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UMR 1089: A unique translational expertise in gene therapy

PROCESS 
DEVELOPMENTS/
BIOPRODUCTION

PROOF OF CONCEPTS
PRECLINICAL DATA

CLINICAL TRIALS
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• THERAPEUTIC GENE
• VECTOR DESIGN
• rAAV DELIVERY
• DOSE FINDING IN PRECLINICAL MODELS

• rAAV PROCESS DEVELOPMENTS
• rAAV CHARACTERIZATION

• TRANSFER TO GMP
• SUPPORT CLINICAL TRIAL

SINCE 2006: ISO 9001

Immunomonitoring in phase I/II/III 
clinical trials 

FUNDAMENTAL 
STUDIES

AAV gene therapy product development: from fundamental to applied science
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Recombinant Adeno-Associated Virus-based vectors (rAAV)

WT AAV
-Parvovirus family

-Dependovirus: Replication-defective in the absence of a 
helper virus (Adénovirus, herpes virus, papillomavirus…)

-Non pathogenic

- Viral genome = single stranded DNA, 4700 bases

-Icosahedral Capsid: VP1, VP2, VP3 proteins

rAAV

- All proteins deleted except the viral capsid

-In vivo, a single injection of rAAV can sustain long term 
expression of  the therapeutic transgene (>10 years)

-Viral genomes mainly episomal, non integrative



rAAV vectors: a wide gene transfer platform

-At least 12 natural serotypes identified with specific tropisms

From Asokan et al. Mol. Ther. 2012 



rAAV vectors: a wide gene transfer platform

-At least 12 natural serotypes identified with specific tropisms

From Asokan et al. Mol. Ther. 2012 

-2nd generation rAAV with improved properties: self complementary rAAV (double stranded DNA genomes), 
Site-directed mutagenesis, chimeric capsids, Selected AAV variants with directed evolution strategies…etc



850 000 $

1M $

rAAV: Most promising platform for in vivo gene transfer



rAAV vectors are already in the market

24/05/2019

Gene Therapy market 
competitivity



rAAV-based retinal gene therapy

RPE

ONL

INL

GC

Canine model 

AAV4

AAV5

Weber et al. Mol. Ther. 2003

The AAV4 serotype results in exclusive transduction of the RPE layer (rat, dog and 
nonhuman primate model)



AAV4-RPE65-based clinical trial for Leber Congenital Amaurosis

Toxicological
studies

2007-2009

Proof of concept 
(Canine model, 

Boisbonne center)

Clinical trial 
(CHU, Nantes)

Clinical grade vector
batch (ABG)

2009-2010 2011-2013

ANSM authorization
2003-2007

Fabienne Rolling group, Le Meur et al. 2007

AAV4-RPE65

Le Meur et al. 2007



Toxicological
studies

2015

Proof of concept 
(Canine model, 

Boisbonne center)

Clinical trial 
(CHU, Nantes)

Clinical grade vector
batch (ABG)

2016 2017-Present

ANSM authorization :Jul 2017

2010-2014

4 patients already injected (CHU Nantes, sponsor : HORAMA Biotech, Licence 14160A40, 2015) 

AAV5-PDE6b-based clinical trial for PDE6b-related retinal dystrophy

AAV5-PDE6b

Petit L. et al. Mol Ther 2012
Pichard V. et al. Mol Ther 2016



Pichard V. et al. Mol Ther 2016

Ameline B, Tshilenge KT et al. 2017 

How to better target retinal cells ?

Subretinal gene transfer

 Invasive surgical method (retinal
detachment, inflammation)

 Restricted gene transfer area

Intravitreal delivery with new AAV variants (i.e AAV2 7.8, Delkara et al. 2013)

F. Rolling, V Pichard, T Cronin et al.



 2 patents, 1 licence (retinal application)

Mevel et al. Chemical Sciences, in revision

NExT Gen AAV: When Chemistry assists Biology
Chemical modification of AAV capsid

E. Ayuso and M. Mevel (UMR 1089), D. Deniaud (CEISAM) et al.
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rAAV-based muscular gene therapy

Systemic injectionIntramuscular (IM) 
injection

Locoregional (LR)
Injection

Tourniquet

Past strategies Current-Future

Systemic injection requires high rAAV vector doses (up to 1x1014 vg/kg)



Moving from small to large scale AAV biomanufacturing processes

Culture plates, 293 adherent cells

Bioreactors: up to 50L in the lab

Baculovirus system (Insect cell suspension)

293 suspension systems

No bioproduction standards  



+ Controls dogs: non injected GRMD dogs + healthy dogs

 

 

  

 

 

 

 

 

 

 

 

 

 

Dose	
Timing	of	
follow-up	

Name	of	the	
dog	

Age	at	injection	
Follow-up	duration	

after	injection	

1
E
14vg/kg	

LONG	TERM	
IV	1	 2	months	 24	months	

IV	2	 2.5	months	 24	months	

≈ 8	MONTHS	

POST-INJECTION	

IV	3	 2	months	 7.5	months	

IV	4	 2	months	 8.5	months	

IV	5	 2.5	months	 8	months	

2
E
13vg/kg	

≈ 8	MONTHS	
POST-INJECTION	

IV	6	 2	months	 8.5	months	

IV	7	 2	months	 8.5	months	

IV	8	 2.5	months	 6.5	months	

Evaluation of rAAV8-Spc5.12-cµDys (cMD1)
in GRMD dogs – Systemic treatment

2-month old GRMD dogs

rAAV8-canine_µDys

Intravenous injection in one cephalic vein

No immunosuppression

Le Guiner et al. Nat Com 2017

C Le Guiner et al.



Intermediate muscular biopsies

3.5 months post-injection
n=4 biopsies / dog

% µDYS+ FIBERS

1E14vg/kg 2E13vg/kg

0%

20%

40%

60%

80%

100%
***

1E14vg/kg 2E13vg/kg

VECTOR GENOMES / DIPLOID GENOME

0,0

1,0

2,0

3,0

4,0

5,0

6,0
***



Clinical monitoring
Weekly clinical exams

Scoring of different criteria: dysphagia, breathing, muscular firmness, general activity…

 100% = healthy dog

IV 7

IV 6

IV 8

IV 2

IV 1IV 3

IV 4
IV 5

IV 7

IV 6

IV 8





Systemic vector delivery raises immunogenicity issues

Transgene

AAV

Capsid Transgene product

Viral preparation
contaminants

Humoral/Cellular host immunes responses

Adjuvants?

Pre-existing immunity
In humans

SafetyEfficacy

Systemic phase I/II clinical trials: exclusion of positive individuals



Pre-existing cellular immunity can be reboosted by rAAV vectors

Xicluna et al. Unpublished

In vivo evidence of dose-dependent capsid-
associated hepato-toxicity in rAAV-treated 
hemophilia patients

Costricosteroids are sufficient to control these 
responses

Mingozzi et al. (Nature Medicine, 2007)

Inflammatory tissues (muscle, liver ?)



rAAV-based muscular gene therapy

Systemic injection

Current-Future

AMM

5x1015 vg/patient 50kg 1 bioréacteur de 200L

5x1016 vg/10 patients 
(Phase (I/II)

1 bioréacteur de 2000L

1.5x1017 vg/30 patients 
(Phase II pivot)

1 bioréacteur de 6000L

1x1019 vg/500 patients 
≈ 15% de la population Duchenne française

1 bioréacteur de 100 000L
ou

500 bioréacteur de 200L

1014 vg/kg GRMD



Largest challenge for gene therapy: Bioproduction

Health and Industry of Future

Isite Nantes
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NExT Gen AAV: Back to Virology
Design of new helper plasmids in insect and mammalian cells

M. Penaud Budloo et al.

Maammalian cell Optimized
System

Plasmid(s) Helper

Rep Cap

?? ?

p40p19?

Baculovirus Optimized System

p10

Rep Cap

polh

Improve DNA replication and encapsidation in AAV vectors



rAAV preps may do not look like… 

Adrien Leger, former PhD student

What contaminants ?
What is the proportion of “true rAAV products”

Need of standard QC assays and titration methods



Characterization of DNA contaminants in rAAV batches
E Ayuso, M. Penaud-Budloo, E Lecomte et al.

Developement of a high-throughput sequencing- based charcaterization method

Lecomte et al. 2015





rAAV are promising but complex therapeutic products with 
remaining challenges

13 different capsids 

n Chimeric capsids 
vs

Single stranded AAV

Self complementing AAV

X vs
Homologous ITRs

Heterologous ITRs

X vs vs

Transfection

Stable cell lines

Herpes

Baculovirus

X

vs

vs CsCl

Affinity column

Ion exchange column

X

vs

vs

X
Expression
cassette

Dose Mode of 
delivery

XX X
Target 
organ

SpecyX …
Buffer (should we care ?)
Stability (should we ? How ?)
Titer (vg ? ip ? How ?)
Purity (How ? Spec ?)
Sterility (should we ? What ?)

X Capsid 
metabolism X

SafetyEfficacy
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Development of rAAV vectors with higher therapeutic index

-Reduction of manufacturing cost

-Reduction of immunotoxicity issues

-New Generation vectors with improved tropism

From bench to bedside and back again !
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Journées annuelles du laboratoire, 20 et 21 Juin 2019
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