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REVIEW ARTICLE

The Pathway From Genes to Gene Therapy in Glaucoma:  
A Review of Possibilities for Using Genes as Glaucoma Drugs

Teresa Borrás, PhD

Abstract: Treatment of diseases with gene therapy is advancing rapidly. 
The use of gene therapy has expanded from the original concept of re-
placing the mutated gene causing the disease to the use of genes to con-
trol nonphysiological levels of expression or to modify pathways known 
to affect the disease. Genes offer numerous advantages over conventional 
drugs. They have longer duration of action and are more specific. Genes 
can be delivered to the target site by naked DNA, cells, nonviral, and 
viral vectors. The enormous progress of the past decade in molecular bi-
ology and delivery systems has provided ways for targeting genes to the 
intended cell/tissue and safe, long-term vectors. The eye is an ideal organ 
for gene therapy. It is easily accessible and it is an immune-privileged 
site. Currently, there are clinical trials for diseases affecting practically 
every tissue of the eye, including those to restore vision in patients with 
Leber congenital amaurosis. However, the number of eye trials compared 
with those for systemic diseases is quite low (1.8%). Nevertheless, judg-
ing by the vast amount of ongoing preclinical studies, it is expected that 
such number will increase considerably in the near future. One area of 
great need for eye gene therapy is glaucoma, where a long-term gene 
drug would eliminate daily applications and compliance issues. Here, we 
review the current state of gene therapy for glaucoma and the possibilities 
for treating the trabecular meshwork to lower intraocular pressure and the 
retinal ganglion cells to protect them from neurodegeneration. 
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All glaucomas are amenable to gene therapy. Actually, 
glaucoma is one of the diseases that would not only be 

logistically quite simple to treat with genes but also one that 
would benefit enormously from a single dose and year(s)-
long duration efficacy. The current treatments of daily eye 
drops and not-always-successful surgeries in a mostly older 
population make an alternative gene therapy treatment ex-
tremely attractive. Advances in the field during the past few 
years have yielded safe delivery systems that do not produce 
an inflammatory response, are able to act locally, and have 

negligible distribution to organs other than the targeted eye. 
Human clinical trials on congenital retinal diseases such as 
Leber congenital amaurosis have broken the barrier to the 
reality of a direct gene medical application and have opened 
the door to the use of gene therapy in all other tissues of the 
eye. Because of the particular physiology of the eye’s aqueous 
humor, agents delivered to the anterior chamber and even to 
the vitreous make their way to the trabecular meshwork (TM), 
the preferred intraocular pressure (IOP) maintenance site. In a 
similar manner, agents delivered intravitreally make their way 
to the retinal ganglion cells (RGCs), the preferred neuroprotec-
tive site in glaucoma. Emerging delivery systems through the 
suprachoroidal space (SCS) hold great promise for posterior 
segment delivery, hopefully reaching the peripapillary sclera 
and exerting the neuroprotection needed on the optic nerve. 
Whether using gene transfer for gene augmentation, gene si-
lencing, gene editing, or probably the most likely application, 
genes as drugs, the proven safety and efficacy profiles of this 
technology are bound to be an important addition to the con-
ventional drugs available for treatment of the disease.

GENE THERAPY CLiNiCAL TRiALS
As of August 2016, there were 2356 gene therapy clini-

cal trials worldwide that had been completed, are ongoing, or 
have been approved. Figures 1 and 2 summarize the results of 
the clinical trials database http://www.abedia.com/wiley/in-
dex.html, maintained by the Journal of Gene Medicine and 
last updated in February 2016.  

The chart with the analysis of the number of gene therapy 
trials worldwide by indications (Fig. 1A) shows that the dis-
ease with the highest number of trials is cancer, with 64.4%. 
Most of these cancer trials include the use of genes whose 
products are involved in biological pathways known to affect 
tumor regression. Genes are carried by either viral vectors or 
transformed cells and contribute to counteracting their altered 
expression during tumor progression. Trials for monogenic 
diseases, that is, diseases caused by a single gene defect, are 
the second most abundant at 235 trials, or 10% of the total. 
Interestingly, of the 2356, just 34 trials (1.8%) were approved 
for ocular diseases; and of those 34, only 1 trial is listed for 
glaucoma.  

Overall, the vector most utilized in clinical trials has 
been adenovirus (21.7%), followed by retrovirus (18.3%) 
and adeno-associated vectors (AAVs) that comprise a distant 
6.7% (Fig. 1B).  These overall numbers depend on the type 
of indication to be treated and thus represent the fact that a 
high proportion of gene therapy trials are for cancer. How-
ever, looking at the trials for monogenic diseases, the num-
bers change dramatically. In these trials, the AAV delivery 
system is the preferred choice, accounting for 36.2% of the 
total, whereas lentiviruses account for 17% and adenoviruses 
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for 8.5%. 
The majority of the clinical trials (57.6%) are in phase 1 

(Fig. 1C), where the gene therapy reagent is tested in a small 
group of people to evaluate its safety and identify side effects. 
The percentage decreases for trials advancing to phase 2 (test-
ing for efficacy), which is 17.1%. Only 3.7% of all trials are in 
phase 3, which evaluates efficacy and safety in a large patient 
population. Not surprisingly, most of the phase 3 trials involve 
cancer diseases.  

Analysis of the distribution of the trials by country shows 
that 1506 (63.9%) are being conducted in the United States, 
followed by 213 in the United Kingdom (9%), 89 in Germany 
(3.8%), and China/France with 2.3% and 2.2% each (Fig. 1D). 
In these countries, the trend for indications follows the world-
wide trend shown in Figure 1A, that is, the highest number of 
trials is for cancer diseases with as little as between 1% and 
0.5% for ocular diseases. Countries with smaller numbers of 
total gene therapy clinical trials showed, instead, a higher per-
centage of trials for ocular diseases: 6.2% in Australia, 12.5% 
in Israel, and 100% in Saudi Arabia (1 out of 1). 

OCULAR GENE THERAPY TRiALS
A summary of the current ocular gene therapy trials is 

presented in Figure 2. Despite the eye being a readily acces-
sible organ and having a number of properties that make it 
ideal for gene therapy, the number of ocular gene therapy 
trials is remarkably low. Of the 34 existing trials, 24 are being 
conducted in the United States and the remaining 10 are being 
conducted across 7 different countries (Fig. 2). 

The highest number of approved ocular clinical trials is 
for macular dystrophy diseases. Different viral vectors, genes, 

and routes of administration have been used. The first trial, 
approved in 2001, used an adenoviral vector encoding the 
pigment epithelium–derived factor (PEDF) gene, which was 
delivered intravitreally. Pigment epithelium–derived factor 
is a serine protease inhibitor that is both neuroprotective and 
antiangiogenic.1,2 Preclinical studies showed that injection of 
Ad.PEDF by several routes prevented and inhibited retinal 
and choroidal vascularization in small and large animal mod-
els.3,4 The PEDF clinical trial involved patients with advanced 
neovascular age-related macular degeneration (AMD). Re-
sults showed that secondary effects of mild inflammation and 
elevated IOP were transient, whereas efficacy at 12 months 
proved prevention of lesion increase at the higher vector dose 
and no effect at the lower one.5  

Antiangionenic genes for macular dystrophies have been 
commonly inserted into AAVs and lentivirus vectors. Among 
those genes, the one encoding for the vascular endothelial 
growth factor (VEGF) receptor, the soluble fms-like tyrosine 
kinase 1 (sFlt-1), is being used in 4 out of the 14 macular degen-
eration trials. One of the trials, trial ID US-1380 approved in 
2015, is in phase 2. sFlt-1 is the secreted extracellular domain 
of the VEGF receptor that binds to and sequesters VEGF, thus 
reducing its angiogenic activity.6 Patients with neovascular 
AMD express reduced levels of sFlt-1 in their retinal pigment 
epithelium (RPE) and RPE-sFlt-1 knock-out mice exhibited 
spontaneous choroidal neovascularization.7 The AAV2.sFlt-1 
vectors are being tested by intravitreal administration. 

Two of the 14 macular degeneration trials involve the use 
of lentiviral vectors. These were approved/initiated in 2010 
and the vectors carry either the antiangiogenic endostatin/an-
giostatin genes or the transporter ATP-binding cassette A4 
(ABCR). Endostatin is a cleavage product of collagen XVIII8 

FiGURE 1. Number and distribution of gene therapy clinical trials that have been completed, are ongoing, or have been approved. A, Categorized by  
medical indications. B, Categorized by the viral vector type. C, Categorized by the different phases of the trials. D, Categorized by the countries where the 
trials have been submitted. Ocular gene therapy trials constitute 1.8% of the total number worldwide (34 out of 2356). Data obtained from the Journal of 
Gene Medicine database http://www.abedia.com/wiley/index.html updated in February 2016.
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FiGURE 2. Ocular gene therapy trials.

and angiostatin is a cleavage product of fibrinogen, both in-
hibitors of angiogenesis. In preclinical tests, overexpression of 
endostatin reduced retina leakage in VEGF tetracycline/con-
ditional mice, that is, in mice expressing VEGF only in the 
presence of doxycycline, a tetracycline derivative.9 Similarly, 
overexpression of angiostatin by gene transfer suppressed reti-
nal and choroidal neovascularization.10 The lentivector used 
in clinical trials (RetinoStat) is being injected into the subreti-
nal space and contains both antiangiogenic genes driven by a 
ubiquitous cytomegalovirus (CMV) promoter.  

The second lentivirus trial for AMD carries the ABCR 
gene. This gene encodes a rod photoreceptor protein that is 
defective in Stargardt disease, a form of macular dystrophy.11 
In preclinical studies, it was found that Abcr knock-out mice 
exhibited accumulation of lipofuscin in the RPE, a phenotypic 
characteristic of human Stargardt disease.12 The lentivirus 
carrying the human ABCR gene, injected into the mice’s sub-
retinal space, reduced the accumulation of lipofuscin and cor-
rected the phenotype.13   

The remaining trials for macular diseases are using 
either intravitreally implanted cells engineered to release 
ciliary neurotrophic factor (CNTF) (trial ID US-1252)14 or 
anti-VEGF siRNA products. A number of preclinical stud-
ies support that delivery of CNTF is able to slow vision loss 
and to rescue photoreceptor death in mouse models of outer 

retinal degeneration.15,16 

The first gene therapy trial entailing the correction of 
blindness caused by inherited retinal degeneration was con-
ducted on patients with Leber congenital amaurosis disease.17 
A mutation in the RPE-specific protein 65 kDa gene (RPE65) 
has been associated with this disease. RPE65 functions as an 
essential component in the RPE’s visual cycle, which is im-
portant for regenerating cone and rod pigments. Mutations 
in RPE65 impair the signal transduction pathway and cause 
severe and progressive loss of vision.18,19 A total of 6 trials (5 
in the United States and 1 in Israel) are currently open. These 
clinical trials followed several preclinical studies that proved 
restoration of sight in dogs born with the blinding disease.20 
The vector used in the clinical trials is AAV2, the gene is the 
wild-type human RPR65 full length cDNA, and the adminis-
tration in all cases is by single dosage to the subretinal space. 
To date, these trials have been very successful, and delivery 
of the AAV2.hRPE65 vector has resulted in significant vision 
improvement in all patients in the trials.21 

Four trials are open for the treatment of retinitis pigmen-
tosa (RP) (3 in the United States and 1 in Saudi Arabia). The 
3 trials in the United States involve the use of intravitreal im-
plants of RPE cells releasing CNTF.22 The implant device con-
tains human RPE cells transfected with a human CNTF plas-
mid, grown in scaffolds, and embedded using encapsulated cell 
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technology.23 Phase 1 is now complete, showing a good safety 
profile. Surgically removed implants at 6 months showed that 
cells were still alive and had healthy morphology.24 The trial 
in Saudi Arabia for RP involves patients carrying mutations in 
the MER proto-oncogene, tyrosine kinase (MERTK) gene. Af-
ter establishing preclinical safety in small and large animals, 
the wild-type human MERTK cDNA was packaged into an 
AAV2 vector (AAV2.VMD2.hMERTK) and delivered to 6 pa-
tients by subfoveal injection. The MERTK cDNA was driven 
by the promoter of the vitelliform macular dystrophy protein 2 
gene (VMD2), which encodes bestrophin and directs specific 
expression to the RPE.25 The MERTK gene encodes a tyrosine 
kinase receptor that is involved in the phagocytosis pathway of 
the RPE. In Royal College of Surgeons (RCS) rats, which are 
homozygous for Mertk mutations, the accumulation of debris 
in the RPE results in loss of photoreceptors.26 Results from the 
phase 1 2-year follow-up have recently been published.27 Pa-
tients had acceptable systemic and ocular safety profiles and no 
complications could be attributed to the vectors. Three patients 
had improved visual acuity in the treated eye, but in 2 of them 
the beneficial effect did not last the full 2 years.  

The remaining 10 of the 34 ocular gene therapy clini-
cal trials correspond to 6 other eye diseases, with 1 or 2 tri-
als per disease (Fig. 2). Surprisingly, there is only 1 clinical 
trial for glaucoma. This trial does not entail glaucoma disease 
treatment per se but addresses the failure of trabeculectomies 
due to the fibrotic response and consequent blockage of the 
conjunctive filtering bleb. The trial was initiated in 2003 and 
uses the short-term expression adenoviral vector carrying the 
p21 gene (Ad.p21). The p21 gene, also known as CDKN1A, 
encodes a potent cyclin-dependent kinase inhibitor that mod-
ulates cell cycle and causes cell replication arrest. With the 
intent of modulating wound healing, the virus is delivered by 
subconjunctival injection before trabeculectomy surgery. Pre-
clinical studies in primate elevated IOP models showed that 
delivery of the virus before surgery maintained open the out-
flow pathway and lacked the secondary effects seen in control 
eyes or in eyes treated with mitomycin C.28 A follow-up study, 
also in primates, showed that biodistribution of the virus out-
side the eye was minimal. The safety profile included swollen, 
partially closed, or shut eye(s) and transient congestion in the 
conjunctiva. A mononuclear cell infiltrate was present in the 
conjunctiva, choroid, and other ocular tissues, but they were 
all completely or partially resolved over time. Electroretino-
grams and visual evoked potentials (F-VEP) were normal.29

PRECLiNAL STUDiES LEADiNG TO 
GLAUCOMA GENE THERAPY

Although only 1 clinical trial of glaucoma has been ini-
tiated, a great number of preclinical studies leading to poten-
tial gene therapy of glaucoma are in the pipeline. Developing 
the strategy for a gene therapy regimen of glaucoma requires 
a thoughtful design. Whether the strategy would include gene 
replacement with a corrected glaucoma-associated mutated 
gene, silencing a deleterious gene, or using genes to favor-
ably modify the physiology of affected tissues, selection of 
all the right parameters needs to be tailored to the specific 
glaucomatous condition of the patients. The basic steps to 
follow are listed below:

TRABECULAR MESHWORK TARGETiNG
TO LOWER iOP

Efficiency of Delivering Genes to the 
Trabecular Meshwork

The TM is a favorite tissue for gene transfer. It has now 
been over a decade since it was first shown that the LacZ re-
porter gene carried by an adenoviral vector that highly trans-
duced the TM of mice after a single intracameral injection.30 
Efficient gene delivery to the TM was subsequently reproduced 
in many different laboratories, different animal species,31–34 
and in perfused organ cultures from human donors.35 Delivery 
of a reporter gene was also obtained using other viral vectors, 
such as herpes simplex viruses36,37 and lentivirus.38 In contrast, 
AAVs from various serotypes were unable to transduce the 
TM.39 Fortunately, the second generation AAV, the self-com-
plementary AAV (scAAV) vectors, were able to override the 

Select the type of glaucoma to treat. There are many glau-
coma types: primary open angle glaucoma, pseudoexfo-
liation, steroid, congenital, and so on. Each of them will 
require a different gene therapy approach.
Select the target tissue(s). Tissues most commonly used 
are the TM to lower IOP and the RGCs to prevent degen-
eration, but other tissues of the eye, including the ciliary 
body, sclera, and optic nerve head, are also amenable to 
gene targeting.
Select the therapeutic gene. From the genetic associations 
with glaucoma to genes involved in relevant pathways, 
there are an important number of candidates to choose 
from nowadays.
Select the regulatory elements controlling the selected 
gene’s expression. Gene therapy treatments are long-term. 
It could be detrimental to deliver a gene that remains “on” 
all the time.
Select a vector and its optimal serotype to deliver the gene. 
Although AAV vectors seem to be the preferred choice 
for ocular gene transfer, the use of adeno- or lentiviruses 
may still be called for under a particular circumstance. 
Selecting the right AAV serotype of the many available 
would deeply affect the efficiency of transduction.
Select a representative animal model(s) to assay the ef-
fect. Plan for a battery of molecular and functional assays. 
Current advances in imaging techniques using optical 
coherence tomography, which allow noninvasive longi-
tudinal evaluations, represent a tremendous advance for 
long-term studies.
Validation of results in different laboratories will further 
confirm the reproducibility of the therapeutic effect.

1.

2.

3.

4.

5.

6.

7.

Once these efficacy steps have been established, the gene 
therapy molecule will need to undergo the same pharmaceuti-
cal development stages of any conventional drug. That would 
include, among others, formulation, quality control, stability, 
pharmacokinetics, toxicity, and not less important, regulatory 
hurdles.  

Although the knowledge required for developing each 
of the necessary steps is not complete, considerable advances 
have been made on all fronts, making glaucoma gene therapy 
closer to translational clinical application.
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TM cells’ inability to generate an AAV double-stranded DNA 
and efficiently transduced the TM cells/tissue.40 In living ani-
mals, scAAV2.GFP had both a rapid onset and a long-term 
duration without the presence of an inflammatory response.41 
In particular, a single intracameral injection of scAAV2.GFP 
in monkeys showed a positive fluorescent TM at 5 days on 
gonioscopy examination, indicating positive gene transfer. 
Fluorescence continued to be observed in the TM for at least 2 
years, when the experiment was terminated.41   

The use of different viral serotypes can greatly influence 
transduction efficiency. Several studies have been conducted 
to compare serotype efficiency. In our laboratory, intracam-
eral injection of living rats with serotype numbers 1, 2, and 5 
showed negligible scAAV1 transduction in the TM and very 
intense transduction of serotype 5, closely followed by sero-
type 2.42 In primary human TM (HTM) cells and perfused or-
gan porcine cultures transduced with scAAV serotypes 1, 2, 
5, 6, 8, and 9, transduction was positive only with serotypes 
2, 5, and 6. In such study, serotype 2 showed the highest TM 
intensity, followed by serotype 6 and then 5; serotypes 1, 8, 
and 9 were negative (Fig. 3).43 A rat and mouse study from 
a different laboratory44 compared serotype 2 with serotype 8 
along with the effect of tyrosine mutations of the capsid in 
the TM transduction’s efficiency.45 Transduction of scAAV2 
was moderate but enhanced by a triple mutation of surface-
exposed tyrosine residues in its capsid. Transduction with 
scAAV8 in the mouse was observed when the capsid carried 
1 tyrosine mutation (tyrosine 733 to phenylalanine, Y733F) 
and was silent with nonmutated tyrosine. Transduction of the 
Y733F scAAV8 in the rat was negative.44 These results em-
phasize the importance of selecting the proper serotype when 
conducting preclinical evaluations. 

FiGURE 3. Equal numbers of viral particles of self-complementary 
adeno-associated vector serotypes 1, 2, 5, 6, 8, and 9 carrying the 
reporter fluorescent gene GFP (scAAV.GFP) were added to HTM cells. 
GFP fluorescence was captured in living cells with a fluorescence 
microscope 3 days after infection. Serotype 2 transduces most 
efficiently, followed by serotypes 6 and 5. Serotypes 1, 8, and 9 are 
unable to deliver the reporter gene to the HTM cells. 

Potential Therapeutic Genes to Lower intraocular 
Pressure 

After gene transfer studies using reporter genes provided 
proof of concept, a number of potential therapeutic genes have 
been inserted in viral vectors and delivered intracamerally to 
the TM of human perfused organ cultures and/or of living ani-
mals. To search for those genes whose delivery could result 
in lowering IOP, scientists have traditionally looked at 3 gene 
categories: a) genes with mutations associated with glaucoma, 
b) genes whose expression is altered under glaucomatous con-
ditions, and c) genes that are known to be involved in path-
ways well-recognized as having an effect on IOP.  

Regarding the first category, the number of single nu-
cleotide polymorphisms (SNPs) associated with glaucoma is 
continuously increasing. Recent excellent reviews revealed 
over 25 listed genes linked with some type of glaucoma.46–48 
Some of the linked SNPs/mutations have been shown to be 
active, that is, to affect physiological parameters of glaucoma. 
For example, the glaucoma association of a SNP identified be-
tween caveolin-1 (CAV-1) and caveolin-2 (CAV-2) prompted 
Keller’s group to test the effect of silencing these genes on 
outflow facility. Trabecular meshwork delivery of short hair-
pin shRNAs for the 2 genes inserted into lentiviral vectors re-
sulted in increased outflow facility for CAV-1 and decreased 
facility for CAV-2.45 Other SNPs/mutations remain silent for 
the time being, waiting to be elucidated as having a potential 
functional involvement associated with the disease.  

For the second category, that of the genes whose expres-
sion is altered under glaucomatous conditions, a good set of 
genes is waiting to be tested. Our laboratory has conducted 
a cross-check analysis of those genes that have been affected 
by more than 1 glaucomatous condition.49–53 The summarized 
findings resulted in a rational selection of 50 genes that we 
originally termed as physiological glaucoma biomarkers.49 Al-
though these genes have not yet been validated as true glauco-
ma biomarkers, their altered expression in glaucoma or under 
glaucoma-associated features suggests their potential role in 
the development of disease and, as such, identifies them as 
potential gene therapy targets (Fig. 4). Among those whose 
therapeutic potential would be interesting to investigate is 
angiopoietin-like 7 (ANGPTL7, alias CDT6). This gene was 
reported to be altered by the highest number of glaucomatous 
conditions.49 ANGPTL7 encodes a secreted glycoprotein with 
direct influence on the organization on the extracellular matrix 
(ECM).54 It is also one of the genes most affected by elevated 
IOP50 and dexamethasone,54 all conditions pointing to a good 
candidate for glaucoma gene therapy.

One of the genes from this category that has been tested 
in gene therapy is encoding metallopeptidase 1 (MMP1), an 
interstitial collagenase that breaks down ECM collagens type 
1, 2, and 3. MMP1 is downregulated by steroids in the TM,55 
and the purified protein perfused into anterior segment organ 
cultures induces increase of outflow facility.56 Based on the 
well-established fact that corticosteroids induce build-up of 
the ECM,57 our laboratory inserted the MMP1 cDNA into an 
adenoviral vector under the control of a basal promoter and 
glucocorticoid responding sequences. Such strategy results in 
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the expression of MMP1 only when the steroid is present. A 
single intracameral injection of Ad.GRE.hMMP1 was able to 
lower and prevent steroid-induced elevated IOP in a large ani-
mal model of steroid-induced elevated IOP.58 The gene was 
subsequently transferred to the long-term safe scAAV2.GRE.
hMMP1 vector. Using this vector, the IOP-lowering effect 
after a single dose was extended to 1 month, the last point 
tried.59  

A second gene that has been shown to be downregulated 
by steroids is plasminogen activator tissue (PLAT). This gene 
encodes a serine protease that catalyzes the conversion of 
plasminogen to plasmin, which itself is part of the fibrinolytic 
pathway and activates MMPs. An adenoviral vector carrying 
the sheep PLAT cDNA and injected intracamerally in mice 
reversed the reduced outflow facility in a steroid mouse model 
for at least 1 week.60   

Silencing genes with siRNA is another method that is be-
ginning to be explored in gene therapy. The proof of concept 
was established by delivering the naked glucocorticoid recep-
tor siRNA to the human TM in an organ culture perfusion sys-
tem. The transferred siRNA ablated the dexamethasone induc-
tion of genes such as myocilin (MYOC) and ANGPTL7.61 

The third category contains genes that are known to be 
involved in pathways relevant in regulating outflow. A recent 
review62 cites 6 emerging biological pathways that are being 
investigated as targets for IOP-lowering drugs: RhoA-Rho 
kinase, adenosine 1 agonists, nitric oxide donors, phosphodi-
esterase inhibitors (PDE), prostaglandin EP4 agonists, and po-
tassium channel openers.62 At the present time, just 2 of these 
pathways have been investigated for potential gene therapy 
treatment: RhoA and prostaglandin pathways.  

The idea of targeting the RhoA-Rho kinase pathway 
arose from early pharmacological findings that agents that 
disrupt cytoskeletal actin filaments, such as cytochalasins, sig-
nificantly increased outflow facility in monkeys.63 Activation 
of the GTPase RhoA regulates cytoskeletal-related functions, 
promotes actomyosin contractility, and induces formation of 
stress fibers.64 RhoA activates Rho kinase (ROCK) and the Y-
27632 ROCK inhibitor lowered IOP in rabbits and increased 
outflow facility in rabbits and perfused organ cultures.64,65 Our 
laboratory generated an adenoviral vector carrying a mutant 
dominant-negative RhoA protein that lacks the GTP bind-
ing site (AdhRhoA2).66 Delivery of this virus to a perfused 
TM in organ cultures prevented the activation of RhoA and 
as a consequence that of the ROCK enzyme. The upstream 
inactivation led to an increased outflow facility.66 Similarly, 
an adenovirus carrying the dominant-negative domain of the 
ROCK enzyme (Ad.DNRK) resulted in an increase in outflow 
facility.67 Inhibiting the same pathway by delivering the exo-
enzyme C3 transferase, which specifically inactivates RhoA, 
also increased outflow facility in monkey perfused cultures.68 
Recently, our laboratory transferred the dominant-negative 
RhoA cassette to the long-term, safe gene therapy vector to 
create scAAV2.dnRhoA. A single dose of this virus injected 
intracamerally was able to prevent nocturnal elevated IOP in 
living rats for 4 weeks without any measurable toxic effects 
(Fig. 5).69 This vector holds great promise for a general treat-
ment of elevated IOP in most glaucomas.

Prostaglandin analogs have been developed as ocular hy-
potensive drugs for glaucoma. The gene therapy potential using 

this pathway was investigated by using feline immunodeficiency 
viruses (FIV) in cats. These lentiviruses carried gene cassettes 
of the prostaglandin biosynthesis enzyme cycloexogenase-2 
(COX-2) and the prostaglandin F 2α receptor (FPR), both en-
gineered with optimized codons.70 A combination of the 2 FIV 
viruses in a single  transcorneal injection in normotensive cats 
resulted in a sustained reduction of IOP for at least 5 months.70 
Another gene of the prostaglandin pathway, the prostaglandin 
F synthase (PGFS) gene, also carried in a lentiviral vector, 
was injected in the intracameral compartment of monkeys and 
achieved IOP reduction for 5 months.71 Although the response 
was weaker than that seen with conventional topical prosta-
glandin therapy in the monkey eye,72 the authors discussed a 
number of potential parameters that could improve the gene 
therapy efficiency of PGFS under these conditions.71 

Gene Delivery to the Trabecular Meshwork to 
Generate Animal Models of Elevated iOP

Although not for therapy, gene delivery to the TM can be 
successfully used to cause the opposite effect, that is, to pur-
posely elevate IOP. The consequences of raising IOP in small 
and large animals by gene transfer have a powerful application 
in the generation of animal models of glaucoma. A number of 
viral vectors carrying genes that induce deleterious functional 
changes have been proved to raise IOP. Most of them have 
been carried in adenovirus-based vectors due to their great 
transfer efficiency to the TM and the ease of obtaining higher 
titer preparations. Thus, Wang et al73 showed in 2008 that se-
creted frizzled-related protein 1 (sFRP1), an antagonist of the 
wingless-integrated 1 (WNT) signaling pathway cloned into 
an adenoviral vector, induced elevated IOP in mice after intra-
vitreal injection. The elevated IOP was significantly reduced 
by topical ocular administration of a glycogen synthase kinase 
(GSK-3) inhibitor, which restores WNT signaling by inhibit-
ing a downstream suppressor.  

A number of other proteins engineered and tested in 
mice and rats in different laboratories have since validated 
the concept of elevating IOP by gene transfer. Our laboratory 
showed that intracameral injection of rats with an adenoviral 
vector carrying the inducer of calcification and transforming 
growth factor β (TGFβ) member, bone morphogenetic protein 
2 (BMP2), induced elevated IOP for 4 months and degenera-
tion of RGCs.74,75 The BMP2 model was evaluated by using 
the glaucoma drug 0.01% lumigan, which significantly low-
ered the BMP2-induced IOP after 3 days’ instillation of drops 
twice a day.75   

Adenoviral-mediated ocular gene transfer of TGFβ1 and 
TGFβ2, both known to be elevated in the aqueous humor of 
glaucomatous patients and to induce a fibrotic response in the 
TM, did elevate IOP in rodents.76,77 Likewise, the adenovirus 
carrying the downstream TGFβ2 effector connective tissue 
growth factor (CTGF) cDNA (Ad5.CTGF) induced elevated 
IOP.78 Additionally, Ad-sCD44, the adenovirus carrying the 
soluble CD44 receptor, a multifaceted protein elevated in 
aqueous humor during glaucoma, induced elevated IOP for 
at least 50 days after intravitreal injection in mice.79 A lenti-
virus vector carrying the constitutively active Rho A mutant 
(RhoAV14) injected intracamerally into rats did induce el-
evated IOP, albeit starting at 55 days after injection. At 155 
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FiGURE 4. Genes whose expression is altered by glaucomatous conditions in the trabecular meshwork. Candidate glaucoma biomarkers.
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days, IOP was reversed by topical administration with ROCK 
inhibitors for 2 weeks.80 

An additional clever application of creating TM animal 
models by gene transfer has been recently proposed. Loewen’s 
group generated a lentivirus conditional cytotoxic vector car-
rying the Herpes simplex virus thymidine kinase gene, which 
induces cell death in the presence of ganciclovir.81 By inject-
ing the vector intracamerally in rats, followed by an intraperi-
toneal injection of ganciclovir, the authors created an ablated 
TM model that offers a unique opportunity to study the effect 
of low cellularity and stem cell replacement in the TM.

FiGURE 5. Intraocular pressure of rat eyes was measured 2 hours 
after the onset of the light or dark cycles. Pressure was obtained in 
sedated rats using a tonometer (TonoLab, Colonial Medical Supply) 
as described.69  A, Untreated right eye (control) showing normal IOP 
during the light cycle and elevated IOP during dark. B, Experimental 
left eye injected once intracamerally with scAAV2.dnRhoA showing 
normal IOP during both the light and dark cycles. Delivery of the 
transgene dnRhoA prevented elevation of IOP at night for at least 4 
weeks. Adapted and reprinted with permission from JAMA Ophthalmol 
2015;13:182.

RETiNAL GANGLiON CELL TARGETiNG
TO PROTECT DEGENERATiON

The hallmark of glaucomatous optic neuropathies is the 
degeneration of RGCs. The RGC neurons form the most in-
ternal layer of the retina. From the peripheral inner retina to 
the posterior optic disk, the RGC axons bend, extend, and 
reach the posterior of the eye, forming a layer, the nerve fiber 
layer, on top of the RGC cell bodies. The axons exit the eye 
together in a bundle that constitutes the optic nerve. Retinal 
ganglion cells send visual information from the retina to the 
brain via the optic nerve. Retinal ganglion cell death occurs 
by apoptosis, which is the common final pathway to almost 
all optic neuropathies. Their damage results in the loss of their 
axons and leads inexorably to loss of vision. In glaucoma, the 
mechanism by which RGCs die is not fully understood, but it 
is believed that the mechanical stress generated by elevated 
IOP, toxic agents, and axonal injury are all important contrib-
utors. Gene therapy of RGCs by delivering genes encoding 
neuroprotective agents and survival factors offers the possibil-
ity of increasing cell survival and ameliorating vision loss in 
glaucoma.  

Viral Vectors and Delivery Routes to Target 
Retinal Ganglion Cells 

Although both adenoviral and lentiviral vectors have been 
used for RGC gene delivery, AAVs have become the vectors 
of choice. Adeno-associated vector 2 has a high tropism for 
RGCs, long-term expression, and low immunogenic profile. 
The high tropism might be due to the RGCs’ high expression 
of heparin sulfate proteoglycan, which mediates attachment 
to the AAV2 virus.82 The original proof of concept was es-
tablished using the reporter GFP, which showed that a single 
intravitreal injection transduced the RGC cell body and axons 
for over 7 months.83 Genes carried by AAV begin to express 
at 2-3 weeks after injection. However, the newest generation 
of scAAV viruses has an early onset and expression can be 
observed in less than 1 week.84 The drawback of the scAAV 
vector, though, is its reduced cargo capacity, 2.4 kb versus 
4.7 kb for the AAV. For some small cDNAs (eg, RhoA GT-
Pase) the cargo size is not a problem, leaving enough room to 
insert regulatory sequences, but larger genes will not fit well. 
Several strategies are underway to overcome size limitations.85 
Viral serotypes also have a great influence in the transduction 
efficiency of the RGCs.86 Because of the original success with 
serotype 2, not many other serotypes have been tried and a 
comprehensive study comparing different serotype efficiency 
for RGCs has not been conducted.   

The favorite route for RGC delivery has been intravit-
real injection. Using this route, about 85% of the RGCs at the 
injection site are transduced and viral particles are able to dif-
fuse throughout the vitreous to the entire population.87–89 Other 
routes, such as those administering a plasmid to the cut end of 
the optic nerve or those administering siRNA to the superior 
colliculus, have been tried and also delivered the molecules to 
the RGCs.90,91 However, for obvious reasons, neither of those 
would be the route of choice for a realistic conversion to clini-
cal gene therapy. A new delivery route through the SCS is 
being investigated.92,93 Although the SCS route is just in the 
development stage and the penetration of delivered AAV 
through the outer retina to reach the RGCs is still uncertain,94 
the idea of this less invasive route is highly attractive.

Potential Therapeutic Genes for Neuroprotection
Genes selected to protect RGCs have traditionally been 

genes encoding neurotrophins, antiapoptotic, and defense 
genes.89

Neurotrophins 
Neurotrophins are molecules that promote survival of 

neurons. They enter the cells by binding to membrane recep-
tors and affect specific pathways involved in cell death and 
differentiation.95 One of the most studied neurotrophins is 
brain-derived neurotrophic factor (BDNF), which acts through 
tyrosine kinase receptor B (TrkB). Both BDNF and its recep-
tor are expressed in the retina and have long been implicated 
in delaying RGC death after optic nerve transection.96 Because 
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downregulation of BDNF and TrkB occurs in experimental 
glaucoma,97 gene therapy tools have been utilized to deliver 
these genes to the RGCs.  

First studies in 1998 used intravitreal injections of adeno-
viral vectors carrying BDNF in a rat immediately after optic 
nerve transection.98,99 The treatment caused survival of RGCs 
but lasted only 16 days after optic nerve transection. Adeno-
virus transgene expression was observed in the Müller cells 
rather than on the RGCs, which led the authors to conclude 
that the rescue must have been due to the secreted factor from 
the neighboring cell.98 Adenoviruses carrying genes encoding 
CNTF and glial cell line–derived neurotrophic factor (GDNF) 
also resulted in a short duration of RGC survival after axoto-
my in rats.100,101 

Adeno-associated viruses, unlike adenoviruses, directly 
transduce RGCs. A 2002 study from Di Polo’s group showed 
that pretreated rats with intravitreal injection of AAV2.TrkB 
4 weeks before nerve transection resulted in 76% remaining 
RGCs at a time when 90% death occurs in nontreated eyes. 
The protection was increased when the AAV2.TrkB injec-
tion was supplemented with an injection of purified BDNF 
protein.102 In a related study that used the laser-treated TM 
glaucoma model, Martin’s laboratory injected a AAV2.BDNF 
vector into the vitreous compartment of rats 2 weeks before la-
ser insult. Four weeks later there was a 32% reduction of axon 
loss in the treated eyes compared with 52% in the AAV.GFP-
treated eyes.103 Another study in 2006 performed intravitreal 
injections of bicistronic AAV2.BDNF.GFP or AAV2.CNTF.
GFP 1 week before optic nerve crush surgery and found that 
the RGC counts 7 weeks after the crush were significantly in-
creased versus those of controls.104 In 2009, Quigley’s group 
compared the effects of single AAV2.CNTF or AAV2.BDNF 
injections with those of a combination of both vectors injected 
2 weeks apart. Glaucoma was induced by laser photocoagula-
tion 2 weeks after the last viral injection. Four weeks later, 
AAV2.CNTF-treated mice had a moderate 15% less axon 
death, whereas the combined vectors or the single AAV2-
BDNF treatments had no effect.105 More recently, AAV2.
BDNF was injected into rat eyes 6 hours after acute elevation 
of IOP (130 mm Hg for 45 minutes). Retinal ganglion cell 
counts showed that the loss in the viral-treated eye was sig-
nificantly decreased and the F-VEP parameters significantly 
improved up to 9 weeks after the insult.106 

Antiapoptotic Genes 
Apoptosis is a common end mechanism of RGC degen-

eration. It has been shown to occur in human glaucoma and in 
natural and experimental animal glaucoma models of elevated 
IOP, optic nerve crush, and axotomy.107–110 A number of AAV-
mediated antiapoptotic gene delivery studies have shown that 
intravitreal injection of vectors carrying these genes protected 
RGC loss in vivo. In one example, an inhibitor of the apop-
tosis inducer caspase-3, baculoviral IAP repeat-containing-4 
(BIRC4), that is upregulated in rat RGCs after chronic ex-
posure to elevated IOP111 led to 53% survival of optic nerve 
axons when the AAV2.BIRC4 virus was injected into a rat 1 
month before induction of the glaucoma model by episcleral 
vein sclerosis.112 Another gene encoding antiapoptotic pro-
tein, B-cell lymphoma-extra large [Bcl-X(L)], that protects 
the integrity of the mitochondria membrane potential was 
injected into rats before induction of RGC degeneration by 

transection of the optic nerve. At 2 weeks after axotomy, 
94% of AAV2.Bcl-X(L)-transduced RGCs survived com-
pared with 15% of controls. The survival was prolonged to 8 
weeks, where 46% of the transduced cells still survived.113 In 
2014, Wilson et al114 made use of the p53 apoptosis pathway 
to protect RGCs in the axotomy model. The transcription 
factor p53 mediation of apoptosis is regulated by a family 
of apoptosis-stimulating proteins (ASPP) and an inhibitor of 
these proteins, iASPP, is significantly downregulated during 
axotomy. An upgraded AAV2.iASPP vector was constructed 
containing capsid tyrosine mutations to avoid proteasome 
degradation,115 a neuron-specific promoter (synapsin),116 and 
a c-myc tag to distinguish the transgene from the endogenous 
protein. The vector was injected 2 weeks before axotomy 
and resulted in 85% transduction distributed all across the 
retina. The RGC survival was 77% at 1 week and 29% at 2 
weeks versus that of 49% and 9% in control eyes injected 
with AAV.GFP.114 

Antioxidants
There is increasing evidence that oxidative stress is 

an important contributor to RGC degeneration in glau-
coma.117 Numerous examples show that elevated IOP and 
other glaucomatous conditions induce RGC death through 
oxidative stress.118,119 Thus, in the past few years a number 
of studies have addressed the potential of delivering anti-
oxidant-encoding genes to promote RGC survival during 
glaucoma. In 2011, Chen et al120 generated an AAV2 vector 
carrying the catalase gene (CAT) (AAV2.CAT), a reactive 
oxygen species (ROS)-detoxifying enzyme. The vector was 
injected intravitreally 3 weeks before induction of an acute 
elevated IOP (100 mm Hg for 1 hour) in rats. Five days 
later, eyes treated with the CAT vector showed increased 
catalase activity. Catalase overexpression inhibited the re-
duction of the a- and b-wave amplitudes on electroretino-
gram, caused by the ischemia/reperfusion damage. In the 
past 2 years, a number of AAV vectors carrying genes with 
potent antioxidant properties have been developed.121,122 
Cepko’s group created an AAV2 vector encoding 2 ROS-
detoxifying enzymes, superoxide dismutase (SOD2) and 
CAT. To enhance delivery and antioxidant function, a num-
ber of modifications were included. The CAT peroxisomal 
targeting sequences were removed from its cDNA and the 
mitochondrial targeting sequences were added. A 2A self-
cleaving peptide for gene co-expression was inserted be-
tween the 2 cDNAs and a woodchuck hepatitis virus post-
transcriptional element (WPRE) was inserted at the 3’ to 
further enhance antioxidant production.121 A second AAV2 
was created inserting transcription factor nuclear factor ery-
throid 2 (NRF2), which regulates many antioxidant genes 
by binding to their antioxidant regulatory element (ARE). 
Viruses were injected intravitreally in mice 2 weeks be-
fore optic nerve crush. Two weeks later, there was a 30% 
greater rate of RGC survival for both vectors, which lasted 
for 4 weeks at 20% above normal. Thus, overexpression of 
SOD plus CAT, or of NRF2 alone, significantly preserved 
RGC survival.  

A few other genes have been delivered by viral vectors 
to the RGCs to test the effect on their survival in glaucoma 

Other Genes Tried
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RGC Gene Therapy Protection in Genetic Models 
of Glaucoma

Protection of RGCs by gene transfer was also measured 
in the DBA/2J mouse, a genetic model of pigmentary glau-
coma that develops elevated IOP between 6 and 8 months of 
age.107,127 Among other characteristics, this mouse shows re-
duction of Pedf in iris/ciliary body and aqueous humor with 
age, which mimics the observed PEDF reduction in humans 
with glaucoma.128 To counteract this deficiency, Cao’s group 
injected an AAV2 virus carrying the human PEDF cDNA into 
the vitreous body of the DBA/2J mouse at 2 months.129 At 11 
months, the treated eye seemed to retain more RGCs than the 
AAV2-GFP–injected controls. Noninvasive optomotor activ-
ity showed an equal activity of 0.33 cyc/deg in PEDF-treated 
and control eyes up to 3 months, when it started decaying rap-
idly in the GFP control eyes. At 11 months, the PEDF-treated 
eyes retained an activity of 0.28 cyc/deg, whereas in GFP-
treated eyes it dropped to 0.02 cyc/deg. Thus, PEDF was suf-
ficient to protect RGC survival for extended periods of time. 

An important advance in protecting RGCs in this genetic 
mouse model occurred by systemic injection of an AAV5 vec-
tor carrying a gene encoding a mutation of the erythropoietin 
protein (EpoR76E).130 The AAV5.CMV.EpoR76E vector and 
a GFP control were injected into the quadriceps of 1-month-
old DBA/2J mice before they developed glaucoma. At 10 

months, the axon counts of the optic nerve of the EpoR76E 
mice were 33,841 axons per nerve, whereas that of the control 
GFP dropped to 10,648 axons per nerve. The AAV5.CMV.
EpoR76E injection also protected visual function as mea-
sured by F-VEP. Ten-month-old treated mice had a F-VEP 
response similar to that of the young mice, whereas the un-
treated controls had a very limited response.130 In 2016, the 
same group showed that protection occurred by modulating 
neuroinflammation and decreasing oxidative response.131 Lev-
els of proinflammatory cytokines were decreased, whereas 
those of antioxidant proteins were increased in the 8-month-
old EpoR76E-treated mice. 

CONCLUSiONS AND FUTURE DiRECTiONS
Using a wild-type gene to replace a deleterious muta-

tion in the retina has proved to restore vision. In glaucoma, a 
similar approach of replacing a damaging mutation with the 
normal gene has not been tested, mainly due to the lack of 
a corresponding animal model. However, the development 
of tools necessary to have genes delivering their products to 
glaucoma-affected tissues is advancing. Gene therapy could 
serve not only to replace a defective gene product but also to 
treat nongenetically associated glaucomas.  

Treating ocular diseases, and in particular glaucoma, with 
gene therapy will bring a new paradigm to the way we current-
ly manage the disease. Once gene therapy protocols become 
better developed and long-term toxicities better determined, 
the number of possibilities for treating the disease with genes 
could be endless. Because of the increasing understanding of 
the effects of gene expression in modulating disease-affected 
biological pathways, it would seem logical to think that gene 
drugs could become an important addition to conventional 
drugs in the not so distant future.   

Review of the number of ongoing gene therapy clinical 
trials shows how few of those (1.8%) are targeting eye diseas-
es and how even fewer are targeting glaucoma (just 1). Given 
the easy accessibility of the eye and the impact of glaucoma 
on global health, this is somewhat unexpected. Some of the 
reasons for this delay could be attributed to the fact that glau-
coma, although crucially debilitating, is not lethal, like cancer. 
Others are that glaucoma is not monogenic and that elevation 
of IOP is multifactorial. Further, the regulatory hurdles are 
high, and most important, compared with other diseases, the 
number of investigators necessary to move the glaucoma gene 
therapy field forward is low.  

In examining results from ongoing studies, we noticed a 
number of significant advances. Thus, although tropism needs 
to be optimized, delivery of transgenes to the target tissues 
(TM and RGCs) using viral vectors has been well-defined and 
it is very efficient. Delivery to the RGCs can be accomplished 
long-term with AAV vectors, and delivery to the TM can oc-
cur with adenovirus, lentivirus, and also now with self-com-
plementary AAV2. The extent of inflammatory and immune 
response seems to have been minimized or close to nonexis-
tent with the advent of AAV viruses. To this end, development 
of encapsulation of naked DNA in nanoparticles (not reviewed 
here) will offer an alternative nonviral and nonimmunogenic 
approach. 

In this review, the list of candidate genes (“active 

models. One of the mechanisms by which BDNF exerts its 
neuroprotective effects is by stimulating the extracellular sig-
nal-regulated kinase1/2 pathway (Erk1/2). Di Polo’s group 
first showed that this pathway was key for RGC survival.123 
To test the gene therapy approach, they constructed an AAV2 
viral vector encoding the constitutively active form of mito-
gen activated protein kinase 1 (MAP2K1), an upstream ac-
tivator of Erk. The vector was intravitreally injected in rats 
who underwent episcleral vein saline injection to generate the 
chronic elevated IOP model of glaucoma.111 Five weeks after 
elevated IOP, RGC death was prevented, with a cell count of 
1366 cells/mm2  in the viral-treated eye versus 680 cells/mm2 
in the controls.  

Using the same rat chronic elevated IOP model, another 
recent survival study124 was conducted using transcription 
factor BRN3B, a POU domain transcription factor known 
to be involved in maintaining retinal neurons.125 To increase 
specificity, the authors generated an AAV2 viral vector 
where mouse Brn3b’ cDNA was led by the human neuro-
nal-specific synapsin promoter.116 To increase detection and 
enhance transduction, the Brn3b cDNA was fused to a DDK 
flag and followed by the WPRE posttranscriptional regulatory 
enhancer element at the 3’.124 The AAV2.hsyn.Brn3b-DDK.
WPRE.bGH and control AAV2.hsyn.eGFP.WPRE.bGH were 
intravitreally injected in adult rats 1 week after IOP elevation. 
At 3–4 weeks, visual function (optomotor response), RGC 
counts, and axon integrity were all significantly improved in 
the Brn3b vector-injected animals compared with those in the 
GFP-injected controls.124 Finally, in mice, an AAV2 carrying 
the gene encoding the overall cell defense protein heat shock 
protein 70 (Hsp-70) was injected into the mouse vitreous 
chamber 2 weeks before optic nerve crush. Two weeks later, 
RGC survival was 100% in the treated versus the untreated 
eye (636 cells versus 300 cells/mm2).126 
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ingredients”) that have a lasting effect on lowering elevated 
IOP and/or on neuroprotection of the RGCs is quite exten-
sive. Moreover, a number of other genes and pathways hold 
good promise for gene therapy treatments of glaucoma. New 
genes, like the antistiffness Matrix Gla132 or the endogenous 
nitric oxide synthase (eNOS) affecting the generation of nitric 
oxide,133 have been shown to have characteristics that could 
address the adverse effects of glaucoma. From a translational 
point of view and because of the fundamental need to treat 
elevated IOP in the clinical setting, it would seem appropriate 
to first focus gene therapy development on vectors that lower 
IOP. These IOP-lowering vectors would also benefit patients 
with normal tension glaucoma.134,135 However, a combination 
therapy with both types of gene vectors, IOP and neuroprotec-
tion, would be ideal. 

Finally, the seemingly simple concept of genes improving 
long-term efficacy without significant toxicity still has impor-
tant hurdles to overcome. For instance, complete distribution 
studies of the delivered transgene in systemic and untargeted 
eye tissues in a large animal model are needed. However, per-
haps one of the critical elements necessary to advance to clini-
cal trials of gene drugs would be the ability to turn off a gene 
when needed. The development of regulatory sequences that 
control the expression of the therapeutic gene is essential.  

In summary, gene therapy is changing the practice of 
classical clinical medicine to that of molecular medicine. 
Gene therapy for glaucoma will change the treatment of the 
disease from a general to a more personalized, efficient, and 
friendly treatment that could improve the lives of many af-
fected people. In the case of patients with genetic alterations 
on glaucoma-linked genes, gene therapy for glaucoma could 
represent the cure for the disease.  
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