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Abstract

Purpose—In this review, we overview the pathophysiology of primary open-angle glaucoma as it 

relates to the trabecular meshwork (TM), exploring modes of TM dysfunction and regeneration via 

stem cell therapies.

Recent Findings—Stem cells from a variety of sources, including trabecular meshwork, 

mesenchymal, adipose and induced pluripotent stem cells, have shown the potential to differentiate 

into TM cells in vitro or in vivo and to regenerate the TM in vivo, lowering intraocular pressure 

(IOP) and reducing glaucomatous retinal ganglion cell damage.

Summary—Stem cell therapies for TM regeneration provide a robust and promising suite of 

treatments for eventual lowering of IOP and prevention of glaucomatous vision loss in humans in 

the future. Further investigation into stem cell homing mechanisms and the safety of introducing 

these cells into human anterior chamber, for instance, are required before clinical applications in 

treating glaucoma patients.
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Introduction

Primary open-angle glaucoma (POAG) is the second-leading cause of irreversible blindness 

in the United States, expected to affect upwards of 80 million individuals worldwide by 
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2020 [1–3]. Glaucoma is a disease damaging retinal ganglion cells and the optic nerve, with 

subsequent vision loss. Elevated intraocular pressure (IOP) is a major risk factor for 

glaucoma, which is associated with inefficient outflow of aqueous humor. The trabecular 

meshwork (TM) is responsible for maintaining a precise IOP by providing proper resistance 

to aqueous humor outflow. Increased resistance in the TM results in elevated IOP. TM 

cellularity reduces in aged and glaucoma patients [4–7]. Current treatments aim to reduce 

IOP via alternative outflow routes or decreasing aqueous humor production, but none targets 

the trabecular meshwork itself [8]. Using different types of stem cells, including trabecular 

meshwork stem cells (TMSCs) [9], to repopulate the TM tissue and restore the TM function 

to reduce IOP has been reported to be a promising method for treating glaucoma [10–17]. 

Recent studies have shown that regeneration of functional TM tissue via stem cell therapy 

has special promise as a method of restoring functional TM, reducing IOP, and preventing 

glaucomatous vision loss.

Anatomy and Function of the TM

The TM, located at the corner in the anterior chamber and at the junction of the iris and 

cornea, is the primary area involved in aqueous humor outflow. The TM is comprised of 

three parts: the uveal meshwork, corneoscleral meshwork, and juxtacanalicular tissue (JCT). 

The uveal and corneoscleral meshworks filter aqueous humor, while the JCT, made up of 

loose extracellular matrix (ECM), together with the Schlemm’s canal inner-wall 

endothelium, is the primary site of outflow resistance and regulation [18]. Cells of the uveal 

and corneoscleral meshworks display endothelial and phagocytic activity, ridding the eye of 

oxidative stress and clearing debris before aqueous humor moves further [19]. These cells 

cover the collagen and elastin networks in order to make a smooth outflow pathway, 

functioning like both endothelial and phagocytic cells [20, 21]. TM cells of the JCT exhibit 

fibroblastic and smooth muscle-like qualities, turning over ECM proteins and maintaining 

the integrity required for adequate IOP [21].

The primary outflow of the aqueous humor is through the trabecular or conventional 

pathway. Aqueous humor flows through the uveal and corneoscleral meshworks of the TM, 

where debris is collected before passage through the JCT and Schlemm’s canal, exiting 

through the aqueous veins [20, 22]. TM cells in the JCT region and Schlemm’s canal 

endothelial cells serve to regulate outflow of this filtered aqueous humor [21]. This pathway 

is pressure-driven, with aqueous humor moving down a pressure gradient via bulk flow [23]. 

Given this, flow of aqueous humor is unequally distributed across the TM, also called 

segmental outflow, which has both high and low flow areas [24, 25].

Understanding the mechanisms of this segmental outflow and how the high flow and low 

flow areas change is an area of research for developing more targeted and effective 

treatments for glaucoma.

The uveoscleral or unconventional outflow pathway moves aqueous humor through the uvea, 

ciliary body and muscle into the sclera and choroid [26, 27]. The TM responds to changing 

pressure by initiating a homeostatic response, recycling the ECM and restoring adequate 

IOP. Dysfunction of this mechanism can result in elevated IOP as well [22].
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Pathology and Pathophysiology of the TM in Glaucoma

The primary cause of elevated IOP and subsequent optic nerve damage is due to 

dysregulation of the trabecular pathway. This can occur in several ways. Increased age is one 

of the primary risk factors for glaucoma; increased apoptosis and senescence of TM cells 

have proven to correspond with increased IOP [28, 29]. TM cell loss with age corresponds 

with elevated IOP [4]. Loss of phagocytic function in TM cells also decreases outflow 

capacity and increases IOP [30]. In glaucoma patients, increased fusion of the trabecular 

beams, linkages found in the uveal meshwork, results from adhesion between degraded 

beams. This fusion and thickening due to loss of cellularity increases outflow resistance and 

IOP [7]. TM stiffness is positively related to increased outflow resistance and increased IOP 

[31].

The TM is also responsible for degradation and synthesis of the ECM, recycling it in order 

to maintain the homeostasis and prevent stiffness and crosslinking [14]. Cytoskeleton 

rearrangements of the TM increase IOP via increased actin cross-links, stiffening the TM 

and reducing outflow. Additionally, increased ECM deposition and interactions between the 

ECM and cytoskeleton may also increase IOP [20]. Loss of cellularity in the TM and lack of 

outflow surface area are also contributing factors to reduced aqueous humor outflow [7].

Other reasons for TM degradation have been implicated. Oxidative stress has been studied as 

a factor reducing TM function and increasing damage on the retinal ganglion cells and optic 

nerve. The lack of an antioxidant mechanism of TM cells leads to an accumulation of 

oxidative damage, especially within the mitochondria of the TM cells. These damages to 

TM mitochondria alter mtDNA, which then results in a greater accumulation of reactive 

oxygen species. The damage leads to apoptosis and increased autophagy, resulting in TM 

cell loss, rearrangement, and elevated IOP [32–34].

Current Treatment Options

The pathophysiology of glaucoma renders it challenging to treat effectively. While the TM is 

the primary site of dysfunction in glaucoma, it is difficult to treat directly. For many years, 

medical treatment of glaucoma has been limited to increase aqueous humor outflow via the 

uveoscleral pathway, or decrease aqueous humor production. The prostaglandin agonists are 

the most widely prescribed drugs for glaucoma [8]. These drugs target the unconventional 

pathway via ECM remodeling to increase aqueous humor outflow [35]. Non-prostaglandin 

drug classes, such as beta antagonists, alpha agonists and carbonic anhydrase inhibitors, 

decrease aqueous humor production hence reducing IOP [8]. Drugs targeting the 

conventional outflow pathway, including the TM, Schlemm’s canal and distal vessels are 

needed. Two novel drug classes, nitric oxide agonists and Rho kinase inhibitors target 

directly to the conventional outflow pathway [36]. Latanoprostene bunod, a novel nitric 

oxide-donating prostaglandin F2α analogue, reduces IOP by increasing both non-

conventional and conventional outflow [36–38]. It relaxes TM cells and decreases TM 

cellular volume to increase aqueous humor outflow[36].
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Rho-associated kinase (ROCK) inhibitors are a relatively new class of therapy shown to 

lower IOP by directly targeting the conventional pathway, relaxing cells in the TM and 

altering ECM organization [39–42]. Some new eye drops, Netarsudil and Ripasudil, have 

been developed and show promising results in reducing IOP ex vivo, in vivo in animals, and 

in clinical trials [43–49]. Currently two new ocular hypotensive agents has been approved 

and commercially available for clinical use: Rhopressa (netarsudil ophthalmic solution) 

0.02% is the first FDA-approved ROCK inhibitor for improving TM outflow and reducing 

IOP; GLANATEC (Ripasudil hydrochloride hydrate) ophthalmic solution 0.4% is also a 

ROCK inhibitor that has been launched in Japan for IOP reduction.

These treatments, alongside laser trabeculoplasty and surgical approaches to shunt aqueous 

humor away from the TM, comprise the current scope of first-line treatments for glaucoma 

[50–52].

Trabecular Meshwork Regeneration by TM Stem Cells

Because the TM is the primary site of outflow resistance and reduced cellularity is 

associated with elevated IOP, treatments that aim to restore TM cellularity and/or function 

would be optimal in reducing IOP and preventing glaucomatous vision loss. Given the 

immune privileged status of the eye, stem cell therapies for treatment of glaucoma and other 

ophthalmological diseases show particular promise [50, 53–56]. Are there stem cells in situ 

for TM regeneration? Can they be activated in vivo or isolated and expanded in vitro? In 

1982, it was first shown that the Schwalbe’s line cells, also called insert cells, were 

morphologically different from the rest of the TM cells [57].

Repopulation and restoration of TM function after laser trabeculoplasty and observation of 

progenitor cell colonies in the TM led to the hypothesis that stem cells exist in the TM [58, 

59]. BrdU label-retaining cells detected in the insert region in monkeys [60] and mice [14] 

confirmed the slow-cycling, label-retaining stem cells existing in the TM within a specific 

niche (Figure 1).

These trabecular meshwork stem cells (TMSCs) have been isolated and identified via 

various methods, from flow cytometry to immunostaining [9, 61–64]. They have been shown 

to be multipotent, capable of differentiation into neurons, adipocytes, and corneal 

keratocytes [9, 65, 66]. In the presence of fetal bovine serum, TMSCs differentiate into TM 

cells, suggesting that differentiation into TM cells is the default lineage, and the TMSCs are 

a unique subset of stem cells, distinct from ordinary mesenchymal stem cells. Positive 

staining for TM cell-specific markers have shown that TMSCs differentiate into phagocytic 

TM cells when cultured in either aqueous humor or serum [9].

TMSCs have the ability to actively home to the TM region after injection into normal mouse 

anterior chamber [10]. Interestingly, the TMSCs specifically homed and integrated to laser-

damaged TM region, where they are needed for regeneration [17]. The cells integrated into 

the TM tissue, appearing in all the cell layers of the TM, and some of them differentiated 

into functional TM cells expressing TM cell markers AQP1 and CHI3L1. At the same time, 

some of those cells still maintained their stemness characteristics, expressing stem cell 
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markers and remained slow-cycling. This ensures the stem cell pool with the ability for self-

renewal and long-term regeneration.

Trabecular Meshwork Regeneration by Other Types of Stem Cells

Since stem cells are characterized by their multipotency and plasticity, both bone marrow-

derived mesenchymal stem cells (MSCs) and adipose-derived stem cells (ADSCs) have also 

been shown to differentiate into TM-like cells and reduce IOP after in vivo transplantation 

[11, 13, 67]. Induced pluripotent stem cells (iPSCs) have been induced to differentiate into 

TM-like cells responsive to dexamethasone treatment and acquiring phagocytic function [68, 

12]. These iPSC-TM-like cells have been shown to reduce IOP by repopulating the TM and 

increasing cell proliferation and migration of the eye’s internal pool of TMSCs [12, 15, 16]. 

The application of iPSC-TM-like cells is especially promising in the cases where th e 

immune privilege of the eye is imperfect. Using patients’ own autologous cells, such as skin 

fibroblasts, after reprogramming to generate iPSCs and differentiating into TM-like cells, 

provides a potential method in individualized, effective treatment for glaucoma. TM-like 

cells must be verified following the guidelines [69] to have the characteristics of primary 

TM cells, such as being responsive to dexamethasone treatment with increased expression of 

myocilin.

Glaucoma animal models for trabecular meshwork regeneration

The development of animal models that mimic human glaucoma pathophysiology has been 

an evolving and necessary area for the development of stem cell therapies for glaucoma. 

Ideally, these models should display all of the hallmarks of POAG: long-term increased IOP, 

reduced TM cellularity, an open iridocorneal angle and eventually retinal ganglion cell loss. 

Several models have been developed that adequately exhibit these traits.

Laser photocoagulation has been the standard in elevating IOP in rats and mice since 2002, 

and is a frequently used method [70–72]. However, the majority of these laser-based 

treatments alter outflow pathway morphology in exchange for long-term IOP elevation. A 

more recently developed technique has proven effective in providing a long-term increase in 

IOP without a loss of native morphology of the conventional outflow pathway, providing a 

more useful model of POAG and a more specific way of testing the effectiveness of 

regenerative stem cell therapies [23] [73].

The genetic basis of glaucoma has also been manipulated to provide useful animal models. 

Myocilin, a gene of unknown function, is often implicated in cases of glaucoma, with over 

43 different mutations found in glaucoma patients [74]. The myocilin gene, MYOC, encodes 

a protein of undetermined function that is highly presented in the TM and secreted into the 

aqueous humor of the eye. Mutations in MYOC are the most common genetic cause of 

POAG, accounting for almost 4% of all cases. The Y437HMYOC mutation is responsible 

for elevated IOP primarily in the second decade of life, and was used to generate Tg-
MYOCY437H transgenic mice. These mice proved a useful model for POAG, displaying 

elevated IOP, loss of retina ganglion cells and optic nerve function. The mouse model is 

suitable for studying TM repair and regeneration from glaucomatous damage [75].
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Another genetic target for generating model organisms with elevated IOP involves 

connective tissue growth factor (CTGF). CTGF is a target gene of transforming growth 

factor TGF-β2, which is found circulating in the aqueous humor and affects over 50% those 

with POAG. High CTGF expression results in contractile activity within the actinmyosin 

cytoskeleton of the TM, rendering it overly stiff and less efficient in aqueous humor outflow. 

Generation of transgenic mice overexpressing CTGF [76] showed higher CTGF levels in the 

TM and elevated IOP in vivo, and strongly supported morphological changes in the ECM as 

the cause of the raised IOP. Most importantly, this model was found to be responsive to Rho 

kinase inhibitors, which provided a noticeable and reversible decrease in IOP. This finding is 

especially important, as it solidifies this model as the most accurate mimic of human POAG 

to date, as other models either deal with alternative forms of glaucoma (DBA/2J mice for 

secondary angle closure, for example) or are not as widely relevant to POAG (MYOC 

mutations only account for 4% of POAG cases, and mutant myocilin increases IOP via an 

unknown mechanism) [75]. This model shows special promise by reacting favorably with 

current first-line glaucoma therapies, and will serve as a useful model for more detailed 

studies of both the mechanisms of IOP increase in POAG and the potential effects of novel 

glaucoma therapies [76].

A recent developed dex-induced mouse model [77, 78] shows the mouse TM cells encounter 

ER stress and the mice had increased IOP. The model should be another suitable mouse 

model for studying TM regeneration using stem cells.

Several studies have shown that stem cell therapies prove effective in lowering IOP in 

various different models (Table 1). Mesenchymal stem cells (MSCs) have been shown to 

lower IOP in mice with laser-induced IOP elevation [11]. Injection of bone marrow cells, 

among which MSCs exist, has proved effective in homing to the site of injury, reducing IOP 

and increasing aqueous humor outflow. MSCs did not differentiate to TM cells in vitro and 

were cleared within 96 hours in vivo, after proposed apoptosis and phagocytosis by ocular 

microglia. However, in this short time, they proved to assist in long-term repair well beyond 

their time of clearance through secretion of paracrine factors, recruiting endogenous 

progenitor cells to the TM to restore cellularity and function. Further investigation regarding 

both the nature of the paracrine factors released from stem cell and the exact mechanisms of 

stem cell recruitment is necessary in order to advance the possibility of MSCs as a cell 

therapy source for TM regeneration and IOP reduction [56, 11].

Ex vivo experiments were performed using perfused human outflow pathway organ culture 

have shown iPSC-TM-like cells are effective in restoring the TM homeostasis and lowering 

IOP. Human and porcine anterior segment cultures were treated with saponin, effectively 

reducing TM cellularity and eliminating the TM’s homeostatic response to pressure 

elevation. Cultured TM cells from human and porcine donors were added to these perfused 

cultures, and were shown to restore the homeostatic pressure response upon integration into 

the TM [12].

iPSC-derived TM-like cells were shown to decrease IOP upon injection into transgenic mice 

expressing a pathogenic mutation, Y437H, in the human myocilin gene (Tg-MYOCY437H) 

[15]. In this experiment, transgenic mice exhibited elevated IOP and reduced TM cellularity. 
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Injection of iPSC-TM-like cells showed improved outflow facility and increased TM 

cellularity from endogenous cells when compared to a control [15,16]. IOP elevation and 

retinal ganglion cell reduction was prevented in these Tg-MYOCY437H mice after iPSC-TM-

like cell injection at 9 weeks [15] and 12 weeks [16].

Mechanisms of Trabecular Meshwork Regeneration

Stem cell therapies help alleviate elevated IOP by repopulating and restoring function to the 

TM. So far, all the in vivo results are in animals with intracameral injection. Upon injection 

into the anterior chamber, cells have the opportunity to connect and attach to the surface of 

the tissues including the corneal endothelium, the iris, the lens epithelium, the ciliary body 

processes and the TM. Our group shows that human TMSCs actively homed to the TM 

region after injection while fibroblasts attached to other tissues as well as to the TM by 

passively following the aqueous humor outflow [10, 17]. TMSCs also selectively homed to 

laser-damaged TM region for repairing [17].

While the entire mechanisms of this localization is unknown, there is evidence of TMSC 

homing to the TM after photocoagulation and the role of chemokines in this response [17]. 

Chemokine CXC-type receptor 4 (CXCR4) is a G-protein coupled receptor, proven 

(alongside stromal derived factor 1 or SDF1) to play roles in organogenesis, vascularization, 

and homing of hematopoietic stem cells [56, 79, 80]. In vivo experiments with a primate 

model proved that a CXCR4 agonist (ATI-2341) increased mobilization of hematopoietic 

stem cells, establishing CXCR4 as a therapeutic target [80]. Given its ubiquity as a proven 

mobilizer of stem cells, the mechanism by which CXCR4/SDF1 drives stem cell homing has 

been predicted to affect TMSCs as well.

The roles of the CXCR4/SDF1 chemokine axis in TMSC homing was recently explored in 
vitro and in vivo [17]. Examination of CXCR4 and SDF1 levels showed higher CXCR4 

levels in passaged human TM cells and higher SDF1 levels in differentiated TM cells. SDF1 

was shown to increase both affinity and chemotaxis between TMSCs and TMs in vitro; 

treatment with CXCR4 antagonists AMD3100 or IT1t almost completely eliminated this 

effect. Human TMSCs were injected into the anterior chamber of C57BL/6 mice after 180° 

laser photocoagulation on the TM. At two and four weeks after injection, TMSCs were 

found to reconstruct the TM, suppressing the inflammatory response and preventing fibrosis. 

The CXCR4/SDF1 axis was shown to be just one of potentially many moving parts involved 

in TMSC homing, and interactions from cadherins, integrins, and the ECM are likely 

contributors requiring further study. The success of a TMSC xenotransplantation into mice 

combined with new evidence towards the TMSC homing mechanism further supports the 

promise of TMSC incorporation as an effective regenerative therapy [17].

The homed cells integrated into TM tissue and increased TM cellularity [15–17]. What the 

exact effects of the replenished cells are and how TM homeostasis is recovered and 

remained exert need further studies.
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Challenges in Trabecular Meshwork Regeneration

The stem cell homing process is multifactorial, involving elements from both the immune 

response in addition to cadherins and integrins. Understanding the details of this mechanism 

will lead to more accurate troubleshooting of the TMSC repair process and an array of 

possible sites for therapeutic intervention in order to more effectively reduce IOP in vivo 
[17].

Additionally, several of the issues plaguing all ocular regenerative therapies apply to TM 

regeneration. Though not a current issue, immune response to allotransplantation of TMSCs 

into human subjects appears to be one of the primary concerns for effective human treatment 

in the future. More accurate cell characterization, especially as human TMSC banks expand, 

will be crucial in ensuring consistency and efficacy in future human transplantation. 

Establishing preclinical studies will be the first step towards addressing these concerns and 

moving towards stem cell therapies that are safe and effective options for the treatment of 

glaucoma [81].

Furthermore, increased evidence has shown that the exosome or secretome from stem cells 

have regenerative effects [82–85]. Recently studies indicate that small extracellular vesicles/

exosomes from mesenchymal stem cells protect retinal ganglion cells in optic nerve crush 

rat models [86] and in glaucoma animal models [87, 88]. Stem cell-free therapies for TM 

regeneration for glaucoma are in need for further exploration. The current processes of stem 

cells and animals with the challenges are listed in Figure 2.

Conclusion

TM remains a very promising area of interest for further development for stem cell-based 

therapies. The advent of iPSCs, TMSCs, and other stem cell technologies have enabled a 

breadth of new possibilities for potential treatment for glaucoma. Recent efforts in 

establishing model organisms, differentiating progenitor cells into TM cells, and evidence of 

TM regeneration both ex vivo and in vivo have provided a robust platform for further work, 

making the ideal of TMSC regeneration as a safe and effective method of treatment for 

glaucoma ever closer to reality.
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Figure 1. 
Illustration of the TM structure. Insert region (green, nonfilter region) is between the TM 

and the corneal endothelium. The TM consists of uveal meshwork (blue), corneoscleral 

meshwork (red), and JCT (yellow). JCT, juxtacanalicular tissue; TM, trabecular meshwork. 

Reprinted with permission from J Ocul Pharmacol Ther. Volume 32, Yun et al.14 published 

by Mary Ann Liebert, Inc., New Rochelle, NY.
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Figure 2. 
Schematics of the trabecular meshwork regeneration using stem cells and the challenges.
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Table 1.

Ex vivo and in vivo studies on trabecular meshwork regeneration

Studies Cell species Inj Cell# Volume animal model Observing period References

TMSCs human 5×104 2ul mouse WT 3 months Du 201310

MSC mouse 1×106 10ul rat laser 35 days Manuguerra-gagne 201311

iPSCs Human 3×105 Human anterior segment Saponin depletion Several days Abu-Hassan 201512

MSC rat 5×105 6ul rat Episcleral vein cauterization 25 days Roubeix 201513

iPSC-TM mouse 5×104 3ul mouse Tg-MYOCY437H 9 weeks Zhu 201615

iPSC-TM mouse 5×104 3ul mouse Tg-MYOCY437H 12 weeks Zhu 201716

TMSCs human 5×104 2ul mouse laser 4 weeks Yun Comm Bio 201817
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