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Learning Objectives of this week

|dentitying drug targets in the CNS

Testing and predicting a drugs function

Mechanisms of CNS drugs targeting pain - pertubration screens, virtual cells
Delivery systems to the CNS and the Blood-Brain-Barrier

iIPSC derived therapies and systems to model diseases



Cost of CNS diseases and drug development

European Brain Council estimate (2010): 798
billion Euro/per year (mental and neurological
disorders)

CNS drugs

Probability of reaching the market: 7% (other
therapeutics 15%)

Average time to develop: 12.5 years (6.3
cardiovascular)

Cost: about 2.5 Billion $

Not a very good business for Pharma companies



Cost of CNS diseases and drug development

M&A, top therapy areas — 2020-2024
B Total M&A cash no contingents ($B) ™ Total M&A with contingents ($B)

Cancer [N s2032
Cardiovascular _ $85.0
Ophthalmic _ $51.0
Autoimmune _ $50.3
Endocrine / metabolic _ $42.0
Hematologic _ $31.7
Infectious - $26.5

Inflammation - $15.6
Dormatologic [ 138 Still many acquisistions and mergers happen in

Musculoskeletal - $13.4 . : .
o the field of treatments for neurologic disorders.
enitourinary - $11.5

Pulmonary . $9.8
Renal l $7.5
Gastrointestinal . $5.3
Dental I $5.0
Hepatic l $4.6
Transplant |$2.4
Senior (2025) Nature Biotech.




Which pathways do you remember from the lecture that could be targets for drugs?
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Which pathways do you remember from the lecture that could be targets for drugs?
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Corticosteroids

(S02B)

Antiglaucoma \
(SO1E)

Ophthalmolegical anti-infectives —,
(SO1A)

Antihistamines
(ROBA

Inhalants for obstructive
airway disease (RO3B)

Decongestants Tg
(RO1A)

(NO6E)

Antipsychotics
(NO5SA)

-

Anti—epilepticho

(NO3A)

Immunosuppressants /
(LO4A)

Antineoplastic agents
(101X)

Blood glucose-lowering
drugs excluding insulins

(A10B)

Stomatological
preparations

Antithrombotic
agents (BO1A)

Agents ftor

haemarrhoids

A Alimentary tract and metabolism system (COSA)

B Blood and blood-forming organs
C Cardiovascular system

D Dermatologicals Lipid-modifying
G Genito urinary system agents
H Hormonal system (C10A)

J Anti-infectives for systemic use

L Antineoplastic and immunomodulating agents

M Musculoskeletal system

N Nervous system

P Antiparasitic products, insecticides and repellents
R Respiratory system
S Sensory organs

V Various

U Unclassihied

I-Corticosteroids
(DOZA)

Cynaecological
anti-infectives
(GO1A)

Urologicals
(G04B)

. S— Corticosteroids
(HOZ2A)

Approval year

M 2011-2015
2006-2010
M 2001-2005
\ [ 1996-2000

\\— Direct-acting antivirals S oL
ct-acting « e B Before 1990

“—— Other B-lactam
antibacterials (J01D)

Santos et al. (2017) Nature Reviews Drug Discovery

Popular drug targets

Most recent drug
developments (here only until
2015) in the nervous system
focus on psychiatric ana
mental disorders but also
neurodegenerative disorders.



Popular drug targets

a Proportion of human protein drug Praportion of small-molecule drugs
400 - " 63,:; T targets in major families that target major families Privileged protein families make up
. ‘\"'\ . o
362 ;géé_igig 44% of drug targets. They play
W 5601700t important roles in the nervous
[11996-2000 system.
B 1991-1995
300 M Before 1990 B GPCRs (7TM1)
B lon channels
[ Kinases
[0 Nuclear receptors
- B Other
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Santos et al. (2017) Nature Reviews Drug Discovery



Popular drug targets

Privileged protein families also play important
roles outside of the nervous system. Making
drug development often more difficult in
order to target a specific target or system.

A Alimentary tract and metabolism system

B Blood and blood-forming organs

C Cardiovascular system

D Dermatologicals

G Genito urinary system

H Hormonal system

J Anti-infectives for systemic use

L Antineoplastic and immunomodulating agents
M Musculoskeletal system

N Nervous system

P Antiparasitic products, insecticides and repellents
R Respiratory system

S Sensory organs

V Various
U Unclassified

B GPCRs (7TM1)
! Voltage-gated ion channels

B Ligand-gated ion channels
M Kinases

Santos et al. (2017) Nature Reviews Drug Discovery



Process and approaches to drug development

a b
Disease Patient symptoms
Pathway identification Existing drug

Animal model Animal model

~— ~—

Novel tool compound Improved drug
E.g. knowing a specific mutation l E.g. Cobenty against schizophrenia
and phenotype can help to Novel drug combines Xanomeline muscarinic
identify a target. (Nav1.7 channel acetylacholine receptor agonist combined
mutations in human lead to loss with trospium muscarinic antagonist in the
of pain sensation enteric nervous system

Pangalos et al. (2007) Nature Reviews Drug Discovery



(A)

Procaine

Q

H,N

-

l.idocaine

Purves et al. Neuroscience

Typical drugs use in the CNS - most target pain
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(B)
Pentobarbital

Zolpidem N

Propofol /N N

Purves et al. Neuroscience

Typical drugs use in the CNS - most target pain
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Sedatives enhance the activity of postsynatptic GABA
receptors. Enhances inhibitory signalling and reduces
neural activity. Barbiturates are used to treat anxiety
and depression, today mostly benzodiazepines are
used. They also block Sodium channels. Overdoses

can be lethal.
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Typical drugs use in the CNS - most target pain
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Purves et al. Neuroscience

Analgesic agents prevent pain sensation by blocking

NMDA-type glutamate receptors. These blocks excitatory
transmission.

(A)

Channel —_|
pore

Glutamate—

ng R

Hype 1po1ar14( d,
Mg =+ blocks

Depolarized,
no Mg2+ block

domain

1 .lgnnd-hmdm o
domain

Glyc nc\

Transmembrane —

domain

>

o~/
l‘ [‘ ‘ ‘ ‘ J ' . o M l | . 1G
n q , v e J) ,gfjwrm
| \ 5 L \ X -‘
Pa ooy

< T ;
“LCa* binding site
/




Typical drugs use in the CNS - most target pain

(D)
Diethyl ether
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nhalation anaesthetics hyperpolarise the membrane anc
olock action potential propagation. The exact mechanisms
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How do you identify a drug target?

Photoaffinity LD Chemistry AGC Chemistry Pharmacophore screening Reverse docking
o P[EQP Probe @ {%
4 O o 0, N Pharmacaophore N  Quer
W 7) Ef’\ AGD ~_« " 5 & ™= Ligand- models :5% N O "ga"é
52 ‘: L ) © catalyst pharmacophore
“ LDT reagent Ligands mapping protcm }

| | | database —* Docking
|

Affinity-based Structure similarity

[ . Query ligand
e B A

Deep learning

=

Stable-isotope labeling by

RNAi CRISPR/Cas9 amino acids in cell culture
o Similarity Ligand

<o 7 RISCY) - v 2 099  #1 h
\ T SRNA O o Heavy'group wiix cell 5 LC-MS/ 5 € 0.87 #2
‘*\‘—f:?_ g . ysates © MS @2E |
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Chemical-genetic Comparative profiling Structure-based Al Machine learning

N / N
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Target identification
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group — Chemical [ C()‘a Water
_LL& ___ energy ATP /\
—— i . _Ll’ = Heat
Promoter Target gene Exon ———— Exon = - AWR

Metabalism .0

Genomics Epigenomics Transcriptomics Proteomics Metabolomics

Pun et al. (2023) Trends in Pharmacological Sciences



How do you identify a drug target?

Photoaffinity

W

Pun et al. (2023) Trends in Pharmacological Sciences



A, Drug injection 3. In situ click labeling Optional secondary staining
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Pang et al. (2022) Cell



How do you identify a drug target?

Stable-isotope labeling by
amino acids in cell culture

Heavy' group pix cell ; LC-MS/ 5
ey ysates MS 2

Relative
intensity
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Comparative profiling

/

Pun et al. (2023) Trends in Pharmacological Sciences



SILAC

Hull7 (Light) Sirt3"§)EﬂHuh7 (Heavy)

S=—_

| NaLa treatment |

l/Proteln Extractlor‘\_l/ SILAC allows for the measurement ot proteome changes in response
2 g to drug perturbations.
' v
\1 1 mixture/ In this way proteins that changes their expression of modification can
' be identified.

lanti-lactyllysine Ab
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l trypsin digestion
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Sirt3 delactylation target

identification and quantitation
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Jin et al. (2023) EMBO reports



How do you identify a drug target?

RNAi CRISPR/Cas9

Sl 3
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Chemical-genetic

N

Pun et al. (2023) Trends in Pharmacological Sciences



Quantifying gene expression changes upon perturbation




Quantifying gene expression changes upon perturbation

Single Cell
Suspension

Analyze RNA
expression in each cell
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Quantifying gene expression changes upon perturbation
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Quantifying gene expression changes upon perturbation

Identify cell types and
brain regions




Quantifying gene expression changes upon perturbation
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Quantifying gene expression changes upon perturbation

Interbrain

Controls Treated

o

Number of Cells

9

. -

Compare gene expression between treatment and control




How do you identify a drug target?

I
I I | I I
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Pun et al. (2023) Trends in Pharmacological Sciences



a AAV-based gRNA delivery for b Inuterobrain injection
CRISPR editing for gene editing

Cas9 mouse

gR

A transposon library

Transposase

Large scale CRISPR screens

€ Single-cell transcriptome and
gRNA readout
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Large-scale CRISPR screens help identify the role of certain genes in difterent cellular processes.

The identification ot growth regulators, for example, can help identity targets tfor cancer drugs.

Bock et al. (2022) Nature Reviews Method Primers

aRNA: ©1 @2 3
Cell type: --A --B --C




Large scale single cell perturbation screens

Perturbations I

Genetic Non-genetic
Knockout Insertion Base editing

Lo— e B i

CRISPR/Cas9 [ = CRISPR/Cas13
CRISPR/Cas9
Epigenetic modification Knockdown Overexpression »
y W~ CRISPRI ENEARGND _ET —

CRISPRAI CRISPRAI CRISPRa

Antibodies Small molecules Cytokines

With different genetic and single-cell technologies we can perform many different perturbations to
individual cells

Rood et al. (2024) Cell



Building virtual cells

Pooled Perturb-seq screens

Protein

Cell
surface
protein

Screen

Readout

Example

Perturb-ATAC
SHARE-seq

Perturb-seq

Perturb
CyTOF
Pro-Codes

Perturb
CITE-seq
ECCITE-seq
CaRPool-seq

Chromatin
accessibility

RNA level

Protein level

and modifications

Protein level

Antibody
count data

A A

MSWI/SNF complex in chromatin accessibility

Transcription factor role in hESC differentiation

Impact of genetic variations across individuals

E3-ligase family members in inflammatory
responses

Brain organoid development and genetics
of autism

Cancer cell sensitivity to T cell immunity

Melanoma evasion of T cell infiltration and killing

The perturbations can be read out at many ditferent levels (chromatin changes, transcription changes,

protein changes..)

Rood et al. (2024) Cell



Building virtual cells

D Human genetics as a pooled perturbation screen

Gene to program

Variant to gene _r{':)_ _r(':)_
[ | — Au_} l ‘ - l i
I G- ||

Also, variation in the human genome can used to associate gene expression changes.

Rood et al. (2024) Cell



How do you identify a drug target?

Deep learning

Al Machine learning
Y

Pun et al. (2023) Trends in Pharmacological Sciences



Building virtual cells

Regulation models of individual perturbation and feature (gene) effects

- Perturbations
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From large-scale screens, we can identify groups of genes or gene regulatory models that respond to the same
perturbation. This will help to identify potential targets to drug.

Rood et al. (2024) Cell



Building virtual cells

\ A Predicting pertubation effects with (generative) models
scGen GEARS scGPT
Unperturbed Unperturbed Genetic Pre-train Fine-tune
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@ A = i ?
.' AA l l ko|o
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Perturbed state

Many generative models have already been developed to predict the effect of unknown perturbation on
different cell types. These foundation model can now be adapted to many other ditterent cells types.

Rood et al. (2024) Cell



Perturbation cell atlas applications

Determining cell and tissue
function of genes from
GWAS/PheWAS

AL
A 7“63%
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Engineering cells for desired
properties in regenerative cell therapy

Deciphering key biological pathways
in cells and tissues
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Identifying drug targets and
therapeutic molecules that
yield a cell state
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Rood et al. (2024) Cell

Perturbation Cell atlases

Perturbation cell atlases will be link genotype and

ohenotype, engineer cellular models (examples later), and
understand biological pathways and drug targets.




Physical cell Al virtual cell
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Bunne et al. (2024) Cell



Building virtual cells

I0CZ CELL*xGENE

Discover the mechanisms
of human health

Download and visually explore data to understand the functionality
of human tissues at the cellular level with Chan Zuckerberg CELL by
GENE Discover (CZ CELLXGENE Discover).

UNIQUE CELLS DATASETS CELL TYPES

The Human Cell Atlas and Chan Zuckerberg CellxGene are huge collaborative scientific initiatives that collect the
transcriptomes of Millions of individual cells that can be used to build foundation models.



How do you identify a drug target?

Reverse docking

ik .o
a A& yo N Query
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database » Docking
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Pun et al. (2023) Trends in Pharmacological Sciences



How do you identify a drug target?

1991 N
_Protein identification {}\ by
by photoaffinity labeling =~ 2014
1994 Original GAN; 2017
: DL-based quantitative - - DL-based
- Discovery of MTOR \ - ) .
as the target of rapamycin structure-activity (QSAR) disease-driven TID
2006 2020 e
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- High-throughput - Structural similarity - ALK
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- . * Entry of a Al-designed drug into clinical trial
AGC chemistry - Al-derived novel targets for ALS treatment
2003 2023
_ Huma.n Genome Project comple'fed * Integration of advanced Al chat functionality
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Pun et al. (2023) Trends in Pharmacological Sciences



Databases
« Compound database: ZINC, GDB-17

« Target database: Uniprot, Protein Data Bank (PDB),

Electron Microscopy Data Bank (EM

« Database of drug-target interaction: ChEMBL, DrugBank,

BindingDB, CrossDock2020

Molecule representations
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Target structure

Input molecules
Generated molecules

Generative models can also help to learn
and predict which molecules might bind to

which protein target

/Zhang et al. (2024) Nature Medicine

S.

Reverse

Generative models

Recurrent neural networks Variational autoencoders

Nomalizing flows
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Blood Brain Barrier

Microglia

Neuronal synapse

Pericyte

Capillary lumen

Endothelial cell

Glycocalyx

Astrocyte end-foot

Tight junction

Basal lamina

The blood-brain barrier limits the ditffusion of molecules from the blood system into the brain. It's one of the
very few tight boundaries in the human boundaries in the human bodl.

Terstappen et al. (2021) Nature Reviews Drug Discovery



Blood Brain Barrier
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Drug Delivery to the brain

Brain delivery technologies

Invasive technologies Non-invasive technologies

Deep brain Direct brain Biological mechanisms Focused
stimulation injection e Receptor-, carrier- and ultrasound
adsorptive-mediated transcytosis » FUS-MB
* Neurotropic viruses * MRgFUS
Intracerebral Intrathecal * Cell-mediated brain delivery
grafts brain delivery * Cell-penetrating peptides Nanoparticulate Intranasal

* Receptor-mediated BBB opening systems brain delivery

* Nanoparticles
* Liposomes
* Exosomes

Terstappen et al. (2021) Nature Reviews Drug Discovery



Targeting ligands Surface chemistry
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Blood Brain Barrier

Several factors influence the permeability of the
BBB and novel tools try to effectively cross it.
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Continuous membrane
of hasal lamina

Blood Brain Barrier

S Postitively charged molecules interact with the
i negatively charged glycocalyx
& Target molecule binds to carrier and gets
endocytosed
Receptor or antibody bind to target molecule
3 and get endocytosed
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Drug Delivery to the brain
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Bmldlng reliable in vitro models of the CNS

Pluripotent o Hum.an
stem cells Y Brain
Human Brain Conscious ¢~~~ 7= Intelligent
Organoid ¢ g RVE %% \
Self-organised _ Disembodied Sentient 1 1 N | | A~ § A Embodied
Diverse q i - ‘
functional Complex neural Diverse
cell types o Self-orgamsed functional
Complex y cell types
cytoarchitecture o
Complex neural Complex
circuitry ~ cytoarchitecture

Molecular studies on human patient brains are almost impossible. Stem Cell models can help overcome this
bottleneck.

Goddard et al. (2023) MDPI Organoids



Understanding Human Brain Development using Neural Organoids




Human Neural Organoids recapitulate embryonic Development

iIPCS
Embryoio
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Brain organoid



Human Neural Organoids are generated from iPSCs

S ealthy and Patient
derived skin cells
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Brain organoid



Human Neural Organoids are generated from iPSCs

/Healthy and Patient derived
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Human Neural Organoids are generated from iPSCs

/Healthy and Patient derived

/* skin cells
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Understanding Human Brain Development
9 Months

2 Days 35-40 Days
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Understanding Human Brain Development
9 Months

2 Days 35-40 Days

-

Formation of Neural Tube Regionalization

o ey,
- - Fo
- - .
o \\n
g -
~g ‘.‘
o~ -
Y
- - -
- o e




Quantifying differences in Organoid Development



Quantifying differences in Organoid Development

Forebrain

Interbrain

Mid/Hindbrain

Combine brain organoids with single-cell sequencing studies to understand molecular mechanisms of diseases.



Quantifying differences in Organoid Development

Healthy Controls Psychiatric Patients

Compare organoids from Patients and controls

Organoids can serve as patient surrogates, aiding in the development and testing ot personalised medicine.



IPSCs can be used to derive organoids

5 Intestine organoids
Activin A s e e Wnt ® BMP
- » Endoderm —| "o, il FGnF
PN P EGF @ 50 _ Lungorganoids
I.\: /} §.4 8% ) o Wnt ¢ BMP
@il Stomachorganoids % 2 *FGF = TGF
@ %9 eWnt eBMP
Reprogramming Gipa?> ° ROE £ ™, Thyroid organoids
: > PSCs @ o EGF ; ! o FGF +BMP
" I,/' N 4, Liver organoids % s °EGF
AdSC isolation v / r A @FCE s e Wt
;J °*BMP
* Activin A - o , , O . d 3 D
* BMP4 40 Kidney organoids Blood vessel organoids rg a n O I S a re
\ > Mesigc‘i_fzrrnw — : . V\ém s BMP
{ B % ¢ FGF * VEGF -I: ‘ ‘ h
K )
7 R aggregates of cells that
. : * Wnt .
e \Wnt l"'— ‘ h
L p— recapitulate the
L0 : rain organoids
» Ectoderm —»
'_,.."“\\l‘ ° °
organotypic functions
. " :l Intestine organoids o a n d I I I O rp h O ‘ Ogy
rowth factors Py L . O
—— AdSCs : > i;:: ?""‘ : :\g': Bénf "f‘”*f;} Pancreas organoids
N ECM embedding > 2l A
(@) £ -+ IGF ; e Wnt o IGF
4 v e S - - s
< * FGF W .
f;; Lung organoids S Endometrium
&H . wnt - rOCK A ""OT°
H 5 CFGE « MAPK | 4 organoids
@"’@ e TGF i‘ ij * Wnt «TGF
» BMP e » EGF < BMP
_ * FGF
vg&; & Stomach organoids * HGF
kj% Q : :\g}:c : I&%ﬂi’ f,;-"’“” . Prostate organoids
e . : , f « EGF « BMP
i" N Liver organoids Y’ -[FGF
f. } * Wnt = TGF
* EGF « BMP
Activated ?\.‘rw,,,é“' e FGF = ROCK
Repressed ) » HGF Kim,..., Knoblich (2020) Nature Reviews Molecular Cell Biology




Direct reprogramming can give rise to multiple cell types
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Wang,..., Qian (2021) Nature Reviews Molecular Cell Biology



Stem Cell derived therapies

Transplantation of Embryonic Dopamine Neurons

2001, first clinical trial to treat Parkinson'’s

Fluorodopa PET Scans disease by Imp‘antlng dopaminergic

neurons from abortion tissue

PO g ¢ -low efficiency of the graft
Sham Surgery

-little material
-high variability

-effect too little

Normal

Before surgery After surgery



Generating mid-brain dopaminergic neurons in vitro
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Nolbrant, ... Kirkeby (2017) Nature Protocols
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Generating mid-brain dopaminergic neurons in vitro
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Stem Cell derlved theraples

O BlueRock
BA§ER Bayer // United States
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therapy bemdaneprocel for Parkinson’'s
disease shows positive data at 24-months

Viviane Tabar & Laurehhz Studer

> EM-I

Agnete Kirkeby Kirkeby, ...,Parmar (2023) Cell Stem Cell Malin Parmar



How can you identify a drug target? Exercise questions

Name two different molecular examples of how to target pain sensation.

Explain broadly how single-cell methods work and how they can help to identity drug
targets.

Why is it so difficult to target drugs to the brain?

What are the constituents of the BBB?

What determines it a molecule can cross the BBB?

What are iPSCs, and how are they generated?

Why are iPSCs useful in research and medicine (therapeutics and drug discovery)?

What are the limitations of iPSC-derived 3D systems?



