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CANAVAN’'S DISEASE (CD)

First reported by Dr. Myrtelle Canavan in 1931

e Genetic defect
— Caused by rare autosomal recessive mutations in

aspartoacylase (AspA )gene
Inborn error of N-acetyl aspartic acid (NAA)

Metabolism
— ASpA enzyme activity
— NAAT in the CNS an

« Fatal neurological disorder
— White matter degeneration
— Hydrocephaly/leukodystrophy

— Psychomotor defect
— Early death (< age of 5) Matakm 1995
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CANAVAN’'S DISEASE
- STILL NO EFFECTIVE TREATMENT 80 YEAR LATER
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Molecular Studies of Canavan’s Disease

- From bedside to test tubes
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MOLECULAR ETIOLOGY OF CANAVAN'S DISEASE

- THE BIOCHEMICAL/METABOLIC DEFECT
DISCOVERED 26 YEARS AGO

» First Reported by Matalon et al in 1988

- Matalon, R., et al., Aspartoacylase deficiency and N-acetylaspartic
aciduria in patients with Canavan disease. Am J Med Genet, 1988. 29(2):
p. 463-71.

» Later confirmed by Divry and Mathieu in 1989

- Divry, P. and M. Mathieu, Aspartoacylase deficiency and N-
acetylaspartic aciduria in patients with Canavan disease. Am J Med Genet,
1989. 32(4): p. 550-1.
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MOLECULAR ETIOLOGY OF CANAVAN'S DISEASE

- THE GENE AND CAUSATIVE MUTATIONS
DISCOVERED 20 YEARS AGO

|iH:_J @ 1993 Nature Publishing Group http://www.nature.com/naturegenetics

article

Cloning of the human
aspartoacylase cDNA and a
common missense mutation in
Canavan disease

Rajinder Kaul, Guang Ping Gao, Kuppareddi Balamurugan & Reuben Matalon

Canavan disease, an autosomal recessive leukodystrophy, is caused by deficiency of
aspartoacylase and accumulation of N-acetylaspartic acid in brain. We have cloned the
human aspartoacylase (ASP) cDNA spanning 1,435 basepairs, and show that the
isolated cDNA expresses aspartoacylase activity in bacteria. Furthermore, an A to C
base change, at nucleotide 854, has been found in 85% of the 34 Canavan alleles tested
so far. This base change results in a missense Glu285Ala mutation that is predicted to
be part of the catalytic domain of aspartoacylase. The data suggest that the catalytic
centre of aspartoacylase involves a triad of Ser, His and Glu residues. Our findings have
implications for diagnosis and screening of Canavan disease.
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Molecular Etiology of the Disease

Gray matter | White matter

Neuron Oligodendrocytes
acetyl-CoA aNa* aNa* acetate
L-aspartic acid Lb N-acetylaspartate N-acetylaspartate > L-aspartic acid
aspartate

N-acetyltransferase aspartoacylase




Gene Therapy for Canavan’s Disease

- From bench top to bedside: clinically testing
the 15t generation CD gene therapy
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What Is gene therapy?

‘ Treatment, cure or prevention of
sproL f/ disease by modification of the

THE S’ expression of one’s genes or
addition of a new gene
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‘HOw DOES GENE THERAPY WORK?

0y > Gene Replacement

v To replace nonworking mutant
gene (loss - of - function) with a
healthy one

» Gene Silencing

v' To inactivate a mutated gene
that becomes toxic to cells (gain -
of - function)

» Gene Addition

v" To introduce a new gene to help fight
a disease (infectious disease , cancer)

v To correct genetic errors on patient
genome directly (delivery & erasing?)
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RAPID PROGRESS IN GENE THERAPY IN THE
PAST TWO DECADES

~2,000 human clinical trials

>2,000 patients received rAAVs in 109 trials
Among all CNS gene therapy trials from
2000 to 2009, 76% used rAAV

Recently showed efficacy in

LCA : an inherited childhood blindness
c':l]t‘ New ﬂnrk Cimes Hemophilia B: a defect in blood clotting factor

July 21, 2012

European Agency Backs Approval of a Gene Therapy
v' Three commercialized Gene Therapy

—— = Drugsinthe world to date

4 .
s e - Adenovirus
W -  Gendicine (Ad-p53, China, 2004)
e e« Oncrine (Oncolytic Ad, China, 2006)
_‘ | = Aedno-associated virus
éyﬁ”Q’?Eﬂfcﬂ-‘_—k“E’f e ® Glybera (I‘AAVl to treat Lipoprotein

Published: July 20, 2012

Lipase Deficiency, the first commercialized
gene therapy drug in Europe, 2012)



“Gene Therapy's Big Comeback”
3/26/2014, Forbes magazine

After the Forbes report :
AGTC went public, the stock went up from IPO

GOING VIRAL $10 to $32.
KITE went public, the stock went up from IPO
$13 to > $30.
comeamy ralsco Chathem for gene therapy of hemoplhilia,
et mio Gren Initially invested $30 M and then purchased by
GENETIC BLINDNESS $41 Baxter With $70M°

BLYSEIRR RS . psense 1T E Avalanche received $6.4 M from Regeneron$6.4
AUDENTES THERAPEUTICS for gene theraPYO

RivoPaThy o BEEAR F3O

SPARK THERAPEUTICS $ 5 O Received additional $80M VC in 6/2014

DIMENSION

THERAPEUTICS — $ ‘I O Additional $30M VC + $230 M from Bayer
for Hemophilia A gene therapy

EDITAS MEDICINE 4 3
YET TO BE DETERMINED

JUNO THERAPEUTICS 120 Additional $145M from Amazon a few month ago
SEVARRS nearnr 551
SESEERI i i? Gene Therapy, particularly rAAV

i S 20 | géne therapy is very HOT now!

----- URE CAPRPITAL _INITIEAL PUBLIC OFFERING
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Alright,tellme ¢

‘HOw DOES GENE THERAPY WORK?

» Gene Replacement
v To replace nonworking mutant
gene (loss - of - function) with a
healthy one
» Gene Silencing

v To inactivate a mutated gene
that becomes toxic to cells (gain - of -
function)

» Gene Addition

v" To introduce a new gene to help fight
a disease (infectious disease , cancer)

gene therapy

A5
4 '—éﬁg@
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v To correct genetic errors on patient
genome directly (delivery & erasing?)
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GENE THERAPY FOR CANAVAN’S DISEASE
- AN ATTRACTIVE THERAPEUTIC APPROACH

» The clinical study of the 15t generation of Canavan
gene therapy pioneered by Drs. During and Leone in
early 2000

v Multiple site intracranial injections of rAAV2 through 6 burr holes
v Limited clinical improvement

v' Confirmed safety of rAAV in the CNS gene therapy (Leone et al,
Translational Medicine, Science 2013)

» The lesson learned

v’ Diffused white matter degeneration throughout the CNS requires wide-
spread global CNS gene transfer
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Gene Therapy for Canavan’s Disease

- Bedside back to bench top: developing
the 2nd generation CD gene therapy
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KEY CHALLENGES IN GENE THERAPY

e Gene Delivery Vehicle —Vector
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DESIRED FEATURES OF AN VIRAL VECTOR
FOR IN VIVO GENE TRANSFER

o Efficiency
o Stability
e Low iImmunogenicity

e Low genotoxicity (episomal)
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KEY CHALLENGES IN
GENE THERAPY RESEARCH

» Gene delivery vehicle (i.e. vector)

o Adeno-Associated Virus (AAV)

Wil s

A contaminant in adenovirus preps

A dependovirus that is Naturally replication defective

One of the smallest mammalian viruses (26 nm)

A small single stranded DNA genome (4.7 kb)

A benign residential virus in humans

rAAVs are safe in > 2,000 patients in > 100 clinical trials

2"d generation of rAAVs discovered in the past decade
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An Ever-growing AAV Tree

* AAV serotypes 1-9

* Over 250 genotypes 2002-2009 |E& | Gaoetal., 2002, PNAS
Pt ; ' — %% Gao et al., 2003, PNAS
([ ] rh.2 ' ’
BIOdlveI‘SItY/ 6 dlfferer_\t c_Iades & | Gaoetal, 2004, 3. vir
o Cross-spemes transmission #2 | clade € - Hu, RN, Bb, and Pi
LUis | MG a0 et al, 2005, Curr.
i Gene Ther.
1965- 2001 el Vandenberghe et al,
A%, | 2009, Gene Ther
AAV6 x m%&z
AAV1 st
AAV3 X m%i Giads 0~ Rh and Cy
- AAV3B ygg
AAV?2 — ,E"J?ﬁ”vg |Clade F-Hu
ARV (AAVS)
I- AAV4 AN | clade a - Hu
f;]t&i‘ls (AAV1/AAVE)
I AAV5 Ar—ast
Goose parvovirus CladecoHu
— —
0.05 :'L”:g‘ CladeB o——
sy | (aav2) - Hu
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AAYV INFECTION IN PRIMATES

Prevalent
» Humans: ~20% PCR (+), up to 80% sero (+)

Persistent
» Life time in animals primarily as episomes

Privileged
» Low Immunogenicity

e Pathogenicless
» No reported disease association
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Novel rAAV Vectors
-The smallest bio-nanoparticles

&

$ »

Islet

Adrenal gland

K Stealthy

* Stable
* Safe (BSLI)
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11 Years of Constitutive rAAVEpO
Expression in NHP

1,000
/1/8/1998

1003§

9/19/08

Epo miU/ml

Limit of detection
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9 YEARS OF REGULATED EPO IN NHP
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Gene * Rhesus monkey injected i.m. with 2.1 x 1013 GC/kg on day 1
Delivery ° Rapamycin administered i.v. ( ) at various dose levels
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TISSUE SPECIFIC POSTTRANSCRIPTIONAL REGULATION
OF RAAV EXPRESSION BY ENDOGENOUS MIRNAS

rAAV9-GFP Brain (Th)
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Xie et al., 2011, Mol. Ther.
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KEY CHALLENGES IN GENE THERAPY

> Method To Deliver vector to the CNS: cross the BBB
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|.C.V. INJECTION OF RAAV IN ADULT MICE
- WIDE-SPREAD TRANSDUCTION IN THE FOREBRAIN
Bright field GFP GFP intensity
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Wang, Yang, et al, 2013, Human Mol. Genet.
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o

Hypothalamus_

e e A

e 7

RAAV TO 10 WEEK OLD ADULT BRAIN
ROBUST TRANSDUCTION IN CLINICAL
RELEVANT REGIONS/ CELL TYPES



Translation of i.v. & i.t. rAAV gene transfer to
the CNS from mouse to Macaques

Ventral midbrain by i.v.
(Oculomotor nucleus)
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Cspventralhorn  Wang, Yang, et al, 2013, Human Mol. Genet.
Yang et al, 2014, Mol. Ther.
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KEY ELEMENTS IN
GENE THERAPY RESEARCH

» Bona fide animal model for the disease
- Tested for the first generation of CD gene Therapy(Matalon et al, 2005, MT)

Growth curve

301

Weight (gram)

- WT
- Untreated CD

0 2 4 6 810121416182022242628 30
Age (weeks) AspA”7- KO mice recapitulate the congenital and infantile forms of CD

Progressive neurodegeneration(\igtalon et al., 2000, J. Gene. Med; Ahmed et al, 2013, Mol. Ther.)

Day 1 Day 14 Day 21 Day 25 Progressive retinopathy (ERG)
- 3 Day 17 Day 21 Day 28
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Proof-of-concept testing the 2" generation of
1.v. delivered gene therapy in CD mice
- Biochemical correction

Western Blot

ABC stain

Treated CcD
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Ahmed et al. 2013. Mol Th Immunofluorescence
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1.V. TAAVAsSpPA removes excessive NAA

from CD mouse brain
- metabolic correction
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PROOF-OF-CONCEPT TESTING OF

THE 2NP GENERATION CD GENE THERAPY
- THERAPEUTIC OUTCOMES

-

WT

» Restored growth profile it B
« Significantly improved moto =* f‘__._ﬁ_._ﬁ_ﬂpﬂ SERTELI2T,
=. P27 P90 P180
P 1 U

‘ How late is too late? (Ahmed e 1. 201, Mol Ther)
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Gene Therapy Restored
Reproductivity of CD mice




Percent survival

1.C.V v.s. i.v.: Lowering dose by a 50-fold
-Comparison for survival
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|.C.V delivery of rAAV AspA leads to longer survival (similar to wt)
|.V. treated CD mice have a better quality of life

Ahmed et al., unpublished data



1 month

3 month

Latency {secs)

1.C.V v.s. i.v.: Lowering dose by 50-fold
-Comparing for growth and mobility

Growth Curve Ahmed et al., unpublished data
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1.C.V v.s. i.v.: Lowering dose by a 50-fold
-Comparing for MRS and MRI

Ahmed et al., unpublished data

Reduced NAA level in the brain Reduced brain edema
Magnetic Resz;onance Spectroscopy [MRS] Magnetic Resonance Imaging [MRI]
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SUMMARY

e Single I.v. gene therapy as late as P20 or i.c.v. on P1 achieved
— 100% rescue of early lethality of AspA” mice (n>50)
— Extended survival from < 4 wks to > 24 months
— Normalized AspA activities, NAA metabolism and myelination
— Mitigated neuropathology and retinopathy

— Restored motor function, vision and growth

e What is the next?
— To further improve vector potency and reduce effective dose
— To perform formal toxicology/safety study in NHPs
— To have Pre-IND meeting with FDA

— To file IND and start clinical trial
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Gene Therapy for Canavan’s Disease

- Developing the 3" generation CD gene therapy
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VECTOR OPTIMIZATION: LOWER THE DOSE FOR
MORE EFFICACIOUS AND SAFER THERAPY
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Gessler et al., unpublished data
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OPTIMIZED VECTOR TRANSFORMS CD MICE
|NTO SUPPER'M'CE ON ROTAROD(4WKS OLD, 4WKS AFTER GT)

Gessler et al., unpublished data
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ONE OPTIMIZED VECTOR IS BETTER IN
BALANCING THAN THE OTHER ONE (GESSLER ET AL., UNPUBLISHED DATA)

hAspA - Opt2.0

hAspA — Opt3.0
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