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Preface

The 6th Drabkin Eye Disease Symposium was held on June 14–15, 2009, 
at Rancho Valencia, California. Since the first of these events, held in 
June 2000, the Drabkin Symposia have explored ways to accelerate the 
implementation of research results on eye disease. The theme of this 
symposium was ocular gene therapy, with emphasis on recent preclini-
cal studies, the phase 1 clinical trials in progress, plans for further trials, 
and the challenges to and opportunities for moving this field of medi-
cal research into clinical applications offering new hope to patients with 
blinding eye diseases. 

The 14 symposium participants (listed in appendix A) were chosen 
to bring together experts in viral vector development, gene replacement 
strategies to overcome an inherited gene defect, therapeutic strate-
gies for in situ production of a beneficial factor (such as a neurotrophic 
agent), animal models for preclinical studies of gene therapy strategies, 
and the design and conduct of clinical trials. While much of the work 
discussed at the symposium was directed toward strategies for retinal 
degenerative diseases, participants also explored gene therapy applica-
tions for disorders at the front of the eye (lacrimal glands, cornea, and 
elevated intraocular pressure) and for mitochondrion-linked dystrophies 
of the optic nerve. 

The participants’ presentations on their assigned topics, together 
with extensive discussion of the presentations, occupied the first day and 
a half of the symposium. On the afternoon of the second day, the par-
ticipants proposed conclusions and recommendations for consideration 
by the entire group. The group’s discussions provided the basis for the 
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18 conclusions listed in table 1. Section 1 of the report provides the sup-
porting rationale for these conclusions. Section 2 summarizes the pre-
sentations by the participants on specific topics (see appendix B for the 
symposium agenda). The summaries highlight the research evidence for 
the symposium conclusions.

Like the prior symposia in this series, this Drabkin Symposium 
was made possible by the endeavors of Robert Drabkin of Los Ange-
les, California, and was supported by the UCLA Support Group of the 
Jules Stein Eye Institute of Los Angeles, California. The symposium and 
report preparation were organized and overseen by The Washington 
Advisory Group. This report was prepared with the guidance and super-
vision of the symposium co-chairs, who are responsible for its technical 
content. 

Gerald J. Chader, Ph.D. William W. Hauswirth, Ph.D.
Co-Chair Co-Chair
Chief Scientific Officer Department of Ophthalmology
Doheny Retina Institute University of Florida College of
University of Southern  Medicine 
 California Medical School Gainesville, Florida
Los Angeles, California 
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Acronyms

AAV adeno-associated virus

AMD age-related macular degeneration

ATP adenosine triphosphate

BDNF brain-derived neurotrophic factor

CNTF ciliary neurotrophic factor

CSLO confocal scanning laser ophthalmoscopy

EAE experimental autoimmune encephalomyelitis

ECT encapsulated cell therapy

ERG electroretinography, electroretinogram

FDA U.S. Food and Drug Administration

GDNF glial cell–derived neurotrophic factor

ID induced dacryoadenitis

IOP intraocular pressure

LCA Leber congenital amaurosis

LHON Leber hereditary optic neuropathy

mtDNA mitochondrial DNA

OCT optical coherence tomography

PEDF pigment epithelium–derived factor

R&D research and development

RPE retinal pigment epithelium

scAAV self-complementary adeno-associated virus [vector]

SOD2 mitochondrial superoxide dismutase

ssAAV single-strand adeno-associated virus [vector]

VEGF vascular endothelial growth factor

vIL-10 viral interleukin-10
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Executive Summary 

In general terms, ocular gene therapy involves insertion of genetic mate-
rial into certain cell types within the eye so that the host cells will use 
this new genetic material to correct a defect, produce a beneficial factor, 
or block a harmful condition. Recent research progress on four fronts 
has opened promising pathways to clinical applications of ocular gene 
therapy in preventing or ameliorating disorders that would otherwise 
entail visual loss up to and including blindness. The 6th Drabkin Sympo-
sium explored the implications of new results in each of these four areas 
of research: genetic identification, viral vector technology, preclinical 
testing, and clinical trials. Looking forward to the future prospects for 
gene therapy, the symposium discussions highlighted the opportunity for 
the current work in treating inherited single-gene defects to progress to 
strategies for the more common, and more complex, blinding diseases. 
However, organizational and financial challenges remain before today’s 
promising research and initial trials can be translated into commercially 
viable, widely available clinical applications. 

Genetic Identification
Knowledge of genetic factors in vision-threatening eye diseases contin-
ues to expand as more gene mutations are identified that are responsible 
for or contribute substantially to the development of a vision-threat-
ening condition. Beyond just correcting inherited single-gene defects, 
innovative strategies are emerging for inserting therapeutic genes into 
somatic cells to alter the progression of a disease. In perhaps the concep-

1



tually simplest form of gene therapy, therapy to replace a defective gene, 
the RPE65 form of Leber congenital amaurosis (LCA) is the disease target 
of three current phase 1 safety trials for inserting a normal RPE65 gene 
into retinal tissue. This mutation is one of 15 known single-gene muta-
tions associated with different forms of LCA, which are potentially treat-
able by a gene replacement strategy. Symposium participants also noted 
other early onset retinal dystrophies linked to a mutation in a single gene, 
including several forms of achromatopsia, the two most common forms of 
Bardet Biedl Syndrome, and a number of cone photoreceptor diseases. Evi-
dence that gene replacement therapy can even restore a degree of visual 
function that was missing from birth comes from experiments demonstrat-
ing that monkeys born with red-green colorblindness, which is genetically 
analogous to the condition inherited by humans, can achieve full three-
color vision. Even genetic defects in mitochondrial DNA are being over-
come through gene therapy strategies described at this symposium.

Among the strategies for inserting a gene that expresses a therapeutic 
agent is gene therapy to increase production in retinal cells of an anti-
angiogenic factor, which slows or halts the pathologic formation of new 
blood vessels (neovascularization). This strategy is being investigated for 
treating retinal neovascularization from diseases such as diabetic reti-
nopathy and for treating the wet form of age-related macular degenera-
tion (AMD), in which choroidal neovascularization leads to vision loss. 
Another broad category of naturally occurring therapeutic agents that can 
be increased (upregulated) by gene therapy techniques includes the neu-
roprotective agents that slow the degeneration or death of retinal photo-
receptors, ganglion cells, or pigment epithelium cells. A third approach to 
providing a beneficial factor via gene therapy is to give light sensitivity to 
surviving retinal cells that do not normally respond to light, in cases where 
all or most of the natural photoreceptor cells have already been lost. 

Viral Vector Technology
The technology for producing, manipulating, and targeting the virus-
derived vectors by which corrective or therapeutic genes are inserted 
into the target cell types has improved dramatically. In effect, neurosci-
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entists are building an increasingly sophisticated toolbox from which to 
choose the best vector, the best promoter, and the best cellular targets 
to achieve a clinical objective. The viral vectors discussed at the sym-
posium included adenoviruses, adeno-associated virus (AAV), and len-
tiviruses. In all these vector systems, the ability of the virus to replicate 
is eliminated before it is used to transduce cells by inserting a genetic 
package into its shell (capsid). Although lentiviruses are particularly effi-
cient for targeting the retinal pigment epithelium, AAV vectors appear 
promising for many other ocular applications. The participants discussed 
results with both single-stranded and double-stranded (self-complemen-
tary) AAV vectors. Designers of vector systems also have options for the 
vector serotype used, for the promoter—which can aid in expressing the 
gene after transduction—and for the site of administration (intravitreal 
or subvitreal for retinal therapies). With the techniques available to 
manipulate these parameters of viral vector transduction, the capability 
to target a specific cell type is rapidly improving. 

Preclinical Testing
The third area of substantial progress has been in the tools and tech-
niques for preclinical testing of gene therapy strategies. Preclinical 
testing provides necessary evidence that the strategy is likely to work 
as intended (efficacy), but is unlikely to cause harm that is significant 
in relation to its potential benefits (safety). To establish this essential 
proof of principle prior to testing in human patients and to expand the 
fundamental knowledge of how ocular tissues respond to gene therapy 
techniques, gene transfer experiments using a suitable animal model are 
often the best scientific tool available. Still, the differences between each 
model and the human conditions to which it may be compared—as well 
as the differences among the available models for a disorder or a stage in 
a progressive disease—must be kept in mind. The availability of excel-
lent large-animal (dog) and rodent models for the RPE65 form of LCA 
has been an asset for the pioneering work on gene replacement therapy. 
However, researchers must often settle for models that are only partially 
homologous to a human condition of interest or that are quantitatively 
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different—for example, transduction efficiency differs for the model ani-
mal and humans. For dystrophies of the human macula, such as AMD, 
a series of partial models (e.g., homologous to human AMD for only one 
stage or with limited disease characteristics) may prove more valuable 
than searching for one perfect model, even among primates. This report 
includes a set of general considerations for evaluating gene therapy strat-
egies at the preclinical stage.

Clinical Trials 
The positive results obtained from initial clinical trials of ocular gene ther-
apy are encouraging trials for other strategies and a broader array of dis-
orders. But clinical trials are expensive, and overall progress in translating 
ocular gene therapy from concept to clinical practice will depend on how 
well these next generations of trials are performed. It is therefore timely 
to address issues of the criteria for selecting patients, defining phenotype-
genotype relationships, and specifying appropriate clinical endpoints so 
that investments in clinical trials have the best chance of success. The 
considerations put forward at the symposium for evaluating gene replace-
ment as a potential therapy for a retinal degenerative disease include 
assessing the extent and timing of retinal cell death and remodeling with 
techniques such as optical coherence tomography, the availability and 
suitability of animal models for preclinical testing, and careful atten-
tion to selection of primary clinical outcomes. The symposium recom-
mendations for improving selection of patients and outcome measures 
in gene therapy clinical trials include early establishment of a predicted 
optimal age group and optimal disease stage for treatment; clear criteria 
for patient selection on the basis of treatability of the patient’s genotype; 
and selection of outcome measures that address the research question, 
the treatment approach, and the desired (expected) clinical outcome.

Ocular Gene Therapy: From Rare to Common Disorders
If the biomedical research and clinical communities can exploit the 
advances in these four areas, then the potential exists to broaden the 

4 Executive Summary



applications of ocular gene therapy beyond the current emphasis on 
relatively rare genetic conditions. The current work on gene therapy for 
rare ocular diseases such as genetically distinct forms of retinitis pigmen-
tosa offers more than a way to preserve or rescue vision in patients suf-
fering from inherited single-gene mutations. These initial applications 
are also building the proof of principle for and establishing the safety of 
techniques with the potential to treat major vision-threatening diseases 
such as AMD, glaucoma, and other chronic diseases with multifactorial 
etiologies. 

A therapeutic strategy could, for example, intervene in more than 
one of the stages of disease progression in a complex disease. Gene ther-
apy prospects discussed at the symposium for treating glaucoma include 
strategies for lowering intraocular pressure at the front of the eye, as 
well as strategies to protect the retinal ganglion cells in the optic nerve, 
where the vision-impairing consequences of glaucoma play out. A stage 
of rod photoreceptor loss linked with oxidative stress, followed by cone 
photoreceptor stress and loss, may be a common late-stage pathway for 
several major retinal degenerative diseases, including AMD, diabetic ret-
inopathy, and macular edema. A gene transfer strategy that increases the 
retinal concentration of one or more agents that mitigate oxidative stress 
could be applicable, perhaps with minor tailoring, to multiple clinically 
distinct diseases. Through such extensions of gene therapy approaches 
to the major blinding diseases, the number of Americans who potentially 
could be helped is in the millions.

Surviving the Transition to Accessible Clinical Applications
The challenges to successful and timely translation into clinical practice 
of recent progress in gene transfer research are not only scientific and 
technical. There are also daunting organizational and financial chal-
lenges. The risk is immense that any particular gene therapy approach 
for a specific condition, however promising its preclinical proof-of-prin-
ciple testing, will not make it through the necessary trials to become a 
clinically proven, licensed, and marketable product. The early stages of 
transition from ocular gene therapy as a scientifically exciting medical 
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possibility to a commercially viable product line will require sustained 
support from government entities, patient advocacy groups, and opinion 
leaders in the ophthalmology research community. Successful transition 
will eventually require a substantial level of risk investment from the 
commercial sector. 

Early advocates will need to be active in educating both the public 
and the for-profit commercial sector about the potential benefits of ocu-
lar gene therapy. To make clinically proven gene therapies widely acces-
sible, a consensus ultimately must emerge among influential stakeholders 
on one or more viable reimbursement strategies. Nonetheless, if gene 
therapy can prevent or treat chronic, debilitating disorders that deprive 
afflicted individuals of visual function or other essential neurological 
competencies, it offers both society and the affected individuals a rich 
return on the required investment.
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Overarching Conclusions

1.	 The Path to Success.	During	the	past	five	years,	research	
progress	on	several	key	fronts	has	opened	promising	pathways	
to	clinical	success	using	ocular	gene	therapy:	overcoming	gene-
related	defects	in	vision	by	adding	corrective	or	therapeutic	
genes	to	targeted	cell	types	in	the	eye.	

(a)	 Genetic Identification.	An	increasing	number	of	gene	
mutations	are	being	identified	that	are	responsible	for	or	
contribute	significantly	to	the	development	of	a	vision-
threatening	condition.	Beyond	just	correcting	individual	
gene	defects,	innovative	strategies	are	emerging	
for	inserting	therapeutic	genes	to	alter	the	course	of	
pathogenesis.	

(b)	 Viral Vector Technology.	The	technology	for	producing,	
manipulating,	and	targeting	the	viral	vectors	by	which	
corrective	genes	are	inserted	into	target	cell	type(s)	has	
improved	dramatically	in	the	past	five	years.	Neuroscientists	
have	an	increasingly	sophisticated	toolbox	from	which	to	
choose	the	best	vector,	promoter,	and	cellular	target	to	
achieve	the	therapeutic	objective.

(c)	 Preclinical Testing.	Tools	for	the	preclinical	testing	of	gene	
therapy	strategies,	such	as	appropriate	animal	models	
of	specific	human	eye	diseases	and	in	vitro	cell	culture	
methods,	are	producing	the	essential	proof-of-principle	
results	needed	to	progress	toward	clinical	trials.

(d)	 Clinical Testing. The	final	step	on	the	path	is	clinical	testing,	
which	requires	a	substantial	financial	commitment	to	fund	
and	conduct	the	requisite	clinical	trials.	With	phase	1	clinical	
trials	for	ocular	gene	therapy	now	in	progress	and	more	
in	planning,	the	time	is	ripe	to	address	issues	of	patient	
criteria	for	selection,	phenotype-genotype	relationships,	and	
appropriate	clinical	endpoints.

2.	 From Rare to Common Disorders. Although	treating	rare	
ocular	diseases	is	a	worthwhile	goal	in	itself,	the	importance	
of	the	current	emphasis	on	gene	therapy	to	treat	relatively	
rare	genetic	conditions	must	be	understood	in	the	context	of	
new	and	emerging	biomedical	knowledge	and	technology.	
These	treatments	provide	clear	proofs	of	principle	for	broader	
therapeutic	opportunities.	Because	many	of	the	major	vision-

Table 1.  Symposium Conclusions
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threatening	diseases—age-related	macular	degeneration	(AMD),	
glaucoma,	and	other	chronic	diseases	affecting	the	retina—are	
known	to	have	a	substantial	but	complex	genetic	component,	
millions	of	Americans	could	potentially	be	helped	by	ocular	
gene	therapy.	The	current	work	on	gene	therapy	for	rare	ocular	
diseases	such	as	specific	forms	of	retinitis	pigmentosa	thus	offers	
more	than	a	way	to	preserve	or	rescue	vision	in	patients	with	
these	diseases.	The	initial	applications	are	building	the	evidence	
base	for	techniques,	technologies,	and	treatment	strategies	
that	can	in	time	be	applied	to	many	of	the	major	chronic	eye	
diseases.	Clinical	trials	in	ocular	gene	therapy	now	under	
way	or	soon	to	come	can	also	aid	in	extending	gene	therapy	
to	debilitating	and	life-threatening	diseases	in	other	organs,	
including	neurological	diseases.	

3.	 Surviving the Transition to Accessible Clinical 
Applications.	Ocular	gene	therapy,	like	many	exciting	research	
results	demonstrated	at	the	proof-of-principle	stage,	must	
traverse	a	daunting	“valley	of	death”	from	preclinical	research	
to	clinically	proven,	federally	licensed	marketable	applications	
before	it	can	realize	its	potential	in	preserving	and	restoring	
vision.	The	costs	are	high	and	the	risk	is	immense	that	any	
particular	therapeutic	approach	for	a	specific	condition	will	
not	make	it	to	market.	Furthermore,	the	early-stage	successes	
are	likely	to	have	small	populations	of	patients	to	be	served.	
Therefore,	government	funding,	industry	involvement,	and	
support	from	patient	advocacy	groups	and	opinion	leaders	in	
the	health	care	community	will	all	be	necessary	to	bring	current	
ocular	gene	therapy	efforts	successfully	from	laboratory	result	
to	clinical	practice.	These	initial	successes	will	open	the	way	
to	therapies	for	millions	of	patients	with	sight	impairment	or	
blindness	as	a	current	or	future	affliction.	

Genetic Factors in Vision-Threatening Eye Disease
4.	 The	conceptually	simplest	example	of	ocular	gene	therapy	is	

the	transfer	of	a	normal	gene	into	cells	that	carry	an	inherited	
defective	variant	of	the	gene.	Such	gene replacement	strategies	
are	now	providing	direct	confirmation	that	gene	transfer	
techniques	can	be	both	safe	and	effective	for	recovering	visual	
function	when	the	initiating	cause	of	loss	of	function	is	a	genetic	
defect.	These	initial	and	basic	gene	replacement	strategies	can	
be	extended	in	several	directions	that	will	not	only	aid	patients	
with	vision-threatening	genetic	conditions	but	also	establish	the	
evidence	base	and	technology	to	advance	toward	more	complex	
forms	of	gene	therapy.	
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5.	 Beyond	applications	in	which	gene	transfer	replaces	one	or	
more	defective	genes,	ocular	gene	therapy	also	holds	promise	
for	strategies	to	increase	production	within	the	eye	of	beneficial	
factors	or	to	decrease	levels	of	harmful	factors.	Examples	of	
the	former	include	upregulation	of	neuroprotective	agents	in	
retinal	tissue	to	lessen	cell	death.	Examples	of	the	latter	include	
injecting	genes	that	express	proteins	that	bind	to	and	inactivate	
biomolecules	essential	to	inflammatory	or	neovascularization	
processes	implicated	in	loss	of	visual	function.	

6.	 Gene	therapy	that	inserts	unconventional	photosensitive	genes	
into	surviving	neurons	of	the	inner	retina	could	enable	some	
degree	of	sight	restoration	for	the	blind	even	after	all	the	natural	
photoreceptor	cells	have	degenerated,	as	in	advanced	cases	of	
AMD	and	retinitis	pigmentosa.

Viral Vector Technology for Transducing Genes into Ocular Tissues
7.	 The	vectors	used	in	gene	therapy	are	typically	modified	viruses,	

which	serve	as	transport	vehicles	to	deliver	a	gene	cargo	into	
targeted	cells	(gene	transduction).	Although	several	types	of	viral	
vectors	have	promise	for	ocular	gene	therapy,	adeno-associated	
virus	(AAV)	vectors	are	particularly	promising	for	gene	therapy	that	
targets	the	retinal	photoreceptors	and	retinal	pigment	epithelium.	In	
many	ocular	applications,	a	single	administration	of	AAV	vector	is	
expected	to	yield	functional	expressed	product	of	the	transgene	for	
the	duration	of	the	patient’s	life.	The	researchers	conducting	the	first	
gene	replacement	clinical	trials	have	chosen	to	use	AAV	vectors.	

8.	 In	gene	therapy	generally,	but	particularly	for	AAV	vectors,	
technical	parameters	such	as	the	vector	serotype,	promoter,	
and	ocular	site	of	administration	are	critical	factors	for	targeting	
and	controlling	gene	expression	in	specific	retinal	cell	types.	As	
transduction	efficiency	improves	for	intravitreal	injection,	vector	
serotype	and	promoter	will	become	increasingly	important	in	
selective	targeting	of	a	retinal	cell	type.	

Preclinical Testing: Strategies, Status, and Needs
9.	 Many	excellent	animal	models	exist	for	ocular	diseases	or	

diseaselike	defects.	These	models	are	essential	tools	for	expanding	
the	fundamental	understanding	of	human	ocular	diseases	and	for	
probing	the	effects	of	potential	gene	therapy	strategies	on	ocular	
tissues	and	functions.	Still,	the	differences	between	each	model	
and	the	human	conditions	to	which	it	may	be	compared	must	be	
kept	in	mind.	These	differences	must	be	understood	and	carefully	
considered	when	designing	a	preclinical	test	using	a	model	or	
interpreting	the	results	from	such	studies.	
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10.	 For	diseases	involving	retinal	degeneration	not	confined	to	
the	macula,	such	as	retinitis	pigmentosa,	animal	models	are	
clearly	facilitating	the	translation	into	clinical	applications	of	new	
fundamental	knowledge	about	disease	genesis,	progression,	
and	treatment.	To	build	on	these	successes	and	facilitate	the	
transition	to	clinical	trials	in	humans,	both	theoretical	and	
methodological	issues	remain	to	be	resolved.	

11.	 For	the	vision-threatening	diseases	of	the	human	macula	such	as	
AMD,	attempting	to	develop	a	primate	model	that	recapitulates	
the	human	disease	condition	fully,	or	nearly	so,	may	not	be	the	
most	effective	preclinical	strategy.	A	strategy	that	uses	multiple	
models,	each	of	which	is	a	surrogate	for	a	key	aspect	or	stage	of	
the	human	disease,	may	produce	useful	results	more	quickly	and	
be	equally	valid.

12.	 Gene	therapy	for	some	ocular	diseases	is	still	at	the	preclinical	
stage	of	research.	One	such	disease	is	glaucoma,	for	which	several	
gene	therapy	approaches	have	potential.	One	approach	is	to	lower	
intraocular	pressure	at	the	front	of	the	eye.	A	second	is	to	protect	
the	retinal	ganglion	cells	at	the	rear	of	the	eye	from	the	damage	
and	eventual	loss	that	is	the	vision-threatening	outcome	of	this	
complex,	multifactorial	disease.	The	best	strategy	for	glaucoma	
may	be	to	combine	these	approaches:	insert	one	transgene	that	
expresses	a	neuroprotective	factor	at	the	back	of	the	eye	and	a	
second	that	expresses	a	pressure-lowering	factor	in	the	front	of	the	
eye.	For	pressure	lowering,	both	the	trabecular	meshwork	and	the	
ciliary	body	are	target	tissues	to	be	studied.

Clinical Trials: Status, Directions, and Challenges
13.	 Current	clinical	trials	of	ocular	gene	therapy	for	single-gene	defects	

or	for	increased	expression	of	a	beneficial	factor	are	paving	the	way	
for	future	trials	by	demonstrating	safety	and	efficacy.	With	success	
in	these	efforts,	the	potential	range	of	gene	therapy	strategies	and	
types	of	conditions	targeted	for	therapy	will	expand	rapidly.	More	
detailed	criteria	are	needed	for	evaluating	the	multiple	trial	options	
for	feasibility,	likelihood	of	success,	and	medical	value.	

14.	 As	more	ocular	gene	therapies	move	toward	clinical	trials,	
careful	consideration	must	be	given	to	patient	selection	and	
to	best	practices	for	ethical	treatment	of	trial	subjects	while	
optimizing	the	likelihood	of	successfully	demonstrating	safety	
and	efficacy	for	applications	of	this	emerging,	potent	medical	
technology.	To	ensure	feasibility	and	significance	of	outcome,	
patient	selection	and	selection	of	outcome	measures	must	be	
tailored	to	the	treatment	approach	and	to	the	desired	and/or	
expected	outcome	of	treatment.	
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From Treating Rare Diseases to Therapy for Common Blinding Diseases
15.	 The	initial	trials	of	ocular	gene	therapy	to	replace	a	defective	

gene	with	the	normal	version	are	important	for	more	than	their	
immediate	medical	value	in	recovering	visual	function	for	the	
victims	of	these	rare	disorders.	They	are	essential	first	steps	in	
establishing	the	proof	of	concept	for	therapeutic	technologies,	
strategies,	and	infrastructure	necessary	to	extend	gene	therapy	to	
the	major	blinding	diseases	in	America	and	around	the	world.

16.	 As	more	advanced	forms	of	ocular	gene	therapy	begin	to	
provide	proofs	of	concept	for	intervening	safely	and	effectively	
at	multiple	points	in	complex	disease	pathways,	they	will	better	
establish	the	techniques,	expertise,	and	scientific	evidence	to	
support	innovative	and	much	more	efficacious	treatments	for	
other	major	complex,	multifactorial	diseases	that	progress	over	
time	and	threaten	an	aging	population	with	vision	impairment	
and	blindness.

Policies for Partnering
17.	 Before	ocular	gene	therapy	successfully	graduates	to	patient	

treatment	through	commercial	applications	supported	by	the	
research	and	investment	power	of	the	major	pharmaceutical	
companies,	government,	philanthropic	entities,	and	high-
risk-oriented	biotechnology	companies	will	have	to	provide	
transitional	support	and	development.	Support	from	patient	
advocacy	organizations	will	be	critical	to	sustain	public	funding	
during	this	incubation	period.	

18.	 Given	the	high	developmental	cost	that	will	be	typical	of	gene	
therapy	applications,	new	reimbursement	models	for	commercial	
products	are	needed	that	differ	from	current	cost	models	for	
long-term,	multiple	dosage	pharmaceutical	products.	Achieving	
a	societal	consensus	on	commercially	sustainable	reimbursement	
strategies	for	ocular	gene	therapy	will	require	the	combined	
efforts	of	industry,	ophthalmologists,	vision	scientists,	government	
entities,	and	patient	support	groups.
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1.  Supporting Rationale for the 
Symposium Conclusions

The Sixth Drabkin Eye Disease Symposium ended with discussions 
of tentative conclusions and recommendations suggested by the par-
ticipants. From those discussions evolved the 18 conclusions listed in 
table 1. Each conclusion is repeated below, followed by its supporting 
rationale drawn from the presentations and discussions during the sym-
posium and from cited sources.  

Overarching Conclusions

1.  The Path to Success. During the past five years, research progress on several 
key fronts has opened promising pathways to clinical success using ocular gene 
therapy: overcoming gene-related defects in vision by adding corrective or 
therapeutic genes to targeted cell types in the eye. 

(a) Genetic Identification. An increasing number of gene mutations are 
being identified that are responsible for or contribute significantly to the 
development of a vision-threatening condition. Beyond just correcting 
individual gene defects, innovative strategies are emerging for inserting 
therapeutic genes to alter the course of pathogenesis.

(b) Viral Vector Technology. The technology for producing, manipulating, and 
targeting the viral vectors by which corrective genes are inserted into target 
cell type(s) has improved dramatically in the past five years. Neuroscientists 
have an increasingly sophisticated toolbox from which to choose the best 
vector, promoter, and cellular target to achieve the therapeutic objective.

13



(c) Preclinical Testing. Tools for the preclinical testing of gene therapy 
strategies, such as appropriate animal models of specific human eye 
diseases and in vitro cell culture methods, are producing the essential 
proof-of-principle results needed to progress toward clinical trials.

(d) Clinical Testing. The final step on the path is clinical testing, which requires 
a substantial financial commitment to fund and conduct the requisite clinical 
trials. With phase 1 clinical trials for ocular gene therapy now in progress 
and more in planning, the time is ripe to address issues of patient criteria 
for selection, phenotype-genotype relationships, and appropriate clinical 
endpoints

Genetic Identification 
Simply stated, gene therapy inserts genetic material—a genetic con-
struct—into certain cell types so that the new host cell will use that 
material to perform or enhance a function or functions according to 
the instructions provided in the inserted genetic material. For example, 
if the inserted gene construct encodes for a novel protein that the cell 
did not make before, or made incorrectly because of an inherited gene 
defect (gene mutation), the host cell will begin to read the new transgene 
and produce a protein. Among the continually increasing ways in which 
inserted genetic material can be useful (figure 1), the following were dis-
cussed at the Drabkin Symposium.

• If both copies of a gene that an individual’s cells normally carry 
are defective such that the protein expressed by that gene is 
absent or unusable (e.g., the individual is homozygous for an 
inherited gene defect), a copy of the gene that expresses the 
functional protein can be inserted in cells where that protein 
is needed. This is gene replacement therapy. In some disease pro-
cesses, a mutated gene will produce a toxic gene product and 
it may be necessary to silence the defective gene prior to gene 
replacement therapy.

• The inserted genetic factor, when expressed by its new host cell, 
may increase the production of a biomolecule that is beneficial 
for processes that prevent or slow the progression of a disease. 
This beneficial factor produced by the inserted genetic material 
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may not be naturally produced by that type of cell, or it may be 
produced in much lower amounts. Either way, the gene therapy 
increases the production of (upregulates) the beneficial factor. 
This is called gene augmentation therapy.

• Expression of the inserted gene factor may produce an agent in 
target cells that binds to or otherwise removes a harmful factor. In 
this way, it blocks the action of the harmful factor, which would 
otherwise contribute to a disease-enhancing condition. Gene 
therapy that works by removing or blocking a harmful factor can 
often be considered a special case of either gene replacement 
therapy or production of a beneficial factor (beneficial because it 
removes or blocks the harmful effect). Because of its potentially 

Figure 1.  Three General Strategies for Gene Therapy
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broad applications, this category of therapeutic action merits spe-
cial mention.

Conclusions 4 through 6 expand on each of these three ways in 
which genetic factors are being used in ocular gene therapy.

Viral Vector Technology
In principle, there are multiple ways in which genetic material could be 
inserted into cells within the eye or other parts of the body. The tech-
nique most commonly used at present, and the one on which most of 
this symposium focused, employs a modified virus as the carrier, or vector, 
of the genetic material. The virus’s inherent ability to get inside a living 
cell and insert its small load of genetic material into the cell’s nucleus is 
adapted to the purpose of inserting the desired genetic factor. Part of the 
modification process for vector production removes the virus’s replica-
tion capability after it enters the cell. Such use of a modified viral vector 
to insert genetic material is called transduction. 

The rapid progress in viral vector technology over the past five years 
has played an essential role in moving ocular gene therapy from a theo-
retical concept to clinical trials of specific therapeutic applications. For 
more specific conclusions and discussion from the symposium on recent 
advances and ongoing challenges in viral vector techniques for ocular 
gene therapy, see conclusions 7 and 8. 

Preclinical Testing
Before any application of gene therapy can be considered for clinical 
testing in humans, there must be a sound evidence base that it is likely 
to work as desired (efficacy) but is unlikely to cause any harm that is sig-
nificant in relation to the amount of potential benefit (safety). The pre-
clinical testing of a gene therapy application to build this evidence base 
is often referred to as establishing proof of principle. Preclinical experi-
ments are also vital to expanding fundamental knowledge about how 
ocular tissues and functions respond to each aspect of a technique of 
interest. For both purposes, experimenting with the gene therapy tech-
nique in a suitable animal model is the best scientific tool available to 
conduct preclinical research. However, an animal model is almost never 
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a perfect substitute for the equivalent experiment in humans, so suitabil-
ity of the model and appreciation of each model’s limitations are critical 
elements in good preclinical testing. The current status and continuing 
challenges of this essential first step in moving from concept to a medically 
useful gene therapy are explored further in conclusions 9 through 12.

Clinical Testing

The positive results from the initial trials of gene replacement therapy 
for one form of an inherited blinding disease will encourage trials for 
other single-gene forms of inherited ocular diseases. It will also fos-
ter multigene replacement strategies and gene therapy to increase or 
decrease factors in disease progression. But clinical trials are expensive, 
and overall progress in translating ocular gene therapy from concept to 
clinical practice will depend on how well these next generations of trials 
are performed. Choices made about which strategies to test, the selec-
tion of trial subjects, the outcome measures on which to decide trial suc-
cess, and other aspects of trial design and execution will undoubtedly 
influence trial outcomes. Given the time and resources invested in plan-
ning and design of a clinical trial and the likely participation of commer-
cial partners in their execution, guidance on how to make these critical 
choices should be formulated and vetted by the medical community now. 
Conclusions 13 and 14 address the status of clinical trials for ocular gene 
therapy and the symposium participants’ views on the future directions 
and challenges for clinical trials.

2. From Rare to Common Disorders. Although treating rare ocular diseases is 
a worthwhile goal in itself, the importance of the current emphasis on gene 
therapy to treat relatively rare genetic conditions must be understood in 
the context of new and emerging biomedical knowledge and technology. 
These treatments provide clear proofs of principle for broader therapeutic 
opportunities. Because many of the major vision-threatening diseases—age-
related macular degeneration (AMD), glaucoma, and other chronic diseases 
affecting the retina—are known to have a substantial but complex genetic 
component, millions of Americans could potentially be helped by ocular gene 
therapy. The current work on gene therapy for rare ocular diseases such as 
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specific forms of retinitis pigmentosa thus offers more than a way to preserve or 
rescue vision in patients with these diseases. The initial applications are building 
the evidence base for techniques, technologies, and treatment strategies that 
can in time be applied to many of the major chronic eye diseases. Clinical trials 
in ocular gene therapy now under way or soon to come can also aid in extending 
gene therapy to debilitating and life-threatening diseases in other organs, 
including neurological diseases.

Replacement of a single defective gene responsible for a blinding condi-
tion can offer patients without other recourse the prospect of sight pro-
tection or restoration, instead of severe vision loss that often occurs early 
in life and eventually leads to blindness. Therefore, the preclinical test-
ing and clinical trials for early applications of ocular gene therapy have 
focused on treating rare but relatively simple forms of single-gene inher-
ited diseases such as Leber congenital amaurosis (LCA). Even partial 
sight restoration in the blind patients currently participating in clinical 
trials will be a great boon to these patients, as the therapies being tested 
may ultimately restore face recognition, reading ability, and vision-aided 
mobility, thereby improving their independence and quality of life. 

Based on long-term sight restoration achieved with gene replace-
ment therapy in animal models of human retinal degenerative diseases, 
ocular gene therapy has the potential to treat many retinal conditions 
that, if left untreated, typically progress to blindness or severe visual 
impairment. The need is great, as hundreds of thousands around the 
world are facing severe vision loss due to ocular diseases. In principle, 
those who could be helped by some form of gene therapy could reach 
into the millions, since common retinal degenerative diseases such as 
glaucoma and AMD are now known to have a strong genetic compo-
nent. Even for diseases where vision loss is a consequence of a more 
systemic condition originating outside the eye, such as diabetic macular 
edema and proliferative diabetic retinopathy, gene therapies that block 
one or more harmful stages in disease progression could slow, and per-
haps prevent, eventual severe vision loss and blindness. At this sympo-
sium, participants considered gene therapy approaches to corneal dys-
trophies, glaucoma, and nonglaucomatous optic neuropathies, as well as 
the many possibilities for treating retinal degenerative diseases. These 
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approaches included the use of gene therapy to upregulate beneficial fac-
tors, as well as simple gene replacement.

Whether one considers the relatively small numbers of patients 
with LCA who are candidates for single-gene replacement therapies 
or the much larger populations with chronic retinal degenerative dis-
eases of greater pathogenic complexity, the impact of successful gene 
therapies on their quality of life will be great. By preserving or restoring 
sight, treatment will allow for more-normal activities in the home and 
enhanced potential for employment. The impact on societal healthcare 
costs would also be great, not only in reducing the need for social wel-
fare but also in increasing the prospects of tax revenue through gainful 
employment.

Several symposium participants noted that they prefer calling the 
disorders being treated now with ocular gene therapy retinal degenerative 
diseases, rather than using older terms derived from clinical phenomenol-
ogy such as retinitis pigmentosa. Identifying them as degenerative dis-
eases of the retina—a neural structure that, like the brain, is part of the 
central nervous system—associates them with the neurodegenerative 
diseases of the brain such as Parkinson’s disease, Alzheimer’s disease, 
and amyotrophic lateral sclerosis (ALS, Lou Gehrig’s Disease). These 
participants see prospects for gene therapy strategies, once approved and 
applied successfully to treat retinal diseases, subsequently contributing to 
treatment of other neurodegenerative disorders. 

This long-term goal of moving beyond gene-replacement therapies 
for relatively rare single-gene defects to the common blinding diseases—
and perhaps in time to other neurodegenerative diseases—is discussed 
more fully in conclusions 15 and 16.

3. Surviving the Transition to Accessible Clinical Applications. Ocular gene therapy, 
like many exciting research results demonstrated at the proof-of-principle stage, 
must traverse a daunting “valley of death” from preclinical research to clinically 
proven, federally licensed marketable applications before it can realize its 
potential in preserving and restoring vision. The costs are high and the risk is 
immense that any particular therapeutic approach for a specific condition will 
not make it to market. Furthermore, the early-stage successes are likely to have 
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small populations of patients to be served. Therefore, government funding, 
industry involvement, and support from patient advocacy groups and opinion 
leaders in the health care community will all be necessary to bring current ocular 
gene therapy efforts successfully from laboratory result to clinical practice. These 
initial successes will open the way to therapies for millions of patients with sight 
impairment or blindness as a current or future affliction.

For ocular gene therapy to succeed in the transition from promising 
initial preclinical and clinical results to approved, commercially viable 
medical procedure and product, multiple technical, organizational, and 
financial challenges must be overcome. The technical challenges arise 
because this is still a young field of just-emerging techniques and technolo-
gies. Assembling and sustaining teams of collaborating scientists and medi-
cal researchers, who bring a range of essential expertise to the collective 
effort, is the best way to meet the technical challenges. But sustaining this 
degree of team activity poses organizational and financing challenges. 

Given these challenges, and the likely path of gradual progress 
from gene replacement treatments for relatively rare disorders caused 
by defects in a single gene to treatments for the major complex blind-
ing diseases, the early stages of transition will require continued support 
from government entities, opinion leaders in the ophthalmology research 
community, and patient support groups. Smaller biotechnology compa-
nies are also poised to play both an early-stage role in carrying demon-
strated applications through to commercial products and a continuing 
role in expanding ocular gene therapy into a broad array of treatment 
modalities for an increasing number of vision-threatening ocular dis-
eases.  Conclusions 17 and 18 explore pathways for partnering to trans-
late gene therapy from laboratory concept to patient cure.

Genetic Factors in Vision-Threatening Eye Disease 

4. The conceptually simplest example of ocular gene therapy is the transfer of a 
normal gene into cells that carry an inherited defective variant of the gene. Such 
gene replacement strategies are now providing direct confirmation that gene 
transfer techniques can be both safe and effective for recovering visual function 
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when the initiating cause of loss of function is a genetic defect. These initial and 
basic gene replacement strategies can be extended in several directions that 
will not only aid patients with vision-threatening genetic conditions but also 
establish the evidence base and technology to advance toward more complex 
forms of gene therapy.

Gene Replacement to Treat Single-Mutation Causes of Retinal 
Degeneration
The clinical name retinitis pigmentosa can be applied to any one of a 
number of inherited retinal degenerative diseases characterized by 
abnormalities of the photoreceptors (initially rod cells but eventually 
cone cells as well) or the retinal pigment epithelium (RPE). The com-
mon features include progressive retinal degeneration and loss of visual 
function. Early hallmarks of this loss are night blindness (nyctalopia) and 
a loss of peripheral vision (tunnel vision). The age of onset varies. Some 
forms of retinitis pigmentosa do not cause initial visual loss until patients 
are adults, and the progressive loss of vision may extend over several 
decades. Other forms of inherited, progressive retinal degeneration affect 
vision much earlier and more quickly. “Leber congenital amaurosis” is 
the clinical name for what is now recognized to be a growing number 
of distinct gene mutations that cause loss of visual function at birth or 
in early infancy due to abnormal development or functioning of photo-
receptors, the RPE, or both. As of 2009, 15 gene mutations have been 
identified that cause forms of LCA. Roughly 30% of LCA cases have not 
yet been associated with a specific mutation.

The RPE65 form of LCA takes its name from the RPE65 gene. The 
normal RPE65 gene encodes a protein that is produced in RPE cells and 
is necessary for synthesis of 11-cis retinal. This synthesis in the RPE is 
an essential step in the visual (retinoid) cycle that maintains the light 
sensitivity of the photoreceptors. A mutant version of this gene, if pres-
ent in both copies of the gene, causes severe visual loss in early infancy, 
later becoming clinically indistinguishable from other forms of retinitis 
pigmentosa. As this form of LCA progresses, electroretinography (ERG) 
potentials, which indicate light-induced neural activity in the retina, 
become severely reduced from normal levels or are not detectable. 
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Although RPE65 is not the most common form of LCA, Dr. Samuel 
Jacobson described it at the symposium as a strategic starting point for 
ocular gene therapy. The extent of visual function loss in patients with 
the RPE65 mutation is much greater than the observable structural 
losses in the outer nuclear (photoreceptor) layer of the retina. Because 
the structural loss is not as severe, there is a good chance that restoring 
normal retinoid cycling will improve visual function for the patients. In 
addition, there is an excellent large-animal model, a naturally occurring 
RPE65 mutation in dogs, that can be used for preclinical testing of effi-
cacy and safety, as well as mouse models. 

A gene replacement strategy is most applicable to autosomal reces-
sive disorders as only gene replacement is required. There is no need to 
eliminate the abnormal gene product that results from the mutated gene, 
as is the case in autosomal dominant diseases. With respect to future 
directions of single-gene replacement therapy, there are many other 
LCA forms that have been traced to mutations in a single gene. It seems 
reasonable, therefore, to consider testing the same gene replacement 
strategy for them. Despite the clinical similarities, these LCA forms are 
not identical to RPE65 or to each other in the structures or functions 
affected by the mutation. Thus, they may not have the same potential 
for positive response to a gene replacement strategy. In extending the 
strategy used with RPE65 to other gene-defect-initiated forms of LCA or 
other retinal degenerations, the community needs criteria for evaluating 
which molecularly distinct forms of a disease are most likely to respond 
well enough to gene replacement therapy to make it the preferred thera-
peutic option. Also important will be determining the stage of the dis-
ease at which a gene replacement strategy is clinically reasonable. The 
criteria recommended at the symposium for these and other issues in 
evaluating the feasibility and appropriateness of a potential gene therapy 
approach are discussed under conclusion 13. 

Among the challenges for ocular gene replacement therapy is the 
problem of delivering the vector to outer retinal cells—the photorecep-
tors and the RPE—with minimal trauma (figure 2). This will be espe-
cially important in retinal degenerative diseases in which the patients 
still have functional vision that should not be jeopardized. The con-
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straint applies, for instance, to some forms of retinitis pigmentosa that 
develop later and progress more slowly than the LCA forms such as 
RPE65, where patients already have severe vision loss or are blind at the 
time of treatment. 

A second challenge is to address some of the unanswered questions 
about the effects of gene replacement on visual function and structure. 
In the RPE65 clinical trial described by Dr. Jacobson, some patients 
reported substantial differences in visual experience just two weeks 
after a single subretinal injection of the viral vector. That result was not 
expected, based on the research team’s understanding of how transgene 
expression was likely to improve visual function over time. For some 

Figure 2.  Major Tissues of the Eye, Including Cell Types of the Retinal Layers
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diseases that are candidates for treatment, Dr. Jacobson suggested that 
there be more study of the transition zone—the region of cells in a retinal 
degenerative disease between fully diseased areas and nearby areas with 
more normal function and structure. Study of this zone could provide 
insights into modes of treatment and specific targets for therapy that 
could produce meaningful positive results quickly. 

To illustrate how understanding the details of a disease such as the 
transition zone might help, Dr. Jacobson noted that, in many but not all 
patients with retinal degeneration from Usher syndrome,1 large portions 
of the central retinal can be normal or nearly so [1]. As noted above, 
there appears to be a transition zone between the areas of structurally 
and functionally normal central retina and the nonfunctioning, non-
laminated retinal areas where extensive pathological remodeling of the 
retina is evident. In the transition zone, the outer layer becomes thinner, 
indicating photoreceptor cell death. There are additional features that 
indicate gradual disease progression. Perhaps, Dr. Jacobson suggested, 
this transition zone should be the primary target for gene therapy. Slow-
ing or reversing disease progression in the transition zone, as measured 
by structural noninvasive examination such as optical coherence tomog-
raphy (OCT), might be a good primary outcome measure for clinical 
trials. The companion eye could be used as the control for comparing 
scans. Observing structural changes in the transition zone in a disease 
such as Usher syndrome might provide statistically significant evidence 
of efficacy in much less time than, for example, earlier approaches that 
followed changes in ERGs over several years. 

Can Replacing a Gene Defect Restore Visual Function?
Another fundamental question of clinical efficacy that was addressed at 
the symposium is whether replacing a defective gene can have a medi-
cally significant effect in restoring or providing visual function that has 
been missing from birth. Many people with retina-based vision disorders 

1Usher syndrome, a genetic condition that combines deafness with progressive 
retinal degeneration (clinically described as retinitis pigmentosa), can be caused by 
a mutation in any one of a number of genes. Ten Usher syndrome genes have been 
identified to date.
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have the cells necessary for vision, but a gene defect prevents the photo-
receptors from functioning properly. In other disorders, the defect may 
affect functioning of retinal ganglion cells or bipolar cells, even though 
the retina appears to be structurally near normal. In such cases, can nor-
mal visual processing, or something close to it, be established by gene 
therapy directed to whichever cell types are nonfunctioning?

Dr. Jay Neitz described his work with red-green colorblindness in 
squirrel monkeys as an ideal test case to establish the proof of principle 
for such uses of gene replacement therapy. In squirrel monkeys, certain 
individuals are normally red-green colorblind, just as are some humans. 
In both colorblind monkeys and humans, the retinal cells are functional 
and healthy throughout life. The only abnormality is that one of the 
three visual pigments required for full color vision is missing or nonfunc-
tioning because of a mutation in one gene. This gene defect occurs more 
frequently among squirrel monkeys than red-green colorblindness occurs 
in humans. 

After gene transfer therapy to transduce the gene for the missing 
visual pigment into photoreceptors of adult colorblind monkeys, the test 
subjects gained the full color vision normal to monkeys born with a func-
tional version of the gene. That is, these animals acquired the ability to 
see colors to which they were formerly blind. This striking success shows 
that ocular gene therapy has the potential to treat cases of inherited 
vision loss if the loss of visual function precedes death and disappearance 
of the photoreceptors or other cell types essential to the retinal vision-
processing system. 

Ocular Gene Therapy for Defects in Mitochondrial Genes
Another dimension in which single-gene replacement therapy is being 
extended is in treating diseases of the optic nerve caused by defects in 
mitochondrial genes, rather than a defective gene in the DNA of the 
cell nucleus. Defects in mitochondrial DNA have been implicated not 
only in Leber hereditary optic neuropathy (LHON) but also in numer-
ous other neurodegenerative diseases including Parkinson’s disease, non-
arteritic anterior ischemic optic neuropathy (NAION), NARP syndrome 
(neurogenic muscular weakness, ataxia, and retinitis pigmentosa), and 
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MELAS syndrome (mitochondrial encephalopathy, lactic acidosis, and 
stroke-like episodes). There may also be mitochondrial involvement in 
diseases of aging such as glaucoma and in some cancers. 

At the symposium, Dr. John Guy described his work on gene therapy 
for optic nerve diseases associated with mitochondrial gene defects as 
the leading edge of gene therapy for the more general class of genetic 
mitochondrial diseases. If successful, this work has the potential to estab-
lish gene therapy’s utility for many disease targets that involve mito-
chondrial DNA defects. 

Until recently, the technology did not exist to introduce a gene 
directly into mitochondria. Less direct approaches can be used, such as 
correcting the protein produced by the mutant mitochondrial gene with 
a gene added to the nuclear DNA, bypassing a malformed Complex I, 
or suppressing oxidative injury resulting from the mitochondrial defect. 
Dr. Guy’s first strategy for LHON used the first of these alternatives, cor-
recting the mutant protein. A viral vector is used to insert a transgene 
into the cell nucleus that, when expressed, produces a normal copy of 
the protein that is abnormal when expressed by the defective mitochon-
drial gene. 

The other two indirect approaches, which are neuroprotective strat-
egies, as well as Dr. Guy’s work with direct transduction of mitochondrial 
DNA, are discussed under conclusion 5.

5. Beyond applications in which gene transfer replaces one or more defective 
genes, ocular gene therapy also holds promise for strategies to increase 
production within the eye of beneficial factors or to decrease levels of harmful 
factors. Examples of the former include upregulation of neuroprotective agents 
in retinal tissue to lessen cell death. Examples of the latter include injecting 
genes that express proteins that bind to and inactivate biomolecules essential 
to inflammatory or neovascularization processes implicated in loss of visual 
function.

Rather than providing a functional copy of a gene when the inherited 
copies are defective, the genetic material transduced into cells of ocular 
tissue can increase the presence of a biologically active molecule that 
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halts or lessens the pathological processes associated with the disease of 
concern. The beneficial factor expressed by the transgene (or otherwise 
increased in concentration because of the transferred genetic mate-
rial) may occur naturally through endogenous production, or it may be 
a biomolecule that the transduced cells would not normally produce. 
For many applications of ocular gene therapy now being considered for 
upregulating a beneficial factor, the factor of interest is a neurotrophic 
factor: a neuropeptide that regulates the growth, differentiation, and sur-
vival of certain nerve cells. For typical ocular applications, these neuro-
trophic factors are targeted to one or more types of retinal nerve cells.

Gene Therapy to Counter Pathological Ocular Neovascularization
The formation and growth of new blood vessels in a particular part of 
the eye can be a normal, healthy process during embryonic development 
or recovery from injury. But in many chronic eye diseases, ocular neovas-
cularization in response to degenerative processes becomes uncontrolled 
and dysfunctional, contributing to the pathological progression that 
causes visual loss and eventual blindness. For example, in many chronic 
blinding diseases of retinal degeneration, abnormal neovascularization 
results in formation of new networks of small vessels that hemorrhage, 
leading to scarring and further rounds of neovascularization as the body 
attempts to repair the damage. At the symposium, Dr. Peter Campo-
chiaro described this process of pathological neovascularization as an 
opportunity for applying gene therapy. It occurs as an important step in 
the pathology of a number of diseases, and something is known about 
the molecular biology of how this process is initiated and controlled. 

A chemical messenger produced naturally in the body, vascular 
endothelial growth factor (VEGF) is critically important to initiating 
and sustaining neovascularization. There are known endogenous inhibi-
tors of neovascularization, including factors that bind with VEGF or 
block the receptors to which VEGF would normally bind to stimulate 
new vessel production. These inhibitors are called anti-VEGF factors. 
One approach to inhibiting neovascularization is to transduce cells in 
the affected region of ocular tissue with genetic material that upregulates 
one or more anti-VEGF factors.
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Many clinical trials for delivery by conventional methods (e.g., 
delivery by injection) of neovascularization inhibitors such as anti-VEGF 
factors and of anti-inflammatory agents have established safety and 
at least some efficacy for several of the beneficial factors themselves. 
Applying gene transfer technology as a means for continuous, endog-
enous production of such factors at the desired site of action is a logical 
therapeutic next step. The previous clinical trials of these therapeutic 
agents have also established methodologically robust outcome measures. 
Measurement techniques that can be used include visual acuity testing 
and OCT, which measures the thickness and integrity of the retinal lay-
ers. The next step is to demonstrate that viral vector delivery of a gene 
that causes the transduced cell to produce the agent endogenously is 
safe and effective. This step is illustrated by the current clinical trial, 
described below, of pigment epithelium–derived factor (PEDF).

A gene therapy approach to ocular diseases that include neovascu-
larization makes sense because many of these diseases are chronic and 
gene therapy offers a means of both sustained and targeted delivery of 
the beneficial factor. Current small-molecule pharmacology requires fre-
quent doses of the therapeutic agent continuing throughout the remain-
der of the patient’s life. With gene therapy, a single injection (or perhaps 
a single set of injections to transduce cells in several areas of the retina) 
may well suffice. Furthermore, gene therapy may make it possible to 
treat older patients with severe diseases that now are thought to be too 
advanced for treatment. For example, advances in understanding the 
mechanism of specific neurotrophic agents such as ciliary neuorotrophic 
factor (CNTF) could make severely affected retinas more amenable to 
treatment, if the optimal cell types and locations for gene delivery can be 
targeted.

When gene therapy is used to replace a defective gene, typically the 
viral vector must transduce the cell type in which the defective gene is 
causing a malfunction. However, when gene therapy is used to increase 
levels of a beneficial factor that is secreted from the cell where it is pro-
duced, there are more options as to which cell types can be transduced 
to obtain the desired effect. The targeting issue now becomes whether 
there are certain cell types that should not be used as “endogenous fac-
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tories” to produce the beneficial factor. For example, it may be better not 
to transduce photoreceptor cells to increase expression of a beneficial 
factor not needed by those cells. If retinal ganglion cells are transduced 
to express a factor, then one should assume that the factor will find its 
way down the optic nerve and into the brain (specifically the lateral 
geniculate nucleus), as well as appear in the ganglion cell layer of the 
retina. For many prospective factors that could be produced with trans-
genes, a limited increase in the amount of that factor in the brain will 
probably not be a problem. Still, this is an issue that designers of gene 
therapy strategies must consider. 

Dr. Campochiaro summarized the state of research on the follow-
ing beneficial factors for which an ocular gene therapy approach seems 
feasible. 

• VEGF binding proteins. Proof of principle for VEGF binding has 
already been established by large pharmaceutical companies for 
delivery of binding agents by means other than gene transfer. Effi-
cacy of binding agents produced by transgene expression is highly 
likely because repeated injections of VEGF binding proteins 
(e.g., antibodies) have strong efficacy in patients with choroidal 
neovasculari zation, retinal neovascularization, or macular edema 
due to ischemic retinopathies. If there is reasonable expression of 
the binding agent by a transgene, then this gene transfer strategy 
should have efficacy for a substantial number of diseases in which 
neovascularization plays an important role in the disease pathway. 
The key unresolved issue for a gene therapy approach is safety.
As of the time of the symposium, there was conflicting informa-
tion regarding safety of gene therapy to express a VEGF binding 
agent. The biotechnology company Genzyme has a trial sched-
uled to begin in late 2009 or early 2010 employing a VEGF bind-
ing agent, and Dr. Campochiaro thought that positive results in 
that trial could move this application area for gene therapy for-
ward significantly. 

• PEDF. A phase 1 clinical trial of an adenovirus vector to trans-
duce the gene for PEDF into retinal cells has shown promise. 
Because adenovirus vectors are typically short-lived, sustained 
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expression of PEDF by the transgene, which is necessary for clini-
cal success, has yet to be demonstrated. If further study confirms 
that all-trans retinoic acid reactivates transgene expression, 
Dr. Campochiaro thinks this PEDF vector has strong potential to 
succeed in clinical trials and become a clinically useful therapy.

• Endostatin/Angiostatin. Each of these agents has demonstrated 
good efficacy when the corresponding gene was transduced with a 
viral vector in animal models of retinal or choroidal neovascular-
ization. There may be advantages to using gene therapy to trans-
duce genes that express these particular agents, and one biotech-
nology company is pursuing that strategy. 

• Vasohibin. An attractive feature of transducing the gene for this 
naturally occurring factor is that vasohibin is part of the endog-
enous negative feedback loop for suppressing VEGF activity.

Gene Therapy to Provide a Protective Factor for Mitochondrial Function
As noted in the discussion of conclusion 4, Dr. Guy’s work with gene 
transfer therapy for defects in mitochondrial DNA has included two 
strategies to protect nerve cells from the consequences of the mitochon-
drial defect by transducing genetic material that expresses a protective 
factor. In the preclinical testing of gene therapy strategies to provide 
neuroprotection that he discussed at the symposium, the target cells are 
retinal ganglion cells and their axonal processes, which collectively form 
the optic nerve connecting the eye to the brain. 

In the first of these protection strategies, the transgene expresses an 
antioxidant that normally occurs in the cell’s energy transfer cycle but 
is in inadequate supply in optic neuritis. Gene therapy to increase pro-
duction of superoxide dismutase, an antioxidant, reduced myelin fiber 
injury by 51% in an animal model of optic neuritis and multiple sclerosis 
(experimental autoimmune encephalomyelitis at 1 year of age). This pre-
clinical experiment reduced ganglion cell loss by a factor of 4. 

In the second protective strategy, Dr. Guy has used viral vector gene 
transfer in retinal ganglion cells in vitro to show that factors known to 
promote mitochondrial health and activity can be successfully upregu-
lated, with positive results for cell growth. 

30 Supporting Rationale for the Symposium Conclusions



• Mitochondrial HSP70 is a critical chaperone protein involved 
in transporting mitochondrial proteins from the cellular cyto-
plasm into the mitochondria. The 85% of mitochondrial proteins 
that originate in the cytoplasm do not get into the mitochondria 
unless HSP70 is present. Dr. Guy has transduced retinal ganglion 
cells with the gene for mitochondrial HSP70, with a resulting 
increase in HSP70 expression and increased cell growth relative 
to controls. 

• NDUFA6 is a subunit of Complex I, which plays a key role in 
mitochondrial-mediated energy production in animal cells. Gene 
therapy to supplement NDUFA6 levels has been used successfully 
in an animal model to suppress programmed cell death (apopto-
sis) of ganglion cells in tissue culture.

Dr. Guy speculated that gene therapy techniques like these, which 
can provide fully functioning proteins essential to mitochondria activity, 
may become an important adjunct to antioxidant treatments (potentially 
including gene therapy treatments) in ocular and other tissues. If the 
natural proteins, like HSP70 chaperone or subunits of Complex I, or the 
processes by which they are produced in the cell have been damaged by 
oxidative stress prior to ameliorating that stress through an antioxidant 
therapy, this type of gene transfer application could help in returning the 
cell to healthy functioning. 

Gene Therapy at the Front of the Eye: The Lacrimal Gland, Conjunctiva, 
and Cornea
Dr. Melvin Trousdale reported on the status of and future directions for 
gene transfer therapy directed at disorders of the ocular tissues that pro-
tect the eye from the external environment. These tissues include the 
clear cornea through which light is transmitted into the eye; the lacri-
mal gland, which produces tears to moisten and protect the cornea; and 
the conjunctiva, the mucous membrane that lines the inner surface of 
the eyelids and continues over the forepart of the eyeball (see figure 2 
above). 

Gene therapy for disorders involving these tissues is still at an early 
stage, Dr. Trousdale said, compared with gene therapy for some of the 
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retinal diseases. However, there are some good animal models for use in 
gene therapy preclinical studies, and a number of genes have been iden-
tified that are good candidates for delivering beneficial factors to these 
tissues at the front of the eye. 

One approach would be gene transfer to deliver therapeutic proteins 
to the ocular surface via the tears. This approach may be useful in pro-
moting wound healing or in treating inflammation of the lacrimal gland 
and cornea, dry eye syndrome, infections, or neovascularization of the 
cornea. For each of these applications, one or more beneficial factors 
could be delivered to tissues on the surface of the eye by expressing them 
with transgenes inserted into cells of the lacrimal gland. 

Another potential use of gene transfer suggested by Dr. Trousdale 
is for in vitro gene transfer to aid in preparing bioengineered materi-
als to be used as prosthetics or tissue replacements. For example, gene 
transfer might be a modification technique useful in developing a bio-
artificial lacrimal gland. Or it could be used to improve donor corneas 
for transplantation. One of the major reasons for rejecting donor corneas 
for transplant is a low corneal endothelial cell count. Transducing donor 
corneas in vitro with a gene that would stimulate replication of endothe-
lial cells could greatly increase the supply of usable corneas.2

Ocular Gene Therapy for Neuroprotection: Research Questions and 
Challenges
During the symposium, Dr. Matthew LaVail presented the following set 
of questions whose answers will advance applications of gene therapy 
aimed at introducing or increasing the concentration of a neuroprotec-
tive agent. 

(a) What is the most effective neuroprotective agent or combina-
tion of agents for different forms of retinal degeneration? 

• It appears likely that no single agent, or combination of 
agents, will be the optimal therapy for all the retinal neuro-
degenerative diseases. For each disease, and perhaps even for 

2For more on these examples of potential in vitro applications of gene therapy, 
see the summary in section 2 of Dr. Trousdale’s presentation.
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distinct genotypes of a clinical disease family, there may be a 
specific agent or combination that provides the best clinical 
outcome. Dr. LaVail does not see a community consensus yet 
on which neuroprotective agent(s) to take into clinical trial 
after CNTF.3 

• Better information is needed on which agents are best, singly 
or in combination, for a particular condition. There are, for 
example, reports in the literature of synergistic effects for two 
or more agents in both cell culture and in vivo laboratory 
tests. Does this mean that a multiple-factor strategy—trans-
ducing genes for more than one neuroprotective agent—will 
be the therapeutically optimal strategy for certain diseases?

(b) When in the disease process is expression of the neuroprotec-
tive agent(s) most effective? 

• At what stage(s) in the disease progression can the affected 
ocular tissue (retinal cells or neural cells in other eye tissues) 
respond to increased levels of neuroprotective agent? 

• Does the limitation of patient selection to patients with little 
visual function to lose—a trial constraint rooted in the medi-
cal ethics of protecting patients from harm—lead to a trial 
design in which potential efficacy is compromised? What 
is the optimal stage for intervention in a phase 1 trial? In a 
phase 2 trial? 

(c) Does the rate of degeneration affect the efficacy of neuroprotec-
tion? For example, are neuroprotective agents more effective in 
retinal disorders where degeneration progresses slowly? 

• The presumption is that slower rates of degeneration are 
more likely to be mitigated by neuroprotection, but this has 
not yet been tested rigorously.

3The National Eye Institute and Neurotech USA, Inc., have completed a 
phase 1 safety trial of encapsulated cell therapy for delivering CNTF to the inner 
retina as a neuroprotective agent in severe cases of retinitis pigmentosa [2]. At the 
symposium, Dr. Paul Sieving summarized the results of the trial; see the summary of 
his presentation in section 2.
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• Is the rate of structural degeneration more important than 
the rate of functional visual loss? Is the rate of progression 
more important, or the stage of the disease when interven-
tion occurs (see question b)?

(d) Is there potential to target cone photoreceptors with neuro-
protective agents delivered by ocular gene therapy? Can—and 
should—neuroprotective agents be expressed in cones?

• Because of their importance in human central vision and 
their loss in the macula and fovea in a number of major 
blinding diseases, cone photoreceptors are the retinal 
cells the ophthalmology community is most interested in 
protecting. 

• The work on replacing the GNAT2 (cone transducin alpha) 
gene mutation in mice shows that cone cells can be targeted 
specifically, but should they be targeted when the goal is pro-
duction of a neuroprotective agent, rather than replacing a 
defective gene? Experimental evidence is needed to answer 
this question. 

• Preliminary evidence was presented at the symposium that 
genes for known neuroprotective agents can be transduced 
with existing viral vectors to give some degree of cone 
protection. 

(e) What role, positive or negative, do microglia play in protecting 
neural cells? Are there ways to regulate the microglia, either 
to use them to enhance protection of retinal neural cells or to 
remove them, if they are causative factors in neural cell stress 
and death? 

• Microglia are small glial cells within the supportive and con-
nective structure of the entire nervous system, including the 
retina. They act as resident phagocytes in immune defense of 
neural tissue.

• The role of microglia is a major area of research in neurode-
generation generally, Dr. LaVail said, but it has received less 
emphasis from the retinal degeneration research community. 
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(f) What are the cellular and molecular mechanisms of neuropro-
tective agents?

• Knowing more about how individual neuroprotective agents 
work would help in choosing which cell type(s) to target 
and when. For example, the RPE may play an important role 
in the activity of neuroprotective factors such as CNTF or 
brain-derived neurotrophic factor (BDNF) injected directly 
into the eye. RPE cells are known to respond well to a num-
ber of neuroprotective agents. The trials of gene replacement 
for the RPE65 form of LCA showed that the RPE is readily 
transduced. 

• To determine the involvement of the RPE in neuroprotec-
tion, preclinical experiments can be done to determine 
whether gene transfer can be used to induce RPE cells to 
overexpess neuroprotective agents. 

• Much more work is needed to define and localize the cellular 
receptors of individual neuroprotective agents.

• More exploration is needed, in additional models, of the role 
of antioxidants as neuroprotective agents in rod and cone 
photoreceptors. Among the important contributions from 
Dr. Campochiaro’s laboratory are studies of the role of anti-
oxidants in slowing degeneration in several animal models of 
retinal degeneration. A combination of antioxidant and neu-
roprotective gene therapy might be synergistic. 

• Additional cellular mechanisms can be studied more exten-
sively as potential targets for neuroprotection. Dr. LaVail 
suggested expanding investigations into mitochondrial insta-
bility, the use of estrogens and estrogenlike molecules as 
potential neuroprotective agents, and the prospects for using 
other endogenous neuroprotective agents.

In the course of discussing these suggestions for future research 
on ocular gene therapy to upregulate production of neuroprotective 
agents, the symposium participants also discussed a serious legal and 
sociocultural challenge to progress. Several of the most promising 
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neuroprotective agents, including CNTF, PEDF, and glial cell–derived 
neurotrophic factor (GDNF), are now the intellectual property of enti-
ties that, in some cases, have resisted licensing them for specific com-
mercial medical applications. Although the agents can be used for basic 
research and preclinical testing, the resistance to commercial licens-
ing presents a major obstacle to entering the clinical trial phase of 
development. 

In some instances, this resistance to licensing may stem from the 
owner’s interest in pursuing applications for other, perhaps larger, 
potential patient markets. If a problem, such as an apparent side effect, 
were to arise in testing or in trials for a small-market ocular disease 
gene therapy application, the intellectual property owner may be con-
cerned that regulatory approval for larger commercial applications 
could be delayed or derailed. The symposium participants agreed that 
resistance to licensing, for whatever reason, is a difficult problem to 
overcome. Nonetheless, aggressive preclinical testing that makes a 
strong preliminary case for safety as well as efficacy could increase the 
chances of conducting a clinical trial of an ocular gene therapy appli-
cation, perhaps with the cooperation of the company owning the intel-
lectual property rights.

6. Gene therapy that inserts unconventional photosensitive genes into surviving 
neurons of the inner retina could enable some degree of sight restoration for 
the blind even after all the natural photoreceptor cells have degenerated, as in 
advanced cases of AMD and retinitis pigmentosa. 

Dr. Neitz’s work with colorblind spider monkeys, described under 
conclusion 4, provides proof of principle that replacing a defective 
gene can lead to restoration of an absent visual capability, even if the 
functional deficit has been present since birth. A key factor for suc-
cess in such gene-defect replacements is whether the vision-process-
ing system—ranging from photoreceptors in the retina to the vision 
centers of the brain—is structurally sound. At the symposium, Dr. 
John Flannery described recent work showing that it may be possible 
to design a gene therapy strategy that would aid some patients who 
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have lost all or most of their photoreceptors to progressive degen-
eration. The strategy here is to use gene therapy to transduce genes 
expressing proteins that make a neural cell sensitive to light (pho-
tosensitive) even when cells of that type normally are not. Making 
some of the surviving cells (e.g., retinal ganglion cells) in the visual 
processing system of the retina sensitive to light may give patients 
some degree of visual function. For example, restoration of even 
minimal light sensitivity in patients without it could help them regain 
normal circadian rhythms and thus improve conditions such as sea-
sonal affective disorder. 

Ideal biomolecules to be produced in a transduced neural cell would 
make the cell work as a binary photoswitch. In some cells, the gene 
would signal “on” while receiving light and signal “off” when no light 
was being received. In others, a different gene would signal the opposite. 
Dr. Flannery said that development of photoswitch transgenes is still at 
an early stage, but the potential exists to give cells in the retina’s neural 
network, other than the natural photoreceptors, some degree of light 
sensitivity. In a retina without surviving photoreceptors, inner retinal 
neurons that are normally not light sensitive can be engineered through 
gene insertion to add a light-receptive function. This light sensitivity can 
signal the visual cortex and provide the basis for some degree of light-
responsive behavior. 

Viral vectors containing promoters specific to one cell type can effi-
ciently target the photoswitch transgene to specific subtypes of retinal 
ganglion cells. Dr. Flannery expects that viral vectors capable of target-
ing either “on” or “off” bipolar cells will be developed soon. 

Of the applications of gene therapy discussed at the symposium, 
this is probably the furthest from clinical practice. But it illustrates the 
vast therapeutic potential for gene modification in targeted tissues. The 
possibilities go far beyond simply replacing a defective gene. Even at 
this early stage of research, a photoswitch insertion application raises 
issues for future clinical practice that partly coincide with, but also 
extend beyond, the medical ethics and treatment selection issues dis-
cussed under conclusion 14. These issues are included in the summary of 
Dr. Flannery’s presentation in section 2.
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Viral Vector Technology for Transducing Genes into Ocular 
Tissues

7. The vectors used in gene therapy are typically modified viruses, which serve as 
transport vehicles to deliver a gene cargo into targeted cells (gene transduction). 
Although several types of viral vectors have promise for ocular gene therapy, 
adeno-associated virus (AAV) vectors are particularly promising for gene therapy 
that targets the retinal photoreceptors and retinal pigment epithelium. In many 
ocular applications, a single administration of AAV vector is expected to yield 
functional expressed product of the transgene for the duration of the patient’s 
life. The researchers conducting the first gene replacement clinical trials have 
chosen to use AAV vectors. 

Several viral vector systems can be used for ocular gene therapy, includ-
ing vectors derived from adenoviruses, lentiviruses, and AAV. Wild-
type adenoviruses, which include more than 50 serotypes, cause upper 
respiratory infections in humans. Lentiviruses are retroviruses char-
acterized by slow transgene infection once they enter a cell. They fall 
into five subclasses based on the vertebrate host the wild strains infect: 
primates, sheep and goats, horses, cats, and cattle. AAV is a small virus 
that infects humans and some other primate species but is not known to 
cause disease. In all these viral systems, replicative capacity is eliminated 
prior to use of the vector product in therapy. Table 2 compares viral vec-
tor technologies on a number of characteristics relevant to successful 
gene therapy approaches.

Gene therapy using AAV vectors is well positioned for applications 
to retinal degenerative disease. AAV vectors are relatively easy to manu-
facture and can transduce a wide range of cell types. They also provide 
gene delivery efficiency, persistence of expression, and safety. With new 
techniques, transgenes of relatively large size can be delivered with AAV 
vectors, even though the AAV viral shell, or capsid, is smaller than that 
of adenoviruses or lentiviruses. Most of the gene transfer work described 
at the symposium used AAV vectors.

At the symposium, lentivirus vectors were mentioned as a potential 
option for targeting the RPE. Dr. Campochiaro listed long duration of 
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transgene expression, ease of production, and high capacity as potential 
lentivirus advantages as gene transfer vectors. The human immunodefi-
ciency virus (HIV) is a lentivirus, and the safety stigma associated with 
lentiviruses is a major challenge to a gene transfer system using them.

Adenoviruses have the potential advantage of a larger capsid, which 
means they can carry much more genetic material for transduction than 
AAV vectors can. Adenovirus disadvantages include greater potential 
for pathogenicity and a shorter term for transgene expression, as the 
human immune system responds strongly by producing antibodies to the 
adenovirus. The short term of adenovirus transgene expression raises the 
question of whether gene transfer systems based on adenovirus would be 
clinically competitive with therapy options using small-molecule phar-
macology. However, as Dr. Campochiaro noted, adenovirus vectors for 
gene transfer have been primarily studied in rodents, and their duration 
of expression may be longer in humans. Another possibility for extend-
ing duration is to turn on expression of an adenovirus-carried transgene 
multiple times by repeat doses of an inducer molecule. Although reti-
noic acid could be used to reactivate the transgene—as noted above for 
PEDF gene therapy—there is a question about its potential toxicity at 
the dose required.

The comparative safety of AAV is a major advantage for therapeu-
tic applications of gene transfer technology. The wild-type virus has no 
known pathogenicity and does not invoke a strong immune response. At 
the symposium, Dr. William Hauswirth noted that, among about 20 LCA 
patients included in the current RPE65 safety trials, the subretinally 
injected AAV vector was safe in all patients and therapeutic in some. 
Since this single-stranded, serotype 2 (AAV2) vector now has a clinical 
track record for administration in the eye, it currently offers the fewest 
obstacles for additional ocular gene therapy strategies. 

AAV vector systems can be extended in several directions. Vectors 
that contain a double strand of the passenger gene (called self-comple-
mentary or scAAV vectors) significantly accelerate transgene expres-
sion in vivo relative to standard single-stranded (ssAAV) vectors, which 
contain only one complementary strand of the DNA for the transgene. 
Dr. Hauswirth’s work has shown that scAAV vectors surpass ssAAV vec-
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tors not only in reducing the time to expression of the transgene but also 
in increasing the strength of expression. Thus, for retinal applications 
requiring rapid transgene expression, such as trauma and retinal detach-
ment, a self-complementary vector may be preferable. 

The size of the gene to be transduced is a limiting factor for an 
scAAV vector. The precise limit depends on the size of the promoter 
region attached to the gene, but the limit is about 1.5 to 2 kilobases of 
complementary DNA. In other applications, persistence of transgene 
expression after the therapeutic product is no longer required may be an 
issue for all current vector systems.

An AAV option that helps to overcome the small size of the viral 
capsid is a vector system whose carried genetic material is designed to 
allow expression of proteins whose complementary DNA is larger than 
5 kilobases. These “overstuffed” AAV vectors have been shown to be 
capable of transducing in vivo cells that express the full-length protein. 
The overstuffing technique significantly expands the range of potential 
transgenes for AAV-mediated gene therapy. The precise nature of the 
vector genome, which has not yet been determined, will probably need 
to be resolved before any clinical trial using an overstuffed AAV vector 
would receive regulatory approval.4 

Dr. Campochiaro captured the relative strengths and weaknesses of 
AAV and lentiviral vectors in the following points: 

• Both AAV and lentivirus vectors can provide long-term expres-
sion and could be applicable in various ocular gene therapy 
strategies.

• In general, a self-complementary AAV vector will have greater 
transduction efficiency than a lentivirus vector, allowing for lower 
doses to be used. The lower titer of vector per dose may allow 
intravitreous delivery with reduced risk of developing neutralizing 
antibodies. 

4At the symposium , the participants discussed the hypothesis that individual 
virions of an overstuffed vector system can contain varying single-strand segments of 
a double-stranded transgene. If a host cell is infected with enough of these variable-
segment-carrying virions, the complete transgene can reassemble inside the host cell 
nucleus. 
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• The disadvantage of self-complementary AAV is the reduced 
packaging capacity.

• Modified AAV vectors that further enhance transduction effi-
ciency could be considered, but they may require more compre-
hensive safety testing than the ssAAV vector, which already has a 
clinical track record.

• Equine infectious anemia lentiviral vectors have a clinical track 
record for gene transfer in brain tissue and could be used in reti-
nal applications, but they will probably require subretinal injection 
because of the immune response to the vector. If photoreceptors 
and the RPE can be targeted with AAV vectors injected in the 
intravitreous cavity, that will be a substantial advantage over the 
more surgically difficult subretinal injection of a lentiviral vector. 

8. In gene therapy generally, but particularly for AAV vectors, technical parameters 
such as the vector serotype, promoter, and ocular site of administration are 
critical factors for targeting and controlling gene expression in specific retinal 
cell types. As transduction efficiency improves for intravitreal injection, vector 
serotype and promoter will become increasingly important in selective targeting 
of a retinal cell type.

The capability to target a specific cell type for ocular gene therapy is rap-
idly improving. With the techniques available to manipulate the param-
eters of viral vector transduction, any retinal cell type is potentially a 
target for gene transduction. New insights into the structure and biology 
of the retina could allow for safer and more effective transduction of 
photoreceptor cells through injection into the vitreous cavity instead of 
subretinal injection (injecting the AAV vector into the space between 
the retina and the blood vessels of the choroid).

For retinal diseases, the primary cell types that have been considered 
for targeting are photoreceptors (rods and/or cones), the RPE, and reti-
nal ganglion cells. The parameters that control the effectiveness of AAV-
mediated gene delivery and expression include the promoter, the ocular 
site of vector delivery, and the vector serotype. Each of these parameters 
may need to be optimized for specific gene therapy applications.
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Promoters fall into two general classes: those that allow passenger 
gene expression in a wide variety of retinal cell types, like the chicken 
beta-actin promoter; and those that restrict expression to specific cell 
types due to their natural properties, like cone opsin promoters. In 
theory, any retinal cell–specific promoter could be used to limit vector 
transgene expression to that cell type, a potentially important vector 
design feature for future applications.

The serotype of a virus is determined by the antibodies it can elicit 
from the host organism’s immune system. Human AAV vectors have 
11 recognized naturally occurring (or wild type) serotypes. Of these, 
serotypes 1, 2, and 5 have been tested the most in animal models. For 
designing a gene therapy application, the important point is that sero-
types can differ in their transduction efficiency for different cell types. At 
the symposium, Dr. Hauswirth discussed the potential to enhance speci-
ficity for retinal cell types by exploring the transduction efficiencies of 
other AAV serotypes. In particular, serotypes 4, 7, 8, and 9 are of interest 
because they appear to be in family lines (phylogenetic clades) that are 
less closely related to the well-studied 1, 2, and 5 serotypes. 

Although the number of naturally occurring AAV serotypes is lim-
ited, mutations in the virus capsid can be produced by recombinant 
DNA techniques. In particular, certain mutations in the capsid increase 
the efficiency of genetic transduction into the cell nucleus, once the 
viral vector has entered the cell. Few of the known capsid mutations 
have been evaluated for transduction efficiency in retinal cell types. (See 
summary of Hauswirth presentation in section 2.) 

The site of vector administration—subretinal or intravitreal injec-
tion—generally influences whether photoreceptors and RPE cells or 
retinal ganglion cells, respectively, will be transduced. Among the newer 
generation of vectors—perhaps because of their very high gene delivery 
efficiency—some are able to support measurable transduction of reti-
nal cells independent of the site of administration. As vectors become 
more efficient in penetrating the retinal layers further from the site of 
administration, the latter is becoming less important as a controlling 
parameter for which cell types are transduced; serotype and promoter are 
accordingly becoming more important in targeting retinal cell type. For 
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example, Dr. Campochiaro foresees being able to target an AAV vector 
to either photoreceptors or the RPE, using intravitreal rather than sub-
retinal injection, just by selecting an appropriate capsid mutation. 

Another concern about the site of administration has been that 
intravitreal injection of AAV vector appears to induce a much greater 
systemic immune response than subretinal injection. In particular, if 
intravitreal injection were to be used to treat one eye of a patient, and 
subsequent treatment of the same eye or the partner eye were desirable 
for therapeutic reasons, experiments in animal models suggest that the 
subsequent intravitreal injections would likely be ineffective or much less 
effective than the first injection. The symposium participants discussed 
the prospects for minimizing the immune response to intravitreal injec-
tion either by having a highly efficient vector (so that less of it would be 
needed) or by changing the serotype of the vector for subsequent treat-
ments. Dr. Campochiaro summarized other relative advantages and dis-
advantages for intravitreal and subretinal injection, which will require 
further study and experimentation (see summary in section 2). 

Preclinical Testing: Strategies, Status, and Needs

9. Many excellent animal models exist for ocular diseases or diseaselike defects. 
These models are essential tools for expanding the fundamental understanding 
of human ocular diseases and for probing the effects of potential gene therapy 
strategies on ocular tissues and functions. Still, the differences between each 
model and the human conditions to which it may be compared must be kept 
in mind. These differences must be understood and carefully considered when 
designing a preclinical test using a model or interpreting the results from such 
studies.

The results obtained from experiments and testing conducted with ani-
mal models of human eye conditions continue to provide critical knowl-
edge about both the basic biology of the human eye condition being 
modeled and the expected outcomes from testing prospective therapeu-
tic strategies, including ocular gene therapy strategies. The only reason-
able scientific alternative to conducting experiments and tests using 
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these models would be to test human subjects directly—a medically and 
ethically unacceptable level of risk when an animal model exists as an 
intermediate step prior to a clinical trial.

To increase the evidence-based confidence in extrapolating out-
comes from a given animal model to decisions on the design and 
approval of human clinical trials, the research community needs to know 
more about the differences among models within one species (for exam-
ple, differences among mouse models) and between species (such as the 
differences between mouse and dog or primate models). Even a primate 
model may differ in important respects from the human ocular condition 
for which it is considered a model. 

As noted in the discussion of conclusion 4, the existence of a natu-
rally occurring mutation in the dog, which produces a blinding condition 
similar in pathology to the RPE65 form of human LCA, was strategically 
valuable for progress to successful clinical trials. Current studies on other 
dog models of retinal degeneration, and on both natural and transgenic 
rodent models, are likely to lead to clinical trials within 5 years.

For some inherited diseases that include retinal degeneration as 
part of the overall pathology, such as Usher syndrome, fully representa-
tive animal models have yet to be generated. At present, removing (or 
knocking out) or inserting mutations in mouse genes that are homolo-
gous with Usher-causing mutations in humans have not produced a 
mouse phenotype for the retinal degeneration seen in the human dis-
order. Gene mutations in dogs that are homologous with human Usher 
mutations produce hearing loss at an early age but no retinal degenera-
tion, even after 9 years. Rather than investing more resources in try-
ing different genetic models in mice, an alternative discussed at the 
symposium was to seek better understanding of interspecies differences 
in the cellular and molecular biology of homologous gene defects. For 
example, why do these proteins play a major role in functional pathology 
in humans but apparently not in other species? 

With respect to testing ocular gene therapy in animal models, 
Dr. Hauswirth noted that qualitative similarities may hold between mod-
els and the human condition, or between two different models, yet there 
may be quantitative differences in how a particular viral vector behaves. 
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For instance, the AAV vectors he has studied appear to have qualita-
tively similar activity in mouse and primate retinas, although there has 
been only limited testing in primates. If an AAV vector targets cone recep-
tors fairly well in a mouse model, it also transduces cones well in dog and 
primate models. Although this similarity is expected to hold for promoters 
specific for RPE cells or other retinal cell types, that expectation requires 
extensive testing. Knowing precisely how a vector behaves in the primate 
retina will be an important issue for further study before the new genera-
tion of vectors targeted to a specific cell type goes to clinical trial. 

In contrast to this qualitative similarity in transducing the same cell 
type(s), quantitative aspects of AAV vector behavior differ in mouse and 
primate models. For intravitreal injection, the vector appears to transduce 
retinal ganglion cells less efficiently in primates than in mouse models. 
Dr. Hauswirth suggested that the inner limiting membrane of the primate 
retina, which is thicker and denser than the member of the mouse retina, 
could act as a more effective barrier to vector penetration. Whether this 
will be a problem for clinical transduction of ganglion cells and the optic 
nerve remains to be studied. The burden of proof will be on the developer 
of a therapy strategy to show that results obtained in rodent models will 
carry over to primate, and eventually human, transduction. 

An important distinction between human retinal disorders and 
homologous disorders in animal models other than primates is that 
optimal preservation of human visual function requires preserving light-
processing capability in the macula. Within the macula is the small, 
indented area called the fovea, which is only about 0.3 mm in diam-
eter and is critical for high-acuity vision. It contains only cone photo-
receptors and the RPE layer behind them. The neurons and other cells 
that form the inner retinal layer are displaced outside the fovea, which 
accounts for the appearance of a foveal “pit.” Only primates have a 
fovea, although some nonprimates, such as chickens and raptors, have a 
structure with some similarities. 

The preferred site of vector administration for minimal foveal dam-
age and optimal transduction of foveal cells remains an open question. 
Because the fovea is particularly susceptible to permanent detachment 
and damage from subfoveal injections, intravitreal injection of a gene-
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transferring viral vector may be preferable. The symposium participants 
discussed the limited experiments to date that have attempted to trans-
duce foveal cones using subretinal injections near but not directly under 
the fovea. They agreed that the potential damage to the fovea from sub-
foveal blebs of vector near or directly under it will require careful evalua-
tion in nonhuman primates. 

The symposium discussions touched on future directions for devel-
oping and using better animal models for exploring ocular gene therapy. 
Dr. Hauswirth foresees a time when genetic manipulation can be used 
to produce better animal models for specific human conditions, such as 
models where gene transfer has been used to create a specific genetic 
defect that more closely resembles a targeted human disorder, or at 
least closely resembles a key component of the human disease pathway. 
Dr. Paul Sieving stressed the importance of preclinical testing, including 
experiments in animal models, as tools for the systems biology and dis-
ease pathway analysis necessary to elucidate the mechanisms by which 
human genetic susceptibilities lead to loss of visual function. 

With respect to diseases affecting the front of the eye—the lacrimal 
gland, conjunctiva, and cornea—Dr. Trousdale said that good animal 
models are available for studying the disease process of Sjögren’s syn-
drome and other disorders of these tissues. These models range across 
several mammalian species: rabbits, mice and rats, and dogs. They can 
be used to evaluate experimental therapeutic agents, including strategies 
for gene replacement (in the case of inherited defects) and transgene 
insertion to produce a beneficial agent.

10. For diseases involving retinal degeneration not confined to the macula, such as 
retinitis pigmentosa, animal models are clearly facilitating the translation into 
clinical applications of new fundamental knowledge about disease genesis, 
progression, and treatment. To build on these successes and facilitate the 
transition to clinical trials in humans, both theoretical and methodological issues 
remain to be resolved.

In the family of inherited retinal degenerative disorders identified clini-
cally as retinitis pigmentosa, and in other disorders in which the entire 
retina is at risk, animal models have facilitated translation from the labo-
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ratory to the clinic. However, some important questions remain about 
the use of models.

• How much emphasis should be placed on testing gene therapy 
strategies and techniques in different models when several are 
available? Is it reasonable to move to phase 1 clinical trial with a 
positive outcome in a single strain of a single species? 

• Are there elements of infrastructure (facilities) or shareable 
resources (expertise with particular models) that would expedite 
the accumulation of data from multiple models? For example, 
would a central resource (or resources) for small animal models, 
large animal models, or both facilitate industry participation in 
translation of promising gene therapies? If so, how should such 
central resources be established and funded?

The consensus of the symposium participants was that these ques-
tions will need to be addressed as ocular gene therapy expands into 
treating more conditions and using an increasingly diverse range of 
strategies.

11. For the vision-threatening diseases of the human macula such as AMD, 
attempting to develop a primate model that recapitulates the human disease 
condition fully, or nearly so, may not be the most effective preclinical strategy. A 
strategy that uses multiple models, each of which is a surrogate for a key aspect 
or stage of the human disease, may produce useful results more quickly and be 
equally valid. 

Human diseases of the macula such as the wet and dry forms of AMD are 
complex disorders that result from interactions among genetic, environ-
mental, and aging factors. Multiple initiating or predisposing conditions 
appear to interact with diverse environmental or developmental/aging fac-
tors, resulting in multiple disease pathways that progress to similar clinical 
and functional outcomes. This complexity in disease initiation and pro-
gression makes it unlikely that any single animal model—even a primate 
model—based solely on similarities in genetic mutations that increase 
the risk for the human disorder will prove a reliable guide to pathogen-
esis in humans or to the outcome of a gene therapy intervention. 
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Unless new discoveries change this understanding of macular degen-
erative disease, pursuit of a single perfect model seems less effective than 
seeking out and using multiple models, each of which has relevance to a 
key contributing factor or stage in the human disease pathways. A partial 
rodent model might, for example, have a known rate of degeneration of 
a specific retinal cell type. The monkey model for choroidal neovascu-
larization in which the normal retina is burned with a laser is far from a 
complete model for wet AMD in humans, but it has been predictive of 
treatment outcomes for that condition. Results with several such partial 
models could be used together to establish preclinical evidence for safety 
and at least minimal efficacy. A survey for partial models in rodents may 
be particularly useful for investigating safety and efficacy for gene ther-
apy approaches that target dry AMD. 

While accepted clinical nomenclature often seems to encompass 
multiple disease pathways that confound the hope for a single early-stage 
gene-replacement therapy, a number of these diseases appear to share 
similarities in mechanism at their later stages, when severe visual func-
tion loss occurs. For example, there is evidence that implicates oxidative 
stress and apoptosis in response to stress as factors in the later stages of 
AMD, some forms of retinitis pigmentosa, and diabetic retinopathy.5 To 
the extent that a gene therapy strategy—such as the neuroprotection or 
antineovascularization strategies discussed under conclusion 5—amelio-
rates one or more of these pathogenic conditions, animal models for that 
condition may be used to gather relevant evidence supporting preclini-
cal proof of principle applicable to multiple complex diseases of retinal 
degeneration. 

12. Gene therapy for some ocular diseases is still at the preclinical stage of research. 
One such disease is glaucoma, for which several gene therapy approaches have 
potential. One approach is to lower intraocular pressure at the front of the eye. 
A second is to protect the retinal ganglion cells at the rear of the eye from the 
damage and eventual loss that is the vision-threatening outcome of this complex, 
multifactorial disease. The best strategy for glaucoma may be to combine these 

5See reference [3], pp. 34–35 and 98–103.
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approaches: insert one transgene that expresses a neuroprotective factor at the 
back of the eye and a second that expresses a pressure-lowering factor in the 
front of the eye. For pressure lowering, both the trabecular meshwork and the 
ciliary body are target tissues to be studied.

Unlike the single-gene defects found in a number of forms of retinitis 
pigmentosa, the genetic component in glaucoma pathogenesis appears to 
involve multiple genes. Glaucoma researchers are finding an increasing 
number of genes whose variants, based on statistical analysis, are either 
risk factors or protective factors not only for glaucoma but also for other 
complex multifactorial eye diseases. Depending on the particular gene 
variants an individual possesses and other factors such as environmental 
risks, inherited susceptibility to glaucoma can produce eventual damage 
to ganglion cells and the optic nerve via multiple pathways. 

For example, heightened intraocular pressure (IOP), the pressure 
of the aqueous fluid in the anterior chamber of the eye, is a long-estab-
lished risk factor for glaucoma. Current glaucoma intervention strategies 
typically include frequent administration of IOP-lowering medications, 
such as eye drops applied several times a day. Decreasing the resistance 
to fluid outflow from the anterior chamber via the trabecular meshwork 
in the corner of the eye is a direct way to lower IOP. 

A parallel, and perhaps complementary, strategy to lower IOP is to 
regulate production of the aqueous fluid by the ciliary body. At the sym-
posium, Dr. Terete Borrás noted that, even though most current IOP-
lowering drugs target the ciliary body to reduce the amount of aqueous 
fluid produced, the ciliary body has not been sufficiently studied for its 
potential in gene therapy approaches to lowering IOP. 

According to Dr. Borrás, one obstacle to progress in gene therapy 
approaches for glaucoma is the lack of an animal model for increased 
IOP that does not entail destroying the trabecular meshwork. The need 
for such a model has been discussed in the glaucoma research com-
munity for many years. Because commercial glaucoma medications are 
intended to reduce aqueous fluid production by the ciliary body, an ani-
mal model that induces elevated IOP by surgically blocking the normal 
outflow channel has been satisfactory for preclinical proof of principle. 
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By contrast, potential gene therapy strategies for lowering IOP include 
targeting the mechanisms that control resistance to outflow. One or 
more animal models that preserve the full structure and function of the 
trabecular meshwork would be invaluable tools for pursuing gene thera-
pies that increase outflow.

Beyond targeting specific cell types in the ciliary body or the trabec-
ular meshwork, Dr. Borrás said that gene therapy strategies for glaucoma 
would be further aided by inducible transgenes in viral vectors—meaning 
that expression of the transgene(s) can be turned on and off in a con-
trolled way. She envisions an IOP control strategy in which an externally 
administered inducer drug (e.g., eye drops) would control a transgene 
that produces an IOP-lowering factor. 

A second obstacle to progress on glaucoma gene therapy is the lack 
of standardization and validation of methods to evaluate retinal gan-
glion cell status. As currently understood, a frequent disease pathway for 
glaucoma begins with raised IOP at the front of the eye, which is then 
translated into neural cell stresses and eventual ganglion cell death at 
the back of the eye, identified by a characteristic cupping of the optic 
nerve head as seen in a fundus photograph. Thus, a different way in 
which gene therapy could target a stage in this complex disease path-
way is to upregulate the production of a neuroprotective factor. Differ-
ent approaches to evaluating ganglion cell functional health and dam-
age have proliferated, Dr. Borrás said, and the results attained by these 
approaches are typically not comparable. She recommended cross-vali-
dation of some of these approaches so that the research community can 
consolidate results across studies. 

Dr. Borrás suggested that preclinical experiments could also explore 
a combined gene therapy strategy in which one transgene would lower 
IOP and another would produce a neuroprotective agent for the suscep-
tible cells in the retina. One possibility would be a viral vector that con-
tains messenger RNA coding for two proteins; another concept would be 
transduction with two viral vectors, one carrying the transgene for IOP-
lowering, the other carrying the transgene for neuroprotection. Based 
on recent progress, Dr. Borrás believes that preclinical success with all of 
the above gene therapy strategies can be achieved within 5 years. 
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Clinical Trials: Status, Directions, and Challenges

13. Current clinical trials of ocular gene therapy for single-gene defects or for 
increased expression of a beneficial factor are paving the way for future trials 
by demonstrating safety and efficacy. With success in these efforts, the potential 
range of gene therapy strategies and types of conditions targeted for therapy 
will expand rapidly. More detailed criteria are needed for evaluating the 
multiple trial options for feasibility, likelihood of success, and medical value.

Characterization of the human genome has identified an abundance of 
gene mutations of potential interest for ocular gene transfer strategies. 
At the symposium, Dr. Sieving noted that about 20% of the more than 
500 genes with mutations linked to disease outcomes with Mendelian 
traits involve the eye and vision in some way. He described the RPE65 
phase 1 clinical trials as highly visible successes for gene transfer therapy. 
The results have excited the academic community and, if replicated, 
appear likely to attract attention from major pharmaceutical companies. 

Given this initial success and the large number of gene-defect 
ocular diseases that have been identified, the symposium participants 
pondered the criteria that should be applied in evaluating both the fea-
sibility and the priority of gene therapy strategies for other ocular dis-
eases, particularly for forms of retinal degeneration. A general principle, 
the participants agreed, was to try to do no harm to the patients being 
treated, while trying to both do some good for the individual patient and 
advance the field. The latter goal of advancing the field is essential for 
realizing the potential of ocular gene therapy to prevent, cure, or slow 
the progress of major blinding diseases.

In his discussion of evaluation criteria beyond this broad framing 
principle, Dr. Jacobson said that the research community should expect 
that, as gene transfer therapy is tried for other forms of LCA, some gene 
replacement strategies will be more successful than others in recovering 
useful visual function. More specifically, some forms of retinal degen-
erative disease linked to genetic defects will be better candidates for 
epiretinal implants or perhaps for gene therapy to increase neuroprotec-
tive factors or other forms of gene augmentation therapy, rather than 
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simply replacing one or more defective gene. Dr. Sieving picked up on 
this theme that gene replacement therapy should not be regarded as 
the panacea for gene-linked disease when he emphasized that a number 
of potential therapeutic strategies will apply to rare diseases of retinal 
degeneration. The strategies of potential clinical significance, used singly 
or in combination, will include pharmaceutical drug therapies, nutri-
tional therapies, cell or tissue transplantation, and visual prosthetics, as 
well as gene-based therapies. 

While agreeing with Dr. Jacobson that other single-gene defect 
forms of LCA are prime candidates for ocular gene therapy, Dr. Elise 
Héon emphasized that multiple treatment approaches—often in com-
bination—are likely to have value for a given disease. Researchers 
are working toward developing a portfolio of treatments that target 
different genetic defects, different stages of a complex disease, differ-
ent types of patients, different age groups, etc. An important chal-
lenge will be to determine which treatment or combination is best 
for a given patient at a given time in the course of that individual’s 
disease. Dr. Héon noted that there are single-gene defects known to 
affect phototransduction, ciliary proteins, structural or developmental 
proteins, and other functions in ocular tissues both within and beyond 
the retina. The forms of LCA that affect proteins involved in the reti-
noid cycle, such as RPE65, are just part of the scope for therapeutic 
interventions. Evaluating new targets for gene replacement strategies 
will require determining how well they work when other functions are 
affected by the gene defect.

Dr. Jacobson, Dr. Héon, and other participants stressed the value of 
knowing more about the natural history of a genotyped disease in order 
to make informed decisions about the most effective time (patient age 
and disease stage), vector package, and injection site for successful treat-
ment. However, Dr. Jacobson also said that funding resources may now 
be too constrained to develop a full natural history for each distinct dis-
ease genotype. If patients are to be helped, then decisions about whether 
a gene replacement strategy or some other therapeutic strategy is the 
optimal choice will have to be made with less than complete knowledge 
of a disease’s natural history.
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The following considerations apply to evaluating gene replacement 
therapy as an option for treating retinal degenerative diseases.

• In principle, the more structure that survives, the better, but not 
enough is known yet to conclude that any substantial structural 
change precludes some restoration of function. Remodeling of the 
normal layering of the retina in response to the degeneration may 
not preclude functional recovery after gene replacement. 

• The aim of gene replacement therapy for retinal degeneration 
is to intervene and restore some level of normal visual processing 
before retinal remodeling precludes use of the natural light-pro-
cessing system. Thus, if retinal remodeling occurs relatively early, as 
suggested by animal models for some congenital retinal degenera-
tive diseases, a gene therapy intervention might do the most good if 
done when the patient is younger, rather than waiting until adult-
hood. However, the evidence from animal models is preliminary, 
and retinal evaluation with OCT is feasible even in children.

• To decide whether simple gene replacement is the best therapeu-
tic strategy, new, noninvasive cross-sectional imaging techniques 
such as OCT should be used to look for evidence of normal reti-
nal structure with regard to thickness and lamination, as opposed 
to evidence that the patient’s retina has already undergone 
remodeling. The imaging data can be an alternative to hav-
ing complete natural history data. Although evidence of major 
structural remodeling does not eliminate the possibility of useful 
visual function improvement from gene replacement, remodel-
ing reduces the likelihood of success and the extent of expected 
recovery. 

• In deciding whether to pursue development of a gene replace-
ment strategy for a specific gene defect, the availability of one 
or more reasonable animal models is important. Having a large-
animal model was extremely useful in preclinical testing for the 
RPE65 form of LCA. With respect to model selection, symposium 
participants suggested the following process:

 – Determine if there are reports already in the research litera-
ture of retinal remodeling in animal models for similar forms 
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of retinal degeneration. For example, comparisons of human 
retinal changes in some forms of LCA with retinal remodeling 
in rodent models suggest that structural changes in the rodent 
models are similar to changes in the human disorders. 

 – Determine if proof of principle has been demonstrated for 
reproducing a phenotype like the human disease. Many forms 
of LCA other than RPE65, for example, have one or more ani-
mal models of differing relevance to the human disease. 

 – Begin any new animal model research for this form of the dis-
ease only after deciding whether the human disease is treat-
able. Decide if the human disease is really being modeled by 
the condition in the animal(s). The human disease should be 
sufficiently well understood to inform decisions on how the 
model compares with it. 

• A more meaningful primary outcome measure than visual acu-
ity by standard eye chart testing can be proposed to the U.S. 
Food and Drug Administration (FDA) for a clinical trial if that 
outcome clearly relates to documented features of the disease. 
For the RPE65 clinical trial in which several of the symposium 
participants were involved, dialogue with the FDA was fruit-
ful. However, the research team proposing the primary outcome 
measure must have a science-based argument prepared and docu-
mented. The case for its relevance to the natural history of the 
disease and to clinically important benefits to the patient must be 
well explained. The research team also should listen and respond 
thoughtfully to regulators’ concerns about the proposed outcome 
measures.

14. As more ocular gene therapies move toward clinical trials, careful consideration 
must be given to patient selection and to best practices for ethical treatment of 
trial subjects while optimizing the likelihood of successfully demonstrating safety 
and efficacy for applications of this emerging, potent medical technology. To 
ensure feasibility and significance of outcome, patient selection and selection of 
outcome measures must be tailored to the treatment approach and to the desired 
and/or expected outcome of treatment.
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The following recommendations for improving selection of patients 
and outcome measures for gene therapy trials were discussed and gen-
erally agreed upon by the symposium participants.

(a) Early in trial design, consider the predicted optimal age group 
and optimal disease stage for treatment so as to maximize the 
likelihood of seeing an effect and thus realizing the opportunity 
offered by a specific gene therapy intervention. 

(b) Early consideration should also be given to determining which 
candidates for inclusion are treatable and which are not, based 
on current knowledge of the disease and the expected action of 
the intervention. However, variations in how a disease presents 
in individual cases (phenotype variability) should not neces-
sarily limit patient selection as long as this variability is well 
documented, the genotype is clearly established, and there is no 
other compelling reason to exclude a particular candidate. 

(c) The selection of primary outcome measure or of a combina-
tion of outcomes must be adapted to address the research ques-
tion while being appropriate for the treatment and the targeted 
patient population. Identifying sensitive, standardized, and 
meaningful clinical endpoints is essential to good trial design. 
Specifically, a good design should include the following:

• Primary outcome measures should be quantifiable and should 
directly address the treatment question. To this end, the 
treatment question must be clearly formulated and should be 
informed by the results from preclinical testing and the state 
of knowledge about the disease pathway. 

• Selection of outcome measure and patients should be 
tailored to the treatment approach and the desired/expected 
outcome.

• If the outcome measures are thoughtfully chosen, fewer pri-
mary outcome measures are likely to be needed than has 
sometimes been the case in recent trial designs. Clinical trial 
designers should avoid a “laundry list” of outcome measures 
on which the trial’s success or failure depends, while ensur-
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ing that the selected outcome measures answer the treatment 
question. In particular, inclusion of scientifically interesting 
tests among the trial outcomes should be carefully consid-
ered. While such tests may be warranted, they should be 
clearly identified as explorations of scientific interest not 
directly linked to primary trial outcome. 

• The RPE65 trials provide good lessons in selecting out-
come measures that reflect the therapeutic objective of the 
gene transfer. The primary objective was to test the safety 
of the biological agent in a relatively small region of treated 
retina and not, for example, to treat sufficient retinal area 
to improve a specific aspect of the patient’s visual capabil-
ity. A more relevant therapeutic objective for the trial run 
by Dr. Jacobson’s team, for example, was to determine if 
light sensitivity increased in the treated region as opposed to 
untreated regions in the same eye or the contralateral eye. 

(d) Procedures for measuring outcomes should be standardized at 
all test sites. If the procedure for measuring an important pri-
mary outcome, cannot be standardized, then at least the process 
of selecting outcome measures should be standardized and any 
differences should be well documented and understood. 

Dr. Héon’s discussion of patient selection issues and suggestions for 
addressing them highlighted the importance of phenotype differences 
for a given gene defect. First, the same clinical phenotype—for example, 
a diagnosis of juvenile retinitis pigmentosa—may result from a number 
of different single-gene defects. Since a gene replacement strategy is 
designed only to overcome a defect in the gene for which normal cop-
ies are carried in the viral vector, the genotype of the clinical phenotype 
must be unequivocally established for each patient selected into a trial. 
Second, allelic variants of a gene defect can present in clinically distinct 
forms (different phenotypes). Selecting patients into a trial who present 
different clinical manifestations of disease is therefore acceptable (and 
even desirable in terms of establishing success for all phenotypes of the 
genotype)—as long as the genotype and phenotype are correctly docu-
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mented. As the second part of recommendation b above states, variabil-
ity in how a condition presents among individual cases should not be a 
limiting factor in selecting patients, provided that the genotype is clearly 
identified and the phenotypes are clearly known to be consistent with 
defects in just the gene(s) to be replaced. 

Understanding how the clinical phenotypes relate to the genotype  
also contributes to understanding the pathways from the gene defect 
leads to the disease. Knowing how  differing phenotypes result from the 
same gene defect  helps in selecting  the outcome measures for a trial 
and  interpreting the outcomes  observed.  Understanding how disease 
pathways can differ for the same underlying defect, leading to different 
phenotypes, may also provide opportunities to tailor treatment to the 
phenotype. 

Dr. Guy touched on a number of the points raised by Dr. Héon 
and others when he spoke about issues that will need to be addressed 
for gene therapy applications to treat diseases linked to mitochondrial 
DNA. Among the first applications to mitochondrial defects are likely 
to be gene therapy strategies for LHON or optic neuritis. For LHON, an 
important treatment question is which carriers of this genetic defect dis-
ease to treat, and when to treat them. Dr. Guy thinks it is unlikely that 
the FDA would approve a gene therapy treatment for asymptomatic car-
riers of the genetic defect, especially while gene transfer techniques are 
still novel therapies. However, there have been instances when the FDA 
approved a treatment—and patients accepted it—even though it was 
likely to decrease patients’ visual acuity, because there were definite signs 
the disease would progress to severe vision loss or blindness if untreated. 
Laser therapy was approved for AMD or proliferative diabetic retinophy, 
for example, because it had the potential to prevent or delay more severe 
vision loss. Perhaps patients will accept gene therapy, Dr. Guy suggested, 
if they have a mitochondrial mutation that is known to progress to blind-
ness and they have early signs of the disease.

For LHON, by the time a patient has chronic visual acuity loss 
and optic atrophy (loss of ganglion cells) in one eye, there may not be 
enough cells remaining in that eye to be saved by transducing the optic 
nerve with a viral vector package. Should the better eye or the worse 
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eye be treated? Dr. Guy suggested that LHON patients with acute visual 
acuity loss and disc edema in one eye, but with good vision remaining 
in the other eye, would be good candidates for a phase 2 trial. In typical 
LHON, several months to years may pass before vision is lost in the part-
ner eye. As described in the summary of his talk in section 2, Dr. Guy 
also commented on the prospects for gene therapy to treat early-stage 
multiple sclerosis, in light of current practice for approval of pharmaceu-
tical therapies for that disease. 

From Treating Rare Diseases to Therapy for Major Blinding 
Diseases

15. The initial trials of ocular gene therapy to replace a defective gene with the 
normal version are important for more than their immediate medical value 
in recovering visual function for the victims of these rare disorders. They 
are essential first steps in establishing the proof of concept for therapeutic 
technologies, strategies, and infrastructure necessary to extend gene therapy to 
the major blinding diseases in America and around the world.

During the symposium, several reasons were given for targeting ini-
tial attempts at ocular gene therapy toward the relatively rare diseases 
caused by a single defective gene. As a general proof of principle that 
transferring a replacement gene into some cells can lead to expression 
of the missing protein and medically significant effects, such diseases 
provide a straightforward test of a gene replacement strategy. The natu-
ral history of such diseases is often well established. And if untreated, 
patients with these diseases do not recover at all. Therefore, if a test sub-
ject begins producing the missing protein in the region of the transduced 
cells and shows a change in visual function consistent with the activity 
of that protein, the outcome can be reasonably attributed to the gene 
transfer. 

Single-gene-defect diseases are also good first cases because they are 
often acute diseases that develop quickly. Individuals who carry the gene 
variant for one form of LCA, for example, will present recognizable signs 
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in infancy or early childhood. Even for the more slowly developing forms 
of single-gene retinal degenerative diseases, clear-cut signs of disease 
progression typically occur by the time patients are in their 20s or 30s. 
Thus, significant trial results can be obtained quickly with a relatively 
small study population. 

Because single-gene-defect diseases can demonstrate convincing 
evidence of safety and efficacy with relatively small investments of time 
and resources at each stage of treatment development, they are valu-
able in attracting participation of commercial pharmaceutical develop-
ers. Retinal diseases include a substantial number of single-gene-defect 
forms that can be recognized by clinical signs early and treated with 
relatively easy and safe access to the target sites (compared with inject-
ing viral vector into the brain). They thus constitute a reasonable first 
step along the path to treatment of complex, chronic eye diseases as dis-
cussed under conclusion 16; they also constitute a first step toward treat-
ment of a broader array of neurodegenerative diseases.

The symposium participants offered suggestions for next steps in 
expanding ocular gene therapy to more diseases and to a wider array 
of clinically significant outcomes. Dr. Sieving noted that ocular gene 
therapy needs a trial design strategy that can substantiate efficacy in 
slowing the rate of degeneration. Although the value of slowing the rate 
of degeneration has been acknowledged, particularly for diseases that 
develop later in life, a suitable trial design for gene therapy applications 
has yet to be proposed and approved. 

16. As more advanced forms of ocular gene therapy begin to provide proofs of 
concept for intervening safely and effectively at multiple points in complex 
disease pathways, they will better establish the techniques, expertise, and 
scientific evidence to support innovative and much more efficacious treatments 
for other major complex, multifactorial diseases that progress over time and 
threaten an aging population with vision impairment and blindness.

As noted in the discussion of conclusion 5, ocular gene therapy for rare 
diseases is now moving beyond single-gene replacement to strategies 
that address later stages in disease mechanisms and pathways. These 
strategies include increasing levels of a beneficial factor, blocking a det-
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rimental factor, and neuroprotection from cellular conditions that lead 
to stress and eventual loss of neural cells. As these strategies are proven 
effective for rare diseases, they will build an evidence base for application 
to similar interventions in the complex pathways involved in the major 
chronic eye diseases. Discussions at the symposium of gene therapy for 
glaucoma suggest how such strategies might evolve toward a multi-
pronged intervention targeting several points in a disease pathway. 

Gene therapy that intervenes in one or more of the stages driv-
ing disease progression in an individual patient could be a tailored and 
highly effective approach to preventing or treating a complex, multifac-
torial disease like glaucoma. As discussed under conclusion 12, progress 
in understanding the physiology and molecular biology of the trabecular 
meshwork has demonstrated that there are multiple pathways by which 
resistance to flow of aqueous fluid from the anterior chamber through 
this meshwork might be altered. Each of these pathways represents a 
potential target for a gene therapy strategy that aims to lower IOP, a 
principal risk factor for glaucoma, by decreasing outflow resistance. The 
production of aqueous fluid by the ciliary body can also be targeted. 
Gene therapy could also be used to transduce one or more genes that 
express neuroprotective agents, to intervene in the disease mechanisms 
that lead to ganglion cell loss and damage to the optic nerve head—the 
proximate causes of vision loss from glaucoma. 

Dr. Guy’s work on gene therapy to address mitochondrial gene 
defects suggests another potential set of relevant disease mechanisms 
in glaucoma progression that could be targeted. It may be possible to 
combine a mitochondrial intervention strategy with one or more of the 
approaches suggested by Dr. Borrás. Mitochondrial deficits have been 
implicated in other chronic diseases of aging, including Parkinson’s dis-
ease and some cancers. As the cellular and molecular mechanisms of 
mitochondrial involvement in these diseases become better understood, 
gene therapy approaches to intervene will emerge. More generally, any 
complex disease with multiple stages and diverse pathways involved in 
its initiation and progression will offer multiple targets for gene ther-
apy interventions, as those stages and pathways become sufficiently 
characterized. 
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As previous Drabkin Symposium reports have documented, 
there has been rapid growth in scientific understanding of the com-
plex molecular and cellular mechanisms and pathways leading to the 
characteristic pathologies of the more common diseases of the retina 
including AMD and diabetic retinopathy. Along with glaucoma, these 
are the major chronic diseases of aging that present serious personal 
and public health risks. As the discussion of glaucoma pathways and 
mechanisms illustrates, this new knowledge creates multiple opportu-
nities to apply a growing toolbox of gene therapy strategies for intro-
ducing or upregulating a beneficial factor or for blocking the action of 
a harmful one. The prospect of commonality in end-stage mechanisms, 
such as oxidative stress leading to programmed cell death, offers the 
possibility of applying the same gene-therapy application—perhaps 
combined with other disease-specific gene transfers—to multiple 
chronic eye disorders. The future of gene therapy will include new and 
better ways to replace one or more gene mutations that are risk factors 
for disease; it will also bring a much broader range of prevention and 
treatment options.

Policies for Partnering

17. Before ocular gene therapy successfully graduates to patient treatment through 
commercial applications supported by the research and investment power of the 
major pharmaceutical companies, government, philanthropic entities, and high-
risk-oriented biotechnology companies will have to provide transitional support 
and development. Support from patient advocacy organizations will be critical to 
sustain public funding during this incubation period. 

Translating gene therapy strategies from initial proof of principle to 
licensed clinical procedure faces not only technical hurdles but also 
financial and organizational challenges. Indeed, the technical challenges 
may be less daunting than the others. The technical challenges are best 
addressed by assembling teams of scientists and clinically experienced 
medical researchers who bring together the expertise and specialized 
knowledge required for a successful translation—from preclinical testing 
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through clinical trials to regulatory approval and subsequent dissemina-
tion to medical practitioners. Just assembling and sustaining this team 
requires organizational innovation and flexible, committed financial 
backing.

Dr. Samuel Wadsworth noted that much work remains to be done 
to increase the efficiency and reliability of manufacturing gene therapy 
vectors. Until the commercialization risks are better characterized by 
bringing one or more ocular gene therapy applications to a commercial 
product, there will be a critical role for patient organizations and govern-
ment funding to move product development along the road to commer-
cialization. For example, preclinical support from patient organizations 
such as the Foundation Fighting Blindness and from government entities 
such as the National Eye Institute was critical in moving initial work on 
the neurotrophic agent CNTF into advanced phases of clinical trials for 
both retinitis pigmentosa and AMD. 

An illustration of the technical challenges to get to a market-
able product even after successful clinical trials is the variability of the 
amount per volume of transgene-carrying modified viral vector in the 
formulation used for injection (the vector titer of the formulation). Very 
robust assays of vector titer, with tight quality control of the final prod-
uct, are essential for manufacturing. The titer of current laboratory for-
mulations, even those used in the RPE65 clinical trials, can drift over 
time. At the symposium, Dr. Hauswirth noted that his laboratory main-
tains a reference standard for checking the titer of vector used in RPE65 
work. Dr. Gustavo Aguirre added that titer assay methods themselves 
are changing and improving with time. 

Ocular gene therapy is still a young field of emerging technologies. 
The advances in viral vector technology discussed in preceding conclu-
sions will continue, probably at an increasing pace. Testing of improved 
techniques and new therapies for a given disorder should move for-
ward and not be stymied because an older but less effective option is 
on the market or close to commercialization. The best way to gener-
ate strategies for development and clinical assessment of future vector 
improvements is through communication and dialogue with regulatory 
authorities.
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Dr. Wadsworth believes that, until gene therapy is fully embraced 
by the major ophthalmological pharmaceutical companies, smaller and 
more flexible biotechnology companies will play a critical role for the fol-
lowing reasons: 

• Given adequate funding, academic centers can readily conduct 
clinical trials for safety and efficacy. The parallel and subsequent 
activities in product development and product support require 
significant infrastructure and entail substantial direct costs, nei-
ther of which academic centers are typically prepared to finance. 
However, the major  pharmaceutical companies are not yet ready 
to make these  investments because they have not yet embraced 
gene therapy technology. 

• By contrast, smaller biotechnology companies are embracing the 
requirements for supporting orphan products and developing 
niche products for orphan diseases. They accept the challenges of 
orphan product development and marketing, although such prod-
ucts have only a small potential market (relatively few patients) 
and are likely to reach only a small number of qualified treatment 
providers. They have also been willing to shoulder the ongoing 
support required once the product is in the market. 

Even after commercial successes for gene therapy applications, 
Dr. Wadsworth foresees an important continuing role for biotechnology 
companies in advancing the field and extending the range of successfully 
demonstrated and licensed applications.

18. Given the high developmental cost that will be typical of gene therapy 
applications, new reimbursement models for commercial products are 
needed that differ from current cost models for long-term, multiple dosage 
pharmaceutical products. Achieving a societal consensus on commercially 
sustainable reimbursement strategies for ocular gene therapy will require the 
combined efforts of industry, ophthalmologists, vision scientists, government 
entities, and patient support groups. 

In the market-based pharmaceutical industry that serves the United 
States and most of the world, new products require a business model 
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that allows for reimbursement of developmental and ongoing costs, 
plus a reasonable profit for the time and investment risk taken to put a 
product on the market. The combined efforts of industry, key opinion 
leaders in the ophthalmology research and clinical care communities, 
and patient support groups will be required to generate support for 
reimbursement of ocular gene therapy. To this end, influential stake-
holders must reach consensus on one or more viable reimbursement 
strategies. 

Orphan diseases—disorders that afflict too small a number of 
patients to attract commercial interest from larger pharmaceutical firms, 
even when therapeutic concepts have early stage proof of principle—
present a health care conundrum that gene therapy could help resolve. 
In parallel with the emergence of equitable reimbursement models, suc-
cess in regulatory review and approval, and private investment in prod-
uct development and manufacture for market of major diseases, there 
is a critical role in the near term for patient support groups and govern-
ment biomedical research and development programs. Patient and gov-
ernment organizations could lead the way in demonstrating that gene 
therapy for “niche diseases” can be economically profitable, as well as 
achieving the humanitarian goal of restoring vision. These early advo-
cates will need  to be active in educating both the public and pharma-
ceutical companies about the potential benefits of ocular gene therapy. 
They will probably also need to supply the funding for early-phase devel-
opment of ocular gene therapy for orphan diseases. Commercial provid-
ers will need to be convinced that gene therapy offers singular promise 
for adapting approved strategies to other disorders with similar molecular 
and cellular events in their pathogenesis.

Society has a high stake in the success of gene therapy not only for 
ocular disorders but also for many others, particularly neurological dis-
eases that cannot be cured by other means. If gene therapy can prevent 
or treat chronic, debilitating disorders that deprive afflicted individuals 
of visual function or other essential neurological competencies, it offers 
society, as well as those individuals, a rich return on investment. Pre-
venting or curing these diseases will decrease societal costs for health 
care and welfare maintenance, allowing patients to regain or build more 
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productive lives. The benefits accrue to all of society, not just to those 
patients whose vision is saved through gene therapy.
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2.  Summary of Symposium 
Presentations 

Principles and Use of Vectors for Retinal Gene Therapy
Dr. William Hauswirth

Dr. Hauswirth has been a pioneer in viral vector analysis and in formu-
lating and testing gene replacement strategies for preclinical and clinical 
trials. He was a principal investigator for the successful preclinical test-
ing of an AAV vector to treat a dog model of the RPE65 form of LCA. 
He also is a member of a team conducting phase 1 clinical trials of gene 
replacement therapy in human patients with severe vision loss from this 
retinal disease. 

In his presentation, which focused on AAV vectors targeting retinal 
cells, Dr. Hauswirth said that AAV is well positioned for retinal gene 
therapy. AAV vectors can transduce a wide range of cell types and are 
relatively easy to formulate. They offer efficient gene delivery to retinal 
cells, persistence of expression, minimal immunogenic response, and low 
risk of pathogenicity from the viral vector. With the new techniques for 
overstuffing the AAV capsid, relatively large transgenes can be expressed 
effectively. A growing track record of procedural safety is a major benefit. 
In the three RPE65 safety trials currently under way, subretinal injection 
of the AAV2 vector was found to be safe in all 20 patients in the trial 
and therapeutic in some. (For more on these trials, see the presentation 
by Dr. Samuel Jacobson in Session 2.)
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Dr. Hauswirth made the following points about future directions in 
designing therapeutic vector systems:

• Although researchers are close to exhausting the spectrum of 
known naturally occurring human AAV serotypes, there are 
many possible ways to mutate each serotype. Only about 50 of 
the available capsid mutations have been made, and fewer have 
been adequately evaluated. Specific AAV capsid mutations, both 
in the original serotypes and in some more recently studied sero-
types, have enhanced transduction efficiency. Even cells of the 
inner retina can be transduced with subretinal injections. 

• The cause of this increased efficiency may be mutations in spe-
cific capsid tyrosine residues. The mutations may prevent cyto-
plasmic phosphorylation and thus allow internalized vector to 
avoid being attacked by the cell’s defense mechanisms, such as 
proteosomal degradation, before the vector particle can deliver its 
DNA to the cell’s nucleus. 

• Increased efficiency in transducing retinal cells could bring both 
benefits and challenges for the vector developer. With higher effi-
ciency, essentially any retinal cell type may be a target for therapy 
using either intravitreal or subretinal injection. However, the 
relatively nonselective nature of these high-efficiency vectors will 
require more attention to promoter design and selection to limit 
transgene expression to just the targeted cell type(s). 

As ocular gene therapy expands from the early success with RPE65 
gene replacement, there are many directions that AAV vector design 
can take. Although AAV vectors tend to elicit a lower immune response 
than other viral vectors such as adenovirus or lentivirus, experiments in 
mice indicate that intravitreal injection induces a neutralizing antibody 
response sufficient to render ineffective an attempted gene replace-
ment in the fellow eye of a treated animal. Subretinal injection of the 
same vector did not have this effect. If this preliminary result holds in 
humans, it could constrain sequential gene therapy treatment of both 
eyes—for patients with a bilateral disease—to subretinal injection. How-
ever, if more-efficient vectors enable the amount of vector injected to 

68 Summary of Symposium Presentations



be reduced, even intravitreal injection may not elicit a strong enough 
systemic immune response to preclude treatment of the fellow eye. Sev-
eral safety studies of AAV vector tested in primates have not reported 
a systemic antibody response to intravitreal injection of an AAV2 sero-
type, so it remains unclear whether the observations in mice will apply 
to humans in a clinical trial setting. Neutralizing antibodies to the AAV 
capsid may also be sidestepped by changing the vector serotypes between 
the first and second eye. In particular, the newer generation of mutant 
capsid vectors appears to be more potent per vector particle. Vector sys-
tems using them may therefore require lower, non-immunogenic doses to 
be therapeutic.

Animal Models of Ocular Disease
Dr. Gustavo Aguirre

Dr. Aguirre’s research in ophthalmology, cell biology, and gene therapy 
focuses on inherited degenerative diseases of the retina in dogs, humans, 
and other mammals. He has identified several unique models for domi-
nant, recessive, and X-linked retinal degenerative diseases. Preclinical 
work on these models has led to current clinical trials in gene and phar-
maceutical therapy. Dr. Aguirre has been a principal collaborator on the 
team that first used gene replacement therapy to restore vision in dogs 
with an RPE65 mutation homologous with the RPE65 form of LCA. 

Dr. Aguirre’s presentation addressed the use of animal models in 
preclinical demonstrations of proof of principle for gene therapy strate-
gies. He discussed the benefits and challenges of using either naturally 
occurring or genetically engineered animal mutations to model a human 
eye disease of genetic origin, including AMD, retinitis pigmentosa, and 
Usher syndrome. 

An ideal animal model for a human eye disease should be readily 
available: for example, it could come from established, well-character-
ized colonies; from lines maintained by multiple investigators; or from 
stock specifically bred for its model traits. It would have extensive prior 
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characterization at the cellular, biochemical, and molecular levels to 
establish both the disease topography at a given stage and the temporal 
course of disease manifestation and progression. To compare prospec-
tive models, an investigator also wants to know the extent to which 
the pathology is unique to this model or common to other models. The 
course of the disease in the model should be predictable; it should be 
fast enough to establish a discernible effect quickly but not so fast that 
the treatment has no time to intervene effectively. For ease of laboratory 
evaluation, the model should show characteristic, defined clinical stages 
that allow for serial clinical and functional testing, preferably with mul-
tiple testing modalities. Effects of successful treatment should be easy to 
evaluate. 

Dr. Aguirre applied these ideal characteristics to practical criteria for 
selecting a model when several model options are available. Since most 
models fall short of being ideal, the similarities and differences between 
the model and the human disease need to be considered not only in 
selecting the model but also when designing the intervention, following 
the time course of disease, and extrapolating from results in the model 
to likely effects in a human trial. First, better disease metrics for mod-
els are needed that quantify how well characterized the stages and time 
course of the model conditions are, so that the model’s reliability as a 
surrogate for the human condition can be assessed. Where the model 
deviates from the human disease in characteristics or progression, surro-
gate markers for the human characteristics may have to be proposed and 
defended. Second, cost and size of the animals are additional practical 
criteria, as are the suitability of the available facilities to house and work 
with them and the experience of the research team with that model. 
The production costs for the amount of vector need to be factored into 
model selection and experimental design. 

Whereas the ideal model for a gene mutation disease would have 
a mutation in the same gene and have the same or similar phenotype, 
Dr. Aguirre gave examples where potential models are either similar in 
phenotype but of unknown or unrelated molecular defect or involve a 
mutation of the same gene but present as a different clinical phenotype 
from the human condition. For either naturally occurring gene-defect 
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models or transgenic models, similarity between the model and the 
human condition in the underlying genetic defect does not preclude sub-
stantial differences in phenotype. 

After illustrating these issues for single-gene-defect diseases (e.g., 
molecularly distinct forms of retinitis pigmentosa), Dr. Aguirre applied 
them to the question of whether a primate model would be the best 
model for human AMD. Although two research groups have shown that 
two monkey species develop drusenlike deposits, even the old individu-
als in the colonies do not show pathological progression of any charac-
teristics resembling either wet or end-stage dry AMD in humans [4, 5, 
6]. Although it may be possible to selectively breed monkeys that have 
mutations associated with increased AMD risk in humans, the time for 
even genetically susceptible specimens to develop AMD-like disease 
could well be on the order of 25 years. In addition, if environmental fac-
tors not yet known are important to how AMD develops in humans, 
as seemed probable to the symposium participants, even a genetically 
susceptible primate model may need to be subjected to similar environ-
mental stressors over an extended period to develop humanlike disease 
characteristics on a predictable time course. The general sense of the 
symposium was that, even though researchers have identified a primate 
group demonstrating significant characteristics of human AMD, pursuit 
of a primate model that would substantially replicate human AMD is 
unlikely to be the best use of research resources. 

In the final portion of his presentation, Dr. Aguirre discussed the 
status of work targeting different classes of cone photoreceptors for gene 
therapy strategies aimed at treating inherited diseases in which one or 
more cone types are lost. The research team found that failure to rescue 
cone function in older dogs with a mutation in the CNGB3 gene that 
results in achromotopsia was not due to lack of transgene expression, rel-
ative to younger dogs in which the rescue rate was substantially higher. 
In investigating this phenomenon, they surprisingly found that intravit-
real injections of the growth factor CNTF caused loss and reformation 
of cone outer segments, an effect Dr. Aguirre calls “induced photorecep-
tor deconstruction.” This induced deconstruction explains the finding 
that, when older animals were treated with CNTF prior to the CNGB3 
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gene replacement therapy, the success rate for cone function rescue was 
comparable to that in young animals [7]. Dr. Aguirre hypothesizes that 
deconstruction of cone outer segments by CNTF converts the cones to 
an immature state that makes them more responsive to subsequent gene 
replacement therapy. Such interventions may be applicable to other 
ocular gene therapies that require targeting the therapeutic gene to 
photoreceptors.

Patient Selection and Testing for Gene Therapy Clinical Trials
Dr. Elise Héon

Dr. Héon is a leading expert on ophthalmic genetics with particular 
emphasis on early onset retinal degenerative diseases. In this field, she 
has spearheaded efforts to identify the underlying gene mutations in 
several inherited retinal degenerations. As a renowned clinical ophthal-
mologist who participates in ongoing clinical trials, she spoke from her 
expertise on issues of patient selection and the assessment of visual func-
tion in retinal dystrophies.

Dr. Héon illustrated her points about patient selection and conduct 
of clinical trials with examples drawn from ocular gene therapy for reti-
nal degenerative diseases. However, she noted that the same issues apply 
to gene transfer strategies for corneal disease, glaucoma, and disorders of 
the optic nerve other than glaucoma. As a reminder of the clinical pur-
pose of any disease treatment, including gene therapy, Dr. Héon listed 
three overarching objectives of medical intervention, in increasing order 
of value to the patient: (1) slow the progression of the disease, (2) stop 
the progression of the disease, and (3) cure the patient and/or restore 
function. Thus, clinical success in a patient trial need not require cur-
ing the disease; halting or even slowing disease progression can be valid 
objectives. In pursuit of any of these objectives, the physician’s duty is, 
above all, to do no harm. 

One key early issue for patient selection is to determine which 
patients are treatable by the strategy being tested and which are not. 
Clear communication with patients and their physicians and families is 
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essential to ensure that the expectations of all parties about likely out-
comes are reasonable. Those conducting the trial must be prepared for 
the reality that patients are likely to hear only what they want to hear, 
despite the amount and clarity of information offered. For gene therapy 
trials, continuing follow-up after initial assessment of outcome is essen-
tial. Follow-up needs to be included in the trial design, and patients must 
understand the necessity of post-trial follow-up examinations. 

Patient selection for a gene therapy trial is never straightforward, 
Dr. Héon said. Among the factors to consider are the aim of the therapy, 
the desired outcomes, the measures selected for those outcomes, the 
specifics of the intervention strategy, the risks of intervention, patient 
gender and age, and disease stage. Dr. Héon used genotype differences in 
Bardet-Biedl syndrome and among forms of LCA to illustrate the critical 
importance of identifying patient genotype, rather than only the clini-
cal phenotype, when selecting patients for gene replacement therapy. 
However, in a disease like AMD for which there are established genetic 
risk factors but perhaps not a single gene mutation responsible for the 
disease, the choice between genotype and clinical characteristics can 
pose more of a dilemma. Genotype may also be less important when the 
therapeutic strategy aims at upregulating a beneficial factor (or block-
ing a negative factor). Patient age and disease stage can pose selection 
issues related to the best time to intervene in order to see a convincing 
treatment effect in a reasonable evaluation period. Thus, accumulat-
ing knowledge about the natural history of the disease can lead to radi-
cally different decisions on patient selection and timing of intervention. 
Finally, the selection criteria collectively must allow for an enrollment 
target that can realistically be met from the population available to the 
participating trial centers. Otherwise, the results may lack statistical sig-
nificance because the number of patients in the trial was too small. For 
rare diseases, finding enough candidates that meet all the desirable crite-
ria for selection can pose a significant challenge. 

Complementary to the task of setting patient selection criteria for 
a clinical trial is the equally important task of selecting one or more pri-
mary outcomes: the outcomes on which the treatment’s success or failure 
will be judged. A primary outcome should reflect the desired effect that 
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seems likely, given the outcomes of previous preclinical testing in animal 
models or outcomes of relevant clinical trials. Since the measures of a 
primary outcome must enable the research question posed by the trial 
to be unequivocally answered, they should be as sensitive, specific, and 
reproducible as the state of knowledge and the state of practice allow. 
Using the three ongoing clinical trials of RPE65 gene replacement ther-
apy as illustrations, Dr. Héon showed that meeting these outcome selec-
tion criteria is critical for success yet often a difficult matter of judgment 
and trial design. She argued that the range of primary outcome measures 
should be broadened to allow for outcomes that reflect the natural his-
tory of the disease and the expected effect of successful treatment on 
disease course, while also reflecting functional value of treatment that 
contributes to the patient’s well-being or to principal characteristics of 
ocular health (table 3). 

Despite its ubiquity as a primary outcome measure, visual acuity 
is just one measure of meaningful visual function for patients. Further-
more, in addition to differences in the chart type used for visual acu-
ity (Snellen, Bailey-Lovie, ETDRS, etc.), clinical trials vary in lighting 

Table 3.  Conventional Outcome Measures and Less Frequently Used 
Measures of Visual Function

Conventional measures Less-used measures
Visual	acuity

Visual	field

Color	vision

Contrast	sensitivity

Full	field	sensitivity

ERG,	Multifocal	ERG

Eye	alignment

Eye	stability

Pupillometry

Reading	speed

Mobility

Scanning	pattern

Stereoacuity

Retinal	thickness

Retinal	structure

Autofluorescence

Quality	of	life

Vessel	caliber
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condition and distance from chart to patient, making measures of visual 
acuity less comparable across studies than they may appear. Depend-
ing on the disease condition and the nature of a successful intervention, 
other measures such as visual field, microperimetry, or color vision may 
be more relevant than visual acuity as clinically significant outcomes.

In the final segment of her presentation, Dr. Héon applied these 
considerations of patient selection, outcome measures, and other issues 
in increasing the likelihood of success in a clinical trial to the question of 
which disease to target next, after the presumptive success with RPE65 
gene replacement therapy. In selecting a gene therapy target from this 
field, features to consider include the prevalence of the disease, gene 
size, phenotype variability within the genotype, availability and rel-
evance of animal models for the disease, and accessibility of the affected 
cells to proven techniques for vector injection. Other single-gene forms 
of LCA are reasonable, if not perfect, candidates under these crite-
ria. Prevalence of the genotype within the accessible LCA population 
must be considered, as all forms of LCA are relatively rare diseases, but 
patient numbers vary among the 15 genotypes identified to date. Beyond 
the LCA forms, there are other early onset retinal dystrophies linked to 
a mutation in a single gene. These disorders should be included in the 
field of target diseases for gene replacement strategies building on the 
RPE65 strategy. They include several forms of achromatopsia, the two 
most common genotypes of Bardet-Biedl syndrome, a form of choroider-
emia linked to a CHM gene mutation, and a variety of cone dystrophies. 

The Critical Role of Companies in Gene Therapy Development
Dr. Samuel Wadsworth

Dr. Wadsworth’s expertise lies not only in the scientific aspects of gene 
therapy but also in the practical aspects of initiating and successfully 
completing company-sponsored clinical trials. Bringing a candidate ther-
apy through the clinical trial process is essential if patients are to benefit 
from innovative therapies. Dr. Wadsworth has worked on gene therapy 
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research and development (R&D) at Genzyme Corporation for 16 years. 
Although his presentation was based primarily on that experience, he 
emphasized that the perspective presented is entirely from his own point 
of view. Genzyme is currently working on an anti-VEGF gene therapy 
strategy targeting the neovascular form of AMD (wet AMD). 

Dr. Wadsworth characterized his talk as intended to generate ques-
tions for discussion on how for-profit companies should participate in 
developing therapeutic products for rare and orphan diseases, as well as 
for major vision-threatening diseases such as AMD. Historically, devel-
oping a new therapeutic technique through all the stages from discov-
ery and preclinical research and development through the clinical trial 
phases to an approved clinical product has been lengthy (an average of 
12.4 years from the start of preclinical research to regulatory approval), 
costly (including failures and a discount rate of 11.5%, an average of 
$1.2 billion per success), and risky (less than a 25% success rate from 
beginning phase 1 safety trials to regulatory approval). In addition, 73% 
of new therapeutics require follow-up studies after their initial FDA 
approval. And only 30% of approved therapeutics brought to market 
recoup all their development costs. In short, from the standpoint of a 
for-profit venture, success is rare. 

Gene therapy techniques show no sign of being any easier to bring 
to regulatory approval through this process than have the historical 
examples of therapeutics on which the above statistics are based. Gene 
therapy development in fact requires a parallel sequence of steps in 
transitioning the specific vector-gene formulation from proof of concept 
through formal safety studies in animals. Furthermore, gene therapy 
products require significant post-approval investment in the form of 
multiyear follow-up studies (phase 6 clinical trials) to monitor for long-
term safety effects of both the gene delivery technique and transgene 
expression. 

Extrapolating from the role that for-profit companies have tradition-
ally played in therapeutics development, Dr. Wadsworth does not view 
gene therapy as having reached the point where the traditional pharma-
ceutical players are likely to make the sustained investment required to 
bring a gene therapy product to market. Historically, the major pharma-
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ceutical developer-manufacturers—“Big Pharma”—have been willing to 
take the risks of new product development in an established technology 
area, such as small molecule pharmaceuticals or recombinant proteins, 
under two conditions: 

• The company understands the technology and has an established 
presence and infrastructure in that area.

• The technology for the new product ideally has been proven with 
other products.

Significant well-established infrastructure is required for sustained, suc-
cessful development in any area of therapeutics, and that infrastructure 
does not yet exist for gene therapy products.

Dr. Wadsworth contrasted this risk perspective of Big Pharma with 
his view that a biotechnology firm—newer and more entrepreneurial—
might be more inclined to accept the risks of an investment in devel-
oping a gene therapy product. The RPE65 trial results are generating 
enthusiasm in the biotechnology and therapeutics R&D community; 
interested decision makers in these companies are asking about the next 
gene therapy application to try, in much the same terms that Dr. Héon 
posed at the close of her presentation. These uncertainties for any gene 
therapy application raise a larger question of whether a company inter-
ested in marketing gene therapy products will have the financial staying 
power to sustain the pace of costly development stages until commercial 
success with licensed products can be achieved. A key question for the 
commercial sector is whether that next application (and subsequent 
applications generally) will be easier than the first or more challenging.

Dr. Wadsworth views the larger biotechnology companies as more 
likely to take on the risks of gene therapy development in the near future 
than either Big Pharma or smaller biotechnology companies. He expects 
that Big Pharma will be slow adopters of gene therapy product develop-
ment because of their business environment and history. He remains 
hopeful, however, that success with several products, each with a rela-
tively small potential market, such as the RPE65 therapy, will embolden 
a larger biotechnology firm to assemble several such products into a via-
ble business unit. That unit could then take the lead in supporting prod-
ucts with a larger potential market, such as an application for wet AMD. 
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With respect to the RPE65 safety trials, Dr. Wadsworth suggested that 
opinion leaders in the fields of gene therapy and retinal degenerative dis-
eases will need to focus on and advocate for the actions necessary to get 
an AAV-based gene replacement therapy approved by the FDA.

If the near future for gene therapy development does depend on 
one or more larger biotechnology firms taking the lead, Dr. Wadsworth 
foresees a critical role for patient support organizations to help fund the 
early, riskiest steps in the development path. If an application succeeds 
in traversing those early stages, he expects larger biotechnology com-
panies could very well take up the challenge in bringing initial applica-
tions the rest of the way to patient care with approved and marketable 
products. 

Gene Transfer for Ocular Neovascularization
Dr. Peter Campochiaro

Dr. Campochiaro’s research has long focused on improved understand-
ing of the roles of growth factors and trophic factors in the retina and 
the retinal pigment epithelium, with the ultimate goal of developing new 
treatments for proliferative retinopathies, choroidal neovascularization, 
macular edema, and retinal degenerations. Dr. Campochiaro and his col-
leagues have done preclinical studies and early phase clinical trials that 
have led to a number of phase 3 trials. The Campochiaro laboratory has 
also explored the use of gene therapy approaches for these disease pro-
cesses. These studies led to the first gene therapy trial for ocular neovas-
cularization in which a transgene for PEDF was delivered by an adeno-
virus vector in patients with advanced neovascular AMD. The treated 
patients have shown some evidence of antineovascularization activity. 

Retinal neovascularization occurs in ischemic retinopathies, a 
group of diseases in which damage to retinal vessels reduces blood flow 
and delivery of oxygen to the retina, causing retinal hypoxia. The most 
prevalent ischemic retinopathy is diabetic retinopathy. A hypoxic retina 
releases a number of protein factors that cause neovascularization and 
excessive vascular permeability, the most important of which is VEGF. 
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The excessive permeability results in macular edema that reduces vision. 
Retinal neovascularization results in recruitment of other cells and for-
mation of scar tissue on the surface of the retina, which can cause retinal 
detachment. 

Choroidal neovascularization occurs in diseases in which abnormali-
ties in Bruch’s membrane occur in combination with upregulation of 
VEGF in the retinal pigmented epithelium, the photoreceptors, or both. 
AMD is the most prevalent disease complicated by choroidal neovascu-
larization. New vessels grow from the choroid or the deep capillary bed 
of the retina into the subretinal space, where they leak fluid that collects 
within and under the retina and causes reversible loss of vision. Over 
time, the new vessels recruit other cells, resulting in subretinal scarring 
and permanent loss of central vision. 

The development of ranibizumab, an antigen-binding fragment of an 
antibody that specifically binds VEGF-A, has revolutionized the treat-
ment of neovascular AMD because it is the first treatment to cause sub-
stantial improvement in visual acuity in 35–40% of patients. Off-label 
use of bevacizumab, a full-length anti-VEGF antibody, also provides 
impressive benefit, but with ranibizumab or bevacizumab, frequent intra-
ocular injections are required to achieve and maintain the improvement. 
Trials in which a period of monthly injections is followed by a period of 
treatment based upon physician’s judgment have shown a substantial 
loss of vision during the second period. These results suggest that pro-
longed and sustained blockade of VEGF may be optimal. A good way 
to achieve sustained blockade of VEGF is by gene transfer of a VEGF-
binding protein.

Diabetic retinopathy is a chronic disease in which hyperglycemia 
causes progressive damage to retinal blood vessels, resulting in hemor-
rhages, microaneurysms, and progressive shutdown of retinal vessels. 
The damage occurs over a period of several years, and currently there is 
no treatment to prevent it other than eliminating the hyperglycemia. As 
the damage progresses, larger areas of retina become ischemic, causing 
increased production of VEGF and other products of hypoxia-regulated 
genes. If the perifoveal capillaries close down, macular ischemia and per-
manent loss of central vision occur. However, the most common cause 
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of moderate vision loss is leaky blood vessels and the resulting macular 
edema caused by excessive levels of VEGF. Further increases in VEGF 
levels cause retinal neovascularization, which is often complicated by 
vitreous hemorrhages, progressive scarring on the surface of the retina, 
and retinal detachment—consequences that lead to severe loss of vision. 
Recent clinical trials have demonstrated that injections of ranibizumab 
provide substantial benefit in patients with diabetic macular edema, and 
case series have shown benefit for proliferative diabetic retinopathy. As 
with neovascular AMD, diabetic retinopathy is a chronic disease and 
frequent intraocular injections to maintain stability may not be feasible.

Ocular gene transfer of anti-angiogenic proteins may provide a new 
approach for the treatment of chronic diseases complicated by neovascu-
larization or excessive permeability leading to macular edema. Selection 
of an appropriate viral vector is an important issue. While adenoviral 
vectors have been used to provide proof of concept, their relatively short 
duration of expression limits their potential clinical usefulness. Cur-
rently, the leading candidates for vectors that provide long-term expres-
sion of an anti-angiogenic transgene product are AAV and lentiviral vec-
tors. Unlike gene replacement therapy in which a specific cell type must 
be targeted, any cells within the eye could be used to produce a secreted 
anti-angiogenic protein, as long as sufficient intraocular levels of the pro-
tein are maintained. In general, current lentiviral vectors do not provide 
good transduction of ocular cells after intravitreous injections and there-
fore are likely to require subretinal injections. AAV vectors provide fairly 
good transduction of ganglion cells after intravitreous injections in mice, 
but they are much less efficient in primates, where the internal limiting 
membrane constitutes a significant barrier to transduction of cells at the 
retina’s surface. Self-complementary AAV vectors give higher transduc-
tion efficiencies than single-strand AAV and faster onset of expression, 
but it is not yet clear whether these benefits offset the lower capacity of 
self-complementary AAV compared to single-stranded AAV vectors. 

Unlike subretinal injections, intravitreous injections of viral vector 
can be performed as an outpatient procedure. Thus, development of vec-
tors and injection techniques that produce good transduction of retinal 
cells from intravitreous injections in humans is a useful goal. While sub-
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retinal injections have the disadvantage of being a more invasive surgical 
procedure, they also offer advantages. They provide good transduction 
of RPE cells, which—compared to ganglion cells or other cells lining 
the vitreous cavity—may serve as better cellular factories to express and 
release a therapeutic agent targeted to the subretinal space or to cells in 
the outer retina. Also, subretinal injections appear less likely to induce 
an immune response, making it possible to consider future injections in 
the fellow eye or even repeat injections in the same eye. 

The choice of a promoter is another important issue. Since it is 
often not necessary to target a particular cell type, it is possible to use 
a ubiquitous promoter such as chicken beta-actin or CMV promoter, 
which may have the advantage of boosting expression since several dif-
ferent cell types may be transduced and contribute transgene product. 
However, transduction of ganglion cells results in transport of the trans-
gene product into the brain—an undesirable consequence unless there 
is good information indicating that access to the brain is not problematic 
for that protein. Cell-type specific promoters, such as the VMD2 pro-
moter, which drives expression only in RPE cells, provide a way to avoid 
transport of transgene product to the brain. However, use of these pro-
moters generally requires subretinal vector injection.

The choice of an animal model for testing transduction of the gene 
is as important as selecting an appropriate transgene. There are several 
mouse models that can be used to test the efficacy of transgene can-
didates. For neovascular AMD, there are two good models: mice with 
laser-induced rupture of Bruch’s membrane and rhodopsin promoter/
VEGF transgenic (rho/VEGF) mice. For diabetic retinopathy, mice with 
oxygen-induced ischemic retinopathy provide a good model. A particu-
larly good model for VEGF-induced vascular leakage is double transgenic 
mice with doxycycline-inducible expression of VEGF in photorecep-
tors. Transgenes that have demonstrated good activity in mouse mod-
els include PEDF, endostatin, angiostatin, soluble Flt and other related 
VEGF-binding proteins, and vasohibin. A phase 1 study in patients with 
advanced neovascular AMD of adenoviral vector carrying the PEDF 
gene showed good safety and some indicators of possible anti-angiogenic 
activity.

Gene Therapy for Blinding Eye Diseases: The Path to Clinical Success 81



Dr. Campochiaro views gene therapy for ocular neovascularization 
as a good application for advancing the entire gene transfer field. If the 
anti-angiogenic agent to be expressed by the transgene has already been 
tested as a conventionally delivered pharmaceutical, the designs and 
endpoints for clinical trials are well established and tractable. 

Overcoming Inherited Colorblindness through Gene Therapy
Dr. Jay Neitz

The research interests of Dr. Neitz and his principal collaborator, 
Dr. Maureen Neitz, have centered on the genetic basis of normal vision 
and vision disorders. A persistent theme in this research has been the 
study of cone photoreceptor function and its role in color vision. With 
an interdisciplinary team of associates and collaborators, they have 
recently been exploring the potential of gene therapy to treat vision 
loss associated with congenital defects of the neural retina such as color 
blindness. 

The research Dr. Neitz presented at the symposium addresses the 
prospect of using ocular gene therapy to go beyond just restoring sight 
for those who have lost it to a retinal degenerative disorder. His work 
on colorblindness established that individuals who had been born with a 
genetic disorder could acquire new visual capacities they had never had. 
Prior to his success in giving full trichromatic vision to monkeys with 
inherited red-green colorblindness, a common view among retinal and 
neurological disease specialists was that the visual pathways, particularly 
in the brain, may be so hardwired by early infancy that any subsequent 
correction made at the level of the eye would do little to improve use-
ful vision. The higher levels of visual processing would, on this view, be 
unable to take advantage of the change in input at the level of photore-
ceptor response or retinal-cell signal processing. Medical experience with 
correcting in adulthood a corneal opacity resulting from injury in infancy 
supported this position. Although corneal implant surgery could produce 
a clear image on the retina, patients were still unable to “see” (that is, 
experience as visual percepts) these images with their formerly blind eye. 
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Does this experience with monocular deprivation of all visual stimu-
lation apply to every congenital or early-infancy vision problem? Red-
green colorblindness is an interesting test case because, except for lack-
ing one of the three “normal” color-sensitive photoreceptor cell types, 
the rest of the neurological (retinal and cerebral) system functions nor-
mally. Also, a good animal model for human red-green colorblindness 
is available in squirrel monkeys (Saimiri sciureus), in which red-green 
colorblindness is much more prevalent than in humans. Some female 
squirrel monkeys have trichromatic color vision, but males lack the long-
wavelength visual photopigment (L-opsin) and are therefore red-green 
colorblind. The ability of the visual system to produce trichromatic vision 
requires specialized neural circuits that segregate and compare the outputs 
from a mosaic of the three cone types in different combinations, producing 
the visual percepts of black and white, blue and yellow, and red and green.

Before treatment, the monkeys were tested for color discrimina-
tion capacity using a modified form of the Cambridge Color Test used to 
detect colorblindness in humans. In this baseline testing, the colorblind 
monkeys always failed to discriminate between the blue-green and red-
violet hues in the test patterns. Gene therapy was performed on two 
dichromatic monkeys using a serotype 2/5 recombinant AAV vector 
containing a human L-opsin gene, an L-opsin enhancer, and a promoter 
that preferentially transduced middle-wavelength (M-opsin) cone cells 
but not the short-wavelength (S-opsin) cone photoreceptors. Each test 
animal received three subretinal injections of viral vector, which resulted 
in approximately 15–30% of M-opsin cones expressing the transgene 
for L-opsin as well as their native M-opsin. Daily testing with the color 
discrimination patterns continued after the injections. After 20 weeks, 
which had previously been reported to be the time required for transgene 
expression with a similar AAV vector, the test monkeys’ performance 
on the color discrimination patterns showed that they had trichromatic 
vision. During this time, there was no change in color discrimination 
performance of the control animals: a trichromatic female and two 
dichromatic males [8]. 

The impact of this ground-breaking research on the neurological 
community is illustrated by comments from Dr. Gerald Jacobs, an emi-
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nent research professor of psychology at the University of California, 
Santa Barbara, who was not involved in the research. A Science Daily 
article on the Neitz team’s initial e-publication of their results quoted 
Dr. Jacobs as saying, “This is also another example of how utterly plastic 
the visual system is to change. The nervous system can extract informa-
tion from alterations to photopigments and make use of it almost instan-
taneously” [9]. For Dr. Neitz, a key lesson from this paradigm-changing 
result is that there is a tremendous amount of basic science of the visual 
system that still needs to be learned. 

Dr. Neitz stressed that success in making gene therapy treatment 
of eye disorders a reality requires that the development team possess 
a huge range of expertise in diverse areas including clinical medicine, 
biochemistry, virology, cell and molecular biology, genetics, and visual 
neuroscience. Nevertheless, he believes the effort is worthwhile because 
the majority of eye diseases common in America today have a genetic 
component. The ability to directly manipulate the genes expressed in 
the retina will have a huge impact on clinicians’ ability to treat and pre-
vent eye disease in the future. The research he described at the sympo-
sium shows how a treatment that replaces one missing gene can cure a 
gene defect that makes one kind of cone photoreceptor nonfunctional. 
There are similar cases, he said, where gene defects affect most or all of the 
cones, thereby causing much more serious vision defects. A next step, he 
suggested, could be an attempt to cure such defects with a gene therapy 
approach. More generally, though, this work provides invaluable insight 
into the plasticity of at least the visual centers in the brain and offers hope 
for successful therapies for other congenital diseases of the visual system.

Gene-Based Neuroprotection for Retinal Degenerative 
Diseases
Dr. Matthew LaVail

Dr. LaVail’s research has focused on the causes of photoreceptor degen-
eration and new therapeutic approaches to protect photoreceptors from 
dying. Using rodent models of human diseases such as retinitis pigmen-
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tosa and macular degeneration, he has studied the effects of several 
neurotrophic/growth factors, as well as cytokines and ribozymes, on 
survival of photoreceptors in conditions resembling human inherited 
retinal disorders or light-induced photoreceptor damage. In addition to 
investigating gene therapy to express neuroprotective factors in animal 
models of retinal degeneration, Dr. LaVail has used gene replacement 
therapy for successful treatment of a single-gene defect in RPE cells of a 
rat model for the MERTK form of LCA. 

Dr. LaVail defined a neuroprotective agent as one that will slow 
the degeneration or cell death of neurons or sensory cells of the ner-
vous system. For retinal degenerative diseases, the protective action 
is typically focused on either photoreceptors (cones and/or rods), 
RPE cells, or retinal ganglion cells. There are many categories of such 
agents, including antioxidants, factors that inhibit cell death (apop-
tosis), and the neurotrophic factors naturally produced by the body. 
Among the latter are CNTF, BDNF, GDNF, PEDF, fibroblast growth 
factors (FGF-1, FGF-2, etc.), and lens epithelium–derived growth fac-
tor (LEDGF). 

The preclinical work on a neuroprotective strategy, Dr. LaVail said, 
seeks to establish an experimental baseline that addresses five key issues: 
efficacy (or proof of concept), the cellular targets and mechanisms of 
action, mode of delivering the agent to the target tissue, specificity of 
agent action for the condition, and safety (local and systemic toxicity, 
as well as side effects). For inherited disorders or genetic susceptibilities, 
the potential benefit of a neuroprotection strategy is that it could have 
efficacy for a range of genetic conditions, if the protective agent pre-
vents or slows the neurodegeneration that leads to eventual loss of visual 
function. Although a long list of agents have shown some protection 
of photoreceptors in one or two animal models of retinal degeneration, 
interest in CNTF has been high because its action appears to be broad, 
based on the protective effects shown for 12 different degenerative con-
ditions in four mammalian species. 

As Dr. Campochiaro noted for anti-angiogenic agents, a gene-based 
approach to delivering a neuroprotective agent, whether by in vivo gene 
transduction or by an encapsulated cell therapy (ECT) technique, has 
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the major advantage over direct delivery of the agent in not requiring a 
continuing series of intraocular injections. Both gene-based approaches 
enable sustained local production and sustained release of the agent at 
the desired site of action, continuing long after the initial set of vector 
injections. Gene-based delivery of a neuroprotective agent in this way is 
also more effective than direct injection of a bolus of the neuroprotec-
tive agent. 

With respect to cellular targets for neuroprotective agents and the 
mechanism of action, Dr. LaVail noted that the Müller cells of mice and 
rats have receptors for CNTF and BDNF, but the photoreceptor cells do 
not. So the neuroprotective effect of these agents for preserving photo-
receptors appears to be indirect. RPE cells are known to have receptors 
for a number of survival-promoting factors and are also known to release 
such factors that could protect the retina. He suggested that more work 
is needed on the role that RPE cells and microglia could play in mecha-
nisms for protecting photoreceptors. 

In his discussion of future applications of gene-based delivery of neu-
roprotective agents for retinal disorders, Dr. LaVail focused on strategies 
to target cone photoreceptors and strategies that combine gene-based 
production of a protective agent with another treatment. Survival of 
cone photoreceptors can be enhanced either by targeting them directly 
with a protective factor or by increasing the supply of antioxidants in the 
retina, thereby reducing oxidative stress on the cone cells.1 Options for 
combination therapies include using gene-based production of a neuro-
protective factor with gene-replacement therapy [11] or with gene-based 
production of an antioxidant. In studies of combination therapies where 
both therapies are individually effective, the combination is more effec-
tive than either alone.

1Based on preliminary results from Dr. LaVail’s laboratory and reference [10].
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Gene Replacement Therapy in Leber Congenital Amaurosis
Dr. Samuel Jacobson

Dr. Jacobson is an eminent research clinician whose main interest is the 
study of inherited retinal degenerative diseases with the ultimate goal of 
treating these otherwise incurable disorders safely and sensibly. He is the 
principal investigator for one of the three phase 1 clinical trials of gene 
replacement therapy for the RPE65 form of LCA that were in progress 
at the time of the 6th Drabkin Symposium. Dr. Jacobson has also been 
a lead or co-investigator in the long series of pioneering research investi-
gations and preclinical studies that preceded and paved the way for the 
RPE65 clinical trials and for future trials in other molecular forms of LCA. 

For the symposium, Dr. Jacobson used his work on developing and 
implementing the RPE65 gene replacement therapy to illustrate five 
key steps in the process of moving a gene therapy study to the clini-
cal trial stage. The first step is selecting and clearly defining the clinical 
disease to be treated. He described the clinical manifestations by which 
LCA had been characterized as a single clinical disease in the era before 
molecular genetics and contrasted that view with the current knowledge 
that there are many gene mutations responsible for different forms of 
LCA. Even now, the underlying genetic conditions associated with 30% 
of all cases of LCA remain to be identified [12]. 

The RPE65 gene encodes a protein produced in RPE cells that is 
critical to the retinoid cycle. This protein is necessary for synthesis of 
11-cis retinal, which is an essential part of the light-absorbing pigments 
in photoreceptor cells. With this knowledge, the development team 
knew which gene needed to be replaced and which cell type would need 
to be transduced. 

Preclinical proof-of-concept studies constitute the second step 
toward clinical trial. In this case, subretinal injections of a recombinant 
AAV vector containing a normal human RPE65 gene were tested in 
three animal models. Dogs with a naturally occurring recessive RPE65 
mutation recovered visual function [13]. Recovery of visual function 
after gene replacement therapy using the AAV-RPE65 vector was con-
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firmed in genetically engineered mice in which the normal RPE65 gene 
had been inactivated (a gene knockout mouse model) and in mice 
with a naturally occurring RPE65 mutation (rd12 mice) [14, 15]. In all 
three models, test animals were functionally blind prior to treatment 
but recovered visual function after treatment. Dr. Jacobson emphasized 
the importance of preliminary studies that established that much of the 
normal retinal structure in these animal models remained, with distinct 
layering and retention of both inner and outer retinal layers, despite the 
fact that the animals had impaired visual function. The retention of reti-
nal structure increased the prospects for recovering at least some visual 
function if the nonfunctioning retinoid cycle could be restored. 

Preclinical studies to establish dose response and safety constituted a 
third step in getting this gene replacement therapy to clinical trial. Stud-
ies in the mutant RPE65 dog model established both a dose response 
relationship and a usable dosage range that was efficacious with no sys-
temic toxicity and only injection-related local trauma in some animals. 
Biodistribution studies showed that the vector was not present in the 
optic nerve or brain and was not widespread outside the treated eye [16, 
17]. Dose response studies were also conducted using mouse models. 
Additional safety studies were conducted on normal monkeys to estab-
lish safety in a nonhuman primate. 

The fourth step in the work Dr. Jacobson described was non-inva-
sive studies of human patients with the RPE65 form of LCA, to deter-
mine the potential for success with a gene replacement strategy. Optical 
coherence tomography (OCT) was used to quantify the thickness of the 
patients’ photoreceptor layer, as an indicator of normal retinal structure. 
The results indicated that a prerequisite for success in recovering visual 
function with gene replacement therapy would be to identify, and tar-
get for injection, areas of the retina with retained photoreceptors [18]. 
OCT studies of patients at different ages showed that even the youngest 
patients had loss of rod and cone photoreceptors. However, the loss was 
incomplete, and some photoreceptors remained even in adult patients 
[19]. To maximize the potential for efficacy in the gene therapy, the 
team concluded that individualized mapping of the photoreceptor layer 
should be used to establish locations with the most surviving cells [20].
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With these studies in hand, the fifth step to clinical trial was devel-
oping the protocol for selecting patients and conducting the phase 1 
safety trial. Molecular screening (genotyping) was used to select those 
LCA patients who clearly had the RPE65 form of the disease and 
remained interested in participating after all details of how the trial 
would be conducted were discussed at length with them. The gene ther-
apy trial began with a cohort of three young adults, 21–24 years of age. 
As this was a phase 1 safety trial, the primary endpoint was assessment 
of toxicity: whether the agent and the dose administered produced any 
harmful effects in the eye or systemically. Change in the patient’s visual 
function was a secondary endpoint. 

As the final step in the process covered in his presentation, 
Dr. Jacobson discussed the short-term (90 days after treatment) pub-
lished results from the first cohort of the safety trial [21, 22]. There 
were neither vector-related serious adverse events nor detected systemic 
toxicities. Visual acuity was not significantly different from baseline. 
However, all patients self-reported improved vision under dim-light con-
ditions, and there were statistically significant increases in dark-adapted 
visual sensitivity measured in the treated eye after therapy, compared 
with sensitivity before therapy. The untreated eyes did not change [21]. 

Dr. Jacobson offered further insights into the clinical trial results 
[22]. He said that restoration of visual function, as measured by light 
sensitivity, was localized to the area of treatment in all three patients. To 
the question of which photoreceptor types are involved in these positive 
changes in visual function, Dr. Jacobson said that both rod- and cone-
based light sensitivity improved dramatically compared with pretreat-
ment levels. The patients’ observations of increased light sensitivity after 
extended periods of dark adaptation were shown to be caused by unusu-
ally slow resensitization kinetics (longer than 8 hours required to attain 
full sensitivity) of rods in the treated areas. Cone sensitivity recovery 
time, on the other hand, was rapid. In short, the speed of restored night 
vision was slower than normal—by hours. Given extra time, patients 
could gain additional night vision in the treated zone of their eye. 
Regarding the key question of whether the gene replacement technique 
used was achieving full vision potential in these patients, Dr. Jacobson 
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said that, as expected, the component of visual loss caused by degenera-
tion of photoreceptor cells remained the same after treatment. Gene 
therapy did overcome nearly all the loss of sensitivity that resulted from 
the blockade of the retinoid cycle due to lack of functional RPE65 [22]. 

Subsequent to the meeting, the first cohort of patients has passed 
the 1-year time point and continues to do well [23, 24]. Specifically, 
there have been no vector-related serious adverse events, and the 
intervention continues to appear safe. The remarkable rod- and cone-
based visual improvements have been maintained, as was the novel and 
unexpected finding of a slow emergence of greater functional use of the 
higher-sensitivity treated retina. The trial is proceeding with a second 
cohort that includes adults injected with a higher dose of vector and a 
third cohort that includes children. 

In sum, the early results from this gene therapy trial and the other 
concurrent trials can be viewed with guarded optimism not only for 
treating LCA but also as a model for other ocular diseases.

Engineering Light Sensitivity in Neurons of the Diseased 
Retina
Dr. John Flannery

Dr. Flannery specializes in developing genetic and small molecule thera-
pies for inherited retinal degenerations. His interests in ocular gene ther-
apy include development of novel lentiviral vectors designed for trans-
ducing Müller cells in the inner retina. Müller cells are ideal targets for 
a transgene expressing a neuroprotective agent that the transduced cells 
would then secrete into the surrounding intercellular space. He also has 
been a leader in treatment of retinal neovascularization and ischemia.

In his presentation, Dr. Flannery described another area of his 
research on viral vectors to target cells of the inner retina: transducing 
cells that are normally not responsive to light (photosensitive) so that 
they act as surrogates for photoreceptor cells that have been lost to reti-
nal degenerative disease.
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In a normally functioning human eye, the roughly 150 million 
photoreceptors in the outer retina are the cells that translate informa-
tion from light images into electrical and chemical signals interpreted by 
other retinal cell types and the brain. The inner layers of the retina are 
made up of more conventional neurons—bipolar, amacrine, horizontal, 
and ganglion cells—that normally respond to electrical and chemical 
signals but not to the light that passes through them on its way to the 
photoreceptors’ outer segments. However, Dr. Flannery’s laboratory and 
others have been experimenting with gene therapy to reengineer these 
inner retina neurons to be photosensitive in ways that at least partially 
compensate for lost photoreceptors. 

Essential for this work is finding a way to modify a retinal neuron so 
that it responds to light in the desired way. Naturally occurring photo-
sensitive molecules, such as the opsin complexes that form the normal 
visual pigments in the retinal photoreceptor cell, change from one chem-
ical state to another when they interact with a light photon. If endog-
enous ion channels and receptors found in other retinal neurons can 
be engineered to add a functionally similar light-receptive function—a 
photoswitch—then these interneurons can be used for signaling light 
to the visual cortex of the brain. Dr. Flannery’s group has shown that 
AAV vectors containing cell-specific promoters can efficiently target 
functional subtypes of neural cells to produce photosensors with differing 
light responses. 

The initial work in this field, Dr. Flannery explained, began with 
channelrhodopsin and halorhodopsin—two naturally occurring biomol-
ecules that are optical neuromodulators, meaning they alter a neuron’s 
membrane potential, and hence can modulate the neuron’s electrical 
signals, when they react to light. Gene transfer experiments using these 
biomolecules, which occur naturally in algae, provided the proof of con-
cept that retinal neurons other than photoreceptors could be engineered 
to act as photoswitches. After a gene expressing one of these optical 
neuromodulators is transduced into retinal neurons, the neurons’ firing 
becomes responsive to light. However, neither molecule is sufficiently 
light sensitive to provide useful visual signaling without major augmen-
tation. The photoswitch mechanisms on which Dr. Flannery is work-
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ing have absorption peaks at frequencies visible to humans and other 
primates. 

Dr. Flannery sees this line of research moving toward engineering 
photoswitches that use more sophisticated cellular mechanisms so that 
the transduced cells produce a strong “on” or “off” signal in response 
to photon absorption. His research team has been working with endog-
enous mammalian cell structures—ion channels and biomolecule recep-
tors—that can give retinal neurons both greater photosensitivity and 
firing patterns that provide the information needed for image processing 
and not just a response to light. To create this center-surround signal, 
retinal cells are differentially transduced to make either an excitatory 
or inhibitory photoswitch. The excitatory photoswitch mechanism is a 
photosensitive glutamate receptor (termed LiGluR) that converts the 
transduced cell into a functional “on” photosensor: it is quiet in the dark 
and begins firing in response to light. The inhibitory photoswitch mecha-
nism, called SPARK, makes a transduced cell that fires spontaneously in 
the dark but less often when illuminated.

In his concluding comments on future directions for research into 
these cellular surrogates for the eye’s natural photoreceptors, Dr. Flan-
nery summarized the state of research and posed some technical and 
clinical questions that will need to be addressed as photoswitch insertion 
therapy progresses: 

• The sensitivity of the photoswitch mechanisms in transduced 
cells needs to be increased. The current light-sensitive neuro-
modulators only work at light intensities that are in the toxic 
range for human ocular tissues. The conductance of the gene-
altered ion channels also needs to be increased. 

• Research is needed to determine the light damage threshold in a 
patient without photoreceptors.

• Further research and testing are needed to determine how much 
of the complexity of the normal retinal circuitry needs to be 
functional to restore useful visual function. Is a center-surround 
organization of photosensor cells truly necessary to provide visual 
function, such as edge detection, as opposed to simply giving the 
patient awareness of the general level of illumination (like a light 
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meter)? Can visual function be created by just restoring the “on” 
channel, or are both on and off signals needed? 

• Are the retina’s bipolar cells or ganglion cells the better target for 
photoswitches? Both cell types have relative advantages: 

 – Bipolar cells appear to be the optimal target for preserving the 
natural circuitry of the retina, but work by Dr. Robert Marc 
indicates that the on/off functionality of bipolar cells (their 
connections to downstream neurons) is among the earliest 
losses when photoreceptors are not functioning. 

 – On the positive side, providing light-responsive activity to 
bipolar cells may limit the remodeling of the retina that typi-
cally occurs after photoreceptors are lost, with resultant loss of 
normal inputs to the inner retina neurons. 

• Which patients should be the first candidates for photoswitch 
insertion gene therapy? Should it be restricted, for example, to 
only patients who have no light perception or very low visual 
function (perhaps 20/2000 or worse)? Would such restrictions 
undermine the capability of a clinical trial to show efficacy 
because of concomitant remodeling and function loss in the inner 
retina? 

• Can photoswitch insertion therapy be useful for treating seasonal 
affective disorder or defects in circadian rhythmicity for patients 
with no light perception? A rudimentary application may be that 
simply restoring light sensitivity helps with some of these con-
comitant problems resulting from lack of light perception. 

Gene Therapy Opportunities in Treating Glaucoma
Dr. Terete Borrás

At the National Eye Institute, Dr. Borrás studied regulation of gene 
expression in the tissues at the front of the eye and led an investigation 
that identified a gene mutation responsible for hereditary cataract in 
an animal model. More recently her research has focused on the search 
for long-term treatments for glaucoma that would work better than the 
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conventional treatment of daily eye drops to lower intraocular pressure. 
She has pioneered gene therapy strategies for reducing IOP by increasing 
outflow of aqueous fluid via the trabecular meshwork. 

With respect to disease outcome, glaucoma is an optic neuropathy, 
even though it may start with malfunction of the fluid system at the 
front of the eye. When the trabecular meshwork is not functioning prop-
erly, IOP increases. The higher pressure in the anterior chamber is trans-
mitted mechanically to the back of the eye, where it damages the retina 
and leads to death of retinal ganglion cells. The current treatments for 
glaucoma are daily eye drops to lower IOP or surgery to increase outflow 
from the anterior chamber.

A gene-based therapy option for glaucoma is needed, Dr. Borrás 
said, because full compliance with the regimen of daily drops can be a 
major problem, particularly for the elderly, who are often at increased 
risk. Unfortunately, a gene replacement approach akin to the strategy 
used in the RPE65 trials is beyond current technical feasibility for most 
forms of glaucoma because of the disease’s complicated genetic com-
ponent. Only a small percentage of the population with elevated IOP 
has one of the known single-gene forms of glaucoma; for the common 
forms of the disease, glaucoma is a complex, multifactorial disease. 
And even in cases where pathogenesis can be linked to a dominant 
effect of one gene, a good animal model for preclinical studies has 
proven elusive. A feasible gene therapy strategy for glaucoma is to use 
the transgene to produce an agent that has a beneficial effect such as 
lowering IOP or that blocks the disease pathway at some point. For 
example, a transgene delivered to tissue in the front of the eye may 
express an IOP-lowering factor, or retinal cells could be transduced with 
a gene expressing a neurotrophin that protects the ganglion cells from 
cell death by apoptosis.

Dr. Borrás first addressed the option of delivering a neurotrophin to 
protect retinal ganglion cells, although that has not been the focus of 
her own research. Efficient, nontoxic vectors with long-expression trans-
genes would work well for this strategy, and the AAV2 vector platform 
has proven highly efficient for targeting ganglion cells. A high propor-
tion of retinal ganglion cells can be transduced with current vector for-
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mulations, and expression can be upregulated with a proper (inducible 
expression) promoter. Also, there are relatively good animal models for 
studying optic nerve damage from elevated IOP. To increase IOP, these 
models damage the structure of the anterior chamber’s drainage system 
by surgery or other means. Such models are useful for neuroprotection 
studies but not for modeling a gene transfer strategy aimed at regulating 
fluid flow at the front of the eye. Among the genes that could be trans-
duced to express neuroprotective factors for retinal ganglion cells are the 
genes for CNTF and TrkB plus BDNF. Genes that express anti-apoptotic 
factors include BIRC4, TRX, and others under investigation.

A recent breakthrough for such neuroprotection studies, Dr. Borrás 
noted, is a new, non-invasive imaging technology—confocal scanning 
laser ophthalmoscopy (CSLO)—that can evaluate ganglion cell damage. 
In the past, the efficacy of ganglion cell neuroprotection was monitored 
by labeling and counting the neurons after sacrificing the test animal; a 
significant drawback is that this technique provides only one time point 
per animal. With CSLO, the course of the disease can be tracked over 
time in the same animal [25].

While a gene transfer approach for protecting the ganglion cells 
is important, Dr. Borrás stressed the therapeutic value of also address-
ing the insult—the increased IOP. In humans, 90% of the aqueous fluid 
outflow from the anterior chamber occurs via the trabecular meshwork. 
This differs from lower mammals and even other primates, so the out-
flow system for humans is unique. The trabecular meshwork is readily 
transduced by recombinant human adenovirus but the transgene dis-
appears after roughly 43 days, as the immune system responds to and 
eliminates the virus. Dr. Borrás’s research group has found efficient, 
nontoxic AAV vectors with long-expression transgenes for transducing 
cells of the trabecular meshwork. After initial work showed that the lack 
of transduction efficiency with an AAV vector was related to downregu-
lation of genes involved in DNA replication, the group worked with a 
self-complementary AAV2 vector platform from Dr. Richard Samul-
ski’s laboratory and achieved nearly complete transduction in cultured 
human trabecular meshwork cells [26], but its safety in the eye has not 
been as extensively evaluated as that of single-strand AAV2. In addi-
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tion, different AAV2 serotypes preferentially transfect different cell types 
within the trabecular meshwork, which opens up opportunities for tar-
geting specific regions and structures. With respect to safety of the vec-
tor platform, no signs of toxicity were observed in rats injected with the 
AAV vectors, and the vector platform by itself does not alter IOP. The 
self-complementary AAV2 vector has shown long-duration expression 
in monkeys. Dr. Borrás noted that lentivirus vector is also very good for 
transfecting nondividing cells of the trabecular meshwork, 

Exciting progress is also being made in animal models with an intact 
aqueous fluid outflow system. Until recently the best model for glaucoma 
with an intact trabecular meshwork was perfused human anterior seg-
ments from donor eyes. The contralateral eye was used as the control 
[27]. Dr. Borrás has begun to use a model of elevated IOP induced by 
ocular injections of steroid in Argentinean sheep. She is also exploring 
use of a transgenic rat model for elevated IOP. In the rat model, the pro-
tein expressed by the transgene increases deposition in the extracellular 
matrix of the meshwork, thereby increasing resistance to outflow with-
out mechanical damage. IOP remains elevated for at least 3–4 months 
[28]. If this model performs as hoped, the gene transfer mechanism for 
elevating IOP could be tried in larger animals. 

Another element in Dr. Borrás’s optimism for gene therapy to lower 
IOP is a good list of candidate genes for transduction. In general, gene 
response to changes in IOP varies substantially between individuals, 
but her laboratory has identified four potential “responder genes” with 
suitable characteristics [27]. One of these, the MMP1 gene, encodes 
an enzyme involved in the breakdown of extracellular components of 
the body. MMP1 is also important as a marker gene for glaucoma sus-
ceptibility. It is downregulated by steroids such as the glucocorticoid 
steroids prescribed for allergies, asthma, autoimmune diseases, and—in 
high dosage—for cancer. Dr. Borrás’s team is studying whether transduc-
tion of MMP1 succeeds in lowering IOP in steroid-induced glaucoma. 
For this study, the team has constructed an inducible MMP1 vector so 
that MMP1 is expressed only in the presence of glucocorticoid. The 
AAV2.MMP1 vector is being constructed for testing in the Argentinean 
sheep model of elevated IOP. 
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In summary, Dr. Borrás stressed that a complementary approach, 
pairing an IOP-lowering transgene targeted to the front of the eye with 
a transgene expressing a ganglion cell protective factor, seems likely to 
provide the best clinical option for the majority of glaucoma patients for 
whom current treatments fail to control their condition.

Gene Therapy Studies in the Lacrimal Gland and Cornea
Dr. Melvin Trousdale

Dr. Trousdale’s research interests have focused on understanding and 
finding more effective treatments for ocular infections and inflamma-
tions, including hereditary inflammatory and autoimmune disorders that 
affect the tissues at the front of the eye. He has been a pioneer in apply-
ing gene therapy technology to the anterior chamber; for example, in 
promoting tear production in the lacrimal gland in conditions such as 
severe dry eye syndrome. Long-term goals of Dr. Trousdale’s laboratory 
have been to understand the pathogenesis of Sjögren’s syndrome and to 
explore gene transfer methods as both a potential treatment for this dis-
ease and a research tool to investigate its pathogenesis.

Sjögren’s syndrome is a relatively common autoimmune disease; 
it afflicts an estimated 2–4 million Americans, predominantly women. 
Its clinical outcome is a chronic inflammatory response in the exocrine 
glands, including the salivary glands in the mouth and the lacrimal 
glands and conjunctiva of the eyes. It causes chronic dry eye from insuf-
ficient tear production and rapid breakdown of the protective film that 
tears provide for ocular tissues exposed to the environment. Multiple 
factors, including genetic, immunologic, hormonal, and environmental 
factors, appear to be involved, making Sjögren’s a complex disease [29]. 
At the cellular level, Sjögren’s syndrome is characterized by immune cell 
infiltration into the gland cells. There is also a characteristic change in 
the ratio of two kinds of T cell lymphocytes in these infiltrations: the T 
helper cells that express the CD4 protein on their surface and the cyto-
toxic T cells that express the CD8 protein. In Sjögren’s syndrome, the 
ratio of CD4 to CD8 cells is roughly 4:1 instead of the typical 1:2 ratio.
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The animal model that Dr. Trousdale’s group has been using is adult 
female New Zealand rabbits in which Sjögren’s-like conditions in the 
lacrimal glands and conjunctiva are induced by activating the rabbit’s 
immune system against the acinar cells that secrete tears in the lacrimal 
glands [30]. Acinar cells are harvested from the lacrimal gland of a test 
animal and cultured so that they express the MHC-II protein on their 
surface. Lymphocytes collected from the blood of the same animal are 
then added to the cell culture, where the T cell lymphocytes are acti-
vated by the MHC-II to generate a T cell–mediated immune response 
to the acinar cells. The activated lymphocytes are collected and injected 
back into the same rabbit to induce an autoimmune reaction within the 
animal’s lacrimal glands that closely resembles the immune cell infiltra-
tions of Sjögren’s syndrome. If the activated lymphocytes are injected 
intravenously into the source animal, they travel through the circulatory 
system and infiltrate the lacrimal glands and conjunctiva [31].

After the test animals are injected with the acinar cell–activated 
lymphocytes, routine ocular examination methods are used to measure 
tear production, tear stability, and surface defects on the cornea (the lat-
ter result from inadequate tear film protection of the cornea). At the end 
of testing the live animal, ocular and other tissues are harvested for his-
topathologic examination, including immunohistopathology using confo-
cal fluorescent microscopy and extraction of RNA to assay for cytokines 
and chemokines. A test group of animals with this induced autoim-
mune disease (induced dacryoadenitis, or ID) will show a significant 
decrease in tear production and tear stability, relative to no significant 
change for controls. The Rose Bengal staining score for cornea defects 
also increases in the ID group. This animal model shows that an auto-
immune dacryoadenitis analogous in cellular and ocular tissue charac-
teristics to Sjögren’s syndrome can be induced with T cells that have 
been activated in a mixed cell reaction with cultured acinar cells and 
then injected back into the donor animal. The injection can be admin-
istered at the inferior lacrimal gland, at a remote subcutaneous site, or 
intravenously [31].

Dr. Trousdale next described in vitro gene transfer studies with this 
ID animal model. Two studies used adenovirus vectors with different 
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transgenes intended to moderate the autoimmune response [30, 32, 33]; 
a third study used an AAV vector with one of the transgenes: the gene 
for viral interleukin-10 (vIL-10). In each study, the vector was added 
to the harvested acinar cells in culture prior to the sequence of cell 
treatment steps leading to injection of the ID test group with activated 
lymphocytes. Transducing the acinar cells with the AAV.vIL-10 vector 
suppressed the cells’ ability to activate lymphocytes [34]. This result sug-
gested that the vIL-10 transgene would be a good candidate for in vivo 
testing.

In vivo studies of injecting ID test animals with the AAV.vIL-10 
vector have been promising, Dr. Trousdale said. He drew the following 
conclusions from the results obtained to date: 

• In ID animals injected with the vIL-10 transgene, there was a 
modest improvement in the clinical parameters of tear produc-
tion and tear stability. 

• There was an impressive reduction in the severity of lacrimal 
gland histopathology, suggesting that a longer treatment may be 
beneficial.

• The ID animals injected with vIL-10 transgene showed a signifi-
cant decrease in CD4 effector cells and a significant increase in 
CD8 regulatory cells.

As future directions for gene therapy involving the lacrimal gland 
and cornea, Dr. Trousdale suggested that one or more beneficial factors 
(therapeutic proteins) could be delivered to tissues on the surface of the 
eye by expressing them with transgenes inserted into cells of the lacrimal 
gland. The beneficial factor could be tailored for such clinical objectives 
as controlling inflammation, dry eye, infections, or corneal neovascu-
larization. The transgene could also be selected to express a factor to 
promote wound healing. Regarding future applications, Drs. Héon and 
Trousdale discussed the possibility of a gene therapy application to man-
age trachoma, a bacterial disease spread by contact and by flies. Tra-
choma is the leading cause of infectious blindness around the world. A 
gene therapy option would be to target the lacrimal gland to transduce a 
recombinant gene expressing medication for the trachoma.
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Dr. Trousdale also suggested that gene transfer technology could be 
used as an in vitro tissue modification technique in efforts to develop a 
bioartificial lacrimal gland as a prosthetic. 

• In research to date on producing a bioartificial lacrimal gland 
from acinar cells, a major challenge has been to keep the cells 
alive long enough for them to reproduce and form functional 
tissue. A transgene that would immortalize the acinar cells and 
stimulate replication would help greatly. 

• A second in vitro application of gene transfer technology would 
be to improve donor corneas for transplantation. Currently, many 
donor corneas are rejected for use in transplant surgery because 
they have low endothelial cell counts—often half the required 
number. While the corneas are stored in transport fluid under 
incubation, there is time to stimulate replication of endothelial 
cells. Transducing the low-count donor corneas in vitro with a 
gene that stimulates endothelial cell replication could greatly 
increase the supply of usable corneas. 

Gene Therapy for Rare Retinal Degenerative Diseases
Dr. Paul A. Sieving

Dr. Sieving has been the Director of the National Eye Institute of the 
National Institutes of Health since 2001. Earlier, he was the found-
ing Director of the Center for Retinal and Macular Degeneration in the 
Department of Ophthalmology and Visual Sciences at the University of 
Michigan, where he also held a chair in ophthalmic genetics. His research 
has focused on inherited retinal and macular degenerations such as retini-
tis pigmentosa and Stargardt macular dystrophy. This work has included 
genetic DNA patient and family studies, electrophysiology, and other diag-
nostic testing. Among many research achievements, Dr. Sieving and his 
colleagues have used gene therapy to restore retinal function in a mouse 
model of X chromosome–linked retinoschisis: a preclinical demonstra-
tion of feasibility that prepares the way for human studies. 
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Dr. Sieving’s presentation addressed roles for gene therapy in treat-
ing rare diseases of the retina, not only for the obvious quality-of-life 
benefits of new therapies for patients who suffer from these diseases but 
also as a research strategy for advancing and expanding the entire field 
of gene therapy. The FDA’s definition of a rare disease is one with fewer 
than 200,000 cases in the United States. An estimated 25–30 million 
Americans have one of the more than 6,000 diseases that meet this cri-
terion; most of these diseases, Dr. Sieving said, are single-gene diseases. 
However, fewer than 200 have an FDA-approved pharmacotherapy 
available.

Dr. Sieving noted that gene therapy is only one among a range of 
potential therapeutic strategies for rare retinal degenerations. Others 
include pharmaceutical drugs (e.g., neuroprotection), nutritional ther-
apy such as antioxidant supplements, cell or tissue transplantation, and 
visual prosthetics. Nonetheless, there are some promising factors that 
suggest gene therapy could and should play an increasing role. More 
than 500 eye disease genes have been identified for Mendelian traits, 
meaning they are candidates for single-gene replacement strategies. 
Thus, there are a great many potential targets for gene therapy directed 
at rare diseases.

Other advantages for gene therapy targeting ocular diseases include 
the relative ease of delivering vector into the eye and the relatively low 
vector load that is often sufficient to achieve useful levels of transduc-
tion (ratio of number of cells transduced to total number of target cells). 
Because the interior of the eye is relatively sequestered from the systemic 
circulation, systemic exposure to the vector is limited and the retina is 
relatively immune-privileged compared with many other tissues. Numer-
ous animal models resemble human genetic-defect retinal degenerations 
closely enough to be useful for preclinical proof-of-concept studies of 
gene-transfer strategies. And finally, vision and visual function provide 
sensitive and specific clinical endpoints for evaluating efficacy. 

With this promising potential for ocular gene therapy as context, 
Dr. Sieving summarized the state of practice and the status of work on 
gene therapy strategies targeting rare diseases. Feasibility is being estab-
lished for a broadening array of gene-based methods. Potential methods 
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of delivering a gene-expressed beneficial factor to the eye include not 
only the virus vectors on which the symposium focused (adenovirus, 
AAV, and retroviruses such as lentivirus) but also approaches such as 
injection of naked DNA or a gene-carrying plasmid and implantation 
of cells containing the therapeutic gene or genes. All of these methods 
have been tried. Each has been effective in various instances, Dr. Sieving 
said, and is likely to be used clinically in the next 30 or so years.

Dr. Sieving defined direct gene therapy as viral vector transduction 
of the ocular tissue cells in vivo. Direct gene therapy strategies using 
adenovirus and AAV vector platforms are now moving into the clinical 
trial stage of development and testing: 

• Adenovirus Vectors. The research group led by Dr. Richard Hur-
witz has a vector designed to target retinoblastoma by intravitreal 
delivery. The four-institution Retinoblastoma Center is pursuing 
a clinical trial of the strategy. As Dr. Campochiaro discussed in 
his presentation, his group has been working on an adenovirus 
vector for the gene expressing PEDF as an anti-angiogenic factor 
for choroidal neovascularization. 

• AAV Vectors for RPE65. From a high-level perspective, an 
important outcome of the three phase 1 trials is that all three 
research groups independently demonstrated biological efficacy of 
the gene replacement strategy. Dr. Sieving agreed with Dr. Jacob-
son (see summary above) that getting the RPE65 therapy through 
the clinical trials for efficacy and through FDA registration will 
contribute substantially to establishing the clinical value of gene 
therapy.

In indirect gene therapy, human cells are transduced in culture and 
then sequestered in a capsule or other device that allows the beneficial 
factor expressed by the transgene to diffuse out of the sequestering sys-
tem after the device has been implanted in the eye. The sequestered 
transduced cells produce the beneficial factor continuously in sufficient 
quantity to cause the desired therapeutic effect. As an example of indi-
rect gene therapy, Dr. Sieving described the clinical trial status of encap-
sulated cell therapy for delivery of the neurotrophic agent CNTF to 
treat retinal degenerative disease. The rationale for the beneficial effect 
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of CNTF on photoreceptor cells, Dr. Sieving said, is that CNTF rescues 
photoreceptor function by eliciting transcriptional and metabolic activity 
in photoreceptors that are impaired but not yet dead. 

In the now-completed phase 1 safety trial of ECT delivery of CNTF, 
in which the National Eye Institute partnered with Neurotech USA, 
Inc., human RPE cells were transduced with the gene for CNTF. Two 
levels of CNTF output were tested in 10 subjects, who were all retini-
tis pigmentosa patients with restricted visual fields and minimal ERGs. 
The capsules were implanted for 6 months and then removed to assess 
CNTF production level and the integrity of the capsule at the end of the 
trial period. The safety of CNTF for advanced retinal degeneration was 
demonstrated, and the results supported the suitability of the ECT tech-
nology for intraocular delivery of large molecules. Although the primary 
outcomes were for safety and not for efficacy, three subjects did have 
better acuity after 6 months than at the beginning of the trial, with no 
change in their untreated fellow eye. Three phase 2 trials of this CNTF 
delivery method are now in progress, with about 60 subjects per trial. 
The combination of disease target and primary outcome differs in each 
trial: retinitis pigmentosa with visual acuity as efficacy outcome in one, 
retinitis pigmentosa with macular sensitivity as efficacy outcome in the 
second, and atrophic AMD with visual acuity as efficacy outcome in the 
third. Neurotech USA, Inc., is conducting these trials without National 
Eye Institute involvement. 

Dr. Sieving made the following observations on the future prospects 
for gene therapy applications that target rare retinal diseases:

• There are many candidates for rare retinal degenerative diseases 
that could be targeted for a gene therapy application. 

• An argument can be made for growing interest among Big 
Pharma and biotech companies in gene therapy for rare diseases. 
The motivation for Big Pharma is that, over the next 5 years, the 
patents for many of their current blockbuster drugs will expire. 
Two years ago, the chief executive officer of one company said 
his company was rethinking the value of targeting smaller dis-
eases (that is, those with lower prevalence). As noted, among the 
more than 6,000 known rare diseases, treatments are approved 
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for fewer than 200. The estimated global market for such niche-
buster drugs for rare diseases, Dr. Sieving said, is $26 billion. Also, 
efforts in Europe to stimulate interest in R&D for rare diseases 
appear to have been successful. 

• Success in bringing gene therapy applications to clinical practice 
will require crossing a “valley of death” of scarce funding and 
other problems to move from positive initial academic research 
results to full development of a commercial product. Dr. Siev-
ing thinks that government entities such as the National Eye 
Institute and possibly innovative private sector R&D structures 
are the best candidates for providing the funding needed to over-
come this obstacle. 

• As other participants had also stressed, in designing clinical tri-
als for gene therapy applications, careful attention must be paid 
to selection of primary outcomes or endpoints. The FDA wants 
the primary outcomes to be clinically meaningful, and both the 
FDA and researchers want them to be sensitive and standard-
ized. Dr. Sieving agreed with Dr. Héon (see summary above) on 
the importance of matching outcome measures to the hypothesis 
of disease pathogenesis and the disease effects to be mitigated 
or reversed by the treatment. In his view, this concept was well 
understood by the teams doing the RPE65 phase 1 trials. Those 
trial designs and primary outcomes were based on a strong mech-
anistic understanding of the consequences of the gene defect and 
the relationship of those consequences to the clinical outcomes 
by which success of gene replacement was assessed. For many 
other rare diseases, a similar understanding of disease mechanism 
and consequences for potential measures of trial outcome is not 
yet available. 

• A trial design strategy for gene therapy applications is needed 
that establishes criteria for success in slowing the rate of degen-
eration, as opposed to reversing or halting it.

Dr. Sieving suggested that gene-based therapies will play an impor-
tant role in the future in medical prophylaxis and treatment tailored to 
the characteristics of the individual patient—in other words, personal-
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ized medicine. Very soon, he said, an individual will be able to have his 
or her genetic identity established on a single test chip. That level of 
knowledge will change how medicine is practiced; it will in effect incor-
porate pharmacogenetics into medical practice.

Gene Therapy for Optic Neuropathy
Dr. John Guy

Dr. Guy’s medical and research interests have centered on neurodegen-
erative diseases. Among these are optic neuritis, multiple sclerosis, and 
other diseases in which mutations in mitochondrial DNA (mtDNA) are 
a causal factor. He has conducted innovative research on many aspects 
of Leber hereditary optic neuropathy (LHON), a disease of retinal gan-
glion cells that is caused by mtDNA mutations. Among his successes are 
defining biochemical markers of neurodegeneration in LHON, establish-
ing new tools for evaluating structural and functional changes in optic 
nerve disease, and demonstrating that gene therapy with antioxidant 
genes or a normal mitochondrial gene can rescue cultured LHON cells. 
In May 2009, Dr. Guy received a grant from the National Eye Institute 
for a phase 1 clinical trial of his gene therapy application to treat LHON. 

Dr. Guy’s presentation focused on his research on LHON and the 
relationship of this rare hereditary disease to inflammatory optic neu-
ropathy (optic neuritis) and ischemic neuropathy. Whereas LHON is a 
rare disease, inflammatory optic neuritis is second only to glaucoma as 
a cause of optic nerve disease. A clinical trial in the 1980s of treatment 
with intravenous or oral corticosteroids for inflammatory optic neuri-
tis was halted when early results showed no lasting improvement from 
intravenous delivery, while the trial’s oral steroid treatment option dou-
bled the recurrence rate of neuritis attacks. Similarly, a trial of surgery to 
relieve optic nerve swelling in nonarteritic ischemic optical neuropathy 
(NAION) was halted when early results found that the treatment under 
trial was associated with increased visual acuity loss at 6 months. There 
is still no approved treatment for either optic neuritis or ischemic optic 
neuropathy.
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A number of degenerative diseases of the nervous system have now 
been associated with mtDNA mutations. In addition to LHON, optic 
neuritis, and ischemic optic neuropathy, Dr. Guy listed Parkinson’s dis-
ease, NARP syndrome [neurogenic muscle weakness, ataxia, and retini-
tis pigmentosa], MELAS syndrome [mitochondrial encephalopathy, lac-
tic acidosis, and strokelike episodes], MERRF [myoclonus epilepsy with 
ragged red fibers], and various forms of cancer among the diseases whose 
pathogenesis has been traced to mtDNA mutations. The most common 
mutation associated with LHON, accounting for about half of LHON 
cases, is a transcription error at nucleotide 11778 in the gene for the 
ND4 subunit of Complex I. Complex I is an enzyme complex involved 
in the oxidative phosphorylation pathway by which mitochondria pro-
duce adenosine triphosphate (ATP) the major energy storage molecule 
in human cells. In LHON, a patient typically loses vision in one eye first, 
then in the second eye. The mean interval to second eye involvement is 
only 2 months. The 11778 genotype of the disease has the poorest prog-
nosis for spontaneous improvement in vision of one or both eyes—only 
5–7%. 

The best option for a gene therapy application to treat a single-
defect mtDNA mutation, Dr. Guy explained, would be to correct the 
mtDNA mutation directly, as in the gene replacement strategies for 
forms of LCA caused by a single gene defect. However, when he began 
working on methods to overcome mtDNA defects, there was no tech-
nology to get a correct version of a mutant mtDNA gene into mitochon-
dria. Instead, there were three potential therapeutic alternatives: (1) aim 
the therapy at providing a correct version of the protein expressed by 
the mutated mtDNA, but make the protein outside the mitochondria; 
(2) bypass the mutant Complex I with an alternative oxidative phos-
phorylation sequence; or (3)suppress or remove the injurious, highly 
reactive products resulting from deficient Complex I activity.

Dr. Guy’s Strategy I took the first alternative by transducing the 
DNA in the cell’s nucleus to produce the correct ND4 protein, then 
transporting this expression product into the mitochondria using the 
cell’s native mechanisms for delivering cell-produced proteins to mito-
chondria. He constructed a gene that would encode for ND4 in the 
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cell nucleus and express it into the cell’s cytoplasm. To transport the 
cytoplasmic ND4 into the mitochondria, he added a mitochondrial tar-
geting sequence to the transgene. He also added an epitope tag so that 
histologic techniques could be used to track the location within the 
cell of the expressed gene product. The combined RNA sequence for 
these three functions was packed into the RNA content of an AAV vec-
tor for delivery into cultured LHON ganglion cells and transduction of 
the cell’s nuclear genome. The ND4 produced by this transgene in the 
nucleus was identical to the correct form of ND4 produced by normal 
mitochondria. In addition, this flagged ND4 protein, even though pro-
duced in the cell’s nucleus, was found only in the mitochondria, not in 
the cell’s cytoplasm, indicating that transport into the mitochondria was 
efficient. Other tests showed that the oxidative phosphorylation func-
tion of the mitochondria had been restored in the transduced cells. 

Dr. Guy’s research team next injected the AAV.ND4 vector into 
intact human eyes (donor eyes) to assess how well the transduction 
worked in an in vivo environment. Histologic examination showed that 
the flagged ND4 protein again was localized in the mitochondria. The 
ND4 expression was about two-thirds as efficient as expression of an 
AAV-carried green fluorescent protein (GFP) marker gene.

To establish a preclinical basis for the procedure’s safety, the 
researchers injected AAV.ND4 vector into the eyes of mice and exam-
ined ocular tissues including the optic nerve with OCT. The optic nerve 
was normal for AAV vector carrying the transgene for human wild type 
ND4, indicating that the wild type ND4 was safe. AAV vector with the 
mutant human ND4 caused swelling and then atrophy of the optic nerve 
in the treated eye, thereby replicating the LHON disease condition in 
the mouse and providing a rodent model for LHON. In additional stud-
ies of this ND4 transgene vector system, Dr. Guy’s group found that a 
self-complementary AAV vector gave faster onset of expression and 
higher efficiency of transfection. Whereas single-strand AAV vector had 
only transduced a third of the retinal ganglion cells after one month, the 
self-complementary vector transduced 85% in a week. 

In parallel with this Strategy I work on expressing normal ND4 
in the cell’s nucleus and transporting it into mitochondria, Dr. Guy 
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began working on the then-unsolved problem of achieving gene transfer 
directly into the DNA strands of mitochondria in retinal ganglion cells. 
The key to this Strategy II was the discovery that the VP2 portion of 
the three-part AAV capsid could get into mitochondria. After achiev-
ing several intermediate steps in building an AAV vector designed to 
introduce a gene directly into mitochondria and target the heavy DNA 
strand that contains the ND4 gene, Dr. Guy and his group succeeded in 
rescuing cultured retinal ganglion cells with the 11778 LHON mutation. 
Oxidative phosphorylation is necessary for cells to survive in a galactose-
only cell culture, and the researchers achieved a 19% increase in cell 
survival after 48 hours, using their AAV.ND4 vector designed to trans-
duce mtDNA directly. Treated cells also showed a 48% increase in ATP 
synthesis, another marker of normal respiratory function (energy utili-
zation). When this vector system was injected into intact eyes, flagged 
ND4 was again preferentially expressed in the mitochondria of trans-
fected ganglion cells. 

Dr. Guy discussed a third and more general strategy (not directed 
specifically at an LHON mutation) to suppress oxidative damage result-
ing from deficient oxidative phosphorylation in mitochondria-linked dis-
orders. He had previously established that loss of the ganglion cell axons 
in the optic nerve, even prior to an inflammatory response, is the reason 
patients do not recover from optic neuritis. Optic neuritis is often the 
first clinical sign of multiple sclerosis. An animal model typically used to 
test candidate pharmaceutical treatments of multiple sclerosis is experi-
mental autoimmune encephalomyelitis (EAE). There was evidence that 
optic neuritis in the EAE mouse model starts with upregulation of induc-
ible nitrous oxide syntase and nitration of many ganglion cell proteins. 
In EAE ganglion cells with increased nitrous oxide syntase, apoptosis 
occurs even before the inflammation response. Dr. Guy found that the 
most prevalent nitrated protein is a 70 kilodalton heat shock protein 
(HSP70). This is a chaperone protein that transports other proteins from 
the cytoplasm into mitochondria. Mitochondria get 85% of their pro-
teins by importing them from the surrounding cellular cytoplasm. Unless 
functional (unnitrated) HSP70 is present, these proteins do not get to 
the interior of the mitochondria. When Dr. Guy investigated a gene 
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transfer strategy to increase HSP70 expression in cells, transducing the 
cells with mitochondrial HSP70 resulted in increased cell growth rela-
tive to controls. 

Another gene therapy strategy aimed at overcoming a dysfunc-
tional oxidative phosphorylation process is to transduce cells with an 
AAV vector carrying the gene for mitochondrial superoxide dismutase 
(SOD2), an antioxidant protein. SOD2 binds to the superoxide byprod-
ucts of normal oxidative phosphorylation and converts them to hydro-
gen peroxide and diatomic oxygen. Using an AAV2.SOD2 vector system 
containing the chicken beta actin promoter, the research team achieved 
a 10-fold increase in SOD2 RNA synthesis in the EAE mouse model, 
a 4-fold increase in SOD2 protein expression, and a 2-fold increase in 
SOD2 activity. Injection into one eye of EAE-sensitized animals pro-
tected the optic nerve of that eye from atrophy up to 1 year after treat-
ment, whereas the contralateral eye developed the characteristic atro-
phy of EAE. Thus, SOD2 gene therapy will protect against optic nerve 
degeneration in this commonly used model for multiple sclerosis.

With respect to the potential impact of a successful gene therapy for 
oxidative stress in neurons, Dr. Guy noted that the prevalence of mul-
tiple sclerosis is 1 in 1,000, whereas the prevalence of LHON is only 1 
in 20,000–30,000. The EAE animal model, he said, has been used for all 
pharmaceutical treatments to date for multiple sclerosis. Typically a can-
didate drug is tested in the EAE animal model for 1 to 3 months, then 
marketed as a therapeutic option for multiple sclerosis. However, all 
the pharmaceutical treatments approved to date via this test route only 
treat the inflammation; none target the neural degeneration in the optic 
nerve or brain. 

Dr. Guy is now recruiting patients for an initial clinical trial of his 
gene therapy to treat LHON, and he has had to confront the question 
of which patients to attempt to treat first and how to design the trial 
to reflect patient selection and outcome criteria. For example, in treat-
ing LHON by either Strategy I or II, should the test population include 
asymptomatic carriers of the mutant gene (ocular examination still nor-
mal); only those with acute loss of visual acuity and edema of the optical 
nerve disc; or only those with chronic visual acuity loss, who are likely 
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to already have optic nerve atrophy and loss of the retinal nuclear fiber 
layer? In a trial design that treats just one eye and uses the fellow eye as 
a control, should the patients’ better or worse eye be treated? Analogous 
issues arise in deciding which patients should be selected for a more gen-
eral gene therapy treatment for optic neuritis, such as Dr. Guy’s SOD2 
or HSP70 strategies. 
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3:10–3:30 pm Concluding discussion: Gene therapy, pros 
and cons of safety and efficacy, overarching 
recommendations
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