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Basic Architecture of Genes & DNA

a * Gene — A basic genetic unit encoding

o= & a function

* Located in a specific section of DNA on a
specific chromosome

* Encoded by the DNA nucleotide “alphabet” —
A G T&C

* Genes encoding overt functions typically code
for proteins

» Alterations in genes can, but do not always,
cause dysfunction

 WDR26 gene is located on
Chromosome 1 [1942.11-1g42.12]

DNA

Cell

Nucleotide
base pairs:

B Guanine
Cytosine Z7 B
Adenine™ 2 L * |IRF2BPL gene is located on
B Thymine
’{ ’/ Chromosome 14 [14g24.3]
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DNA Encodes for Proteins with Specific Functions

DNA (7 L P IDA _ ﬁ‘ﬁ * DNA encodes ~20,000 genes with discrete cellular
Thanserben functions utilized by our cells & bodies for our day-
Y to-day existence
mMRNA * These functions are facilitated by pathways that
Taralafisn utilize the ‘DNA -> mRNA -> Protein’ program to
\ 4 provide the necessary elements to carry out these
day-to-day tasks
Q * * Examples of protein functions include processing of
(&~ 3 ’ metabolites, muscle contraction, DNA replication,
PROTEIN *7""' R —— | movement of other proteins, activation or inhibition of
== VXV other proteins, and much more...

* Gene therapy seeks to replace or repair these
specific pathways & molecules when typical function
is not being provided due to mutation(s)

+ & Rare Bootcamp”™ | 4



Common Types of DNA Mutations

"EEE BN AN SN Silent Mutation
b 4 h 4 \/Q\/ Qj\\f\\ RQQ Normal THE CAT ATE THE RAT - .
nvapapag b | M The meaning of the sentence is
mrna (Ul [Ul[u| [ullallc| |e|lalla] |c|lallc THE KAT ATE THE RAT the same.
Aminoacids( Phe H Tyr H Glu H Glu )
DNA AllA|lA ANITI(IG I/\I TI|T C||T /C\ b . . .
VOO U2U 222 AT swwesn  THE CAT ATE THE RAT Substitution Mutation
o MMM M i ' . A The meaning of the sentence is
o [olollol [olfRllc] RS lol[lle THE HAT ATE THE RAT changed,
Amino acids ( Phe H Tyr Lys
DNA |A[|A ||l A AllTI||IG LLI C||T i REN (il . .
LA A B AL EASNATANA THE CAT ATE THE RAT Insertion Mutation
e NIRRT Y10 ‘C’ M Ballel B The sentence no longer makes
THE ECA TAT ETH ERA T sense.
Amino acids ( Phe H Tyr M
DNA |A[|A|[A ? TI[G]||C TI|T|[C I RCY RE
VOV AU Aaia Ao eetion THE CAT ATE THE RAT Deletion Mutation
mRNA-\L(_tJ/—_\L( AllC||G AllA||G Al|lG||G
Amino acids Phe

The sentence no longer makes
B = THE CAATET HER AT

sense.
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Basic Definition of Gene Therapy

* Treatment or prevention of a [genetic] disease
via introduction of genetic material expected to i

) . ucleus
provide a necessary function celt 1™ Chromosomes '
* First developedin 1972 when Theodore Friedmann

I
A
and Richard Roblin published a paper in Science

called "Gene therapy for human genetic disease?”

* The first patient to be treated with gene therapy was a |
four-year-old girl treated at the NIH Clinical Center in Frotein
1990

http://igbiologyy.blogspot.com/2014/03/chromosomes-dna-genes-and-alleles.html

* She had a congenital disease called adenosine
deaminase (ADA) deficiency which severely affects
immunity and the ability to fight infections

e Treatment was considered successful (ex vivo)

+ & Rare Bootcamp”™



Gene Therapy Approaches

s gene with Functional gene
a) Addition loss of function
=
L - - Ll ==
Diseased cell Genstherngy Healthy cell
treatment
Inhibitory
b) Inhibition Overexpressed sequence
gene
- W E
5 Gene therapy
Diseased cell treatment Healthy cell
ai CRISPR/Cas9
C)Editing
Mutated gene )

&-DDD

Gene therapy

Healthy cell
treatment

Diseased cell

Int. J. Mol. Sci. 2021, 22, 7545. https:/ /doi.org/10.3390/1jms22147545
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* Gene therapy approaches include the
delivery of a package/cargo designed to:
e Add back a functional or wildtype copy of a

mutated or missing gene that is causing
disease

* Inhibit, inactivate, or “knock out,” a mutated
or overexpressed gene that is functioning
improperly

e Edit a mutated gene back to a functional or
wildtype copy of that gene

Note — “wildtype” refers to the natural or common version
of a specific protein, DNA, virus, etc. that exists in nature



Common Tools of Gene Therapy

* The 3 most basic tools currently utilized
for Gene Therapy are:

e Adeno-associated virus (AAV)
e Delivery Vehicle and Cargo

* Lentivirus
e Delivery Vehicle and Cargo

* Gene Editing complex
* (Cargo

 Must be coupled with Delivery
Vehicle

* mRNA
* Delivery via Lipid Nanoparticles (LNPs)
* Genetic therapy

& Rare Bootcamp™

Adeno-associated
Iﬁ viral (AAV) vector
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\:4

Gene editing
complex

Lentiviral vector
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Lipid nanoparticle (LNP)



Extended Toolbox of Gene Therapy Vectors

Adenovirus (~36 kb genome) e Adenovirus
t E1 deleted, replaced o ; . : .
SERERL g i " e o s
- 1 m ,
7-8 kb max E2B E2A E3 FE4 response to vector
deleted
[ ]
Adeno-associated virus (4.7 kb genome) Expression AAV
| AR - * |deal for targeting non-dividing cells;
4.5 kb max |deal for in vivo delivery; Ideal for gene
o | o replacement; Smaller transgene size
Retrovirus (7=10 kb genome) Expression Self-inactivating
) 1 cassette 3" LTH .
* Retrovirus
& Kb max * Require active cell division for infection (target
dividing cells); Lower safety profile than
Lentivirus (9-10 kb genome) cPPT  Expression Self-inactivating lentivirus due to higher rate of oncogenesis
w + CTS cassette 3 LTR
ﬁ I — -F- * Lentivirus
ma
* |deal for targeting non-dividing cells; Ideal for
ex vivo delivery; Larger transgene size than
= nl ' }
LIpDS:Dﬂ.'IE plasmid (unlimited sized genome) E:spégﬁg{}n rAAV, Iess than Adenowrus
9%, < | |
DO ¢ * Liposome + Plasmid
A5 Rar ol B ) A * Very large transgene size; Complicated o

resistance gene manufacturing and delivery



In Vivo versus Ex Vivo Gene Delivery Requirements Influence

Vector Choice

In Vivo
Gene Transduction

Therapeutic Gene
-

Gene Therapy Vector

|
Plasmid
Adenovirus @ |

Retrovirus

Adeno-associated
Virus

Lentivirus

Ex Vivo
Gene Transduction

Therapeutic Gene

=
: Gene Therapy Vector
& &) _

Genetically Altered Cells

N Donor Cells

Growth
Factors

Implantation |

' Gene Delivery Catheter

In Vitro Expansion

+ & Rare Bootcamp”™

JAMA. 2001;285(5):545-550. doi:10.1001/jama.285.5.545
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Primary Viral Tools of Gene Therapy AAV & Lentivirus

Adeno-associated virus (4.7 kb genome) Expression Lentivirus (3-10 kb genome) w Sons Expression - Seli-inactivating
v cassette i iR+ Il TR
@ TR |ITR § ﬁ 8 kb max
4.5 kb max §

* Advantages . Advantages
 |deal for in vivo delivery (directly into patient) * |deal for ex vivo delivery (into isolated patient
* |deal for gene replacement cells, which are then returned to patient)
 Can be used for CRISPR, but small genome size * |deal for targeting nondividing cells

limitations exist e Infect wide variety of cell types

* Very low integration rates * Larger transgene size than rAAV
» Multiple capsid choices tailor cellular tropism ; (Lenti = 9 kilobases), smaller than
* Academic and industry manufacturing experience | Adenovirus (~36 kilobases)

* Challenges * Challenges
* Small genome size (<5 kilobases) * Lentiviral integration poses higher

* Expensive to manufacture oncogenic/genotoxic risk than AAV

* Potential activation of neighboring genes

* Single dose limitation*
post-integration

* Immune reactions to treatment in small number of |

7 Re patients not well understood || * The field is attempting to address this with IdeS |11
(https://www.nature.com/articles/s41591-020-0911-7)




Major Strategies for CRISPR/Cas9-based Gene Therapy

(a) Gene (b) Gene knockin/
knockout replacement

....................................................................................

~ Gene therapy

Gene | | Gene
silence r g : replacement

Gene ' | Gene

repair repair

(c) Base editing (d) Prime editing

J Cell Physiol. 2021;236:2459-2481.

* Gene knockout

* Uses sgRNA (single guide RNA) to target Cas9
to target DNA sequence

e (Cas9 cuts target DNA and cellular repair
mechanisms often induce mutations that
prevent target protein expression

| 12



Major Strategies for CRISPR/Cas9-based Gene Therapy

(a) Gene (b) Gene knockin/ e
replacement | ||

knockout

]]Iﬂ]]]]l Target
P gene DNA
T
. . 5 Genetherapy | .
oo | — . | Gene * Gene knockin/replacement
_ : g replacement
Q.q <] * Uses sgRNA (single guide RNA) to target Cas9
| J to target DNA sequence
Gene Gene .
repair repair * Requires homologous donor template
...................................................................................... ° CaS9 Cutstarget DNAand Cellularrepair
mechanism utilizes the homologous donor
template resulting in template insertion
(C) Base editing (d) Prime editing | 13

J Cell Physiol. 2021;236:2459-2481.



Major Strategies for CRISPR/Cas9-based Gene Therapy

* Base Editing

(a) Gene (b) Gene knockin/
knockout : replacement  Comesin 2 flavors: Adenosine Base Editors (ABEs)
and Cytosine Base Editors (CBEs)
* ABEs =A->G or T=>C mutations
* CBEs=C->T or G=>A mutations
» Uses sgRNA (single guide RNA) to target Cas9 to
target DNA sequence
= """""" ~ G enetherapy . » Uses nickase mutated Cas9 (Cas9n) to nick only
ene : - ene
silence | > , | |replacement one DNA strand
q.q <] g * Cas9n is fused to TadA for ABEs
e J —  Cas9n is fused to APOBEC1 or AID for CBEs
" | — ;
repair repair
4 e e e o Gl
MOUX -
c Base

T substitution
MG

TN J .x ABE, CBE

e
LT [

| (c)Base editing | (d) Prime editing | 14
J Cell Physiol. 2021;236:2459-2481.




Major Strategies for CRISPR/Cas9-based Gene Therapy

(a) Gene (b) Gene knockin/
knockout replacement
= ~ Gene therapy : =
ene > ene
silence r % : replacement
Gene l Gene
repair 5 i

e * Prime Editing (PE)

* Uses nickase mutated Cas9 (nCas9), which is fused
to viral reverse transcriptase

* Uses pegRNA (prime-editing guide RNA) to target
the PE complex to target DNA sequence and
encodes the desired edit(s)

* Very early days (reported in 2019) — a lot of
optimization needs to be done

RT enzyme — i
(C) Base editing I (d) Prime editing I

J Cell Physiol. 2021;236:2459-2481.
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Major Strategies for CRISPR/Cas9-based Gene Therapy

(a) Gene (b) Gene knockin/
knockout replacement

~ Gene therapy

Gene : Gene
silence r g : replacement
Gene l ' Gene
repair repair
| (c)Base editing | | (d) Prime editing |

J Cell Physiol. 2021;236:2459-2481.

Delivery via lentivirus, AAV, extracellular
vesicles or lipid nanoparticles possible

Ex vivo applications likely to be more
successful with current state of technology

Off-target effects are a source of concern

Targeting strategy must be tailored to specific
DNA sequences, which could be affected by
the variation of patient mutations

Expected approval of Exa-cel (Vertex/CRISPR
Therapeutics) for treatment of Sickle Cell
Disease [Dec 2023] and Beta-Thalassemia
[Mar 2024]

e Cost not yet established

* Range predicted between $S1.9M-54M

| 16



What Makes a “Good Candidate” for Addition Gene Therapy?

e Does your transgene fit?

* AAV maximum packaging capacity is ~5 kilobases of DNA
e Lentivirus maximum packaging capacity is ~9 kilobases DNA

* Note — This maximum capacity is not for transgene alone, but requires consideration
of required viral and regulatory elements as well (used to turn gene expression on,
package into virus, terminate mRNA)

* Can the delivery vehicle (AAV/Lentivirus) infect and transfer
genetic material to the target cell(s) important for correcting
the disease?

AAV Capsid

* Are the target cell(s) amenable to the gene therapy approach/cargo
you are using? (addition vs. inhibition)

* |Important to consider gene expression levels associated with a disease phenotype, especially in CNS-related
diseases [Goldilocks scenario]

+ & Rare Bootcamp”™ | 17



What Makes a “Good Candidate” for Inhibition Gene Therapy?

* |s there a well understood target to inhibit?
* This target can be direct (e.g., the protein causing the disease) or...

e This target can be indirect (e.g., a genetic component modifying the protein causing the
disease)

* Examples include expression of an inhibitory protein, an inhibitory sequence or a ‘suicide gene’
to kill affected cells (cancer or infectious disease)

e Long term delivery methods (e.g., AAV) mostly used for infectious disease and cancer

» Can the delivery vehicle reach and transfer inhibitory genetic material to the target cell(s)
important for correcting the disease?

Are the target cell(s) amenable to the gene therapy approach/cargo you are using?

blocking
—am— gene
N - -
—— —— J.
#é*Rare Bootcamp™ cell containing new gene product  cell functioning | 18

faulty gene blocks faulty gene normally



What Makes a “Good Candidate” for CRISPR Editing?

* Clearly definable editable region &) soRNA
* Hotspots of mutation targeted o (4
. . . . . HNH
(vary by region, size and distribution [T NgTLT)
. . . (AN RENEL NN
in patient population) A pam
* E.g., Leber’s congenital amaurosis CRISPR/Cass
(LBA) mutation in intron 26 (most ¢ DsB
commaon mutatlon) NHEéJrrr%;:&_lliDrrga?way[ ] Hliélirg?}r:;v:y
* Editas using target.ed deletion of — — XX XX,
known problematic area v ' . =N :
o |S gene tru ncated Vla mutat|on Indel mutations Gene deletion %??:;Egﬂg;t Gene correction (ifrrl:pilr;séirric;r;ﬂ

(shortened) or deleted?

e Can the delivery vehicle reach and transfer editing payload to the target cell(s)
important for correcting the disease?

* Are the target cell(s) amenable to the gene therapy approach/cargo you are using?

+ & Rare Bootcamp”™ | 19



Why is Gene Therapy a Compelling Therapeutic Modality?

 Potentialfor halting, treating orcuring™® disease using a one-time** treatment
* Broad experience in global clinical trials

* Increased awareness and acceptance due to recent product approvals and
compelling late-stage clinical results

* Regulators and payers becoming more familiar with therapeutic paradigm

* The definition of ‘cure’ is a complicated, moving target

** Limited by lifetime/dilution of treated cells

+ & Rare Bootcamp”™ | 20



Success Stories of Gene Therapy

e >1500 GT trials have been initiated across the 3 most common delivery vehicles

» 20 approved Gene Therapy products; 6 approved Adeno-associated Virus (AAV) products; 7 approved Lentivirus products

e Luxterna (Spark/Roche) — Leber’s congenital amaurosis (RPE65 deficiency) a
e Cost = $850,000, at launch
» Zolgensma (AveXis/Novartis) — Spinal Muscular Atrophy (SMN1)] 2y
e Cost=52.125M, at launch 50%
* Hemgenix (CSL Behring/UniQure) — Hemophilia B (FIX) ol © Adenovirus
e Cost =$3.5M, at launch O:igzmmdw%
* Roctavian (BioMarin) = Hemophilia A (FVIII)
e Cost =5$2.9M, at launch b e
* Upstaza (PTC Therapeutics) — Aromatic I-amino acid decarboxylase deficiency s SIRION o
e Cost =S3.7M, at launch i i
Adenc-associated Virus 250
e Elevidys (Sarepta) — Duchenne Muscular Dystrophy (DMD) [4-5 year-olds] — m
e Cost =S53.2M, at launch = e
* CRISPR product expected to be approved (Dec 2023 & Mar 2024) Signal Transduction and Targeted Therapy (2021)6:53

* Exa-cel (CRISPR Therapeutics/Vertex) for treatment of Sickle Cell Disease and transfusion-dependent Beta-thallasemia
#£* Rare Bootcamp™ » Cost = Not yet established, predicted at $1.3-1.9M, up to $S4M | 21



Keys to Recent Successful Gene Therapy Outcomes

* Solid basic and clinical science

* High unmet medical need

* Good cellular/tissue target choice

* Increased platform understanding by Health Authorities

What limitations exist?

e Commercial CMC
Continued stringency of Health Authority CMC requirements
Extension of clinical success to new targets

Safety concerns with high dose AAV delivery (>1-2x10% vg per kg)
* SMA—AAV9
« XLMTM —AAVS

Continued study of immunological reactions to gene therapy

+ & Rare Bootcamp”™ | 22



Key Takeaways

* Gene therapy has the potentia/for halting, treating orcuring™ disease using a one-time**

treatment
* There are multiple successful, FDA approved examples via recombinant AAV and Lentiviral vectors

 Success is critically dependent upon solid basic and clinical science knowledge, a targetable
cellular/tissue target choice, and the ability to manufacture the vector

* Each gene therapy strategy and delivery vehicle has pros and cons
» Strategy and delivery vehicle must be matched to the biology of the disease and target cells

* Gene therapy manufacturing and reimbursement are expensive
* The field is continually working to improve manufacturability and reduce costs

* Broader adoption of gene therapy treatments and continued understanding of treatment paradigm by
regulators and payers should lead to reduced costs over time

+ & Rare Bootcamp”™ | 23
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Recent History of Gene Therapy

* >1100 GT trials have been initiated across the 3 most common delivery vehicles

e Some Lentivirus approvals

Zynteglo (Bluebird Bio) — Beta-thalassemia (ex-vivo Lentivirus)
e Cost=51.8M

Strimvelis (GSK) — Adenosine deaminase deficiency (ADA-SCID)
« Cost=5163,900 EU

Kymriah (Novartis) — Acute lymophoblastic leukemia (ALL)
Ex vivo CAR-T

Yescarta (Kite/Gilead) — Large B cell ymphoma (Gammaretrovirus)

+ & Rare Bootcamp”™

a

50%
Q_ﬁal" () Adenovirus
Lentivirus
@ Adeno-associated Virus
Number of
Vectors clincal trials
Adenovirus 575
Adeno-associated Virus 250
Lentivirus 315
Total 1140

Signal Transduction and Targeted Therapy (2021)6:53
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Fundamental Design of a Recombinant AAV

pA Signal

()]
=
()
(=2
(2]
=
@©
]
-

Promoter

Enhancer

# £ Rare Bootcamp™



Basic Architecture of a Recombinant AAV (rAAV)

= e e e = mm e = -

Enhancer Promoter

Transgene pA Signal

Transgene —
Coding sequence of your
gene of interest

Intron —
Optional sequence that can increase
transgene expression

Inverted Terminal Repeat (ITR) —

Viral sequence (x2) required for replication and packaging

& Rare Bootcamp™
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Production of rAAV

Transgene

_\

e Plasmid A -

Cis

AAV2 Rep W, AAVX Cap

Plasmid B L

Trans

Ad5 E4

Ad5 E2A 4 Ad5 VARNA
/' Plasmid C
PAd - Ad

Helper

# £ Rare Bootcamp™

Triple transfection of
Cis, Trans, and
pAdHelper plasmids
(PEI)

Bioreactor production
of

rAAV in transfected
HEK cells (~5 days)

Supernatant containing rAAV
purified via chromatography
(AKTA) or centrifugation
(Ultracentrifuge)

Purified rAAV stored
in PBS with 0.01%
Pluronic

at -80°C
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AAV Vector Purification

Upstream Cell-based Downstream Purification Final Product
Platform Platform

highly enriched for active
DNA containing vector

Robust, Efficient, Scalable, Flexible ]

\

Polishing Step Analytical Ultracentrifuge

Affinity Capture

Capture Pool

Full
Empty

BDS -

Load/Wash | Pool

# £ Rare Bootcamp™




AAV Protein Expression
* AAV “Large Rep” proteins provide a nicking function required for genome replication [Rep78 and Rep68]
* AAV “Small Rep” proteins are involved in packaging the genome into the preformed capsid [Rep52 and Rep 40]

» AAV Capsid proteins (“Cap”) form the structure that the genome is packaged into and is the delivery mechanism of gene
therapy [VP1, VP2, VP3]

P& P19 P40
ITR — —> —> ITR
Rep Cap
Rep 78 |
Rep 68 - —
Rep 52 - |
Rep 40 - ~ 1

VPl— ]

VP2 —

VIP3

MAAP

AAP|

+ & Rare Bootcamp”™



AAV Replication — Helper Virus

# & Rare Bootcamp'

1. Incoming viral

genome self-an-

neals to form ter-
minal hairpins

2. Replicaticn
factors are recrui-
ted

3. A partial dsDNA

sized using the ITR
structure as 3-OH
primer

molecule is synthe-

4. dsAAV genome
is transcribed and
translated into AAV
proteins

5. Rep6&8 or Rep78
binds to RBE and
RBE’ within the ITR
and introduces a
nick at the trs

6. Conversion of
remaining ssDNA
into dsDNA and
covalent attach-
ment of Rep68/78
to 5'end

7. [TRs re-assemble
into double hair-
pin structures

8. Strand displace-
ment and synthesis
of a new covalently
closed dsDNA
molecule

9. Rep-mediated
packaging of
ssDNA into pre-for-
med capsid

Cellular v
replication
factors

E2A, E1B55K/E4orfé complex

.

l E2A, E1B55K/E4orf6 complex

—
E1A,E2A, E1B55K,
E4orfe, VA RNA
Rep68/78
T
trs
pold
( and AdV replication factors)
<h

A *

v
RFC, pold, PCNA, MCM

lF?I\,F]H‘?E(."Hmm complex

and

&o

host cell AARVZ

AdVS

ICP8 binds ssDNA |

| E24 binds ssDA

ICP8, HP complex,
UL30/42 DNA poly-
merase enhance AAV
genome replication

E2A, E1B55K/ E4arfe
enhance AAV
genome replication

E1B55K/E4orf6 pro-
mote second strand
synthesis

ICPO, ICP4 and
ICP22 support AAV
protein synthesis

LAY

ARV Rep- and Cap- proteins

E1A E2A, E1B55K,
E4orf6 and VA RNA
support AAV protein
synthesis

different stages

Cellular proteins inhibit AAV replication at

r

ICPO was proposed to
mediate degradation
of cellular inhibitory
factors

290,
- ’\ooo Cellular

prateins

Edorfs, VARNA

Edorf6 and VA RNA
were proposed to
mediate degradation
af cellular inhibitory
factors

Rep40/52 N

»

* AAV co-opts both cellular and viral
factors to
facilitate completion of its life cycle
(genome replication and packaging)

* Cellular factors are used to replicate the
AAV genome

* Helper virus factors are used to support
replication of the AAV genome

* AAV Rep proteins are used to facilitate
replication and packaging of the AAV
genome

* AAV Cap proteins associate to form the
capsid



AAV Capsid Selection

’

o

AAV Origin of Primary Co-receptor Tissue tropism Condition (ClinicalTrials.gov Approved drug
serotype isolation receptor identifier)
Muscle diseases (NCT01519349)
AAV1T Monkey Sialic acid AAVR Muscle, CNS, heart Heart failure (NCT01643330) None
AAT deficiency (NCT01054339,
MNCT00430768)
Eye diseases (NCT00643747)
. Haemophilia (NCT00515710) .
AAV? Human Heparin :_ntegr;{nlAILGRFR, HGFR, Liver, CNS, muscle Luxturna for Leber congenital
amh. CNS diseases [NCT00400634) amaurosis
AAT deficiency (NCT00377416)
AAV3 Human Heparin FGFR, HGFR LamR, AAVR | Muscle, stem cells No trials underway None
AAV4 Monkey Sialic acid Unknown Eye, CNS Eye diseases (NCT01496040) None
Haemophilia (NCT03520712)
AAVS Human Sialic acid PDGFR, AAVR CNS, lung, eye Eye diseases (NCT02781480) None
AIP (NCT02082260)
PO Haemophilia (NCT03061201)
AAVE Human He_garln. sialic EGFR, AAVR :Vluscle, CNS, heart, None
act ung CNS diseases (NCT02702115)
ARVT Monkey Unknown Unknown Muscle, CNS No trials underway None
Eye diseases (NCT03066258)
AAVS Monkey Unknown LamR, AAVR Liver, muscle, Haemophilia (NCT00979238) None
pancreas, CNS
Muscle diseases (NCT03199469)
CNS diseases (NCT02122952) ;
AAVY Human Galactose LamR, AAVR Every tissue Zolgelf]wsma for spinal muscular
Muscle diseases (NCT03362502) atrophy
AAV10 Monkey Unknown Unknown Muscle No trials underway None
AAVTI Monkey Unknown Unknown Unknown No trials underway None
AAVT2 Human Unknown Unknown MNasal No trials underway None

9K
empty particles

AAV8

1K
“full* particles




AAV Transduction

_—_::::i e Y

Cell surface receptor ==

i Clathrin iy

@
Therapeutic

¥
protein 5 .‘/;\\\\
Early end = N
arytin osome _::@_;\\:
B >

Proteosome 5}‘

U Second strand
synthesis
®

n "
Lysosome || ER J | Release L{'\ (5) ]
= | p f T .
& = -~ \X:j/'l\__'//’ N J/C‘ = U Nuclear Uncoating

S0 T\ pore entry
7R & Lo &,

) ~ -~ 0 @
A S - ki\ \\\".:'-.‘_ \\’c;:. & // \‘ Q Nucleus

* AAV capsid interacts with the external cellular
receptor and is endocytosed

* AAV capsid interacts with internal endosomal
receptor

* Endosome matures from early to late stage, pH
change induces conformational change in AAV
capsid externalizing VP1

* VP1 phospholipase (PLA) activity opens the
endosome allowing capsid escape

 Capsid traffics to the nucleus, disassembles and
releases the single-stranded DNA

* WT virus expresses viral proteins and replicates

* Recombinant AAV concatamerizes and resides as
an episome loosely associated with cellular
chromatin (forms circular DNA molecule)



GT Overview: Introducing Genetic Material via Viruses

Non-Integrating (aav) Integrating (Lenti)
9

|deal for in vivo |deal for ex vivo
delivery to non- r delivery to stem
dividing cell Y cell targets
targets

r ’S; :

9 Z S
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Introducing Genetic Material via Viral Infection

Non-Integrating Integrating Oncolytic

N
h'-\ ]
)

]

L
L]
0 - (3
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Terminology

» Capsid—The protein shell of a virus; essential component involved in cell binding, internalization, and trafficking within
the targeted cell

* Genes—The building blocks of inheritance
* Genetic disorder — Results when genes don’t produce the right proteins or don’t produce them correctly
* Transgene — The gene or genetic material that is being transferred to the cell

* Vector— Delivery vehicles that encapsulate therapeutic genes for delivery to the cell; include genetically disabled viruses,
such as adeno-associated virus

+ & Rare Bootcamp”™



Why AAV Gene Therapy?

* Non-integrating - reducing oncogenic potential

* Multiple capsid types allowing for tailored tropism

* Expertise and experience to manufacture commercial scale product

 Leverages biopharma protein manufacturing experience

+ & Rare Bootcamp”™
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AAV: Family Parvoviridae, Genus Dependovirus

20 nm non-enveloped icosahedral capsid e AAV discovered in early 1960s

Virion extremely stable * Wild type AAV is not associated with disease

Single-stranded genome of 4,680 nt
Three capsid proteins (VP1,2,3)

Multiple capsid structural variants available

* Variable seropositivity in human population

depending on capsid serotype

cylinder
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Dependovirus Genome Structure — Implications for Manufacturing
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« Mammalian platform leverages
existing molecular biology

* Baculovirus platform needs to
engineer around this biology
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Different AAV Capsids Have Different Tropisms
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Tropism is not absolute

Route of administration can
overcome inherent tropism
Prevalence of anti-capsid
antibodies is a major consideration

Lack of precision on differences
between capsids

Extremes are AAV2 with high
antibody prevalence and AAV5
with low antibody prevalence
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Current Products Based on Clade E Family Capsids

Sarepta, Novartis: AAV9
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Different Capsids May Have Manufacturing Advantages

1.6E+11

» Packaging of 4 different vector genomes evaluated in 4
different capsids

1.4E+11

e Certain downstream unit operations are common in

126411 vector purification, others are related but are fine-tuned

1E+11
8E+10
6E+10
4E+10
2E+10 -

0

AAVrh10 AAV8 AAV5 AAV9

& Rare Bootcamp™ 43



AAV Genome Forms — Reduced Packaging Efficiency & Expression Efficiency for Oversized

Genomes
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A number of viral vector-mediated phase l/ll clinical trials have
been initiated to treat neurologic disorders

Table 2
Viral vector-mediated clinical trials for neurological disorders.

Dise ase Vector Trans ge e Phase Trial code
Ex vivo
Alzheimer's disease Retrovirus MNGF I us-0322
Metachromatic leukodystrophy Lentivirus ARSA (] Biffi et al., 2013
Multiple sderosis Retrovirus MBF L1l Us-0851
Wiskott- Aldrich syndrome Lentivirus WASP L, 11 Aduti et al, 2013
¥-linked adrenoleukodystiophy Lentiviris ABCD1 L1l Cartier et al, 2009
I vivo
AADC de Riciency AAN AADC LIl MNCTO 395641
Alzheimer's disease ARV MLF L1l MCTIMHE? 789, NCTOETGELS
Batten disease ARV CLM2 | NCT151216
Batten disease AAN CLN2 L 11 HNCTO1 414985
Canavan disease AAY ASPA | Leome ot al, 2012
Glant axonal meunopat by AAN GAN I NCID2362438
GO oas toma DCOly OC OO0 TS = T [ ]I e Bape
Glioblastoma multiforme (GEM), other gliomas Oncolytic adenovirus = | NCTDOS053 76, MCTO1956734, NCTO2197 169
Glioblastoma multiforme, other gliomas Retrovirus D I, L NCTD1470794, NCTD2414165
Glioblastoma, other ghomas Dncolytic HSV - I NCTD2031965
Glioblastoma, other ghoimas Oncolytic HSY — | MCTINHZE 158, NCTOO157703

/ Leber's hereditary optic meuropathy AAN MT-NDS I NCTD2 161380 \
Metachromatic leukodystrophy AAY ARSA L MNCTO1 801709
MES LA (Sanfilippo Disease Type A) LYY SGSH, SUMF1 LIl NCTO1 474343, NCTO2053064
Parkinson's disease ARV GAD L1l MCTOO 1495143, MCTOEE 38590
Parkinson's disease AAV NTRN L 11 NCT2 52850, NCTO00G634
Parkinson's disease Le ntivirus TH, AADC, CHI L NCTMGZT 588, NCTO1 856439
Parkinson's disease AAN GOMNF | MNCTO1 621581
Parkinson's disease AAV AADC L1 NCTD24 18598
Parkinson's disease AAV AADC I NCTO2297 36
Pompe dise ase AAN GCAA L 11 NCTE 76352
Pompe dise ase AAV GAA | NCTO2240407

\ Spinal muscular atrophy type 1 AAV SMN 1 NCTO2122952 J

/& Rare Bootcamp™
S.R. Choudhury et al., Neuropharmacology, 2017
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Potential delivery sites for CNS AAV gene therapy

Infraparenchymal

— 1\ Intracerebroventricular

A 2
A\ wfhecol (cisternal)

Intrathecal (lombar)
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* Global delivery

* |V: easiest delivery, requires high vector doses, and may not
target sufficient cells in regions of interest due to low
penetration of BBB

* CSF based delivery

— ICV, IT (cisternal or lumbar): potentially challenging delivery
method, may not reach deep brain structures, but will target
a higher % of neurons compared to IV at a similar dose

* Intraparenchymal delivery

* Potentially target a large percentage of neurons but only in a
select area

11
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:;I' delivery of AAVI-GFP results in expression throughout the
rain

Meyer et al., 2015. Molecular Therapy (Brian Kaspar’s lab)

*  scAAV9-CBA-GFP was delivered to n=5, 1 yr old NHPs (cynos) via sacral-IT (1x10!3 vg/kg) — used
Trendelenburg position (head tilted down by 15-30 degrees for 10 min following infusion)

* Animals were sacrificed after 2 weeks

* GFP was noted in all regions of the brain, with particularly strong signal in the hippocampus, motor
cortex and cerebellum

A Whale brain sagital section F b Whole brain sagittal secton
Mator cortes . negafive control

@ No tilting

= o Note: others have
reported similar results
but with less robust

brain delivery

% GFP* MN

Cervical Thoracic Lumbar
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DNA Component: Molecular Engineering to Squeeze Genes into the AAV
Genome Limit (5 -5.4 kb)

Most therapeutic gene coding sequences will use their minimal cDNA format

Overstuffing capsid has negative yield and quality consequences

Additional elements, such as introns & 5’ and 3’ UTR sequences, can sometimes be included

Greatest technical challenge is engineering small enhancer and promoter combinations to achieve
tissue specific gene expression

Enhancer Proximal Poly-A
(distal control control  Transcription ignal  Transcription
elements) elements start site sequence Ermination
DNA, //T\"\_ o X Exon  Intron Exon  Intron Exon| _ ."T o
Upstream ke Downstream
Promoter l Transcription  Poly-A
iilgrﬂl
Primary RNA Exon  intron Exon Imtron Exon|  Cleaved
ranscrgt O BN BRI ¥ end of
pre-mRN el ary
RNA processing transcript
Intron RNA <<

Coding gegment =

mRNA o BB § w--—-ﬁﬂ?
g Start  Stop by —y—

#¢* Rare Bootcamp™ §Cap FUTR codon codon ¥ UTR P‘ﬂ"{l""




Targeting the Liver — A Master Hub for Rare Diseases

Hemophilia

LIVER Ghﬁagen Glffaggn
/-?-’u;:;d‘.;;—_- — Al
|
| genesti /f/ Giycalysis Eﬁ-’?
I " .r"'l-’} at
|||I 0> '-':":;"!'7 Lactate

H"u / 4 MUSCLE

Storage Disorders Aminoacidopathies
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Blood Flows Through the Liver at 1.5L per min

& Rare Bootcamp™

Blood flows out of the liver through 3 hepatic
veins into a big vein called the Inferior Viena Cava

<—_ Oxygen-rich blood flows into

the liver through the hepatic artery
Bile flows out of the liver

through the bile duct
be S Mutrient-rich blood coming from the bowel

' flows into the liver through the portal vein
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Liver Sinusoidal Endothelium Is Fenestrated

Hepatocytes
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Hepatocytes Are Divided Into Functional Zones
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High O2 processes

portal venule
— bile ductule
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Functional Zones of the Liver (the big picture)
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AAV Vector Manufacturing — HSV Advantages and Limitations

Scalability Serum Free Product Yield

Bioreactor format Good on per cell
HSV enabled, scale Yes/No basis, moderate
unknown on per batch
(100 to 200L ?7?) basis

 Comparability to other mammalian platforms good

» Key features/bugs — Good product quality, easy removal of rHSV/Limited by
stability of rHSV, requires 2 rHSV vectors as complex GMP raw material
supply train

* Solid Biosciences had possible SAEs due to platform

+ & Rare Bootcamp”™



AAV Vector Manufacturing — Baculo Advantages and Limitations

Scalability Serum Free Product Yield

Good on per cell

Stated as Yes basis, very good
Baculo 2000L on per batch

basis

A 4

* Comparability to other mammalian platforms a question

* Key features/bugs — high yield & serum free, high cell density/requires 2 or 3
rBac viruses as supply chain, non-optimal stability of rBac (genetic & storage),
complex molecular engineering required to support fidelity of AAV life cycle

 EMA Glybera Assessment highlights several gaps in CMC

* Issues with RNA splicing and PTMs in insect system

+ & Rare Bootcamp”™ 55



AAV Vector Manufacturing — HEK293 Advantages and Limitations

Scalability Serum Free Product Yield

Plasmid c@@ Good on per cell
Adherent == Poor No basis, low on per
batch basis
Plasmid = Data to 200L, qud on per cell
Suspension =g probably could Yes basis, good on per
go higher batch basis

\ 4

* Comparability to adherent 293 high
» Key features/bugs — HEK293 platform used for majority of AAV gene therapy
trials/plasmid represents high GMP raw material burden

+ & Rare Bootcamp”™



AAV Vector Manufacturing — HelLa Advantages and Limitations

Scalability ¥ Serum Free Product Yield

Very good on per

Proven to cell basis, ver
2000L Yes good on, pery
Ad/Hela Bioreactor batch basis

\ 4

 Comparability to other mammalian platforms good
» Key features/bugs — only clonal system enabling screen for desired features;
E/F, rcAAV, other requires high titer Ad helper GMP raw material supply train

+ & Rare Bootcamp”™



The Immune System — A Primer

O
________________________________________ { O
(\* B0
* Two pathways — humoral and cellular i
| !
* Key signaling includes T-cell, B-cells and NK cells Humoralimmune response T ——
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Potential Goals of immune intervention in AAV GT

T cell responses to capsid antigens?

T cell responses to therapeutic protein?

B cell responses to capsid antigens?

B cell responses to therapeutic protein?
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First Observation of a Reduction in AAV Gene Therapy — First Liver
Delivered Hemophilia Trial

a TR Exon 1 ITR
- SERPINAT U Intron l F3 exons 2-8 ‘ PA .
1kb
—

£ = # Vo ler upedalis F
2 5 i Yo — o~/
Q =3 i o
< 4 prouseslmay orils gl =
= = b
w E " . b E
E . 0 'r- { j’ L]
] & I .4
2 3 L .5.“ }.J- R — “nb
Ks & - . &
p— i = 1@ { &t
T S ) _.,I' o
C {hh.} '"fl-'-"/ - l.';:
. ! % 5 % ]
= 15F','S:'EI'J'J?2‘C§*,‘§" —~—FIX 600 I - _ ':"Pf:l' 2" ot Byif”
= 500 = =& A '.El!l @ & B
8 10 400 B - (&) . L
% Z il 4 b '
. 0 & e . . '
£ 5 200 5 Y e, T o _ B Wl .
o i 1 [:] L]
3 100 5 i = A Y- .:I t:'lﬂld_: L ol i
ﬁ_u 0-+ T T T T T T 0 3 Hm [ Yl b0 gl 8. e ko
Ju - - il p
0 2 4 8 8 10 12 14 Weeks o (] s 28 g b
-lll . L -.} E) t'ﬁ ¥ .
] | \ ol ot
- ] B Vet n:‘l:!
E.IX infusion - b L ey R &
d §15 Subject G :Elﬁ' 150 5‘ —*Hﬁﬁ & o
d —~ AST 1 [ - o8
.
x 10 100 § 1 f P 4
uw = ] 1y
T 5 50 <
8 2
]
£ of . . + . . - ro 5
0 2 4 B 8 10 12 14 Weeks

Weeks after vector injection

#¢* Rare Bootcamp™ 60



First Introduction of Steroids to Address Reduction in Efficacy —

Nathwani 2011

 Steroids broadly suppress the immune system

* Nathwani’s use of steroid was likely serendipitous

* Outcome was favorable and patients have sustained activity beyond 6 years
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