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Pompe disease

* Genetic disease in which one gene is effected
* Acid a-glucosidase (GAA) deficiency

* Lysosomal storage disease

* Accumulation of glycogen in the lysosome

* Mainly affects muscles

* Clinical spectrum of severity
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Clinical spectrum of Pompe disease

Age (years)
0 1 16 80
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What causes Pompe disease?
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The function of the acid a-glucosidase enzyme

40 um, or 0,04 millimeter

Schematic representation of a cell Lysosome
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Genetics behind Pompe disease Chromosome

* Genetics = DNA

=
DNA
Building Blocks
(bases)
—

DNA
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Genetics behind Pompe disease

- We have 3.2 billion building blocks in a row in our genome
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Only two changes
(mutations) in the code can
cause Pompe disease!

Mother Father
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Genetics behind Pompe disease

Two GAA genes are present in every cell, one from the mother and one from the father:

| 18,000 bases |

— Mother

Father

No mutation present -> 100% of GAA activity -> Healthy individual

Mutation in one gene (mother or father) -> of GAA activity -> Healthy individual

Mutation in two gene (mother and father) -> <20% of GAA activity -> Pompe patient
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Genetics behind Pompe disease

Almost 500 mutations in the GAA gene are described, distributed throughout the gene.
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The IVS1 mutation occurs in >70% of Caucasian Pompe patients.
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Therapy for Pompe disease patients
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Enzyme replacement therapy for Pompe disease

Situation with ERT

Situation without ERT
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Enzyme replacement therapy for Pompe disease

Positive effects:

Effective in infantile patients. >

- Prolonged life expectancy for adult patients. Z
’ . iJ“y()zyn]C.

Drawbacks: e W
U

- No full recovery for infantile patients. .

. T
T Myozyme, = noy
“(alglucosidase %

Rx Only

- Low impact on muscle strength for adult patients. somg ¢
| Forntravenous Infusio® o p QH’WTE
- Immunological response. +
P

- Lifelong administration.

- High costs ( = 400.000 annually)

- Can we develop another potential drug for treatment of Pompe disease?
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Possible therapeutic stragtegies for Pompe disease

Gene/DNA-based therapy More advanced
. Small molecule-based protein-based therapy
therapy ; '

RNA-based
therapy
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RNA and Splicing
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Difference between RNA and DNA
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What is RNA?

| 18,000 bases |
GAA DNA e I
Transciption
GAA pre-mRNA m———— CF-Ab - e SN A |-

Splicing
2,856 bases

GAA mRNA m L]

Translation

| 952 amino acids I

GAA protein [ J




/.

Asociacion EsEuﬁnlu de Hemos hecho mucho, queda mucho por hacer
Enfermos de Glucogenosis

Recognition of cut/paste sites during RNA splicing

Some sequence elements are vital for correct splicing

Intron Exon Intron

— A CUCUCUCU—— AG GU
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Regulation of splicing
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Nature Reviews | Neuroscience

The spliceosome is just the core, but >300 proteins also play a role in splicing
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Splicing regulatory elements

* Two important splicing regulatory elements include:
* Splice Enhancers -> Positive effect on splice site recognition -> More exon inclusion

Splice site
* Splice Silencers -> Negative effect on splice site recognition -> more exon skipping

Splice site

* Can we block splice silencer elements to improve exon inclusion?
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Antisense Oligonucleotides (AON)
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Antisense oligonucleotides

- AONs are molecules that can bind to RNA in a sequence specific manner
- AONs are small (18-30 bases) RNA mimics
- AONs are stable because of their modified backbone

- Different backbones have different pharmacokinetic properties
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Antisense Therapy: Spinal Muscular Atrophy

- In spinal muscular atrophy the SMN1 gene is defective.

- Asecond gene, the SMN2 gene, encodes the same protein.

- However, a mutation in SMN2 exon 7 leads to skipping of that exon.

- An AON has been designed to block a intronic splicing silencer in intron 7.

- Treatment with this AON leads to exon inclusion of exon 7.

5% normal

90% normal



Asociacion Espaiiola de
Enfermos de Glucogenosis

Antisense Therapy: Spinal Muscular Atrophy
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Two antisense-based drugs approved by the FDA
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RNA-based therapy for Pompe patients
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The IVS1 mutation
IVS1 mutation (c.-32-13T>G)

* Most common mutation in Pompe patients

* 60% of juvenile and 95% of adult Caucasian Pompe patients carry this mutation

* |VS1 is located before GAA exon 2 and affects splicing of that exon

RT-PCR primary fibroblasts

WT IVS1

GAA Pre-mRNA GAA mRNA 1000
Normal r-32-13u>g AUG 850
transcript (N) o E_ -0 2 38 —™ 650
500
, ) r-32-13u>g ue 400
Spi:laczis\\f?gl)ant - /% - AGcccecuurt,cuucuccceme F I i s §_ - IIDE 300
200

. - — r-32-13u>g
Spllzc?s\\//ag;ant # ~ - acceoscuubeuveucecseasl T - 3 —> II[: -— -
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Where is such a splicing silencer located?

A virus-based AON screen was performed in IVS1 patient fibroblasts to find potential AON target

sites.

1.6 -

1.4 S — Exon 1-2 RNA expression
1.2 4 GAA enzyme activity
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c.-32-13 T>G

* Two potential hits were detected.

. . . . 5
* Are these hits reprOdUCIble with therapeUtlcal AONS: E. Van der Wal, A.J. Bergsma, et al., Mol. Ther. Nucleic acids, 2017a
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Splicing regulatory elements

Four AONs targeting the sites detected with the screen were designed

c.-32-230 c¢.-32-160 c.-32-13 T>G
{ GAA Exon 2

TTTTAGCAGACTGTGCAAGTGCTCTGCACTCCCCTGCTGGAGCTTTTCTCGCCCTTCCTTCTGGCCCTCT

AON 1 AON3

AON 2 AON 4

*  GAA mRNA expression and GAA enzymatic activity are above the disease threshold for AONs 3 and 4
70%

5
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N <& E. Van der Wal, A.J. Bergsma, et al., Mol. Ther. Nucleic acids, 2017a
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Cell-culture model for Pompe disease
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Generation of skeletal muscle cells from skin cells

- The target tissue in Pompe disease is skeletal muscle cells

- Skeletal muscle cells were generated from patient skin cells (also called fibroblasts)

-~ G~ g® -

fibroblasts iPS cells myogenic Skeletal muscle
progenitors tubes

Pompe
patient E. Van der Wal, A.J. Bergsma, et al., Mol. Ther. Nucleic acids, 2017b
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Induced Pluripotent Stem cells (iPSCs)

MF20/myogenin/hoechst

iPS-derived skeletal muscle cells (in vitro)

|

Good system for use in drug screening:

Expansion potential: 10 million fold

High Reproducibility

Freeze/thaw progenitors for easy culturing
Fusion index >60%

E. Van der Wal, A.J. Bergsma, et al., Mol. Ther. Nucleic acids, 2017b
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A large percentage of cells (>60%) contribute to myotube formation.

day 5 day 12 day 21

a-MHC

)/
1

ao-MHC/Hoechst

174+£57% 78.7 +5.8%

73.6 +9.8% 63.2+8.8%

“patient in a dish”

E. Van der Wal, A.J. Bergsma, et al., Mol. Ther. Nucleic acids, 2017b



\ l > Asociacion Esgunolu de Hemos hecho mucho, queda mucho por hacer
W Enfermos de Glucogenosis

Testing of AON in skeletal muscle cells
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Testing of AON in skeletal muscle cells
AONs were tested in different concentration in patient derived skeletal muscle cells:

Expression of GAA after treatment AON 4
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N = GAA Activity Patient 1
sva £ 4% 9 aons v
c € B AON4
o o
‘B S 30% -
g £
2 ©
X > 20% -
Pt -]
£ 2
L] £ 10% -
o &
e
g %
> S N & S S
& T Q3 o2 ¥ oY
Q"
&
250% Expression Control 1 with AON 4 S 150%—  GAA Activity after treatment Control 1
3 *J == Aon3 = [ AON3
2 —]
®200% o AON 4 S B AON 4
2 @ 100%-
£ 150% - =
e e
> 0r
£ 100% 2 s0%
& 50% - E
0% ! ! S 0%-
> & & S & > S S & & &
,:,@@ o¥ 2N o¥ o % a}e"'@ o¥ ¥ o¥ ¥ oY
o o
& & . .
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Mechanism of IVS1 pathogenicity

Targeted region

SpliceSiteFinder-like
MaxEntScan y
NNSPLICE 5
GeneSplicer

Human Splicing Finder | | I I

Reference sequence  MGTGCTCTGIACTCCCOTGOTGHM ACHCCCACECTGOCCACE TACCCLACCTECLTOGETGOTGCAGLCAGLCGUGBTTGNTGTCTCAGHGCTG

SpliceSiteFinder-fie | i |
MaxEntScan y i ! |
NNSPLICE |
GeneSplicer 1 1
Human Splicing Finder I | 111 I 1 i mn | | | 11
b i T S okt Tkt Bkt M S o GAAexon 2
GAA intron 1

IVS1

* Pseudo exon presentinintron 1

* Block both splice sites with AONs
E. Van der Wal, A.J. Bergsma, et al., Mol. Ther. Nucleic acids, 2017b
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Generation of skeletal muscle cells from skin cells

* AONs tested in patient iPS-derived skeletal muscle cells

—1 Wild-type

0/ =
= 400% [ Aberrant product 1
,g B Aberrant product 2 E

*

g 300% [ | Aberrantproduci?: . * H
o i ; * z I
5 f b1 :
< T i
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E
[H]
2
bt
L
Q
14

Combination of AONSs restores:
* GAA exon 2 skipping

* Almost complete rescue of GAA enzymatic activity to well above 20% (the disease threshold)
E. Van der Wal, A.J. Bergsma, et al., Mol. Ther. Nucleic acids, 2017b
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Future prospects
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Optimization of the AONSs to improve uptake and efficacy

Pre-mRNA
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Arginine-rich Cell Penetrating Peptide
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Mouse models to model IVS1 Pompe disease

Model 1: Model 2:

- Contains part of the human GAA gene This model can receive human muscle

cells
- The mouse GAA exon 1-3 is replaced
with the human GAA exon 1-3 and - The background of this mouse is such
contains the IVS1 variant that we can replace a mouse muscle and

grow a muscle with human cells instead

Humanized muscle
GAAIVSl/-
m : ) %
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Future perspectives

* Testing different types of AONs to improve uptake

* AONSs have to be tested in animal models to test multiple parameters, such as:
- Efficacy of the AONs
- Uptake in muscle tissue
- Pharmacodynamics and pharmacokinetics
- Dose response
- Safety

e If above parameters are succesfully optimized, clinical trials can be started
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Conclusions
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Summary

Although ERT is available for Pompe patients, there is a need for new treatment strategies.

RNA-based therapy could benefit more than 75% of Pompe patients.

We developed an AON mediated therapy that almost fully restores aberrant splicing caused by the IVS1 variant.
New AONs are being developed to rescue aberrant splicing caused by other mutations in the GAA gene.

Further in vitro and in vivo testing and optimisation is currently being performed.

Positive findings in these experiments should lead to the start of clinical trials.
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