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Glaucoma is the second most common cause of blindness, affecting 70∼80 million people around the world. The death 
of retinal ganglion cells (RGCs) is the main cause of blindness related to this disease. Current therapies do not provide 
enough protection and regeneration of RGCs. A novel opportunity for treatment of glaucoma is application of tech-
nologies related to stem cell and gene therapy. In this perspective we will thus focus on emerging approaches to glauco-
ma treatment including stem cells and gene therapy.
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Introduction

  Glaucoma, the second most common cause of irrever-
sible blindness in the world, is becoming increasingly 
prevalent as life expectancy increases. Currently, there is 
no permanent treatment that reverses the glaucomatous 
optic neuropathy that characterizes this disease (1).
  The main cause of blindness related to glaucoma is the 
death of retinal ganglion cells (RGCs). Regeneration of 
lost RGCs is currently not feasible; therefore, prevention 
of the disease is the best approach in glaucoma (2).

  The most important feature of glaucoma is increased in-
traocular pressure (IOP). The major protocols for the 
treatment of glaucoma, whether pharmaceutical or surgi-
cal, have focused on the trabecular meshwork (TM), which 
is located around the base of the cornea and forms the 
outflow system ensuring drainage of the aqueous humor. 
TM therapy attempts to relieve the IOP and slow the pro-
gression of glaucoma (3). However, traditional TM-di-
rected therapies are largely ineffective, and a number of 
approaches for recovering sight to the blind are being in-
vestigated, including prosthetic devices, stem cell trans-
plants and gene therapy, which have shown various de-
grees of success. The former relies mainly on invasive sur-
geries and delivery of foreign material into the eye (4).
  A new approach for optic nerve regeneration is the use 
of Müller glia that reportedly have some stem cell 
characteristics. These cells are well studied in lower verte-
brates (e.g. amphibians, fish) and also in the adult human 
retina where they significantly contribute to the retinal 
structure, homeostasis, and regeneration. For example, 
Müller glial cells acquire stem cell characteristics with ret-
inal regeneration capacity in zebrafish after injury to the 
retina (4-6). 
  Gene therapy is an experimental technique for treating 
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disease thorough altering the patient's genetic material 
transiently or permanently. Gene therapy works by in-
troducing a healthy copy of a defective coding or non-cod-
ing nucleic acid such as DNA, mRNA, small interfering 
RNA (siRNA), microRNA (miRNA), or antisense oligonu-
cleotides into the patient's cells. Moreover, genome editing 
techniques, such as CRISPR/Cas9 have opened new ave-
nues in the directional genome modifications by removing, 
replacing, or adding parts of the target DNA sequence. Gene 
transfer has shown promise for various eye diseases (5-7). 
However, there is a remarkable paucity of gene therapy 
trials for glaucoma. 

Cell-based therapies in human glaucoma

  A novel opportunity for the treatment of glaucoma with 
cell-based therapies is the application of Müller glia that 
may circumvent many concerns regarding the use of em-
bryonic and pluripotent cells. Differentiation of Müller 
glia to retinal rod photoreceptors after injury (with the aid 
of growth factors and contribution of the Notch pathway) 
in lower mammals suggests neurogenic capability of 
Müller glia in regenerative medicine (8).
  A new in vitro protocol to differentiate human Müller 
glia (considered a type of human mesenchymal stem cells, 
hMSCs) to rod photoreceptors with examination of the 
outcome by immunohistochemical analysis of cellular mi-
gration in ex vivo transplanted retina has recently in-
troduced a new option in the long way of glial application 
in regenerative medicine. Recombinant human basic fibro-
blast growth factor (FGF-2), taurine, retinoic acid and in-
sulin-like growth factor type 1 (IGF-1) are key factors of 
this protocol that has shown success in inducing morpho-
logical changes and rod photoreceptor gene expression in 
human Müller glia (9).

Vascular endothelial growth factor (VEGF)-based 
therapy and Müller cells in glaucoma 

  VEGF is an important angiogenic, vascular perme-
ability, and neurotrophic factor. It plays a significant role 
in protein expression and peroxynitration, which are in-
volved in retinal inflammation, neovascularization, vas-
cular leakage, and other key pathological changes (10).
  Hypoxia may be important for the development of 
pathological neovascularization leading to vision loss. 
Physiologically regulated gene expression change by hypo-
xia offers a great potential for more controlled gene ther-
apy in ischemic visual disorders. A number of hypo-
xia-sensitive gene switches have been developed to target 

genes in hypoxic cells, which are based on hypoxia-re-
sponse elements (HRE) (11).
  HREs are targeted by hypoxia inducible factor (HIF), 
a heterodimer of HIF-1α and HIF-1β. In normoxia, 
HIF-1α is hydroxylated and rapidly degraded by the pro-
teasome, whereas in hypoxic conditions HIF-1α is stabi-
lized and accumulates in the cytoplasm to make HIF-1 
dimers that bind to the HREs in target genes. Integrating 
HREs in gene therapy makes it HIF-1 – regulated. Thus, 
the therapy will be activated only in retinal regions experi-
encing hypoxia or other pathological conditions such as 
HIF-1 activated angiogenesis (11, 12). 
  Müller cells experience hypoxic stress following capil-
lary loss in diabetes, and express VEGF in oxygen-induced 
retinopathy. It is known that Müller cell-derived VEGF is 
a significant contributor to neovascularization in the 
retina. Therefore, anti-VEGF gene therapy targeting 
Müller cells may be an important addition to existing 
gene therapies for glaucoma providing means to se-
lectively deliver anti-angiogenic factors to either the inner 
retina or outer retina/choroid (13, 14). 
  Endostatin has profound inhibitory effects on angio-
genesis, and should be considered as a new target for sup-
pressing ocular neovascularization. A cleavage product of 
collagen XVIII, endostatin inhibits endothelial cell pro-
liferation, migration and survival. It also increases ex-
pression of anti-angiogenic factors, and inhibits levels of 
pro-angiogenic factors. After internalization of endostatin 
via endocytosis or by clathrin coated pits and its local-
ization in the nucleus, reduction of VEGF expression oc-
curs along with augmentation of anti-angiogenic pigment 
epithelium-derived factor (PEDF) expression, and com-
petition with VEGF for binding to VEGF receptor (15).

CYP1B1 gene: a novel target for stem cell- and 
gene-based therapy in glaucoma

  CYP1B1 is a dioxin-inducible enzyme and a member of 
the cytochrome P450 superfamily. It has a significant 
function in the in utero development of ocular structures, 
and its dysfunction can lead to ocular developmental 
defects.
  The role of CYP1B1 gene alterations in primary con-
genital glaucoma (PCG) has been known for about a 
decade. Recent evidence has shown the involvement of 
CYP1B1 mutations in some types of glaucoma and ante-
rior segment disorders, suggesting a wider role for 
CYP1B1 in ocular physiology (16).
  Mutations in CYP1B1 have been shown to impact the 
development of the trabecular meshwork, acting to shape 
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or degrade some endobiotic compounds in the process of 
development of this filtering structure. Thus, a novel and 
more direct approach would be to try correcting or replac-
ing aberrant forms of CYP1B1. Furthermore, differ-
entiating into a specific lineage and transferring stem cells 
containing wild-type CYP1B1 may be tried for particular 
regions of the eye where they will develop into normal 
cells of that region and correct the defect. This approach 
might be applicable in families with PCG and defined 
mutations in the CYP1B1 gene (17). 

Potential use of Atoh7 gene

  The differentiation of Müller cells to retinal stem cells 
or RGCs in certain conditions holds promise for re-
generation of optic nerve defects in glaucoma. Atoh7 is a 
key transcription factor for RGC differentiation. Atoh7 
mutant mice can survive and their optic nerve is ob-
servable but lacks RGCs. Knocking out Atoh7 in mouse 
embryonic stem cells blocks the differentiation of about 
80% of RGCs (18). 
  Moreover, the ATOH7 gene has been previously shown 
to be related to glaucoma and glaucoma-related traits, 
such as disc size and cup/disc ratio (CDR). CDR is a 
main parameter of the glaucoma phenotype (19). Atoh7 
overexpression may increase the differentiation of cul-
tured retinal stem cells to RGCs. Also, Müller glial cells 
transfected with the PEGFP-N1-Atoh7 plasmid could be 
differentiated into large quantities of RGCs (20, 21).

Main tools in glaucoma-based gene therapy

  As gene therapy vehicles, healthy Müller cells could be 
modified to constitutively secrete a broad range of neuro-
trophic factors (NTFs) such as GDNF and FGF or other 
factors, under universal or cell-specific promoters or even 
under inducible promoters. Of the latter, the stress-in-
ducible promoters of glial fibrillary acidic protein (GFAP), 
vimentin, and CD44, for instance, have been suggested as 
potential options in developing novel DNA-based ther-
apeutic tools to target glaucoma.
  In general, a strong promoter is a critical element in 
gene therapy, but in practice where limited expression is 
desired such as targeting transcription to a specific tissue 
or cell, a toolbox of particular promoters would be advan-
tageous. For example, human paired box 6 MiniPromoters 
(PAX6 MiniPs) is a well-designed large promoter com-
posed of seven small promoters for targeting therapeuti-
cally desired cells in the gene therapy of diseases influenc-
ing the inner retina such as diabetic retinopathy and 

glaucoma. Ple255 and Ple259 are two PAX6 MiniPs. They 
are particularly interesting in that each captures three of 
the four cell types expressing PAX6, and influences the 
entire PAX6 expression in mouse retina. Specificity and 
stability are special characteristics of a MiniP; therefore, 
both promoters are appealing choices for future opti-
mization to impact the whole retinal expression pattern 
of PAX6, and for application in PAX6 gene therapy in oc-
ular disorders (22).

Cyclooxygenase-2 and reduction of IOP in 
glaucoma

  Cyclooxygenase-2 (COX-2) is a rate-limiting enzyme in 
prostaglandin (PG) biosynthesis. Loss of COX-2 expression 
in aqueous humor-secreting cells of the eye has been asso-
ciated with primary open-angle glaucoma (POAG). Barraza 
et al. used lentiviral vectors for expressing COX2 and oth-
er PG biosynthesis genes in the ciliary body epithelium 
and TM. They showed that strong ectopic COX-2 ex-
pression and PG production require COX-2 cDNA se-
quence optimization. Additionally, coupling COX-2 ex-
pression with synthetic PGF2 α receptor transgene re-
vealed notable and stable reductions in IOP in a domestic 
cat (23, 24). This is the first gene therapy study for cor-
recting the main cause of glaucoma, which opens a new 
avenue for future research in glaucoma including control 
of IOP through anterior chamber injection of cells modi-
fied to secrete COX-2. It has also been suggested that IOP 
control might be augmented in some types of glaucoma 
through TM extracellular matrix modification (25).

Potential of neurotrophic factors for cell-based 
gene therapy in glaucoma

  Neurotrophic factors are secreted proteins that play im-
portant roles in the synaptic and neuronal growth, prun-
ing, myelination, differentiation, and survival of neurons. 
Two main neurotrophic factors will be addressed here.

Brain-derived neurotrophic factor (BDNF)
  BDNF levels in the serum of patients with POAG and 
the tears of normotensive glaucoma patients are sig-
nificantly lower than that of control subjects, suggesting 
that BDNF may be a biomarker for glaucoma. Virus-medi-
ated gene expression of BDNF in the retina promotes ro-
bust RGC survival in various experimental glaucoma mod-
els, including optic nerve transection and high IOP (26). 
Interestingly, BDNF gene delivery to Müller glia also pro-
longed RGC survival, indicating an important role of glia 



122  International Journal of Stem Cells 2017;10:119-128

in neuroprotection. Furthermore, overexpression of BDNF 
receptor TrkB in RGCs can stimulate RGC survival fol-
lowing optic nerve transection. These findings indicate 
that BDNF-TrkB signaling is another good therapeutic 
target for glaucoma (27). Indeed, increasing the phosphati-
dylinositol 3-kinase (PI3K)/Akt by TrkB deactivates 
pro-apoptotic elements and the extracellular signal-regu-
lated kinase (ERK). Then, the expression of neuronal sur-
vival genes is activated by phosphorylation of the cAMP 
response element binding protein (CREB) (28). Furthermore, 
antibodies, which selectively activate TrkB can improve 
RGC survival in glaucoma animal models suggesting that 
activation of TrkB is a potential therapy for relieving glau-
coma (29).
  It has also has been proposed that augmenting the con-
centration of neurotrophic factors within ganglion cells 
will impede cell death seen in glaucoma (30). 
  Levkovitch-Verbin et al. have shown that MSCs can be 
induced to over-secrete BDNF and GDNF without direct 
genetic manipulation but through incubation in novel cul-
ture conditions. They reported significant neuroprotective 
benefits in RGCs after optic nerve transection. Co-ex-
pression of a LINGO-1 antagonist has been suggested to 
overcome transient effectiveness of BDNF (31).

Glial cell line-derived neurotrophic factor (GDNF)
  GDNF belongs to the GDNF family, and is a distant 
member of the transforming growth factor (TGF) super-
family. GDNF was originally identified as a potent neuro-
trophic factor that enhances survival of midbrain dop-
aminergic neurons (32). In addition, GDNF has been re-
ported to protect RGCs following optic nerve transection 
or retinal ischemia. In glaucoma model, DBA/2J mice, in-
travitreal injection of microspheres with encapsulated 
GDNF remarkably improved long-term RGC survival. 
GDNF appears to be promising as a potentially strong 
therapeutic modality for retinal diseases, especially for ret-
initis pigmentosa and glaucoma (32, 33). Overexpression 
of the glutamate/aspartate transporter (GLAST) in Müller 
glia by GDNF is critical for protecting RGC, suggesting 
that GLAST may be another target of gene therapy in 
glaucoma (34). 

IGF-1 
  IGF-1 is produced by many cell types in response to 
growth hormone secretion by the pituitary gland, and is 
regarded as an essential factor for the regulation of cell 
growth and central nervous system development. IGF-1 
and its receptor (IGF-1R) system are able to stimulate 
growth in many different cell types and prevent apoptosis. 

In addition, IGF-1 can significantly promote proliferation, 
survival of neurons, mitosis in sympathetic neuroblasts, 
and neurite outgrowth in motor neurons (35). Applying 
human neuronal progenitor cells (hNPC) transfected with 
vectors carrying IGF-TD (td Tomato) to deliver active 
IGF-1 fusion protein in a rodent has been reported to sup-
press RGC loss in experimental glaucoma (36). 

CRB1 and CRB2 as potential therapeutic markers 
in retinal dystrophies

  Human Crumbs-homologue-1 (CRB1) gene is expressed 
above the adherens junctions in Müller cells and in the 
inner segments of photoreceptors, whereas CRB2 is lo-
calized only in Müller cells. Mutations in the CRB1 gene 
cause severe autosomal recessive retinal dystrophies and 
chronic vision disorders in about 80,000 patients world-
wide (37). In mice, however, Crb1 is expressed only in 
Müller glial cells whereas Crb2 is expressed in both photo-
receptors and Müller cells. The products of both genes 
have similar functions including the lamination of the ret-
ina, maintenance of the adherens junctions between pho-
toreceptors and Müller cells, restraining the number of 
progenitor cells and controlling Notch and Hippo signal-
ing pathways. Human CRB2 has high similarity in homol-
ogy and function with mouse CRB2 but has smaller size. 
Using the human CRB2 cDNA AAV transduction CRB2 
protein was expressed and located correctly at the sub-
apical area of mouse retina. Rescue experiments with 
CRB1 and CRB2 vectors in severely disorganized retina 
of Crb1Crb2F/＋ cKO and Crb2 cKO mouse model showed 
that only CRB2 targeted in both Müller cells and photo-
receptors prevented further loss of retinal function in 
these models. Interestingly, CRB1 had adverse effects on 
retinal activity if retina lacks endogenous Crb1, whereas 
over-expression of CRB1 or CRB2 in retinas expressing 
endogenous mouse Crb1 and Crb2 did not have these ef-
fects (38, 39).

siRNA-based strategy for glaucoma

  Small interfering RNAs (siRNAs) are double-stranded 
RNA molecules 20∼25 nucleotides long that regulate gene 
expression by targeting messenger RNA to degradation 
leading to gene silencing. siRNAs are a common ther-
apeutic method for silencing the expression of deleterious 
genes in an extensive range of disorders (40). Here, siRNA 
application in glaucoma studies is briefly reviewed.
  A synthetic siRNA, QPI-1007, that blocks the ex-
pression of caspase 2 is being developed as a neuro-
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protective treatment in glaucoma. Yu-Wai-Man et al. de-
veloped an effective delivery system containing re-
ceptor-targeted liposome-peptide-siRNA nanoparticles for 
MRTF-B siRNAs in human Tenon’s fibroblasts, which im-
peded post-surgical fibrosis after glaucoma filtration sur-
gery (41). In enriched primary RGC cultures, the effect 
on Sncg expression was studied after siRNA-based knock-
down of PFDN2 gene. Gene expression analyses revealed 
effective downregulation of Sncg in RGCs treated with 
Pfdn2 siRNA, demonstrating that Pfdn2 is upstream of 
Sncg and directly modulates Sncg expression (42).
  Recent studies suggest that neuronal loss in Alzheimer’s 
disease (AD) and glaucoma is mediated by common neu-
rodegenerative pathways. For instance, aggregations of 
amyloid β (Aβ) peptides have been shown in experi-
mental glaucoma, and blocking their accumulation de-
creases RGC loss. Additionally, it is recognized that tau 
is a key mediator of Aβ peptide toxicity. Transgenic mice 
with the human P301S tau mutant contain tau aggregates 
in RGCs, suggesting an association between tau accumu-
lation and RGC dysfunction. Using siRNA as a novel ther-
apy for glaucomatous eyes through injection into the vitre-
ous cavity in rats to target tau protein showed rapid up-
take by RGCs, and successfully reduced retinal tau levels, 
leading to the improvement of RGC body and axon surviv-
al (43). Furthermore, changing the pattern of tau phos-
phorylation may be a potential approach in preventing 
formation of tau oligomers and RGC loss. Thus, by block-
ing retinal tau protein available for phosphorylation, 
siTau can probably reduce tau accumulation and neuronal 
death (43).
  Using siRNA to investigate the molecular pathways of 
eye disorders is another application of siRNAs. For exam-
ple, knocking down Smad4 or β-catenin (which are part 
of TGF-β and Wnt signaling pathways) by siRNA was 
investigated. The existence of a cross-inhibition between 
the TGFβ/Smad and canonical Wnt pathways in the TM 
was shown. It may be important for future therapy, as the 
Wnt pathway inhibitor and TGF-β signaling pathway ac-
tivator, secreted frizzled-related protein 1 (SFRP1), is in-
creased in POAG (44, 45).

Mitochondrial-based gene therapy in glaucoma

  Mutations of mtDNA or nDNA encoding mitochondrial 
proteins can lead to mitochondrial dysfunction. A growing 
body of evidence suggests that chronically elevated oxida-
tive stress is a pathological feature for triggering neuronal 
death in glaucoma indicating the participation of mi-
tochondria as a main endogenous source for reactive oxy-

gen species (ROS) in accelerating the loss of RGCs. 
Indeed, in the anterior part of the human eye, oxidative 
stress has been linked to cataract and glaucoma, whereas 
in the posterior segment macular degeneration may occur. 
Moreover, oxidative stress can trigger epigenetic changes 
such as DNA methylation and chromatin remodeling, 
which may cause some clinical manifestations. Therefore, 
the antioxidant agents are assumed to have protective role 
against degenerative ocular pathologies (46, 47). For in-
stance, a significant reduction of superoxide ion upon ad-
ministration of AAV-SOD2 into the rat retina with in-
creased expression of superoxide dismutase (SOD2) gene 
attenuated RGCs death and may be a promising glaucoma 
gene therapy approach (48, 49).
  Another experimental strategy is based on the assump-
tion that modifications of dynamin-related protein 1 
(DRP1) are linked to mitochondrial dysfunction-mediated 
bioenergetic failure and neuronal cell apoptosis. Inhibition 
of DRP1 activity by overexpression of DRP1K38A or by in-
hibitors like Mdivi-1 and P110-TAT blocks mitochondrial 
fission and cell death in neurodegenerative disorders (50). 
More recently, by using Mdivi-1, the promotion of RGC 
survival in the condition of IOP elevation was reported, 
which led to the assumption that DRP1 inhibition may 
rescue RGCs from mitochondrial fission-mediated oxida-
tive stress in glaucoma. Increasing SOD2 and mitochon-
drial transcription factor A (Tfam) expression following 
overexpression of DRP1 triggered by elevated oxidative 
stress in the retina of glaucomatous D2 mouse model as 
well as in cultured RGCs may constitute a novel approach 
for mitochondrial-based gene therapies (46). 

Gene delivery approaches in glaucoma

  Unique anatomy and physiology of the eye makes the 
development of a less invasive retinal delivery system a 
challenge. However, the retina itself has some special ad-
vantages for gene therapy including easy accessibility for 
surgical injection, the small size of retina allowing to ob-
tain a therapeutic effect with a low gene dose and the 
blood-retinal barrier conferring immune privilege to the 
retinal tissue and restricting systemic spread of the virus 
(51).
  There are two general approaches for delivery of gene 
into cells, including nonviral and viral carriers. Nonvi-
ral-based approaches are often safer but may offer low 
transfection efficiency. Direct injection of a plasmid con-
taining a target gene and using nanoparticles are two com-
mon types of nonviral-based approaches (52). Moloney 
murine leukemia virus (MoMLV), a serotype 5 adenovirus 
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(Ad5), adeno-associated viruses (AAV) and lentiviruses 
(HIV-1-based vectors) are common viral vectors for trans-
ferring genes to target tissues. Viral vectors are efficient 
vehicles; however, some safety problems raise concerns 
about their use.
  Nano delivery systems are powerful nonviral delivery 
vectors. Various ophthalmic applications of nanotechnology 
for several different retinal diseases focus on improved 
drug and gene delivery to target tissue in the retina. 
Nanodrugs offer the possibility of extensive modifications 
to improve their function and tissue targetability. For ex-
ample, encapsulation of siRNA within a core with a layer 
of cationic polymer may facilitate cytoplasmic release. 
Covering the polymer with a coating such as polyethylene 
glycol may increase the cargo protection from degradation 
in vivo until its release into the cytoplasm. Functionalizing 
the nanocarriers with a specific targeting unit such as an 
antibody or aptamer for delivering the agent into a specif-
ic diseased tissue is also a promising way to increase gene 
therapy efficacy (53). Although some nanodrugs have been 
already tested for glaucoma treatment, there are no data 
yet of their use as gene therapy vehicles. 

Mesenchymal stem cells and glaucoma

  Multipotent bone marrow-derived mesenchymal stem 
cells (MSCs) have extensive potential for the delivery of 
therapeutic proteins to treat or study damaged organs. 
Transplantation of MSCs has attracted considerable atten-
tion in efforts to develop cell-based therapies because they 
are readily obtained from the patient. Encouraging results 
have been reported in animal models for various diseases, 
including spinal cord injury, stroke, and myelin deficiency. 
Another capacity of MSCs is the ability to migrate and 
differentiate into neural-like cells in vitro. Overall, 
cell-mediated neuroprotective and replacement functions 
appear to be a great advantage as a therapeutic modality 
in retinal degeneration and glaucoma (54, 55). 
  Engineering of stem cells for the production of neuro-
trophic growth factors has been proposed as an attractive 
model for delivery of neuroprotectants such as BDNF to 
the injured CNS, and its use for long-term treatment of 
glaucoma is a viable option. BDNF-MSC transplants can 
protect retinal and optic nerve function in animal models 
(56).
  The most likely mechanism of the neuroprotective effect 
described by grafted MSCs is the secretion of neurotrophic 
growth factors. Delivery of neural stem cells can protect 
RGCs from glaucomatous death, but obstacles for obtain-
ing and using neural stem cells are likely to impede their 

clinical applications. Other pluripotent stem cell sources, 
such as embryonic stem cells, have also been explored for 
their retinal neuroprotective qualities, but their usage is 
restricted by rejection and some ethical issues (57, 58).
  Recent advances in MSC use are encouraging. Johanson 
et al. found that the MSCs survived for more than 35 days 
following intravitreal transplantation in a rat model of 
glaucoma, with notable migration of MSCs to the retina 
(59). MSCs originated from the trabecular meshwork and 
conjunctiva can generate photoreceptor-like cells in vitro 
as well (60). Furthermore, RGCs in models of transient 
ischemia showed improved survival upon bone marrow-de-
rived stem cells (BMSCs) transplantation (61). In a suc-
cessful clinical trial applying autologous BMSCs visual 
acuity of a 27-year old patient with idiopathic bilateral op-
tic neuritis causing bilateral optic neuropathy was cor-
rected significantly, and the correction remained stable 
one year after the operation. This could be due to various 
factors including secretion of neurotrophic factors such as 
BDNF or induction of GDNF and neurotrophin-3 pro-
duction by BMSCs (62, 63). Taken together, the admin-
istration of autologous stem cell therapy with neuro-
protective function utilizing effective local delivery is 
emerging as a novel and effective tool to treat eye dis-
orders such as glaucoma. 

Using iPSCs in the treatment of glaucoma

  The advent of patient-specific induced pluripotent stem 
cells (iPSCs) has allowed scientists to access living dis-
eased tissues that would have been unavailable for molec-
ular studies. This novel technology has opened up three 
main areas of investigation, each of which is relevant to 
the treatment of inherited blindness: (a) analysis of specif-
ic mutations and their related pathophysiologic mecha-
nisms; (b) assessment of new gene amplification, gene si-
lencing, and other molecular therapies; and (c) recovery 
of the function by transplantation of new cells (64, 65).
  The goal of iPSCs application is the restoration of vi-
sion in the patient in a specific location. These cells may 
be derived from the same tissue or from other tissues, 
such as skin. iPSCs may be corrected genetically by ge-
nome editing technologies such as CRISPR/Cas9; they are 
also immunologically suitable for regeneration of eye 
tissues. They are easily expandable and bankable. Using 
the patient’s own cells, lifelong and expensive im-
munosuppression with significant side effects would not 
be necessary as well. However, the main obstacle of using 
iPSCs is technical difficulties including their generation, 
maintenance and differentiation, which are time-consum-
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ing, and need specialized equipment, protocols, and ex-
pertise (66, 67).
  Around 200 various genes with thousands of different 
mutations have been reported to cause retinal degeneration. 
For example, mutations of OPTN and TBK1, MYOC 
genes can cause familial low-tension glaucoma that are di-
rectly associated with RGC death and lifelong loss of 
vision. Recently, iPSC-derived RGCs were generated from 
dermal fibroblasts of non glaucomatous individuals and 
from a patient with TBK1-associated low-tension glaucoma. 
Using these cells, it was demonstrated that duplication of 
the TBK1 gene increases autophagy and augmentation of 
the lipidated form of microtubule-associated protein 
1A/1B-light chain 3 (LC3) leading to cell death. Using pa-
tient-derived TBK1-deficient RGC, it could be possible to 
regulate autophagy and to bypass RGC death. 
  Transplantation of iPSC-TM into the eyes of Tg-MYO-
CY437H mice prevented the development of elevated IOP 
and maintained aqueous humor normal outflow facility 
for at least nine weeks (68). Although these findings are 
very encouraging, a number of questions remain to be 
answered. For instance, as the functional restoration de-
pends on proliferation of endogenous TM cells, which also 
express MYOCY437H, it is possible that these new cells 
will eventually be lost. Although in theory the eye can be 
retreated with iPSC-TM, the influence of old age is now 
unclear, and some approaches are less successful in eyes 
with very advanced disease. These considerations may be 
less of a concern in open angle glaucoma, which is not 
the result of a deleterious mutation. TM cell loss usually 
occurs over many decades with similar rates, and newly 
derived TM cells may sustain for many years. Indeed, 
more refined investigations will have to be performed to 
determine whether these methods can be successful in oth-
er animal models and eventually in patients.

Emerging concepts and future perspectives

  Several promising approaches have been developed for 
the treatment of glaucoma and other ophthalmic neuro-
degenerative disorders using gene delivery, gene ablation, 
and stem cell transplantation. Each method has its own 
strengths and weaknesses, and selection of one over the 
other depends on the availability of necessary experience 
and resources. However, a number of important questions 
remain to be addressed in future studies including: 
  Among different studies on glaucoma stem cell based 
gene therapy, numerous investigations have been focused 
on the in vitro approach, and less on the in vivo models. 
In the future, more investigations need to be pursued in 

this area in animal models. Additionally, new models 
should be established in animals whose eyes are more sim-
ilar to human, such as sheep, cow and chimpanzee.
  Using autologous stem cells such as MSCs, BMSCs and 
iPSCs that have been genetically modified to have the up-
regulated/downregulated levels of genes having key roles 
in pathophysiology of glaucoma may constitute a promis-
ing future approach for treatment, although more pre-
clinical studies are necessary.
  Developing novel nanovectors as gene carriers with low 
risk of side effects, especially combinations of nano-
particles with antibodies or aptamers to target the specific 
cells may be another promising avenue of research in this 
area. 
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