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Abstract

Purpose: To support the growing promise of regenerative medicine in glaucoma, we characterized the simi-
larities and differences between human trabecular meshwork (HTM) cells and human mesenchymal stem cells
(hMSCs).
Methods: HTM cells and hMSCs were phenotypically characterized by flow cytometry. Using quantitative
polymerase chain reaction, the expression of myoc, angptl7, sox2, pou5f1, and notch1 was determined in both
cell types with and without dexamethasone (Dex). Immunosuppressive behavior of HTM cells and hMSCs was
determined using T cells activated with phytohemagglutinin. T-cell proliferation was determined using BrdU
incorporation and flow cytometry. Multipotency of HTM cells and hMSCs was determined using adipogenic
and osteogenic differentiation media as well as aqueous humor (AH). Alpha-smooth muscle actin (aSMA)
expression was determined in HTM cells, hMSCs, and HTM tissue.
Results: Phenotypically, HTM and hMSCs expressed CD73, CD90, CD105, and CD146 but not CD31, CD34,
and CD45 and similar sox2, pou5f1, and notch1 expression. Both cell types suppressed T-cell proliferation.
However, HTM cells, but not hMSCs, upregulated myoc and angptl7 in response to Dex. Additionally, HTM
cells did not differentiate into adipocytes or osteocytes. Culture of hMSCs in 20%, but not 100%, AH potently
induced alkaline phosphatase activity. HTM cells in culture possessed uniformly strong expression of aSMA,
which contrasted with the limited expression in hMSCs and spatially discrete expression in HTM tissue.
Conclusions: HTM cells possess a number of important similarities with hMSCs but lack multipotency, one of
the defining characteristics of stem cells. Further work is needed to explore the molecular mechanisms and
functional implications underlying the phenotypic similarities.

Introduction

A key contributor to the progression of primary open-
angle glaucoma is the reduction in outflow facility

through the human trabecular meshwork (HTM). HTM
cellularity is reported to decrease steadily throughout life,
and glaucoma is correlated with a more rapid decline.1–4

Taken together, these data have led to speculation that heal-
thy cell populations may be needed to maintain HTM func-
tion and outflow facility. The progressive loss of HTM cells
in vivo is puzzling considering the presence of dividing cells
in the HTM and animal TMs in response to injury,5–9 espe-
cially in the nonfiltering anterior region of the meshwork.5

Several researchers have speculated that this region, the so-
called insert region located near Schwalbe’s line, may contain
a progenitor cell population, which could be induced to dif-
ferentiate and repopulate the filtering HTM.10–14 Indeed, in
the spontaneous glaucoma beagle model, there is a marked
decrease of cells near Schwalbe’s line.15 These data point to
renewing the HTM cell population as a potential therapeutic
target for the treatment of glaucoma.

A knowledge gap exists, however, in our understanding
of the HTM cell progenitor pool and what distinguishes
progenitors from the mature HTM population. The root of
this problem rests in the poor classification of HTM cells.
While the HTM is known to express numerous genes, such
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as myocilin,16–19 angiopoietin-related protein 7,20–23 a-smooth
muscle actin (aSMA),24–26 chitinase-3-like-1,27–29 and aqua-
porin 1,30 none of these biomarkers are specific to the HTM. In
place of a unique gene expression signature, the identity of
HTM cells is frequently verified through their responsiveness
to glucocorticoids, such as dexamethasone (Dex). In a be-
havior that is thought to be a unique attribute of the HTM,
Dex treatment induces the upregulation of myocilin (myoc)
and angiopoietin-related protein 7 (angptl7) expression.31,32

Thorough characterization of HTM cells is the starting point
for understanding, and exploiting, the distinction between
mature and progenitor populations.

The ability of TM cell populations to regenerate in vivo
was first observed over 2 decades ago in a feline model after
TM cells were exposed to an inflammatory challenge via
zymosan injections.9 In this study, cellularity was acutely
decreased but ultimately recovered. Later work identified
cell proliferation, localized primarily in the anterior mesh-
work, after laser trabeculoplasty (LTP) in ex vivo human
models.5 Indeed, proliferation can lead to the failure of LTP
with some cases exhibiting the overgrowth of ‘‘cell sheets’’
into the intertrabecular spaces.7 Despite the knowledge of
the existence of a replicating population, research has yet to
uncover a method for utilizing this in the treatment of
glaucoma.

There is some evidence that these cells, or another pro-
genitor pool, have successfully been cultured. Gonzalez
et al. isolated ‘‘free-floating spheres’’ from HTM primary
cultures.11 Similar spheres have exhibited characteristics of
multipotent progenitors in other tissue culture systems,33–35

and the HTM free-floating spheres exhibited gene expres-
sion profiles similar to both cultured HTM cells and pro-
genitor cells. More recently, Du et al. isolated a side
population of primary HTM cells and characterized them as
lacking typical HTM markers and possessing multi-
potency.36 Importantly, these cells could be differentiated
into phagocytically active HTM cells through exposure to
aqueous humor (AH) or serum. As a demonstration of the
therapeutic potential of these cells, they were safely injected
in a mouse eye and localized to the TM, whereas similarly
injected fibroblasts were distributed throughout the eye.37

Although such results are very promising and offer direct
evidence of an adult stem cell pool within the TM, regen-
erative medicine in the HTM remains in its infancy. For-
tunately, there is a large and still growing body of research
on adult stem cells from which we can draw.

Adult stem cells are known to be expressed in numerous
tissues where they are thought to maintain a stable popu-
lation of cells and replenish the population after injury or
insult. A subset of adult stem cells, human mesenchymal
stem cells (hMSCs), are an attractive option for regenerative
medicine as they can be isolated relatively easily, can be
expanded readily in vitro, and possess multipotency. Ad-
ditionally, a growing body of clinical and animal studies
provides evidence of their safety and efficacy in vivo.38

There is agreement that hMSCs are CD73, CD90, CD105,
and CD146 positive, and CD31, CD34, and CD45 negative,
have trilineage potential (adipo-, osteo-, and chondro-genic),
and can suppress the proliferative response of T cells.39–43

Similar to HTM cells, Dex is known to have potent effects
on hMSCs. A recent report by Kwon et al. revealed that
hMSCs also exhibit myoc upregulation in response to Dex
and that myocilin induces osteogenesis.44 This work adds

potential insight to the long practice of using Dex to induce
in vitro differentiation of hMSCs.45,46

Tay et al. have recently reported the isolation of hMSCs
subsequent to collagenase digestion of TM. The isolated
cells possessed both the proper surface markers and trili-
neage potential characteristic of hMSCs.47 We have simi-
larly observed that HTM explant cultures exhibit several
characteristics similar to cultures of adipose-derived
hMSCs. There is a long incubation phase before cells mi-
grate from the tissue, and once they have exited the tissue,
HTM cells have a large expansion capacity, are plastic ad-
herent, and fibroblastic in appearance. All of these are
characteristics of hMSCs. The study reported herein was
undertaken to critically compare and contrast HTM cells
with adipose-derived MSCs in culture.

Methods

Isolation and culture of cells

All work involving human tissue was performed in a
manner consistent with the Declaration of Helsinki. Primary
cultures of TM cells (HTM) were isolated from donor hu-
man corneoscleral rims. Briefly, the iris and ciliary body
were removed from the corneoscleral rim, revealing the
meshwork. The meshwork was then carefully dissected out
of the tissue in 10- to 20-mm segments and placed with
0.2% Cytodex beads (Sigma) in Dulbecco’s modified Eagle
medium/Nutrient Mixture F-12 (50:50; DMEM/F12) sup-
plemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (P/S)/fungizone (Life Technolo-
gies). Cells that migrated out of the tissue were maintained
in supplemented DMEM/F12. Cultures were used up to
passage 7. All cultures used were confirmed as HTM by
myoc upregulation in response to 100 nM Dex. Equivolume
treatments of ethanol were used as a vehicle control.

Primary cultures of MSCs (hMSCs) were isolated and
cultured from donor adipose tissue as previously de-
scribed.48–50 Briefly, 10–13 g of fat was minced and rocked
at 37�C for 2 h in 50 mL of phosphate-buffered saline (PBS;
Invitrogen) with 0.1% collagenase/1% bovine serum albu-
min (Worthington) followed by centrifugation to remove the
lipid layer and repeated washes with PBS. Cell pellets were
resuspended with culture media DMEM (low glucose)
supplemented with 10% FBS and 1% P/S (Life Technolo-
gies), plated, and incubated at 37�C, 5% CO2. Cells were
passaged at 70% confluence and maintained in supple-
mented DMEM (low glucose).

Immortalized corneal fibroblasts [human corneal fibro-
blast (HCFs)] were kindly gifted by Dr. Jamie Jester.51 They
were maintained in supplemented DMEM (high glucose).
To induce differentiation into myofibroblasts, HCFs were
treated with 2 ng/mL transforming growth factor-b1 (TGF-
b1) (Sigma) for 48 h, similar to previous reports.51

Flow cytometry for surface antigens

Flow cytometric analysis of surface markers, CD31
(Clone: WM59; BD Pharmingen), CD34 (Clone: 581; BD
Pharmingen), CD45 (Clone: HI30; BD Pharmingen), CD73
(Clone: AD2; BD Pharmingen), CD90 (Clone: 5E10; BD
Pharmingen), CD105 (Clone: 266; BD Pharmingen), CD146
(Clone: 541-10B2; Milentyi Biotec), were performed as
previously described.52
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Isolation of mRNA and quantitative polymerase
chain reaction

Cells were washed with PBS, and mRNA was extracted
using RNeasy minikits (Qiagen) according to the manufac-
turer protocols. Concentration of mRNA was determined
using a NanoDrop (ThermoFisher). Quantitative polymerase
chain reaction (qPCR) was performed using the SensiFAST
Hi-ROX One-Step mastermix (BioLine). All reactions were
performed in triplicate. All assays were performed with
commercially available aptamers (Life Technologies) for
myocilin (myoc, Hs00165345_m1), angiopoietin-related pro-
tein 7 (angptl7, Hs00221727_m1), SRY (sex-determining
region Y)-box 2 (sox2, Hs01053049_s1), octamer-binding
transcription factor 4 ( pou5f1, Hs00999632_g1), notch 1
(notch1, Hs01062014_m1), aSMA (acta2, Hs00426835_g1),
and normalized to the expression of rRNA 18S
(Hs99999901_s1). The qPCR reactions were performed in a
StepOne qPCR machine (Life Technologies) with the fol-
lowing parameters: 30 min at 50�C followed by 10 min at
95�C and 40 cycles of 60�C for 1 min and 95�C for 15 s.

Isolation of protein and western blotting

HTM cells were washed with PBS and lysed using RIPA
buffer (ThermoScientific) containing the HALT protease/
phosphatase inhibitor cocktail (ThermoScientific) on ice.
The lysate was homogenized and centrifuged for 1 min to
remove cellular debris. Protein was quantified using a
modified Lowry assay (DC protein assay; Bio-Rad) with
bovine serum albumin as the standard. Protein was dena-
tured in NuPAGE sample buffer (Life Technologies) by
heating to 85�C. Approximately 40mg of protein was loaded
into wells of TGX 10% polyacrylamide precast gel (Bio-
Rad) for separation before transfer to polyvinylidene di-
fluoride membranes. The membranes were blocked using
milk diluent (KPL) for 1 h at 37�C. As a positive control for
Oct-3/4 expression, lysate from the F9 embryonal carcinoma
cell line was loaded at 5 mg of protein. Immunoblotting was
performed with anti-human Oct-3/4 (C-10; Santa Cruz
Biotechnologies) for 2 h at 37�C. Rabbit anti-human heat
shock protein-90 (HSP90; Cell Signaling) was used as a
loading control. Following primary antibody incubation and
washing, secondary antibodies conjugated with horseradish
peroxidase (HRP) were added for 1 h at 37�C. Bands were
detected using the WesternBright Quantum HRP substrate
(Advansta) and imaged using an ImageQuant 350 system
(GE Healthcare Life Sciences).

Differentiation assays

Cells (HTM and hMSC) were plated at 25,000 and
125,000 cells/well in 24- and 6-well plates, respectively,
and allowed to grow to *80% confluence (*1–3 days).
The cells were then switched to either induction or control
media and maintained for the specified time with media
changes every 3–4 days. For adipogenesis, control media
was DMEM (high glucose) supplemented with 10% FBS
and 1% P/S. Adipogenic media was control media further
supplemented with 500 mM 3-isobutyl-1-methyl-xanthine
(Sigma), 1 mM Dex (Sigma), 10 mg/mL insulin (Sigma),
and 10 mg/mL indomethacin (Sigma). For osteogenesis,
control media was DMEM (low glucose) supplemented
with 10% FBS and 1% P/S, and osteogenic media was the

Osteocyte Differentiation Tool (ATCC). For AH differen-
tiation experiments, the control media was DMEM (high
glucose) supplemented with 10% FBS and 1% P/S. The
experimental media were the control medium with 20%
sterile-filtered bovine AH, 100% bovine AH, or the oste-
ogenic medium. AH was removed using a 25-gauge
needle from enucleated bovine eyes shipped overnight on
ice (Pel-freez).

Adipogenesis was assayed using Oil Red O stain for
lipids. Briefly, the cells were washed with PBS and fixed in
4% formaldehyde in PBS for 20 min and washed again. The
cells were rinsed with 60% isopropanol (Fisher Scientific)
and then stained with 0.3% Oil Red O (Sigma) in 60%
isopropanol for 10 min. The cells were rinsed with 60%
isopropanol and PBS and then imaged.

Osteogenic potential was assayed using an alkaline
phosphatase activity stain. Briefly, the cells were washed
with PBS and fixed in 4% formaldehyde in PBS for 5 min
and washed again. The cells were then stained with 0.1%
naphthol AS-MX phosphate (Sigma) and 0.1% fast red vi-
olet LB (Sigma) dissolved in 56 mM 2-amino-2-methyl-1,
3-propanediol (pH 9.9; Sigma) for 15 min.

Differentiation into TM cells was assayed using a 3-day
Dex treatment followed by the measurement of the ex-
pression of myoc and angptl7 message expression as de-
scribed above.

Peripheral blood mononuclear cell
proliferation assay

Peripheral blood from a human donor was collected into
tubes containing acid-citrate dextrose (BD Biosciences).
Peripheral blood mononuclear cells (PBMCs) were obtained
by mixing 20 mL blood with 15 mL of PBS (Hyclone) and
subsequently underlaying with 10 mL Ficoll-Paque Plus (GE
Healthcare). The blood was centrifuged (500g, 20 min, no
brake), and PBMCs were isolated, washed with PBS (400g,
10 min), and resuspended in supplemented DMEM (low
glucose). The T-cell population of the PBMCs was subse-
quently enriched in nylon wool.53–55 Nylon wool (0.5 g;
Polysciences, Inc., Warrington, PA) was loaded into a
12-mL syringe, autoclaved, and then incubated in media for
1 h before the addition of PBMCs. PBMCs were layered
over the nylon wool in 2 mL of media and incubated at 37�C
for 1 h. The nylon wool was then washed with media. The
flowthrough was centrifuged (400g, 10 min). T-cell-enriched
PBMCs were resuspended in 5 mL media and kept on ice
until plating.

To prevent the proliferation of HTM and hMSCs, cells
were detached and 15 mL suspensions were placed in T75
flasks (Corning) and irradiated (10 Gy, Varian 2100C linear
accelerator, Varian Medical Systems, Inc.). After irradia-
tion, HTM and hMSCs were spun down (300g, 10 min) and
resuspended in supplemented DMEM (high glucose) and
kept on ice until plating.

Enriched T cells, HTM cells, and hMSCs were plated in
24-well plates (Falcon) at a ratio of 1:5 HTM/hMSC: en-
riched T-cells and were incubated with supplemented media
at 37�C, 5% CO2 for 4 days. To induce T-cell proliferation,
the cultures were treated with 5mg/mL phytohemagglutinin
(PHA; Sigma). T cells in monoculture with PHA were
considered to have the maximal rate of proliferation. In the
final 24 h of coculture, cells were treated with BrdU (1 mM)
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(BD Biosciences). Cells were collected and processed as per
the manufacturer directions (FITC BrdU Flow Kit; BD
Biosciences) and analyzed on a flow cytometer (Cytomics
FC500; Beckman Coulter). As it has been shown that the
nylon wool method of enrichment can increase the basal
level of T-cell activation,53 T cells in monoculture without
PHA were used as a basal control.

Immunohistochemistry and immunocytochemistry

For in vitro aSMA staining, cells were cultured on 13-mm
glass coverslips for 3 days. Cells were fixed in 4% formal-
dehyde in PBS (pH 7.0) for 20 min and permeabilized in
0.1% Triton X-100 for 5 min. Endogenous peroxidase in
cells was quenched by incubation with ice cold 0.3% H2O2

in PBS for 30 min. Blocking was performed in PBS con-
taining 10% superblock, 10% FBS, and 0.2% fish gelatin for
1 h at 37�C. Cells were then incubated with primary anti-
body (mouse anti-aSMA, 1:250 dilution; Sigma-Aldrich)
for 1 h at room temperature. They were rinsed 3 times in
PBS and incubated with secondary antibody (goat anti-
mouse DyLight 488 nm, 1:500 dilution; Fisher Scientific)
for 20 min at room temperature. All antibodies were pre-
pared in blocking buffer. F-actin in cells was stained by
incubation with AlexaFluor 568-conjugated phallodin for
15 min at room temperature, and nuclei were counterstained
with 4¢,6-diamidino-2-phenylindole (DAPI) (5 min). Cov-
erslips were briefly rinsed in deionized water and then
mounted onto glass slides using Mowiol with DABCO as
antifade.

For tissue staining, paraffin-embedded sections of cor-
neoscleral rim from a 51-year-old donor were incubated
twice in xylene for 6 min each. Deparaffinized sections were
saturated 3 times in 100% ethanol (1 min each) and suc-
cessively rehydrated in 95% ethanol (1 min) and 70% eth-
anol (1 min) in deionized water. Endogenous peroxidase was
quenched with ice cold 0.3% H2O2 in methanol for 30 min
and washed in PBS. Antigen retrieval was performed at
95–100�C in a steamer by incubation in 1 · saline–sodium
citrate (pH 6.0) buffer for 20 min. Sections were then cooled
to room temperature and rinsed in PBS containing 0.1%
Tween-20 (PBS-T). Blocking was performed in PBS con-
taining 10% superblock, 10% FBS, 0.2% fish gelatin, and
0.02% sodium-azide. Tissue sections were incubated in
primary antibody (mouse anti-aSMA, 1:200 dilution) or
PBS (negative control) overnight at 4�C. Sections were
washed twice in PBS-T and once in PBS and incubated with

secondary antibody (goat anti-mouse DyLight 488 nm,
1:500 dilution) for 45 min at room temperature. All anti-
bodies were prepared in blocking buffer. Sections were
washed twice in PBS-T and once in PBS, and nuclei were
counterstained with DAPI for 3 min at room temperature,
rinsed in deionized water, and mounted using glass cover-
slips with Mowiol with DABCO.

For both cultures and tissue sections, images were ob-
tained using a Zeiss Axiovert 200M inverted epifluorescent
microscope (Zeiss AG). Exposure times were consistent for
all samples.

Statistics

Pairwise testing between samples was performed using
Student’s t-test in SigmaPlot 11.0 (Systat). Pairwise signif-
icance is denoted with *, **, *** (P < 0.05; P < 0.01;
P < 0.001). In the case of myoc and angptl7 expression data,
### indicates the difference from the HTM control to the
P < 0.001 significance level. In the AH-treated sox2 and
pou5f1 expression data, ### indicates the difference from the
hMSC control to the P < 0.001 significance level. For the
immunosuppression data, pairwise comparisons were also
performed using Student’s t-test, and results are indicated as
mean – standard error in the text.

Results

Characterization of HTM cell surface markers

We examined the HTM cells for the expression of sur-
faces markers that are phenotypically characteristic of
MSCs to compare the 2 cell populations. We chose 3 neg-
ative markers (CD31, CD34, and CD45) and 4 positive
markers (CD73, CD90, CD105, and CD146) of hMSCs and
used flow cytometry to determine the percent of HTM cells
that expressed the markers. Surprisingly, HTM cells ex-
hibited surface marker expression remarkably consistent
with the hMSCs run as a positive control. As shown in
Fig. 1, 3 separate HTM isolations (50A, 50B, and 63A)
uniformly lacked the negative markers while expressing
high levels of the positive markers when compared to adi-
pose-derived hMSCs.

Expression of stem cell signaling molecules

Given the similarity between HTM and hMSC surface
protein expression, we then determined if they also expressed

FIG. 1. Human trabecular mesh-
work (HTM) cells express surface
markers consistent with human
mesenchymal stem cells (hMSCs).
Donor cells extracted from 3
meshworks (HTM 50a, 50b, and
63a; n = 3) all expressed positive
markers of hMSCs (CD73, CD90,
CD105, CD146) and did not ex-
press negative markers (CD31,
CD34, CD45). This was consistent
with the positive control of an adi-
pose-derived hMSC (hMSC; n = 1).
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stem cell-related genes. We chose 2 known transcription
factors important in maintaining pluripotency, sox2 and
pou5f1.56,57 We also chose notch1 as an important receptor
in differentiation and lineage commitment.58–60 Again, we
used hMSCs as a positive control. As we wished to compare
gene expression during typical culture, we cultured HTM
cells in DMEM/F12 and hMSCs in DMEM (low glucose),
as is routine practice in our laboratory. We observed
equivalent or higher expression at the message level in HTM
cells compared to hMSC cells (n = 6 and n = 3, respectively),
representative data shown in Fig. 2A. Additionally, as Dex
is used to induce differentiation in hMSCs,45,46 we treated
cells with 10 - 7 M Dex or vehicle control (EtOH) for 3 days.
Although we observed small, but significant, increases in
pou5f1 and sox2 with Dex in a single hMSC line (Fig. 2A),
we did not observe a consistent effect of Dex in 3 hMSC
lines and 6 HTM lines (Fig. 2B). Dex is also known to
induce the expression of myoc and angptl7 in HTM cells31,32

and has recently been reported to upregulate myoc in
hMSCs.44 As shown in Fig. 2C, HTM cells respond with a
dramatic upregulation of both genes while hMSCs have
lower basal levels of expression. All hMSCs exhibited an
increase in angptl7; however, only 1 of the 3 hMSC lines
increased myoc expression.

Expression of OCT4A protein in HTM cells

As pou5f1 is known to produce 2 gene products that can
be difficult to differentiate at the message level, commonly
referred to as OCT4A and OCT4B,61 we wished to deter-
mine if HTM cells expressed the pluripotency-associated
isoform, OCT4A. We used an antibody for OCT4A that is
nonreactive with OCT4B, and as a positive control we used
F9 embryonal carcinoma cell lysate. We observed positive
OCT4A immunostaining at the appropriate molecular
weight in 4 HTM cultures, although weaker than the F9
lysate control. A representative western blot including the
loading control HSP90 is shown in Fig. 3.

Immunomodulatory characteristics of HTM cells

hMSCs are well recognized for possessing immunomod-
ulatory properties.43 To test the extent with which HTM
cells also possessed this property, we cocultured HTM cells
with human enriched T cells activated with PHA. In T-cell-
only controls, PHA resulted in a dramatic increase in BrdU-
positive cells (0.23–59.6%; Fig. 4), which was effectively
repressed by coculture with 2 separate hMSC lines
(9.2 – 4.6%). HTM cells revealed similar immunomodula-
tory behaviors to the hMSCs, although it was highly passage

FIG. 2. HTMs and hMSCs have similar expression of self-renewal transcription factors but differ in Dex responsiveness.
(A) When compared to hMSCs, HTMs express equivalent or higher levels of the self-renewal/pluripotency genes sox2 and
pouf5f1. They additionally express similar levels of notch1, a transmembrane receptor known to be expressed by hMSCs
and important in differentiation (n = 3; representative results shown). (B) The expression of these proteins is not influenced
by 10 - 7 M dexamethasone (Dex) treatment when compared to the vehicle control (EtOH). Data mean – standard error of the
mean of cells from 3 (hMSC) and 6 (HTM) donors. (C) hMSCs (donors J, D, and H) myoc and angptl7 expression is far
lower than HTM cells and lacks the consistent and robust HTM response to Dex. Significance between EtOH/Dex indicated
with *, **, ***. Significance between HTM/hMSC indicated with ###. ‘‘n/e’’ indicates no reliable detectable expression.
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dependent. Low-passage (passage 3–4) HTM cultures sup-
pressed T-cell proliferation (18.7 – 4.2%) to a similar extent
as hMSCs (P = 0.23). However, later passage HTM cul-
tures (passage 7) inhibited T-cell proliferation (44.8 – 1.0%)
to a much lower degree compared to earlier passages
(P = 0.0172).

Differentiation assays

One of the most important characteristics of hMSCs is
their multipotency,42,43 or ability to differentiate into dis-
tinct cell types, including adipocytes and osteocytes. We
wished to determine if explant HTM cultures could likewise
differentiate, similar to a previous report.47 To this end, we
maintained HTM and hMSC cells in adipogenic or osteo-
genic media for 19 days. The cells were then fixed and
stained for lipid content or alkaline phosphatase activity,
respectively. hMSCs (n = 3) demonstrated altered morphol-
ogy and positive staining consistent with differentiation into
adipocytes and osteocytes (Fig. 5). HTM cells (n = 3) ex-
hibited minor morphological changes in the differentiation
media compared to control media but were negative for lipid
or alkaline phosphatase activity. This demonstrates that they
were either already committed to the HTM lineage or that
their potential differentiation fates do not include adipose
and bone.

To test the capacity of hMSCs to differentiate into HTM
cells, we cultured hMSCs in AH. AH has previously been
shown to induce myoc expression and secretion62,63 and to
differentiate TM-derived stem cells (TMSC) into HTM
cells.36 We used a 3-day Dex induction of myoc and angptl7
expression as markers for successful HTM differentiation,
as these are known characteristics of HTM cells, and hMSCs

FIG. 3. HTMs express low levels of the OCT4A isoform.
When compared to the highly expressing F9 embryonal
carcinoma cell line, HTM cells exhibit distinct, albeit lim-
ited, immunostaining at the appropriate molecular weight.
For clarity of the HTM band, the F9 control was over-
exposed. Heat shock protein-90 (HSP90) used as a loading
control. Blot representative of 4 HTM cultures.

FIG. 4. HTM cells have a passage-dependent immunomodulatory effect. (A) Log BrdU fluorescence (horizontal axis) and
forward scatter (vertical axis) flow cytometry data. T cells in monoculture have limited proliferation without phytohe-
magglutinin (PHA) and substantial proliferation with PHA. The effect of PHA is inhibited by coculture with hMSCs or
HTM cells. (B) Quantification of BrdU-positive cells for the different experimental conditions. HTM cells exhibited a
passage-dependent immunomodulatory effect. Color images available online at www.liebertpub.com/jop
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do not have this response in our experiments (Fig. 2). At 14
days, with Dex treatment for the final 3 days, both 20% and
100% AH treatments did not increase the basal level of
myoc or angptl7 expression to HTM levels (Fig. 6A). There
was no detectable basal angptl7 expression in the AH cul-
tured samples. Likewise, there was no increase of myoc after
Dex treatment. Expression of angptl7 did increase after
Dex treatment; however, this behavior was not influenced by
AH culture.

We did observe altered morphology of the AH-treated
hMSCs, suggesting that they may have differentiated. We
assayed for the expression of pluripotency markers pou5f1
and sox2 and found them to be significantly decreased after
culture in 20% AH, regardless of Dex treatment (Fig. 6B).
100% AH treatment did not alter the expression of either
gene. We also observed a Dex-dependent decrease of pou5f1
and sox2 and notch1 in most cases. As sox2 is known to
negatively regulate osteogenic differentiation of MSCs64–66

and is decreased during osteogenesis,66 we wished to test
whether AH had increased the osteogenic potential. We
again cultured hMSCs (n = 3) in AH for 11 days before
assaying for alkaline phosphatase activity. As a positive
control, we additionally cultured cells in osteogenic media.
20% AH, but not 100% AH, resulted in a dramatic increase
in alkaline phosphatase activity, comparable with the oste-
ogenic media (Fig. 6C). Similarly, cultured HTM cells
(n = 2) did not exhibit alkaline phosphatase activity and re-
mained Dex responsive (not shown).

Expression and localization of SMA

As aSMA is considered a marker for HTM24–26 but is not
broadly expressed in undifferentiated adipose-derived
hMSCs,67–70 we then determined the expression of aSMA
in these cells. Cultured HTM cells were strongly positive
for aSMA, whereas only a subpopulation of hMSCs were

positive (n = 3; representative results shown in Fig. 7A). To
further characterize the expression level of aSMA in HTM
explant cultures, we compared acta2 (aSMA) mRNA ex-
pression in HTM cells to a known strongly expressing cell
type, immortalized corneal fibroblasts (HCFs) treated with
2 ng/mL TGFb for 48 h.51 HTM cells displayed comparable
expression to the myofibroblasts, further demonstrating their
robust expression (n = 2; representative results shown in Fig.
7B). As previous reports have identified a heterogeneous
distribution of aSMA-positive cells in the TM,25,26 we
wished to compare our in vitro aSMA staining with cells in
HTM tissue using immunohistochemistry. We stained a
donor corneoscleral rim for aSMA (n = 1; Fig. 7C). Con-
sistent with previous results, there was prominent immu-
noreactivity in the ciliary body and posterior meshwork,
with weak staining throughout the remainder of the TM.
Staining increased in the anterior meshwork (Fig. 7C¢), and
isolated cells in the insert region were brightly labeled
(Fig. 7C¢¢).

Discussion

Results from the studies performed are consistent with
previous reports identifying stem-like properties among
cells resident in the HTM.11,36,37,47 These properties include
a surface antigen signature consistent with hMSCs and high
expression of the pluripotency and self-renewal markers
pou5f1 and sox2. Importantly, and similar to hMSCs, HTM
cells also display potent and passage-dependent immuno-
suppressive behavior. Although sharing these important at-
tributes with hMSCs, HTM cells failed to differentiate along
known hMSC lineages when given the appropriate culture
environment. In aggregate, these findings suggest either
terminal differentiation of the HTM cells or that HTM cells
possess distinct potential lineages from hMSCs. To further
explore the cell fate relationships between hMSCs and HTM

FIG. 5. HTM cells do not differentiate into adipocytes or osteocytes. HTM cells and hMSCs were exposed to adipogenic
and osteogenic media for 19 days. Adipogenic and osteogenic differentiation of the hMSCs was indicated by the presence of
lipids and alkaline phosphatase, respectively. HTMs did not stain for lipids or alkaline phosphatase with or without
differentiation stimulus. Scale bar is 50 mm. Color images available online at www.liebertpub.com/jop
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cells, we attempted to differentiate hMSCs using AH and
found that AH promoted osteogenic, but not trabecular,
potential. As an additional characterization of HTM cells,
we found them to strongly express aSMA. This further
distinguishes them from hMSCs and is suggestive of deri-
vation from the anterior nonfiltering meshwork and insert
region near Schwalbe’s line, thought to harbor the HTM
progenitor populations.

A primary objective of this study was to broaden the
known phenotype of HTM cells to better enable their iso-
lation and identification. Cells isolated from the HTM pos-
sess a similar surface antigen signature to hMSCs (Fig. 1),
consistent with a previous report.47 We note that our study
used a different HTM isolation and culture method yet
yielded similar results. An important caveat is that this
surface antigen signature, while meeting the current con-
sensus on hMSC markers,42,43 is not unique.40 The verifi-

cation of the hMSC identity requires this surface antigen
signature combined with a trilineage potential when pro-
vided the appropriate culture environment, a condition that
HTM cells did not meet. To further compare these 2 cell
types, we used a known behavior of HTM cells, that is, the
upregulation of myoc and angptl7 in response to Dex. HTM
cells had high basal expression of myoc and angptl7 and
additionally exhibited strong upregulation of these proteins
by Dex treatment, whereas hMSCs had a significantly lower
basal expression of these genes and inconsistent Dex-
responsiveness (Fig. 2C). These results provide both a sur-
face antigen signature of HTM cells and a crucial distinction
between the phenotypically similar HTM cells and adipose-
derived hMSCs. We note, however, a recent publication
reports myoc Dex-responsiveness in hMSCs,44 a finding
not congruous with our studies. The discrepancy in results
may be due to the length of Dex exposure (we used 3-day

FIG. 6. Aqueous humor does not differentiate hMSCs into HTM cells. (A) Expression of myoc and angptl7 mRNA remained
lower than control HTM cells. Additionally, there was a limited and inconsistent response to 100 nM Dex. (B) Pluripotency factors
sox2 and pou5f1 were significantly decreased by culture in 20% bovine aqueous humor (AH) but not 100% AH. Expression of
notch1wasunaffectedbyeithermedia.Inallcases,100 nMDextreatmentreducedtheexpressionofsox2 incontrolmediaand100%
AH, and notch1 and pou5f1. Significance between EtOH/Dex indicated with *, **, ***. Significant difference from HTM control
(for myoc/angptl7) or from control hMSC (for sox2/pou5f1) indicated with ###. ‘‘n/e’’ indicates no detectable expression. (C)
AlkalinephosphatasestainingofhMSCs.Minimalstainingisobservedincontrolor100%AHculturedcells,butprominentstaining
is observed in 20% AH and osteogenic cultures. Scale bar is 50mm. Color images available online at www.liebertpub.com/jop
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exposure, whereas Kwon et al.44 observed a Dex response at
4 days, but no response at 2 days, and tests at day 3 were not
reported), differences between message and protein (we
assayed mRNA, whereas Kwon et al. used western blotting),
or the source of hMSCs (adipose vs. bone marrow derived).

In addition to the similarity in surface antigens between
hMSCs and HTM cells, there are other indications of po-
tential stemness of HTM cells. They also expressed pou5f1,
sox2, and notch1 at similar levels to hMSCs (Fig. 2A). It is
important to note that we were attempting to assay the gene
expression under standard culture conditions, and thus, the
hMSCs and HTM cells were cultured in DMEM (low glu-
cose) and DMEM/F12, respectively. The different formu-
lations (especially glucose levels) could certainly influence
gene expression, but the data are representative of the gene
expression during routine culture. These data are sugges-
tive of the self-renewal capability and pluripotency,71,72 but

there are several important caveats. There are 2 gene
products of pou5f1 and only one has been linked to plur-
ipotency, and the expression of pou5f1 in hMSCs is cur-
rently under debate.61 While we observed the expression of
the pluripotency-linked pou5f1 gene product OCT4A at the
protein level, the expression was far lower than a known
positive cell line (Fig. 3). This could be explained by low
expression or expression limited to a subpopulation of cells
similar to those observed by Du et al.36 Expression of sox2
is considered a key factor in self-renewal and pluripotency
in embryonic stem cells,71,72 the maintenance of adult stem
cell/progenitor populations73,74 and inducing pluripotency in
induced pluripotent stem cells.75,76 However, sox2 has been
implicated in additional roles in differentiation with a recent
report identifying the importance of sox2 expression in hMSC
osteo/adipo lineage selection.66 That study found that sox2
inhibited osteogenesis through Wnt antagonism and that both
differentiated adipocytes and adipose tissue maintained high
levels of sox2 expression. Taken together, these data docu-
ment roles beyond self-renewal, and further studies will be
required to detail the specific role of sox2 in the HTM.

Immune modulation is another important characteristic of
MSCs, although it is shared by other cell types, including
fibroblasts.77 To the best of our knowledge, our results are
the first to document HTM cells to have immunosuppressive
attributes. We found early passage HTM cells inhibit lym-
phocyte proliferation comparable to hMSCs (Fig. 4). The
functional ramifications of this in vivo remain to be ex-
plored, but this finding does fit into the larger picture of
immune function of the eye. Rat TM has been reported to
host dendritic cells and potential antigen-presenting cells.78

HTM cells have previously been reported to express major
histocompatibility complex (MHC) proteins79,80 and have
been speculated to play a role in anterior segment-associated
immune deviation,80,81 an intricate system where antigens
presented in the eye result in systemic suppression of im-
mune response to that antigen.81,82 Additionally, the ex-
pression of MHC proteins in equine TM cells is increased in
equine recurrent uveitis,83 suggesting that the TM is re-
sponsive, if not contributory, to the immune status of eye.
Especially relevant to the current study, AH has been
identified as a key component of the immunosuppressive
environment of the eye and specifically has been found to
limit immune cell proliferation and activity.84–90 Taken to-
gether with the results of this study, these data suggest that
HTM cells may secrete soluble factors that contribute to the
immunosuppressive nature of AH and to the immune priv-
ilege of the eye as a whole.

We additionally observed decreased immune suppression in
2 extended passage HTM cultures, which is consistent with a
previous report concerning hMSCs.91 In the study by Liu and
colleagues, changing cytokine activity in the media accounted
for the difference. It is possible that HTM cells likewise se-
crete a changing profile of cytokines with increased passage.
As there is also a loss of differentiation capacity with extended
culture,92 it is possible that loss of immune suppression is
linked to a loss of stemness. As hMSCs in that report tolerated
several more passages than the HTM cells in this study, this
may suggest that HTM cells are isolated in a partially or
totally differentiated state, although other variables, such as
donor age, could also explain the differences.

Our results also differ from previous literature concern-
ing stem-like cells in the HTM, leading to a complex

FIG. 7. HTM cells express a-smooth muscle actin (aSMA).
(A) Fresh HTM explant cultures stain strongly positive for
aSMA, whereas hMSCs have sparse immunoreactivity. (B)
HTM explant cultures have higher mRNA expression than
transforming growth factor-beta-treated human corneal fibro-
blasts (HCF + ). Untreated human corneal fibroblasts are used
as a negative control (HCF - ). Significance between groups
indicated with ***. (C) The HTM stains weakly positive for
aSMA overall. Ciliary muscle exhibits strong immunoreac-
tivity, which is diminished in the posterior meshwork, but the
anterior meshwork (C¢) and the insert region (C¢¢) display in-
dividually strongly immunoreactive cells. Scale barsare 50mm.
Color images available online at www.liebertpub.com/jop

262 MORGAN ET AL.



intersection of stem-like and HTM-like behaviors. Multi-
potency is one of the most important hMSC characteristics
and has been reported in both the TMSCs of Du et al.36,37

and the HTM-MSCs of Tay et al.47 Our isolates, however,
lacked adipogenic and osteogenic capacity (Fig. 5), con-
firming that they are distinct from hMSCs. Both TMSCs and
HTM-MSCs possess multipotency, whereas the cells de-
scribed herein did not. Conversely, these cells and HTM-
MSCs possess HTM markers (eg, myoc, angptl7, chi3l1),
whereas TMSCs do not.

Although HTM cells were clearly not multipotent
hMSCs, we were struck by the numerous similarities de-
scribed above and hypothesized that hMSCs may have a
potential HTM differentiation pathway. As Du et al.36 has
shown that TMSCs differentiate to TM cells in AH, we
attempted a similar experiment with hMSCs. Our prelimi-
nary assay for HTM, myoc/angptl7 upregulation in response
to Dex revealed that the hMSCs had not differentiated into
HTM (Fig. 6). However, AH did potently increase alkaline
phosphatase activity in hMSCs, but only when combined
with supplemented media (Fig. 6). Although we observed
robust cell growth in pure AH, aqueous is nutrient poor and
unbuffered compared to supplemented media. A likely
possibility is that culturing in pure aqueous prevents dif-
ferentiation through starvation, pH imbalance, or the lack of
key growth factors provided by serum. Although further
work is needed to fully characterize the components of
aqueous responsible for differentiation, one likely candidate
is myocilin, which is a component of aqueous93,94 and has
been recently identified as a stimulant of osteogenesis of
hMSCs.44

As a final characterization of the HTM explant cultures,
we stained passage 0 HTM cells and hMSCs for aSMA,
finding uniformly strong immunolabeling in the HTM cells
but only scattered reactivity in hMSCs (Fig. 7A). This is
consistent with previous reports for both the HTM24–26 and
hMSCs67–70 and serves as a further cellular attribute for
differentiation between the cell types. Strikingly, HTM cells
also expressed several times more acta2 than myofibro-
blasts, known to be strongly positive for aSMA.51 These
data point to strong uniform expression in HTM cultures,
but these results conflict with the focal immunoreactivity
reported in tissue sections,25,26 which we also observed in a
representative donor corneoscleral rim (Fig. 7C). While
broader expression may be found in younger individuals,26

reports conflict on this,25 and our typical HTM cultures tend
to be isolated from older donors. Taken together, these data
point to 1 of the 2 possibilities. One, the expression of
aSMA is induced during in vitro HTM culture, or two,
explant culture selectively isolates the aSMA-positive cells.
As aSMA-positive cells can be enriched in anterior mesh-
work26 (Fig. 7C¢) and insert region (Fig. 7C¢¢), regions
thought to contain a progenitor population capable of pou5f1
and sox2 expression,10–14 it may be possible that aSMA
expression correlates with progenitor status in HTM cells.
Of course, without better characterization of both progeni-
tor and mature HTM populations, this is currently just a
hypothesis.

In conclusion, the current study provides additional cel-
lular attributes enabling the characterization of isolated TM
cells through cell surface markers, cytoskeletal constituents,
and transcription factor expression. We additionally re-
ported for the first time potent immunomodulatory effects of

HTM cells and the increase of alkaline phosphatase in
hMSCs following AH treatment. These exciting findings
open up new avenues of research in immune function and
regenerative medicine of the eye.
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