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Abstract: Glaucoma is an optic neuropathy disease that causes cupping of the optic disc and decreased visual field. Glaucoma is still 
the second leading cause of blindness globally, with a worldwide prevalence of more than 76 million people in 2020. However, no 
therapy can cure glaucoma completely, especially when optic nerve damage has occurred. Available treatments only play a role in 
keeping the intraocular pressure stable This research aims to determine the potential use of modified stem cell therapy to treat 
intraocular damage in glaucoma cases. Literature research was conducted by involving seven online databases, namely Pubmed, 
ScienceDirect®, Proquest, EBSCOhost®, SAGE®, Clinicalkey®, and Scopus, published between 2010–2020 with the keywords stem 
cells; therapy; glaucoma; optic nerve. Six articles were selected, and out of the six articles, all writings were experimental research. 
The entire literature states that modified stem cell therapy has the potential as a therapeutic option in treating intraocular damage in 
patients with glaucoma. Based on the systematic literature review that has been carried out, it is known that stem cell therapy has the 
potential to be a therapeutic option in treating glaucoma cases. Much more research is needed to assess the effectiveness of modified 
stem cell therapy in managing intraocular damage due to glaucoma. 
Keywords: neuropathy, optic nerve, treatment, intraocular damage

Introduction
Glaucoma is one of the optic neuropathy disorders characterized by the progressive degeneration of retinal ganglion cells 
(RGC), which eventually lead to cupping of the optic disc and decreased visual field.1 Glaucoma is also closely related to 
an increase in intraocular pressure caused by the damage of trabecular meshwork (TBM), which results in optic nerve 
damage, characterized by the loss of retinal ganglion cells.2,3 Globally, in 2020, more than 76 million people are suffering 
from glaucoma, and it is expected to increase to 111.8 million people by 2040.4,5 Glaucoma is also a severe and complex 
medical problem because it often causes blindness. According to the World Health Organization (WHO), the most 
common causes of blindness are cataracts (51%), followed by glaucoma (8%), and age-related macular degeneration 
(5%).6 This data shows that glaucoma is the world’s second most common cause of blindness after cataracts. Symptoms 
that are often asymptomatic at an early stage and the low public awareness have contributed to the disorder’s seriousness.

Handling and treating glaucoma cases is difficult, especially because no therapy can cure glaucoma. Current 
treatment, both medical and surgical, is focused solely on lowering intraocular pressure. Treatment of glaucoma cases 
should also be carried out for life to maintain normal intraocular pressure and prevent the progression of intraocular 
damage due to glaucoma.7 Based on these problems, innovation is needed to handle glaucoma effectively. Besides, 
solutions are also required to repair the damage to retinal ganglion cells in glaucoma. One of the therapies that 
researchers are trying to take advantage of is stem cell therapy, a technology where cells can develop into many specific 
cells desired.8 In cases of glaucoma or optic neuropathies, damaged RGCs can be replaced with new ones grown from 
stem cells.9 Another option for RGC regeneration is to use retinal stem cells to regenerate RGCs. Indeed, stem cell 
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therapy relies on exogenous stem cell sources due to their limited availability. Currently, many stem cell therapies for eye 
diseases that are created and studied are limited to treating the damage of photoreceptors and retinal pigment epithelium. 
iPSC-derived RGCs can serve as an excellent model for formulating approaches to promote de novo-generated RGCs to 
connect with their targets. Therefore, researchers have been looking into the potential use of modified stem cell therapy to 
treat the intraocular injury in glaucoma cases.10

This review aims to synthesize and prove the efficacy and further modification of this method so that it can be eligible 
for treatment and can also give data collection for the scientific community. This systematic review is expected to provide 
detailed information regarding the possible applications of modified stem cell therapy in treating intraocular damage in 
glaucoma patients.

Materials and Methods
In the present literature review, literature regarding the potential utilization of stem cells as an advanced therapy for 
intraocular glaucomatous damage was searched. The stages of this literature review include five steps: i) identifying the 
research question, ii) identifying relevant studies, iii) study selection, iv) charting the data, and v) summarizing and 
reporting the results.

Identifying the Research Question
This literature review was conducted to answer the following research questions:

(a) Does induced pluripotent stem cell therapy have the potential to treat intraocular glaucomatous damage?
(b) What modifications are needed in stem cell therapy for intraocular glaucomatous damage?

Identifying Relevant Studies
The literature search was carried out from January to February 2021. Keywords and synonyms used to conduct literature 
searches related to the research question are attached in Table 1. Boolean operators (OR, AND, NOT) combine keywords 
when searching for literature. The search was conducted on seven online databases, namely PubMed, ScienceDirect®, 
ProQuest, EBSCOhost®, SAGE®, Clinicalkey®, and Scopus.

Study Selection
The inclusion criteria for the literature search consisted of journals published in English and journals published in the last 
ten years. The exclusion criteria for selected studies consisted of journals that were not fully accessible due to the limited 
facilities owned as supporting access. We thoroughly screened the titles and abstracts of the studies obtained to suit the 
purpose of this literature review. Abstracts that were not relevant to the research objectives were excluded. Then a full 
article screening was carried out from the selected abstracts to identify whether the full article was suitable for the 
research objectives and whether the full article could be used to answer research questions.

Charting the Data
Information obtained from all selected study articles is then displayed in the charting table The information displayed 
includes the author, year of publication, study objectives, location, study design, inclusion and exclusion criteria, results, 
and conclusions.

Table 1 Keywords That Were Used in the Database Search

Keyword 1 Keyword 2 Keyword 3 Keyword 4

Stem cell 

Modified stem cell

Therapy 

Therapeutic

Glaucoma Optic nerve 

Nervus opticus 

Cranial nerve II
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Summarizing and Reporting the Results
The researcher did not assess the quality of the selected articles because this study was only a literature review. The data 
from selected studies are reported to produce recommendations for further research regarding the use of stem cell therapy 
in glaucoma cases.

Results
Based on the literature search that has been conducted, a total of 2262 studies and abstracts were included in the journal 
screening process at an early stage. From this screening process, 362 duplicate articles were excluded from the selection. 
The remaining 1900 articles then entered the abstract eligibility screening stage. Only 53 articles were selected, while 
1879 other articles were excluded. Of the 53 articles, 18 articles appeared relevant to the study and met the inclusion 
criteria for review throughout the study. Meanwhile, 35 other studies were excluded because the focus in these studies did 
not match the objectives of this literature review. After assessing the full articles, six studies met the inclusion criteria in 
this literature review (Figure 1).

In Table 2, a summary of the characteristics of the selected studies is presented. The data used from selected studies 
include research objectivity, study design, results, outputs, and conclusions from the study. Of all the selected studies, 
there were six studies that had experimental methods. Almost all studies have the aim of evaluating and proving the 
potential of using stem cells to replace damaged tissue and restore and restore the function of damaged eye tissue, 
particularly due to degenerative processes such as disease of the retina or glaucoma.

Discussion
Pathophysiology of Glaucoma
Glaucoma is characterized by the degeneration of retinal ganglion cells. Based on the pathophysiology, glaucoma can be 
divided into two categories, namely open-angle glaucoma and closed-angle glaucoma. In patients with open-angle 
glaucoma, there is increased resistance to the aqueous humor’s outflow through the trabecular meshwork. This increased 
resistance is often caused by apoptosis and senescence of trabecular meshwork cells with increasing age.15 Degradation 
and abnormalities of the cytoskeleton arrangement of trabecular meshwork cells resulting in thickening of the drainage 
pathways and abnormal extracellular matrix deposition also worsen trabecular meshwork function in open-angle 
glaucoma.16 In closed-angle glaucoma, the aqueous humor cannot reach the trabecular meshwork due to obstruction.17 

Examples of obstructions that often cause closed-angle glaucoma are anterior synechiae, the attachment of the iris to the 
trabecular meshwork, and posterior synechiae, where the iris is attached to the lens. This adhesion causes the aqueous 
humor to fail to reach the drainage system and the trabecular meshwork.18

Glaucoma is closely related to increased intraocular pressure, which is determined by the balance between the 
production of aqueous humor by the ciliary body and the drainage of the aqueous humor through the trabecular 
meshwork. The disturbance of the balance between production and drainage increases the humor Aquos, which at 
a later stage can increase the intraocular pressure.19 Studies have shown a link between increased intraocular pressure and 
retinal ganglion cell death. This study has also proven that the longer the intraocular pressure increases, the higher the 
degree of retinal ganglion cell damage.20 However, data show as many as 30–40% of patients with glaucoma have 
normal intraocular pressure. One of the causes of glaucoma at normal intraocular pressure is a decrease in neurotrophic 
factors needed in the maintenance of neurons in the optic nerve. Neurotrophic factors are required to maintain retinal 
ganglion cells, including brain-derived neurotrophic factor (BDNF), ciliary neurotrophic factor (CNTF), and cell line- 
derived neurotrophic factor.21 Furthermore, microcirculation disorders, changes in immune system conditions, and 
increased levels of oxidative stress can also cause glaucoma at normal intraocular pressure.21

Stem Cells
Stem cells are cells with the ability to differentiate and form all tissues in the human body. They are one of the potential 
therapies used in cases that require tissue repair and regeneration, one of which is glaucoma. For a cell to be called a stem 
cell, it must have two essential characteristics. The first one is the stem cell must produce offspring with the exact 
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features the cell originates from, and the second one, the stem cell must be able to differentiate into the specific cell 
desired.22 There are two types of stem cells found in multicellular organisms, including humans. The first stem cells are 
embryonic stem cells or multipotent cells found in blastocysts, while the second stem cells are adult stem cells or 
pluripotent cells that can be found in a wide variety of adult tissues.23

Research has also succeeded in inducing adult cells to return to the pluripotent stage using molecular manipulation. 
The cells produced by this molecular manipulation are then called induced pluripotent stem cells (iPS).24 Most iPS 
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Figure 1 Flow diagram of the literature review process.
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Table 2 Results Summary of the Characteristics of the Selected Studies

Author Objectives Study Design, Sample 
Size, And Method

Results Conclusion

Braunger 

BM et al, 

20142

Identification of stem cells in 

the corners of the primate 

eye space by detection of 
long-term retention 5-Bromo- 

2’-deoxyuridine (BrdU)

An experimental study using 

four cynomolgus primates 

treated with BrdU via 
a subcutaneous pump for four 

weeks. The number of cell 

nuclei that were positive for 
BrdU was summed, and 

immunohistochemical 

examination and transmission 
electron microscopy (TEM) 

were performed.

The number of BrdU-positive 

cells was higher in the 

Schwalbe cell sample 
compared to Schlemm canal 

endothelium, trabecular 

meshwork™, and scleral spur 
(SS).

Schwalbe cells harboring cells 

with long-term BrdU 

retention and OCT4 
immunoreactivity. The cells 

most likely constitute 

a population of mature stem 
cells with the ability to 

compensate for the loss of 

TM and/or corneal endothelial 
cells.

Diala 

W. Abu- 

Hasan et al, 
20143

Proving that trabecular 

meshwork (TM) cells and 

induced pluripotent stem cells 
(iPSCs) can replace lost cells 

and restore the homeostatic 
function of intraocular 

pressure and show that stem 

cells have regenerative 
potential to restore tissue 

function.

Experimental There is a close relationship 

between the loss of cells in 

the eye tissue and the 
disruption of the homeostatic 

function of intraocular 
pressure. This lost function 

can be recovered by 

repopulating using TM cells 
and iPSCs. These 

differentiated cells have 

similar morphology and 
expression patterns. When 

transplanted, these cells are 

able to fully restore the 
homeostatic function of 

intraocular pressure. The 

success of Transplantation 
using iPSC has become a new 

alternative treatment option, 

especially for patients with 
open-angle glaucoma.

There is good potential 

regarding the use of TM cell- 

like iPSC stem cells to restore 
intraocular pressure 

homeostatic function.

Osterhout 
Jessica et al, 

201112

To show that Cadherin-6 
(Cdh6), expressed by a subset 

of RGCs and by retino- 

recipient targets in brain 
tissue, can mediate image- 

forming visual functions.

Experimental In this study, it was shown 
that during the experimental 

process, the adhesion 

molecule Cdh6 is expressed 
by a subset of RGCs as well as 

targets in brain tissue. All 

nuclei of Cdh6-expressing 
retinocepients mediate non- 

image-forming visual 

functions. In Cdh6-deficient 
mice, axons from Cdh3-RGC 

fail to innervate the target 

properly.

Cadherins can promote the 
development of central 

nervous system circuits by 

ensuring that axon cells can 
synapse with target cells 

correctly.

(Continued)
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manufacturing uses viruses such as retroviruses and lentiviruses to carry genes encoding transcription factors to adult 
cells to be modified. This gene will then undergo transcription and translation into a protein capable of inducing the adult 
cell nucleus to return to an embryonic state.25

Table 2 (Continued). 

Author Objectives Study Design, Sample 
Size, And Method

Results Conclusion

Deng et al, 

201614

This study was conducted to 

guide human Tenon’s capsule 
fibroblast-derived iPSCs 

(TiPSCs) and differentiate 

retinal ganglion cells (RGCs), 
aiming to produce cellular 

material suitable for RGC 

regeneration.

Experimental After the retinal 

differentiation process, most 
of the cells exhibited the 

properties of retinal 

progenitor cells (RPCs), which 
are a response to stimulate 

signaling (DKK1+ Noggin+ 

Leffy A), which were 
selectively recovered by 

manual isolation approach and 

then maintained in the 
presence of mitogenic 

processes. Then, further 

overexpression of ATOH7 
promotes RGC in TiPSC- 

derived RPCs. Some 

transfected cells displayed 
RGC-specific expression 

patterns, including Brn3b, 

iSlet1, calretinin, and Tuj. And 
about 23% of Brn3b-positive 

RFC-like cells were obtained.

The DKK1+ Noggin+ Lefty A/ 

ATOH7-based RGC induction 
system can efficiently direct 

TiPSCs in differentiating RGC 

lineage, which could be of 
benefit to developing possible 

therapies for degenerative 

retinal diseases such as 
glaucoma.

Silmara de 

Lima et al, 

201213

To determine whether axon 

regeneration due to RGCs 

activation can reach brain 
tissue, innervate the 

appropriate target area, and 

have a recovery function.

Experimental After adequate stimulation, 

RGCs are able to regenerate 

axons of maximum length 
from the visual pathway to the 

lateral geniculate nucleus, 

superior colliculus, and other 
visual centers and have 

demonstrated the feasibility of 

repairing the central circuit 
for vision after optic nerve 

damage in adult mammals.

There is a possibility of an 

axon regeneration process in 

the optic nerve until it 
reaches its maximum length 

to the appropriate place so 

that it can restore visual 
function.

Manuguerra- 

Gagne et al, 

201311

Evaluation of potential use of 

bone marrow cells and 

mechanisms involved in tissue 
repair in laser-induced open 

angle glaucoma (OAG).

Experimentally used male 

C57BL/6 rats aged 6–8 weeks 

and female Norwegian Brown 
rats aged three months which 

were then induced to have 

ocular hypertension and 
glaucoma.

Bone marrow cells and 

mesenchymal stem cells 

(MSCs) induce regeneration 
of the trabecular meshwork. 

MSC injection can lower 

intraocular pressure more 
efficiently (p<0.001) and has 

a better healing effect than 

hematopoietic cells.

MSCs, including secretum, are 

essential mediators for tissue 

repair in OAG through local 
neural progenitor cell 

reactivity. In addition, laser 

therapy can be used as 
a modality of MSC cell- 

mediated therapy for tissue 

repair in chronic diseases.

Abbreviations: BrdU, 5-Bromo-2’-Deoxyuridine; Cdh6, Cadherin-6; iPSC, Induced Pluripotent Stem Cells; MSC, Mesenchymal Stem Cells; OAG, Open Angle Glaucoma; 
RGCs, Retinal Ganglion Cells; RPCs, Retinal Progenitor Cells; SS, Scleral Spur; TEM, Transmission Electron Microscopy; TiPSCs, Tenon’s Capsule Fibroblast-derived iPSCs; 
TM, Trabecular Meshwork.
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An important concept that needs attention in stem cell therapy is how to induce stem cells to become the desired 
differentiated cells.26 It is necessary so that the cells can be used to treat various diseases, including glaucoma. We can 
further achieve differentiation of stem cells into specific desired cells by adding various growth factors and signaling 
pathways to resemble the conditions of their original development.27

Potential Uses of Stem Cell Therapy in Damaged Trabecular Meshwork
The research conducted successfully isolates cultures and confirms that the trabecular meshwork stem cells around the 
Schwalbe line are multipotent with the ability to differentiate into a wide variety of cells, including trabecular 
meshwork cells adipocytes osteocytes, and chondrocytes.28 Other studies have also been able to induce stem cells 
on the Schwalbe line trabecular meshwork to proliferate and differentiate into photoreceptors under certain 
conditions.29 Apart from trabecular meshwork stem cells, other stem cells that can differentiate into functional 
meshwork trabecular cells are adipose-derived stem cells (ADSC), mesenchymal stem cells (MSC), and iPS. iPS 
cells can also differentiate into trabecular meshwork cells after culturing the extracellular matrix with cell-derived 
trabecular meshwork. The success of a wide variety of stem cells to differentiate into functional meshwork trabecular 
cells provides a more effective alternative to cutting-edge therapy in treating glaucoma, especially open-angle 
glaucoma.3

Utilization of Stem Cells for Regeneration of Retinal Ganglion Cells
One of the stem cell therapies successfully applied and able to regenerate damaged retinal ganglion cells is iPS cell 
therapy. This therapy uses induced adult fibroblasts to return to pluripotent cells using four transcription factors, namely 
Oct3/4, Sox2, Klf4, and c-Myc. The results of the iPS are pluripotent cell colonies that are morphologically similar to 
ESCs, which are able to differentiate into the three germ cell layers.30

Because iPS can be programmed from the patient’s somatic cells, this therapy can maintain the unique genome of 
each individual. Currently, various modifications to the iPS therapy have been made to increase its acceptability and 
effectiveness of iPS therapy. One of them is the use of plasmid vectors and miRNA instead of retroviruses to avoid 
mutagenesis of the adult cells used.31,32

One of the significant challenges in stem cell therapy is to achieve the differentiation of stem cells into the desired 
cells, in this case, the differentiation of stem cells to retinal ganglion cells. Usually, in vivo, the differentiation of stem 
cells into retinal ganglion cells is regulated by several transcription factors such as Ath5, Brn3, and Notch. The 
transcription factors Ath5 and Brn3 play a vital role in the differentiation of retinal ganglion cells, and their levels are 
increased in the process of eye development.33 Meanwhile, Notch is a negative regulator of retinal ganglion cell 
differentiation, and its levels are decreased in normal eye development. Therefore, the addition of the transcription 
factors Ath5 and Brn3 and the Notch antagonist is a strategy to differentiate retinal ganglion cells from stem cells.34 

Apart from transcription factors, various neurotrophic pathways and factors have been identified in the differentiation of 
stem cells into retinal ganglion cells. These pathways consist of fibroblast growth factor (FGF), insulin-like growth factor 
(IGF), bone morphogenetic protein (BMP), nodal, and Wnt signaling pathways. All of these pathways regulate retinal 
development, whereas FGF and IGF provide positive regulation. Meanwhile, BMP, nodal, and Wnt signaling pathways 
provide negative regulation.35

Modification of Stem Cell Therapy for Retinal Ganglion Cell Repair
Another major challenge in the clinical application of stem cell therapy in glaucoma sufferers is that not only do the stem 
cells successfully differentiate into retinal ganglion cells, but they must also be able to reach the central nervous 
system.36 Modifications must be made so that new retinal ganglion cells can reach the visual cortex of the cerebrum. 
Recent research has found that a combination of genetic modification and stimulation of the signaling pathway stimulates 
regeneration of the optic nerve until it reaches the central nervous system. The addition of ephrin molecules, proteogly
cans, cell-adhesion molecules, and semaphorin is able to guide the axons of the developing retinal ganglion cells to reach 
the optic chiasm.13 Meanwhile, the addition of cadherin, ephrin, and the Wnt signaling pathway can guide and stimulate 
synapse formation in the superior colliculus and the visual cortex.12,37
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In addition, because of the adverse intraocular environment in glaucoma, stem cell therapy needs to be combined with 
neuroprotective compounds. It is also associated with a decrease in neurotrophic factors required to maintain neurons and 
causes progression of retinal ganglion cell damage in glaucoma sufferers. Therefore, the addition of BDNF and other 
neurotrophic factors such as glial cell-derived neurotrophic factor (GDNF) and ciliary neurotrophic factor (CNTF) should 
be considered for combined stem cell therapy.38

Conclusion
The stem cells are used in cases of glaucoma, which require repair and regeneration of trabecular meshwork cells and 
retinal ganglion cells. iPS has been shown the ability to differentiate to replace damaged trabecular meshwork cells and 
retinal ganglion cells in glaucoma. Some modifications are required so that stem cells that have differentiated into 
trabecular meshwork cells and retinal ganglion cells can reach the central nervous system. These modifications include 
the addition of ephrin molecules, proteoglycans, cell-adhesion molecules, semaphorin, cadherin, and the Wnt signaling 
pathway. The combination of stem cells with neuroprotective factors such as BDNF, GDNF, and CNTF also needs to be 
considered to maintain neuronal maintenance and inhibit the progression of cell damage.

The development of new stem cell technologies not only paves the way for us to gain a better understanding of the 
biology associated with glaucoma and create models for the development of new drugs, but it also opens the door to the 
prospect of cell-based therapies that can help patients regain their vision. More specifically in relation to the field of 
glaucoma, there have been recent developments in the process of developing protocols for the differentiation of stem 
cells into trabecular meshwork and retinal ganglion cells. Further research on the effectiveness of using modified stem 
cells as a therapy for glaucoma and in vivo research can be carried out immediately so that clinical trials can be carried 
out, which in turn can be used by the community to control symptoms and reduce blindness due to glaucoma.
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