Battery (IVB)

AL stons Konstans Gemany Item S.c. Chemicals Tested in the DNT IVB Assays, analysis of data, and mathematical models|
Updates on Chemicals Tested in the DNT IVB Assays. data availability and update of Appendix E.
Sharing methodologies to analyse data and ways to come up with one interpretation.

Advances analysis and integration of the existing DNT-IVB data and opportunities to

e Understand and explain differences in data from assays that measure the same developmental
process.

e Understand the sensifivity of some methods in the battery and advise for which purpose they
should be used or not.

e Use machine learning to solve the problem of integrating data from the battery.

Opportunity to share advancements in mathematical models and considerations about developing a
Defined Approach.



Updates on Chemuicals Tested in the DNT IVB Assays, data availability and update of Appendix E.




Data Landscape: DNT IVB assays

currently in the ToxCast database+

Neurodevelopmental Species Assay N chem tested
Process
1 Apoptosis Human Apoptosis/viability, hNP1 385
2 Differentiation Human  NPC3, Differentiation, neuron 224
3 Differentiation Human NPCS5, Differentiation, oligo 224

Apoptosis E’ - '
hNP1 " Synaptogenesis 4 Migration Human UKN2 237

1° rat cortical

J 5 Migration Human NPC2, Migration, radial glial 224
; er g g
" & M ~J 6 Migration Human NPC2, Migration, neuron 224
g > ~ — \\ -
= ] A .

Pl Neurite growth 7 Migration Human NPC2, Migration, oligo 224

LN / ks . v 8 Network function Rat MEA NFA 517

~~ ) ’ Differentiation |p 1° rat cortical/ T \) 9 NOG Human UKN5 146

' \ ' Necs - PG e / 10 NOG Human UKN4 144

" . 11 NOG Rat NOG, rat 263

Proliferation Y S . Myelination  Neural network 12 NOG Human NOG. human hN?2 25
Lt ' _ formation & function .

NPC1 S . - ;i 13 NOG Human NPC4, NOG 224

Migration UKN2 MEANA

NPC2 hiPSC-NFA 14 NOG Human NOG, CDI iGluta 309

15 NOG Human NOG, CDIiGABA 28

https://www.regulations.gov/document/EPA-HQ-OPP-2020-0263-0054 16 Proliferation Human Proliferation, NPC1 224

17 Proliferation Human Proliferation, hNP1 386

18 Synaptogenesis Rat Synaptogenesis/maturation, rat 261
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*ToxCast invitrodb (release summer 2024)



Data Landscape: Overlap of chemicals

tested across assays

202 chemicals tested
across all assays,
including single-

concentration and multi-
concentration data

NOG

Network function

119

1 0
31 L 0 Differentiation
126 - 0
0 0
2 0 0
0 202 o
0
12 9
13 0
2 26 0
0 0

0 0

Synaptogenesis
Migration



e Understand and explain differences in data from assays that measure the same developmental
process.




Data Landscape:

Hitcall agreement between
assays measuring the same Neurite
neurodevelopmental outgrowth NPC4. NOG 2 NOG, CDI iGluta
process

UKN5

3 29
8 22 30
3
1 1
1 0 1 NOG, CDI iGluta NOG, rat
* 0 & 28
UKN4 L
- 0 18
4
1 0
2 "o
- 1
k 3 0 30 51 26
2 0 0 5
16
NPC4. NOG NOG, CDI iGluta NOG, rat

NOG, rat



Data Landscape:

Hitcall agreement between
assays measuring the same
neurodevelopmental
process

Proliferation Migration (neuron)

NPC1 UKN2
EPA_hNP1 NPC2

57 32 12 20 16 6



e Understand the sensitivity of some methods in the battery and advise for which purpose they
should be used or not.




Data Landscape:

Potency distribution

acCross assays

Mean potency range across
202 chemicals = 1.60 log10-
uM (£ 1.03 SD)

*Data points= minimum
AC50 by assay

AC50= concentration at
50% maximal activity

Chemical

Potency AC50 (log10-uM)

assay

Apoptosis/viability, hNP1

*  MEA NFA

°* NOG, CDI iGluta

* NOG, rat

°  NPC cyto/ viability

e NPC2, Migration, neuron

e NPC2, Migration, oligo

° NPC2, Migration, radial glial

e NPC3, Differentiation, neuron

° NPC4, NOG

° NPC5, Differentiation, oligo
Proliferation, hNP1
Proliferation, NPC1
Synaptogenesis/maturation, rat
UKN2
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D ata L ands C ap e: IUF_NPC1b_proliferation_BrdU_72hr |

CCTE_Shafer_MEA_dev_mutual_information_norm

M °4 S CCTE_Mundy_HCI_iCellGluta_NOG_BPCount 1
0 St S en Sltlve IUF_NPC5_oligodendrocyte_differentiation_120hr 4
. CCTE_Shafer_MEA_dev_LDH 1

e n dp Olnt CCTE_Shafer_MEA_dev_inter_network_spike_interval_mean 1
CCTE_Shafer_MEA_dev_per_network_spike_spike_percent 1

CCTE_Shafer_MEA_dev_network_spike_duration_std -
CCTE_Shafer_MEA_dev_burst_duration_mean 1
CCTE_Shafer_MEA_dev_bursting_electrodes_number 1
CCTE_Mundy_HCI_Cortical_Synap_Neur_Matur_NeuronCount 1
CCTE_Mundy_HCI_iCellGluta_NOG_NeuronCount 1
CCTE_Mundy_HCI_iCellGluta_NOG_NeuriteLength
CCTE_Mundy_HCI_Cortical_Synap_Neur_Matur_SynapseCount -
IUF_NPC2_5_cytotoxicity_120hr 1
CCTE_Shafer_MEA_dev_spike_duration_mean 1
CCTE_Shafer_MEA_dev_per_network_spike_spike_number_mean {
CCTE_Mundy_HCI_Cortical_NOG_BPCount 1
CCTE_Shafer_MEA_dev_network_spike_peak 1
CCTE_Shafer_MEA_dev_interburst_interval_mean
CCTE_Shafer_MEA_dev_active_electrodes_number -
CCTE_Mundy_HCI_Cortical_Synap_Neur_Matur_NeuriteSpotCountPerNeuron 1
CCTE_Mundy_HCI_Cortical_Synap_Neur_Matur_BPCount 1
IUF_NPC4_neurite_length_120hr 1
IUF_NPC3_neuronal_differentiation_120hr
IUF_NPC2a_radial_glia_migration_120hr -
IUF_NPC2_5_cell_number_120hr 1

IUF_NPC1_viability_72hr 1
CCTE_Shafer_MEA_dev_per_burst_interspike_interval 4
CCTE_Shafer_MEA_dev_network_spike_number
CCTE_Shafer_MEA_dev_correlation_coefficient_mean A
CCTE_Shafer_MEA_dev_AB 1
CCTE_Mundy_HCI_Cortical_Synap_Neur_Matur_NeuriteLength 1
UKN2_HCS_IMR90_cell_viability
IUF_NPC4_neurite_area_120hr 1
IUF_NPC2a_radial_glia_migration_72hr 1
IUF_NPC2_5_cytotoxicity_72hr 1

IUF_NPC1_cytotoxicity_72hr 1
CCTE_Shafer_MEA_dev_firing_rate_mean 1
CCTE_Shafer_MEA_dev_burst_rate
CCTE_Mundy_HCI_iCellGluta_NOG_NeuriteCount 1
CCTE_Mundy_HCI_hNP1_Pro_ResponderAvginten 1
CCTE_Mundy_HCI_hNP1_CellTiter 1
CCTE_Mundy_HCI_Cortical_Synap_Neur_Matur_NeuriteSpotCountPerNeuriteLength 1
CCTE_Mundy_HCI_Cortical_NOG_NeuronCount 1
CCTE_Mundy_HCI_Cortical_NOG_NeuriteLength -

assay
Apoptosis/viability, hNP1
MEA NFA

NOG, CDI iGluta

NOG, rat

NPC cyto/ viability

NPC2, Migration, radial glial
NPC3, Differentiation, neuron
NPC4, NOG

NPC5, Differentiation, oligo
Proliferation, hNP1

Proliferation, NPC1

Synaptogenesis/maturation, rat

UKN2

10 15 20 25
# of Chemicals 11

*Endpoint detecting the
minimum AC50 by chemical

o 4

o1



Data Landscape:
Most sensitive

assay MEA NFA -

Proliferation, NPC1

NOG, CDI iGluta 1
Synaptogenesis/maturation, rat 4
NPCS5, Differentiation, oligo -
NPC cyto/ viability -

NOG, rat -

NPC4, NOG 1

NPC2, Migration, radial glial 4
NPC3, Differentiation, neuron -
UKN2 -

Proliferation, hNP1 4

Apoptosis/viability, hNP1 4

* Assay representing the endpoint detecting
the minimum AC50 by chemical

O -

30

40

50

60
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Sharing methodologies to analyse data and ways to come up with one interpretation.

e Use machine learning to solve the problem of integrating data from the battery.




What can we learn about the biological interpretation of the MEA network formation assay (NFA) by comparing to the MEA
acute exposure assay?

Media
Acute Network Function (AcN) Assay change
[ | 1 | 1 | 1
I Days in vitro - NO toxicant present >I Biological hl
L T T T T T iologica Organochlorine Class
DIVO 2 5 7 9 12 13or15 Similarity 9 . .
Change Change [ ! , 1 chlorinated cyclodienes
media media R d baseli tivity (40-min) i "
e e cemical 08 dichlorodiphenylethanes
20-min n.es.t period_ 06 d . h | th
Network Formation Assay (NFA) Rew(r:(,a\:t;‘;:z:g_mm ' h]p 'Ehrl\}" me la:EE
0.4 eXcniorocycionexanes
Days in vitro- toxicant present throughout y
0.2
bvo 2 5 7 ° 2 AcN: Organochlorines o NFA: Organochlorines
+ Chemical Record activity Record activity Record activity Record activity _
(15-min) (15-min) (15-min) (15-min) - L L [ [ [ | | [
Change Media Change Media Lind T T 1 [
+ Chemical + Chemical | El:ﬁ::e I- | -| 1 - I. ;?:::e
. || Heptachlor ' BEER T T [ [ |Heptachior
. | Heptachlor epoxide B i ' H [ . F Heptachlor epoxide B
| Dieldrin f el | ' Dieldrin
q:l Endosulfan [ ] ] 11 | | Endosulfan
| Chiordane [ ' T 1T 1T 1 | Chlordane
Aldrin | . Aldrin
Biological similarity in the MEA NFA does I o I | | Kepone
. Il | e | | Mirex
not appear to be driven by a known | _ oy 5 I poT
. . . . . . . [ | I PP , | | p,p-DDD
mechanism of action, while bioactivity in S m p.p-DDE ! T ] p.p'-DDE
| . ._ I Methoxychlor | | | Methoxychlor
the MEA acute does appear to be . i Hexachlorophene "mE Hexachiorophene
. . : : S0F3FI2255833%8¢% C T FF 9T 02358558 ¢
associated with mechanism of action. §38885233¢69322¢88 §328 2288822358
TTEETFY ° SR 8788328 ¢ 882z
s =5 3 @ g _g g § g @ = g
¢ " g § °3
g » g ’
® ®

Martin et al., (under revision)



Framework for Al-driven model for DNT

__________________________________________________________________________________________________________________________

Data collection 4 Apoptosis ™
* EPA assays Proliferation

| >

E o ; Differentiation

i IUF assays . NOG

: * UKN assays » Migration :

15 assays, 56 endpoints Synaptogenesis
Network formation

————————————

~

__________________________________________________________________________________________________________________________

Data processing v
( Pre-processin Pipeline into ToxCast Level 5: ToxCast Level 6:
P & ToxCast databse Concentration-response data Confidence flags
( Define ‘selective’ Filter low Subset chemicals screened
L activity confidence hits in all DNT assays

I

- -

-
~

Dataset for machine
learning (ML) model

T T T T T T T e S m e I ————————————————————————————————————————————————————————————————————————————————————————————————— N
4
7

; Model Training
E and Evaluation | Unsupervised ML | | Bioactivity fingerprint | Evaluate sensitivity/ | || False | ||  Evaluate :
! | (202 chemicals) g identification specificity negatives? physchem + TK |
: - i
: Supervised ML (57 chemicals; ——» - Uncertainty Model Model [
[ . . Prediction > > i > . !
! 43 positives, 14 negatives) [—> analysis Comparison selection !
\ —> !

N e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e -



Model evaluation:
unsupervised ML

Bioactivity

* Clustering of assays appears to
be driven by cell model rather
than neurodevelopmental
process.

AUC: area under the curve below
the threshold of cytotoxicity,
scaled sum by assay

B ] —
B = B
— — —
%fé L =
— = - e
— El= = ===
S — = i
— -—-——-. —E=—-— -
\>‘° 8 o° X & & @\"" @\&?’ ¢ & (& @ of’ o8 S
O “”6 O &0 ‘5\\"‘* &° & SN w\?’
RS \&\Q 4 R & W & @(\ \ ‘(\
N W g o ¢ 8
0{(\0 \AQO oig a Q 6«0\ o
QQ < e \go Q\OQ
A oF

Neurodevelopmental
Process

Apoptosis
Network function
e NOG
e |Migration
Differentiation
e Proliferation
Synaptogenesis

DNT in vivo
evaluation chemical

e Positive
Negative
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Bayesian network model for predicting DNT

» Conditional probabilities modeled using a directed acyclic
graph and prior knowledge of neurodevelopmental biology
» Powerful tool for probabilistic inference across variables:
- E.g. Given a disruption in proliferation and
differentiation, what is the probability of DNT?

Preliminary inference results:
P(DNT Positive | Network is active) = 0.421

P(DNT Positive | Differentiation and
Migration is active) = 0.304

Differentiation

FALSE _073

8

wue| 0. 264

v

Migration

FALSE 275|’]
weef 0.249

v

NOG

FALSE

TRUE

0.5

37

0.4

63

Synaptogenesis

* 81% sensitivity (8 false negatives)
* 79% specificity (3 false positives)

FALSE 271b
e[ 0] 284
Apoptosis Aork
FALSE _0876 Fase| 0 5137
wuE| 0124 wue| (). 463

DNT

~10.349

-0.651

Prolifera

ion

FALSE

TRUE

0.5

0.4

12
88

v
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Points

for discussion

Should we summarize assays measuring the same process for machine learning? (different cell types, species, etc.)
Should we have different models based on fit for purpose? (prioritization versus biological interpretation)

More chemical screening across assays are needed to evaluate the performance of machine learning techniques; what is the best
approach for future chemical selection?

Is classification of in vivo reference chemicals the best model outcome to inform the interpretation of the in vitro assays?

What additional information would improve a machine learning model predict in vivo outcome? In vitro disposition data,
toxicokinetic data, domain of applicability (e.g. target receptor present?), in vivo outcome specificity (motor or behavior)

How do we determine if the assays space 1s ‘good enough’ in the context of a machine learning model?

HUMONGOUS




Model evaluation:
Supervised ML

Best performing dataset: Hitcall by
neurodevelopmental process category
(NOG, migration, etc.)

Best performing model: Naive bayes
with Laplace smoothing (handles zero
probability outcomes) and attribute-
weighting (AWNB) (helps overfitting,
small datasets).

Likelihood

/

1 (x)

_ P(x|c)P(c)
P(C | x)— »

Nbayes2
NNet
SVM

Nbayes1
LogR

RF
LDA
LVQ

Class Prior Probability

Posterior Probability Predictor Prior Probability

Out-of-sample predictions (cross-fold validation)

|
Accuracy Kappa

—a— =
—e— =
—a— <
—a— —_— e
—e— =
—a— e
—e— =
—e— —a—
I I I I I I I I I I I I
03 04 05 06 07 08 03 04 05 06 07 08
Accuracy Kappa

Confidence Level: 0.95

* 72% sensitivity (12 false negatives)
* 93% specificity (1 false positives)

*Kappa: interrater reliability (observed vs expected accuracy)




ToxCast Pipeline data processing

Level 4: Model fitting

General Shape of Models Included in “tcplfit2’

constant poly poly2 power

hill anls

T2

n

L}

1

~
e e

expd

1000 1
7501
500
250 -

W Kt . . — —
10 1 2 10 1 2
log,p(Concentration) i

https://cran.r-project.org/web/packages/tcpl/vignettes/Data_processing.html

Models
constant

paly
=== poly2

--- power
..... hill
- gnls
—— exp2
T oeNp3
oo expd
exph

https://github.com/USEPA/CompTox-ToxCast-tcpl.git
R package: ‘tcpl’ v3.0 0

GitHub
Level 5: Model Selection and hit calling

DTXSID5020813 Methylmercuric(ll) chloride
SPID:EX000383 AEID:2494 AENM:CCTE_Shafer MEA_dev_firing_rate_mean
M4ID:973428
~|~E’L"Ef;‘g MDdEI—-;--Losing Models—i—{:utoﬁ—i— BMD -~ Acs0  Hitcall BMD  AC50
1000 0358 0177
model aic rme
exp5 170672 11.295
100- expd 171812 13.130
> hil  173.180 11.731
% gnls 175749 11.435
é pow 197581 21467
g 907 exp3 202967 22753
iy polyl 231.149 50.412
exp2 233.157 50.423
ol T poly2 233488 51.122
: cnst 244459 71749
0.01 0.10 1.00 10.00
Concentration (uM)
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Hit Call Concordance 26%

Discordant
in at least

one pipeline

3000
<= 2978 curves were inactive across all pipelines 74%
2978 Concordant all
pipelines
(0]
N 2000
[72)
c
S
3 1288
2] . . .
S 1000 <= 1288 curves were active across all pipelines
C
474 430
220
' B i 02, 82 49 25 7 6 3 3 2
CRStats ® I
DNT-Diver CurveP I ®
DNT-Diver Hill ®
ToxCast ®

Hitcall Concordance by Pipeline, Total 5786 chem x endpoint
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Compare two classification models for ‘selective’ activity

. : : ] . er s
Method 1: CRStats Decision Tree Chemical Classification based on ‘selectivity’ analyses

Utilizes confidence intervals between the cyto BMC and
the DNT endpoint BMC to establish selectivity Method 2

(Keficl otal, ALTEX 2029) Selective | Non-selective Inactive
Method 2: Selectivity Score - Selective /e 2 0
Score > 0.3 is selective _8 .
Score = cyto POD (log10 uM) — ] Non-selective 7 40 0
DNT endpoint (log10 uM) S .
(https://www.regulations.gov/document/EPA-HQ-OPP- Inactive 0 2 13
2020-0263-0054)

Of the 116 chemicals identified
as active in both ‘selectivity’
) methods, 12 chemicals did not
c N% agree on the classification as a
oncordant . .
Classification ‘selective’ chemical for DNT.



Concentration-response modeling pipelines for DNT

K/
£ %4

>

L)

K/
°

K/
0’0

ToxCast Pipeline: US EPA

CRStats: Leibniz Research Institute for Environmental
Medicine, University of Konstanz

DNT-DIVER: National Institute of Environmental Health
Science (NIEHS) Division of Translational Toxicology (DTT)

PROAST: RIVM National Institute for Public Health and the
Environment, European Food Safety Authority
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Most active endpoints
based on hit call

CCTE_Shafer_MEA_dev_bursting_electrodes_number -
CCTE_Shafer_MEA_dev_network_spike_peak 1
CCTE_Shafer_MEA_dev_active_electrodes_number A
CCTE_Shafer_MEA_dev_spike_duration_mean -
CCTE_Shafer_MEA_dev_per_network_spike_spike_number_mean A
CCTE_Shafer_MEA_dev_LDH 1
CCTE_Shafer_MEA_dev_correlation_coefficient_mean 1
CCTE_Mundy_HCI_iCellGluta_NOG_NeuriteLength -
CCTE_Shafer_MEA_dev_AB A
CCTE_Shafer_MEA_dev_per_burst_spike_percent 1
CCTE_Shafer_MEA_dev_per_network_spike_spike_percent -
CCTE_Shafer_MEA_dev_mutual_information_norm -
CCTE_Mundy_HCI_iCellGluta_NOG_BPCount 1
CCTE_Mundy_HCI_iCellGluta_NOG_NeuriteCount -
CCTE_Mundy_HCI_Cortical_Synap_Neur_Matur_NeuriteLength -
CCTE_Mundy_HCI_Cortical_Synap_Neur_Matur_BPCount -
CCTE_Mundy_HCI_Cortical_Synap_Neur_Matur_SynapseCount

CCTE_Mundy_HCI_Cortical_Synap_Neur_Matur_NeuriteSpotCountPerNeuron 1

CCTE_Mundy_HCI_Cortical_Synap_Neur_Matur_NeuronCount -
CCTE_Mundy_HCI_iCellGluta_NOG_NeuronCount {
IUF_NPC1b_proliferation_BrdU_72hr -
CCTE_Shafer_MEA_dev_firing_rate_mean
CCTE_Mundy_HCI_Cortical_NOG_BPCount 1
CCTE_Shafer_MEA_dev_burst_rate -
CCTE_Shafer_MEA_dev_network_spike_number A
CCTE_Shafer_MEA_dev_per_burst_interspike_interval -
CCTE_Mundy_HCI_Cortical_NOG_NeuriteLength 1
CCTE_Shafer_MEA_dev_interburst_interval_mean
CCTE_Mundy_HCI_Cortical_NOG_NeuriteCount -

CCTE_Mundy_HCI_Cortical_Synap_Neur_Matur_NeuriteSpotCountPerNeuriteLength -

CCTE_Mundy_HCI_Cortical_NOG_NeuronCount 1
CCTE_Shafer_MEA_dev_network_spike_duration_std -
CCTE_Mundy_HCI_hNP1_Casp3_7 1
CCTE_Mundy_HCI_Cortical_Synap_Neur_Matur_NeuriteCount -

CCTE_Mundy_HCI_Cortical_Synap_Neur_Matur_CellBodySpotCount

CCTE_Shafer_MEA_dev_burst_duration_mean A
CCTE_Shafer_MEA_dev_inter_network_spike_interval_mean 1
CCTE_Mundy_HCI_hNP1_Pro_ResponderAvginten A
CCTE_Mundy_HCI_hNP1_CellTiter -
IUF_NPC2a_radial_glia_migration_120hr -
IUF_NPC5_oligodendrocyte_differentiation_120hr -
UKN2_HCS_IMR90_cell_viability 1
IUF_NPC2_5_cell_number_120hr 1
IUF_NPC4_neurite_length_120hr 4
IUF_NPC3_neuronal_differentiation_120hr
IUF_NPC2a_radial_glia_migration_72hr 4
IUF_NPC1a_proliferation_area_72hr -
UKN2_HCS_IMR90_neural_migration 1
IUF_NPC2_5_cytotoxicity_120hr
IUF_NPC4_neurite_area_120hr 1
IUF_NPC2b_neuronal_migration_120hr
IUF_NPC2_5_viability_120hr 1
IUF_NPC2c_oligodendrocyte_migration_120hr -
IUF_NPC1_viability_72hr -
IUF_NPC2_5_cytotoxicity_72hr A
IUF_NPC1_cytotoxicity_72hr 1

Hitsum by endpoint

| \\W|||||||\“““

EENENEEEEEN .

| |

assay

Apoptosis/viability, hNP1
MEA NFA

NOG, CDI iGluta

NOG, rat

NPC cyto/ viability
NPC2,
NPC2,
NPC2,
NPC3,
NPC4,
NPCS5,
Proliferation, hNP1
Proliferation, NPC1
Synaptogenesis/maturation, rat
UKN2

Migration, neuron
Migration, oligo
Migration, radial glial
Differentiation, neuron
NOG

Differentiation, oligo

60 90
# of Chemicals

o
w
o

120
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