
World Journal of
Stem Cells

World J Stem Cells  2020 January 26; 12(1): 1-99

ISSN 1948-0210 (online)

Published by Baishideng Publishing Group Inc



W J S C World Journal of
Stem Cells

Contents Monthly  Volume 12  Number 1  January 26, 2020

EDITORIAL
1 Adipose stromal/stem cells in regenerative medicine: Potentials and limitations

Baptista LS

REVIEW
8 Regeneration of the central nervous system-principles from brain regeneration in adult zebrafish

Zambusi A, Ninkovic J

25 Inducing human induced pluripotent stem cell differentiation through embryoid bodies: A practical and

stable approach
Guo NN, Liu LP, Zheng YW, Li YM

ORIGINAL ARTICLE

Basic Study

35 Sphere-forming corneal cells repopulate dystrophic keratoconic stroma: Implications for potential therapy
Wadhwa H, Ismail S, McGhee JJ, Van der Werf B, Sherwin T

55 Early therapeutic effect of platelet-rich fibrin combined with allogeneic bone marrow-derived stem cells on

rats' critical-sized mandibular defects
Awadeen MA, Al-Belasy FA, Ameen LE, Helal ME, Grawish ME

70 Generation of induced secretome from adipose-derived stem cells specialized for disease-specific treatment:

An experimental mouse model
Kim OH, Hong HE, Seo H, Kwak BJ, Choi HJ, Kim KH, Ahn J, Lee SC, Kim SJ

87 HIF-2α  regulates  CD44  to  promote  cancer  stem  cell  activation  in  triple-negative  breast  cancer  via

PI3K/AKT/mTOR signaling
Bai J, Chen WB, Zhang XY, Kang XN, Jin LJ, Zhang H, Wang ZY

WJSC https://www.wjgnet.com January 26, 2020 Volume 12 Issue 1I

https://www.wjgnet.com


Contents
World Journal of Stem Cells

Volume 12  Number 1  January 26, 2020

ABOUT COVER Editorial Board Member of World Journal of Stem Cells, Nicolas Dard, MSc,
PhD, Associate Professor, Department Science, Medicine, Human Biology,
University Paris 13, Bobigny 93017, France

AIMS AND SCOPE The primary aim of World Journal of Stem Cells (WJSC, World J Stem Cells) is
to provide scholars and readers from various fields of stem cells with a
platform to publish high-quality basic and clinical research articles and
communicate their research findings online.
  WJSC publishes articles reporting research results obtained in the field of
stem cell biology and regenerative medicine, related to the wide range of
stem cells including embryonic stem cells, germline stem cells, tissue-
specific stem cells, adult stem cells, mesenchymal stromal cells, induced
pluripotent stem cells, embryoid bodies, embryonal carcinoma stem cells,
hemangioblasts, hematopoietic stem cells, lymphoid progenitor cells,
myeloid progenitor cells, etc.

INDEXING/ABSTRACTING The WJSC is now indexed in PubMed, PubMed Central, Science Citation Index

Expanded (also known as SciSearch®), Journal Citation Reports/Science Edition,

Biological Abstracts, and BIOSIS Previews. The 2019 Edition of Journal Citation

Reports cites the 2018 impact factor for WJSC as 3.534 (5-year impact factor: N/A),

ranking WJSC as 16 among 26 journals in Cell and Tissue Engineering (quartile in

category Q3), and 94 among 193 journals in Cell Biology (quartile in category Q2).

RESPONSIBLE EDITORS FOR
THIS ISSUE

Responsible Electronic Editor: Yan-Xia Xing

Proofing Production Department Director: Yun-Xiaojian Wu

NAME OF JOURNAL
World Journal of Stem Cells

ISSN
ISSN 1948-0210 (online)

LAUNCH DATE
December 31, 2009

FREQUENCY
Monthly

EDITORS-IN-CHIEF
Tong Cao, Shengwen Calvin Li, Carlo Ventura

EDITORIAL BOARD MEMBERS
https://www.wjgnet.com/1948-0210/editorialboard.htm

EDITORIAL OFFICE
Jin-Lei Wang, Director

PUBLICATION DATE
January 26, 2020

COPYRIGHT
© 2020 Baishideng Publishing Group Inc

INSTRUCTIONS TO AUTHORS
https://www.wjgnet.com/bpg/gerinfo/204

GUIDELINES FOR ETHICS DOCUMENTS
https://www.wjgnet.com/bpg/GerInfo/287

GUIDELINES FOR NON-NATIVE SPEAKERS OF ENGLISH
https://www.wjgnet.com/bpg/gerinfo/240

PUBLICATION MISCONDUCT
https://www.wjgnet.com/bpg/gerinfo/208

ARTICLE PROCESSING CHARGE
https://www.wjgnet.com/bpg/gerinfo/242

STEPS FOR SUBMITTING MANUSCRIPTS
https://www.wjgnet.com/bpg/GerInfo/239

ONLINE SUBMISSION
https://www.f6publishing.com

© 2020 Baishideng Publishing Group Inc. All rights reserved. 7041 Koll Center Parkway, Suite 160, Pleasanton, CA 94566, USA

E-mail: bpgoffice@wjgnet.com  https://www.wjgnet.com

WJSC https://www.wjgnet.com January 26, 2020 Volume 12 Issue 1II

mailto:bpgoffice@wjgnet.com


W J S C World Journal of
Stem Cells

Submit a Manuscript: https://www.f6publishing.com World J Stem Cells  2020 January 26; 12(1): 35-54

DOI: 10.4252/wjsc.v12.i1.35 ISSN 1948-0210 (online)

ORIGINAL ARTICLE

Basic Study

Sphere-forming corneal cells repopulate dystrophic keratoconic
stroma: Implications for potential therapy

Himanshu Wadhwa, Salim Ismail, Jennifer J McGhee, Bert Van der Werf, Trevor Sherwin

ORCID number: Himanshu Wadhwa
(0000-0002-3287-4453); Salim Ismail
(0000-0002-6644-9615); Jennifer J
McGhee (0000-0001-7488-9250); Bert
Van der Werf (0000-0003-3072-5937);
Trevor Sherwin
(0000-0002-9090-1034).

Author contributions: Wadhwa H
and Ismail S participated in the
experimental design, data
acquisition analysis and
manuscript writing; McGhee JJ
participated in experimental
design and cell and tissue
preparation; Van der Werf B
participated in data analysis and
manuscript writing; Sherwin T
participated in study design,
experimental design and
manuscript writing; All authors
read, edited and approved the final
manuscript.

Supported by Save Sight Society of
New Zealand, No. 37116543; New
Zealand Wound Care Society, No.
3713325; John Hamel MacGregor
Trust.

Institutional review board
statement: This study was
conducted under ethical approval
by the Northern X Regional Ethics
Committee and since reviewed by
the Northern A Health and
Disability Ethics Committee (New
Zealand). Ethics reference:
NTX/07/08/080/AM06

Conflict-of-interest statement: Prof.
Sherwin reports grants from Save
Sight Society of New Zealand,
grants from Auckland Medical
Research Foundation, grants from
New Zealand Wound Care Society,
and grants from John Hamel
MacGregor Trust during the

Himanshu Wadhwa, Salim Ismail, Jennifer J McGhee, Trevor Sherwin, Department of
Ophthalmology, Faculty of Medical and Health Sciences, The University of Auckland,
Auckland 1023, New Zealand

Bert Van der Werf, Department of Epidemiology and Biostatistics, School of Population Health,
Faculty of Medical and Health Sciences, The University of Auckland, Auckland 1023, New
Zealand

Corresponding author: Trevor Sherwin, PhD, Professor, Department of Ophthalmology,
Faculty of Medical and Health Sciences, The University of Auckland, Private Bag 92019,
Auckland 1023, New Zealand. t.sherwin@auckland.ac.nz

Abstract
BACKGROUND
Keratoconus is a degenerative corneal disease characterised by aberrant cell
behaviour and loss of matrix that can result in vision loss. Cells extracted from
peripheral corneas can form stem cell-enriched spheres, which have shown the
potential to repopulate the normal peripheral corneal stroma in vitro upon sphere
implantation but have not been previously studied in keratoconic tissue.

AIM
To investigate the therapeutic potential of stem cell-enriched spheres formed
from extracted peripheral human corneal cells when introduced to keratoconic
tissue.

METHODS
Stem cell-enriched spheres were formed from extracts of normal cadaveric
human peripheral corneal cells. These spheres were implanted into incisions
created in full thickness and onto the surface of 10 µm thin sections of keratoconic
and normal stromal tissues in vitro. Tissue sections were used to maximise use of
limited keratoconic tissue available for research. Living cells were stained with
Calcein-AM and visualised with stereo and fluorescence microscopy to assess
survival and behaviours between the time of implantation day 0 and 14 d (D14)
from implantation. Sphere cells in implanted tissues were characterised for stem
cell and differentiation markers using immunohistochemistry and droplet digital
PCR to assess the potential implications of these characteristics in the use of
spheres in keratoconus treatment.

RESULTS
Spheres were successfully implanted into full-thickness central corneal tissue and
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onto the surface of 10 µm thin en face tissue sections. No observable differences
were seen in sphere migration, proliferation or differentiation in keratoconic
tissue compared to normal between day 0 and D14. Spheres stained positively
with Calcein-AM up to D14. Cell migration increased from day 0 to D14,
occurring radially in three dimensions from the sphere and in alignment with
tissue edges. Cell proliferation marker, EdU, was detected at day 10. Implanted
spheres stained positively for putative stem cell markers ∆Np63α and ABCB5,
while ABCG2, ABCB5, ∆Np63 and p63α were detectable by droplet digital PCR
up to D14. Double immunolabelling revealed absence of ABCB5 staining in
migrated cells but positive staining of alpha smooth muscle actin (myofibroblast
marker) in some migrated cells. Droplet digital PCR showed similar expression
patterns of differentiation markers but a reduction in stem cell markers between
normal and keratoconic tissue with an increase in stromal cell markers and a
reduction in epithelial cell markers, indicating an appropriate response to
repopulating diseased tissue.

CONCLUSION
Cells from implanted stem cell-enriched spheres can repopulate a keratoconic
corneal stromal surface in a directed manner and exhibit migratory stromal cell
phenotypes.

Key words: Keratoconus; Cell culture; Immunohistochemistry; Quantitative PCR; Digital
PCR; Spheroid; Holoclone; Neurosphere; Regeneration

©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Keratoconus is a degenerative corneal disease characterised by aberrant cell
behaviour and loss of matrix that can result in vision loss. Cells extracted from
peripheral corneas can form stem cell-enriched spheres, which we introduced into
normal and keratoconic corneal stroma. This study shows for the first time that
implanted stem cell-enriched spheres are capable of repopulating the dystrophic corneal
stromal surface in a directed manner. Spheres may therefore be used to replace or
supplement diseased cells in keratoconic patients, thereby serving as an adjunct to
current treatments.

Citation: Wadhwa H, Ismail S, McGhee JJ, Van der Werf B, Sherwin T. Sphere-forming
corneal cells repopulate dystrophic keratoconic stroma: Implications for potential therapy.
World J Stem Cells 2020; 12(1): 35-54
URL: https://www.wjgnet.com/1948-0210/full/v12/i1/35.htm
DOI: https://dx.doi.org/10.4252/wjsc.v12.i1.35

INTRODUCTION
Keratoconus is a degenerative ocular disease in which corneas of affected individuals
become thin and protrude, resulting in the typical cone-shaped corneal distortion[1]. In
keratoconus,  the  normal  architecture  and  cell  milieu  of  the  anterior  cornea  is
disrupted.  Pathological  changes  include  altered  cell  morphology,  altered  cell
alignment and organisation, loss of resident keratocyte cell density from the corneal
stroma, loss of cell matrix and eventually increased areas of fibrosis and scarring[2-6].
Both  the  epithelial  and stromal  layers  of  the  cornea  are  affected  but  due  to  the
complexity of  this  disease,  it  is  still  not definitively known in which layer/s the
pathology originates[7]. Despite this, therapies like corneal collagen cross-linking[8,9],
corneal  transplantation  (penetrating  keratoplasty)  and  deep  anterior  lamellar
keratoplasty that target the corneal stroma for treatment are efficacious.

Both corneal transplantation and corneal collagen cross-linking strengthen the
central corneal stroma, and yet rates of disease recurrence are significantly less in
transplanted patients despite having more advanced disease. Kelly et al[10] conducted a
large cohort study in which they found 89% of grafts for keratoconus remained viable
at 10 years, and only 4% of all regrafts were performed for recurrence. While some
may argue that these cases of recurrence represent undiagnosed keratoconus in the
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donor tissue[11], the rates of recurrence are significantly low even if these are a true
recurrence in grafted tissues.  After a cross-linking procedure, on the other hand,
measures that may indicate disease recurrence, like simulated maximum keratometry
values,  increase  as  early  as  18  mo  after  the  procedure[12].  We  hypothesise  that
decreased rates of recurrence in corneal transplant patients are due to the introduction
of normal cells along with their normal matrix rather than simply removing the native
aberrant cells in the central cornea. On a cellular level, both treatments remove the
host’s central epithelial cells and central keratocytes, the latter from either ultraviolet
radiation-induced cell death during cross-linking and the former by removal entirely
during transplantation. The host’s limbal cells are preserved with both treatment
modalities,  which  likely  mount  a  wound  healing  response  to  repopulate  the
decellularised tissues. Within 6 mo, native keratocytes eventually repopulate the
cross-linked native keratoconic stroma[13] and likely the transplanted corneal stroma
also. Following this line of thinking, it may further be postulated that introducing
healthy cells, into a keratoconic cornea, as a supplement to collagen cross linking,
could perhaps impact the host cells and shift the balance from a degenerative state to
a healthy state.

Stem cells are increasingly being studied for their potential use in regeneration and
repair of tissues in many specialties and could be a promising potential method of
introducing a sustainable source of normal cells into the keratoconic environment.
Humans have an endogenous population of oligopotent adult stem cells that are
involved in the maintenance of the structure and function of the cornea. The epithelial
and stromal cell populations are maintained by corneal epithelial and stromal stem
cells respectively. These stem cells reside in the corneal limbus, the area between the
white sclera and transparent cornea, which make them relatively easily accessible to
harvest. Corneal limbal stem cells can be extracted and isolated using the established
neurosphere  assay[14-16].  Corneal  stem  cell  spheres  are  of  mesenchymal  origin.
Numerous  studies  have  demonstrated  the  ability  of  mesenchymal  stem cells  to
enhance endogenous tissue repair by reducing inflammation and immune response,
inducing angiogenesis,  reducing apoptosis  and oxidative  stress  and stimulating
recruitment,  retention,  proliferation  and  differentiation  of  tissue-residing  stem
cells[17,18] and possibly through mitochondrial transfer[19]. Many of these reparative
processes are impaired in keratoconus[20-25], which strengthens the case to evaluate the
therapeutic potential of corneal stromal stem cell-containing spheres for keratoconus.
Damaged rat corneas treated with mesenchymal stem cells have been shown to be
able to restore visual function, probably by reducing levels of inflammatory markers
interleukin-2, matrix metalloproteinase-2 and common leukocyte antigen and without
differentiating into epithelial cells[26]. Looking at mesenchymal stem cells from the
limbus in particular, human (and rabbit) limbal mesenchymal stem cells co-cultured
with  immune  cells  from  mismatched  donors  in  vitro  have  suppressed  T  cell
proliferation by up to 75%[27], mediated by secretion of transforming growth factor
beta-1[14].  The  inherent  immunosuppressant  effect  is  important  to  note  because
keratoconus affects both eyes albeit asymmetrically. Therefore, autologous stem cells
from the less affected eye are still likely to be affected by the dystrophic process.

Our  laboratory  and  others  have  previously  characterised  stem  cell-enriched
spheres, which contain cells from a spectrum of less to more differentiated cells: Stem
cells,  transient  amplifying  cells  and  differentiated  cells  from  a  combination  of
epithelial and stromal origins[16,28].  We have also shown that spheres are dynamic
entities that can maintain themselves for up to 4 mo[16], are capable of eliciting wound
healing responses[29]  and are  capable  of  repopulating the  normal  stromal  ocular
surface[30]. To date, in situ stem cell sphere behaviours in response to diseased human
corneal  tissues  have  not  been  investigated.  In  this  paper,  we  present  our  novel
findings  of  the  in  situ  behaviours  of  corneal  stem  cell  spheres  in  response  to
dystrophic keratoconic stromal matrix.

MATERIALS AND METHODS

Human tissue
Fresh or  frozen human central  cornea,  peripheral  corneo-scleral  tissue or  whole
corneo-scleral tissue from living or cadaveric donors were used with consent and
handled in accordance with procedures approved by the Northern X Regional Ethics
Committee and since reviewed by the Northern A Regional Ethics Committee (Ethics
reference: NTX/07/08/080/AM06).

Sphere formation and culture
Corneo-limbal stromal tissues from cadaveric human donors were enzymatically
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digested, the extracted cells mechanically filtered and then cultured in non-adherent
conditions using Supplemented Neurobasal-A medium (standard culture medium)
using the previously published method[16,30]. Cells congregated together and formed
self-renewing, stem cell-enriched spheres. All spheres were maintained in culture for
at least 21 d prior to use in implantation experiments. Medium changes (50% of the
volume) were performed twice a week.

Preparation of tissue for sphere implantation
Four keratoconic central corneas from patients who were recipients of full-thickness
penetrating  keratoplasties  (keratoconic  button)  and  four  central  corneas  from
cadaveric  donor  corneas  (non-keratoconic  button)  used  for  Descemet  stripping
automated endothelial keratoplasty (n = 2), Descemet’s layer endothelial keratoplasty
(n  =  1)  or  decompensated  cornea  (tissue  that  failed  New  Zealand  Eye  Bank’s
endothelial count criteria for use as a graft, n = 1) were used for sphere implantation.
Corneas from six donors were used for full thickness implants and corneas from four
donors were used for creating tissue sections for implantation; corneas from two of
these donors were used for both purposes.

Central corneal buttons: Corneal buttons were first decellularised by subjecting the
tissue to three “freeze-thaw cycles,” which has previously been shown to completely
remove live cells[30]. Corneal buttons were then prepared for implantation as described
in detail previously[31]. Briefly, the epithelium is scraped and rinsed away, v-shaped
wedge incisions in the anterior two-thirds of the corneal buttons are created and then
spheres are implanted within the incisions. Because de-epithelialized anterior stroma
was used from each of keratoconic and non-keratoconic corneal buttons, tissues were
deemed equivalent and comparable.

Implanted spheres were incubated at 37 °C for 10 min to encourage adherence to
the tissue prior to addition of 2-3 mL of standard culture medium. The point at which
spheres were able to be visualised in situ after culture medium had been added was
defined as time equals day 0. Sphere-implanted tissues were inverted so that the
epithelial side apposed the bottom of the Petri dish during culture and incubated at 37
°C for up to 10 d.

En face  stromal sections:  Due to the limited availability of keratoconic tissue for
research, it was pertinent to develop a method to maximise the use of available tissue.
To facilitate this, we developed a technique for the placement of spheres onto en face
(coronal) 10 µm sections of central corneal tissue. Decellularised tissues were frozen at
-20 °C in Tissue-Tek® OCT™ compound (OCT) (4583, Sakura) and cryosectioned to
yield 10 µm thin tissue sections, which were washed thrice with sterile PBS for 10 min
each to remove surrounding OCT prior to use. En face tissue sections were stored in
PBS at 4 °C until required. One sphere was carefully seeded onto the surface of each
10 µm tissue section under a Leica DM IL inverted contrasting microscope, allowed to
adhere and overlaid with culture medium as described above. Tissue sections from
two  keratoconic  and  two  normal  corneal  “tissue  donors”  were  seeded  with  a
combination of spheres derived from six human donors (sphere donors).

Sphere-implanted tissues were cultured for up to 14 d and 50% medium changes
were completed biweekly. At day 0, 1 and 3 or 4 post-seeding, sections were fixed for
immunohistochemistry as described below. The rationale for these time points was
based primarily on observations with spheres placed on collagen-coated surfaces,
which indicated that these times were the critical points where an increase in cell
migration and proliferation occurred. Experiments were concluded at day 14 due to
the observation of complete tissue matrix repopulation.

Visualising live cells and proliferating cells
Live cells  both within spheres and migrating outward were visualised using the
LIVE/DEAD® Viability/Cytotoxicity Kit (L3224, Life Technologies), whereby samples
were incubated in 2 µM Calcein-AM and 4 µM Ethidium homodimer-1 for 40 min at
37 °C. Staining solutions were then carefully aspirated, discarded and replaced with
fresh culture medium.

Cell proliferation was detected using Click-iT® EdU Alexa Fluor® 594 Imaging Kit
(C10339, ThermoFisher) by supplementing standard culture medium with 5-ethynyl-
2’-deoxyuridine, a nucleoside analogue of thymidine, at a concentration of 10 µM.

Phase contrast, bright-field and fluorescence microscopy images were assessed and
captured  using  the  following  microscopes:  Leica  DM-RA  upright  fluorescence
microscope (Leica)–images analysed using NIS-Elements Basic Research Microscope
Imaging Software version 4.30.00, Nikon TE2000 Inverted Fluorescence Microscope
(Nikon)–images  analysed  using  NIS-Elements  Advanced  Research  Microscope
Imaging Software version 4.50.00. and FLoid Cell Imaging station (Life Technologies).
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Images were analysed using its fully integrated image capture and analysis system.

Immunohistochemistry
Immunohistochemistry was performed essentially as described previously[30]. Samples
were  fixed  using  4%  paraformaldehyde  (Sigma)  unless  specified  otherwise,
permeabilised with ice cold methanol for 20 min to expose antigens, blocked with a
solution of 100 mM glycine, 0.1% Triton X-100 and 10% normal goat serum (NGS) to
reduce  non-specific  binding of  subsequent  antibody treatments,  incubated with
primary antibodies overnight at 4 °C, secondary antibodies for 3 h and the nuclear
stain DAPI (D9542, Sigma). Samples were immersed in Citifluor anti-fade reagent and
sealed with a coverslip for viewing with fluorescence microscopy.

Primary antibodies used in this work were as follows: Anti-ATP binding cassette
subfamily  B  member  5  (anti-ABCB5)  antibody  produced  in  rabbit  at  1:125
(HPA026975, Sigma), anti-tumour protein p63 alpha chain, N-terminal isoform (anti-
ΔNp63α) antibody produced in rabbit at 1:160 (private order, PickCell Laboratories)
and anti-smooth muscle  actin  (anti-αSMA) antibody produced in  mouse  at  1:80
(A2547; Sigma Aldrich). Secondary antibodies were used at 1:350 goat anti-mouse
Alexa488 (A11029, ThermoFisher) to detect anti-αSMA, goat anti-rabbit Alexa488
(A11034, ThermoFisher) to detect anti-ΔNp63α and goat anti-rabbit Alexa568 (A11011,
ThermoFisher) to detect anti-ABCB5 primary antibodies.

Based on previously established methodologies[16,30], an adapted protocol was used
for  cross-sections  of  implanted  full-thickness  tissues.  Sphere-implanted  corneal
buttons were frozen at -20 °C in Tissue-Tek® OCT compound (Sakura) before being
cryosectioned to obtain 20 µm “cross-sections,”  which were mounted onto glass
microscope slides. These cross-sections were washed in PBS for 10 min three times.
Sections were fixed with 2.5% paraformaldehyde in PBS for 10 min (except those for
detecting ΔNp63α, which were not fixed) and rinsed in PBS for 15 min three times.
Sections were treated with 2 mg/mL bovine testicular hyaluronidase in PBS for 1
hour at 37 °C in a humidity chamber, permeabilised in methanol at -20°C for 20 min
and washed in PBS for 15 min three times. This was followed by treatment with 20
mM glycine in PBS for 30 min at room temperature and washed in 0.1% NGS in PBS
three times for 15 min. Sections were subsequently treated with a 2% NGS with 0.1%
Triton X-100 in PBS solution for 30 min at room temperature. Primary and secondary
antibodies were prepared in 0.1% NGS to desired concentrations as described earlier
and sections incubated overnight in primary antibody prior to washing with 0.1%
NGS  and  incubation  in  secondary  antibody  for  2  h  at  ambient  temperature.
Counterstaining was completed with 0.1 µg/mL DAPI for 10 min prior to mounting
in Citifluor antifade using a glass coverslip, which was sealed with nail varnish. The
microscopes and imaging software used were: The Leica DM-RA upright fluorescence
microscope described earlier  and the Olympus FV 1000 Confocal  laser  scanning
microscope (Olympus) with the FV10-ASW ver.0.4.00 image capture and analysis
software.

Gene expression quantification
Sphere implanted tissue sections were carefully removed from the glass slide and
transferred to an RNase-free tube. RNA extraction and genomic DNA removal was
subsequently performed using the RNAGem™ Tissue Plus Kit (RTP0200, ZyGem) as
per manufacturer’s protocol.  Samples were tested for presence of PCR inhibitors
using  the  SPUD  assay[32].  Inhibitory  samples  were  further  purified  using  the
PureLink® RNA Mini Kit (12183018A, ThermoFisher) as per manufacturer guidelines
as required. Complementary DNA (cDNA) was synthesised using the SuperScript®

VILO™ cDNA Synthesis Kit (11754-050, ThermoFisher) according to manufacturer
guidelines using 10 µL of the DNase I treated total RNA extracts.

Successful cDNA synthesis was confirmed by performing a β-actin polymerase
chain reaction on all cDNA preparations and resolving PCR products by agarose gel
electrophoresis to confirm successful amplification. The following primers were used:
AACTCCATCATGAAGTGTGACG (forward)  and GATCCACATCTGCTGGAAG
(reverse) which yield a 224 bp amplicon. cDNA samples were subsequently diluted
1:5 and then analysed using droplet digital PCR (ddPCR). The primers and probes
used are listed in Table 1. All primers were commercial PrimeTime qPCR assays that
utilise the 56-FAM fluorophore and both the ZEN and 3IABkFQ quenchers. Detailed
sequences  of  the  primer  set  and  probe  sequences  can  be  obtained  from  the
manufacturer.

For each ddPCR assay, one positive control and one “no template” control was
included in addition to samples. Purified PCR product used at a concentration of 1.2 ×
104 copies/µL were used for the positive controls.

PCR reactions were set up containing final concentrations of 1 × PrimeTime qPCR
assay, 1 × ddPCR supermix for probes (no dUTP) and 2 µL of diluted cDNA in 24 µL
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Table 1  PrimeTime quantitative polymerase chain reaction assays used for droplet digital polymerase chain reaction

Product of interest: Gene Reference gene or gene of
interest Assay identification Size of complimentary DNA

amplicon, base pairs

Actin, beta Reference Hs.PT.39a.22214847 109

Beta-2-microglobulin Reference Hs.PT.58v.18759587 142

Glucuronidase beta Reference Hs.PT.58v.27737538 127

Glycreraldehyde-3-phosphate
dehydrogenase

Reference Hs.PT.39a.22214836 142

Hypoxanthine
phosphoribosyltransferase 1

Reference Hs.PT.58v.45621572 148

Peptidylprolyl isomerase A Reference Hs.PT.58v.38887593. g 101

Actin, alpha 2, smooth muscle, aorta Gene of interest Hs.PT.56a.2542642 131

ATP binding cassette subfamily B
member 5

Gene of interest Hs.PT.58.38502346 106

ATP-binding cassette, sub-family G
member 2

Gene of interest Hs.PT.58.20889058 114

Collagen type I, alpha 1 chain Gene of interest Hs.PT.58.15517795 130

Collagen type I, alpha 2 chain Gene of interest Hs.PT.58.26714160 108

Integrin, subunit beta 1 Gene of interest Hs.PT.58.39883300 141

Keratin 3 Gene of interest Hs.PT.58.25330614 126

Keratocan Gene of interest Hs.PT.58.45594658 130

Laminin, subunit alpha 1 Gene of interest Hs.PT.58.3170022 129

Notch1 Gene of interest Hs.PT.58.23074795 112

Proliferating cell nuclear antigen Gene of interest Hs.PT.58.4761611 94

Tumour protein p63, transcript
variant 1, C-terminal isoform α

Gene of interest Hs.PT.58.39019253 108

Tumour protein p63, transcript
variant 1, N-terminal isoform

Gene of interest Hs.PT.58.19710922 104

Vimentin Gene of interest Hs.PT.58.38906895 141

reactions.  Where samples did not yield an expression quantity due to low target
abundance,  increasing  amounts  of  diluted  cDNA from 2  µL,  4  µL,  6  µL up to  a
maximum of 10 µL were used in repeat reactions. For droplet generation, 20 µL of
each PCR reaction was loaded into the appropriate wells of DG8 droplet generation
cartridges along with 70 µL of droplet generation oil, covered with a DG8 gasket and
placed  into  the  droplet  generator  to  generate  droplets.  Droplets  (40  µL)  were
transferred to  a  semi-skirted PCR plate,  sealed and amplified in  a  C1000 Touch
thermal cycler (Bio-Rad). The thermal-cycling conditions used were: 95 °C for 10 min
for initialisation followed by 40 cycles of denaturation at 94 °C for 30 s and annealing
at 60 °C for 60 s. After cycle 40, samples were heated to 98 °C for 10 min and cooled to
12 °C for temporary storage. After amplification, fluorescent and non-fluorescent
droplets  were  analysed using the  Bio-Rad QX200 droplet  reader  (Bio-Rad).  The
resulting ddPCR data was analysed with QuantaSoft analysis software (version 1.7.4).
A threshold line was manually placed above the negative level determined from the
no template control and below the positive level determined from the positive control.

Results were normalised to the geometric mean of six reference genes (listed in
Table 1). Expression difference in spheres implanted on en face  keratoconic tissue
sections and cultured over 14 d were compared to freshly implanted spheres at day 0
(calibrator sample).

Biostatistics
Statistical analysis on normalised gene expression values generated by ddPCR was
conducted with a linear mixed model having donor and day within donor as random
terms. Fixed model terms were gene, diseased matrix and day. Data values were
natural log transformed to meet the assumptions of the analysis. Calculations were
done using the lme4 package[33] in R version 3.5.0[34]. The resulting estimates with their
covariances were used to create the values in Table 2,  Table 3 and Figure 1.  The
statistical methods of this study were reviewed by Bert Van der Werf, biostatistician
from The University of Auckland.
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Figure 1

Figure 1  Estimated fold differences in expression of proliferation, stem cell and epithelial and stromal cell markers in sphere-seeded tissue sections at
day 14. Expression of stem cell markers: ATP-binding cassette, sub-family G member 2, ATP binding cassette subfamily B member 5, tumour protein p63, transcript
variant 1, N-terminal isoform, tumour protein p63, transcript variant 1, C-terminal isoform α, limbal niche marker Notch1, proliferation marker proliferating cell nuclear
antigen, mesenchymal cell marker vimentin, adhesion molecules integrin subunit α3 and β1, myofibroblast marker alpha smooth muscle actin, epithelial markers
laminin α1 and keratin 3, keratocyte marker keratocan, collagen type I, alpha 1 chain and collagen type I, alpha 2 chain genes in sphere-seeded normal and
keratoconic 10 μm en face decellularised central corneal stromal tissue sections. Spheres were derived from two human donors and expression data at days 0 and
14, normalised to reference genes β-actin, glycreraldehyde-3-phosphate dehydrogenase, glucuronidase beta, hypoxanthine phosphoribosyltransferase 1,
peptidylprolyl isomerase A and β2-microglobulin. Data is expressed as estimated fold difference between day 14 and day 0 based on raw data and plotted as the
natural logarithm mean differences in fold expression ± standard deviation.

RESULTS

Repopulation of keratoconic tissue surface
Spheres were seeded on to a total of 28 thin 10 μm tissue sections and assessed for
viability. Cells were deemed non-viable based on complete absence of LIVE staining
of cells across the entire implanted tissue section. Of these 28 tissue sections, 17 were
keratoconic tissue sections and 11 were normal tissue sections. The keratoconic and
normal tissue sections were each sourced from two different human tissue donors.
Cells were viable in 28 out of 28 (100%) tissue sections assessed at day 1 post-seeding.
Two tissue sections were fixed for immunohistochemistry. The remaining 26 tissue
sections (16 keratoconic and 10 normal) were assessed at day 3, of which 20 (77%)
were viable. Six tissue sections, two keratoconic and four normal, were non-viable,
and two tissue sections were fixed for immunohistochemistry. At day 7, 18 tissue
sections were assessed with the viability stain, of which 16 (89%) were viable. Spheres
and cells remained viable at day 14 in at least two keratoconic tissue sections. All of
the tissue sections that became non-viable were implanted with spheres from the
same donor. However, two other keratoconic and two other normal tissue sections
implanted with spheres derived from this sphere donor remained viable to day 7
(Table 4).

Viable cells increased in number and migrated over observed time periods between
0 and 14 d. Cells were seen to have migrated radially in all directions from the centre
of spheres as early as day 1.  Similar processes were observed in keratoconic and
normal  tissues.  Sphere-derived  cells  completely  repopulated  the  surfaces  of
keratoconic tissue sections (Figure 2A) (n = 2) at day 14 (Figure 2B). Cells at tissue
edges at various time points were observed to align with the edge (example in Figure
3A, white arrows). Migrated cells were not seen on the culture dish surface in any
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Table 2  Statistical analysis of difference in gene expression in sphere-seeded tissue sections as
measured by droplet digital polymerase chain reaction, effect of time: day 0 vs day 14

Day 0 Day 14 Day 14 - Day
0

Target Estimate1 (lower.95, upper.95) Estimate1 (lower.95, upper.95) P

ABCB5 0.02 (0.01, 0.08) 0 (0, 0.01) 0.003 S

ABCG2 0.71 (0.25, 1.99) 0.02 (0.01, 0.05) 0.000 S

aSMA 0.21 (0.07, 0.58) 0.23 (0.09, 0.62) 0.871 NS

Col1A1 4.66 (1.65, 13.12) 4.97 (1.84, 13.44) 0.929 NS

Col1A2 11.33 (4.02, 31.92) 3.89 (1.44, 10.52) 0.145 NS

dNp63 0.03 (0.01, 0.09) 0 (0, 0) 0.000 S

ITGa3 0.12 (0.04, 0.33) 0.28 (0.10, 0.75) 0.244 NS

ITGb1 5.81 (2.06, 16.36) 7.99 (2.96, 21.59) 0.663 NS

Keratocan 0.14 (0.05, 0.39) 0.01 (0, 0.03) 0.000 S

KRT3 0.28 (0.08, 0.96) 0 (0, 0.01) 0.000 S

LAMA1 0.33 (0.12, 0.94) 0.07 (0.03, 0.19) 0.032 S

Notch1 0.43 (0.15, 1.21) 0.10 (0.04, 0.26) 0.043 S

P63a 0.05 (0.02, 0.15) 0 (0, 0.01) 0.000 S

PCNA 0.52 (0.19, 1.48) 0.71 (0.26, 1.92) 0.681 NS

Vimentin 16.96 (6.02, 47.77) 42.18 (15.61, 113.96) 0.214 NS

1Values  are  the  back-transformed  estimates  from  the  multivariate  regression;  NS:  Not  significant;  S:
Significant (P ≤ 0.05); ABCB5: ATP binding cassette subfamily B member 5; ABCG2: ATP-binding cassette,
sub-family G member 2; αSMA: Smooth muscle, actin; COL1A1: Collagen type I, alpha 1 chain; COL1A2:
Collagen type I, alpha 2 chain; TP63: Tumour protein p63; ∆NP63: Transcript variant 1, ∆NP63: N-terminal
isoform, ITGa3: Integrin, subunit alpha 3; ITGB1: Integrin, subunit beta 1; KRT3: Keratin 3; LAMA1: Laminin,
subunit alpha 1; TP63: Tumour protein p63; PCNA: Proliferating cell nuclear antigen.

samples where tissue sections had not been completely repopulated.  Two tissue
sections, both keratoconic, were observed to be repopulated to complete confluency.
Periodic examination of these two samples with a light microscope revealed that at
approximately day 11, cells appeared to migrate initially as cell columns when leaving
the tissue edge (although not invariably), and then cells would migrate to fill the
space between the columns. Cells at the leading edge of these migratory columns had
fine  cell  processes  connecting the  cells  to  neighbouring cells  (Figure  3B,  orange
arrows).

Immunohistochemistry of sphere-seeded tissue sections
Spheres seeded onto keratoconic tissue sections stained positively for the putative
stem cell marker ABCB5 and the myofibroblast marker αSMA at day 0, day 1 and day
4. At all three time points, labelling of ABCB5 appeared to be concentrated within
spheres and not outside (Figure 4A-C, red), indicating presence of stem cells within
spheres alone. Appearance of positive αSMA staining in small numbers of cells within
spheres (Figure 4A-C, green) indicated some differentiation to myofibroblast cells
(highly likely from daughter cells), and indeed some of these αSMA-positive cells
were seen outside spheres at day 1 (Figure 4D) but also at day 4. Positive staining was
above the fluorescence signal of the secondary antibody only control (Figure 4E).

Gene expression analysis
Analysis of variance revealed a significant effect of day (day 0 vs day 14; P ≤ 0.016)
and diseased matrix (keratoconic vs normal; P ≤ 0.006). At day 14 post sphere seeding,
there was an overall significant reduction in expression of putative stem cell makers
(ABCB5, ATP-binding cassette, sub-family G member 2 (ABCG2), ∆Np63, tumour
protein  p63 C-terminal  isoform α (p63α)),  limbal  (notch1),  epithelial  (keratin  3),
keratocyte (keratocan) and extracellular matrix (laminin α1 (LAMA1)) markers tested
using ddPCR (Table 2;  Figure 1).  In both keratoconic and normal tissue sections,
expression of the putative stem cell  markers and the limbal niche marker notch1
decreased over time as did the epithelial and extracellular matrix markers keratin 3,
collagenA2, laminin and the stromal cell marker keratocan. While proliferating cell
nuclear antigen (PCNA), vimentin and the adhesion molecules integrin alpha 3 and
integrin beta 1 all increased at day 14 in both keratoconic and normal tissue matrices
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Table 3  Statistical analysis of difference in gene expression in sphere-seeded tissue sections as
measured by droplet digital polymerase chain reaction, effect of matrix, keratoconic vs normal

Keratoconic Normal Keratoconic-
normal

Target Estimate1 (lower.95, upper.95) Estimate1 (lower.95, upper.95) P

ABCB5 0 (0, 0.01) 0.01 (0, 0.03) 0.351 NS

ABCG2 0.03 (0.01, 0.09) 0.37 (0.14, 0.99) 0.001 S

aSMA 0.24 (0.09, 0.64) 0.20 (0.07, 0.54) 0.800 NS

Col1A1 6.40 (2.37, 17.25) 3.62 (1.34, 9.77) 0.418 NS

Col1A2 9.30 (3.45, 25.08) 4.74 (1.76, 12.79) 0.337 NS

dNp63 0 (0, 0.01) 0.02 (0.01, 0.05) 0.004 S

ITGa3 0.16 (0.06, 0.43) 0.21 (0.08, 0.56) 0.695 NS

ITGb1 7.63 (2.83, 20.57) 6.09 (2.26, 16.42) 0.748 NS

Keratocan 0.03 (0.01, 0.08) 0.04 (0.02, 0.12) 0.588 NS

KRT3 0.01 (0.01, 0.04) 0.04 (0.01, 0.12) 0.211 NS

LAMA1 0.17 (0.06, 0.46) 0.13 (0.05, 0.36) 0.726 NS

Notch1 0.07 (0.03, 0.20) 0.58 (0.21, 1.56) 0.003 S

P63a 0.01 (0, 0.01) 0.02 (0.01, 0.06) 0.053 NS

PCNA 0.51 (0.19, 1.38) 0.73 (0.27, 1.97) 0.612 NS

Vimentin 24.29 (9.01, 65.52) 29.45 (10.92, 79.43) 0.784 NS

ABCB5 0 (0, 0.01) 0.01 (0, 0.03) 0.351 NS

1Values  are  the  back-transformed  estimates  from  the  multivariate  regression;  NS:  Not  significant;  S:
Significant (P ≤ 0.05); ABCB5: ATP binding cassette subfamily B member 5; ABCG2: ATP-binding cassette,
sub-family G member 2; αSMA: Smooth muscle, actin; COL1A1: Collagen type I, alpha 1 chain; COL1A2:
Collagen type I, alpha 2 chain; TP63: Tumour protein p63; ∆NP63: Transcript variant 1, ∆NP63: N-terminal
isoform, ITGa3: Integrin, subunit alpha 3; ITGB1: Integrin, subunit beta 1; KRT3: Keratin 3; LAMA1: Laminin,
subunit alpha 1; TP63: Tumour protein p63; PCNA: Proliferating cell nuclear antigen.

(Figure 1).
When comparing tissue matrices (keratoconic vs normal sections), there were no

significant differences in gene expression between spheres seeded on keratoconic
tissue sections and spheres seeded on normal tissue sections for cell proliferation
(PCNA), epithelial (keratin 3), keratocyte (keratocan), extracellular matrix (LAMA1),
collagen I α1 (Col1A1), collagen I α2 (Col1A2)), adhesion (integrin α3, integrin β1),
myofibroblast (αSMA) or mesenchymal cell (vimentin) markers tested using ddPCR
(Table  3;  Figure 1).  Only limbal  and stem cell  markers  (notch1,  ABCG2,  ∆Np63)
showed a significant reduction in gene expression on keratoconic sections, while p63α
reduced to a level that did not reach significance (P = 0.053). The putative stem cell
marker ABCB5 was also observed to have reduced expression on keratoconic matrix
but not significantly so (Table 3; Figure 1).

Only the repair cell marker αSMA showed an overall increase in normal tissue
sections and a decrease in keratoconic tissue sections, while conversely collagenA1
showed a decrease in normal tissue sections and an increase in keratoconic tissue
sections (Figure 1). However, this difference in expression pattern on normal versus
diseased tissue matrix was not statistically significant, which may be due to sphere
donor variation for both αSMA and collagenA1.

Sphere implantation into full thickness tissue
Sphere behaviours once implanted into full thickness keratoconic tissue were similar
to those observed on thin tissue sections and to those observed in full thickness non-
keratoconic tissue controls. Six decellularised full-thickness central corneal tissues
(corneal buttons) from post-keratoplasty keratoconic patients (n = 3) and from non-
keratoconic  cadaveric  donor  corneas  with  normal  anterior  corneas  (n  =  3)  were
successfully implanted with a total of 16 spheres using our wedge-shaped incision
technique.  The  spheres  were  derived from three  different  human donors:  Eight
implanted in keratoconic tissue and eight implanted in non-keratoconic tissue. All
spheres successfully survived the implantation procedure (confirmed by positive
staining with Calcein-AM), tissue handling and new culture conditions for at least
three days from the time of implantation (day 3) as seen in Figure 5A-B. In implanted
keratoconic buttons, six of eight spheres and their derivative cells were viable at day
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Table 4  Viability of spheres cultured on keratoconic and normal tissue sections

Day post implantation Keratoconic tissue sections Normal tissue sections

Number of sphere-implanted
tissue sections cultured to
time point

Number of sphere-implanted
tissue sections viable at time
point

Number of sphere-implanted
tissue sections cultured to
time point

Number of sphere-implanted
tissue sections viable at time
point

0 17 11

1 17 17 11 11

3 16 14 10 6

7 13 11 5 5

14 2 2

7. In comparison, five of eight spheres and their derivative cells were viable at day 7
in non-keratoconic buttons.

Cell migration was monitored to day 7 post-implantation in all implanted buttons
with  two buttons  extended out  to  day  10  (Figure  5C-D).  All  implanted  spheres
exhibited radial cell migration from the centre of the sphere up to day 3, however the
extent of cell migration from each sphere varied not only in replicate tissue samples
but also within the same tissue. The extent of cell migration from the centre of spheres
increased from day 3 to day 7 in 11/16 implanted spheres. Of the five spheres that did
not increase cell migration from day 3 to day 7, two were implanted in keratoconic
tissue and three in non-keratoconic tissue. An example of this is shown in Figure 5D
where the sphere marked by a yellow arrow shows reduced cell migration at day 10
compared with day 3 (Figure 5B).

Cell  morphology  and  cell  orientation  was  variable  in  different  areas  of  the
implanted tissue. However, morphological patterns and cell orientation patterns in
the keratoconic and non-keratoconic corneal buttons were similar. Cells close to the
sphere (Figure 5E) were long and thin in appearance with their long axes appearing to
radiate away from the centre of the sphere. The cells distant from the sphere appeared
plumper (Figure 5F). The long axes of cells at the edge of the tissue appeared parallel
to the edge, whereas the long axes of those distant from both the tissue edge and
centre of spheres seemed to have no obvious pattern of alignment (Figure 5G). Cells
that migrated from two spheres implanted close to one another seemed to align to
form what appeared to be “cellular bridges” between the spheres (Figure 5C, white
arrows).

The incisions made for implantation into the full-thickness tissue do not appear to
significantly affect cell migration. Sphere-derived cells migrate to an incision, align
with  the  incised  tissue  edge  and  over  time  the  incision  lines  cannot  be  clearly
demarcated and migrated cells can be seen on both sides of the incision. The left-most
sphere in the implanted normal button in Figure 5B and 5D illustrates this.

Cross-sectional immunohistochemistry
Cross sections through implanted non-keratoconic and keratoconic corneal buttons
were analysed by immunohistochemistry to further characterise the phenotypes of
these cells. Cells within implanted spheres stained positively for the putative stem cell
marker ∆Np63α while migrated cells did not (Figure 6A-B). Cells within implanted
spheres as well as cells adjacent to but outside of the sphere (Figure 6C-D) stained
positively for proliferation marker EdU at day 10.

DISCUSSION

Spheres derived from normal peripheral cornea behave normally on keratoconic
matrix
Spheres and sphere-derived cells implanted in or on keratoconic tissue elicited similar
viability,  adherence,  migration,  division  and  differentiation  responses  to  non-
keratoconic tissue (normal anterior corneas). Spheres have previously been shown to
be  able  to  remain  viable  when implanted  into  normal  peripheral  corneal  tissue
matrix[30].  This study shows that spheres can also remain viable in central corneal
tissue matrix. Notably for the first time, we have also shown that spheres can remain
viable in diseased tissue matrix. Moreover, the spheres themselves maintained their
morphological structure in most cases. The same implantation technique that we have
previously employed for normal peripheral cornea was used for keratoconic central
corneas. This shows that the implantation technique can be used with more friable
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Figure 2

Figure 2  Cellular repopulation of the surface of en face keratoconic tissue sections. A: A stem cell-enriched sphere (arrow) was seeded onto a keratoconic
decellularised central corneal stromal section (phase contrast image); B: Assessed for viability with Calcein-AM (green) at day 14 (fluorescence image). Montage
imaging of the entire tissue section shows cells have repopulated the tissue section to complete confluence by day 14. Scale bar = 500 µm.

and weaker tissues as are apparent in severe keratoconus.
No observable difference was seen in viability between spheres implanted on

keratoconic tissue and non-keratoconic tissue. Implanted tissues were cultured for up
to  14  d,  and spheres  demonstrated  the  potential  to  remain  viable  for  the  entire
duration. However, some spheres lost viability prematurely in some keratoconic and
normal tissues even with biweekly medium changes.  Speculative causes include
intersphere variability or focal features of matrix that were not conducive to sphere
growth (even in  normal  implants).  The  loss  of  sphere  viability  is  unlikely  to  be
attributable to matrix type (normal or diseased) as there was no consistency in terms
of  which  matrix  spheres  prematurely  lost  viability.  The  initial  implantation
procedure, tissue handling or change in culture conditions are also unlikely causes as
all  spheres survived at least the first day. In our experience, spheres are discrete
entities. The relative proportions of stem, progenitor, epithelial and stromal cells that
comprise  each  sphere  can  vary.  This  intersphere  variability  may  have  been
responsible for some spheres losing viability over time as the environment they were
seeded/implanted into may not have supported the propagation of the majority cell
populations present within these spheres.

There was no qualitative difference observed in the ability of spheres and their
derivative  cells  to  adhere  to  keratoconic  tissue  compared  with  normal  tissue.
Although  the  levels  of  relevant  adhesion  molecules  in  keratoconus  used  by
nonimmunological migrating corneal cells are not known, decreased levels of collagen
XII[35], integrin beta 4[36] and interfibrillar and interlamellar cohesive forces[37] have been
observed in keratoconic stroma. However, these are unlikely to be applicable to the
adhesion of  spheres to  stroma.  The patterns of  expression of  integrin α3 and β1
chains, which dimerise to form the adhesion molecule integrin α3β1 found in basal
epithelium and stromal cells, showed an increase at day 14 post-seeding of spheres,
although  this  was  not-significant  (P  ≤  0.7).  Thus  there  was  no  clear  pattern  of
expression differentiating normal vs keratoconic matrices in our ddPCR results.

Both the extent and pattern of cell migration observed in keratoconic tissues were
similar to those observed in normal tissues. Cells tended to migrate from the sphere
radially in all directions and this increased over time, as has been observed previously
in peripheral corneo-scleral rims[30]. This is expected, given that there is no limbal or
scleral  region to polarise cell  migration in a particular direction as is  the case in
peripheral cornea. Cells in keratoconic tissue appeared to respond to other nearby
spheres as seen previously in normal tissue[16]. They also appeared to respond to the
tissue edge, reflected by the apparent alignment of cells observed when implanted
spheres were close to one another coupled with a consistent change in orientation
when cells  approached the tissue edge.  These observations suggest  that  sphere-
derived cells recognise tissue boundaries. In full thickness tissue, the tissue edge may
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Figure 3

Figure 3  Cell morphology and migration patterns on the surface of sphere-seeded en face keratoconic tissue
sections. A: Representative images of migrated cells over the surface of keratoconic tissue sections show cells from
the centre of the sphere aligned radially while cells close to the tissue edge align parallel with the tissue edge (white
arrows show cell orientations); B: When cells at one of the migrating edges are magnified and overexposed, fine cell
projections can be seen connecting cells to neighbouring ones (orange arrows). Scale bar = 100 µm.

have provided a physical barrier. However, in tissue sections cells migrated beyond
the tissue section boundaries and onto the dish surface eventually but not prior to
complete repopulation of the stromal section. This is despite the dish being a tissue
culture treated surface designed to promote cellular attachment and outgrowth. This
confirms that the corneal collagen matrix is the preferred substrate for sphere-derived
cells.  Although our  results  show cell  migration  primarily  on  the  surface  of  full
thickness tissues, previous results with induced pluripotent cells have shown cells can
also migrate deeply within tissue[38].

Our results assessing active cell division confirmed the presence of EdU within
sphere cells and amongst migrating cells as well as continued expression of PCNA
over time. PCNA expression showed variability between sphere donors suggesting
the proliferative response was not temporally the same between donors. By 14 d,
PCNA expression had increased from day 0 in all samples, which corresponds to the
observation of complete tissue section repopulation at this time point.

Collectively, these results show that the abnormal structure of the diseased tissue
was not a deterrent to sphere attachment, migration and division. However, there was
no  observable  increase  in  any  of  these  measures  in  response  to  diseased  tissue
compared to normal tissue either.

Functionality of the repopulated cells
Spheres, although stem cell enriched, do not exclusively contain undifferentiated
cells[16,30]. Our findings were consistent with these cited observations. In addition, our
findings also showed that spheres may maintain their stemness to some extent for at
least  14 d after  implantation in both keratoconic and normal implants.  This  was
evidenced  by  their  ability  to  maintain  their  definitive  sphere  structure  in  situ,
detection of gene expression of putative stem cell markers over time and positive
immunostaining of  some of  these markers  (∆Np63α and ABCB5).  However,  this
retention of stemness was significantly reduced on keratoconic tissue sections (Table
3).

The reasons for this significant reduction in expression of stem cell markers on
keratoconic matrix is  unclear.  It  may be a tissue effect in that there is less signal
coming from keratoconic tissue to maintain stem cells. Alternatively, it may be a cell
effect in that stem cells within spheres change their response to diseased tissue more
towards a pattern of  differentiation rather than maintaining stemness.  This may
indicate that a greater number of spheres will be required to repair dystrophic tissue.
Additionally, diseased tissue may be too far outside of the required stem cell niche to
perpetuate maintenance of the stem cells to the same level as that of normal tissue. In
our laboratory’s previous results[30], we also observed a reduction in expression levels
of putative stem cell markers to undetectable levels over time by qPCR. Presumably,
this was due to the sheer numbers of migrated and differentiated cells over time
diluting out the relatively few stem cells being maintained within a sphere. ddPCR is
considered more  sensitive  than qPCR for  detecting low abundance  targets.  Our
ddPCR  data  in  this  study  correlated  well  with  previous  qPCR  data.  ABCG2
expression decreased at similar rates in keratoconic implants and normal implants
over 14 d. Similarly, stem cell markers ABCB5, ∆Np63 and p63α and limbal niche
marker notch1 were detectable at low levels by ddPCR and also decreased by day 14.
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Figure 4

Figure 4  Adenosine triphosphate binding cassette subfamily B member 5 and α-smooth muscle actin
expression in spheres and migrated cells seeded onto keratoconic tissue sections. A, B, C: Spheres seeded
onto keratoconic tissue sections were fixed at day 0, 1 and 4 post-implantation and double primary antibody
immunolabelled with putative stem cell marker ATP binding cassette subfamily B member 5 (ABCB5) (red) and
myofibroblast marker alpha smooth muscle actin (αSMA) (green). Cell nuclei were counterstained with DAPI (blue).
Confocal projection images of z stacks were taken. Spheres labelled positively with ABCB5 and αSMA at days 0 (A),
1 (B) and 4 (C); D: Migrated cells at days 1 and 4 appeared similar, a representative image at day 1 is shown; E:
Spheres labelled with secondary antibody had no detectable red and green fluorescence when imaged at the same
levels as A-C. Scale bar = 20 µm.

Our  current  findings  reinforce  our  previous  thoughts  that  message  from
differentiated cells was saturating any stem cell messages present from the few stem
cells contributing to any given cDNA sample.

The evidence for cells differentiating as they leave the sphere lies in the absence of
purported stem cell markers in migrated cells, cell morphologies of migrated cells and
the presence of  differentiation markers.  Culture in serum-containing medium is
known to stimulate differentiation, so this result is not surprising. Most cells that
migrated  from spheres  at  any  time  point  between day  1  and 14  had a  fusiform
morphology. There was a noticeable effect at days 7 and 14 on the cell migration
patterns of spheres placed on to keratoconic stromal sections that appeared to have a
much looser arrangement of collagen fibrils. In these sections, cell orientation took on
a less organized and a more random orientation pattern that was not observed in
normal  stromal  sections.  Coupled  with  an  observed  increase  in  expression  of
mesenchymal marker vimentin over time when compared to day 0, there is a good
chance that these cells were stromal fibroblasts, which may or may not have been
activated fibroblasts.
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Figure 5

Figure 5  Cell viability of spheres and sphere-derived cells within implanted full-thickness corneal tissue. A-D: Decellularised full-thickness central corneal
stromal tissues (corneal buttons) implanted with three spheres each and assessed for cell viability with Calcein-AM (green) were imaged at 50 × magnification with a
fluorescence microscope and montaged to maintain detail of individual cells throughout the entire corneal button. Each circle represents the corneal button edge.
Three days after implantation (day 3), spheres in keratoconic (A) and non-keratoconic (decompensated: normal anterior cornea with failed endothelium) (B) matrices
are viable and have viable cells radiating from the sphere. At day 10, spheres in keratoconic (C) and non-keratoconic (D) matrices remain viable, and the viable cells
have migrated further outward from the centre of the sphere. An exception to this was one sphere within non-keratoconic tissue, which showed reduced cell migration
at day 10 compared with day 3 (yellow arrow, D); E-G: Panels E-G are magnified areas from D indicated by dotted squares (E = central square, F = top square, G =
lower square). When spheres are implanted close to each other, cells align between them as if forming “cellular bridges” (white arrows, C). Cells near the centre of the
sphere orientate radially from the centre of the sphere (E) while cells near the tissue edge are aligned parallel with the edge (F). Cells distant from both the nearest
sphere and the tissue edge appear to lose their alignment (G). Scale bar = 1000 µm for A-D and 100 µm for E-G. Bright green fluorescence at left edge of tiles in
montage (A) is artefactual.

From as early as the time of adherence (day 0), some cells in the sphere labelled
positively for the myofibroblast marker, αSMA. The majority of migrated cells were
negative  for  this  marker  over  the  course  of  four  days  in  immunocytochemistry
sections. This coincides with ddPCR data, which showed decreased expression of
αSMA below the level at day 0 in keratoconic sections over 14 d in culture. There was
increased expression of αSMA in samples from one sphere donor seeded onto normal
tissue relative to day 0 that  resulted in a high level  of  donor-donor variation on
normal tissue for αSMA expression. Perhaps the spheres from this donor on day 0 had
an unusually low expression of αSMA. Therefore,  even small  increases in αSMA
expression in other samples appeared magnified relative to day 0, or possibly these
spheres mounted a more aggressive wound healing response. Sphere-derived cell
migration may represent an early phase of wound healing or may be a response
similar to the migration of neural crest cells seen embryologically, which are also
vimentin-positive from studies of mammalian and avian embryogenesis[39].

Expression of epithelial cell marker, keratin 3, was detected at very low levels in the
majority of samples,  and its expression significantly decreased over time in both
tissue types. There was also significantly decreased temporal expression of laminin
α1, which is associated with epithelial cells. Taken together, these findings suggest
that the migrated cells were eliciting a stromal cell response on what was largely a
stromal matrix.

Cells of varying morphology were occasionally seen in long-term tissue-seeded or
implanted  cultures,  including  what  appeared  to  be  cells  with  keratocyte-like
morphology. However, detection of the keratocyte marker keratocan by ddPCR was
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Figure 6

Figure 6  Putative stem-cell marker tumour protein p63, transcript variant 1, N-terminal isoform and cell-proliferation marker 5-ethynyl-2'-deoxyuridine in
cells within sphere-implanted-full-thickness tissue at day 10. A: Representative images of cross sections with spheres and cells derived from spheres implanted
into full-thickness keratoconic and non-keratoconic central corneal buttons at day 10 show positive staining within the sphere for the putative stem cell marker tumour
protein p63, transcript variant 1, N-terminal isoform (∆Np63α) (green); B: Cells stained without primary antibody (secondary antibody only control) show low green
fluorescence. Cell nuclei are stained with DAPI (blue); C, D: Some, but not all cells show evidence of cell division (detected with ClickiT 5-ethynyl-2'-deoxyuridine
(EdU) (red), a cell proliferation marker), as shown by pink cell nuclei in superimposed images of DAPI and EdU staining (C) and its equivalent image with red signal
only (D); E: A negative control (EdU incubation without processing with its reaction solution) imaged at the same signal intensity as D is shown superimposed on DAPI
for comparison. Scale bar = 20 µm.

significantly reduced over time and did not appear to support the differentiation of
sphere cells into functioning keratocytes. It is likely that the 14-d duration of our
repopulation experiments  was too short  for  true keratocyte differentiation to be
initiated.  Similarly,  we  did  not  observe  any  consistent  increase  in  collagen  I
production (neither α1 nor α2 chains), although there was an observed nonsignificant
increase in expression of the alpha chain variant in keratoconic tissue but again with
high donor-donor variation.  The fact  that we observed similar levels of  collagen
expression in keratoconic and normal tissue may indicate the beginnings of these cells
laying  down  new  matrix.  Whether  this  would  result  in  repair  of  the  abnormal
collagen matrix in keratoconic stroma remains to be seen. Longer term experiments
may help in elucidating this.

Taken together, these results suggest that when spheres are implanted into or onto
corneal stromal matrix, sphere-derived cells migrate and differentiate down a lineage
appropriate to the matrix they are exposed to. Although there is evidence they can
maintain a level of stemness after implantation, this ability appears to be impaired on
keratoconic tissue. It may be that we are below the stem cell threshold required within
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keratoconic tissue to retain stemness to a similar level to that of normal tissue that
may indicate  the  need for  implantation of  more  spheres  in  keratoconic  corneas.
Culture conditions would also play a role, in particular culture medium components
such as  growth factors  would dictate  whether  cells  take  a  certain  path  towards
differentiation or not. Cells could be directed as to which trajectory to take: adult
wound healing or foetal wound healing (for example by addition of cytokines like
transforming growth factor β1 or β2 for the former or transforming growth factor β3
for the latter)[40].

In this study, we have relied upon the inherent properties of the spheres to detect
the matrix onto which they are placed and react accordingly by producing cells of the
correct lineage for that particular surface. In our observations, spheres react to the
matrix in which they are placed,  and this  appears to stimulate differentiation of
sphere-derived  cells.  As  the  identification  of  signalling  molecules  that  drive
differentiation of sphere cells placed onto corneal matrices was beyond the scope of
this study, we currently do not have data on the specific signalling molecules that
drive this differentiation in a specific direction and thus are relying more on the
environmental cues that sphere cells receive. Although the use of signalling molecules
to  direct  sphere  cell  differentiation  along  a  specific  path  may be  beneficial,  the
molecular interactions are highly complex and unlikely to be completely reproduced
by a single or even a mixture of signalling molecules.

A  migratory,  rather  than  differentiation,  response  of  spheres  is  consistently
observed when spheres are cultured with serum-containing medium despite different
types  of  collagen  substrates[16,30].  Our  results  show  that  when  cell  signals  are
controlled, and normal cells are exposed to keratoconic matrix, cells do not change
their behavioural response to the diseased matrix. This suggests that diseased matrix
in itself may not perpetuate the pathogenic process of keratoconus. The combination
of  scar-promoting cell  signalling,  inept  wound healing capability  of  keratoconic
stromal cells and abnormal matrix are likely to feed each other in the cycle of its
pathogenesis. It is likely that a treatment that utilises both normal cells and normal
cell signals may be able to alter the trajectory of the healing process towards normal.
There are already some promising results of scarless regeneration of ablated stroma in
corneal mouse wounds[41].

Spheres are a suitable delivery system of stem cells
Spheres have previously been shown as a delivery system for stem cells into normal
tissue matrix but not in diseased tissue, which differs morphologically[30]. There are a
number of advantages of using spheres as the mode of stem cell delivery. Firstly,
spheres contain a heterogeneous population of cells of both epithelial and stromal
origin in a 3D format, which better simulates the in vivo niche. This may be useful to
treat keratoconus, which has features of both epithelial and stromal cell dysfunction.
Secondly, sphere-forming assays are commonly used retrospectively to identify stem
cells[42], so spheres can be confidently used knowing undifferentiated cells are present.
Thirdly,  spheres  are  dynamic  entities  shown  to  be  capable  of  reacting  to  their
environment whilst maintaining themselves for up to 4 mo[16]. Finally, spheres can be
transplanted as defined entities and have shown capability to repopulate the normal
stromal ocular surface[30].

Although we did not look at immune rejection markers in our study because our
host  tissues  were  decellularised,  this  is  an  important  consideration  for  further
research  in  this  field.  An  alternative  to  sphere-based  stem  cell  delivery  is
transplantation of stem cells in the form of corneal limbal explants. Limbal explants
have been successful in treating patients with limbal stem cell deficiency; these have
their own limitations however. Autografts are more successful than allografts owing
to the lower likelihood of immune rejection, but keratoconus is a bilateral disease and
even in patients who appear to have a non-affected eye, they are likely to develop
bilateral disease long-term[43].  Also, the genotype of the autograft will still remain
keratoconic. Allografts, on the other hand, have a high risk of rejection. This has been
shown in mice[44] and even in human leukocyte-antigen matched grafts. One study
found that one-third of matched limbal grafts had failed at 5 years[45].

Sphere-based  stem  cell  delivery  also  has  some  limitations  that  need  to  be
considered. Firstly, the neurosphere assay, or any technique utilising culture with
high concentrations of mitogens to expand stem cells, is unlikely to detect quiescent
stem  cells[42].  While  this  means  that  the  stem  cells  in  spheres  are  possibly  not
representative of the entire in vivo stem cell populations, this does not necessarily
limit therapeutic application in tissue repair. Also, the quiescent stem cells may not be
able to be rapidly expanded in vitro with mitogens, which is not ideal for therapeutic
use.  Secondly,  spheres  are  not  clones,  so  intersphere  variations  are  an  inherent
limitation and even without factoring patient response, therapeutic efficacy of each
sphere will be different. However, given that stem cell enriched peripheral corneal
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spheres formed by sphere forming assay represent a way to apply a well-defined,
known cell population, they may provide an improved method for treating corneal
dystrophies like keratoconus.

Integrating stem cell implantation with current treatments
For spheres to be used for tissue repair with good functional outcomes, several factors
need to be considered and compared to keratoplasty, the current definitive treatment.
Safety factors such as tumorigenic potential and immune compatibility, practicality
factors such as method of delivery and tissue availability, and therapeutic factors such
as efficacy and sustainability of treatment need to be considered.

We have demonstrated the ability of spheres to perceive the environment they are
exposed  to  and  respond  to  it  accordingly.  This  has  been  evidenced  by  spheres
respecting artefactual gaps in tissue sections, their alignment with tissue section edges
as well as differentiation into cells appropriate to the matrix they are implanted on.
Previous  studies  have  also  shown  that  spheres  implanted  into  limbal  matrix
preferentially migrate onto cornea over sclera.  Moreover,  unlike oncogenic cells,
spheres respond to signals given to them. Unrestricted cell  growth from spheres
therefore seems unlikely.

Owing  to  the  relatively  immunoprivileged  status  of  the  cornea  and  reduced
rejection rates from avoiding breach of the corneal endothelium[1], introduction of
spheres into the corneal stroma is likely to have a low risk of immune rejection. As
with any allogenic transplant, human leukocyte antigen matching may help to further
mitigate risk of immune rejection.

Spheres are transplantable; they can successfully be surgically implanted into full-
thickness  corneas  and  adhere  relatively  reliably  within  30  min.  While  direct
implantation could be one possible method of sphere delivery, alternative routes
could be explored. Spheres and sphere-derived cells have demonstrated preference
for  collagen over  plastic,  so  sphere-coated contact  lenses  may be  an alternative.
Amniotic membrane could also potentially be used, as it has been successfully used as
a mode of delivery for limbal explants.

Compared to keratoplasty,  spheres have the advantage of being able to utilise
limited resource donor tissue to potentially treat more people as many spheres can be
generated from a single donor corneo-scleral rim.

Cells can migrate up to 5 mm away from the central sphere in 14 d and contain
actively dividing cells. These features mean that spheres can potentially be implanted
at a single or a few points and not necessarily in most severely affected areas. Cells
could migrate  to  the areas  needed and multiple  implants  may not  be needed as
spheres possess the ability to divide and maintain themselves.

While spheres can repopulate a corneal tissue surface, studies into the potential
interaction with native corneal cells and matrix production are necessary before their
full therapeutic efficacy can be assessed. If decellularisation is necessary, spheres
could potentially be introduced after corneal collagen cross-linking treatments.

We hypothesised  that  the  improved outcome from keratoplasty  compared to
collagen cross-linking is likely due to the introduction of normal cells and matrix to
the diseased cornea. We extrapolate this idea to propose that the introduction of
normal cells alone would rehabilitate the keratoconic cornea, and the introduction of
normal cells to a post collagen cross-linked cornea may also prove of benefit. We have
shown that stem cell enriched spheres cultured in the laboratory from limbal cell
extracts  can  be  successfully  seeded  onto  keratoconic  en  face  tissue  sections  and
implanted into full thickness central corneal tissue. We have confirmed the ability of
these spheres to respond to diseased tissue in a similar way to their  response to
normal  tissue and that  the  cells  showed the  correct  markers  and morphological
tendencies  for  the  tissue  structures  they  were  placed  in.  Spheres  were  able  to
repopulate the diseased tissue surface either partially or entirely with the number of
spheres  implanted  appearing  to  be  the  only  limitation  to  complete  surface
repopulation. Over 14 d, the cells remained in a largely migratory state but the cells
showed the beginning of differentiation into the appropriate cell types. Longer term
experiments coupled with the addition of appropriate cell signalling molecules may
direct them towards a more regenerative state. Our findings indicate that the presence
of diseased matrix does not appear to direct normal cells to behave abnormally and
thus conversely normal cells implanted into diseased matrix may drive the repair of
the  matrix  into  a  normal  phenotype.  These  results  are  an  important  initial  step
towards  the  development  of  an  enhanced  treatment  or  perhaps  even  cure  for
keratoconus in the future.

ARTICLE HIGHLIGHTS
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Research background
Keratoconus is a disease in which the front part of the eye, the cornea, becomes cone-shaped
resulting in impaired vision.  It  is  not  clear why this  disease occurs and why it  progresses,
although current treatments can help to improve vision. Reports in the literature of cross linking
treatments that removed some of the native cells and strengthened the matrix, only halted or
slowed the disease process for relatively short periods. On the contrary, transplanting healthy
tissue containing healthy cells and matrix reduced recurrence rates. From this, we hypothesised
that introducing healthy cells may be able to stop progression of the disease process. Stem cells
possess many reparative and regenerative characteristics. Stem cell-enriched spheres cultured
from healthy human corneal donors have been shown to be able to elicit healing responses and
also can be implanted into normal corneal tissue to repopulate it. However, this regenerative
ability of spheres has not previously been studied in diseased corneal tissue.

Research motivation
This study aimed to analyse how stem cell spheres behave in keratoconic tissue. It was not
known whether stem cell spheres could survive or how they would behave when implanted into
diseased corneal tissue. The eventual goal is to be able to use stem cell spheres for implantation
and direct them to regenerate or repair diseased cornea with minimal invasiveness to donors and
recipients.

Research objectives
Our research objectives were to implant stem cell spheres into keratoconic tissue and observe cell
survival, proliferation, migration and differentiation. This data will inform the use of stem cell
spheres for implantation into diseased tissue as a therapeutic tool.

Research methods
Spheres were implanted into full-thickness keratoconic tissues and also onto 10 µm thin slices of
keratoconic  stromal  tissues.  Similar  implants  were  done  in  non-keratoconic  tissues  for
comparison. Spheres were stained with the live cell stain Calcein-AM and imaged between days
0 and 14. Sphere implanted tissues were also analysed using indirect immunohistochemistry and
droplet digital PCR.

Research results
Our  results  showed that  spheres  were  able  to  survive  to  14  d  after  being  implanted  into
keratoconic and non-keratoconic tissues, both into full-thickness tissues as well as onto 10 µm
tissue slices. There were no significant differences observed between how spheres migrated on
keratoconic tissue compared to non-keratoconic tissue. Cells migrated from spheres radially and
aligned with tissue edges.  Cells  were  observed to  increase  in  number  with time by direct
observation and by detection of cell proliferation markers. Putative stem cell markers were still
detected 14 d post implantation but with lower levels of expression in the spheres implanted on
keratoconic tissue compared to those implanted on normal tissue. Stromal cell markers increased
while epithelial cell markers reduced indicating that spheres exhibit a response appropriate to
the stimulus of stromal tissue. Future work will determine whether the cells will ultimately
differentiate into keratocytes or how sphere-derived cells would progress in vivo.

Research conclusions
This study provided a novel insight into the implantation of healthy cells aimed at reducing
disease progression in degenerative diseases like keratoconus. It has shown early insights into
how spheres behave when implanted into diseased keratoconic corneal tissues. If healthy cells
derived from implanted stem cell spheres can influence the diseased milieu into a healthier
scenario,  stem cell  sphere implantation could be used to supplement corneal  cross-linking
procedures and delay the deterioration of vision for patients with keratoconus.

Research perspectives
This study informs the use of stem cell-enriched spheres as therapeutic agents in ocular tissue
matrices.  Future research would aim to study these interactions and how best  to progress
towards being able to use stem cells as a therapeutic adjunct to current treatments.
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