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NEURODEVELOPMENTAL PROCESSES SERVING AS
POSSIBLE KE FOR DNT TESTING
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PROCESS-ORIENTED TESTING STRATEGY
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CORRECT CLASSIFICATION OF COMPOUNDS:
ENDPOINTS BY CELL TYPES & SPECIES
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OVERVIEW OVER POTENTIAL DNT TESTING
STRATEGY
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OECD REPORT ON IN VITRO METHODS FOR DNT
TESTING

Strategy:

1. ldentification of DNT AOPs: 6 (numbers 8, 13, 42, 54, 134, 152;
https://aopwiki.org/wiki/index.php/Main_Page)

2. Compound-based MoA evaluation with regards to signaling pathways and
neurodevelopmental functions

3. Signaling pathways contributing to human brain development by guiding
neurodevelopmental processes

E> Extraction of neurodevelopmental processes necessary for brain
development: readiness analyses
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EXAMPLES OF SIGNALING PATHWAYS DRIVING
NEURODEVELOPMENTAL PROCESSES
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NEURODEVELOPMENTAL PROCESSES INVOLVED IN
BRAIN DEVELOPMENT

Availability of HUMAN in vitro method(s) for compound testing on
neurodevelopmental endpoints:
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DNT ASSAYS FOR HAZARD IDENTIFICATION ON
NEURODEVELOPMENTAL ENDPOINTS

Proposed In vitro testing battery:

Assay 1: NPC differentiation

Assay 2: NPC proliferation & apoptosis

Assay 3: NCC migration

Assay 4: Embryonic phase: neuronal differentiation (hESC/hiPSC)

Assay 5: Fetal phase: radial glia/hNPC migration, neuron/astrocyte/
oligodendrocyte differentiation (hNPC)

Assay 6: Neuronal maturation (i.e. neurite outgrowth)/synaptogenesis/neuronal
network formation (hNS/PC-based method, preferably with neurons and
glia present)



ITS FOR DNT HAZARD IDENTIFICATION: TIERED TESTING
STRATEGY

Kinetic Information on Internal exposure and
metabolites
—Most sensitive endpoint (MSE) evaluation

Inter-species comparison

Only in vivo testing when no species-
specific MoA
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IDENTIFICATION OF MOST SENSITIVE ENDPOINT (MSE)
ACROSS TESTING BATTERY
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ITS FOR DNT HAZARD IDENTIFICATION: TIERED TESTING
STRATEGY

Kinetic Information on Internal exposure and
metabolites
—Most sensitive endpoint (MSE) evaluation

Inter-species comparison

Only in vivo testing when no species-
specific MoA
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EXAMPLE: FOOD SUPPLEMENT EGCG As '

AN UNKNOWN COMPOUND S

From Pharmacokinetics in Humans and Rats it is estimated that a 3g EGCG/d intake (two tablespoons of commercially
available food supplement) of a pregnant woman might lead to a 1 to 3 uM fetal brain concentration

EGCG disturbs hNPC migration EGCG disturbs laminin-dependent adhesion through integrins
E 1250,
3 150 hNPCs =
£ * § 1000+
8 100{ — £ 7504
IS ©
S solmm D § 0
2 @ ¥ 250 ] DMSO 0.1%
2, . - £ EGCG 2 uM
DMSO00 05 10 15 = PDL 25 5 10 20 50 100 = Eggg fO“'TM
01%  EGCG [log10 uM] + laminin [ug/mL]
- \'\fiigt;ﬁittign - ECqy=7.12 uM ....and a reduction of BrdU+ cells in
) ] . P28 cortical layers
....causing reduction of radial EGCG disturbs rNPC migration - o 40et0- e
T 5 150, gaee i ] 3o
B 04+ cells £ rNPCs 8 20.10 S 20004 |
25000 4 , | = 3 5
. W GlHubuiint cells S 100. 3 100104 i 3 100104 -
2 20000{ W Nestin+ cells > = 0 e 0
g = 2 - Control EGCG » Control EGCG
S 15000 S 50- 22. bl PRA g‘g s DLEnt
a o = sy
E  10000- @ . §_§ “ g'::% “
2 5000+ = 0 T v - . . g » . 28 =
3 DMS00.0 05 10 1.5 58 | 5% .
0- 01% EGCG [log10 pM] E L L3 z
DMS00.1% 1

5 10 . .
-~ Migration Control

there is a concern of high dose food supplement intake during
pregnancy. More studies are needed.




CASE STUDIY: MEHGCL

* Methylmercury causes adverse
neurodevelopmental outcomes in children

* |t is one of the most data-rich DNT compound
« Data for MeHgCI produced with the proposed

assays of the in vitro testing strategy will be
displayed

by



MEHGCL — HESC DIFFERENTIATION INTO NEP
(ASSAY1)

hNEP differentiation, MeHgClI
treatment for 12 days

« Cytotoxicity: NOAEC 25 nM
* Functional readout: -

« Gene expression changes:
suppressed NCAM1,
NEUROD1 and MAP2

expression.

i Stummann et al. 2009 Toxicology

12 2 | P 2 R

DoD: 2 D <1 1 4
Us 2 0 2 @

Medium: KSR N2-S
Supplements: BFGF  Noggin, Dorsomorphin, SB
Substrate: Matrigel

« Cytotoxicity: Benchmark
concentration (10): 1,5 yM

* Functional readout: -

« Gene expression changes:

Mercurials consensus in UKN1

General toxicity factors:
Affected by HDACis and mercurials

in UKN1
TWIST1 CEBPPB NFE2L2
PRDM1 ELK3 SIX1
TFAP2A GATA3 GLIS3
KLF5 GATAZ2 DLX3
SOX2 ARX FEZF2 :
. MSX2 GRHL3 POU3F1
— HESS5 ZNF521 BHLHE40 -

ZNF2eT Krug et al. 2013,

s Shinde et al. 2016 Arch Toxicol



MEHGCL — NPC PROLIFERATION &
APOPTOSIS (ASSAY2)

ReN CX cells (Millipore) hNPC (Lonza)
Untreated Treated
DAPI
BrdU
I
Caspase 3 i

| 24 hrs

Cytotoxicity >50%: 1,100 nM
BrdU incorp. <50%: 700 nM
Caspase-3 act. >2-fold: n. d.

« Cytotoxicity >50%: >10 yM
* BrdU incorp. <50%: 30 uM
» Caspase-3 act. >2-fold: -

z Culbreth et al. 2012 NeuroToxicol Baumann et al. 2016, Arch Toxicol I U F
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MIGRATION DURING BRAIN DEVELOPMENT

¢<, ¢<,

NCC/NEP migration Radial glia cell/Neuronal migration

neural crest

migraling neural
® 27 crest cells
(@]

Migrating
neuron

=~ neuroepithelial : '
cells
{become NSCs)
lumen neural Svz
(becomes tube
ventiicie) aRG bRG vz
http://www.glycoforum.gr.jp/science/hyaluronan/HA30/ Borrell & Gotz 2014 Curr Opin Neurobiol
HA30E.html
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MEHGCL — NEURAL CREST CELL MIGRATION
(MINC) AssAY (HESC-BASED, ASSAY 3)

hESC Priming by MS5 Picking of rosettes  FACS sorting Freezing and QC
Day0 Day3 Day 7 Day 14 Day 21 Day 28 Day 56
L [ [ 1 [] [l //. (]
I ] ] ] L) ) 1 £4 L)
+ Noggin + FGF8/Shh + BDNF/FGF8/Shh/AA +EGF/FGF2
Diff. into NCP Amplification
B FGF - fibroblast growth factor
; Drug , Shh - sonic hedgehog
Thawing Seratch Analysis BDNF - brain derived neurotrophic factor
Day -2 Day 0 €Xposureé  pay 2 .
i id 1 e EGF - epidermal growth factor
T ' & 21 AA - ascorbic acid
MS5 - feeder cells
N2 medium +EGF/FGF2 MeHg - methylmercury
QC - quality control
C Day 0 Day 2
s 1 -
©
% Number of cells in D
= region of interest = -
g migrated cells — &
| 0 2 150+ . »
== ¢
3 g E !
o .
w 5 B PCB180(5uM)!
: gt o o 100+ o
i ) TE .
¢ Scratch detection ¢ Scratch re-detection 52 MeHg(50nM)
£ c 50+
1 1 ‘§‘
R2=0.96
0 ] 1 ]
0 50 100 150

KNIME analysis

Scratch width determination

b

Scratch finding

Cells in scratch

migrated cells
[KNIME counting]

Zimmer et al., 2012 Environ Health Perspect

25

0 T T T T T T T [ TTITT T L
Untreated 0.5 1 5 10 50

CH;HgCl log concentration (nM)

Cytotoxicity >50%: n.r.

Migration <50%: n.r.,
significant red.: 5 nM
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MIGRATION ASSAYS (lI) — NPC MIGRATION
ASSAY (PART OF ASSAY J5)

The ‘Neurosphere Assay‘ (hNPC, Lonza)

Proliferating

|

Proliferation

Differentiating

|

Determination of
Viability

|

Determination of
Apoptosis

Migration

Differentiation

N

B(f)-Tubulin. H

modified from: Breier et al. 2009 I U F
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NPC MIGRATION ASSAY — RADIAL GLIA
MIGRATION

Migration over 24 hours




MIGRATION ASSAYS (lI) — NPC MIGRATION




MIGRATION ASSAYS (lI) - NPC MIGRATION
ASSAY (PART OF ASSAY J5)

Radial Glia Migration, 24 hrs

Migration distance

Neuronal migration (5 days)

Cytotoxicity >50%: >3 uM

Migration <50%: 650 nM,
significant red.: 30 nM

Moors et al. 2007, Baumann et al. 2015,

i)  Neuronal Differentiation (MekHgCI)

2000 § 2 ,
§ Z 254 1:
n (Neurons g1 = s i = . ‘} TNy 't
”(—.) E‘ 00 / @_#—H‘\f’—! g-s-‘ { i ! ! ; :l.
nn(Nuclez) 21000 1 "k o i\
'\ 1, (Newrons) % w = o= :?“2 :
2 nn(NMCZei) i 05— u v - v v v . Concentration MekgCl (M)
R « Cytotoxicity >50%: n.r.,
= 0.5 ng/ml EGF . .
3 20 9, significant red.: 330 nM (40%)
: ¥ gE 20 K5
: ] !:’I-.-r- .:lﬂi"i::‘:’i SE - i - . .
22 1o Sy « Neuronal migration <50%: -
i e
: 4 i w5 oo
Ringnumber E ’ ! : :iln(;mufmhn? ! ‘ ?
E. EIBNIZ NST\T\;
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NEURONAL DIFFERENTIATION

hESC-based (Assay 4) After 12 days:

» Cytotoxicity >50%: 39 nM
* Neuronal Differentiation (Map2/Ncam/
NeuroD gene expression) at NOAEC: 25 nM

Stummann et al. 2009, Toxicology

c neurofilament

After 13 days:

» Cytotoxicity >50%: 100 nM
S Vs * Neuronal Differentiation (n° Map2+ cells)
Stummann et al. 2009 Toxicoloéy <50%:21nM

hNPC-based (Part of Assay 5)

He et al. 2012, Tox Lett

After 72 hrs:

« Cytotoxicity >50%: 800 nM

* Neuronal Differentiation
<50%: 60 nM

 significant red.: 12 nM

Baumann et al. 2016, Arch Toxicol



NEURITE OUTGROWTH ASSAYS

hESC/hNPC-based methods:
« hN2™|(Aruna, Assay 6): single cell type (neuronal) cultures, HCA

After 24 hrs:

« Cytotoxicity (neurons/field) <75%: 90 nM
* Neurite Count <75%: 70 nM
* Neurite Length <75%: 200 nM

(Harrill et al. 2011 TAAP)

He et al. (2012) uses hESC-derived neural mixed-cultures, HCA (Assay 4)

" After 13 days:
» Cytotoxicity (MTT assay) <75%: 100 nM (stat.)

IC5, ca. 400 nM
* Neurite Length <60%: 1 nM (stat.)

fehy « Branching points <60%: 100 nM

(He et al. 2012 Tox Lett)



NEURITE OUTGROWTH ASSAY (CTD.)

hESC/hNPC-based methods:

« hNPC-derived young neurons in mixed and mixed-density cultures (Assay 5)

Composite Fill Neuronal Tracer

Es Bk

After 5 days:
Cytotoxicity >50%: n.r., significant red.:
330 nM (40%), neur. dlff. <50%: 45 nM
* Neurite Length/neuron <50%: =200 nM
« Branching points/neuron <50%: =200 nM
* Neurites/neuron <50%: =200 nM

(Schmuck et al. in press)

LUHMES cells (Assay 6) for neurite outgrowth assessment (Stiegler et al. 2011, Krug et al. 201.
B

do

After 24 hrs:
» Cytotoxicity (neurons/field) <560%: 110 nM
* Neurite Area <50%: 90 nM

+ GAMP/GDNF

(Stiegler et al. 2011 Tox Sci)

- cAMP/GDNF
r &y




SENSITIVITY OF IN VITRO ASSAYS TOWARDS MEHGCL:
SHORT-TERM ASSAYS UP TO 72 HRS

IC,; & statistical significance

Assay 3 Assay 5 Assay 5 Assay 6a Assay 6b Assay 6b Assay 2a Assay 2b
hNPC
NCC S'Nrcl' (neurosphe LUHN!FS hN?t hN?t hNPC ReN CX
migration radial gha re) neuron. neurite neurite neuriie BrdU BrdU
migration diff area count length
24 h I 3d 24 h
24 h 3d 24 h 24 h 24 h
5nM 30 nM 37 nM 40 nM 70 nM 200 nM 700nM 3,000 nM
>50 nM =3000 nM (12 nM) 100 nM 90
stat. stat. stat. stat. ICys ICys stat. stat.
Assay 5 Assay 6a Assay 5 Assay 2a Assay 2b
hNPC
(neurosph LUHIV!ES hNPC hNPC ReN CX
I ere) neurite radial glia BrdU BrdU
50/ neuron. area migration
3d
60 nM 90 nM 650 nM 30,000 nM
800 nM 110 nM n.r.

by



SENSITIVITY OF IN VITRO ASSAYS TOWARDS MEHGCL:
LONG-TERM ASSAYS 5 TO 13 DAYS

IC,;, NOAEC, BMC & statistical significance

Assay 6¢ Assay 4 Assay 5 Assay 6¢ Assay 5 Assay 1 Assay 5
hESC-der. hESC hNPC hESC-der. hNPC UKN1 hNPC
mixed (Neurosph mixed (Neurosph\\ hESC-NE (Neurosp
cultures D eres) cultures eres) diff. gene heres)
neurite diff. gene )) neyronal //branching neurite expressio // neuron
length expression diff. points outgrowth n migration
13d 12d 5d 13 d 5d 6d 5d
1 nM 25 nM 100 nM 100 nM 200 nM 1500 nM - nM
100 nM 25 nM 330 nM 100 nM 330
stat. NOAEC stat. stat. stat.
Assay 4 Assay 5 Assay 5 Assay 6¢ Assay 4
hESC-der. hNPC hNPC \\ hESC-der\  hEgsc
mixed (Neurosph\ \ (Neurosph mixed
cultures eres) eres) cultures WECAE
ICs neuron. neuronal neurite /branching /) diff. gene
diff diff. outgrowth// points expression
13 d 5d 5d 13 d 12.d
<1 nM 44 nM 200 nM 100 nM 190 nM

4000M o nr l00nM 190MT



MEHGCL: IN VIVO — IN VITRO EXTRAPOLATION
APPROACH

Maternal hair (LOAEL)  Neuropsychological deficits in
concentration of children (Castoldi et al. 2001)
4.5 ppm

(Burbacher et al. 1990;
Lewandowski et al. 2003)

.alatQ,_
 Migration
¢ i approx. 72nM « Neuronal Differentiation
— * Neuronal Maturation (Neurite
Outgrowth)

Burbacher TM, Rodier PM, Weiss B (1990) Methylmercury developmental neurotoxicity: a comparison of
effects in humans and animals. Neurotoxicol Teratol 12(3):191-202
Castoldi AF, Coccini T, Ceccatelli S, Manzo L (2001) Neurotoxic- ity and molecular effects of methylmercury.
Brain Res Bull 55(2):197-203
Lewandowski T, Ponce R, Charleston J, Hong S, Faustman E (2003) Effect of methylmercury on midbrain
cell proliferation during organogenesis: potential cross-species differences and implica- tions for risk

Z gJ assessment. Toxicol Sci 75(1):124-133
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MEHGCL: PUTATIVE AOP ON CHEMICALS BINDING TO
SH-GROUPS

Molecular
Initiating Events
(MIEs)

Binding to
SH-containing
proteins and
non-protein | >

molecules
during brain
development

Cellular effects

| I Organ Effects

| | Organism Effects

Depletion of
reduced GSH in
neuronal and glial
cells

Neuronal cell
death

Neuro-
degeneration

F

Altered function of

synaptic proteins
related to Glu or
indirect through
disruption of their
NO regulation

+| Glu transporters in Increased
astrocytes extracellular
Glu levels
Direct impaired
function of **NMDAR

over-activation
(excitotoxicity)

Increased ROS
production

Dysfunction of
respiratory chain
complexes and
creatine kinase

=

*Mitochondrial
damage

W

Decreased
network
formation
and function

Developmental
learning and
memory
deficits

— -{ Ca?*overload

Impaired function
of synaptic
proteins related to
GABA

Stimulation of
nNOS production
of NO

|

***Inhibition of
NR2A subunit

IUF

Bal-Price et al

. 2015 Crit Rev Toxicol; AOP VI
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SUMMARY & CONCLUSION

 From the current state of science, DNT in vitro testing can be based
on neurodevelopmentally-relevant processes that can serve as KE in
an AOP-based framework

« ‘Signaling pathway’ to ‘process function’ analyses improve
confidence in assays, which is necessary for regulatory acceptance

« A large variety of neural stem/progenitor cell-based DNT in vitro
assays is available NOW

« Compound testing across a battery of in vitro tests covering timing
and processes of brain development is the next step forward

ﬁ“".
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SUMMARY & CONCLUSION
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CASE STUDIES: MEHGCL SUMMARY OF IN VITRO HAZARD

Endpoint In vitro Assay Time of Measure Effective Measure Effective
system number Exposure concentration concentration

Endpoint Viability

NEP hESC 1 12 Days Endpoint 25nM NOAEC 25nM

differentiation determination

(MAP2 gene

expression)

NEP hESC 1 6 days Endpoint 1000 nM Benchmark 1000 nM

differentiation determination concentration

(global gene (10)

expression)

NPC apoptosis  ReN CX 2 24 hrs 2-fold - 1Csq -

(Cspase-3 cells induction

activation) (Millipore)

NPC ReN CX 2 24 hrs ICs 30,000 nM ICs, -

proliferation cells

(BrdU incorp.) (Millipore)

NPC hNPC 2 72 hrs ICs 700 nM ICs, 1,100 nM

proliferation (Neurosph

(BrdU incorp.) eres)

Neural crest cell hESC-der 3 48 hrs ICs n.r. 1Cs0 n.r., >50 nM

migration (MINC NCC Stat. signif. 50 nM

Assay)

Radial glia hNPC 4 24 hrs ICsq 650 nM 1Csq n.r., 23000 nM

migration assay  (Neurosph Stat. signif. 30 nM

eres)



SENSITIVITY OF IN VITRO ASSAYS TOWARDS MEHGCL:

SHORT-TERM ASSAYS UP TO 72 HRS

Cell Cultures | Exposure | Measure | Effect. Measure | Effect. Literature
Endpoint time Conc. Conc.
Endpoint Viability

ReN CX cell Myc-immort. | 24 hrs ICs 30,000 nM ICsq - Culbreth et al. 2012
BrdU NPC Stat 3,000 nM Stat 3,000 nM Breier et al. 2008
Radial glia Primary NPC | 24 hrs ICs 650 nM 1ICs n.r. Baumann et al. 2015
migration Neurosphere Stat. 30 nM Stat. signif. | 23000 nM

Assay
Neurite Count [ hN2 24 hrs 1Cy5 70 nM ICos 90 nM Harrill et al. 2011
Neurite Length | hN2 24 hrs 1ICy5 200 nM 1C,5 90 nM Harrill et al. 2011
Neurite Area LUHMES 24 hrs IC50 90 nM IC50 110 nM Stiegler et al. 2011

Stat. signif. | 40 nM Stat. signif. | 100 nM

NCC migration | MINC Assay | 48 hrs ICs n.r. ICs n.r. Zimmer et al., 2012

hESC-NCC Stat. 50 nM Stat. >50 nM
hNPC BrdU Primary NPC | 72 hrs 1Csq 700 nM ICs 1,100 nM Baumann et al. 2015

Neurosphere

Assay
hNPC neuronal | Primary NPC | 72 hrs ICs 60 nM ICs 800nM Baumann et al. 2015
diff Neurosphere Stat. signif. | 37 nM (>40% 12 nM (<25%

Assay reduction) reduction 12

and 37 nM)

MEDIZINISCHE
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SENSITIVITY OF IN VITRO ASSAYS TOWARDS MEHGCL

 Long-term Assays 5 to 13 days

Cell Endpoint Cultures Exposure | Measure Effect. Measure Effect. Conc. Literature
time Conc. Viability
Endpoint

Neuronal hNPC 5 days ICsq 44 nM ICsq n.r. Schmuck et al. 2016
differentiation (Neurosp Stat. sign. 100 nM Stat. signif. 330 nM (40%

heres) reduction)
Neurite outgrowth | hNPC 5 days ICs 200 nM ICs n.r. Schmuck et al. 2016
assay (Neurosp Stat. signif. Stat. signif. 330 nM (40%
Neurite Count heres) reduction)
Neurite outgrowth | hNPC 5 days ICsq 200 nM ICsq n.r. Schmuck et al. 2016
assay (Neurosp Stat. signif. Stat. signif. 330 nM (40%
Neurite Length heres) reduction)
Neurite outgrowth | hNPC 5 days ICs 200 nM ICs n.r. Schmuck et al. 2016
assay (Neurosp Stat. signif. Stat. signif. 330 nM (40%
Neurite heres) reduction)
Branching points
Neuron migration | hNPC 5 days ICsq - ICsq n.r. Schmuck et al. 2016
assay (Neurosp Stat. signif. Stat. signif. 330 nM (40%

heres) reduction)
NEP hESC 6 days Endpoint 1500 nM | Benchmark 1500 nM Shinde et al. 2016
differentiation determination concentration
(global gene (10)

expression),
UKN1




SENSITIVITY OF IN VITRO ASSAYS TOWARDS MEHGCL

 Long-term Assays 5 to 13 days (cont.)

Cell Endpoint Cultures Exposur | Measure Effect. Conc. Measure Effect. Literature

e time Endpoint Conc.

Viability

NEP hESC 12 days Endpoint 25nM NOAEC 25 nM Stummann et al.
differentiation determination 2009
(Map2 gene
expression)
Neuronal hESC 12 days 1ICs0 190 nM ICs 190 nM Stummann et al.
differentiation 2009
assay (Map2
gene expr)
Neuronal hESC-der. | 13 days 1ICs0 1 nM ICs ca. 400 nM He et al. 2012
differentiation mixed Stat. sign. 100 nM
assay (Map2* cultures
cells)
Neurite hESC-der. | 13 days Stat. sign. 1 nM ICs ca. 400 nM He et al. 2012
outgrowth assay | mixed <60% Stat. sign. 100 nM
Neurite Length cultures
Neurite hESC-der. | 13 days Stat. sign. 100 nM ICs ca. 400 nM He et al. 2012
outgrowth assay | mixed Stat. sign. 100 nM
Neurite cultures

Branching points

d
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