pharmaceutics

Goals and Challenges

Edited by
Yolanda Diebold and Laura Garcia-Posadas

Printed Edition of the Special Issue Published in Pharmaceutics

7z
www.mdpi.com/journal/pharmaceutics rM\DPI

F



Advanced Therapy Medicinal
Products for Eye Diseases: Goals and
Challenges






Advanced Therapy Medicinal
Products for Eye Diseases: Goals and
Challenges

Editors

Yolanda Diebold
Laura Garcia-Posadas

MDPI e Basel o Beijing « Wuhan e Barcelona e Belgrade e Manchester o Tokyo e Cluj e Tianjin

WVI\DPI

F



Editors

Yolanda Diebold

Intituto de Oftalmobiologia
Aplicada (IOBA)
Universidad de Valladolid
Valladolid

Spain

Laura Garcia-Posadas
Instituto de Oftalmobiologia
Aplicada

Universidad de Valladolid
Valladolid

Spain

Editorial Office

MDPI

St. Alban-Anlage 66
4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal
Pharmaceutics (ISSN 1999-4923) (available at: www.mdpi.com/journal/pharmaceutics/special-

issues/eye_diseases_therapy).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,
Page Range.

ISBN 978-3-0365-2611-9 (Hbk)
ISBN 978-3-0365-2610-2 (PDF)

© 2021 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license, which allows users to download, copy and build upon
published articles, as long as the author and publisher are properly credited, which ensures maximum
dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons
license CC BY-NC-ND.



www.mdpi.com/journal/pharmaceutics/special_issues/eye_diseases_therapy
www.mdpi.com/journal/pharmaceutics/special_issues/eye_diseases_therapy

Contents

Preface to ”“Advanced Therapy Medicinal Products for Eye Diseases: Goals and Challenges” . vii

Yolanda Diebold and Laura Garcia-Posadas
Advanced Therapy Medicinal Products for Eye Diseases: Goals and Challenges
Reprinted from: Pharmaceutics 2021, 13, 1819, d0i:10.3390/ pharmaceutics13111819 . . . . . . .. 1

Marina Lépez-Paniagua, Ana de la Mata, Sara Galindo, Francisco Blazquez, Margarita
Calonge and Teresa Nieto-Miguel

Advanced Therapy Medicinal Products for the Eye: Definitions and Regulatory Framework
Reprinted from: Pharmaceutics 2021, 13, 347, d0i:10.3390/pharmaceutics13030347 . . . . . . . .. 5

Margarita Calonge, Teresa Nieto-Miguel, Ana de la Mata, Sara Galindo, José M. Herreras

and Marina Lépez-Paniagua

Goals and Challenges of Stem Cell-Based Therapy for Corneal Blindness Due to Limbal
Deficiency

Reprinted from: Pharmaceutics 2021, 13, 1483, doi:10.3390/pharmaceutics13091483 . . . . . . .. 23

Yolanda Diebold and Laura Garcia-Posadas
Is the Conjunctiva a Potential Target for Advanced Therapy Medicinal Products?
Reprinted from: Pharmaceutics 2021, 13, 1140, doi:10.3390/ pharmaceutics13081140 . . . . . . .. 57

Rosa M. Coco-Martin, Salvador Pastor-Idoate and Jose Carlos Pastor

Cell Replacement Therapy for Retinal and Optic Nerve Diseases: Cell Sources, Clinical Trials

and Challenges

Reprinted from: Pharmaceutics 2021, 13, 865, d0i:10.3390/pharmaceutics13060865 . . . . . . . .. 71

Promita Bhattacharjee and Mark Ahearne
Significance of Crosslinking Approaches in the Development of Next Generation Hydrogels for
Corneal Tissue Engineering

Reprinted from: Pharmaceutics 2021, 13, 319, doi:10.3390/pharmaceutics13030319 . . . . . . . .. 97
Noriaki Nagai, Shunsuke Sakurai, Ryotaro Seiriki, Misa Minami, Mizuki Yamaguchi, Saori
Deguchi and Eiji Harata

MPC Polymer Promotes Recovery from Dry Eye via Stabilization of the Ocular Surface

Reprinted from: Pharmaceutics 2021, 13, 168, do0i:10.3390/pharmaceutics13020168 . . . . . . . .. 121

Sandra Ruiz-Alonso, Ilia Villate-Beitia, Idoia Gallego, Markel Lafuente-Merchan, Gustavo
Puras, Laura Saenz-del-Burgo and José Luis Pedraz

Current Insights into 3D Bioprinting: An Advanced Approach for Eye Tissue Regeneration
Reprinted from: Pharmaceutics 2021, 13, 308, d0i:10.3390/pharmaceutics13030308 . . . . . . . .. 133

Lucy A. Bosworth, Kyle G. Doherty, James D. Hsuan, Samuel P. Cray, Raechelle A. D’Sa,
Catalina Pineda Molina, Stephen F. Badylak and Rachel L. Williams

Material Characterisation and Stratification of Conjunctival Epithelial Cells on Electrospun
Poly(-Caprolactone) Fibres Loaded with Decellularised Tissue Matrices

Reprinted from: Pharmaceutics 2021, 13, 318, doi:10.3390/pharmaceutics13030318 . . . . . . . .. 161

Mohammad Mirazul Islam, Dina B. AbuSamra, Alexandru Chivu, Pablo Argiieso, Claes H.
Dohlman, Hirak K. Patra, James Chodosh and Miguel Gonzalez-Andrades

Optimization of Collagen Chemical Crosslinking to Restore Biocompatibility of
Tissue-Engineered Scaffolds

Reprinted from: Pharmaceutics 2021, 13, 832, d0i:10.3390/pharmaceutics13060832 . . . . . . . .. 181



David Sanchez-Porras, Manuel Caro-Magdaleno, Carmen Gonzalez-Gallardo, Oscar Dario
Garcia-Garcia, Ingrid Garzén, Victor Carriel, Fernando Campos and Miguel Alaminos
Generation of a Biomimetic Substitute of the Corneal Limbus Using Decellularized Scaffolds
Reprinted from: Pharmaceutics 2021, 13, 1718, d0i:10.3390/ pharmaceutics13101718 . . . . . . ..

vi



Preface to “Advanced Therapy Medicinal Products for
Eye Diseases: Goals and Challenges”

The concept of advanced therapy medicinal products (ATMPs) encompasses novel kinds of
medicines for human use that are based on genes, cells or tissues. These intend to offer not
only regeneration, but complete functional recovery of diseased tissues and organs using different
strategies. Gene therapy, cell therapy and tissue engineering are the main areas in which promising
advanced therapies are emerging. The eye is a very complex organ whose main structures, the
cornea and the retina, play a pivotal role in maintaining normal vision, as severe alterations in
these tissues can lead to blindness. Ocular tissues are starting to benefit from ATMPs by fighting
against the enormous complexity and devastating potential of many ocular diseases. However,
developments arising from this field of work face important challenges related to vectors to deliver
drugs and genetic material to target tissues, suitable biomaterials to prepare cell scaffolds and cell
stemness, among others—not to mention the complicated legislation around ATMPs, the complexity
in production and quality control and the absence of standardized protocols.

The purpose of this Special Issue is to serve as an overview of the current progress in the
application of cell and gene therapies, as well as tissue engineering to restore functionality in diseased

ocular structures, and the challenges they deal with in order to get to patients.

Yolanda Diebold, Laura Garcia-Posadas
Editors

vii
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Advanced therapy medicinal products (ATMPs) are a novel class of medicines with
enormous potential to improve treatments for a wide range of diseases, including those
affecting eye structures. The purpose of ATMPs is to replace or regenerate human cells,
tissues, or even organs to restore their normal functions. These complex biological products
mainly include gene therapies, somatic cell-based therapies, and tissue-engineered prod-
ucts; the last two are frequently referred to as regenerative medicine. The development
of ATMPs is scientifically challenging, but assessment of their clinical success in actual
patients is even a more difficult goal to achieve. This fact partly accounts for the low
numbers of ATMPs in the market.

The eye is a suitable organ to apply ATMPs for different reasons such as small di-
mensions, compartmentalized anatomical structure, and good accessibility for treatments,
among others; however, there are few examples of ATMPs specific for ocular diseases. Eye
structures pose specific challenges which make it difficult for basic and clinical scientists to
develop this kind of complex medicines and successfully reach the clinical trial phase.

The aim of this Special Issue is to provide an overview of the current progress in
the application of ATMPs to restore functionality in diseased ocular structures. An addi-
tional aim is to update the challenges that this novel class of medicines must deal with
to effectively reach patients. A series of four research and six review articles is brought
together to provide updated information about some of those challenges. Authors who
kindly contributed are well-known experts in pre-clinical or clinical research involving
the development of ATMPs for the eye, and some of them pioneered their application for
specific ocular diseases.

Lopez-Paniagua M. et al. [1] analyze the characteristics that make the eye an ideal
organ to receive ATMPs. In their comprehensive review paper, these authors identify all
groups of ATMPs according to the European Medicines Agency and deal with the legal
framework that regulates their development and classification in the European Union.
Regulatory principles associated with this type of innovative medicinal products are
revised using specific examples for the treatment of eye diseases.

Cell-based therapy for eye diseases is one of the most successful examples of current
regenerative medicine. Two excellent review papers deal with this aspect of ATMPs, one of
them focused on cell therapy for diseases leading to corneal blindness [2] and the other one
on cell replacement for retinal or optic nerve degeneration [3]. Calonge M. et al. [2] present
the goals and challenges of stem cell-based therapy to treat corneal blindness caused by
limbal stem cell deficiency, which affects the stem cell niche located at the corneal limbus.
This review paper revises the challenges related to the development of cell-based products
for the anterior part of the eye and the importance of the close interaction between basic
and clinical scientists to succeed. On the other hand, Coco-Martin R. et al. [3] focus their
review in the posterior part of the eye, specifically in the potential of cell therapies to restore



Pharmaceutics 2021, 13, 1819

or replace damaged and/or lost cells in retinal degenerative and optic nerve diseases. The
authors describe the available cell sources and the challenges involved in the development
of such treatments. They also present those issues that remain to be solved concerning the
clinical translation of cell-based therapy for the retina, such as specific retinal subtypes
enrichment, cell survival and cell delivery to the target site, and the evaluation of the risk
of tumor formation caused by transplanted cells.

The conjunctiva is an underestimated yet incredibly important tissue in maintaining
ocular surface homeostasis and contributes to eye protection. Diebold Y. and Garcia-
Posadas L. [4] evidence in their review paper how the conjunctiva would benefit from
ATMP development because of the relevant pathology that impairs the ocular surface by
affecting this tissue. They also provide readers with promising pre-clinical examples mostly
oriented to cell therapy and tissue engineering.

Biomaterials are key elements to consider for tissue-engineered products because of
their tunable properties. They are used to prepare scaffolds suitable to support cells in
3D tissue equivalents, to deliver active agents, or even to provide tissues with beneficial
properties by themselves. Hydrogels are currently being investigated with great interest
for ocular tissue-engineering applications. In the eye, the cornea is a good candidate to
explore the biocompatibility, mechanical properties, and chemical structure of hydrogels for
corneal replacement in different pathologies. Bhattacharjee and Ahearne [5] explore in their
review paper different aspects of hydrogel crosslinking for corneal tissue engineering and
repair. Issues such as crosslinking techniques, crosslinking chemical additives, and factors
influencing crosslinking success including immunogenicity and toxicity are discussed, as
well as the limitations and prospects of crosslinking strategies in this field. The research
article by Nagai N. et al. [6] present a novel biopolymer (MPCP) with hydrating properties
that helps to normalize the tear film in an animal model of the severe immune-based,
inflammatory disorder that impairs the homeostasis of the ocular surface known as dry
eye disease. Using a specific polymerization procedure, MPCP polymer enhanced tear film
volume and prolonged the tear film breakup time in disease animal, indicating promising
therapeutic properties.

Another example of advanced therapy is the 3D bioprinting of eye tissues that allows
the construction of scaffolds from different biomaterials in which appropriate cell types are
incorporated in a custom-fabricated way. Ruiz-Alonso S. et al. [7] update the application of
this revolutionary technology to the ocular tissue regeneration field, paying special atten-
tion to the manufacture of relevant ocular tissues such as cornea, retina, and conjunctiva in
preclinical studies. Issues related to current bioprinting methods and ethical and regulatory
aspects are also analyzed.

Other experimental approaches to the design and potential application of biopoly-
meric scaffolds for ocular tissue regeneration in the context of diverse pathologies are
explored in a series of three original research articles. One first approach is the fabrica-
tion of fiber scaffolds using the electrospinning technique for conjunctiva regeneration.
Bosworth L. A. et al. [8] explored the potential of electrospun scaffolds composed from
poly (e-caprolactone) and decellularized tissue matrices, such as small intestinal submu-
cosa or urinary bladder, to culture human conjunctival epithelial cells and induce their
stratification at the air/liquid interface. The bioactive scaffolds created induced an in vitro
cell response in terms of changes in cell morphology and stratification. Islam M. M. et al. [9]
proposed a double-crosslinking manufacturing approach to fabricate collagen scaffolds
with improved mechanical and functional properties, as well as cell biocompatibility. This
novel approach would facilitate the use of collagen-based implants in corneal regeneration.
Finally, Sanchez-Porras D. et al. [10] evaluated four different protocols to decellularize
porcine limbus and further recellularize them with a limbal epithelial cell line and human
adipose-derived mesenchymal stem cells. Limbal substitutes generated maintained trans-
parency and other specific limbal characteristics, preliminarily indicating a potential for
their use in limbal tissue regeneration.
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Abstract: Advanced therapy medicinal products (ATMPs) are a group of innovative and complex
biological products for human use that comprises somatic cell therapy medicinal products, tissue
engineered products, gene therapy medicinal products, and the so-called combined ATMPs that
consist of one of the previous three categories combined with one or more medical devices. During
the last few years, the development of ATMPs for the treatment of eye diseases has become a fast-
growing field as it offers the potential to find novel therapeutic approaches for treating pathologies
that today have no cure or are just subjected to symptomatic treatments. Therefore, it is important for
all professionals working in this field to be familiar with the regulatory principles associated with
these types of innovative products. In this review, we outline the legal framework that regulates the
development of ATMPs in the European Union and other international jurisdictions, and the criteria
that each type of ATMP must meet to be classified as such. To illustrate each legal definition, ATMPs
that have already completed the research and development stages and that are currently used for the
treatment of eye diseases are presented as examples.

Keywords: advanced therapy medicinal product; ATMP; cell therapy; tissue engineering; gene
therapy; eye; ocular; ophthalmology; regulatory; marketing authorization

1. Introduction

Advanced therapy medicinal products (ATMPs) are a large and diverse group of
therapeutic agents for human use. They consist of somatic cell therapy medicinal products
(sCTMPs), tissue engineered products (TEPs), gene therapy medicinal products (GTMPs),
and the so-called combined ATMPs (cATMPs) that include one of the previous three
categories combined with one or more medical devices as an integral part of the product [1].

As with other existing and often less-complex medicinal products, ATMPs must meet
the same high standards for scientific, methodological, and regulatory requirements: (1) the
safety and efficacy must be demonstrated through both preclinical studies and human clin-
ical trials. Human trials must be designed and conducted following European Union (EU)
regulation No. 536/2014 and comply with the principles of good clinical practice (GCP) as
stated in Commission Directive 2005/28/EC [2,3]; (2) production must comply with the
principles of good manufacturing practices (GMP) [4]; and (3) standard post-authorization
and pharmacovigilance requirements must be met [5]. Unlike other more common drugs,
ATMPs are medicinal products with a very high degree of complexity that are associated
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with not only their composition, but also with all of the processes that are necessary for
proper development, i.e., manufacturing, characterization, and marketing authorization.
Due to the complex nature of ATMPs, they are generating great scientific, clinical, and reg-
ulatory challenges for all linked professionals, including researchers, clinicians, developers,
and regulators [6].

In the EU, the legal framework for ATMPs is regulated by the European Medicines
Agency (EMA), established to guarantee that all products classified as ATMPs were sub-
jected to the proper regulatory assessment prior to clinical and commercial use [1]. A key
point in the introduction of ATMP regulation was the establishment of the Committee
for Advanced Therapies (CAT) in 2009. The CAT is a multidisciplinary body within the
EMA that is responsible for ATMP classification; assessment of quality, safety, and efficacy;
performing primary evaluation of marketing authorization applications; and monitoring
all of the scientific advancements of the field [7].

The field of ATMPs is currently at the forefront of innovation as it offers novel ther-
apeutic approaches for the treatment of pathologies that, at present, have limited or no
effective alternatives. ATMPs hold the potential of curing or preventing the progression
of a wide variety of severe and incapacitating diseases, such as some types of cancer,
Alzheimer’s disease, Parkinson’s disease, etc., that today are untreatable or are just subject
to palliative treatments [8]. For several reasons, the eye is an ideal organ for application of
ATMPs. First, it has small dimensions, thus requiring low amounts of medicinal product
for treatment. Second, the anatomical structure is compartmentalized, thus limiting the
distribution of medicinal product to non-target tissues. Third, it has good accessibility
for applying treatments and examining outcomes. Fourth, it is isolated from the rest of
the body due to the blood-retinal barrier. This makes the eyeball an immunologically
privileged site, because it restricts the passage of immunoglobulins. These reasons are
why ATMPs present a great potential to improve the prognosis and potentially cure ocular
diseases that currently have no effective treatment such as age-related macular degenera-
tion, retinitis pigmentosa, Leber’s congenital amaurosis, Stargardt’s disease, optic nerve
pathology, and limbal stem cell deficiency, among others.

During the last few years, the development of ATMPs for the treatment of eye diseases
has become a fast-growing field. Therefore, it is important for all professionals working
in this field to be familiarized with the regulatory principles associated with these types
of innovative products. The aim of this review is to present the legal framework that
regulates the development of ATMPs in the EU and the criteria that each type of ATMP
must meet to be classified as such. We also identify and describe the ATMPs for the eye
that have completed the research and development stages and are currently being used for
the treatment of ocular diseases.

2. ATMP Regulatory Framework
2.1. ATMP Regulatory Framework in the EU

In the EU, the legal framework that regulates all medicinal products for human use,
among which are ATMPs, is principally established in Directive 2001/83/EC [9]. The EMA
is responsible for implementing this framework in cooperation with the national regulatory
agencies from each EU member state. Directive 2001/83/EC defines a medicinal product
as follows: “(1) any substance or combination of substances presented as having properties
for treating or preventing disease in human beings; or (2) any substance or combination of
substances which may be used in or administered to human beings, either with a view to
restoring, correcting or modifying physiological functions by exerting a pharmacological,
immunological, or metabolic action or to making a medical diagnosis”.

ATMPs are medicinal products that include engineered cells and/or tissues or re-
combinant nucleic acids; therefore, they are under the regulatory framework of biological
products. The specific legal framework for ATMPs was established by the European Com-
mission in Regulation EC No. 1394/2007, and it provides the regulatory principles for the
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evaluation, authorization, and post-authorization follow-up for ATMPs that are intended
to be commercialized in any EU member state (Table 1).

Table 1. Regulatory framework for cell- and gene-based therapies in the European Union, the United States, and Japan.

Jurisdiction European Union United States Japan
Pharmaceuticals and Medical
Agency European Medicines Food and Drug Devices Agency (PMDA)

Regulatory framework

Therapy classification

Agency (EMA) Administration (FDA)
Federal Food, Drug, and
Cosmetic Act (FDCA) and the
Public Health Services Act
(PHSA) Regenerative
Medicine Advanced Therapy
(RMAT) designation: section

Directive 2001/83/EC (related
to medical products for
human use) European
Commission 2007_Regulation
EC No. 1394/2007 (related to
advanced therapy

Ministry of Health, Labour
and Welfare (MHLW)

Act on the Safety of
Regenerative Medicine (RM
Act) and Pharmaceuticals and
Medical Devices Act (PMD
Act) 1960 Act No. 145 revised

medicinal products) 3033 of éﬂieilztc tCentury by 2013 Act No. 84
Somatic cell therapy
medicinal products (sCTMPs),
tlss&2%2§1n§izefh§:§ducts Cell therapy and gene Gene-, cell-, and
' & by therapy products tissue-based therapies

medicinal products (GTMPs),
and combined
ATMPs (cATMPs)

Under the EU regulatory framework, it is compulsory to get a marketing authorization
prior to commercializing any medicinal product in any EU member state. As with all
medicinal products, to get marketing authorization for an ATMDP, it is necessary that the
manufacture of the product be performed in compliance with the guidelines for GMPs
described in Commission Directive 2003/94/EC [4]. Furthermore, following regulation
(EU) No. 536/2014 [2], the product must undergo clinical trials to demonstrate that it is
safe and effective in patients. ATMP clinical trial authorization depends on the national
competent authorities where the trial will be performed. However, all ATMP marketing
authorization applications are evaluated via the EMA’s centralized procedure to guarantee
that they follow a single evaluation, and get an authorization that is valid throughout the
EU [10,11].

EMA’s centralized procedure can grant three different types of marketing authoriza-
tion: standard marketing authorization, conditional marketing authorization, and mar-
keting authorization under exceptional circumstances (Figure 1). The type of marketing
authorization requested will depend on whether or not the ATMP meets an unmet med-
ical need and/or on the demonstration of a positive benefit-risk balance provided by
enough scientific and medical data obtained during development [12]. Nevertheless, under
ATMP Regulation EC No. 1394/2007, the so-called “hospital scheme exemption” opens
the possibility for a national authorization of non-industrially manufactured ATMP, i.e.,
a custom-made product designed and produced for an individual patient. Such an ATMP
can be used on a non-routine basis within the same member state in a hospital under the
exclusive responsibility of a specific medical practitioner (Figure 1) [1].
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Advanced therapy medicinal products (ATMPs)

Somatic cell therapy medicinal products (sCTMPs), tissue engineered products (TEPs),

gene therapy medicinal products (GTMPs), and combined ATMPs (cATMPs)
(Directive 2001/83/EC) (Regulation EC No. 1394/2007)

'

v }

Hospital scheme exemption
EMA’s centralized procedure A Orphan medicine designation
. A application _—
marketing authorization application

(Regulation EC No. 1394/2007)

Evaluation by the EMA’s Committee for |

Advanced Therapies (CAT) and EMA's Evaluation by the national competent Evaluation by EMA’s Committee for

Committee for Medicinal Products for authorities Orphan Medicinal Products (COMP)

Human Use (CHMP)

Y , v .
Orphan medicinal products -
STANDARD conDiTionaL || EXCEPTIONAL [l ional authorization | are eligible for conditional Orphan medicinal product
. : CIRCUMSTANCES . ) ; L designation does not
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Figure 1. Regulatory pathway for advanced therapy medicinal products (ATMPs) in the European Union (EU). The European
Medicines Agency (EMA) is responsible for implementing this regulatory framework in cooperation with the national
regulatory agencies from each EU member state.

As described above, the CAT plays a key role in the regulatory oversight of ATMPs.
This committee of experts in both the scientific and regulatory aspects of ATMPs is respon-
sible for the primary evaluation of ATMP marketing authorization applications for EMA'’s
Committee for Medicinal Products for Human Use. One of its duties is to provide scientific
recommendations for the classification of ATMPs [1,13]. To determine if a putative gene-
or cell/tissue-based product fulfills the criteria to be considered as an ATMP, developers
can apply for the ATMP classification procedure provided by the CAT. The main pur-
pose of this procedure is to help developers evaluate cases where the classification of a
product is not clear. Within 60 days upon receiving the application, the CAT should give
its recommendations based on the information supplied by the developer. In this way;,
the CAT provides assistance regarding the regulatory and development path that should be
followed [14]. In the case of cATMPs, the CAT works together with the national regulatory
authorities in charge of medical devices of each EU member state with the aim of providing
joint recommendations [15].

An ATMP can also be designated as an orphan medicinal product by the Committee
for Orphan Medicinal Products (COMP) of the EMA. Orphan designation depends on three
criteria: (1) it diagnoses, prevents, or treats a life-threatening or chronically debilitating
disease; (2) the disease affects no more than 5 in 10,000 people in the EU or has insufficient
returns on investment; and (3) there is a lack of alternative methods of diagnosis, preven-
tion, or treatment [16]. Orphan medicine designation does not directly imply a marketing
authorization because demonstration of quality, safety, and efficacy are not preceding re-
quirements. However, designated orphan medicines are eligible for conditional marketing
authorization, allowing administration of an unauthorized medicine to patients under
compassionate use outside a clinical study. In addition, orphan medicinal products can
benefit from incentives such as protection from competition once on the market (Figure 1).

2.2. Regulatory Framework for Cell- and Gene-Based Therapies in Other Jurisdictions

Although the term ATMP is specific for cell- and gene-based therapies developed
for commercial use in the EU, other countries such as the United States (US), Japan,
Canada, Australia, and Korea also have specific regulatory frameworks for these types
of therapies [17]. Despite their differences, the regulatory frameworks of all jurisdictions
share the same main goals, i.e., to guarantee the safety and rights of patients and to assure
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the quality of the results obtained from the preclinical and clinical studies that evaluate the
safety and the efficacy of the therapies [17].

Great efforts are being made to achieve international harmonization of the regulatory
frameworks for the development of medicinal products. The EU, US, and Japan are the
founding members of the International Council for Harmonization of Technical Require-
ments for Pharmaceuticals for Human Use (ICH). The goal of this international council is
to develop and establish worldwide adoption of the scientific, technical, and regulatory
requirements for the development of human medicinal products. Therefore, the regulatory
frameworks of these jurisdictions have great influence on the international development of
specific cell- and gene-based therapies.

In the US, similar to the EU, cell- and gene-based therapies are regulated by the Food
and Drug Administration (FDA) as a subset of biological medicinal products known as
cellular and gene therapy products (Table 1). Although the inclusion criteria for defining a
gene therapy product are similar to the ones in the EU regulatory framework, there is a
difference in the criteria for classifying cell and tissue-based products. In both jurisdictions,
to classify a cell- or a tissue-based product as an advanced therapy, the processing of the
cells must include a manipulation that alters the native biological features; however, in the
US, the term “manipulation” distinguishes between structural and non-structural cells and
tissues (see Section 3.1) [18-20].

In Japan, the protection of public health safety is the responsibility of the Japanese
Ministry of Health, Labour, and Welfare (MHLW) that works with the Pharmaceutical
and Medical Devices Agency (PMDA). The PMDA is the regulatory authority responsible
for ensuring the safety, efficacy, and quality of medical devices and pharmaceuticals
(including biological products). Gene-, cell-, and tissue-based therapies are regulated
under a special framework for regenerative medicine products by the Office of Cellular
and Tissue-based (Table 1). Under the Japanese Pharmaceuticals and Medical Devices Act,
regenerative medicine products are those that consist of processed human/animal cells
that are designed to be used for reconstructing, repairing, or substituting human tissues or
organs, or for treating or preventing human diseases. Products that contain modified cells
with recombinant nucleic acids that are intended to be used for the treatment of human
diseases are also considered regenerative medicine products [21,22].

3. Definitions and ATMP Classification Criteria

Legal definitions of ATMPs are essential because they facilitate the classification of a
product and therefore determine its whole development plan according to the regulatory
framework of each jurisdiction and/or region. Performing a correct classification at an
early stage of development is a key step because it determines the itinerary to be followed
in research and in preclinical and clinical studies.

In this review, we outline the legal definitions of each type of ATMP according to
the EU regulatory framework and the criteria that they should meet to be classified as
such. To illustrate each legal definition, we have selected as examples ATMPs that have
completed the research and development stages in different jurisdictions and that are
currently being used for the treatment of eye diseases.

3.1. Cell-Based Medicinal Products: Somatic Cell Therapy and Tissue-Engineered
Medicinal Products

Cell-based or stem cell-based medicinal products encompass two types of therapies,
sCTMPs and TEPs. The European Commission, through Regulation EC No. 1394 /2007
and Directive 2001/83/EC, has provided precise legal definitions of both. However, due to
the complex nature of these medicinal products and the rapid evolution of science in this
field, questions about ATMP classification can emerge. This is especially so regarding the
classification of an ATMP as sCTMP or TEP because both products include cells. Here,
we review the legal definitions for cell-based medicinal products and the main points to
be taken into consideration to classify an ATMP as sCTMP or TEP. In addition, we review
cell-based therapies already authorized for ocular indication.
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The definition of sSCTMP is currently included in Directive 2009/120/EC amending
Directive 2001/83/EC of the European Parliament and of the Council on the European
Community. An sCTMP is “a biological medicinal product whose active substance is made
by a living organism” [23]. The product “has the following characteristics: (1) contains
or consists of cells or tissues that have been subject to substantial manipulation so that
biological characteristics, physiological functions or structural properties relevant for the
intended clinical use have been altered, or of cells or tissues that are not intended to be
used for the same essential function(s) in the recipient and the donor; (2) is presented
as having properties for, or is used in or administered to human beings with a view to
treating, preventing or diagnosing a disease through the pharmacological, immunological
or metabolic action of its cells or tissues” [11]. For example, in vitro cultivation of cells
or genetic modification of cells are considered substantial manipulations [14]. However,
the following “shall not be considered as substantial manipulations: cutting, grinding,
shaping, centrifugation, soaking in antibiotic or antimicrobial solutions, sterilization, ir-
radiation, cell separation, concentration or purification, filtering, lyophilization, freezing,
cryopreservation or vitrification” [1].

The definition of a TEP is provided by Regulation EC No. 1394/2007, where it
is defined as “a product that contains or consists of engineered cells or tissues, and is
presented as having properties for, or is used in or administered to human beings with
a view to regenerate, repair or replace a human tissue” [1]. “Cells or tissues shall be
considered ‘engineered’ if they fulfill at least one of the following conditions: (1) the cells
or tissues have been subjected to substantial manipulation or (2) the cells or tissues are
not intended to be used for the same essential function or functions in the recipient as in
the donor” [1]. “A TEP may contain cells or tissues of human or animal origin, or both.
The cells or tissues may be viable or non-viable.” [1] However, “products containing or
consisting exclusively of non-viable human or animal cells and/or tissues, which do not
contain any viable cells or tissues and which do not act principally by pharmacological,
immunological or metabolic action, shall be excluded from this definition” [1]. “TEPs may
also contain additional substances, such as cellular products, bio-molecules, biomaterials,
chemical substances, scaffolds or matrices” [1].

The main difference between sCTMPs and TEPs lies in the therapeutic action of these
medicinal products. The sCTMPs are intended for treating, preventing, or diagnosing
a disease through its pharmacological, immunological, or metabolic action. In contrast,
TEPs are administered for regenerating, repairing, or replacing a human tissue. Therefore,
when a researcher or a developer has doubts about whether an ATMP must be classified
as a sCTMP or a TEP, the decision-making should be performed based on the mode of
action of the ATMP (Figure 2) [14]. It should be considered that when “a product contains
viable cells or tissues, the pharmacological, immunological or metabolic action of those
cells or tissues shall be considered as the principal mode of action of the product” [1].
In addition, it is necessary to consider that it is possible that a cell-based medicinal product
falls within the definition of both sSCTMP and TEP. In this case, the medicinal product shall
be considered as a TEP [1]. Nevertheless, when developers have doubts in determining if
their ATMPs are sCTMPs or TEPs, they can apply for the ATMP classification procedure
administered by the CAT and follow its recommendations.

10
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Figure 2. Easy guide to classify a cell-based medicinal product as a sSCTMP or a TEP. Abbreviations: sSCTMPs, somatic cell

therapy medicinal products; TEPs, tissue engineered products. Modified from [14].

Another critical situation related to the classification of the ATMP occurs when cells
are modified by adding a mRNA sequence, and the therapeutic effect of the medicinal
product depends directly on the protein encoded by the added mRNA. Here, it would be
possible to argue the classification of the medicinal product as a GTMP. However, due to
the short half-life of mRNA in the modified cells, probably little or no residual mRNA will
remain inside the cells administered to the patients. Therefore, the recombinant nucleic acid
is not administered to the recipient, and the medicinal therapy is not considered to comply
with the definition of a gene therapy (see Section 2.2). This ATMP can be considered to be a
sCTMP or TEP, depending on the function of the transplanted cells (with altered phenotype
but no altered genotype) to the patient [14]. When an ATMP can fall within the definition
of either a GTMP, sCTMP, or TEP, it is considered to be a GTMP [1].

In the US, ATMPs are regulated as biological products by the FDA. Here, cell- and
tissue-based products are considered as biological drugs when they are subjected to more
than minimal manipulation or non-homologous use. A minimal manipulation, in case of
structural tissues, is defined as “processing that does not alter the original relevant charac-
teristics of the tissue relating to the tissue’s utility for reconstruction, repair, or replacement”,
and it is further defined as “processing that does not alter the relevant biological charac-
teristics of cells or tissues” in the case of cells or non-structural tissues [20]. Moreover,
there is not a sub-classification for cell-based biological products because all of them are
included in the category of cellular therapy products [20]. In Japan, cell-based products are
classified as regenerative medicinal products by the PMDA and are defined as processed
human cells used to reconstruct, repair, or reform the physical structure of a human, or to
treat or prevent disease. In this jurisdiction, “processing” is defined as “the artificial ex-
pansion/differentiation of cells, establishment of a cell line, chemical treatment to activate
cells or tissues, modification of biological characteristics, combination with non-cell/tissue
components, and genetic modification of cells, cells for non-homologous use” [22,24].
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Somatic Cell Therapy and Tissue Engineered Medicinal Products for the Eye

Currently, a high percentage of the clinical trials that are being carried out to study the
efficacy and/or safety of ATMPs for eye diseases are focused on the analysis of cell-based
medicinal products (Figure 3A). Four years ago, this percentage was around 76%, with
two-thirds focused on sCTMPs and one-third on TEPs [8]. At the moment, there are several
ongoing clinical trials in which efficacy and/or safety of cell-based medicinal products
are being tested to treat, regenerate, repair, or replace human ocular tissues in diseases
such as limbal stem cell deficiency, presbyopia, cataract, Stargardt’s macular dystrophy,
acute non-arteritic anterior ischemic optic neuropathy, and retinitis pigmentosa [25]. In a
recent search for the terms “cell therapy or tissue engineering” and “eye diseases” in the
US National Library of Medicine (ClinicalTrials.gov, accessed on 4 February 2021), there
were 607 clinical trials, but actually only 93 of them were performed to evaluate cell-based
therapies. Of these 93 clinical trials, 22.5% (21 out of 93) had already been completed. Most
of them (74.2%; 69 out of 93) were associated with retinal or optic nerve diseases, while
another important proportion (22.5%; 21 out of 93) were associated with ocular surface
pathologies. Only one out of 93 (1.1%) clinical trials was associated with glaucoma, and two
were associated with uveal melanoma (2.2%) (Figure 3B).

A ADVANCED THERAPY CLINICAL TRIALS B CELL-BASED THERAPY
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Figure 3. Clinical trials in which the safety and/or efficacy of advanced therapies for eye diseases are evaluated: (A) Ad-

vanced therapy clinical trials; (B) Cell-based therapy clinical trials; (C) Gene therapy clinical trials; (D) Combined advanced

therapy clinical trials.

The number of authorized sCMTPs or TEPs is not very large (Table 2), probably due
to the technical difficulty and the high costs involved in developing a cell-based therapy
and proving its safety and efficacy.
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Table 2. Somatic cell therapy and tissue engineering medicinal products for the eye.

Product
(Commercial
Name or sCTMP 2 or Active Administration .
Number TEP 3 Manufacturer Substance Route Indication Regulatory Status
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Orphan medicinal
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implanted Pharma Europe embryonic the EMA in 2011
EU/3/11/874 cells are B.V.(Lei denp stem-cell- Intravitreal Stargardt’s Orphan medicinal
expected to ' .The / derived retinal injection disease product designation by
help retinal Netherlands) pigment the FDA * for the
function ctherfands epithelial cells treatment of Stargardt’s
macular dystrophy
TEP, as University of Ex Vivo
implanted Newcastle. exp:imded Oroh. d 1
autologous . . rphan medicina
EU/3/13/1168 Ceuioei?éle cted (lll\li)vr\:?s,d: human corneal Erfa;lizﬁusl;itel?n c]éilrr:i]z?filcsiZiT product designation by
Comefl pUni te’g‘ ’ epithelium y the EMA in 2013
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regeneration Kingdom)
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NHS National
Services
Scotland,
. TEIP’ ezs d trading as Cult
lmEeTlr; ¢ Scottish 2;111(1;1 eLrlllfic Transplantation Limbal stem Orphan medicinal
EU/3/14/1340 ' National Blood gen p . product designation by
expected to . corneal limbal ~ of a cell sheet  cell deficiency ;
help corneal Transfusion stem cells the EMA in 2014
. Service.
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(Edinburgh,
United
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TEP, as CellSeed Application for a
OraNera, Europe Ltd Autologous marketin:
OraNera expected to (Lolrjl don b oral mu%osal Transplantation Limbal stem authorizati%)n
(EMEA/H/C/ 0024%13a¢n}1fc:d United epithelial cells of a cell sheet  cell deficiency withdrawn from the
Comealgceus Kingdom) EMA in 2013
Moderate- Orphan medicinal
Ex vivo expan severe limbal  product designation by
Holostem stem cell the EMA in 2008
Holoclar TEP (EMA Terapie iecrlrfujfdoriouf Transplantation deficiency, Conditional marketing
(EU /% ;) 3821/579) classification) Avanzate ue ;chtfl(i)unf ) ofaa izlfshaeefc) unilateral or authorization by the
S.R.L.(Modena, confainin stem bilateral, due EMA in 2015. The
Italy) cellsg to chemical or orphan medicinal
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Human
somatic stem . Human .
cell- Japan Tissue autologous Orphan regenerative
processed Engineering corneal Transplantation Limbal stem medical product
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1 EMA, European Medicines Agency. > sCTMPs, somatic cell therapy medicinal products. 3 TEPs, tissue engineered products. * FDA, Food
and Drug Administration. > PMDA, Pharmaceutical and Medical Devices Agency.
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Nevertheless, several cell-based therapies have been authorized in the EU under the
orphan medicinal product designation (Table 2). In June 2011, orphan medicinal product
designation (EU/3/11/874) was approved by the EMA to a company in the United King-
dom (TMC Pharma Services Ltd., Hampshire, United Kingdom) for “human embryonic
stem-cell-derived retinal pigment epithelial cells for the treatment of Stargardt’s disease”,
a genetic disorder that affects retinal pigment epithelial cells and that leads to gradual loss
of vision [26]. The human embryonic stem-cell-derived retinal pigment epithelial cells
are administered to the patient by injection directly into the eye, under the retina, and are
expected to help its function. Before its authorization in the EU, this medicinal product
was granted approval in the US for the treatment of Stargardt’s macular dystrophy [27].
In December 2016, the sponsorship for this cell-based therapy was transferred to Astellas
Pharma Europe B.V., The Netherlands.

In July 2013, orphan medicinal product designation (EU/3/13/1168) was approved
by the European Commission to the University of Newcastle, United Kingdom, for “ex
vivo expanded autologous human corneolimbal epithelium, containing stem cells, for the
treatment of limbal stem cell deficiency”. Limbal stem cell deficiency is a pathology
resulting from a critical reduction and/or dysfunction of the limbal epithelial stem cells
that are responsible for the continuous renewal of the corneal epithelium. This pathology
often results in corneal opacity, loss of vision, and/or chronic pain [28]. In this case,
autologous human corneolimbal epithelial cells are cultured in vitro using a culture system
that includes cells derived from the human placenta. Finally, with the expectation that the
implanted stem cells will help the cornea to regenerate, the cultured corneolimbal epithelial
cells are implanted on the damaged ocular surface [29]. In October 2014, orphan medicinal
product designation (EU/3/14/1340) was awarded by the European Commission to NHS
National Services Scotland (trading as Scottish National Blood Transfusion Service, United
Kingdom), for “cultured allogeneic corneolimbal stem cells” to be used in the treatment of
the same disease. Here, limbal stem cells are obtained from a donor eye and cultivated on
a membrane. The membrane with the cultured cells is implanted onto the ocular surface of
the patient, with the expectation that it will help corneal regeneration [30].

Another cell-based therapy, OraNera (CellSeed Europe Ltd.), to treat limbal stem
cell deficiency in adults, was evaluated by the EMA (Table 2). In this case, the active
substance was composed of autologous oral mucosal epithelial cells. In March 2013,
after an application for a pediatric investigation plan, the company CellSeed Europe Ltd.
informed the EMA that it wished to remove its application for a marketing authorization
for OraNera. The basis for the removal request was the negative benefit-risk balance
established by the CAT to use this medicinal product in patients with limbal stem cell
deficiency [31].

The first ATMP approved, with marketing authorization, for ocular treatment in the
EU was Holoclar, a cell-based therapy, specifically a TEP, to replace damaged ocular surface
epithelium in patients suffering limbal stem cell deficiency. In 1997, Pellegrini et al. reported
the first successful clinical trial, in which autologous epithelium from a limbal biopsy was
cultured in vitro on petrolatum gauze or on a soft contact lens. It was then transplanted
into two patients with limbal stem cell deficiency. After several studies that showed the
presence of limbal epithelial stem cells in these types of cultures [32,33], and the selection
of fibrin as a more suitable substratum for limbal epithelial cell cultivation [34], the product
became a “routine treatment” in Italy in 2004 and was accepted in India some years after.
However, this treatment was not established in the US because the regulatory requirements
were not achieved [35]. In November 2008, orphan designation was approved by the
European Commission to the Chiesi Farmaceutici S.P.A. (Italy), for “ex vitro expanded
autologous human corneal epithelium containing stem cells for the treatment of corneal
lesions, with associated corneal (limbal) stem cell deficiency, due to ocular burns” [36].
Finally, in February 2015, Holoclar, while the orphan designation, became the first stem
cell-based ATMP to be approved with marketing authorization by the EMA [37], and given
a conditional marketing authorization. This means that more clinical evidence on the safety
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and efficacy of this cell-based medicinal product must be collected and reported to the EMA
to get the standard marketing authorization [38]. Currently, Holoclar is manufactured by
Holostem Terapie Avanzate S.R.L. (Italy), which received the ownership of this product
from Chiesi Farmaceutici S.P.A. in June 2020 [36].

Currently there are no FDA-authorized cellular therapy products for ophthalmic
indications in the US [19]. In Japan, the PMDA has so far approved only one cell-based
regenerative medicinal product to treat ocular diseases. In March 2020, the human somatic
cell-processed orphan product Nepic (Japan Tissue Engineering Co., Ltd., Gamagori, Japan)
was authorized. The active substance is a human autologous corneal-derived epithelial cell
sheet to treat limbal stem cell deficiency (Table 2) [39].

3.2. Gene Therapy Medicinal Products

According to the EU, part IV of Annex I to Directive 2001/83/EC and the update
of Directive 2009/120/EC, “a GTMP is defined as a biological medicinal product that
presents the following two characteristics: (1) it contains and active substance that contains
or consist of a recombinant nucleic acid used in or administered to human beings with a
view to regulating, repairing, adding or deleting a genetic sequence; (2) its therapeutic,
prophylactic or diagnostic effect relates directly to the recombinant nucleic acid sequence it
contains, or to the product of genetic expression of this sequence. Moreover, GTMPs shall
not include vaccines against infectious diseases” [1,9].

The obtention of these products involves the generation and amplification of genetic
constructs in cell lines. The most commonly used technology for gene transfer is based
on viral vectors, although non-viral vectors are also used, as they can be assembled
synthetically. Further, the constructs are either purified for direct administration (non-cell-
based), in vivo gene therapies, or used for the transduction of therapeutic cells (cell-based,
or ex vivo, gene therapies) [12].

The goal of GTMPs is to deliver a gene with the intention to obtain, through its
expression, a therapeutic effect in a patient. This gene should encode a protein that replaces
the dysfunctional or absent protein in the patient, or a protein that inhibits the function
related to the respective pathology [6]. A GTMP usually consists of a vector including the
inserted sequence and the target cells that are modified by the vector, which finally encodes
a protein and is expressed if the gene transfer is successful.

Considering part IV of Annex I to Directive 2001/83/EC, there are some specific
requirements for GTMPs: “(1) GTMP containing recombinant nucleic acid sequences or
genetically modified microorganisms or virus, should contain an active substance consist
of nucleic acid sequences or genetically modified microorganisms or viruses in its carrier
for medical use. The product could also be combined with medical devices. (2) Regarding
GTMP containing genetically modified cells, the finished medicinal product shall comprise
genetically modified cells formulated in the final container for the proposed medical
application. The final product could be also combined with a medical device” [9,11].

One important challenge of these products is to achieve a stable gene expression.
The duration of the product depends on the promoter used to drive the transgene, the cell
survival, the persistence of the transgene, and the immune response against the vector
or the genetically modified cells. Another challenge of GTMPs is related to the clinical
efficacy and safety. These depend on the gene transfer efficiency, the capacity of directing
the vector to the target cells, and the expression level of the gene of interest. In parallel,
the target cell type, the type of vector, and the administration are also important factors to
be considered [40].

Gene Therapy Medicinal Products for the Eye

At present, a large number of gene therapy clinical trials, around 2700 performed in
38 different countries, have been approved since 1989. Most of them have addressed cancer
(66.6%), while only 1.3% have been directed towards ocular diseases [41]. Nevertheless,
among the organs targeted by gene therapy, the eye is at the vanguard of translational
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gene therapy largely due to appropriate disease targets and its suitable anatomic features:
it presents a well-defined anatomy;, it is relatively immune-privileged, it is easy to access
and examine, and it is possible to use one eye as an experimental target and the other one
as a control in the same subject [42].

Gene therapy could offer an improvement in the treatment of several ocular diseases
like glaucoma, X-linked retinoschisis, Stargardt’s disease, choroideremia, retinitis pigmen-
tosa, age-related macular degeneration (AMD), and Leber’s congenital amaurosis [42],
among others. Some corneal diseases are also potentially open to gene therapy, including
the monogenic lysosomal storage disorders like mucopolysaccharidosis type IV and VII,
corneal scarring, corneal neovascularization, anterior and stromal dystrophies linked to
genetic mutations, corneal graft rejection, and the maintenance of corneal endothelial cell
density [43].

Currently, 56 clinical trials related to gene therapy for eye diseases are reported
(ClinicalTrials.gov, accessed on 4 February 2021) to be approved, in progress, or completed.
Among all of the studies, 16 have already been completed. Interestingly, most of them
(41) are associated with hereditary diseases, mostly retinal diseases (29 out of 56 trials).
More precisely, 30.3% (17 out of 56) are related to Leber’s congenital amaurosis, 21.4%
(12 of 56) to macular diseases, 19.6% (11 out of 56) to retinitis pigmentosa, 18.0% (10 out
of 56) to choroideremia, 9% (5 out of 56) to achromatopsia, and just 1.7% (1 out of 56) are
related to corneal diseases (Figure 3C). Considering the types of vectors that are used,
adeno-associated virus (AAV) is the most common, confirming that gene replacement
therapy is the most widely applied modality in the clinical approach.

Concerning GTMPs for ocular diseases (Table 3), Vitravene (fomivirsen) was the first
GTMP approved by the FDA in 1998, and later by the EMA in 1999. This product, ad-
ministered by intravitreal injection, was indicated for the treatment of cytomegalovirus
(CMV) retinitis in patients with acquired immune deficiency syndrome (AIDS), as these
patients are not capable of fighting these infections. The fomivirsen is an antisense phos-
phorothioate oligodeoxynucleotide complementary to mRNA of the region 2 of human
CMV. Hybridization of this antisense molecule to CMV mRNA prevents RNA transcription
of the region 2 gene. This inhibits viral replication, a potent antiviral property, and delays
the progression of CMV-associated retinitis. Due to commercial motivations, Novartis
stopped the US marketing in 2006 and the EU marketing in 2020. However, it is still
commercialized in Switzerland. The second authorized GTMP was Macugen (pegaptanib),
a product indicated for the wet form of the AMD. It consists of a RNA aptamer that binds
to the 165 isoform of vascular endothelial growth factor, producing an anti-angiogenic
effect that prevents both the excessive growth of blood vessels and the formation of de-
fective ones [44]. This product was approved by the FDA and EMA in 2006. However,
the application was withdrawn in 2011 by Pfizer to include it in the treatment of diabetic
macular oedema (Table 3).

Finally, the FDA in 2017 and EMA in 2018 approved Luxturna (voretigene nepar-
vovec), the only GTMP for eye disease currently commercially authorized. This product
was designated as orphan medicine by the EMA for the treatment of Leber s congenital
amaurosis in 2012, and for retinitis pigmentosa in 2015, where the RPE65 gene is mutated,
producing retinal dystrophy [45]. This product consists of a recombinant AAV vector that
delivers a functional RPE65 gene, and it is administered by subretinal injection. Since 2018,
this GTMP has been commercialized by Novartis Europharm Limited (Table 3).
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Table 3. Gene therapy medicinal products for the eye.
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in the US “ Currently

authorized in Switzerland
Marketing authorization by
Macugen Pfizer (New York, Pegaptanib Intravitreal Al\‘//l\llgtsf;)gil;‘t?eftic ;}5%5/1\/[‘/‘31 ;&i:‘/};ﬁ}i I;]gﬁ f(;

EMA/671614/2010 USA) (RNA aptamer) injection . L

macular edema include a new application

(diabetic macular edema)
Luxturna Voretigene Subretinal Retzg?iggf}sen_ Marketing authorization by
EU/3/15/1518; Novartis neparvovec iniection coneenital the EMA in 2018 and by the

EU/3/12/981 (AAV 9-RPE65) ) o agumsis FDA in 2017

1 EMA, European Medicines Agency. 2 PODN, phosphorothioate oligodeoxynucleotide. 3 CMYV, cytomegalovirus. * HIV, human
immunodeficiency virus. 3 FDA, Food and Drug Administration. ® EU, European Union. 7 US, United States. 8 AMD, age-related macular
degeneration. ° AAV, adeno-associated virus.

3.3. Combined ATMPs

As described above and in accordance with Regulation EC No. 1394 /2007, cATMPs
are composed of a GTMP, sCTMP, or TEP in combination with one or more medical devices
or one or more active implantable medical devices as an integral part of the product [1].
Additionally, the biological components of the cATMP must fulfill one of two conditions:
“(1) its cellular or tissue part must contain viable cells or tissues, or (2) its cellular or tissue
part containing non-viable cells or tissues must be liable to act upon the human body with
action that can be considered as primary to that of the devices referred to”.

To clarify those descriptions, it will be helpful to understand the differences between
“medical devices” and “active implantable medical devices”. According to Directive
93/42/EEC, a “medical device” is “any instrument, apparatus, appliance, material or
other article whether used alone or in combination, including the software necessary
for its proper application intended by the manufacturer, to be used for human beings
for the purpose of diagnosis, prevention, monitoring, treatment or alleviation of disease,
diagnosis, monitoring, treatment, alleviation of or compensation for an injury or handicap,
investigation, replacement or modification of the anatomy or of a physiological process
or control of conception, and which does not achieve its principal intended action in
or on the human body by pharmacological, immunological or metabolic means” [46].
In contradistinction to a “medical device”, an “active implantable medical device” is “any
active medical device (i.e., “any medical device relying for its functioning on a source of
electrical energy or any source of power other than that directly generated by the human
body or gravity”) which is intended to be totally or partially introduced, surgically or
medically, into the human body or by medical intervention into a natural orifice, and which
is intended to remain after the procedure” [47]. Both medical device directives are currently
under revision to keep up with advances in science and technology, and it is estimated that
they will be replaced by new regulations before 2022.

Following these regulations (Directive 93/42/EEC and Directive 90/385/EEC) and
the MEDical DEVices guidance document (MEDDEV), a medical device must be approved
with the CE marking, an abbreviation in French of “Conformité Européenne” (European
Conformity), for it to be commercially available in the EU [46—48]. The notified bodies are
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organizations designated by an EU country to assess the conformity of certain products
such as medical devices before being placed on the market. To obtain the CE marking,
the manufacturer or marketing company must demonstrate to the notified bodies that their
medical device has benefits and an absence of risk. In this regard, any medical device
that includes a cATMP must be previously approved with the CE marking by the notified
bodies for its commercialization in the EU.

The CAT is the committee responsible for the adoption of scientific recommendations
on ATMP classification. Also, for the marketing authorization of a cATMP, the CAT
can request the assistance of the notified bodies. Importantly, to qualify as a cATMP,
the medicinal product containing a medical device or active implantable medical device
must be used in the authorized combination as an integral part of the ATMP. Thus, it must
be used for the same purpose as was intended and without additional components [1].
Thus, if the medical device or active implantable medical device is not used, or is no longer
used, with the same function as the CE marked medical device, it should be considered as
an “excipient” in the final formulation of the drug and not as an integral part. In that case,
the ATMP is a non-combined ATMP.

Combined ATMPs for the Eye

cATMPs represent only 1% of the ATMPs that are under development in the EU [8,49].
In 2013, the only cATMP approved in the EU was for the repair of knee cartilage de-
fects. However, it was withdrawn in 2014 for commercial reasons due to the closure
of the EU manufacturing site [8,50,51]. To date, 14 clinical trials have been developed
(ClinicalTrials.gov, accessed on 4 February 2021) to study ophthalmic applications of a
cATMP, NT-501 (Neurotech Pharmaceuticals Inc. (Cumberland, RI, USA) / Enpharma Ltd.,
Oxford, United Kingdom), to treat retinitis pigmentosa (28.6%; 4 out of 14 trials), macular
telangiectasia (21.4%; 3 out of 14 trials), glaucoma (21.4%; 3 out of 14 trials), macular de-
generation (14.3%; 2 out of 14 trials), achromatopsia (7.1%; 1 out of 14 trials), and ischemic
optic neuropathy (7.1%; 1 out of 14 trials) [51] (Figure 3D). NT-501 consists of encapsu-
lated human retinal pigment epithelial cells genetically modified to secrete therapeutic
doses of ciliary neurotrophic factor (CNTF) into the back of the eye (Table 4). The cells
are encapsulated by the so-called Encapsulated Cell Technology® (ECT), an intravitreal
implant (medical device) that consists of a semi-permeable exterior capsule and an internal
scaffolding that allows controlled cell growth [52,53]. The NT-501 implant has demon-
strated controlled and continuous release of CNTF at effective doses, with no CNTF or
antibodies against CNTF or the cell line in the systemic circulation [51,54-59]. This cCATMP
was designated as orphan drug by the FDA for the treatment of retinitis pigmentosa in 2004
and for treatment of macular telangiectasia type 2 in 2012. Subsequently, the EMA classified
NT-501 implant as orphan medicinal product for the treatment of macular telangiectasia
type 2 in 2012 and for the treatment of retinitis pigmentosa in 2013 (Table 4) [60,61].

Table 4. Combined advanced therapy medicinal product for the eye.

Product (Commercial

Name or Number Manufacturer Slﬁ:;::sce Admll;::lsl:r:twn Indication Regulatory Status
Designated by EMA 1)
Neurotech Encapsulated Orphan
Pharmaceuticals human retinal designation by the
NT-501 Inc. pigment Retinitis pigmen-  FDA 2 in 2004 and
(EMA/COMP /808529,/2012) (Cumberland, epithelial cell Intravitreal tosa/Macular by the EMA in
(EMA /COMP/682942,/2012) RIL, USA) / line transfected implant telangiectasia 2013/Orphan
Enpharma Ltd. with plasmid type 2 designation by the
(Oxford, United  vector expressing EMA and the FDA
Kingdom) human CNTF 3 in 2012

1EMA, European Medicines Agency. 2 FDA, Food and Drug Administration. 3 CNTE, ciliary neurotrophic factor.
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4. Conclusions

ATMPs provide novel therapeutic approaches to a large variety of diseases and there-
fore hold the potential to improve the prognosis and even cure certain eye diseases that
currently have no effective treatment. However, because of the complexity and novelty of
these innovative products, the regulatory procedures have the potential to be excessively
rigid and complex, creating new challenges to both developers and regulators. These
challenges can be especially significant for small ATMP developers that often have limited
budgets and regulatory expertise and for whom a deep understanding and compliance
with ATMP regulations can be difficult. It should be noted that, in the EU, most of the
ATMP developers are universities, hospitals, charities, and small- and medium-sized enter-
prises. Therefore, developers normally feel overwhelmed with the regulatory requirements,
because they increase both the financial and administrative burden and consequently
hamper the market access of ATMP products.

Recently, the development of ATMPs for eye diseases has grown at a very fast and
active pace, with many clinical trials conducted worldwide. However, the number of
ATMPs that have been approved and that currently have a Marketing Authorization is
rather small, as some of them showed poor results and market performance that finally
led to their withdrawal. Because the pathway to get the regulatory approval of an ATMP
involves a significant amount of expertise, time, and investment, the ATMP classification
procedure provided by the CAT is a very helpful tool for developers. The CAT can be
consulted to verify whether or not a product based on genes, cells, or tissues is an ATMP,
to determine what type of ATMP product it is, and therefore to clarify the development
and regulatory path that should be followed.

In recent years, regulatory agencies from the EU, US, and Japan have implemented
schemes such as PRIME (PRlIority MEdicines) designation, Breakthrough Therapy desig-
nation, and Sakigake designation, respectively, that are accelerating the development of
priority cell- and gene-based therapies. To expedite and optimize the approval of ATMPs
in these jurisdictions in the near future, a regulatory convergence among these regulatory
agencies should be strongly promoted.

Currently, there are many ongoing clinical trials taking place worldwide for testing
the safety and efficacy of new medicinal products based on gene, cells, and tissues for
treating ocular conditions. Therefore, if these products provide good results, the number of
authorized ATMPs for eye diseases is expected to significantly increase in the coming years.
The number of ATMPs under development is growing not only in the regions participating
in the International Council for Harmonization of Technical Requirements for Pharma-
ceuticals for Human Use, but also in all global jurisdictions. As compliance with national
and international regulations is of paramount importance in the development of these
types of products, stronger efforts should be made to set an international harmonization
of the regulatory frameworks that control the development of ATMPs for commercial
use. Regulators should be flexible and responsive to the unique and evolving challenges
created by ATMPs. Accordingly, scientists and developers must work together with the
regulators and act within the requirements of the regulatory system to improve the chances
of successfully reaching the market. This will enable patients to have faster access to safe
products and get the benefits from them as soon as possible.
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Abstract: Corneal failure is a highly prevalent cause of blindness. One special cause of corneal failure
occurs due to malfunction or destruction of the limbal stem cell niche, upon which the superficial
cornea depends for homeostatic maintenance and wound healing. Failure of the limbal niche is
referred to as limbal stem cell deficiency. As the corneal epithelial stem cell niche is easily accessible,
limbal stem cell-based therapy and regenerative medicine applied to the ocular surface are among
the most highly advanced forms of this novel approach to disease therapy. However, the challenges
are still great, including the development of cell-based products and understanding how they work
in the patient’s eye. Advances are being made at the molecular, cellular, and tissue levels to alter
disease processes and to reduce or eliminate blindness. Efforts must be coordinated from the most
basic research to the most clinically oriented projects so that cell-based therapies can become an
integrated part of the therapeutic armamentarium to fight corneal blindness. We undoubtedly are
progressing along the right path because cell-based therapy for eye diseases is one of the most
successful examples of global regenerative medicine.

Keywords: blindness; cell therapy; CLET; cornea; limbal niche; limbal stem cell; LSCD; mesenchymal
stem cell transplantation; MSCT; ocular surface

1. Introduction

Ophthalmology is among the first medical science branches that have benefited from
stem cell-based therapy and regenerative medicine. Many facts can account for this success,
such as easy accessibility to the stem cell niches (especially those located in the anterior
segment of the eye); a relatively easy follow-up of the applied therapies; the fact that the
eyes are paired, non-vital organs; and the immune-privileged nature of the intraocular
tissues and cornea [1].

Of all of the potential stem cell niches in the visual system [1], those located at the
ocular surface are the most accessible for study and extraction of the stem cells, and they can
be repaired if they fail and produce disease. Consequently, second only to hematopoietic
stem cell transplantation, regenerative medicine of the ocular surface is the most well
developed. In fact, epithelial stem cell transplantation to repair the corneal surface is the
most widely used stem cell-based therapy in clinical medicine.

The anterior segment of the eye is composed of the ocular surface, the anterior sclera,
the corneal stroma and endothelium, the anterior and posterior chambers containing the
aqueous humor, the anterior uvea composed of the iris and ciliary body, and the crystalline
lens. The posterior segment of the eye consists of the posterior uvea containing the choroid,
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the retina, the optic nerve head, the vitreous body, and the posterior sclera. The concept of
the ocular surface includes those structures and tissues directly exposed to the environment.
Thus, the ocular surface is comprised of the overlying tear film, superficial cornea (the
epithelium; Bowman's layer; and for some eyes, the superficial stroma), conjunctiva, and
the corneoscleral limbus. The main tissue at the ocular surface is the epithelium because,
in general, only epithelial tissues have direct contact with the environment through either
the skin or diverse mucosal sites, including the ocular surface.

Several potential stem cell niches are present in the ocular surface. Some are still under
investigation, and in the future, these sites may enable the isolation of human adult stem cells
from the conjunctiva, corneal stroma, and/or the meibomian glands [2]. The procedures for
isolating the stem cells and the knowledge learned from them could provide fundamental
insights and new regenerative therapies for many diseases, such as cicatricial conjunctivitis
(i.e., Stevens—Johnson syndrome and the associated spectrum), conjunctival trauma, and
meibomian gland disease, for which there are currently no effective, long-term treatments.

In the ocular surface, the most well-known and documented stem cell niche is located
at the limbus, where the transparent cornea transitions to the opaque sclera and is overlain
by the conjunctiva. Stem cells in that location have been identified, extracted, and used
therapeutically in attempts to repair the severe corneal pathology when these cells and/or
their niche are damaged. The goals and challenges that this therapy constitute are the topic
of this review.

2. The Past: The Beginnings of Stem Cell-Based Therapy for Corneal Failure

Much of the knowledge regarding the location of corneal epithelial stem cells in the
limbal area came from clinical observations and subsequent experimentation in the field of
corneal epithelial wound healing, coupled with the research in the field of skin stem cells.
At the beginning of the 20th century, ophthalmologists and scientists began studying the
first phenomenon in the process of corneal epithelium wound healing: sliding or migration
of the surrounding epithelial cells (reviewed in Schwab, 1999 [3]), and the subsequent cell
replication and proliferation to generate replacement cells. In 1944, Ida Mann demonstrated
pigment movement from the limbus in a rabbit model of corneal injury [4], which matched
the observations by clinicians that epithelial lines seemed to move from the peripheral
cornea to the wound site in the central cornea. Friedenwald and Buschke, also in 1944,
demonstrated that the mitotic index of corneal epithelium tended to be higher towards the
periphery of the cornea [5]. Maumenee, in 1964, was the first to suggest that the corneal
epithelium could be regenerated efficiently from the limbal epithelium and, to a lesser
extent, from the conjunctival epithelium [6]. In 1971, Davanger and Evenson described the
rapid movement of peripheral cells in response to an acute central defect [7]. They referred
to the source of the migrating cells as the “pericorneal papillary structure”, which today;,
is called the palisade of Vogt, located at the limbus. They proposed that the essential role
of the migrating cells was the renewal of the corneal epithelium and suspected that, to
maintain corneal transparency, the source of these cells had to be in the nearest vascular
stroma, i.e., the limbus. In 1983, Richard Thoft and Julie Friend published their famous X, Y,
Z hypothesis [8], where they established that there are three different phenomena that kept
the corneal epithelial cell mass more or less constant under physiological conditions: The
X component of this hypothesis is the proliferation of basal epithelial cells and migration
toward the surface. The Y component is the contribution to the corneal epithelial cell
mass by the centripetal movement of peripheral cells. The Z component is the loss of
epithelial cells through normal desquamation. When the hypothesis was proposed, the Y
component was not proven, though there was evidence of it. For instance, following corneal
transplantation, the centripetal movement of cells from the host peripheral cornea replaced
the loss of the corneal epithelial cells from the donor transplant [9]. This elegant hypothesis
was validated later as the Y component was proven to be the mass of limbal stem cells.
The simplicity of Thoft’s statement that “corneal epithelial maintenance, essential to avoid
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pathology, could be defined by the equation "X + Y = Z’” could not be truer to this day [8]
(Figure 1).

Corneal epithelial
superfr’cia”ayer

Migration to the

basal .’ayers
Migration to the
central cornea g Corneal EPlthellaI

L differentiated cells
Postmitotic cells

Transient

Limbal eplthellal ampiying celts

stem cells

X: Basal cell proliferation
Y: Centripetal movement of cells
Z: Loss of surface cells

Figure 1. Graphical representation of the limbal stem cell niche with all of the cell states implicated
in the corneal epithelium regeneration (limbal epithelial stem cells, transient amplifying cells, postmi-
totic cells, and corneal epithelial differentiated cells). The X, Y, Z hypothesis published by Thoft and
Friend in 1983 [8] is also represented, presenting the three different phenomena that allow the corneal
epithelial cell mass to remain constant. X: proliferation of basal epithelial cells; Y: contribution to the
cell mass by centripetal movement of peripheral cells; Z: epithelial cell loss or constant desquamation
from the surface.

In 1986, Schermer et al. offered strong evidence that the location of the corneal
epithelial stem cells was at the limbus [10]. By studying keratin expression patterns,
they demonstrated that limbal basal cells were less differentiated than corneal epithelial
basal cells. This supported the clinical observation of the centripetal migration of corneal
epithelial cells. They concluded that corneal epithelial stem cells were likely located in the
limbus and, furthermore, that the basal corneal epithelial cells corresponded to cells then
known as “transient amplifying cells” because the more apically located epithelial cells
were terminally differentiated [10].

Based on those early studies, multiple researchers have contributed to better defining
the limbal epithelial stem cells along with other cells located in the limbal niche and the
niche itself. Additionally, a wide range of markers have been identified to define each of
the different cell types in that niche [11].

Clinically, ophthalmologists have now defined the term “limbal stem cell deficiency”
(LSCD) to describe what had previously been called “conjunctivalization” or “neovas-
cular pannus” before the presence of stem cells was even suspected. LSCD describes
certain severe conditions in which cells of the damaged ocular surface epithelium are not
replaced with centripetally migrating cells derived from the limbal niche. Consequently,
the conjunctiva encroaches upon the cornea, replacing the injured corneal epithelium and
preventing further irreversible structural damage such as infection, stromal necrosis, or
even perforation. While conjunctival overgrowth results in the loss of functionality, i.e.,
visual loss due to corneal opacification, it prevents the loss of corneal anatomical integrity
that could ensue otherwise (Figure 2).
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Figure 2. (Top Left) Location of the limbal niche (green box) in the normal eye of a 26-year-old man. (Lower Left) Confocal
image of the limbal niche that is responsible for maintaining the corneal epithelial phenotype. (Top Right) The left eye
of the man suffered a chemical injury 2 years before. The injury destroyed his limbal niche (red box). Consequently, the
corneal epithelium has a conjunctival phenotype derived from the adjacent conjunctiva. (Lower Right) Confocal image of
the damaged limbal niche.

Primary LSCD is currently defined as an end-stage pathology resulting from multiple
diseases that destroy the corneal niche located at the corneoscleral limbus. Secondary
LSCD refers to the loss of the resident corneal epithelium stem cells even though the limbal
niche remains intact. LSCD can be hereditary, e.g., congenital aniridia, or acquired, e.g.,
immune-mediated diseases such as Stevens—Johnson/toxic epidermal necrolysis, atopic
keratoconjunctivitis, rosacea-related pathology, and non-immune mediated pathologies
such as chemical injuries [12].

LSCD results in recurrent corneal epithelial ulceration, conjunctivalization (pannus
with superficial neovascularization), and opacification because of the inability of the
limbal niche to renew the corneal epithelium. It is well established that LSCD, when
extended and/or severe, usually leads to corneal opacity and subsequent blindness with
accompanying symptomatology. Diseases leading to LSCD and LSCD itself are extremely
difficult to manage, and in most instances, they need proper, aggressive medical therapy
before proceeding with surgical treatment [12].

Understanding the functionality of the limbal niche and the consequences of its
pathology explain why corneal transplants in patients with ocular surfaces diseases in
which LSCD is concomitantly present are doomed to fail. Failure of the initial transplant
and of subsequent ones is due to the incapacity of the host limbus with LSCD to replace
the epithelium of the transplanted corneas as the cells are lost through desquamation
during the post-transplant period. At present, ophthalmologists have now agreed that
corneal transplantation is not a viable primary solution if extensive LSCD is present because
transplantation does not replace the damaged corneal epithelial stem cells [13]. Repair of
the limbal stem cell niche must be achieved first. Consequently, ophthalmologists began to
design strategies to remove limbal tissue from the fellow healthy or the less affected eye of
the patient or, alternatively, from allogenic sources such as cadaveric eyes or healthy living
relatives, to transplant into the LSCD-affected eye.

Kenyon and Tseng pioneered the transplantation of limbal tissue in 1989. They
reported good results at 6 months after surgery for 21 of 26 LSCD cases subjected to limbal
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autograft transplantation in which the limbal tissue was removed from the less injured
eye [14]. Following that report, large auto- and allo-limbal grafts were performed for LSCD,
but soon, two problems became evident: the risk of limbal failure in the donor eye in case
of autografts, and the need for potent and protracted immunosuppression for allografts.

Since the initial years of limbal tissue transplantation, the methodology has evolved
and is now performed as keratolimbal autografts, keratolimbal allografts, conjunctival
limbal autografts, or conjunctival limbal allografts. Allografts must be chosen for cases
of bilateral disease, and the donor source is from a cadaver or from a living related or
non-related donor. For all of the transplantation methods, keratoplasty can be performed
either concomitantly or following a delay, though in both cases the outcomes are highly
variable, ranging from very poor to good.

One important problem with transplantation of allogeneic limbal tissue is the need for
long-term systemic immunosuppression, even in HLA-matched donors, without which
long-term survival of the transplanted niche tissue is unlikely [15]. Furthermore, two
limbal grafts measuring approximately 6 mm at the limbus (3 h clock quadrants) and
extending 5-8 mm posterior to the limbus are removed from the healthy donor eye. This
extensive extirpation could lead to pathology in the donor eye [16]. In any case, these
procedures are still in current clinical practice [17].

Tissue-based transplantations require a significant amount of tissue that is derived
from the fellow eye for transplantation into the damaged eye. An alternative approach
is to harvest small amounts of healthy limbal niche tissue from the donor eye and then
to generate more autologous stem cells through tissue culture (see below). However, this
approach requires the use of good manufacturing practice (GMP) cell culture facilities,
which are expensive to maintain and may not be generally available to all ophthalmologists
and patients who need them. Based on these limitations, in 2012, Virender Sangwan and his
group in India pioneered another tissue-based technique of tissue transplantation known
as simple limbal epithelial transplantation (SLET) [18]. It uses a smaller limbal tissue
biopsy (3—4 mm) from the contralateral healthy eye (autologous). The tissue is then cut
into 8-10 tiny pieces and placed on top of an amniotic membrane that was previously
glued by fibrin to the scraped, diseased corneal bed of the recipient eye. The more than
30 reports published so far suggest good mid-term results as long as autologous tissue is
used [19]. A modification of this technique uses a double layer of cryopreserved amniotic
membrane to sandwich the limbal cells [20] and has been approved by the US Food and
Drug Administration (FDA). As an alternative for bilateral cases in which healthy autograft
donor tissue is not available, the alloSLET, using allogeneic tissue, was recently introduced
by Shanbhag et al. with apparent good results [21]. It is important to understand that no
matter how small the allogeneic tissue is, systemic immunosuppression is still needed.
With alloSLET, Shanbhag et al. used a pulsed intravenous immunosuppression regimen
for long term, i.e., more than 2 years, or the usual oral protocols used for cultivated limbal
cells (see below) for an amount of time not yet specified [21].

To reduce the high rate of immune rejection of tissue-based transplants, Pellegrini et al.
described for the first time, in 1997, stem cell-based therapies (as distinct from tissue-based
therapies) that transplanted cultivated, autologous limbal epithelial cells that were extracted
from small biopsies of the contralateral donor eye [22]. Although it was described for just
two patients and did not follow GMP techniques, this cultured cell approach represented a
significant breakthrough in regenerative medicine.

3. The Present: Available Stem Cell-Based Therapies

At the beginning of the 21st century, bilateral cases of LSCD continued to be a challenge
because allogenic limbal tissue transplantation was generally unsuccessful without long-
term immunosuppression. Furthermore, the availability of stem cell-based transplantation
was becoming more limited due to the implementation of new regulatory guidelines that
guaranteed safety but restricted the conditions under which auto- and allograft treatments
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could be used. This section describes the stem cell-based therapies currently available for
both unilateral and bilateral LSCD.

3.1. Cultivated Limbal Epithelial Transplantation

Limbal epithelial stem cells, the adult stem cells of the corneal epithelium, have been
widely used in both preclinical and clinical studies for LSCD therapy, as described in this
review. The transplantation of limbal epithelial cells facilitates ocular surface regeneration,
and consequently, it improves the prognosis of a subsequent corneal graft [23-31]. Molecu-
lar and functional characterization of these cells and their use for LSCD therapy are also
being vigorously investigated in preclinical and clinical ophthalmological research.

Although the fate of transplanted limbal stem cells on the ocular surface is still not
certain, some potential mechanisms of action have been identified: (1) donor cell migration
to the host niche and subsequent regeneration of the niche before corneal epithelial repair,
(2) donor cell creation of a new pseudo-niche before regeneration of the corneal epithelium,
(3) donor-cell stimulated regeneration of the corneal epithelium through paracrine or direct
interaction, and (4) donor transit-amplifying cells acting as the principal cells responsible
for regeneration of the host epithelium [32-34].

After the first publication by Pellegrini et al. in 1997 of two patients treated with
cultivated limbal cells extracted from a small (approximately 2 x 2 mm) biopsy of limbal
tissue from the contralateral healthy eye [22], other authors began developing similar
techniques and published different reports on autologous cultivated limbal epithelial
transplantation (CLET). In 2008, the European Medicines Agency (EMA) granted orphan
drug status for a product that provided “ex vivo expanded autologous human corneal
epithelium containing stem cells for the treatment of corneal lesions, with associated corneal
(limbal) stem cell deficiency, due to ocular burns” [35]. In 2010, Rama et al. reported a
76.6% success rate in the 2-3 years of follow-up of 112 cases treated with a stem cell-derived
product that was similar to the one used in 1997 by the same group [36]. In 2015, that
product received the trade name of Holoclar and it became the first stem cell-based therapy
to be approved by the EMA with a conditional marketing authorization pending on further
clinical evidence of safety and efficacy [37,38]. Holoclar has not yet achieved approval
for standard commercialization; however, if and when it is, it will only be authorized for
treatment of chemical injuries with stem cells derived from an autologous source.

The great advancement of Pellegrini and Rama’s group [22,36,37] prompted many
other groups to start developing similar protocols with some modifications in culture,
evaluation procedures, and surgical techniques. There are consequently some published
reports, especially in Asia and Europe [39], on autologous CLET with success rates varying
from 60% to 100% [40,41].

Soon after starting treatments with autologous CLET, ophthalmologists realized that
there were many cases of bilateral LSCD where this therapy was not an option, usually
because the disease or trauma caused bilateral LSCD, leaving no healthy limbal tissue
available for biopsy. Then, encouraged by the good results of autologous transplants,
ophthalmologists began investigating allogeneic CLET. The first attempts of allogeneic
CLET in patients with LSCD were by Schwab in 1999 [3], who published two partially
successful allogeneic cases that utilized stem cells derived from living relatives of the
patients, and by Koizumi et al. (Kinoshita’s group) in 2001 [42]. The latter publication was
a retrospective case series, reporting success in 10 of 13 eyes followed for 11.2 months. Cells
were obtained from cadaveric limbal explants, cultured on a carrier composed of denuded
amniotic membrane coated with a layer of 3T3 fibroblasts to assist epithelial cell growth.
The cultivated epithelium consisted of four to five stratified cell layers and was positive for
corneal specific keratins (K3/12). None of the patients were immunosuppressed, but only
three eyes suffered epithelial rejection.

In the following years, other authors began using allogeneic limbal tissue from cadav-
eric sources. These were used mainly for cultivation and extraction of limbal epithelial
cells. Initially this was conducted in regular tissue culture laboratories; however, stem
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cell-based therapies are considered to be medicinal products. Therefore, it was necessary to
move production into GMP-based cell culture facilities to comply with the same regulatory
principles as conventional drugs [43,44].

The techniques for the cultivation of allogeneic stem cells and surgeries are diverse
but are the same as those for autologous cells. The main difference is that the patients
receiving allogeneic cell-based transplants need to be systemically immunosuppressed
but require only one drug and endure a shorter period of immunosuppression (12 months
maximum) [40] than required for high risk corneal transplants or for allogeneic limbal tissue
transplantation (full segments or SLET). The best culture, surgical, medical, and evaluation
protocols, however, have not yet been defined for either autologous or allogeneic CLET.

In 2015, Zhao et al. published a systematic review and meta-analysis of ex vivo CLET
using amniotic membranes as a substratum in LSCD [45]. In 18 publications involving
572 eyes (562 patients), the success rate was about 67% for both autografts and allografts,
provided that the allografts receive systemic immunosuppression, which were less intense
than required for the transplantation of non-cultured allografts [45]. These results were
consistent with previous reviews by Baylis et al. [28] and Shortt et al. [46] of 28 reports
and 17 reports, respectively, that compared autografts and allografts. Another more recent
meta-analysis by Mishan et al. of autologous versus allogeneic CLET included 30 studies,
with sample sizes ranging from 6 to 200 and follow-up periods of 0.6-156 months [41]. Of
the 1306 eyes, 982 (75.2%) received autografts and 324 (24.8%) received allografts from
living or deceased donors. The meta-analysis revealed that the odds of success were similar
for both CLET procedures.

One prospective comparative study stated that allogeneic CLET yields far worse
results than autologous CLET [47]. However, the authors of this study failed to give the
necessary immunosuppressive treatment to their allogeneic transplantation patients, and
this most likely explains why these patients had unsuccessful transplantations.

Another recent meta-analysis of 40 studies (2202 eyes) concluded that autologous grafts
had a higher rate of ocular surface restoration and a lower rate of complications than allo-
geneic grafts [40]. In their analysis, the authors combined the outcomes for cases treated with
allo-CLET and allo-limbal tissue transplantation. However, these two approaches are funda-
mentally independent and incompatible with one another for the purpose of being combined
in a meta-analysis. Thus, their finding of differences in the rate of ocular surface restoration
and in the rate of complications for autologous and allogeneic treatments was flawed.

In conclusion, CLET results seem to be similar whether the cell source is autologous or
allogeneic (Figure 3). Even though the objective assessment of outcome is difficult because
the cases are extremely variable in every possible aspect, the success rates range between
60% and 100%. Additionally, following LSCD treatment, eyes with significant stromal
and/or endothelial damage require subsequent corneal transplantation. In these cases,
visual acuity is not a good indicator of success [24], something that it is very difficult for
patients, relatives, and even referring clinicians to understand.

However, without a doubt, significant clinical improvements have been achieved in
the treatment of ocular surface pathology due to LSCD. These improvements are based on
the evolution of our understanding of the disease origin and advances in treatment method-
ology, all of which have improved the prognosis, with or without the need for subsequent
corneal transplants. Consequently, patient quality of life has vastly improved [34].

In terms of safety, xenobiotic-free conditions are now broadly used to minimize the
risk of diseases or immune reaction [45,48]. For instance, in the case of allogeneic grafts,
CLET reduces the exposure of the host to non-self-antigens. With the in vitro expansion of
cells from a small biopsy, most antigen-presenting Langerhans cells and other cells found
in the normal limbal stem cell niche are lost [49]. Importantly, tumorigenic events have not
been reported in either preclinical studies or in clinical practice.
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Figure 3. Chemical injury in two different patients, before (upper panel) and 12 months after
(lower panel) successful cultivated limbal epithelial transplantation (CLET). The source of the limbal
epithelial cultivated stem cells was autologous, from the fellow healthy eye (left panel) or allogeneic
from cadaveric limbal ring (right panel).

3.2. Autologous Non-Limbal Epithelial Cell Transplantation

Another potential solution for bilateral cases of LSCD, where autologous limbal tissue
is not available, is the transplantation of cultured cells from autologous non-limbal tissues.
Different preclinical studies have demonstrated that cultivated oral mucosal epithelial cell
transplantation (COMET) in the treatment of the ocular surface in experimental models
of LSCD in rabbits reduces corneal epithelial defects, corneal opacity, and vasculariza-
tion [50-53]. However, some corneas had irregular epithelial surfaces associated with
peripheral neovascularization after COMET [50,51]. In 2004, Nakamura et al. published the
first clinical studies that used autologous COMET [54]. In a recent review of 24 publications
between 2004 and 2019 [55], the authors concluded that COMET is the most frequently
used non-limbal autologous cell procedure in the treatment of bilateral LSCD, possibly
because it eliminates the risk of graft rejection and thus avoids the need for immunosup-
pression. The COMET approach has been preferentially performed in Japan, and based on
published cases from the last 15 years, they offer promising mid-term results with a stable
ocular surface reported in 70.8% of LSCD eyes [55]. However, neo-angiogenesis following
transplantation is a drawback associated with this procedure, but solutions for this problem
have been proposed. For example, the mucosal epithelial cells can be co-cultured with
limbal mesenchymal niche cells instead of the usual 3T3 cells [56]. The oral mucosal cells
obtained from this alternative culture system seem to be less likely to induce postsurgical
neovascularization and therefore improve postsurgical outcomes.

Although the molecular mechanisms of COMET are still unknown, the transplanted
cells remain in the cornea for at least 24 weeks in rabbits [51] and up to 22 months in
humans [57]. In addition, the expression of corneal epithelial marker K3 [52,57] and the
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limbal epithelial marker p63 [51,57] were found in rabbit and human corneas after COMET.
In contrast, the corneal epithelial marker K12 showed variable expression, being absent
from many corneas but present in others after COMET [51,57].

It is extremely difficult to make comparisons among techniques. Nevertheless, Wang et al.
compared the success rate of COMET to allogeneic CLET [58]. The success rate of COMET,
52.9% (18 of 34 eyes), was lower than that for allogeneic CLET, 71.4% (30 of 42 eyes).
The difference was attributed mainly to a higher incidence of postoperative complica-
tions with COMET due mostly to persistent epithelial defects. The authors attributed
the different results to the unique morphology, function, and microenvironment of oral
mucosal epithelium compared to the limbal epithelium despite the expression of similar
gene markers.

Another more recent review by Samoila et al. in 2020 [59] compared the clinical out-
comes of allogeneic CLET (18 publications between 2005 and 2019) and COMET (11 publi-
cations between 2004 and 2019) for total bilateral LSCD. They identified the advantages
of COMET, including the lack of graft rejection (as it is autologous), the achievement of
cell culture in a shorter period of time, and the absence of keratinization over a prolonged
time span. In addition, tumorigenic events have not been reported. However, they also
reiterated the previously identified shortcomings such as the lower success rate of the oral
mucosal epithelial cells due to the higher incidence of post-operative persistent epithelial
defects and subsequent graft failure, and lower cell proliferation and differentiation activi-
ties. They concluded that allogenic limbal epithelial stem cells may have a better ability to
form a stable and integrated corneal epithelium.

In summary, there is no current agreement regarding the preferred use of COMET or
allogeneic CLET for total LSCD patients. Most publications agree that allogeneic CLET
should be prioritized over COMET because the limbal epithelial cells may have a better
capacity to maintain ocular surface stability, provided that immunosuppression is used,
which is not necessary with COMET.

3.3. Allogeneic Non-Limbal Stem Cell-Based Transplantation

The only non-limbal allogenic stem cells that have been used clinically are mesenchy-
mal stem cells (MSCs). As recently documented, MSCs were the most commonly used stem
cell type for cellular and tissue-engineering therapies in Europe between 2016 and 2017 [39].
This is mainly due to the capacity of MSCs to produce growth factors, to modulate immune
and inflammatory properties, and to differentiate into multiple cell lineages depending
on the environmental signals [60]. MSCs secrete epithelial growth factor, which increases
corneal epithelial cell proliferation [61,62]. Other growth factors secreted by MSCs include
hepatocyte growth factor, fibroblast growth factor, and nerve growth factor [63,64]. To
modulate the inflammatory response, MSCs secrete anti-inflammatory molecules, such as
transforming growth factor 3, thrombospondin 1, and tumor necrosis factor-stimulated
gene-6 [61,65]. Other secreted molecules have either pro- or anti-inflammatory effects
depending on the microenvironment. These include interleukin 6, which is increased
in the presence of damaged corneal epithelial cells [63]. In addition, MSCs can produce
antioxidant enzymes such as dioxygenase-2,3-indolamine and cyclooxygenase 2 in the
oxidative stress environment associated with damaged corneas [66]. MSCs can also reduce
T lymphocyte proliferation and can inhibit differentiation of immature macrophages to
mature (active) macrophages [67-69], thus regulating the immune response by reducing
rejection and inflammatory reactions [70].

When applied to the ocular surface in preclinical animal models of LSCD, MSCs
exerted potent reductions of inflammation, corneal opacity, and neovascularization, all
while promoting re-epithelialization [66,71-78]. Other important preclinical studies showed
that MSCs can migrate specifically to the damaged corneolimbal tissues [73,78-80] and can
improve the therapeutic response of the ocular surface affected by LSCD.

Regarding safety-related issues in preclinical studies, the transplantation of MSCs
to treat LSCD does not induce adverse events, and no toxicologic effects have been re-
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ported [73-76,78,81]. Nevertheless, several preclinical works to analyze the tumorigenic
potential of MSCs have been reported, confirming that the transplantation of this type
of cell does not induce tumorigenesis in either healthy vital organs or in damaged target
organs [82-86].

MSCs also have potential advantages over limbal epithelial cells because they can be
easily obtained from many tissue types without the dependence of deceased donors. Addi-
tionally, they can be cultured in vitro, achieving clinical scales in a short period of time by
less expensive procedures than those required for limbal epithelial stem cells. Importantly,
100% of the MSCs in a transplant are stem cells, while only a variable proportion of the
cells cultured for CLET are indeed stem cells, as they are extracted from limbal tissue, and
the limbal epithelium consists of only about 5-10% of stem cells [87]. Finally, the MSCs
can be cryopreserved without loss of potency and allogeneic MSCs can be transplanted
without the need of host immunosuppression [88].

The first and only published clinical use of MSCs for LSCD was by Calonge et al. in
2019 [89]. These authors designed a 12-month proof-of-concept double-masked clinical
trial in which 22 patients with severe and total LSCD were randomized to either allogeneic
bone marrow-derived mesenchymal stem cell transplantation (MSCT) or allogeneic CLET.
All patients had immunosuppression with one drug for one year to maintain investigator
masking, even though MSCT did not require it. Both cell types produced similar results and
were equally safe. MSCT was successful in 85.7%, and CLET was successful in 77.8%. The
central corneal epithelial phenotype evaluated by in vivo confocal microscopy improved in
71.4% and 66.7% of MSCT and CLET cases, respectively (Figure 4). There were no adverse
events related to MSCT or CLET [89]. Therefore, the tumorigenic potential of MSCs has been
discounted. If these good results are corroborated in a large series of patients, MSC therapy is
deemed a safe, efficacious alternative for both unilateral and bilateral LSCD cases.

Figure 4. Bilateral limbal stem cell deficiency due to Stevens—Johnson syndrome. The right eye (left panel) was randomized

to receive allogeneic limbal stem cell transplantation (CLET), and the left eye (right panel) received a mesenchymal stem cell

transplantation (MSCT). The upper panels show that both corneas have a mixed epithelial phenotype as imaged by in vivo

confocal microscopy. The lower panels show the same eyes after 12 months. Both corneas have an epithelial phenotype in

the central cornea. Both transplants were successful.
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Finally, Table 1 summarizes the distinctive characteristics and success rates of differ-
ent published stem cell-based therapies that report comparative studies among different

sources of cells.

Table 1. Published studies using stem cell-based transplants compared with other techniques (in at least five eyes) in the

management of severe limbal stem cell deficiency (LSCD).

Anatomical Success

Publication’s First Type of Clinical (Method of Evalua-
Author. Year Study/No. Surgeries  Type of Transplant (n), Systemic tion)/Statistically
(Re feren,c e No.) or Eyes/Mean Time to GMP ! Followed for ~ Immunosuppressants in Significant (s),
Country Final Evaluation Product Preparation Allogeneic Transplants Non-Significant (ns)
(months) or Not Mentioned
(nm)
Shimazaki et al., Retrospective, Auto 2-CLET 3 (7) Global: 59.3% (clinical)
2007 [90] observational case Allo 5-CLET (20) CsA # for 6 months Auto-CLET 85.7%
Japan series/27/31.6 No Allo-CLET: 50.0%/ns
Prospective Global: 60% (clinical,
Shortt et al., noncomparative Auto-CLET (3) ccp-IVCM ©,
2008 [91] interventi%nal Cas,e Allo-CLET (7) CsA for 6 months impression cytology)
UK Yes Auto-CLET: 33%

series/10/6 or 13

Allo-CLET: 71%/nm 7

Pauklin et al., noirc ‘c’)srﬁ e;?:teive Auto-CLET (30) CoA for 12-15 months Global: 68% (clinical)
2010 [92] . P Allo-CLET (14) Auto-CLET: 76.7%
German interventional case N (one case had none) Allo-CLET: 50%/

ermany series/44/28.5 © © ovTels
Prabhasawat et al., Prospective, Auto-CLET (12) Global: 73.7% (clinical)
2012 [93] noncomparative case Allo-CLET (7) CsA for 6-12 months Auto-CLET: 66.7%
Thailand series/19/26.1 No Allo-CLET: 85.7%/ns

Zakaria et al., Phase I-IT Auto-CLET (15) Global: 66.7% (clinical)
2014 [94] non-randomized Allo-CLET (3) CsA for 12 months Auto-CLET: 66.7%
Belgium clinical trial /18/22 No Allo-CLET: 66.7%/ns

Global (clinical,
Ramirez et al., noizzige(:;:’zve Auto-CLET (11) Mycophenolate CsA or cEzIVe(;l:/SI.):;;OO //oaétlt
2015 [24] . p Allo-CLET (9) azathioprine for years; 797
Spain interventional case Yes 12 months 3 years
P series/20/12, 24, 36 Auto-CLET: 90.9%
Allo-CLET: 66.7%/ns
Global: nm

Ganger et al., Retrospective case Auto-CLET (54) Auto-CLET: 87.8%

2015 [95] series/62 (38 children, Allo-CLET (8) No children, 99.9%
(India) 24 adults)/12 No adults/ns
Allo-CLET: 62.5%/ns
Parihar et al., Prospective Allo-CLET (25) Glo‘g‘; t(}fhrr‘;clfl)s: nm
2017 [96] . P Allo-LTT 8 (25) CsA for 12 months | BTOUP
. interventional /50/12 had significant
India No .
improvement/ns

Sharma et al., P i Auto-CLET (20) Global (clinical): nm

2018 [97] N 1/‘:3 12 AMT ? (20) Na 10 Similar results in
India, USA, Australia comparative No both groups
Global (clinical
Calonge et al., Phase I-1I, randomized, Allo-MSCT 11 (17) CCp—IVC.M)Z )
2019 [89] controlled, Allo-CLET (1) Yes Allo-MSCT: 85.7%
Spain double-masked clinical Y Allo-CLET: 77.8%/ns
P trial /28/12 ©s MSCT was as safe
as CLET
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Table 1. Cont.

Anatomical Success

Publication’s First Type of Clinical (Method of Evalua-
Study/No. Surgeries  Type of Transplant (n), Systemic tion)/Statistically
Author, Year - 1 . s
or Eyes/Mean Time to GMP " Followed for =~ Immunosuppressants in Significant (s),
(Reference No.) : . . . . e
Count Final Evaluation Product Preparation Allogeneic Transplants Non-Significant (ns)
Y (months) or Not Mentioned
(nm)
Randomized, Global (clinical): nm
Campbell et al., controlled, Allo-CLE (11) Prednisolone plus CsA or sustained significant
2019 [98] single-masked, AMT (5) mycophenolate for improvement in
UK multicenter clinical Yes 12 months allo-CLET but not
trial/16 in AMT
Global survival
Phase I, Auto-CLET (7) ) .
Borderie et al., noncomparative Allo-CLET (7) Allo-CLET: NO (clinical) at 5 years/nm

2019 [47] clinical trial: CLET vs. Auto-LTT (8) Allo-LTT: CsA, steroids Auto-CLET: 71%
. ] or chloraminophen for Allo-CLET: 0%
France retrospective control: Allo-LTT (8) o
LTT/30 /72 132 N. 12 months Auto-LTT: 75%
Ve © Allo-LTT: 33%
Global (clinical): nm
Wang et al,, Retrospective cohort Allo-CLET (42) No (only oral Allo-CLET: 71.4%
2019 [58] stud /;) 6/233 vs. 16.1 Auto-COMET 12 (34) corticosteroids for (Immune rejections:
China y o No 2-3 months) 9.5%)
COMET: 52.9%)
Global short-term:
Prospective, 46.1%
noncomparative case Auto-CLET: 77.8%
e el, TR IR e Qo
2019 [99] up Allo-CLET (4) Not specified ong-term:
Belgium retrospective Yes 23.1%/ns
review/13/2.1 Auto-CLET: 55%
(short-term) vs. Allo-CLET: 0%
6.7 (long-term) Success decreased
over time
. . Auto-CLET + Global (clinical): 65.1%
Shlmaza;é;é al. [100] Retrospective auto-COMET (171) oo . . Auto-CLET + COMET:
Japan analysis/246/89.3 Allo-CLET (75) p 65.6%

No

Allo-CLET: 63.0%/ns

1 GMmP, good manufacturing practice. 2 Auto, autologous. 3 CLET, cultivated limbal epithelial transplantation. 4 CsA, cyclosporin A.
5 Allo, allogeneic. ® ccp-IVCM, central corneal phenotype by in vivo confocal microscopy. 7 nm, not mentioned. 8 LTT, limbal tissue
transplantation. ® AMT, amniotic membrane transplantation. '° na, non-applicable. !! MSCT, mesenchymal stem cell transplantation.
12 COMET, cultivated oral mucosal epithelial cell transplantation.

3.4. Requlatory Status of Stem Cell-Based Therapy for Treatment of LSCD in Different Countries

Autologous and allogeneic CLET are now performed in several European centers.
The procedures require permission from national or European regulatory agencies and
must be conducted within GMP guidelines. In the European Union (EU), the specific legal
framework for advanced therapy medicinal products (ATMPs) was established by the
European Commission in Regulation EC No. 1394/2007 and is regulated by EMA [43,101].
Currently, only Holoclar, the first and only stem cell-based therapy for autologous LSCD,
has a conditional marketing authorization with orphan designation in the EU. Moreover,
although the UK has recently left the EU, the UK Medicines and Healthcare products
Regulatory Agency (MHRA) continues regulating ATMPs following the European regula-
tions. In this regard, Holoclar is still authorized in the UK. In other European countries
outside the EU, the regulation of stem cell therapy is at the national level. In Turkey, where
autologous CLET has been conducted, the stem cell therapy must follow the guidelines
entitled “The Guide to Non-embryonic Cell Studies for Clinical Purposes”, prepared by
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The Scientific Advisory Board of Stem Cell Transplantations [102]. In the US, stem cell-
based therapies are regulated by the FDA and, similar to the EU, cell-based products
are considered as biological drugs when they are subjected to more than minimal ma-
nipulation or non-homologous use. Currently, in the US, there are no FDA-authorized
cellular therapy products for ophthalmic indications [20,103]. Nevertheless, the SLET, not
considered as a cell-based therapy, was approved by the FDA for clinical use in 2014 [20].
In addition, autologous or allogeneic limbal epithelial stem cells expanded ex vivo on
human amniotic membrane were designated in 2005 as orphan drugs by the FDA to treat
LSCD. Allogeneic ABCB5-positive limbal epithelial stem cells were similarly designated
in 2019. In Japan, stem cell-based therapy products are regulated by the Pharmaceuticals
and Medical Devices Agency (PMDA), Ministry of Health, Labour, and Welfare. These
medicines are classified as regenerative medicinal products [104,105]. Autologous CLET, al-
logeneic CLET, and autologous COMET clinical trials have been developed under Japanese
legislation. In 2020, commercial use of a stem cell-based regenerative medicinal product,
Nepic, was authorized by the PMDA to treat LSCD, and it is currently manufactured by
the Japan Tissue Engineering Co., Ltd. (Gamagori, Japan). In India, the National Stem Cell
Guidelines regulate stem cell therapies. They were jointly written in 2007 by the Indian
Council of Medical Research and the Indian Department of Biotechnology. The guidelines
were revised in 2013 and 2017, and since then, stem-cell-based products derived from
substantial, or more than minimal, manipulation have been considered as drugs. How-
ever, these amendments exclude minimally manipulated stem cells from the category of
drugs [106,107]. At present, in India, there are no approved indications for stem cell-based
therapy apart from hematopoietic stem cell transplantation. Therefore, any other stem
cell-based therapy must be treated as investigational and conducted only in the form of
a clinical trial after obtaining regulatory authorization. Finally, in Australia, cell-derived
products are regulated under the Therapeutic Goods Administration regulatory framework
for biologicals and must comply with the Therapeutic Goods Order No. 88 [108] and the
Australian Code of Good Manufacturing Practice [109].

4. The Future: Challenges to Overcome in Stem Cell-Based Therapies

The ideal goal in the management of corneal blindness due to LSCD is to restore
the architecture of the limbal niche so that new stem cells, coming from internal and/or
external sources, can repopulate the niche and can replicate in a successful way such
that the corneal epithelium can be regenerated with its original properties: transparency,
uniformity, and self-renewing capacity.

We have made enormous progress since our preceding colleagues began tissue-based
techniques and then stem cell-based techniques (Figure 5). The farthest we have achieved
at present is to transplant stem cell-containing tissues or cultivated stem cells extracted
from those tissues.

Selection of the best techniques by comparisons among the different therapeutic
approaches available at present can hardly be made. Variations in LSCD diagnosis and
grading, cell culture protocols, transplantation techniques, postoperative management,
evaluation of success vs. failure, etc. are so great that comparative analyses would be
inaccurate and unfair. Additionally, there are still no clear answers as to how these therapies
work when the stem cells or tissues are transplanted into the human eye. Thus, we have a
long way to go as to be able to anatomically and functionally repair a destroyed limbal niche
and the stem cells that normally reside there. With no intention of being comprehensive, we
selected and described some examples of the relevant clinical and pre-clinical challenges
that must be faced and overcome below.
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PAST (1997 — 2006)

auto-COMET auto-CLET

allo-CLET

PAST (2007 —2016)
auto-COMET auto-CLET

allo-CLET

PRESENT (2017 —2021)

allo-MSCT
auto-COMET

allo-CLET auto-CLET

Figure 5. Evolution of stem cell-based therapies to treat corneal failure due to limbal stem cell
deficiency from 1997 until the present. The data are for only published clinical trials. CLET, cultivated
limbal epithelial transplantation; COMET, cultivated oral mucosal epithelial cell transplantation;
MSCT, mesenchymal stem cell transplantation; auto, autologous; allo, allogeneic.

4.1. Clinical Challenges

At present, autologous and allogeneic CLET are performed in several specialized
centers around the world, and COMET techniques are being redesigned to offer better
results. MSC-based therapies are showing promising results while waiting for larger
confirmatory clinical trials [89].

Clinicians have not yet reached full agreement about the clinical stages and grada-
tions of LSCD or even about how to diagnose LSCD [12,110], although efforts are being
made [12]. For example, some defend that clinical slit-lamp biomicroscopy findings as
observed by experienced ophthalmologists, e.g., loss of limbal normal features, whorl-like
epitheliopathy, superficial opacification, neovascularization, persistent epithelial defects,
and fluorescein late staining, are sufficient evidence to support a diagnosis of LSCD; how-
ever, others feel that more proof is necessary. It is possible that the slit-lamp biomicroscopy
findings are sufficient for everyday clinical practice but that more evidence should be
considered in the context of clinical trials. The presence of conjunctival or mixed epithelial
phenotypes in the central cornea is proof of conjunctivalization or, in other words, LSCD
(Figures 2 and 4). Undoubtedly, demonstration of the corneal epithelial phenotype in
at least the central cornea following treatment by a stem cell-dependent method can be
considered as objective proof of restoration and validation of the LSCD diagnosis. Whether
to prove the presence of LSCD by in vivo confocal microscopy or impression cytology is
debatable, and each clinical center uses their available resources. However, it is also clear
that the epithelium that develops after the transplantation should not be jeopardized by
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removing the 2-3 layers that corneal impression cytology requires. Anterior segment opti-
cal coherence tomography (OCT) is also a good tool to provide high resolution images of
the limbal niche [111] and corneal abnormalities pre-, intra- and post-operatively [112,113].
OCT can be especially helpful in showing more clearly how deep the opacification of the
cornea is in cases where a clinical inspection at the slit-lamp is unreliable. This allows the
clinician to make a therapy plan and to apprise patients and referring physicians whether
a further corneal transplantation is probably needed for visual recovery purposes after
cell transplantation. The presence of corneal opacification deeper than the anterior stroma
due to the etiology of the LSCD, e.g., chemical burn, is an obvious reason for which visual
acuity alone is not an adequate parameter to judge the potential efficacy of stem cell-based
techniques [37].

Among the many clinical considerations with these challenging patients is the impor-
tance of maximizing medical therapy before planning any surgical approaches. The ocular
surface must be as quiet as possible for the delicate transplanted stem cells to survive and
have a chance to be effective. Thus pre-, peri-, and post-transplant medications need to
effectively reduce or eliminate, if possible, ocular surface inflammation. Thus, any eyedrop
applied to the eye must be gentle, i.e., unpreserved, and, ideally, applied with a clearly
planned protocol that is tailored to each specific case [34]. The issue of systemic immuno-
suppression for 6-12 months when transplanting allogeneic cells has been addressed above,
although this is not a concern for allogeneic MSCs.

A particular aspect of medical treatment and how to best prepare the ocular surface
for a future cell transplant is whether corneal neovascularization can be diminished before
cell transplant. A related issue is when and how to deal with the remaining neovessels
after transplantation. The currently used protocols for treating neovessels are rarely
successful [114] and could affect stem cell viability; thus, there is uncertainty about the
most adequate timing of treatments. However, the encouraging protocol developed by Yin
and Jacobs using the Prosthetic Replacement of Ocular Surface Ecosystem (PROSE) as a
delivery system for topical bevacizumab has shown spectacular long-term results [115],
and it may be applied to LSCD cases before cell transplantation or even after.

An important strategic consideration prior to stem cell transplantation is to avoid
concomitant surgeries that cause additional inflammation and place the transplanted stem
cells at risk. For example, the repair of adnexal abnormalities associated with the health
and function of the eyelids, conjunctival fornices, symblephara, etc., must be assessed
and improved prior to cell transplantation to ensure the best chance of stem cell survival
and epithelial healing. Cataract surgery, if needed, must be performed before if possible.
Corneal transplantation must not be performed at the same time as stem cell transplanta-
tion, and all ocular procedures must wait until cell transplantation is considered finished,
between 6 and 12 months [24].

Although the most common practice is to excise any conjunctival tissue encroaching upon
the cornea just prior to placing the stem cells on the ocular surface, there is a debate about the
best technique to prepare the recipient bed. Another concern is the level of aggressiveness that
the ocular surgeon should take in certain etiologies, such as in Stevens—Johnson’s syndrome
and its spectrum, where the response to surgical aggression can be enormous.

An important consideration, though rarely mentioned, is how to treat limbal scar
tissue. Surgically removing it could stimulate neovessel encroachment upon the cornea;
therefore, uncertainty exists regarding the best option, i.e., leave it in place or totally or
partially removing it.

Clinicians also do not know with certainty if it is better to place the stem cell-based
products with cells facing down, i.e., in close contact with tissues, or with cells facing up,
i.e., with the carrier in contact with the tissues. There is no agreement or data supporting
one way over the other, and each medical team fervently defends its position.

At this stage of clinical development, there are many questions that remain to be
asked and answered. For instance, what is the best way to protect the transplant during
the immediate post-operative period? Several approaches have been tried, e.g., scleral
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contact lens, partial tarsorrhaphy, and botulin toxin injection to promote ptosis. However,
no protocols have been systematically designed and investigated.

In summary, better-designed randomized and parallel-controlled clinical trials at
multiple centers are needed to address the clinical challenges presented here and others
as well. Extensive follow-up is necessary to ascertain which technique is best for each
specific clinical scenario, how long each type of transplant lasts, and how often each can
be repeated. In addition, to help clinicians arrive at a consensus for each of the challenges
described here, they need answers from scientists focused on the cellular and molecular
aspects of treatments that show promising clinical results.

4.2. Preclinical Challenges

Despite the large number of clinical studies that have shown quite high success rates
in different stem cell-based LSCD therapies, there are still many preclinical challenges to
overcome and many questions to answer that could further improve the current and yet to
come available techniques.

Among the remaining challenges, there is the fact that we still do not fully understand
the mechanism by which the transplanted stem cells help repair the damaged ocular surface.
Additionally, it is clear that transplantation of just a sheet of stem cells is not enough for
reconstructing a damaged limbal stem cell niche. Therefore, alternative routes of cell
administration and tissue-engineering techniques must be developed and investigated.
Additionally, there is an ongoing research effort to find alternative sources of non-limbal
stem cells that have not achieved clinical application but which have promising preclinical
results with different degree of success that are also summarized in this section (Figure 6).

@%w
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1 1
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Figure 6. Representation of the different stem cell-based therapy techniques, sources of cells, cell carriers, and alternative
administration routes that were used in the past, are being used at present, or will likely be used in the future. Auto:
autologous; Allo: allogeneic; CLET: cultivated limbal epithelial transplantation; COMET: cultivated oral mucosa epithelial
cells; ESCs: embryonic stem cells; iPSCs: induced pluripotent stem cells; LESCs: limbal epithelial stem cells; LSCD:
limbal stem cell deficiency; MSCs: mesenchymal stem cells; MSCT: mesenchymal stem cell transplantation; PLGA: poly
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4.2.1. Analysis of the Corneal Epithelium after Stem Cell-Based Transplantation

At present, the mechanism of action and the fate of the administered stem-cells are
still uncertain. The possible cell fates include (1) being metabolized and degraded after
application, (2) remaining embedded in the administration place, (3) migration to damaged
tissues, or (4) other unknown fates. The mechanism(s) by which transplanted stem cells act
could include replicating as stem cells, hopefully after they settle in their niche, and/or by
delivering soluble factors into their milieu [34,116].

Although many of these questions are difficult to solve in humans, different techniques
have been used in patients to identify the phenotype of cells at the ocular surface after
a stem cell transplantation. For instance, the histologic characteristics of the corneal
epithelium can be analyzed after the host corneal tissue has been replaced by a corneal
transplantation performed in the months following stem cell transplantation [22].

For example, Sangwan et al. showed a normal stratified corneal epithelium in 15 corneal
buttons from penetrating keratoplasties where limbal and conjunctival epithelial cells had
been grafted in 125 patients with LSCD [117].

Corneal impression cytology has also been used to analyze the phenotype of ocular
surface epithelium after a stem cell transplantation. In these specimens, the presence
of corneal epithelial markers keratin K3 or K12, conjunctival epithelial goblet cells, and
conjunctival epithelial markers K19 and MuC5AC can be identified to determine if the
transplanted stem cells achieved a corneal, conjunctival, or mixed phenotype [33,91,118,119].

Currently, corneal in vivo confocal microscopy has mostly replaced corneal impression
cytology to study the quality of the new epithelium after stem cell transplantation. This
technology is currently used not only to recognize the epithelium phenotype in the central
corneal but also to analyze the limbal niche (Figures 2 and 4). When performed on the
cornea, the basal epithelium phenotype can be defined as corneal, conjunctival, or mixed.
Additionally, inflammatory cells, such as dendritic cells and leucocytes, can be imaged
as well as some other structures such as corneal nerves, limbal palisades of Vogt, blood
vessels, etc. [33,120-122]. Several authors showed that the confocal microscopy results are
correlated with the data obtained by impression cytology [91] with a concordance of 77%
(10/13 eyes) [33]. However, the histological study of the ocular tissues obtained from a
clinically necessary penetrating keratoplasty should not be replaced by in vivo confocal
microscopy, as both techniques are complementary and both have been performed in
parallel in recent years [22,24,33,47,89,94,117,122,123].

It is important to know the correlation between the characteristics of stem cell-based
grafts and the success of the treatment. Rama et al. showed that 78% of the eyes with
stem cell transplants were successful when more than 3% of the transplanted cells were
positive for the limbal epithelial stem cell marker p63 [36]. The estimate of p63-positive
cells was based on cells in primary culture, but the transplanted cells were harvested
from secondary cultures that were derived from the primary cultures [36]. Later, the same
authors confirmed that the number of clonogenicity cells, colony size, growth rate, and
presence of conjunctival cells in grafts is not directly correlated with clinical outcomes [124].

Several groups have also analyzed the cell phenotype of cultured stem cells before
developing a clinical transplantation protocol with the harvested cells [42,93,94,97,117,119,125].
For example, Zakaria et al. reported the expression of ABCG2, ANp63, and K14 markers in
more than 50% of the amniotic membrane-limbal epithelial cell grafts [94].

Other researchers have used “replicated grafts” to analyze the expression of different
markers [89,98]. Replicated grafts are cultures obtained in parallel to the graft to be
transplanted; thus, they are composed of cells taken at the same culture passage and grown
under the same GMP conditions as the actual graft cells. Replicated grafts, as surrogates
for grafts that were actually used in clinical transplants, were analyzed for cell markers in
cultured allogeneic limbal cells and allogeneic MSCs cultured on amniotic membrane [89].
The authors showed that 80% of the cells in both cell type cultures expressed the limbal
cell markers K15 and p63alpha and corneal marker K3.
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In summary, although there are many studies in which the markers and quality of the
transplanted stem cells have been studied, there are inherent limitations to the investigation
of the mechanism(s) of action and fate(s) of transplanted stem cell-based medicines in
humans. As moral and ethical considerations restrict the in vivo use of humans as research
models, other approaches must be developed to ask and answer the important questions
about the use of stem cells for treating human diseases. Preclinical research tries to answer
all of these questions to help clinicians offer patients better cell therapy products.

4.2.2. The Need to Reconstruct the Limbal Stem Cell Niche

The well-known importance of the limbal niche in stem cell regulation, maintenance,
proliferation, and differentiation has prompted researchers to seek the best substrata for
the culture and transplantation of stem cells, trying to mimic the limbal natural niche.
Several types of materials, both natural, such as human amniotic membrane or fibrin, and
synthetic, such as poly lactide-co-glycolic acid (PLGA) or siloxane, have been developed
over the years to facilitate the cell culture, handling, and corneal regeneration as well as to
protect the graft itself (Figure 6).

Currently, the most frequently used substratefor stem cell culture and transplantation
of cultured cells into patients with LSCD is human amniotic membrane. This tissue has
unique characteristics, including anti-angiogenic, anti-inflammatory, and anti-bacterial
properties, which help in the corneal regeneration process [126,127]. Moreover, the culture
of limbal epithelial stem cells on amniotic membrane promotes the expression of stem cell
markers such as p63x and ABCG2 and reduces some corneal differentiated markers such
as K3, K12, and Cx43 [128]. Thus, the amniotic membrane has been successfully used in
multitude of clinical studies [24,28,45,46,89,91,93,128-135].

Another natural carrier used in corneal regeneration is fibrin, previously isolated
from human plasma [136]. This material has been widely used in ophthalmology as
a surgical adhesive and as a biodegradable carrier for tissue engineering [137-139]. In
fact, the first CLET was performed using fibrin as a carrier [22], and subsequently, many
other studies have used it as a scaffold [36,124,140,141]. Additionally, the EMA-approved
product Holoclar also uses fibrin in its composition [37,38].

Apart from natural products, some synthetic materials have also been developed for
clinical use since 2007. One of these is a contact lens, Lotrafilcon A siloxane hydrogels,
which serves as a cell carrier that supports limbal cell culture and expansion [48,142].
Contact lenses have some benefits compared with natural carriers, as they are transparent
and easy to use in ophthalmology, the production is standardized, and some of these
materials are commercially approved. However, these substrata are not biodegradable,
and the use of contact lenses has not become widely accepted.

Additionally, synthetic biodegradable PLA polymers have been recently used for the
treatment of LSCD by serving as a substratum for freshly excised limbal tissue [143]. The
use of PLGA membranes as substitute for amniotic membranes or fibrin for limbal epithelial
transplantation is a novel technique that will potentially benefit patients, reduce costs, and
avoid the risk of disease transmission. A clinical trial completed by Sangwan et al. in 2018
(ClinicalTrials.gov: NCT02568527), evaluated the safety and efficacy of PLGA scaffolds to
regenerate limbal epithelial stem cells for autologous limbal grafts in five patients with
total unilateral LSCD. No results concerning this study have yet been published.

Several preclinical studies have been developed by using different biomaterials as
carrier substrata for limbal cells. Among them are collagen-based scaffolds composed of
type I or type IV collagen. They are nontoxic and support corneal epithelial cell culture in
animal models. However, they have not yet been implemented in vivo in humans [144-147].
A variation of these materials is plastic compressed collagen, which has been used for
co-cultures of limbal epithelial cells and fibroblasts [148-150]. This substratum simulates
an artificial stroma and increases the capacity of limbal epithelial cell expansion.

Chitosan, a polysaccharide obtained from natural chitin, is a biocompatible, non-
toxic, and bioresorbable polymer with antibacterial properties. It has been widely used
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as a carrier for limbal epithelial cells in preclinical studies [151-153]. De la Mata et al.
demonstrated that glutaraldehyde-crosslinked chitosan, functionalized with gelatin, was
suitable for the expansion and maintenance of human stem cells derived from the limbal
niche, cultivated with non-xenogeneic supplements [151].

Silk fibroin has also demonstrated the potential to support the culture of both human
and rabbit limbal epithelial cells [154]. Moreover, silk fibroin modified with polyethylene
glycol was recently established as a potential carrier for limbal cell transplantation in
rabbits [155]. Other synthetic polymers such as polyethylene glycol and some temperature-
responsive substratum, such as poly(N-isopropylacrylamide), which facilitates cell adhe-
sion, spreading, and growth, have been successfully used in preclinical studies to analyze
their potential as carriers for further cell transplantation [156].

All of these potential carriers can be considered opportunities to improve the currently
available LSCD therapies. The use of a substratum serves not only to facilitate the process
of cell transplantation but also to simulate the limbal niche, providing cells with an ideal
environment to grow, proliferate, and maintain their phenotype. Additionally, combining
different sources of cells, such as MSCs and others, together with appropriate biological
scaffolds, appears to be a promising strategy for long-term revitalization of the limbal
niche [157].

In summary, although many different substrata have been investigated with the initial
idea of providing an environment similar to the limbal niche, a realistic approach has not yet
been achieved in the reconstruction of the architecture of the human healthy limbal niche.

4.2.3. Alternative Routes of Delivering Stem Cell-Therapy

The most commonly used route of stem cell administration to treat LSCD is by affixing
with sutures or biological glues the cultivated cells onto the top of the damaged cornea and
limbal areas. However, other routes of administration have been studied, some of them
with promising results (Figure 6). Topical administration of cells is one of the easiest ways
to apply them to the ocular surface. It avoids the need of carriers, surgical sutures, or glues.
Indeed, it avoids the whole surgical procedure. However, there are some drawbacks to
topical application of the stem cells, such as low retention time, high washing off rate, and
low penetration of the corneal epithelium.

The topical administration of MSCs provides therapeutic and anti-inflammatory
effects in different experimental models of corneal epithelial damage [79,158]. A clinical
trial performed by Boto et al. (ClinicalTrials.gov: NCT01808378) administered adipose
tissue-derived MSCs (AT-MSCs) topically in combination with subconjunctival injection of
AT-MSCs; however, the results of this study have not yet been published. A clinical trial by
Auffarth et al. (ClinicalTrials.gov: NCT03549299), active since 2018 but not yet recruiting,
proposes topical application of four different doses of allogeneic ABCB5-positive limbal
stem cells. The results from these and future clinical trials are needed to determine if
topical administration of cells can be a fully effective route of administration for ocular
surface treatment.

The subconjunctival injection of cells is another local route of administration that has
been extensively studied. This technique has numerous advantages: (1) It is minimally
invasive and does not require a surgical facility. (2) The cell product can be prepared easily,
and carriers are not needed. (3) It allows for the administration of high cell doses in a
small volume. (4) The cell dose administered can be effectively controlled. (5) It can be
used in severe cases of LSCD [159]. However, a large volume of solution cannot be injected
into the subconjunctiva, and there are yet no consensus on the best vehicle solution, the
number and location of injections, and the dose of cells to be administered. In spite of
this, there are several works showing that the subconjunctival injection of MSCs reduces
inflammation of the ocular surface in different experimental models of corneal epithelial
damage [80,160,161]. It also reduces clinical signs such as corneal neovascularization,
opacity, and epithelial defects [162-164]. The most frequently injected cell type is MSCs, but
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oral mucosal epithelial cells have also been subconjunctivally injected in a rat experimental
LSCD model [165].

After the transplantation of expanded cells on a human amniotic membrane or fibrin,
the subconjunctival injection of AT-MSCs or bone marrow-derived MSCs (BM-MSCs) for
the treatment of corneal epithelial damage is the most studied technique in humans. To date,
three clinical trials have been completed (ClinicalTrials.gov: NCT01808378, NCT04484402,
and NCT02325843) but not yet published. Additionally, there are two other clinical trials
registered in which umbilical cord MSCs or allogeneic BM-MSCs will be injected subcon-
junctivally (ClinicalTrials.gov: NCT03237442 and NCT03967275). Although more clinical
evidence is needed to determine if subconjunctival injection is an effective route of cell
administration for the treatment of LSCD, the advantages and preclinical evidence makes
it one of the most promising techniques.

Another option in preclinical study phases for the treatment of ocular surface pathol-
ogy is the systemic injection of stem cells. The ability of MSCs to migrate into damaged or
inflamed tissues [166] makes MSCs the most suitable cell type for systemic administration
in the treatment of LSCD. However, systemic administration presents a high risk of side
effects, and the number of cells that reach the target tissue is low [65,167]. Moreover, as with
all cell administration by injection, there is still no consensus regarding the best vehicle so-
lution. However, in contrast with subconjunctival injection, systemic administration allows
for large volumes to be administered and much higher cell doses can be achieved [159].

Both intraperitoneal and intravenous administration of BM-MSCs have reduced
corneal opacity [64,65,74,168,169] and ocular surface inflammation [65,75,169] in different
experimental models of corneal epithelial damage. However, to the best of our knowledge,
these routes of administration have not been used in humans yet for the treatment of
corneal failure due to LSCD.

In summary, interesting new alternative routes and doses could undergo further
preclinical investigations before finally being translated into clinical use.

4.2 4. Other Potential Sources of Non-Limbal Cells

As described above, limbal epithelial cells have limitations with respect to providing
a sufficient number of stem cells to ensure successful treatment of LSCD. For that reason,
other cell sources have been sought. Up to now, oral mucosa epithelial cells and MSCs
are the only non-limbal epithelial cells that have been proven to be safe and effective for
treating patients with ocular surface failure due LSCD [55,89]. Nevertheless, during the
last few years, other alternative sources of non-limbal cells have also been investigated in
experimental studies with different degrees of success [34,170-172] (Figure 6).

Embryonic Stem Cells

Human embryonic stem cells (hESCs) are pluripotent stem cells derived from the inner
cell mass of human blastocysts, and they can differentiate into derivatives of all three germ
layers [173]. Therefore, the differentiation of hESCs into corneal or limbal epithelial cells offers
the potential of an unlimited source of cells to treat patients suffering from LSCD.

The significance of reproducing the corneal stem cell environment to induce hESCs to
differentiate towards a corneal or limbal epithelial-like cell phenotype has been supported
by several studies [174-177]. By mimicking the microenvironment of the corneal epithelial
stem cell niche in vitro, Ahmad et al. successfully induced hESC differentiation into
corneal epithelial-like cells. To that end, they cultured hESCs on type IV collagen, a
component of the corneal epithelial basement membrane, using media conditioned by
limbal fibroblasts [177]. Other authors differentiated hESCs into corneal epithelial-like
cells by seeding them onto a partially de-epithelialized or de-cellularized human corneal
buttons [174]. Others coaxed the hESCs to develop into limbal epithelial stem cell-like cells
by using a culture medium conditioned by limbal epithelial stem cells [175]. However,
all of these differentiation techniques depend on corneal tissue donors to either culture
the hESCs on them or to prepare the conditioned media. With the potential biological
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variations among tissues from different donors, this greatly limits the potential of these
differentiation techniques.

To overcome these limitations, Zhang et al. developed a protocol to differentiate
hESCs into corneal epithelial progenitor cells using a defined serum-free medium [178].
They demonstrated the functionality of the progenitor cells grown on an acellular porcine
corneal matrix and transplanted onto rabbit eyes [179]. Very recently, He et al. have also
demonstrated that clinical-grade hESC-derived corneal epithelial cell sheets successfully
helped repair the damaged ocular surface of a rabbit LSCD model [180].

Despite being a potential limitless source of cells, the future clinical use of hESCs for
treating patients with LSCD might be hampered due to some drawbacks, such as the ethical
controversy regarding their embryonic origin, their immunogenicity, and their potential
tumorigenicity [181].

Induced Pluripotent Stem Cells

Human-induced pluripotent stem cells (hiPSCs), which have characteristics that are
similar to hESCs, are generated by manipulation of differentiated adult cells [182]. Since the
reprogramming technique was described, great efforts have been made to generate corneal
and limbal epithelial cells from hiPSCs. This technology could provide an unlimited supply
of limbal and corneal epithelial cells without any ethical issue for treating patients with
LSCD (reviewed in [183-185]).

Hayashi et al. reported the first method to generate corneal epithelial cells from hiPSCs
derived from both adult corneal limbal epithelial cells and human dermal fibroblasts [186].
Later, these same authors described a strategy to generate corneal stem and progenitor cells
from hiPSCs by reproducing in vitro the whole eye development. Using this approach,
they generated an epithelial cell sheet that successfully restored corneal function in a rabbit
model of LSCD [187,188]. Using small molecules, Mikhailova et al. developed a directed
two-stage differentiation protocol to generate corneal epithelial-like progenitor cells with
the capacity to terminally differentiate towards mature corneal epithelial-like cells [189].
This same research group later published another reproducible and clinical compatible
differentiation method using xeno-free conditions to generate limbal epithelial stem cells
from hiPSCs [190]. Apart from the ones already mentioned, several other methods have
been published with the aim to generate functional corneal and limbal epithelial cells from
hiPSCs (reviewed in [183-185]). However, before translating these methodologies to clinical
applications, further improvements must be made on the derivation protocols because
they are extremely expensive. They also require a considerable amount of time, first, for
hiPSC generation and, later, for corneal and limbal cell induction. The creation of HLA-
typed hiPSC banks has been proposed as a potential solution to partially overcome these
two limitations and to also reduce the potential problems of immunogenicity [191,192].
Furthermore, given that hiPSC generation could induce mutagenicity, extensive genetic
analyses must be performed on the hiPSCs intended for transplantation into patients to
ensure genetic fidelity and stability [193]. Among these, reprogramming vector analysis
and karyotype analysis are considered mandatory, while performing single nucleotide
polymorphism arrays, whole genome analysis, and other genetic and disease marker
analyses are considered to be for informational purposes only [193]. Considering that
the tumorigenic potential of hiPSC-derived corneal epithelial cells has not been fully
tested [194], the likelihood of it cannot be conclusively ruled out due to the possible
presence of undifferentiated or partially differentiated iPSCs in the cell population intended
to be transplanted [194]. Consequently, the development of protocols to directly reprogram
adult cells towards a designated phenotype, thus avoiding the pluripotent state, could
help to diminish the tumorigenicity of the transplanted cells [195]. In this context, a
direct transdifferentiation protocol to generate corneal/limbal epithelial cells from human
dermal fibroblasts has already been published [196]. Therefore, this new methodology that
bypasses the hiPSC stage might provide a safer source of corneal epithelial cells devoid of
tumorigenic potential.
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Dental Pulp Stem Cells

Human immature dental pulp stem cells isolated from exfoliated teeth express both
MSC, ESC, and limbal epithelial stem cell markers such as p63 and ABCG2. The transplan-
tation of these stem cells into a LSCD rabbit model reduced corneal neovascularization
and conjunctivalization, and reconstructed the damaged ocular surface by developing
a well-formed corneal epithelium that expressed limbal epithelial stem cell and corneal
epithelial cell markers [197,198]. These and other authors further developed the capacity
of dental pulp stem cells to acquire corneal and limbal epithelial features using different
cell culture techniques [199,200] and cell carriers [201,202]. However, although these cells
seem to represent a valid alternative source of cells for treating patients with LSCD, more
preclinical evidence should be gathered, especially related to their tumorigenicity, before
translating this technology into clinical practice.

Hair Follicle Bulge-Derived Epithelial Stem Cells

Hair follicle bulge-derived stem cells are a population of epithelial stem cells involved
in forming hair follicles and in regenerating the epidermis during wound healing [203,204].
Blazejewska et al. demonstrated that these cells were also able to differentiate into corneal
epithelial-like cells. They reported that, by mimicking the limbal microenvironment, hair
follicle bulge-derived stem cells cultivated on laminin-5 in a culture medium conditioned
by limbal fibroblast showed the structural, morphological, and molecular features of
corneal epithelial cells [205]. Later, the functionality and therapeutic potential of these
stem cells was further confirmed in a mouse model of LSCD [206]. Mainly because of their
easy accessibility, hair follicle bulge-derived epithelial stem cells might be an interesting
alternative source of stem cells for treating LSCD. However, apart from these initial studies,
not much further work has been performed.

Amniotic Membrane Epithelial Cells

The inner surface of the human amniotic membrane is covered by a continuous single
layer of ectodermal cells, the amniotic membrane epithelial cells. These cells not only
express hESC markers and pluripotent stem cell-like characteristics but also have a MSC-
like phenotype. As a consequence, they also have both low immunogenicity and high
immunomodulatory properties [207,208]. Studies have reported the potential of human
amniotic membrane epithelial cells to differentiate into corneal epithelial cells and to
reconstruct the damaged ocular surface of rabbit LSCD models [209-212]. Therefore, this
type of cell represents another alternative source of stem cells for treating LSCD, and similar
to other potential sources of stem cells other than hESCs, their use does not provoke any
ethical issues. It is important to highlight that these cells are also genetically stable because
they do not form tumors upon transplantation into immunodeficient mice [207]. However,
the data regarding the mechanism by which these cells exert their immunomodulatory
properties is still not fully known. That is why further studies to elucidate the mechanism
underlying this effect are required before they are used for clinical purposes [208].

Umbilical Cord Lining Epithelial Cells

Human umbilical cord lining epithelial cells are a population of pluripotent stem
cells that express a cytokeratin pattern similar to human epidermal cells [213] and are
capable of forming stratified epithelial sheets [214,215]. Reza et al. investigated the
effectiveness of a mucin-expressing cell line derived from the cord lining for treating
LSCD in a rabbit model using denuded human amniotic membrane as a cell carrier [216].
The mucin-expressing cord lining epithelial cells regenerated the damaged ocular surface
with minimal neovascularization and opacification and formed a stratified epithelium that
expressed the corneal epithelial markers K3/12. These cells showed no tumorigenicity, and
there was no immune rejection, indicating low immunogenicity. Nevertheless, additional
studies must be performed to verify those results before using this source of cells for
treating patients.
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Besides the cell-based therapies that are currently used in clinical practice, an increas-
ing range of alternative sources of stem cells is being investigated. Many highly varied
inducing protocols have been published to culture and later differentiate all of these types
of human stem cells into corneal and limbal epithelial cells. However, there are no studies
that compare the outcomes obtained among the different methodologies, and as a con-
sequence, there are no standardized differentiation protocols. Therefore, efforts should
be made to elaborate standard and reproducible differentiation protocols for each of the
different types of stem cells [185]. There is also a need to develop cell culture techniques
with chemically defined xeno-free culture media that meet the clinical grade requirements.
This will increase the reproducibility, the quality, and the safety of the final stem cell-based
product. Although any of these alternative stem cell sources could become a successful
therapy for treating ocular surface failure due to LSCD, there are still some other challenges,
such as tumorigenicity and immunogenicity that need to be overcome.

4.3. Regulatory Challenges

Stem cell-based therapies for corneal blindness due to ocular surface failure must meet
the same regulatory requirements as other cell-based products for any other indication.
Under most of the regulatory frameworks, this means that, among other requirements, the
production of the cell-based product must comply with the principles of GMP. Furthermore,
human clinical trials must be designed and conducted in compliance with the principles
of good clinical practice. As the regulatory procedure to obtain approval of a cell-based
therapy requires a lot of expertise, time, and investment, the process of bringing a new
stem cell-based product to the clinic is very challenging. This is especially significant for
small developers, such as universities, hospitals, and small- to medium-sized enterprises
for which compliance with the regulations of cell-based products can be difficult and
unaffordable. To this end, several agencies from different jurisdictions, such as the ones
from the EU, Japan, and the US, have implemented mechanisms to accelerate and optimize
the development of this type of medicinal product. The compliance with national and
international regulations is vital for the development and commercialization of these
therapies. Therefore, one of the greatest regulatory challenges for the coming years will be
to establish an international harmonization of the regulatory frameworks that control the
development of stem cell-based medicinal products throughout the globe [38].

5. Conclusions

The application of surgical therapies to treat corneal pathology due stem cell destruc-
tion, just a decade after the discovery of stem cells at the ocular surface, has made an
extraordinary progress over the last three decades. A new name, LSCD, was given to the
corneal failure caused by a wide variety of pathologies that can destroy the corneoscleral
limbus. Transplantation of limbal tissues (either whole or minced limbal segments) began
and was followed some years later by stem cell-based transplants in an effort to repair
these severe clinical entities.

At present, to avoid the need for immunosuppression, only unilateral cases of LSCD
are eligible for autologous transplantations, either tissue-based or cultivated stem cell-
derived. Bilateral severe cases can benefit from autologous transplants only when extraoc-
ular stem cells can be used. For that purpose, only COMET has been translated into clinical
practice. Another alternative in bilateral LSCD cases is to use allografts. In the case of
whole or minced limbal tissue tissue-based allografts, long-term immunosuppression is
needed to avoid immune rejection. Short-term immunosuppression is needed if cultivated
stem cell-based therapies, such as allogeneic CLET, are planned. However, to avoid host
immunosuppression, immune-privileged stem cells such as allogeneic MSCs, the most
often used stem cell type in regenerative medicine, has just entered the ophthalmic arma-
mentarium. As only allogeneic therapies are of interest for commercialization purposes
at affordable prices, more efforts must be made by both research and clinical scientists to
develop medicinal products based on allogeneic sources. Even with all of the progress
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made thus far, we must be aware that, while current therapies are delivering stem cells or
stem cell-rich products onto the cornea and limbal area, the limbal niche itself has not yet
been reconstructed.

In summary, only the close collaboration between preclinical and clinical scientists,
international regulatory agencies, governmental and non-governmental financial sources,
and the pharmaceutical industry make meaningful achievements that can effectively reach
patients affected by LSCD pathologies, making the statement “from the bench to the
bedside” truer than ever.
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Abstract: The conjunctiva is a complex ocular tissue that provides mechanical, sensory, and immune
protection for the ocular surface. It is affected by many diseases through different pathological
mechanisms. If a disease is not treated and conjunctival function is not fully restored, the whole
ocular surface and, therefore, sight is at risk. Different therapeutic approaches have been proposed,
but there are still unsolved conjunctival alterations that require more sophisticated therapeutic
options. Advanced therapy medicinal products (ATMPs) comprise a wide range of products that
includes cell therapy, tissue engineering, and gene therapy. To the best of our knowledge, there is
no commercialized ATMP specifically for conjunctival treatment yet. However, the conjunctiva can
be a potential target for ATMPs for different reasons. In this review, we provide an overview of the
advances in experimental phases of potential ATMPs that primarily target the conjunctiva. Important
advances have been achieved through the techniques of cell therapy and tissue engineering, whereas
the use of gene therapy in the conjunctiva is still marginal. Undoubtedly, future research in this field
will lead to achieving commercially available ATMPs for the conjunctiva, which may provide better
treatments for patients.

Keywords: advanced therapies; cell therapy; conjunctiva; ocular mucosa; gene therapy; tissue engi-
neering

1. Introduction

The human conjunctiva is a complex and fascinating ocular tissue. Traditionally
neglected in favor of the cornea, its functions are essential in maintaining ocular surface
homeostasis. Over the years, as our knowledge of tear film complexity and the patho-
physiology of the ocular surface has increased, the conjunctiva has slowly come to be
acknowledged as an essential protective element for ocular surface structures. MUC5AC, a
well-known mucin specifically secreted by the conjunctival goblet cells, as well as many
other different secretory products, participates in the maintenance of the tear film [1,2].

The conjunctiva is a mucosal tissue that extends from the mucocutaneous junction
at the lid margin to the limbal region next to the peripheral cornea and rests on the sclera.
In essence, the role of the conjunctiva is to protect the transparency of the cornea, a much
more vulnerable tissue that lacks blood and lymphatic vessels, as well as a sufficiently
strong in situ immune response for full protection from foreign invaders.

Due to its anatomical features and many roles, the conjunctiva is difficult to study
and model in the laboratory. We now know that conjunctival pathophysiology is complex
and affects the homeostasis of the so-called lacrimal functional unit [3,4]. Conventional
pharmacological treatments are not sufficient or curative in many instances for recovering
a functional conjunctiva and/or maintaining healthy ocular surface tissues.
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The aim of this review is to present the challenges that the conjunctiva poses from
clinical and therapeutic points of view and analyze the reported developments that may
become advanced therapies for conjunctival diseases in the future.

1.1. Conjunctival Structure and Functions

From an anatomical point of view, the conjunctiva is generally divisible into three
main regions: (1) the tarsal, or palpebral, which lines the inner surface of the eyelids; (2) the
forniceal, which lines the upper and lower fornices; and (3) the bulbar, which overlays the
sclera on the anterior portion of the globe. These three regions are specialized in different
functions, ranging from trapping small foreign objects in a net of secreted mucins and
facilitating their removal by blinking to providing immune protection to the cornea by the
local presence of lymphoid tissue [5].

The complexity of the conjunctiva relies upon the multiple tissues present in its
structure: (1) a non-keratinized stratified squamous epithelium that possesses five reported
epithelial cell subtypes, including goblet cells; (2) a basal membrane, where potential
autoantigens reside and, subsequently, immune material becomes deposited in certain
autoimmune diseases (e.g., mucous membrane pemphigoid), in addition to a loose stroma
mainly composed of type IV collagen; (3) an abundant vasculature; (4) a regional lymphoid
tissue—namely, conjunctiva-associated lymphoid tissue (CALT) and lymphatic vessels; (5)
a melanocyte population; and (6) sensory afferent nerve fibers derived from the ophthalmic
(in the bulbar and palpebral areas) and the maxillary (in the inferior forniceal area) branches
of the trigeminal nerve. In addition, the conjunctiva possesses the accessory lacrimal glands
of Wolfring and Kruse, which are present in the tarsal conjunctiva and in the fornices,
respectively, and the pseudoglands of Henle, which are groups of abundant goblet cells
that also appear in the tarsal plate.

An amazing variety of cell types are part of the conjunctiva (Figure 1) and account
for its functional complexity: mucin-secreting epithelial cells, fibroblasts, melanocytes,
dendritic cells, lymphocytes, eosinophils, neutrophils, and mast cells, not to mention mes-
enchymal stem cells (MSCs). This illustrates how difficult it has been to model conjunctival
tissue in the laboratory over the years.
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Figure 1. Tissue section of human conjunctiva with periodic acid-Schiff (PAS) staining showing the
main cell types present in the epithelium and stroma. Magnification: 200 x.

From a functional point of view, the conjunctiva realizes the mechanical, sensory, and
immune protection of the ocular surface; the specialized secretion of fluid, electrolytes,
and diverse components of the tear film [2], mainly mucins and antimicrobial peptides [6];
the modulation of the local inflammatory state; the regulation of tissue repair and fibrosis;
neo-angiogenesis; and pain perception [7]. In addition, epithelial cells can respond to
signals derived from the abundant microbiota resident on the ocular surface producing

58



Pharmaceutics 2021, 13, 1140

inflammatory cytokines [8]. Further, it is worth mentioning the contribution of the con-
junctiva to the antioxidant system protecting the ocular surface with the expression of
superoxide dismutase, catalase, glutathione synthetase, and glutathione reductase [9] and
peroxiredoxin I [10], in addition to glutathione [11].

This wide range of functions makes the conjunctiva a key element in the maintenance
of ocular surface homeostasis and, at the same time, quite reactive to small environmental
changes and even prone to alterations. This aspect will be further discussed in this review.

1.2. Regeneration of the Conjunctival Tissue

Tissue regeneration allows the complete functional recovery of damaged tissue, while
tissue repair usually leaves structural alterations or even permanent scars associated with
collagen deposits, which may lead to disorders. The regeneration process relies upon the
local presence of stem cells, whose activation and proliferation lead to the replenishment of
lost cells. Ocular surface epithelia are able to self-renew; however, conjunctival regeneration
is still debated among experts. The main reasons for this are related to the lack of clarity
regarding the presence of human conjunctival stem cells in the different conjunctival regions
and their potential to regenerate not only squamous epithelial cells but also conjunctival
goblet cells, as discussed below.

There are few published papers for which the potential locations of epithelial stem
cells in the human conjunctiva have been studied. The currently accepted locations are the
fornix [12,13] and the bulbar conjunctiva [12-16]. In one of the latest papers on this topic
published to date, clonogenic ability and stem cell marker expression in both fixed tissue
and cultured cells from the same human donors were used to identify conjunctival stem
cells, resulting in stem cells being scattered throughout the basal epithelial cell layer of the
whole conjunctival tissue. However, the highest levels of stem cell markers are located in
the medial canthal and inferior forniceal areas of the conjunctiva [17] with no apparent
organization in a niche, as is the case in the limbus. We still know very little about the
mechanism of conjunctival epithelial renewal and how the bipotent cell precursor proposed
by Pellegrini et al. in 1999 [14] actually gives rise to either a squamous cell or a goblet cell.
What is clear, however, is the fact that conjunctival tissue may fail to regenerate and give
rise to pathology, as limbal and corneal tissues do [18,19].

Additionally, the conjunctival stroma possesses multipotent MSCs that express mark-
ers of undifferentiated stem cells [20]. Several studies have demonstrated the capacity of
these conjunctival MSCs to differentiate into corneal cells [21], photoreceptor cells [22], or
insulin-producing cells [23,24], among others, suggesting their utility for tissue engineering
and ocular reconstruction [22,25].

1.3. In Vitro/Ex Vivo Systems for Studying Conjunctival Pathophysiology

As mentioned previously, the conjunctiva has long been neglected. The lack of research
in this field means that there are few models with which to study the tissue, and fewer
models mean less knowledge. This vicious circle needed to be broken, and fortunately,
it seems that it actually has been. Although the in vitro models available with which to
study the normal functioning of the conjunctiva and the diseases affecting it are limited
in number, they have been improved over the last few years. Several new immortalized
cells and more complex cell culture models have been added to the “classic” cell lines. The
complexity of these models ranges from cell monolayers of a single cell type to complete
3D models that can more faithfully represent the structure of this tissue [26].

The main advantage of cell lines is that they are easy to use and allow the obtaining of
large quantities of cells with which to perform many experiments. However, they can show
important differences from the native tissue cells [27]. The spontaneously immortalized
Wong—Kilbourne derivative of the Chang cell line has been widely used in conjunctival
research. However, it lacks the expression of typical markers such as cytokeratin (CK) 4 and
the adhesion protein E-cadherin. It also differs from normal primary cultures of the human
conjunctiva in its response to inflammatory cytokines [28], and, in addition, it is commonly
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acknowledged that it is cross-contaminated with HeLa cells [29,30]. For that reason, it is
not frequently used today. Another spontaneously immortalized cell line is IOBA-NHC,
which was developed by Diebold et al. [31]. It has allowed us to increase our knowledge
of the inflammatory response of conjunctival epithelial cells [32-34], but, unfortunately,
it has shown signs of senescence, limiting its use in the last few years. Another widely
used cell line is telomerase-immortalized human conjunctival epithelial cells (ConjEp-
1/p53DD/cdk4R/TERT, abbreviated to HCJE), which were developed by Gipson et al.
from primary cultures [35]. HGE cells express some of the markers typically found in the
native conjunctival epithelium, such as CK19 and MUC1, 4 and 16. However, the expression
of MUC5AC is sparse. Finally, another immortalized human conjunctival epithelial cell
line (IM-HConjEpiC) has been commercialized by Innoprot, Innovative Technologies in
Biological Systems, S.L. (Derio, Spain). IM-HConjEpiCs were developed by immortalizing
primary human conjunctival epithelial cells with SV40 large T antigens. Although these
cells may be a valuable tool, further phenotypic and functional characterization is needed.

Other than the existence of cell lines representing normal conjunctiva, some authors
have established cell lines for different diseases, such as conjunctival squamous cell carci-
noma [36].

To overcome some of the limitations of cell lines, several authors have described
different protocols for isolating and culturing primary cells from the human conjunctival
epithelium [37-39] and stroma [39]. Conjunctival goblet cells have also been cultured
from rat [40], human [41], and mouse [42] tissues. Finally, to study diseases affecting
the conjunctiva, cells can be directly isolated from pathological tissue. These cells can be
expanded in vitro and used to study the physiopathology of the pterygium [43-45] or the
ocular pemphigoid [46], among others.

All these cell culture systems have allowed researchers to analyze the response of
the conjunctiva to inflammatory stimuli, perform the initial screening of different drugs,
or study the signaling pathways involved in mucin secretion [47-50]. However, they are
limited in their capacity to represent the complex connections between the different cell
types that compose the conjunctiva. This can only be partially achieved with the use of more
complex 3D models. We recently reviewed the available human 3D cell culture models of
the anterior segment of the eye, including the conjunctiva [26]. Some of these models only
represent the epithelium [51], and some others also include a fibroblast-containing stroma
mimicked by a scaffold made from collagen [52] or fibrin [53]. There is no doubt that more
complex and representative 3D models of the conjunctiva will be constructed with the aid
of tissue engineering in the near future.

Finally, there are several ex vivo models of the conjunctiva. Tovell et al. described an
ex vivo model used to study conjunctival scarring [54]. They maintained ex vivo segments
of porcine conjunctiva in culture and analyzed the tissue contraction in response to different
substances. Although this model uses the porcine conjunctiva, it could probably be adapted
to human tissue.

2. Diseases Affecting the Conjunctiva

The conjunctiva is involved in a wide variety of ocular surface disorders, in which
it becomes damaged to different extents. The mechanisms that lead to the development
of alterations in conjunctival tissues include infectious, autoimmune and immune-based,
cicatrizing, and inflammatory diseases; benign and malignant tumors; and chemical trauma.
In some of these conditions, a wide area of the diseased conjunctiva must be removed, and
the subsequent wound has to be covered with another tissue. When a conjunctival wound
is neglected, serious damage develops; a secondary healing of the conjunctiva occurs and
leads to dysfunctional conjunctival scarring. In turn, conjunctival scarring reduces the
motility of the eyeball, which can result in severe anatomical and functional impairment,
such as the development of diplopia. In addition, there may be a loss of the conjunctival
secretory cells, such as goblet cells and accessory lacrimal glands of Wolfring and Kruse,
which alters the conjunctiva’s contribution to a healthy tear film and leads to additional
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damage to the ocular surface. This scenario clearly shows how relevant it is to achieve
complete functional regeneration of the conjunctival tissues.

Table 1 summarizes the main diseases that can affect conjunctival tissues and may
require tissue transplantation in a way that is intended to be informative rather than
exhaustive. The ideal conjunctival tissue graft would be healthy conjunctival tissue from
the same or the contralateral eye. However, an autologous healthy conjunctiva is not
always available, especially in recurrent and/or bilateral cases.

Table 1. Summary of the main conjunctival diseases that may require tissue transplantation.

Disease Mechanism that May Necessitate Transplantation

Infectious conjunctivitis:

- Adenoviral
- Streptococcal
- Trachoma

Fibrosis of the upper tarsal conjunctiva can lead to corneal pathology
when blinking. Surgical removal of cicatrizing tissue may require
conjunctival tissue-like transplantation.

Atopy-related conjunctivitis:

Fibrosis is possible, but not frequent.Surgery to remove giant papillae in

- Vernal keratoconjunctivitis VKG, rarely needed, could necessitate conjunctival
- Atopic keratoconjunctivitis tissue-like transplantation.
Autoimmune cicatrizing conjunctivitis: Intense progressive fibrosis leading to fornix shortening and

-  Mucous membrane pemphigoid (ocular
cicatricial pemphigoid)

symblephara may necessitate reconstructive surgery and, thus,
conjunctival tissue-like transplantation, especially if further limbal stem
cell therapy-like and/or corneal transplant is needed.

Immune-based conjunctivitis:

- Graft vs. host disease

- Rosacea-related

- Sjogren-associated DED
- Stevens-Johnson syndrome (SJS) and its spectrum

Intense fibrosis leading to symblephara and corneal pathology, most

likely in SJS, may necessitate conjunctival tissue-like transplantation

after its removal. Mostly required if stem cell transplantation and/or
corneal transplant is planned.

Multiple mechanisms involved:

- Pterygium

Conjunctival tissue-like transplantation is always required after
surgical removal.

Extensive benign and malignant tumors:

- Epithelial tumors

Conjunctival tissue-like transplantation may be required after surgical

- Lymphoid hyperplasia/lymphoma removal if extensive areas of the conjunctiva are removed.

- Melanocytic tumors

Trauma- and surgery-related pathology:

- Chemical injury

If extensive fibrosis makes the removal of tissue necessary, then

—  Multiple glaucoma filtering surgeries conjunctival tissue-like transplantation can be considered.

- Periorbital reconstruction

The current conventional regenerative treatments for the conjunctiva mainly involve
non-ocular tissues, such as the amniotic membrane (AM) and oral/nasal mucosa. The
AM is the innermost placental layer and possesses a multilayered structure in which
mesenchymal stem cells are present. The main biological properties of the AM include a
lack of immunogenicity, as well as anti-fibrotic, anti-inflammatory, anti-angiogenic, and
antimicrobial features. The AM can be used as a basement membrane substitute or as a
temporary graft. Its use in ocular surface reconstruction has expanded since 1995, mainly
because of its transparency and ability to promote epithelialization [55]. When grafted in
conjunctival defects, AM supports conjunctival re-epithelialization when conjunctival stem
cells remain in the recipient and helps to repopulate the tissue [56].

There are many published examples regarding the use of oral or nasal mucosal tissues
for reconstructing conjunctival defects. For a comparative review, see [57]. Oral mucosal
grafting remains the most viable option for the replacement of the conjunctiva in the
absence of autologous healthy tissue; however, its main limitation is the lack of goblet
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cells, along with cosmetic issues. Nasal mucosal grafts maintain goblet cells, and, for some
indications, they may be preferred to oral mucosal transplants [58].

In many instances, AM is not sufficiently effective; in the most frequent indication—
after pterygium removal surgery—a conjunctival autograft is more effective than AM [59],
but the conjunctiva is not always available, as mentioned before. As another example,
when the entire conjunctival fornices and palpebral conjunctiva need to be reconstructed,
the oral or buccal mucosa is used if there is no other option. However, the results are not
functionally or esthetically optimal, and, in many of the indications, the oral mucosa is also
compromised with the same background disease; in this case, if the eyelid mucosa is not
satisfactorily reconstructed, all attempts to restore vision by corneal transplant are doomed
to fail [60].

Therefore, it is clear that there is a clinical need for human healthy conjunctival
tissue that regular tissue sources cannot satisfy. Considering this fact, the development of
advanced therapy medicinal products (ATMPs) may have enormous potential to help in
conjunctival functional regeneration.

Other than the need to cover an extensive conjunctiva tissue area after the removal
of diseased tissue, there is a common biological situation in most of the conjunctival
pathologies included in Table 1: The presence of fibrosis.

Fibrosis is a complex biological process that is related to different diseases that poten-
tially cause blindness. Fibrotic diseases are characterized by tissue contraction as a result of
fibroblast activation and the excess accumulation of the extracellular matrix. Different cells
can be involved in the process; however, myofibroblasts, which are activated fibroblasts,
play a pivotal role. Scarring is an aberrant wound healing process that results in the
formation of a permanent scar that affects not only the tissue morphology but also the
functional recovery of wounded tissues. The cytokine transforming growth factor-beta
(TGEp) is the main fibrogenic signal that modulates the fibrotic process [61,62].

The conjunctiva, along with the cornea, is susceptible to fibrotic disease [63]. We
can find fibrovascular scarring underlying different situations, such as pterygium, ocular
pemphigoids, Stevens—Johnson syndrome, ocular graft versus host disease, or glaucoma
filtering surgery (trabeculectomy) [64]. In these, there is an underlying inflammatory or
wound healing alteration that triggers the formation of fibrotic tissue. For instance, it is
well-established that TGF( mediates scarring in the conjunctiva, which, in turn, can lead to
a reduction in filtration efficacy after trabeculectomy [65]. Another example is pterygium,
a very common multifactorial disorder of the conjunctiva that includes an ingrowth of
fibrovascular subconjunctival connective tissue, among other features [66,67]. Currently
acknowledged as a proliferative disorder more than a degeneration of the conjunctival
stroma, pterygium involves a cicatricial fibrotic alteration that can eventually become very
severe and impair globe motility and even vision.

For those reasons, the development of effective anti-scarring therapies could represent
a revolution in the management of ocular surface diseases and tissue injuries, includ-
ing surgery.

3. Potential of Advanced Therapy Medicinal Products (ATMPs) to Improve
Conjunctival Treatment

The conjunctival diseases listed in Table 1, in addition to their specific pharmacological
therapies, may be candidates for advanced therapies.

To the best of our knowledge, there is no commercialized ATMP specifically for
conjunctival treatment yet. There are several developments that have the potential to
become ATMPs in the near future, as explained below. In general, the term ATMPs
groups somatic cell therapy medicinal products, tissue engineering products, gene therapy
medicinal products, and the combination of any of the previous with a medical device
(combined ATMP) [68].
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3.1. Cell-Based Therapies

Tissue engineering and cell therapy are emerging disciplines that combine biomateri-
als, bioengineering, and cell biology to repair or regenerate biological tissues [69]. Tissue
engineering involves developing polymeric scaffolds and assembling them together with
cells and/or biologically active molecules to construct bioengineered tissues with features
similar to those of the original tissue so that they are able to renew, regenerate, or replace
damaged tissues [70,71]. Different cell types, including stem cells, can be expanded ex vivo
and stimulated in different ways to achieve the differentiation of several cell types or allow
better performance to be obtained.

Regenerative medicines for eye tissues focused on tissue engineering techniques
have been developed and established as a new clinical field with enormous potential.
In particular, the regeneration of ocular surface tissues such as the cornea or the limbus
has greatly benefited from diverse tissue engineering developments (for a recent review,
see [72,73]). Regarding human conjunctival tissue regeneration, some examples have
been described in preclinical studies, but most of them have not yet been investigated
in clinical studies. However, it is clear that there is a clinical need for healthy human
conjunctival tissue that regular tissue sources cannot satisfy. Bioengineered tissues are
considered an appealing solution for use as ATMPs for severe ocular surface disorders
involving the conjunctiva. Additionally, the in vitro recapitulation of conjunctival tissues
for transplantation seems to be a promising strategy along with their ex vivo expansion [74].
Two clinical studies have analyzed the efficiency of using human conjunctival tissue
expanded ex vivo to regenerate the ocular surface [75,76].

Ricardo et al. expanded a forniceal conjunctiva biopsy on the basement membrane
surface of denuded AM [75]. After two weeks in culture, conjunctival epithelial cells
were transplanted on the corneal surfaces of 12 eyes from 10 patients with chemical
burns, idiopathic ocular surface disease, or Stevens—Johnson syndrome, among other
conditions. After the transplantation, the authors observed re-epithelialization with the
transparent and regular epithelium, achieving partial or total success in 10 out of 12 eyes.
This study demonstrates the capacity of cultured conjunctival epithelial cells to restore the
ocular surface.

In 2014, Vasania et al. published the results of a multicentric clinical trial performed in
India with the purpose of establishing “the efficacy and safety of ex vivo cultured autol-
ogous human conjunctival epithelial cell transplantation for treatment of pterygia” [76].
Similar to the procedure described by Ricardo et al., they obtained superior fornix biopsies
and seeded them on AM. Cells were cultured for 14-21 days before using them as grafts to
cover the conjunctival defect performed during pterygium surgery. No significant compli-
cations were reported, and the pterygium recurrence rate was 21.7%. Interestingly, 82.6%
of the patients showed adequate goblet cells present at the site of transplantation.

Di Girolamo et al. developed a method to expand and transplant autologous conjunc-
tival stem cells onto the ocular surface by using contact lenses as carriers [77,78]. A biopsy
was obtained from the superior forniceal conjunctiva, placed on the concave surface of a
siloxane-hydrogel contact lens, and cultured until the cells reached confluence. Then, the
contact lens was inserted into the patient’s eye. With this technique, the authors achieved
a successful reconstitution of the ocular surface using autologous cells even in cases of
bilateral disease. Interestingly, more successful outcomes were obtained with conjunctival
cells (78%) than with limbal cells (43%) [78]. Another advantage of this method is that
transplanted cells are not exposed to foreign human biological or xenogeneic materials.

These examples highlight the potential of using ex vivo expanded conjunctival epithe-
lial cells to successfully treat different pathological conditions affecting the ocular surface.
Nevertheless, there are other examples of using non-ocular engineered cells that have
achieved promising results. Kobayashi et al. engineered ex vivo-expanded nasal mucosal
epithelial cells from biopsy-derived human nasal mucosal tissues on AM [79]. Interestingly,
the bioengineered tissue was stratified and included a high density of functional goblet
cells. When transplanted onto defective conjunctival areas surgically created in rabbits, the
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generated tissues survived and remained clear and smooth two weeks after transplantation,
without signs of extensive inflammation. The expression of several markers, including
MUC5AC mucin, was detected in the transplanted tissue. Although this study did not
elucidate the molecular pathway involved in the differentiation of transplanted nasal
tissue, the results were quite promising, as it is difficult to maintain functional goblet cells
in culture.

An early attempt was published by Yang et al. in 2015, in which the feasibility of the
directed differentiation of human amniotic epithelial cells into the conjunctival epithelium
was tested [80]. The transformation of conjunctival epithelial cells after AM transplantation
to repair conjunctival damage due to burns had previously been reported [81,82]. Amniotic
epithelial cells at passage 3 were used to inoculate a human decellularized conjunctival
matrix and left for five days to differentiate. They differentiated into cells with the phe-
notype of conjunctival goblet and non-goblet epithelial cells expressing markers such as
cytokeratin (CK 4, CK 13) and the goblet cell-associated mucin MUC5AC. Then, the authors
constructed an engineered conjunctiva using a decellularized amniotic membrane as a
scaffold and amniotic epithelial cells differentiated into the conjunctival epithelium. When
transplanted to the eyes of rabbits with defective conjunctivas, the bioengineered conjunc-
tivas, including PAS-positive goblet cells, were completely grafted, showing good tissue
biocompatibility. The transplanted cells survived and maintained an aligned regular mor-
phology. However, this study did not report for how long the transplanted cells remained
viable and expressed conjunctival markers. Although this pilot study showed promising
results, they were far from demonstrating a truly functional ocular surface reconstruction.

Another more recent example was published by Bertolin et al. in 2019 [83]. They
presented a protocol for preparing autologous tissue-engineered conjunctival epithelial
sheets free of all animal components. They used AM and fibrin tissue gel as scaffolds to
culture human conjunctival cells obtained from different conjunctival areas. Cells biopsied
from the inferior forniceal area demonstrated higher percentages of stem cells, resulting
in the best area for isolating cells having a high regenerative capacity in terms of the
expression of specific markers and growing on the scaffolds. The authors found variability
depending on the AM batch. This, along with the difficulties in accomplishing quality
control before releasing the graft, is the main hurdle the authors identified in standardizing
a medical product composed of conjunctival cells grown on AM. In addition, they also
observed holes in the AM while cells were growing, which could affect the integrity of
the surface. Regarding the fibrin glue gel, the authors considered it the ideal scaffold, as
it is already a transparent pharmaceutical product, and the quality control tests could be
performed without affecting the final product, although low numbers of goblet cells were
identified and small amounts of MUC5AC were measured. The impact of this paper is
limited, as no in vivo experiments for regenerating conjunctival defects were carried out.

Finally, there was a recent study [84] in which a 3D-printed gelatin/elastin /hyaluronic
acid membrane was designed for conjunctival reconstruction. The overall aim was to
replace the use of AM as a graft in ocular surface reconstruction because of its well-
known limitations. An in vivo evaluation was conducted that involved implanting the
bioprinted membranes and AM on induced conjunctival defects in rabbits. Although
the constructs showed physical and mechanical characteristics adequate for successful
ocular surface defect reconstruction, and the authors claimed that their membrane could
be considered a promising alternative to AM, this first attempt had an important limitation:
it completely lacked the cellular component. The endpoint of the study was only the
morphological quality of the healed conjunctiva after the membrane transplant. Although
the bioengineered membrane may work as a wound dressing, the functional regeneration
of conjunctival tissue would not be achieved.

We are still far from achieving a bioengineered complete human conjunctival tissue
replacement, but these promising studies are paving the way towards that goal.
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3.2. Gene Therapy

Gene therapy has great potential to prevent conjunctival bleb fibrosis associated with
the failure of glaucoma filtering surgery. However, there are very few examples of gene
therapy developments for treating this problem. We next mention several published papers
related to this topic using animal or human-derived materials.

The use of antimetabolites, such as mitomycin-C and 5-fluorouracil, as conjunctival
anti-scarring agents in glaucoma filtering surgery began in the 1990s; however, their
potentially blinding side-effects, such as wound leakage, hypotony, and infection, along
with their indiscriminate effects on cells render conjunctival scarring a not-yet-resolved
problem of high clinical relevance.

As TGFp is the main fibrogenic signal that modulates the fibrotic process [61,62],
interfering with the signaling pathway that TGF31-33 use to induce fibrosis could be
a good strategy for preventing or treating conjunctival fibrosis. Smad?7 gene transfer, a
member of the Smad signaling pathway, was reported as a potential strategy with which to
modulate the fibrotic reaction that occurs in an incision-injured mouse conjunctiva during
the healing process [85,86]. The authors first showed that Smad?7 overexpression delivered
using an adenoviral vector inhibited the TGFf1-driven upregulation of both fibrogenic
and inflammatory components in cultured human subconjunctival fibroblasts [85]. All this
suggests the therapeutic potential of adenovirus-based Smad?7 gene transfer to prevent
excess scarring from trabeculectomy.

A recent review published by Komaromy et al. [87] clearly summarizes the more
advanced developments in this field. There have been several successful examples in
experimental models, but few techniques have reached the clinical trial stage in humans.
An example is the development of a small interfering RNA to silence transcription factors
involved in conjunctival tissue fibrosis, such as the myocardin-related transcription fac-
tor/serum response factor (MRTF/SRF) pathway or secreted protein acidic and rich in
cysteine (SPARC) [88-90]. Another example is the presurgical subconjunctival injection or
topical administration onto the surgical field of recombinant adenovirus with the human
p21 transgene (encoding the CDKNI1A protein) in rabbits [91]. The modulation of wound
healing after trabeculectomy would be achieved in this case by the cell cycle arrest of sur-
rounding cells rather than their destruction using conventional mitomycin-C. Finally, the
adenovirus-mediated blockage of p38 mitogen-activated protein kinase (MAPK) resulted
in the inhibition of the fibrogenic reaction induced by the subconjunctival fibroblasts in
mice with conjunctival scarring [86].

In humans, one strategy studied was gene delivery using an anti-sense oligonucleotide
that specifically inhibits the gene expression of TGF2(ISTH0036) [92], which has shown
promising results in open-angle glaucoma patients undergoing trabeculectomy. Patients
received a single dose of ISTHO0036 at the end of surgery by intravitreal injection. The results
of the study showed that ISTH0036 was safe, as there were no adverse events directly
related to the ISTHO036 injection. Additionally, single-dose ISTH0036 administration
resulted in intraocular pressure values < 10 mmHg that were maintained over the three-
month postoperative observation period. This is the first clinical study that shows the
clinically relevant results of a gene therapy product that displays a potent anti-fibrotic
effect in the conjunctiva. It may be worth exploring its application in other forms of fibrotic
diseases in which the conjunctiva is involved.

4. Concluding Remarks

The conjunctiva is an essential tissue for maintaining a healthy ocular surface. The
great complexity of this tissue, along with the effect of neglecting it in favor of the cornea
and limbus, accounts for the delay in the development of ATMPs that target the conjunctiva.
Nevertheless, as described in this review, important advances have been made in the last
few years, especially in the field of tissue engineering. Further interesting studies in this
field are anticipated in the next few years.
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Abstract: The aim of this review was to provide an update on the potential of cell therapies to restore
or replace damaged and/or lost cells in retinal degenerative and optic nerve diseases, describing
the available cell sources and the challenges involved in such treatments when these techniques are
applied in real clinical practice. Sources include human fetal retinal stem cells, allogenic cadaveric
human cells, adult hippocampal neural stem cells, human CNS stem cells, ciliary pigmented ep-
ithelial cells, limbal stem cells, retinal progenitor cells (RPCs), human pluripotent stem cells (PSCs)
(including both human embryonic stem cells (ESCs) and human induced pluripotent stem cells
(iPSCs)) and mesenchymal stem cells (MSCs). Of these, RPCs, PSCs and MSCs have already entered
early-stage clinical trials since they can all differentiate into RPE, photoreceptors or ganglion cells,
and have demonstrated safety, while showing some indicators of efficacy. Stem/progenitor cell
therapies for retinal diseases still have some drawbacks, such as the inhibition of proliferation and/or
differentiation in vitro (with the exception of RPE) and the limited long-term survival and function-
ing of grafts in vivo. Some other issues remain to be solved concerning the clinical translation of
cell-based therapy, including (1) the ability to enrich for specific retinal subtypes; (2) cell survival;
(8) cell delivery, which may need to incorporate a scaffold to induce correct cell polarization, which
increases the size of the retinotomy in surgery and, therefore, the chance of severe complications;
(4) the need to induce a localized retinal detachment to perform the subretinal placement of the trans-
planted cell; (5) the evaluation of the risk of tumor formation caused by the undifferentiated stem
cells and prolific progenitor cells. Despite these challenges, stem/progenitor cells represent the most
promising strategy for retinal and optic nerve disease treatment in the near future, and therapeutics
assisted by gene techniques, neuroprotective compounds and artificial devices can be applied to fulfil
clinical needs.

Keywords: stem cells; retinal diseases; optic nerve diseases; cell replacement; cell sources

1. Introduction

Retinal degenerative diseases (RDs) have been largely characterized and are consid-
ered leading causes of blindness worldwide. They include age-related macular degenera-
tion (AMD) and inherited retinal dystrophies (IRDs) such as retinitis pigmentosa (RP) and
Stargardt’s disease [1,2]. There is also some retinal degeneration associated with ischemic
disorders such as diabetic retinopathy (DR) and retinal vascular occlusion (RVO), which are
also relevant to this review [3,4]. All these disorders share some common pathophysiology
pathways that lead to the early loss or dysfunction of photoreceptors and/or neural apop-
tosis. As part of the central nervous system (CNS), the retina has very low regenerative
capability, which can result in untreatable blindness [1-4]. The available therapies for some
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RDs can protect retinal neurons, rescue or slow disease progression or relieve symptoms,
but currently there are hardly any treatments to restore vision, because at present, lost
cells cannot be replaced. Stem cell-based therapy is an exciting, rapidly advancing area
of translational research that has already entered the clinic. Some of the advantages of
the eye as a target organ for cell-based therapy—mainly for the retina—are the following.
Its anatomy and physiology are very well known; surgical techniques to access the retina
are well established and are reasonably safe (in fact, they are routine clinical procedures
everywhere); the subretinal space is a relatively immune-privileged site; the number of cells
needed to restore vision may be relatively small; retinal imaging in the living human eye is
available with high resolution noninvasive techniques; fellow eye can be used as a control;
finally, electrodiagnostic and psychophysical testing to assess functional recovery are also
available and well characterized [5].

Rescue strategies seeking a trophic effect from stem/progenitor cell treatment have
been investigated, but their efficacy and efficiency are generally restricted by the low rate of
proliferation and/ or differentiation of cells in vitro and by poor cellular survival, migration,
integration and function in vivo, excluding RPE-based therapy for RD. Nevertheless, cell
therapy assisted by gene techniques, neuroprotective compounds and artificial devices can
be used in these diseases to fulfil clinical needs.

Regarding cell therapy in optic nerve diseases (ONDs), the situation has progressed
little in the last five years, compared to a review carried out by our group [6]. We believe
there are several reasons. On the one hand, this is due to the heterogenicity of the patholo-
gies that researchers have tried to treat with cell therapy, which in many cases affect
some other parts of the CNS too, and it is also due to the obvious difficulties of access
in delivering any treatment to some anatomic sections of the optic nerve. It should not
be forgotten that the optic nerve (ON) is “born” in the retinal ganglion cells (RGCs) and
extends to the lateral geniculate nucleus [7]. The category of so-called optic neuropathies in-
cludes a broad spectrum of diseases with various causes, including ischemia, inflammation,
toxicity, nutritional deficiencies, glaucoma, trauma, congenital problems and hereditary
diseases, in most cases as part of wider neurodegenerative processes [8]. The ON is basi-
cally composed of RGC axons, and like other adult neurons of the CNS, they do not have
the ability to regenerate after injury. Many factors limit the regeneration of RGC axons.
Some are derived from the inhibitory environment created after RGCs suffer axonal dam-
age. Furthermore, oligodendrocytes secrete inhibitory proteins and other molecules which
impede axon regrowth, unlike myelinating Schwann cells that promote axon regeneration
in the peripheral nervous system, but these cells are not present in the ON. Astrocytes also
release inhibitory molecules and proliferate, creating glial scars acting as physical barriers
to axonal regeneration [9-11]. Moreover, many genes which are necessary for cellular
proliferation and axon growth, although active in embryonic cells, are deeply suppressed
in mature ones [9,10]. Finally, axonal injury also interrupts the transport of neurotrophic
factors, resulting in an increase in proapoptotic proteins in RGCs [12-14].

Reviews on the use of intravitreal cell therapy to confer neuroprotection through
their paracrine properties have been published by our group [6,15]. Several phase I and
II clinical trials (CTs) have demonstrated the safety of many types of stem cells, and this
fact has prompted researchers to continue to progress in the exploration of the efficacy
of this approach [15,16]. However, there are still many unknowns to be solved, such as
the best source of cells, the best route of administration, the possible means of inducing
the regeneration of lost cells and above all how to maintain the possible beneficial effects
in the long term [16]. These unknowns have to be resolved before any of the treatments
become a regular part of clinical therapies. In this review, we provide an update on the po-
tential of cell therapies to restore or replace damaged and/or lost cells in RD and OND,
reviewing the available data on published CTs and describing the available cell sources
and the challenges involved in applying such treatments in real clinical practice.
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2. Search Strategy and Selection Criteria

This review cited CTs performed on cell therapy published in the PubMed, Web
of Science, Scopus and ClinicalTrials.gov (accessed on 2 May 2021) electronic databases
in the most recent years up to December 2020. Potentially relevant papers were obtained
using the following search terms in combination as Medical Subject Headings and text
words: human, stem cell, cell therapy, clinical trials, intraocular injection, intravitreal
injection, subretinal injection, retina, retinal diseases, optic nerve and optic nerve diseases.
Only English papers or those with an English abstract were preselected. The reference lists
of the selected publications were also scanned to identify additional relevant papers and
the MEDLINE option “Related Articles” was also used.

3. Cell Sources

Embryonic cells within the first couple of cell divisions after fertilization are the only
cells that are totipotent and they can form all the cell types in a body, plus the extraem-
bryonic or placental cells. Pluripotent cells can give rise to all of the cell types that make
up the body; embryonic stem cells are considered pluripotent. Finally, multipotent cells
can develop into more than one cell type but are more limited than pluripotent cells; adult
stem cells and cord blood stem cells are considered multipotent. Retinal progenitor stem
cells (RPCs) are also multipotent cells that can give rise to all the six neurons of the retina
and the Miiller glial cells.

The main sources of stem cells for transplantation are summarized in Table 1. They
include human fetal retinal stem cells, allogenic cadaveric human cells, adult hippocampal
neural stem cells, human CNS stem cells, ciliary pigmented epithelial cells, limbal stem
cells, RPCs, human pluripotent stem cells (hPSCs) including both human embryonic stem
cells (ESCs) and human induced pluripotent stem cells (iPSCs), and mesenchymal stem
cells (MSCs) [17,18]. Finally, cells extracted from the adult human RPE, obtained from eye
banks and activated in vitro into a stem cell state (RPESCs), are a potential source of such
cells [19]. Of these, RPCs, PSCs and MSCs have demonstrated their ability to assume some
of the functions of native tissue and have all been used in an increasing number of CTs,
since they all can differentiate into RPE, photoreceptors or ganglion cells [20].

Routes of delivery (suprachoroidal, intravitreal and subretinal) are presented in Figure 1.
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Figure 1. Cell delivery can be either suprachoroidal, intravitreal or subretinal.
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Table 1. Stem cell sources and their potential for the treatment of retinal and optic nerve diseases.

Stem Cell Source Main Advantages and Disadvantages Cell Type Potential Applications
Retinal Progenitor Cells
e  Simple accessibility, safety and effectiveness ) . * Egﬁgri?gtection
° Shortage of sufficient donor cells Retinal progenitor cells . Exo eII)mus cell
e  Limited proliferative capacity (RPCs) re licement
Fetal stem cells . Restricted ability to differentiate into specific types P
of cells
. Relatively low risk of immune rejection and Cortical progenitor cells e  Paracrine
tumorigenesis FCPng) neuroprotection
Pluripotent Stem Cells
. Ability to differentiate into photoreceptors under
certain circumstances, but presenting difficulties
in obtaining a specific targeted cell type
° Shortage of sufficient donor cells Exogenous cell
- b ) e  Limited proliferative capacity Human embryonic stem cell replacement
umz;n em ﬁ'yonlc ) Restricted ability to differentiate into specific derived retinal pigment ° Non-cell-based
stem cells targeted cells epitheliums (hESC-RPE) therapy screening
° Potential of tumor formation
. Requires immunosuppressive treatment
increasing risks and burden
° Ethical concerns
° Able to provide large number of cells for . Exogenous cell
treatments
Adult induced . Low risk of immune reaction (autologous) Adult i . replacement
h ult induced pluripotent ; ;
pluripotent stem e Ameliorate the ethical issues of hESCs stem cells EPSCP) ° Ellseaselfrkl,()degng
cells e  Low differentiation efficiency * hon—ce “based
e Relatively high risk of gene mutation therapy screening

Multipotent Stem Cells

Mesenchymal stem
cells

Other sources

Able to provide large number of cells for
treatments

Bone marrow-derived stem

° ADRC:s obtained in less invasive procedures and cells (BMSCs) * Egﬁigg?g‘t ection
higher immunomodulatory capacity than BMSCs
. Anti-inflammatory immunosuppressive
antiangiogenic and antiapoptotic or
neuroprotective effects
e Ability to differentiate into damaged cells . .
e Low rate of cell migration and differentiation Adlpose—dAe]anI/{eCd stemcells o paracrine )
e  Reported to differentiate into photoreceptors and ( ) neuroprotection
retinal pigment epithelial (RPE) cells
e  Higher antiapoptotic effect I—ﬂ}matn Trﬁcbﬂicalu e  Paracrine
. Strong rescue effect on retinal function muitipotent stem cells :
& retrieved from donor neuroprotection

Potential RPE cell differentiation capacity

umbilical cords (hUTSCs)

Ciliary epithelium-derived
stem cells (CESCs)

Exogenous cell
replacement
Endogenous cell
replacement?

Cells extracted from
the adult human RPE,
obtained from eye banks
and activated in vitro into
a stem cell state (RPESCs)

Exogenous cell
replacement
Endogenous cell
replacement?

Reprogrammed endogenous
Miiller glia into RGCs
(hMSCs)

Exogenous cell
replacement
Endogenous cell
replacement?
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RPCs are obtained from the fetal and postnatal retina. Their main advantages are their
simple accessibility, safety and effectiveness, the fact that they are widely studied, they
avoid ethical issues and have low risk of immune rejection and tumorigenesis. Their main
disadvantages are the shortage of sufficient donor cells due to their limited proliferative
capacity and their restricted ability to differentiate into specific types of cells [21].

MSCs may originate from amniotic fluid or the umbilical cord, although they are
mainly obtained from two developmentally mature organs: bone marrow mesenchymal
stem cells (BMMSCs) and adipose mesenchymal stem cells (ADMSCs). The latter are much
more abundant and easier to harvest from alive donors, with less invasive procedures.
Moreover, they expand faster and demonstrate a higher immunomodulatory capacity
than BMMSCs. MSCs have been shown to have anti-inflammatory, immunosuppressive,
angiogenic and antiapoptotic or neuroprotective effects [22,23]. Furthermore, they are
multipotent; thus, they have some ability to differentiate into damaged cells, although
this is somewhat limited. They have a low rate of cell migration and differentiation,
though have been reported to differentiate into photoreceptors and RPE cells. Nevertheless,
it remains unclear if the newly observed cells may represent the fusion of MSCs with
pre-existing photoreceptors [21,24].

Human ESCs come from developing embryos. Their main advantage is their ability to
differentiate into photoreceptors under certain circumstances, creating an unlimited source
of cells for RD treatment, whereas their main disadvantages are their limited proliferation
and multidifferentiation into various cell types, thus presenting difficulties in obtaining
the specific targeted cell type; their potential for tumor formation; the requirement of
lifelong immunosuppressive therapies that increase risks and economic burdens; finally;,
since ESCs are isolated from fetal tissues, they raise ethical concerns [25].

The need to provide large numbers of replacement cells has tipped the process toward
the use of iPSCs. Various groups have developed protocols to induce and reprogram
these cells since their introduction in 2006, and the next challenge will be to establish
guidelines to determine their quality [26]. They are obtained from terminally differentiated
tissues, which ameliorate the ethical issues of ESCs. They also have a low risk of immune
rejection through autologous transplantation, with the disadvantage of a low differentiation
efficiency despite their similarity to ESCs, as well as biosafety concerns (e.g., the high
risk of gene mutations) [21]. Furthermore, iPSCs have been critical in advancing our
understanding of the underlying mechanisms (ontogenesis and pathology) of numerous
retinal and optic nerve disorders such as AMD, RP and glaucoma. Cell models have been
developed using iPSCs, and these are also important in the study of retinal disease, as well
as in developing drug screening and gene therapy approaches. Finally, a new iPSC-based
therapy for RD in humans was first reported by a Japanese group in 2017 [26].

On the other hand, stratified neural retina and RPE in a single complex could also be
a potential tool in the development of a dual RPE/photoreceptor graft that could be used
in individuals with end-stage RD. Recent studies have shown the formation of entire optic
cups from ESCs in minimal media conditions [27]. Given the difficulty of the derivation
of photoreceptors, especially for producing mature outer segments in 2D cultures [27],
approaches using 3D retinal organoid cultures have been attempted. Considerable progress
has been shown in the growth of self-organized 3D optic cups from human ESCs, which
showed the formation of photoreceptors with reasonable inner segments and connecting
cilia [27]. Other methods used for 3D organoid formation have been reported, mechanically
picking them up from 2D cultures during differentiation and further optimizing them
using a two-step culture system for human iPSCs [28]. Finally, there are also protocols for
generating 3D optic vesicle-like structures from human iPSCs showing axon growth [29].

In the case of retinal vasculopathies, direct tissue replacement might be more challeng-
ing, as different cells are involved in their pathogenesis, such as the vascular endothelium
cells, vascular pericytes, vascular smooth muscle cells, inner retinal neurons, photorecep-
tors and the retinal glia and microglia cells. Most researchers used MSCs and RPCs, which
are considered to have some (although limited) ability to differentiate into the various
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cells damaged in the context of retinal vascular disease [30,31]. Thus, circulating vascular
precursor cells CD34+ and endothelial progenitor cells (EPCs) have been used for tissue
regeneration and angiogenesis following ischemia due to the fact that they may play a role
in functional collateralization and secrete neurotrophic cytokines and proangiogenic fac-
tors [30,32]. CD34+ may differentiate into endothelial cells and because of this they are
being explored in CTs as a potential therapy for various ischemic disorders, including
ischemic cardiomyopathy, peripheral ischemia, cerebrovascular accidents, DR, ischemic
retinal vein occlusion and ischemic optic neuropathy [33-35]. Another potential cell source
is a subpopulation of EPCs named outgrowth endothelial cells (OECs), which have sig-
nificant proliferative potential, but which need to be explored further as a therapy for
ischemic retinopathies [36]. In addition, within the stromal vascular fraction of ADSCs
there is a distinct population of cells that are thought to represent resident pericytes or
their precursors. When these cells were administered intravitreally and intravenously into
animal models of oxygen-induced retinopathy (OIR) and DR, the perivascular integration
of these cells was observed producing the rescue of damaged retinal capillaries [37]. One
more approach would be to use subretinal transplantation of iPSCs (without c-Myc to
minimize teratogenicity), because in rat eyes they were able to rescue the ischemic dam-
aged retina through trophic paracrine effects. Moreover, researchers differentiated ESCs or
iPSCs into endothelial precursor cells (particularly, endothelial colony unit-forming cells),
and these showed some efficacy in treating an animal model of OIR [38]. Nevertheless,
in a murine model of ischemia-reperfusion injury, vascular progenitor cells derived from
ESCs and iPSCs from cord blood showed engraftment, homing and repair capabilities,
whereas those derived from fibroblasts did not [39]. Lastly, extracellular stem cell-derived
exosomes (MSC-Exos) may have a positive role in anatomical and functional restoration
of the retina in retinal ischemia and DR by modulating angiogenesis and inflammation
pathways, through immunomodulation or even through tissue regeneration [40,41].

4. Direct Cell Replacement Therapy for Retinal and Optic Nerve Diseases
4.1. RPE Replacement

Human RPE cells were first isolated and characterized over 30 years ago, and since
that time, cell replacement has been tested as a potential treatment for RD. The second
attempt at these cells’ replacement occurred during the last decade, when RPE derivation
from ESCs and iPSCs was established in many laboratories. The RPE cell layer does not
require synaptic connections, unlike other cell types in the retina, but its ability to perform
its essential functions depends on the RPE being a confluent monolayer with tight junctions
and maintaining polarity for ion transport with a healthy Bruch’s membrane [42,43].
Nevertheless, subretinal injection of healthy RPE cells allows them to maintain or improve
the health of the outer nuclear, outer plexiform and photoreceptor inner/out segment
layers [44]. An advantage of this is, as was mentioned before, that the subretinal space is
a unique target for cell-based therapy because it is an immune-privileged environment
in normal conditions. Therefore, direct cell replacement is being explored as a potential
therapy for macular atrophy, using stem cells injected into the submacular space, since
RPE dysfunction and death in the macula is the main devastating feature of AMD and
Stargardt’s disease. This kind of cell therapy has also been launched for RP patients
with monogenic mutations affecting RPE65, LRAT and MERTK, genes involved in visual
signaling process dysfunction, specifically at the RPE level [45].

Clinical trials on RPE replacement are numerous and a great number of them have
succeded (Table 2). A cell product named CNTO2476, consisting of a suspension of human
umbilical multipotent stem cells retrieved from donor umbilical cords (hUTSCs), has also
been subretinally injected in patients with geographic atrophy due to AMD in a clinical
trial (NCT01226628). The trial has been completed but its results have not been posted.
Moreover, there are two open labeled CTs evaluating the safety and efficacy of autologous
BMMNCs in the subretinal space of patients with RP (NCT01914913 and NCT02280135).
These studies have not yet provided definitive data, but the preclinical results are promis-
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ing in RPE diseases, in which the morphology of photoreceptors has seemed to improve.
Two more CTs using BMMSC intravitreally are ongoing for RP patients (NCT01560715 and
NCTO01531348). However, another CT has raised concerns about the safety of BMMSCs,
as one out of three patients with advanced RP developed severe fibrous tissue proliferation
at the injection site, in the vitreous cavity and in the retrolental space, which led to trac-
tional retinal detachment [46]. One more ongoing CT in Saudi Arabia (NCT02016508) is
investigating the safety and efficacy of the unilateral intravitreal injection of autologous
BMMSC in subjects with geographic atrophy secondary to AMD [47].

Table 2. RPE replacement clinical trials.

Administration

Reference Cell Type Title Disease Procedure Status
Human umbilical . Subretinal with
NCT01226628 multipotent stem cells A Safe.ty Study of CNTO 2476 Geographic atrophy due to the iTrack
. in Patients With Age-Related age-related macular Completed
Phase I/Ila Study retrieved from donor . - Model 275
umbilical cords (hUTSCs) Macular Degeneration Degeneration micro catheter
Autologous bone marrow Lo
. Clinical Study to Evaluate
NCT01914913 derived mono nuclear stem g oo pee 2 e BV IVMING Retinitis pigmentosa Intravitreal Unknown
Phase I/1I Study cells ty Y P&
in Retinitis Pigmentosa
(BMMNCs) m &
Clinical Trial of Intravitreal
NCT02280135 Autologous bone marrow Injection of Autologous Bone P .
Phase I Study stem cells Marrow Stem Cells in Patients Retinitis pigmentosa Intravitreal Completed
With Retinitis Pigmentosa
Autologous Bone
NCT01560715 Autologous bone marrow Marrow-Derived Stem Cells T .
Phase Il Study stem cells Transplantation For Retinitis Retinitis pigmentosa Intravitreal Completed
Pigmentosa
Feasibility and Safety of
NCT01531348 Human bone Human Bone Marrow-derived
Phase I Stud marrow-derived Mesenchymal Stem Cells by Retinitis pigmentosa Subretinal Unknown
Y mesenchymal stem cells Intravitreal Injection in Patients
With Retinitis Pigmentosa
Safety Study of Use of
Autologous Bone Marrow
NCT02016508 Autologous bone marrow . & ) Age-related macular .
Phase I/1I Study derived stem cells Derlovfeggéel{rélggé llr\l/ggial;Tent degeneration Intravitreal Unknown
Degeneration
Safety and Efficacy of
Retinal pigment epithelial Sglj rgtmlallITranspéan{r)atlon .Of
NCT03944239 (RPE) cells derived from tnica’ Human Emoryomnic Retinitis pigment Subretinal Recruitin
Phase I Study human embryonic stem Stem Cell Derived Retinal chnilis pigmentosa ubretina ecrtng
cells (hESC) Pigment Epitheliums
in Treatment of Retinitis
Pigmentosa
Clinical Study of Subretinal
. Transplantation of Human .
Human embryonic stem cell . Macular degeneration and
NCT02749734 derived retinal pigment Embryo Stem Cell Derived Stargardt’s macular Subretinal Unknown
Phase I/1I Study epitheliums (RESC-RPE) Retinal Pigment Epitheliums dystrophy
in Treatment of Macular
Degeneration Diseases
Treatment of Dry Age Related
Human embryonic stem cell ~ Macular Degeneration Disease
Pﬁgg?ﬁ?fl gﬁ% derived retinal pigment With Retinal Pigment Dry agi-r:}li?aiigrrcular Subretinal Unknown
y epitheliums (hESC-RPE) Epithelium Derived From 8
Human Embryonic Stem Cells
A Safety Surveillance Study
Human embryonic stem cell in Subjects With Macular
NCT03167203 derived Y 1 pi Degenerative Disease Treated Macular degenerative Subretinal Enrolling by
Phase I/11 Stud erived refina_ pigment With H Embryonic St di ubretina invitation
y theliums (hESC-RPE) ith Human Embryonic Stem isease
Pt Cell-derived Retinal Pigment
Epithelial Cell Therapy
A Follow up Study to
Determine the Safety and
Tolerability of Sub-retinal
Human embryonic stem cell Transplantation of Human , oo
NCT02941991 - : . . . Stargardt’s macular Biological:
Follow up Study derived retinal pigment Embryonic Stem Cell Derived dystrophy hESC-RPE Completed

epitheliums (hESC-RPE)

Retinal Pigmented Epithelial
(hESC-RPE) Cells in Patients
With Stargardt’s Macular
Dystrophy (SMD)
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Table 2. Cont.

Administration

Reference Cell Type Title Disease Procedure Status
. Procedure: injection * ﬁfii:]eal jted
NCT02903576 fn susperaion Stem Cell Therapy for Out SBenerntton
on em Cell Therapy for Outer St dv’s di .
Phase I/1I Study . Procedure: injection Retinal Degenerations : b jé?iziives isease Subretinal Completed
hESC-RPE seeded
in a substrate age-related macular
degeneration
Human embryonic stem ~ 5U0Tetina) fransplantation of
NCT01345006 cell derived retinal Stargardt’s macular .
Phase I/1I Study pigment epithelium cells i n%’i%i%\ﬁé%}tﬁ g g)rg:rl(list, s dystrophy Subretinal Completed
Biological: (MAQ09-hRPE) Macular Dystrophy
Safety and Tolerability of
H b ic st Sub-retinal Transplantation of
NCT01469832 “eell derived retinal | Human Embryonic Stem Cell Stargardt’s macular
| cen dertved retna Derived Retinal Pigmented 8 v Subretinal Completed
Phase I/1I Study pigment epithelium cells Epithelial (hESC-RPE) Cells dystrophy
Biological: (MA09-hRPE) in Patients With Stargardt’s
Macular Dystrophy (SMD)
Safety and Tolerability of
Human embryonic stem Sub-retinal Transplantation of
NCT01344993 cell derived retinal hESC Derived RPE Dry age-related macular .
Phase I/II Study pigment epithelium cells (MAQ9-hRPE) Cells in Patients degeneration Subretinal Completed
Biological: (MA09-hRPE) With Advanced Dry Age
Related Macular Degeneration
Safety and Tolerability of
Human embryonic stem Sub-retinal Transplantation of
NCT01344993 cell derived retinal hESC Derived RPE Dry age-related macular .
Phase I/1I Study pigment epithelium cells (MAO09-hRPE) Cells in Patients degeneration Subretinal Completed
Biological: (MA09-hRPE) With Advanced Dry Age
Related Macular Degeneration
Human embryonic stem Long Term Follow Up of
NCT02463344 cell derived retinal Sub-retinal Transplantation of Age-related macular .
Phase I/1I Study pigment epithelium cells hESC Derived RPE Cells degeneration Subretinal Completed
Biological: (MA09-hRPE) in Patients With AMD
Human embryonic stem Sub-retiﬁ]aslslérgsg‘llaergation of
NCT01345006 _ cell derived retinal RPE(MA09-hRPE)Cells Stargardt’s macular Subretinal Completed
Phase I/1I Study pigment epithelium cells in Patients With Stargardt’s dystrophy
Biological: (MA09-hRPE) Macular Dystrophy
Human embryonic stem Long Term Follow Up of
NCT02445612 cell derived retinal Sub-retinal T_ransplanta‘aon of Stargardt’s macular .
Long term follow ioment epithelium cells hESC Derived RPE Cells Avstroph Subretinal Completed
up Bpiglo ical'p(M A09-hRPE) in Stargardt Macular ystrophy
gicat Dystrophy Patients
Safety and Tolerability of
H b ic st Sub-retinal Transplantation of
NCT01469832 “eell derived retinal | Human Embryonic Stem Cell Stargardt’s macular
Ph | cenl derved retna Derived Retinal Pigmented 8 v Subretinal Completed
ase I/1I Study pigment epithelium cells Epithelial (hESC-RPE) Cells dystrophy
Biological: (MA09-hRPE) in Patients With Stargardt’s
Macular Dystrophy (SMD)
Human embryonic stem Safety and Tolerability of
NCT01625559 cell derived retinal MAOQ9-hRPE Cells in Patients Stargardt’s macular Subretinal Unknown
Phase I/1I Study pigment epithelium cells With Stargardt’s Macular dystrophy u
Biological: (MA09-hRPE) Dystrophy(SMD)
A Phase I/1Ia, Open-Label,
Single-Center, Prospective
Study to Determine the Safety
Human embryonic stem and Tolerability of Sub-retinal
NCT01674829 cell derived retinal Egsilsprll?n;’tlgnct) flﬁg nrlian d Dry age-related macular Subretinal Active, not
Phase I/1I Study pigment epithelium cells yonuc stem %.el Lerive degeneration ubretina recruiting

Biological: (MA(09-hRPE)

Retinal Pigmented
Epithelial(MA09-hRPE) Cells
in Patients With Advanced Dry
Age-related Macular
Degeneration(AMD)
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Table 2. Cont.

. : Administration
Reference Cell Type Title Disease Procedure Status
Retinal pigment epithelial
(RPE) cells derived from
h f
umax;;f;\?}rl%grg)c stem Safety and Efficacy Study of
NCT02286089 Biological: OpRegen: Opfggen fo; Ereat}rjn ent of Age-related macular Subretinal Active, not
Phase I/1I Study cell suspension either vanced Dry-Form degeneration ubretina recruifing
in ophthalmic Balanced Age-Related Macular
Salt Solution Plus (BSS Degeneration
Plus) or in CryoStor® 5
(Thaw-and-Inject, TAI)
Human embryonic stem Interventional Study of
NCT03963154 pigr;eelifggivtﬁghrsgln?éPE) Implantation of hESC-derived Retinitis pigmentosa Subretinal Recruiting
Phase I/1I Study Investigational Medicinal RPE 11{14P£a1t1enrt1$i M]C[ththIi) ]rDIue to
Product: ISTEM-01 onogenic Mutato
Study of Subretinal D .
Human embryonic stem Implantation of Human ® ry macuiar .
PI}:T;;;F?%ISIQ (S)g?gl cell-derived RPE cells Embryonic Stem Cell-Derived degeneration Subretinal ?ecg‘g{iﬁm
Y Biological: CPCCB-RPEl  RPE Cellsin Advanced Dry ~ ®  Geographic atrophy &
AMD
NCT03102138 Human embryonic stem Retinal Pigment Epithelium ~ .
Safety follow up cell-derived RPE cells Safety Study For Patients In Age drela;edr r:ila;ular Intravitreal ?ecg‘:g{iﬁm
Study Biological: PF-05206388 B4711001 egeneratio &
Human embryonic stem
cell derived retinal
pigment epithelium (RPE) A Study Of Implantation Of
NCT01691261 living tissue equivalent Retinal Pigment Epithelium In Age-related macular Intraocular Active, not
Phase I Study Biological: PF-05206388: Subjects With Acute Wet Age degeneration recruiting
monolayer of RPE cells Related Macular Degeneration
immobilized on
a polyester membrane
NCT02464956 Induced pluripotent stem . . .
bili : : Production of iPSC Derived
Feasibility of cell (iPSC)-derived RPE RPE Cells for Transplantation Age-related macular None Unknown

production of these cells from a patient’s own
cells skin or blood

in AMD degeneration

Concerning hESCs, two cell products are being tested in CTs for macular diseases,
one from Pfizer (NCT01691261) and the other from the Astellas Institute for Regenerative
Medicine (formerly Ocata/Advanced Cell Technology). The latter is currently completing
a phase I/Ila CT designed to test the tolerability of transplanted RPE cells derived from
hESCs for the treatment of patients with Stargardt’s disease (NCT01345006) and advanced
dry AMD (NCT01344993) without a control group and using systemic immunosuppres-
sion. Indications of effectiveness have been shown, as 10 out of 18 patients improved
their vision. There was no evidence of proliferation, rejection or serious systemic adverse
events, but one patient had staphylococcus endophthalmitis, and cataract progression.
Localized RPE damage and intraocular inflammation were reported [48,49]. In addi-
tion, transplantation of hESM-derived RPE cells in the subretinal space with systemic
immunosuppressive therapy for 13 weeks has been tested in 12 patients with Stargardt’s
disease (NCT01469832) using the same biological. In that trial, focal areas of subretinal
hyperpigmentation were observed in all participants in a dose-dependent manner and
no evidence of uncontrolled proliferation or inflammatory responses were found. Bor-
derline improvements in best-corrected visual acuity (BCVA) in four participants either
were unstained or showed a similar improvement in the untreated contralateral eye. Qual-
ity of life questionnaires and microperimetry demonstrated no evidence of a benefit at
12 months, and in one case, localized retinal thinning and reduced sensitivity in the area
of hyperpigmentation suggested potential harm [50]. Lineage cell therapeutics has devel-
oped a similar study in patients with the advanced atrophic-form of AMD (still recruiting)
that has the objective of evaluating the safety and tolerability of a cell product named

OpRegen® (hESC-RPE cells) transplanted subretinally via the suprachoroidal approach

through a microinjection using the Orbit Subretinal Delivery System (Orbit SDS) developed
by Gyroscope Therapeutics (formerly Orbit Biomedical, Ltd.), which avoids the need to
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create a retinal hole and aims to provide precise and consistent dosing. The study will also
assess the ability of transplanted OpRegen® cells to engraft, survive and moderate disease
progression (NCT02286089) and results will be presented later this year. Furthermore, there
are several recruiting phase I/1I clinical trials using hEMS in AMD and/or Stargardt’s
disease in China (NCT02749734, NCT03046407 and NCT02755428), the United States
(NCT01344993, NCT02463344, NCT03167203, NCT01345006 and NCT02445612), France
(NCT02941991 and NCT01469832) and Korea (NCT01625559 and NCT01674829) aiming
to verify the overall safety and feasibility of hESC-RPE cell-based therapies, providing
some promising early visual results, in which any major complications could be primarily
attributed to the use of immunosuppressants during allogenic transplantation [45,51,52].
In addition, for RP a trial using hESC-derived-RPE cells is recruiting 10 patients to test
the safety and efficacy of its subretinal transplantation technique (NCT03944239). Finally,
a phase I/1I, open-label, prospective CT tried to determine the safety and tolerability of
the subretinal transplantation of hESC-derived RPE cells (MA(09-hRPE) in patients with
patchy atrophy secondary to myopic macular degeneration (NCT02122159), but the study
was withdrawn in 2016 and no results have been posted.

RPE cells obtained from human autologous somatic cells (hiPSCs) were used in a phase
I CT in 2013 in Japan (UMIMO000011929) in which the first patient improved without
adverse effects, but the study was put on hold because oncogenic genetic mutations were
found in the second patient, probably due to the documented genomic instability of
iPSCs. The CT since resumed, using HLA-matched allogenic iPSCS-derived RPE cells
in suspension compared with autologous iPSCs, the first being safer and more likely
to succeed economically. The transplanted sheet remained intact and BCVA was stable
one year after surgery, although cystoid macular edema was present [53]. More recently,
another two ongoing CTs have commenced in England and the USA (NCT02464956) to
test the efficiency of creating iPSC-derived RPE cells from the patient’s own skin or blood.
This trial started in 2015 in 10 patients with AMD and is not yet recruiting [54]. At the same
time, many scientists are studying the safety concerns surrounding the iPSCs obtained
through the reprogramming process.

Recently, a combination of gene and cell therapy has been implemented using
the CRISPR/Cas9 system applied to the production of iPSCs with selective HLA gene
disruption [55]. One example is a recent CT for a specific type of RP with mutations
in disease-causing genes that affect RPE function (NCT03963154), aiming to restore RPE
function and protect photoreceptors from degeneration at a relatively early stage.

However, the delivery strategy of a cell suspension might not be sufficient, and more
complex reconstructed tissue formulations are probably required, both to improve func-
tionality and to target pathological conditions with altered Bruch’s membrane-like AMD.
For clinical applications, Kamao et al. developed a protocol for an RPE monolayer sheet ob-
tained from hiPSC-RPE cells without using any synthetic scaffold, but rather self-producing
their basement membrane consisting of collagen IV and laminin. This was shown to be
functional in vivo when used in neovascular AMD after the removal of the choroidal
neovascularization, with no sign of rejection and no patients needing additional anti-VEGF
injections. The major problem was the cost and extensive preparation time needed for each
individual patient (more than 10 months) [56,57]. Likewise, more complex reconstructed
tissue formulations have been proposed in order to improve functionality and replace
the damaged Bruch’s membrane in AMD using 3D bioengineered tissues amenable for
regenerative medicine, developing RPE sheets or substrates to make the technical transfer
more tolerable to the cells during surgery and to increase survival compared to cells in sus-
pension, as well as increasing the chance of the cells forming an organized orientation tissue
reminiscent of the endogenous cellular structure [58]. An example of this new strategy is
a recruiting phase I/1I CT (NCT02903576) that is trying to determine whether the surgical
implantation of an hESC-derived RPE cell monolayer seeded onto a polymeric substrate
versus hESC-derived RPE cell injections alone into the subretinal space are safe procedures.
This has been planned in patients with dry AMD, disciform scarring due to wet AMD

80



Pharmaceutics 2021, 13, 865

and Stargardt’s disease. Thus, Kashani et al. have designed an implant using a scaffold,
termed the California Project to Cure Blindness—Retinal Pigment Epithelium 1 (CPCB-
RPE1), which consists of a polarized monolayer of hESC-derived RPE cells on an ultrathin
synthetic parylene (plastic) substrate designed to mimic Bruch’s membrane. This group
has published data on a cohort of 16 patients with advanced dry AMD (NCT02590692),
which demonstrate the technique’s safety and suggest that it may improve visual function,
since none of the implanted eyes showed the progression of vision loss, one eye improved
by 17 letters and two eyes demonstrated improved fixation [59]. The group led by da
Cruz et al. is investigating a similar RPE patch in severe exudative AMD as a part of The
London Project to Cure Blindness (NCT03102138). Finally, a phase I CT used an engineered
RPE patch comprising a fully differentiated hESC-derived RPE monolayer on a coated,
synthetic basement membrane, delivered using a purpose-designed microsurgical tool into
the subretinal space of one eye in two patients with severe exudative AMD. Only local
immunosuppression was used long-term. The authors reported the successful delivery
and survival of the RPE patch by means of biomicroscopy and optical coherence tomog-
raphy (OCT), and a BCVA gain of 29 and 21 letters in the two patients, respectively, over
12 months. They also presented the preclinical surgical, cell safety and tumorigenicity
studies, leading to the trial’s approval [60].

4.2. Photoreceptor Replacement

To treat IRD, and mainly RP, it is necessary to replace dysfunctional or dead rods
and cones, creating a therapeutic “slot” for cell therapies between gene therapy (for early
stages of the disease) and retinal microchips (for advanced stages of the disease). One of
the difficulties in treating advanced stages is that most of these conditions affect the en-
tire retina. Replacing photoreceptors has been tried when these are the major cell type
involved in retinal degeneration. In this case, the introduced precursors would have to
form a polarized outer nuclear layer with the formation of light-sensitive outer segments,
and then would have to reconnect synaptically with downstream retinal neurons in order
to send information down the visual pathway.

To do this, various forms of transplant have been applied, including a full-thickness
retina; photoreceptor sheets (sliced using a laser or vibratome); dissociated cells, including
photoreceptors or the retinal progenitor cells (RPCs) that are able to produce them; hPSC-
derived cells [61]. Patients may also benefit from a combined RPE and photoreceptor
transplant, but whether this would be a stepwise approach with RPE replacement followed
by photoreceptor transplantation or whether the two could be transplanted together needs
to be explored, as Zhu et al. showed that the survival of photoreceptor progenitor cells was
increased when they were cocultured with hESC-derived RPE [62].

The first publications on this issue indicated the potential benefit of transplanting
fetal retinal cells or tissue in patients with retinal degeneration and its safety, but these
grafts were limited due to ethical concerns and reduced availability [63]. Furthermore,
the surgical techniques used to perform the subretinal transplantation of full-thickness
retina or photoreceptor sheets are difficult to perform, and cell integration and synaptic
reconnection are also challenging [64]. However, with the advent of well-established
protocols to differentiate substantial quantities of retinal cells from hESCs and iPSCs,
regenerative retinal therapies have become a practical goal in clinical practice [65].

RPCs have been demonstrated to become mature and express photoreceptor markers
when injected into the subretinal space, and they are also able to integrate into the host inner
retina and rescue degenerated photoreceptors [66]. RPCs and hESC-derived photoreceptor
precursor cells have been shown to integrate into the host retina and improve light sensitivity,
although the effect was reversed in months [66,67]. Another source could be hiPSC-derived
photoreceptor precursors—results have demonstrated that adult fibroblast-derived iPSCs can
differentiate into retinal precursors to be used for the transplantation and treatment of retinal
degeneration diseases [68-70]. The main question is whether transplanted photoreceptors
actually integrate. They may instead fuse with existing photoreceptors, since in recent years
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a phenomenon known as “material transfer” has been proposed, whereby biomaterial such
as proteins and/or mRNA is transferred from donor to host photoreceptors, thereby restoring
some visual function by rescuing remaining photoreceptor cells [71,72]. An important point is
that more progress in preclinical studies is needed in order to better understand and optimize
cell integration in order to plan future CTs.

CTs on photoreceptor replacement are summarized in Table 3. One of them is imple-
menting the use of subretinally transplanted hRPCs derived from the fetal retina. This is
a phase I/Ila, open-label, prospective study aiming to test their safety and tolerability

in patients with advanced RP and has been sponsored by ReNeuron (NCT02464436).

Table 3. Photoreceptor replacement clinical trials.

Administration

Reference Cell Type Title Disease Procedure Status
NCT02464436 I_Iil)l n;iril’t:)itézﬁls Safety and Tolerability of Retinitis pigmentosa Subretinal Recruitin,
Phase I/1la Study p g(hRPC) hRPC in Retinitis Pigmentosa p1g g

Autologous bone Autologous Bone
NCT01068561 8 - Marrow-Derived Stem Cells e .
marrow-derived . . Retinitis pigmentosa Intravitreal Completed
Phase I Study Transplantation For Retinitis
stem cells .
Pigmentosa
Autologous Bone
NCT01560715 Autologous bone Marrow-Derived Stem Cells Retinitis piementosa Intravitreal Completed
Phase II Study marrow stem cells Transplantation For Retinitis Pig P
Pigmentosa
Intravitreal Bone Age-related macular
NCT01518127 Autologous bone Marrow-Derived Stem Cells §e eneration and Intravitreal Completed
Phase I/1I Study marrow stem cells in Patients With Macular 8 P
. Stargartd
Degeneration
Biological: exosomes Intravitreal during
NCT03437759 derived from MSC-Exos Promote Healing Macular holes a vitrectomy and Active, not
Phase I Study mesenchymal stem of MHs the aid of recruiting
cells (MSC-Exo) endotamponades
NCT03853252 b’f‘“t"k’g"us skin iPS Cells of Patients for . . .
. iopsy to get cells . Retinal dystrophies: Other: create cell i
Not applicable (proof ; : Models of Retinal . . : Recruiting
from choroideremia - choroideremia models of disease
of concept) patients Dystrophies

Mesenchymal stem cells have a reduced ability of cell differentiation when compared
to embryonic stem cells although they may differ in some cells such as retinal pigmented
epithelium cells and retinal glial cells. However, these cells secrete large amounts of
trophic factors that could theoretically increase the longevity of retinal cells in distress and
also to produce a recovery of function. With this goal, Siqueira et al. at the University
of Sao Paulo have primarily investigated the use of autologous BMMSCs intravitreally
injected to treat patients with advanced degenerative retinopathies (one RP patient and two
affected by cone-rod dystrophy) in a phase I CT (NCT01068561), without detecting serious
adverse events. In a phase II study, they started to confirm the efficacy of this technique
(NCT1560715) in 20 RP patients, showing a transitory improvement of vision that lasted no
longer than one year [73,74]. The same group has investigated the safety and effectiveness
of their cell product in AMD and Stargardt’s patients (NCT01518127). Nevertheless, this is
not real photoreceptor replacement but rescue.

Another approach is to use iPSCs, but in the particular case of IRD, patient-derived
iPSCs carry pathogenic gene mutations that may affect the survival and function of autol-
ogous transplanted cells. Thus, the cell replacement strategy can utilize patient-specific
photoreceptor precursor cells that have been genetically corrected through conventional
gene therapy using viral vectors or via gene editing, using both the clustered regularly inter-
spaced short palindromic repeats-associated protein 9 (CRISPR/Cas9) system or the tran-
scription activator-like effector nucleases (TALEN) system [75,76]. However, the pheno-
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typic correction of iPSCs is not efficient enough (because of transgene silencing), so it may
be more advantageous to correct somatic cells “ex vivo” before reprogramming. The ad-
vantage of this approach is that it could be used to treat IRD, regardless of the clinical stage
or prevalence of the disease, and of the size of the causative gene [77]. Further work is
required to ensure safety regarding off-target mutations due to gene editing and mutagen-
esis that may occur during the derivation and differentiation of iPSCs, although despite
these challenges, gene editing technology has made rapid advances and is a valuable
tool in understanding and treating RD [78]. CRISPR/Cas9 can be also used to turn genes
on, instead of snipping them via epigenetics, by modulating histone marks, rather than
editing DNA sequences, thus obtaining improvements or the amelioration of symptoms.
Nevertheless, some challenges remain before this can be implemented in the clinic [79].
Additionally, a drug-tunable gene therapy, which led to the expression of a neurotrophic
factor-destabilization domain fusion protein, preserved cone vision in preclinical studies,
suggesting its potential use against broad-spectrum RD and its possible use as an adjunct
therapy along with stem-cell therapy [80]. In this respect, Cereso et al. used AAV2/5
as a carrying vector to effectively transduce iPSC-derived RPE cells from a choroideremia
patient, thus illustrating the potential of patient iPSC-derived RPE cells to provide a proof-
of-concept model for gene replacement when there is no appropriate animal model [81].
Furthermore, Burnight et al. transduced patient-specific, iPSC-derived, photoreceptor pre-
cursor cells with lentiviral vectors carrying full-length CEP290 in order to correct a causing
mutation of Leber’s congenital amaurosis, which affects the cilia formation of the pho-
toreceptors. Their results showed the expression of full-length transcripts and functional
rescue of the ciliogenesis defect in patient cells [82]. Bassuk et al. used the CRISPR/Cas9
system to precisely repair an RPGR point mutation that causes X-linked RP (XLRP) [83].
Lastly, another CT using iPSCs to develop cell models of different retinal dystrophies is
also recruiting (NCT03853252) to evaluate the efficiency of gene therapy approaches.

An additional approach to cell-based therapy is to introduce optical sensors into
grafted photoreceptor cells to make them function stably and independently of the RPE [84].

Finally, mesenchymal stem cell-derived exosomes are also being tested in a clinical
trial (NCT03437759) because they seem to the promote healing of large and refractory
macular holes.

4.3. Ganglion Cell Replacement and Cell Therapy for Optic Nerve Diseases (ONDs)

Among the studies registered in ClinicalTrials.gov (accessed on 2 May 2021), only 18
are related to OND, and six have not shown results for a long time, so it is presumable that
they have failed or have been interrupted (Table 4). The rest are phase I or II CTs related to
a few diseases (Table 5).

Table 4. Optic nerve regeneration: failed cell therapy clinical trials for optic nerve disorders.

Reference Disease Cell Type AdmIi{ILilsl:reation Study Start Date Status
Human umbilical
NCT01364246 Multiple sclerosis and multipotent stem cells .
Phase I/1I Study neuromyelitis optica retrieved from donor Transplantation January 2010 Unknown
umbilical cords (hUTSCs)
NCT01834079 . Autologous bone marrow S
Phase /11 Study Optic nerve atrophy derived stem cells Intrathecal injection September 2014 Unknown
Progressive and Intravenous infusion
II’\LEEeO%IZ é?g?f refractory neuromyelitis Aﬁl tOIOigO;'IS 1l of MSC a day-case 2.0 January 2013 Unknown
y optica spectrum disorders ~ eocCymal stem cetis x 106 cells/kg
Relapsed and/or
refractory AQP4-1gG
%I}?a ng?iégf uzn%? seropositive CD19/ C]%i(l)l;anCAR T Intravenous infusion August 2018 Withdrawn

neuromyelitis optica
spectrum disorders
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Table 4. Cont.

Reference Disease Cell Type Admli{:)izi?tion Study Start Date Status
Stem cell intravenous
infusion prior
11¥l$a 22219873;1(:‘111 High grade gliomas Autolggﬁgstisgim cell chemoradiation and January 2017 Withdrawn
y reinfused back after
treatment
Retinal degeneration and Autologous
PEaCsFeF?%IAL étll(l)g primary open-angle adipose-derived Subtenon May 2014 Unknown
y glaucoma regenerative cells (ADRC)

NTC 01339455 i . Autologous . . - Terminated
Phase I/11 Study Neuromyelitis optica hematopoietic stem cells Intravenous infusion April 2011 (recruitment failure)
Table 5. Optic nerve regeneration: cell therapy clinical trials for optic nerve disorders.

. Administrati Study Start
Reference Disease Cell Type mll{r:)llsltza ton Sponsor uD);te a Status
NTC 02638714 Autologous bone
Plgigfdl/ I Optic nerve atrophy CD 34 +’n}§;€)"zn do714+  Nosite declared Stem Cells Arabia April 2013 Recruiting
y stem cells
Allogenic
NTC 03173638 Acute ischemic optic mesenchymal stem Intravitreal . s
Phase II Study neuropathy nonarteritic ~ (MSV) cells from bone injection IOBA, Spain March 2018 Recruiting
marrow
Tolerogenic dendritic : .
NCT 022836771 -, . . Intravenous Hospital Clinic of September
Phase I Study Neuromyelitis optica Cmd}l]sellionaggzt‘i’élet? administration Barcelona, Spain 2015 Completed
. Injecti f
NTC 01920867 Various ocular diseases Bosrtlée nﬁ“ fglﬁgv(\%ﬁég)e d BM;(]Ze ielt(;glsaslbar, MD Stem Cells, August 2012 Enrolling by
Phase (n/a) including optic neuritis Study 1 : subtenon and USA & invitation
intravenous
Various ocular diseases
including optic
neuropathy
Nonarteritic ischemic Bone marrow derived Injections of
NTC 03011541 optic neuropathy BMSC retrobulbar, MD Stem Cells, -
Phase (n/a) Optic atrophy, optic stem gf‘}llcsi (]%\/ISC). subtenon and USA January 2016 Recruiting
nerve disease, Y intravenous
glaucoma,
Leber hereditary optic
neuropathy
High dose
NTC 00787722 immunosuppressive Intravenous Northwestern
P}}SEItS{de}//II Devic neuromyelitis he n?;f;;gemt;em infusion University, USA October 2009 Completed
cells transplantation
High dose .
Newologie - Immmeuppresie Gty e
NTC 00716066 i i therapy wit Int .
Phase TStudy  including nouromyelie autologous “infusion Center June 2008 Recruiting
Y gop’cica Y hematopoietigc stem cell National Cancer
Institute, USA
transplantation nstiue
Dual NT-501 CNTF .
NTC 04577300 Intravitreal Stanford Not yet
Phase II Study Glaucoma encaf}fgrl:;eyd cell NT-501 implants ~ University, USA  OCtoPer2020 o0 iting
NT-501 CNTF . .
NTC 02862938 Intravitreal Stanford Active, not
Phase II Study I enca}t’lf;}:;eyd cell NT-501 implants ~ University, USA ~ U8USt2016 %0y iifing
NTC 02330978 Autologous bone . University of Sao
Phase I Study Glaucoma marrow-derived Intravitreal Paulo, Brazil July 2019 Completed

mesenchymal stem cell

(n/a): not applicable; (CNTF): soluble ciliary neurotrophic factor.

Three of them are focused on optic nerve atrophy, which is the end result of many
pathologies with different pathogeneses. Four included patients with optic neuromyelitis
(Devic’s disease), an autoimmune disorder predominantly characterized by severe optic
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neuritis and transverse myelitis. For many years this disease was considered a variant
of multiple sclerosis, but the discovery that most patients have autoantibodies against
aquaporin-4 (AQP4) or NMO-IgG changed the understanding of the disease [85].

In one of the CTs, dominant optic atrophies and Leber’s hereditary optic neuropathy
(LHON) are included, although many other ocular pathologies are also included. This trial
will be discussed below.

Three of the CTs are focused on glaucoma. This disease has traditionally been viewed
as a primary OND, in which the optic nerve is damaged as a result of high intraocular
pressure (IOP). Glaucomatous optic neuropathy is characterized by significant death of
RGCs. According to global surveys, the second leading cause of blindness after cataracts
is glaucoma. However, there is a substantial group of people (up to 20%) with typical
glaucomatous disc changes, progressive visual field defects and open anterior chamber
angles associated with intraocular pressure (IOP) constantly below 21 mmHg, a condition
known as normal tension glaucoma [86]. Currently the main goal of glaucoma treatment
is IOP reduction. The Early Manifest Glaucoma Trial showed that glaucoma progression
was decreased by 10% with the reduction of each mmHg of IOP but according to the Col-
laborative Normal Tension Glaucoma Study Group, an IOP reduction of 30% is required
to slow the progression of normal tension glaucoma—a goal that is difficult to achieve
with the currently available glaucoma treatments [86]. Therefore, treatment should be
ideally targeted at neuroprotection to improve the RGCs or optic nerve head function by
means of drugs such as calcium channel blockers or by means of cell therapy. In this case,
cell transplantation is still at an early stage of preclinical study, compared with RPE or
photoreceptor transplantation. Finally, a CT sponsored by our group (NCT03173638) is
focused on the acute phases of acute nonarteritic anterior ischemic optic neuropathy [6].

Regarding the types of cells, six CTs use BMMSCs. Three of these—all of them directed
at optic neuromyelitis—use a combination of a high dose of immunosuppressive therapy,
followed by autologous hematopoietic cell transplantation.

Two CTs use encapsulated cell technology. They use ARPE19, a retinal pigmented
human cell line, genetically modified to produce ciliary neurotrophic factor (CNTEF). Cells
are encapsulated in a semipermeable polymer capsule which is introduced into the vitreous
cavity. The idea seems very attractive and in theory it would open up many possibilities.
It was primarily designed for treating retinal degenerative diseases [87], but initial results
in diseases such as RP did not show any clinically relevant benefit, and since 2013 there have
been no novel results in retinal pathologies [88] associated with the use of this technology.
The company now seems to be concentrating on glaucoma, although no results have yet
been reported.

However, regarding CNTF, there is a question that must be investigated in depth and
that is the action of this factor on the glia cells. At least the acute administration of CNTF
appears to be related to glial reactivity, which would not be desirable in the context of
diseases either of the retina or of the optic nerve [89].

Returning to the CT sponsored by our Eye Institute (NCT03173638), our hypothesis
is that ischemic neuropathy can resemble an ischemic stroke, and it should be possible
for there to be a series of ganglion cell axons in the so-called penumbra zone. Thus,
some of the growth factors released by BMDMSC could “rescue” these fibers, minimizing
the damage. Without the presence of growth factors released by mesenchymal stem cells,
many of those axons in the “penumbra zone” will die and the functional damage will be
greater. A differential fact, in comparison with other CTs, that may be of great relevance is
that our cells are from allogeneic sources.

The so-called Stem Cell Ophthalmology Treatment Study (SCOTS) and SCOTS-2
(NCT01920867 and NCT03011541) are especially deserving of interest. They are considered
the largest stem cell studies for ocular diseases [90]. The research subjects include dominant
optic atrophy and LHON. As in our CT, the stem cell approach is based on the use of
BMDMSCs, but in this case the cells are of autologous origin. This is a multicentric study
(involving the USA and the United Arab Emirates), and the principal investigators are
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using mesenchymal stem cells to take advantage of their neuroprotective effects, which
have been reported in a variety of animal models of optic nerve damage [91]. Although they
are able to differentiate into neurons and glial cells [92], the use of these cells in these CTs
is based on their ability to release neurotrophic agents. These neuroprotective properties
have been experimentally proven in retinal layers by our group [93,94]. In the SCOTS-
2 CT, five patients with LHON reported improvements in visual acuity and peripheral
vision. In 2019, in the first SCOTS report, six patients with dominant optic atrophy were
included. Five of them experienced visual improvement. The authors speculated that
mitochondrial transfer and neuroprotective exosome secretion from mesenchymal stem
cells could contribute to this improvement [95]. Nevertheless, these results must be taken
with caution, as there was great variability in the treated conditions, including degenerative,
ischemic and physical damage of the retina and/or optic nerve. Moreover, the eyes were
treated through the injection of BMMSCs, using many different routes of administration—
retrobulbar; sub-Tenon and intravenous together, or a combination of retrobulbar, sub-
Tenon, intravitreal and intravenous, making the interpretation of their results difficult and
creating certain doubts about the quality of the methodology used in the study’s design.
Thus, the scientific basis of cell therapy in hereditary optic neuropathies is still under
investigation and validation [90].

Regarding the topic of administration routes, those studies that have focused on
hematopoietic cell transplantation have obviously used intravenous application, whereas
the rest, with two exceptions, have used the intravitreal route. These exceptions are the al-
ready mentioned CTs NCT01920867 and NCT03011541, sponsored by the same company,
MD Stem Cells (Coral Springs, Florida, USA). This is an interventional, nonmasked, par-
allel, nonrandomized clinical study, including several retinal conditions and optic nerve
diseases (such as glaucoma, optic nerve compression, ischemic optic neuropathy and optic
atrophy). The routes for the administration of cells include retrobulbar, subtenon, intravit-
real and intravenous routes (alone or as supplements after other routes). The study started
in 2016, and the expected date for completion is 2023.

A final reflection can be made on the possibility of using a multimodal therapy
for diseases both of the retina and the optic nerve, which are complex and in which
perhaps a single therapeutic approach would not work. In a recent paper [96], researchers
from Brazil and Florida proposed an interesting combination of gene and cell therapy
to increase RGC survival and their axon regrowth. This was an experimental study
on a model of optic nerve crush, analyzing the neuroprotective and neuroregenerative
potential of pigment epithelium-derived factor (PEDF) gene therapy alone and combined
with human mesenchymal stem cell (hMSC) therapy. The authors found a synergistic effect
in the combination of gene and cell therapy.

A final point concerns the safety of intravitreal stem cell injections. In a recent paper [97],
researchers investigated the vascular outcomes after intravitreal mesenchymal stem cell
(MSC) administration in rats, with or without damage to the neurovascular unit (transgenic
rats). The authors used rat BMDMSCs and human ADMSCs and found that the intravitreal
administration of MSCs induced cataract, retinal vaso-regression, activation of retinal glial
cells and an inflammatory response even in normal rat eyes. Our group analyzed the safety
of human bone marrow-derived MSCs [98] and these cells were safe and well-tolerated when
administered intravitreally at a dose of 15 x 10° cells/mL in pigmented rabbits.

In view of the information analyzed in this review and comparing it with that obtained
in our 2016 review [6], it does not appear that there has been much real progress in this
field, and it seems that, in the very short term, none of the approaches that are being made
in CTs seem to have been transferred to established clinical human treatments.

Ideal cell therapy involves several requisites, such as a source of viable cells, the man-
agement of cells under good manufacturing practices (GMPs), reliable delivery meth-
ods, long-term survival and functioning of grafted cells without severe adverse effects
on the host, and of course a clear objective benefit in terms of the improvement or stabiliza-
tion of the disease [16].
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The main obstacles in this process are derived from the lack of adequacy of the host
environment, and the time of use of the cells, which requires the production source close to
be close to the clinical place of use. In addition, the short time of release of growth factors
by the implanted cells forces us to look for alternatives such as genetically modified cells,
which then pose other serious safety problems.

The rescue of RGCs in glaucomatous patients by means of the neuroprotective proper-
ties of pluripotent stem cells is a plausible and experimentally proven option. However,
the difficulties mentioned above probably influence its very slow development from pre-
clinical research to routine clinical use.

4.4. Cell Therapy for Retinal Vascular Diseases

In 2014, Park et al. injected for the first time autologous CD34+ BMMSCs into the vit-
reous cavities of six patients with retinal vascular occlusion or RD, finding a good safety
profile that merits further exploration (NCT01736059) [99]. To date, autologous BMMSCs
have been applied by means of intravenous infusion in 34 patients with DR (No. ChiCTR-
ONC-16008055; chictr.org. cn). BCVA and central macular thickness, measured with
OCT, improved without severe adverse events, mainly in the nonproliferative stage of
the disease [100]. Another CT has proposed one intravitreal injection of bone marrow
mononuclear stem cells in 30 patients with ischemic retinopathy, including DR with severe
loss of retinal capillaries (NCT01518842). This trial is active but not recruiting. Furthermore,
a phase I/1I, prospective, randomized, sham-controlled, double-masked CT (NCT03981549)
is ongoing, aiming to determine whether intravitreal autologous CD34+ stem cell therapy
is safe, feasible and potentially beneficial in minimizing or reversing vision loss in eyes
with ischemia due to central retinal vein occlusion. Lastly, the combination of CD34+CD45+
cells derived from iPSCs with iPSCs derived from the mesoderm (vascular wall-derived
progenitor cells or endothelial colony forming cells—ECFCs) administered into the vitre-
ous cavity is being evaluated in a clinical trial, assessing their potential beneficial effect
in preventing microvascular complications in DR (NCT03403699) due to their antioxidative
and anti-inflammatory effects.

Finally, a CT intending to evaluate the function of serum exosomal miRNA in the patho-
genesis of DR is ongoing (NCT03264976) but not yet recruiting patients [101]. In fact,
researchers will try to validate a diagnostic test sequencing these miRNAs and see if they
can serve as a prognostic factor. However, according to the available information, it seems
that stem cell-derived exosomes may play an important role in RD treatment in the future
too. CTs on cell replacement for retinal vascular diseases are presented in Table 6.

Table 6. Cell replacement clinical trials for retinal vascular diseases.

Reference Cell Type Title Disease AdII,I; alzles‘;fle;t;on Status
Effect of Intravitreal Ischemic retinopathy,
Bone Marrow Stem - . . S
NCTO01518842 Bone marrow stem cells Cells on Ischemic including diabetic Intravitreal Unknown
Not applicable Retinopathy retinopathy with severe
(RetinaCell) loss of retinal capillaries
Non-exudative
Clinical Trial of age-related macular
inical lrial o degeneration
NCT01736059 CD34+ autologous Autologous Intravitreal Diabetic retinopathy ) Enrolling by
Ph adult bone marrow Bone-marrow CD34+ . . . Intravitreal P
ase I Study stem cells intravitreal Stem Cells for Retina vein occlusion mnvitation
Retinopathy Retinitis pigmentosa
hereditary macular
degeneration
Treatment of Central
NCT03981549 | CDS4taufologous - Retinal Vein Occlusion  Central retinal vein Intravitreal Recruiti
Phase I/11 Study one marrow stem cells  (jging Stem Cells Study occlusion ntravitrea ecruiting

versus sham therapy

(TRUST)
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Table 6. Cont.

Reference Cell Type Title Disease Administration Status
Procedure
Combination of
Others: to test
oDB4CDaS s cells if the hiPSC-derived-
inducible pluripotent e et
stem cells (iPSCs) with Human iPSC for Repair revascularize
NCT03403699 iPSCs derived from of Vasodegenerative Diabetes complications vasodegenerative Recruitin
Not applicable the mesoderm: vascular Vessels in Diabetic Diabetic retinopathy capillaries and if their &
wall-derived progenitor Retinopathy pria . b
cells or endothelial riﬂaratlxéebactlop .Car,:. N
lonv formi 1 enhanced by coinjection
© (ECECe) sulset of CD34+CD45+ cells
(SSEA5-KNA+) intravitreally.
Validation of
Role of the Serum : :
NCT03264976 N Exosomal miRNA Disbetic refinonath a diagnostic test based Not yet
Not applicable one in Diabetic Retinopathy 1abetic retinopathy on exosomal mi S recruiting
(DR) in serum samples that

will be sequenced

5. Challenges

Several issues remain to be solved concerning the clinical translation of cell-based
therapies, including (1) the ability to enrich for specific retinal subtypes; (2) cell survival;
(3) cell delivery, which may need to incorporate a scaffold to induce correct cell polariza-
tion, which increases the size of the retinotomy in surgery and, therefore, the chance of
severe complications compared to the delivery of isolated cells; (4) the need to induce
retinal detachment to perform the subretinal placement of the transplanted cell, which
could disrupt the first synapse of the visual pathway and is thought to affect larger areas
outside the iatrogenic detachment; (5) the evaluation of the risk of tumor formation caused
by undifferentiated stem cells and prolific progenitor cells, which increases when using
genome-integrating viruses or gene editing to produce iPSCs because this can cause inser-
tional mutagenesis and unpredictable genetic dysfunction and some transcription factors
may have oncogenic properties [5].

The development of surgical techniques for delivering the cells to the right place is one
of these challenges. Intravitreal injections have been used, as they are a common procedure
in retina patient clinics and are associated with few complications. However, with this route
of administration, the concern is that the host retina, mainly the inner limiting membrane,
may act as a barrier and prevent the transplanted cells from migrating and integrating
into the retinal tissue in the correct location [102]. Therefore, subretinal transplantation is
the more commonly used technique when trying to obtain cell replacement, as the cells
are delivered to the intended location and therefore better integration and differentiation
is observed. However, this is a complex surgical procedure, requiring a skilled retinal
surgeon with experience in subretinal surgery, as it has a high risk of surgical complications,
including hemorrhage, PVR, graft dislocation and neovascularization [103,104]. If more
than one type of cell is needed to restore the natural retinal cell layers, the question will
then be whether the layers should be transplanted sequentially or if a retinal complex
including the necessary layers would be optimal for the restoration of visual function.
When using a cell sheet or an RPE-photoreceptor-scaffold complex, a subretinal approach
would be especially necessary, since transplants of this size could not traverse the inner
retina, and a purpose-designed microsurgical tool has been proposed to perform these
transplants via the suprachoroidal approach, as we have already mentioned [60].

Furthermore, contact with the RPE is essential for photoreceptor cells to properly
function. Therefore, new strategies should be found to prevent rosette formation, like
transplanting photoreceptors and RPE at the same time [45]. Other attempt to facilitate
efficient network formation with host retinal cells is to seed purified photoreceptor cells
onto biomaterial sheets and then to transplant them [105].
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It is also important to point out that cell survival and transplantation success are
determined also by the extent of immune rejection, although we would be working in a rela-
tively immune-privileged site [106]. ESCs do not express major histocompatibility complex
(MHC) II and only a low level (although upregulated) of MHC I after transplantation [107].
iPSC-derived cells show less of an immune response [108], but produce an immune re-
sponse when retroviruses are used to reprogram them [61]. Finally, MHC matching may
be beneficial for successful allogeneic stem cell transplantation [109]. All these aspects will
be crucial in order to establish the optimal immunosuppression regime for future clinical
applications. Moreover, the Center for iPS Cell Research and Application (CiRA) started
offering iPSCs stocks for regenerative medicine in 2015, based on the idea that only 10
cell lines carry the three most frequent HLA homologous loci (HLA-A, -B and -DR), thus
reducing the possibility of rejection [110]. Therefore, a CT recruited patients suffering
from RPE atrophy, who were transplanted with this product without needing systemic
immunosuppression, and although one patient showed mild signs of rejection, this was
well controlled through the local administration of steroids. However, it resulted in an
insufficient number of cells being delivered to the targeted area, which is another problem
that should be addressed [111].

On the other hand, future research in regenerative medicine for vascular ischemic
retinal diseases must focus on the following issues—(1) whether endothelial precursor
cells or MSCs derived from cord blood or pluripotent sources are more pluripotent and
therapeutic than adult cells; (2) although adult stem cell therapies are in early I/1la phase
CTd, efficacy and safety results are still pending, and there is a long way to go before
their findings can be applied to clinical practice; (3) understanding the interplay between
various precursor cells is important in developing the ideal cell therapy for vascular
regeneration, since the optimal cell therapy may involve a combination of stem cells or
precursor cells; (4) pharmacologic methods aiming to overcome the potential host factors
may enhance the regenerative potential of stem cells [112]; (5) understanding the molecular
basis for the regenerative effect of stem cells in retinal vascular conditions might shed
light on new pharmacologic or genetic approaches to treating retinal vascular disorders
and new approaches to enhancing the therapeutic effects of currently available stem cell
therapies [113].

As mentioned, the main challenge in OND is the maintenance of RGCs and stimulating
the re-growth of their axons [114]. Optic nerve regeneration can be experimentally induced
through different approaches, such as by delivering neurotrophic factors, increasing oc-
ular inflammation and manipulating genes targeting growth-related inhibitors, such as
phosphatase and tensin homolog (PTEN), Kruppel-like family (KLF) transcription factors
and the suppressor of cytokine signaling 3 (SOCS3) [115]. Interestingly, many of these
proregenerative pathways are at least indirectly associated with tumor growth, raising
concerns about the clinical feasibility of their manipulation [115]. In addition, complex
combinatorial approaches are still far from translation.

In 2019, Mesentier et al. [116] showed that intravitreally injected BMMCs promote
RGC survival and regeneration after optic nerve crush but RGC survival declined over
time. Therefore, one of the challenges is how to maintain the neuroprotective effect over
time, especially in diseases in which the etiological treatment is not addressed. The same
authors have demonstrated, using an optic nerve crush model, that the intravitreal injection
of MSCs sustained RGC neuroprotection and long-distance regeneration, with transient
target reconnection, but also with the progressive loss of the axon regenerative effect—an
event that is not solely attributed to the clearance of MSCs but also to a limitation of cell
therapy alone in achieving permanent neuronal reconnection to its targets. Thus, they
suggest that the combination of MSCs or of their secretome with additional therapeutic
approaches is more likely to sustain therapeutic effects for a longer time.

The lack of endogenous RGC replacement in mammals differs from what happens
in fish and amphibians, which add new RGCs throughout their lifespan, a feature that is
thought to arise at least in part from the presence of a specific proneural transcriptional
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factor, Ascll, made by retinal Miiller glia in cold blooded vertebrates but not by mam-
malian Miiller glia. Three general approaches to replacing RGCs include (i) syngeneic
transplantation of adult induced pluripotent stem cells (iPSs) that have been programmed
to assume RGC phenotypes, (ii) allogeneic transplantation of RGCs from healthy eyes into
host eyes, and (iii) possible reprogramming of endogenous Miiller glia into RGCs. Thus,
the isolation of RGCs from the retinas of recently deceased humans for transplantation into
recipient humans may actually represent a clinically viable strategy for curing otherwise
irreversible forms of blindness [10].

As mentioned in the retinal diseases section, another approach could be the possible
use of exosomes. Recent evidence has shown that MSCs secrete exosomes, membrane-
enclosed vesicles (30-100 nm) containing proteins, mRNA and miRNA, which can be
delivered to nearby cells. A recent experimental study in a rat optic nerve crush model
demonstrated that exosomes from BMMSCs showed neuroprotective and neuritogenic
effects [116]. In this model, BMSC-derived exosomes promoted statistically significant sur-
vival of RGCs and regeneration of their axons, while partially preventing RGC axonal loss
and RGC dysfunction, opening a treatment possibility as a cell-free therapy for traumatic
optic nerve disease, which nevertheless requires further confirmation.

Finally—and since some of the current CTs are directed at the involvement of the optic
nerve in multiple sclerosis—it is worth reviewing an experimental approach that may be
interesting. Recently, Gramlich et al. [117] aimed to determine the efficacy of MSC therapy
on rescuing the visual system in the experimental autoimmune encephalomyelitis (EAE)
model of multiple sclerosis (MS). Systemic MSC treatment (intraperitoneally) was found to
positively affect RGC function and survival in EAE mice.

In summary, much progress has been made towards translating stem/progenitor cell
technology into optimized therapies for retinal and optic nerve diseases, but the road to
the clinic will be undeniably long. More defined differentiation protocols are required to im-
prove efficiency and to obtain high-quality enriched retinal cells at the desire state. Notably,
insights into human retinal development with the advent of 3D cell culture techniques that
mimic in vivo development may help in this regard. Moreover, the genetic modification of
stem cells may prove to be a viable approach to generating specific populations of retinal
cells that are able to produce some desirable cell products or to be used after correcting
a disease-causing mutation. In addition, stem/progenitor cell therapies have already
entered early-stage CTs and have demonstrated safety and some indicators of efficacy.
Furthermore, the challenge of the immune rejection of transplants needs to be addressed.
Currently, stem/progenitor cell therapies for retinal diseases still have some drawbacks,
such as inhibition of proliferation and/or differentiation in vitro (with the exception of
the RPE) and limited long-term survival and functioning of grafts in vivo. Despite these
challenges, stem/progenitor cells represent the most promising strategy for retinal and
optic nerve disease treatment in the near future, as therapeutic strategies assisted by gene
techniques, neuroprotective compounds and artificial devices can be applied to fulfil clini-
cal needs. Finally, the collaboration of various experts in engineering, cell biology, genetics
and clinical medicine is essential for the development of successful cell therapies.

6. Conclusions

Much progress has been made towards translating stem/progenitor cell technology
into optimized therapies for retinal and optic nerve diseases demonstrating safety and
efficacy. However, scientists need to work in more defined differentiation protocols and im-
mune rejection of transplants, as well as provide insights into human retinal development
and genetic modification of stem cells.

Author Contributions: RM.C.-M. and ].C.P. contributed to the conceptualization and methodology;
R.M.C.-M. to writing the part of retinal diseases; S.P.-I. and J.C.P. to writing the part of optic nerve
diseases—original draft preparation; R.M.C.-M.,, to final supervision and editing. All authors have
read and agreed to the published version of the manuscript.

90



Pharmaceutics 2021, 13, 865

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki.

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  deJong, PT. Age-related macular degeneration. N. Engl. |. Med. 2006, 355, 1474-1485. [CrossRef] [PubMed]

2. Ferrari, S.; Di Iorio, E.; Barbaro, V.; Ponzin, D.; Sorrentino, ES.; Parmeggiani, F. Retinitis pigmentosa: Genes and disease
mechanisms. Curr. Genom. 2011, 12, 238-249. [CrossRef]

3. Osborne, N.N.; Casson, R.J.; Wood, J.P.; Chidlow, G.; Graham, M.; Melena, J. Retinal ischemia: Mechanisms of damage and
potential therapeutic strategies. Prog. Retin Eye Res. 2004, 23, 91-147. [CrossRef] [PubMed]

4.  Barber, A. A new view of diabetic retinopathy: A neurodegenerative disease of the eye. Prog. Neuro-Psychopharmacol. Biol. Psychia-
try 2003, 27, 283-290. [CrossRef]

5. Zarbin, M. Cell-Based Therapy for Retinal Disease: The New Frontier. Methods Mol. Biol. 2019, 1834, 367-381. [CrossRef]

6.  Labrador-Velandia, S.; Alonso-Alonso, M.L.; Alvarez-Sanchez, S.; Gonzalez-Zamora, J.; Carretero-Barrio, I.; Pastor, J.C.; Fernandez-
Bueno, I; Srivastava, G.K. Mesenchymal stem cell therapy in retinal and optic nerve diseases: An update of clinical trials. Worid J.
Stem Cells 2016, 8, 376-383. [CrossRef]

7. Fu, L.;Kwok, S.S.; Chan, YK, Lai, ].S.; Pan, W.; Nie, L.; Shih, K.C. Therapeutic Strategies for Attenuation of Retinal Ganglion Cell
Injury in Optic Neuropathies: Concepts in Translational Research and Therapeutic Implications. BioMed Res. Int. 2019, 11, 1-10.
[CrossRef]

8.  DeBusk, A.; Moster, M.L. Gene therapy in optic nerve disease. Curr. Opin. Ophthalmol. 2018, 29, 234-238. [CrossRef]

9.  Moore, D.L.; Goldberg, ].L. Four steps to optic nerve regeneration. J. Neuroophthalmol. 2010, 30, 347-360. [CrossRef] [PubMed]

10. Laha, B.; Stafford, B.K.; Huberman, A.D. Regenerating optic pathways from the eye to the brain. Science 2017, 356, 1031-1034.
[CrossRef] [PubMed]

11.  Chun, B.Y;; Cestari, D.M. Advances in experimental optic nerve regeneration. Curr. Opin. Ophthalmol. 2017, 28, 558-563. [CrossRef] [PubMed]

12.  Cenni, M.C,; Bonfanti, L.; Martinou, J.C.; Ratto, G.M.; Strettoi, E.; Maffei, L. Long-term survival of retinal ganglion cells following
optic nerve section in adult bcl-2 transgenic mice. Eur. J. Neurosci. 1996, 8, 1735-1745. [CrossRef]

13. Bonfanti, L.; Strettoi, E.; Chierzi, S.; Cenni, M.C.; Liu, X.H.; Martinou, J.-C.; Maffei, L.; Rabacchi, S.A. Protection of retinal
ganglion cells from natural and axotomy-induced cell death in neonatal transgenic mice overexpressing bcl-2. J. Neurosci. 1996,
16, 4186-4194. [CrossRef]

14. Maes, M.E.; Schlamp, C.L.; Nickells, R.W. BAX to basics: How the BCL2 gene family controls the death of retinal ganglion cells.
Prog. Retin Eye Res. 2017, 57, 1-25. [CrossRef]

15. Puertas-Neyra, K.; Usategui-Martin, R.; Coco, R.M.; Fernandez-Bueno, I. Intravitreal stem cell paracrine properties as a potential
neuroprotective therapy for retinal photoreceptor neurodegenerative diseases. Neural Regen. Res. 2020, 15, 1631-1638. [CrossRef]

16. Shen, Y. Stem cell therapies for retinal diseases: From bench to bedside. ]. Mol. Med. 2020, 98, 1347-1368. [CrossRef] [PubMed]

17.  Huang, S.S. Future vision 2020 and beyond. 5 critical trends in eye research. Asia Pac. J. Ophthalmol. 2020, 9, 180-185. [CrossRef] [PubMed]

18. Kannabiran, C.; Mariappan, I. Therapeutic avenues for hereditary forms of retinal blindness. . Genet. 2018, 97, 341-352. [CrossRef]

19. Salero, E.; Blenkinsop, T.A.; Corneo, B.; Harris, A.; Rabin, D.; Stern, J.H.; Temple, S. Adult human RPE can be activated into
a multipotent stem cell that produces mesenchymal derivatives. Cell Stem Cell 2012, 10, 88-95. [CrossRef]

20. Wang, Y.; Tang, Z.; Gu, P. Stem/progenitor cell-based transplantation for retinal degeneration: A review of clinical trials.
Cell Death Dis. 2020, 11, 793. [CrossRef]

21. Tang, Z.; Zhang, Y.; Wang, Y.; Zhang, D.; Shen, B.; Luo, M.; Gu, P. Progress of stem/progenitor cell-based therapy for retinal
degeneration. J. Transl. Med. 2017, 15, 99. [CrossRef] [PubMed]

22. Caplan, A.; Deniis, ]. Mesenchymal stem cells as trophic mediators. J. Cell Biochem. 2006, 98, 1076-1084. [CrossRef] [PubMed]

23.  Chamberlian, G.; Fox, J.; Ashton, B.; Middleton, J. Concise review: Mesenchymal stem cells: Their phenotype, differentiation
capacity, immunological features, and potential for homing. Stem Cells 2007, 25, 2739-2749. [CrossRef] [PubMed]

24. Megaw, R.; Dhillon, B. Stem cell therapies in the management of diabetic retinopathy. Curr. Diab. Rep. 2014, 14, 498. [CrossRef]

25. Alvarez-Palomo, A.B.; McLenachan, S.; Chen, EK.; Da Cruz, L.; Dilley, RJ.; Requena, J.; Lucas, M.; Lucas, A.; Drukker, M.;
Edel, M.J. Prospects for clinical use of IPCS. Fibrogenesis Tissue Repair 2015, 8, 9. [CrossRef]

26. Mandai, M.; Kurimoto, Y.; Takahashi, M. Comment: Autologous induced stem-cell-derived retinal cells for macular degeneration.
N. Engl. ]. Med. 2017, 377, 792-793. [CrossRef] [PubMed]

27. Nakano, T.; Ando, S.; Takata, N.; Kawada, M.; Muguruma, K.; Sekiguchi, K.; Saito, K.; Yonemura, S.; Eiraku, M.; Sasai, K.

Self-formation of optic cups and storable stratified neural retina from human ESCs. Cell Stem Cell 2012, 10, 771-785. [CrossRef]

91



Pharmaceutics 2021, 13, 865

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Reichman, S.; Slembrouck, A.; Gagliardi, G.; Chaffiol, A.; Terray, A.; Nanteau, C.; Potey, A.; Belle, M.; Rabesandratana, O.;
Duebel, J.; et al. Generation of Storable Retinal Organoids and Retinal Pigmented Epithelium from Adherent Human iPS Cells
in Xeno-Free and Feeder-Free Conditions. Stem Cells 2017, 35, 1176-1188. [CrossRef]

Tanaka, T.; Yokoi, T.; Tamalu, F; Watanabe, S.-I.; Nishina, S.; Azuma, N. Generation of retinal ganglion cells with functional axons
from human induced pluripotent stem cells. Sci. Rep. 2015, 5, 8344. [CrossRef]

Kim, H.; Kim, ] J.; Yoon, Y.S. Emerging therapy for diabetic neuropathy: Cell therapy targeting vessels and nerves. Endocr. Metab.
Immune Disord. Drug Targets 2012, 12, 168-178. [CrossRef] [PubMed]

Park, S.S. Cell Therapy Applications for Retinal Vascular Diseases: Diabetic Retinopathy and Retinal Vein Occlusion. Investig.
Ophthalmol. Vis. Sci. 2016, 57, ORSFj1-ORSFj10. [CrossRef]

Asahara, T.; Murohara, T.; Sullivan, A.; Silver, M.; van der Zee, R.; Li, T.; Witzenbichler, B.; Schatteman, G.; Isner, ].M. Isolation of
putative progenitor endothelial cells for angiogenesis. Science 1997, 275, 964-967. [CrossRef]

Mackie, A.R.; Losordo, D.W. CD34 positive stem cells in the treatment of heart and vascular disease in human beings. Tex. Heart
Inst. ]. 2011, 38, 474-485. [PubMed]

Caballero, S.; Sengupta, N.; Afzal, A.; Chang, K.H.; Li Calzi, S.; Guberski, D.L.; Kern, T.S.; Grant, M.B. Ischemic vascular damage
can be repaired by healthy, but not diabetic, endothelial progenitor cells. Diabetes 2007, 56, 960-967. [CrossRef] [PubMed]
Goldenberg-Cohen, N.; Avraham-Lubin, B.C.; Sadikov, T.; Askenasy, N. Effect of co-administration of neuronal growth factors
on neuroglial differentiation of bone marrow-derived stem cells in the ischemic retina. Investig. Ophthalmol. Vis. Sci. 2014, 55,
502-512. [CrossRef] [PubMed]

Medina, R.J.; O'Neill, C.L.; Humphreys, M.W.; Gardiner, T.A.; Stitt, A.W. Outgrowth endothelial cells: Characterization and their
potential for reversing ischemic retinopathy. Investig. Ophthalmol. Vis. Sci. 2010, 51, 5906-5913. [CrossRef]

Mendel, T.A.; Clabough, E.B.; Kao, D.S.; Demidova-Rice, T.N.; Durham, ].T.; Zotter, B.C.; Seaman, S.A.; Cronk, S.M.; Rakoczy, E.P;
Katz, A.].; et al. Pericytes derived from adipose-derived stem cells protect against retinal vasculopathy. PLoS ONE 2013, 8, e65691.
[CrossRef]

Prasain, N.; Lii, M.R.; Vemula, S.; Meador, J.L.; Yoshimoto, M.; Ferkowicz, M.].; Fett, A.; Gupta, M.; Rapp, B.M.; Saa-
datzadeh, M.R ; et al. Differentiation of human pluripotent stem cells to cells similar to cord-blood endothelial colony-forming
cells. Nat. Biotechnol. 2014, 32, 1151-1157. [CrossRef]

Park, T.S.; Bhutto, I.; Zimmerlin, L.; Huo, ].S.; Nagaria, P; Miller, D.; Rufaihah, A.J; Talbot, C.; Aguilar, J.; Grebe, R.; et al. Vascular
progenitors from cord blood-derived induced pluripotent stem cells possess augmented capacity for regenerating ischemic retinal
vasculature. Circulation 2014, 129, 359-372. [CrossRef]

Moisseiev, E.; Anderson, ].D.; Oltjen, S.; Goswami, M.; Zawadzki, R].; Nolta, ].A.; Park, S.S. Protective Effect of Intravitreal Administra-
tion of Exosomes Derived from Mesenchymal Stem Cells on Retinal Ischemia. Curr. Eye Res. 2017, 42, 1358-1367. [CrossRef]

Safwat, A.; Sabry, D.; Ragiae, A.; Amer, E.; Mahmoud, RH.; Shamardan, RM. Adipose mesenchymal stem cells-derived exosomes
attenuate retina degeneration of streptozotocin-induced diabetes in rabbits. J. Circ. Biomark. 2018, 7, 1849454418807827. [CrossRef] [PubMed]
Alexander, P.; Thomson, H.A.; Luff, A.].; Lotery, A.J. Retinal pigment epithelium transplantation: Concepts, challenges, and future
prospects. Eye 2015, 29, 992-1002. [CrossRef] [PubMed]

Binder, S.; Stolba, U.; Krebs, I.; Kellner, L.; Jahn, C.; Feichtinger, H.; Povelka, M.; Frohner, U.; Kruger, A.; Hilgers, R.D.; et al.
Transplantation of autologous retinal pigment epithelium in eyes with foveal neovascularization resulting from age-related
macular degeneration: A pilot study. Am. J. Ophthalmol. 2002, 133, 215-225. [CrossRef]

Li, L.X,; Turner, ].E. Inherited retinal dystrophy in the RCS rat: Prevention of photoreceptor degeneration by pigment epithelial
cell transplantation. Exp. Eye Res. 1988, 47, 911-917. [CrossRef]

Uyama, H.; Mandai, M.; Takahashi, M. Stem Cell-Based Therapies for Retinal Degenerative Diseases: Current Challenges
in the Establishment of New Treatment Strategies. Dev. Growth Differ. 2020, 63, 59-71. [CrossRef]

Satarian, L.; Nourinia, R.; Safi, S.; Kanavi, M.R,; Jarughi, N.; Daftarian, N.; Arab, L.; Aghdami, N.; Ahmadieh, H.; Baharvand, H.
Intravitreal injection of bone marrow mesenchymal stem cells in patients with advanced retinitis pigmentosa; a safety study.
J. Ophthalmic Vis. Res. 2017, 12, 58-64. [CrossRef]

Egypt Al-Azhar University. Safety Study of Use of Autologuous Bone Marrow Derived Stem Cell in Treatment of Age Related
Macular Degeneration. Available online: https:/ /clinicaltrials.gov/ct2/show /study/NCT02016508 (accessed on 2 May 2021).
Schwartz, S.D.; Hubschman, J.-P.; Heilwell, G.; Franco-Cardenas, V.; Pan, C.K.; Ostrick, R.M.; Mickunas, E.; Gay, R.; Klimanskaya,
I; Lanza, R.; et al. Embryonic stem cell trials for macular degeneration: A preliminary report. Lancet 2012, 379, 713-720. [CrossRef]
Schwartz, S.; Regillo, C.; Lam, B.; Eliott, D.; Rosenfeld, P.; Gregori, N.; Hubschman, J.-P,; Davis, J.; Heilwell, G.; Spirn, M. Human
embryonic stem cell-derived retinal pigment epithelium in patients with age related macular degeneration and Stargardt’s
macular dystrophy: Follow-up of two open-label phase 1/2 studies. Lancet 2015, 385, 509-516. [CrossRef]

Mehat, M.S.; Sundaram, V.; Ripamonti, C. Transplantation of Human Embryonic Stem Cell-Derived Retinal Pigment Epithelial
Cells in Macular Degeneration. Ophthalmology 2018, 125, 1765-1775. [CrossRef]

Song, WK_; Park, KM.; Kim, H.]J.; Lee, ]. H.; Choi, J.; Chong, S.Y.; Shim, S.H.; Del Priore, L.V.; Lanza, R. Treatment of macular
degeneration using embryonic stem cell-derived retinal pigment epithelium: Preliminary results in Asian patients. Stem Cell Rep.
2015, 4, 860-872. [CrossRef]

92



Pharmaceutics 2021, 13, 865

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Liu, Y;; Xu, HW.; Wang, L.; Li, S.Y.; Zhao, C.J.; Hao, J.; Li, Q.Y.; Zhao, T.T.; Wu, W.; Wang, Y.; et al. Human embryonic stem
cell-derived retinal pigment epithelium transplants as a potential treatment for wet age-related macular degeneration. Cell Discov.
2018, 4, 50. [CrossRef] [PubMed]

Mandai, M.; Watanabe, A.; Kurimoto, Y.; Hirami, Y.; Morinaga, C.; Daimon, T.; Fujihara, M.; Akimaru, H.; Sakai, N.; Shibata, Y.; et al.
Autologous induced stem-cell-derived retinal cells for macular degeneration. N. Engl. ]. Med. 2017, 376, 1038-1046. [CrossRef]
Production of iPSC Derived RPE Cells for Transplantation in AMD. ClinicalTrials.gov. Identifier: NCT02464956. Last Updated: 8
June 2015. Available online: https:/ /clinicaltrials.gov/ct2/show /NCT02464956 (accessed on 2 May 2021).

Xu, H.; Wang, B.; Ono, M.; Kagita, A.; Fujii, K.; Sasakawa, N.; Ueda, T.; Gee, P.; Nishikawa, M.; Nomura, M.; et al. Targeted
Disruption of HLA Genes via CRISPR-Cas9 Generates iPSCs with Enhanced Immune Compatibility. Cell Stem Cell 2019, 24,
566-578. [CrossRef]

Maeda, T.; Lee, M.].; Palczewska, G.; Marsili, S.; Tesar, PJ.; Palczewski, K.; Takahashi, M.; Maeda, A. Retinal pigmented epithelial
cells obtained from human induced pluripotent stem cells possess functional visual cycle enzymes in vitro and in vivo. . Biol.
Chem. 2013, 288, 34484-34493. [CrossRef]

Kamao, H.; Mandai, M.; Okamoto, S.; Sakai, N.; Suga, A.; Sugita, S.; Kiryu, J.; Takahashi, M. Characterization of Human Induced
Pluripotent Stem Cell-Derived Retinal Pigment Epithelium Cell Sheets Aiming for Clinical Application. Stem Cell Rep. 2014, 2,
205-218. [CrossRef] [PubMed]

Ben M’Barek, K.; Habeler, W.; Monville, C. Stem Cell-Based RPE Therapy for Retinal Diseases: Engineering 3D Tissues Amenable
for Regenerative Medicine. Adv. Exp. Med. Biol. 2018, 1074, 625-632. [CrossRef]

Kashani, A.H.; Uang, J.; Mert, M.; Rahhal, F.; Chan, C.; Avery, R.L.; Dugel, P.; Chen, S.; Lebkowski, J.; Clegg, D.O.; et al. Surgical
Method for Implantation of a Biosynthetic Retinal Pigment Epithelium Monolayer for Geographic Atrophy: Experience from
a Phase 1/2a Study. Ophthalmol. Retin. 2020, 4, 264-273. [CrossRef]

da Cruz, L.; Fynes, K.; Georgiadis, O.; Kerby, J.; Luo, Y.H.; Ahmado, A.; Vernon, A ; Daniels, ].T.; Nommiste, B.; Hasan, S.M.; et al.
Phase 1 clinical study of an embryonic stem cell-derived retinal pigment epithelium patch in age-related macular degeneration.
Nat. Biotechnol. 2018, 36, 328-337. [CrossRef] [PubMed]

Zhao, C.; Wang, Q.; Temple, S. Stem cell therapies for retinal diseases: Recapitulating development to replace degenerated cells.
Development 2017, 144, 1368-1381. [CrossRef]

Zhu, D,; Deng, X.; Spee, C.; Sonoda, S.; Hsieh, C.L.; Barron, E.; Pera, M.; Hinton, D.R. Polarized secretion of PEDF from human embryonic
stem cell-derived RPE promotes retinal progenitor cell survival. Investig. Ophthalmol. Vis. Sci. 2011, 52, 1573-1585. [CrossRef]

Radtke, N.D.; Aramant, R.B.; Seiler, M.].; Petry, H.M.; Pidwell, D. Vision change after sheet transplant of fetal retina with retinal
pigment epithelium to a patient with retinitis pigmentosa. Arch. Ophthalmol. 2004, 122, 1159-1165. [CrossRef]

Aramant, R.B.; Seiler, ML]. Progress in retinal sheet transplantation. Prog. Retin Eye Res. 2004, 23, 475-494. [CrossRef]

Cordero, A.; West, E.L.; Pearson, R.A.; Duran, Y.; Carvalho, L.S.; Chu, C.J.; Naeem, A.; Blackford, S.J.I; Georgiadis, A.; Lakowski,
J.; et al. Photoreceptor precursors derived from three-dimensional embryonic stem cell cultures integrate and mature within
adult degenerate retina. Nat. Biotechnol. 2013, 31, 741-747. [CrossRef]

Klassen, H.J.; Ng, T.F; Kurimoto, Y.; Kirov, I.; Shatos, M.; Coffey, P.; Young, M.]. Multipotent retinal progenitors express
developmental markers, differentiate into retinal neurons, and preserve light-mediated behavior. Investig. Ophthalmol. Vis. Sci.
2004, 45, 4167-4173. [CrossRef] [PubMed]

Lamba, D.A.; Gust, J.; Reh, T.A. Transplantation of Human Embryonic Stem Cell-Derived Photoreceptors Restores Some Visual
Function in Crx-Deficient Mice. Cell Stem Cell 2009, 4, 73-79. [CrossRef]

Tucker, B.A.; Park, LH.; Qi, S.D.; Klassen, H.].; Jiang, C.; Yao, J.; Redenti, S.; Daley, G.Q.; Young, M.]. Transplantation of adult
mouse iPS cell-derived photoreceptor precursors restores retinal structure and function in degenerative mice. PLoS ONE 2011, 6,
€18992. [CrossRef]

Homma, K.; Okamoto, S.; Mandai, M.; Gotoh, N.; Rajasimha, H.K,; Chang, Y.S.; Chen, S.; Li, W.; Cogliati, T.; Swaroop, A.; et al.
Developing rods transplanted into the degenerating retina of Crx-knockout mice exhibit neural activity similar to native
photoreceptors. Stem Cells 2013, 31, 1149-1159. [CrossRef]

Santos-Ferreira, T.; Volkner, M.; Borsch, O.; Haas, J.; Cimalla, P.; Vasudevan, P.; Carmeliet, P.; Corbeil, D.; Michalakis, S.; Koch,
E.; et al. Stem Cell-Derived Photoreceptor Transplants Differentially Integrate Into Mouse Models of Cone-Rod Dystrophy.
Investig. Ophthalmol. Vis. Sci. 2016, 57, 3509-3520. [CrossRef] [PubMed]

Singh, M.; Aslam, S.; Duncan, I.; Cramer, A.; Barnard, A.; MacLaren, R. Cell fusion following photoreceptor transplantation into
the non-degenerate retina. Investig. Ophthalmol. Vis. Sci. 2014, 55, 3989.

Ortin-Martinez, A.; Tsai, E.L.; Nickerson, PE.; Bergeret, M.; Lu, Y.; Smiley, S.; Comanita, L.; Wallace, V.A. A Reinterpretation of
Cell Transplantation: GFP Transfer From Donor to Host Photoreceptors. Stem Cells 2017, 35, 932-939. [CrossRef] [PubMed]
Siqueira, R.C.; Messias, A.; Messias, K.; Arcieri, R.S.; Ruiz, M.A ; Souza, N.F; Martins, L.C.; Jorge, R. Quality of life in patients
with retinitis pigmentosa submitted to intravitreal use of bone marrow-derived stem cells (Reticell -clinical trial). Stem Cell Res.
Ther. 2015, 6, 29. [CrossRef] [PubMed]

Terrell, D.; Comander, J. Current Stem-Cell Approaches for the treatment of inherited retinal degenerations. Semin. Ophthalmol.
2019, 34, 287-292. [CrossRef]

Zheng, A.; Li, Y;; Tsang, S.H. Personalized therapeutic strategies for patients with retinitis pigmentosa. Expert Opin. Biol. Ther.
2015, 15, 391-402. [CrossRef]

93



Pharmaceutics 2021, 13, 865

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Cai, B.; Sun, S.; Li, Z.; Zhang, X.; Ke, Y.; Yang, ].; Li, X. Application of CRISPR/Cas9 technologies combined with iPSCs in the study
and treatment of retinal degenerative diseases. Hum. Genet. 2018, 137, 679-688. [CrossRef] [PubMed]

Burnight, E.R.; Wiley, L.A.; Mullins, R.E;; Stone, E.M.; Tucker, B.A. Gene therapy using stem cells. Cold Spring Harb. Perspect. Med.
2014, 5, a017434. [CrossRef]

Chuang, K.; Fields, M.A.; Del Priore, L.V. Potential of Gene Editing and Induced Pluripotent Stem Cells (iPSCs) in Treatment of
Retinal Diseases. Yale J. Biol. Med. 2017, 90, 635-642.

Liao, H.K.; Hatanaka, F.; Araoka, T.; Reddy, P.; Wu, M.Z,; Sui, Y.; Yamauchi, T.; Sakurai, M.; O’Keefe, D.D.; Nufiez-Delicado,
E.; et al. In Vivo Target Gene Activation via CRISPR/Cas9-Mediated Trans-epigenetic Modulation. Cell 2017, 171, 1495-1507.
[CrossRef]

Santiago, C.P; Keuthan, C.J.; Boye, S.L.; Boye, S.E.; Imam, A.A.; Ash, ].D. A Drug-Tunable Gene Therapy for Broad-Spectrum
Protection against Retinal Degeneration. Mol. Ther. 2018, 26, 2407-2417. [CrossRef]

Cereso, N.; Pequignot, M.O.; Robert, L.; Becker, F.; De Luca, V.; Nabholz, N.; Rigau, V.; De Vos, J.; Hamel, C.P; Kalatzis, V. Proof
of concept for AAV2/5-mediated gene therapy in iPSC-derived retinal pigment epithelium of a choroideremia patient. Mol. Ther.
Methods Clin. Dev. 2014, 1, 14011. [CrossRef]

Burnight, E.R.; Wiley, L.A.; Drack, A.V.; Braun, T.A.; Anfinson, K.R.; Kaalberg, E.E.; Halder, ].A.; Affatigato, L.M.; Mullins, R.E,;
Stone, E.M.; et al. CEP290 gene transfer rescues Leber congenital amaurosis cellular phenotype. Gene Ther. 2014, 21, 662-672.
[CrossRef] [PubMed]

Bassuk, A.G.; Zheng, A.; Li, Y,; Tsang, S.H.; Mahajan, V.B. Precision Medicine: Genetic Repair of Retinitis Pigmentosa in Patient-
Derived Stem Cells. Sci. Rep. 2016, 6, 19969. [CrossRef]

Garita-Hernandez, M.; Lampi¢, M.; Chaffiol, A.; Guibbal, L.; Routet, F; Santos-Ferreira, T.; Gasparini, S.; Borsch, O.; Gagliardi, G.;
Reichman, S.; et al. Restoration of visual function by transplantation of optogenetically engineered photoreceptors. Nat. Commun.
2019, 10, 4524. [CrossRef]

Drori, T.; Chapman, J. Diagnosis and classification of neuromyelitis optica (Devic’s syndrome). Autoimmun Rev. 2014, 13, 531-533.
[CrossRef] [PubMed]

Mallick, J.; Devi, L.; Malik, PK.; Mallick, J. Update on Normal Tension Glaucoma. J. Ophthalmic Vis. Res. 2016, 11, 204-208.
[CrossRef] [PubMed]

Kauper, K.; McGovern, C.; Sherman, S.; Heatherton, P.; Rapoza, R.; Stabila, P.; Dean, B.; Lee, A.; Borges, S.; Bouchard, B.; et al.
Two-year intraocular delivery of ciliary neurotrophic factor by encapsulated cell technology implants in patients with chronic
retinal degenerative diseases. Investig. Ophthalmol. Vis. Sci. 2012, 53, 7484-7491. [CrossRef]

Birch, D.G.; Weleber, R.G.; Duncan, J.L.; Jaffe, G.J.; Tao, W. Ciliary Neurotrophic Factor Retinitis Pigmentosa Study Groups.
Randomized trial of ciliary neurotrophic factor delivered by encapsulated cell intraocular implants for retinitis pigmentosa.
Am. |. Ophthalmol. 2013, 156, 283-292. [CrossRef]

Levison, S.W.; Ducceschi, M.H.; Young, G.M.; Wood, T.L. Acute exposure to CNTF in vivo induces multiple components of
reactive gliosis. Exp. Neurol. 1996, 141, 256-268. [CrossRef]

Amore, G.; Romagnoli, M.; Carbonelli, M.; Barboni, P.; Carelli, V.; La Morgia, C. Therapeutic Options in Hereditary Optic
Neuropathies. Drugs 2021, 81, 57-86. [CrossRef] [PubMed]

Zhao, T,; Li, Y;; Tang, L.; Li, Y,; Fan, E; Jiang, B. Protective effects of human umbilical cord blood stem cell intravitreal
transplantation against optic nerve injury in rats. Graefes Arch. Clin. Exp. Ophthalmol. 2011, 249, 1021-1028. [CrossRef]

Lopez Sanchez, M.I1,; Crowston, J.G.; Mackey, D.A.; Trounce, I.A. Emerging Mitochondrial Therapeutic Targets in Optic Neu-
ropathies. Pharmacol. Ther. 2016, 165, 132-152. [CrossRef]

Usategui-Martin, R.; Puertas-Neyra, K.; Garcia-Gutiérrez, M.T.; Fuentes, M.; Pastor, ].C.; Fernandez-Bueno, I. Human Mesenchy-
mal Stem Cell Secretome Exhibits a Neuroprotective Effect over In Vitro Retinal Photoreceptor Degeneration. Mol. Ther. Methods
Clin. Dev. 2020, 17, 1155-1166. [CrossRef] [PubMed]

Labrador-Velandia, S.; Alonso-Alonso, M.L.; Di Lauro, S.; Garcia-Gutierrez, M.T.; Srivastava, G.K.; Pastor, ].C.; Fernandez-Bueno,
I. Mesenchymal stem cells provide paracrine neuroprotective resources that delay degeneration of co-cultured organotypic
neuroretinal cultures. Exp. Eye Res. 2019, 185, 107671. [CrossRef]

Weiss, ].N.; Levy, S. Stem Cell Ophthalmology Treatment Study (SCOTS): Bone marrow derived stem cells in the treatment of
Dominant Optic Atrophy. Stem Cell Investig. 2019, 6, 41. [CrossRef]

Nascimento-Dos-Santos, G.; Teixeira-Pinheiro, L.C.; da Silva-Junior, A.].; Carvalho, L.R.P.; Mesentier-Louro, L.A.; Hauswirth,
W.W.; Mendez-Otero, R.; Santiago, M.E,; Petrs-Silva, H. Effects of a combinatorial treatment with gene and cell therapy on retinal
ganglion cell survival and axonal outgrowth after optic nerve injury. Gene Ther. 2020, 27, 27-39. [CrossRef]

Huang, H.; Kolibabka, M.; Eshwaran, R.; Chatterjee, A.; Schlotterer, A.; Willer, H.; Bieback, K.; Hammes, H.P; Feng, Y. Intravitreal
injection of mesenchymal stem cells evokes retinal vascular damage in rats. FASEB J. 2019, 33, 14668-14679. [CrossRef] [PubMed]
Labrador Velandia, S.; Di Lauro, S.; Alonso-Alonso, M.L.; Tabera Bartolome, S.; Srivastava, G.K.; Pastor, J.C.; Fernandez-Bueno, 1.
Biocompatibility of intravitreal injection of human mesenchymal stem cells in immunocompetent rabbits. Graefes Arch. Clin. Exp.
Ophthalmol. 2018, 256, 125-134. [CrossRef] [PubMed]

Park, S.S.; Bauer, G.; Abedi, M.; Pontow, S.; Panorgias, A.; Jonnal, R.; Zawadzki, R.].; Werner, ].S.; Nolta, J. Intravitreal autologous
bone marrow CD34+ cell therapy for ischemic and degenerative retinal disorders: Preliminary phase 1 clinical trial findings.
Investig. Ophthalmol Vis. Sci. 2014, 56, 81-89. [CrossRef]

94



Pharmaceutics 2021, 13, 865

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Gu, X,; Yu, X;; Zhao, C.; Duan, P; Zhao, T; Liu, Y,; Li, S.; Yang, Z.; Li, Y.; Qian, C.; et al. Efficacy and Safety of Autologous Bone
Marrow Mesenchymal Stem Cell Transplantation in Patients with Diabetic Retinopathy. Cell Physiol. Biochem. 2018, 49, 40-52.
[CrossRef]

China. Shanghai General Hospital, Shanghai Jiao Tong University School of Medicine. Role of the Serum Exosomal miRNA
in Diabetic Retinopathy (DR). Available online: https://clinicaltrials.gov/ct2 /show /NCT03264976 (accessed on 2 May 2021).
Castanheira, P.; Torquetti, L.; Nehemy, M.B.; Goes, A.M. Retinal incorporation and differentiation of mesenchymal stem cells
intravitreally injected in the injured retina of rats. Arq. Bras. Oftalmol. 2008, 71, 644-650. [CrossRef]

van Zeeburg, EJ.; Maaijwee, K]J.; Missotten, T.O.; Heimann, H.; van Meurs, ]J.C. A free retinal pigment epithelium-choroid graft
in patients with exudative age-related macular degeneration: Results up to 7 years. Am. J. Ophthalmol. 2012, 153, 120-127. [CrossRef]
Ma, Z.; Han, L.; Wang, C.; Dou, H.; Hu, Y,; Feng, X,; Xu, Y.; Wang, Z.; Yin, Z; Liu, Y. Autologous transplantation of retinal
pigment epithelium-Bruch’s membrane complex for hemorrhagic age-related macular degeneration. Investig. Ophthalmol Vis. Sci.
2009, 50, 2975-2981. [CrossRef]

Jung, YH.; Phillips, M.J; Lee, J.; Xie, R;; Ludwig, A.L,; Chen, G.; Zheng, Q.; Kim, T.J.; Zhang, H.; Barney, P; et al. 3D Microstructured
Scaffolds to Support Photoreceptor Polarization and Maturation. Adv. Mater. 2018, 30, €1803550. [CrossRef] [PubMed]

Boyd, A.S.; Higashi, Y.; Wood, K.J. Transplanting stem cells: Potential targets for immune attack. Modulating the immune
response against embryonic stem cell transplantation. Adv. Drug Deliv. Rev. 2005, 57, 1944-1969. [CrossRef] [PubMed]
Drukker, M.; Katz, G.; Urbach, A.; Schuldiner, M.; Markel, G.; Itskovitz-Eldor, J.; Reubinoff, B.; Mandelboim, O.; Benvenisty,
N. Characterization of the expression of MHC proteins in human embryonic stem cells. Proc. Natl. Acad. Sci. USA 2002, 99,
9864-9869. [CrossRef]

Araki, R.; Uda, M.; Hoki, Y.; Sunayama, M.; Nakamura, M.; Ando, S.; Sugiura, M.; Ideno, H.; Shimada, A.; Nifuji, A.; et al.
Negligible immunogenicity of terminally differentiated cells derived from induced pluripotent or embryonic stem cells. Nature
2013, 494, 100-104. [CrossRef]

Sugita, S.; Iwasaki, Y.; Makabe, K.; Kamao, H.; Mandai, M.; Shiina, T.; Ogasawara, K.; Hirami, Y.; Kurimoto, Y.; Takahashi,
M. Successful Transplantation of Retinal Pigment Epithelial Cells from MHC Homozygote iPSCs in MHC-Matched Models.
Stem Cell Rep. 2016, 7, 635-648. [CrossRef] [PubMed]

Umekage, M.; Sato, Y.; Takasu, N. Overview: An iPS cell stock at CiRA. Inflamm. Regen. 2019, 39, 17. [CrossRef]

Sugita, S.; Mandai, M.; Hirami, Y.; Takagi, S.; Maeda, T.; Fujihara, M.; Matsuzaki, M.; Yamamoto, M.; Iseki, K.; Hayashi, N.; et al.
HLA-Matched Allogeneic iPS Cells-Derived RPE Transplantation for Macular Degeneration. J. Clin. Med. 2020, 9, 2217. [CrossRef]
Hazra, S.; Stepps, V.; Bhatwadekar, A.D.; Caballero, S.; Boulton, M.E.; Higgins, PJ.; Nikonova, E.V,; Pepine, C.J.; Thut, C.; Finney,
E.M,; et al. Enhancing the function of CD34(+) cells by targeting plasminogen activator inhibitor-1. PLoS ONE 2013, 8, €79067. [CrossRef]
Ueki, Y.; Wilken, M.S.; Cox, K.E.; Chipman, L.; Jorstad, N.; Sternhagen, K.; Simic, M.; Ullom, K.; Nakafuku, M.; Reh, T.A.
Transgenic expression of the proneural transcription factor Ascll in Miiller glia stimulates retinal regeneration in young mice.
Proc. Natl. Acad. Sci. USA 2015, 112, 13717-13722. [CrossRef]

Mesentier-Louro, L.A.; Teixeira-Pinheiro, L.C.; Gubert, E; Vasques, J.F; Silva-Junior, A.J.; Chimeli-Ormonde, L.; Nascimento-Dos-
Santo, G.; Mendez-Otero, R.; Santiago, M.F. Long-term neuronal survival, regeneration, and transient target reconnection after
optic nerve crush and mesenchymal stem cell transplantation. Stem Cell Res. Ther. 2019, 10, 121. [CrossRef]

Barber, A.; Farmer, K.; Martin, K.R.; Smith, P.D. Retinal regeneration mechanisms linked to multiple cancer molecules: A thera-
peutic conundrum. Prog. Retin. Eye Res. 2017, 56, 19-31. [CrossRef] [PubMed]

Mead, B.; Tomarev, S. Bone Marrow-Derived Mesenchymal Stem Cells-Derived Exosomes Promote Survival of Retinal Ganglion
Cells Through miRNA-Dependent Mechanisms. Stem Cells Transl. Med. 2017, 6, 1273-1285. [CrossRef] [PubMed]

Gramlich, O.W,; Brown, A.].; Godwin, C.R.; Chimenti, M.S.; Boland, L.K.; Ankrum, J.A.; Kardon, R.H. Systemic Mesenchymal
Stem Cell Treatment Mitigates Structural and Functional Retinal Ganglion Cell Degeneration in a Mouse Model of Multiple
Sclerosis. Transl. Vis. Sci. Technol. 2020, 9, 16. [CrossRef] [PubMed]

95






Y

pharmaceutics

Review

Significance of Crosslinking Approaches in the Development of
Next Generation Hydrogels for Corneal Tissue Engineering

Promita Bhattacharjee 12

check for

updates
Citation: Bhattacharjee, P.; Ahearne,
M. Significance of Crosslinking
Approaches in the Development of
Next Generation Hydrogels for
Corneal Tissue Engineering.
Pharmaceutics 2021, 13, 319. https://
doi.org/10.3390/ pharmaceutics13030319

Academic Editors: Dimitrios
A. Lamprou and Yolanda Diebold

Received: 21 December 2020
Accepted: 24 February 2021
Published: 28 February 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Mark Ahearne 1.2/*

Trinity Centre for Biomedical Engineering, Trinity Biomedical Sciences Institute, Trinity College Dublin,
University of Dublin, D02 R590 Dublin, Ireland; promitabhatt@gmail.com

Department of Mechanical, Manufacturing and Biomedical Engineering, School of Engineering,

Trinity College Dublin, University of Dublin, D02 R590 Dublin, Ireland

*  Correspondence: ahearnm@tcd.ie; Tel.: +353-0-1896-2359

Abstract: Medical conditions such as trachoma, keratoconus and Fuchs endothelial dystrophy
can damage the cornea, leading to visual deterioration and blindness and necessitating a cornea
transplant. Due to the shortage of donor corneas, hydrogels have been investigated as potential
corneal replacements. A key factor that influences the physical and biochemical properties of
these hydrogels is how they are crosslinked. In this paper, an overview is provided of different
crosslinking techniques and crosslinking chemical additives that have been applied to hydrogels for
the purposes of corneal tissue engineering, drug delivery or corneal repair. Factors that influence the
success of a crosslinker are considered that include material composition, dosage, fabrication method,
immunogenicity and toxicity. Different crosslinking techniques that have been used to develop
injectable hydrogels for corneal regeneration are summarized. The limitations and future prospects
of crosslinking strategies for use in corneal tissue engineering are discussed. It is demonstrated that
the choice of crosslinking technique has a significant influence on the biocompatibility, mechanical
properties and chemical structure of hydrogels that may be suitable for corneal tissue engineering
and regenerative applications.

Keywords: cornea; hydrogel; keratoplasty; scaffold; tissue engineering; collagen

1. Introduction

The cornea is the outermost transparent layer of the anterior eye consisting of five dis-
tinct layers: Epithelium, Bowman's layer, Stroma, Descemets membrane and Endothelium.
Damage to any of these layers can result in a loss of vision. More than 10 million people
worldwide suffer from corneal related blindness due to disease or injury [1]. Corneal
blindness can result from infection, inflammation, trauma, dystrophies and degenera-
tive medical conditions. Partial or full corneal transplantation (keratoplasty) is often the
only viable treatment to regain vision. However, some of the problems associated with
keratoplasties include immunological rejection (around 18%) [2] and donor shortages [3,4].

An alternative to traditional keratoplasty is to develop an artificial cornea or kerato-
prosthesis. This approach has the advantage of overcoming the donor supply problems
associated with keratoplasties. However, current keratoprostheses have a number of
limitations including an increased risk of glaucoma, inflammation and abnormal tissue
growth [5]. Amniotic membrane (AM) obtained from the inner wall of the fetal placenta has
been used for ocular surface reconstruction [6,7]. The AM promotes re-epithelialization of
the corneal surface, reduces inflammation and inhibits vascularization [8]. However, using
AM to reconstruct the ocular surface has drawbacks, including reduced transparency [9],
poor mechanical strength [10] and varying tissue quality between donors [11].

To overcome these problems, tissue engineering approaches have been under inves-
tigation to fabricate whole corneas or specific layers of the cornea that are suitable for
transplantation. These may be generated using decellularized xenogenic tissues [12-15] or
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natural or synthetic polymers [16-19], as a scaffold to support cells in a three-dimensional
construct. To engineer a functional corneal equivalent, constructs should ideally mimic
the native cornea, both structurally and functionally. Tissue engineered corneas need to
exhibit three functional characteristics: protection, light transmission, and refraction [20].
To fulfill these characteristics, constructs should support the development of a functional
corneal epithelium by supporting proliferation and migration of cells from the limbus.
This newly formed epithelium should protect the intra-ocular contents from pathogenic
invasion. The mechanical stiffness and strength of the constructs should be equivalent to
the native cornea. Ideally, the constructs should mimic the nanoscale fibrillar structure
of the corneal stroma to achieve a high degree of transparency (>90%). To prevent the
formation of an optical haze, the construct’s swelling ratio should be similar to the native
cornea. Engineered corneal equivalents should also have a high water content to allow
nutrient diffusion through the tissue, enhance cell survival and replicate the cornea’s
viscoelastic characteristics.

Hydrogels are water-swollen polymers that have been under investigation as scaffolds
to engineer corneal tissue for many reasons including their high water content, biocom-
patibility, transparency and permeability (Figure 1). While many hydrogels tend not to
be suturable, some can adhere directly to tissue when gelation occurs in vivo, avoiding
the need for sutures [21]. Hydrogels can also be used to deliver drugs to the eye to sup-
port tissue regeneration and inhibit inflammation. They offer many advantages over
colloidal [22,23] and polymeric [24] drug delivery systems including a high water content
that assists in preserving the activity of bio-pharmaceuticals such as peptides, proteins
or nucleic acids [25,26]. Temperature-responsive and in situ chemically crosslinked hy-
drogels can be administered by minimally invasive methods [27-29]. While hydrogels
have been shown to support the formation of the functional epithelium [30], many have
poor mechanical strength and rigidity compared to native corneas [31], they can undergo
rapid degradation in vivo and they often lack signaling molecules normally resident in the
extracellular matrix that are necessary to control cell behavior.

Hydrogel
Scaffold

Transparent -

Suturable <

Biocompatible Compatible
Corneal scaffold -

Biodegradable

Desirable properties

Dome shape

Waste/nutrients | -
diffusion :
Orthogonal, ;
lamellar structure

Figure 1. Schematic representation of desirable properties that hydrogels should possess for corneal

/A

NENANENENE AN

tissue engineering.

To assist in improving the mechanical and degradation characteristics of hydrogels,
the application of exogenous small molecules, i.e., crosslinkers [28] has been investigated.
Crosslinking agents have been introduced to functionally modify the mechanical, biological
and degradation properties of various biomaterials depending on their compositional and
structural features [32]. It is important to select a suitable crosslinker for specific tissue
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applications that allows the possibility to tune the hydrogels micro/macro-structure and
physico-chemical, biological and mechanical properties.

While many different types of crosslinkers have been investigated for controlling
the properties of hydrogels for corneal tissue engineering and regeneration, these have
not been previously compared in any detail. Here, we report on the recent investigations
involving the functional modification of hydrogels using different crosslinking reagents.
This paper reviews different crosslinking approaches that have been employed to fabricate
several standard and innovative hydrogels for corneal regeneration. The basic mechanisms
of each crosslinking method are described and examples are used to illustrate each of the
approaches. Several studies are highlighted that have undertaken comparative analyses of
different crosslinking reagents. The development of injectable hydrogels and the impact
of different crosslinking initiators on the characteristics of hydrogels are discussed. The
benefits, limitations and future prospects of these crosslinkers used for corneal regeneration
are outlined.

2. Crosslinking in Hydrogel Fabrication for Corneal Regeneration

Recently, there has been much progress in fabricating mechanically stable biomimetic
scaffolds and hydrogels by incorporating different crosslinking mechanisms. Crosslinking
is an important parameter in the fabrication of hydrogels that can result in enhanced
biomechanical properties by developing inter-molecular network linkages. Among the
different major functional groups (hydroxyl, methyl, carbonyl, carboxyl, amino, phosphate,
and sulfhydryl) of a polymer chain, any two functional groups can couple covalently or
non-covalently through crosslinking. These types of bonds (especially covalent bonding)
regulate the protein activity, stability and complex structural assembly within fabricated
biomaterials [29]. Ideally, crosslinking agents should be capable of improving mechanical
strength and stiffness, must be non-toxic, enhance enzymatic resistance, effectively influ-
ence cross-talk between cells and material, and retain shape memory [33]. The specific
chemical and structural properties of a hydrogel have a significant impact on the crosslink-
ing mechanism. These crosslinking mechanisms can be classified into two groups: physical
involving non-covalent bonding or chemical involving covalent bonding (Figure 2A). For
hydrogels, physical crosslinking is accompanied by chemical crosslinking since physical
crosslinking alone would be insufficient to maintain the integrity of the hydrogel. Specific
examples of crosslinking techniques are shown (Figure 2B).
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Figure 2. Representation showing (A) the effect of physical and chemical crosslinking on the type of bonds formed and
(B) several examples of different crosslinking techniques.

2.1. Dehydrothermal Treatment (DHT)

During DHT, the hydrogel is exposed to an elevated temperature under vacuum.
Intermolecular crosslinking is initiated via esterification or amide formation when water
molecules are evacuated at a high temperature [34]. Carboxyl and amine groups situated
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in adjacent proximity of protein backbone become covalently coupled. One advantage
of this mechanism is that it results in sterilization of the materials, hence, removing the
need for further sterilization steps later in the process as well as reducing the potential
immunogenic response to the material after implantation [35,36].

An ophthalmic drug delivery system was developed using biodegradable cationized
gelatin hydrogels loaded with an epidermal growth factor [37]. These hydrogels were
fabricated by air-drying and DHT crosslinking. Corneal epithelial defects in rabbits were
created to study the potential of this hydrogel for wound repair. A controlled release
of epidermal growth factor was reported from hydrogels that led to accelerated wound
healing. In a separate comparative study, DHT crosslinked gelatin hydrogel sheets and
atelocollagen sheets with human corneal endothelial cells were compared, where gelatin
hydrogels displayed better transparency, permeability and elasticity [38]. ZO-1 bonding
between cells and Na*/K*-ATPase indicated that the crosslinked gelatin supported the for-
mation of a functional endothelium. In another study, collagen scaffolds were crosslinked
using either UV irradiation or DHT [39]. Both treatments led to increased tensile strength
but also the fragmentation of the collagen molecules structure. There was no significant
difference between the two mechanisms. German et al. demonstrated that they could
engineer a cornea by culturing human epithelial cells on DHT crosslinked collagen hydro-
gels containing fibroblasts [40]. A promising result was reported with the formation of
4-5 layers of regenerated corneal epithelium as well as basement membrane components
after 3 days of culture. While DHT does not induce any potential toxic effects, controlling
the degree of the crosslinking remains a challenge to be addressed [41].

2.2. Ultra-Violet (UV) Irradiation

UV mediated crosslinking is an easy, robust and non-toxic procedure when two charac-
teristic phenomena take place simultaneously: crosslinking and UV-induced denaturation.
The combination of these two phenomena improves the mechanical properties and degra-
dation resistance of collagen based scaffolds [42]. Protein molecules can be covalently
coupled via UV light with aromatic residues such as tyrosine and phenylalanine. UV light
also creates covalent bonds between polypeptide chains, important cell recognition sites
situated in the proteins backbone, without involving the acidic and basic side chains [43].

UV crosslinking has been used to modify collagen based biomaterials and tissues. For
example, the Young’s modulus of collagen-based hydrogels has been shown to significantly
increase after UV mediated crosslinking between riboflavin and collagen without hindering
the growth of human corneal fibroblasts [44,45]. The final modulus of the hydrogel was
dependent on the UV exposure time. UV crosslinking also enhances enzymatic resistance
in collagen hydrogels [46]. Incorporation of glucose into the hydrogel can help to lower
collagen fragmentation during the UV crosslinking process [47]. Therefore, this technique
could potentially be used for in vitro stabilization of collagen hydrogels [48]. UV crosslink-
ing is also a promising technique to treat degenerative diseases such as keratoconus that
directly affects the corneal stroma. In this process, photosensitive riboflavin is crosslinked
with corneal collagen through UV irradiation [49].

In addition to collagen, silk fibroin has also been crosslinked via UV irradiation.
A highly transparent silk fibroin-based hydrogel has been developed using photo-crosslinking
between riboflavin and silk fibroin. This hydrogel was examined for corneal reshaping
through photo-lithography to provide visual acuity. Excellent adherence between the hy-
drogel and ocular surface makes this approach very promising for corneal regeneration [50].
Silk fibroin based matrices also positively influence corneal stromal cell behavior when the
riboflavin content and UV exposure are optimized. Riboflavin crosslinked silk fibroin matri-
ces supported cellular adhesion, proliferation, ECM formation, and keratocyte-associated
gene expression [51].

An injectable, photocurable and biocompatible gelatin-based thiol-acrylate hydro-
gel with tunable mechanical properties has been used for corneal regeneration in rabbit
model [52]. This hydrogel supported epithelial wound coverage in less than three days.
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The study also demonstrated the non-toxic effect of UV irradiation on the cornea as well
as the posterior segment of the eye [52]. Semi-synthetic gelatin methacrylate (GelMA)
is a popular biomaterial in tissue engineering due to its adjustable physical properties,
biocompatibility and ability to be used in 3D bioprinting. In the presence of a photoinitiator,
GelMA hydrogels can be easily fabricated through free radical polymerization. To generate
GelMA hydrogels suitable for corneal endothelium formation and transplantation, physical
networks were formed in the solution prior to UV crosslinking by incubating a pre-polymer
solution at 4 °C for 1 h [53]. The hydrogels displayed excellent in vitro biocompatibility
with corneal endothelial cells and had favorable biodegradation kinetics and high cellular
viability in a rabbit model following transplantation.

In addition to natural polymer-based hydrogels, UV crosslinking can be used to pro-
duce stable hydrogels from synthetic polymers. Transparent, UV crosslinked polyethylene
glycol (PEG)-diacrylate and PEG-diacrylamide hydrogels have been successfully manufac-
tured and tested as corneal replacements in rabbit studies [54]. Although PEG-diacrylate
hydrogels resulted in corneal inflammation and ulceration that led to corneal haze, PEG-
diacrylamide hydrogels showed more promise. UV crosslinked PEG-diacrylamide hy-
drogels did not show any inflammation up to 6 months after implantation and appeared
healthy and transparent. UV mediated photo-crosslinking is only effective for transparent
and thin scaffolds that allow the light to penetrate the structure. For this reason, this
crosslinking technique is generally acceptable and has fewer limitations for its applications
with a comparatively thin tissue like the cornea.

2.3. Crosslinking Using Chemical Additives

Crosslinking using chemical additives accelerates the modification of the polymeric
backbone and leads to a higher degree of crosslinking. For this reason, these crosslinkers
are widely accepted for tissue engineering and regenerative medicine applications. The
most commonly used crosslinking additives are glutaraldehyde (GA), 1,4-butanediol di
glycidyl ether (BDDGE), genipin and 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide
hydrochloride (EDC). Examples of hydrogels crosslinked using chemical additives and
that have been used for corneal regeneration are shown in Table 1.

2.3.1. Glutaraldehyde (GA)

Bi-functional crosslinking agent, GA induces covalent linkages between the aldehyde
groups of GA with the amine groups of lysine or hydroxylysine residues of the polypeptide
chains. This mechanism contributes to increased degradation resistivity of the protein
molecules. GA is one of the most commonly used crosslinking agents due to its fast reaction
time, firm stabilization, low cost and easy availability [55]. The main limitation of using
GA is its cytotoxicity and the immune response it elicits in the body [56]. Unbound free
aldehyde groups are mainly responsible for the toxic effect of GA crosslinked scaffolds.
Vigorous washing of the crosslinked scaffold using glycine solution helps to eliminate
unbound aldehyde groups reducing the scaffold’s toxicity. Several studies that have used
GA crosslinked hydrogels for corneal regeneration [41,57-67] are summarized in Table 1.
These studies show that researchers are trying to obtain a stable crosslinker by varying the
concentration of GA. However, due to the toxicity of GA, alternative chemical agents had
to be explored.

2.3.2. 1,4-Butanediol Diglycidyl Ether (BDDGE)

The application of BDDGE as a crosslinking agent is limited in the field of corneal
tissue engineering (Table 1). BDDGE is more commonly used to efficiently stabilize collagen
dermal filler [68]. The crosslinking reactivity of BDDGE with a biopolymer depends
on environmental conditions such as pH and temperature. Through hydroxyl group
linkage, BDDGE is also able to covalently bond with the macromolecular substrate. The
crosslinking mechanism depends on the reactivity of the epoxide groups situated on the
ends of the molecules. In alkaline conditions, amine groups can open up the epoxide
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ring, forming strong ether bonds and secondary amide bonding [68]. One example of a
BDDGE crosslinked hydrogels that have been used as a bioactive corneal stromal substitute
are hydroxypropyl chitosan—gelatin-chondroitin sulfate hydrogels. These hydrogels were
highly transparent, retained a high water content, were permeable and showed good
biocompatibility [69]. In another study, Koh et al. reported that BDDGE cross-linking
of collagen hydrogels resulted in a slow gelation time [70]. The bi-functional BDDGE
cross-linking exhibited through secondary amine bond formation via epoxide ring opening
by amine groups of collagens under basic pH conditions. This phenomenon facilitates
slower gelation and enables drug molecule encapsulation within the collagen matrix for
therapeutic application.

2.3.3. Genipin

Genipin is a green colored chemical derived from gardenia fruits that enables protein
macromolecules to be easily crosslinked via intra- and inter-molecular linkages. This
crosslinking mechanism undergoes the following two steps. First, a nucleophilic substi-
tution takes place at C3 carbon atom of genipin. This leads to the immediate formation
of an intermediate aldehyde group. Next, a heterocyclic compound is formed due to the
reaction between the aldehyde group and secondary amine. Subsequently, the substitution
of ester groups takes place on the protein backbone via secondary amide bridging and leads
to nucleophilic substitution [71]. Consequently, a heterocyclic compound (bluish-green
in color) is formed due to the reaction between genipin and protein amine groups via
oxygen-radical-induced polymerization [72].

Genipin is widely used for tissue engineering applications due to its low toxicity
and negligible immunogenicity [73]. Genipin’s cytotoxicity appears to be highly dose
dependent but time independent. To eliminate the toxic effect and undesired immunogenic
reaction, a 0.5 mM concentration of genipin is recommended for most tissue engineering
application [74]. Further dose optimization may still be required for specific applications.
Table 1, elaborates on the studies that use genipin crosslinking in developing hydrogels for
corneal tissue engineering [75-77].

2.3.4. Ethyl-3-[3-dimethylaminopropyl] Carbodiimide Hydrochloride (EDC) and
N-hydroxy-succinimide (NHS)

EDC, a zero-length crosslinking agent, commonly conjugates carboxyl or phosphate
groups to primary amines through a covalent linkage. EDC forms an active O-urea that sub-
sequently couples with the amino groups through an amide bridging [78]. As a result, a wa-
ter soluble sub-product, iso-urea, is formed that can be easily eliminated by washing. This
crosslinking mechanism is significantly pH dependent and the reactivity is higher with im-
proved efficiency in an acidic environment (in presence of 2-(N-morpholino)ethanesulfonic
acid (MES) buffer solution) compared to alkaline environments [79]. Conjugation of water
soluble NHS, or its analog sulfo-NHS, in EDC enhances the efficiency of the crosslinking
reaction as well as its stability. NHS esters are formed due to direct coupling between
EDC/NHS and carboxyls. These NHS esters are more stable than the O-acyl-isourea inter-
mediates and positively assist in proficient coupling of primary amines at physiological
pH [80]. When using EDC for crosslinking, unreacted free groups of EDC do not remain
in the material. This consequently means that the final product is not affected by EDC
toxicity [81]. EDC mediated crosslinking generally utilizes cell reactive carboxylate an-
ions (on glutamate or aspartate residues) or primary amino groups (on lysine residues),
which are the major cell binding motif sites of many biomaterials for forming hydrogels,
such as collagen or silk fibroin. As a result, there is a shortage of available cell binding
motif sites after crosslinking [82]. To address this issue, more investigation is required
to optimize the concentration of EDC for fabricating hydrogels with improved cellular
reactivity, without altering surface chemistry or biomechanics. A significant improvement
in mechanical integrity and stability along with cellular biocompatibility has been recorded
for collagen-based scaffolds when the concentration of EDC was significantly reduced [83].
The standard concentration (100%) of carbodiimide is 11.5 mg/ml and was diluted pro-

102



Pharmaceutics 2021, 13, 319

gressively down to 0.1%. This reduction resulted in an almost 4-fold increment in the
amount of free amine groups without altering the mechanics or stability in water of the
resultant scaffolds. This 10-fold reduction in carbodiimide crosslinking demonstrated in
near native-like cell attachment to collagen scaffolds.

From analyzing Table 1 it is found that EDC/NHS has been commonly used as a
crosslinker for developing hydrogels for corneal regeneration [41,59,84-90]. There are
considerable variations in the concentration of EDC/ NHS used in the reported articles.
Almost all reported articles (8 out of 10) performed in vivo evaluations of EDC/NHS
crosslinked hydrogels supported by in vitro studies using corneal specific cells.

2.4. Other Approaches

Several alternative crosslinking chemicals and approaches have been evaluated to
improve the mechanical properties and stability of hydrogels for corneal tissue engineer-
ing [85,86,91-101] (Table 1). These hydrogels are made using a variety of biomaterials.
For example, several studies have used novel crosslinkers on collagen hydrogels. Genera-
tion 2 polypropylenimine octaamine dendrimers have successfully crosslinked collagen
hydrogels with high degree of transparency and good mechanical properties for corneal
regeneration [91]. The biocompatibility of these hydrogels, in respect of cellular adhesion
and proliferation, was evaluated with human corneal epithelial cells and the crosslinker
showed no toxicity [91].

Table 1. Complete details of the different crosslinkers used in corneal regeneration to synthesize corneal hydrogels identified

in this review.

Paper Biomaterial Crosslinkers Fabrication Method Cell Study In Vivo Study
Glutaraldehyde (GA)
. o o N Pigmented
[57] Gelatin 10% GA at4°Cfor 14 h Lyophilization - abbits
Collagen I + GA cone. (0.02,0.04,0.06 Alr-lifted and Keratocytes +
[58] chondroitin sulphate and 0.08%) maintained at corneal epithelial -
P e air-liquid interfaces and endothelial cells
Collagen + Air drying and argon s
[67] poly(ethylene oxide GA plasma surface Humalcleeﬁvslthehal -
dialdehyde) modification
. 100 mM GA at 25 °C for Solution casting and Corneal endothelial
[59] Hyaluronic acid . . -
2 days air-drying cells
[60] Hvaluronic acid 100 mM GA at 25 °C for Solution casting and ) New Zealand
y 2 days air-drying white rabbits
[41] Gelatin 50 mM GA at 25 °C for Solution casting and Rat iris pigment New Zealand
80 min air-drying epithelial cells white rabbits
[61] Collagen, copolymers 0.22% GA at room Air drvin ; lalfo ?:::)r
of collagen and TERP temperature for 7 days yms y
beagles
[62] Amniotic membrane  0.1% GA and hyperdried Far mf.rared rays and - Three cyes of
microwaves three patients
Hyaluronic acid + . 1 . . Human corneal New Zealand
(631 itaconic acid + PEGDE GA under acidic pH Air drying epithelial cell line white rabbits
Amniotic membrane 0.05 mmol GA per mg . . Limbal epithelial
[64] (AM) AM Air drying cells -
Canine AM + o . . Canine corneal
[65] atelocollagen 0.1% GA Alr drying epithelial cells )
[66] Carboxymethyl 1% GA for 1h at 50 °C Air drying Human corneal -

chitosan + poloxamer

epithelial cells
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Table 1. Cont.

Paper Biomaterial Crosslinkers Fabrication Method Cell Study In Vivo Study
1,4-Butanediol diglycidyl ether (BDDGE)
Chitosan + gelatin + o e Human and rabbit
[69] chondroitin sulfate 0-5% BDDGE Lyophilization keratocytes )
Human corneal
[70] Porcine collagen type I BDDGE at pH 11 Air drying epithelial and rodent -
DRG cell
Genipin (GP)
Chitosan + collagen, . . Human corneal
(73] cellulose or elastin GP (40 D) Air drying epithelial cells )
. e Human corneal
[76] Chitosan 0.5-5.0 mM GP Lyophilization epithelial cells -
New Zealand
[77] Carboxymethyl 02-0.8% GP Lyophilization - rabbits
chitosan + poloxamer .
(ex vivo)
Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC) & N-hydroxy-succinimide (NHS)
Amniotic membranes 0-0.25 mmol EDC per . Limbal epithelial New Zealand
[87] mg AM EDC:NHS Immersion . .
(AM) . cells white rabbits
molar ratios = 5:1
. Solution casting and Rat iris pigment New Zealand
(411 Gelatin 50 mM EDC air-drying epithelial cells white rabbits
L 10 mM EDC at 25 °C for e . New Zealand
[88] Hyaluronic acid 2 days Lyophilization Corneal endothelia white rabbits
[89] Hyaluronic acid 10 mM EDC Lyophilization Corneal endothelia New Zealand
y yop white rabbits
Human
Collagen I + gelatin EDC:NHS:(Col/Gel) = I
[90] (Col/Gel) 11412 for 4 h Lyophilization mesenchymal stem -
cells
Other crosslinkers
Generation 2 Human corneal
[91] Type I collagen polypfopylenelr.nme Chemical crosslinking epithelial cells -
octaamine dendrimers
50% acrylic acid
1% vfo with respect to Two-step sequential Primary corneal
PEG and PAAc double hydroxyl-2-methyl P sequen Aty New Zealand
[92,93] . network formation epithelial and .
network hydrogel propiophenone and . . Red rabbits
. technique fibroblast cells
triethylene glycol
dimethacrylate
[04] Collagen coupled dlirﬁettr}it};yﬁ?ee filrygzlh UV- free radical Rabbit corneal cell New Zealand
PEG/PAAc oy polymerization line Red rabbits
at room temperature
Hybrid cross-linking 1 Yucatan
PEG-stabilized system comprising of a Fluman cornea porcine cornea
[85] ; . . Chemical crosslinking  epithelial cells, and
collagen + chitosan long-range bi-functional and rat
. DRG
cross-linker subcutaneous
Collagen— PEG,: li:;ﬁ?;iilz;:awd Human corneal Mini-pigs and
[86] hos horglcholine ers};l hate or 0.5% Photopolymerization epithelial cell line New Zealand
phosphory P P e and DRG white rabbits
Irgacure 2959
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Table 1. Cont.

Paper Biomaterial Crosslinkers Fabrication Method Cell Study In Vivo Study
Neoglycopolymer— Carbohydrate- Tancrlﬁn: ?}?g-iopen Human corneal
[95] recombinant collagen functionalized crathests umarn cornea -
I norbornenes polymerization epithelial cells
hydrogenation
Sodium alginate Self-cross-linkin
[96] Hydroxypropyl dialdehyde (20 mg/mL) re ¢ os? hit agn Corneal endothelial New Zealand
chitosan (HPCTS) mixed equal volume process ot chutos cells rabbits
with HPCTS and oxidized alginate
1% Triethylene glycol
[97] Collagen dimethacrylate and UV-initiated free corneljil:l?&elial )
I-Immobilized PEG poly(2-hydroxyethyl radical polymerization llf
methacrylate) cens
Diepoxy- Casting and chemical . .
[98] Chitosan + PEG PEG:cystamine (4:1 crosslinking for 24 h at Sheep endothelial Ovme' eyes
. 2 cell (ex vivo)
molar ratio) 25°C
[99] Poly(2-hydroxyethyl N, N’-methylenebis 0.5% Polymerization and Rabbit corneal New Zealand
methacrylate) acrylamide molding processes stromal cells rabbits
4-arm polyethylene
[100] Levoﬂoxacm loaded glycol with aldehyde Chemical crosslinking L-929 cells -
glycol chitosan end groups (4-arm
PEG-CHO)
. . Photocrosslinking with Lyophilization, . New Zealand
[101] GelCOhR}ilEloafl hesive visible light (450 to chemical and Corneal flllb roblast white
yaroges 550 nm) photo-crosslinking cers rabbits

New crosslinkers have also been used to crosslink collagen with other biomaterials. A
hybrid cross-linking system was developed using a long-range bi-functional cross-linker
PEG-dibutyraldehyde (PEG-DBA) and short-range amide-type cross-linkers (EDC and
NHS) to crosslink collagen—chitosan composite hydrogels [85]. The hydrogels exhibited
excellent optical clarity (superior to human eye bank corneas), suturability, permeability
to albumin and glucose, and significantly higher mechanical strength and elasticity, an in-
crease of 100% and 20%, respectively, when compared to its non-hybrid counterpart. These
hydrogels showed excellent biocompatibility both in vitro, using dorsal root ganglia (DRG)
and human corneal epithelial cells, and in vivo using rat subcutaneous and pig cornea
implants. The hydrogels supported host—graft integration with successful regeneration of
corneal stroma, nerve and epithelium after 12 months implantation in pigs.

A bio-interactive collagen-phospholipid corneal substitute was developed from inter-
penetrating polymeric networks, utilizing EDC/NHS crosslinked porcine atelocollagen,
and PEG-diacrylate crosslinked 2-methacryloyloxyethyl phosphorylcholine (MPC) [86].
Fabricated hydrogels showed increased mechanical strength along with enhanced stability
against collagenase and UV degradation and improved in vitro biocompatibility with
DRG and human corneal epithelial cells. A 12 months in vivo study of hydrogels into
mini pig demonstrated regeneration ability of corneal stroma, epithelium, tear film and
sensory nerves.

Chitosan and chitosan composites are also commonly used biomaterials for corneal
tissue engineering. In addition to using standard crosslinking chemicals like GA, several
different approaches have been explored to crosslinking chitosan. For example, an in situ
formed biodegradable hydrogel was fabricated involving the water-soluble derivative of
chitosan, hydroxypropyl chitosan, and sodium alginate dialdehyde for corneal endothelial
regeneration [96]. Periodate oxidized alginate rapidly cross-links hydroxypropyl chitosan
due to the formation of Schiff’s base between the available amino groups and aldehyde.
The fabricated hydrogels were biocompatible with corneal endothelial cells, biodegradable
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and were evaluated as a potential scaffolds for in vivo endothelium regeneration in New
Zealand rabbits.

A new post crosslinking mechanism via epoxy—amine chemistry was introduced
to fabricate ultrathin (thickness in hydrated condition 50um) chitosan-PEG hydrogel
for corneal tissue regeneration [98]. The resultant hydrogel showed desirable optical
transparency, biodegradability, comparable mechanical property with cornea to support
a suitable mechano-responsive environment for corneal endothelial cell and supported
adhesion and proliferation of sheep’s corneal endothelial cells. Ex vivo trials on ovine
eyes showed that the hydrogels exhibited excellent properties for physical manipulation
and implantation, which made them a potential scaffold for minimally invasive surgical
procedures, such as Descemet’s Stripping Endothelial Keratoplasty (DSEK).

Porous chitosan hydrogel sheets were developed and evaluated as a potential oph-
thalmic delivery substrate for levofloxacin [100]. Hydrogel sheets were fabricated sponta-
neously under mild conditions when a 4-arm polyethylene glycol crosslinker was mixed
with aldehyde end groups (4-arm PEGCHO) and glycol chitosan (GC) at various ratios.
Upon decreasing the concentration of 4-arm PEGCHO and GC, the swelling ratio of fabri-
cated hydrogels was increased. Biocompatibility assays reported that the hydrogels were
non-toxic and exhibited an excellent cytocompatibility with L929 cells.

In addition to collagen and chitosan, there has also been considerable interest in the
development of PEG based hydrogels for corneal engineering. A two-step sequential
network formation approach was employed to fabricate interpenetrating hydrogels by
using poly(2-hydroxyethyl methacrylate) and triethylene glycol dimethacrylate (1% v/7v)
as a crosslinker inside collagen immobilized PEG hydrogels [97]. Fabricated hydrogels
were non-toxic and supported adhesion and proliferation of corneal epithelial cells.

UV-initiated free radical polymerization, using a two-step sequential network for-
mation technique was used to fabricate PEG/poly(acrylic acid) (PEG/PAA) hydrogels
for corneal tissue engineering [92]. Both in vitro (using primary corneal epithelial and
fibroblast cells) [92] and preliminary in vivo (New Zealand Red rabbits) [93] studies were
carried out to assess the biocompatibility of the fabricated hydrogel. A similar UV-initiated
free radical polymerization and crosslinking network technique was used to fabricate
collagen-coupled PEG/PAA hydrogels that support corneal epithelial wound healing [94].
The bioactive surface of the hydrogels showed promising results for epithelial wound
closure. In vivo results conducted on rabbits demonstrated that the implanted hydrogel
supported the migration of corneal epithelial cells, although the morphology and migration
rate of cells were different from normal.

A mechanically and structurally efficient artificial cornea using poly(2-hydroxyethyl
methacrylate) was fabricated involving a T-style design of a keratoprosthetics [99]. N,N'-
methylenebis (acrylamide) (0.5 %) was used as a crosslinker. The porous skirt was altered
with hyaluronic acid and cationized gelatin, and the bottom of the optical column was
coated with poly(ethylene glycol). In vitro (rabbit corneal stromal cells) and in vivo (New
Zealand rabbits) analysis demonstrated that the artificial cornea was a potential corneal
substitute and could be suitable for patients with corneal opacity and massive limbal stem
cell deficiency.

A saturated neoglycopolymer was developed by tandem ring opening metathesis
polymerization-hydrogenation of carbohydrate-functionalized norbornenes and examined
as a promising crosslinking agent for corneal tissue engineering [95]. The resultant neo-
glycopolymer hydrogels were superior with respect to stability, enzymatic resistivity and
permeability, compared to clinically tested control materials (recombinant human collagen
type III (RHC III) crosslinked using EDC/NHS) as well as demonstrating biocompatibility
in vitro with human corneal epithelial cells.

Recently a transparent, highly biocompatible, cost-effective, bio-adhesive hydrogel,
using gelatin methacryloyl (GeIMA) prepolymer with ~80% methacryloyl functionalization
degree (Gel CORE) were fabricated utilizing photo-crosslinking with visible light (450 to
550 nm) for 60 seconds [101]. The physical properties of fabricated hydrogel can be finely
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adjusted by altering the photo crosslinking time and concentration of pre-polymer. In
situ photo-polymerization of Gel CORE improved the adhesion between the hydrogel and
tissue. In vitro and in vivo (rabbit model) evaluation demonstrated that the bio-adhesive
hydrogel is highly biocompatible with corneal fibroblast, efficiently enclosing stromal
defects in rabbit and promoting stromal regeneration and re-epithelialization.

2.5. Comparative Studies

A number of studies have compared different crosslinking reagents (Table 2) and their
effectiveness at modifying physical properties, chemical structure, mechanical characteris-
tics and biological effects [41,59,60,91,102,103].

Table 2. Works identified in this review focusing on the comparison of different crosslinkers used to develop corneal hydrogels.

Paper Biomaterial Crosslinkers & Concentration Results
Generation 2 polypropyleneimine Dendrimer-crosslinked gel had no cellular
octaamine dendrimers: toxicity and higher glucose permeability than
o1 Type I collagen EDC: molar ratio 1:1 natural human cornea and more transparent
GA: 0.02%. than GA/EDC crosslinked gels
EDC:100 mM EDC-HA was more transparent, smoother
[59] Hyaluronic acid (HA) G A~i 00 mM surface, faster degradation and lower toxicity
’ than GA-HA
EDC-HA gel had no adverse
. inflammatory reaction
[60] Hyaluronic acid (HA) EDC:100 mM GA-HA gel induced significant inflammator
y GA:100 mM & & y
’ cell infiltration and foreign body
reaction observed
EDC-gelatin was biocompatible without
. EDC:50 mM causing toxicity
411 Gelatin GA:50 mM GA-gelatin showed significant
inflammatory reaction
10 mM GA GP crosslinked implants were more
[102] Chitosan 10 mM Genipin (GP) biocompatible without providing significant
p intraocular inflammation
Recombinant human EDC: 0.3 ME (Molar equivalent) CMC crosslinked samples had comparable
[103] 1 P P
atelocollagen type III CMC: 2.0 ME. properties to EDC crosslinked hydrogels

In one study, collagen solutions (2-4%) were crosslinked with EDC, GA or polypropy-
leneimine-octa-amine dendrimers [91]. The multi-functional dendrimers were introduced
after the activation of the carboxylic acid groups of glutamic and aspartic acid residues
in collagen. The dendrimer crosslinked collagen hydrogels exhibited significantly higher
optical transparency than EDC and GA crosslinked hydrogels as well as higher glucose
permeability compared to human corneas. Adhesion and proliferation of human corneal
epithelial cells were supported by dendrimer crosslinked collagen hydrogels without
inducing cellular toxicity.

The crosslinking kinetics and properties of recombinant human atelocollagen type
III hydrogels were examined using two different crosslinking agents: (i) sterically bulky
carbodiimide, N-cyclohexyl-N’-(2-morpholinethyl) carbodiimide metho-p-toluenesulfonate
(CMC) and (ii) EDC [103]. The major advantage of CMC crosslinking was that it supported
crosslinking at room temperature (25 °C), while EDC crosslinking process was too fast to
control at room temperature. Therefore, it is required to be executed at lower temperatures.
CMC crosslinked hydrogels were significantly stiffer and exhibited higher collagenase
resistivity compared to EDC crosslinked hydrogels. Comparable biocompatibility, in vitro
(human corneal epithelial and endothelial cells, DRGs from chick embryos) and in vivo
(mouse model), was demonstrated for both crosslinked hydrogels [103].
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Another comparative analysis was conducted between EDC and GA to identify the
more appropriate crosslinker for hyaluronic acid (HA) hydrogels. These hydrogels were
developed as cell delivery vehicles for corneal endothelial cell therapy [59]. Water uptake
capacity and enzymatic degradability were significantly decreased for HA hydrogels
crosslinked with GA. EDC crosslinked HA hydrogels had a faster degradation rate and
smoother surfaces. Lower cytotoxicity for the corneal endothelial cell was also recorded for
EDC crosslinked HA hydrogels compared with GA crosslinked HA hydrogels. This study
identified EDC as a better option for HA crosslinking. Comparative in vivo evaluation
in rabbits for 24 weeks was also carried out to examine the ocular biocompatibility of
the HA hydrogels crosslinked with EDC and GA [60]. EDC crosslinked HA hydrogels
supported better ocular biocompatibility than GA crosslinked HA hydrogels. No significant
inflammatory cell infiltration or foreign body reaction was observed after implantation
for non-cross-linked or EDC cross-linked HA hydrogels, whereas adverse inflammatory
reaction was quite prominent for GA crosslinked HA hydrogel.

Similar comparative studies between EDC and GA were carried out using gelatin [41].
In vitro analysis using primary rat iris pigment epithelial cells demonstrated that the
cells cultured on EDC crosslinked gelatin hydrogels showed lower lactate dehydrogenase
activity, cytotoxicity, and interleukin-1{3 and tumor necrosis factor-« levels compared to
cells cultured on GA cross-linked gelatin hydrogels. In vivo analysis in rabbit model also
reported better biocompatibility, less toxicity and fewer adverse effects for EDC cross-linked
gelatin hydrogels compared to GA.

In vivo ocular biocompatibility of genipin and GA crosslinked chitosan hydrogel were
compared in rabbits [102]. Genipin crosslinked implanted hydrogels showed no signs
of ocular inflammation in the anterior chamber of the eye, enhanced the preservation of
corneal endothelial cell density as well as supported better anti-inflammatory activities,
when compared with non crosslinked and GA-crosslinked chitosan hydrogels.

3. Crosslinking Strategies for Injectable Hydrogel

Injectable hydrogels are hydrogels that form after injection into the body and have
been used for drug delivery, tissue defects repair and as cell delivery vehicles [104]. In
the eye, injectable hydrogels have been examined as a substitute for vitreous humor and
more recently, for corneal defect repair [104]. Figure 3 represents such an idealized future
situation where hydrogel precursors, loaded with stem cells and bioactive molecules, can
be injected and form a hydrogel with desirable characteristics in vivo. The composition and
quantity of bioactive molecules could be easily varied depending on the clinical require-
ments and could even be made patient specific. Injectable hydrogels demonstrate more
potential than pre-formed hydrogels for the delivery of a therapeutic payload [105-107].
The most important properties that affect swelling, drug release rate and oxygen permeabil-
ity of the hydrogels are the molecular weight of a polymer between two crosslink points
and the mesh size. The gelation, crosslinking and the application of injectable hydrogels
for corneal regeneration will be discussed here.

3.1. Gelation and Formulation

Injectable hydrogels are composed of synthetic or naturally derived hydrophilic
polymers that are able to crosslink in situ following a variety of mechanisms [108]. The
Food and Drug Administration, USA (FDA) has approved several synthetic polymers
including polyvinyl alcohol (PVA), PEG, PAA, poly(N-isoproylacrylamine) (PNIPAAm)
and Pluronic F-127. These polymers are able to crosslink hydrophilic co-polymers or homo-
polymers and effectively develop block co-polymers with other polymers [104]. Several
naturally derived polymers such as polysaccharides (alginate, chitosan, hyaluronic acid
and dextran) and proteins (collagen and gelatin) have also been used to develop injectable
hydrogels for ophthalmic applications [104]. These hydrogels use covalent crosslinking,
the Diels—Alder reaction, enzyme reactions to effect in situ Michael addition, Schiff base
formation and click chemistry to form stable hydrogels [104]. Crosslinking of injectable
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hydrogels is often initiated by altering physico-chemical parameters such as temperature,
pH, ionic strength, the glucose concentration or mechanical stress. These physico-chemical
parameters induce phase separation and structural alteration of polymer chains to develop
a crosslinked network [109]. Stimuli responsive polymers such as thermo-responsive PEG,
PNIPAAm and Pluronic F-127 or pH-responsive polyacrylic acid (PAAc) and chitosan, can
be easily formed by crosslinking an injected hydrogel network [104].
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Figure 3. Schematic representing the potential different components of an injectable hydrogel to be
used for corneal repair.

3.2. The Injectable Hydrogels in Treatment

In situ forming hydrogels are an efficient way to repair corneal wounds and defects
by delivering drugs and cells to the damaged region of the cornea [110]. To examine
the effectiveness of induced pluripotent stem cells (iPSCs) in bioengineered cornea for
corneal regeneration, a thermo-responsive injectable amphiphatic carboxymethylhexanoyl
chitosan (CHC) nanoscale hydrogel was synthesized [111]. This hydrogel supported
increased cell viability and gene expression associated with stem cells. In vivo experiments
involved administrating the injectable iPSCs laden CHC hydrogel in a defect site of the rat
cornea. CHC hydrogels improved regeneration of damaged cornea by down regulating
oxidative stress that led to the restoration of the corneal epithelial thickness. Therefore,
CHC hydrogels are a potential scaffold for stem cell delivery to improve corneal wound
healing [111].

A PEG based injectable hydrogel was developed by incorporating Tyr-Arg-Gly-AspSer
(YRGDS) peptides [112]. Keratocytes encapsulated in these hydrogels maintained their
viability over 4 weeks and displayed genetic and morphological characteristics associated
with healthy, functional keratocytes. However, further advancement in the development
of PEG based hydrogels as a cell based therapeutic approach for keratoconus treatment is
required as it failed to restore the keratocyte phenotype completely.
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A novel LiQD cornea has recently been developed as an alternative to donated corneas
for transplantation [113]. This cell-free hydrogel liquid was synthesized using short
collagen-like peptides combined with PEG and blended with fibrinogen. In vitro and
in vivo analysis demonstrated that this self-assembled LiQD cornea is biocompatible, non-
toxic and significantly reduced the risk of immune rejection associated with xenogeneic
materials. LiQD cornea is also capable of undergoing rapid in situ gelation and may serve
as a potential material for corneal regeneration.

An in situ, rapidly formed, PEG-based doxycycline laden transparent hydrogel was
successfully fabricated through thiol reactions and was examined for corneal wound
healing applications [114]. This hydrogel exhibited a prolonged release of doxycycline
(up to 7 days) and was able to resist the structural deformation under shearing force.
Remarkably, a decline in the production of matrix metalloproteinase-9 (MMP-9) was shown
through immunofluorescence and histology analysis. This result supported better corneal
healing for these hydrogels. Thus, PEG-based homo-polymers and co-polymers are an
attractive choice for corneal repair.

An injectable hydrogel utilizing the thermo-responsive co-polymer of poly(lactic-co-
glycolic acid) (PLGA) and PEG was synthesized through sol-gel transition at temperatures
ranging between 5 and 60 °C [115]. In vitro biocompatibility tests showed that these
hydrogels supported proliferation and migration of epithelial cells. In vivo (rabbit model)
results of implanted hydrogels demonstrated that keratocytes retain a natural morphology
appearance and there was desirable healing of corneal wounds [115].

There is limited availability of FDA approved injectable hydrogels for commercial use
and they have only been used to prompt the healing process post ocular surgery. Ongoing
investigations are aiming to use injectable hydrogels as a delivery vehicle of drugs and cells
for corneal regeneration. They are also trying to overcome the complications associated
with stem cell research. It may take several years before injectable hydrogels are clinically
available as a delivery vehicle of cells and drugs for corneal repair and regeneration.

4. Impact of Crosslinkers on Hydrogel Characteristics

The type and duration of crosslinking affects the physical properties and biological
compatibility of many hydrogels. For example, an increase in crosslinking will increase
degradation resistance for most hydrogels. Similarly, hydrogel formation may often need
to take place with cells and/or proteins present, thus necessitating the crosslinking process
to be cytocompatibility. Thus, it is desirable to control the crosslinking process. An
overview of the effect of different crosslinking actions on hydrogel properties is shown
below (Figure 4).

4.1. Mechanical Characteristics

The mechanical characteristics of hydrogels are dependent on the type and magnitude
of crosslinking that has been applied to them. In general, the use of chemical crosslinking
reagents results in stable hydrogels with better mechanical properties while other meth-
ods such as photo-crosslinking can provide better cytocompatibility since no additional
chemical agents are required. The mechanical properties of hydrogels are often described
as viscoelastic, where they exhibit both viscous and elastic characteristics [116,117]. This
results in time dependent deformation behaviors such as creep, relaxation and time de-
pendent recovery. The viscoelastic characteristics of hydrogels tend to be dependent on
the degree and density of crosslinking. Alternatively, many studies describe the behavior
of hydrogels as being elastic with similar properties to rubber. The correct description of
the hydrogel mechanical characteristics depends on the material composition and type
of crosslinking. The crosslinks that improve mechanical strength also increase viscosity,
reduces solubility and reduce glass transition temperature (Tg).
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Figure 4. Schematic representation summarizing the pros (green) and cons (orange) of commonly used crosslinking

techniques and chemical additives in terms of their impact on hydrogel characteristics.

At the macro-scale, the mechanical properties of hydrogels affect their stability,
strength and stiffness while at the micro-scale mechanical properties can affect how the
hydrogels interact with cells and affect cell signaling, proliferation, migration, and differ-
entiation [118,119]. Hydrogel stiffness can be adjusted by tuning the crosslinker density,
crosslinking time and the type of precursors used [120].

Both UV and DHT initiated crosslinking have been shown to improve the tensile
strength of collagen based hydrogels although they led to fragmentation of the collagens
basic structure [39,44]. Another limitation with photo-crosslinking is the inability of light
to penetrate deep into a material, although this is less of a problem for thin, transparent
hydrogels [54]. Photo-crosslinking can be used to finely control mechanical properties of
hydrogels by adjusting the time of exposure and light intensity [101].

2 polypropylenimine octaamine dendrimers have been shown to produce transparent
collagen hydrogels with good mechanical properties [91]. Interestingly, a hybrid approach
of using a long-range bi-functional crosslinker (PEG-DBA) and short-range amide-type
crosslinkers (EDC and NHS) was able to produce a collagen-chitosan hydrogel that was
transparent, had good mechanical properties and could be sutured [85].

4.2. Degradation and Structural Properties

Chemical crosslinking produces covalently bonded hydrogels. These covalent bonds
between the polymeric chains can be broken down by photo-catalytic cleaving, ester or
enzymatic hydrolysis [121]. To provide adequate support as a scaffold, the hydrogels
should degrade at a rate that matches new tissue formation so there is no loss of strength
or function. To do this, chemical crosslinking parameters can be tailored as required by
varying crosslinking time, crosslinker concentration and precursors [122]. Interestingly,
degradation, which is a chemical process, alters the physical surroundings of cells and in
turn can affect how those cells behave [123].

Hydrogel mesh size impacts solute transmission through the structure [124]. Particles
that are larger than the effective pore size in the mesh will thus be excluded. A hydrogel
with an asymmetric mesh size can provide bio-separation, that is a high solute flux, as well
as selective cell capture and encapsulation [125]. Mesh size can also affect the hydrogel
degradation rate. Hydrogels with a high crosslinking density, generally achievable through
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the use of chemical crosslinkers, reduces mesh size and slows down degradation [126].
The reduced mesh size also slows down the transport of larger molecules, like enzymes,
thus limiting access of the enzymes to degradation sites [121]. However, the reduction of
molecular diffusion due to smaller mesh size can pose a problem for nutrients transfer,
which may be required for the survival of encapsulated cells.

Aimetti et al. [127] developed a hydrogel that degrades via surface erosion. A human
neutrophil elastase (HNE) sensitive peptide was used as a crosslinker in PEG hydrogels,
via thiol-ene photopolymerization. The high crosslinking density resulted in a reduced
mesh structure, limiting HNE diffusion into the hydrogel. Thus, degradation gradually
occurred via surface erosion and through this process, a protein entrapped physically in
the hydrogel was released.

To mimic natural, soft tissues and their multi-scale, hierarchical structure, an ideal
hydrogel for tissue engineering would need to be anisotropic and have a highly ordered
architecture [128]. Hydrogel structural hierarchy is an important consideration in designing
innovative hydrogels [129]. While physical methods such as plastic compress [130,131]
and magnetic fields [132,133] can be used to organize the structure of some hydrogels,
controlled crosslinking procedures may be adopted to develop hydrogels with specific
architectures. For example, interpenetrating polymer network hydrogels, allow hydrogels
to be formed that contains a desirable structural hierarchy by varying the ratio of the
different polymers [134].

In addition to affecting the hydrogels mechanical characteristics, UV initiated crosslink-
ing can also improve the degradation resistance of collagen hydrogels to different en-
zymes [46]. UV crosslinking of GeIMA hydrogels has been shown to reduce the rate
of degradation [53]. Crosslinking gelatin using DHT has also been able to achieve con-
trolled release of hydrogel embedded bioactive molecules [37]. Use of GA also increases
degradation resistance of gelatin [55]. Similarly, combined use of EDC and NHS pro-
duced crosslinked atelocollagen hydrogels that were stable against collagenase and UV
degradation [86].

4.3. Toxicity and Biocompatibility

Crosslinkers have an important role in modulating chemical and mechanical features
of hydrogels so that they lead to a desirable cell response [135]. Changes in the hydrogel
properties after crosslinking can affect the behavior and activity of cells in contact with
the material. Ideally, a crosslinker must be able to improve mechanical properties while
maintaining the biocompatibility of the scaffold and without generating any toxic bi-
product [136].

UV crosslinking is not only able to produce a biocompatible hydrogel with no toxic
residuals [53], but UV irradiation has also been safely used on the cornea and posterior
segment of the eye [52]. However, the wavelength and intensity of UV light need to be
considered as over-exposure to UV or too low a wavelength can result in apoptosis.

In spite of its toxicity, GA is one of the mostly used crosslinkers that has been studied
by many research groups for tissue engineering application [137]. Many studies reported
that GA leaching undergoes simultaneously with scaffold degradation and results in
cytotoxicity. Hence, GA residues can be harmful to the cells over long periods [138]. In
contrast, genipin is less cytotoxic and still maintains a strong crosslinking ability. Safety
issues regarding the use of genipin are still a concern as cellular behavior has been shown to
vary significantly after crosslinking depending on the cell type [102]. Genipin can promote
the differentiation of neurite cells and accelerate dose dependent neurite outgrowth [139].
However, immediate apoptosis was demonstrated with liver and dermal cells after genipin
crosslinking. The concentration of genipin should be optimized for tissue specific studies
using different cell types [135].

An alternative to GA and genipin crosslinking, EDC/NHS efficiently crosslinks amino
acid based biomaterials with favorable cellular performance [90]. EDC/NHS results in
fewer crosslinks compared to GA but it does not present itself in the final product, thus
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reducing the potential for toxicity [135,140]. However, EDC/NHS crosslinking occupies
integrin binding sites in the same carboxylic chain of biopolymers, which are pivotal
for integrin-mediated cell interactions [80]. Therefore, there is a requirement to try to
conserve the active cell binding sites during crosslinking without altering the chemistry of
biomaterial. The use of EDC-NHS creates stable and mechanically strong hydrogels with
collagen [83]. An EDC concentration of 0.1% for collagen is recommended to maintain
biocompatibility while still improving strength. When applied to hyaluronic acid hydrogels
EDC led to lower cytotoxicity but faster degradation and a reduced water uptake compared
to GA [59].

5. Challenges and Future Perspective

There are several challenges that need to be addressed before crosslinked hydro-
gels and scaffolds are more commonly used on patients for corneal tissue engineering.
Sterilization of the biomaterials can cause some difficulties since most natural and syn-
thetic polymers undergo degradation during radiation, heat or chemical sterilization
processes [141]. These issues are made worse when bioactive molecules, proteins and
drugs are incorporated into the polymer matrix [142]. In addition, some hydrogel polymers
have a specific shelf life after which there is a reduced ability to form crosslinks. Chemical
crosslinking agents support the fabrication of hydrogels with well-defined characteristics
that may hinder the availability and stability of biopharmaceuticals. Physical crosslinking
may be better at conserving the stability of incorporated biopharmaceuticals, but it is more
difficult to control the release of drugs and the degradation kinetics of these hydrogels.

Optimization of crosslinking is required to successfully control the release of drugs or
bioactive molecules from hydrogels. For drugs that are chemically bound to the hydrogel,
these can be released via degradation. However, controlling the degradation kinetics
after encapsulating drug molecules is challenging. The degradation rate of drug loaded
hydrogels and their drug release profiles may vary from patient to patient depending on
many factors including age, sex and health of the patients [141]. Rapid degradation of the
hydrogel may accelerate the release of drugs, while inhibiting degradation may lead to
incomplete drug release.

Another challenge is how best to control the spatial distribution of cells throughout a
hydrogel. One approach to doing this is to employ 3D bioprinting to engineer constructs
with a high degree of precision. Most hydrogels used for 3D bioprinting (called bioinks)
utilize UVA light to generate crosslinks and form a stable hydrogel. This technology has the
potential to assist clinicians and researchers to produce innovative constructs to address
corneal donor shortages. In addition, 3D bioprinting could be used to incorporate drugs or
biological reagents into the hydrogels. Recently a number of groups have started exploring
the application of 3D bioprinting for corneal tissue engineering [143-146].

6. Conclusions

This review has explored different crosslinking mechanisms that are used to fabri-
cate hydrogels for corneal regeneration. While there is not one ideal crosslinker with all
the desirable properties for fabricating hydrogels for corneal regeneration, many of the
crosslinking techniques described here are beneficial in controlling the mechanical behavior
of hydrogels without adversely affecting their biocompatibility. Overall, variations in the
type of hydrogel material selected and the crosslinking dosage significantly affect the prop-
erties of the resultant scaffold. Detailed studies that focus on the optimization of crosslinker
concentration, cytocompatibility and biocompatibility are necessary to understand the
advantages and limitations of each crosslinking approach.
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Abstract: The polymer that includes 2-methacryloyloxy ethyl phosphorylcholine (MPC) is well-
known as an effectively hydrating multifunction agent. In this study, we prepared an MPC poly-
mer (MPCP) using radical polymerization with co-monomers—MPC/Stearyl Methacrylate/N,N-
dimethylacrylamide—and evaluated the MPCP’s usefulness for dry eye treatment using a rabbit
model treated with N-acetylcysteine. The MPCP particle size was 50-250 nm, and the form was
similar to that of micelles. The MPCP viscosity (approximately 0.95 mPa-s) was 1.17-fold that of
purified water, and a decrease in the transepithelial electrical resistance value (corneal damage) was
not observed in the immortalized human corneal epithelial cell line HCE-T cell (HCE-T cell layer).
The MPCP enhanced the water maintenance on the cornea, and the instillation of MPCP increased
the lacrimal fluid volume and prolonged the tear film breakup time without an increase in total
mucin contents in the lacrimal fluid of the normal rabbits. The therapeutic potential of the MPCP for
dry eye was evaluated using an N-acetylcysteine-treated rabbit model, and, in our investigation, we
found that MPCP enhanced the volume of lacrimal fluid and promoted an improvement in the tear
film breakup levels. These findings regarding the creation and characteristics of a novel MPCP will
provide relevant information for designing further studies to develop a treatment for dry eyes.

Keywords: MPC polymer; dry eye; ocular surface; lacrimal fluid; mucin

1. Introduction

Dry eye disease is a complex and multifactorial ocular disease, and tear film instability,
visual disturbance, and discomfort are commonly observed, with potential damage to the
ocular surface [1]. It was reported that dry eye disease has multiple causes, such as air
pollution, medication, androgen deficiency, contact lens usage, and excessive computer
use [2]. Inflammation and enhanced osmolarity on the ocular surface are also important
factors in the onset of dry eye disease [3]. It has also been reported that oxidant stress
and aging are other factors that contribute to dry eye disease [4]. The prevalence of dry
eye disease is estimated at approximately 5-50% of the global adult population [5], and
it is expected that the economic burden from the disease will increase as the population
ages [6].

Current treatments for dry eye disease aim to prevent the objective signs and clinical
symptoms of the disease and recover the quality of life of the patients. The main approved
treatments are as follows: Mucosta® (rebamipide ophthalmic suspension 2%, Otsuka
Pharmaceutical, Tokyo, Japan) and Diquas® (diquafosol ophthalmic solution 3%, Santen
Pharmaceutical, Osaka, Japan) in Asia; Xiidra® (lifitegrast ophthalmic solution 5.0%, Shire,
Lexington, KY, USA) and Restasis® (Cyclosporine ophthalmic emulsion 0.05%, Allergan,

121



Pharmaceutics 2021, 13, 168

Irvine, CA, USA) in North America; and Ikervis® (CsA cationic emulsion, Santen Phar-
maceutical, Osaka, Japan) in Europe. In addition, Cequa™ (ananomicellar formulation
of CsA 0.09%, Sun Pharmaceuticals, Mumbai, India) has been used in the US since 2018.
Cequa™ enhances lacrimal fluid production in patients with dry eye disease. Overall,
these medicines are used to stabilize the tear film and/or prevent the inflammation of the
ocular surface [7].

The polymer including 2-methacryloyloxy ethyl phosphorylcholine (MPC) is well-
known for being not only an antiadhesive and antithrombogenetic agent, but also a signifi-
cant hydrating multifunction agent [8-10]. These characteristics are due to the polymer’s
phosphorylcholine group and the water structure surrounding the polar group. To date,
soft contact lenses containing this MPC have been approved by the Food and Drug Ad-
ministration (FDA) and Pharmaceuticals and Medical Devices Agency (PMDA). Hall et al.
have reported that the dehydration of this soft contact lens is significantly less than that
of other conventional lenses [11]. Eye drops, soft contact lens care products, oral care
products, and cosmetics containing the MPC-BMA polymer have also been approved by
the PMDA. Ayaki et al. reported that, after treatment with eye drops containing MPC
polymer (MPC-BMA), cell viability rates were maintained at over 80%. Moreover, the
conformation of proteins did not change, even when they were adsorbed on the surface
or came into contact with the surface, and were similar to those of clinically approved
artificial tear products [12]. In this way, the polymer including MPC, which is significantly
hydrating and safe, could be used to improve the ocular surface and treat dry eye disease
with the potential to be added to dry-eye drugs.

In this study, we prepared a novel MPC polymer using radical polymerization
with co-monomers, MPC/stearyl methacrylate/N,N-dimethylacrylamide (MPCP), and
evaluated the polymer’s usefulness for dry eye treatment using a rabbit model treated
with N-acetylcysteine.

2. Materials and Methods
2.1. Animals

Male adult rabbits (weight 2.58 + 0.75 kg) were obtained from Shimizu Laboratory
Supplies Co., Ltd. (Kyoto, Japan), and the protocol was approved by the Kindai University
(KAPS-31-002, 1 April 2019). The experiments using the rabbits were performed according
to the Association for Research in Vision and Ophthalmology (ARVO) and Kindai Univer-
sity guidelines. Thirty microliters of 0.1% MPCP were instilled in single applications at
14:00 h. For repeat applications, 0.1% MPCP (30 uL) was instilled once a day (14:00 h) for
5 days, and the measurement of the levels of lacrimal fluid, mucin, tear film breakup time
(TBUT), ocular surface, and tear film breakup began at 16:00 h (single application) and
18:00 h (repetitive application). The dry eye model using rabbits was conducted via the
instillation (30 pL) of 10% N-acetylcysteine six times per day (at 9:00, 11:00, 13:00, 15:00,
17:00, and 19:00 h). This protocol was performed following our previous report [13].

2.2. Chemicals

Dulbecco’s modified Eagle’s medium/Ham’s F12, penicillin, streptomycin, and fetal
bovine serum were provided from GIBCO (Tokyo, Japan). Cell Count Reagent SF was
purchased from Nacalai Tesque, Inc. (Kyoto, Japan), and the Tear mucin assay ELISA kit
was obtained from Cosmo Bio Co., Ltd. (Tokyo, Japan). Transwell-Clear™ (polyester filters,
surface area 1.0 cm? and 0.4 um pore size) and rat tail collagen type 1 were purchased from
Costar (Cambridge, MA, USA) and Sigma (Tokyo, Japan), respectively. All other chemicals
used were of the highest purity commercially available.

2.3. Preparation of MPCP

MPCP was obtained via radical polymerization with co-monomers, MPC/stearyl
methacrylate/N,N-dimethylacrylamide, with a composition ratio of 50:5:45, and purified
using the dialysis method. After polymerization, we measured the residual monomers
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and calculated that the conversion rate of this polymer in each monomer was >99%. We
thus confirmed that the target polymer was obtained. In this study, we used MPCP diluted
to a 1% aqueous solution with purified water. To confirm the MPCP concentration of the
aqueous solution, we studied the residue upon drying. The structural formula of the MPCP
is illustrated in Figure 1.
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I I I
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Figure 1. The structural formula for MPCP in this study. The MPCP based on MPC/stearyl methacrylate/N,N-
dimethylacrylamide was prepared via radical polymerization. MPC—2-methacryloyloxy ethyl phosphorylcholine; MPCP—
MPC polymer.

2.4. Measurement of Characteristics in MPCP

A NANOSIGHT LM10 (Quantum Design Japan, Tokyo, Japan) was used to measure
the size and number of MPCP nanoparticles—the measurement was performed for 60 s
at 405 nm. Atomic force microscopy (AFM) images were obtained via an A SPM-9700
(Shimadzu Corp., Kyoto, Japan), and AFM images were created by combining the phase
and height images. The viscosity of MPCP was measured with an SV-1A at 10-40 °C
(A&D Company, Limited, Tokyo, Japan) [14]. To confirm the wettability, defined as the
tendency of one fluid to spread on or adhere to a solid surface, we performed contact angle
measurements in 0.1% MPCP and 0.1% MPC-BMA aqueous solutions. In total, 1 puL of each
of the 0.1% MPCP and 0.1% MPC-BMA aqueous solutions (or purified water as a control)
was dropped onto a slide glass, and the contact angle was measured using a contact angle
meter (DropMaster500, Kyowa Interface Science Co., Ltd., Saitama, Japan).

2.5. Cell Culture and Treatment

The immortalized human corneal epithelial cell line (HCE-T cell) used in this study
were developed by Araki-Sasaki et al. [15]. The HCE-T cells were cultured in Dulbecco’s
modified Eagle’s medium/Ham’s F12 with heat-inactivated fetal bovine serum (5%), peni-
cillin (1000 IU/mL), and streptomycin (0.1 mg/mL).

2.6. Measurement of Cell Adhesion

The MPCP treatment was carried out by seeding HCE-T cells (1 x 10* cells) in a
culture medium containing 0.1% MPCP and incubating the medium for 12 h. Then, a Cell
Count Reagent SF was added, and the absorbance (Abs) at 450 nm was measured according
to the manufacturer’s protocol. The Cell Count Reagent SF is based on the conversion
of the reagent to formazan salts according to mitochondrial activity and, as a metabolic
assay, is related to the cell number and its metabolic state and efficiency. Therefore, the
cell number was also measured via counting under a microscope (Olympus Corporation,
Tokyo, Japan), and the cell adhesion was evaluated using a combination of data on the cell
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number and Cell Count Reagent SE. The cell adhesion (%) was represented as the Abs ratio
of the MPCP treatment and non-treatment [16].

2.7. Measurement of Cell Proliferation

The cell cultures were treated with MPCP 1 d after seeding (1 x 10* cells) by changing
to a culture medium with 0.1% MPCP and incubating the medium for 24 h. Then, the
Cell Count Reagent SF was added, and the Abs at 450 nm was measured according to
the manufacturer’s protocol. Cell proliferation (%) was recorded as the Abs ratio of the
MPCP treatment and non-treatment [16]. The cell proliferation was also evaluated by a
combination of the data on the cell number and Cell Count Reagent SF in this study.

2.8. Preparation of HCE-T Cell Layer Model

The cell layer models (multilayer) consisting of one cell (only HCE-T cells) were
cultured by following our previous reports [17,18]. The HCE-T cells were seeded onto
Transwell-Clear™ (90,000 cells/cm?) coated with rat tail collagen type 1 (71.5 pg/cm?)
and grown for seven days until the cells reached confluency. The HCE-T cells were then
exposed to an air-liquid interface for two weeks with the culture medium containing the
vehicle or 0.1% MPCP replaced every other day. In this process, 50 uL of the medium
solution with or without MPCP was dropped onto the donor side twice a day (9:00 and
19:00 h) so that the donor would not dry completely. In this study, chopstick electrodes
connected to an epithelial Volt-Ohm meter Millicell-ERS (Millipore Co., Bedford, MA,
USA) were used to measure the transepithelial electrical resistance (TER) and followed the
differentiation stages during cultivation.

2.9. Cell Toxicity of MPCP

Differentiated cells with TER values greater than 350 ()-cm? were used for the cell
toxicity analysis. The HCE-T cell layer model was treated with the vehicle and 0.1% MPCP,
and the changes in TER values were measured for 60 min [17].

2.10. Measurement of Water Retention in the Cornea

The rabbits were euthanized by injecting a lethal dose of pentobarbital, and the corneas
were carefully separated from other ocular tissues. The individual corneas were treated
with the vehicle, 0.1% MPC-BMA, and 0.1% MPCP for 1 min. After that, the cornea was
placed on a plastic cell, and the changes in the weight and number of MPCP particles were
measured at 22 °C. In this study, the changes in weight were expressed as water retention
in the cornea. Moreover, the samples (vehicle, MPC-BMA, and MPCP) on the cornea were
collected by pipette, and the number of MPCP particles in the samples was measured with
NANOSIGHT LM10, as described above.

2.11. Monitoring the Ocular Surface of Rabbits Instilled with MPCP

The ocular surface was monitored by using a dry eye monitor DR-1 (KOWA Co., LTD.,
Aichi, Japan), and the TBUT and changes in the ocular surface were monitored following
our previous study [13]. Each rabbit treated with a fluorescein strip was allowed to blink
several times to distribute the fluorescein. The time from the opening of the eyes to the
appearance of the first dry spot in the central cornea was analyzed. The changes in tear film
after blinking were monitored by the dry eye monitor DR-1. The TBUT and the tear film
breakup level changes in the ocular surface were evaluated 2 h (16:00 h) and 4 h (18:00 h)
after the application of the MPCD, respectively. The tear film breakup levels (area) were
measured 2 s after the last blink using the Image J software (ver. 1.51, NIH, USA), and the
measurement was performed three times; the mean was used as the value.

2.12. Lacrimal Fluid and Mucin Levels in Rabbits Instilled with MPCP

The volume of lacrimal fluid in rabbits instilled with MPCP was measured using
Schirmer tear test strips (AYUMI Pharmaceutical Corporation, Tokyo, Japan), and the
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mucin was measured using a Tear mucin assay ELISA kit according to the manufacturer’s
instructions. Briefly, lacrimal fluid was collected with Schirmer tear test strips, and the
Schirmer tear test strips were added into elution buffer of a tear mucin assay ELISA kit to
extract the mucin. After that, the extracted mucin was measured by the Tear mucin assay
ELISA kit, and a fluorescence microplate reader (Absorption/Emission = 336/383 nm) [13].
The mucin levels in the total lacrimal fluid volume of the eye are expressed as total mucin
content (ng). The mucin concentration in lacrimal fluid (mg/mL) is estimated from the
mucin level/lacrimal fluid volume.

2.13. Statistical Analysis

Differences between the mean values were analyzed with an ANOVA, followed by Stu-
dent’s t-test, and Dunnett’s multiple comparisons test was used for the statistical analysis,
where p < 0.05 was considered significant. The data are expressed as the mean =+ standard
error (S.E.).

3. Results
3.1. Design of the MPCP

Figure 1 shows the structural formula of the MPCP. We designed the MPCP structure
based on three points: (1) the MPC, indicating the zwitterionic group, shows the hydrophilic
part and gives hydrophilicity to MPCP; (2) stearyl methacrylate including the long-chain
alkyl group shows its hydrophobic part and forms a hydrous polymer nano-sphere in
an aqueous solution; (3) coupled with the acryl group as a highly reactive functional
group, N,N-dimethylacrylamide accelerates the polymerization between MPC and stearyl
methacrylate and strengthens the structure of polymer nano-sphere in an aqueous solution.
Figure 2A,B shows the particle distribution and an AFM image of the MPCP. This polymer
includes monomer forms similar to micelles (polymer nanosphere), with a hydrophilic
outer-most layer and a hydrophobic inner-most layer in an aqueous solution, featuring
a particle size of from 50 to 250 nm. In addition, the particle number was 349 £ 0.336
(x10® particles/mL). Figure 2C,D shows the viscosity of MPCP at 1040 °C. The viscosity
of MPCP was 1.17- and 0.92-fold that of the purified water and MPC-BMA reported
previously (preexisting MPC polymer) [12], respectively, and the viscosity levels of MPCP
were similar under 10-40 °C conditions. We also measured the hydrophilicity of MPCP
and MPC-BMA. The contact angle using MPCP was 25.5 & 1.3° (n = 3), the contact angle
using MPC-BMA was 26.2 &+ 2.0° (n = 3), and the control was 29.2 £ 0.4° (n = 3). These
results indicate that the MPCP was slightly hydrophilic and had a higher wettability than
the MPC-BMA and the control.

3.2. Changes in Cell Conditions in the Immortalized Human Corneal Epithelial Cell Line (HCE-T
Cell) Treated with MPCP

Figure 3A,B shows the effects of MPCP treatment on cell adhesion and growth in
the HCE-T cells. No significant differences were observed between the cell adhesion and
growth of HCE-T cells treated with and without MPCP. Figure 3C shows the effect of MPCP
treatment on the TER during the HCE-T cell layer model preparation. The TER values of
HCE-T cells increased to over 380 Q-cm? when we exposed them to an air-liquid interface
for two weeks. The TER in the MPCP-treated HCE-T cells was similar to non-treated values
before exposure to the air-liquid interface; however, during exposure to the air-liquid
interface, the TER values in the MPCP-treated HCE-T cells were significantly higher than
those found in the HCE-T cells without MPCP treatment. Figure 3D shows the cell toxicity
caused by MPCP treatment. The cell toxicity caused by the MPCP was mild, since the
decrease in TER in the MPCP-treated HCE-T cells was similar to that in the vehicle-treated
HCE-T cells.
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Figure 2. Particle size and viscosity of the MPCP. (A,B) Particle distribution (A) and atomic force microscopy (AFM) images
(B) of MPCP. (C) Image of MPCP. (D) Changes in the viscosity of the MPCP at 10-40 °C. n = 8-10. The particle size of MPCP
was 50-250 nm, and the viscosity of MPCP was 0.95 mPa-s at 20 °C. The temperature (1040 °C) did not affect the viscosity.
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Figure 3. Corneal epithelial cell adhesion, growth, and stimulation of MPCP in the immortalized
human corneal epithelial cell line (HCE-T cells). (A) Effect of MPCP on the adhesion of HCE-T cells.
(B) Effect of MPCP on the growth of HCE-T cells. (C) Changes in transepithelial electrical resistance
(TER) values during the formation of the HCE-T cell layer model treated with MPCP. The arrow
indicates the beginning of the air-liquid interface. (D) Effect of MPCP on the TER values in the
HCE-T cell layer model. n = 10-12. * p < 0.05 vs. the vehicle for each group. The treatment with MPCP
did not affect the cell adhesion and growth of the HCE-T cells, and no stimulation was observed;
however, the TER values in the HCE-T cell layer model were enhanced by the MPCP treatment.

3.3. Effect of MPCP on the Ocular Surface Stability in the Normal Model

As shown in Figure 3, the treatment with MPCP enhanced cell stability in the HCE-T
cell layer model. We investigated whether the ocular surface stability in a normal rabbit
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was increased via the instillation of MPCP. The lacrimal fluid volume and TBUT were
significantly increased via treatment with MPCP (Figure 4A,D); however, the mucin con-
centration in the lacrimal fluid decreased in the MPCP-instilled rabbits; for the total mucin
levels in the lacrimal fluid, no difference between the vehicle- and MPCP-treated groups
was found (Figure 4B,C). On the other hand, the lacrimal fluid volume (18.4 + 1.9 uL, n = 5)
and TBUT (24.1 + 2.0 s, n = 5) in the rabbits instilled with MPC-BMA tended to increase,
although both the lacrimal fluid volume and TBUT were significantly lower than those in
the MPCP. Figure 5 shows the effects of MPCP on moisture retention in the excised rabbit
cornea. The water content in the cornea instilled with the vehicle decreased with time and
completely evaporated after 90 min. The MPCP instillation prolonged the time needed for
water evaporation from the cornea and the number of MPCP nanoparticles to decrease on
the cornea. Preexisting MPC-BMA prolonged the time needed for water maintenance in
comparison with the vehicle, but this ability was significantly lower than that in MPCP.
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Figure 4. Effect of a single application of MPCP on lacrimal fluid volume, mucin levels, and tear
film breakup time (TBUT) in normal rabbits. (A,B) Changes in lacrimal fluid volume (A) and mucin
concentration in lacrimal fluid (B) after the application of MPCP. (C) Changes in total mucin levels in
the lacrimal fluid after the application of MPCP. (D) Changes in the TBUT in rabbits instilled with the
vehicle and MPCP. These measurements were performed 2 h after the instillation of MPCP (16:00).
n =6-8. * p <0.05 vs. the vehicle for each group. Although the application of MPCP induced an
increase in lacrimal fluid volume and TBUT in the rabbit eye, the total mucin contents in the rabbits
instilled with MPCP were similar to those in the vehicle.

3.4. Therapeutic Potential of the MPCP for Dry Eye Disease

Next, we investigated the usefulness of MPCP as a therapy for dry eye using the
N-acetylcysteine-treated rabbit model (Figure 6). The levels of lacrimal fluid and mucin
decreased under treatment with N-acetylcysteine, with levels 0.8- and 0.67-fold greater
than those of normal rabbits, respectively (Figure 6A,B). Both the lacrimal fluid volume
and mucin levels were approximately 2.5-fold greater in comparison with the control
group (non-instillation group) (Figure 6A,B). Figure 6C,D show the changes in the levels
of tear film breakup in the N-acetylcysteine-treated dry eye model rabbits instilled with
(or without) MPCP. Strong tear film breakup levels were observed and still persisted five
days later. Repeat treatment with MPCP attenuated the tear film breakup levels five days
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post-N-acetylcysteine treatment, and the therapeutic effect of MPCP was significantly
higher than that in MPC-BMA (tear film breakup levels at 5 days, 4.26 & 1.09 mm?, n = 5).
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Figure 5. Changes in moisture retention in the cornea instilled with the vehicle, MPC-BMA, and MPCP. (A) Image of the
cornea at 0 and 60 min after the instillation of MPCP. (B) Moisture retention curve in the extracted cornea instilled with the
vehicle, MPC-BMA, and MPCP for 150 min. (C) the number of nanoparticles on the cornea at 10 min after the instillation
of MPCP. Vehicle, vehicle-treated cornea. MPC-BMA, MPC-BMA -treated cornea. MPCP, MPCP-treated cornea. n = 5-7.
*p <0.05 vs. the vehicle for each group. # p < 0.05 vs. MPCP at 0 min. The water content in the cornea instilled with
MPCP was higher than that found in the cornea instilled with the vehicle, and the time needed for water maintenance
was prolonged in comparison with the vehicle and MPC-BMA. The number of MPCP particles on the cornea decreased
after treatment.
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Figure 6. The therapeutic effect of the repetitive application of MPCP on dry eye in the N-
acetylcysteine-treated rabbit model (dry eye model). (A,B) The effect of MPCP on the lacrimal
fluid volume (A) and mucin levels (B) in the dry eye model. The mucin levels in the lacrimal fluid
are expressed as the ratios of the mucin contents at the start of the experiment. (C) Images of the
ocular surface in the dry eye model after repetitive applications of MPCP. The bar indicates 1 mm.
The dark spots reflect the tear film breakup. (D) Effect of MPCP on tear film breakup levels in the dry
eye model. Rabbits were instilled with MPCP at 14:00 h once a day for five days, and the experiments
were performed at 18:00 h. This protocol was performed by following our previous reports [13].
n =9-12. N.D., not detectable. * p < 0.05 vs. none for each group. The application of MPCP increased
the volume of lacrimal fluid and normalized the decreased mucin levels in the dry eye model. The
levels of tear film breakup were attenuated by the application of MPCP.
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4. Discussion

In this study, we designed a novel MPCP that includes the zwitterionic group stearyl
methacrylat, and the acryl group, and found that the MPCP has a high affinity for water
and moisturizes the ocular surface in comparison with the MPC-BMA reported previously
(preexisting MPC polymer) [12]. We also showed that the instillation of MPCP appears to
provide a useful therapy for dry eye (Figure 7).
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Figure 7. Schematic illustration for the amelioration of dry eye via the instillation of the MPCP. DMA—N,N-
dimethylacrylamide; SMA—stearyl methacrylate.

First, we designed MPCP and evaluated its characteristics. MPC/stearyl methacry-
late/N,N-dimethylacrylamide was used to prepare the MPCP in this study, and MPCP
was purified using the dialysis method. The over-30-nm nanoparticles reported previously
were not detected in the MPC-BMA [12]. In contrast with the results for MPC-BMA, this
polymer (MPCP) included monomer forms similar to micelles (polymer nanosphere), with
particle sizes of 50-250 nm (Figure 2A,B). The viscosity of MPCP was 0.92-fold that of MPC-
BMA and was not different under 10-40 °C conditions (Figure 2D). On the other hand, the
contact angle value of MPCP tended to decrease compared to that of the MPC-BMA. These
results suggest that the MPCP has different physicochemical properties from preexisting
MPC-BMP due to the formation of nanoparticles.

Next, we investigated the effects of MPCP on corneal epithelial cells using HCE-T
cells. We previously reported that MPC-BMA does not affect the cell adhesion and growth
of HCE-T cells, with little toxicity in HCE-T cells [19]. The MPCP did not affect the cell
adhesion and growth of the HCE-T cells (Figure 3A,B), and no cell toxicity was observed
(Figure 3D); however, we know that the barrier properties of the HCE-T cell layer model
are very similar to those in rabbit corneas, and an increase in the barrier properties of
the HCE-T cell layer model is expressed as an enhancement of the TER value [15,18]. To
prepare the HCE-T cell layer model, the cells were exposed to air in order to increase the
TER value, as this step was important to instill the medium solution to the cells twice a day
(9:00 and 19:00 h), ensuring that the cell layer model would not dry completely. As a result,
we demonstrated that the stabilization of the cell layer model increased via the instillation
of a drop of MPCP to the therapeutic target. The MPCP enhanced the TER values of HCE-T
cells during exposure to the air-liquid interface (Figure 3C). Taken together, the MPCP may
attenuate the desiccation on the donor side, resulting in the enhancement of the TER value
in the HCE-T cell layer model.

Further, we investigated the changes in the ocular surface in normal rabbits instilled
with MPCP (Figure 4). The instillation of MPCP enhanced the lacrimal fluid volume
and prolonged the TBUT (Figure 4A,D). These results show that the instillation of MPCP
stabilized the ocular surface conditions; thus, the mucin level relates to the increase in
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lacrimal fluid and TBUT. The mucins composed of numerous sugar chains linked to an
apomucin, which is a core protein, were heavy molecular glycoproteins, and 50-80% of their
mass was comprised of carbohydrates. It was reported that mucin leads to the formation
of a smooth spherical surface, offering good vision, the provision of a barrier for the ocular
surface, lubrication of the ocular surface to facilitate smooth blinking, and maintenance of
the lacrimal fluid on the ocular surface [20,21]. Moreover, the mucin layer spreads lacrimal
fluid over the surface of the eye by decreasing the surface tension of the water content. In
addition, the mucin can remove foreign materials and prevent damage and infections in
the eye [22]; therefore, an increase in mucin may enhance the lacrimal fluid volume and
TBUT. Based on previous studies, we also measured the mucin levels in the lacrimal fluid
of normal rabbits instilled with MPCP. Against all expectations, the total mucin content in
the lacrimal fluid of the MPCP-instilled rabbits was similar to that of the vehicle-instilled
rabbits, and the concentration of lacrimal fluid of the MPCP-instilled rabbits was lower
than that of the vehicle-instilled rabbits (Figure 4B,C). These results suggest that MPCP
is not affected by mucin production, since the total mucin levels were similar in rabbits
instilled with or without MPCP. On the other hand, the mucin levels may be diluted by the
enhanced lacrimal fluid volume via MPCP instillation, resulting in an apparent reduction
in the mucin concentration in lacrimal fluid. To understand this result, we investigated
whether MPCP enhanced the moisture retention in the excised rabbit cornea, and the results
showed that the MPCP instillation prolonged the time needed for water evaporation from
the cornea (Figure 5A,B). Although the preexisting MPC-BMA [12] also prolonged the time
needed for water maintenance in comparison with the vehicle, this ability was significantly
lower than that in MPCP. These results suggest that the preexisting MPC-BMA and MPCP
exert similar effects. However, the MPCP has a strong ability to retain water on the cornea
in comparison with MPC-BMA, and this high water affinity may enhance the lacrimal fluid
volume and TBUT in normal rabbits. Moreover, this water affinity on the cornea may be
enhanced by the formulation of hydrous polymer nano-spheres and polymerization of the
MPC, since the time needed for water maintenance was prolonged in comparison with the
MPC-BMA.

We found that the number of MPCP nanoparticles decreased on the cornea after
treatment (Figure 5C). The MPCP may bind to the cornea, resulting in a decrease in forms
like micelles in the solution. Further studies are needed to demonstrate the binding of
MPCP on the cornea.

It is important to elucidate the therapeutic effect of MPCP in a dry eye model. The
N-acetylcysteine, a reducing agent and mucolytic [23], acts on corneal and conjunctival
epithelial cells and decreases mucin production and retention. Further, the instillation of
20% N-acetylcysteine caused a decrease in the mucin layer in the conjunctiva and cornea,
desquamation of conjunctival and corneal epithelial cells, elimination of microvilli [24],
and decreased thickness of the tear fluid layer [25]. Because of these actions, a rabbit model
treated with N-acetylcysteine is widely applied as a mucin-reduced model and may be
useful for evaluating the therapeutic effect of the MPC polymer for dry eye. Therefore,
we treated a rabbit model with N-acetylcysteine and measured the effect of MPCP on the
ocular surface. First, we attempted to measure the tear film break-up time (as in Figure 4D).
However, the tear film in the N-acetylcysteine-treated rabbit model was broken 1-2 s
after the last blink, so that the TBUT could not be detected. Therefore, we measured the
break up level to evaluate the therapeutic effect of the repetitive application of MPCP
(Figure 6). The instillation of N-acetylcysteine decreased the lacrimal fluid volume and
tear film breakup level (Figure 6). The instillation of MPCP significantly increased both
the lacrimal fluid volume and tear film breakup level in comparison with the vehicle and
MPC-BMA (Figure 6A,C,D). In this study, we showed that the MPCP has a strong ability
to retain water on the cornea in comparison with MPC-BMA (Figure 5). The in vitro study
illustrated in Figure 5 supports the in vivo study shown in Figure 6. In contrast with the
results of the normal rabbits (Figure 4), the mucin levels were found to be approximately
2.5-fold greater when compared with the control (non-instillation group) (Figure 6B).
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Urashima et al. reported that N-acetylcysteine reduces the mucin-like substances in the
cornea and conjunctiva and that the mucin levels are enhanced by positive feedback during
the healing process [26]. Therefore, mucin production in rabbits instilled with MPCP may
be overexpressed, since MPCP accelerates the normalization of the ocular surface in the
dry eye model by keeping the tear film on the cornea. Taken together, we hypothesized
that the MPCP would show a high affinity for lacrimal fluid on the cornea after instillation
and prolonged moisture retention in the rabbit cornea, resulting in an acceleration of the
improvement in tear film breakup levels. In addition, normalization of the ocular surface
conditions may induce high mucin production in dry eye models.

In this study, rabbit body weight did not change with the repetitive application
of MPCP over 30 d (once a day), although it remains important to assess the systemic
parameters and pharmakokinetics in the rabbit model. In addition, further studies are
needed to apply the MPCP as dry eye drops. In future work, we intend to measure the
therapeutic effect under a combination of MPCP and commercially available eye drops,
such as Mucosta®, Diquas®, Xiidra® Restasis®, and Ikervis®, in a rabbit model treated with
N-acetylcysteine.

5. Conclusions

In this study, we prepared a novel MPCP using MPC/stearyl methacrylate/N,N-
dimethylacrylamide (50:5:45) and demonstrated that this MPCP provides high water
affinity in comparison with the preexisting MPC polymer. The instillation of the MPCP
prolonged the retention of lacrimal fluid in the eye and enhanced the TBUT in the rabbits.
In addition, the MPCP accelerated the normalizing of the ocular surface in the dry eye
model by keeping the tear film on the cornea. Moreover, the therapeutic effect of MPCP
was significantly higher than that of the MPC-BMA reported previously [12]. Thus, this
MPCP may provide an effective therapeutic treatment for dry eye.
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Abstract: Three-dimensional (3D) printing is a game changer technology that holds great promise
for a wide variety of biomedical applications, including ophthalmology. Through this emerging
technique, specific eye tissues can be custom-fabricated in a flexible and automated way, incorporating
different cell types and biomaterials in precise anatomical 3D geometries. However, and despite the
great progress and possibilities generated in recent years, there are still challenges to overcome that
jeopardize its clinical application in regular practice. The main goal of this review is to provide an
in-depth understanding of the current status and implementation of 3D bioprinting technology in the
ophthalmology field in order to manufacture relevant tissues such as cornea, retina and conjunctiva.
Special attention is paid to the description of the most commonly employed bioprinting methods,
and the most relevant eye tissue engineering studies performed by 3D bioprinting technology at
preclinical level. In addition, other relevant issues related to use of 3D bioprinting for ocular drug
delivery, as well as both ethical and regulatory aspects, are analyzed. Through this review, we aim to
raise awareness among the research community and report recent advances and future directions in
order to apply this advanced therapy in the eye tissue regeneration field.

Keywords: 3D bioprinting; cornea; retina; ophthalmology; tissue regeneration

1. Introduction

The development of new revolutionary technologies during recent years, such as
the use of Big Data, virtual reality systems and three-dimensional (3D) bioprinting, has
created great expectations in the scientific community, not only regarding the improve-
ment of the quality of life in patients affected by devastating pathologies, but also in
terms of saving health-care associated resources [1-3]. In this regard, 3D bioprinting is
an emerging manufacturing technology which holds great promise for a wide variety of
biomedical applications, including drug testing, pathophysiological studies and regenera-
tive medicine [4]. Specific benefits of such a technology would include the development
of more targeted and personalized therapeutic approaches, as well as the possibility of
obtaining functional models of tissues and organs for research purposes, increased repro-
ducibility and higher capacity for drug lab testing studies, etc. In addition, for regenerative
medicine applications, key advantages include automated tissue fabrication and the flexi-
bility of incorporating many different materials and cell types in precise anatomical 3D
geometries [4]. Consequently, the interest and investment in this promising technology has
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dramatically increased during the last five years [5] and, in fact, there is a clear exponential
tendency regarding the number of published papers in the last decade (Figure 1A).
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Figure 1. Histogram showing the timeline of publications (number per year), from the PubMed
website, using the key “3D bioprinting” (A), and “eye/ocular/cornea/retina 3D bioprinting” (B)
(updated to 2 February 2021).
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From a conceptual standpoint, 3D bioprinting refers to the “additive manufacturing”
process based on a layer-by-layer approach with the deposition of bio-inks in a precise
spatial arrangement [6], which makes it a suitable technology for obtaining highly complex
structures similar to the original tissues of the eye [7]. The bio-ink is composed of structural
components or biomaterials, crosslinkers, functional elements and living cells. Compared
to non-biological printing, which has been proved suitable for the manufacturing of med-
ical devices and patient-tailored prosthetics for more than 30 years [8], 3D bioprinting
involves additional challenges and requires the multidisciplinary integration of different
technological and medical fields. These complexities refer mainly to the selection of biocom-
patible materials, cell types, biomechanical cues and the overcoming of technical difficulties
due to the sensitivities of living cells [9]. By using different materials and designs, the
structural, physicochemical and mechanical properties of the bio-printed structure can
be adjusted [10]. In general terms, the fundamental aspects that need to be taken into
account for an appropriate selection of biomaterials include their printability, biocompat-
ibility, degradation kinetics and byproducts, structural and mechanical properties, and
biomimicry. Nowadays, for eye tissue regeneration applications, the most commonly used
biomaterials in bio-inks are based on naturally derived polymers such as collagen, gelatin,
alginate or hyaluronic acid [11], whose similarity to human extracellular matrix (ECM)
and inherent bioactivity represent a relevant advantage [9]. Additional to the selection of
suitable biomaterials, the target tissue determines the type of cells that need to be used in
the bio-ink. In most cases, the tissues of the eye are made up of more than one cell type. For
this reason, many of the approaches made to date incorporate more than one cell type or
contemplate, as future steps, the incorporation of more cell types in the obtained scaffolds.

In 3D bioprinting, the three major techniques include inkjet bioprinting, based on
the deposition of bio-ink droplets, laser-assisted bioprinting, based on laser stimulation,
and extrusion bioprinting, which uses mechanical force to deposit a continuous flow of
bio-ink, each presenting specific features [4]. The choice of the most suitable approach
depends on the specific application of interest, since each 3D printing technique holds its
own peculiarities and these result in different outcomes [12-17] (Figure 2).

Some success has been demonstrated in early attempts to recreate complex tissue
structures, and latest research evidences significant improvement in terms of effectiveness,
resolution, accuracy and manufacturing speed of this customizable technique. All of
this suggests, from a technical point of view, that the fabrication of biocompatible and
functionalized full bio-printed organs will be possible in the near future [18]. In this regard,
the success of 3D bioprinting for tissues and organs also depends on the target organ or
tissue. For instance, for structurally simple tissues such as skin, 3D bioprinting is close
to becoming a clinically relevant method for producing skin grafts and is already being
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used in the cosmetic industry [4]. On the other hand, for more complex organs such as
the heart, it becomes more challenging to precisely reproduce its diverse functionality and
heterogeneous composition, so is still far from clinical translation [4].
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Figure 2. Major three-dimensional bioprinting techniques and their specific features.

The field of ophthalmological applications of 3D bioprinting is also gaining interest
due to the specific features of the eye (Figure 1B). In addition, its anatomical disposition
provides easy access for surgery and implantation in both the inner layer and overall in
the anterior chamber. Furthermore, the privileged immune condition of the eye coupled
with the disposition of multiple diagnostic tools, turn it into an attractive organ for the
application of 3D bioprinting technology, reducing the lack of organ donors along with
the problems associated with rejection of transplanted grafts due to inappropriate immune
response [19]. Some of the ophthalmological applications are the development of 3D
bioprinting of anatomically realistic ocular models to enhance both education and clinical
practice, providing better training opportunities, or the design of cost-effective personalized
approaches by manufacturing specific ocular structures to treat serious eye diseases that
affect more than 30% of the world’s population [20]. Depending on the specific eye disease
to be treated, different ocular structures can be 3D bio-printed taking into account each
disease’s specific structural and functional complexities.

As known, the eye is a complex, isolated, highly evolved organ with different and
specifically organized tissue structures, which embrace, from an anatomical point of
view, “simple” cell multilayer structures such as the cornea and more complex structures
enclosing central nervous system cells, such as the retina. However, it is noteworthy
that each eye tissue possesses its complexities when implementing 3D bioprinting. In
this regard, the cornea represents a key ocular transparent tissue for vision that can be
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bio-printed, due its relatively simple structural disposition, into five independent layers. In
normal conditions, the different hydrophilic and hydrophobic permeability of such layers,
along with the interconnected tight junctions in epithelial cells, can severely limit the access
of external agents into inner ocular structures, acting as a potent biological barrier [21].
However, severe alterations in the corneal thickness along with keratitis of multiple causes
can lead to advanced stages of corneal tissue damage, where corneal transplant is the
last medical choice. In this scenario, 3D bio-printed corneal tissue could emerge as an
interesting medical option, bearing in mind that severe corneal disorders are the main
cause of blindness worldwide [20]. In addition, it is worth mentioning that nowadays there
is a lack of full-structure corneal in vitro models for both drug screening and toxicological
testing, and that the deficit of donated corneas has increased the urgency of transplantable
corneal substitutes. On the other hand, there are other relevant ocular tissues such as the
retina, where the application of 3D bioprinting technology is more challenging from a
scientific point of view, due to its complexity, neurological origin and connections with
other areas of the central nervous system [22]. Some retinal dystrophies that dramatically
hamper human life and for which there are no currently effective treatments include
retinitis pigmentosa, Stargardt disease and age-related macular degeneration, to name just
the most representative. Therefore, the possibility of bio-printing functional retinal tissue
for both drug testing and graft implantation purposes has recently caught the attention
of the scientific community in order to offer an alternative medical approach against such
devastating retinal pathologies.

In any case, the field of 3D bioprinting for regenerative medicine is in its early stages
and there are still several technological challenges to overcome, as well as some relevant
ethical and regulatory concerns to be addressed, before fabricating large scale organs of
all levels of complexity [23]. For instance, to become a realistic medical option, several
parameters still need to be deeply considered such as the biocompatibility and mechanical
properties of engrafts along with the biological behavior and attachment properties of
cells, to name just the most relevant [22]. Nevertheless, if improvement and evolution in
3D bioprinting technology continues to progress exponentially, the creation of artificial
biosynthetic and customizable full eyeballs in the near future is likely, along with other
applications that have not yet been fathomed [24,25].

This review further discusses the current status and implementation of 3D bioprinting
technology in the ophthalmology field in order to manufacture relevant tissue-engineering
items such as the cornea, retina and conjunctiva. Special attention will be paid to the
description of the most commonly employed bioprinting methods, and the most relevant
eye tissue engineering studies performed by 3D bioprinting technology at preclinical level.
In addition, regulatory, ethical and future directions related to the use of this “game-
changer” technology in ophthalmology will be addressed.

2. 3D Bioprinting for Eye Tissue Engineering

The eye is a very complex organ formed by different structures within which are the
orbit, the sclera, the conjunctiva, the cornea, the iris, the pupil, the lens, the vitreous humor,
the retina and the optic nerve [26]. Generally, each of the diseases that occur in the eyes
affect only one of the aforementioned structures [27]. In this sense, the approximations
carried out to date using 3D bioprinting have as their main objective the production of
structures that resemble the characteristics and properties of the affected tissue. Such
3D-structures would allow the replacement of the entire damaged tissue or a part of it,
in order to restore the patient’s vision. So far, the three main target tissues have been the
cornea, the retina and the conjunctiva.

2.1. Cornea

The cornea is an innervated and avascular tissue located in front of the pupil and
iris [28]. Its main characteristic is its transparency, which allows the transmittance and
refraction of the light entering the eye [20]. It acts as a mechanical and chemical barrier
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protecting the inner eye from external agents such as mechanical damage, microorganisms
or ultraviolet radiation [29]. As a complex tissue, it is divided into five differentiated
layers (Figure 3): epithelium, Bowman’s membrane, stroma, Descement’s membrane and
endothelium [28,30].

Tear film
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Nerve endings
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Figure 3. Anatomy of the cornea. Reproduced with permission from [20], Elsevier, 2019.

The corneal epithelium is composed of a few layers of epithelial cells that form the
outermost area of the cornea. The epithelial cells are constantly renewed from the basal
layer, which is formed by limbal stem cells (LSCs) [31,32]. However, any damage in the
basal area would lead to a dysfunction of the LSCs that would result in overgrowth of the
conjunctiva and blood vessels, photophobia and pain [32]. The Bowman’s membrane is a
thin acellular layer that separates the epithelium from the stroma [31]. The stroma is the
widest part of the cornea. It is composed of laminin and collagen I fibrils that align perfectly
to form a complex structure. This structural complexity is the key to its transparency and
mechanical resistance [33,34]. In addition, it is composed of keratinocyte cells, which
are responsible for maintaining the ECM [31]. These cells have little mitotic activity and
present dendritic morphology. Nevertheless, in case of trauma, they are activated as a
fibroblast that can differentiate into myofibroblasts [34,35]. Myofibroblasts express proteins
that can alter the ECM causing opacity of the cornea, contraction and a corneal scar
formation [31,35]. Descement’s membrane is an acellular layer that separates the stroma
from the endothelium [31]. The endothelium is the deepest layer and is composed of
endothelial cells that are responsible for maintaining the fluid balance of the cornea [31].
They have very little capacity of regeneration in vivo, therefore any damage in this area
would cause irreversible blindness [36].

Taking into account the structural complexity of the cornea, degeneration of any of its
parts could lead to serious diseases. In fact, bilateral blindness due to corneal damage has a
high prevalence worldwide [29] and it is estimated that more than four million people suffer
from a corneal disease [35]. With this demand, keratoplasty or corneal transplantation
is the treatment of choice. However, the possibility of rejection, the poor survival of the
explanted tissue, the absence of corneal banks, the high cost and scarce accessibility to
transplantation necessitate the consideration alternative treatments [29,37].

Cell therapy [38] and the manufacturing of structures such as acellular membranes [39]
have been proposed in order to supply high transplantation demand. However, it has been
impossible to obtain a fully functional corneal substitute. In this context, 3D bioprinting has
emerged as a promising technology since complex multilayer tissues, such as the cornea,
can be easily reproduced. Furthermore, this technique can be advantageous over other
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techniques, since scaffolds with characteristics similar to those of the native cornea can be
obtained. These characteristics are listed below.

Transparency. Transparency is its greatest characteristic. Previously proposed manu-
factured therapies, such as decellularized membranes, have had difficulties in achieving
a transparency similar to that of the native cornea. As the key to transparency resides in
a perfectly arranged structure, the use of 3D bioprinting that deposits layers exactly, as a
pre-designed form, could be the solution.

Biomechanics. The biomechanical properties of the cornea affect corneal curvature,
strength, and conformability [40]. Previously proposed treatments, such as cell therapy,
have paid little attention to these parameters. The mechanical strength can be adjusted
by combining different biomaterials. Conventional treatments, such as membranes, use
a single material, thereby limiting the control of the biomechanical properties. On the
contrary, 3D bioprinting is a technology that allows the use of a great diversity of materials
with very diverse properties. In this way, the mechanical properties can be adjusted to the
needs of the corneal tissue.

Curvature. Optical parameters of the cornea, such as light refraction, are due to its
curvature [41]. Based on corneal geometrical information and using computer designed
programs, a corneal prototype can be perfectly fabricated. This could be easily carried into
the bioprinter achieving what would be hard to obtain with conventional techniques.

Multilayer structure. The cornea is a complex multilayer tissue. It is composed of differ-
ent layers in which different materials, cells and internal structure are found. Conventional
cell therapies have been shown ineffective due to the poor survival rate and functionality
of the implanted cells [36]. Furthermore, single material membranes have not achieved the
multilayer complexity of the cornea. Thus, 3D bioprinting overcomes this problem as it is
based on the deposition of materials layer by layer. In addition, different cell types (epithe-
lial, keratocytes and endothelial cells) can be embedded into biocompatible biomaterials
increasing cell viability and functionality. As a result, a corneal native-mimicking structure
with the five differentiated layers could be performed.

In this context, many studies have been carried out using 3D bioprinting technology
for corneal tissue fabrication. Overall, these research studies have focused on the main
part of the cornea, the stroma. Isaacson et al. [42] used extrusion based bioprinting for
the development of a structure mimicking the stroma by embedding human keratocyte
cells into an alginate/methacrylate type I collagen ink. They proposed the application of
a rotational Scheimpflug camera in order to design patient-specific corneal model. Like-
wise, they developed a supportive structure to maintain the scaffold curvature during the
bioprinting procedure. Consequently, they were able to reproduce the curved corneal ge-
ometry (Figure 4A-a) and cell viability was high for 7 days after bioprinting (Figure 4A-b).
However, properties of great importance such as transparency and mechanical properties
were not mentioned. These parameters were taken into a mixture of cells and ink placed
onto slabs as a control. The study demonstrated that transparency and mechanical proper-
ties of bio-printed scaffolds were higher than those in the slabs, and data were similar to
the native human cornea. Nevertheless, when analysing cellular studies, results were not
as promising. Although cell viability was high in both systems, in both bio-printed scaffold
and in slabs, cells were elongated and showed a dendritic morphology associated with
keratocytes (Figure 4B-b). Therefore, cells’ metabolic activity and protein expression was
low. It is believed that the high crosslinking density of 3D bio-printed scaffolds together
with the absence of a curve geometry could negatively affect cell behaviour.

Kim et al. [43] studied this abnormal cell behaviour exhaustively after extrusion bio-
printing. They wanted to analyze how the shear stress, applied when extruding through
the printing nozzle, affects cell behaviour. To do so, they proposed to bio-print, by us-
ing different nozzle diameters, human keratocytes into a bio-ink based on decellularized
corneal ECM in order to reproduce corneal stroma. Results demonstrated that not only
shear stress affected cell behaviour, but also the deposition of collagen fibrils. In fact, by bio-
printing with wide nozzle diameters, no aligned collagen fibrils were observed in scaffolds,
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which decreased transparency. Furthermore, cell dendritic morphology and keratocyte
specific gene expression were not found. In contrast, after bioprinting using narrower
nozzles, the shear stress increased and, as a result, highly structured collagen fibrils were
shown. Nevertheless, cells were damaged and showed fibroblastic behaviour. The authors
concluded that with the application of proper force, they could achieve scaffolds with
both characteristics: structured collagen fibrils and cells with keratocyte behaviour. Thus,
they bio-printed scaffolds with the proper extrusion nozzle (25G) and, after demonstrating
that they met the adequate characteristics, scaffolds were implanted into rabbits. In vivo
studies showed that implanted scaffolds were optically more transparent than the control
(the not printed implant). In addition, keratocytes’ cellular behaviour was activated, which
enhanced collagen production simulating a lattice pattern similar to the structure of native
human cornea stroma [43].

Figure 4. Corneal stroma structures and keratocytes. (A) Reproduced with permission form [42],
Elsevier, 2018. (a) Images of extrusion bio-printed corneal stroma. Scale bar 20 mm. (b) Representative
live/dead stain images using fluorescence microscopy after 3D bioprinting, showing live (green)
and dead (red) cells. Scale bar 250 um. (B) Reproduced with permission from [44], IOP Science,
2019. (a) Stereomicrographs of the methacrylate gelatin scaffold. Scale bar 1 mm. (b) Live/dead
cell viability assay of 3D printed GelMA scaffolds on day 21, showing live (green) and dead (red)
cells. Scale bar 100 pm. (C) Reproduced with permission from [37], Wiley, 2019. (a) Macrograph of
ink-jet bio-printed 3D type I collagen/agarose scaffold. (b) Human corneal stroma keratocytes (CSK)
stained with live/dead staining 7 days after bioprinting, showing live (green) and dead (red) cells. It
is noticeable that the CSK is spreading and shows typical dendritic shapes in the scaffold. Scale bar
100 pm.

In order to avoid keratocyte stress through the nozzle when extrusion bioprinting
is used, Duarte et al. [37] proposed another approach; the use of the inkjet bioprinting
technique. This study focused on bioprinting a stroma-mimicking structure by using type I
collagen/agarose and human keratocytes bio-ink. After bioprinting, biomechanical prop-
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erties, transparency, and cell viability and behaviour were analyzed. Results showed
good printability using inkjet bioprinting, achieving curved and transparent scaffolds
(Figure 4C-a). Moreover, cell viability was high. Rounded morphology was observed
at day 1 after bioprinting. Nevertheless, cells became dendritic and showed keratocyte
phenotype after 7 days (Figure 4C-b). In contrast, mechanical strength was lower than
that of the human native cornea, so, improving mechanical properties would be their next
main objective.

When the objective is to bio-print the corneal epithelium, fewer studies have been
published so far. Wu et al. [45] proposed to bio-print human corneal epithelial cells
embedded into alginate/gelatin ink, in which different concentrations of collagen I were
added. Extrusion bioprinting was the technique that they selected in order to bio-print
square grid-like scaffolds (Figure 5A-a). Results showed that the collagen concentration
of 0.82 mg/mL was optimal for achieving scaffolds with high transparency and good
resolution. In addition, cell viability was high after bioprinting, but cells showed rounded
morphology (Figure 5A-b). The authors argued that cells embedded into alginate bio-
inks were not able to degrade it and, therefore, they could not proliferate, elongate and
differentiate. Thus, they proposed to add sodium citrate as a degradation system, so
achieving controllable degradable scaffolds in which cell proliferation rate and epithelial
specific protein expression were increased.

Another study was performed by Zhang et al. [30]. They focused on simulating a
corneal structure by combining two manufacturing techniques, digital light processing
(DLP) and extrusion bioprinting. They applied the first technique to create an acellular
supportive corneal structure using methacrylate gelatin on which different concentrations
of sodium alginate/gelatin ink mixed with human epithelial cells were deposited with
the extrusion bioprinter. Parameters such as geometry, thickness, mechanical properties
and transparency were analyzed. Besides, cell viability was assayed. Results showed that
the DLP technique significantly improved the manufacturing accuracy. The geometry,
curvature and thickness of the obtained scaffold were more similar to those of the native
human cornea than those obtained in the other studies carried out so far. In contrast, extru-
sion bio-printed layers showed high diversity among alginate/gelatin bio-ink mixtures
developed in this study, in terms of printability and mechanical properties, even though,
the overall transparency was good. Cell viability was high but, as the authors focused
mainly on improving the manufacturing precision and geometrical control, more in vitro
studies should be carried out prior to taking these scaffolds into in vivo studies.

The previous studies made an approach towards manufacturing different parts of the
cornea with different materials and techniques. However, to date, the only study in which
the bioprinting of two different cellular parts of the cornea has been tried is that by Sorkio
et al. [32]. They proposed the development of a corneal epithelium and a stroma using
laser-assisted bioprinting (LaBP), and the use of stem cells, which show high differentiation
capacity into epithelial stem cells and keratocytes. The authors argued that the LaBP
technique may protect cells from the damage caused by nozzle stress. In addition, more
viscous bio-inks can be used with this technique. In this study, two different bio-inks
were developed, one based on human recombinant laminin, hyaluronic acid and human
embryonic stem cells for corneal epithelium tissue, and another one composed of human
collagen type I, blood plasma, thrombin and human adipose tissue derived stem cells for
corneal stroma tissue. First, the scaffolds were bio-printed separately. Results showed
that the bio-ink for bioprinting epithelium was printable using LaBP and that the cells
embedded into the scaffolds showed high viability (Figure 5B-b). Moreover, epithelial cell
morphology and expression of corneal epithelial markers were observed after 12 days.
On the other hand, although the stroma-mimicking scaffold could be fabricated through
LaBP without any difficulty, scaffolds lost their shape after a few days of culture, which
indicated lost mechanical strength and the necessity of a supportive structure. Cells in the
stromal scaffold showed high viability and expression of proliferative markers. In addition,
cell organization resembled the native human corneal stroma. On the other hand, stroma
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scaffolds were implanted into explanted porcine eyes, which were maintained in culture,
and a proper interaction and attachment to the host tissue was observed. Finally, a scaffold
containing both layers, stroma and epithelium, was bio-printed in order to simulate native
human cornea. The resulting structure was opaque due to the supportive membrane
that was needed to avoid the stroma layer’s shape loss (Figure 5B-a). This opacity made
its application difficult as cornea substitute as it did not meet with the main corneal
characteristic of being functional. Thus, other supportive structures for the bio-printed
corneal scaffold were needed in order to improve both transparency and stability.

(A)

Figure 5. (A) Reproduced with permission from [45], Nature, 2016. Cornea epithelial structures:
(a) Top view of a 3D human corneal epithelial cells/gelatin/alginate construct. (b) Epithelial cell
viability after extrusion bioprinting by live/dead staining, showing live (green) and dead (red)
cells. Scale bar 500 pm. (B) Reproduced with permission from [32], Elsevier, 2018. Cornea stroma
and epithelium structure. (a) 3D bio-printed cornea from human embryonic stem cells and human
adipose tissue derived stem cells fabricated onto supportive membrane using laser-assisted bioprint-
ing. This shows moderate transparency. (b) Cell viability of human embryonic stem cells seven
days after printing shown with live-dead-staining. Live cells are visualized with green and dead
cells with red. Scale bar 1 mm. (C) Reproduced with permission from [46], Wiley, 2019. Cornea
endothelium structures. (a) Image of the bio-printed genetically modified human corneal endothelial
cells (HCECs)/gelatin scaffold on an amniotic membrane. (b) The seeded live HCECs were densely
and evenly distributed just after bioprinting. Scale bar: 500 pm.
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Diseases affecting the corneal endothelium are the main cause of corneal transplan-
tation [36]. Nevertheless, to date, only the study proposed by Kim et al. [46] has been
focused on bioprinting. An interesting gene therapy approach was performed in which
human corneal endothelial cells were genetically modified to express ribonuclease 5 (R5).
R5 increases angiogenesis and facilitates endothelial cells” mitotic capacity. Therefore,
cell survival rate and wound healing ability are promoted. Cells were embedded into
a gelatin ink and were bio-printed by extrusion onto a bovine decellularized amniotic
membrane (AM) simulating the Descement’s membrane. After bioprinting, transparency,
cell morphology and functional phenotype were assayed. Results showed that the scaffolds
maintained their transparency for 10 days after bioprinting. Moreover, endothelial cells
showed their usual shape and the R5 expression was high (Figure 5C). Then, scaffolds
were implanted into rabbit’s cornea. Cell injection and an acellular membrane were used
as controls. After surgery, there was an improvement in transparency in rabbits where a
bio-printed scaffold had been implanted. Furthermore, four weeks later, levels of trans-
parency near to normal cornea were achieved. In contrast, inflammation and persistent
corneal oedema were observed in rabbits treated with cells and the acellular membrane. In
addition, the endothelial corneal cells of the scaffold maintained their activity and shape,
and rabbit native cell attachment to the scaffold was observed. Results were promising
since they presented 3D bioprinting as a good alternative to the conventional treatments of
corneal diseases.

As we have seen, to date advances have been made in the field of 3D bioprinting to
create corneal tissue, and in most of them, extrusion bioprinting is the most commonly used
technique (Table 1). However, it has been demonstrated that alternative techniques, such as
inkjet or laser assisted bioprinting, could also be advantageous since they can in some cases
be more cell friendly. The studies are recent and are focused on the most extensive layer
of the cornea, the stroma. Even so, the development of corneal epithelial and endothelial
tissues also seems quite promising. Until now, due to the complex characteristics of the
cornea, it has not been possible to obtain a complete multilayer corneal tissue through
3D bioprinting. Nevertheless, this technique is in its beginnings and studies have shown
interesting advances over common therapies. Therefore, more research should be carried
out in order to achieve a functional corneal tissue.
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Table 1. Current studies of 3D bioprinting for cornea tissue engineering.

Materials of the

Scaffold Function/Study

3D Bioprinting Technique Bio-Inks and Inks Cells Objective In Vivo Most Relevant Results Ref.
Sodium alginate Ti licati Reproduce corneal curvature
Extrusion 3D bioprinting and methacrylated Human corneal keratocytes C 1ssiletrep 1catt10r1. No Good printability [42]
type I collagen orneal stroma structure High cell viability after 7 days of bioprinting
Excellent transparency
. S Methacrylated gelatin Tissue replication. Adequate mechanical strength )
Extrusion 3D bioprinting ( C%]e M A)g Human corneal keratocytes Comeal stroxl;a structure No High cell viability but rounded morphology and [44]
low metabolic activity
Establishment of the best nozzle diameter in
order to bio-print aligned collagen fibrils similar
to cornea
Human corneal keratocytes Establishment of the best nozzle diameter in
Decellularized differentiated from hurr}ian Tissue replication order to maintain keratocyte morphology and
Extrusion 3D bioprinting corneal extracellular : - ) New Zealand white rabbits phenotypic characteristics [43]
matrix based bio-ink turbinate derived Corneal stroma structure
mesenchymal stem cells Transplanted scaffold showed good transparency
in rabbit eyes
Keratocytes’ cellular behaviour was activated
after transplantation
Good transparency and optical density but low
. L mechanical properties
qup-op—de.ma.nd Type I collagen Human corneal keratocytes Tissue replication. Corneal No Good cell viability. Cells became dendritic and [37]
inkjet bioprinting and agarose stroma structure achieved typical keratocyte shape.
Cells maintained their phenotype after bioprinting.
Good printability and high transparency
High cell viability after bioprinting but
Sodi loinat round morpholog
odium algmate, i icati Fabrication of degradation-controllable systems
Extrusion 3D bioprinting gelatin and Human corneal Tissue replication. Corneal No : & 4 [45]

type I collagen

epithelial cells

epithelium structure

using sodium citrate

Improvement of cell proliferation, growth and
epithelial specific marker protein expression with
the degradation system
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2.2. Retina

The retina is a multilayered vascularized complex tissue situated at the back of the
eye, opposite to the pupil [47] (Figure 6). Its main function is to convert the light signals
that reach the eye into electrical signals that are conducted to the brain [48]. This function is
possible thanks to the photoreceptor cells that make up this tissue. The retina is formed by
more than 130 million cells of at least 60 different types [24,49]. They are generated from the
fetal retinal progenitor cells [48]. Some of these cells are rod and cone photoreceptor cells,
bipolar cells, horizontal cells, retinal ganglion cells and the glial cells, among others [50].
All these cell types work together to convert the light signals into electrical signals. Under
the retina there is a monolayer known as the retinal pigment epithelium (RPE) formed
by pigment epithelial cells. This specialized monolayer is a physical support for the
retina. In addition, it provides nutrients and growth factors that create a suitable biological
microenvironment for the cells of the retina [51,52].

Retinal
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Pigment epithelium
epithelial cell
Rod Rods and
T cones layer
Outer limiting — Outer
membrane nuclear layer
Miiller cell —— Outer
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Inner
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Figure 6. Diagram of the structure of the retina. The different cell types are located in different layers. The light reaches
the nerve fiber layer. Ganglion cells transmit signals to bipolar and horizontal cells. Finally, they reach the rods and cones
that transform it into electrical signals. The retinal pigment epithelium, formed by the epithelial pigment cells, served as
physical, nutritional and signal support to the rest of the retina. Reproduced with permission from [53], Lippincott Williams
and Wilkins Ltd., 2016.

The degeneration of the cells of the retina can lead to the appearance of different eye
diseases. Some of these diseases are associated with a single cell type while others are
associated with larger areas of the retina that involve different cell types. Some examples of
the first type of disease are glaucoma [54], associated with retinal ganglion cells, and retinitis
pigmentosa [55], associated with photoreceptor cells. An example of the latter is age-related
macular degeneration (AMD) that arises because of mild and chronic inflammation of the
central area of the retina [56]. The degenerations produced in the cells of the retina can
lead to a progressive loss of vision until a total and irreversible loss is produced [27].

It is considered that many retinal diseases could be reversed if new cells from the
retina were transplanted into the damaged area [57]. That is why many of the proposed
therapies advocate the implantation of cells in the retina [58,59]. The administration of
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photoreceptor cells, progenitor cells, retinal sheets and RPE cells, among others, has been
studied, although with not very clear results [60]. In fact, there is a considerable cell loss
and a lack of control over cell behavior once implanted [61-63]. Therefore, appearance
of abnormal behaviors and structures have been observed. As a solution to the problems
involved in the implantation of cells in the retina, different scaffolds have been devel-
oped [64-66]. These scaffolds allow the transplantation of cells in a more controlled way.
Solvent casting, electrospinning and molecular templating, among other techniques, have
been used to produce these scaffolds [57]. Until now, none of the traditional microfabrica-
tion techniques have allowed the obtaining of 3D scaffolds with good structural properties
and with the ability to incorporate the number of required cells in the correct position and
orientation [24].

In this context, 3D bioprinting has been postulated as an excellent alternative for the
design and production of scaffolds with characteristics that meet the needs of a tissue such
as the retina. Some of the advantages that this technique offers are mentioned below.

Cell culture. It is very difficult to seed retinal cells in vitro [67]. Many of them undergo
apoptosis and those that do not undergo dedifferentiation or stop producing the signals
that they produce naturally in the eye [68]. Cells used for retinal regeneration have to be
properly integrated and differentiated in the case of progenitor cells, or have to remain
differentiated in the case of mature retinal cells. 3D bio-printed scaffolds allow the solving
of these problems since they improve the viability and the maintenance of the phenotype of
the implanted cells. Moreover, these 3D scaffolds provide mechanical and physical support
for the adhesion, proliferation and differentiation of the retinal cells.

Complexity of scaffolds. The retina is a tissue with great structural complexity. It has
several layers of diverse thicknesses and with different properties. 3D bioprinting allows
the obtaining of precise scaffolds with highly complex designs (unlike previously used
techniques that did not allow such control) [57]. The number of layers, their thickness and
their spatial arrangement can be easily controlled by making a proper design and adjusting
the printing parameters. It is necessary to replicate this spatial arrangement and thickness
of the tissue so that the functions of the retina are not altered.

Cell types. The retina is a tissue with a high cell diversity. In particular, it has more
than 60 different cell types [24,49]. 3D bioprinting allows the incorporation of different
cell types to the scaffold [69]. These cells can be incorporated into different layers, thus
resembling the original tissue. In this way, a possible approach could be the incorporation
of ganglion cells in a first layer, bipolar cells in a second, cones and rods in a third, and RPE
cells in a fourth layer. This arrangement would be very difficult to achieve by other current
manufacturing techniques.

Cell orientation. The cells of the retina need a very specific orientation to be able to
carry out their function properly [70,71]. The correct orientation of the cells is one of the
most difficult aspects to achieve when making a scaffold. Although the new approaches that
will emerge over time might allow more precise control of cell deposition, 3D bioprinting
already allows a relative control over cell orientation. This can be achieved by adjusting
the printing parameters, such as the printing orientation and layer thickness.

Stiffness. The average stiffness of the retina is 10-20 kPa [72]. Although this parameter
is not as limiting as the previous limitations, it is important when trying to create a tissue
to replace the one that is damaged [73]. 3D bioprinting works with a myriad of materials
and their mixtures. This allows the achieving of a stiffness as similar as possible to that of
the natural retina.

Taking into account all these advantages, different research groups have carried out
approaches for retinal regeneration using 3D bioprinting and printing technology. Lorber
et al. [74] used piezoelectric inkjet bioprinting to print retinal ganglion cell (RGC) neurons
and retinal glial cells. The viability and effect of cell bioprinting on outgrowth in culture
were studied. An abundant settlement of cells was detected in the nozzle. This fact sig-
nificantly reduced the number of cells incorporated into the scaffolds. Nevertheless, the
viabilities obtained were adequate compared to the control (69% and 78% for glial cells
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and 69% and 74% for retinal cells, respectively). Bioprinting did not appear to have a
negative effect on the survival/regeneration properties of the cells in culture. Likewise,
when used as a substrate, the glia cells that had been printed using 3D piezoelectric inkjet
bioprinting retained their growth promoting properties. Kador et al. [60] used another 3D
bioprinting technique to obtain their scaffold: the thermal inkjet bio-printing. In this study,
they proposed a very novel approach since they evaluated the possibility of bioprinting
RGC cells on an electro-spun matrix of polylactic acid. Different parameters were modified
during bioprinting, such as the ejection energies and the cell densities. The results were
promising. As in the previous study, good cell viabilities were obtained indicating that ther-
mal inkjet bioprinting can effectively be used for obtaining scaffolds for retina regeneration.
Furthermore, the bio-printed RGCs maintained adequate electrophysiological properties.
One of the main goals of this study was to achieve a proper orientation of the cells. The
microscopy images showed how the design of the matrix and the 3D bioprinting allowed
the achievement of a radial arrangement of the axons of the printed cells. In this way, the
orientation of the RGC was significantly improved compared to the control. Specifically,
72% of the axons were aligned with the scaffold while, in the case of the dendrites, 49%
were aligned. Only 11% of the cells of the control group were aligned.

Another study in which great importance was given to the orientation of the cells was
that carried out by Worthington et al. [57]. In this study, different scaffolds using two photon
polymerization were obtained. The studied variables were the pore size, the hatching
distance, the hatching type and the slicing distance. The time necessary for printing and
the fidelity of the obtained scaffolds with respect to the original designs were analyzed
and optimized. In addition, induced pluripotent stem cells (iPSCs) were differentiated into
retinal progenitor cells and incorporated into the printed scaffolds (Figure 7). The obtained
results made it possible to clarify that those scaffolds with larger diameter pores were
better for use in retinal regeneration. In these scaffolds, retinal progenitor cells could be
incorporated. Besides, cells formed neural structures aligned in parallel to the vertical pores
of the scaffolds. In contrast, in the scaffolds with smaller diameter pores, cells remained on
top of the surface and did not align in parallel to the pores.

Other studies have focused their attention on reproducing the structure of the retina.
They have proposed different approaches to obtain different layers seeded with different
cell types. Two examples of this type of approach are the ones proposed by Shi et al. [24,75].
Using microvalve-based bioprinting, a structure equivalent to that of the retina was created.
A first monolayer was printed, made up of alginate and pluronic-containing RPE cells
(ARPE-19) on a preformed membrane (Figure 8A). This structure simulated the RPE
monolayer. Over it, a second layer was bio-printed. This was also made up of the same
materials and contained photoreceptor cells (Y79) (Figure 8B,C). Two types of pattern were
created for the top layer, one with a higher density of cells in the center and another with a
higher density at the perimeter. The bio-ink printed with Y79 cells preserved its structure
during the culture process. Viability was not compromised and cell density increased over
time. This proof of concept demonstrated that a structure with characteristics similar to
those of the retina can be obtained, achieving good cell viability and cytocompatibility.
Wang et al. [76] made a similar approach. In this case, the 3D bioprinting technique used
was laser assisted 3D. They obtained a two-layer scaffold similar to the retina. The bio-ink
used in both layers was the same HA-GM (hyaluronic acid with methacrylation by glycidyl-
hydroxyl reaction) and polyethylene-glycol-Arg-Gly-Asp-Ser peptide (PEG-RGDS). The
difference between the two layers lay in the thickness and in the incorporated cells. For the
RPE layer, RPE cells and a thickness of 125 um were used, while for the upper layer fetal
retinal progenitor cells (fRPCs) were used that were differentiated to retina photoreceptors
(PR), along with a layer thickness of 250 um. The porosity of the scaffold was analyzed as
a function of the degree of methacrylation of the hyaluronic acid (low, medium or high),
the swelling ratio, the rigidity of the scaffold, the viability of the cells, the formation of
the two layers in the scaffold and the differentiation of fRPCs cells into PR cells within
the scaffold. Results were encouraging since the stiffness of the scaffold was similar to
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that of the native retina, the viability remained above 70%, the microscopy images showed
that two well-differentiated layers had been obtained (Figure 8D), and the fRPCs did
differentiate into PR. Therefore, it was concluded that tis co-cultivation system allowed the
development of an environment similar to that of the native retina, which promoted the
maturation of PRs.

(A)
Cell Suspension —

3D Printed Scaffold —»

3 um Membrane

Absorbent —
Material

Figure 7. (A) Schematic of the retinal progenitor cell loading strategy. (B) Large photoreceptor cell
porous membrane adhered to the membrane after processing. (C) Side view of retinal neurons
(marked in red) settled in and aligned with 25 um vertical pores. (D) Representative scanning
electron microscopy (SEM) image of a small retinal progenitor cell scaffold used to determine design-
to-structure fidelity. (E) Sequential top-down images of retinal neurons (marked in red) on the surface
of photoreceptor scaffolds and nestled in 25 um pores. Reproduced with permission from [57],
Elsevier, 2017.

To date, these studies have made it possible to determine: (i) the cell viability after
printing; (ii) the structure of the scaffolds; (iii) the orientation of the cells within the scaffolds;
and (iv) their arrangement in different layers (different levels or heights) (Table 2). Still,
much more research is needed. Among the steps to be taken in the near future are the
bioprinting of more layers, the use of more cell types and the study of the ability of the
bio-printed cells to transmit signals within the scaffold itself. In addition, it is expected that
in the future the scaffolds obtained using 3D bioprinting will be more complex and similar
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to the native retina. Finally, these bio-printed tissues will serve as autologous retinal cell
grafts to treat those patients suffering from retinal degeneration.

(A) (B)

~ (b) (<)

= B

B
Figure 8. (A) Bio-printed ARPE-19 cells (a—c): hematoxylin and eosin staining at days 1, 7, and 14,
respectively, scale bar: 5 mm. Confocal images of ARPE-19 cell layers at Day 14: F-actin cytoskeleton
immunofluorescence staining (c1), Zonula occludens-1 (¢2) in green, Claudin-1 (¢3) in red, and
nuclei in grey, scale bar: 50 pm. Reproduced with permission form [75], Wiley, 2018. (B) The bio-
printed retinal equivalents with two distinctive Y79 cell-seeding density: high average cell density
at the center (a) and high average cell density at the periphery (b); *: central area, **: periphery;
scale bar: 10 mm. Reproduced with permission from [24], Whioce Publishing Pte. Ltd., 2017.
(C) Hematoxylin and eosin staining of the bio-printed Y79 cells with two distinctive patterns on
ARPE-19 cell monolayer at Day 14: high density at periphery (a) and high density at the central area
(b). Data analysis (integrated intensity) of bio-printed Y79 proliferation after 14 days, high density at
periphery (al), and high density at the central area (b1); A = area of the inner circle; B = area of the
annulus; diameters: small circle (10 mm) and large circle (20 mm); scale bar: 5 mm. Reproduced with
permission from [75], Wiley, 2018. (D) Bilayer printing of fluorescent labelled hydrogels: (a) Top view
and (b) side view of structural design from SolidWorks® (c) Confocal fluorescent images showing
bilayer construct. The printed structure recapitulated the structural design, indicating ability to
construct multi-layered structure. Scale bar = 500 pm. Reproduced with permission from [76],
Elsevier, 2018.
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Table 2. Current studies of 3D bioprinting for retina tissue engineering.

3D Bioprinting

Materials of the Bio-Inks

Scaffold Function/Study

Technique and Inks Cells Objective In Vivo Most Relevant Results Ref.
Development of a structure of two
HA-GM layers: one assembling the retina
(hyaluronic acid with Retinal pigment (using fetal retinal progenitor c.ells
Laser assisted 3D methacrylation by epithelial cells (RPE) Tissue equivalent replication. No @RPCS)) anfi the" other a.ssembhng the 76]
bioprinting glycidyl-hydroxyl reaction) Human fetal retinal Retina made up of two layers pigment ep%the‘zl.lum (using RPE)
and PEG-RGDS progenitor cells (fRPCs) Good cell viability
(Arg-Gly-Asp-Ser peptide) Differentiation of fRPCs to PRs
(photoreceptor cells) within the scaffold
Piezoelectric inkjet allows printing of
retinal cells with similar
survival/regeneration properties
Piezoelectric inkiet DMEM (Dubelcco’s Modified Retinal ganglion cell Study the effect of piezoelectric to 'controls“- ) '
bioprintin ) Eagle’s Medium) (not (RGCs) neurons inkjet bioprinting in the viability No Prmted.ghal Cells. retain their growth [74]
p & structural function) Retinal glial cells. of the printed cells. promoting capability when used
as substrate
Cell sedimentation occurred in the
nozzle area
Development of a structure formed by
a monolayer with ARPE-19 cells
Human retinal (representing the Brunch’s membrane
Microvalve-based DMEM:F12 (not pigmented epithelial cell Ti replication. Retina mad ar}d the RPE monplayer) and a second
'nkc' ?b? erina‘lcislf structural function) line (ARPE-19) ssue EP Cfat‘: ia er amade No Wlth a human retinoblastoma cell [24]
tigetbiop & Human retinoblastoma p ot twofayers. line (Y79)

Alginate and Pluronic

cell line (Y79)

The obtained structure is stable
Viability is not compromised and cell
density increases with time
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Table 2. Cont.

3D Bioprinting
Technique

Materials of the Bio-Inks and
Inks

Cells

Scaffold Function/Study

Objective In Vivo

Most Relevant Results

Ref.

Two-photon lithography

Indium tin oxide
(ITO)-coated glass

Human induced
pluripotent stem
cell (iPSC)

Development of scaffolds to
deliver correctly oriented retinal No
progenitor cells

Establishment of the best parameters
to print scaffolds using two-photon
lithography with adequate and
reproducible characteristics
Differentiation of iPSCs to retinal
progenitor cells and incorporation of
these last into the scaffold

The retinal progenitor cells formed
neural structures parallel to the
vertical pores of the scaffolds

[57]

Thermal inkjet 3D
bioprinting combined
with electrospinning

Alginate and culture Medium
for 3D bioprinting
Polylactic acid (PLA) dissolved
in1,1,1,3,3,3
hexafluoro-isopropanol (HFIP)
and matrigel for electrospinning

Retinal ganglion
Cells (rgcS)

Development of scaffolds to
deliver correctly oriented retinal No
progenitor cells

Determination of printing parameters,
materials and cell density in order to
print a pattern with an organization
similar to that of the human retina
Good cell viability, adequate
orientation of the cells in the pattern
and correct guidance of the axons
within the scaffold

The cells maintained their functional
electrophysiological properties after
being printed

[60]
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2.3. Conjunctiva

The conjunctiva is a mucosal tissue that covers the sclera and provides lubrication and
protection to the eye by producing tears and mucus [77]. It consists of a goblet cell rich in
highly vascularized stratified epithelium [78]. This tissue suffers from different injuries
caused by ocular thermal or chemical abrasions, conjunctival lacerations, autoimmune dis-
eases, inflammation, foreign bodies or surgery, etc. [79]. To treat the damaged conjunctiva
the usually employed strategies are surgery and autologous grafts or allograft tissues such
as AM and pericardium [80]. These approaches have some limitations: (i) unavailability
of healthy conjunctiva (in the case of autologous grafts); (ii) immune responses; (iii) kera-
tinization; (iv) goblet cell loss; (v) microbial infections; (vi) low level of stratifications, and
(vii) opacification of the site, etc. [78]. These limitations make necessary the development
of new strategies among which 3D printing has been postulated as an excellent alternative.
3D printing can act as an improvement for the development of structures similar to the
conjunctiva as it allows the achievement of the following characteristics.

Thickness. It is crucial to develop a 3D structure with an adequate thickness; that
is, as close as possible to the original (average thickness of 33 pm). By determining the
number of layers and their thickness, the size of the 3D printed structure can be controlled
very precisely.

Cell density. 3D bioprinting allows control of the density of goblet cells included in
the 3D developed membrane.

Transparency, elasticity and slight rigidity. The large number of materials that can be
used in 3D bioprinting allows the controlling and adjusting of the color and transparency of
the construct. These materials also make possible the obtaining of elastic properties similar
to that of the healthy tissue. In addition, the rigidity of the scaffold can also be adjusted.
One of the problems related with the grafts used so far is the difficulty of handling in
operations because of their fineness. 3D bioprinting makes it possible to achieve scaffolds
with sufficient rigidity to facilitate manipulation, without this, in turn, having a negative
biological effect.

Biological activity. The use of materials of biological origin allows the adjustment
of the re-epithelization capacity, decreasing scar formation and fornix foreshortening,
adjusting biodegradability and achieving good biocompatibility.

So far, the only approach that has used 3D printing to obtain a structure that allows
regeneration of the damaged conjunctiva is the one carried out by Dehghani et al. [81].
They developed a membrane by extrusion 3D printing using gelatin, elastin and hyaluronic
acid as materials. They carried out multiple rheological and texturometry tests to guarantee
that the ink and the membrane obtained had the necessary properties to be implanted in
the conjunctiva. Biological properties were also analyzed in terms of cytocompatibility,
adhesiveness and cell proliferation in vitro, and epithelialization, inflammation, scar tissue
formation and presence of granulation tissue in vivo. All these results were compared with
an AM (frequently used in injuries of conjunctiva). The results obtained were promising.
The ink could be properly printed and the obtained membrane had adequate color and
transparency, and its handling was simpler than that of the AM. Furthermore, in vitro good
cytocompatibility, adhesion and cell proliferation were obtained. In vivo, the results were
also positive. The epithelization time was similar in the printed membrane and in the AM.
However, the data regarding inflammation, cell density, degradation and granulomatous
reaction were better in the 3D printed membrane group.

These results show that this technique is suitable for the development of membranes
for the regeneration of damaged conjunctiva. In this sense, it is reasonable to think that in
the near future more research into the application of 3D printing to conjunctiva regeneration
will be carried out.

3. 3D Printing for Ocular Drug Delivery

The main objective in the field of pharmacology is to achieve the maximum therapeutic
effect with the minimum toxicity [82]. In this regard, the development of personalized
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patient specific drugs or doses is booming. 3D printing has recently been postulated as
the appropriate technology to accomplish this goal due to its ease of use, fast speed, and
accessibility [83]. In this way, the possibility of developing pharmaceutical forms containing
various drugs, adjusting the doses to each patient and modifying drugs” pharmacokinetic
profiles has become a reality in preclinical studies thanks to 3D printing technology [83].
This personalized medicine would bring a huge advantage to patients suffering from
chronic eye pathologies, since current treatments require the constant application of eye
drops and, in the worst cases, repetitive intravitreal injections that can cause devastating
intraocular inflammation [84].

In this context, although there have been several studies in which 3D printing devices
have been developed as drug delivery systems, only the one proposed by Won et al. [84]
focuses on the eye. In this study, a flexible coaxial printing was used in order to develop a
system that contained two drugs for the treatment of retinal vascular disease (RVD), which
is based on an abnormal vascularization of the retina. The drug delivery system consisted
of an external shell composed of polycaprolactone and bevacizumab (PCL-BEV), a drug
that prevents excessive angiogenesis. The interior part was composed of sodium alginate
and dexamethasone (ALG-DEX), an anti-inflammatory drug. In vitro assays showed a
continuous release of BEV and DEX. Moreover, good biocompatibility and a reduction
in the growth rate of human umbilical vein endothelial cells was observed. Then, the
printed drug delivery system was intravitreally injected into two animal models: rabbits,
in order to study the release kinetics, and choroid neovascularization (CVC) rat models, to
determine its therapeutic effects. Intravitreal drug injections were used as control. Results
corroborated that the printed drug delivery system prolonged the release of BEV and DEX
compared to control. Interestingly, higher angiogenic inhibition over time was observed in
CVC rats compared to controls and a reduction of inflammation was achieved.

As reflected in this study, the implementation of 3D printing technology for the
development of specific drug delivery systems in ophthalmology can be valuable. In
addition, the manufacture of artificial tissues similar to native tissues with this technology
can be useful when it comes to screening new drugs for eye diseases. However, before
this technology can be extensively applied in clinics, multiple regulatory questions should
be addressed.

4. Ethical Issues and Commercialization Regulatory Aspects

Although the previously mentioned technical requirements can be fulfilled by increased
research knowledge, there are still some relevant concerns related to both ethical and regula-
tory aspects that jeopardize the road to clinic of this “game changer” technology [1,2].

From an ethical point of view, a clear benefit of this technology includes the use of
3D bio-printed ocular organs or tissues for academic or research applications, as interme-
diate drug testing models between in vitro conditions and in vivo probing of concepts.
Such models could work as a promising alternative to minimize the use of animals in the
laboratory. In addition, patients” own cells reprogrammed into induced pluripotent stem
cells (iPSCs) and bio-printed into 3D ocular structures could represent a more efficient and
reliable model for drug testing than the use of experimental animals. However, there are
also risks and ethical issues that should be considered, especially when 3D bioprinting
technology is aimed at tissue engineering purposes. In this case, the composition of biolog-
ical inks raises some concerns, not only associated with the security of the grafts implanted,
but also related to the biological origin of such cells [3]. In the clearest scenario, where
patient’s autologous cells are included in the bio-ink composition, a random migration
of cells from implanted ocular grafts could arise in different parts of the body, leading to
potential undesired effects [5,8]. It is also likely that the biological behavior of such cells
can be altered due to the mechanical stress that cells suffer by the transient forces applied
during the bioprinting process. Therefore, although 3D bioprinting technology holds huge
potential in tissue engineering clinical practice, the benefit-risk balance should be consid-
ered, in the same way as in other advanced therapies such as cell and gene therapy. In case
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non-autologous cells are implanted, apart from previously mentioned concerns, the possi-
bility of inflammatory response against implanted ocular graft also needs to be analyzed.
In this scenario, it should not be forgotten that the donor of cells for the implementation
of 3D bio-printed grafts needs to sign an informed consent to allow the use of such cells.
The situation is more delicate if non-autologous stem cells at the embryonic status are
manipulated and bio-printed to become part of a grafted ocular tissue or organ, due to
the ethical dilemma that arises with the use of embryonic cells. Another more challenging
possibility is the use of cells derived from animal models to print ocular tissues implanted
in humans. In this case, in addition to the previously mentioned biological concerns, the
risk of developing zoonosis diseases should also be considered [20].

However, not only the origin and status of bio-printed cells rise ethical issues. We
should also consider if any biological “item” can be printed [21]. For instance, and leaving
apart any technological consideration, strictly from an ethical point of view, when implant-
ing bio-printed tissues, a retina can be more problematic than a cornea, due to the neuronal
structure of the retina and its direct connection to specific areas of the brain. This issue also
generates the discussion as to whether specific areas of the brain, or even the brain or the
eye as a whole, could be bio-printed and implanted into human beings.

Another ethical concern for the application of 3D bioprinting technology into regular
clinical practice arises from the design and implementation of clinical trials for personalized
medicines. Traditionally, clinical trials are designed and classified into different phases
to evaluate the safety of the treatment in the early stages, and later the efficacy in a large
population, before the introduction of a drug into the market. However, this approach is
not feasible in the case of patient-tailored medical products for ophthalmic purposes, due
to interindividual variability among human beings, which hampers any extrapolation of
the results obtained in a specific patient, although experience accumulated in clinical cases
could serve to gain progressive knowledge in order to apply the technology in medical
practice [22]. Furthermore, the irreversible nature of grafts implanted by bioprinting
technology impedes the patient’s withdrawal from the trial after implantation, in the
case of complications. In this sense, the development of 4D bio-printable organs, that
can be biodegraded under physiological conditions after having performed the desired
effect, merits special attention [24,25]. However, it should be also borne in mind that
enrolling in this kind of clinical trial involves the acceptance of high risks associated with
the implementation of the technology. Therefore, only advanced stages of diseases that
have been unsuccessfully treated with conventional approaches should be amenable for
this kind of treatment.

When dealing with health and financial resources, it is logical to expect ethical conflicts.
In this sense, the technological possibility to bio-print and implant specific organs or tissues
as an alternative solution to face advanced stages of diseases could stratify society. In this
sense, even though the manufacturing of bio-inks and 3D bio-printing are not expensive
items, the multidisciplinary nature of the global process, as well as the surveillance of
this approach, makes it a high-cost procedure [85]. Hence, its implementation would be
not affordable for all strata of society, only being obtainable for a particular subgroup of
the total population with access to financial resources. Therefore, only those who can
afford to pay for the bio-impression of their own organs would presumably enjoy a longer
and better quality of life, minimizing for instance the use of immune-suppressant drugs
indicated to avoid rejections of conventionally transplanted organs. In addition, relevant
organs or tissues specifically designed with better biological properties could be implanted
not only to deal with advanced stages of diseases, but also to enhance their physiological
performance, which at the end could result in the elaboration of “super” bio-items for
eugenic goals [86], such as “super” eyes or retinas.

Considering all the risks and benefits that 3D bioprinting technology can offer in
the coming years, not only to the research and medical community but also to patients
affected by ocular diseases, legal and regulatory aspects related to the implementation
of the technology need also to be also deeply analyzed to avoid illicit and fraudulent
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use if the technology finally ends up in the “wrong hands”. However, actually, the scale-
up of 3D bioprinting technology and its clinical application for medical purposes does
not fit into any of the current regulatory categories, despite that, from a global point of
view, it could be considered as a specific tissue engineering approach [87]. In addition,
the patient-tailored application of the technology hampers the compliance with global
regulatory requirements for commercialization purposes that at moment are limited to
recommendations, notifications and reports provided by European and American agencies,
the EMA and FDA, respectively. Although nowadays both agencies aim to legislate the
application of this innovate technology into clinical practice, they lack a specific regulatory
framework [88]. From a more world-wide point of view, only a few regulatory agencies
in countries such as Japan and South Korea have developed broad regulatory measures
that can be applied to 3D bioprinting technology. This initiative could work as a starting
point and reference for other countries. In any case, such regulatory measures are mainly
focused on the application of these technologies for academic and research purposes or
for the development of acellular devices in ophthalmology such us spectacles, lenses
or smartphone-based fundus cameras, etc. [88]. Therefore, in order to implement this
technology regularly in medical practice, it is necessary to start working on the design of
a multidisciplinary and world-wide panel to provide a global regulatory framework. It
also should be borne in mind that, in order to find a solution and resolve legal problems
associated with the technology, all related tenets need to be addressed. In this sense, due
to the complexity of the technology, a “whole” legal approach would be preferred, rather
than a “piecemeal” approach.

5. Current Challenges and Future Perspectives of Ocular 3D Bioprinting

Recent advances in ocular 3D bioprinting have brought new opportunities for eye
tissue engineering with potential biomedical applications, and nowadays it seems unques-
tionable that this field will continue to grow and evolve in future years. However, there are
still relevant challenges to overcome before ocular and, in general, 3D bioprinting becomes
a real clinical option.

First, the materials for bio-ink preparation should be biologically functional while
maintaining robust and controllable post-printing mechanical properties and should en-
able adequate physiological, bio-chemical and mechanical interactions with the cellular
component [89]. One strategy to find a desirable balance between biological activity and
mechanical characteristics is the use of hybrid constructs that contain, on the one hand,
synthetic materials that provide structural integrity and, on the other hand, natural ma-
terials that provide a cell-friendly environment for cellular growth. Other approaches
are based on the chemical modification of the scaffold or on the use of synthetic peptides
such as Arg-Gly-Asp (RGD) in order to prompt the crosslinking of the material and con-
trol its mechanical properties or its degradation time. For instance, a similar strategy
was used for retinal bioprinting using a bio-ink based on HA with methacrylation by
glycidyl-hydroxyl reaction and PEG-RGDS, with encouraging results, since the mechanical
properties achieved allowed the bioprinting of two retinal layers with suitable rigidity and
high cell viability [76]. In addition, cell differentiation occurred within the scaffold, which
indicated that the hydrogel was biologically active and enabled biochemical interactions
with the cell component. In this regard, appropriate cell orientation within the scaffold
has also been achieved in retinal bioprinting using retinal ganglion cells that maintained
their functional electrophysiological properties after being printed, demonstrating that the
scaffold provided suitable physiological, biochemical and mechanical interactions for that
purpose [60].

Cell sourcing constitutes another important challenge for 3D bioprinting of tissues
and organs. In fact, a high number of regeneration-competent cells are needed and, due
to tissue heterogeneity, different types of cells are also required. In fact, most organs are
more complex than current 3D bioprinters can reproduce and achieving their intricate
composition and functionality is still far from clinical translation [4,90]. In eye 3D bioprint-
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ing, most ocular structures bio-printed so far are limited to one or two cell types and, in
the case of cornea and retina, only one or two layers have been bio-printed in the same
construct, which is far from the authentic complex configuration of these ocular structures.
In any case, regarding the challenges related to limited cell availability in forming the
scaffolds, some of the solutions carried out to date are based on the use of stem cells or
progenitor cells such as mesenchymal cells or induced pluripotent stem cells (iPSC), which,
ideally, should be autologous or non-immunogenic [89]. In this sense, human fetal retinal
progenitor cells have been used for retinal bioprinting and successful differentiation into
photoreceptor cells was achieved [76]. In addition, human iPSC have also been used for
retinal bioprinting and differentiated into retinal progenitor cells [57]. Considering all this,
important advances have been made in order to overcome specific challenges related to
cell sourcing, but more fundamental research is still needed in order to be able to bio-print
a whole functional ocular structure such as the cornea or the retina with all the required
different cell types and layers and the necessary biomechanical cues. These advances
would contribute in the future to mimicking the complexity of the desired organ structures
in a more precise manner.

In addition to the difficulties in obtaining a highly complex and similar to native
bio-printed construct, another key aspect to consider before clinical translation could
occur would be the vascularization and innervation of such tissue-engineered constructs
after transplantation. So far, most tissue constructs obtained by 3D bioprinting lack a
functional vascularization network, which would hinder the oxygen and nutrient supply
after implantation in vivo [89]. Different strategies have been postulated in order to solve
this issue in different types of tissue, including the use of angiogenic growth factors, the
embedding of microchannels that would enhance the diffusion of oxygen and nutrients,
or the direct fabrication of vasculature [89]. However, the reproduction of the complex
and complete vascular network necessary for clinical translation remains very challenging.
Regarding the eye, bioprinting a full ocular structure has still not been accomplished,
so that would be the first step before moving to vascularization and innervation of the
tissue construct. However, this aspect would acquire special relevance in the case of
the retina, where the light signals captured by the photoreceptors must be processed
into electrical impulses and transmitted through the optic nerve to the brain. In this
regard, the functional electrophysiological properties of bio-printed retinal ganglion cells
achieved so far [60] hold promise for future functional retinal constructs with appropriate
connections among cells of the different retinal layers, capable of completing the complex
visual phototransduction process.

In summary, recent advances in the field of 3D bioprinting and, particularly, for ocular
tissue-engineering show promise for future biomedical applications, although there are still
many challenges that need to be overcome before clinical translation can occur. Mimicking
the complexity and heterogeneity of organs and providing them with the diversity of
functional and supporting cell types, as well as with the essential functional elements
such as vasculature and innervation, represent the major difficulties that 3D bioprinting
is currently facing. In addition, for future commercialization, further aspects such as
standardization of protocols, regulation of the process, the cost-effectiveness for scaling
and the logistics of 3D bio-printed products would need to be taken into consideration. The
key benefits of 3D bioprinting include the possibility of more targeted and personalized
medicine, automated tissue fabrication and the flexibility of incorporating a wide variety
of cells and materials in a precise anatomical 3D geometry. Further research for in vitro
optimization and in vivo implementation of bio-printed tissue constructs and the combined
efforts of different multidisciplinary fields would enhance the progress of 3D bioprinting
towards clinically relevant bio-printed organs.

6. Conclusions

In recent years, great advances have been made while using 3D bioprinting for eye
tissue engineering. Different ocular tissues with various layers and various cell types have
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been replicated. Nevertheless, we are still far from achieving complete tissues similar to
healthy ones. It is expected that, in the future, the different ocular components will be
completely replicated using 3D bioprinting. This progress could allow the combination
of the structures obtained and to integrate them into a single construct, as a complete
ocular model [27], which would require the consideration of corresponding ethical and
biological aspects. Furthermore, as previously mentioned, the generated models would
allow planning of operations before performing them, understanding the interaction
between cells and the progression of different diseases affecting the tissue, or analyzing the
effects of diverse drugs.
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Abstract: The conjunctiva, an under-researched yet incredibly important tissue, plays key roles
in providing protection to the eye and maintaining homeostasis of its ocular surface. Multiple
diseases can impair conjunctival function leading to severe consequences that require surgical
intervention. Small conjunctival defects can be repaired relatively easily, but larger defects rely
on tissue grafts which generally do not provide adequate healing. A tissue engineering approach
involving a biomaterial substrate capable of supporting a stratified epithelium with embedded,
mucin-secreting goblet cells offers a potential solution. As a first step, this study aimed to induce
stratification of human conjunctival epithelial cells cultured on electrospun scaffolds composed from
poly(e-caprolactone) (PCL) and decellularised tissue matrix (small intestinal submucosa (SIS) or
urinary bladder matrix (UBM)) and held at the air/liquid interface. Stratification, up to 5 cell layers,
occurred more frequently on scaffolds containing PCL + UBM. Incorporation of these decellularised
tissue matrices also impacted material properties, with significant changes occurring to their fibre
diameter, tensile properties, and chemical composition throughout the scaffold structure compared to
PCL alone. These matrix containing scaffolds warrant further long-term investigation as a potential
advanced therapy medicinal product for conjunctiva repair and regeneration.

Keywords: electrospinning; conjunctiva; decellularized tissue matrix; small intestinal submucosa;
urinary bladder matrix; polycaprolactone; fiber; tissue engineering; stratification; conjunctival
epithelial cells

1. Introduction

The conjunctiva is a mucous membrane that has an important role in maintaining a
normal ocular surface and motility of the eye and eyelids. The palpebral conjunctiva lines
the posterior surfaces of the eyelids and is reflected in the fornices to become the bulbar
conjunctiva overlying the anterior sclera until it merges with the cornea. The total surface
area is approximately 15 cm? [1]. It has a stratified epithelium up to six layers thick with
numerous goblet cells, and an underlying basement membrane. Beneath is the stroma,
which comprises loose, vascular connective, and lymphoid tissue as well as the accessory
lacrimal glands of Krause and Wolfring.

The conjunctiva serves to protect the eye and contributes to a healthy ocular surface
and tear film through mucin production by the goblet cells. These not only stabilise the
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epithelium—tear film interface which helps to lubricate the ocular surface, but also have
some antimicrobial activity [2]. A healthy conjunctiva is necessary for normal ocular
motility, and has innate and adaptive immune responses to defend against pathogens [3].

Conjunctival diseases are numerous, but of greatest interest to tissue engineering
are those that result in significant loss of healthy conjunctiva, which may in turn cause
corneal problems with loss of vision, or double vision. These include mucous membrane
pemphigoid, Stevens-Johnson syndrome, trauma including burns, malignancy, and com-
plicated glaucoma or socket surgery. Of these, malignancy potentially offers the greatest
scope for engineered conjunctival substitutes as following complete resection of a tumour
there may be an extensive defect but the remaining tissue is healthy and provides a good
host environment for a transplant. Other conditions may affect the whole conjunctiva or
recur in the transplant [4].

Small conjunctival defects can be closed directly or repaired with an autologous
graft, but larger defects have traditionally required either amniotic or mucous membrane
grafting. In this instance, amniotic membrane acts as an inlay graft or basement membrane
substitute to promote overgrowth of host conjunctival epithelial cells. However, where
defects are very large or involve opposing conjunctival surfaces, there is a risk of scarring
and symblepharon developing before epithelialisation has occurred, which can lead to
diplopia from limited motility and lid malposition (Figure 1) [5]. Oral mucous membrane
largely overcomes this problem, but is quite different to conjunctiva being much thicker and
lacking goblet cells. It does not support the tear film, is cosmetically poor and can impair
detection of recurrent disease. At present, local resection of very extensive conjunctival
tumours is limited by the current reconstructive techniques. Tissue engineered conjunctival
substitutes offer the potential to overcome this barrier, and reduce the risk of post-operative
diplopia and ocular surface problems due to conjunctival deficiency.

Figure 1. (A) Conjunctival squamous cell carcinoma affecting the infero-medial quadrant of the left
eye. (B) Same patient during surgery. The upper and lower eyelids have undergone a full-thickness
vertical lid-split procedure (arrows mark the cut edges) to improve visualisation and access to the
tumour. The intended resection margin is shown by the curved line. (C) Following resection of
the tumour there is an extensive conjunctival defect involving the tarsal plates and conjunctiva (T),
the inferior fornix (F) and the bulbar conjunctiva (B). (D) Late post-operative image of the same
patient showing symblepharon between the lower lid and globe (arrows), despite reconstruction with
amniotic membrane, a free tarsal graft to the lower lid and temporary Gore-tex sheets as spacers.
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To be clinically-usable and with demonstrable long-term positive outcome, an ad-
vanced therapy medicinal product (ATMP) for the conjunctiva needs to possess a number
of essential properties, including:

e robust enough to handle with surgical instruments without becoming disrupted
or compromised

able to retain a suture for fixation

manufactured within a limited time frame

non-allergenic and provoking minimal inflammatory/scarring response

have an intact epithelium sufficient to prevent symblepharon/adhesions, and which
allows eventual transition to a normal conjunctival epithelium including goblet cells
e asufficiently mobile stroma to allow full extraocular movements

These criteria build on those previously outlined by Schrader et al. [6], who also
commented on a conjunctival ATMP needing to mimic the natural tissue architecture
and possess sufficient elasticity to prevent or reduce contraction. As discussed in several
detailed reviews, a number of biological and synthetic materials have been researched and
developed with the aim of creating the optimal ATMP for ex vivo culture of conjunctival
epithelial and goblet cells, which, following transplantation, should lead to repair and
regeneration of the conjunctiva [6-8]. However, whilst biological or synthetic materials are
frequently selected due to their known key benefits, they often possess other less favourable
properties that can limit their success as an ATMP.

In recent years, research in tissue decellularisation has significantly increased and
there are multiple decellularised tissue products that are commercially available [9]. Decel-
lularisation of mammalian tissues and organs involves the complete removal of cells to
leave the tissue’s 3D structural architecture that may then be re-populated with a different
source of cells (e.g., allogeneic) to create new, engineered tissues. With application of
complex, multi-step decellularisation protocols to efficiently eliminate all cellular antigens,
the remaining extracellular matrix (ECM) structure should provide a near-perfect blueprint
of appropriate dimensional scale and ideal combination of biomolecules (i.e., proteins
and polysaccharides) to support cell adhesion, proliferation and, importantly, phenotype
and differentiation [10]. Yet, as described in the detailed review by Gilbert et al. [11],
the need to completely remove all cellular components requires both physical (e.g., son-
ication, snap-freezing, mechanical force) and chemical (e.g., enzymatic digestion, ionic
solutions, detergents) processing, which can adversely affect the tissue’s natural structure
and hence impact its resulting biological and mechanical properties. Changes to the tis-
sue’s microstructure may impede its mechanical and functional properties, resulting in
a fragility that makes it difficult to handle without incurring further damage [12-14]. To
overcome this, it is possible to mill lyophilised decellularised tissue (dAECM) into a powder,
retaining its unique cocktail of biological properties, and subsequently form a hydrogel via
its solubilisation and neutralisation, as described by Saldin et al. [15]. 3D dECM-hydrogels
support the encapsulation of viable cells and overcome the difficulties associated with
successfully recellularising bulk decellularised tissues [16]. The development of dECM
powders used to create these biological hydrogels is an active area of research and have
been sourced from a wide variety of tissues and whole organ systems, including (but not
limited to) musculoskeletal, cardiac, liver, kidney, and skin. Porcine-derived small intestinal
submucosa (SIS) and urinary bladder matrix (UBM) are two other tissues commonly used
to create dECM hydrogels. Not surprisingly, the different anatomical locations of these two
tissues renders differences in their structural, functional and biochemical properties. For
example, SIS-matrices comprise approximately 90% collagen, being predominantly type
I with minor quantities of types III, IV, V, and VI, whereas UBM-matrices contain almost
identical collagen types, but with a greater quantity of type III and the addition of type VII,
which are essential components of epithelial basement membranes [17].

Whilst exploration of these dECM hydrogels continues in research groups worldwide,
they remain mechanically weak which can restrict their clinical usability [18]. These
mechanical changes may be overcome by incorporating the dECM powder with other,
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more durable biomaterial substrates, such as electrospun fibres. Electrospinning is a
popular technique for fabricating fibre scaffolds that mimic the structural properties of
tissues [19]. This approach therefore offers several advantages: the fibrous substrate confers
structural support and topographical cues, and the powdered dECM provides the cells
with a specific mix of biomolecules known to support and maintain that particular cell
phenotype [20,21].

In this study, decellularised tissue powders (SIS or UBM) with poly(e-caprolactone)
(PCL; a biodegradable, synthetic polymer) were electrospun to create bioactive, fibre
scaffolds with the aim of developing a novel conjunctival ATMP. Research findings demon-
strated dECM-containing PCL scaffolds exhibited notable differences both in terms of
material properties (fibre morphology, mechanical) and in vitro cell response (cell morphol-
ogy, stratification) compared to PCL alone.

2. Materials and Methods
2.1. Tissue Decellularisation

UBM and SIS scaffolds were prepared at the University of Pittsburgh, from porcine tis-
sue sources at Animal Biotech Industries (Doylestown, PA, USA), as outlined in
Keane et al. [22]. Briefly, for UBM preparation, the urethra and ureter were removed
from the bladders. Bladders were opened along their length and mechanically scraped to
remove the tunica serosa, tunica muscularis externa, tunica submucosa, and tunica mus-
cularis mucosa. Further, rinsing with deionised water was used to remove the urothelial
cells on the surface of the tunica mucosa. For SIS preparation, intestines were flushed with
distilled water, opened along their length and mechanically scraped to remove the tunica
mucosa, tunica serosa, and tunica muscularis externa. Decellularisation of the remaining
tissues was performed using a solution of 0.1% v/v peracetic acid (Rochester Midland
Corporation, Rochester, NY, USA) and 4% v/v ethanol (200 proof; Decon Laboratories Inc.,
King of Prussia, PA, USA) in type I water (Thermo Scientific, Waltham, MA, USA), with
agitation at 300 rpm in a shaker, for 2 h. The resulting UBM and SIS were then washed three
times, alternating between phosphate buffered saline (PBS; Fisher BioReagents, Pittsburgh,
PA, USA) and sterile water, for 15 min on an orbital shaker at 300 rpm each time. The UBM
and SIS scaffolds were lyophilised and milled into powder using a #60 mesh screen on a
Wiley Mill (GE Motors & Industrial Systems, Houston, TX, USA) [23].

2.2. Solution Preparation

Powdered decellularised porcine tissues (small intestinal submucosa (SIS) and urinary
bladder matrix (UBM)) were received at the University of Liverpool. Solutions of poly(e-
caprolactone) (PCL; Purasorb PC12, Corbion, Amsterdam, The Netherlands) dissolved
in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP; Merck, Gillingham, UK) were prepared at
concentrations of 12%w /v plus 1% or 10% SIS or UBM and stirred continuously for 48 h at
room temperature.

2.3. Scaffold Fabrication

Solutions were loaded into separate capillary-ended syringes with an applied flow
rate of 1 mL/h and subsequently electrospun (50 min per run) using an IME Technologies
EC-CLI unit with controlled ambient environment (temperature 21 °C, relative humidity
50%) and applied spinning parameters: needle voltage +15 kV, collector voltage —4 kV, and
distance 17 cm. Emitted fibres were collected on a mandrel lined with wax paper (PME,
Enfield, UK) and rotating at 100 rpm.

2.4. Material Characterisation
2.4.1. Fibre Morphology and Diameter

Scanning electron microscopy (SEM) was used to obtain high magnification images of
the fibre scaffolds. Scaffolds were mounted on carbon-tabbed SEM stubs (Agar Scientific
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Ltd., Stansted, UK) and AuPd sputter-coated for an even coverage. Scaffolds were imaged
using a FEI Quanta 250 FEG SEM operating at high vacuum with 5 kV electron beam.

Fibre diameters were measured by analysing the SEM images using Image] software
(v.1.53¢c, National Institutes of Health, Bethesda, MD, USA). This was achieved by using
the line draw tool and the scale bar of each image to initially set the scale. Measured
diameters were statistically analysed using GraphPad Prism v9 (San Diego, CA, USA).
Fibre diameters for each group (N = 3; n = 900) were not normally distributed and were
subsequently analysed using a Kruskal-Wallis test with Dunn’s multiple comparisons test.
Data are presented as the median and interquartile range.

2.4.2. Tensile Testing

For tensile testing, fibre scaffolds were cut into 3 x 1 cm rectangles and placed and
secured (using sticky tape) over a paper window to give final test dimensions of 2 x 1 cm.
Scaffold thickness was measured using an electronic micrometer. Paper windows allowed
easy handling and positioning of the scaffold within tensile grips. Window sides were cut
prior to commencement of the tensile test to ensure only the fibre scaffold was loaded. A
UniVert (CellScale; Waterloo, ON Canada) in tensile mode was used with 1 N load cell and
10% strain (n = 6). Data were processed in MS Excel and Graphpad Prism (v.9, GraphPad
Software, Inc., San Diego, CA, USA), where a one-way ANOVA with Tukey’s multiple
comparisons test was applied.

2.4.3. Chemical Spectroscopy (FTIR, Imaging-Mass Spectrometry)

Chemical composition of the scaffolds was initially determined using a Fourier trans-
form infra-red spectrometer (Bruker Vertex 70v; Bruker, Durham, UK) with diamond
attenuated total reflection. A background scan was taken prior to scaffold analysis and
subsequently subtracted from that scaffold’s spectrum. The scaffold was pressed into close
contact with the diamond and the spectrum measured. Data were obtained in the range
of 450-4000 cm 1, with 4 cm ™1 resolution and scan number 32. Data were analysed with
OPUS software (v8.2.28; Bruker, Durham, UK).

For imaging-mass spectrometry, data were collected on a Waters Synapt G2-5i in
MALDI using HD Imaging 1.4 (Waters UK, Elstree, UK) to set acquisition parameters and
MassLynx 4.1 SCN9509 (Agilent, Stockport, UK) to process the data for PCL, PCL + SIS10%
and PCL + UBM10%. Acquisition parameters were set to collect masses over the
100-2000 mass/charge (m/z) range in positive resolution mode. Scan time per pixel was
0.5 s at 250 Laser Energy and a repetition rate of 500 Hz. An area of 14 mm? was collected
with a pixel size of 50 x 50 pm.

2.5. In Vitro Set-Up and Cell Culture

A human conjunctival epithelial cell (HGJE) line [24] was cultured at 37 °C and 5%
CO; in 75 cm? sterile flasks (Greiner Bio-one, Stonehouse, UK) with keratinocyte serum-
free medium (KSFM; Thermo Fisher, Loughborough, UK) supplemented with 25 pg/mL
bovine pituitary extract (Thermo Fisher), 0.4 mM calcium chloride (Merck, Gillingham,
UK), 0.2 ng/mL recombinant human epidermal growth factor (rEGF, Thermo Fisher,
Loughborough, UK), 100 U penicillin and 0.1 mg/mL streptomycin (Merck, Gillingham,
UK) and 2.5 pg/mL amphotericin B (Merck, Gillingham, UK).

Within a sterile, laminar flow cabinet the membranes of 24-well transwells (Millicell;
Merck, Gillingham, UK) were removed and replaced with the fibre scaffolds. Scaffolds
were secured by using silicone glue (Dowsil 732 (clear); Dow Corning, Penarth, UK), which
was limited to the side of the transwell and not present within the new fibrous base of the
transwell. Transwells were irradiated with ultraviolet light for 30 min on both sides and
then disinfected by submerging in 70% v /v Ethanol (VWR, Lutterworth, UK) overnight.
Ethanol was removed and transwells washed twice in sterile phosphate buffered saline
solution (PBS; Thermo Fisher, Loughborough, UK) before being transferred to new, sterile
24-well plates (Greiner Bio-One, Stonehouse, UK).
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A density of 1 x 10° cells per cm? were seeded directly onto each scaffold and after

30 min topped-up with KSFM. After 14 days of growth, samples were switched to strat-
ification media as outlined in Gipson et al. [24]. Stratification media was composed of:
Dulbeccos modified Eagles media/Ham’s nutrient buffer F-12 (DMEM/F12 1:1; Merck,
Gillingham, UK), 10% foetal calf serum (Biosera, Nuaille, France), 10 ng/mL rEGF, 100 U
penicillin and 0.1 mg/mL streptomycin, and 2.5 pg/mL amphotericin B. Following 7 days
in stratification media cultures were switched to air/liquid interface, where media was
removed from the apical chamber and received on the basal-side only to further pro-
mote stratification over an extra 7 days. Figure 2 provides a schematic of the in vitro
experimental set-up.

Transwell set-up

scaffolds oo
L250ns

PET membrane removed &
replaced with electrospun fibre

_J

{55 q{.@
N

1. Seeding & submerged
culture with KSF-media
(2 weeks)

2. Submerged culture with
stratification media
(1 week)

3. Air/liquid interface culture
with stratification media
(1 week)

human
conjunctival
epithelial cells
———

Seeding density:
1x10° per cm?
(33,000 cells - 24 well)

Figure 2. Experimental set-up for in vitro culture of human conjunctival epithelial cells demonstrating preparation of

transwells with removal of polyester (PET) membrane and replacement with electrospun scaffolds. Cells were seeded and

cultured fully submerged for two weeks with keratinocyte serum free media (KSF-media), followed by one week with

stratification media and a further week at the air/liquid interface with media received on the cells’ basal side. Created with

BioRender.com.

2.6. In Vitro Characterisation
2.6.1. Assessing Cell Morphology by SEM

Cell-seeded scaffolds were washed in sterile PBS and fixed in 1.5% v/v glutaraldehyde
(TAAB Laboratories, Aldermaston, UK) in PBS for 30 min at 4 °C. Scaffolds (n = 2) were
subsequently dehydrated in increasing concentrations of Ethanol; 50, 70 and 90% v/v
for 2 x 3 min and 100% v/v for 2 x 5 min. Finally, scaffolds were chemically dried in
hexamethyldisilazane (Sigma, UK) for 2 x 5 min. Scaffolds were mounted on carbon-
tabbed SEM stubs, AuPd sputter-coated, and imaged on a Hitachi TM4000 Plus (Hitachi,
Warrington, UK) at 15 kV in BSE mode and high vacuum.

2.6.2. Assessing Cell Stratification by Confocal Microscopy

Cell-seeded scaffolds were washed in sterile PBS and fixed in 10% neutral buffered
formalin (Merck, Gillingham, UK) for 10 min at room temperature. Samples were washed
several times in PBS, permeabilised with 0.5% Triton-X for 5 min and washed three times
in PBS. DAPI (1:1000; Thermo Fisher, Loughborough, UK) was applied for 20 min at room
temperature (in the dark) to stain the cells’ nuclei. Scaffolds were washed in PBS and
subsequently mounted on glass microscope slides. Substrates were imaged by confocal
microscopy (Zeiss LSM800; Cambridge, UK) at x40 magnification and images processed
using Fiji Image] (v.1.53c, National Institutes of Health, Bethesda, MD, USA). Three set
coordinates within the XY image were randomly selected and applied to images for all
scaffold groups. This generated 6 regions of interest (area = 298.46 x 40.80 um) per sample
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(n = 3) that were viewed in the orthogonal slice: 3 in the XZ plane (co-ordinates: 190, 256,
500) and 3 in the YZ plane (co-ordinates: 180, 256, 400). Distinctly separated nuclei were
counted and instances of cell nuclei in close proximity and stacking on top of each other
noted, for example, 3 nuclei stacked on top of each other would be 3 cells counted and
1 instance of a triple cell layer. The number of instances, where cells were present either
as a monolayer or 2-, 3-, 4-, 5-layers, were totalled and the proportion for each type of
layer presented as a percentage of this total. The labelling of images was removed prior to
processing to blind the operator and remove the potential for bias. Data were processed in
Graphpad Prism v.9 (San Diego, CA, USA) and a one-way ANOVA with Tukey’s multiple
comparisons test applied for the total cell number within each group (1 = 3).

3. Results
3.1. Material Characterisation
3.1.1. Fibre Morphology and Diameter

There were no observable issues during the electrospinning process. The rotating
mandrel, which was used to target and collect the emitted polymeric jet following its
propulsion across the air-gap, was evenly covered following a 50-min spin time for each of
the five solutions that were electrospun. Gross inspection of the collected fibres revealed
differences between the groups (Figure 3A). Electrospun PCL presented uniform coverage
across the sheet of wax paper (used to easily remove collected fibres for analysis), with
an even white colour and smooth texture. The inclusion of decellularised tissue powders
(dECM) to the PCL, however, demonstrated numerous droplets throughout the collected
area, which increased in number with greater dECM content. Inspection by SEM revealed
these droplets to have dried on top and within the surrounding fibres to create areas of
flattened topography (Figure 3B). Removal of fibres did, on occasion, result in tearing of
the scaffold where droplets had contacted and dried to the wax-backing paper. This only
occurred in scaffolds containing larger quantities of dECM.

Separate to these droplets, the bulk of polymer deposition on the collector sheet
revealed fibres with rounded and smooth morphologies (Figure 4). High magnification
SEM images revealed a shift in fibre morphology, where PCL alone demonstrated two
distinct fibre sizes, but the inclusion of dECM resulted in the fabrication of finer and more
uniform fibres. This was particularly noticeable for PCL + UBM10%. Measurement of fibre
diameter for all groups supported these visual findings, with fibres in all groups containing
dECM being significantly finer than pure PCL fibres. PCL fibres possessed a median fibre
diameter of 0.65 um (IQR 0.28-1.46 um). Addition of 1% dECM powder, resulted in a
notable reduction, with median fibre diameters measuring 0.36 pm (IQR 0.22-0.82 um)
upon addition of SIS and 0.21 um (IQR 0.15-0.29 um) for UBM. Increasing the quantity of
dECM to 10% demonstrated a further decrease in fibre diameter for SIS (median 0.22 um
(IQR 0.15-0.38 um)), but a similar distribution of fibre diameters for UBM (median 0.22 um
(IOR 0.16-0.31 um)). UBM10% was the only group to produce a fibre range below 1 pm.

3.1.2. Chemical Spectroscopy (FTIR and Imaging-Mass Spectrometry)

In order to detect the presence of decellularised tissue within the PCL fibres, FTIR
and Imaging-Mass Spectrometry were performed. Comparison of the scaffolds’ complete
spectra revealed no obvious differences (Figure 5A). Characteristic chemical bonds for
esters were identified C=0 (1750-1735 cm ') and C-O (1260-1000 cm 1), in addition to
C-H bonds (2960-2850 cm™!). Closer examination demonstrated a distinct peak within
1650-1590 cm ! which was most apparent for PCL + SIS10% and PCL + UBM10%.
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Figure 3. (A) Gross images of as-spun electrospun fibres for poly(e-caprolactone) (PCL) and with the addition of 1% or 10%
decellularised tissue powder (lECM—small intestinal submucosa (SIS) and urinary bladder matrix (UBM)) (scale = 5 mm).
Images converted to greyscale for observation of ‘wet’ droplets on dECM containing fibre scaffolds. (B) Scanning electron
microscopy images highlighting the ‘wet’ droplets present within the PCL + SIS10% fibres and the holes these create. Scale
bar =40 um, magnification x1000 (top image) and x2000 (middle and bottom images).

Imaging-mass spectrometry (Imaging-MS) allowed the spatial distribution of molec-
ular species to be visualised between PCL and those containing the greatest quantity of
dECM powder (Figure 5B). Normalisation of the data to 10,000 counts demonstrated clear
differences in the heat map for each group. Minimal ionisation was detected across the
surface for PCL fibres, but this increased with inclusion of 10%SIS, where low to mid
counts (~5000) were detected, and increasing further from low to high counts (~10,000) for
10%UBM. Presence of UBM and SIS increased the ionisation of the fibres at several mass-to-
charge (m/z) values, including a m/z peak at 523.25. The imaging element of this technique
revealed these increased intensities to be distributed throughout the fibre scaffolds.
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Figure 4. (A) Scanning electron microscopy images of electrospun poly(e-caprolactone) (PCL) scaffolds and following the
addition of 1% or 10% decellularised tissue powder (small intestinal submucosa (SIS) and urinary bladder matrix (UBM)).
Low magnification images x 1000, scale = 50 um; high magnification images x10,000, scale = 5 um. (B) Measured fibre
diameter presented as a violin plot for each group with magnified view of data spread within the sub-micron range (n = 900).
Kruskal-Wallis statistical test with Dunn’s multiple comparisons (p < 0.05). PCL was significantly different in all groups.
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Figure 5. Spectroscopic analysis of electrospun poly(e-caprolactone) (PCL) scaffolds and following the addition of de-
cellularised tissue powder (small intestinal submucosa (SIS) and urinary bladder matrix (UBM)). (A) Fourier transform
infra-red spectroscopy with inset demonstrating complete spectra for each group, and magnified view of chemical change
at 1590 cm~! representative of a primary amine (N-H bend), which was most noticeable for SIS10% and UBM10% groups.
(B) Imaging-mass spectrometry demonstrating greater ionisation (and even distribution) in SIS10% and UBM10% groups
compared to PCL at m/z 523. Maximum number of counts = 10,000. Scale for PCL = 0.58 mm, SIS10% = 0.54 mm, UBM10%
=0.55 mm.

3.1.3. Tensile Properties

Scaffolds were subjected to mechanical testing to determine any change in their ten-
sile properties following addition of dECM (Figure 6). In terms of Young’'s modulus,
electrospun PCL scaffolds yielded a stiffness of 8.29 & 0.94 MPa (Figure 6A). The inclu-
sion of 1% dECM resulted in a significant increase in scaffold stiffness compared to PCL
alone, where SIS1% and UBM1% were 10.16 =+ 0.89 MPa (p = 0.0280) and 11.25 + 0.64 MPa
(p = 0.0003), respectively. However, a similar trend was not observed for either 10% dECM
groups, with Young’s modulus calculated as 8.17 &+ 0.84 MPa (SIS10%) and 8.58 + 1.53 MPa
(UBM10%). The yield stress (i.e., the maximum tensile load before plastic deformation) of
PCL was 0.37 £ 0.07 MPa (Figure 6B). The addition of dECM powders revealed a general
increase in the maximum load that the scaffolds were able to withstand. This was par-
ticularly evident for UBM-containing scaffolds with UBM1% yielding at 0.57 & 0.06 MPa
(p = 0.0006) and UBM10% at 0.54 = 0.07 MPa (p = 0.0049). Blends of PCL and SIS resulted
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in yield stresses of 0.49 = 0.08 MPa (not significant) and 0.50 & 0.09 MPa (p = 0.036) for 1%
and 10% dECM, respectively. The ultimate tensile strength (UTS) of PCL scaffolds was
1.12 + 0.14 MPa (Figure 6C). All scaffolds containing dECM had a significantly greater
UTS compared to PCL (p < 0.0001). Inclusion of SIS increased the UTS to 1.70 & 0.15 MPa
and 1.82 £ 0.18 MPa for 1% and 10%, respectively. UBM1% had the highest UTS over-
all (2.31 £ 0.18 MPa) and was significantly different to all other scaffolds (p < 0.0001 vs.
SIS1%, p = 0.0002 vs. SIS10%, and p = 0.0031 vs. UBM10%). UBM10% scaffolds had a
UTS of 1.92 + 0.17 MPa. The maximum strain reached at the UTS also presented signif-
icant decreases following dECM blending (Figure 6D). Maximum strain for PCL scaf-
folds was 1.21 £ 0.36 mm/mm. For SIS1% and SIS10%, scaffold extension reduced to
0.80 &£ 0.03 mm/mm (p = 0.0092) and 0.54 =+ 0.08 mm/mm (p < 0.0001), respectively. Sim-
ilarly, UBM1% and UBM10% yielded strains of 0.57 + 0.07 mm/mm (p < 0.0001) and
0.61 &+ 0.15 mm/mm (p < 0.0001).
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Figure 6. Tensile testing data for scaffolds of electrospun poly(e-caprolactone) (PCL) and with the addition of 1% or 10%

decellularised tissue powder (small intestinal submucosa (SIS) and urinary bladder matrix (UBM)): (A) Young’s modulus,

(B) yield stress, (C) ultimate tensile strength and (D) maximum strain at break. One-way ANOVA with Tukey’s multiple

comparisons (1 = 6), significance for p < 0.05. Statistical differences shown by p values.

3.2. Air/Liquid Interface Culture and Stratification

The response of human conjunctival epithelial cells (HGJE), in terms of their ability
to stratify on the different scaffolds was investigated. HGJE cells were cultured on the
scaffolds for a total of four weeks, where the final week was at the air/liquid interface.
SEM imaging revealed a difference in cell response to the fibre scaffolds (Figure 7). Low
magnification (x1000) images for the PCL scaffold revealed patches of electrospun fibres
with limited presence of cells. In contrast, dECM-containing scaffolds demonstrated
complete cell coverage over the fibre surface at the same magnification. HGJE cells on
PCL-only scaffolds appeared well spread with flattened morphologies. In some regions,
it was possible to view the shape of fibres situated beneath the cells. Cellular processes
enabling cell-to-cell contact were evident. Indication of HGE stratification on PCL fibres
appeared limited. Observation through the z-plane of PCL scaffolds and DAPI-stained
cell nuclei by confocal microscopy revealed occasions of two (40.47 £ 6.45%) and three
(13.26 & 6.03%) cell nuclei loosely-stacked on top of each other (Figure 8A,B). Single nuclei
accounted for 46.37 + 5.88% and the total number of nuclei (180 4 28) counted from the six
regions of interest (1 = 3) was lowest on PCL scaffolds overall (Figure 8B,C). SEM images
for dECM-containing scaffolds identified two main morphologies: small, rounded cells
with multiple cellular processes, and larger, elongated cells with flattened appearances
(Figure 7). These flattened cells appeared in greater numbers within the SIS1% cohort. A
breakdown of cell layers for SIS1% from the total number of counted nuclei (202 £ 39)
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revealed single cells accounting for 63.86 £ 15.60%, two-layers 31.35 £ 13.13% and three
stacked-nuclei occurring 4.79 £ 2.16%. A greater number of cell nuclei (321 & 85) were
counted in the SIS10% group, with observed instances of one, two, three and even four-
layers from the regions of interest being 33.46 + 17.95%, 46.91 + 5.88%, 18.50 £ 11.33%
and 1.13 £ 0.99%, respectively. UBM-containing groups supported superior stratification
with greater instances of four and occasionally five layers of cell nuclei evident in the
regions of interest. For UBM1% 329 + 50 cell nuclei were counted, with 22.31 &+ 5.08%
being single nuclei, 51.44 £ 3.43% two nuclei, 22.82 £ 4.09% three nuclei and 3.43 + 2.45%
four-stacked nuclei. For UBM10%, from 392 + 81 counted nuclei, 13.80 + 10.52% were
single, 37.02 + 7.85% two-layers, 33.13 & 9.07% three-layers, 13.48 £ 8.87% four-layers,
and 2.57 &£ 1.10% five-layers.

ASIS1% o 2 FASISI0% oo, ool | +UBM 1% SosodfauBMd0%

Figure 7. Representative scanning electron microscopy images of human conjunctival epithelial cells cultured on electrospun
scaffolds fabricated from poly(e-caprolactone) (PCL) and PCL with addition of 1% or 10% decellularised tissue powder
(small intestinal submucosa (SIS) and urinary bladder matrix (UBM)). Images: top row = x1000 (scale = 50 um), middle
row = x5000 (scale = 10 um), bottom row = x10,000 (scale = 5 um); arrows indicate presence of microvilli.
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Figure 8. (A) Representative confocal images of DAPI-stained human conjunctival epithelial cell nuclei cultured on

electrospun scaffolds fabricated from poly(e-caprolactone) (PCL) and PCL with addition of 1% or 10% decellularised tissue

powder (small intestinal submucosa (SIS) and urinary bladder matrix (UBM)). Images shown; XY z-stack (scale = 50 pm),

XZ side view and YZ side view. (B) Cell layers observed from 6 set regions of interest presented as percentages within each
group (n = 3). (C) Total number of cell nuclei counted within 6 regions of interest for each group (n = 3). One-way ANOVA
with Tukey’s multiple comparisons, significance for p < 0.05. Statistical differences shown by p values.

4. Discussion

This study investigated the incorporation of dECM powders with PCL to fabricate
bioactive fibre scaffolds. The prepared solutions all yielded fibres when electrospun using
the same parameters. Examination of the collected fibre sheets demonstrated macroscopic
differences upon the addition of dECM to the PCL solution (Figure 3A). Instead of a
uniform coverage of fibres, droplets spread randomly throughout the deposited area were
visible, and these increased in number with greater dECM quantity. SEM imaging revealed
these droplets to present flat/wet-looking regions located within a network of otherwise
smooth, bead-free fibres (Figure 3B). Instability of the polymer jet during electrospinning
can result in the formation of “beads-on-a-string”, though this was not evident from these
SEM images. Yet, this phenomenon does suggest periods of jet instability giving rise to
occasional electrospraying as opposed to continuous electrospinning. Another theory
could be non-solubilised dECM components accelerating along the emitted polymer jet
before contacting with the collector system. Inspection of the polymer/dECM solutions
did reveal a granular sediment, suggesting the dECM had not fully dissolved in the solvent.
To our knowledge, this presentation of droplets has not been previously reported in the
literature and our findings are in contrast with studies that suggest the direct dissolution of
dECM in solvent is sufficient [25-28]. Other studies initially solubilise the dECM powder
in solutions of acetic acid and/or pepsin prior to dissolution with the synthetic polymer
and solvent [29-31]. Although a study by Stankus et al. [20] does suggest that dECM
agglomerates may contain proteins that remain insoluble in the selected electrospinning
solvent. It is worth noting that we were later able to achieve droplet-free, uniform fibre
sheets following the initial dissolution of dECM in 0.5M acetic acid and pepsin at a 1:10
with dECM (Figure S1).
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Continuing with direct addition of dECM powders with PCL in solution, a signifi-
cant decrease (p < 0.0001) in fibre diameter was determined following its incorporation
(Figure 4). This was achieved irrespective of tissue source and quantity included. However,
further statistically different reductions in diameter were achieved when comparing SIS1%
to SIS10% and to both UBM groups. For SIS1%, the fibres presented a more bimodal
distribution compared to all other dECM-containing groups with an IQR of 0.22-0.82 um
and range of 1.92 um. As indicated in the violin plot, the majority of dECM-containing
fibres measured below 1 pm, though only UBM10% yielded a fibrous network that was
completely submicron and with tightest range (0.91 pm). This is considerably different
to PCL which had a range of 3.88 um. Comparison of these findings to the literature is
mixed. A couple of articles (using the same method of fabrication) state no quantified
change in fibre diameter following dECM inclusion [26,27], whereas Kim et al. [32] re-
ported a significant reduction in fibre diameter (45%) following the inclusion of 1% SIS
with poly(lactic-co-glycolic) acid (PLGA). Hong et al. [25] attributed these decreases to the
elevated conductivity of solutions following addition of dECM. Solution conductivity is
a known parameter that influences fibre formation during electrospinning. Solutions of
higher conductivity possess greater charge and upon application of a high voltage, the
emitted polymeric jet undergoes considerable stretching and thinning due to the charge
repulsion, resulting in the formation of finer diameter fibres [33].

Spectroscopic analysis is a routine way to locate the presence of molecular species and
FTIR and Imaging-MS were undertaken in this study. Comparison of molecular spectra
by FTIR revealed no change to the chemical groups of PCL but also the identity of a
new peak in dECM-containing scaffolds (Figure 5A). For SIS10% and UBM10%, a new
peak was observed in the region 1650-1590 cm ™!, which is associated with a primary
amine (specifically NH bend) [34]. Imaging-MS demonstrated clear changes in scaffold
composition following inclusion of dECM, which were distributed throughout the fibrous
network (Figure 5B). Intensities were 100x greater than PCL alone and more notable for
UBM over SIS, suggesting the slight differences in the make-up of these tissues had a direct
impact on the ionisation of the scaffold. In order to ascertain what these changes may be
ascribed to, Raman spectroscopy, which allows whole molecule vibrations to be analysed,
is required.

When designing an ATMP for tissue repair and regeneration, the mechanical prop-
erties also need to be considered. Whilst not a load-bearing tissue per se, ATMPs for
conjunctival replacement still need to possess physical characteristics sufficient enough to
enable its handling and transplantation during surgery, and resist tearing when secured
in place by sutures. Furthermore, a transplanted ATMP will need to be sufficiently elastic
in order to support eye movements and blinking [35]. The addition of dECM powders to
electrospun PCL scaffolds resulted in significant increases in Young’s modulus, yield stress
and UTS, but significant decreases in maximum strain. Our findings are in general agree-
ment with the literature, where increases in modulus [25,31,32,36], yield strength [26,37]
and UTS [32], and decrease in strain [31] have also been reported. However, several other
studies demonstrate different findings: Stankus et al. [20] described a linear decrease in
modulus and UTS with increasing mass of UBM to poly(ester-urethane) urea; Fernandez-
Perez et al. [28] found addition of decellularised cornea with PCL had no impact on scaffold
stiffness; Hong et al. [29] determined increasing quantities of dECM yielded a general
decrease in UTS but scaffolds were stiffer. Separate to the addition of dECM, fibre diameter
is known to have a direct impact on tensile properties. A study by Wong et al. [38] demon-
strated an abrupt shift in the stiffness and strength of electrospun PCL fibres at ~0.7 pm,
with these properties increasing with decreasing fibre diameter. PCL fibres in this study
presented a median diameter of 0.65 pm (IQR 0.28-1.46 pm), which were significantly
larger than dECM-containing PCL fibres and hence likely contributed to the shift observed
in the obtained tensile properties. Of further note, the Young’s modulus for both SIS10%
and UBM10% did not yield significant increases as per their 1% counterparts. This can
most likely be attributed to the deposition of droplets during the electrospinning process.
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Unfortunately, the removal of these scaffolds from the wax paper was very difficult as some
of these droplets fused to the paper during drying and were unable to be removed without
creating small holes in the scaffold (Figure 3B). Consequently, these defects will have
contributed to the lower tensile performance of these 10% dECM scaffolds. Comparison
of tensile properties for these groups to conjunctiva tissue reveals a general mismatch
as the tensile strength and stiffness of human conjunctiva was reported as 0.7 MPa and
3.9 MPa, respectively [14]. Whilst these electrospun scaffolds may be considerably stronger
and stiffer, further comparison to human amniotic membrane (a graft for conjunctiva)
demonstrates their similarity—amnion UTS and modulus being 1.7 MPa and 11.5 MPa,
respectively [14], which would suggest their general suitability.

An immortalised cell line of human conjunctival epithelial cells was cultured on
these different scaffold groups [24]. This involved submerged culture for the first three
weeks, with the initial two-week period using keratinocyte serum-free media and the
third week switching to stratification media. At the start of the fourth week, scaffolds
were cultured at the air/liquid interface, where stratification media was received by the
cells on their basal side only (Figure 2). Culture at the air/liquid interface provides a
better mimic of the natural in vivo environment and has been proven to promote cell
proliferation, stratification and differentiation of epithelial cells [39]. Despite being cultured
for the same period of time different cell morphologies were apparent between PCL and
dECM-containing scaffolds (Figure 7). Low magnification SEM images revealed PCL-only
scaffolds to be sparsely populated by HCJE cells despite a four-week period in culture. This
is in contrast to dECM-containing scaffolds where cells had fully covered the available fibre
surface. Inclusion of SIS and UBM in polyester electrospun scaffolds has previously been
shown to increase cell attachment [20,32]. Furthermore, cells on PCL scaffolds appeared
thinly spread and with flattened morphologies. Whilst a two-dimensional technique, it is
possible to gauge a sense of depth from SEM images and for PCL scaffolds these images
presented limited evidence of cell layering suggestive of stratification. Comparison to side
profiles of nuclei-stained confocal images presented a slightly different view (Figure 8A).
Whilst the majority of nuclei counted from the six regions of interest were located as single
cells (46.37 £ 5.88%), there were many instances of two (40.37 £ 6.45%) and even three
(13.26 = 6.03%) layers of cell nuclei located within close proximity to each other (Figure 8B).
However, the number of cell nuclei totalled from these regions was lowest out of the five
scaffold groups and was significantly different to UBM10% (cohort with greatest number
of nuclei) with a difference of 74.12% (Figure 8C). Without surface treatment, PCL alone
is not an ideal substrate for cellular expansion due to its inherent hydrophobicity [40].
Ang et al. [41] similarly reported lower cell density and less stratification of primary rabbit
conjunctival cells on untreated-PCL compared to PCL treated with Sodium Hydroxide,
which made the material more hydrophilic. For dECM-containing scaffolds, two dissimilar
morphologies were apparent. Cells either presented as small and rounded with numerous
filopodia that contacted with neighbouring cells, or they appeared larger, flatter, and
more elongated. This latter morphology was particularly noticeable within the SIS1%
group, though stacking of cells was also visible from SEM images. Corroboration with
z-plane views did support instances of two (31.35 & 13.13%) and three (4.79 £ 2.16%)
layers, though the majority of nuclei were held as a monolayer (63.86 & 15.60%). It should
be noted that the total number of cell nuclei counted within the regions of interest was
markedly lower (63.53% difference) than for UBM10%. The number of cell nuclei counted
for SIS10% was also low compared to UBM10% with a difference of 20.22%. Yet a larger
proportion of these cell nuclei were stacked in two (46.91 £ 5.88%), three (18.50 &= 11.33%)
or even four (1.13 £ 0.99%) layers, which suggests a greater quantity of SIS triggered
an increase in cell proliferation and a tendency to stratify, though further investigation
is needed to confirm this. However, incorporation of UBM did lead to a change in cell
response, where a greater number of microvilli were observed on these scaffolds (Figure 7).
Microvilli are an indication of epithelial cell polarity [42]. Microvilli at the ocular surface
help stabilise the tear film and either their complete absence or limited presence has been
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noted in patients affected by tear film abnormalities and ocular surface diseases [43—45].
Both 1% and 10% UBM scaffolds yielded respective total cell nuclei counts of 329 £ 50
and 392 + 81, and a shift from monolayers to more than three quarters of all nuclei being
held in two, three, four, and even five layers. UBM10% demonstrated the greatest presence
of cell stratification with 37.02 & 7.85% representing two nuclei layers, 33.13 & 9.07% for
three layers, 13.48 & 8.87% for four layers, and 2.57 &= 1.10% for five layers, where 2, 6, and
4 separate instances of 5 nuclei stacked on top of each other were evident in each sample
(n =3, 6 regions of interest).

The number of epithelial cell layers varies across the distinct regions of the conjunctiva:
typically, 6 in the bulbar, 3 in the fornix, 2-3 in the upper tarsus, and 4-5 in the lower
tarsus of the palpebral [3]. With this in mind, these scaffolds appear to provide suitable
mimicry of the conjunctiva by supporting a similar degree of stratification. Replication
of three or more cell layers was most evident in scaffolds containing UBM. It should be
noted, however, that the z-plane view was for cell nuclei only and thus does not take
account of the whole cell body. It is therefore likely that stratification may have occurred
to a greater extent, with cell cytoplasm (free from the nucleus) covering a larger area and
this potentially being positioned directly on top of other cells. For healthy conjunctival
epithelial cells in the bulbar region, the relative size ratio of the cell nucleus compared to
the cytoplasm has been reported as 1:4 [46]. Furthermore, the culture time at the air/liquid
interface was likely insufficient to support development of an established and more mature
epithelium. Several research groups have achieved various layers of stratification for HCJE
cells grown on biological substrates, including Gipson et al. [24] where 2-3 layers of HGE
cells were achieved following their culture on transwells coated with collagen type I, and
Zorn-Kruppa et al. [47] who similarly demonstrated stratification up to 3 layers for HGE
cells when seeded at high density (750,000) on collagen stromal layers and cultured at
the air/liquid interface for 6 days. Other groups have demonstrated the benefit of co-
culture systems of HGE cells and fibroblasts to stimulate stratification, for example, Garcia-
Posadas et al. [48] observed 3-5 layers of primary conjunctival epithelial cells following
air/liquid interface culture on fibrin-hydrogels containing conjunctival fibroblasts. It is
therefore promising that our dECM-PCL electrospun scaffolds have demonstrated the
ability to support several cell layers without the need of co-cultures, which may be a
consequence of these dECM powders providing a more complete biological cocktail of
biomolecules (proteins, glycoproteins, proteoglycans, growth factors, chemokines and
cytokines [15]), which would not all be present in these singular biomolecular structures.
Whether the extent of this stratification could be enhanced, both in terms of coverage
and number of layers, with culture of HCjE cells and fibroblasts would be an interesting
study, however.

The subtle differences in UBM composition to SIS do appear to have a played role, but
overall, the incorporation of dECM to PCL has provided a level of bioactivity that HGJE cells
have responded to. Coupled with notable differences to material composition, particularly
fibre diameter and tensile properties, these dECM-containing scaffolds warrant further
exploration as potential ATMP substrates for conjunctiva replacement and regeneration.
In particular, the ability to support mucin-secreting goblet cells is an essential feature that
these, or any, potential ATMPs would need to demonstrate.

The subtle differences in UBM composition to SIS do appear to have played a role. A
proteomic study on decellularised UBM tissue suggests that the collective grouping of dif-
ferent collagen types (I, II, III, VI, and XIV) coupled with high quantities of proteoglycans,
such as perlecan (essential component for epithelial cell basement membrane formation [49]
and therefore predominant in conjunctival basement membrane-ECM [50,51]), make them
useful biomaterials for promoting cell growth and tissue remodelling and regeneration,
and would be advantageous as constructs to support skin remodelling [52]. To the au-
thors” knowledge, there is no similar proteomics study for SIS, which would allow a better
comparison of the composition of these two tissues; however, a study by Lindberg and
Badylak [53] reported lyophilised SIS did not support growth and attachment of epidermal
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cells as well as non-lyophilised SIS and suggested detrimental structural and/or composi-
tional changes had occurred. As a lyophilised powder, this may have been a contributing
factor in this study. Whilst further elucidation of UBM and SIS composition is necessary
to truly ascertain the biological effects, this study has demonstrated the incorporation
of dECM to PCL has provided a level of bioactivity that HCJE cells have responded to.
Coupled with notable differences to material composition, particularly fibre diameter
and tensile properties, these dECM-containing scaffolds warrant further exploration as
potential ATMP substrates for conjunctiva replacement and regeneration. In particular,
the ability to support mucin-secreting goblet cells is an essential feature that these, or any,
potential ATMPs would need to demonstrate.

5. Conclusions

This study aimed to determine the impact of including powders of decellularised
tissue matrices with a synthetic polymer to create electrospun fibre scaffolds. Several dif-
ferences occurred with fibre fabrication (reduced diameter) and their chemical composition
(amine presence, uniform distribution) and tensile properties (increased stiffness, yield
stress, strength at break, and decreased extension). These scaffolds also influenced the
response of HGJE cells, with greater presence of rounded and clustered cells and their
stratification up to five layers high. With development and longer-term culture, these
dECM-containing PCL scaffolds may lead to the creation of an innovative ATMP for repair
and regeneration of damaged conjunctiva.

Supplementary Materials: The following is available online at https://www.mdpi.com/1999-4923/
13/3/318/s1, Figure S1: Scanning electron microscopy images of electrospun poly(e-caprolactone)
scaffolds with the addition of pepsin-solubilised decellularised tissue powder (AECM): (A) 1% small
intestinal submucosa (SIS), (B) 10% SIS, (C) 1% urinary bladder matrix (UBM), and (D) 10% UBM.
Magnification x 10,000, scale = 5 pum. (E) Measured fibre diameter presented as a violin plot for each
group (n = 50).
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Abstract: Collagen scaffolds, one of the most used biomaterials in corneal tissue engineering, are
frequently crosslinked to improve mechanical properties, enzyme tolerance, and thermal stability.
Crosslinkers such as 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) are
compatible with tissues but provide low crosslinking density and reduced mechanical properties.
Conversely, crosslinkers such as glutaraldehyde (GTA) can generate mechanically more robust
scaffolds; however, they can also induce greater toxicity. Herein, we evaluated the effectivity of
double-crosslinking with both EDC and GTA together with the capability of sodium metabisulfite
(SM) and sodium borohydride (SB) to neutralize the toxicity and restore biocompatibility after
crosslinking. The EDC-crosslinked collagen scaffolds were treated with different concentrations of
GTA. To neutralize the free unreacted aldehyde groups, scaffolds were treated with SM or SB. The
chemistry involved in these reactions together with the mechanical and functional properties of
the collagen scaffolds was evaluated. The viability of the cells grown on the scaffolds was studied
using different corneal cell types. The effect of each type of scaffold treatment on human monocyte
differentiation was evaluated. One-way ANOVA was used for statistical analysis. The addition of
GTA as a double-crosslinking agent significantly improved the mechanical properties and enzymatic
stability of the EDC crosslinked collagen scaffold. GTA decreased cell biocompatibility but this effect
was reversed by treatment with SB or SM. These agents did not affect the mechanical properties,
enzymatic stability, or transparency of the double-crosslinked scaffold. Contact of monocytes with
the different scaffolds did not trigger their differentiation into activated macrophages. Our results
demonstrate that GTA improves the mechanical properties of EDC crosslinked scaffolds in a dose-
dependent manner, and that subsequent treatment with SB or SM partially restores biocompatibility.
This novel manufacturing approach would facilitate the translation of collagen-based artificial corneas
to the clinical setting.

Keywords: cornea; collagen; double-crosslinking; carbodiimide; glutaraldehyde; sodium metabisul-
fite; sodium borohydride; EDC/NHS

1. Introduction

Data from the World Health Organization (WHO) indicate that the current transplan-
tation rate of 100,800 solid organs per year fulfills less than 10% of the global demand [1].
Therefore, any advancement in the development of new biomaterials holds tremendous
potential to fill the gap between the supply and demand of donated organs. Engineered
organ development is based on the selection of appropriate biomaterials, which usually
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requires polymerization processes to form apposite structure of the target organ. Natural
biomaterials, such as collagen, show superior biocompatibility but lack optimal mechanical
properties. Despite that, collagen-based biomaterials are widely used for tissue engineering
because of their excellent properties for creating regenerative cell-free scaffolds for tissue
engineering as seen in early clinical evaluations [2—4]. The clinical success of collagen
scaffolds is based on their excellent biocompatibility. However, bioactivity is hindered
mostly by poor mechanical behavior and a high vulnerability to enzymatic digestion [5].
These weaknesses make collagen scaffolds unsuitable for transplantation in patients with
severe inflammatory disease conditions in which high levels of host proteolytic enzymes
are present.

Crosslinkers are commonly used to produce collagen-based scaffolds with physicochemi-
cal properties similar to healthy tissues and organs, including mechanical properties, enzyme
tolerance capacity, and thermal stability. Collagen can be crosslinked with different strategies
that include chemical [6], physical [7], and enzymatic [8] crosslinking. One of the most com-
monly used is the zero-length chemical crosslinking using 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS), which have been
proven effective for crosslinking of collagen fibres [9]. This approach results in a lower cross-
linking density than other chemical (e.g.,, GTA, formaldehyde) and physical crosslinking
methods (e.g., ionizing irradiation or UV light, dehydrothermal, pressure), but has been shown
to have promising biofunctional outcomes [3], unlike more hostile crosslinking techniques that
are associated with inflammatory responses and worse biological outcomes [10]. Crosslinking
using EDC involves the activation of carboxylic acid groups of collagen to give o-acylisourea
groups, which form crosslinks after reaction with free amine groups of the collagen and finally
formed amide bonds [11]. In this process, EDC does not incorporate into the crosslinked
structure. Because of that, this type of crosslinking is called zero-length crosslinking; however,
there are non-zero-length crosslinkers that get incorporated into the crosslinked structure with
a series of chemical reactions [12]. Although EDC/NHS forms rigid zero-length crosslinking
of the collagen, the collagen hydrogel still remain susceptible to collagenase degradation and
the mechanical strength of crosslinked collagen is not satisfactory [5].

To address the lack of enzymatic stability and mechanical strength of EDC-crosslinked
collagen scaffolds, several research groups have proposed other crosslinkers for collagen,
such as glutaraldehyde (GTA) [13]. GTA is a non-zero-length crosslinker that generates
a more rigid biomacromolecular network, associated with the incorporation of covalent
bonds (Schiff bases) [14] between polypeptide chains of the collagen. GTA has been
used for clinical applications, not only as a crosslinker but also as a sterilizing agent,
including the fabrication of bioprostheses for human implantation [15]. However, other
medical applications of GTA crosslinking are generally restricted as chemical modification
of biomaterials by GTA may pose a significant risk for toxicity [16,17]. Thus, there is a
need to optimize the GTA-based crosslinking in order to maximize the improvement of
physicochemical properties of artificial tissues and organs while minimizing its toxic effect.

The balance between mechanical resistance, including enzymatic stability, and cyto-
toxicity can be achieved by two main approaches. On the one hand, as we have shown
previously, different crosslinkers can be combined to crosslink collagen in order to acquire
the beneficial effect of each crosslinker [18]. GTA has not been previously used in combina-
tion with other more biocompatible crosslinkers with the direct purpose of reducing the
exposure to GTA in order to decrease GTA-induced cytotoxicity. However, as an evaluation
of physical properties of collagen membranes, it was shown that GTA can increase the
crosslinking density of a previously crosslinked matrix using dimethyl suberimidate as first
crosslinker [19]. On the other hand, different research groups have shown that the aldehyde
groups introduced in the crosslinked biopolymers with GTA can be masked with different
chemical treatments (i.e., glycine) to reduce the cytotoxicity of glutaraldehyde [20].

Therefore, we aimed to optimize double-crosslinking of collagen scaffolds using
EDC/NHS and GTA, including masking chemical treatments in order to manufacture
mechanically and enzymatically strong implants while reducing the cytotoxic effect of
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the crosslinkers. We focused on the corneal application because of the high requirements
in terms of mechanical and optical behavior, in addition to biocompatibility. Herein,
we crosslinked collagen with EDC and post-treated with GTA, followed by different
neutralizing chemical agents (i.e., sodium metabisulfite (SM) and sodium borohydride
(SB)) to restore the biocompatibility of the implants. Our result demonstrated that GTA
improves the mechanical properties of the EDC crosslinked implants in a dose-dependent
manner, and a final masking of the free aldehyde group on the scaffold with SM or SB can
restore biocompatibility.

2. Materials and Method

Type I porcine atelocollagen was purchased from Nippon Meat Packers Inc. (Tokyo,
Japan). All reagents were of analytical grade and used as received. All the chemicals were
purchased from Sigma-Aldrich (St. Louis, MO, USA) if not mentioned otherwise.

2.1. Fabrication of Collagen Hydrogel

Hydrogel encompassed 10% (wt/wt) collagen was made following previously described
protocol [18]. Collagen solution was buffered with 150 uL of 0.63 M 2-(N-Morpholino)ethane-
sulfonic acid, 4-Morpholineethanesulfonic acid monohydrate (MES) buffer in a syringe mixing
system. Then, the collagen solution was adjusted to pH 5 with 2.0 M aqueous NaOH. Cal-
culated volumes of aqueous solutions of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) and its co-reagent N-hydroxysuccinimide (NHS), both at 10% (wt/vol), were added to
the collagen solution (EDC: Collagen-NH, (mol:mol) = 0.7:1 and EDC:NHS (mol:mol) = 2:1).
Every addition was followed by thorough mixing. The final mixed solution was immediately
dispersed onto a glass plate to a thickness of 500 pum, similar to the human cornea. The
hydrogels were cured at 100% humidity at room temperature for 16 h and then at 37 °C for 5 h.
After demolding, hydrogels were washed thoroughly with phosphate-buffered saline (PBS).

2.2. Double-Crosslinking with GTA

Different molar concentrations of GTA were used to double-crosslink the collagen
hydrogels. The molar ratio of GTA:Collagen-NH, was set at x:1, where x was gradually
increased to 0.018, 0.18, 0.45, 0.9, and 2.7. Depending on x, hydrogels were named as
1, 2, 3, 4, and 5, respectively. Three 6 mm diameter hydrogels were placed in a glass
vial with 1 mL PBS containing a specific amount of GTA and the vial was kept under
continuous shaking at 150 rpm for 4 h. After GTA crosslinking, the hydrogels were washed
rigorously with PBS overnight at room temperature. We used neutral pH conditions
for GTA crosslinking. At acidic conditions, GTA crosslinking is usually slow and gives
materials of lower thermal stability [21].

2.3. Masking Unreacted Aldehyde Groups

Double-crosslinked hydrogels were treated with different chemicals to mask the
unreacted aldehyde group from the hydrogel to reduce cytotoxicity. Sodium metabisulfite
1% (wt/vol) (SM) and Sodium borohydride 1% (wt/vol) (5B) were independently used
for 1 h and 10 min, respectively, to treat the hydrogels under constant shaking at room
temperature. We also tested the efficacy of 200 mM glycine, 200 nM lysine, 10% citric acid,
200 mg/mL NaOH and 4 M NaCl for 1.5 h to mask unreacted aldehyde groups of the
double-crosslinked hydrogel. However, due to their inability to prevent cytotoxicity, these
groups were taken out from the further studies, continuing the evaluation of SM and SB.

2.4. Optical Transmission

The optical transmissions of the hydrogels were examined by a UV-Vis spectrometer
(Molecular Devices SpectraMax 384 Plus Microplate Reader, Molecular Devices; San Jose,
CA, USA). Six mm diameter trephined discs of the hydrogels were placed in individual
wells of a 96-well quartz microplate, and their optical transmittance was recorded from
200-800 nm in quartz microplate at 1 nm wavelength increments. The transmittance of the
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samples was corrected with blank water media and the mean transmittance (%) for each
group was calculated and plotted as a function of wavelength.

2.5. In Vitro Biodegradation

The resistance of the hydrogels against collagenase digestion was determined as we
previously described [22]. In brief, hydrogels were placed in a vial containing 5 U/mL
collagenase from Clostridium histolyticum (Sigma-Aldrich, St. Louis, MO, USA) in 0.1 M
Tris-HCI (pH 7.4) and 5 mM CaCl, at 37 °C. The collagenase solution was replenished every
8 h and the percent residual mass of the sample was measured at different time points after
removing the hydrogels from the solution and gently blotted on the filter paper to remove
the surface water.

2.6. Mechanical Characterization

Mechanical characterization of the hydrogels was conducted using a mechanical tester
(Mark-10 ESM 303, Copiague, NY, USA). To measure the compressive modulus, cylindrical
samples (diameter = 6.0 mm, and thickness = 0.5 um) were placed in the mechanical tester
and measurement was performed with crosshead speed of 0.5 mm/min. The compressive
stress was recorded as a function of the strain. Load displacement extracted data were
translated to engineering stress—strain data by incorporating the cross-sectional areas and
the original thickness of the hydrogels. The obtained stress/strain curve was used to extract
the compressive modulus of each hydrogel.

2.7. Water Content Measurement

The water content of hydrogels was determined to ensure uniformity using previously
published protocol [3] with modifications. In brief, hydrated hydrogels were removed from
PBS; the surface was gently blotted dry and then immediately weighed on a microbalance
to record the wet weight (W) of the hydrogels. Dry weight of the same hydrogels was
obtained by drying the samples at 50 °C until constant mass was achieved (W).

The equilibrated water content of the hydrogels (W) was calculated according to the
following equation: Wi = (W — W)/Wj x 100%.

2.8. Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR was performed on a Jasco attenuated total reflectance FTIR 4200 spectrome-
ter (ATR FT/IR-4200, Jasco, Tokyo, Japan), averaging 30 scans between 4000 cm ! and
600 cm ™!, at a resolution of 2 cm~!. The measurements were performed on the samples in
hydrated form, as well as after drying in a vacuum desiccator for 24 h.

2.9. Contact Angle Measurement

The surface hydrophilicity of different hydrogel samples was studied by contact angle
measurements. A drop of 3 uL dH,O was deposited onto each hydrogel by a micro-syringe
and images were taken with Dino-light digital microscope (AnMo Electronics Corporation,
Hsinchu, Taiwan). The contact angle was measured with Image] (U.S. National Institutes
of Health, Bethesda, MD, USA).

2.10. In Vitro Biocompatibility

Human corneal cells were used to evaluate the biomaterials as the proposed modifica-
tion could be applied for the improvement of collagen based artificial cornea development.
The cornea is a non-compartmented, solid, transparent organ that is comprised mainly of
three distinct cell types. Each of these corneal cell populations behaves differently in re-
sponse to the specific properties of the biomaterial. For that reason, we specifically checked
all three principal cell types in conjugation with the modified double-crosslinked hydrogels.
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2.10.1. Human Corneal Epithelial Cells (HCEC)

The biocompatibility of the hydrogels was tested using SV40-immortalized HCEC,
kindly provided by Professor May Griffith, as previously reported [23]. The hydrogels
were cut into 6 mm diameter segments and 5000 HCEC were seeded on top of each for
culture with DMEM/Ham'’s F-12 media (Corning, Manassas, VA, USA) supplemented with
10% Newborn Calf Serum (NCS) (HyClone, Logan, UT, USA), 10 ng/mL epidermal growth
factor (EGF) (Life Technologies, Frederick, MD, USA), 5 ug/mL Human Insulin (Sigma-
Aldrich, St. Louis, MO, USA) and 1% penicillin/streptomycin (Gibco, Life Technologies
Corporation, Grand Island, NY, USA), at 37 °C and 5% CO,. Cells seeded on tissue culture
plates (TCP) were used as control. AlamarBlue study was performed at day 1, day 4, and
day 7 after cell seeding. At each time point, the tissue culture media was removed and
replaced with fresh media (100 uL) containing resazurin sodium salt (0.004% w/v) and
incubated for 4 h. Afterwards, the media (95 pL) were removed from each well and pipetted
into a new 96-well plate and read on a BioTek plate reader (Synergy 2, BioTek Instruments;
Winooski, VI, USA) at 530/25 nm for excitation and 600/25 nm for emission. At day
7, live/dead staining was performed with a staining kit (Life Technologies Corporation,
Carlsbad, CA, USA), where cells were double-stained by calceinacetoxymethyl (Calcein
AM) and ethidium homodimer-1 (EthD-1). Images were taken by using a fluorescence
microscope (Zeiss Axio Observer Z1, Carl Zeiss Microimaging GmbH, Jena, Germany). The
transcellular barrier function of stratified corneal epithelial cells was evaluated with the rose
bengal anionic dye (Acros Organics; Morris Plains, NJ, USA) as described previously [24].

2.10.2. Human Corneal Fibroblasts (HCF)

Immortalized human corneal fibroblasts (HCF), kindly donated by Professor James
V Jester, were used for evaluating the cellularization potential. Around 5000 HCF were
cultured on the top of the hydrogels and cultured with DMEM/Ham’s F-12 media supple-
mented with 10% fetal bovine serum (FBS) (Life Technologies Corporation, Carlsbad, CA,
USA) for seven days at 37 °C in 5% CO;. AlamarBlue assay was performed at day 1, 4, and
7 after cell seeding and live/dead staining was performed at day 7.

2.10.3. Human Corneal Endothelial Cells (CEC)

Telomerase immortalized human corneal endothelial cells (CEC), kindly provided
by Professor Ula Jurkunas, were cultured on the top of hydrogels. Cells were cultured in
Opti-MEM I with Glutamax-I media (Life Technologies Corporation, Carlsbad, CA, USA)
supplemented with 8% (v/v) FBS, 5 ng/mL EGF (EMD Millipore Corporation, Temecula,
CA, USA), 0.2 mg/mL calcium chloride (Fisher Scientific Company, Fair Lawn, NJ, USA),
0.8 mg/mL chondroitin sulfate-A (Sigma-Aldrich, St. Louis, MO, USA), 0.25 mg/mL
Gentamycin (Life Technologies Corporation), 1% (v/v) Antibiotic-Antimycotic solution
(Life Technologies Corporation), and 0.1 mg/mL bovine pituitary extract (Alfa Aesar,
Ward Hill, MA, USA) for 7 days. Approximately 5000 CEC were seeded on the top of
the hydrogels and incubated at 37 °C in 5% CO,. Media was changed every other day.
AlamarBlue assay was performed at day 1, 4, and 7 after cell seeding, and live/dead
staining was performed at day 7.

2.11. Hydrogel Composition and Influence on Human Adaptive Immunity

Human monocytic THP-1 cells were used to determine the effect of the hydrogels
on human adaptive immunity. THP-1 cells were cultured on the hydrogels in RPMI
(Gibco) media supplemented with 10% FBS, 1% penicillin/streptomycin and 50 uM (3-
mercaptoethanol (Gibco) and culture for 6 days at 37 °C in 5% CO,. THP-1 cells culture
on TCP with or without Lipopolysaccharide (1x LPS, Invitrogen, Carlsbad, CA, USA)
were used as controls. Morphological changes of the cells were evaluated by 20x phase
contrast images taken at days 2 and 6 with Nikon Eclipse (TS100) microscope. LPS was
used as a control to induce THP-1 cell differentiation into macrophage-like cells. The
influence of hydrogels on pro-inflammatory macrophage differentiation was evaluated by
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labeling the cells after culture for 6 days with direct-conjugate antibody against CD86 (pro-
inflammatory M1 marker) (Table 1). Data were acquired using a BD LSR II and analyzed
using FlowJo software (Becton, Dickinson and Company, Franklin Lakes, NJ, USA).

Table 1. Antibodies for Flow Cytometry.

Target Antibody Supplier Dilution Factor
CDS36 APC Mouse Anti-Human BD Bioscience, 1/20
CD86, Clone 2331 (FUN-1) Odenton, MD, USA

Isotype Control for CD86

APC Mouse IgG1, k,

Clone MOPC-21 BD Bioscience 1/20

2.12. Statistical Analysis

One-way ANOVA with Tukey post hoc test was performed to compare mechanical
and functional characteristic properties. A value of p < 0.05 was considered statistically
significant. n.s., *, **, *** and **** represent p greater than 0.05, p < 0.05, p <0.01, p < 0.001,
and p < 0.0001, respectively. For cell culture study, statistics were not denoted on the graph
due to over crowdedness in the figure; however, result elaboration contains the specific
statistics data. The GraphPad Prism Software (GraphPad Software, San Diego, CA, USA)
was used to analyze the data.

3. Results
3.1. Collagen Hydrogel

The hydrogels were developed using collagen as base materials through EDC/NHS
crosslinking. The treatments were performed on the base materials and untreated samples
served as controls (Figure 1). Post-formulation treatments started with treating hydro-
gels with different concentrations of GTA solution for producing a mechanically and
enzymatically reinforced material suitable for fabrication of the implants.

The compressive modulus was measured to evaluate the mechanical properties of
the hydrogel; strong materials exhibit a higher compressive modulus. Post-formulation
GTA-treatment (PFGT) significantly increased the mechanical property of EDC-treated
hydrogels with respect to the untreated control (non-PFGT) in a dose-dependent manner,
reaching a plateau at 1.5MPa. Significant improvement was achieved between 1 and 3
(p =0.0019), 4 (p = 0.0048), and 5 (p = 0.0055) GTA hydrogels in PFGT groups (Figure 2A).
Although GTA concentrations increased, there was no significant difference in mechanical
property between 2, 3, 4, and 5 PFGT hydrogels groups.

The UV-Vis spectroscopy revealed that the final PFGT products were transparent
(Figure 2B). Transparency to UVB (280-315 nm) was more prominent for control and
1 hydrogels (~70%). UVB transmission was ~30% for all other hydrogels. The PFGT
3 hydrogel formulation more effectively blocked UVA (315400 nm). The optical evaluation
of the hydrogels showed high levels of optical transmission (>80%) in the visible spectrum
(between 400 and 800 nm) for the control and 1 hydrogel groups (Figure 2B). Higher
doses of GTA led to a decrease of the transmission of visible violet (380-450 nm) and blue
(450485 nm) light. This resulted in color changes after GTA treatment, where yellowing of
the hydrogel was observed. Transmission of other visible light (485-800 nm) was similar
for all the hydrogels.

Solutions with excess collagenase were used to evaluate the enzymatic stability of
the samples in comparison to control non-PFGT hydrogel. Control hydrogels completely
degraded within 4 hours (Figure 2C). The lowest concentration of GTA (hydrogel 1) retained
a mass of more than 15% after 10 h. All other PFGT groups were stable through 30 h.
Approximately 30% residual mass was present for the 3 and 4 PFGT formulations after
30 h collagenase treatment. Like mechanical property, enzymatic stability did not increase
further after 3 PFGT hydrogel formulation (Figure 2C).
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3.2. Masking of Unreacted Aldehyde Groups of GTA

The aldehyde groups introduced in the PFGT hydrogels were quenched by sodium
metabisulfite or sodium borohydride, separately, to compare the masking potential of these
two chemicals. Based on the mechanical and enzymatic properties, only PFGT 3 hydrogels
were used for the aldehyde masking study, in comparison to unmodified PFGT 3 hydrogels.
Sodium metabisulfite treated and sodium borohydride treated hydrogels were abbreviated
as 3-SM and 3-SB hydrogel, respectively.

Hydrogels were characterized similarly to evaluate the effect of post-chemical treat-
ment with SM or SB on the PGTA 3 hydrogels. Compressive modulus studies showed that
post-chemical treatment of the PGTA hydrogel does not mechanically alter the hydrogel
(Figure 3A). The compressive modulus of the hydrogels was 1.5 MPa with non-significant
(p = 0.1989) differences between hydrogels.
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Figure 1. Stepwise illustration of the chemical reactions in the development of the biomaterials. (A) Illustration of

the EDC/NHS crosslinking of the collagen. The T-piece syringe mixing system was used for making the hydrogels.

(B) Hydrogels from the previous step crosslinked with GTA, leaving the unreacted aldehyde groups marked as red.

Magnified image of a hydrogel in the GTA solution. (C) Neutralization of the free aldehyde groups with Sodium metabisulfite

(NayS;0s; in green). Alternatively, (D) neutralization of the free aldehyde groups by Sodium borohydride (NaBH,) and

conversion of aldehyde group to alcohol groups (green).
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Figure 2. Mechanical and functional assessment of the collagen hydrogels, comparing the control (EDC/NHS crosslinked
hydrogel) with double-crosslinked hydrogels with different concentrations of GTA (1, 2, 3, 4, and 5 PFGT hydrogels).
(A) Compressive modulus was measured to evaluate the mechanical properties of the hydrogels. *** and **** represent
p <0.001 and p < 0.0001, respectively. (B) Optical evaluation of the hydrogels was carried out based on the analysis of light
transmission through the different samples, from UV to visual wavelengths. (C) Treatment with collagenase was performed
and residual mass (presented against time in hours (h)) of the hydrogels was calculated. For all panels, quantitative results
were reported as the mean = S.D. from three independent hydrogels and results were compared between groups.

Changes in light transmission were prominent between chemically treated and un-
treated PFGT 3 hydrogels. Post-crosslinked chemical treatment removes the yellow color
(Figure 1) and rendered the hydrogel completely transparent at the visible, violet, and blue
light spectrums (Figure 3B). UVA and UVB transmission were also increased but less so
compared to the control hydrogel.

The effect of post-chemical treatment on enzymatic stability was also evaluated and ex-
amined for 7 h to determine the pattern of the enzymatic degradation, similar to Figure 2C.
SB or SM-treated PGTA 3 hydrogels were equally stable to non-treated PFGT 3 hydrogels
up to 7 h, and the residual mass was close to the initial weight at the end of each study
(Figure 3C). The pattern of degradation was similar to the extended time study previously
performed (Figure 2C).

Water content of the control hydrogel was similar to non-treated PFGT 3 hydrogel,
although there were significant differences between control and 3-SB and 3-SM hydrogels.
However, for all hydrogels, the water content was more than 80% (Figure 3D).
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post-formulation GTA-treatment (PFGT) 3 hydrogels before and after post-crosslinked chemical treatment. Sodium
metabisulfite treated and Sodium borohydride treated hydrogels were abbreviated as 3-SM and 3-SB hydrogel, respectively.
(A) Compressive modulus was measured to evaluate the mechanical properties of the 3 hydrogels. (B) Optical evaluation
of the hydrogels was carried out based on the analysis of light transmission. (C) Collagenase study was performed and
residual mass (presented against time in hours (h)) of the hydrogels were calculated. (D) Water content measurement (%)
among the hydrogels compared with control hydrogels. FTIR spectra of hydrated (E) and dried (F) hydrogel samples.
(G) Representative micrographs of water contact angles of different hydrogels with the corresponding contact angle
measurement. For all panels, quantitative results were reported as the mean + S.D. from three independent samples and
results compared between groups. n.s., ¥, **, ***, and **** represent p greater than 0.05, p < 0.05, p < 0.01, p < 0.001, and
p < 0.0001, respectively.
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The FTIR spectra of the hydrated gel (Figure 3E) exhibited amide I bands at 1635 cm !
attributed to stretching of C=0 bonds of the polypeptide chains, as well as amide I and
amide III bands at 1558 cm ! and 1240 cm ™!, respectively, associated with in-plane N-H
bending, C-N stretching, and C-H stretching. The potential amide A and amide B bands
were obscured by the presence of a broad band centred at 3310 cm ! characteristic of O-H
stretching vibration mode of water. The dried hydrogel samples (Figure 3F) showed similar
spectral features to the ones in the hydrated state, with slightly shifted band positions.
The FTIR spectra showed amide A bands associated with N-H stretching at 3284 cm ™!,
with shoulders at 3069 cm~! corresponding to sp? C-H stretching of aromatic residues.
The amide B double bands were observed at 2938 cm ! and 2870 cm ™! corresponding to
the two stretching modes of CHj. Stretching of C=0 bonds of the polypeptide backbone
was indicated by the presence of the amide I band at 1628cm~!. Amide II and amide III
bands at 1539 cm ! and 1234cm ! respectively were indicative of N-H in plane bending
vibrations coupled with C-N and C-H stretching. The remaining signals were assigned as
follows: 1447 cm~! O-H bending coupled with C-H scissoring, 1395 cm ™! carboxyl O-H
bending, broad 1078 cm~1-1030 em~1! double-band C-O stretching.

Contact angle analysis was carried out to evaluate the wettability of the hydrogel
surface (Figure 3G). Water placed on control hydrogels showed significantly greater contact
angle (mean, 29.03 &+ 1.72) than water placed on treated hydrogels. Only the contact angle
on non-treated PGTA 3 hydrogel was comparable to 3-SM hydrogel. The lowest contact
angle was found on 3-SB hydrogels (mean, 7.76 & 1.06), and was significantly different
from the control hydrogel (p < 0.0001).

3.3. In Vitro Biocompatibility

The three major corneal cell types, HCEC, HCF, and CEC, were used to evaluate
the biocompatibility of the hydrogels. Post-chemical treated 3 hydrogels were used for
this experiment and unmodified hydrogels and TCP were used as controls. AlamarBlue
assay was performed to evaluate cell metabolic activity (Figure 4A) and a live-dead assay
(Figure 4B) was done to evaluate cytotoxicity related to hydrogel treatments. AlamarBlue
assay showed that non-chemical treated 3 hydrogels were not biocompatible for any
of the 3 corneal cells types, and this was confirmed by cytotoxicity testing. Sodium
metabisulfite and sodium borohydride both prominently improved biocompatibility of the
PFGT 3 hydrogel and facilitated the growth of corneal cells. Cell growth was better on the
control non-treated hydrogels and on TCP than on to PFGT 3 hydrogels.

The HCEC metabolic activity was superior on control hydrogels and the lowest cell
growth was observed on PFGT 3 hydrogels at days 1 to 4. However, the metabolic activity
of HCEC on all hydrogels became similar at day 7, showing non-significant differences
(p = 0.1855). Live-dead staining data were similar. In the Rose Bengal assay, all the
hydrogels showed a normal pattern of corneal epithelial cell stratification, with multiple
non-stained areas where differentiated surface epithelial cells excluded the dye (Figure 4C).

HCF metabolic activity differences were prominent from day 4 of the cell culture.
3-SB hydrogels facilitated the growth of HCF and there was no significant difference in
metabolic activity at day 7 between control hydrogels and 3-SB hydrogels (p = 0.4273). HCF
metabolic activity was significantly lower at day 7 on 3-SM hydrogels compared to control
hydrogels (p = 0.0090). Live-dead staining revealed that HCF became confluent at day 7 on
3-SB hydrogels, similar to control hydrogels and TCP.

CEC grew on hydrogels treated with both chemicals, whereas non-chemical treated
hydrogels were not CEC compatible. There was no significant difference of cell growth
between 3-SB and 3-SM hydrogels at day 7 (p = 0.1175). However, the cell number was
higher on 3-SM hydrogels, and similar to control hydrogels and TCP (p = 0.2682 and 0.0646,
respectively). Live-dead staining showed confluence of CEC by day 7 on all hydrogels and
on TCP, except for non-chemical treated PGTA 3 hydrogels.
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3.4. In Vitro Evaluation of Human Adaptive Immunity in Presence of the Hydrogels

We wanted to determine whether the monocytic cell line (THP-1) when cultured for
5 days on different PFGT 3 hydrogels would differentiate towards a pro-inflammatory M1
(CD86) macrophage phenotype. When LPS was not added in the media, no morphological
changes were visible; however, when LPS was used in the media, the change in cell size and
morphology were observed on TCP, which proved the differentiation potential of the THP-1
cells (Figure 5A). Expression of CD86 was evaluated after 6 days of culture on different
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hydrogels and TCP with or without LPS. Significant overexpression of CD86 (polarization
toward M1 inflammatory macrophage) was noticed only on non-PFGT 3 hydrogels compare
to the control (p = 0.0109). CD86 expression did not differ significantly between 3-SB and
3-SM hydrogels and the control (Figure 5B).
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Figure 5. Human monocytic THP-1 cell polarization to M1 macrophage phenotypes in presence or absence of hydrogels

and LPS. (A) THP-1 cells were cultured on different hydrogels and on TCP for 6 days. Morphological changes of cultured

cells in presence of LPS are marked with arrow. (B) At day 6, the expression of CD86 (pro-inflammatory M1 marker) was

evaluated and compared between the hydrogel groups, and percentage expression data was normalized to TCP (No LPS).

Quantitative results were reported as the mean =+ S.D. from four independent samples. * and ** represent p < 0.05, and

p < 0.01, respectively.

4. Discussion

The present study compared the effects of crosslinking collagen with two robust
crosslinking agents, EDC and GTA. The results support a novel strategy to reduce the
cytotoxic effect of the crosslinkers while strengthening the mechanical properties of the
biomaterial, all without compromising the optical properties and enzymatic stability of the
implant. Although EDC crosslinking did not show direct cytotoxic effects, GTA crosslinking
of EDC crosslinked hydrogels induced cytotoxic effects. To address this concern, we
restored cell biocompatibility by treating the double EDC/GTA crosslinked hydrogel with
different chemicals (SB or SM).

There is a shortage of donor corneas to treat visual impairment due to corneal diseases,
resulting in 10 million untreated patients with 1.5 million additional patients needing a
transplant every year [25,26]. Only 1 donor cornea is available for 70 needed [27]. Hence,
developing alternatives to human corneal donation is an urgent need. Crosslinked artifi-
cial corneas have been considered as a potential alternative to human donor corneas for
transplantation, and have been shown in clinical trials to restore vision [3,28]. For the
most part, collagen in these artificial corneas has been crosslinked with EDC and NHS.
The EDC/NHS crosslinked hydrogel is mechanically weak and susceptible to enzymatic
degradation. Therefore, there is an unmet need to generate stable collagen-based biomate-
rials. We have previously shown that double-crosslinking of collagen can be achieved by
using EDC together with a bi-functional epoxy-based cross-linker, 1,4-butanediol diglycidyl
ether [18]. We also demonstrated that this improves the elasticity and tensile strength of
the collagen implants. In the current report, we have used two crosslinkers, EDC and
GTA, to take advantage of the beneficial effects of each but at minimal concentrations. We
show that this strategy reduces toxicity, and at the same time increases the mechanical
and enzymatic stability of the hydrogels. The base hydrogel was made with collagen
crosslinked with EDC/NHS, where the molar ratio EDC:Collagen-NH, (mol:mol) = 0.7:1.
EDC:Collagen-NH; = 0.5-0.7 : 1 have been studied extensively as artificial corneas, and
some formulations that have been transplanted into human patients [28,29]. Variation in
the molar ratio of EDC:Collagen-NH; was based on the type of collagen, its source, and the
purpose of the study. Increased ratio of EDC can be used but will produce nonhomogenous
hydrogels as the EDC becomes gelatinous very quickly and will not allow formation of
particular organ structures such as the cornea. In our work, the hydrogels were treated with
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different concentrations of GTA for 4 h. In vitro biocompatibility studies of biomaterials
with only GTA have shown that crosslinking with GTA for 24 h is not well-tolerated by
human corneal epithelial cells [30]. In our study, we only used one time point, and we are
aware that incubation for different time points could have produced different outcomes; it
was shown that longer reaction times or higher GTA concentrations results in a decrease in
free amine groups in the reaction [31].

We also found that the lowest concentration (PFGT 1 hydrogels) of GTA significantly
increased the mechanical properties and enzymatic stability of the hydrogel. This is pre-
dictable as GTA crosslinking of collagen takes place through a reaction of the aldehyde
groups of GTA with the amine groups of lysine or hydroxylysine residues [31]. While
calculating the EDC concentration to make the hydrogel, we left unreacted lysine residues
to react with GTA for secondary crosslinking. These conditions were gradually increased
with increased concentrations of GTA, but at some point, increasing the GTA concentra-
tion (PFGT 5 hydrogels) did not alter the properties of the hydrogels, possibly due to
saturation of the lysine group on the hydrogel. Cheung et al. proposed another expla-
nation. They showed that lower concentrations of GTA were more effective in tissue
crosslinking compared to higher concentrations, as high concentrations of GTA promote
rapid surface crosslinking of the tissue, generating a barrier that prevents the diffusion
of GTA into the tissue [32]. It was also shown that with high concentrations of GTA, the
arrangement of collagen fibrils became very compact. Therefore, although the GTA dosage
was increased, there was only a relatively small improvement in thermal stability and
resistance to collagenase [13]. This was confirmed by our collagenase study in which PEGT
3 hydrogels exhibited maximum stability against collagenase, and that addition of more
GTA (PFGT 5 hydrogels) did not render the hydrogel more stable. Our results parallel
the previously published report that GTA-treated amniotic membrane is resistant to en-
zymatic digestion. Results from this latter study showed that the crosslinked membrane
was preserved for up to 90 days without any signs of dissolution and maintained good
transparency [33]. In our study, collagen gels crosslinked with GTA showed a yellowish
color, which might be attributed to the self-polymerization of GTA molecules [13,34].

The challenging part of this project was to make the hydrogel biocompatible. For better
GTA crosslinking, the reactions were carried out at neutral pH which induced the formation of
reactive polymers. It has been suggested that the cytotoxicity and calcification arise from the
propensity of GTA to form reactive polymers [35]. When human endothelial cells were seeded
on untreated GTA-fixed aortic wall pieces, only limited adhesion (24%) was seen and no viable
cells were found after 1 week [36]. On GTA-fixed heart valves, cell attachment was poor
and no viable cells were observed [37]. Moreover, exposure time is also important. In vitro
biocompatibility studies showed that the amniotic membranes (AM) crosslinked with GTA
for 24 h do not support human corneal epithelial cell cultures, while AM treated with GTA
for 6 h facilitated the expansion and transplantation of limbal epithelial progenitor cells [30].
Other research groups have showed that aldehyde groups introduced in the crosslinked
biopolymers treated with GTA can be quenched with citric acid [36,37] and glycine [30,38] to
reduce cytotoxicity. However, in our work we treated PFGT 3 hydrogels with citric acid, glycine,
or lysine with no success as the toxicity of the hydrogels was not eliminated (data not shown).
In contrast, the toxicity of GTA was reduced by reaction with sodium bisulfite via formation of
a proposed GTA-bisulfite complex [39]. To our knowledge, neither SB nor SM has been used
previously on GTA crosslinked biomaterials to improve biocompatibility. Another quenching
agent we used was sodium borohydride. SB has been used as an aldehyde blocking reagent
for electron microscope histochemistry [40] and for quenching of GTA-induced fluorescence in
immunofluorescence on tissue sections [41].

Treatment with SB and SM had no adverse effect on the mechanical properties of
double-crosslinked hydrogels. Enzymatic stability was similar before and after SB or SM
treatment. Moreover, our studies confirmed that post-chemical treatment with SB or SM
on double-crosslinked hydrogels rendered them optically clear and biocompatible. SB
treated-hydrogels were similar to the control hydrogel in regard to transparency. The
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treatment with SB and SM will reduce aldehyde group and introduce the more hydrophilic
hydroxyl or sulphate group and hence the product becomes more transparent. As the
cornea is the main refractive element of the eye and serves as the main ocular diopter to
transmit light for vision, high optical clarity is a key property that needs to be replicated
in any artificial replacement [42]. The water content of human cornea is 80% and that
of the collagen hydrogels was around 90% [18]. By FTIR spectra analysis of hydrated
samples, we observed the typical collagen bands such as amide A at ~3310 cm~?!, amide
I at 1600-1700 cm ™!, amide IT at 1500-1550 cm ™!, and amide IIT at 1200-1300 cm ™! [43];
however, amide B at ~3063 cm ™! corresponding to the collagen was missing. When dried
sample was analyzed, amide B was observed and all bands shifted to the same degree
across all the hydrogels. Shifting of bands is correlated with the degree of crosslinking [43]
and in our case the modification of functional groups was similar for control and PFGT
hydrogels. When GTA reacts with the lysine residues of proteins, the aldimine linkage
(CH=N) forms, which has the characteristic absorption at 1450 cm~! [44]. This band was
missing even for non-PFGT hydrogels, which may be because of the minute modification of
the lysine groups after double-crosslinking, although this slight modification contributed
significantly to change the properties of the hydrogels. The contact angle significantly
decreased after GTA crosslinking, resulting in more hydrophilic surfaces. This type of
surface facilitates cell adherence and migration, which could lead to a rapid cellularization
of the scaffold.

Immune cells, particularly monocytes and macrophages, play a critical role in deter-
mining success or failure of implant acceptance by the recipient [45]. Therefore, controlling
macrophage polarity is one approach to control inflammation and prevent failure of im-
planted biomaterials [46]. Human monocytic THP-1 cells have been previously used to
evaluate M1 macrophage differentiation in response to biomaterials [46,47]. We used
THP-1 cells and monitored the expression of CD86 to determine the response to differently
treated hydrogels. As macrophages are classically activated in vitro by bacterial cell wall
components [48], we also used LPS as control for the differentiation of these cells on TCP.
In general, reduced biocompatibility is associated with increased CD86 (M1 macrophage
marker) expression [47]. We found that CD86 expression increased after GTA crosslinking
in PFGT 3 hydrogels. However, treatment of hydrogels with SB or SM mitigated the
overexpression of CD86.

5. Conclusions

Our results demonstrate that double-crosslinking improves the mechanical proper-
ties of the scaffolds, and the treatment with SB or SM improves biocompatibility. This
unique developmental approach should facilitate the use of collagen-based implants in
regenerative medicine.
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Abstract: Patients with severe limbal damage and limbal stem cell deficiency are a therapeutic
challenge. We evaluated four decellularization protocols applied to the full-thickness and half-
thickness porcine limbus, and we used two cell types to recellularize the decellularized limbi. The
results demonstrated that all protocols achieved efficient decellularization. However, the method
that best preserved the transparency and composition of the limbus extracellular matrix was the use
of 0.1% SDS applied to the half-thickness limbus. Recellularization with the limbal epithelial cell
line SIRC and human adipose-derived mesenchymal stem cells (hADSCs) was able to generate a
stratified epithelium able to express the limbal markers p63, pancytokeratin, and crystallin Z from
day 7 in the case of SIRC and after 14-21 days of induction when hADSCs were used. Laminin
and collagen IV expression was detected at the basal lamina of both cell types at days 14 and 21 of
follow-up. Compared with control native limbi, tissues recellularized with SIRC showed adequate
picrosirius red and alcian blue staining intensity, whereas limbi containing hADSCs showed normal
collagen staining intensity. These preliminary results suggested that the limbal substitutes generated
in this work share important similarities with the native limbus and could be potentially useful in
the future.

Keywords: corneal limbus; decellularized xenograft; recellularization; mesenchymal stem cells

1. Introduction

Numerous diseases, including trauma, infections, congenital malformations, degener-
ation, and other conditions, may affect the transparency of the human cornea and cause
blindness [1]. Cornea transplantation or keratoplasty is the gold-standard treatment for
severe corneal diseases. However, keratoplasty is subjected to donor shortage [2], and
is contraindicated in patients with severe limbal damage and limbal stem cell deficiency
(LSCD) [3]. Patients affected by severe LSCD typically show corneal conjunctivalization
and neovascularization, and the management of this condition is challenging [4].

In cases with unilateral disease, LSCD can be treated by transplanting autologous
limbal tissue from a healthy eye to a damaged eye [5]. Autologous grafts are free from
the risk of immune rejection, but are not available in bilateral cases and can potentially
compromise the healthy donor eye, resulting in LSCD [6]. If an autologous transplant is
not available, patients can be treated with allogeneic limbal grafts obtained from cadaveric
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or living donors [5,6]. Allogeneic grafts are also subjected to important concerns, such as
the risk of immune rejection [5] and graft survival [7]. The lack of a fully safe and efficient
treatment makes necessary the search of therapeutic alternatives.

In this regard, the development of cell culture methods allowing cell isolation and
expansion is a major advance in the treatment of LSCD [6]. Using small limbal tissue
biopsies, current technology allows the generation of limbal stem cell populations that can
be implanted in patients with LSCD [8]. Cultured limbal stem cells can be grafted as isolated
cells or by using different types of carriers and biomaterials such as the human amniotic
membrane, fibrin, collagen, or synthetic biopolymers [9-11]. Alternative approaches
such as the use of cultured oral mucosa keratinocytes have also been proposed for LSCD
treatment [12]. Although promising, the clinical usefulness of most of these treatments
should still be demonstrated.

Development of novel tissue engineering technologies allowed the design and con-
struction of human organs that could replace damaged tissues [13]. Bioartificial tissues and
organs can be generated using different methods and techniques. Two of the most promis-
ing methods are organ bioprinting [14,15] and scaffolds seeded with living cells [16,17]. On
the one hand, bioprinting offers the possibility of fabricating complex constructs in which
cells and biomaterials can be precisely deposited in a specific 3D structure. However, the
fine structure of the human cornea and corneal limbus is very complex, and alternative
approaches including the development of transparent bio-inks and complex design proto-
cols are in need to generate efficient limbal substitutes using bioprinting [14,15]. On the
other hand, cell-seeded scaffolds have been extensively used in cornea tissue engineering.
In general, these methods make use of different types of biomaterials that can be prepared
in the laboratory and subsequently seeded with living cells to generate a tissue substi-
tute [16,17]. In the case of the cornea, several models of bioartificial corneas have been
developed [18,19], and some of these models have been clinically evaluated [20-22]. Again,
these techniques need to be significantly improved to allow the efficient reproduction of
the delicate histoarchitecture of these tissues.

One of the possible biofabrication alternatives used in cornea tissue engineering is
xenograft decellularization. Decellularized natural tissues have the advantage of faithfully
reproducing the native extracellular matrix (ECM) [23]. Although a number of works have
focused on the development of decellularization protocols applied to the native cornea, a
fully efficient protocol able to preserve all ECM components is in need. In general, cornea
xenografts can be decellularized by using chemical, physical, and biological methods [24].
Chemical protocols typically use different types of detergents such as sodium dodecyl
sulfate (SDS) and Triton X-100, although ethylenediaminetetraacetic acid (EDTA) and
hypertonic salts have also been used [25,26]. Physical methods are mostly based on freeze-
thawing, osmotic pressure, and lyophilization, whereas biological protocols make use of
enzymes such as trypsin, DNAse, and RNAse [24,27]. Although little clinical experience
is available for the use of decellularized corneal xenografts, some preliminary clinical
trials have pointed out the biosafety and functionality of decellularized porcine corneas in
patients subjected to lamellar keratoplasty [26-29].

Regarding the corneal limbus, very few works focused on the optimization of decellu-
larization protocols specifically applied to this structure [30]. Allocated at the transition
between the cornea and the sclera, the corneal limbus plays a key role in maintaining
corneal physiology, and its integrity and function are crucial for a normal corneal home-
ostasis [31]. The three-dimensional structure of the limbus is very complex. The crypts of
the limbus form specific pocket-like structures containing fibrovascular Vogt palisades that
make up a fundamental micro-niche that houses and supports the limbal stem cells [32].

Unfortunately, the complex structure of the limbus is very difficult to reproduce in the
laboratory using standard tissue engineering protocols. However, the use of decellular-
ization methods applied to the native limbi provides the specific morphology, structure,
and protein composition of the corneal limbus [30], and offers the opportunity of obtaining
adequate limbal scaffolds for use in tissue engineering. In fact, some preliminary reports
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using SDS and NaCl decellularization protocols have described the efficient generation of
limbal substitutes for use in regenerative medicine [11,28,30].

On the other hand, the search for alternative sources of extraocular cells free from the
drawbacks and limitations associated with autologous limbal cells used in the treatment
of LSCD is in need [33]. In this sense, a possible alternative is the use of human adipose-
derived mesenchymal stem cells (hADSCs), which have previously been shown to have
differentiation potential to several types of corneal cells both ex vivo and in vivo [34].

In the present preliminary work, we evaluated several decellularization methods
applied to the corneal limbus, and we generated recellularized limbal xenografts for future
use in patients with limbal damage using two different cell sources.

2. Materials and Methods
2.1. Obtaining Decellularized Xenografts from Native Limbi

The study protocol is schematically summarized in Figure 1.

Porcine eye

—

DECELULARIZATION
PROTOCOLS
P1, P2, P3, P4

RS [ Nl

SIRC
- RECELULARIZATION = <

(I~

—)

Limbal ring

Figure 1. Schematic representation of the study protocol used in the present work. Fl: full-thickness limbus; HL: half-

thickness limbus; DL: decellularized limbus; RL: recellularized limbus.

Fresh porcine eyes were obtained from a local slaughterhouse. On arrival to the
laboratory, eyes were washed in PBS and the corneal limbus was carefully dissected using
sterile scissors. Limbi contained 2-3 mm of sclera and 3-4 mm of cornea. Limbal rings
were washed thoroughly in PBS with a mixture of antibiotics and antimycotics containing
penicillin (1000 U/mL), streptomycin (1000 pg/mL), and amphotericin B (2.5 pg/mL)
(Merck, Darmstadt, Germany), and the rest of the uvea, retina, iris, and ciliary body were
removed with forceps. The rings were then sectioned into fragments approximately 1 cm
in length consisting of the full-thickness limbus (FL). Parts of these fragments were then
sectioned in two halves using a surgical blade to separate the anterior part of the limbus
(the most superficial) from the posterior part (the most profound). Only the anterior half of
the limbal fragments, corresponding to the half-thickness limbus (HL), was used.

Both the FL and HL were subjected to four decellularization protocols combining
several types of detergents (to dissolve cell membranes), distilled water (to induce osmotic
cell lysis), NaCl (to promote cell swelling), and enzymes (to remove nucleic acids) (all these
components were purchased from Merck):

Protocol P1: Double-distilled water (ddH,O) for 24 h; 0.1% sodium dodecyl sulphate
(SDS) (3 incubations of 24 h each).
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—  Protocol P2: ddH,O for 24 h; 0.1% SDS for 24 h; wash in PBS; 1.5 M of NaCl (2 incuba-
tions of 24 h each).

—  Protocol P3: ddH,O for 24 h; 0.1% SDS for 24 h; wash in PBS; 1% sodium deoxycholate
(SDC) for 24 h; wash in PBS; 0.6% triton X-100 for 24 h; wash in PBS; 100 mg/L of
DNAse and 20 mg/L of RNAse for 45 min.

—  Protocol P4: ddH,O for 24 h; 0.1% SDS for 24 h; wash in PBS; 1% sodium deoxycholate
(SDC) for 24 h; wash in PBS; 0.6% triton X-100 for 24 h; wash in PBS; 100 mg/L of
DNAse and 20 mg/L of RNAse for 45 min; wash in PBS; 0.05% Trypsin for 1 h.

All detergents were dissolved in ddH,O. DNAse, RNAse, and trypsin were used at
37 °C. All incubations were performed with agitation. After decellularization, decellu-
larized limbi (DLs) were washed 5 times in cold PBS (15 min each time) and stored at
4°C.

To assess transparency, DLs were placed on a black background and photographed.

2.2. Evaluation of Decellularization Efficiency in DL

To determine the efficiency of the four decellularization protocols applied to the corneal
limbus, DLs were analyzed using DNA quantification and 4’,6-diamidino2-phenylindole
(DAPI) staining. To quantify residual DNA in DLs, tissues were trimmed and processed
using the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany). Isolated DNA was dissolved
in water and quantified using a NanoDrop 2000 spectrophotometer (Thermo Fisher Sci-
entific, Waltham, MA, USA). Results were then normalized with respect to the weight of
dry tissue as previously reported [35,36], and 10 measurements were made per sample. To
identify the presence of nuclei or nuclei remnants in DLs, each tissue was fixed in formalin
and embedded in paraffin as described below, and tissue sections were obtained using a
microtome. Sections were dewaxed, rehydrated, stained with DAPI, coverslipped, and
examined with a Nikon Eclipse 190 fluorescent microscope.

2.3. Generation of Recellularized Limbal Substitutes by Tissue Engineering

The DLs showing the best results were further recellularized with two types of cells:
the limbal epithelial cell line SIRC (Statens Seruminstitut Rabbit Cornea) and primary cell
cultures of mesenchymal stem cells (MSCs) derived from the adipose tissue (hADSCs).
SIRC was purchased from ATCC (ref: CCL-60), whereas hADSCs were obtained by the
enzymatic digestion of small human adipose tissue biopsies, as previously reported [37].
Both cell types were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum and 1% antibiotics/antimycotics (all from Merck)
using standard cell culture conditions.

To obtain recellularized limbi (RLs), DLs were first functionalized to increase the
adhesiveness of the decellularized scaffold and promote cell attachment by incubating the
tissues in fetal bovine serum for 24 h with slight agitation.

After functionalization, SIRC and hADSCs were trypsinized and carefully seeded on
the surface of the DL (170,000 cells per cm? of sample). To promote attachment, cells were
resuspended in a minimal amount of medium (50 uL) and DLs were immobilized using
agarose casts, as previously reported [38]. In order to induce epithelial differentiation of
both cell types seeded on the RL, these tissues were cultured for 21 days in EM epithelial
differentiation medium containing epithelial growth and differentiation factors, as pre-
viously described [39]. The EM medium consisted of a mixture of 150 mL of HAM-F12,
300 mL of DMEM, 50 mL of fetal bovine serum, 1% antibiotics/antimycotics, 24 ug/mL of
adenine, 5 pg/mL of insulin, 1.3 ng/mL of triiodothyronine, 0.4 ng/mL of hydrocortisone,
and 10 ng/mL of EGF (epidermal growth factor) (all of them, from Merck).

Preliminary transmittance analysis was carried out on RLs and controls using a Smart-
Spec 3000 spectrophotometer (Bio-Rad, Hercules, CA, USA). Each sample was analyzed
at three wavelengths (400, 550, and 700 nm) using three replicates, and average values
were obtained.
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2.4. Histological Analyses of DL and RL

Control porcine and human native limbi, and DLs and RLs were fixed in 4% neutral
buffered formaldehyde, dehydrated in increasing concentrations of ethanol, cleared in
xylene, and embedded in paraffin following routine protocols. In addition, 5 pm sections
were obtained with a microtome, mounted on glass slides, dewaxed, and rehydrated with
an ethanol series.

To evaluate tissue morphology and structure, sections were stained with hematoxylin-
eosin (HE) (Panreac AppliChem, Barcelona, Spain). The structure and composition of
the tissue extracellular matrix (ECM) were evaluated by identifying collagen fibers and
proteoglycans using picrosirius red (PSR) and alcian blue (AB) histochemistry, as previously
reported [36,40] (reagents from Panreac AppliChem).

In order to identify specific components of the epithelial and basement membrane
layers of RLs, controls and RLs were subjected to immunohistochemistry for p63, pancytok-
eratin, crystallin Z (CRY-Z), laminin, and collagen IV. In brief, tissue sections were subjected
to antigen retrieval with pH 8 EDTA buffer (25 min at 95 °C) for p63, pancytokeratin, and
collagen IV or with pH 6 citrate buffer (25 min at 95 °C) for CRY-Z and laminin, and
endogenous peroxidase was quenched with HyO,. Then, samples were preincubated in
a blocking solution containing horse serum and incubated with the following primary
antibodies: anti-p63 (Master Diagnostica, Granada, Spain, prediluted), anti-pancytokeratin
(Master Diagnostica, prediluted), anti-CRY-Z (Abcam, Cambridge, UK, dilution 1:250),
anti-laminin (Abcam, dilution 1:200), and anti-collagen IV (Master Diagnostica, prediluted).
After washing in PBS, tissues were incubated in secondary anti-mouse or anti-rabbit anti-
bodies labeled with peroxidase (ImmPRESS reagent kit, Vector Laboratories; Burlingame,
CA, USA, prediluted), washed in PBS, and incubated with diaminobenzidine (DAB) (Vector
Laboratories). In all cases, positive and negative control tissues were used, with negative
controls corresponding to tissue sections subjected to the same protocol, except that the
primary antibody was replaced by PBS to show the negative staining signal. Samples were
then counterstained with Harry’s hematoxylin and coverslipped.

2.5. Quantitative Analysis and Statistics

Stained tissues were analyzed with an Eclipse 90i microscope (Nikon, Tokyo, Japan),
and images were obtained using the same conditions (magnification, exposure time, con-
trast, etc.) for all samples stained with the same method to allow signal quantification.
White light was used to analyze all samples, and polarized light microscopy was used to
evaluate DL tissues stained with PSR.

For PSR and AB histochemistry, the staining signal intensity and area fraction were
quantified using the Image] software (National Institutes of Health, Bethesda, MD, USA),
as previously reported [41]. Briefly, each histological image was analyzed by randomly
selecting 10 points (for intensity) and 10 square areas (for area fraction), and both the
signal intensity and the area occupied by the positive staining signal were calculated by the
program, the background signal was subtracted, and averages were obtained for each type
of sample. Results obtained for each sample were statistically compared with controls using
the Mann—-Whitney tests with the RealStatistics software (Dr. Charles Zaiontz, Purdue
University, West Lafayette, IN, USA).

For the immunohistochemical analyses, results were semiquantitatively categorized as
strongly positive signal (+++), positive signal (++), slightly positive signal (+), or negative
signal (—), as previously reported [39].

3. Results

3.1. Decellularization Efficiency of the Different Protocols Applied to the Porcine Limbus
Analysis of the different decellularization protocols studied in this work revealed

that the four protocols were able to efficiently decellularize the porcine corneal limbus.

First, the efficiency of the decellularization process was evaluated by quantification of the

residual DNA present in each type of sample. Results showed very high DNA content
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Protocol P1
Protocol P2

Protocol P3

Protocol P4 |

PCTR
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FL HL

in control limbi (1742.58 + 62.06 ng of DNA per mg of dry weight of tissue), whereas DL
tissues subjected to decellularization had very low amounts of DNA, with all protocols
showing less than 50 ng of DNA per mg of dry weight of tissue for both the FL and HL,
thus fulfilling the requirements for decellularized tissues [35] (Figure 2). Differences with
control FL and HL were statistically significant for all groups, but comparisons among the
different types of decellularized tissues showed nonsignificant differences.
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Figure 2. Analysis of native porcine limbus (PCTR) and decellularized limbi using four different decellularization methods
(P1 to P4). Each decellularization protocol was applied to the full-thickness limbus (FL) and the half-thickness limbus (HL).
(A) Histological analysis using hematoxylin-eosin (HE) and DAPI. (B) Macroscopical images showing transparency levels

of each DL on a black scale in millimeters. (C) Quantification of residual DNA (in ng of DNA per mg of dry weight of
tissue) in controls and DL. Asterisks (*) represent statistically significant differences with both the FL and the HL controls
(p < 0.05). Nonsignificant differences were found among the different samples decellularized with P1, P2, P3, and P4. Scale

bars: 50 um.

In order to evaluate the decellularization efficiency at the histological level (Figure 2),
controls and DLs decellularized with each protocol were analyzed histologically using HE
staining. As shown in Figure 1, native control limbi showed abundant cells at the epithelial
and stromal layers of the tissue. However, the use of the four decellularization methods
evaluated here resulted in a complete absence of detectable cells or cell debris in all DLs, for
both the HE and DAPI staining methods, with no differences among samples, suggesting
that the four methods described here were fully efficient, although the typical pocket-like
structures found in the limbal area were not detected in DLs.

Strikingly, we found that tissues decellularized with protocols P1, followed by P2,
showed the most appropriate results in terms of transparency, especially when HLs were
used. In contrast, P3 and P4 resulted in an important alteration of corneal transparency
(Figure 2).

3.2. Histochemical Analysis of ECM Components Preservation in Decellularized Limbi

The effects of each decellularization protocol on the structure and composition of
the tissue ECM were evaluated using PSR and AB (Figures 3 and 4). As expected, we
first found that native control limbi showed high PSR staining intensity and area fraction,
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suggesting that a high number of collagen fibers were present in these tissues. Then, the
analysis of DLs revealed a significant decrease in PSR intensity and area fraction in all
samples (p < 0.05), except for HLs treated with the P1 protocol, which were comparable to
controls for PSR staining intensity but were significantly lower than controls for the area
fraction occupied by collagen fibers.

When polarized light was applied, we found that control corneas showed several
types of properly oriented collagen fibers, with a mixture of red, orange, yellow, and green
fibers. However, DLs tended to show a decrease in red and orange colors, especially in FLs
and in HLs treated with protocol P3, suggesting a decrease in thick, mature fibers and an
alteration of fiber alignment and orientation in these samples, as previously suggested [42].

Analysis of tissue proteoglycans using AB staining showed a significant decrease in
the staining signal intensity in all samples, as compared to control native tissues (p < 0.05).
However, when the area fraction corresponding to an AB-positive signal was analyzed, we
found a significant decrease in FLs decellularized with P1 and in HLs treated with P2 and
P3, with the rest of samples being comparable to controls (p > 0.05).

On the other hand, our preliminary analysis of the transparency of RLs showed that
the average transmittance of these tissues ranged between 31.49 & 9.14% of the transmit-
tance of HCTR found in RLs recellularized with hADSCs at 21 days of follow-up and
102.44 £ 32.06% for limbi recellularized with SIRC at day 21 (Supplementary Table S1).

PSR PSR-POL AB
FL HL FL HL FL HL

Protocol P1

Protocol P2 |-

Protocol P3

Protocol P4 | :

PCTR

Figure 3. Histochemical analysis of native porcine limbus (PCTR) and decellularized limbi using
four different decellularization methods (P1 to P4). Each decellularization protocol was applied to
the full-thickness limbus (FL) and the half-thickness limbus (HL). PSR: picrosirius red, PSR-POL:
polarized-light picrosirius red, AB: alcian blue. Scale bars: 50 pum.
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Figure 4. Quantitative analysis of the picrosirius red (PSR) and alcian blue (AB) staining intensity and area fraction of

decellularized limbi (DLs). Four decellularization protocols (P1 to P4) were applied to the full-thickness limbus (FL, blue

bars) and the half-thickness limbus (HL, orange bars). Results are shown as average values normalized with respect to

the native porcine limbus used as control (PCTR, green bars), which is considered as 100%, with error bars corresponding

to standard deviations. Asterisks (*) represent statistically significant differences with the native porcine limbus used as

control

(p < 0.05).

3.3. Histological Analysis of Recellularized Limbi

In the present work, we used DLs decellularized with protocol P1 applied to HLs, as
this method allowed an efficient decellularization with the best results in terms of ECM
preservation. When these tissues were recellularized with SIRC rabbit cornea epithelial
cells, we found that cells tended to attach to the DL surface, forming a multilayered cell
stratum, and tended to allocate in the pocket-like structures found in DLs (Figure 5). In
addition, we found that the number of cells in each RL was high from the first analysis time
at day 7, with very few changes at days 14 and 21. Cells showed several intercellular spaces
at days 7 and 14, but not at day 21, when cells became more densely packed, although the
well-organized structure of the native cornea epithelium was not reached.

Analysis of RLs containing hADSCs revealed that this type of cell was also able to
attach to the tissue surface, but the number of cells was low at day 7, with few cell layers,
and increased at day 14, with several cell layers. Interestingly, some of the cells became
detached from the decellularized scaffold at day 21. As for the SIRC cells, abundant
intercellular spaces were found among hADSCs, and differed from the fine structure of
the control tissues. Interestingly, the morphology of the hADSCs grown on the surface of
the RL was elongated and spindle-shaped, whereas SIRC displayed a more rounded or
polygonal shape.
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D7|

D14 [
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Figure 5. Histological analysis of native controls and RLs recellularized with SIRC epithelial cells and hADSCs, at
days 7 (D7), 14 (D14), and 21 (D21) of follow-up using hematoxylin-eosin staining (HE). PCTR: Native porcine limbus used
as control. HCTR: Native human limbus used as control. Pocket-like structures found in some of the images have been

highlighted with arrows. Scale bars: 50 pum.

3.4. Evaluation of Limbal Cell Markers in Recellularized Limbi

In the first place, we analyzed the expression of the limbal stem cell marker p63 in
controls and RLs (Figure 6). As expected, epithelial cells found in control limbi were
strongly positive (+++), especially in the human limbus and in the basal layer of the porcine
limbus. When the RLs were analyzed, we found that tissues recellularized with SIRC
epithelial cells showed positive p63 expression (++) from day 7 to day 21, although at
a lower level than controls. However, hADSCs showed negative p63 expression (—) at
days 7 and 14, and became positive (++) at day 21. Then, we assessed the expression of
pancytokeratin in each type of sample, and we found a strongly positive signal (+++) in
human and porcine control limbi, and a positive expression in RLs containing SIRC cells
at 7, 14, and 21 days of follow-up. In addition, the expression was negative (—) in RLs
recellularized with hADSCs kept ex vivo for 7 days, slightly positive at day 14, and became
positive at day 21. Finally, our analysis of CRY-Z proteins revealed that human epithelial
cells were strongly positive, although porcine cornea cells were negative for this marker.
RLs containing SIRC were positive at the three time periods analyzed here, whereas RLs
containing hADSCs were negative at day 7, and slightly positive at days 14 and 21 of
follow-up ex vivo.
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Figure 6. Immunohistochemical analysis of the corneal epithelial cell markers p63, pancytokeratin, and crystallin Z (CRY-Z)
in RLs recellularized with SIRC cells and hADSCs at days 7 (D7), 14 (D14), and 21 (D21) of follow-up, porcine native
limbus (PCTR), and human native limbus (HCTR). Insets correspond to higher-magnification images of cells showing the
expression of each analyzed marker in the RL tissues. Scale bars: 50 um for large images and 10 pum for the insets.

3.5. Immunohistochemical Analysis of Basement Membrane Components in Recellularized Limbi

Two of the main components of the basement membrane—laminin and collagen
IV—were analyzed by immunohistochemistry (Figure 7). In this regard, our results demon-
strated that the human native cornea expressed both proteins at the basement membrane of
the epithelial cells, although the porcine cornea was negative for the two markers analyzed
here. RLs containing SIRC cells were negative for laminin at all follow-up times, but were
positive for collagen IV at days 14 and 21, being negative at day 7. However, RLs generated
with hADSCs were negative for laminin and collagen IV at day 7 and became positive at
days 14 and 21 for both markers. As expected, blood vessels found at the limbal tissue
showed a positive staining signal for both laminin and collagen IV.

3.6. Histochemical Analysis of ECM Components in Recellularized Limbi

Once recellularized, two major ECM components were analyzed in RL samples using
PSR and AB (Figures 8 and 9). When the staining intensity was analyzed in samples stained
with PSR, we found that the highest intensity corresponded to the native limbus controls.
However, differences between controls and all types of RLs were nonsignificant at 7, 14,
and 21 days (p > 0.05). However, we found that all RLs had lower PSR area fractions than
native controls did at the three times, with significant differences between the native limbi
and all types of RLs.

Analysis of ECM proteoglycans using AB histochemistry first revealed that the lowest
staining intensity corresponded to RLs containing hADSCs, with statistically significant
differences with native limbi for the three time periods analyzed here. In contrast, RLs
generated with SIRC showed nonsignificant differences with controls at all times. Finally,
we found that the area occupied by AB-positive staining was significantly lower in all types
of RLs than in native controls at all times, with very few differences among RL samples
and times.
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LAMININ COLLAGEN IV

Figure 7. Inmunohistochemical analysis of the basement membrane markers laminin and collagen IV in RLs recellularized
with SIRC cells and hADSCs at days 7 (D7), 14 (D14), and 21 (D21) of follow-up, porcine native limbus (PCTR), and human
native limbus (HCTR). Illustrative areas of the basement membrane stained by the immunohistochemical procedure are
highlighted with arrows. Scale bars: 50 pm.

Figure 8. Histochemical analysis of native porcine limbus (PCTR), native human limbus (HCTR), and limbi recellularized
with SIRC cells and hADSCs evaluated at days 7 (D7), 14 (D14), and 21 (D21) of follow-up. PSR: picrosirius red, AB: alcian
blue. Scale bars: 50 um.
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Figure 9. Quantitative analysis of the picrosirius red (PSR) and alcian blue (AB) staining intensity and area fraction of

recellularized limbi (RLs). Results are shown as average values normalized with respect to the native limbi used as controls

and shown in green (PCTR and HCTR), whose mean is considered as 100%, with error bars corresponding to standard
deviations. Asterisks (*) represent statistically significant differences with both controls (PCTR and HCTR) (p < 0.05).

4. Discussion

LSCD is a severe condition causing cornea opacification, conjunctival pannus, and
blindness that can be secondary to chemical or thermal injuries, autoimmune diseases
such as the Stevens—Johnson syndrome, mucous membrane pemphigoid, and hereditary
diseases such as aniridia [43]. Current treatments are challenging, especially in cases with
structural damage of the limbal area, which is not a candidate to cell therapy. In fact,
maintenance of the crypt-like structures in which limbal stem cells reside is fundamental
for these cells to survive and exert their function in the limbus, and structural alterations of
this niche would lead to stem cell death [6].

In the present preliminary work, we generated several types of limbal substitutes that
could be used in the future to replace the damaged limbus using both a corneal and an
extracorneal cell source. Although the present report is a preliminary work, our results
suggest that these bioartificial limbi display several similarities with the native limbus and,
thus, could be potentially useful for the treatment of LSCD.

In the first place, we evaluated several decellularization protocols applied to the
native porcine limbus. Decellularization of native organs allows the obtaining of biological
scaffolds composed of natural extracellular matrix (ECM) that can be used in regener-
ative medicine for tissue and organ replacement [35]. Compared with strategies based
on scaffolds generated de novo such as fibrin, collagen, or agarose applied to cornea
tissue engineering [20,44], decellularization offers the possibility of obtaining a scaffold
containing the Vogt palisades and crypt-like structures that are required for a proper limbal
function [30]. In addition, previous works have demonstrated that the porcine limbus is
structurally similar to the human limbus [45].

Xenografts obtained by the decellularization of animal tissues can be used to reproduce
human tissues and organs in the laboratory [46]. Compared with human tissues, xenografts
are easily available and accessible, and can be obtained with very few ethical concerns.
However, xenogeneic scaffolds may not be able to fully reproduce the structure and
biochemical composition of the human tissues, and the expression of relevant antigenic
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components should be controlled before clinical use, as antigenicity could hinder the use
of xenografts in regenerative medicine [47].

Numerous protocols have been described to date for the decellularization of different
types of corneal xenografts [24]. However, very little information is available on decellu-
larization of the corneal limbus. In a preliminary work, we demonstrated previously that
the porcine cornea can be decellularized in toto, including the limbus, using SDS deter-
gents [25]. Then, Huang et al. used a combined protocol using a mixture of salts, enzymes,
and SDC and demonstrated that the porcine limbus could be decellularized and then recel-
lularized with cultured cells [48]. Very recently, Isidan et al. compared several methods
applied to the whole porcine cornea and confirmed our preliminary results suggesting
that SDS is the most effective decellularization agent for the whole cornea [28]. Based on
the protocols described in all these previous reports, we selected four decellularization
methods that were evaluated in the present work. In general, these methods were based
on the use of the anionic detergents SDS and SDC, the nonionic surfactant Triton X-100,
hypertonic NaCl, and trypsin digestion.

Previous reports have suggested that decellularization of the whole cornea is chal-
lenging, and the efficiency of the decellularization protocols may be reduced when the
whole tissue is subjected to decellularization [28]. For this reason, we evaluated each
decellularization protocol on both the full-thickness limbus and the half-thickness limbus.
Our results showed that all protocols were efficient on both the FL and the HL tissues,
suggesting that the four protocols evaluated here were fully successful and are appropriate
for decellularization of the porcine limbus. However, protocol P1, which is based on the
use of SDS detergent, was able to preserve the limbus ECM components and transparency
more efficiently than other protocols could, especially when HLs were used. Although
differences were found with control native corneas, and the crypt-like structures were not
detectable, probably due to tissue swelling, the collagen staining intensity and the proteo-
glycans area fraction were comparable with controls. For these reasons, and due to the fact
that protocol P1 is one of the simplest decellularization protocols, we could recommend
this protocol applied to HLs for porcine limbus decellularization. This is in agreement
with previous results obtained by our group [25] and by other research groups [28]. How-
ever, additional analyses based on biochemical characterization of the decellularized limbi
should be performed to confirm these findings. In addition, our analysis of transparency
was very preliminary, and in-depth analyses able to quantify the transmittance of each DL
with higher accuracy should be performed before and after glycerol treatment—to reduce
swelling—as suggested [49].

An important issue related to decellularized tissues is biomechanical behavior. In gen-
eral, it is well known that the biomechanical properties of tissues are important variables
affecting tissue function and cell mechanotransduction [50]. However, the decellularization
process may significantly alter the structure of the tissue ECM and, thus, the biomechanical
properties of the decellularized scaffolds, which could alter the phenotype, proliferation
capability, and differentiation potential of the cells cultured on this scaffold and modify
cell behavior and tissue regeneration [51]. In fact, it has been demonstrated that decellu-
larized corneal xenografts vary their biomechanical properties after decellularization [52].
Therefore, a thorough analysis of the biomechanical properties of the DL generated in the
present work is in need.

Once decellularized, DLs should be repopulated with limbal stem cells for clinical use.
Recellularization is also challenging, as not all cell types are able to grow and differentiate
on decellularized scaffolds. In the present work, we assessed two different types of cells for
limbal recellularization: corneal epithelial cells and extracorneal cells with differentiation
potential (hADSCs). The use of alternative cell sources was previously suggested by several
researchers, who demonstrated that hADSCs have intrinsic potential to differentiate into
several cornea cell phenotypes both ex vivo and in vivo [33,34,53]. First, different types
of MSCs were differentiated into stromal keratocytes using conditioning media [34], sug-
gesting that these cells could be used to support epithelial cell growth and differentiation.
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However, these cells were also demonstrated to have a differentiation potential into cornea
epithelial cells [33,34,53], which supports their use as alternative cell sources in cornea
and limbus recellularization. In general, our results suggest that both types of cells were
able to attach to this scaffold and showed several markers of cell differentiation on the
decellularized biomaterials. Interestingly, the morphology of each cell type was different,
and hADSCs showed the typical structure of MSCs, and abundant intercellular spaces, at
day 21. In general, these findings support the preferential use of SIRC over hADSCs, as
SIRC cells are specifically committed to the limbal epithelial cell lineage, whereas hADSCs
correspond to the undifferentiated phenotype that is typical of MSCs [54].

Although further research should determine the role of serum functionalization, the
fact that cells were able to adhere to the decellularized scaffold could be related to the func-
tionalization step applied to the DL. Previous reports have shown that most biomaterials
lack specific signals that are necessary for cell differentiation and function, and surface
functionalization with serum proteins could contribute to mimic the in vivo scenario and
improve biomaterial functionality [55]. A possible concern of tissue functionalization with
serum is the possibility of inducing cells to differentiate to noncorneal cell lineages, such as
the vascular phenotype. Future studies should determine if functionalization is necessary
and if alternative methods can be applied to DLs.

To determine the feasibility of the scaffolds generated in this work to support limbal
cell differentiation, we analyzed the expression of several markers of epithelial differentia-
tion. In general, our results obtained ex vivo suggest that none of the cell types were able
to fully differentiate and mature on the scaffold, although partial signs of epithelial differ-
entiation were found. Concretely, SIRC cells were able to express the epithelial markers
p63, pancytokeratin, and CRY-Z from the beginning, with no time-dependent differences.
This is in agreement with the limbal epithelial stem cell nature of these cells and their
intrinsic differentiation status [56]. However, hADSCs were initially negative for these
three markers, as is the case of all types of human MSCs, but became positive or slightly
positive for the three epithelial markers after 21 days of ex vivo differentiation induction
using conditioning media. These results confirm the differentiation capability of hADSCs
to the epithelial cell lineage under certain circumstances, as previously suggested [57,58].
Previous results published by our group demonstrated that these cells, which can be har-
vested autologously, can be differentiated ex vivo using conditioning media, although
differentiation is not complete ex vivo and the in vivo environment is required for terminal
differentiation [58]. Interestingly, hADSCs were already used to efficiently recellularize
acellular scaffolds obtained from human corneas [59]. Future studies should be carried out
on animal models to determine if these cells are able to fully differentiate into epithelial cells
upon in vivo induction, as demonstrated for the skin and oral mucosa [58,60]. Moreover,
additional research is in need to fully characterize the cells grown on the decellularized
scaffolds to determine their exact phenotype. Specifically, immunostaining with the Ki-67
proliferation marker and labeling with BrdU should determine the proliferation potential
of these cells, whereas co-staining with limbal stem cell markers such as ABCG2, p63, and
cytokeratin 15 should demonstrate their stem cell identity [61].

One of the main factors influencing epithelial cell attachment is the basement mem-
brane. Evaluation of this structure showed that two of its major components—laminin
and collagen IV—were detectable in RLs from day 14 onward, suggesting that an incipient
basement membrane was formed between the scaffold and the cells seeded on top. The
fact that RLs containing SIRC were negative for laminin could be explained by the fact that
the anti-laminin antibody used in this work was specific anti-human.

In addition, the quantification of two key components of the limbus ECM revealed
that RLs containing SIRC cells had adequate collagen fibers and proteoglycans—in terms
of staining intensity—although the area fraction was not comparable to controls. The
fact that SIRC cells are already committed to the limbal phenotype, whereas hADSCs are
much more undifferentiated, may explain these findings. Despite its effect on collagen

210



Pharmaceutics 2021, 13,1718

and proteoglycans quantification likely being very low or negligible, it is also possible that
ECM components found in RLs may be affected by tissue functionalization with serum.

The present work has several limitations. The first one is the need of carrying out
additional analyses, such as a biochemical analysis, to confirm the histological, histochemi-
cal, and immunohistochemical results showed here, as well as extensive analysis of tissue
transparency after decellularization and recellularization. Furthermore, DLs should be ana-
lyzed using transmission electron microscopy techniques to determine if the limbal crypts
are intact after the decellularization process. In addition, DLs should be recellularized with
human primary limbal stem cells, and the expression of relevant stem cell markers should
be assessed in these cells such as specific limbal stem cell markers and cell proliferation
markers, to determine the real potential of the decellularized scaffolds. Future analyses
should address all these issues.

In summary, the preliminary results obtained in the present work demonstrated that
the porcine cornea limbus can be efficiently decellularized using the protocols described
here, and that recellularization with epithelial or mesenchymal cells allows the successful
generation of RLs with potential clinical usefulness. Future experiments in animal models
should determine the in vivo usefulness of these limbal substitutes. Among their possible
clinical applications, the limbal substitutes described here could be used as advanced
therapies and medicinal products in patients with severe structural alteration of the limbus
and loss of the micro-niche of the limbal stem cells.

5. Patents

MCM and MA are coauthors of patent application number PCT/ES2020/070168,
“decellularized limbus”.
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different wavelengths (400, 550 and 700 nm) as determined by spectrophotometric analysis of human
native limbus (HCTR) and RL decellularized with SIRC and hADSC cells at days 7, 14 and 21 of
follow-up. Values correspond to percentages of transmittance using the values obtained in HCTR as
reference (100% transmittance).
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