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Restoration of cone vision in the Cnga3-/-
mouse model of congenital complete lack 
of cone photoreceptor function using AAV-

mediated gene replacement
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Agenda

 Introduction: vector systems, entery pathway

 Investigation of the acute phase and long-term effects 
of subretinal gene transfer

 Restoration of cone vision in the CNGA3 knock out model: 
proof of principle



Gene therapy („gene replacement therapy“) is a 
technique for correcting corrupted genes that is 

responsible for disease development. 

The technique aims to replace the corrupted gene 
with a correct version in the cells were it is needed.
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Challenges of a gene replacement therapy

 Successful transfer of genetic information (e.g. transduction of a potent  
gene)

 Targeted transfer in specific tissues / cells and at the same time the 
guarantee of safety

 High compatibility/ tolerance and safety (e.g. documentary report about  
clinical trials, phase I)

 Clinical potency (e.g. control/ validation of clinical trials, phase II/III)
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Ex vivo gene therapy:

 The cells come either from the same patient  (autologous  
treatment) or from a donor (allogeneic treatment).

 Gene transfer is carried out in culture by many different 
techniques, involving viral or non-viral vectors.

 Due to limitations in growing, manipulating, and readministering      
cells from many tissues and organs, ex vivo gene transfer is  
today limited to blood, skin and liver cells, to cells of  the immune  
system, or to tumor-derived cells used as cancer vaccines.

The technology of gene therapy

Neurosensorik                                                                                                               18-10-2010



Ex vivo gene replacement:

Bushman F.D., The Journal of Clinical Investigation 2007

Gene therapy in 
patients:

•X-linked SCID (SCIDX1)

•ADA-SCID

•Chronic Granulomatous  
Disease (CGD)

•Neurological disorders (e.g. 
AD)
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In vivo gene therapy:

 The administration can take the form of particles derived from  
disabled viruses (viral vectors), artifical particles (synthetic   
vectors), or „naked“ DNA.

 The route of administration can be intravenous,  intramuscular,     
by inhalation, or by direct injection into the target organ.

 A therapeutic gene is administered to a specific tissue or organ 
for a defined appplication (e.g. direct transfection of somatic cells)
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Indications addressed by gene therapy clinical trials 2010 (worldwide)



The eye is an ideal organ for correcting corrupted genes that are
responsible for disease development:

 Anatomy: small, confined, paired, accessible

 Function: privileged immunology, established objective tests (e.g. ERG)

 Fairly good understanding of disease process 

 Animal models of hereditary eye disorders
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 Stargardt’s disease (ABCA4)

 most common inherited juvenile macular degeneration
 progressive visual loss starting in early life 

 Stargen® Oxford Biomedica

Gene Therapy Clinical Trials
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 Leber’s congenital amaurosis (LCA2: RPE65 deficiency)
 early loss of visual acuity
 structure largely intact, function can be monitored
 RPE as target tissue is phagocytotic
 successful treatment in dogs with continuous benefit

LCA2 patients enrolled in clinical trials
 University College London (UCL) 

 University of Pennsylvania (UPenn)

Gene Therapy Clinical Trials



Inherited retinal diseases

Source: http://www.sph.uth.tmc.edu/retnet/
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The lentiviral (LV) based vector system
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 Enveloped virus containing a single stranded RNA molecule.
 Following infection, the viral genome is reverse transcribed into double stranded DNA.
-> Integration into the host genome and expression as proteins
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3rd generation HIV-1 based lentiviral system:

+ replication-deficient lentiviral particles => increased biosafety (level 2)

+ large packaging capacity => up to 10kb

+ high viral titers possible ( ≥109 transducing units / ml)

+ infects neurons => infection of photoreceptors possible

+ integrates into genome => long lasting expression

+ fast onset of gene expression

− large particle size (80-100nm) => impairs tissue penetration

Stylianos Michalakis



Gene therapy for neurodegenerative and ocular disease using lentiviral vectors

Ralph G. S. et al., Clinical Science 2006
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The adeno-associated viral (AAV) based vector system
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 AAVs are non-enveloped viruses containing a linear single stranded DNA genome.
 AAV vectors are very efficient at transducing target cells in vitro & vivo.
 The life cycle does not normally involve integration into the host genome.
 They rather replicate as episomal elements (no risk of insertional integration).
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CMV eGFP ITRITR
rep cap

Ad helper

VA E2A E4

AAV helper

biosafety level 1

+ infects neurons => infection of photoreceptors possible

+ does not integrate => but long lasting expression observed (>1 year)

+ small particle size (20-25nm) => good tissue penetration

+ many different serotypes possible => increased variability of tropism

+ high viral titers possible (≥1013 genomic particles / ml)

− difficult production method

− low packaging capacity (<5kb; except AAV5)

− single stranded AAVs: slow onset of gene expression in vivo

Stylianos Michalakis



The recombinant adeno-associated viral vector system

Auricchio A. , Vision Research 2008
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AAV

HEK293T

48h, lysis

iodixanol-gradient

ultra-centrifugation

HiTrap-Q column

ion-exchange

chromatography

Amicon ultra

filter centrifugation

Stylianos Michalakis



Infectious entry pathway of Adeno-Associated Virus and Adeno-
Associated Virus vectors

Bartlett J. et al., Journal of Virology 2000
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Bartlett J. et al., Journal of Virology 2000
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Pulse-labeling evaluation of fluorescent AAV distribution in HeLa cells
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Agenda

 Investigation of the acute phase and long-term effects 
of subretinal gene transfer



Aim of the study

 Monitoring of subretinal injections and side effects (e.g. retinal  
detachment) using non-invasiv imaging techniques: cSLO imaging  
(fundus overview, autofluorescence) and SD-OCT (retinal thickness  
map, A-scans)

 In vivo studies addressing expression efficiency and promoter  
specifitcity followed up by eGFP expression patterns and intensities

 Evaluation of a long-term eGFP expression under the control of cone-
and rod-specific promoters 
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Seeliger et al., 2005, Vision Research Fischer et al., 2009, PLOS one
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Experimental procedure

> Subretinal injection of different  
viral vectors in mice (WT, CNGA3-/-):

Titer:   6-9 109 genomic particles/ ml

Application site: ventral/ dorsal

Injection volume: 1.0-2.0 µl

Age: PN 12d-PN 3m

Time course: from PI 4d-16w

Quality control: SD-OCT

Assessment of EGFP expression: SLO  
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rAAV2/5-SWS-EGFP vector construct (n=3)
rAAV2/5-RG-EGFP vector construct (n=3)
rAAV2/5-sc-SWS-EGFP vector construct (n=3)

rAAV2/8-SWS-EGFP vector construct (n=7)
rAAV2/8-RG-EGFP vector construct (n=3)

EGFP:
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Monitoring of injection and retinal detachment:
10 min post injection

Susanne C. Beck, Gesine Huber

1.5 µl AAV-RG-eGFP dorsal-nasal inj., #2, DOB: 17.08.09, @ PN 14d inj.

RF 20° IR 20° RF 10°
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Gesine Huber

1.5 µl AAV-RG-eGFP dorsal-nasal inj., #2, DOB: 17.08.09, @ PN 14d inj.

Monitoring of injection and retinal detachment:
10 min post injection
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Monitoring of injection and retinal detachment:
4 days post injection

1.5 µl AAV-RG-eGFP dorsal-nasal inj., #2, DOB: 17.08.09, @ PN 14d inj.

RF 20° IR 20° RF 10°

Susanne C. Beck, Gesine Huber
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1.5 µl AAV-RG-eGFP dorsal-nasal inj., #2, DOB: 17.08.09, @ PN 14d inj.

Monitoring of injection and retinal detachment:
4 days post injection

Gesine Huber
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1,5 µl LV- Arrestin3-eGFP dorsal-nasal inj., #10, DOB: 10.10.07, P15

The approach of lentiviral vector  system leads to 
an early onset of expression
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1.5 µl AAV2/8-RG-eGFP dorsal-nasal inj., #10, DOB: 13.07.09, @ PN 14d inj.
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Lentiviral plasmids drive specific eGFP expression under control of cone- and 
rod-specific promoters

All promoters induce eGFP expression!
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CMV-promoter drives a strong expression that results in a loss of retinal cells
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1,5 µl LV-Arrestin3-eGFP dorsal inj., #4, 
DOB: 15.02.08, @ PN 11d inj.

1,5 µl LV-Rho-eGFP temporal inj., #2,
DOB: 15.02.08, @ PN 11d inj.

Serial assessment of eGFP fluorescence using cSLO: Lentiviruses induce a 
long term and stable expression
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Conclusion I
 A defined local retinal detachment was present immediately after

subretinal injection. The detachment resolved quickly within the first week
post injection. Alterations around the site of injection were observed.

 The presented data indicate that all the utilized vectors are able to drive
eGFP expression.

 The time course experiments suggest stable efficient and long-term
expression of the transgene in the injected area using LV and AAV vector
systems. Differences in the latency period of eGFP expression were
observed among both vector systems (LV vs AAV) and among different
promoters due to their specificity.

 About ¼ of the whole retina cells are transduced by a single injection.

 We show for the first time a conclusive series of sequential examinations 
focused on size of detachment, resorption time, morphological integrity 
and transduction properties.
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 Refinement of subretinal injections and

 Improvement the reproducibility of obtained results
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Agenda

 Restoration of cone vision in the CNGA3 knock out model: 
proof of principle
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Structure

- En face imaging (Fundoscopy, cSLO)

- Cross sectional imaging (OCT, Ultrasound)

Function

- Electrophysiology (Ganzfeld ERG, mfERG)

- Pupillary response, microperimetry, psychophysical tests

Monitoring Disease Dynamics



Aim of the study

 Application of the viral gene replacement therapy in a retinal  
degenerating mouse model: CNGA3-/-

 In vivo studies of treated animals using imaging methods (e.g. SD-
OCT, cSLO)

 Functional analysis of treated animals using the ERG

 Investigation of signal transmission to the brain (e.g. responsiveness   
of ganglion cells to photopic stimuli)

 Investigation of cone-mediated vision in a behavioral test (e.g. water 
maze test)
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Achromatopsia:
 cone dystrophy

 visual-acuity loss

 photophobia

 nystagmus

 Incidence 1:30 000

 More than 40 mutations were found in the

CNGA3 subunit in patients with achromatopsia.
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Genes causing Achromatopsia:
 Cngb3 ~ 47 %
 Cnga3 ~ 23 %
 Gnat2   ~  2 %
 Pde6c  ~  2 %



Functional analysis:
• No photopic ERG-signals

• Rod-mediated vision is unaffected

Morphological/ histological analysis:
• Progressive degeneration of cones

• high intracellular concentration of cGMP

Channel protein is composed in
the native form of A and B subunits

About ¼ of patients with Achro-
matopsia shows mutations in 
the Cnga3 gene
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rAAV2/5-SWS-mCNGA3 vector construct (n=12)
rAAV2/5-RG-mCNGA3 vector construct (n=4)
rAAV2/5-sc-SWS-mCNGA3 vector construct (n=7)

rAAV2/8-SWS-mCNGA3 vector construct (n=12)

AAV:
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S. Michalakis

Expression of CNGA3 protein normalizes cGMP level
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S. Michalakis

CNGA3-replacement-therapy restores normal outer segment localization 
of the CNGB3 subunit
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S. Michalakis

Neurosensorik                                                                                                               18-10-2010

CNGA3 is reexpressed in cone photoreceptors



AAV-mediated gene replacement therapy reactives deregulated
light cascade function 

S. Michalakis
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Restoration of cone-mediated ERG in treated CNGA3-/- mice

N. Tanimoto/ M. Seeliger
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Functional benefit from treatment as a function of ERG flicker frequency

N. Tanimoto/ M. Seeliger
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T. Gollisch

Analysis of cone driven light-evoked spiking activity
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S. Koch
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S. Koch



Restoration of cone-mediated vision-guided behavior

Stylianos Michalakis/ Susanne Koch
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The gene replacement therapy using rAAV2/5 vectors 
restores:

 The cone-mediated ERG (functional rescue) with a late onset
(starting from PI 9w).

 The CNGA3 protein expression in all cone subtypes and results
in a recovery of the CNGB3 expression in COS.

The expression of the full length channel protein composed of
both subunits normalizes the increased cGMP level in treated
mice. CNGA3-replacement restores expression and correct
localization of visual cascade proteins.

 The responsiveness of ganglion cells to photopic stimuli by
analyzing the cone driven light-evoked spiking activity.

 The cone-mediated vision guided behavior (water maze test).
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Conclusion II



Restoration of cone vision in the CNGA3-/- mouse model 
of congenital complete lack of cone photoreceptor function

Stylianos Michalakis1, Regine Mühlfriedel2, Naoyuki Tanimoto2, Vidhyasankar
Krishnamoorthy3, Susanne Koch1, M. Dominik Fischer2, Elvir Becirovic1, Lin Bai1, Gesine
Huber2, Susanne C. Beck2, Edda Fahl2, Hildegard Büning4, François Paquet-Durand5, Xiangang
Zong1, Tim Gollisch3, Martin Biel1, Mathias W. Seeliger2

Stylianos Michalakis and Regine Mühlfriedel contributed equally to this work. Martin Biel and Mathias W. Seeliger contributed equally to 
this work.
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