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Abstract 

Trabecular meshwork (TM) cells are a group of progenitors that have the ability to become 
adipocytes, chondrocytes and endothelial cells. Therefore, those adult corneal progenitors may be 
used as an effective therapy for trabecular meshwork diseases such as glaucoma, corneal endothelial 
dysfunctions such as blindness due to corneal endothelial dysfunction, and similar diseases. In order 
to promote the understanding of human trabecular meshwork progenitors, this article reviews 
human trabecular meshwork progenitor therapy and discusses its potential applications for curing 
human eye blindness. 
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Trabecular Meshwork Cells 
The TM cells are a group of cells at the base of 

the cornea next to the ciliary body. We have used 
collagenase digestion for isolation of the TM cells 
since it does not disrupt cell-cell junctions and thus 
retains the cell phenotype [1]. Because to retain the 
progenitor status and phenotype is important for the 
expansion and subsequent clinical applications, we 
have used the stem cell culture medium MESCM and 
5% FBS for their expansion [1]. 

Phenotype of TM Progenitors  
Previously, AQP1, MGP, CHI3L1, TIMP3 were 

used as TM markers [2]: 
• The water channel aquaporin 1 (AQP1) has been 

detected in the TM in vivo [3] as well as in 
cultured human TM cells and plays an important 
role in modulation of aqueous outflow [4] 

• Matrix Gla protein (MGP) has the ability to 
function in the TM as a calcification inhibitor [5] 
and may be a key contributor to IOP homeostasis 

by regulating calcification and hardening of the 
TM [3] 

• Aqueous humor contains chitinase 3-like 1 
(CHI3L1) has a protective role against inflamma-
tion, ECM remodeling, and cell death in the 
outflow pathway 

• TIMP3 (Metalloproteinase inhibitor 3) is an 
inhibitor of the matrix metalloproteinases, a 
group of peptidases involved in degradation of 
the extracellular matrix (ECM) (Forsius, 1982) 
Recently, AnkG and MUC1 have been identified 

as TM markers. AnkG was described as essential for 
production of new neurons in the brain [6], which is 
responsible for cell regeneration in the TM. MUC1 is a 
cell surface mucin identified to be abundantly 
expressed in TM cells [2]. Based on the above, normal 
TM markers should include AQP1, MGP, CHI3L1, 
TIMP3, AnkG, MUC1. 

Substrate and Culture Media for TM 
Progenitor Cells 

The capacity of differentiated cells to re-acquire a 
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totipotent state was first revealed when the nuclei of 
differentiated cells were reprogrammed in enucleated 
oocytes to generate frogs [7]. In addition, ectopic 
expression of just four transcription factors, Oct4, 
Klf4, c-Myc, and Sox2 (OKMS), is sufficient to 
reprogram somatic cells to induced pluripotent stem 
cells (iPSC) [8]. Fully reprogrammed iPSCs have a 
similar developmental potential as ESC [9]. At the 
molecular level, reprogramming results in large 
changes in gene expression that remodel the somatic 
cell properties to a state similar to embryonic stem 
cells [10] that include early activation of the 
pluripotency markers alkaline phosphatase (AP) and 
SSEA1 [11] followed by embryonic stem cell factors 
such as Oct4, Sox2, and Klf4 themselves, as well as 
Nanog and Sall4 [12-14]. These markers have been 
shown to be upregulated by culturing limbal niche 
cells on 3D Matrigel [15-21]. Although 3D Matrigel is 
known to upregulate embryonic stem cell markers in 
other cell types, it remains unclear whether TM cells 
could be reprogrammed on 3D Matrigel.  

 Because the culture media in all the published 
articles contained FBS, ranging from 5% to 20%, fetal 
bovine serum (FBS) should be important in culturing 
TM cells. Repeated experiment shows that TM cells do 
not grow well in MESCM without FBS at P1 and stop 
growing at P3 with enlarged shape and cell debris 
(dead cells). The total number of doubling is 7. In 
contrast, TM cells cultured in MESCM+5% FBS could 
be expanded to P8 with a total cell doubling of 16. 
Based on our experiment results, culture of TM cells 
in MESCM+5% FBS, not MESCM alone on 2D 
Matrigel is the best condition for their expansion TM 
cells can be isolated by collagenase and expanded on 
coated Matrigel in MESCM+5%FBS up to 7 passages 
with 16 cell doublings [1]. Immunostaining showed 
that these cells at the time of isolation (D0) expressed 
TM markers such as AQP1, CHI3L1, MGP and AnkGs 
[1], similar to what have been previously reported [22, 
23]. Compared with that of the D0 cluster 
immediately isolated by collagenase, qRT-PCR 
revealed a significant decline in expression of these 
markers as well as ESC and NC markers by P2 cells 
[1], suggesting that 2D matrigel cannot retain their 
progenitor status. This conclusion was confirmed by 
qTR-PCR of TM cell markers, ESC and NC markers. 
Although P0 TM cells cultured in MESCM express 
more TM cell markers such as CHI3L1, MGP and 
AnkG, TM cells cultured in MESCM +5% FBS 
expressed more ESC and NC markers except similar 
expression of PDGFRβ, suggesting that MESCM+5% 
FBS is a better culture medium for TM cells. 
Interestingly, the expression of ESC and NC markers 
reduced significantly after passages. 

When reseeded on 3D Matrigel at P3 for 2 days 

following the method from Li [24, 25], these cells 
formed spheres, but not from P2 cells on coated 
Matrigel. Addition of Noggin abolished nuclear 
translocation of Nanog in cells seeded on 3D Matrigel 
[1]. In addition, the transcript level of TM cell markers 
CHI3L1, MGP, AnkG, ESC and NC markers Klf4, 
Nanog, Oct4, Sox2, SSEA4, Foxd3, Msx10, Sox9, Sox10 
and PDGFRβ was significantly increased compared 
that from P2 cells. Such upregulation of TM, ESC and 
NC markers except TM marker CHI3L1, ABCG2, 
Myc, Nestin, p75NTR and N-cadherin was attenuated 
by addition of Noggin [1]. Those results suggest that 
TM cells can be reprogrammed into younger 
progenitors. 

Expression of BMP2, 4 and 6 in TM cells was 
upregulated by 3D Matrigel using coated Matrigel as 
the control [1]. In addition, BMP receptor 2 (BMPR2) 
was upregulated in TM cells in 3D Matrigel, while 
BMPR1B downregulated [1]. Immunostaining 
showed that pSmad1/5/8 was located in nucleus in 
TM cells on 3D Matrigel but not those on coated 
Matrigel [1]. Those results suggest that canonical BMP 
signaling is activated in TM cells on 3D Matrigel. The 
activation of canonical BMP signaling was coupled 
with higher transcript expression of embryonic stem 
cell (ESC) markers, such as Oct4, Sox2, Nanog, Klf4 
and SSEA4 and that of neural crest markers, such as 
FoxD3, MSX1, Sox9, Sox10 and PDGFRβ [1]. 
Correspondingly, positive nuclear immunostaining of 
Oct4, Sox2 and Nanog was also observed in 3D cells 
[1], suggesting that TM cells can be reprogrammed 
into their progenitor status on 3D Matrigel, similar to 
reprogramming of induced pluripotent stem cells 
(iPSCs) [19-21]. Such a conclusion is supported by that 
fact that BMP inhibitor, Noggin, could abolished 
up-regulation of BMP1, BMP2, BMP4, BMP6 and 
BMPR2 [1] and attenuated higher transcript 
expression of embryonic stem cell (ESC) markers 
Oct4, Sox2, Nanog, Klf4 and SSEA4 and neural crest 
markers FoxD3, MSX1, Sox9, Sox10 and PDGFRβ [1] 
and blocked nuclear translocation of Oct4, Sox2, 
Nanog and pSmad1/5/8 [1]. These data collectively 
suggest that canonical BMP signaling is activated in 
TM cells on 3D Matrigel to reprogram TM cells into 
their progenitor status. 

We then examined if these progenitor cells could 
be differentiated into other cells types by culturing 
them in the medium designated for induction of 
adipose cells, osteocytes, chondrocytes, keratocyte 
and human corneal endothelial cells. Our results 
showed that the cells expanded both on coated 
Matrigel and 3D Matrigel could differentiate into 
adipocytes and human corneal endothelial-like cells 
[1]. For induction of corneal endothelium, the induced 
HCEC expressed cytoplasmic γ-tubulin and 
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junctional p120, N-cadherin, α-catenin, β-catenin, 
Zona occludens protein 1 (ZO-1) and Na-K-ATPase, 
all of which are markers of HCEC [1, 26], suggesting 
TM cells could be induced to HCEC-like cells. Such 
expression of HCEC markers was consistent with the 
in vivo expression pattern previously reported by us 
[26-34]. The reprogrammed cells on 3D Matrigel had a 
significantly higher frequency of adipocytes stained 
by Oil Red O than cells cultured on coated Matrigel, 
suggesting the cells on 3D Matrigel were more potent 
than the cells on Matrigel coated-plastics for induction 
of adipocytes [1]. In addition, only the cells on 3D 
Matrigel could be stained by Alcian Blue [1], 
suggesting that the cells on 3D Matrigel have the 
potential for chondrogenesis. The induction of osteo-
cytes and keratocytes was not successful evidently by 
no staining of matrix mineralization by Alizarin Red, 
and no staining of corneal stromal specific 
extracellular matrix by keratocan [2]. Therefore, we 
predict that trabecular meshwork progenitors are 
valuable resources for stem cell therapy for glaucoma 
and other diseases. 

Glaucoma 
Glaucoma causes irreversible blindness world-

wide, linked to pathogenesis in TM cells [35]. It is 
estimated that by 2020, 80 million patients will suffer 
from glaucoma and 11.2 million of those people will 
develop bilateral blindness [36-38]. Glaucoma is 
classified into 2 categories: open-angle and angle- 
closure glaucoma. In USA, about 80% cases are 
open-angle glaucoma. Nevertheless, angle-closure 
glaucoma is severe with vision loss [39]. In its etiology 
process, elevated intraocular pressure (IOP) [40] cause 
optic nerve damage and lead to progressive visual 
loss [41]. Recent treatments for elevated IOP include 
reduction of aqueous humor by drugs and surgical 
improvement of outflow. The therapies are effective, 
however they have their limitations, for example, 
toxicity and complications. Despite enormous effort 
by scientists in this world, an effective treatment has 
not been established due to lack of understanding of 
glaucoma.  

Glaucoma Promoted by Collagen 
IV/Fibronectin in the Presence of TGFβ1 
Through Canonical TGFβ Signaling 

Overexpression of collagen is linked to etiology 
of glaucoma. Synthesis of collagen increases the 
extracellular matrix (ECM) and may lead to TM 
obstruction and decreased outflow facility. Collagen 
synthesis can be upregulated by TGF-β2 (Da, 2004) 
and TM cells seeded on collagen with TGF-β1 induces 
a myofibroblast-like phenotype, as reflected by a 

dose-dependent increase in the expression and 
production of α-smooth muscle actin (αSMA) in vitro 
[42]. Based on the above, it is likely that collagen 
participates in the development of glaucoma. In 
addition, fibronectin is also elevated in glaucoma TM 
tissues and AH [43-45]. Treatment of TM cells with 
TGF-β2 upregulates expression of PAI1 and secretion 
of fibronectin [46]. Therefore, it is likely that 
fibronectin may be also involved in the development 
of glaucoma.  

The Components of Matrix Controlling 
TGF-β Paradox in Human Eyes 

TGF-β family includes TGF-β1, TGF-β2 and 
TGF-β3. TGF-β2 is the predominant TGF-β isoform in 
the eye and is found in large amounts in the aqueous 
humor of the anterior eye [47-49], in the vitreous, 
neural retina and retinal pigmented epithelium in the 
posterior eye [50], in optic nerve [51] and in the 
normal trabecular meshwork [52]. In the aqueous 
humor of patients with primary open angle glaucoma 
(POAG), the amounts of TGF-β2 are significantly 
increased [53, 54]. In addition, the amounts of TGF-β1 
in the aqueous humor have been reported to be higher 
than normal in eyes with pseudoexfoliation syndrome 
and pseudoexfoliation glaucoma [55]. More recently, 
an increase in the amounts of TGF-β3 in the aqueous 
humor of eyes with pseudoexfoliation syndrome has 
also been reported [56]. In contrast, trabecular 
meshwork cells secrete TGF-β1 and -β2 when cultured 
[53].  

TGF-β has numerous effects in physiology and 
pathology. TGF-β is synthesized and secreted as a 
tripartite complex, binding to its receptor for its 
actions. Sequestration of latent TGF-β in ECM is 
crucial for proper mobilization of the latent cytokine 
and its activation. However, loss-of-function study 
suggest that mutations in genes of some matrix 
proteins that may bind TGF-β cause increased, not 
decreased TGF-β concentrations, being so called 
‘TGF-β paradox’ [57]. Latent TGFβ binding proteins 
(LTBP) latency associated peptide (LAP) and matrix 
metalloproteases (MMP), have the potential to 
modulate its signaling. Therefore, the ECM is not 
simply a storage depot for TGF-β, but a site at which 
cytokine availability is modulated to ensure proper 
crosstalk between TGF-β-responsive cells and the 
products of TGF-β-responsive genes.  

In the interacting model, when ECM integrity is 
lost by aging, degeneration, inflammation or mutation 
and glaucoma, mesenchymal cells, such as fibroblasts 
or smooth muscle cells, detect the defective matrix. 
The response of the mesenchymal cell is to repair the 
failed matrix by generating active TGF-β and to 
produce the required activators of latent TGF-β as 
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part of the repair process. 
The production of TGF-β2 in the eye is 

constitutive and considered to be from the iris and 
ciliary body cells [47, 49], however, TGF-β2 is not 
released by cells in an active form [58]. The process of 
producing and secreting TGF-β results in the release 
of latent TGF-β, consisting of mature TGF-β bound to 
LAP. This small latent TGF-β complex is bound to 
LTBP. TGF-β activity is blocked when it is bound to 
LAP, with or without the latent TGF-β–binding 
protein. It is this large TGF-β complex that is held in 
the extracellular matrix that sequesters TGF-β until 
released by proteases that cleave the latent 
TGF-β–binding protein. When released, it is still in an 
inactive form of TGF-β bound to LAP in the small 
latent TGF-β complex. Therefore, an additional 
activation step is needed to free the active form of 
TGF-β to bind its receptors. 

TGF-β activation can be achieved through MMP 
or tissue plasmin that cleaves the LAP to release 
TGF-β. However, integrin-induced activation of 
TGF-β2 is not possible because the TGF-β2 LAP lacks 
the necessary Arg-Gly-Asp motif to bind. Therefore, 
the finding of active TGF-β2 in the aqueous humor 
means that it must result from increased levels of 
proteases within the anterior chamber, probably 
MMP. That is, MMP in TM matrix may control TGFβ 
paradox. In fact, IOP is kept under control by an 
MMP-based feedback mechanism, regulating outflow 
resistance of the trabecular meshwork, homeostatic 
ECM turnover in the trabecular meshwork is 
actualized by expression of MMP-1, ‐2, ‐3, ‐9, ‐12, and 
‐14, as well as TIMP-2 [59]. Of all MMP family 
members, MMP-2 and its endogenous inhibitor 
TIMP-2 have received the most attention for glaucoma 
research [59]; however, also low amounts of MMP-3, 
‐7, ‐9, and ‐12 and TIMP-1 were detected in aqueous 
humor. In addition, we should not ignore the 
importance of LTBP-2 because because LTBP-2 is 
essential for the development of ciliary zonule 
microfibrils [60] and a mutation in LTBP-2 cause 
congenital glaucoma in a cat modle [61]. In summary, 
we should focus on studies on MMP and LTBP, 
especially MMP-2 and LTBP-2 in the study of how 
Matrix control of TGF-β paradox, transcriptionally, 
translationally and cyto-locationally at the beginning.  

In POAG, increased level of TGF-β2 are likely to 
induce trabecular meshwork ECM deposition [62]. 
Versican, a large extracellular matrix proteoglycan, 
can be upregulated by more than 4-fold in human TM 
cells with treatment of TGF-β, the increase of which is 
observed in ECM of glaucoma [63]. In addition, 
angiopoietin-like factor or cornea-derived transcript 6 
(CDT6) can be profoundly upregulated by TGFβ, 
which is in the same locus as GLC3B (glaucoma 3, a 

primary congenital glaucoma-associated gene) [63]. 
TGF-β1 and -β2 also increase the expression and the 
activity of the enzyme tissue transglutaminase [64, 
65], which induces irreversible cross-linking of 
trabecular meshwork fibronectin, found in higher 
amounts and activity in that of patients with POAG 
[65, 66], increasing trabecular meshwork stiffness that 
has been observed in POAG [67]. TGF-β2 signaling 
also influences the extracellular proteolytic system of 
the trabecular meshwork, as it induces the expression 
and activity of plasminogen activator inhibitor 
(PAI-1), which is a potent inhibitor of the activation of 
matrix metalloproteinases (MMP) [62]). Treatment of 
TM cells with TGF-β2 upregulates expression of PAI1 
and secretion of fibronectin, which is blocked by 
inhibitors of TGFβRI [46], suggesting that this event is 
probably mediated through non-canonical TGF-β 
signaling. Interestingly, higher than normal 
concentrations of PAI-1 have been observed in the 
aqueous humors of patients with POAG [68]. In 
addition, trabecular meshwork cells of POAG eyes 
demonstrate structures with features of actin geodesic 
domes called cross-linked actin networks (CLAN) 
and, more frequently, punctuate actin concentrations. 
Increased expression of CLAN has been demons-
trated in glucocorticoid-treated and glaucomatous 
cultured trabecular meshwork cells and outflow 
pathway tissues [69]. Recent data indicate that CLANs 
can also be induced in trabecular meshwork cells 
upon treatment with TGF-β2 [70], which can be used 
as a glaucoma marker in vitro [71]. The formation of 
CLAN in trabecular meshwork cells involves both the 
increased expression and the activation of αvβ3 
integrins [72].  

Two important in vitro models of induction of 
TM cells into glaucoma-like cells have been reported. 
Zhao et al. (2004) reported that primary human TM 
cells can be induced to glaucoma-like cells by 
culturing the cells on laminin coated silicone sheet in 
serum-free DMEM, treated with TGF-β1 or TGF-β2 (1 
ng/ml) for 72 h before sample collection [63]. The 
results show that TGF-β1/2 profoundly upregulates 
glaucoma markers such as versican and CDT6 [63]. 
Bouchemi et al. (2017) proposed P5 human TM cells 
are cultured in 3D Matrigel-embedded condition for 
15 days, treated with TGF-β2 (5 ng/ml) for 48 h [71]. 
Their results suggest that such a treatment promotes 
CLAN formation and intercellular space contraction 
[71], suggestive of successful induction of glaucoma 
like cells from TM cells [71]. Therefore, we suggest 
that we can establish an in vitro glaucoma model 
following these two key papers, in addition to other 
papers mentioned above, using versican, CDT6, 
transglutaminase, PAI1 and CLAN as the readout for 
the establishment of an in vitro glaucoma model. It is 
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unclear whether the expression of glaucoma markers 
is increased after a series of passages. It is also unclear 
whether we can induce TM cells into glaucoma TM 
cells by addition of TGFβ2 on the 2D Matrigel. If so, 
whether such glaucoma TM cells can be reversed to 
normal TM cells when cultured on 3D Matrigel.  

One interesting report [2] showed that passage 3 
TM cells that were isolated by collagenase digestion 
on a non-adhesive substrate in SCGM exhibited clonal 
growth and were multipotent including being able to 
be differentiated into adipose-like cells. However, the 
authors cannot induce passage 3 TM cells into 
keratocyte-like cells if cultured and expanded in 
SCGM. The authors claimed that if the cell aggregates 
isolated by collagenase digestion and cultured 
directly in keratocyte differentiation medium 
(advanced MEM, 10 ng/ml bFGF, 0.1 mM ascorbic 
acid), the cells have detectable karatocan by RT-PCR 
and immunostaining. Such a claim is questionable 
because the authors claimed that if the cell aggregates 
isolated by collagenase digestion and cultured 
directly in keratocyte differentiation medium, the 
cells have detectable karatocan by RT-PCR and 
immunostaining, but not the cells after passage. This 
raised the question that such induced “keratocytes” 
might actually from contamination of keratocytes 
during isolation because contaminated keratocytes 
may be eliminated after a series passages (for 
example, the results from P3 passage TM cells in Du’s 
case and in our results from P3 TM cells does not 
support such a claim). All Du’s findings were that TM 
cells could be induced into adipose like cells [2]. 
Therefore, it is important to thoroughly characterize 
TM progenitors using TM cell markers, embryo stem 
cell markers and neural crest progenitor markers.  

Conclusion 
Trabecular meshwork (TM) progenitors have 

stem cell characteristics and strong potential to 
differentiate into various types of cells such as corneal 
endothelial cells, chondrocytes and adipocytes. Those 
adult stem cells can be adopted as an effective therapy 
for glaucoma, blindness due to corneal endothelial 
dysfunction and other diseases as well. Therefore, the 
discoveries of human trabecular meshwork 
progenitor therapy may not only generate new 
applications for curing human eye blindness, but also 
provide the platform technology to the entire human 
medicine. 
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