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Engineering Viral Genomes:
Adeno-Associated Vectors



Viral vectors

Duration of

Virus Insert size Integration . Advantages - Potential disadvantages
expression ;
Adeno-associated ~4.5-9 (?) kb Low Long Nonpathogenic, episomal, Immunogenic, toxicity,
virus efficiency infects nondividing cells small packaging limit
Adenovirus 2-38 kb No Short Efficient gene delivery, Transient, immunogenic
infects nondividing cells
Alphavirus ~5 kb No Short Broad host range, high Virulence
level expression
Epstein-Barr virus ~120 kb No; episomal Long High capacity, episomal,
long-term expression
Gammaretrovirus 1-7.5 kb Yes Shorter than Stable integration May rearrange genome,
formerly insertional mutagenesis
require cell division
Herpes simplex virus ~30 kb No Long in central Infects nondividing cells; Virulence, persistence in
nervous system, neurotropic, large neurons, immunogenic
short elsewhere capacity
Lentivirus 7-18 kb Yes Long Stable integration; infects Insertional mutagenesis
nondividing and terminally
differentiated mammalian
cells
Poliovirus ~300 bp for helper- No Short Excellent mucosal Limited capacity; reversio:
free virus; ~3 kb immunity to neurovirulence
for defective virus
Rhabdovirus Unknown No Short High-level expression, Virulence, highly
rapid cell killing cytopathic
Vaccinia virus At least ~25 kb, No Short Wide host range, ease of Transient, immunogenic

probably ~75-100 kb

isolation, large capacity,
high-level expression




Adeno-associated virus
Virus classification
Group: Group II (ssDNA)
Family: Parvoviridae
Subfamily: Parvovirinae
Genus: Dependovirus

Species:  adeno-associated virus




Parvoviruses: pathogenesis and diseases

Virus Disease
BI19 parvovirus Erythema infectiosum (fifth
disease)

Aplastic crisis in patients with
chronic hemolytic anemia

Acute polyarthritis

Epidemiology ,
Transmission Distribution of virus
* Respiratory and oral droplets  * Ubiquitous
« Fifth disease most commeon in late
winter and spring

Abortion At risk or risk factors Vaccines or antiviral drugs
« Children in elementary school * None
Adeno-associated virus Commonly infects humans, not (fifth disease)

associated with illness

Disease mechanisms

Transmitted by respiratory and oral secretions
In utero infection

Virus infects mitotically active erythroid precursor
cells in bone marrow

Biphasic disease
Flu-like phase, viral shedding during viremia
Later phase: erythematous maculopapular rash, arthralgia,
and arthritis caused by circulating virus-antibody
immune complexes

Aplastic crisis in patients with chronic hemolytic anemia
is caused by depletion of erythroid precursors and
destabilization of erythrocytes

* Parents of infected children

* Pregnant women (fetal infection
and disease)

« Patients with chronic anemia
(aplastic crisis)

Respiratory epithelium

Mucosal surfaces

l

Viremia
L—— Primary
infection
of fetus

Virus — —=

Skin Bone marrow
(erythema erythroid
infectiosum) precursor cells

Host with chronic
hemolytic anemia
(aplastic crisis)
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Structure and tropism of wild-type AAV and of
recombinant AAV vectors.

Particle radius 25nm Cap ITR .
W ™ Wild-type genome
Molecular weight
protein (74%) M, ~ 3750 kDa '
DNA (26%) M, ~ 1350 kDa Exons 2-8 pA
total virus M, ~5100 kDa L Vector genome
Factor IX expression cassette
AAV-2 AAV-8 AAV-1 AAV-6 AAV-7 AAV-5 AAV-9

Liver Skeletal
Muscle




Primary and secondary receptors used for AAV serotypes
from 1 to 9 to infect and transduce cell types

Primary
receptor

Secondary
receptor

rAAV4 rAAV5 TrAAV6 rAAV7 rAAVS rAAV9
N-linked
N-linked O-linked |N-linked |*2hC N-linked
. : - . -linke
sialic acid HSPG HSPG sialic acid | sialic acid acid; unknown | unknown galactose
HSPG
:‘é’;l FGFR1,
unknown integrlins HGFR, unknown | PDGFR EGFR unknown |LamR LamR
"~ | LamR

CD9, LamR
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The Parvoviridae life cycle
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The Parvoviridae life cycle. Life
cycle of (a) autonomously
replicating parvovirus (ARP) and
(b) adeno-associated virus
(AAV).

Stages shown are:

(1) virus binding and entry into the
cell;

(2) intracellular trafficking;

(3) intracellular replication and virus
production;

(4) release of intracellular viral
particles.

In the case of ARP, the virus

replicates autonomously in the host
cell nucleus.

In the case of AAV, stages 1 and 3
include the absence (1a, 3a) or
presence (1b, 3b) of helper virus; in
the absence of helper virus, the AAV
genome integrates into the host cell
DNA in order to replicate.



Latency

AAV

&

Coinfection with a helper
virus (Ad, HSV, HPV..)

Replication




Latent infection of adeno-associated virus type 2 (AAV2)

Cytoplasm

Nucleus

Rep 78/68




10 20 30 40 SO 6 70 80 90
ITR | l l I | | | l i ITR
E 4 ! ;
5 pS  pl9 pd0 poly A
L rep ORF N Rep 78 —_—————— 1
= o cap ORF X Rep 68 O_\/I
(e Bl Rep 52 ; > ;
Rep 40 N ;
TR TR E b b
ps pl9 p40 : ?‘\/‘: VR
; e T I vP2
mRNAs | 2184 (TAA) ; O~ I VP3
Rep 78 5'[El A, 42kb “l i >_:
e rep cap
‘ 12250 (TGA) ,
Rep 68 SBUANNNNN/ ‘A, 39kb
: ] :

321 (ATG) P :
Rep 52 S'EL/\/\/\/\)*/\NV\N\‘A,, 3.6 kb

AT
Rep 40 SBAANANAAANANANANNANA, 1316
s i

993 (ATG)
Splice donor (1906) Splice acceptor (2228)
VP2 SBAAANANANANANNA, 23k

2614 (ACG)

VP3 5 A, 23kb

2809 (ATG)
VPl s

2203 (ATG) 4408 (TAA)
Splice acceptor (2201)



Productive infection of adeno-
associated virus type 2 (AAV2)

Rep78/68 expression

Rep 52/40 expression |

Cap expression

Rep 78/68

DNA replication‘J Wj

Lo -
] |

ElA and other
early proteins




Development of rAAV

ITR

(A),  mRNA



a Wild-type virus

(e ) R

b Recombinant expression vector
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Development of rAAV

Rep-mediated, site-

specific integration O + Ad or HSV
v ‘Ja Rescue and Iytic nfecuon

9

Co-infection with

Ad or HSV Ad and AAV
particies
s Viral replication

" Vector production

+Ad E1, E2, Edorf8,
Rep and Cap

I AAV integration in chromosome 19

B3 Circular rAAV episomes
2@ Randomly integrated rAAV
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Development of rAAV

Transfer construct

ITR ITR
promoter
E4orf6
E2A
AAV Packaging construct VA RNAs

/ Helper plasmid

E1+ 293 cells

l

AAV vector
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Transient Co-txn

AdS5 Infection or Ad
. plasmid
pr-tg-pA transfection
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Purification of rAAV by
affinity chromatography



rAAV as vectors for transducing therapeutic genes
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Structure of AAV-MCS Vector
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AAV helper-free system

3x FLAG®

f1 ori

g pHelper

PAAV-MCS Cloning Vector

f3-glebin intron

pAAV-hrGFP Control Vector
p AAV-RC

7.3kb

pAAV-lacZ Control Vector

B-globin
intron

pCMV-MCS

MCs

AAV vectors include pAAV or pCMV-MCS for cloning your gene of inter-
est, pHelper for adenoviral production, and pAAV-RC for expression of

capsid and DNA replication proteins.



pAAV-MCS Vector
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Clone Gene
of Interest into
ITR-Containing Vector

OR

Co-transfect
AAV-293 cells with:
Recombinant pAAV Vector
pAAV-RC
pHelper

Produce
AAV Particles
in AAV-293 cells

1) Clone Gene of Interest

info pCMV-MCS

2) Subclone Expression Cassette
into ITR-Containing Vector

| AAN-293 calls |

Production of
recombinant AAV
particles



FIGURE 8 AAV pariicle production by the AAV-293 producer cells.

A AAV-293 cell morphology after performing the transfection protecol above with no DNA (virus production negative
control). The photograph was taken at 100X magnification three days post-treatment.

B AAV-293 cell morphology after performing the transfection protocol above with pAAV-hrGFP, pAAV-RC, and pHelper.
The phetograph was taken at 100X magnification three days pest-transfection without the removal of media and floating
cells.

C AAV.293 cell morphology after performing the transfection protocol above with pAAV-LacZ, pAAV-RC, and pHelper.
The photograph was taken at 200X magnification three days post-transfection following the removal of media and fleating
cells.
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Assav Principle
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Figure 1: Purification of AAV2-GFP. AAV2-GFP was produced by a helper-free system in 203
cells. AAV supematant was subjected to the purification steps. Samples from each fraction were used
to infect 293 cells, GFP positive cells were scored by counting after three days. A: AAV Supematant;
B: Flow through: C: 1% wash; D: Elution.
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Advantages of Adeno-associated Virus (AAV)
Lack of pathogenicity
Infect both dividing and non-dividing cells
Long-term gene transfer and expression (epichromosomal)

Stable integration into the host cell genome at a specific site
(rare event)

Unparalleled biosafety profile

Low immunogenicity



Advantages of Adeno-associated Virus (AAV)

Recombinant AAV (rAAV) features

Large Animal
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Modified AAV targeting by capsid modifications
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Target cell

Selection of clinical trials
using AAV-based vectors

To date, AAV vectors have been used in over 117

Gene
Therapy

Receptor

ona  Gene clinical trials worldwide. (5.6%). Promising results
(Gene) encapsulated proteins . Secreted : i
in ARV protein have been obtained from Phase | and Il trials for a

number of diseases.

Indication Gene A dlﬁii)ul'l:r:tfion Phase 3::::3;:: Status
Cystic fibrosis CFIR Lung, via aecrosol | I 12 Complete
CFIR Lung, via aecrosol | 1I 38 Complete
CFIR Lung, via aecrosol | 1II 100 Complete
Hemophilia B FIX Intramuscular I Complete
FIX Hepatic artery I Ended
Arthritis TNFR:Fe Intraarticular I Ongoing
Hereditary emphysema AAT Intramuscular I 12 Ongoing
Lebers Congenital RPE6S Subretinal | LI | Multple | -°Veralongoing and
Naurosis complete
Agel‘i‘::;‘:xjg“lar sFlt-1 Subretinal | LI | 24 Ongoing
Muscular dystrophy Sarcoglycan | Intramuscular I 10 Ongoing
Parkinson's %1213)6657 Intracranial I 12 C01nplete[19]
Canavan's AAC Intracranial I 21 Ongoing
Batten's CLN2 Intracranial I 10 Ongoing
Alzheimer's NGF Intracranial I 6 Ongoing
Congestive Heart Failure | SERCAZ2a Intra-coronary Ib 250 Ongoing
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» Phase II/11l

m Phase Il

Clinical trials using rAAV technology

Summary of studies up to 2015

1%

1%

3% 3

o 1%

m AAV2

mAAV1

m AAVS

W AAV2.5

m AAV6

» AAVrh.10

" AAV10

" AAV9
AAVrh74



rAAV serotypes used in clinical trials
2015

A 2010

4%

\

=~ AAV2 = AAV1 = Others

2010

W AAV8 mAAV2.5 = AAV6 mAAVrh.10

<

= AAV2 = AAV1 = Others

2015

m AAV8 mAAV2.5 mAAV6 m AAVrh.10
B AAV10 mAAV9  AAVrh74 = AAV5




to treat

Ition

Cond

Diseases currently being tested in clinical trials with different
rAAV serotypes

AAVS5 AAV6 AAV7 AAV8
Conger.ntal Aromatic L-amino
heart failure, .
. acid decarboxylase,
cardiomyopa . ,
thies Parkinson’s, age-
. o related macular
Limb Girdle .
Muscular Dys degeneration,
trophv Tvoe retinal degenerative Hemophilia B,
Py Typ disorders Leber's hepatitis C, Spinal Muscular
2C, muscular ) - .
) congenital Hemophilia B X-linked Atrophy 1,
dystrophies, . . . .
a1 amaurosis and Retinoschisis, Pompe Disease
antitrvosin choroideremia, Galactosialidosis
deficriYeF:\c Squamous Cell Head
Y and Neck Cancer,
and .
Lioobrotein Alzheimer's,
pLipase Hemophilia B and
.p. HIV infection
Deficiency.




AIDS Immunoprophylaxis with AAV
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Disease

Transgene
product

Serotype

AAV clinical trials for inherited diseases

al antitrypsin
deficiency

Batten's
disease
Canavan'’s
disease

Cystic fibrosis

Haemophilia B

Leber’s
congenital

amaurosis

LPL deficiency
Pompe's
disease
Muscular
dystrophy:
Duchenne
Muscular
dystrophy:
limb girdle

a1 antitrypsin

CLN2

Aspartoacylase

Factor IX

RPE65

LPL
GAA

Microdystrophin

a-sarcoglycan

AAV2
AAV1
AAV2
AAVrh10
AAV2

AAV2

AAV2

AAVS
AAV2

AAV1
AAV1

AAVI-AAV2
hybrid

AAV1

AAV clinical trials for acquired diseases

Severe heart
failure

Parkinson's
disease

Age-related

macular
degeneration
Rheumatoid
arthritis

SERCAZa

Neutrophin

sFLTO1

TNFR-Fc

AAV1
AAV6
AAV2

AAV2

AAV2

Route of administration

Intramuscular

Direct intracranial administration

Direct intracranial administration

Direct instillation to maxillary
sinus, brol toright
lower lobe. aerosol to whole lung
Intramuscular

Hepatic

Intravenous

Subretinal

Intramuscular

Series of intradiaphragmatic
injections

Intramuscular

Two to six separate injections into
the selected muscle

Antegrade epicardial coronary
artery infusion

Intracranial

Intravitreal injection

Intra-articular

Clinical
trial

Phase I/l

Phase|

Phase |

Phase I/l

Phase I/l

Phase I/l

Phase I/l
Phase I/l

Phase |

Phase|

Phase I/l

Phase I/l

Phase |

Phase |

ClinicalTrials.gov identifier

NCT00377416
NCT00430768
NCT00151216
NCT01161576
NA

NCT00004533

NCT00076557
NCT00515710
NCT00979238
NCT00643747
NCT00516477
NCT00481546

NCT01109498. NCT00891306

NCT00976352

NCT00428935

NCT00494195

NCT00454818
NCT00534703
NCT00229736

NCT00643890. NCT00195143,

NCT01301573

NCT00252850. NCT00985517.

NCT00400634
NCT01024998

NCT00617032. NCT00126724

Refs

101.102
90
89

154-158

36.39
4717

12,103,116
NA
(unpublished)
97

95,96

159

64.65
66.69

67.68

NA
(unpublished)

160-162

AADC, aromatic-L-amino-acid decarboxylase; AAV, adeno-associated virus; CFTR, cystic fibrosis transmembrane regulator; CLNZ2, also known as tripeptidyl peptidase 1
(TPP1); GAA, acid a-glucosidase; GAD, glutamic acid decarboxylase; LPL. lipoprotein lipase; NA, not available; RPE65, retinal pigment epithelium-specific protein 65 kDA;
SERCAZ2a, sarcoplasmic reticulum calcium ATPase 2a; sFLT01, portion of the vascular endothelial growth factor natural receptor; TNFR-Fc, tumour necrosis factor
receptor-immunoglobulin Fc fragment fusion protein.



Inherited retinopathies

« Common untreatable blinding conditions

* Monogenic, mutations in retinal photoreceptors and retinal
pigment epithelium

* Many vectors tested in animal models, AAV most promising
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Leber’s congenital amaurosis

« Mutations in RPE65 gene,
encodes protein required for
photoreceptor function

 Dog model: single subretinal
injection of AAV vector with
canine RPEG65 gene restores
visual function

« Phase l/ll trials, safe and leads
to sustained (1.5 yr) visual
improvement

Gene transfer of retinal pigment
epithelium-specific protein 65 kDa
(RPEG65) using AAV leads to
restoration of pupillary light
response in affected individuals

a Subretinal injection
of AAV2-RPE65

b

Normal subject
10

o

(o5}

(=2}

Pupil diameter (mm)
3

4
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Subject with Leber’s congenital amaurosis
10

Pre-injection
’ W&:W
€ 8
u Post-injection l

Pupil diameter (mm)
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Left eye Right eye

— Left eye — Right eye
stimulation

stimulation tracing tracing
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