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Rapid 3D bioprinting of a multicellular model recapitulating
pterygium microenvironment

Zheng Zhong®1, Jing Wang®1, Jing Tian21, Xiaogian DengP, Alis Balayan®C, Yazhi Sun?, Yi
Xiang?, Jiaao Guan?, Jacob Schimelman?, Henry Hwang?, Shangting You?, Xiaokang Wu®,
Chao Mad, Xiaoao Shi2, Emmie Yao?, Sophie X. Deng9, Shaochen Chen&"

aDepartment of NanoEngineering, University of California San Diego, La Jolla, CA, 92093, USA

bDepartment of Human Genetics, David Geffen School of Medicine, University of California Los
Angeles, Los Angeles, CA, 90095, USA

¢School of Medicine, University of California San Diego, La Jolla, CA, 92093, USA
dStein Eye Institute, University of California Los Angeles, Los Angeles, CA, 90095, USA

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. Here, we developed a 3D multicellular /in vitro pterygium model using a digital
light processing (DLP)-based 3D bioprinting platform with 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
method was able to fabricate hydrogel scaffolds that support the viability and biological
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integrity of the encapsulated hCjSCs. The bioprinted 3D pterygium model consisted of 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 were
validated with the public RNA-seq data from patient-derived pterygium tissues. By integrating
the stem cell technology with 3D bioprinting, this is the first reported 3D /n vitro disease model
for pterygium that can be utilized for future studies towards personalized medicine and drug
screening.

Keywords

3D bioprinting; Pterygium; Epithelial mesenchymal transition; Stem cells; Hydrogels; Disease
model; Tissue engineering

1. Introduction

As an essential part of the ocular surface, conjunctiva is a mucosal stratified epithelial
membrane that covers the major surface of sclera and provides functions for 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 inflammation and damage of
conjunctiva caused by disease or injury could lead to a variety of symptoms, including dry
eye and visual impairment [5,6]. Despite the high prevalence, the pathogenetic mechanism
for many of the conjunctival diseases are unclear [5,6]. Pterygium is a pathological
overgrowth of vascularized conjunctiva that invade the cornea across the limbus and
compromise vision [7,8]. With little pharmaceutical treatments reported, patients with
severe pterygium often require surgical interventions to restore basic visual function, but
the prevention of post-surgical recurrence can be challenging [9] [-] [11]. Pterygium

is a dynamic ecosystem orchestrated by multiple cell types, including stem cells, with
chronic inflammation and angiogenesis being the two major hallmarks [8,12] [-] [16]. To
study the pathogenesis and drug testing for pterygium, various types of disease models,
including animal models and /77 vitro cultured cells, have been developed but are beset

by the reproducibility, limited scalability, and the lack of heterogeneity on cell population,
which contributed to the pathologically relevant cellular interaction [17] [-] [21]. With the
recent technological advances, 3D engineered models with the capacity to recapitulate the
multicellular microenvironment and support high-throughput drug screening have become a
promising solution for pterygium disease modeling [22].

In the past decade, with the development of stem cell technologies, disease modeling

based on tissue engineering of human stem cells has been widely explored to develop
clinically relevant patient-specific models to replace small animal models for personalized
medicine [23, 24]. 3D bioprinting is an emerging technology for the fabrication of functional
3D tissue structures with tailored biological and mechanical properties [25-28]. Among
different 3D bioprinting techniques, digital light processing (DLP)-based 3D bioprinting
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method stands out because of its rapid fabrication speed, fine resolution at a microscale
scale, and high cell integrity post-fabrication [25,29]. DLP-based bioprinting has been
utilized to fabricate synthetic tissues for disease modeling of multiple organs and tissues,
including heart, liver, brain, alveoli, spinal cord and bone [30] [-] [35]. Conjunctival stem
cells (CjSCs) are bipotent stem cells that can give rise to both conjunctival goblet cells

and conjunctival keratinocytes, and thereby hold tremendous potential in modeling the
conjunctival microenvironment [4,36] [-] [38]. However, the lack of knowledge of both
their microenvironment and a viable /n vitro expansion method has limited the applications
of CjSCs in tissue engineering [39] [-] [43]. We have previously reported DLP-based 3D
bioprinting of microscale hydrogel constructs encapsulating rabbit CjSCs with the stem cell
properties and differentiation potency preserved [44].

In this study, we explored the DLP-based 3D bioprinting method for primary hCjSCs

and developed a bioprinted multicellular pterygium model. We first harvested the hCjSCs
from donor tissues and expanded them with a feeder-free /n vitro culture system. Using

a customized DLP-based 3D bioprinter, we printed hydrogel scaffolds that were able to
support the viability, stemness, and differentiation potency of encapsulated hCjSCs. Next,
we performed multicellular bioprinting that combined hCjSCs along with immune cells and
vasculature to develop a bioprinted 3D pterygium model. The bioprinted pterygium model
was then subjected to global transcriptomic analysis to in-depth characterize the disease
phenotypes. Furthermore, we validated our bioprinted model with published datasets of
patient-derived pterygium tissues. The cellular interactions and signaling pathways revealed
from the multicellular bioprinted model provide a greater understanding of pterygium
pathogenesis. To the best of our knowledge, this is the first report of a 3D /n vitro disease
model mimicking the multicellular microenvironment of pterygium. The DLP-based 3D
bioprinting of hCjSCs developed here can be translatable for clinical use in personalized
medicine.

2. Materials and methods

2.1

Primary cell isolation, cell culture and cell doubling quantification

Fresh corneoscleral tissues were provided by One Legacy or Saving Sight Eye Bank with the
consent for research use (Supplementary Table 4). 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). All experimental work adhered

to the tenets of the Declaration of Helsinki, and the overall procedure was approved 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—4 mm away from the limbus. Dissected tissues were subjected to mincing and

a 30-60-min 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 hCjSCs were cultured on a collagen | (ThermoFisher Scientific) surface as
previously described [44]. 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
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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 (CjSCM) was made by
adding 10 uM ROCK inhibitor Y27632 (Tocris Bioscience), 1 uM A83-01 (STEMCELL
Technologies), and 1 uM DMH1 (STEMCELL Technologies), and used for the hCjSCs
culture. 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 I1L13 (Biolegend) [43-45]. M2
macrophages were acquired by differentiating THP-1 monocytes (ATCC). THP-1 cells were
maintained with RPMI11640 medium (ThermoFisher Scientific) with 10% (v/v) FBS, and
M2 differentiation was done by incubating the THP-1 cells in 200 ng/ml tetradecanoyl
phorbol acetate (PMA, Sigma Aldrich) for 48 h, followed by incubation in complete

RPMI 1640 medium for 24 h, and then in 20 ng/ml interleukin 4 (IL4, Biolegend) and 20
ng/ml interleukin 13 (IL13, Biolegend) for another 48 h. Human umbilical vein endothelial
cells (HUVECs, Lonza) were cultured with Endothelial Cell Growth Medium-2 (EGM™-2,
Lonza). C3H/10T1/2s mouse embryonic fibroblasts (10T1/2s, ATCC) were cultured with
DMEM with 10% (v/v) FBS. For the cell culture of the 3D bioprinted pterygium model
and the corresponding 2D control, complete EGM™-2 was mixed 1:1 with the epithelial cell
culture medium and supplemented with 10 pM Y27632.

To quantify cell doubling, pre-cultured cells isolated from primary conjunctival epithelium
were seeded on collagen | coated 12-well plate (Corning) with 40,000 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 count was measured manually every time with a
hemocytometer (Fisher Scientific). The cells (100,000 cells per well) were seeded on
collagen I coated 6-well plate (Corning) for the next round and the process was repeated.
The cell doubling time (DT) was calculated as: DT =AT-In2//n(Q2/ Q1). AT: culture time.
@1, Q2. the number of cells at the beginning and at the end.

2.2. Material synthesis

The materials for bioprinting, gelatin methacryloyl (GelMA) and hyaluronic acid glycidyl
methacrylate (HAGM), were prepared as previously described [44,46] [-] [48]. 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, followed by 1-h 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 GelMA had an approximate
degree of methacrylation of 95% [47]. 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,
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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 had an approximate
degree of methacrylation of 35% [46].

The photoinitiator lithium phenyl-2,4,6-trimethylbenzoylpho sphinate (LAP) was
synthesized following previous publication [44, 46]. Briefly, dimethyl phenylphosphonite
(Sigma Aldrich) was added dropwise to an equimolar amount of 2,4,6-trimethylbenzoyl
chloride (Acros Organics), and reacted for 18 h at room temperature with constant stirring.
Then, a solution of lithium bromide (Sigma Aldrich) in 2-butanone (Sigma Aldrich) was
added into the reaction, and incubated overnight at room temperature, followed by filter-
washing with 2-butanone. The resultant solidified LAP was made into powder and stored in
the dark at 4 °C.

2.3. DLP-based 3D bioprinting

A customized DLP-based 3D bioprinting system was built with projection optics, 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 a spacer made of 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% CO, at 37 °C. For
the multilayered printing, the bioink was loaded on a PDMS base and the thickness of the
structure was controlled by the motion controller. After printing the first layer, the excess
uncrosslinked material was washed off with warm DPBS before the bioink of the second
layer was loaded.

The pre-polymer solution for the printing was made by dissolving GelMA, HAGM, and
LAP with DPBS (ThermoFisher Scientific) and filtered with a 0.22 pm syringe filter
(Millipore Sigma). 5% or 8% (w/v) GelMA 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 hCjSCs bioprinting while the 8% (w/v) GelMA was

used as the stiff condition. 2.5% (w/v) GelMA with 1% (w/v) HAGM was used for the
bioprinting of HUVECSs and 10T1/2s. Before printing, the cells were digested, filtered

with 70 pm cell strainers (Corning), quantified for the cell concentration, and pelleted

with desired quantity. For hCjSCs bioprinting, the bioink contained 2 x 107 cells/mL of
hCjSCs. For multilayered printing of 3D pterygium model, the stem cell layer contained 2

x 107 cells/mL of hCjSCs plus 1 x 107 cells/mL of macrophages while the vascular layer
contained 2 x 107 cells/mL of HUVECs and 4 x 10° cells/mL of 10T1/2s (50:1). For the 3D
control, the scaffolds were fabricated with 5% GelMA with 2 x 107 cells/mL hCjSCs.

2.4. Mechanical characterization

The compressive Young’s modulus was measured using MicroTester (CellScale) following
manufacturer’s instructions. GelMA cylinders with 500 pm-diameter and 500 um-thickness

Biomaterials. Author manuscript; available in PMC 2023 May 05.
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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 um/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 h at room temperature.

For the staining of mucin, samples were permeabilized with 0.2% Triton X-100 in DPBS
for 10 min, following by 1-h 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 h at room temperature. The antibody information was
enclosed in Supplementary Table 1. The samples were stained with 4”,6-Diamidino-2-
Phenylindole (DAPI, ThermoFisher Scientific) for the nuclear illustration and mounted
with Fluoromount-G™ Mounting Medium (ThermoFisher Scientific). To stain 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 1V. 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 immunostaining, fixed cells were permeabilized with 0.2% Triton X-100 in Cell
Staining Buffer (Biolegend) for 2 min, and then incubated for 20 min 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.

2.6. Viability tests

2.7.

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 Pl staining, samples were incubated with a diluted Pl
solution (10 ul per million cells in 0.5 ml/test) for 15 min at 4 °C before analysis. For the
LIVE/DEAD® staining, samples were incubated with 2 uM calcein acetoxymethyl ester and
4 UM ethidium homodimer diluted in DPBS, for 30 min at 37 °C, followed by imaging.

RNA extraction and real time gPCR

RNA was isolated with a method based on TRI1zol® reagent (Ambion Thermo Fisher)
with Direct-zol™ RNA Purification kit (Zymo Research) following manufacturer’s protocol.
For the RNA extraction of encapsulated cells, the bioprinted scaffolds were enzymatically
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digested with collagenase IV to release the cells before applying TRIzol® reagent. The RNA
products were quantified using NanoDrop™ 2000 (Thermo Fisher Scientific). The reverse
transcription was done using iScript™ cDNA Synthesis Kit (Bio-Rad) and the real time
quantitative polymerase chain reaction (qPCR) was conducted using Luna® Universal gPCR
Master Mix (New England Biolabs). The primer information was enclosed in Supplementary
Table 2.

2.8. RNA sequencing and transcriptomic analysis

2.9.

For RNA sequencing (RNA-seq), hCjSCs from 3 healthy donors were expanded and labeled
with GFP using lentiviral vectors before subjecting to bioprinting of the 3D pterygium
model and co-culture. After 5-7 days of co-culture, the GFP-labeled hCjSCs were isolated
from the bioprinted scaffolds by enzymatic digestion and fluorescence-activated cell sorting
(FACS). Then, RNA samples were extracted as aforementioned and quantified using
NanoDrop™ 2000 (ThermoFisher Scientific). The library preparation and RNA-seq were
performed on Illumina platform by Novogene (Sacramento, CA). The transcriptomic data
from patient-derived pterygium tissues and normal conjunctival tissues were derived from
published datasets [49,50].

For the transcriptomic data analysis, the sequencing reads were filtered and trimmed
with Trim Galore (version 0.4.1) followed by mapping to the human genome (GRCh38.
p12) using HISAT2 [51]. The mouse genome (mm10) was also used to estimate the
cross-mapping rates. Principle component analysis (PCA) was performed using DESeq
package with the batch effect between different datasets filtered [52]. Differently expressed
gene (DEG) analysis was performed using DESeq (Adjusted P-value<0.01). The DEGs
with the same regulated expression pattern to the patient-derived pterygium tissues were
defined as consistent DEGs. The protein-to-protein interaction (PPI) enrichment analysis
based on DEGs was presented through Cytoscape [53]. The gene set enrichment analysis
(GSEA) comparing the 3D pterygium model and 2D control was performed using GESA
software (http://software.broadinstitute.org/gsea/downloads.jsp) [54]. The gene ontology
(GO) enrichment analysis in this study was accomplished with Geneontology [55].

Imaging and image processing

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 ImageJ.

2.10. Statistical analysis

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.).

Biomaterials. Author manuscript; available in PMC 2023 May 05.
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3. Results

3.1. Invitro 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 /n vitro expansion has been a challenge [39,40,43].

We have previously reported the feeder-free culture of primary rabbit CjSCs adopting a
cocktail of small molecules that inhibit transforming growth factor-beta (TGF-) signaling,
bone morphogenetic proteins (BMP) signaling, and Rho-associated protein kinase (ROCK)
signaling and selectively expanded CjSC population in primary culture [44]. Given the
promising results of rabbit cells, we first validated the expansion efficacy of CjSCM on
primary hCjSCs isolated from donor tissues. As shown in accumulative quantification of cell
doublings, compared to the cells cultured in the control medium without inhibitor cocktail,
those cultured in CjSCM exhibited faster dividing, a shorter cell doubling time and higher
replicative potency (Fig. 1A and B, Supplementary Figure S1A). As for cell morphology, the
cells expanded with CjSCM showed more compacted, cuboidal, and uniform morphology
whereas the control cells were elongated, spindle-shaped, and of various sizes (Fig. 1C). In
addition, as measured with real time gPCR, the mRNA expression of epithelial stem cell
marker, P63, and proliferation marker, K/67, were significantly upregulated in the CjSCM
group, while the expression of the mesenchymal marker vitronectin (V/M) was significantly
downregulated compared with control (Fig. 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 CjSCM
condition (Fig. 1E, Supplementary Figure S1B). To validate the stem cell potency, we
differentiated the expanded hCjSCs into goblet cells. After 7 days of differentiation, the
generation of conjunctival goblet cells was confirmed by protein expression of mucin 1
(MUC1), mucin 5AC (MUC5AC), and mucin 16 (MUC16) (Supplementary Figure S1C).
These results collectively demonstrated that our CjSCM culture system could efficiently
expand primary hCjSCs in vitro with high homogeneity while promoting the stem cell
phenotypes and preserving the differentiation potency.

3.2. DLP-based 3D bioprinting of hCjSCs

To support the application of hCjSCs in disease modeling, we next explored 3D bioprinting
of hCjSCs. With the rapid and 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 [29,33,46,47]. For the DLP-based bioprinting, hCjSCs were mixed with a
prepolymer solution to form the bioink and photopolymerized to fabricate the 3D hydrogel
scaffolds (Fig. 2A). GelMA was adopted as a bioink material because of its excellent cell
binding capacity and has been successfully used for encapsulating multiple cell types,
including rabbit CjSCs [29,44,56]. The extracellular matrix (ECM) stiffness has been
shown to regulate the essential function and behavior of stem cells [57,58]. To optimize
the encapsulation of hCjSCs, GelMA cylinders (diameter: 500 um; thickness: 500 pm)
encapsulating hCjSCs in soft (2.98 + 0.85 kPa) and stiff (11.20 + 0.62 kPa) condition
were bioprinted and subjected to tissue culture (Fig. 2B). Flow cytometry with Pl staining
showed that both conditions had over 85% cell viability (Fig. 2C). Notably, the cell
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viability was significantly higher in soft condition (Fig. 2C). The high cell viability of
encapsulated cells was also confirmed by LIVE/DEAD® staining (Supplementary Figure
S2A). In addition, real time qPCR indicated that the mRNA expression of K/67, P63,
and PAXG6 were significantly higher in the soft condition (Fig. 2D). Thus, we adopted
the soft printing condition for the following experiments. The stem cell identity of the
hCjSCs in the bioprinted 3D scaffolds was retained (Fig. 2E, Supplementary Figure 2B).
To test the cell functionality, we conducted 3D differentiation of hCjSCs encapsulated in
the bioprinted scaffolds and found the expression of characteristic mucins 7 days later
(Supplementary Figure S2C). Together, using the DLP-based 3D bioprinting, we fabricated
microscale GelMA hydrogel scaffolds encapsulating hCjSCs while preserving the cell
viability, stemness and functionality.

3.3. 3D bioprinted multicellular pterygium model

With the background of extensive chronic inflammation, angiogenesis and infiltration of
immune cells dominate in the pterygium pathology [14,17,48,59,60]. Some studies also
implicated the involvement of stem cells in pterygium [14,61]. Existing pterygium disease
models employed subconjunctival delivery of patient-derived pterygium epithelial cells or
fibroblasts to induce immune response and neovascularization, but little attention has been
paid to developing an /n vitro model with a multicellular microenvironment [17,18,20].
Taking advantage of 3D bioprinting of hCjSCs, we developed a 3D bioprinted pterygium
model with conceptualized patterns containing hCjSCs, macrophages, vascular endothelial
cells, and fibroblasts to recapitulate the pathological state of pterygium (Fig. 3A). The model
contained two layers: the first layer containing hCjSCs and THP-1-derived macrophages
recapitulated the infiltration of immune cells during the inflammation response; the second
layer with HUVECSs and 10T1/2s cells represented the angiogenesis around and inside

the pterygium tissue. Different populations of cells were bioprinted and subjected to
co-culture for 5-7 days (Fig. 3B). Immunofluorescence staining showed the presence of
vascular markers, CD31 and vascular endothelial cadherin (VE-CAD) after 6 days of co-
culture, suggesting the formation of microvasculature in the bioprinted 3D pterygium model
(Supplementary Figure S3A).

3.4. 3D pterygium model displayed distinct transcriptomic profiles compared with 2D

culture

To comprehensively characterize the 3D pterygium model, we bioprinted the models with
hCjSCs from three normal individual donors and performed global transcriptomic profiling
with RNA-seq. The hCjSCs cultured on collagen-coated surface were used as control, and
the hCjSCs that were extracted from 3D bioprinted scaffolds with only hCjSCs were used
as 3D control. Prior to the analysis, the sequencing reads were mapped with both the
human and mouse genome database and confirmed the absence of mouse RNA fragments
(Supplementary Figure S3B).

PCA showed a drastic transcriptomic difference between the 3D pterygium model and the
controls (Supplementary Figure S3C). 590 DEGs were identified in 3D pterygium compared
to the 2D condition, among which 420 genes were significantly upregulated in the 3D
pterygium model, whereas 170 genes were downregulated (Fig. 3C, Supplementary Figure
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S3D). We also found that 311 genes were significantly upregulated while 555 genes were
downregulated in the 3D pterygium compared to the 3D control (Supplementary Figure
S4A). Based on the DEG analysis comparing with the 2D control, the 3D pterygium
models showed consistent upregulation of genes correlated to interleukin cascade, tumor
necrosis factor (TNF) signaling, and other inflammatory responses (Fig. 3D). We also
noticed the upregulation of mesenchymal markers and epithelial-mesenchymal transition
(EMT) related genes, along with the downregulation of epithelial markers (Fig. 3D). In
addition, principle signaling pathways altered in the 3D pterygium model were identified,
indicating the upregulation of TGF-B/BMP signaling, which is a regulator of EMT and
significantly regulates the recurrence of pterygium (Fig. 3D) [62]. These results underlined
that the encapsulated hCjSCs in the bioprinted 3D pterygium model were regulated by

the synthetic microenvironment and underwent inflammatory responses and EMT [63-65].
Furthermore, we have found that the expression of multiple epigenetic regulators was
upregulated in the 3D pterygium model, including DNA methyltransferase DNMT3B, lysine
demethylase KDM6B, and histone deacetylase HDACS (Supplementary Figure S4B). As
epigenetic regulation has been shown to involve in both pterygium pathogenesis and 3D
tissue microenvironment development, these results could indicate the recapitulation of
epigenetic activities in the 3D pterygium model [66] [-] [68].

3.5. 3D pterygium model exhibited transcriptomic signatures of pterygium

To further understand the molecular features of the 3D pterygium model, we performed
GSEA and GO enrichment analysis. GSEA revealed that the 3D pterygium model expressed
enriched gene hallmarks of TNF-a/NF-xB signaling, EMT, and EGF signaling, while the
controls showed enrichment involved in epithelial differentiation and keratinization (Fig. 4A,
Supplementary Figure S4C). GO enrichment analysis showed the overrepresented GO terms
were 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, and canonical
Whnt signaling were downregulated (Fig. 4B). The top up-regulated terms from the cellular
component domain highlighted the ECM organization and the cell-cell, cell-substrate
interaction (Fig. 4C). The key molecular function terms involved in glucocorticoid receptor
signaling, vascular endothelial growth factor (VEGF) signaling, and TGF-p signaling (Fig.
4D). In comparison with the 3D control, the 3D pterygium model showed upregulated

GO terms correlated to platelet-derived growth factor receptor (PDGFR) signaling pathway,
EMT, angiogenesis, inflammatory response and cell junction organization (Supplementary
Figure S4D). Consistently, PPI enrichment analysis highlighted the protein networks
associated with inflammatory response, stress response, DNA damage response, and
exocytosis in the 3D pterygium model (Fig. 5A). To investigate to what extent the 3D
pterygium model could imitate the molecular features of pterygium, we combined the
RNA-seq data of normal human conjunctiva and patient-derived pterygium sample from
previously published datasets for integrated analysis [49,50]. PCA analysis distinguishes
the patient-derived pterygium tissues from the normal conjunctival tissues from healthy
donors (Fig. 5B). In addition, the 3D pterygium model exhibits similar transcriptional
pattern to patient-derived pterygium tissues but with higher homogeneity (Fig. 5B). To

Biomaterials. Author manuscript; available in PMC 2023 May 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhong et al.

Page 11

investigate the common gene regulation network between the 3D pterygium model and
patient-derived pterygium tissues, we focused on the DEGs of the 3D model that showed
consistent expression pattern in the patient-derived pterygium. Totally, 189 consistent
upregulated DEGs and 81 consistent downregulated DEGs were identified (Supplementary
Table 3). GO enrichment analysis on consistent DEGs comparing different datasets revealed
that the 3D pterygium model had upregulation GO terms consistent with the pterygium
tissues correlated to activation of immune response, the regulation of cell-cell junctions

and cell-substrate junctions, EMT, VEGF production, integrin-mediated signaling pathways,
non-canonical Wnt signaling (planar cell polarity), and TGF-p/SMAD signaling (Fig. 5C,
Supplementary Figure S4E). These results indicated that the bioprinted 3D pterygium model
was able to recapitulate the disease microenvironment of pterygium and transition healthy
hCjSCs into the pterygium-relevant pathological state.

4. Conclusion

Pterygium is a pathological conjunctival overgrowth with chronic inflammation and
angiogenesis that could result in blindness [7,8,16]. Effective and reproducible disease
models are needed to decipher the pathogenesis and explore new therapeutic approaches

for pterygium [18,19]. Here, based on /n vitro expansion and DLP-based 3D bioprinting of
hCjSCs, we developed an /n vitro multicellular pterygium disease model. The bioprinted
pterygium model consisted of 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 the clinical need of hCjSCs, protocols for developing effective hCjSC models
have not been publicly reported in full [37,39,42]. Consistent with other reported culture
of human epithelial stem cells and our previous report on rabbit CjSCs, CjSCM with

the inhibition on TGF-B signaling and BMP signaling, as well as the ROCK signaling,
was able to support the efficient in vitro expansion of hCjSCs while maintaining the
stemness and differentiation potency [44,69,70]. As we generated large amount of cells
from a small amount of starting materials for the experiment, our culture method could
combine with impression cytology for a future clinical study [71]. In addition, with the
DLP-based 3D bioprinting, we fabricated GelMA hydrogel scaffolds supporting the viability
and stem cell 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 [72]. The flexible pattern design also enabled
convenient modification on the models to adapt different biomedical applications in the
future.

3D engineered models with control in geometry, cell distribution, and ECM composition
were shown to better mimic the physiological or pathological microenvironment compared
to the 2D cell monolayer and had higher scalability and reproducibility over animal models
[25,73, 74]. To recapitulate the pterygium microenvironment, we integrated hCjSCs with
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immune cells and vascular cells in the bioprinting to develop a 3D pterygium model and
performed RNA-seq to evaluate the model [12,60]. Vast differences in gene expression
were found in DEG analysis comparing hCjSCs from the 3D pterygium model with the 2D
and 3D control, indicating the bioprinted multicellular 3D microenvironment significantly
altered the state of encapsulated cells. The GSEA and GO enrichment analysis indicated
that the hCjSCs in the 3D pterygium model were under ER stress and DNA damage, which
were potentially induced by the inflammatory stimulus through TNF-a/NF-xB signaling
and interleukin cascade [75-77]. As a result, the cells underwent EMT that was potentially
mediated by integrin signaling, TGF-B/SMAD signaling, and Notch signaling [63,78] [-]
[81]. In addition, GSEA identified the activation of EGF signaling in the 3D pterygium
model, underlining the crosstalk between epithelial cells and macrophages [82,83]. Notably,
by comparing our data with the transcriptomic signatures identified in the patient-derived
samples, the bioprinted 3D pterygium model was grouped into the pterygium tissues
whereas the 2D control was classified into healthy conjunctival tissues, which further
confirmed the pathological changes of healthy hCjSCs in the bioprinted model [49,50].
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, through 3D bioprinting of hCjSCs, we have developed a bioprinted

3D pterygium model presenting the multicellular microenvironment and transcriptomic
signatures of pterygium. This is the first reported 3D /n vitro disease model for

pterygium recapitulating pathological features consistent with patient-derived pterygium
tissues. Supported by the DLP-based 3D bioprinting technology, this model can potentially
support therapeutic development and high-throughput drug screening, as well as the disease
mechanism study of pterygium.
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GeMA gelatin methacryloyl
HAGM hyaluronic acid glycidyl methacrylate
References

[1]. Harvey TM, Fernandez AGA, Patel R, Goldman D, Ciralsky J, Conjunctival anatomy and
physiology, in: Ocul. Surf. Dis. Cornea, Conjunctiva Tear Film, Elsevier Inc., 2013, pp. 23-27,
10.1016/B978-1-4557-2876-3.00004-3.

[2]. Akpek EK, Gottsch JD, Immune of defense at the ocular surface, Eye 17 (2003) 949-956,
10.1038/sj.eye.6700617. [PubMed: 14631402]

[3]. Foster JB, Lee WB, The tear film: anatomy, structure and function, in: Ocul. Surf. Dis. Cornea,
Conjunctiva Tear Film, Elsevier Inc., 2013, pp. 17-21, 10.1016/B978-1-4557-2876-3.00003-1.

[4]. Gipson IK, Goblet cells of the conjunctiva: a review of recent findings, Prog. Retin. Eye Res 54
(2016) 49-63, 10.1016/j.preteyeres.2016.04.005. [PubMed: 27091323]

[5]. Thorel D, Ingen-Housz-Oro S, Royer G, Delcampe A, Bellon N, Bodemer C, Welfringer-Morin A,
Bremond-Gignac D, Robert MP, Tauber M, Malecaze F, Dereure O, Daien V, Colin A, Bernier
C, Couret C, Vabres B, Tetart F, Milpied B, Cornut T, Ben Said B, Burillon C, Cordel N, Beral
L, De Prost N, Wolkenstein P, Muraine M, Gueudry J, Management of ocular involvement in the
acute phase of Stevens-Johnson syndrome and toxic epidermal necrolysis: French national audit
of practices, literature review, and consensus agreement, Orphanet J. Rare Dis 15 (2020) 259,
10.1186/513023-020-01538-x. [PubMed: 32962748]

[6]. Yamaguchi T, Inflammatory response in dry eye, Investig. Ophthalmol. Vis. Sci 59 (2018)
DES192-DES199, 10.1167/iovs.17-23651. [PubMed: 30481826]

[7]. Clearfield E, Muthappan V, Wang X, Kuo IC, Conjunctival autograft for pterygium, Cochrane
Database Syst. Rev 2016 (2016) CD011349, 10.1002/14651858.CD011349.pub?2.

[8]. Chui J, di Girolamo N, Wakefield D, Coroneo MT, The pathogenesis of pterygium:
current concepts and their therapeutic implications, Ocul. Surf 6 (2008) 24-43, 10.1016/
$1542-0124(12)70103-9. [PubMed: 18264653]

[9]. Said DG, Faraj LA, Elalfy MS, Yeung A, Miri A, Fares U, Otri AM, Rahman |, Maharajan S,
Dua HS, Intra-lesional 5 fluorouracil for the management of recurrent pterygium, Eye 27 (2013)
1123-1129, 10.1038/eye.2013.135. [PubMed: 23807385]

[10]. Monden Y, Hotokezaka F, Yamakawa R, Recurrent pterygium treatment using mitomycin C,
double amniotic membrane transplantation, and a large conjunctival flap, Int. Med. Case Rep. J
11 (2018) 47-52, 10.2147/IMCRJ.S150969. [PubMed: 29563842]

[11]. Chu WK, Choi HL, Bhat AK, Jhanji V, Pterygium: new insights, Eye 34 (2020) 1047-1050,
10.1038/541433-020-0786-3. [PubMed: 32029918]

[12]. Zhao F, Cai S, Huang Z, Ding P, Du C, Optical coherence tomography angiography
in pinguecula and pterygium, Cornea 39 (2020) 99-103, 10.1097/IC0.0000000000002114.
[PubMed: 31436638]

[13]. Ling S, Liang L, Lin H, Li W, Xu J, Increasing lymphatic microvessel density in primary
pterygia, Arch. Ophthalmol 130 (2012) 735-742, 10.1001/archophthalmol.2012.293. [PubMed:
22801834]

[14]. Chui J, Coroneo MT, Tat LT, Crouch R, Wakefield D, Di Girolamo N, Ophthalmic pterygium:
a stem cell disorder with premalignant features, Am. J. Pathol 178 (2011) 817-827, 10.1016/
j.ajpath.2010.10.037. [PubMed: 21281814]

[15]. Cérdenas-Cantu E, Zavala J, Valenzuela J, Valdez-Garcia JE, Molecular basis of pterygium
development, Semin. Ophthalmol 31 (2014) 1-17, 10.3109/08820538.2014.971822.

Biomaterials. Author manuscript; available in PMC 2023 May 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhong et al.

[16].

[17].

[18].

[19].

[20].

[21].

[22].

[23].

[24].

[25].

[26].

[27].

[28].

[29].

[30].

[31].

[32].

Page 14

Liu C, Song Y, Wang X, Lai Z, Li C, Wan P, Xu N, Huang D, Liu Y, Wang Z, The key role of
vegf in the cross talk between pterygium and dry eye and its clinical significance, Ophthalmic
Res. 63 (2020) 320-331, 10.1159/000503636. [PubMed: 31927552]

Lee Minsup, Yun Seohyeon, So Yeon Choi JaeWook Yang, Corneal neovascularization and
inflammation in pterygium mouse model induced by subconjunctival injection of human
pterygium epithelial cells, Invest. Ophthalmol. Vis. Sci 58 (2017) 5177. [PubMed: 29049717]

Zavala J, Hernandez-Camarena JC, Salvador-Galvez B, Pérez-Saucedo JE, Vela-Martinez A,
Valdez-Garcia JE, Extracellular matrix and fibroblast injection produces pterygium-like lesion in
rabbits, Biol. Res 51 (2018) 15, 10.1186/S40659-018-0165-8. [PubMed: 29866159]

Di Girolamo N, Tedla N, Kumar RK, McCluskey P, Lloyd A, Coroneo MT, Wakefield D, Culture
and characterisation of epithelial cells from human pterygia, Br. J. Ophthalmol 83 (1999) 1077-
1082, 10.1136/bj0.83.9.1077. [PubMed: 10460780]

Lee HS, Lee JH, Yang JW, Effect of porcine chondrocyte-derived extracellular matrix on the
pterygium in mouse model, Graefe’s Arch. Clin. Exp. Ophthalmol 252 (2014) 609-618, 10.1007/
s00417-014-2592-8. [PubMed: 24562465]

Krebs MP, Collin GB, Hicks WL, Yu M, Charette JR, Shi LY, Wang J, Naggert JK, Peachey

NS, Nishina PM, Mouse models of human ocular disease for translational research, PLoS One 12
(2017), 10.1371/journal.pone.0183837.

Boutin ME, Hampton C, Quinn R, Ferrer M, Song MJ, 3D engineering of ocular tissues for
disease modeling and drug testing, in: Adv. Exp. Med. Biol, Springer New York LLC, 2019, pp.
171-193, 10.1007/978-3-030-28471-8 7.

Benam KH, Dauth S, Hassell B, Herland A, Jain A, Jang KJ, Karalis K, Kim HJ, MacQueen

L, Mahmoodian R, Musah S, Torisawa YS, Van Der Meer AD, Villenave R, Yadid M, Parker
KK, Ingber DE, Engineered in vitro disease models, Annu. Rev. Pathol 10 (2015) 195-262,
10.1146/annurev-pathol-012414-040418. [PubMed: 25621660]

Argentati C, Tortorella I, Bazzucchi M, Morena F, Martino S, Harnessing the potential of

stem cells for disease modeling: progress and promises, J. Personalized Med 10 (2020), 10.3390/
jpm10010008.

Ma X, Liu J, Zhu W, Tang M, Lawrence N, Yu C, Gou M, Chen S, 3D bioprinting of functional
tissue models for personalized drug screening and in vitro disease modeling, Adv. Drug Deliv.
Rev 132 (2018) 235-251, 10.1016/j.addr.2018.06.011. [PubMed: 29935988]

Walus K, Beyer S, Willerth SM, Three-dimensional bioprinting healthy and diseased models

of the brain tissue using stem cells, Curr. Opin. Biomed. Eng 14 (2020) 25-33, 10.1016/
j.cobme.2020.03.002.

Soman P, Fozdar DY, Lee JW, Phadke A, Varghese S, Chen S, A three-dimensional polymer
scaffolding material exhibiting a zero Poisson’s ratio, Soft Matter 8 (2012) 4946-4951, 10.1039/
C2SM07354D. [PubMed: 24014252]

Soman P, Lee JW, Phadke A, Varghese S, Chen S, Spatial tuning of negative and positive
Poisson’s ratio in a multi-layer scaffold, Acta Biomater. 8 (2012) 2587-2594, 10.1016/
J.ACTBI0.2012.03.035. [PubMed: 22465577]

Yu C, Schimelman J, Wang P, Miller KL, Ma X, You S, Guan J, Sun B, Zhu W, Chen

S, Photopolymerizable biomaterials and light-based 3D printing strategies for biomedical
applications, Chem. Rev 120 (2020) 10695-10743, 10.1021/acs.chemrev.9b00810. [PubMed:
32323975]

Ma X, Qu X, Zhu W, Li YS, Yuan S, Zhang H, Liu J, Wang P, Lai CSE, Zanella F, Feng

GS, Sheikh F, Chien S, Chen S, Deterministically patterned biomimetic human iPSC-derived
hepatic model via rapid 3D bioprinting, Proc. Natl. Acad. Sci. U.S.A 113 (2016) 2206-2211,
10.1073/pnas.1524510113. [PubMed: 26858399]

Zhang J, Hu Q, Wang S, Tao J, Gou M, Digital light processing based three-dimensional printing
for medical applications, Int. J. Bioprinting 6 (2020) 12-27, 10.18063/ijb.v6i1.242.

Grigoryan B, Paulsen SJ, Corbett DC, Sazer DW, Fortin CL, Zaita AJ, Greenfield PT, Calafat
NJ, Gounley JP, Ta AH, Johansson F, Randles A, Rosenkrantz JE, Louis-Rosenberg JD, Galie
PA, Stevens KR, Miller JS, Multivascular networks and functional intravascular topologies within

Biomaterials. Author manuscript; available in PMC 2023 May 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhong et al.

[33].

[34].

[35].

[36].

[37].

[38].

[39].

[40].

[41].
[42].

[43].

[44].

[45].

[46].

[47].

[48].

[49].

Page 15

biocompatible hydrogels, Science 364 (80) (2019) 458-464, 10.1126/science.aav9750. [PubMed:
31048486]

Koffler J, Zhu W, Qu X, Platoshyn O, Dulin JN, Brock J, Graham L, Lu P, Sakamoto J, Marsala
M, Chen S, Tuszynski MH, Biomimetic 3D-printed scaffolds for spinal cord injury repair, Nat.
Med 25 (2019) 263-269, 10.1038/s41591-018-0296-z. [PubMed: 30643285]

Dean D, Wallace J, Siblani A, Wang MO, Kim K, Mikos AG, Fisher JP, Continuous digital light
processing (cDLP): highly accurate additive manufacturing of tissue engineered bone scaffolds,
Virtual Phys. Prototyp 7 (2012) 13-24, 10.1080/17452759.2012.673152. [PubMed: 23066427]

Soman P, Tobe BTD, Lee JW, Winquist AAM, Singec I, Vecchio KS, Snyder EY, Chen S,
Three-dimensional scaffolding to investigate neuronal derivatives of human embryonic stem
cells, Biomed. Microdevices 145 (14) (2012) 829-838, 10.1007/S10544-012-9662-7.

Stewart RMK, Sheridan CM, Hiscott PS, Czanner G, Kaye SB, Human conjunctival stem cells
are predominantly located in the medial canthal and inferior forniceal areas, Invest. Ophthalmol.
Vis. Sci 56 (2015) 2021-2030, 10.1167/iovs.14-16266. [PubMed: 25722207]

Schrader S, Notara M, Beaconsfield M, Tuft SJ, Daniels JT, Geerling G, Tissue engineering for
conjunctival reconstruction: established methods and future outlooks, Curr. Eye Res 34 (2009)
913-924, 10.3109/02713680903198045. [PubMed: 19958107]

Ramos T, Scott D, Ahmad S, An update on ocular surface epithelial stem cells: cornea and
conjunctiva, Stem Cell. Int 2015 (2015), 10.1155/2015/601731.

Bertolin M, Breda C, Ferrari S, Van Acker S, Zakaria N, Di lorio E, Migliorati A,

Ponzin D, Ferrari B, LuZnik Z, Barbaro V, Optimized protocol for regeneration of the
conjunctival epithelium using the cell suspension technique, Cornea 38 (2019) 469-479, 10.1097/
1C0.0000000000001670. [PubMed: 29923861]

Wu N, Yan C, Chen J, Yao Q, Lu Y, Yu F, Sun H, Fu Y, Conjunctival reconstruction via
enrichment of human conjunctival epithelial stem cells by p75 through the NGF-p75-SALL2
signaling axis, Stem Cells Transl. Med 9 (2020) 1448-1461, 10.1002/sctm.19-0449. [PubMed:
32602639]

Meller D, Dabul V, Tseng SCG, Expansion of conjunctival epithelial progenitor cells on amniotic
membrane, Exp. Eye Res 74 (2002) 537-545, 10.1006/exer.2001.1163. [PubMed: 12076097]
Spurr-Michaud SJ, Gipson IK, Methods for culture of human corneal and conjunctival epithelia,
Methods Mol. Biol 945 (2013) 31-43, 10.1007/978-1-62703-125-7_3.

Nomi K, Hayashi R, Ishikawa Y, Kobayashi Y, Katayama T, Quantock AJ, Nishida K, Generation
of functional conjunctival epithelium, including goblet cells, from human iPSCs, Cell Rep. 34
(2021) 108715, 10.1016/j.celrep.2021.108715. [PubMed: 33535050]

Zhong Z, Deng X, Wang P, Yu C, Kiratitanaporn W, Wu X, Schimelman J, Tang M, Balayan

A, Yao E, Tian J, Chen L, Zhang K, Chen S, Rapid bioprinting of conjunctival stem cell
micro-constructs for subconjunctival ocular injection, Biomaterials 267 (2021) 120462, 10.1016/
j.biomaterials.2020.120462. [PubMed: 33129190]

McCauley HA, Guasch G, Three cheers for the goblet cell: maintaining homeostasis in mucosal
epithelia, Trends Mol. Med 21 (2015) 492-503, 10.1016/j.molmed.2015.06.003. [PubMed:
26144290]

Wang P, Li X, Zhu W, Zhong Z, Moran A, Wang W, Zhang K, Chen S, 3D bioprinting of
hydrogels for retina cell culturing, Bioprinting 12 (2018), 10.1016/j.bprint.2018.e00029.

Tang M, Xie Q, Gimple RC, Zhong Z, Tam T, Tian J, Kidwell RL, Wu Q, Prager BC, Qiu

Z,Yu A, Zhu Z, Mesci P, Jing H, Schimelman J, Wang P, Lee D, Lorenzini MH, Dixit D,

Zhao L, Bhargava S, Miller TE, Wan X, Tang J, Sun B, Cravatt BF, Muotri AR, Chen S, Rich
JN, Three-dimensional bioprinted glioblastoma microenvironments model cellular dependencies
and immune interactions, Cell Res. 30 (2020) 833-853, 10.1038/s41422-020-0338-1. [PubMed:
32499560]

Shirahama H, Lee BH, Tan LP, Cho NJ, Precise tuning of facile one-pot gelatin methacryloyl
(GelMA) synthesis, Sci. Rep (2016), 10.1038/srep31036.

Chen Y, Wang H, Jiang Y, Zhang X, Wang Q, Transcriptional profiling to identify the key genes
and pathways of pterygium, PeerJ (2020) 2020, 10.7717/peerj.9056.

Biomaterials. Author manuscript; available in PMC 2023 May 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhong et al.

[50].

[51].

[52].

[53].

[54].

[55].

[56].

[57].

[58].

[59].

[60].

[61].

[62].

[63].
[64].
[65].
[66].
[67].

[68].

Page 16

Liu X, Zhang J, Nie D, Zeng K, Hu H, Tie J, Sun L, Peng L, Liu X, Wang J, Comparative
transcriptomic analysis to identify the important coding and non-coding RNAs involved in

the pathogenesis of pterygium, Front. Genet 12 (2021) 646550, 10.3389/fgene.2021.646550.
[PubMed: 33790949]

Kim D, Langmead B, Salzberg SL, HISAT: a fast spliced aligner with low memory requirements,
Nat. Methods 12 (2015) 357-360, 10.1038/nmeth.3317, 2015 124. [PubMed: 25751142]

Wang L, Feng Z, Wang X, Wang X, Zhang X, DEGseq: an R package for identifying
differentially expressed genes from RNA-seq data, Bioinformatics 26 (2010) 136-138, 10.1093/
BIOINFORMATICS/BTP612. [PubMed: 19855105]

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin N, Schwikowski B,
Ideker T, Cytoscape: a software environment for integrated models of biomolecular interaction
networks, Genome Res. 13 (2003) 2498-2504, 10.1101/GR.1239303. [PubMed: 14597658]
Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, Paulovich A,
Pomeroy SL, Golub TR, Lander ES, Mesirov JP, Gene set enrichment analysis: a knowledge-
based approach for interpreting genome-wide expression profiles, Proc. Natl. Acad. Sci. Unit.
States Am 102 (2005) 15545-15550, 10.1073/PNAS.0506580102.

Mi H, Muruganujan A, Ebert D, Huang X, Thomas PD, PANTHER version 14: more genomes, a
new PANTHER GO-slim and improvements in enrichment analysis tools, Nucleic Acids Res. 47
(2019) D419-D426, 10.1093/NAR/GKY1038. [PubMed: 30407594]

Zhu M, Wang Y, Ferracci G, Zheng J, Cho NJ, Lee BH, Gelatin methacryloyl and its hydrogels
with an exceptional degree of controllability and batch-to-batch consistency, Sci. Rep 9 (2019)
1-13, 10.1038/s41598-019-42186-x [PubMed: 30626917]

Vining KH, Mooney DJ, Mechanical forces direct stem cell behaviour in development and
regeneration, Nat. Rev. Mol. Cell Biol 18 (2017) 728-742, 10.1038/nrm.2017.108. [PubMed:
29115301]

Wen JH, Vincent LG, Fuhrmann A, Choi YS, Hribar KC, Taylor-Weiner H, Chen S, Engler

AJ, Interplay of matrix stiffness and protein tethering in stem cell differentiation, Nat. Mater 13
(2014) 979-987, 10.1038/nmat4051. [PubMed: 25108614]

Beden U, Irkeg M, Orhan D, Orhan M, The roles of T-lymphocyte subpopulations (CD4

and CDS), intercellular adhesion molecule-1 (ICAM-1), HLA-DR receptor, and mast cells

in etiopathogenesis of pterygium, Ocul. Immunol. Inflamm 11 (2003) 115-122, 10.1076/
0cii.11.2.115.15913. [PubMed: 14533030]

Tsironi S, loachim E, Machera M, Aspiotis M, Agnanti N, Psilas K, Presence and possible
significance of immunohistochemically demonstrable metallothionein expression in pterygium
versus pinguecula and normal conjunctiva, Eye 15 (2001) 89-96, 10.1038/eye.2001.20.
[PubMed: 11318304]

Dushku N, Reid TW, Immunohistochemical evidence that human pterygia originate from an
invasion of vimentin-expressing altered limbal epithelial basal cells, Curr. Eye Res 13 (1994)
473-481, 10.3109/02713689408999878. [PubMed: 7924411]

Meshkani SE, Kooshan N, Moghadam AB, Falanji F, Adli A, Baghbani-Arani F, Arian AG, Rad
A, Signaling roadmap to epithelial-mesenchymal transition in pterygium, TWIST1 centralized, J.
Cell. Physiol 234 (2019) 18146-18155, 10.1002/JCP.28447. [PubMed: 30847945]

Xu J, Lamouille S, Derynck R, TGF-B-induced epithelial to mesenchymal transition, Cell Res.
19 (2009) 156-172, 10.1038/cr.2009.5.

Holtmann M, Neurath M, Differential TNF-signaling in chronic inflammatory disorders, Curr.
Mol. Med 4 (2005) 439-444, 10.2174/1566524043360636.

Lamouille S, Xu J, Derynck R, Molecular mechanisms of epithelial-mesenchymal transition, Nat.
Rev. Mol. Cell Biol 15 (2014) 178-196, 10.1038/nrm3758. [PubMed: 24556840]

Liu MM, Chan C-C, Tuo J, Epigenetics in ocular diseases, Curr. Genom 14 (2013) 166,
10.2174/1389202911314030002.

Nemec S, Kilian KA, Materials control of the epigenetics underlying cell plasticity, Nat. Rev.
Mater 6 (2020) 69-83, 10.1038/s41578-020-00238-z.

desRochers TM, Shamis Y, Alt-Holland A, Kudo Y, Takata T, Wang G, Jackson-Grusby L,
Garlick JA, The 3D tissue microenvironment modulates DNA methylation and E-cadherin

Biomaterials. Author manuscript; available in PMC 2023 May 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhong et al.

[69].

[70].

[71].

[72].

[73].

[74].

[75].

[76].
[77].

[78].

[79].

[80].

[81].

[82].

[83].

Page 17

expression in squamous cell carcinoma, Epigenetics 7 (2012) 34-46, 10.4161/epi.7.1.18546.
[PubMed: 22207358]

Zhang C, Lee HJ, Shrivastava A, Wang R, McQuiston TJ, Challberg SS, Pollok BA, Wang T,
Long-term in vitro expansion of epithelial stem cells enabled by pharmacological inhibition

of PAK1-ROCK-myosin Il and TGF- signaling, Cell Rep. 25 (2018) 598-610, 10.1016/
j.celrep.2018.09.072, €5. [PubMed: 30332641]

Mou H, Vinarsky V, Tata PR, Brazauskas K, Choi SH, Crooke AK, Zhang B, Solomon GM,
Turner B, Bihler H, Harrington J, Lapey A, Channick C, Keyes C, Freund A, Artandi S, Mense
M, Rowe S, Engelhardt JF, Hsu YC, Rajagopal J, Dual SMAD signaling inhibition enables
long-term expansion of diverse epithelial basal cells, Cell Stem Cell 19 (2016) 217-231, 10.1016/
j.stem.2016.05.012. [PubMed: 27320041]

Singh R, Joseph A, Umapathy T, Tint NL, Dua HS, Impression cytology of the ocular surface, Br.
J. Ophthalmol 89 (2005) 1655-1659, 10.1136/bj0.2005.073916. [PubMed: 16299150]

Ma X, Liu J, Zhu W, Tang M, Lawrence N, Yu C, Gou M, Chen S, 3D bioprinting of functional
tissue models for personalized drug screening and in vitro disease modeling, Adv. Drug Deliv.
Rev (2018), 10.1016/j.addr.2018.06.011.

EtV,JD,WL,BL,LS, Three-dimensional cell culture models for anticancer drug screening:
worth the effort? J. Cell. Physiol 233 (2018) 2993-3003, 10.1002/JCP.26052. [PubMed:
28618001]

Tang M, Rich JN, Chen S, Biomaterials and 3D bioprinting strategies to model glioblastoma and
the blood—brain barrier, Adv. Mater 33 (2021) 2004776, 10.1002/ADMA.202004776.

Soria-Valles C, Lépez-Soto A, Osorio FG, Lopez-Otin C, Immune and inflammatory responses
to DNA damage in cancer and aging, Mech. Ageing Dev 165 (2017) 10-16, 10.1016/
j-mad.2016.10.004. [PubMed: 27720808]

Zhang K, Kaufman RJ, From endoplasmic-reticulum stress to the inflammatory response, Nature
454 (2008) 455-462, 10.1038/nature07203. [PubMed: 18650916]

Hayden MS, Ghosh S, Regulation of NF-xB by TNF family cytokines, Semin. Immunol 26
(2014) 253-266, 10.1016/j.smim.2014.05.004. [PubMed: 24958609]

Wang Z, Li Y, Kong D, Sarkar FH, The role of Notch signaling pathway in epithelial-
mesenchymal transition (EMT) during development and tumor aggressiveness, Curr. Drug
Targets 11 (2010) 745-751, 10.2174/138945010791170860. [PubMed: 20041844]

Gonzalez DM, Medici D, Signaling mechanisms of the epithelial-mesenchymal transition, Sci.
Signal 7 (2014) re8, 10.1126/scisignal.2005189. [PubMed: 25249658]

Feldkoren B, Hutchinson R, Rapaport Y, Mahajan A, Margulis V, Integrin signaling potentiates
transforming growth factor-beta 1 (TGF-p1) dependent downregulation of E-Cadherin expression
— important implications for epithelial to mesenchymal transition (EMT) in renal cell carcinoma,
Exp. Cell Res 355 (2017) 57-66, 10.1016/j.yexcr.2017.03.051. [PubMed: 28363829]

Sokeland G, Schumacher U, The functional role of integrins during intra- and extravasation
within the metastatic cascade, Mol. Cancer 18 (2019) 1-19, 10.1186/s12943-018-0937-3.
[PubMed: 30609930]

Jardé T, Chan WH, Rossello FJ, Kaur Kahlon T, Theocharous M, Kurian Arackal T, Flores

T, Giraud M, Richards E, Chan E, Kerr G, Engel RM, Prasko M, Donoghue JF, ichi Abe S,
Phesse TJ, Nefzger CM, McMurrick PJ, Powell DR, Daly RJ, Polo JM, Abud HE, Mesenchymal
niche-derived neuregulin-1 drives intestinal stem cell proliferation and regeneration of damaged
epithelium, Cell Stem Cell 27 (2020) 646—662, 10.1016/j.stem.2020.06.021, e7. [PubMed:
32693086]

Ko JH, Kim HJ, Jeong HJ, Lee HJ, Oh JY, Mesenchymal stem and stromal cells harness
macrophage-derived amphiregulin to maintain tissue homeostasis, Cell Rep. 30 (2020) 3806—
3820, 10.1016/j.celrep.2020.02.062, e6. [PubMed: 32187551]

Biomaterials. Author manuscript; available in PMC 2023 May 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Zhong et al.

>

oo}

Doublings

N
3
T

3
T

= cjscM

-e- Control

Fig. 1.

In vitro expansion of primary hCjSCs using CjSCM. (A) Representative cumulative
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quantification plot showed the cell doublings versus the culture time of the human primary
conjunctival epithelial cells in culture with CjSCM or control medium. (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
nonconfluent primary human conjunctival epithelial cells cultured with CjSCM or control

medium at passage 3. Scale bars: 100 um. (D) Real time qPCR showing the relative

MRNA expression of K/67 (proliferation), P63 (stemness), PAX6 (ocular lineage), VIM

(mesenchymal lineage) in the cells expanded in CjSCM or control medium (mean + sd, n
=4, *: P <0.05, ***: P <0.001.). (E) Immunofluorescence staining of ANP63, PAX6 and
K167 on hCjSCs expanded in CjSCM or control medium at passage 3. Scale bars: 50 pum.
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Fig. 2.

DEP—based 3D bioprinting of hydrogel scaffolds supporting the stemness and functionality
of the encapsulated hCjSCs. (A) Schematics of the DLP bioprinter setup and the
photopolymerization process to fabricate hydrogel scaffolds encapsulating hCjSCs. (B)
Compressive modulus of the hCjSCs encapsulated in soft and stiff bioprinted scaffolds
(mean £ sd, n = 3). (C) The ratio 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) Real time qPCR showing the relative mMRNA expression

of K167, P63and PAX6 of hCjSCs in 2D culture condition (2D control) or 3D hydrogel
scaffolds with different stiffness (mean £ sd, n = 3, *: P < 0.05, **: P < 0.01, ***:

P < 0.001.). (E) Representative immunofluorescence staining and corresponding bright
field images of bioprinted hydrogel scaffolds encapsulating hCjSCs after 2 days of culture
expressing ANP63, PAX6 and KI67. Scale bars: 100 pm.
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Fig. 3.

Dlg_P-based 3D bioprinting of multicellular pterygium model with distinct transcriptomic
profiles. (A) Hlustration of the bioprinted multicellular 3D pterygium model. (B)
Representative images of the 3D pterygium model. Red: hCjSCs and macrophages; green:
HUVECs and fibroblasts. Scale bars: 1 mm. (C) Volcano plot of global transcriptomic
landscape comparing the bioprinted 3D pterygium model with the 2D control. The

x-axis represents log2 transformed fold changes, and the y~axis shows the —log10
transformed p-value adjusted for multiple test correction (/7= 3 per condition). (D) Heatmap
of representative DEGs correlated to inflammatory response, epithelial mesenchymal
transition, TGF-B/BMP signaling, and other principal signaling pathways in the 3D
pterygium model versus the 2D control. Scale bars represent relative gene expression (log2
fold changes).
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GSEA and GO analysis revealed the pterygium-related pathological features in the 3D
pterygium model. (A) Representative GSEA results comparing the 3D pterygium model
with the control. FDR: false discovery rate, NES: normalized enrichment score. (B) GO
terms enriched in hCjSCs cultured in the 3D pterygium model versus 2D control. (C)
Selected upregulated GO terms from the cellular component domain in the 3D pterygium
model. (D) Selected upregulated GO terms from the molecular function domain in the 3D

pterygium model.
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Fig. 5.

Transcriptome profiles of 3D pterygium model resemble a 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.
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