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ABSTRACT OF DISSERTATION

3D Bioprinting of Ocular Stem Cells

by

Zheng Zhong

Doctor of Philosophy in Nanoengineering

University of California San Diego, 2021

Professor Shaochen Chen, Chair

Professor Liangfang Zhang, Co-Chair

Normal vision is important for many human activities, but many of ocular diseases could
lead to vision impairment and affect millions of patients worldwide. In recent years, tissue
engineering based on stem cells has been explored to develop novel therapeutic products and

disease models for different types of ocular diseases. However, the fabrication of 3D scaffold
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supporting the culture of ocular stem cells and the development of engineering approach
mimicking the stem cell microenvironment remain challenging.

3D bioprinting is an emerging additive manufacturing technology for microscale
biofabrication. Among different 3D bioprinting approaches, digital light processing (DLP)-based
3D bioprinting stands out with the rapid, scalable, robust fabrication with high resolution. And
with the broad-range material choice and the well-defined mechanical property control, the DLP-
based 3D bioprinting has been applied to fabricate hydrogel scaffold encapsulating various types
of stem cells.

In this dissertation, the 3D bioprinting of two types of ocular stem cells, limbal stem cells
and conjunctival stem cells, as well as the applications in stem cell therapy and ocular disease
modeling were discussed. By performing the DLP-based bioprinting, we fabricated microscale
hydrogel scaffolds encapsulating ocular stem cells while preserving the viability, stemness and
potency. Based on this, we fabricated injectable hydrogel constructs encapsulating stem cell for
minimally invasive stem cell transplantation. In addition, we bioprinted hydrogel scaffolds with
heterogeneous extracellular matrix (ECM) an studied the ECM-dependent stem cell behaviors.
Furthermore, with multicellular bioprinting, we developed a novel disease model recapitulating
the pathological signatures displayed in patient tissues. These works have emphasized the role of

3D bioprinting in developing stem cell therapy and personalized medicine for ocular diseases.
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Chapter 1 Introduction

1.1 Motivation

The eye is one of the most vital organs. Keeping a normal vision is critical for human being
in conducting daily life activities while any compromises on the vision would be disastrous both
physically and mentally. However, various types of severe ocular diseases and injuries caused by
physical or chemical threats are jeopardizing the eye, especially the ocular surface, of millions of
patients worldwide [1,2]. And in many of these cases, the vision of the patient might not be fully
restored by exciting surgical interventions or therapeutic approaches [1,3]. In the last decade, as
multiple sources of ocular stem cells were discovered and a variety of tissue engineering
approaches using biocompatible materials have been integrated for them, regenerative medicine
based on stem cells has become the potential solution for many types of ocular disorders [4-8].
Current methods for ocular stem cell transplantation largely adopt feeder layer-supported (3T3
cells, etc.) culture and natural materials-based (amniotic membrane, etc.) approaches [9—12]. The
efficient in vitro expansion of stem cells, the high-throughput fabrication of cellularized constructs
with precise control over the geometry and mechanical properties, as well as the maintenance of
stem cell phenotypes during the fabrication remain challenging.

3D bioprinting as an emerging technology for micro- or nanoscale biomedical scaffold
fabrication for tissue engineering applications, has shown tremendous potential in fabricating stem
cell products [13—-15]. And among different types of 3D bioprinting approaches, digital light
processing (DLP)-based 3D bioprinting stands out on the high-throughput fabrication, the precise
control on geometry and mechanical property of micro- or nanoscale constructs and the varsity of
biocompatible material choice [16]. The unique features of this bioprinting platform have enable

the fabrication of the synthetic microenvironment recapitulating not just the biochemical and



biomechanical properties of the extracellular matrix (ECM) but also the intracellular interaction
by building multicellular niches [15,16]. With the DLP-based 3D bioprinting, microscale hydrogel
scaffolds encapsulating primary mammalian cells, stem cells, and iPSC-derived cells have been
successfully fabricated while the cell property being maintained [17—20]. The resultant cellularized
constructs have also been applied for various biomedical applications, including cell
transplantation and disease modeling.

This thesis aimed to develop tissue engineering approaches using DLP-based 3D
bioprinting of ocular stem cells for regenerative medicine and disease modeling of ocular surface
diseases. In the following chapters, we will discuss the 3D bioprinting of hydrogel scaffolds
encapsulating ocular stem cells, the in vitro expansion of primary stem cells, and the fabrication
of multicellular and multi-ECM in vitro bioprinted models using ocular stem cells. These studies
provided engineering insights for the ocular tissue engineering and biological insights for the cell-

cell, and cell-ECM interactions in the microenvironments of the ocular surface.

1.2 Tissue Engineering and Endogenous Stem Cells

Tissue engineering typically uses living cells as building blocks, assisted with the use of
biomaterials, and engineering approaches to manipulate the physical properties and functions of
tissues under physiological or pathological conditions [21]. Stem cells are commonly used in tissue
engineering for their potency for regeneration. Endogenous stem cells are specialized unipotent or
multipotent stem/progenitor cells residing in specific niches in adult tissues [22]. They largely
remain quiescent and conduct self-renewal of the tissue under physiological conditions but can be
activated to proliferation and differentiation for tissue repair by the stimulus from the niche, such

as injury and inflammation signals [22]. Using engineered scaffolds as instructive niches, the stem



cell fate and behaviors can be guided for the application of regenerative medicine [23,24].

As the stem cell technologies developed, various types of endogenous stem cells have been
studied and applied for translational research or clinical trials of novel stem cell therapy [25].
Mesenchymal stem cell (MSC) is one of the most typical multipotent stem cells [26]. They reside
in different tissue niches of adult body, and can be readily isolated from bone marrow, and adipose
tissues [27]. Since MSCs can be differentiated into multiple lineages, including muscle myocytes,
adipocytes, osteocytes, and chondrocytes, they have been widely used for the remodeling of
muscle, heart, and skeleton [28,29]. Another popular type of multipotent endogenous stem cell,
hematopoietic stem cell (HSC), serves as the progenitor cell of all the differentiated blood cells
from lymphoid and myeloid lineages [30]. HSCs extracted from bone marrow and peripheral blood
have been extensively used for transplantation to treat blood diseases, such as leukemia, and non-
blood diseases, like cerebral ischemia [31-34]. Unlike the multipotent stem cells, unipotent or
bipotent stem/progenitor cells have limited potency to be differentiated into only one or two types
of cells, but they are still highly valuable for the therapeutic applications of specific diseases or
injuries [22,35]. For instance, limbal epithelial stem/progenitor cells (LSCs) are unipotent
progenitor cells that are capable of the self-renewal and differentiation of corneal epithelium [36—
38]. On the other hand, conjunctival stem cells (CjSCs) are bipotent progenitor cells on the
conjunctival epithelium that give rise to both the keratinocytes and goblet cells [39,40]. Both LSCs
and CjSCs have been explored as building block cells for the tissue engineering and regenerative
medicine for the ocular surface reconstruction [41].

For the tissue engineering of endogenous stem cells, the efficient in vitro expansion of stem
cells is the first obstacle to be overcome [42]. To eliminate or alleviate the effects of cellular

senescence and the loss of stemness during the culture, a broad range of cytokines and small



molecules that activate or inhibit the signaling pathways involved in the stem cell fate decision
have been tested as supplements in the stem cell culture medium [42]. Evolutionary conserved
signaling pathways are often ubiquitous in various stem cell niches. They can have similar
regulation effects on different cells but can also perform distinctive regulation in a tissue-specific
way. For example, the inhibition of Rho/ROCK signaling, a central mechanotransduction signaling
pathway, enhanced the in vitro expansion efficiency of both the mesoderm-derived HSCs and the
surface ectoderm-derived epithelial stem cells [43—45]. On the other hand, Notch signaling, a
highly conserved signaling pathway based on cell-cell junctions, maintains the stemness of MSCs
while promotes the differentiation of LSCs [46,47]. Therefore, identifying the principle signaling
pathways that control the stem cell fate decision is critical for building an efficient in vitro stem

cell culture system.

1.3 Ocular Stem Cells and Ocular Surface Regeneration

Ocular surface is a vital component of vision as the smooth transparent surface of the
cornea functions as the refractive surface of the visual system [48]. It provides the structural and
immunologic protection and mainly consists of the corneal epithelium, the corneoscleral limbus,
and the conjunctival epithelium, as well as some functional glands, such as the lacrimal glands and
the meibomian glands [48]. In addition, ocular surface epithelia are covered by the tear film, a
dynamic structure composed of the mucous proteins, aqueous and lipidic layers, for the
moisturization and maintaining the hemostasis of the functional ocular surface [49].

As a major threat to the vision, ocular surface disorders are a class of disorders damaging
the ocular surface, mainly the cornea and the conjunctiva. Prevalent conditions include dry eye

diseases, blepharitis, allergy, meibomian gland dysfunction, while severe conditions like limbal



stem cell deficiency (LSCD), Stevens-Johnson syndrome, toxic epidermal necrolysis, recurring
pterygium, as well as physical and chemical burns can cause irreversible blindness [7,50—-55].
Despite of the high prevalence of the ocular surface disorders, the mechanism of pathogenesis in
many cases, especially the severe forms, remained unclean and the effective approaches for
evaluation, therapy, and management of these diseases are largely wanted [56]. As the most
common way of treatment, administration of artificial teardrops containing steroids, antibiotics,
recombinant growth factors, anti-inflammation drugs or autologous serum have been widely used
in clinical practices to alleviate symptoms and attenuate signs to resist the disease progression [57—
60]. In many cases, surgical interventions, such as autograft or allograft transplantation, become
necessary to rebuild the structure and function of the ocular surface [61,62]. However, these
approaches can hardly be radical cure and share limitation in the comprehensive restoration of the
ocular surface microenvironments and the prevention of persistent inflammation.

In the past decades, as the understanding and technologies in stem cell biology and tissue
engineering developed, increasing attention has been turned towards the stem cell therapy of ocular
surface disorders. Among all the different cell sources, LSCs and CjSCs, as the endogenous stem
cells residing on the ocular surface, have showed highly valuable application potentials for their

use in regenerative medicine.

1.3.1 Limbal Stem Cells

LSCs are endogenous stem cells located in the basement membrane of the corneosceral
limbus and enriched in the rete ridges of the palisades of Vogt [61,62]. LSCs are essential for the
function and homeostasis of cornea and responsible for the sustain self-renewal and regeneration

of the corneal epithelium [37]. When injury signals are sensed, quiescent LSCs in the basal crypts



will be activated, migrate centripetally, proliferate as transient amplifying cells (TACs), and
differentiate to corneal epithelium for post-injury regeneration of corneal epithelium [63—65]. The
deficiency of LSC population with congenital or acquired causes, LSCD, is a devastating ocular
surface disease with high risk of visual loss [66]. As one of the most well-characterized
endogenous stem cells, the cell programming, and clinical applications of LSCs have been
extensively studied. The WNT protein family has been found involved in the different aspects of
the LSC fate decision, as the canonical WNT pathways regulating the self-renewal and corneal
epithelial differentiation while the non-canonical WNT (planar cell polarity) pathways contributed
to the transition of quiescence and activation [67—69]. In addition, responded to Notch, WNT, and
TGF-f signaling pathways, the transcription factor paired box 6 (PAX6) is the key regulator for
LSC fate decision and the loss of PAX6 converted LSCs to epidermal lineages [37,70]. For the
biomedical applications, LSCs have been integrated with various types of biomaterials, including
natural and compressed collagen, gelatin, modified amniotic membranes and decellularized
corneal basement membrane [64]. But more efficient approach for the fabrication of hydrogel

scaffolds encapsulating LSCs is still highly desired.

1.3.2 Conjunctival Stem Cells

CjSCs are bipotent endogenous stem cells that can give rise to both conjunctival epithelial
keratinocytes and conjunctival goblet cells [40]. In human conjunctiva, CjSCs localize in the
epithelial basal layer and predominantly enrich in the forniceal regions [39]. As a newly defined
endogenous stem cell, the physiological and pathological functions of CjSCs remained debatable.
CjSCs undergo self-renewal like LSCs and react to the injury and inflammation on the conjunctival

epithelium with proliferation and differentiation [41]. The stemness and differentiation of CjSCs



are manipulated by exterior niche signals like TGF-, BMP, WNT/ B-Catenin, as a transcription
factor, SPDEF, being the central regulator for goblet cell differentiation [40,71,72]. Although the
application of CjSC on ocular surface regeneration has promising future, the development of
CjSC-based therapeutic approaches was challenged by the lack of efficiency in the in vitro
expansion and the poor understanding in CjSC engineering [9,11,41,73,74]. Existing methods
often employed feeder layers to support the culture of CjSCs with issues in acquiring stem cell
population with high purity [5,39,75]. A variety of engineered approaches using synthetic material
membranes or hydrogel constructs have also been reported, but the maintenance of CjSC
properties and the high-throughput fabrication are still challenging [6,76,77]. Therefore, new

methods in the primary culture and the engineering of CjSCs are needed to better address the issue.

1.4 3D Bioprinting

As a rising technology, 3D bioprinting is a type of additive manufacturing that utilize
bioinks containing biomaterials and cells to print cellular or acellular structures in a controlled
manner [14,15]. Typically, 3D bioprinting techniques adopt the deposition-based method and
deposit the bioinks with a nozzle in a layer-by-layer manner following designed patterns to
fabricate 3D structure, such as ink-jet printing [78,79]. However, challenges remained in 1) the
resolution of the fabricated features were limited by the size of nozzle or inkjet head; 2) the
solidification of the bioinks in this case usually require thermal or chemical stimulus, which could
compromise the biological properties of the laden cells; 3) the liquid-solid interface or meniscus
will usually disrupt the surface of the printed structure [79]. In the last decade, 3D bioprinting
techniques based on localized polymerization have been explored to overcome these issues and

one of the most advanced way to do that is the DLP-based 3D bioprinting using



photopolymerization [16,79].

1.4.1 Photopolymerizable Biomaterials in 3D Bioprinting

A variety of biomaterials have been used in 3D bioprinting to provide biochemical and
biomechanical support for the cell in tissue engineering applications. In deposition-based printing,
the biomaterials for bioinks are usually thermogelling, with little chemical modification required
[14]. As the DLP-based 3D bioprinting utilize photopolymerization to solidify the structure, the
bioink materials need to be photocrosslinkable [16].

As one of the most widely investigated biomaterials, gelatin is a biodegradable peptide
derived from collagen that is highly biocompatible and enriched with arginine-glycine-aspartic
(RGD) motifs for cell adhesion [80]. By modifying gelatin with methacryloyl group,
photocrosslinkable gelatin, gelatin methacrylate (GelMA) can be synthesized [81,82]. GelMA has
been used for the encapsulation of various types of stem cells, as collagen being the most abundant
components in many of the stem cell niche [83]. In addition to the excellent biocompatibility,
GelMA has also performed to cover a board range of biomimetic stiffness in the
photopolymerization-based fabrication, which is useful for recapitulating the modulus of tissues
in both physiological and pathological conditions [84].

Hyaluronic acid (HA) is a type of non-sulfated glycosaminoglycan that is distributed in
ECM of different tissues, such as epithelial and neural tissues [85]. Other than physical functions
like hydration and lubrication, HA is also bioactive and found to regulate cellular behaviors by
interacting with various surface receptor/ligand like CD44[86]. However, the printability of HA is
limited by the instable mechanical property [87]. For tissue engineering applications, HA has been

modified using chemicals like glycidyl methacrylate to form photopolymerizable HA glycidyl



methacrylate (HAGM) [87,88]. With the preserved biological functionality and the robust
mechanical properties, HAGM has been used for the fabrication of various types of stem cell niche,

including retinal progenitor cells and glioblastoma stem cells [17,89].

1.4.2 DLP-based 3D Bioprinting

The DLP-based 3D bioprinting is a light-assisted 3D additive manufacturing technology
[16,90]. With photopolymerization, this method can rapidly solidify photo-polymerizable
materials upon light exposure. The light source on the DLP bioprinter for inducing
photopolymerization can be blue light or ultraviolet (UV) [16]. One of the most prevailing
mechanism for the DLP-based 3D bioprinting is the free radical-initiating photopolymerization, as
the free radicals excised by light exposure released from the photoinitiator and react with the
reactive double bonds on the pre-polymer materials and trigger the chain-growth polymerization
[16]. The DLP-based 3D bioprinter was equipped with a DMD chip that can convert the inputted
digital designs into optical patterns that are projected on the photopolymerized pre-polymer
materials to form defined objective patterns [79]. In addition, by spatiotemporally regulating the
light exposure, the degree of crosslinking during the photopolymerization can be controlled and
thereby the mechanical property of the bioprinted structures can be tuned [20].

In a stem cell niche, ECM provides necessary physical supports for the inhabiting cells and
biological components [22]. ECM also contains bioactive molecules that interact with the receptors
and ligands on the cell membrane. Because cell-ECM interactions are essential determinant of
stem cell fate, biomaterials with relevant biochemical and biomechanical features as well as
engineering approaches have been extensively used to build instructive microenvironments that

can regulate and guide stem cells for transplantation and tissue repair [24,91]. The DLP-based



bioprinting has been reported to fabricate hydrogel scaffolds encapsulating different kinds of cells,
including primary cells from human and animal sources, endogenous stem cells, iPSC-derived
stem cells and cancer stem cells [15,16,18,92]. A variety of biomaterials, including gelatin,
collagen, hyaluronic acid, alginate, chitosan, have been modified and used for DLP-based
bioprinting, which essentially enrich available components for the ECM-recapitulating capacity of
the technology [16]. Furthermore, with spatiotemporal control of light exposure enabled by the
DLP-based bioprinting, hydrogel constructs with tunable mechanical property can be fabricated,
which can further manipulate the phenotypes of the encapsulated cells through biomechanical

interactions [13].

1.5 Research Objectives

As aforementioned, the application of ocular stem cells in developing regenerative
medicine treatments for ocular diseases has a promising future, but innovative tissue engineering
approaches for the ocular stem cells are wanted. At first, the lack of understanding in the stem cell
biology, the efficient way of primary culture of endogenous ocular stem cells was under
exploration. In addition, the complicated and diverse mechanical properties of the stem cell
residing niches increased the difficulty in recapitulating the microenvironment with engineering
methods. Furthermore, although some approaches for the hydrogel encapsulation of ocular stem
cells have been reported, the high-throughput fabrication of the scaffolds encapsulating stem cells
while preserving their biological integrity remained challenging.

The following chapters are dedicated to exploring the 3D bioprinting of ocular stem cells
with the DLP-based 3D bioprinting platform by studying the stem cell biology, cell-ECM

interaction and the applications in cell therapy and disease modeling.
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In Chapter 2, the 3D bioprinting of dual ECM hydrogel scaffold encapsulating primary
LSCs was developed, and the ECM-specific stem cell phenotypes related to the quiescence and
proliferative activation were studied.

In Chapter 3, an integrative tissue engineering strategy of rabbit primary CjSCs was
developed based on the DLP bioprinting, as a feeder-free in vitro expansion method for CjSCs was
developed and the bioprinting of CjSC-encapsulated constructs with ECM stiffness optimized was
explored, as well as a methodology of the injectable delivery of CjSCs with bioprinted hydrogel
constructs was established on an ex vivo model.

In Chapter 4, the primary culture methods, and the 3D bioprinting of human primary CjSCs
were studied. Upon the demonstration of 3D bioprinting of human CjSCs, a multicellular

bioprinted disease model of pterygium was developed and studied on the transcriptomic level.
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Chapter 2 3D Bioprinting of Dual ECM Scaffolds Encapsulating Limbal Stem/Progenitor

Cells in Active and Quiescent Statuses

Abstract

Limbal stem cell deficiency (LSCD) and corneal disorders are among the top global threats
for human vision. Emerging therapies that integrate stem cell transplantation with engineered
hydrogel scaffolds for biological and mechanical support are becoming a rising trend in the field.
However, methods for high-throughput fabrication of hydrogel scaffolds, as well as knowledge of
the interaction between limbal stem/progenitor cells (LSCs) and the surrounding extracellular
matrix (ECM) are still much needed. Here, we employed digital light processing (DLP)-based 3D
bioprinting to fabricate hydrogel scaffolds encapsulating primary LSCs and studied the ECM-
dependent LSC phenotypes. The DLP-based 3D bioprinting with gelatin methacrylate (GelMA)
or hyaluronic acid glycidyl methacrylate (HAGM) generated microscale hydrogel scaffolds that
could support the viability of the encapsulated primary rabbit LSCs (rbLSCs) in culture.
Immunocytochemistry and transcriptional analysis showed that the encapsulated rbLSCs remained
active in GeIMA-based scaffolds while exhibited quiescence in the HAGM-based scaffolds. The
primary human LSCs (hLSCs) encapsulated within bioprinted scaffolds showed consistent ECM-
dependent active/quiescent statuses. Based on these results, we have developed a novel 3D
bioprinted dual ECM “Yin-Yang’ model encapsulating LSCs to support both active and quiescent
statues. Our findings provide valuable insights towards stem cell therapies and regenerative

medicine for corneal reconstruction.
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2.1 Introduction

Corneal epithelium is a transparent nonkeratinized epithelium that contributes to the
refractive power of eye and serves as the first protective barrier against the outside world [1,2].
Limbal stem/progenitor cells (LSCs) are endogenous stem cells that reside at the limbus, the
periphery of the cornea [3]. LSCs are responsible for the homeostasis of corneal epithelium, thus,
facilitating optical clarity and light transmission [2,3]. Worldwide, there are over 5 million
individuals affected by corneal blindness and limbal stem cell deficiency (LSCD) being a common
etiology [4—6]. Conventional LSCD treatments employ surgical repair interventions using such
sources as amniotic membrane (AM) as substrate or scaffold combined with keratolimbal
autografts, or allografts [7]. These treatment approaches are limited by the lack of standardized
preparation of AM, risk of developing iatrogenic LSCD and immunologic rejection [8—10].

Recent advances in regenerative medicine and tissue engineering have facilitated the
development of novel transplantation approaches using advanced biomaterials for the treatment of
LSCD [11]. Hydrogel scaffolds based on collagen, gelatin, hyaluronic acid (HA), and synthetic
polymers have been investigated as LSC carriers for transplantation [12—15]. Among the various
approaches of hydrogel scaffold fabrication, digital light processing (DLP)-based 3D bioprinting
stands out as a high-throughput platform allowing rapid fabrication of hydrogel scaffolds that
support the encapsulation of numerous types of stem cells including retinal progenitor cells,
conjunctival stem cells, mesenchymal stem cells, neural progenitor cells and cancer stem cells
[16-21]. The spatiotemporal control of light exposure afforded by DLP-based 3D bioprinting also
enables the stiffness tunability within desired regions of the fabricated hydrogel scaffolds, thus
also allowing manipulate the phenotypes of the encapsulated cells [19,22-25]. Moreover, DLP-

based 3D bioprinting enables the use of multiple extracellular matrix (ECM) components and
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multiple cell types during hydrogel fabrication to better recapitulate the complex native
microenvironment of stem cells [16,17,26].

Biological and biomechanical interactions between stem cells and their ECM have been
shown to manipulate cell fate and phenotype [27-29]. Biomechanical factors such as substrate
stiffness have been shown to regulate the activities of LSCs and the corneal regeneration under
physiological and pathological conditions [30]. Stem cells can also interact with the scaffolds in a
composition-dependent way as various types of cell surface receptors responding to the ECM by
triggering downstream intracellular signaling pathways that dynamically and comprehensively
manipulate cell programming [12,31-35]. The delicate balance between activation and quiescence
of endogenous stem cells, including LSCs, is critical for the system homeostasis under varying
healthy, aging, and diseased circumstances [36—38]. Recent studies have showed that engineered
scaffolds are able to tune the transition of activation/quiescence in LSCs [33,39]. Therefore,
understanding how the different ECM compositions regulate LSCs in a 3D microenvironment is
important for developing novel transplantable LSC scaffolds.

In this study, we present a 3D bioprinting approach in generating primary LSC-
encapsulated microscale hydrogel scaffolds to study the ECM-dependent LSC activities. With the
customized DLP-based 3D bioprinting system, we fabricated microscale hydrogel scaffolds with
gelatin methacrylate (GeIMA) and hyaluronic acid glycidyl methacrylate (HAGM) that supported
the encapsulation and cell viability of primary rabbit LSCs (rbLSCs). Next, we analyzed the
different phenotypes of encapsulated rbLSCs at mRNA and protein levels. In addition, we
extended the study on primary human LSCs (hLSCs) from different individuals with 3D
bioprinting. Furthermore, we performed multi-material 3D bioprinting and fabricated a dual ECM

‘Yin-Yang’ model encapsulating primary rbLSCs in active/quiescent status. Overall, we developed
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an innovative DLP-based 3D bioprinting approach for LSC engineering while broadening the
understanding of ECM-dependent LSCs phenotypes, which is a meaningful step towards the

development of regenerative medicine for LSCD and other severe ocular surface diseases.

2.2 Materials and Methods
Primary rabbit, human LSCs isolation and culture

The rabbit tissues from 10-12 weeks old New Zealand White rabbit eyes (Oryctolagus
Cuniculus) were acquired from Sierra for Medical Science, Inc. (Whittier, CA). The human
corneoscleral rims were acquired from One Legacy or Saving Sight eye banks. Consent was
obtained by the eye banks for the tissues to be used for research. Experimentation on human tissue
adhered to the tenets of the Declaration of Helsinki. The protocol for human corneal tissue
collection and dissection was evaluated and exempted by the University of California, Los Angeles
(UCLA) Institutional Review Boards (IRB#12-000363). The overall procedure was approved by
University of California San Diego Institutional Biosafety Committee.

For rabbit LSCs (rbLSCs), rabbit eyeballs were washed in Dulbecco's phosphate-buffered
saline (DPBS) and Dulbecco’s Modified Eagle Medium (DMEM, ThermoFisher Scientific) with
penicillin-streptomycin, respectively, and the corneoscleral rims were isolated for further
dissection. Human LSCs (hLSCs) were harvested from donor corneoscleral rims stored in Optisol-
GS. Corneoscleral rims from three different donors with no significant history of corneal diseases
were used in this study. The isolation of both rbLSCs and hLSCs was performed as previously
described [40]. Briefly, limbal epithelium with underlying stroma was excised circumferentially

and minced using Vannas scissors. Type IV collagenase (0.2%, Sigma Aldrich) was used for

digestion at 37°C with constant shaking at 120 rpm for 1-1.5 hr. Following the incubation, cells
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were pelleted and washed with PBS. Following a 10 min digestion with 0.25% Trypsin-EDTA
(Sigma Aldrich) digestion, the cells were filtered through a 70 pm cell strainer (Corning) to obtain
single cells. The cells were seeded onto Collagen I coated plates (ThermoFisher Scientific). The
culture medium used was composed of DMEM /F-12 (3:1, ThermoFisher Scientific) with 10%
Fetal Bovine Serum (ThermoFisher Scientific), penicillin-streptomycin (ThermoFisher Scientific),
400 ng/ml hydrocortisone (Sigma Aldrich), 1x insulin-transferrin-selenium (Corning), 2 nM
reverse T3 (Sigma Aldrich), and 0.1 nM cholera toxin (Sigma Aldrich), 10 ng/ml epidermal growth

factor (EGF, R&D System), and 10 uM Y27632 (Tocris Bioscience).

Material synthesis and photocrosslinkable bioink preparation
The synthesis of GelMA and HAGM was performed following previously established
protocols [16,17,19,26,41]. Briefly, for GeIMA, a 10% (w/v) gelatin solution was prepared by

dissolving porcine skin gelatin type A (Sigma Aldrich) in a 0.25 M carbonate-bicarbonate (3:7)

buffer at pH 9 while stirring at 50°C. Methacrylic anhydride (Sigma Aldrich) was then mixed in a

dropwise fashion to the gelatin solution to reach 100 pl methacrylic anhydride per gram of gelatin.

Then, following 1 hour of continuous stirring at 50°C, the product was subjected to overnight fluid

dynamic dialysis using 13.5 kDa dialysis tubes (Repligen). Lyophilization for three days was then

used to produce GeIMA powder which was then stored at -80°C. The degree of methacrylation of

the resultant GeIMA is approximately 95% [17].
For the synthesis of HAGM, 1.0 g of Sodium Hyaluronate (Lifecore Biomedical) was

dissolved in 100 mL water: acetone solution (1:1 ratio) and stirred at room temperature overnight
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to prepare a 1% (w/v) HA solution. The flask was subjected to vacuum for 3 sec or until the solution
boils then flooded with Argon. This step was repeated two more times and the solution was stirred
overnight protected from light. On the next day, 7.2 ml triethylamine (Sigma Aldrich) 20-fold in
excess was slowly added to the reaction flask until thoroughly mixed. The reaction was then
flooded with argon gas, then immediately sealed, and mixed for 30 min. Using a syringe, 7.2 mL
of glycidyl methacrylate (GM, Sigma Aldrich) in 20-fold excess was added dropwise to the
reaction. Afterwards, the reaction was flooded with Argon, sealed, and stirred overnight at room
temperature. The resulting material was precipitated using acetone and vacuum filtration was used

to collect the precipitate which was dissolved in DI water. The dissolved material was then dialyzed,
lyophilized, and stored at -80°C until further use. The degree of methacrylation of the resultant
HAGM is approximately 35% [17].

For photopolymerization, lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was
used as photoinitiator and synthesized per previously published protocols [16,19]. Briefly,
dimethyl phenylphosphonite (18 mmol, Sigma Aldrich) was added dropwise to an equimolar 2,4,6-

trimethylbenzoyl chloride (Acros Organics). The reaction was constantly stirred for 18 hours at

room temperature. A solution of lithium bromide (6.1g, Sigma Aldrich) in 100 ml of 2-butanone

(Sigma Aldrich) was then mixed into the reaction. Following a 10-minute stirring at 50°C, the

mixture was incubated overnight at room temperature. Filter-washing with 2-butanone for three

times was used to get rid of unreacted lithium bromide. The LAP solids that resulted from the

reaction were crushed into powder and stored under argon in the dark at 4 °C.

8% (w/v) GelMA with 0.25% (w/v) LAP and 4% (w/v) HAGM with 0.25% (w/v) LAP

were dissolved in warm DPBS, filtered using 0.22 um syringe and used as prepolymer solutions
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for DLP-based 3D bioprinting with or without LSCs. The cells were detached from the culture
plates with 0.25% trypsin-EDTA, and then neutralized with a pre-made culture medium. The cell
solution was then filtered with a 70 pm cell strainer and the cell concentration was measured with
a hemocytometer. The bioink containing 1-2x107 cells/mL LSCs and GeIMA/HAGM prepolymer

solution was prepared right before printing.

3D bioprinting of GelMA and HAGM hydrogel scaffolds

Our in-house DLP-based 3D bioprinting system was used for the rapid biofabrication of
hydrogel scaffolds. The system is composed of a 365 nm light source (Hamamatsu), a projection
optics assembly, a motion-controlled stage (Newport) and a digital micromirror device (DMD,
Texas Instruments.) used for patterning the light. We generated digital patterns using Adobe
photoshop which were imported into the custom operation software that controls the DMD chip to
modulate the projection of light depending on the imported pattern. For the bioprinting setup, two
polydimethylsiloxane (PDMS) spacers with thickness of 250 pm were set between a PDMS base
that is attached to a glass slide and a methacrylated coverslip. This creates a gap of desired
thickness where the prepolymer bioink was loaded. Then, photopolymerization was performed
with the DLP bioprinter and the printed constructs were immediately moved to a 24-well plate and
washed in pre-warmed DPBS to remove the excess bioink materials. The DPBS was then

substituted with warmed culture medium and the bioprinted constructs were incubated in 5% CO2

at 37°C.

Immunofluorescence staining

Primary LSCs cultured on Millicell EZ slides (Millipore Sigma) were washed twice with
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DPBS to prepare for 2D cell staining. The cells were fixed at room temperature for 20 min with
4% (w/v) paraformaldehyde (FUJIFILM Wako), followed by three washes with DPBS, each for
10 min. Then, the samples underwent blocking and permeabilization for 1 hour using 5% bovine

serum albumin (Sigma Aldrich) and 0.3% triton X-100 (Sigma Aldrich) in DPBS at room

temperature. Primary antibody incubation was done at 4°C overnight followed by three DPBS

washes for 10 min each. Afterwards, the cells were incubated with secondary antibodies (Alexa
Fluor-conjugated, Invitrogen) for 1 hour at room temperature. The samples were further washed
with DPBS, and nuclear staining was done with 1:500 DAPI (4',6-Diamidino-2-Phenylindole;
ThermoFisher Scientific) in DPBS for 10 min. After a final DPBS wash, the samples were left to
air-dry for 30 sec and mounted with Fluoromount-G™ Mounting Medium (ThermoFisher
Scientific). Hydrogel cells staining was performed with the exact same procedure, except without
mounting, where the samples were left in DPBS to be imaged. The samples were all imaged within
48 hours of the staining to preserve clarity. Further information on details of antibodies and dilution

rates are mentioned in Supplementary Table 2.1.

Mechanical properties characterization
A micromechanical testing machine (Microsquisher, CellScale) was used to determine
Young’s modulus of the bioprinted scaffolds based on GelMA and HAGM. Cylinders test

specimens (500 pm diameter, 500 um height) printed with 8% GelMA or 4% HAGM were

fabricated and incubated at 37°C for overnight. The measurement of the compressive modulus

followed the manufacturer’s instructions. The sample’s hysteresis was removed using two cycles

of predetermined compression. During the mechanical testing, the samples were compressed at a
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10% strain with strain rate of 2 pm/s. After the force and displacement data was collected from the
Microsquisher, they were processed via a custom MATLAB script to calculate the compressive
Young's modulus.
Viability evaluation

The viability of the LSCs encapsulated in the hydrogels were studied with the
Viability/Cytotoxicity kit (Thermo Fisher), also known as Live/Dead™ staining. They were

incubated with 2 uM calcein acetoxymethyl ester, along with 4 uM ethidium homodimer in DPBS,

for 30 min at 37°C. Fluorescent imaging was done with a Leica microscope (DMI 6000-B). The

viability test was carried out in triplicates.

RNA isolation, reverse transcription, and real time quantitative PCR

For RNA extraction, a TRIzol® reagent (Ambion Thermo Fisher) was continuously
pipetted into the pelleted 2D-cultured cells. For the encapsulated LSCs in GeIMA- and HAGM-
based bioprinted hydrogel scaffolds, the constructs were stripped off their coverslips using a

scalpel and subjected to enzymatic digestion with 0.2% Type IV collagenase (Sigma Aldrich) and

1kU/ml hyaluronidase (STEMCELL Technologies), respectively, at 37°C for 15 min. The resulting

cell solution was pelleted with centrifugation immediately followed by addition of TRIzol®
reagent to the pellet. The lysate was then used directly or stored in -80°C. Direct-zol™ RNA
Purification kit (Zymo Research) was used for the extraction of RNA following the manufacturer's
protocol. NanoDropTM 2000 (Thermo Fisher Scientific) was used to quantify the purified RNA.

The RNA was then used for cDNA synthesis and reverse transcription using the iScript™ cDNA

Synthesis Kit (Bio-Rad) with thermal cycler StepOneTM Real-Time PCR System (Thermo Fisher
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Scientific). Luna® Universal gPCR Master Mix was used for Real-Time quantitative polymerase
chain reaction (QPCR). The primer details used in the qPCR can be found in Supplementary Table

2.2.

Flow cytometry

For flow cytometry, GeIMA- and HAGM-based bioprinted scaffolds were enzymatically
digested to isolate the encapsulated LSCs. Following the enzymatic digestion, the cells extracted
from the scaffolds and 2D-cultured cells were digested with 0.25% trypsin-EDTA and filtered with
a 70 um cell strainer. After centrifugation, cell pellets were resuspended and fixed with Cytofix™
Fixation Buffer (BD) for 20 min followed by three 5-minute wash with Cell Staining Buffer
(Biolegend) supplemented with 0.2% triton X-100. Primary antibodies were diluted with Cell
Staining Buffer and applied for 20 min. Following a wash, secondary antibodies were diluted with
Cell Staining Buffer and applied for 20 min. All the antibody incubations were performed at room
temperature. Cell solutions were then kept on ice in the dark until use. The propidium iodide
(Biolegend) viability staining was performed following the manufacturer’s procedures. Briefly, 10
ul per million cells of the propidium iodide solution was added in the cell suspension. The solution
was then incubated for 15 minutes at 4 °C avoiding light before analysis. Flow cytometry was
performed using BD Accuri™ C6 flow cytometer following the instructions of the manufacturer.

The data was collected from at least 100,000 events for each group and processed using FlowJo.

Imaging and processing

Confocal and brightfield/regular fluorescence imaging of the samples were taken using

SP8 Confocal and DMI 6000-B Leica microscopes, respectively. ImageJ and LAS X were used to
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further process the images.

Statistical analysis

Data obtained from the experiments were processed with Microsoft Excel and presented in
a way of mean + standard deviations Student’s t-test (two tailed) or one-way ANOVA were applied
to determine statistical significance which was denoted on the figures with an asterisk where

appropriate (*: P <0.05; **: P<0.01; ***: P <0.001.).
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Figure 2.1. Bioprinting of GelMA- or HAGM-based bioprinted scaffolds encapsulating primary
rbLSCs. (A) Schematic of DLP-based 3D bioprinting workflow; (B) representative bright field
images of bioprinted Mona Lisa with acellular GeIMA or HAGM; (C) representative images of
Live/DeadTM staining of rbLSCs encapsulated with GeIMA- or HAGM-based bioprinted
scaffolds at Day 1, Day 3 and Day 6 of culture (scale bars: 100 um).

2.3 Results

2.3.1 3D bioprinted GeIMA and HAGM hydrogel scaffolds supported the wviability of
encapsulated primary rbLSCs

Our customized DLP-based 3D bioprinting system can spatially manipulate light based on
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user-defined input designs, allowing for precise photopolymerization-based patterning of
cellularized hydrogel constructs containing different material compositions (Figure 2.1A)
[18,19,24]. GeIMA is a photocrosslinkable gelatin that has been extensively studied as bioink for
3D bioprinting of stem cells including conjunctival stem cells and mesenchymal stem cells [19,42].
HAGM as another photocrosslinkable bioink, was found to support the encapsulation of retinal
progenitor cells and cancer stem cells [16,17]. Using DLP-based 3D bioprinting techniques, we
were able to fabricate GelMA- or HAGM-based hydrogel scaffolds with a complex pattern and
microscale resolution within a matter of seconds (Figure 2.1B). For the encapsulation of LSCs in
3D scaffolds, primary rbLSCs were isolated and expanded from fresh rabbit limbal tissues and
characterized with immunofluorescence staining of various LSC markers (Supplementary Figure
S2.1A). To test biocompatibility, we fabricated GelMA- or HAGM-based bioprinted scaffolds
encapsulating primary rbLSCs. Long-term culture confirmed that both types of bioprinted
scaffolds were able to support the viability of the encapsulated rbLSCs as shown by the
Live/DeadTM staining (Figure 2.1C). We have also quantified the viability of the encapsulated
tbLSC in both types of bioprinted scaffolds by flow cytometry with propidium iodide staining
(Supplementary Figure S1B). Based on the results, the live cell ratios were 86.7+1.65% in GelMA
scaffolds and 92.1+0.8 % in HAGM scaffolds after 7 days of culture. In brief, we were able to
fabricate both GeIMA- and HAGM-based scaffolds encapsulating viable primary rbLSCs using

our DLP-based 3D bioprinting system.
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Figure 2.1. Encapsulated primary rbLSCs displayed different status in GeIMA- or HAGM-based
bioprinted scaffolds. (A) Linear plot of compressive modulus of the GelMA- or HAGM-based
bioprinted scaffolds versus light exposure time (mean + SD, n 2 3); (B) representative images of

immunofluorescence staining of proliferation marker K167 and LSC lineage marker PAX6 on
bLSCs encapsulated in GelMA- or HAGM-based bioprinted scaffolds after 2 days of culture
(scale bars: 50 um); (C) KI67-positive and ANP63-positve populations of the primary rbLSCs
cultured in 2D and encapsulated in GeIMA- or HAGM-based bioprinted scaffolds after 2 days of
culture as determined by flow cytometry (mean + SD, n = 3); (D) heatmap of real-time qPCR data
showing relative mRNA expression of LSC markers (KRT14, P63, PAX6, BMI1), LSC quiescent
markers (CD200, P27XP1) corneal epithelium differentiation marker (KRT3), canonical WNT
signaling pathway marker (CTNNBI1) and non-canonical WNT signaling pathway markers
(WNTS5A, VANGL1) on rbLSCs on 2D surface or encapsulated in GeIMA- or HAGM-based
bioprinted scaffolds after 2 days of culture.

2.3.2  Encapsulated primary rbLSCs displayed active status in GeIMA-based bioprinted scaffolds
while exhibiting quiescence in HAGM-based bioprinted scaffolds

While both GelMA- and HAGM-based bioprinted scaffolds maintained viable
encapsulated primary rbLSCs, the cells displayed different behaviors depending on which scaffold
they were cultured in. More cell aggregates or colonies were observed in GeIMA-based bioprinted

scaffolds, while tbLSCs encapsulated with HAGM-based scaffolds largely remained as single-
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cells after 6 days of culture (Supplementary Figure S2.1C). These results suggest that the
interaction between rbLSCs and surrounding ECM in the different bioprinted scaffolds influenced
the stem cell status following the encapsulation. To further explore the effect of the scaffold matrix
material on LSC-ECM interaction, we first needed to control the stiffness. Our DLP-based 3D
bioprinting system enables us to control mechanical properties of the fabricated hydrogel scaffolds
via spatiotemporal regulation of light exposure [23,24]. Mechanical testing of GelMA- and
HAGM-based bioprinted scaffolds indicated positive linear correlation between Young’s modulus
and light exposure time in our printing system (Figure 2.2A, Supplementary Figure S2.1D). Based
on the results, GeIMA and HAGM scaffolds had a similar Young’s modulus with light exposure
time set to 25 seconds which was adopted as the primary bioprinting parameters for subsequent
experiments.

To investigate the behavior of LSCs in the different scaffolds, we examined the expression
of various LSC markers. Immunofluorescence staining showed the expression of PAX6, an ocular
lineage marker, in both GelMA- and HAGM-encapsulated rbLSCs while the expression of
proliferation marker, KI67, was present only in the GelMA-based scaffolds (Figure 2.2B).
Consistently, flow cytometry identified significantly smaller percentage of KI67 positive tbLSCs
encapsulated in HAGM-based bioprinted scaffolds compared to the population encapsulated in
GelMA, while the positive ratio of stemness marker, ANP63, remained identical in both scaffolds
(Figure 2.2C, Supplementary Figure S2.2A). The decreased K167 positive population of tbLSCs
encapsulated in HAGM-based bioprinted scaffolds can be reversed by releasing the cells from
scaffolds (Supplementary Figure S2.2B). We have also performed transcriptional analysis with
real-time qPCR to compare rbLSCs in 2D culture or encapsulation with GeIMA- or HAGM-based

bioprinted scaffolds (Figure 2.2D). We found up-regulated mRNA expression of PAX6 and BMI1
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in the HAGM group compared to the 2D control, while P63 was up-regulated in the GeIMA group.
In addition, the expression of two previously reported LSC quiescence markers, CD200 and
P27KIP1, were up-regulated in the HAGM group [43—45]. The expression of corneal epithelium
differentiation marker, KRT3, was downregulated in the GelMA group and showed no significant
change in the HAGM group in compare with the 2D control. Furthermore, mRNA expression of
markers of non-canonical WNT pathway, VANGL1 and WNTS5A, were up-regulated in the HAGM
group but down-regulated in the GeIMA group. Meanwhile, the expression of marker of canonical
WNT pathway, CTNNB1, remained unchanged among the three groups. These results indicated

the potential participation of non-canonical WNT pathway in the LSCs-ECM interactions [46—49].
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Figure 2.2. Encapsulated primary hLSCs remained viable and displayed different status in GeIMA-
or HAGM-based bioprinted scaffolds. (A) Representative images of Live/Dead™ staining of
hLSCs encapsulated with GeIMA- or HAGM-based bioprinted scaffolds at Day 2 and Day 5 of
culture (scale bars: 100 um); (B) representative bright field images of bioprinted scaffolds with
GeIMA/HAGM encapsulating primary hLSCs after 5 days of culture (scale bars: 100 um); (C)
real-time qPCR data showing relative mRNA expression of proliferation marker (K167), LSC
markers (KRT14, PAX6), LSC quiescent markers (CD200, P27%"!) of the primary hLSCs on 2D
surface or encapsulated in GeIMA- or HAGM-based bioprinted scaffolds after 2 days of culture
(mean £+ SD, n = 3).
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2.3.3 Encapsulated primary hLSCs were viable but displayed different status in GelMA- or
HAGM-based bioprinted scaffolds

Based on the ECM-dependent response of rbLSCs in the GelMA- or HAGM-based
bioprinted scaffolds, we further explored the LSC-ECM interaction in human LSCs. Primary
hLSCs were isolated and expanded from human corneoscleral rims of three different donors and
subjected to 3D bioprinting with GeIMA and HAGM. Similar to the tbLSCs, Live/DeadTM
staining showed that most of the encapsulated hLSCs remained viable in both types of bioprinted
scaffolds during culture (Figure 2.3A). Consistent with rbLSCs, aggregated colonies of hLSCs
were largely found in the GelMA-based bioprinted scaffolds but rarely observed in the HAGM-
based bioprinted scaffolds (Figure 2.3B). Real-time qPCR showed that the hLSCs encapsulated in
HAGM-based bioprinted scaffolds had significantly higher expression of PAX6, CD200 and
P27KIP1, while the expression of KI67 was significantly down-regulated compared to the 2D
control and the GeIMA group (Figure 2.3C). In addition, KRT14 expression was significantly up-
regulated in both bioprinted groups comparing with the 2D control. These results reinforce the
observation that LSCs respond differently (e.g., exhibiting active proliferation or quiescence) to
the surrounding ECM composition, and appears to be consistent whether the LSCs are isolated

from rabbits or humans, suggesting that this may be highly valuable for future clinical studies.
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B Active

Figure 2.3. 3D bioprinting of a dual ECM ‘Yin-Yang’ model encapsulating rbLSCs. (A) Illustration
of the design patterns and bright field images of the acellular dual ECM ‘Yin-Yang’ models
encapsulating fluorescent microspheres (scale bars: 500 um); (B) illustration and a representative
image of immunofluorescence staining of KI67 on dual ECM ‘Yin-Yang’ models encapsulating
primary rbLSCs after 2 days of culture (scale bars: 100 pm).

2.3.4 DLP-based 3D bioprinting of dual ECM ‘Yin-Yang’ LSC model

After ascertaining the ECM-dependent active/quiescent status of encapsulated LSCs in
GelMA- and HAGM-based bioprinted scaffolds, we aimed to build a dual in vitro ECM model
that could facilitate these differential statuses of cells within the same hydrogel, thus coming closer
to recapitulating native LSC niches where cells in both activated/quiescent states coexist [3]. For
this, we chose to utilize a ‘Yin-Yang’ pattern that allows for the placement of GelMA and HAGM
distinctly separate yet spatially close regions. To demonstrate the feasibility of our design, we first
printed the ‘Yin-Yang’ pattern in microscale with GeIMA and HAGM mixed with fluorescence
microspheres (Figure 2.4A). Fluorescent microscopic imaging showed the precise patterning of
the acellular hydrogel materials matching our design specification. In follow-up prints, we

replaced fluorescent microspheres with primary rbLSCs and verified the status of the encapsulated
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bLSCs in different parts of the dual ECM model (Figure 2.4B). Immunofluorescence staining
showed the positive expression of KI67 in the GelMA-based region while few KI67 positive cells
were found in the HAGM-based region (Figure 2.4B). Therefore, with our bioprinting system, we
were able to fabricate the dual ECM ‘Yin-Yang’ model whose separate ECM-portions induced

active/quiescent statuses for the LSC.

2.4  Discussion

With the recent technological advances in tissue engineering and regenerative medicine,
stem cell therapies based on hydrogel scaffolds have become popular for the treatment of LSCD
[12]. However, cost effective approaches for the high-throughput fabrication of hydrogel scaffolds
encapsulating primary LSCs remains an active area of research. Furthermore, behavior that LSCs
exhibit in response to different 3D matrices presents an attractive challenge in formulating
scaffolds that can effectively recapitulate the native microenvironment of the LSC niche. Our study
presents a novel engineering approach applying DLP-based 3D bioprinting for the fabrication of
hydrogel scaffolds encapsulating both rabbit and human primary LSCs. We successfully printed
GelMA- and HAGM-based microscale hydrogel scaffolds that maintained the viability of the
encapsulated primary rbLSCs. The cells exhibited ECM-dependent phenotypes with an active
status in GelMA- and quiescent status in HAGM-based scaffolds. We repeated the bioprinting
experiments with hLSCs and confirmed the consistency of the ECM-dependent phenotype in
primary human cells. Moreover, we applied DLP-based 3D bioprinting to build a dual ECM Yin-
Yang’ model encapsulating LSCs in active/quiescent status.

Tissue regeneration using endogenous stem cell is a promising solution for many medical

conditions [2,28,50,51]. As the essential endogenous epithelial stem cell contributing to corneal
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regeneration, LSCs have been explored in various approaches in combination with hydrogel
scaffolds for corneal epithelium reconstruction [52,53]. DLP-based 3D bioprinting has been
instrumental in tissue engineering as it facilitated the fabrication of high-throughput hydrogel
scaffolds encapsulating various types of stem cells [18]. We used DLP-based 3D bioprinting to
produce GelMA- or HAGM-based hydrogel scaffolds encapsulating of primary rbLSCs and
hLSCs. DLP-based 3D bioprinting maintained the viability and stemness of the encapsulated LSCs
in both materials. With flexible and precise control over morphological structures, the microscale
hydrogel scaffolds encapsulating LSCs can be optimized by our bioprinting system to serve
various therapeutic purposes including minimally invasive injectable stem cell transplantation [54].
Furthermore, the translucent nature of the GeIMA and HAGM scaffolds not only enabled facile
monitoring of cell morphology and behaviors, but also makes ideal candidates for corneal tissue-
on-a-chip in vitro disease modeling.

The ECM-dependent regulation and reprogramming of epithelial stem cell fate have been
indicated as prevalent mechanisms in different tissues including epidermis, lung, intestine, colon
and cornea [30,55-58]. By controlling the matrix stiffness with our bioprinting system, we were
able to compare the influence of ECM component on the encapsulated LSCs. As a result, we found
that primary rbLSCs and hLSCs actively proliferated and formed aggregated colonies in the
GelMA-based scaffolds while showed inhibited proliferation and aggregation in the HAGM-based
scaffolds. Further analysis showed the active/quiescent status of encapsulated LSCs by comparing
proliferation and stemness markers. The quiescence of LSCs in HAGM-based scaffolds can
potentially be mediated by the HA-specific cell adhesion excluding integrins [59-61]. We also
found the HAGM-encapsulated rbLSCs presented proliferative status after being released from

scaffolds and cultured for a week, indicating that the HAGM-encapsulated rbLSCs were reversibly
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quiescent [62]. Non-canonical WNT signaling pathways (planar cell polarity) have been reported
to modify the activation/quiescence in multiple endogenous stem cells [48,49,63]. Notably, we
found upregulated mRNA expression of markers related to non-canonical WNT signaling
pathways in primary LSCs encapsulated in HAGM-based scaffolds, which is consistent with the
previously reported ECM-response of primary LSCs cultured on engineered HA scaffolds [39,64].
As a proof-of-concept, we further combined these findings with multi-material bioprinting to
fabricate a dual ECM ‘Yin-Yang’ model simultaneously encapsulating primary LSCs in
active/quiescent status. The dual ECM model can be an attractive platform for drug screening since
it reproduced stem cell quiescence that was correlated to drug-resistance and recapitulated the stem

cells in heterogeneous status that could react to drugs differently [65-67].

2.5 Conclusions

We applied DLP-based 3D bioprinting to fabricate engineered microscale hydrogel
scaffolds based on GeIMA and HAGM. These scaffolds supported not only the viability of
encapsulated primary rtbLSCs and hLSCs, but also exhibited differential regulation. LSCs were
found to display an ECM-dependent active/quiescent status as they actively proliferated in the
GelMA-based scaffolds and took on quiescent characteristics in the HAGM-based scaffolds. A
bioprinted dual-ECM ‘Yin-Yang’ model encapsulating both active and quiescent LSCs were
fabricated based on these findings. Together, these results illustrated an innovative engineering
approach for disease modeling, drug screening and the development of an LSC-based regenerative
therapy for the treatment of LSCD and related ocular diseases. Future studies exploring other types

of biomaterials or integrating different cell types would be valuable to investigate.
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Supplementary Figure S2.1. LSC Characterization. (A) Immunofluorescence staining of LSC
lineage markers (BMI1 and PAX6) stemness markers (KRT14, ANP63), and proliferation marker
(KI67) on primary rtbLSCs expanded in 2D condition (scale bars: 100 um); (B) representative
gating and statics of the flow cytometry analysis with propidium iodide staining on the different
groups of primary rbLSCs after 7 days of culture. The PE positive cell populations represent the
dead cells (mean = SD, n 2 3); (C) representative bright field images of bioprinted microscale
cylinders with GeIMA/HAGM encapsulating primary tbLSCs after 6 days of culture (scale bars:
100 um); (D) column plot of compressive modulus of the GeIMA- or HAGM-based bioprinted

scaffolds versus light exposure time (mean + SD, n 2 3).
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Supplementary Figure S2.2. Flow cytometry of LSCs. (A) The representative gating on the
different groups of primary rbL.SCs after flow cytometry analysis of KI67 and ANP63 positive cell
populations; (B) the schematic showing the ECM-dependent phenotype reversal test and the
representative flow cytometry gating on the different groups of primary rbLSCs released from
GelMA- or HAGM-based scaffolds.

Supplementary Table 2.1. Antibody List

Antibody Catalog Vendor Dilution Application
Anti-mouse IgG (H+L), F(ab')2 Fragment 4408S Cell Signaling 1:500 IF staining; Flow
(Alexa Fluor® 488 Conjugate) #4408 Technologies ) cytometry
Anti-rabbit IgG (H+L), F(ab')2 Fragment 44138 Cell Signaling 1:500 IF staining
(Alexa Fluor® 555 Conjugate) #4413 Technologies )
Anti-rat IgG (H+L), (Alexa Fluor® 647 44188 Cell Signaling 1:500 IF staining; Flow
Conjugate) #4418 Technologies ) cytometry
Keratin 14 Polyclonal Antibody, Purified 905301 BioLegend 1:100 IF staining
Purified anti-Pax-6 Antibody 901301 BioLegend 1:200 IF staining
. . . . ) IF staining; Flow
Purified anti-p63 (AN) Antibody 699501 BioLegend 1:250 cytometry
Purified Mouse Anti-Ki-67 550609 | BD Pharmagin 1:100 | IFstaining; Flow
cytometry
Anti-Bmil antibody ab85688 Abcam 1:500 IF staining
DAPI (4',6-Diamidino-2-Phenylindole, D1306 ThermoFisher 1:500 IF staining
Dihydrochloride) Scientific )
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Supplementary Table 2.2. Primers for Real Time qPCR

Rabbit Gene 5'—3
Forward CGGAGCCTGCCATCTGTGCT
rbCTNNBI
Reverse GATGGCGGGTGCAGGAGCTT
Forward CGCGCGCATCCTCATGAACC
rbWNT5A
Reverse CGGCCGCGCTGTCGTATTTC
Forward ACGATGCCCAGCAGCAATGA
rbBMI1
Reverse TGCTGGGCTGTTGGCCTTGT
Forward ATGGAGAGGCTGGTGTTCGG
rbCD200
Reverse CACCACCACCCCATGGTTCT
Forward CCTGCCACAGACGATTCTTCC
rbP27KIP!
Reverse GTTCGGGGAACCGTCGGAAC Human Gene 5,3
rbVANGLI hKI67
Reverse AGGCGATGGGCGTGAGGAAC Reverse GTCGACCCCGCTCCTTTT
Forward GTATTCTTGCTTCAGGTAGAT Forward GACCTGCAACCGACGATTC
rbPAX6 hP27KIPI
Reverse | GAGGCTCAAATGCGACTTCAGCT Reverse | GTCCATTCCATGAAGTCAGCG
Forward CCCAGTTCTCCTCGGGCTCT Forward | GTATTCTTGCTTCAGGTAGAT
rbKRT14 hPAX6
Reverse GTGGGAGGACACCACCTTGC Reverse | GAGGCTCAAATGCGACTTCAGCT
bP63 Forward GAACGGCTCCTCGTCCACCA Forward GACCATTGAGGACCTGAGGA
" Reverse GACGGCGAGAGGGCATCGAA hKRT14 Reverse ATTGATGTCGGCTTCCACAC
Forward TGGTGAAGGTCGGAGTGAAC Forward | ATGGAGAGGCTGACTCTGACCA
rbGADPH hCD200
Reverse | ATGTAGTGGAGGTCAATGAATGG Reverse GGGCATTTTGCAGAGAGCATT
Forward CGGAGCTGTCCCAGATGCAG Forward CGACCACTTTGTCAAGCTCA
rbKRT3 hGADPH
Reverse CACCTCGGCGATGATGCTGT Reverse AGGGGTCTACATGGCAACTG
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Chapter 3 Rapid Bioprinting of Conjunctival Stem Cell Micro-constructs for

Subconjunctival Ocular Injection

Abstract

Ocular surface diseases including conjunctival disorders are multifactorial progressive
conditions that can severely affect vision and quality of life. In recent years, stem cell therapies
based on conjunctival stem cells (CjSCs) have become a potential solution for treating ocular
surface diseases. However, neither an efficient culture of CjSCs nor the development of a
minimally invasive ocular surface CjSC transplantation therapy has been reported. Here, we
developed a robust in vitro expansion method for primary rabbit-derived CjSCs and applied digital
light processing (DLP)-based bioprinting to produce CjSC-loaded hydrogel micro-constructs for
injectable delivery. Expansion medium containing small molecule cocktail generated fast dividing
and highly homogenous CjSCs for more than 10 passages in feeder-free culture. Bioprinted
hydrogel micro-constructs with tunable mechanical properties enabled the 3D culture of CjSCs
while supporting viability, stem cell phenotype, and differentiation potential into conjunctival
goblet cells. These hydrogel micro-constructs were well-suited for scalable dynamic suspension
culture of CjSCs and were successfully delivered to the bulbar conjunctival epithelium via
minimally invasive subconjunctival injection. This work integrates novel cell culture strategies
with bioprinting to develop a clinically relevant injectable-delivery approach for CjSCs towards

the stem cell therapies for the treatment of ocular surface diseases.

3.1 Introduction

The conjunctiva is a nonkeratinized stratified epithelium that comprises the ocular surface
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along with the cornea [1]. It is a transparent mucous membrane that contains mucin-producing
goblet cells, which are important for tear film stability [2]. Disorders of the conjunctiva include
ocular cicatricial pemphigoid, Stevens-Johnson syndrome, toxic epidermal necrolysis, pterygium,
and chemical or physical damages, which can lead to further complications such as dysfunctional
tear syndrome, keratinization, symblepharon formation, and increased risk of infection [1,3-6].
With more than ten million new diagnoses worldwide each year, patients suffering from these
severe forms of ocular diseases will often need surgical intervention to regenerate the ocular
surface, especially the conjunctiva, to restore vision [7—11]. As the damage to the ocular surface is
one of the major causes of visual impairment, preserving the integrity of the conjunctiva is critical
[12]. Traditional therapeutics for treating severe ocular surface diseases include an autograft of
conjunctiva or nasal mucosa, an allograft of amniotic membrane (AM), and conservative
medications with eye drops [13—17]. However, these approaches have limitations in complete
regeneration and the sourcing of autogenic or allogenic tissue is scarce. A critical factor in their
lack of effectiveness is due to persistent inflammation which can drain the endogenous stem cell
reservoir and hamper the regenerative capacity of the conjunctiva [18][19]. With the development
of advanced regenerative medicine and stem cell technologies, growing attention over the past
decade has turned towards the utilization of stem cell therapy for ocular surface diseases [20,21].
In parallel to the identification of corneal stem cells originating from the limbus as a
promising source to support stem cell therapy for corneal diseases, there is currently a large interest
in exploring the use of conjunctival stem cells (CjSCs) and their clinical applications for ocular
surface diseases [22-25]. CjSCs are bipotent progenitor cells of conjunctival keratinocytes and
conjunctival goblet cells [24,26]. Although several studies have located and identified CjSCs

populations within the conjunctival epithelium, their efficient in vitro expansion and subsequent
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transplantation to the ocular surface remains a challenge [22,27]. Recent studies on epithelial stem
cells have highlighted the effectiveness of small molecule based dual SMAD signaling inhibition
(dSMAD:1) and ROCK signaling inhibition (ROCKi) for the extensive expansion of epithelial stem
cells derived from the airway, esophagus, intestine, skin, mammary, epididymis, and prostate
glands [28,29]. Dual SMAD signaling, encompassing the TGF and BMP signaling pathways,
influences the epithelial basal stem cell fate by controlling their differentiation, dedifferentiation,
self-renewal, and quiescence [30-33]. ROCK signaling pathways play critical roles in the
regulation of the cytoskeleton, microtubule dynamics, cell membrane transportation, and polarity
[34]. Therefore, integration of dSMADi with ROCKi can potentially be used towards the
development of feeder-free cell culture systems for CjSCs.

As the cell-niche interactions significantly affect stem cell survival and behavior, an
instructive niche is critically important for successful stem cell transplantation [19,35,36]. Present
studies on conjunctival reconstruction have mostly focused on allogeneic sheet transplantation
using primary conjunctival epithelium grown on AM or other substitutes [27,37-39]. However,
very few studies have addressed the use of substrates supporting the transplantation of CjSCs,
which is mainly due to the poor understanding of their native niche. Meanwhile, the existing
methodologies largely employ surgical grafting that often involve high postoperative risks
including scar formation and symblepharon, as well as elongate recovery times. Therefore,
minimally invasive cell transplantation strategies have become a safe and effective alternative [40—
44]. Nevertheless, the delivery of CjSCs to the conjunctiva is limited by challenges regarding poor
immobilization of cells to the target site which can lead to compromised viability and rapid
diffusion of the transplanted cells [45]. In recent years, encouraging progress has been made in

integrating hydrogel scaffolds for therapeutic delivery of stem cells to the ocular surface [46,47].
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Digital light processing (DLP)-based rapid bioprinting enables a robust platform for high
throughput fabrication of cell-loaded hydrogel constructs while providing well-defined user
control over key factors including cell placement, biomechanical properties, and microarchitecture
to better recapitulate the native niche [48—53]. Moreover, bioprinting offers superior microscale
geometric control as well as the scalable and rapid production of cellularized constructs [54,55].
Given the elastic nature of the conjunctival epithelium, subconjunctival delivery of injectable
bioprinted cell-loaded hydrogel constructs could be used as a minimally invasive remedy for ocular
surface regeneration [56].

In this study, we presented a DLP-based rapid bioprinting approach to fabricate microscale
CjSC-loaded hydrogel constructs for subconjunctival injectable delivery. We first expanded rabbit-
derived CjSCs using a feeder-free culture system containing a small molecule cocktail that
performed dSMADi and ROCK:i. Then, we applied our DLP-based bioprinting system to fabricate
hydrogel micro-constructs with tunable mechanical properties to encapsulate CjSCs while
ensuring their viability and preserving stem cell behavior. Dynamic suspension culture of the
hydrogel micro-constructs was also performed to demonstrate the scalability of the process.
Furthermore, we validated the injectability and post-injection viability of CjSC-loaded hydrogel
micro-constructs by performing ex vivo delivery into the subconjunctival region of rabbit eyes
using a 30-gauge syringe. This is the first report on the development of bioprinted injectable CjSC-
loaded hydrogel micro-constructs and the establishment of protocols for robust in vitro expansion
of CjSCs. Overall, this work serves as an important framework for understanding the conjunctival
stem cell population, conjunctival epithelial biology, as well as the application of CjSCs as a

clinically translatable strategy for minimally invasive treatments of severe ocular surface diseases.
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3.2 Materials and Methods
Primary CjSCs isolation, culture, and differentiation

Fresh eyes harvested from 10-12 weeks old New Zealand White rabbits (Oryctolagus
Cuniculus) were acquired from Sierra for Medical Science, Inc. (Whittier, CA) and used for
conjunctival cell isolation. Rabbit conjunctival epithelium was collected from palpebral
conjunctiva and bulbar conjunctiva that was 3-5 mm away from the limbus. PBS was
subconjunctivally injected into the palpebral and bulbar area with a flat pinhead for the blunt
dissection of conjunctival epithelium from the stroma. The dissected conjunctival epithelium was

minced with a surgical blade and incubated with 0.5% type IV collagenase (Sigma Aldrich)

solution at 37°C under agitation at 150 rpm for 1 hour. After the incubation, cell pellets were

collected and washed with PBS, followed by a 10-minute digestion with 0.25% trypsin-EDTA
(Sigma Aldrich). The cells were filtered using a 75 pum cell strainer before seeding onto collagen I
(ThermoFisher Scientific) coated 6-well plates. The epithelial basal medium was prepared as
previously reported by combining DMEM/F-12 (3:1) with 10% (v/v) fetal bovine serum (FBS)
(DF12) supplemented with 1% (v/v) penicillin—streptomycin (P-S, ThermoFisher Scientific), 1x
insulin-transferrin-selenium (ITS, ThermoFisher Scientific), 10 ng/ml epidermal growth factor
(EGF, R&D System), 400 ng/ml hydrocortisone (Sigma Aldrich), 0.1 nM cholera toxin (Sigma
Aldrich), and 2 nM 3,39,5-triiodo-L-thyronine (Sigma Aldrich)[25,57]. In the medium component
formulation studies, 0.1 uM, 1 pM, or 10 uM A83-01 (STEMCELL Technologies), SB431542
(Tocris Bioscience), DMHI1 (STEMCELL Technologies), Dorsomorphin (STEMCELL
Technologies), LDN193189 (Tocris Bioscience), or 10 uM SB505142 (Tocris Bioscience), 1 uM
LY294002 (Tocris Bioscience), 10 puM Y27632 (Tocris Bioscience), 100 ng/ml bone

morphogenetic protein 4 (BMP4) (Biolegend), 100 ng/ml transforming growth factor beta (TGFp;
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Biolegend) were added into the basal medium. Basal medium without these aforementioned
additive components was used as the control in the primary culture study. The procedure was
approved by University of California San Diego Institutional Biosafety Committee.

For the expansion of CjSCs, cells were seeded on collagen I (ThermoFisher Scientific)
coated 6-well plates with the seeding density of 200,000 cells per well and cultured in conjunctival
stem cell expansion medium (CjSCM) composed of epithelial basal medium supplemented with
10 uM Y27632, 1 uM A83-01, and 1 uM DMHI. Medium changes were performed every other
day and cells were passaged at 80-90% confluence. For differentiation into conjunctival goblet
cells, expanded CjSCs over passage 2 (P2) were seeded and cultured the same as mentioned above.
The differentiation was initiated when the cells reached 90% confluence, in differentiation medium
composed of Keratinocyte SFM (serum-free medium) (ThermoFisher Scientific) supplemented
with 50 pg/ml bovine pituitary extract (BPE), 5 ng/ml recombinant epidermal growth factor (EGF)
(ThermoFisher Scientific), 1% (v/v) P-S, 100 ng/ml BMP4, 10 ng/ml fibroblast growth factor 10
(FGF10), 100 ng/ml interleukin 13 (IL-13) and 1 pM A83-01[2,58—60]. The cells were cultured
with the goblet cell differentiation medium for 7 days with the medium changed every other day.
For CjSCs 3D static culture, the bioprinted hydrogel micro-constructs were cultured in a 24-well
plate with CjSCM immediately after bioprinting to induce goblet cell differentiation as described

above. For dynamic suspension culture, the hydrogel micro-constructs were cultured in 12-well

plates and constantly agitated at a rate of 95 rpm. The cell culture was performed at 37°C with 5%

COa.

Material synthesis and photocrosslinkable bioink preparation

Gelatin methacryloyl (GelMA) was synthesized according to previously established
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protocols [61,62]. Briefly, porcine skin gelatin type A (Sigma Aldrich) was dissolved into a 0.25
M carbonate-bicarbonate (3:7) buffer solution at pH 9 with stirring at 50°C to prepare a 10% (w/v)
solution. Once the gelatin was completely dissolved, methacrylic anhydride (MA; Sigma Aldrich)
was added dropwise into the gelatin solution to a concentration of 100pul per gram of gelatin and

reacted for 1 hour under continuous stirring at 50°C. The product underwent dynamic dialysis

overnight using 13.5 kDa dialysis tubes (Repligen). The GelMA solution was then lyophilized for

three days and stored at -80°C for later use. Lithium phenyl-2,4,6-trimethylbenzoylphosphinate

(LAP) was used as a photoinitiator and synthesized as previously described [63]. In brief, under
constant stirring at room temperature, 18 mmol of dimethyl phenylphosphonite (Sigma Aldrich)
was mixed equimolarly with 2,4,6-trimethylbenzoyl chloride (Acros Organics) by dropwise
addition and left to react for 18 hours. Next, 6.1 g of lithium bromide (Sigma Aldrich) dissolved

in 100 ml of 2-butanone (Sigma Aldrich) was added in the reaction mixture, and the reaction was
continued at 50°C for 10 minutes with stirring. The mixture was then left to incubate overnight at
room temperature and the unreacted lithium bromide was removed by filter-washing with 2-
butanone for a total of 3 times. The resultant LAP solids were ground into powder and stored in
the dark under argon at 4°C.

To prepare the prepolymer bioinks, GelMA powders and LAP powders were dissolved with
warmed DPBS to form a stock solution of 10% (w/v) GelMA and 0.5% (w/v) LAP, followed by
filtering with 0.22 um syringe filters. The cells were trypsinized with 0.25% trypsin-EDTA and

neutralized with culture medium. The resultant cell solution was filtered with a 75 pm cell strainer

to attain a single cell suspension. The cell suspension was then counted with a hemocytometer and
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adjusted to desired concentrations. Immediately prior to bioprinting, the GeIMA-LAP prepolymer
solution was mixed 1:1 with single cell suspension to form a final bioink formulation composed
of 5% (w/v) GelMA, 0.25% (w/v) LAP, and 107 cells/mL CjSCs. For the acellular bioprinted

hydrogel micro-constructs, the prepolymer solution was mixed 1:1 with DPBS to make the bioink.

Rapid bioprinting of hydrogel micro-constructs

Rapid bioprinting of acellular or cellularized hydrogel micro-constructs was performed
with our custom-built digital light projection (DLP)-based bioprinting system [51,52,64]. This
DLP-based bioprinter consists of a 365 nm light source (Hamamatsu) with aligning projection
optics, a digital micromirror device (DMD) chip (Texas Instruments) for optical patterning, and a
stage controlled by a motion controller (Newport). User-defined patterns were fed into the
computer. Using custom operation software, the DMD chip could be controlled to modulate the
light projection based on the assigned patterns. All the digital patterns used for bioprinting were
generated with Adobe Photoshop. For the bioprinting setup, two identical polydimethylsiloxane
(PDMS) spacers with the thicknesses of 500 pm or 125 pm were placed between a methacrylated
coverslip and the PDMS base attached to a glass slide. The prepolymer bioink was loaded into the
gap between the coverslip and the base followed by photopolymerization. The polymerized
constructs were immediately transferred to a 24-well plate containing pre-warmed DPBS and
excess prepolymer was washed by gentle pipetting. The DPBS was then replaced by the culture
medium which was then changed after the first 24 hours. For dynamic suspension culture, the
hydrogel constructs were rinsed with DPBS and then carefully detached from the coverslips using
surgical blades and placed into 12-well plates (36 constructs per well). The hydrogel constructs

were resuspended with warm CjSCM and subjected to 95 rpm rotation.
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Immunofluorescence staining

For 2D cell staining, CjSCs were grown on collagen-coated Millicell EZ slides (Millipore
Sigma). Samples were washed twice with sterile DPBS and fixed with 4% (w/v) paraformaldehyde
(FUJIFILM Wako) for 20 minutes at room temperature, followed by three 10 minutes DPBS
washes. For the co-staining of ABCG2/KRT14, P63/E-Cad, and KI67/PAX6 the fixed samples
were blocked with 5% (w/v) bovine serum albumin (BSA; Sigma Aldrich) containing 0.3% triton
X-100 (Sigma Aldrich) for 1 hour at room temperature. For the staining of Muc5AC and MUCI16,
the fixed samples were permeabilized with DPBS containing 0.2% triton X-100 for 10 min,

followed by blocking for 1 hour with 5% (w/v) BSA. Afterwards, samples were incubated with

primary antibodies at 4 °C overnight. Following primary antibody incubation, cultures were

washed three times for 10 minutes each in DPBS and incubated with Alexa Fluor-conjugated
secondary antibodies (Invitrogen) for 1 hour at room temperature. The samples were then washed
with DPBS three times before staining with DAPI (4',6-Diamidino-2-Phenylindole; ThermoFisher
Scientific) diluted in DPBS (1:500) for 10 minutes. After removing the DAPI solution and a final
DPBS wash, the solution was aspirated and the samples were air-dried for 30 seconds, followed
by mounting with Fluoromount-G™ Mounting Medium (ThermoFisher Scientific). The
immunofluorescence staining on hydrogel micro-constructs followed the same protocols with the
mounting step omitted. For the staining on cryosectioned samples, the optimal cutting temperature
(O.C.T.) compound was washed off with three 10 minutes DPBS washes followed by brief air
drying. Then, hydrophobic circles were drawn around the sections with a PAP pen (Sigma Aldrich).
The permeabilization and blocking were performed with 5% (w/v) BSA and 0.3% (v/v) triton X-

100 at room temperature for 1 hour. The sequential steps are the same as described above. After
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staining, samples were imaged within 48 hours. The antibody information and their dilution rates

are available in the Supplementary Table 3.1.

Mechanical properties characterization
The compressive modulus (Young’s modulus) of the bioprinted hydrogel micro-constructs

encapsulated with CjSCs was measured using a MicroSquisher (CellScale) apparatus following

the manufacturer’s instructions. The 5% GelMA cylinders (250 um in diameter; 250 pm in height)

printed for the test were incubated at 37°C before use. Prior to measurement, the hysteresis of the

samples was removed with two rounds of preconditioned compression. Then, the samples were
compressed at 10% strain with a 2 Pm/s strain rate to record the data. The Young’s modulus of
measured samples was calculated using a custom MATLAB algorithm with the force and
displacement data.

Rheometry was used to determine if the hydrogels are shear thinning. We adapted an

established testing protocol [65] and conducted the measurements on a parallel plate rheometer

(AR-G2 Rheometer, TA Instruments). The tests were conducted at 25°C and a gap height of 1000

pm. The tests were conducted at room temperature to mimic the ambient temperature for injection.

A 5% GelMA, 0.25% LAP solution in DPBS was warmed to 37°C and 310 pl of solution was

injected between the plates. The top plate was lowered to 900 pm and lifted back to 1000 um to
ensure even the spreading of solution between the plates. To form the hydrogel between the parallel

plates, the solution was exposed for 5 minutes to UV light from a 395nm UV LED flashlight
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(TaoTronics, Model: TT-FL0O1). Before each test, a 2-minute time sweep was performed at 0.2%
strain and 10 Hz to recondition the hydrogel to reset its mechanical history. A frequency sweep
was done from 0.01 to 100 Hz at 0.2% strain with 10 points per decade. A strain sweep was done
from 0.01% to 500% strain at 10 Hz with 10 points per decade. The viscosity was measured by a
continuous flow ramp from shear rates 0 to 50 s-1 in 2.5 minutes with 20 points per decade. The
reported data represents 3 independent hydrogel runs.

For the characterization of equilibrium swelling ratio, acellular hydrogel micro-constructs

were fabricated as described above. The hydrogel micro-constructs were dehydrated with
overnight incubation at 37°C, followed by imaging and rehydration via DPBS immersion. The
hydrated hydrogel micro-constructs were then imaged every 24 hours for 6 days with a Leica DMI
6000-B microscope. The cross-sectional area of the dry and wet hydrogel micro-constructs were

measured using ImageJ and recorded as Ap,, and Awer, respectively. The equilibrium swelling ratio

at each time point was calculated by Ayt /Apry. All measurements were performed in triplicates.

Viability evaluation
To evaluate the viability of encapsulated CjSCs in the bioprinted hydrogel micro-constructs,
samples were stained with Live/DeadTM Viability/Cytotoxicity kit (Thermo Fisher Scientific) and

the metabolic activity was measured with CellTiter-Glo® 3D cell viability assay (Promega). For

the Live/Dead staining, the hydrogel micro-constructs were incubated with DPBS with 2 pM

calcein acetoxymethyl ester and 4 uM ethidium homodimer for 30 minutes at 37°C, followed by

fluorescent imaging with Leica DMI 6000-B microscope. The Live/DeadTM staining was

performed in duplicates. For the CellTiter-Glo® 3D cell viability assay, the hydrogel micro-
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constructs were transferred to a 24-well plate filled with 200 pl culture medium and 200 pl
CellTiter-Glo® 3D reagent (400 pl solution per well). The samples were then incubated at room
temperature under constant agitation for 1 hour. After incubation, 50 pl of the lysate was
transferred to a white opaque-walled 96-well plate and diluted with 150 pl of UltraPure™ water
(Thermo Fisher Scientific). The adenosine triphosphate (ATP) standard curve was created with
gradient dilution of ATP disodium salt (Promega) and loaded in the same 96-well plate. Each test
was performed with 6 replicates. The data collection was carried out by plate-reading with the

Tecan Infinite M200 PRO microplate reader.

RNA isolation, reverse transcription, and real time quantitative PCR

To extract the RNA from the 2D cultured cells, chilled TRIzol® reagent (Ambion Thermo
Fisher) was added to the pelleted cells followed by repeated pipetting. To extract the RNA from
encapsulated cells in hydrogel micro-constructs, the samples were physically broken down with

clean pipette tips and immediately immersed into chilled TRIzol® reagent and repeatedly pipetted.

The lysate was either used for extraction or immediately stored in the -80°C freezer. RNA samples

were extracted with the Direct-zolTM RNA Purification kit (Zymo Research) following the

manufacturer’s instructions. The products were quantified using a NanoDropTM 2000 (Thermo

Fisher Scientific) instrument. The RNA samples were either used immediately for cDNA synthesis

or stored at -80°C. The cDNA reverse transcription synthesis was carried out with PhotoScript®

first strand cDNA synthesis kit (New England BioLabs) following the manufacturer’s protocols
using the thermal cycler of the StepOneTM Real-Time PCR System (Thermo Fisher Scientific).

The resultant cDNAs were further diluted 10-fold with UltraPureTM water (Thermo Fisher
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Scientific). Real time quantitative PCR (qQPCR) was performed in triplicates using the Luna®
Universal gPCR Master Mix (New England BioLabs) according to the manufacturer’s instructions.
The gqPCR primers used are listed in Supplementary Table 3.2. For relative quantification,

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control.

Flow cytometry

For flow cytometry, cultured cells were digested with 0.25% trypsin-EDTA, filtered with
a 75 um cell strainer, and pelleted by centrifugation. Following the manufacturer’s instructions,
the pellets were resuspended with a Cell Staining Buffer (Biolegend) and TruStain FcX™
(Biolegend) was used for blocking. To quantify the KRT14 positive population, anti-Keratin 14
rabbit polyclonal antibody (905304, Biolegend) and anti-rabbit IgG (H+L), F(ab")2 Fragment (Cell
Signaling Tech) were applied subsequentially following the manufacturer’s instructions. Flow
cytometry was performed using FACSAria™ Fusion sorter (BD Biosciences) and the data was

analyzed using FlowJo.

Cell doubling quantification

For the cell doubling comparison, freshly isolated, viable conjunctival epithelial cells were
seeded on a collagen I coated 12-well plate with a density of 20,000 cells per well. The cells were
serially expanded in CjSCM or control medium. Subculture was performed with 0.25% trypsin-
EDTA every 3-4 days depending on the confluence. The number of cells were measured with
hemocytometer (Fisher Scientific) and re-seeded on a collagen I coated 12-well plate with a density
0f20,000 cells per well. The test was performed in triplicates and the cell doubling time (DT) was

calculated with the following formula: DT = AT -In 2 /In (Q2/Q1). AT represents the incubation
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time. O/ and Q2 represents the number of cells at the beginning and at the end, respectively.

Periodic acid—Schiff (PAS) staining
PAS staining on differentiated conjunctival goblet cells was performed by Periodic Acid
Schiff (PAS) Stain Kit (Abcam) following the manufacturer’s instructions. Imaging was performed

using the Keyence BZ-9000 microscope with a multicolor CCD camera.

Biodegradibility test

To evaluate the biodegradibility of the hydrogel materials, we synthesized fluorescein
(FAM) conjugated GelMA using FAM NHS ester, 6-isomer (Lumiprobe, CAT# 55120) with
guidance from the manufacturer’s protocol. Briefly, lyophilized GelMA and FAM NHS ester were
first homogeneously dissolved separately in 0.1M sodium bicarbonate buffer solution (pH 8.3)

then combined into a 50-ml conical to make a 2% (w/v) GelMA solution with 4x molar excess of

FAM NHS ester. The reaction was allowed to proceed overnight at 4°C in the dark. The solution

was filtered via ZebaTM 7K MWCO spin desalting columns (ThermoFisher, CAT# 8§9894) to

remove excess FAM NHS ester, subsequently frozen at -20°C, and lyophilized for three days.

Lyophilized FAM-GelMA was stored at -80°C until further use.

The FAM-GelMA pre-polymer solution was prepared and used for bioprinting as described
in Section 2.2. For the biodegradibility test, FAM-GelMA-based microscale cylinders (2 mm in

diameter; 500 um in height) were printed. The hydrogel constructs were then subjected to 100 rpm

rotating incubation at 37°C with 10 pg/ml collagenase Type IV (Sigma Aldrich). The supernatant
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was collected every 10 minutes until the complete degradation of hydrogel constructs. The FAM
concentrations in the supernatant were measured by fluorescence plate-reading with the Tecan
Infinite M200 PRO microplate reader. The degree of degradation was calculated by normalizing

the signal from each group to the signal from the complete degradation group (80 minutes group).

Injectability test

To evaluate the injectability of the hydrogel micro-constructs, 80 samples were suspended
in 200 pl of DPBS in a microcentrifuge tube and aspirated with a 30-gauge syringe needle,
followed by repeated injection and aspiration for a total of 3 times. Afterwards, the treated hydrogel
micro-constructs and the non-treated controls were subjected to dynamic suspension culture.
Live/DeadTM staining was performed to evaluate the influence of injection on the encapsulated

cells.

Subconjunctival delivery and cryosection

Subconjunctival injection into rabbit eyes was performed using a 30-gauge syringe needle.
For a single injection, 36 hydrogel micro-constructs encapsulated with GFP-labeled CjSCs were
suspended in 100 pl of DPBS supplemented with 1% (v/v) P-S in a microcentrifuge tube, loaded
into the syringe, and injected into the subconjunctival regions of the bulbar conjunctiva. Four
injection sites in between the muscles and connective tissues were chosen to mimic the actual
injection protocol. Moreover, 100 pl of single cell suspension (106 cells/ml) in DPBS with 1%
(v/v) P-S was injected in the same manner to serve as the control. After injection, the rabbit eyes
were incubated in DF12 supplemented with 10 ng/ml EGF and 1% (v/v) P-S, for 24 hours under

constant agitation at 95 rpm.
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To prepare the rabbit eyeballs for cryosectioning, dissection was performed with the
anterior part (sclera ring with conjunctiva and cornea) kept intact and the excised tissue was fixed
in 4% (w/v) PFA for 3 hours, followed by dehydration with 30% (w/v) sucrose (Sigma Aldrich) in

0.1 M DPBS at 4 °C overnight. The tissues were then embedded in Tissue Tek® O.C.T. Compound

(Fisher Scientific) and frozen at -80°C. Serial transverse sections of 6 um thick each were cut using

a CM1900 cryostat (Leica) and stored at —80 °C until stained.

Imaging and processing

The brightfield and regular fluorescence images of the cells and hydrogel micro-constructs
were captured using a Leica DMI 6000-B microscope. Confocal imaging was performed using a
Leica SP8 Confocal with lighting deconvolution. All images were processed using LAS X software

and Image].

Statistical analysis

All the statistics in this work were processed with Microsoft Excel and GraphPad Prism
(V6) and presented by mean + standard deviation. The statistical significance was evaluated with
Student’s t-test (two tailed) or one-way ANOVA. Statistics with P-value < 0.05 were considered

as significant and labeled with asterisks (*: P < 0.05; **: P <0.01; ***: P <0.001.).
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Figure 3.1. Conjunctival Stem Cell Expansion Medium (C;SCM) with Small Molecule Cocktail
Facilitates In vitro Expansion of CjSCs. (A) Immunofluorescence staining of ABCG2/ KRT14 and
KI167/P63 on primary conjunctival epithelial cells that were cultured in CjSCM or control medium
for 4 days. Scale bars: 50 pm. (B) Cell morphologies of nonconfluent primary conjunctival
epithelial cells cultured with CjSCM or control medium at P3. Scale bars: 50 um. (C) Cumulative
cell doubling plot showing the doublings versus the culture time of primary conjunctival epithelial
cells in culture with CjSCM or control medium. (D) Real time qPCR showing the relative mRNA
expression of stem cell markers (i.e., KRT14, P63) and lineage marker (i.e., PAX6) in P10 cells
expanded in CjSCM or control medium (mean &= SD, n=3, **: P <0.01.). (E) Immunofluorescence
staining of ABCG2/ KRT14, ECAD/ P63 and KI67/PAX6 on CjSCs at P10. Scale bars: 50 pm. (F)
Immunofluorescence staining of MUCS5AC and MUC16 and the corresponding bright field images
on the differentiated CjSCs. Scale bars: 50 um.
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33 Results

3.3.1 Invitro expansion of CjSCs with small molecule cocktail

To expand the CjSCs in vitro, different small molecules related to dSSMADi or ROCKIi at
different concentrations (i.e., 0.1 uM, 1 uM, 10 uM) in the basal medium were tested. The
mitotically active undifferentiated epithelial cell population represented by cytokeratin 14 (KRT14)
positive cells were evaluated by flow cytometry (Supplementary S3.1A, B)[66,67]. Groups treated
with A83-01 (TGFp inhibitor) and DMH1 (BMP inhibitor) showed the most KRT14 positive
population expansion among their analogues. Given the promise of the addition of A83-01 and
DMHI1, we further tested them along with Y27632 (ROCK inhibitor) and the related activator
proteins (TGFB, BMP4) to evaluate their efficacy in stem cell expansion. After 4 days of primary
culture, more small-sized and tightly packed cells were found in the inhibitors (i.e., A83-01, DMHI,
Y27632)-treated groups (Supplementary S3.1C). Real time qPCR showed up-regulated mRNA
expression of stem cell markers (KRT14, P63) and ocular lineage marker (PAX6) in the inhibitors-
treated groups while down-regulated expression was found in the activators (i.e. TGFf, BMP4)-
treated groups (Supplementary S3.1D)[24,68]. The three inhibitors combined group exhibited the
highest expression up-regulation on all three markers, which indicated the three components
synergistically stimulated stem cell expansion in primary conjunctival epithelial cell culture.
Consistently, immunofluorescence staining of stem cell markers (ABCG2, KRT14, P63) and the
proliferation marker (KI167) identified homogenous positive populations in the three inhibitors
combined group while only small colonies of positive populations were found in the control (Fig.
3.1A)[24]. Based on these results, we combined 10 uM Y27632, 1 uM A83-01, and 1 uM DMHI1
to form the small molecule cocktail for the conjunctival stem cell expansion medium (CjSCM).

The cells cultured with C;SCM were homogenous in size and rounded shape whereas the control
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cells showed heterogenous size and flattened, elongated morphologies (Fig. 3.1B). Furthermore,
long-term culture demonstrated that cells expanded with CjSCM proliferated significantly faster
than the control cells and can be expanded stably for more than 60 doublings without losing
replicative potential (Fig. 3.1C, Supplementary S3.1E). Real time qPCR showed an up-regulation
in expression of KRT14, P63 and PAX6, in the expanded CjSCs in comparison to the control (Fig.
3.1D). The stem cell identity and proliferative potential of the CjSCs cultured with CjSCM were
confirmed by the positive expression of the stem cell markers (i.e., ABCG2, KRT14, P63), lineage
markers (i.e., E-Cadherin (ECAD), PAX6) and proliferation marker (i.e., KI167) (Fig. 3.1E). We
next tested whether the expanded CjSCs are functional by differentiating them into conjunctival
goblet cells. Immunofluorescence staining showed the positive expression of the characteristic
mucous protein markers for mucin SAC (MUCS5AC) and mucin 16 (MUCI16) in the CjSCs
expanded with CjSCM after 7 days of goblet cell differentiation (Fig. 3.1F)[2,69]. This was further
confirmed by positive Periodic acid-Schiff (PAS) staining for mucin expression in the cells post
differentiation (Supplementary S3.1F). Together, we showed successful in vitro expansion of
functional CjSCs while preserving differentiation potential into conjunctival goblet cells using our

developed CjSCM.
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Figure 3.2. Bioprinting of CjSC-loaded Hydrogel Micro-constructs with Tunable Mechanical
Properties. (A) Schematic of the DLP-based rapid bioprinting process to fabricate hydrogel micro-
constructs loaded with CjSCs. (B) Designed digital patterns and the representative corresponding
hydrogel micro-constructs encapsulating 107 cells/ml of CjSCs. Scale bars: 500 pm. (C) Plot of
compressive modulus of the hydrogel micro-constructs versus light exposure time (mean = SD, n
= 3). (D) Plot of metabolic activity (ATP content/construct) of the bioprinted constructs versus
light exposure time (mean = SD, n = 6, **: P < (.01, ***: P <0.001.). The metabolic activity was
measured using CellTiter-Glo® 3D cell viability assay. (E) Representative images of
Live/DeadTM staining of the CjSC-loaded hydrogel micro-constructs fabricated under different

exposure times. Scale bars: 100 um.
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3.3.2 DLP-based rapid bioprinting of hydrogel micro-constructs support the viability of
encapsulated CjSCs

Upon establishing stable in vitro expansion conditions, we next developed an injectable
cell delivery system for CjSCs as a strategy towards a potential clinically translatable stem cell
therapy. It is critical to ensure that both the biochemical and biophysical properties are optimized
to ensure appropriate viability and functionality of CjSCs. Among the different biofabrication
techniques available, DLP-based bioprinting systems enable rapid and scalable fabrication of
cellularized hydrogel micro-constructs with precise geometrical control [48,51,52,54,55]. Our
DLP-based bioprinter utilizes a DMD chip that converts user-defined digital designs into optical
patterns to rapidly photopolymerize hydrogel constructs encapsulating cells into well-defined
microscale patterns (Fig. 3.2A). More importantly, the ability to spatiotemporally regulate light
exposure enables direct control over crosslinking density and thus the tunability of hydrogel
mechanical properties [51,64]. In particular, GeIMA has been widely used in biomedical
applications including 3D encapsulation of various types of stem cells [70]. Therefore, we chose
GelMA to fabricate hydrogel micro-constructs encapsulating CjSCs as a delivery vehicle. The
GelMA pre-polymer solution was mixed with the CjSCs solution to form the bioink for DLP-based
bioprinting (Fig. 3.2A). Through parallel projection printing, a total of 18 GelMA-based
microscale cylinders (500 um in diameter; 500 um in height) encapsulating CjSCs at the density
of 107 cells/ml were fabricated in a single print within 30 seconds (Fig. 3.2B). To optimize the
stem cell niche, we tuned the exposure time to adjust the mechanical properties of the hydrogel
scaffolds and monitored the change of the encapsulated CjSCs (Supplementary S3.2A).

Mechanical testing results showed a positive linear relationship between the Young’s modulus of
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the hydrogel micro-constructs and the light exposure time for photo-crosslinking, where increasing
exposure time correlated to an increase in hydrogel stiftness ranging from 0.2-3 kPa over a 10 to
30 seconds exposure time range (Fig. 3.2C). In addition, CellTiter-Glo® 3D cell viability assay
was performed to measure the cellular metabolic activity of hydrogel micro-constructs (Fig. 3.2D).
After 24 hours in culture, the amount of ATP generated per construct significantly decreased in the
groups with 25 seconds exposure (i.e. 30.32 + 2.04 nM/construct) and with 30 seconds exposure
(i.e. 21.04 £ 1.43 nM/construct) compared to the group with 20 seconds exposure (i.e. 38.71 +
0.64 nM/construct). Consistently, Live/DeadTM staining showed an increased number of dead
cells in the groups with higher exposure time of 25 seconds and 30 seconds (Fig.3. 2E). To confirm
the preservation of stem cell phenotype upon varied exposure times, the bioprinted CjSCs were
evaluated by real time qPCR for the mRNA expression of the stemness marker P63
(Supplementary S2B). Consistently, the P63 mRNA expression was significantly down-regulated
in groups with over 20 seconds exposure. Based on these findings, all subsequent bioprinting
experiments encapsulating CjSCs were fabricated at 20 seconds exposure. Furthermore, we have
tested the biodegradability of our hydrogel materials under this printing setting and confirmed the

hydrogel constructs to be biodegradable (Supplementary S3.2C, D).
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Figure 3.3. Bioprinted Hydrogel Micro-constructs Support 3D Culture of Functional CjSCs. (A)
Representative fluorescence and corresponding bright field images of immunofluorescence
staining on bioprinted CjSC-loaded hydrogel micro-constructs after 2 days in culture with C;SCM
showing positive expression for ABCG2/KRT14, E-Cad/P63, KI67/PAX6. Scale bars: 100 um. (B)
Real time qPCR showing mRNA expression of stem cell markers (i.e. KRT14, P63) and lineage
marker (PAX6) in the encapsulated CjSCs in 3D culture (3D Day 1, 3D Day 6), and CjSCs in 2D
culture with CjSCM (2D Culture) for 6 days. The relative mRNA expression was normalized by
the mRNA expression of 2D Culture (mean + SD, n = 3, ns: non-significant, *: P < 0.05, **: P <
0.01, ***: P < 0.001.). (C) Plot of compressive modulus of the 3D hydrogel micro-constructs
versus time in culture (mean = SD, n = 3). (D) Plot of equilibrium swelling ratio of the acellular
3D hydrogel micro-constructs versus time in culture (mean + SD, n = 3). (E) Representative bright
field images of 3D hydrogel micro-constructs at day 0 and day 7 of conjunctival goblet cell
differentiation. The arrow highlights the cell aggregate in the construct during differentiation.
Scale bars: 100 um. (F) Immunofluorescence staining of representative hydrogel micro-constructs
after 7 days of conjunctival goblet cell differentiation showing positive expression of MUCS5AC
and MUC16. Scale bars: 100 um.
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3.3.3 Bioprinted hydrogel micro-constructs support encapsulated CjSC phenotype and
differentiation potential

Next, we examined whether the bioprinted hydrogel micro-constructs can support stem cell
phenotype and differentiation potential of encapsulated CjSCs within a 3D microenvironment.
Immunofluorescence staining showed positive expression of the stem cell markers (i.e. ABCG2,
KRT14, P63) as well as the lineage markers (i.e. E-Cad, PAX6) after 3 days in culture, which is
consistent with the expected expression profile of CjSCs in 2D culture (Fig. 3.3A). Real time gPCR
showed a significant up-regulation of P63, KRT14 and PAX6 in the hydrogel micro-constructs
after 6 days in culture relative to hydrogel micro-constructs after one day in culture and the 2D
culture group cultured with CjSCM for 6 days. All gPCR data were normalized to the 2D culture
group (Fig. 3.3B). These results indicate that the 3D microenvironment significantly enhanced the
stem cell phenotype of the encapsulated CjSCs. Building on this observation, we also examined
the mechanical stability of the hydrogel micro-constructs over time. Mechanical testing data
showed that the compressive modulus of the hydrogel micro-constructs did not significantly
change over time and remained stable under physiological conditions (Fig. 3.3C). Moreover, the
equilibrium swelling ratio measurements of acellular hydrogel micro-constructs found no
significant changes after 6 days in IX PBS at 37°C (Fig. 3.3D). Next, we assessed the functionality
of the encapsulated CjSCs in the hydrogel micro-constructs by inducing goblet cell differentiation.
After 7 days of differentiation, characteristic large cell aggregates were observed in hydrogel
micro-constructs (Fig. 3.3E). Moreover, immunofluorescence staining confirmed the expression
of MUCS5AC and MUCI6 in the hydrogel micro-constructs and demonstrated that the

differentiation potential of the encapsulated CjSCs was preserved (Fig. 3.3F).
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Figure 3.4. Dynamic Suspension Culture and Subconjunctival Injectable Delivery of CjSC-loaded
Hydrogel Micro-constructs. (A) CjSC-loaded hydrogel micro-constructs in dynamic suspension
culture for 6 days. Scale bars: 100 um. (B) Plot of relative ATP content of the hydrogel micro-
constructs in dynamic suspension culture or in static culture over time (mean = SD, n =6, **: P <
0.01.). The ATP content was measured via CellTiter-Glo® 3D cell viability assay and the relative
ATP content was calculated by normalizing the data at each time point with the corresponding data
at day 1. (C) Immunofluorescence staining of representative hydrogel micro-constructs samples
after 6 days under dynamic suspension culture with ABCG2/KRT14, E-Cad/P63, KI67/PAX6.
Scale bars: 100 um. (D) Immunofluorescence staining showing positive expression of MUCSAC
and MUCI16 for representative hydrogel micro-constructs cultured dynamically in suspension after
7 days of conjunctival goblet cell differentiation. Scale bars: 100 um. (E) Continuous flow
rheometry test for the hydrogel composition of the micro-constructs demonstrating shear thinning
with increased shear rate (mean, n = 3). (F) Confocal images of the cryosectioned ocular surface
containing the conjunctiva and sclera after subconjunctival injection of hydrogel micro-constructs
or cell-only control. Sections were stained with anti-EGFP antibody and phalloidin (anti F-Actin)
to visualize the histological structures. The EGFP positive signals correspond to the transplanted
CjSCs. The white dotted line outlines the boundaries of the conjunctival epithelium. EP:
conjunctival epithelium; ST: conjunctival stroma; SC: sclera. Scale bars: 100 pm.
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3.3.4 Dynamic suspension culture of bioprinted hydrogel micro-constructs maintains
encapsulated CjSCs phenotype, proliferation, and differentiation capacity

To be clinically translatable, the production of cell-based constructs transplants needs to be
scalable to meet the high cell demands within the clinic and provide a cost-effective strategy for
large scale in vitro culture. Suspension culture has been largely employed in the form of bioreactors
including fed-batch and perfusion setups to efficiently culture cells at a large scale [71]. As a result,
we subjected our CjSC-loaded hydrogel micro-constructs to dynamic suspension culture and
evaluated their efficacy as a potential clinically translatable stem cell expansion system. Samples
were cultured in a 6-well plate under constant agitation at 95 rpm and a significant increase in cell
density was observed over time as visualized in Fig. 4A. More importantly, CellTiter-Glo® 3D
cell viability assay demonstrated that dynamic suspension culture significantly enhanced cell
viability compared to hydrogel micro-constructs cultured under static conditions at both day 3 and
day 6 (Fig. 3.4B). These results also demonstrated that dynamic suspension culture enabled high
cell density culture of CjSCs while maintaining the cell viability (Supplementary S3.3A).
Immunofluorescence staining showed positive expression of the markers ABCG2, KRT14, P63,
E-Cad and PAX6 in the hydrogel micro-constructs after 6 days in dynamic suspension culture,
which indicated the retention of CjSCs properties in this culture system (Fig. 3.4C). Goblet cell
differentiation was also performed to evaluate the functionality of the CjSCs after dynamic
suspension culture. After 7 days of differentiation under dynamic suspension conditions,
immunofluorescence staining confirmed positive expression of MUCS5AC and MUCI16 in the

hydrogel micro-constructs (Fig. 3.4D).
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3.3.5 Subconjunctival cell delivery of bioprinted CjSC-loaded hydrogel micro-constructs
Subconjunctival injection is a commonly used and minimally invasive approach for drug
delivery to the ocular surface. Taking advantage of the ability to fabricate micron scale constructs
via bioprinting, hydrogel micro-constructs containing CjSCs were produced as cylinders
measuring in 100 pm diameter and 100 pm in height based on the inner diameter of a 30-gauge
needle (i.e., 0.159 mm). We performed rheometry to assess if the bioprinted hydrogels experience
shear thinning, which is a necessary property to retain the hydrogel construct’s fidelity after
subjecting it to syringe injection (Fig.3. 4E, Supplementary S3.3B, C). As the shear rate increases,
the viscosity drastically decreases, indicating the hydrogel is shear thinning. To test the
injectability directly, hydrogel micro-constructs were repeatedly aspirated and ejected with a 30-
gauge syringe needle for 3 times. The geometrical integrity of the hydrogel micro-constructs was
unchanged after the repeated aspiration and ejection, indicating the physical robustness of the
hydrogel micro-constructs (Supplementary S3.3D). The samples were then cultured under
dynamic suspension as previously described and Live/DeadTM staining at end point (i.e., day 7)
showed high viability of the encapsulated CjSCs, which were comparable to the untreated controls
(Supplementary S3.3E). We further tested the subconjunctival injection of the hydrogel micro-
constructs on rabbit eyeballs. For ease of visualization, we used lentiviral vectors to label CjSCs
with enhanced GFP (EGFP). Hydrogel micro-constructs cultured for 5 days in CjSCM were
delivered by subconjunctival injection into the bulbar conjunctival epithelium while single cell
suspensions at 106 cells/ml in 100 ul DPBS were also injected as controls. The injections were
performed symmetrically on the four points (Supplementary S3.3C, red arrows) of the rabbit ocular
surface with 30-gauge needles using a stereomicroscope. After injection, the rabbit eyeballs were

incubated with DF12 supplemented with EGF for 24 hours with constant agitation at 95 rpm.
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Tissue samples were then analyzed via immunofluorescence staining which confirmed a dense
localization of the hydrogel micro-constructs containing EGFP positive CjSCs within the
subconjunctival region compared to sparse fluorescence signals in the controls (Fig. 3.4F).
Collectively, these results supported that the bioprinted hydrogel micro-constructs can be used to
deliver CjSCs into the subconjunctival regions via injection and help immobilize them to the

targeted area.

3.4  Discussion

Over the past few decades, regenerative medicine and stem cell therapies for ocular surface
diseases have become a popular field with the growing demand for clinically translatable
regenerative approaches [1,19,21]. However, CjSCs, one of the major stem cells on the ocular
surface, have not yet been efficiently expanded in vitro [22,24,26]. Moreover, the lack of
knowledge of the CjSC niche has made the development of 3D matrices supporting CjSCs growth
a challenge [20,72]. Approaches involving minimally invasive ocular surface cell transplantation
are critical to the successful application of CjSCs as a cell-based therapy [45]. Here, we present a
clinically translatable approach using rapid bioprinting to fabricate hydrogel micro-constructs
encapsulating CjSCs for subconjunctival injectable delivery on an ocular surface. We first
established an efficient feeder-free in vitro culture system for CjSCs expansion using a culture
medium containing a small molecule cocktail (i.e. A83-01 + DMHI1 + Y27632). Then, we used
DLP-based rapid bioprinting technology to fabricate injectable conjunctival GelMA hydrogel
micro-constructs for the subconjunctival delivery of CjSCs. By varying the light exposure time
and thus the stiffness of the resulting hydrogel using our bioprinting system, we generated hydrogel

micro-constructs that supported the viability and stem cell behavior of the encapsulated CjSCs.
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The hydrogel micro-constructs also enabled dynamic suspension culture of CjSCs for scalable and
efficient expansion. In addition, ex vivo studies highlighted the ability of our CjSC-loaded
hydrogel micro-constructs for successful subconjunctival delivery using clinically-relevant 30-
gauge syringe needles and immobilization into the subconjunctival target site.

CjSCs have been popular in the last decade as they can potentially be applied in stem cell
therapy to treat multiple ocular surface diseases [24,26]. However, an efficient in vitro expansion
method for CjSCs derived from the primary conjunctival epithelium with high purity has not yet
been reported [22,37]. To expand the CjSCs, we tested a small molecule cocktail that inhibited
dual SMAD signaling and ROCK signaling. dSSMADi and ROCKi, as well as their synergistic
combination, have been reported to support sustained culture of basal stem cells in many other
epithelia such as the airway, intestine and skin [28,29]. During primary culture, the formulation
with A83-01, DMHI, Y27632 extensively promoted the growth of CjSCs in comparison with the
epithelial basal medium. As such, we integrated these small molecules into the epithelial stem cell
growth medium and developed the novel culture medium, CjSCM, tailored to support CjSCs
proliferation. In this work, we successfully cultured highly homogenous CjSCs in vitro that can be
expanded for more than 60 cell doublings while retaining the stem cell properties and the
differentiation capacity into conjunctival goblet cells. These findings highlighted a significant step
in establishing stable CjSCs in vitro expansion towards the understanding of CjSC-based
developmental biology study and the development of novel therapies to treat ocular surface
diseases.

Recent studies have revealed that the mechanical properties of extracellular matrix play a
key role in cell fate determinant for resident stem cells [19,35,36]. However, despite efforts in

locating the stem cell population within the conjunctiva, the mechanical properties of CjSC niche
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remain largely unknown [22]. Therefore, a biofabrication system with control of biophysical
property is needed to recapitulate the CjSC niche. DLP-based rapid bioprinting enables well-
controlled tuning of the mechanical properties of the printed structures by simply changing the
light exposure time for photo-crosslinking [51,52,54,64]. Due to the tunability of our bioprinting
process to control the mechanical properties, we tested a range of hydrogel micro-constructs
fabricated using different light exposure times to determine the optimal printing conditions. Our
findings revealed that hydrogel micro-constructs fabricated with a 20 second light exposure
resulted in the highest viability and retention of stem cell phenotype in CjSCs. Notably, our
bioprinting system enables the fabrication of 18 cellularized hydrogel micro-constructs
simultaneously with customizable geometries in less than a minute. This throughput can be further
improved by adjusting the optical system in the bioprinter. Such a high throughput is required for
scalable manufacturing applications. Interestingly, the measured modulus of our optimized
hydrogel micro-constructs is different from the reported bulk modulus of conjunctival epithelium
[73,74]. This result indicates the heterogeneity in mechanical properties of conjunctival epithelial
microenvironments and that a relatively soft niche may be favored by resident CjSCs.

Various types of substrates, including 2D substrates such as AM and engineered gelatin
membrane as well as 3D matrixes composed of compressed collagen and synthetic polymers have
been reported to support ex vivo or in vitro culture of conjunctival epithelial cells [3,16,27,39,75].
However, the expansion of CjSCs has not been well addressed. Maintenance of these stem cell
properties in CjSCs is critically important towards the development of effective therapies. In our
study, the hydrogel micro-constructs were able to support the culture of encapsulated CjSCs while
maintaining expression of the stem cell identity markers as confirmed by both

immunofluorescences staining and real time qPCR. Furthermore, we found a significant up-
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regulation in transcriptional expression of the stem cell markers (i.e. KRT14, P63) and lineage
marker (i.e. PAX6) in the hydrogel micro-constructs after 6 days of static culture, suggesting that
the hydrogel micro-constructs favorably recapitulated the biomechanical and biochemical matrix
properties of native niche for CjSCs to maintain their stem cell phenotype. The hydrogel micro-
constructs were also physically stable after prolonged incubation under physiological conditions
as no notable changes in the modulus or the equilibrium swelling ratio were detected after 6 days.
Furthermore, successful goblet cell differentiation in the hydrogel micro-constructs under static
conditions showed preserved functionality of the encapsulated CjSCs. Overall, these results agreed
well with the previous findings on the supportive role of bioprinted hydrogel micro-constructs in
stem cell culture [51,52,54]. Integrated with bioprinting technology, this platform would broaden
the utility of CjSCs for cell-based therapies and in vitro disease modeling [76].

Scalable manufacturing is a necessary step towards the development of a clinically
translatable product and suspension culture has been favorable for the enhanced uptake of nutrients,
reduced cost, and increased scalability [19,71]. Dynamic suspension culture with hydrogel has
been found to facilitate stem cell expansion [77-79]. To explore the potential application of our
bioprinted hydrogel micro-constructs as a clinically relevant cell-based delivery system we
performed dynamic suspension culture. The encapsulated stem cells proliferated rapidly under
dynamic suspension culture compared with static culture conditions, as the suspension group was
1.5-fold more viable than the static control after 3 days of dynamic suspension culture. This was
coupled with significantly higher metabolic activities in the dynamic suspension culture samples
compared to the static culture controls. These results indicated that dynamic suspension culture
promoted the proliferation and viability of encapsulated CjSCs. In addition, encapsulated CjSCs

reserved the stem cell identity and were able to be differentiated towards conjunctival goblet cells

81



post dynamic suspension culture. In summary, dynamic suspension culture promoted viability,
proliferation, and retained the stem cell properties and the differentiation potential of CjSC-loaded
hydrogel micro-constructs and demonstrated their potential for scalable culturing applications.
Patients with severe ocular surface disorders are commonly treated with surgical
transplantation of allografts, such as AM [13-17], which involves suture-based surgical
transplantation and requires time consuming postsurgical recovery [41]. To address these
challenges, we fabricated injectable CjSC-loaded hydrogel micro-constructs applicable for clinical
subconjunctival cell delivery. We confirmed with rheometry that the bulk 5% GelMA hydrogel is
shear thinning and therefore is a good candidate for an injectable hydrogel application to ensure
minimally invasive delivery is maintained and to eliminate potential leakage after injection. We
chose to use a 30-gauge syringe needle that is commonly employed in clinical practice for
subconjunctival injection. The shear thinning hydrogel also protected the encapsulated cells from
shear forces during injection while delivering cells at high densities into the targeted region. To
test the injectability of our hydrogel micro-constructs, we prepared hydrogel micro-constructs
measuring 100 pm diameter and 100 pm in height, which were designed to fit inside a 30-gauge
syringe needle that has an inner diameter of 0.159 mm for injectable delivery. Our findings
demonstrated that our bioprinted hydrogel micro-constructs were able to preserve the viability of
encapsulated CjSCs after multiple injections through the 30-gauge syringe needle. Furthermore,
the rheological properties of hydrogel as well as the tensile nature of the conjunctival epithelium
both support the immobilization of hydrogel micro-constructs [73,80,81]. Subconjunctival
injection of the hydrogel micro-constructs was able to deliver a relatively large number of cells
(approximately 30,000 cells per construct) into the subconjunctival region of rabbit eyeballs with

a single injection and facilitated the retention of the transplanted cells within the target region. This
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work has laid the foundation for future in vivo tests in animal models of ocular surface diseases

such as Stevens-Johnson syndrome that would further support clinical applications.

3.5 Conclusion

DLP-based rapid bioprinting was applied to fabricate injectable hydrogel micro-constructs
loaded with CjSCs for ocular stem cell transplantation. By incorporating a small molecule cocktail
in the culture medium, we were able to produce homogenous CjSCs with high replicative potential
and differentiation capacity. The tunability for mechanical properties, granted by our bioprinting
system, enabled the rapid fabrication of hydrogel micro-constructs that promoted the viability and
stem cell properties of encapsulated CjSCs. The hydrogel micro-constructs could also be applied
to dynamic suspension culture of CjSCs for potential large-scale production in clinical applications.
Furthermore, our hydrogel micro-constructs were readily injected through a 30-gauge syringe
needle without compromising cell viability or physical deformation and were suitable for
subconjunctival delivery as well as immobilization to the target subconjunctival region as
demonstrated in an ex vivo rabbit eyeball model.

The efficient CjSCs feeder-free in vitro expansion approach developed in this study can be
translated to different cell therapy applications and provide insight on the stem cell population
within the conjunctiva. Our injectable hydrogel micro-constructs can also be extended to
incorporate patient-derived cells for autograft or iPSC-derived cells and donor cells for allograft
to treat patients requiring ocular surface regeneration. Besides, this study has illustrated the
application of bioprinting on CjSCs and provided insight on the mechanical properties that
supported the CjSCs encapsulation, which can be translated to future studies with clinically

relevant materials and overcome the regulatory limits of GeIMA. In addition, our minimally
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invasive CjSCs delivery approach can serve as a potential strategy for the treatment of ocular
diseases such as the ocular cicatricial pemphigoid, Stevens-Johnson syndrome, and toxic
epidermal necrolysis. Implications from the successful expansion of CjSCs are beneficial for the
further studies focused on the understanding of eye development and pathogenesis of many ocular
surface diseases. The versatility of our hydrogel micro-constructs platform also allows the
flexibility to incorporate multiple cell types and/or bioactive constituents for injectable delivery
for next generation cell-based therapies such as the injectable delivery of stem cell-derived

cytokines or exosomes to enhance the efficacy of clinical treatments.
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Supplementary Figure S3.1. Component test. (A) Flow cytometry analysis of primary conjunctival
epithelial cells cultured in various conditions for 5 days (mean = SD, n = 3, ns: non-significant; *:
P <0.05; **: P <0.01; ***: P <0.001). The cells were stained with anti-KRT14 antibody. The
KRT14 positive population was considered as the stem cell population. The number of KRT14
positive cells was normalized by the number of positive cells in the control. Different components
used in the test were grouped by their targeting signaling pathways (i.e. TGFp, BMP, ROCK). (B)
Flow cytometry analysis of KRT14 positive population in primary conjunctival epithelial cells
cultured in media with different concentrations of the components (mean + SD). (C) Cell
morphologies of primary conjunctival epithelial cells cultured in various conditions (i.e. 100 ng/ml
TGEFp, 100 ng/ml BMP4, 100 ng/ml TGFf + 100 ng/ml BMP4, 1 uM A83-01, I uM DMH, 10 uM
Y27632) for 4 days. Scale bars: 100 um. (D) Real time qPCR showing the relative mRNA
expression of stem cell markers (i.e. KRT14, P63) and lineage marker (i.e. PAX6) in primary
conjunctival epithelial cells under various culture conditions for 4 days (mean = SD, n = 3, ns:
non-significant; **: P < 0.01; ***: P < 0.001). (E) Average cell doubling time of conjunctival
epithelial cells in culture with control medium and C;SCM from PO to P10 (mean & SD, n = 3; ***:
P < 0.001). (F) Periodic acid—Schiff (PAS) staining of the differentiated cells. Purple staining
indicates presence of mucin. Scale bars: 100 um.
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Supplementary Figure S3.2. 3D viability and biodegradability. (A) Representative images of
CjSC-loaded hydrogel micro-constructs (107 cells/ml) fabricated with different exposure times.
Scale bars: 500 um. (B) Real time qPCR of the stemness marker P63 on CjSC-loaded hydrogel
micro-constructs printed under different exposure times. The mRNA expression of P63 was
normalized with the group with 10s exposure (mean + SD, n = 3, ns: non-significant; **: P <0.01;
k% P < 0.001). (C) Representative fluorescent images of fluorescein (FAM)-loaded acellular
hydrogel constructs incubated with 10 pg/ml collagenase solution for different period of time.
Scale bars: 1 mm. (D) Plot of degradation of the FAM-loaded acellular hydrogel constructs versus
time (mean = SD, n = 6).
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Supplementary Figure S3.3. Dynamic suspension culture and injectable delivery of CjSCs. (A)
Representative images of hydrogel micro-constructs encapsulated with different concentrations of
CjSCs in dynamic suspension culture. At day 6 of culture, the hydrogel micro-constructs were
subjected to Live/Dead™ staining to evaluate the viability. Scale bars: 100 um. (B) Rheometry
frequency sweep and (C) stain sweep for the hydrogel composition of the micro-constructs
demonstrating a predominate and consistent elastic response (G’, storage modulus) as compared
to the viscous response (G, loss modulus) across both sweeps (mean, n = 3). (D) CjSC-loaded
hydrogel micro-constructs (5x106 cells/ml) after repeated aspiration and ejection through a 30-
gauge syringe while non-treated samples served as the control. All the CjSC-loaded hydrogel
micro-constructs were kept in dynamic suspension culture post repeated ejection and aspiration
tests. Live/DeadTM staining was performed on the repeatedly injected and non-treated samples at
day 1 and day 7 of culture. Scale bars: 100 pum. (E) Subconjunctival delivery of the injectable
transplants encapsulating CjSCs where the red arrows highlight the injected sites.
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Supplementary Table 3.1. Antibody List

Antibody Catalog Vendor Dilution
Anti-mouse IgG (H+L), F(ab')2 Fragment (Alexa Fluor® 4408S Cell Signaling 1:500
488 Conjugate) #4408 Technologies )
Anti-rabbit IgG (H+L), F(ab")2 Fragment (Alexa Fluor® 44138 Cell Signaling 1:500
555 Conjugate) #4413 Technologies )
Anti-rabbit IgG (H+L), F(ab")2 Fragment (Alexa Fluor® 44125 Cell Signaling 1:500
488 Conjugate) #4412 Technologies )
Anti-mouse IgG (H+L), F(ab')2 Fragment (Alexa Fluor® 44108 Cell Signaling 1:500
647 Conjugate) #4410 Technologies )
E-Cadherin (4A2) Mouse mAb 144728 Cell Signaling 1:100
Technologies
Keratin 14 Polyclonal Antibody, Purified 905301 BioLegend 1:100
Purified anti-Pax-6 Antibody 901301 BioLegend 1:200
Purified Mouse Anti-Ki-67 550609 BD Pharmagin 1:100
MUCS5AC Monoclonal Antibody (45M1) 12178 Invitrogen 1:100
Anti p63 antibody[N2C1] GTX102425 GeneTex 1:200
Anti-BCRP/ABCG2 antibody[BXP-21] (ab3380) AB3380 Abcam 1:100
Anti-MUC16 antibody[X75] ab1107 Abcam 1:100
DAPI (4',6-Diamidino-2-Phenylindole, Dihydrochloride) DI306 Thse“.“"F.‘Sh"r 1:500
cientific
Flash Phalloidin™ Red 594 424203 BioLegend 1:100
Supplementary Table 3.2. Primers for Real Time qPCR.
Gene 5'-3
Pt Forward GTATTCTTGCTTCAGGTAGAT
ax
Reverse GAGGCTCAAATGCGACTTCAGCT
Krild Forward CCCAGTTCTCCTCGGGCTCT
rt
Reverse GTGGGAGGACACCACCTTGC
63 Forward GAACGGCTCCTCGTCCACCA
p
Reverse GACGGCGAGAGGGCATCGAA
Gandh Forward TGGTGAAGGTCGGAGTGAAC
ap
Reverse ATGTAGTGGAGGTCAATGAATGG
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Chapter 4 Rapid 3D Bioprinting of Multicellular Model Recapitulating Pterygium

Microenvironment

Abstract

Pterygium is an ocular surface disorder with high prevalence that can lead to vision
impairment. As a pathological outgrowth of conjunctiva, pterygium involves neovascularization
and chronic inflammation, but its pathogenesis remains largely unknown. Over the last decade,
various types of disease models have been built to study pterygium. Here, we developed a 3D
multicellular in vitro pterygium model using the digital light processing (DLP)-based 3D
bioprinting of human conjunctival stem cells (hCjSCs). A novel feeder-free culture system was
adopted and efficiently expanded the primary hCjSCs with homogeneity, stemness and
differentiation potency. The DLP-based 3D bioprinting was able to fabricate hydrogel scaffolds
that support the viability and biological integrity of the encapsulated hCjSCs. The bioprinted 3D
pterygium model was fabricated with hCjSCs, immune cells and vascular cells to recapitulate the
disease microenvironment. Transcriptomic analysis using RNA sequencing (RNA-seq) identified
a distinct profile correlated to inflammation response, angiogenesis, and epithelial mesenchymal
transition in the bioprinted 3D pterygium model. In addition, the pterygium signatures and disease
relevance of the bioprinted model was validated with the public RNA-seq data of patient-derived
pterygium tissues. By integrating the stem cell technology and 3D bioprinting, this is the first
reported 3D in vitro disease model for pterygium that can be utilized by future studies towards the

investigation  of  pterygium  disease = mechanisms and the drug  screening.
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4.1 Introduction

As an essential part of the ocular surface, the conjunctiva is a mucosal stratified epithelial
membrane that covers the major surface of sclera and lines the eyelid and functions in lubrication,
mechanical support, and immune responses [1,2]. The conjunctival epithelium contains goblet
cells producing mucins that comprise the tear film, which is a dynamic fluidic layer critical for the
homeostasis of the ocular surface [3,4]. The damage and inflammation of conjunctiva caused by
disease or injury could lead to a variety of symptoms, including dry eye and vision impairment
[5,6]. Despite of the high prevalence, the pathogenetic mechanism for many of the conjunctival
diseases are unclean [5,6]. Pterygium is a pathological overgrowth of vascularized conjunctiva that
could invade the cornea across the limbus and compromise the vision [7,8]. With minor
pharmaceutical treatments reported, patients with severe pterygium often require surgical
interventions to restore basic visual functions, but the prevention of post-surgical recurrence can
be challenging [9-11]. Although chronic inflammation and angiogenesis in pterygium have been
well characterized, comprehensive understanding in the pathological development and the
molecular background of pterygium remain debatable [8,12—16]. One of the major challenges is
the development disease models. Existing pterygium disease models were 2D cultured human
patient-derived pterygium epithelial cells that failed to recapitulate the multicellular
microenvironment or animal models developed using the subconjunctival injection of human
animal cells that could be limited by the reproducibility and heterogeneity [17-20].

In the past decade, with the development of stem cell technologies, disease modeling based
on the tissue engineering of human stem cell have been widely explored to develop clinical-
relevant patient-specific models to replace the small-animal models for personalized medicine

[21,22]. 3D bioprinting is a rising technology for the fabrication of functional 3D tissue structures

98



with tailored biological and mechanical properties [23,24]. Among different 3D bioprinting
techniques, direct light processing (DLP)-based 3D bioprinting stands out for the rapid fabrication,
superior microscale and nanoscale resolution, and the high post-fabrication cell integrity [23,25].
The DLP-based bioprinting have been utilized to fabricate synthetic tissues for the disease
modeling of multiple organs and tissues, including heart, liver, brain, alveoli, spinal cord and bone
[26-31]. Conjunctival stem cells (CjSCs) are the bipotent endogenous stem cells that can give rise
to both the conjunctival goblet cells and the conjunctival keratinocytes, and thereby hold
tremendous potential in modeling the conjunctival microenvironment [4,32—34]. However, the
lack of knowledge in the habited microenvironment and the in vitro expansion method have limited
the applications of CjSCs in tissue engineering [35-39]. We have previously reported the DLP-
based 3D bioprinting of microscale hydrogel constructs encapsulating rabbit CjSCs with the stem
cell properties and differentiation potency preserved [40]. But the bioprinting of human CjSCs
(hCjSCs) and the disease modeling using CjSCs were not yet studied.

In this study, we explored the DLP-based 3D bioprinting of primary hCjSCs and developed
a bioprinted multicellular pterygium model. We first harvested the hCjSCs from donor tissues and
expanded them with a feeder-free in vitro culture system. Using a custom DLP-based 3D bioprinter,
we printed hydrogel scaffolds that were able to support the viability, stemness, and differentiation
potency of the encapsulated hCjSCs. Next, we performed a multicellular bioprinting that combined
hCjSCs along with immune cells and vasculature to develop the bioprinted 3D pterygium model.
The bioprinted pterygium model was then subjected to global transcriptomic analysis to in-depth
characterized the disease phenotypes. Furthermore, we validated our bioprinted model with
published dataset of patient derived pterygium tissues. To the best of our knowledge, this is the

first report of a 3D in vitro disease model mimicking the multicellular microenvironment of
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pterygium. The DLP-based 3D bioprinting of hCjSCs developed here can be translatable for the
use in personalized medicine. The cellular interactions and signaling pathways revealed from the

multicellular bioprinted model are also implicative to understand the pathogenesis of pterygium.

4.2  Materials and Methods
Primary cell isolation, cell culture and cell doubling quantification

Fresh corneoscleral tissues were provided by One Legacy or Saving Sight eye banks with
the consent for research use. The human corneoscleral tissue handling protocol has been evaluated
and exempted by the University of California, Los Angeles (UCLA) Institutional Review Boards
(IRB#12-000363). The experiments were designed and performed adhered to the tenets of the
Declaration of Helsinki and the overall procedure was consent by the University of California San
Diego Institutional Biosafety Committee. Primary human conjunctival epithelial cells were
isolated from the bulbar conjunctiva on the scleral surface that was 2-4mm away to the limbus.

Dissected tissues were subjected to mincing and a 30—60-minute digestion with 0.5% type IV

collagenase (Sigma Aldrich) at 37°C under agitation. Following the collagen digestion, the cells

were further digested with 0.25% trypsin-EDTA (ThermoFisher Scientific).

The isolated CjSCs were cultured on the collagen I (ThermoFisher Scientific) surface as
previously described [40]. The epithelial cell culture medium was made with Dulbecco’s Modified
Eagle Medium (DMEM) /F-12 (3:1) supplemented with 10% (v/v) fetal bovine serum (FBS,
ThermoFisher Scientific), 1% (v/v) penicillin—streptomycin (ThermoFisher Scientific), 1% (v/v)
insulin-transferrin-selenium (ThermoFisher Scientific), 400 ng/ml hydrocortisone (Sigma Aldrich),
0.1 nM cholera toxin (Sigma Aldrich), 10 ng/ml recombinant human epidermal growth factor (EGF,

R&D System), and 2 nM reverse T3 (Sigma Aldrich). The conjunctival stem cell culture medium
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(CjSCM) was made by adding 10 uM ROCK inhibitor Y27632 (Tocris Bioscience), 1 pM A83-01
(STEMCELL Technologies) and 1 uyM DMH1 (STEMCELL Technologies) and used for the CjSC
culture. The conjunctival goblet cell differentiation was performed using Keratinocyte SFM
(ThermoFisher Scientific) supplemented with bovine pituitary extract (BPE), 10 ng/ml
recombinant KGF (Biolegend), 10 ng/ml recombinant EGF (Biolegend), 1% (v/v) P-S, 10 ng/ml
recombinant BMP4 (R&D System), and 100 ng/ml IL13 (Biolegend) [39—41]. M2 macrophages
were acquired by differentiating THP-1 monocytes. THP-1 cells were maintained with RPMI11640
medium (ThermoFisher Scientific) with 10% (v/v) FBS, and the M2 differentiation was done by
incubating the THP-1 cells in 200 ng/ml tetradecanoyl phorbol acetate (PMA, Sigma Aldrich) for
48 hours, following by incubation in complete RPMI 1640 medium for 24 hours, and then in 20
ng/ml interleukin 4 (IL4, Biolegend) and 20 ng/ml interleukin 13 (IL13, Biolegend) for another 48
hours. Human umbilical vein endothelial cells (HUVECs) are cultured with Endothelial Cell
Growth Medium-2 (EGMTM-2, Lonza). C3H/10T1/2 mouse embryonic fibroblast (10T1/2s) was
cultured with DMEM with 10% (v/v) FBS. For the cell culture of the 3D bioprinted pterygium
model and the corresponding 2D control, complete EGMTM-2 was mixed 1:1 with the epithelial
cell culture medium and supplemented with 10 pM Y27632.

For the quantification of cell doubling, pre-cultured cells isolated from primary
conjunctival epithelium were seeded on collagen I coated 6-well plate (Corning) with 10,000 cells
per well. The epithelial cell culture medium was used as the control medium, and the cells were
then cultured with either CjSCM or control medium. The cells were passaged when the confluence
reached 90% and the cell numbers were measured manually every time with a hemocytometer
(Fisher Scientific). The same number of cells (10,000 cells) were seeded on the next round and

repeated the process. The cell doubling time (DT) was calculated as: DT = AT :ln 2 /In (Q2/Q1).
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AT: culture time. Q1, Q2: the number of cells at the beginning and at the end.

Material synthesis

The materials for bioprinting, gelatin methacryloyl (GeIMA) and hyaluronic acid glycidyl
methacrylate (HAGM), were prepared as previously described [40,42—44]. For the synthesis of
GelMA, type A porcine skin gelatin (Sigma Aldrich) was dissolved in a 0.25 M carbonate-

bicarbonate (3:7) solution (pH 9) to make a 10% (w/v) solution. Then, methacrylic anhydride

(Sigma Aldrich) was added dropwise, following by 1-hour reaction at 50°C with constant stirring.

The products were dialyzed using 13.5 kDa dialysis membranes (Repligen), lyophilized, and stored

at -80°C. The synthesized GeIMA has an approximate degree of methacrylation of 95% [43]. For

HAGM, 1% (w/v) hyaluronic acid solution was made by dissolving sodium hyaluronate (Lifecore
Biomedical) in water: acetone (1:1) solution with continuous stirring in dark at room temperature
and incubated overnight. Next, triethylamine (Sigma Aldrich) was slowly added in the reaction
and mixed thoroughly, then glycidyl methacrylate (GM, Sigma Aldrich) was also added dropwise,
and reacted overnight at room temperature with Argon seal and constant stirring, followed by

acetone precipitation. The products were collected with vacuum filtration, dissolved again with DI

water, dialyzed, lyophilized and stored at -80°C. The resultant HAGM has an approximate degree

of methacrylation of 35% [42].

The photoinitiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was
synthesized following previous publication [40,42]. Briefly, dimethyl phenylphosphonite (Sigma
Aldrich) was added dropwise to an equimolar amount of 2,4,6-trimethylbenzoyl chloride (Acros

Organics), and reacted for 18 hours at room temperature with constant stirring. Then, a solution of
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lithium bromide (Sigma Aldrich) in 2-butanone (Sigma Aldrich) was added into the reaction, and

incubated overnight at room temperature, following by filter-washing with 2-butanone. The

resultant solidified LAP was made into powder and stored in the dark at 4 °C.

DLP-based 3D bioprinting

A customized DLP-based 3D bioprinting system was built with projection optics suppled
with a 365 nm light source (Hamamatsu), a motion controller (Newport) and a digital micromirror
device (DMD, Texas Instruments). The digital patterns were generated with MATLAB and
inputted to the DMD chip through a custom-built coordination software. The thickness of the
printed structures was controlled by the motion controller covered with polydimethylsiloxane

(PDMS). The bioprinted hydrogel structures were printed on methacrylated coverslips upon light

exposure, then rinsed with warm DPBS before subjected to culture in 5% CO2 at 37°C.

The pre-polymer solution for the printing was made by dissolving GeIMA, HAGM and
LAP with DPBS (ThermoFisher Scientific) and filtered with 0.22 pum syringe filter (Millipore
Sigma). 5% or 8% (w/v) GeIMA with 0.25% (w/v) LAP, and 2.5% (w/v) GelMA with 1% (w/v)
HAGM and 0.25% (w/v) LAP were made accordingly. The 5% (w/v) GeIMA was used as the soft
condition for hCjSC bioprinting while the 8% (w/v) GeIMA was used as the stiff condition. 2.5%
(w/v) GelMA with 1% (w/v) HAGM was used for the bioprinting of HUVECs and 10T1/2s. Before
the printing, the cells were digested, filtered with 70 um cell strainers (Corning), quantified for the
cell concentration, and pelleted with desired quantity. For the hCjSC bioprinting, the bioink
contained 2x107 cells/mL of hCjSCs. For the multilayered printing of 3D pterygium model, the

stem cell layer contained 2x107 cells/mL of hCjSCs plus 1x107 cells/mL of macrophages while
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the vascular layer contained 2x107 cells/mL of HUVECs and 4x105 cells/mL of 10T1/2s (50:1).

Mechanical characterization

The compressive Young’s modulus was measured using Microsquisher (CellScale)

following manufacturer’s instructions. GeIMA cylinders with 500 pm-diameter and 500 pmin-

thickness were printed and incubated overnight in DPBS at 37°C. Briefly, two cycles of

predetermined compression were done to remove the hysteresis of the samples. Then, the samples
were compressed by 10% strain with a rate of 2 pm/s while the force and displacement were

recorded. The data was then processed with a custom-made MATLAB script.

Immunoassays and flow cytometry

For the immunofluorescence staining of 2D cultured cells, cells grown on Millicell EZ
slides (Millipore Sigma) were washed twice with DPBS and fixed with 4% (w/v)
paraformaldehyde (PFA, FUJIFILM Wako). The fixed samples were permeabilized and blocked
with 5% bovine serum albumin (BSA, Sigma Aldrich) with 0.3% triton X-100 (Sigma Aldrich)
and 0.1% TWEEN® 20 (Sigma Aldrich) for 1 hour at room temperature. For the staining of mucin,
samples were permeabilized with 0.2% triton X-100 in DPBS for 10 minutes, following by 1-hour
blocking with 5% BSA. Then, the samples were incubated with primary antibody solution
overnight. The secondary antibody with different conjugated fluorophores (Alexa Fluor®, Cell
Signaling Technology) were diluted with 5% BSA and incubated with the samples for 1 hour at
room temperature. The antibody information was enclosed at Supplementary Table X. The samples

were stained with 4',6-Diamidino-2-Phenylindole (DAPI, ThermoFisher Scientific) for the nuclear
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illustration and mounted with Fluoromount-G™ Mounting Medium (ThermoFisher Scientific).
For the staining of the bioprinted samples, samples were fixed and stained following the same
procedures, expect the last step of mounting.

For flow cytometry, encapsulated cells were released from the bioprinted scaffolds by
enzymatical digestion with collagenase IV. The released cells were further digested with 0.25%
trypsin-EDTA and filtered with a 70 um cell strainer to obtain single cell suspension. The samples
were then subjected to direct staining or fixed with Cytofix™ Fixation Buffer (BD). For the
immunostaining, fixed cells were permeabilized with 0.2% triton X-100 in Cell Staining Buffer
(Biolegend) for 2 minutes, and then incubated for 20 minutes with the diluted primary antibody,
and secondary antibody, respectively. The cells were washed with Cell Staining Buffer between
each step. BD Accuri™ C6 flow cytometer was used in the experiment and the resultant data was

processed using FlowJo.

Viability Tests
The viability of the encapsulated cells was evaluated using flow cytometry with propidium
iodide (PI, Biolegend) staining and the LIVE/DEAD® viability/cytotoxicity kit (ThermoFisher

Scientific). For the PI staining, samples were incubated with diluted PI solution (10 pl per million

cells in 0.5 ml/test) for 15 minutes at 4 °C before analysis. For the LIVE/DEAD® staining, samples

were incubated with 2 UM calcein acetoxymethyl ester and 4 yM ethidium homodimer diluted in

DPBS, for 30 min at 37°C, following by imaging.

RNA extraction, RNA sequencing and transcriptomic analysis
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For the RNA sequencing (RNA-seq), hCjSCs were labeled with GFP with lentiviral vectors
before subjected to bioprinting and culture. The GFP-labeled hCjSCs were isolated from the
bioprinted scaffolds by enzymatic digestion and fluorescence-activated cell sorting (FACS). RNA
was isolated with a method based on TRIzol® reagent (Ambion Thermo Fisher) with Direct-zol™
RNA Purification kit (Zymo Research) following manufacturer’s protocol. The RNA products
were quantified using NanoDrop™ 2000 (Thermo Fisher Scientific). The library preparation and
RNA-seq were performed on Illumina platform by Novogene (Sacramento, CA).

For the transcriptomic data analysis, reads were filtered and trimmed with Trim Galore
(version 0.4.1) followed by mapping to the human genome (GRCh38.12) using Hisat2. Differential
expression analysis was performed using DESeq (Adjusted P-value<0.01). For the differently
expressed genes, protein to protein interaction enrichment analysis were constructed through
Cytoscape. GO Enrichment Analysis were carried out through Geneontology. PCA was calculated
by using all the genes. Gene set enrichment analysis was performed using the online GSEA
webportal (http://software.broadinstitute.org/gsea/msigdb/annotate.jsp) and the GSEA desktop

application (http://software.broadinstitute.org/gsea/downloads.jsp).

Imaging and Statistics

Imaging in this study was conducted using Leica SP8 confocal microscope and Leica DMI
6000-B fluorescence microscope. Images were processed with LAS X and Imagel.

Statistical analysis was performed using Microsoft Excel and GraphPad Prism. The data
was presented as mean + standard deviations with two-tailed Student’s t-test or one way ANOVA
used to determine the significance. P-value was presented in the figures with asterisks (*: P <0.05;

**: P<0.01; ***: P<0.001.).
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Figure. 4.1. In vitro expansion of primary hCjSCs using CjSCM. (A) Representative cumulative
quantification plot showed the cell doublings versus the culture time of human primary
conjunctival epithelial cells in culture with C;jSCM or control medium that without small molecule
inhibitors. (B) Average cell doubling time of human conjunctival epithelial cells in culture with
control medium and CjSCM from passage 1 to 8 (mean = SD, n = 3; ***: P <0.001). (C) Cell
morphologies of primary human conjunctival epithelial cells cultured with CjSCM or control
medium at passage 3. Scale bars: 100 um. (D) Immunofluorescence staining of P63, PAX6 and
KI67 on hCjSCs expanded in CjSCM or control medium at passage 3. Scale bars: 50 um.

4.3  Results
4.3.1 In vitro expansion of primary hCjSCs

The hCjSCs are one of the predominant stem cells on the ocular surface with high value in
clinical applications, but the in vitro expansion of hCjSCs has been a challenge [35,36,39]. We
have previously reported the feeder-free culture of primary rabbit CjSCs using the CjSCM
containing a cocktail of small molecules inhibiting transforming growth factor-beta (TGF-)

signaling, bone morphogenetic proteins (BMP) signaling, and Rho-associated protein kinase
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(ROCK) signaling [40]. Given the promise of the results on rabbit cells, we validate the expansion
efficacy of CjSCM on primary hCjSCs isolated from donor tissue. As shown with the accumulative
quantification of cell doublings, compared to the cells cultured with control medium that contained
no inhibitor cocktail, the cells cultured with CjSCM showed faster proliferation and higher
replicative potency (Figure 4.1A, Supplementary Figure S4.1A). They also had significantly
shorter cell doubling time, as the control cells had an averaged doubling time of 30.01+9.58 hours
while the CjSCM group had an averaged doubling time of 15.95+3.93 hours (Figure 4.1B). As for
the cell morphology, the cells expanded with CjSCM exhibited more compacted, cuboidal, and
uniform morphology whereas the control cells were elongated, spindle-shaped, and variable-sized
(Figure 4.1C). In addition, the transcriptional difference in cells was measured with real time qPCR.
As aresult, the mRNA expression of epithelial stem cell markers, P63 and keratin 14 (KRT14), as
well as the ocular lineage marker, PAX6, and proliferation marker, K167, was significantly
upregulated in the CjSCM group, while the expression of mesenchymal markers, vitronectin (VIM)
and collagen IA (COL1A), was significantly upregulated in the control cells (Figure 4.1D). The
immunofluorescence staining of stem cell markers (ANP63, P63, ABCG2, KRT14), lineage
markers (PAX6, E-cadherin (ECAD)), and proliferation marker K167 indicated the predominant
presence of hCjSCs in the CjSCM group (Figure 4.1E, Supplementary Figure S4.1B). To validate
the potency, we have induced the goblet cell differentiation on the expanded hCjSCs. After 7 days
of differentiation, the generation of conjunctival goblet cells was confirmed by the protein
expression of mucin 1 (MUCI1), mucin SAC (MUC5AC), and mucin 16 (MUC16), as shown by
immunofluorescence staining (Supplementary Figure S4.1C). These results collectively
demonstrated that the primary hCjSCs were efficiently expanded in vitro using CjSCM with high

homogeneity and the stem cell phenotypes and potency preserved.
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Figure. 4.2. DLP-based 3D bioprinting of hydrogel scaffolds supporting the stemness and
functionality of the encapsulated hCjSCs. (A) Schematic of the DLP 3D bioprinter setup. (B)
Compressive modulus of the hCjSCs encapsulated in soft and stiff bioprinted scaffolds (mean +
SD, n = 3). (C) The ration of PI-negative population measured with flow cytometry representing
the percentage of viable cells in soft and stiff bioprinted scaffolds cultured for 5 days (mean + SD,
n =3). (D) Representative immunofluorescence staining and corresponding bright field images of
on bioprinted hydrogel scaffolds encapsulating hCjSCs after 2 days in culture showing the positive
expression for P63, PAX6 and KI67. Scale bars: 100 um.

4.3.2 DLP-based 3D Bioprinting of hCjSCs

To support the use of hCjSCs in disease modeling, we next explored the 3D bioprinting of
hCjSCs. With the rapid, scalable process, high fabrication resolution and versatile material choice,
DLP-based 3D bioprinting has been used in fabricating hydrogel scaffolds encapsulating various
types of human stem cells for disease modeling and therapeutic purposes [25,29,42,43]. The DLP
3D bioprinter we used in this study was assembled with a motion control stage, a DMD chip that
can translate digital inputs to light patterns, a 365 nm laser source and projection optics (Figure
4.2A). GeIMA was adopted as bioink material because it has excellent cell binding capacity and
has been used for encapsulating multiple cell types, including rabbit CjSCs [25,40,45]. Mechanical
properties of the extracellular matrix (ECM), such as stiffness, have been proved to manipulate
essential functions and cell behaviors of stem cells [46,47]. To test the biomechanical condition

for hCjSCs, GeIMA cylinders (diameter: 500 um; thickness: 500 pum) were printed in different
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stiffness to encapsulate the hCjSCs, as the soft condition being around 3 kPa while the stiff
condition is around 11 kPa (Figure 4.2B). After incubating for 5 days, the viability of encapsulated
hCjSCs was evaluated with PI staining and flow cytometry. As a result, both the soft and stiff
condition showed over 85% cell viability, but the soft condition had significant higher viability
(Figure 4.2C). The results were also confirmed by LIVE/DEAD® staining (Supplementary Figure
S4.2A). In addition, as examined using real time qPCR, the transcriptional expression of P63,
KRT14, PAX6, and K167 was significantly higher in the soft condition, compared with 2D control
and stiff condition (Figure 4.2D). Thus, we adopted the soft printing condition for the following
experiments. With immunofluorescence staining, the stem cell identity of the encapsulated hCjSCs
was confirmed (Figure 4.2E, Supplementary Figure 4.2B). To test the functionality of the
encapsulated hCjSCs, we conducted the 3D differentiation on the bioprinted scaffolds
encapsulating hCjSCs and found the expression of characteristic mucins after 7 days
(Supplementary Figure 4.2C). Together, we achieved the DLP-based 3D bioprinting of hCjSCs

with GeIMA while preserving the cell viability, stemness and functionality.
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Figure. 4.3. DLP-based 3D bioprinting of multicellular pterygium model with distinct
transcriptomic profiles. (A) Illustration of the bioprinted multicellular model. (B) Representative
images of the 3D pterygium model. Red: hCjSCs and macrophages; green: HUVECs and
fibroblasts. Scale bars: 1mm. (C) Volcano plot of global transcriptomic landscape comparing the
bioprinted 3D pterygium model and the 2D control. The x-axis represents log2 transformed fold
changes, and the y-axis shows the log 10 transformed p-value adjusted for multiple test
correction (n =3 per condition). (D) Heatmap of representative DEGs correlated to inflammatory
response and epithelial mesenchymal transition in the 3D pterygium model versus the 2D control.
Scale bars represent relative gene expression (log2). (E) Representative GSEA showing the
enrichment of TNF-a/NF-«kB signaling and EMT comparing the 3D pterygium model with the
control. FDR: false discovery rate, NES: normalized enrichment score.

4.3.3 3D Bioprinted Multicellular Pterygium Model

With the background of extensive chronic inflammation in pterygium, the angiogenesis
and the infiltration of immune cells dominate the cellular interactions in the pterygium
microenvironment [14,17,44,48,49]. In existing pterygium models, patient-derived pterygium
epithelial cells or mouse embryonic fibroblasts were injected to the subconjunctival regions of the
animal eye to induce immune response and neovascularization [17,18,20]. Other study had also
implicated the stem cell origination and the presence of stem cell population inside pterygium

[14,50]. Taking the advantage of the 3D bioprinting of hCjSCs, we developed a 3D bioprinted
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pterygium model combining hCjSCs, macrophages, vascular endothelial cells, and fibroblasts to
recapitulate the multicellular microenvironment of pterygium (Figure 3A). Different population of
cells were patterned following our printing masks (Figure 3B). The bioprinted models were then

subjected to culture and characterization.

4.3.4 3D Pterygium Model Displayed Distinct Transcriptomic Profiles Compared to 2D Culture

To comprehensively characterize the bioprinted 3D pterygium model, we bioprinted the
models with hCjSCs from 3 healthy donors and performed global transcriptomic profiling with
RNA-seq on the bioprinted hCjSCs in the 3D pterygium model as the hCjSCs cultured in 2D
condition were used as control. Principal component analysis (PCA) showed a drastic
transcriptomic difference between the hCjSCs in the 3D pterygium model and the control
(Supplementary Figure S3A). Differentially expressed gene (DEG) analysis identified markers
with significant transcriptional expression difference between the cells in 3D pterygium model and
the control, as the volcano plot shows that 420 genes were significantly upregulated, whereas 170
genes were downregulated (p < 0.05, |fold change| > 2) (Figure 3C) Unsupervised hierarchical
clustering with the top markers distinguished between the 3D pterygium and the control
(Supplementary Figure S3B). Based on the DEG analysis comparing with the 2D control, the 3D
pterygium models showed significantly upregulated expression of genes correlated to interleukin
cascade, tumor necrosis factor (TNF) signaling, and other inflammatory response (Figure 3D). We
have also noticed the upregulation of mesenchymal markers and markers of epithelial
mesenchymal transition (EMT), along with the downregulation of conjunctival epithelial markers
(Figure 3D). In addition, genes involved in TGF-B/BMP signaling were upregulated in the 3D

pterygium model (Supplementary Figure S3C). Markers of other principle signaling pathways in

112



the epithelial stem cell were also investigated (Supplementary Figure S3C). These results have
underlined that the encapsulated hCjSCs in the bioprinted 3D pterygium model were assaulted by
inflammatory stimulus from the synthetic microenvironment and undergoing EMT that was

potentially mediated by TGF-/BMP signaling [51-53].
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Figure. 4.4. Transcriptome profiles of 3D pterygium model resemble patient-derived pterygium
tissue. (A) PPI enrichment analysis based on the DEGs between the 3D pterygium model and the
control. (B) PCA of the global transcriptomic profiles of the hCjSCs from the bioprinted model
(3D pterygium) and 2D culture (Control), and human tissues from healthy individuals (normal
conjunctival tissue) and pterygium patients (Pterygium tissue). (C) Heatmap of consistent DEGs
correlated to activation of immune response and epithelial cell differentiation. Tissue data 1 (X.
Liu, et al.) and tissue data 2 (Y. Chen, et al.) represent human tissue data from two independent
studies. Scale bar represents normalized fold change.

4.3.5 3D Pterygium Model Exhibited Transcriptomic Signatures of Pterygium
We performed further analysis to interrogate if our model exhibited molecular features
relevant to pterygium. Gene set enrichment analysis (GSEA) revealed that the 3D pterygium model

expressed enriched gene hallmarks of EMT, TNF-o/NF-xB signaling, EGF signaling and
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Neuregulin-1 (NRG1) signaling while the control showed enrichment involved in epithelial
differentiation and keratinization (Figure 3E, Supplementary Figure S4A). Gene ontology (GO)
enrichment analysis showed the overrepresented GO terms correlated to the organization of cell-
cell and cell-substrate junction, EMT, Notch signaling, DNA damage response, endoplasmic
reticulum (ER) unfolded protein response (UPR), interleukin production, and angiogenesis
regulation in the 3D pterygium model while GO terms correlated to epithelial cell differentiation,
keratinization, canonical Wnt signaling were down-regulated (Supplementary Figure S4B).
Protein-protein interaction (PPI) enrichment analysis highlighted the protein networks correlated
to inflammatory response, stress response, DNA damage response mediated by P53, and
exocytosis in the 3D pterygium model (Figure 4A). Furthermore, to determine the correlation
between our 3D pterygium model with actual pterygium tissues, we combined the RNA-seq data
of normal human conjunctiva and patient-derived pterygium sample from published databases for
comparative analysis [54,55]. Based on the matrix analysis with PCA, the 3D pterygium model
exhibited a closer transcriptome state to patient-derived pterygium tissues while the transcriptomic
profiles of hCjSCs cultured in 2D condition was close to the normal conjunctival tissue data
(Figure 4B). GO enrichment analysis on consistent DEGs comparing different datasets revealed
that the 3D pterygium model had up-regulation GO terms consistent with the pterygium tissues
correlated to activation of immune response, the regulation of cell-cell junctions and cell-substrate
junctions, EMT, vascular endothelial growth factor (VEGF) production, integrin-mediated
signaling pathways, non-canonical Wnt signaling (planar cell polarity), TGF-B/SMAD signaling
(Figure 4C, Supplementary Figure S4C). These results indicated that the bioprinted 3D pterygium
model was able to model the disease microenvironment of pterygium and tune the hCjSCs from

healthy donors into pterygium-relevant pathological state.
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44  Conclusion

Pterygium is a pathological conjunctival overgrowth with chronic inflammation and
angiogenesis that could jeopardize the vision [7,8,16]. Effective and reproducible disease models
are needed to decipher the pathogenesis and explore new therapeutic approach of pterygium
[18,19]. Here, based on the in vitro expansion and DLP-based 3D bioprinting of hCjSCs, we
developed a 3D bioprinted multicellular pterygium in vitro disease model. We first used a novel
feeder-free culture method to efficiently expand the primary hCjSCs. Then, we validated the DLP-
based 3D bioprinting of hCjSCs with GeIMA bioink while preserving the viability, stemness and
functionality. With the DLP 3D bioprinter, we fabricated a 3D pterygium model with hCjSCs from
healthy donors, macrophages, HUVECs and fibroblasts mimicking the multicellular pterygium
microenvironment. By performing global transcriptomic analysis with RNA-seq, we found that
the hCjSCs in the bioprinted 3D model exhibited pathological features highlighting inflammatory
response and EMT. Further comparative analysis with published data of patient-derived pterygium
tissues confirmed the presence of pterygium signatures in our bioprinted 3D pterygium model.

Despite of the foreseeable clinically translatable value of hCjSCs, the efficient generation
and the effective tissue engineering approach for hCjSCs were under investigation [33,35,38].
Consistent with other reported culture of human epithelial stem cells and our previous report on
rabbit CjSCs, CjSCM with the inhibition on TGF-f signaling and BMP signaling, as well as the
ROCK signaling, was able to support the efficient in vitro expansion of hCjSCs while maintained
the stemness and differentiation potency [40,56,57]. As we generated large number of cells from
a small number of starting materials for the experiment, our culture method could combine with
impression cytology for the future clinical study [58]. In addition, with the DLP-based 3D

bioprinting, we fabricated hydrogel scaffolds with GeIMA supporting the viability and stem cell
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properties of the encapsulated hCjSCs. The rapid, scalable, reproducible fabrication with DLP-
based 3D bioprinting made this model highly valuable and clinically translatable for personalized
medicine [59]. The flexible pattern design also enabled convenient modification on the models to
adapt different biomedical applications in the future.

To recapitulate the pterygium microenvironment, we integrated hCjSCs with immune cells
and vascular cells, in the bioprinting to develop a 3D pterygium model and performed RNA-seq
to evaluate the model [12,49]. Vast difference in gene expression was found in DEG analysis
comparing the hCjSCs from the 3D pterygium model and the 2D control, indicating the bioprinted
synthetic multicellular 3D microenvironment significantly alternated the state of encapsulated
cells. The GSEA and GO enrichment analysis have indicated the hCjSCs in the 3D pterygium
model were under ER stress and DNA damage induced by the inflammatory stimulus through
TNF-o/NF-xB signaling and interleukin cascade and undergoing EMT that was potentially
mediated by integrin signaling, TGF-B/SMAD signaling, and Notch signaling [51,60-66]. In
addition, GSEA has identified the activation of EGF signaling and NRG signaling in the 3D
pterygium model, underlining the crosstalk between epithelial cells and macrophages [67,68].
Notably, by comparing our data with the transcriptomic signatures identified in the patient-derived
tissues, the bioprinted 3D pterygium model was grouped into the pterygium tissues while the 2D
control classified into normal conjunctival tissues, which further confirmed the pathological
changes of healthy hCjSCs in the bioprinted model [54,55]. Moreover, the key events and signaling
pathways that were highlighted by the transcriptomic analysis are potential targets for developing
pharmaceutical treatment of pterygium.

In conclusion, based on the DLP-based 3D bioprinting of hCjSCs, we have developed a

bioprinted 3D pterygium model presenting the multicellular microenvironment and transcriptomic
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signatures of pterygium. This is the first reported 3D in vitro disease model for pterygium
recapitulating pathological features consistent with patient-derived pterygium tissues. Supported
by the DLP-based 3D bioprinting technology, this model is valuable for different applications for

the future study.
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Supplementary Information

Supplementary Figure S4.1. Characterization of 2D hCjSCs. (A) Cumulative quantification plots
of the cell doublings versus the culture time of primary conjunctival epithelial cells from different
donors in culture with CJjSCM or control medium. (B) Immunofluorescence staining of ECAD/P63
and ABCG2/KRT14 on hCjSCs expanded in CjSCM or control medium at passage 3. Scale bars:
50 pum. (C) Immunofluorescence staining of MUCI, MUCSAC and MUCI6, and the
corresponding bright field images on the conjunctival goblet cells differentiated from hCjSCs.

Scale bars: 50 um.
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Supplementary Figure S4.2. Characterization of 3D hCjSCs. (A) Live/Dead™ staining was
performed on the hydrogel scaffolds encapsulated with hCjSCs to compare cell viability in soft
and stiff bioprinted scaffolds. Scale bars: 100 pm. (B) Immunofluorescence staining of ABCG2
and KRT14 on bioprinted hydrogel scaffolds encapsulating hCjSCs after 2 days in culture. Scale
bars: 100 pm. (C) Immunofluorescence staining of MUC1, MUCS5AC and MUCI16 on hydrogel
scaffolds encapsulating hCjSCs after 7 days of conjunctival goblet cell differentiation. Scale bars:
100 pm.
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Supplementary Figure S4.3. Transcriptomic analysis. (A) PCA result of the global transcriptomic
profiles of the 3D pterygium model and the control. (B) Heatmap showing total DEGs culture
control and (C) the representative DEGs correlated to TGF-/BMP signaling and other principal
signaling pathways in the 3D pterygium model compared to the 2D culture control. Scale bars

represent log2 transformed fold changes
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Supplementary Figure S4.4. Gene enrichment analysis. (A) Representative GSEA showing the
enrichment of epithelial differentiation and keratinization in the control compared to the 3D
pterygium. (B) GO terms enriched in hCjSCs cultured in the 3D pterygium model versus 2D
control. (C) GO enrichment analysis on the consistent DEGs in 3D pterygium model and human
patient samples.
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Chapter 5 Conclusions and Future Perspectives
1.1 Conclusions

In this dissertation, the 3D bioprinting of different types of ocular stem cells and the
therapeutic and disease modeling applications were explored.

In Chapter 2, the dual-ECM bioprinting of primary LSCs is reported. This method applied
DLP-based 3D bioprinting to fabricate engineered microscale hydrogel scaffolds based on GelMA
and HAGM. The scaffolds both supported the viability of encapsulated primary LSCs but exhibited
differential regulation. LSCs were found to actively proliferated in the GelM A-based scaffolds and
took on quiescent characteristics in the HAGM-based scaffolds. Based on this, a bioprinted dual-
ECM ‘Yin-Yang’ model encapsulating both active and quiescent LSCs was fabricated. These
results illustrated an innovative engineering approach for disease modeling, drug screening and
the development of an LSC-based regenerative therapy for the treatment of related ocular diseases.

In Chapter 3, the bioprinting of injectable hydrogel construct encapsulating rabbit CjSCs
is reported. DLP-based 3D bioprinting was applied to fabricate hydrogel microscale constructs
encapsulating CjSCs. By incorporating a small molecule cocktail in the culture medium,
homogenous CjSCs with high replicative potential and potency were produced. The tunability for
mechanical properties enabled the rapid fabrication of hydrogel constructs that promoted the
viability and stem cell properties of encapsulated CjSCs and could be applied to dynamic
suspension culture of CjSCs. The hydrogel constructs encapsulating CjSCs were injectable without
compromising cell viability or physical deformation, and were suitable for subconjunctival as
demonstrated in an ex vivo rabbit eyeball model

In Chapter 4, the bioprinting of human CjSCs and the development to bioprinted pterygium

model are reported. Primary hCjSCs were efficiently expand using a novel feeder-free culture
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method. DLP-based 3D bioprinting of hCjSCs with GeIMA bioink preserved hCjSCs’ viability,
stemness and functionality. Based on this, a 3D bioprinted pterygium model containing hCjSCs
from healthy donors, macrophages, and vascular cells was fabricated to recapitulate the
multicellular pterygium microenvironment. With RNA-seq, we found that the hCjSCs in the
bioprinted 3D model exhibited pathological features of pterygium and the comparative analysis

with published data of patient-derived pterygium tissues produced consistent results.

1.2 Perspectives
3D bioprinting recapitulating ocular surface microenvironment

As we have explored the bioprinting of two epithelial stem cells on the ocular surface,
LSCs and CjSCs, the epithelial cells, stromal cells, and immune cells orchestrate the ocular surface
homeostasis [1-3]. In Chapter 4, we have discussed the integration of hCjSCs with macrophages
and vascular cells to recapitulate the disease microenvironment of pterygium, which is under
chronic inflammation. Using similar strategy, we can further explore the intercellular crosstalk
between the epithelial stem cells and the mesenchymal cells in the stroma, which was mediated by
the macrophages and contributed to the tissue regeneration. Moreover, as we have discussed in
Chapter 2, the integration of different materials can variate the cell phenotypes in the scaffolds.
Other than that, stiffness of the scaffold can also regulate the encapsulated cells and our DLP
bioprinter can fabricated scaffolds with variable stiffness [4]. Thereby, the bioprinting of scaffolds
mimicking the heterogeneity in ECM and mechanical properties of ocular surface can be further
explored. The design can also be changed to adapt bioreactor or microfluidic device to produce

powerful engineered tools for high-throughput drug screening.
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3D bioprinted injectable hydrogel constructs for combinational therapy

We have explored the injectable hydrogel constructs in Chapter 3 and the idea can be
applied to develop many therapeutic products. The design of the bioprinted constructs can be
further optimized for fluidic dynamic and the shape can be modified for the immobilization in
different tissues [5]. Replacing the endogenous stem cells with iPSC-derived cells or progenitor
cells can overcome the difficulty of isolation and expansion as well as the age, source, conditions
of the donor [6,7]. With the help of gene editing, the disease-related genetic alternation, inherit
mutation, and immunogenicity can be corrected or alleviated after the reprograming [8,9]. In
addition, as stem cell therapy combining stem cell transplantation and gene therapy, or the
administration of drugs or bioactive molecules, including cytokines and exosome [10—12]. This
approach can be integrated in the bioprinted constructs design as we can have a core-shell structure
to simultaneously deliver different cargos. Furthermore, programmable degradation of the

hydrogel can be applied in the bioprinted injectable constructs to better control the delivery [13].
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