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Abstract

Glaucoma is a leading cause of irreversible blindness worldwide. Reducing intraocular pressure is
currently the only effective treatment. Elevated intraocular pressure is associated with increased
resistance of outflow pathway, mainly the trabecular meshwork (TM). Despite great progress in
the field, the development of novel and effective treatment for glaucoma is still challenging. In this
study, we reported that human induced pluripotent stem cells (iPSCs) can be cultured as colonies
and monolayer cells expressing OCT4, alkaline phosphatase, SSEA4 and SSEA1. After induction
to NCCs positive to NGFR and HNK1, the iPSCs can differentiate into TM cells. The induced
iPSC-TM cells expressed TM cell marker CHI3L1, were responsive to dexamethasone treatment
with increased expression of myocilin, ANGPTL7, and formed CLANSs, comparable to primary
TM cells. To the best of our knowledge, this is the first study that induces iPSCs to TM cells
through a middle neural crest stage, which ensures a stable NCC pool and ensures the high output
of same TM cells. This system can be used to develop personalized treatments using patient-
derived iPSCs, explore high throughput screening of new drugs focusing on TM response for
controlling intraocular pressure, and investigate stem cell-based therapy for TM regeneration.
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Introduction:

Vision is one of the most critical senses humans require. Glaucoma is a disease that destroys
people’s ability to see the world. It is characterized as a chronic optic neuropathy leading to
irreversible vision loss. Increased intraocular pressure (IOP) is the main risk factor of
glaucoma, and causes retinal ganglion cell death and vision loss[1]. Primarily, increased I0P
is related to increased outflow resistance of the conventional outflow pathway, mainly the
trabecular meshwork (TM)[2]. In primary open-angle glaucoma patients, the TM cellularity
is reduced, which results in reduced physiological function of TM tissue and enhanced
aqueous humor outflow resistance[3,4]. Therefore, restitution of TM cellularity represents a
promising approach for glaucoma treatment. Researchers are exploring possible stem cell
therapies using trabecular meshwork stem cells (TMSCs), mesenchymal stem cells, or iPSCs
to restore TM structure and function [5-12]. All these studies used animal models and
indicate that stem cell-based therapy for glaucoma is feasible. However, there is a need for
an unlimited cell source for in vitro TM cellular models to explore the mechanisms of stem
cell therapy. It could be used in the discovery of novel drugs for glaucoma, which can
circumvent the need for maintenance and sacrifice of so many animals. iPSCs offer an
uninhibited approach to addressing this need as these cells can be derived in large quantities
by using any somatic cells and transfecting them with Yamanaka factors OCT4, KLF4,
SOX2, and cMyc[13]. These patient-specific iPSCs can be induced to differentiate into TM
cells, hence yielding a readily available population of patient-specific TM cells for
autologous transplantation or disease modelling to test novel drugs. iPSCs have the ability to
differentiate into TM cells and reduce 10P ex vivo or in vivo [6-8]. Since the TM cells arise
from the neural crest during embryonic development[14], we hypothesize that iPSCs can be
induced to differentiate into neural crest cells (NCCs) first which maintain a stable cell pool
for further differentiating into TM cells with high output. This will ensure the same TM cells
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for developing personized therapies and new drug screening. Researchers have discovered
that NCCs can be derived from iPSCs [15], but there have been no studies to date reporting
the differentiation of NCCs to TM cells in vitro. In this study, we have used a novel
approach to differentiate human iPSCs into TM cells via an intermediate NCC stage, using
conditioned media and extracellular matrix (ECM) from primary human TM cells. These
differentiated human iPSC-TM cells offer a valuable resource for mechanistic studies of
stem cell therapy, high throughput novel drug discovery, and autologous cell transplantation
to restore TM cellularity in glaucoma.

Material and Methods:

Cell culture:

Human iPSCs were reprogramed from human dermal fibroblasts and characterized
previously[16]. Then, the iPSCs were cultured using mTeSR medium (STEMCELL
Technologies) supplemented with FGF2 beads (StemCultures) to maintain a concentration
of FGF2 at 100ng/ml, on Matrigel (Corning)-coated plates without feeder cells. Medium
was changed every third day or alternate day depending on the colony confluence. iPSC
colonies were passaged by manually separating colonies into small pieces using a StemPro
EZPassage tool (ThermoFisher). Primary TM cells were cultured as previously described
[9]. TM conditioned medium and TM cell-derived ECM were prepared as reported[12]. The
study was conducted under an Institutional Biosafety Committee protocol approved by
University of Pittsburgh.

Cell differentiation:

For induction into NCCs, iPSC colonies were first dissociated by incubation with Accutase
and seeded on Matrigel-coated plates and cultured as a monolayer in mTeSR. The cells were
passaged onto plates coated with A549 cells (a kind gift from Dr. James Funderburgh,
University of Pittsburgh)-derived ECM in mTeSR for 3 days and switched to N2B27
medium with 100 mM Rho kinase inhibitor Y27632 to induce NCC differentiation for 10
days. N2B27 medium consisted of Neurobasal: DMEM/F12 (1:1) supplemented with 2%
B27, 1% N2, 100X Glutamax, 100U/ml penicillin, and 100mg/ml streptomycin (Invitrogen).
NCCs were characterized by flow cytometry and immunofluorescent staining for neural
crest markers NGFR (CD271) and HNKZ1. After induction, NCCs were dissociated using
Accutase and seeded on TM ECM-coated cell culture plates. TM-ECM was generated by
completely lysing confluent TM cells using 0.02 N ammonium hydroxide + 0.05% Triton X
100 for 5 minutes[12]. TM-ECM coated plates were immediately used or stored at —20°C
until future use. The medium used for TM differentiation was TM cell conditioned medium:
DMEM/F12 (1:1) with 10% FBS. Cells were induced 10-14 days until clear morphological
changes were observed. Post differentiation, iPSC-TM cells were characterized by
immunofluorescent staining for TM cell marker CHI3L1 and confirmed by responsiveness
to dexamethasone (Dex) treatment. iPSC-TM cells were treated with 100nM Dex (Sigma-
Aldrich) for 5 days for assessment of CHI3L1, myocilin ANGPTL7 expression by gPCR/
immunofluorescent staining, or 14 days to detect cross-link actin networks (CLANS) by
phalloidin staining.
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Flow cytometry:

Differentiated NCCs were dissociated using Accutase, blocked with 1% bovine serum
albumin, and stained with antibodies NGFR-APC and SSEA4-FITC for 30 minutes in dark.
The stained cells were acquired using FACS Aria Instrument. At least 2x10% events were
recorded per tube. Data analysis was performed using FlowJo V10 software.

Immunofluorescent staining:

Cells were cultured on coverslips and fixed with 4% paraformaldehyde. Cell
permeabilization was achieved using 0.1%Triton X-100 incubation for 20 minutes and
blocking with 1% BSA for one hour. Cells were treated overnight at 4°C with primary
antibodies for OCT4-FITC (SantaCruz Bioscience), alkaline phosphatase-PE, SSEA4-APC
(eBioscience), SSEA1-PerCP (Biolegend), HNK1-PECY7 (Invitrogen), NGFR-APC (BD
Pharmingen), CHI3L1 (R&D Systems), and myocilin (SantaCruz). Phalloindin-555 was
used to stain F-actin and DAPI was employed as a nuclear stain and samples were acquired
using laser scanning confocal microscope (Olympus).

Real-time PCR:

RLT buffer was used for lysis of cultured cells and an RNA purification kit (RNeasy Mini
Kit, Qiagen) was used for isolation of total RNAs. RNAs were reverse transcribed using
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). SYBR green
(Applied Biosystems) chemistry was used for gPCR. Primer3 was used to design primers for
Housekeeping gene 18S rRNA (Forward: CCCTGTAATTGGAATGAGTCCAC, Reverse:
GCTGGAATTACCGCGGCT), myocilin (forward: AAGCCCACCTACCCCTACAC;
reverse: TCCAGTGGCCTAGGCAGTAT), CHI3L1 (forward:
CCTTGACCGCTTCCTCTGTA,; reverse: GTGTTGAGCATGCCGTAGAG), ANGPTL7?
(forward: GCACCAAGGACAAGGACAAT; reverse: GATGCCATCCAGGTGCTTAT).

Statistical analysis:

Results were presented as mean + standard deviation (SD). The statistical differences were
analyzed by t-test or one-way ANOVA followed by Tukey posttest using PRISM. p< 0.05
was considered to be statistically significant.

Results:

iPSCs expressed pluripotent stem cell markers in feeder-free culture condition and as
monolayer.

iPSCs were initially cultured and passaged on feeder cells and then switched to Matrigel
without feeders. After more than ten passages on Matrigel, they still maintained colonies
with the diameter of more than 600mm and expressed pluripotent stem cell markers OCT4,
alkaline phosphatase, SSEA4, and SSEA1 (Fig 1). After Accutase digestion, iPSCs were
cultured as monolayer maintained the expression of OCT4, alkaline phosphatase, SSEA4,
and SSEAZ1, as shown in Fig 2. Within the monolayer cells, a few cell clusters failed to
express those pluripotent stem cell markers.
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iPSCs could differentiate into NCCs.

Based on the fact that TM cells originate from neural crest, our plan was to induce
monolayer cultured iPSCs into NCCs first and then into TM cells. Monolayer iPSCs were
negative to neural crest markers NGFR and HNKZ1 (Fig 3A) in undifferentiated state. After
induced on A549 cell-derived ECM in N2B27 + Y27632 induction medium, iPSCs
differentiated into NCCs (iPSC-NC) as indicated by expression of NGFR and HNK1 (Fig
3B) by immunofluorescent staining. After induction, the iPSC-NC cells had reduced
expression of SSEA4 and increased expression of NGFR by flow cytometry (Fig 3C). These
experiments were repeated twice (n=6 of each cell type) and the percentage of positive
expression cells was averaged and compared (Fig 3D). Pluripotent stem cell marker SSEA4
was significantly reduced after neural crest differentiation from 85.8+3.9% to 21.1+6.5%
and NCC marker NGFR was significantly increased from 30.4+2.6% to 84.9+6.0% (mean
+SD, Fig 3D). These iPSC-NC cells could be successfully passaged while maintaining the
expression of NGFR.

iPSC-NC cells could differentiate into TM-like cells.

After iPSC-NC cells were induced on TM cell-derived ECM with TM cell-conditioned
medium, they displayed TM cell characteristics. The differentiated cells (iPSC-TM)
expressed TM cell marker CHI3L1 and reduced the CHI3L1 expression after treatment with
Dex for 5 days (Fig 4A). Treatment with Dex increased myocilin expression (Fig 4B). The
F-actin of iPSC-TM cells after 100 nM Dex treatment for 14 days formed CLANs
presenting polygonal actin networks making up spokes (Fig 4C). gPCR results (Fig 4D)
show that CHI3L1 expression was reduced in iPSC-TM cells after Dex treatment, similar to
primary TM cells treated with Dex. After Dex treatment, primary TM cells dramatically
increased the expression of myocilin and ANGPTL7 in comparison with primary TM cells
without Dex treatment. The increase of myocilin and ANGPTL7 expression after Dex
treatment in iPSC-TM cells was also statistically significant as compared to iPSC-TM cells
without Dex treatment, although the increase was not as high as primary TM cells (Fig 4D).

Discussion:

In this study, we reported that iPSCs could differentiate into NCCs (iPSC-NC) with high
efficiency as an intermediate stage which can be further induced to differentiate into
trabecular meshwork (iPSC-TM) cells using a novel biological approach. The iPSC-NC cells
can be passaged and stored for further induction which ensures the resource of getting same
TM cells for further studies, such as drug screening, cell therapy, as well as studying
mechanisms of TM regeneration for glaucoma.

iPSCs can be reprogrammed from any type of somatic cells with expression of pluripotency
markers OCT4, SSEA4, SSEA1, Notchl [17,18]. Spontaneous or induced differentiation of
iPSCs results in the loss of these markers [19]. Previous reports have demonstrated the
maintenance of pluripotency markers in non-colony monolayer cultures of embryonic stem
cells [20]. The standard procedure of iPSC/ESC culture in colonies results in slow
expansion, introduction of heterogeneity in cell population[21], and chromosomal
abnormalities[22,23]. Contrastingly, growth in monolayer for differentiation can produce a
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more uniform and homogeneous culture which can enhance the efficiency to terminal
differentiation[24,25]. In our study, iPSCs maintained the expression of pluripotency
markers after monolayer culture, indicating that monolayer iPSCs retained their stem cell
characteristics.

For TM induction, we first induced monolayer iPSCs to NCCs since NCCs migrate to the
eye to form different eye structures including the TM during ocular development[26,27].
NGFR is an important marker of NCCs[28]. HNK1 is a predominant epitope expressed in
migrating NCCs[29]. Coculture with mouse stromal PAG cells was used to induce human
embryonic stem cells into NCCs[30]. Here, we induced neural crest differentiation by
culturing monolayer iPSCs on A549 cell-derived ECM in the presence of N2B27 and
Y27632 for 10 days. Increased expression of NGFR and HNK1 after induction indicated that
iPSCs could successfully differentiate into NCCs in such a condition. A549 cells can secret
laminin-511 into conditioned medium[31] and laminin-511 can induce iPSC differentiation
into cells of neural crest, neural and retinal origin by interaction with various integrin
receptors[32]. Here we report that A549 ECM can effectively induce iPSCs to differentiate
into NCCs which might be associated with laminin-511.

Use of paracrine factors in conditioned media offers an attractive biological approach for
differentiation of stem cells into desired lineage [12,33]. In this study, we cultured iPSC-NC
cells on TM cell-derived ECM with TM cell conditioned medium and successfully induced
TM differentiation. These induced iPSC-TM cells expressed CHI3L1 and responded to Dex
treatment with increased expression of myocilin and ANGPTL7. CHI3L1 is an important
marker of TM cells[34-36], which is employed in ECM remodeling and its expression levels
are changed during endoplasmic reticulum stress[37]. Using this approach, iPSC-TM cells
showed a robust expression of CHI3L1, indicating the efficient differentiation of iPSC-NC
into functional TM cells. Mutations in myocilin gene have been associated with juvenile and
adult onset of POAGI38]. In primary TM cells, overexpression of ANGPTL7 modulated
ECM proteins and matrix metalloproteases, resulting into increased deposition of ECM, re-
orientation of fibrillary assembly of fibronectin, and increased expression of steroid
responsiveness genes[39]. Treatment of TM cells with Dex induces glaucoma-like symptoms
with increased TM stiffness[40], elevated expression of myocilin, and reorganized F-actin to
form CLANSs[12,41-44]. After Dex treatment, increased expression levels of both myocilin
and ANGPTL7 and CLAN formation in iPSC-TM cells, further indicated the functional
differentiation of iPSC-NC to TM cells.

Other groups have reported successful induction of iPSCs into TM cells [6-8,45] by
coculturing iPSCs with primary TM cells to induce TM differentiation directly from iPSCs
without an intermediate stage. Our study with two steps consisting of iPSCs to neural crest
then to TM cells, mimicking the events during embryonic differentiation, offers a more
amenable approach for TM cell differentiation and ensures the stable cell resource with the
storable neural crest stage. This is consistent with a previous report that human pluripotent
stem cells cultured in N2B27 medium with TGF-p inhibition withdrawing for ten days
differentiated into promigratory NCCs[28]. These cells maintained their differentiation
capacity even after 20 passages, suggesting the generation of stable NCCs. Furthermore, use
of TM conditioned medium and biological ECM in this novel approach makes the derivation
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of TM cells simple and devoid of any chemical factors. Animal models offer valuable insight
into ophthalmology research, but exact recapitulation of glaucoma is difficult in animal
models and there are humerous differences that exist between animal models and human
diseases. An iPSC-based cellular model mimicking primary TM cells can successfully
produce a high number of cells and recapitulate human diseases due to the usage of patient
specific iPSCs.

Additionally, stem cell therapy for TM regeneration has shown great potential for glaucoma
treatment [46]. The ability to derive iPSC-TM cells through a middle neural crest stage that
recapitulate TM characteristics offers stable cell sources for stem cell therapy and
personalized medicine for glaucoma.

In conclusion, iPSC-TM cells produced by a two-step novel approach offer a valuable
resource for studying personalized treatment, drug screening, and autologous transplantation
for structural and functional restoration of TM tissue for treating glaucoma.
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Highlights:

. A novel two-step induction approach from iPSCs to neural crest then to TM
cells

. Neural crest cells can be stored that ensures same lot and large number of TM
cells

. Differentiated TM cells expressed TM markers and lost iPSC and neural crest
markers

. Differentiated TM cells responded to dexamethasone with increased
glaucoma genes

. A model for cell transplantation, drug discovery and disease modelling in

glaucoma
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Alkaline Phosphatase

Fig 1. iPSC colonies express pluripotent cell markers.
Immunofluorescent staining shows expression of pluripotency markers OCT4, alkaline

phosphatase, SSEA4, and SSEAL in iPSCs grown as colonies (A). (B) are the magnified
pictures of (A) in framed region. DAPI stains nuclei as blue. Scale bars, 100um.
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Alk Phos

Fig 2. Monolayer cultured iPSCs express pluripotent cell markers.
Immunofluorescent staining shows expression of pluripotency markers OCT4, alkaline

phosphatase, SSEA4, and SSEAL in iPSCs grown as monolayered cells (A). Isolated cell
clusters were differentiated within the monolayer (Arrows). (B) are the magnified pictures of
(A) in framed region. DAPI stains nuclei as blue. Scale bars, 100um.
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Fig 3. iPSCs can differentiate into NCCs (iPSC-NC).
Immunofluorescent staining shows iPSC were negative to neural crest markers NGFR and

HNK1 (A), while iPSC-NC cells expressed NGFR and HNK1 (B). DAPI stains nuclei as
blue. Scale bars, 100um. (C) Representative figures of flow cytometry analysis showing
most of iPSCs were positive to SSEA4 and negative to NGFR. After induction, iPSC-NC
reduced expression of SSEA4 and increased expression of NGFR. (D) Percentage of iPSCs
and iPSC-NC cells labeling positive by SSEA4 and NGFR (n = 6, mean = SD). One way
ANOVA followed by Tukey’s multiple comparisons test.
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Fig 4. iPSC-NC cells can differentiate into TM-like cells.
(A) Immunofluorescent staining shows iPSC-NC differentiated TM-like cells (iPSC-TM)

expressed TM cell marker CHI3L1 and after treatment with Dex, the cells (iPSC-TM-Dex)

reduced CHI3L1 expression. (B) iPSC-TM Dex cells had increased expression of myocilin.

DAPI stains nuclei as blue. Scale bars, 50um. (C) Phalloidin staining shows F-actin in the
iPSC-TM-Dex cells formed cross-linked actin networks (CLANS) and the enlarged figure.
(D) gPCR shows mRNA expression of CHI3L1, myocilin (MYOC), ANGPTL7 comparing
iPSC-TM and iPSC-TM-Dex, TM cells and TM-Dex treated cells (n = 6, mean + SD). One
way ANOVA followed by Tukey’s multiple comparisons test.
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