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Why are model systems necessary?

How do we How does
How administer?
. : otency of the
Does this drug frequently do P f
. Is the drug drug change
impact the we need to : h D h time?
right dose? going to the oes the over time?
' right place? disease state
pathways?
impact drug

delivery?
Candidate Drug I I I I S I I I D B B B B aa DEE BEE B .
Dosing
Efficacy What's th How does the s the effect of
at’s the i
Durability ih . druglmpr.ove the drug Are there any
Does the drug right starting any behavioral durable over on target
improve tissue dose? phenotypes? time? toxicities?

pathology?

Are there any
off target
toxicities?

How much of
the drug is
getting there?
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Multiple model systems exist in the preclinical toolbox

Pig

Sus domesticus

There is no single, perfect model system for any

. y/ Organmd disease.

Rabbit

Oryctolagus cuniculus

Human cell line

\ /
Rat
Rattus norvegicus y, Yeast

Saccharomyces cerevisiae

Schizosaccharomyces pombe

Motsa Multiple distinct models can, and should, be used
Mus musculus Sllme mold

o)t h e to answer specific preclinical questions.
Frog Roundworm
Xenopus laevis Caenorhabd:tls elegans

Zebraflsh Fruit fly

Danio rerio Drosophila melanogaster

Being intentional about model selection and study
design is vital to successful drug development.

Hmeljak et al., 2019
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Each model system has advantages and caveats

Large mammals

Human cells and organoids

Body size and tissue complexity more
similar to human patients

Pig

Sus domesticus

High-throughput in vitro model with
human molecular pathways and
genetics

Expensive, low throughput, and until

recently few genetic engineering options ) |
Rabbit eﬁ Organoid

Oryctolagus cuniculus

In vitro limitations on delivery and
physiological relevance to a whole body

-+ Human cell line
system

Rodents
Rat
Frequently used due to genetic Rattus norvegicus g
conservation, similar mammalian
characteristics, and available genetic
engineering tools Mouse |

Mus musculus /
Reduced body size and tissue /

-~ Yeast

< ».°_ Saccharomyces cerevisiae
Schizosaccharomyces pombe

Non-mammalian organisms

High-throughput models with well-
curated, easily-manipulated genomes

complexity relative to human patients, Frog
. Xenopus laevis
lack of full pathway conservation

(<) Roundworm

Caenorhabditis elegans
Zebrafish Fruit fly

Danio rerio Drosophila melanogaster

T

7 &° Rare Bootcamp™ 4
Modified from Hmeljak et al., 2019

Frequent lack of genetic and pathway
conservation relative to human
cells/tissues




Mice continue to be a valuable model for preclinical work

Table 1 Species-dependent differences

Species Sexual maturity Gestation period Average life span (year) Average
weight
(kg)

Hurmnan 15-18 years 266 days 75 50

Rhesus monkey 3-5 years 165 days 25 6

Pig 9-11 months 114 days 7 80

Mouse 6-8 weeks 19-21 days 2 003

Yang et al., 2021

Mice have ~97.5% of their DNA in common w/humans
Multiple sophisticated genetic techniques readily available to generate transgenic models

A wide toolkit for characterization of molecular, physiological, and behavioral phenotypes
Correlation of blood biomarkers, improvement to target organ cell health, and whole animal health or behavior

* Short gestation age, early weaning age and sexual maturity meaning that studies can run quickly
* Relatively cheap

# £° Rare Bootcamp”™



Mouse Nomenclature 101

a Mother Father
a == a8
. Breed el
RORL RPR:
( Tol X ) AN RN
RL gt RP gD R gt RL gD
WT l...... .“,’
_ A
.Martln (it al., 2020 Jackson Labs g o RLR; .
Transgenic = disease  Sam
model
R86S is the amino acid Strain
mutation in this model Genetic background of the Genotype
mouse, usually inbred within a Gene*’
WT = wild-type biological species. Inbred strains
The r'10rmal allele of a improve sul:.)Jec.:t'-to-subJect Phenotype
particular gene; non- variability. Observable characteristic

diseased form
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Transgenic- Animal models that have had their genomes altered

A number of technologies have been developed over the years to enable generation of transgenic mice.

Embryonic Stem Cell manipulation using homologous recombination
was used for decades to knock-out (KO) or knock-in a gene of
interest
e Conventional KO — the gene is knocked out in all cells at all
time
e Conditional KO —you can control where and when your
target gene is knocked out (CreER-LoxP)

CRISPR/Cas9 Genome engineering is a newer and more versatile
tool for engineering a wide variety of genetic changes
* (Cas9 (scissors) is guided to a specific sequence with Guide
RNA where it cuts the DNA
* Point mutations, deletions, or insertions of donor DNA can
then be made

# £° Rare Bootcamp”™

A. Gene targeting of embryonic stem cells

Targeting vectaor
ntroduced by

ES cells ; =
%5, electroporation
\ i = N
N _/ koo,
Mouse
blastocyst
Rare cell carrying
targeted gene
— Positive-negative
e e ™ elac
Pura population r\i AES = selection
of targeted ES cells . iy N {“:
CRISPR/Cas9

Point mutation
Knockout (Indel)
Small DNA insertion

Cas9
. Guide RNA
Genomic DNA

¥

Genomic DNA Donor with Reporter

ssDonor DNA with - + Deletion/Insertion \ @
point mutation (Indel) a
HDR NHEJ HDR




What are humanized mice?

Humanized mice — A mouse that has been given something from a human, either...

e Tissues/cells

* Tumor

* Humanized immune system
* Human microbiota

« DNA | A mouse embryo can be genetically engineered to remove the mouse version of a gene of interest and
replace it with a human-specific genetic sequence.
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What are humanized mice? Do | need one?

When would it be helpful to have a humanized (or patient mutation specific) model?

If you are testing a drug that works by targeting a gene or its regulatory element (ex. ASO), and that sequence is
different in mice than in human patients

If the mutation in your affected patient results in a unique downstream phenotype that is not modeled by available
KO (complete loss of function) mouse model (ex. mutation causes the cell to produce a different protein with a
novel function or the mutant protein is mis-localized)

When would it not be helpful to have a humanized (or patient mutation specific) model?

If you are testing a drug that is not directly binding to or targeting a human-specific sequence (ex. AAV gene
therapy)

If the mutation in your affected patient would likely result in the same downstream phenotype that is already
present in available or more easily generated mouse models (for example, if all mutations lead to a complete loss of
function phenotype, then a KO model already sufficiently models that)

# £° Rare Bootcamp”™



Model choice & study design is dictated by your primary study
objective

A lot of different questions need to be answered when developing a drug.

Multiple individual and unique studies should be carefully designed and executed to
interrogate those specific questions.

Natural
Target Dose Finding )
engagement History

Biomarkers

Biodistribution Toxicology

#£° Rare Bootcamp™ 10



Variables in study design to carefully consider

e Controls
* Positive —a group that has your target phenotype; can be WT mice
* Negative — model without intervention, or with standard of care

 Number of subjects per treatment group
Thought exercise before running your study

e Sex of subjects within groups
* Draw out different scenarios of your endpoints

« Age at dosing, pre vs. post symptom onset and form your interpretations.
« Route of delivery and its reproducibility * Proactively decide “What does success look
like?”

* Length of time subjects on drug
* Consider if there are complementary

* Endpoints approaches to answering a question that could
provide greater confidence

# £° Rare Bootcamp”™



Resources in the Appendix

Where can | go to find a mouse model? Link
* What is the comparison between brain development of a human vs. of a mouse? Link
 What is the comparison between liver development of a human vs. of a mouse? Link

* AAV gene therapy has a size limitation for transgenes. How can | find out how big my gene of interest is? Link

* How can | easily see where my protein of interest is expressed? Link

# £° Rare Bootcamp”™
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Types of Model Validity to consider in selection

How well does the model predict the behavior of the human disease?

Face Validity

The model has similarities in the anatomical,
physiological, and behavioral phenotype of the
disease.

Predictive Validity

A model has a response to a known treatment in
line with what happens in human patients with
the disease.

The model has similarities in the mechanism of
human disease, has nucleic acid and amino acid
sequence conservation, and gene expression is in
the same cell and tissue types.

# & Rare Bootcamp™

Target Validity

The model has downstream molecular
mechanisms/targets and upstream regulatory
pathways that are intact and conserved with the
human disease.

14



Mouse strain can have an influence on phenotype

Different mouse strains with the same genotype can Different mouse strains dosed with the same drug can
yield a different disease phenotype have differential drug delivery or transduction

Chediak Higashi syndrome — LYST PHPB
5 C57BL/6J BALB/cJ
B6 | No ataxia
D2 | Ataxia =
Mg 2
L W C57BL/6)  Em B6-Lyst 4
% ;gg: . BN DBA2J mm D2 Lyst PHP.B-eGFP §
B6 I Minor Purkinje cell loss 5 4001 C57B|_/6j
D2 | Mmajor Purkinje cell loss £ 300 High brain delivery
g 2001 BALB/cJ <
= 1004 . . . A
3 o Very little brain delivery §
All Anterior Posterior
(11-X) (1) (VI-X)
Lobules

Hordeaux et al., 2018
+ &° Rare Bootcamp™ Hedberg-Buenz et al., 2019 s



Pigs are emerging as a popular alternative model

Table 1 Species-dependent differences

Species Sexual maturity Gestation period Average life span (year) Average
weight
(kg)
Hurmnan 15-18 years 266 days 75 50
w:\r 15E H“ 1 £
Pig 9-11 manths 114 days 7 80 I
[ et m\.feens =20 Udys LAY

More similar anatomy, physiology
and metabolism to humans than
mice, especially regarding CNS
development

* Relative to NHPs, they produce
larger litters, have shorter
maturation timelines, and lower
costs

# £° Rare Bootcamp”™

Mouse

Pig

Yang et al., 2021

Human
Li et al., 2022

Figure 1. Comparison of brain structures of mouse, pig, and human.
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Where to start when looking for a mouse model

Resources

NIH funded animal resource centers

Rat Resource and Research Center

MU Mutant Mouse Regional Resource Center
National Swine Resource and Research Center

Commercial sources

The Jackson Laboratory
Mouse Genome Informatics
Charles River

Taconic

International resource
International Mouse Phenotyping Consortium

# £° Rare Bootcamp”™
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https://www.rrrc.us/
https://www.mmrrc.org/
https://nsrrc.missouri.edu/StrainAvail/
https://www.jax.org/
https://www.informatics.jax.org/
https://www.criver.com/products-services/research-models-services/animal-models/mice?region=3611
https://www.taconic.com/
https://www.mousephenotype.org/

Mouse vs Human Brain Development

; Pgak bm',‘ gih spun " Brain reaches 90%  Prefrontal cortex
Oligodendrocyte gliogenesis. Increasing axonal L L | :
(OL) maturation. and dendritic density. : WS ;;r:c_tma malturauon.
Establishmentofthe O maturation (predominately B " ; " Ongoing myelination Ongoing myelination
blood-brain barrier  mmature OL) density and  OVORRY Makter ,  and increasing white matter  and declining gray matter
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> £ ) { i 4 : )
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Peak brain growth spurt.
. Peakin gliogenesis. Brain reaches 90% Prefrontal cortex Ongoing Ongoing
OL maturation. Increasing axonal and dendritic ~ of adult weight. structural maturation. myelination myelination
Establishmentofthe  density. OL maturation Peakin synaptic density  Maximum volume and increasing and dedlining
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Gestational days Lactation period Years postpartum '
Figure 2 Timing of brain development in rodents and humans.
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https://pubmed.ncbi.nlm.nih.gov/33196093/

Major CNS developmental processes in rats and humans

E16 PN 30
PN 10 PN Q0
PN 15 i —— PN 60
C.t E16 — _ PN 21
E95 PN 15
I
Gestation Birth Weaning Sexual Maturity Young Adult

B
E 35 — e PN 7

E 125 15 years
E 135 30 yrs
E 140 I 1yr

Meurogenesis - Synaptic pruning - Programmed cell death
Synaptogenesis [T Myalination Feak brain growth -

Figure 1. Major CNS developmental processes in rat and human. Approximate time lines of these processes
are shown in relation to anchor events of birth, weaning, sexual maturity, and adulthood. Brain growth spurts
are shown in red. Individual processes are color-coded, with peak activity indicated by the widest portion of the

diamond. Adapted from Semple et al,* Lenroot and Giedd,? and Clancy et al."! CNS indicates central nervous
system.
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Zeiss, 2021
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https://pubmed.ncbi.nlm.nih.gov/34569375/
https://pubmed.ncbi.nlm.nih.gov/34569375/

Mouse vs Human Liver Development
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Liver bud is formed by hepatoblast Hepatocytic Hematoposesis
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Rodriguez-Gonzalez et al

., 2020
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https://pubmed.ncbi.nlm.nih.gov/33196093/

Jackson Labs Perspectives

Life span as a biomarker

When are mice considered old?

# £° Rare Bootcamp”™
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https://www.jax.org/research-and-faculty/research-labs/the-harrison-lab/gerontology/life-span-as-a-biomarker
https://www.jax.org/news-and-insights/jax-blog/2017/november/when-are-mice-considered-old

How big is your gene?

Using SYNGAP1 as an example gene.

1) Type into Google: ‘ensembl’ + your gene name

ensembl syngap1 ¥ (A

All Images Shopping Videos Forums More ~

e Ensembl
*  hitps:/iwww.ensembl.org » Homo_sapiens » Summary

Gene: SYNGAP1 (ENSG00000197283)_- Summary

This gene has 30 transcripts (splice variants), 1 gene allele, 278 orthologues, 10 paralogues
is associated with 6 phenotypes. Transcripts. Show transcript ...

3) Scroll about midway down the
page until you see CCDS Sequence
Data. Where it says Nucleotide
Sequence, that’s the number of
nucleotides in the coding sequence
of your gene.

2
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2) The first row should have the flag ‘Ensembl Canonical’.
& Q Click the CCDS link associated with that one.

.
Gene: SYNGAP1
Tools Gene: SYNGAP1 ENSG00000197283
Description synaptic Ras GTPase activating protein 1 [Source:HGNC Symbal;Acc:HGNC: 11497 &)
Gene Synonyms KIAA1938, RASAS, SYNGAP

Location Chromosome 6: 33,419,661-33,453,689 forward strand.
GRCh38:CM000668.2
View alleles of this gene on aliernative sequences

About this gene

and Transcripts

Show/hide columns (1 hidden)

Transcript 1D Name
ENSTO0000646630.1 SYNGAP1-228 6015 1343az [l Protein coding

CCDS Sequence Data
Blue highlighting indicates alternating exons.
Red highlighting indicates amino acids encoded across a splice junction.

Mouse over the nucleotide or protein seque clow and click on the highlighted codon or

residue to select the pair.

Nucleotide Sequence (4032 nt):

ATGAGCAGGTCTCGAGCCTCCATCCATCGGGGGAGCATCCCCGCGATGTCCTATGCCCCCTTCAGAGATG
TACGGGGACCCTCTATGCACCGAACCCAATACGTTCATTCCCCGTATGATCGTCCTGGTTGGAACCCTCG
GTTCTGCATCATCTCGGGGAACCAGCTGCTCATGCTGGATGAGGATGAGATACACCCCCTACTGATCCGE
GACCGGAGGAGCGAGTCCAGTCGCAACAAACTGCTGAGACGCACAGTCTCCGTGCCGGTGGAGGGGCGGT
CCCACGGCGAGCATGAATACCACTTGGGTCGCTCGAGGAGGAAGAGTGTCCCAGGGGGGAAGCAGTACAG
CATGGAGGGTGCCCCTGCTGCGCCCTTCCGGLCCTCGCAAGGCTTCCTGAGCCGACGGCTAAAAAGCTCC

bp ¥ Protein Biotype CCDS
CCDS34434,

This gene has 30 transcripts (splice variants), 1 gene allele, 278 orthologues, 10 paralogues and is associated with 6 phenotypes.

Hide transcript table

RefSeq Match Flags
MM 006772.3¢% = MANE Select Ensembl Canonical GENCODE basic APPRIS P1

4032 nucleotides

4.032kb (kilobases)

23



Other helpful genetic resources — The Human Protein Atlas

https://www.proteinatlas.org/

Using CDKL5 as an example...

Tissue tab: Shows you what tissues express the gene
HUMAN PR[]TE'N ATLAS o SECTIONS ABOUT NEWS LEARN DATA  HELP
C D KL Fieds »
Search result (1 genes): CDKLS
5 MMARY ﬁ BRAIN SINGLE CELL| PATHOLOGY DISEASE IMMUNE BLOOD SUBCELL CELL LINE INTERACTION

PROTEIN EXPRESSION OVERVIEW!

PRIMARY DATA Expression Alphabetical
TISSUES = Scora

High
ANTIBODIES
AND ‘r
VALIDATION Medium —
Dictionary
1| Low —
Tissusproteome = MM/ 71T 1T 1 T T T T T T ®* 1 1 1 T T T T T T T T ¥ T T T T T T T T T T 1T

O ”““é?f§§§;§ I, fﬁ L f%ﬁﬁ < f(fjffﬁfﬁﬁﬁ«?gﬁﬁf

&;‘ ¢ &ﬁ‘

# & Rare Bootcamp™

Here, CDKLS5 is seen to be expressed in
tissues throughout the body at variable
relative levels.
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Other helpful genetic resources — The Human Protein Atlas

——————————————————————————————————————————————————————————————— ’
https://www.proteinatlas.org/
Using CDKL5 as an example...
Brain tab: Shows you where (ie. What structures) in the human / pig / mouse brain express the protein. The darker the
red color, the higher the expression in the picture, also quantified in the graph.
HUMAN PRUTE'N ATLAS.‘- SECTIONS ABOUT NEWS LEARN DATA  HELP
CDKLS Fields»
Search result (1 genes): CDKLS
SUMMARY m BRAIN PATHOLOGY DISEASE IMMUNE BLOOD SUBCELL CELL LINE
T
TISSUES = Here, CDKLS is seen to
HPA Human brain dataset'
MTRODES g0 be expressed across
VALIDATION nTPM . o .
the brain, highest in
# @ the cortex, basal
. IJ ganglia, and some
VI rrryrrr deep brain structures.
° @ﬁﬁ g‘gﬁ éﬁiﬁ“
&
. ow pmseEm W
7 &° Rare Bootcam “ ’ - 25



https://www.proteinatlas.org/

Other helpful genetic resources — The Human Protein Atlas

https://www.proteinatlas.org/

Using CDKL5 as an example...

Single cell tab: Shows you what cells have the highest expression of this gene.

HUMAN PRUTE|N A]’LAS.’. SECTIONS ABOUT NEWS LEARN DATA  HELP
C D K |_ 5 Search result (1 genes): CDKLS
SUMMARY BRAIN ISINULI: LJI:LL| PATHOLOGY DISEASE IMMUNE BLOOD SUBCELL CELL LINE INTERACTION

SINGLE CELL TYPE
Single cell types BT Expression  Alphabetical

RNA single cell type specificity: Cell type enhanced (Excitatory neurons,
TISSUES =

Inhibitory neurons, Oligodendrocytes)

nTeEM
Cell type proteome 250

M Glandular epithalial cells
M Squamous epiihalial cells
M Specialized epithalial cells
W Endocring cells

_ Meuronal cells
150 Glial cells
Germ calls
100 Trophoblast cells
M Endathelial calls
M Muscie cells
50 Adipocytes
Figmant cadls
o I--III\IIIIIIIIIIII\Il. CQEI:I:”s
B e
S B R o “ﬁ;\»@*w P R R
& é*if% S Q“U%%’&b o?"’*é@%%é R @%%‘“%@ﬁﬁ SR ‘gﬁ&é 3 o ge@&gvgkﬁﬁf ¢ éﬁ@%*ﬁi‘;&g
& == & L
) K HRST IS N I T VEPEGE v
& ST SEUSNT WS & éa & % fm gos
AR 4 &4 4 4
& 3
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Here, CDKLS is seen to
be expressed primarily
in neurons, with some
low level expression in
glial cells.
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