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Magyar nyelvii 6sszefoglalo

Irodalmi hattér

A szem legkiils6 része a cornea (szaruhartya), az anterior szegmens része. A Szem
fénytoré képességének 2/3-4t adja es fényt fokuszal a retindra. Feladata a mechanikai
védelem kiillonboz6é pathogénektdl, mikrobaktol, igy barrierként szolgal a kiils6 behatasok
ellen. Fizioldgias allapotban erek nem talalhatéak a szbvetben, a tdpanyagok diffuzidval
jutnak el a sejtekhez a konnybdl, illetve a csarnokvizbdl, az oxigénfelvétel pedig a levegdbdl
torténik. Harom f6bb, sejtek altal alkotott részre bonthatd, ezek kiviilrél befelé haladva, a
szaruhartya epithelium, stroma és endothelium, melyeket acellularis membranok valasztanak
el. A cornea epitheliumot 5-6 réteg folyamatosan 0sztddo, el nem szarusodd ham alkotja. A
sejtek utanpotlasa folyamatos, mivel a pislogas altal azok szdma csokken. A szem felszini
rétegét érintd trauma esetén sejtproliferacio és migracié indul meg a cornea koézéppontja
felé, centripetalisan. llyenkor a limbalis régiobdl, a cornea és a sclera hataratdl un. limbalis
epithel 6ssejtek vandorolnak a trauma helyére, mikozben lépésenként differencidlédnak. A
stroma, mely a cornea tdmegének 90%-at alkotja, egy rugalmas szoévet, mely féleg vizbdl,
proteoglikdnokbdl és l-es tipusu kollagénbdl all. ElszOrtan helyezkedd Kkeratocytak
szintetizaljdk a szovetet felépitd extracellularis matrixot. A stréma kb. 200, ortogonalisan
elhelyezett, parhuzamos kollagénrostok altal alkotott rétegbdl all, lehetdvé téve a szdvet
flexibilitasat, alakjat és atlatszosagat. A kovetkezO réteg a szaruhartya endothelium, mely
nem a klasszikus vaszkularis endothelium, mivel feladata a cornea viz homeosztazisanak
szabalyozasa. A sejtek morfoldgidja polygonalis, tomott réteget alkotnak és kdzvetlendl
érintkeznek a csarnokvizzel, igy szabalyozva a viz mozgasat aktiv molekularis pumpaik

segitségével.

A szaruhartya képes regeneralni kisebb, a felszint érintd sériiléseket, viszont ha a trauma a
mélyebb rétegeket is érinti, a kronikus gyulladas miatt kialakul6 homaly kérosithatja a latast,
vaksagot is okozhat. A trauma mellett egyéb betegségek is érinthetik a szOvetet, féleg
allergias reakciok, mikrobialis fert6zések, vagy Keratitisek (szaruhartya gyulladasok),
viszont ennél sulyosabbak a genetikai uton 6rokolt cornea disztrofidk, melyek altalaban
mindkét szemben kialakulnak. Ilyen esetekben a végsé megoldas részleges, vagy teljes
szaruhartya transzplantacid. Szovetbankokban tarolt, kadaverekbdl eltavolitott donor

szOvetek kertilnek belltetésre, viszont a vilagszerte tapasztalt donorhiany miatt ez nem jelent
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hosszu tavi megoldast a jovében, valamint egyes betegeken meg kell ismételni a belltetést,

szovetrejekciok és egyeb okok miatt.

A regenerativ orvoslas jelenthet megoldast, az ds/sejteket alkalmazd terapias eljarasok
egyre népszeriibbek. Az embriondlis Ossejtek hasznalata etikailag vitatott és bizonyos
tanulmanyok bebizonyitottdk azok tumorigén hatasat. Az indukalt pluripotens dssejtek is
rendkiviili potenciallal rendelkeznek, viszont itt is fenn all a tumorigenezis lehetOsége a
pluripotens allapot indukcioja alatt. A feln6tt mesenchymalis Gssejtek jelethetnek megoldast,
melyek differenciacios képessége limitélt, de képesek a nativ szdvet regeneralasra a lokalis
6ssejt populacio helyreallitasaval, valamint gyulladascsokkentd, immunmodulalé hatasuk is
ismert. Allatokat alkalmazé tanulmanyokban mar bizonyitottdk a felndtt Gssejtek szovet-
regenerdld képessegét, kiilonboz6 eljarasok mar human klinikai fazisban vannak, viszont a
tobbségiik még kutatas alatt all. Az egyetlen, Ossejteket alkalmazo, szemészeti indikacioju
gyogykészitményt 2015-ben engedélyezték, viszont hasznélata limitalt a szaruhartya

epithelium és a cornea felszin regeneralasra.
Célok

1. Célunk annak a vizsgalata, hogy a kiilonbozd régiokbol és eltéré modszerekkel

eldallitott cornea stroma sejtkultardk kilonbdznek-e egymaéstol.

2. A szaruhartya stroma kiilonboz6, anatomiailag eltéré régioibol kinyert, tenyésztett
sejtek Kkarakerizalasa, specifikus, sejtfelszini &ssejt, adhézios és egyéb markerek

segitségével.

3. Van-e kuldnbség az ex vivo tenyesztett, stromabdl izolalt sejtek, a nativ allapothoz
képest, kiilonboz6 funcionalis-, Ossejt-, adhézids- és proliferacios gének és proteinek

expresszidjaban.

4. Human cornea endothel sejtek izolalasa es tenyésztese, fenotipusos karakterizalasa.

5. Szaruhartya stromabol izolalt és cornea endothel sejtek génexpresszidjanak

Osszehasonlitasa funkcionalis és specifikus, korabban leirt markerek segitségével.
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6. Tényesztett szaruhartya endothel sejtek karakterizalasa sejtfelszini feherjék és
szénhidratok alapjan, mintegy ,,ujjlenyomatot” Ilétrechozva a sejtek egyszeriibb

azonositasa végett.

Moddszerek

A kadaverekbdl torténd szovetgylijtést az Egészségiligyi Tudomanyos Tanéacs hagyta
jova és megfelelt a Helsinki Nyilatkozatban foglaltaknak. Mindent mintat a halal beallta
utdni 24 Oraban gyijtottink. A szemet steril flllkében, betadinos &ztatds utan séoldattal
mostuk, majd a szaruhartyat sebészeti olloval eltavolitottuk és steril Petri-csészékbe
helyeztik. Sztereomikroszkop alatt a felfelé forditott corneardl az endotheliumot az alatta
talalhatd Descemet membrannal egy(tt, csipeszek segitségével eltavolitottuk és kollagenaz
oldatban inkubdltuk. Tripszines kezelést kovet6en a sejteket egymastol is teljesen
elvalasztottuk, igy tenyésztettiik 6ket egy, az irodalomban hasznalt modszert kdvetve, két
féle médium hasznélataval. A visszamaradt szaruhartya korongon, az anterior részen egy
penge segitsegevel oOvatosan lekapartuk a cornea epitheliumot. A maradék stromat egy
trepan segitségével kb. 3 mm atmér6jii darabokra szeltiink, majd kollagenazzal kezeltiink,
illetve kezelés nélkil, direkt tenyészetéedényekbe helyeztiink. A szaruhartya endothel

sejtekhez kontrollként egy ismert cornea endothel sejtvonalat hasznaltunk (B4G12).

Paraffinba agyazott szaruhartyakat in situ immunfestéssel vizsgaltuk, ABCG2, CXCR4,
nestin, Ki-67, ALDH1A1, kollagén 1., CD34, CD73, CD90, CD105, vimentin, fibronektin,
kollagén 1V, VE-kadherin, a-aktinin, ABCG5, anti-fibroblaszt markerek expreszidjat. Primer
cornea endothel sejteket specialisan kialakitott tenyésztéedényekben expandaltunk, majd
CD73, CD166, kollagén 1 és IV, Na/K ATPaz, ZO-1 és Ki-67 molekuldk ellen termelt
antitestekkel, majd hasonlé modszerrel, festékmolekuldkkal jeldlt lektinekkel a sejtek

sejtfelszini szénhidréatjait jeloltik, majd fluoreszcens mikroszkdppal felvételeket készitettiink.

Aramlasi citometrias méréshez, a tenyésztett sejteket haromféle festékmolekulahoz
konjugélt antitesttel jeloltik: ABCG2, CD31, CD34, CD44, CD47, CD49a, CD49d, CD51,
CD54, CD73, CD90, CD105, CD106, CD112, CD146, CD166, CD325 és Nestin fehérjék
ellen. Inkubécido utdn a sejteken a kiilonb6zé markerek eloszlasat hataroztuk meg és

fenotipizaltuk.
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A cornea stroma és endothelium sejteket szérumot tartalmaz6 médiumban
tenyésztettiik, majd a megfelel6 sejt és passzazs-szam elérésekor a letapadd sejteket tripszin
segitségével felvettik és totdl RNS-t izolaltunk, majd reverz transzkripcioval cDNS-t
szintetizaltunk. RT-gPCR maddszerrel vizsgaltuk ALDH1Al, ABCG2, AQP1, CD31, CD34,
CD73, CD90/THY1, Claudin 14, CXCR4, CK-19, ENG (CD105), GPC4, ITGAV, ITGB4,
KLF4, Nestin, Vimentin, ZO-1 gének expressziojat.

Eredmények

A létrehozott explantalt- és emésztett- stroma tenyészetekben viabilis, hosszukas-, illetve
orso-alaku sejteket figyeltink meg. A sejtek viszonylag gyorsan osztodtak mind a négy
kondicié esetében azonos morfoldgiai sajatsagokat mutattak. A szaruhartya stréma pozitiv
festddést mutatott a-aktininre, ALDH1Al-re, CD31-re, CD34-re, kollagén I-re és
Vimentinre, viszont az ABCG2, ABCGS5, fibroblaszt, CD73, CD90, CD105, kollagén 1V,
fibronektin, Ki-67, Nestin és VE-kadherin markerek negativak voltak. A tenyésztett stroma
sejtek CD73, CD90, CD105, CD51, Nestin, CD49a, CD49d, ABCG2 és CDA47 pozitivak
voltak, CD34-et és CD31-et pedig nem expresszaltak. A nativ human stromaban
szignifikansan magasabb ALDH1Al, AQP1, ITGB4, KLF4, CXCR4, CD3l1 és CD34
expresszidt talaltunk, a tenyésztett sejtekhez képest, ahol viszont szignifiakansan magasabb
volt az ABCG2, ITGAV, Nestin, CD73, CD90, CD105 és Vimentin gének expresszidja, mig
a GPC4 nem volt szignifikansan eltéré a két minta esetében. A primer szaruhartya endothel
sejtekben és a sejtvonalban szignifikansan alacsonyabb volt a Vimentin, CD90, CK-19 gének
expresszidja, a stroma sejtekhez képest, mig az endothel sejtekben magasabb volt a ZO-1
kifejez6dése. A Claudin 14 csak a B4G12 sejtvonalban volt detektalhato.

Az aramlasi citometrids mérés alapjan a primer szaruhartya endothel sejtek pozitivak CD166,
CD47, CD44, CD54, CD73, CD90, CD105, CD106, CD112, CD146, CD325 markerekre,
mig a CD34 negativ. I1zolélas utan, frissen jeldlt cornea endothel sejtek CD73, CD90, CD146
és CD325 markereket expresszéltak. A primer szaruhartya endothel tenyészetek pozitivak
voltak LCA, PHA E, PHA L, PSA, sWGA, Con A, RCA 120, WGA lektinekkel jel6lve,
viszont nem GSL I, SBA, DBA, PNA, UEA | lektinekre.

Diszkusszio

Jelen tanulmanyban azt talaltunk, hogy valosziniileg a human szaruhartya stroma eltéré

régidibdl, emésztéses vagy explantdtum modszerrel izolalt sejtek fenotipusosan
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megegyeznek, azonos mértékben fejezédnek ki a specifikus, adhéziods, éssejt, proliferacios
markerek, igy a szovet barmely részébdl kinyerhetéek kutatasi célokra. A tenyésztett
stromabol szarmazd sejtek azonban jelentés valtozason mennek keresztil, a fenotipus- és
genotipus-beli valtozasokat figyelembe véve, a nativ allapothoz képest. Amig néhany, a nativ
szOvetben megtaldlhatd specifikus, funkcionalis marker expresszidja csokken bizonyos,

Ossejtek altal hordozott markerek szintje no.

Tenyésztett cornea endotheliumbdl izolalt sejtek sejtfelszini markereik és funkcionalis
gének expresszidja alapjan jol definialhatok és kilonbdznek a stroma sejtekt6l. A primer
szaruhartya endothel sejtek olyan markereket is hordoznak, amelyek regenerélddo,
integritasukban sérilt szovettel asszocialhatéak. Az altalunk hasznalt és vilagszerte is széles
korben alkalmazott modszerrel el6allitott szaruhartya endothel kultarak valdszinileg
mentesek szennyezd stroma sejtekt6l, viszont a sejtek feltételezhetden endothel-
mesenchymalis tranzicién mennek keresztill a tenyésztés soran, bizonyos markerek jelenléte

és morfoldgiai valtozasok alapjan.

Konklazidként elmondhatd, hogy a humén szaruhartya stroma ¢és endothel rétegeibdl izolalt
sejtek stabilan szaporithatdak laboratoriumi korilmények kozott eés az altaluk kifejezett
gének ¢s sejtfelszini markerek alapjan jelentds potenciéllal rendelkeznek, mindezt szamos
kutatési eredmény alatdmasztja. Fontos, hogy a jovébeli kutatasok célja olyan funkcionalis,
standardizalt modszerekkel eldallitott sejtek eldallitdsa, melyek terapids alkalmazhatosaga,
biztonsaga és biokompatibilitasa kutatasi eredményekkel alatdmasztott és klinikai
korilmények kozott alkalmazhatéak a szem elills6 szegmensét érinté patoldgias

elvaltozasok gyogyitasara.
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Introduction

The outermost layer of the human eye is the cornea (Figure 1). Its outstanding
properties such as avascularity and transparency enable the humans to see the world through
it. The cornea is responsible for refraction of the incoming light, admitting and focusing it
onto the retina. Furthermore, it serves as a protective barrier against microbes, pathogens and
air-borne substances, as well as mechanical stimuli. The average diameter of the cornea is
approximately 11.5 mm with 0.5-0.7 mm thickness. Physiologically, blood vessels do not
penetrate the tissue, instead nutrients reach the cells via diffusion from the tear film at the
ocular surface or from the aqueous humor on the posterior side, secreted by the ciliary body;

oxygen is absorbed directly by the cornea from the air.
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Figure 1. A schematic of the major anatomical structures of the human eye and the cornea.

Anterior to posterior direction, the human cornea has 5 officially recognized layers, the

corneal epithelium being the foremost. This cellular layer - the first barrier of the eye against
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the outside world - consists of 5-6 strata of fast-cycling, non-keratinizing, squamous
epithelial cells. As blinking constantly sheds the outermost layer, replacement of the
epithelial cells from the underlying strata is continuous, under physiological conditions. The
next layer is a thin, acellular interface membrane made up of collagen fibers - the so-called

Bowman'’s layer, which separates the corneal epithelium from the stroma. (Figure 1)

Occupying 90% of the thickness of the cornea, the stroma is a flexible layer, made up
of water, proteoglycans and abundant amounts of collagen type I. The stroma is responsible
for 2/3 of the refractive power of the eye. It is scarcely populated by quiescent keratocytes
known to synthesize the proteoglycans and collagens that make up the tissue. [1] This
complex network of approximately 200 layers of uniform collagen 1 and V fibrils is
remarkable. The specific ultrastructural features enabling the dome-like shape of the tissue,
stability, mechanical flexibility and orthogonally- stacked lamellae render the tissue
completely transparent. Interestingly, the fibrils are uniform in diameter, around 31 nm in
humans. [2] The proteoglycans- mostly keratin and chondroitin- or dermatan-sulphate- bind
to the collagens, forming bridges across the tissue. The fibers stretch towards the sclera where
the arrangement changes to grouped. The corneal stroma develops from the neural crest
during embryogenesis, which is also the origin of the mesenchymal tissues of the head.

Adjoining to this is the presence of a recently described anatomical structure - the Dua’s
layer, which is still debated in the scientific and medical community, however, it is thought to
be an acellular structure, located between the stroma and the Descemet’s membrane. [3]
Another interface layer, the Descemet’s membrane, is thought to be acellular as well, serving
as a basal membrane to support the corneal endothelium. Despite its name, the endothelial
layer is not a classical vascular endothelium, however, it is made up of polygonal (mostly
hexagonal), tightly adjoined cells, and is a squamous epithelial tissue. The cells are in direct
contact with the aqueous humor (Figure 1), nourishing the endothelium, while oxygen is
absorbed from the air. Corneal endothelial cells have a crucial role in the hydration of the
stroma and the cornea as a whole, regulated by active molecular pumps on the cells’ surface,

under physiological circumstances, essential in achieving perfect transparency.

The cornea is exposed to external damage, being the foremost layer of the eye, and is able to
recover from minor superficial wounds without complications. Deeper injuries and
accompanying inflammation can severely impair vision and can cause chronic corneal

blindness through haze formation. One of the most common conditions that affect the eyes is
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pollen allergy, causing minor discomfort, while the second most common one is the dry eye
syndrome, mostly caused by air-conditioning devices. The acute inflammation of the cornea,
keratitis is usually classified as non-infectious and infectious type. The first type, is usually
brought about by minor scratches, while the second type is brought by microbial infections
provoked by contact lens wear or any other infections of the ocular surface that is treated by

antibacterial and/or steroid eye drops.

Corneal dystrophies are usually genetically inherited diseases, affecting both eyes. The
conditions gradually progress, eventually leading to haze due to the dysfunction of one or
more layers of the cornea. Most common of them is keratoconus, where thinning of the
cornea makes the tissue to protrude and adopt a cone-like shape, as the name suggests. The
exact causes are unknown and in most cases the cornea becomes stable after a few years of
treatment, or in some cases the condition progresses, the symptoms worsen with the vision
decreasing gradually and scarring occurs. Ultimately, corneal transplantation is the last and

definite option for treatment.

Fuchs’ dystrophy affects both eyes of mostly women and is another slowly progressing
condition. The number of corneal endothelial cells decreases to a critical number and
subsequently, fluid leakage into the cornea causes local edema, swelling and vision
impairment. Therapy normally targets the reduction of swelling, although severe cases
require transplantation. In lattice dystrophy, amyloid deposits appear in the corneal stroma,
forming a lattice-shaped accumulation of the protein, gradually overtaking the stroma, often
destructing the epithelium in the process. Corneal transplantation is the last line of therapy in
severe cases, although the disease is known to be intermittent. Other conditions that can
affect the cornea are Herpes Zoster infection and reactivation (from latency after chickenpox
infection), or Herpes caused by herpes simplex virus- 1 (HSV-1), creating sterile non-healing

ulcers in the cornea that can turn into stromal keratitis. [4]

Therapy of the most severe diseases includes full thickness- or partial (lamellar)
transplantation of the cornea, however, there is a global shortage of donors, reportedly 1
cornea is available for 70 needed. [5] Success rates for engraftment are relatively high, with a
5-30% rejection rate. [6] Alternatively, keratoprosthesis (Kpro), an artificial cornea is
sometimes the last resort for patients who had rejected multiple cornea transplantations.
Despite the high success rates, complications can always from surgery occur, such as

glaucoma, dislocation and local inflammation of the surrounding tissue. [7]

17



Since human donor tissue is scarce and at the same time transplantation is the only
solution in the therapy of severe cases, alternative methods are called upon. Regenerative
medicine could fill the void, as cellular therapies using stem cells are gaining momentum.
The main challenge is represented by the distinct roles and functionality of the cells making
up the cornea. Stem cells possess the ability and plasticity to turn into multiple types of cells
in which they are located. Besides embryonic, adult mesenchymal and hematopoietic stem
cells need to be specified. The ethical use of human embryonic stem cells (HESCs) is highly
debated; furthermore, long-term studies have associated a tumorigenic potential to these cells.
Induced pluripotent stem cells (iPSCs) have been generated by reprogramming differentiated
cells and while these cells have similar properties for renewal, as embryonic progenitors,
autologous iPSC have been known to activate the immune system and the reprogramming
itself carries certain risks for tumor formation. On the contrary, adult stem cells have been
shown to have a low potential to tumorigenesis, with equal beneficial effects in tissue
regeneration by the replenishment of native stem cell pools, and specifically, adult
mesenchymal stem cells (MSCs) have been attributed immunosuppressive effects [8-11].
Nevertheless, certain types of adult MSCs are known to have a limited renewal capacity.
Although stem cell research and regenerative therapy for the cornea is currently being
undertaken worldwide, most of the methods utilizing tissue engineering and cellular therapy
are under development or still in research stage, while only a few have made it to clinical trial

phase.

Corneal epithelium

The corneal epithelium consists of 5-6 layers of closely packed cells (Figure 1) that quickly
respond to any superficial damage affecting the layer. Cells are continuously shed by blinking
and are replenished from stem cell niches, located at the basal epithelium of the corneoscleral
border - the limbus. In this special microenvironment, protected by the eyelids, the progenitor
cells of the corneal epithelium or limbal epithelial stem cells (LESCs) can maintain the
undifferentiated state and renew the stem cell pool. A damaged or lost corneal epithelium
induces centripetal migration of the LESCs from the niches towards the affected area,
gradually differentiating into transient amplifying- (TAC), then mature epithelial cells. [12]
Due to the asymmetrical division displayed by LESCs -and stem cells in general, this
capability of self-renewal enables the cells to completely regenerate the epithelial surface in

the course of 12-24 hours. [13] Loss of LESCs, usually induced by chemicals, mechanical
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injuries or disease is a severe threat to the regenerative capacity of the corneal surface.
During this condition known as limbal stem cell deficiency (LSCD), epithelial cells of the
conjunctiva start proliferating and migrating towards the center of the cornea, attracting

vessels and leading to corneal neovascularization, thus causing blindness.

Autologous transplantation of limbal biopsies taken from contralateral, good eye of
patients or close relatives, have been shown to have therapeutic benefit, and been around in
use for the last 25-30 years [14], holding a success rate of 80%. [15] The LESCs can be
obtained from cadaveric tissue as well, however, this requires systemic immunosuppression,
demonstrating lower success rates in long-terms. [16] The amniotic membrane, an avascular
tissue and a byproduct from child delivery, has been known to possess anti-inflammatory and
anti-angiogenic properties and been used to cover up limbal grafts to decrease the chance of
rejection; the amniotic membrane has beneficial effects on its own, as well, in the prevention
or treatment of partial LSCD. [17]

It was in 1997, that LESCs from limbal biopsies have been cultivated ex vivo, then
reimplanted into the patients, showing long- lasting positive outcomes. [18] Animal-free
medium has also been used to culture and expand the cells in vitro. [19] According to recent
studies, contact lenses are appropriate carriers for the reintroduction of LESCs into
recipients’ eyes. [20] Despite the promising results, the success rate of such procedures is
around 70%, and the method is not always sufficient for optimal recovery of vision. [21] In
2015, the European Commission approved the commercialization of the first ATMP
(advanced therapy medicinal product) using stem cells, called the Holoclar®, a technique
using ex vivo expanded LESCs from biopsies and is a cornerstone of ocular regenerative
medicine; however, its potential appears to be limited to the treatment of superficial damage

(affecting only the corneal epithelium). [22]
Corneal stroma

Keratocytes are responsible for the maintenance of the corneal stroma and its uniquely
elaborate structure and consistency. These cells assume a dendritic morphology in vivo,
however, during wound healing the cells can transform into myofibroblasts and deposit scar
tissue, hampering the corneal transparency and adversely affecting vision. [23, 24] Stromal
tissue obtained from cadavers and cultured in serum-containing media gives rise to adhering

cells displaying a spindle-shaped morphology and a steady proliferation rate. [25]
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Interestingly, corneal stroma cells (CSCs) in vitro, have been found to express markers
that are usually present on adult MSCs. The distribution of these surface protein markers (e.g.
CD73*, CD90", CD105"; CD34", CD45", CD14", CD11b", CD79a’, CD19, HLA-DR"), the
cells’ adherence to plastic and the ability to perform the canonical trilineage differentiation
into adipose- (fat), cartilage- and bone tissues in vitro, enables these cells to be considered as
adult MSCs, as defined by the ISCT (International Society for Cellular Therapy). [25-29]
Another ability of MSCs - the immunosuppressive properties through secretion of anti-
inflammatory cytokines, has also been confirmed on CSCs. [30, 31] Studies conducted on
animals proved the true potential of CSCs in cellular therapy. [32] The true origin of these
cells is still debated, however and possibly, isolation of such cells activates them and/or
different populations become dominant. [29, 31, 33] Various types of cultivation media
induce the in vitro stem cell phenotype of CSCs in different ways [34], and low serum or
serum-free conditions have been shown to restore the keratocyte phenotype, at the expense of
viability and ECM production. [35]

The most challenging part of corneal stroma-oriented regenerative research is the
reproduction of the fine ultrastructure, arrangement and composition of the stroma itself.
CSCs cultured in serum-containing medium secrete abundant amounts of ECM into the
vessel. A study using 10% serum and ascorbic acid in the cultivation medium found that the
ECM appeared to have a great resemblance to the composition of the native tissue, including
collagens and sulphated proteoglycans, as well as apical-basal polarity of the cultured CSCs.
[36, 37] Addition of transforming growth factor (TGF) 1 and 2 to the medium induced the
deposition of fibrotic-, scar-like ECM in the cultures, while TGF 33 enhanced the production
of normal, non-fibrotic structures- similar to the one by the control (ho TGF)-, with an
increased thickness of 60-70 um to 20 um. [38] The production of de novo connective tissue
in culture provides the cells a major advantage in tissue-engineering-based research and
possible future clinical implication; however, this “in vitro tissue” does not replicate the
flexibility and other biomechanical features of the cornea completely, as of yet. This led to
another branch of corneal stroma-based research with an attempt to repopulate decellularized
animal-derived corneas by human CSCs, thus minimizing the risk of rejection from

xenotransplantation. [39, 40]

Despite the ever-growing body of evidence, research groups worldwide have access to

corneas from different sources (e.g.: waste from keratoplasties, tissue banks, morgues) and
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use various methods to obtain CSCs. There has not been a study to date investigating,
whether there is any phenotypical difference in the cells or in the expression of specific genes
generated by an enzymatic [27, 41] or an explant [25] technique from different anatomical
regions of the cornea. The evidence about CSCs is not as extensive as of LESC research,
although, the potential of CSCs is undebated and the beneficial effect of MSCs in corneal
reconstruction has been demonstrated in animal experiments [42-44], but the probability of

applying the cells in clinical practice is still in its infancy.
Corneal endothelium

The most posterior layer of the cornea is not the classical vascular endothelium, instead
it is made up of a single layer of tightly-packed squamous epithelial cells, responsible for the
water homeostasis of the cornea. Initially, it was thought that these cells do not proliferate
and are arrested in the G: phase of the mitosis. If a cell dies, a neighbouring one would
enlarge and fill in the gap left behind. Through aging or defects in the corneal endothelium,
as cell density drops below a critical number, excess water leaks into the anterior cornea
causing local edema, and damage to the tissue and ultimately vision impairment occurs.
Recent discoveries led to a turning point in the way corneal endothelium is approached - it
has been found capable of recovering from minor wounds. [45] Presence of a putative
progenitor cell population at the transitional zone between the corneal endothelium and the
trabecular meshwork, called Schwalbe’s line has been suggested in one study [46], as the
source of precursor cells for both tissue types. Another study points at an increased density of
cells around the peripheral endothelium, presumably identifying a renewed population of
cells. [47] Wound healing studies reported appearance of stemness markers in the peripheral
corneal endothelium [48], although another study reported proliferative activity in only 10%
of wounded samples. [49] Still not conclusive, these results suggest, that the corneal

endothelium is possibly capable for a delayed replacement of dead cells of the layer in vivo.

Ongoing corneal endothelial research has been focused on the expansion of these cells in
vitro. Production of viable, steadily proliferating and homogenous human corneal endothelial
cell (HCENC) cultures and thus reproducible data has been a major challenge of the past 30
years. Cultured HCENC (re)gain the ability to proliferate in vitro, using serum-containing
medium [50] at the expense of morphological shift, loss of functionality and possible
contamination by other cell types. [51, 52] The cells in vivo, assume a perfect polygonal

(hexagonal) morphology, while in culture a more polarized, elongated shape is present in
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long-terms. The process is thought to be the endothelial (epithelial)- mesenchymal transition
(EndoMT or EMT), regulated by TGFB2, causing a rearrangement of the microfilament
system. [53] Several studies have used Rho kinase inhibitors (ROCK) to constrain EMT by
blocking the rearrangement of the microtubules temporarily, while affecting cell motility and
proliferation. [54-57] There are a few commercialized cell lines, although none of them
represent the original cells adequately, as suggested by genomic analysis. [58] HESCs have
been successfully differentiated into HCENCs, expressing functional markers, such as zonula
occludens-1 (ZO-1) and Na/K ATPase [59], however the use of HESCs faces ethical
problems and will not provide a long-term solution for the generation of clinically favorable

products.

Isolation of the cells from the corneal endothelium is usually achieved with the
separation of the supporting Descemet’s membrane. Enzymatic treatment causes release of
the cells from the basal membrane and dissociation from each other by the breakup of the
tight junctions. [60] The single cells attach to pre-treated culture vessels, exhibiting a
sluggish expansion rate. Initially the cells display polygonal-like morphology, which then
shifts into a more polarized cell shape, reportedly due to contamination by stromal cells or as
a result of EMT. A few markers have been suggested for the assessment of HCENnC culture
purity, such as CD166/ALCAM [51], glypican-4 and CD200 [61], a study even details
markers found on a sorted population of HCENnCs. [62]

A pre-clinical trial performed on monkeys proved to be unsatisfactory, when HCENCs
expanded on collagen | sheets were implanted; in another study, 243 patients were treated
with injection of corneal endothelial cell suspension in a minimally invasive procedure. [63]
In the current study, HCENC cultures have been generated by a method widely used by the
scientific community [60], to characterize the expression of certain surface proteins and
carbohydrates/ glycocomplexes, to set up a more robust “fingerprint” panel for the
identification of these cells and to assess purity and homogeneity of the cultures. The role of
protein and carbohydrate homeostasis of the cell has been implicated in events, such as cell
adhesion, differentiation, development and cancer cell metastasis [64], therefore, it is
generally a good indicator of the cells’ state and potential. Ample amount of research needs
to be undertaken to set up the optimal, “golden standard” method for the successful isolation
and cultivation of HCEnCs for tissue engineering and possible use in future clinical

therapeutic procedures.
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Aims of the study

1.

2.

To investigate, whether various isolation methods can generate different populations
of CSCs.

To characterize cultured CSCs produced by the different methods and various
anatomical regions in regards to their distribution of specific surface- markers’

expression related to stemness and cellular adhesion.

To explore the magnitude of change that CSCs go through, when expanded ex vivo
by comparing the gene and protein expression demonstrated by the native versus
cultured cells and in regards to markers related to functionality, stemness, adhesion

and proliferation.

To isolate and cultivate cells from human corneal endothelium and explore their

phenotypic characteristics.

To compare the gene expression of certain function-related and other previously

described markers in CSCs versus HCENCs.

To characterize the state of HCENCs based on their surface protein and carbohydrate
distribution and thus generate a fingerprint capable of assessing the purity of cultured
cells.
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Materials and methods

Sample collection

Collection of cadaveric tissue was approved by the Hungarian National Medical
Research Council (14387/2013/EKU-182/2013) and complied with the directives of the

Helsinki Declaration. All specimens were obtained within 24 hours of death.
Isolation of HCENnCs and CSCs

The bulbi were thoroughly disinfected in 5% povidone iodine (Egis) for 30 seconds, then
rinsed with sterile Dulbecco’s phosphate-buffered saline (DPBS). Corneal buttons were
dissected with the help of surgical scissors. Facing down, the corneas were placed in sterile
Petri dishes. Under a surgical stereomicroscope, the corneal endothelium and the underlying
Descemet membrane were separated from the stroma with an angled crescent knife and a
pair of forceps. The tissue was moved into a separate tube and was treated with 1 mg/mL
collagenase solution (> 125 CDU/mg, Sigma) in 15 mL centrifuge tubes for 3 hours at 37°C
with gentle rocking, in order to separate the HCEnC from the Descemet membrane. Serum
containing culture medium was added to the tubes to neutralize the enzyme. Following a
gentle spin at 800 RPM for 5 minutes, cells were treated with trypsin-EDTA (Sigma) to
produce single cells. After a 5-minute incubation at 37°C, culturing medium was added and
the cells were pelleted again at 800 RPM. HCENC were plated in FNC coated (fibronectin-

collagen mixture, Thermo Fischer) 24-well culture plates (Corning Costar, Sigma).

After removing the corneal endothelium and Descemet membrane, the leftover tissue was
carefully scraped using a surgical scalpel to decrease the chance of contamination by corneal
epithelial cells. With the help of trephine, pieces of tissue measuring 3 mm in diameter were
generated by punching through the stroma. Pieces were collected from central and peripheral

stromal regions (Figure 2)

One part of the pieces from the two regions were used for enzymatic digestion in 3 mg/mL
mixed collagenase (Sigma, USA) for 3 hours at 37°C, while the other half was placed directly
into 6-well culturing dishes (Corning Costar, Sigma). Four types of CSC cultures were
created, namely: central explant (CE), peripheral explant (PE) versus central digested (CD)

and peripheral digested (PD) from the same donor.
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Figure 2. Major anatomical regions of the human cornea. The corneal endothelium was peeled off
the posterior part of the tissue together with the underlying Descemet membrane. The corneal
epithelium was scraped off to expose the “naked” stroma. A surgical trephine was used to generate
punches of tissue from the central or peripheral stroma. The picture was taken by an EVOS ®

fluorescent microscope (Thermo Fisher Scientific).
Cultivation of HCEnCs and CSCs

As a control for primary HCENnCs, a commercially available corneal endothelial cell
line was used. Namely, the B4G12 cell line was purchased (Leibniz-Institut DSMZ-Deutsche
Sammlung von Mikroorganismen und Zellkulturen GmbH) and the cells were seeded onto
chondroitin-sulphate-laminin coated 24-well culture plates (Corning Costar, Sigma) and
Human Endothelial Serum Free Medium (Thermo Fisher) was applied and changed every
alternate day. A preformulated, fibronectin- collagen mixture (FNC coating mix, Thermo
Fisher) was used to pre-treat primary HCENCs culture plates. Initially, primary cells were
incubated in attachment medium with 5% fetal bovine serum (FBS) (Biosera) and 1%
antibiotic/ antimycotic (ab/am) solution (PAA Laboratories GmbH) in Endothelial Serum
Free Medium for the first 2 days. On the third day, maintenance medium was applied,
containing Ham’s F12/M199 containing 5% FBS, 1% ab/am solution, 1% insulin transferrin
selenite (ITS) (Sigma-Aldrich, USA), 10 ng/mL basic fibroblast growth factor (bFGF)
(Biovision) and 0.02 mg/mL ascorbic acid (Duchefa Biochemie). Medium was changed every

alternate day. [65]

CSCs were plated and cultured in DMEM Low glucose (Sigma) supplemented with 10% FBS
and 1% ab/am solution. Cell were kept at at 37°C with 5% CO- under adhesive conditions.
Medium was changed on alternate days. For immunostaining and FACS experiments, CSCs
were subcultured in T150 flasks (TPP, Sigma,).
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Reverse Transcription — Quantitative Polymerase Chain Reaction (RT-gPCR)

analysis

Total RNA from B4G12 cells, HCEnCs and CSCs was isolated by RNeasy mini Kit
(Qiagen) according to the manufacturer’s protocol. In case of primary HCENCs, total RNA
was extracted using TRIzol Reagent (UD-GenoMed). Reverse transcription was performed
using the High Capacity cDNA Archive Kit (Applied Biosystems) with 200 ng total RNA per
20 pl RT reaction. For B4G12, cDNA was amplified on an Mx3005P PCR system
(Stratagene, Agilent Technologies).

As a control for the CSCs, total RNA was isolated from the native corneal stroma, as well,
using Qiazol reagent (Qiagen). Samples were homogenized by QIAshredder columns
(Qiagen) or Tissue Ruptor probes (Qiagen). NanoDrop was used to determine RNA
concentrations (Thermo Fisher Scientific). Superscript 11l reverse transcriptase and random
hexamers (Life Technologies) were used to transcribe RNA into cDNA. Tagman Gene
expression assays were purchased and a StepOnePlus system (Applied Biosystems) was used
to assess relative gene expression levels. ALDH1Al (Hs00605167 gl), ABCG2
(Hs01053790_m1), AQPl1 (Hs01028916 ml), CD31 (Hs01065279 _ml), CD34
(Hs00990732_m1), CD73 (Hs01573922_m1), CD90/THY1 (Hs00174816_m1), claudinl4
(Hs 00273267 _s1), CXCR4 (Hs00607978 sl), cytokeratin-19 (Hs 00761767_s1), ENG
(CD105) (Hs00923996_m1), GPC4 (Hs00155059_m1), ITGAV (Hs00233808_m1), ITGB4
(Hs00236216_m1), KLF4 (Hs00358836_m1), Nestin (Hs00707120_sl), Vimentin (Hs
00185584 m1), ZO-1 (Hs 01551861 m1) were assayed. Thermo cycling conditions were set
as 95°C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute.
Analysis was carried out by the 2724t method and fold-changes (RQ) in gene expression
were determined relative to HCEnCs, CSCs or the native corneal stroma. GAPDH
(Hs99999905 m1) and 18S RNA (Hs03003630_gl) were used as housekeeping genes. All

samples were run in triplicates.
Fluorescence-activated cell sorting (FACS)

For surface protein analysis, cells were collected by trypsinization. Following a
centrifugation at 1000 RPM, 10 minutes, the cells were resuspended in FACS buffer (0.05%
Na-azide and 0.5% BSA in DPBS). Fluorescein-isothiocyanate (FITC), phycoerithrin and
allophycocyanin (APC) conjugated primary antibodies against ABCG2, CD31, CD34, CD44,
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CD47, CD49a, CD49d, CD51, CD54, CD73, CD90, CD105, CD106, CD112, CD146,
CD166, CD325, Nestin were incubated with the cells for 30 minutes at 4°C. Cells were spun
again and fixed by 1% paraformaldehyde (PFA). A FACS Calibur cytometer (BD,
Biosciences, Immunocytometry Systems) was used to determine fluorescence intensity of the
given markers. Results were analyzed by Flowing Software 2.5 (Perttu Terho, Turku Centre
for Biotechnology) and FCS Express 6 (De Novo Software). R software (version 3.3.0., R
Foundation for Statistical Computing) was used to carry out hierarchical clustering of CSCs.
[25]

Immunofluorescent staining

In situ protein expression was prepared on paraffin-embedded corneas to study
progenitor and stem cell (ABCG2, CXCR4, Nestin), proliferation (Ki-67), functional
(ALDH1AL, Collagen I, CD34), MSC markers (CD73, CD90, CD105, Vimentin), cellular
and matrix adhesion components (Fibronectin, Collagen 1V, VE-Cadherin) and other
molecules (a-actinin, ABCGS5, anti-fibroblast marker). After deparaffinization, non-specific
binding sites were blocked by 5% BSA (Sigma-Aldrich) for 1 hour at room temperature. The
primary antibodies were incubated with the samples overnight at 4°C. The next day, slides
were washed for 5 minutes three times in PBS containing 0.01% Tween-20 (PBST). Alexa
Fluor 488 secondary antibodies were applied for 1 hour at room temperature. Nuclei were
stained by 4',6-diamidino-2-phenylindole (DAPI) (Sigma). Images were taken by a Zeiss
Axio Observer Z1 (Carl Zeiss) microscope.

Primary HCENC were seeded in 8-well chamber slides (Nunc™ Lab-Tek™) until confluency
then fixed in 4% PFA. 0.1% Triton X-100 (Sigma Aldrich) for 5 minutes was applied to
permeabilize the cells. Antibodies against CD73, CD166, Collagen | and 1V, Na/K ATPase,
ZO-1 and proliferation marker Ki-67 were used. The staining was proceeded following the
steps described above. Images for the cell line were captured by a BX51 Olympus
microscope (Olympus), while primary cells were shot by a confocal microscope, Nikon Ti-E

(Volocity imaging software). ImageJ was used to analyze the pictures. [66]
Surface carbohydrate staining

HCENC were cultured in 8-well chamber slides for lectin staining. FITC-conjugated lectins
were used (Vector Labs) to visualize the surface carbohydrate distribution. The lectins were

diluted in Lectin dilution buffer and applied for 30 minutes at 4°C. Griffonia (bandeiraea)

27



simplicifolia lectin 1 (GSL 1) against galactose and N-acteylgalactosamines, dolichos biflorus
agglutinin (DBA), Peanut agglutuninin (PNA), Ricinus communis agglutinin 1 (RCA 120),
Soybean agglutinin (SBA), Phaseolus vulgaris erythroagglutinin (PHA E) and Phaseolus
vulgaris leucoagglutinin (PHA L) were used against galactose. Concanavalin A (CON A),
Lens culinaris agglutinin (LCA) and Pisum sativum agglutinin (PSA) labelled mannose and
glucose. Fucose and arabinose were stained by Ulex europaeus (UEA 1) and Wheat germ
agglutinin (WGA) and its succinylated form (SWGA) bound sialic acid. Hoechst 33342
stained the nuclei. All pictures were captured by an EVOS® FL microscope (Thermo Fisher

Scientific).
Statistical analysis

One-Way ANOVA, student’s t-test and Mann-Whitney U-tests were used to reveal
statistical differences. P-values less than 0.05 (p<0.05 *; p<0.01 **) were considered

significant.
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Results

Cell morphology and proliferation of CSCs

CSC cultures were established by the enzymatic and explant method from the central
and peripheral corneal stroma (Figure 3A). Cells from CD and PD were visible at plating
proliferated fast and reached confluence in the course of 10-12 days, while CE and PE took
12-14 days to appear at the edges of explanted tissue, reaching confluence 20-25 days after

isolation (Figure 3B). The 4 conditions displayed no morphologically apparent differences.
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Figure 3. Phase contrast images showing CSC morphology and the growth rates of the various
conditions. Pictures from day 1, 8, 15 and 21 of cultivation of the different CSCs are shown for the
different conditions (A). The scale bar represents 1000 um. Stromal explants are marked by an asterix
(*). Confluency of the cells % + SD (n=3) was calculated using ImageJ software and the data was

plotted accordingly for the days shown (B). (Continued from page 29)

All cultures showed Ki-67 positivity (Figure 4.) From all stained cells, 4.21 £1.53%,
7.87 £ 4.73%, 8.60 + 4.58% and 10.95 * 4.42% demonstrated Ki-67 expression (Figure 4B)
for CD, CE, PD and PE, respectively. (p=0.43)
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Figure 4. Ki-67 expression in cultured CSCs. Cells were cultured for 30 days and stained for
nuclear Ki-67 (red) with DAPI counterstaining in blue (A). Relative quantity of positive cells (%) +

SD is shown (B). (p=0.43) The scale bars represent 200 um.
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Immunofluorescent staining of the native corneal stroma

ABCG2 and ABCGS5 could not be detected in the native cornea, while strong staining
was observed for ALDH1Al, a-actinin, CD31 and CD34 all over the stroma. Collagen |
demonstrated a marked expression in the stroma, as well, while Collagen IV was not
detected. CD73, CD90 and CD105, MSC markers were not present. Ki-67, CXCR4 and
nestin were negative in the native tissue, as well. Vimentin was found to be expressed, while
fibronectin was absent. No expression of other markers, such as anti-reticulocyte, fibroblast
marker and VE-cadherin was detected in the native tissue (Figure 5 and Table 1).
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Figure 5. Fluorescent immunostaining of whole mount corneal sections. Pictures at 10x and 40x (left and right columns, respectively) magnifications

CXCR4

CD73

CD90

were taken. Alexa Fluor 488 (green channel) was used to detected the presence of primary antibodies. Nuclei are shown in blue (DAPI).
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Figure 5. Fluorescent immunostaining of whole mount corneal sections. Pictures at 10x and 40x (left and right columns, respectively) magnifications
were taken. Alexa Fluor 488 (green channel) was used to detected the presence of primary antibodies. Nuclei are shown in blue (DAPI). (Continued from

page 32)
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Peripheral Central Anterior Posterior
Marker
stroma stroma stroma stroma
ABCG2 - - - -
ABCG5 + + + +
ALDHI1Al ++ ++ ++ +
a-Actinin ++ ++ ++ +
CD31 + + + +
CD34 ++ ++ ++ ++
CD73 - - - -
CD90 - - - -
CD105 - - - -
Collagen | ++ ++ ++ ++
Collagen IV - - - -
CXCR4 - - - -
Fibroblast - - - -
Fibronectin - - - -
Ki-67 - - - -
Nestin - - - -
VE-Cadherin - - - -
Vimentin ++ ++ ++ ++

Table 1. Panel of markers stained in the native tissue and respective signal strength in the

various regions. (’-’ not detected;’+” medium signal intensity;’++ strong signal intensity).

FACS analysis of cultured CSCs

High expression of CD73, CD90 and CD105 was detected in cultured CSCs, with no
difference between the 4 groups. ABCG2 and Nestin, were detected, as well, while CD34 and
CD31 were not present on any of the cultured cells (Figure 6). CD51, CD49a, CD49d

adhesion molecules and integrin-related CD47 were positively expressed, with no significant

difference between the different conditions.
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Figure 6. Markers expressed by cultured CSCs. Percentage of positive cells for the different surface-expressed markers + SD are shown (A) (n=3). The

histograms show a representative PE donor (B). The isotype control is shown in white color with the antibody in red, after Overton subtraction.
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Gene expression in the native- versus cultured cells of the corneal stroma

RT-gPCR revealed that CD73, CD90 and CD105 were upregulated in cultured CSCs,
compared to the native tissue (by 14-, 95- and 25-fold; p=0.01, p<0.01, p<0.01, respectively).
Vimentin was upregulated in cultured cells, as well, 18-fold higher compared to the same

control (p<0.01).

CD34 was significantly downregulated (5-fold) in the cultured cells when compared to the
cells from the native tissue (p<0.01). Similarly, CD31 was significantly downregulated in the
cultured cells. (p<0.01). ALDH1A1l was detected in the cultured cells with a significant

downregulation compared to the native tissue (p<0.01) (Figure 7).
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Figure 7. Relative gene expression levels in native versus cultured cornea stromal cells. Results
were plot on a logarithmic scale. Relative detected quantities are shown with + standard deviation

(SD). 18S RNA was used as an endogenous control gene in the experiments (n=3).

Expression of ABCG2 was upregulated 60-fold (p<0.01), while significantly lower
expressions of AQP1, CXCR4, ITGB4 and KLF4 were observed in cultured CSCs (p<0.01,
p<0.01, p<0.01 and p<0,01, respectively). Expression of ITGAV and Nestin were
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upregulated in the cultured cells (p<0.01, p<0.01), while GPC4 expression was unaltered
(p=0.36).

Comparison of the gene expression of B4G12 and primary HCENC to CSCs

RT-gPCR was used to analyze the relative gene expression of primary HCEnC and
B4G12 (Figure 8). GAPDH was used as a reference gene and corresponding expression
levels were normalized to that of the CSCs. The cell line (B4G12) demonstrated a 15-fold
lower expression of Vimentin than the CSCs. CD90 expression was 13-fold higher, while
cytokeratin-19 was 3-fold more expressed in CSCs compared to the cell line. Zonula
occludens (ZO-1) and Claudin 14 were more expressed in B4G12: 2.2-fold and 10-fold,
respectively, when compared to CSCs. Similar to the cell line, primary HCENCs
demonstrated a lower expression of Vimentin, as much as 3.1-fold, compared to the CSCs.
Expression of CD90 was 3.2-fold lower in primary HCENCs, while cytokeratin-19 was 7-fold
lower than in CSCs. ZO-1 was 4.5-fold more expressed in HCENCs.
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Figure 8. Expression of different genes in the B4G12 cell line (part A) and primary HCEnC
(part B), normalized to CSCs. GAPDH was used as a reference gene is determining the gene
expression of Vimentin, CD90, Cytokeratin-19, ZO-1 and Claudin 14, then results were normalized to

those obtained for CSCs. Expression levels + SD are shown (n = 3).
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Surface protein staining of HCEnCs

A moderate expression of CD73 was found in the cytoplasm of primary HCEnCs
(Figure 9A). CD166 was positive (Figure 9B.) as well and mostly localized close to the cell
membrane, as the HCEnCs were stretching towards each other to establish the cellular
contact. Na/K-ATPase was positive (Figure 9C) as well and mostly expressed around the
edges of the cells. Presence of ZO-1 was not detected in the cell junctions, but a dim signal
was observed in the cytoplasm (Figure 9D). Interestingly, staining for Collagen | and
Collagen IV revealed the presence of the proteins in the cytoplasm of the cells (Figure 9E &

F). Certain primary cells demonstrated the expression of nuclear Ki-67 (Figure 8G & H).
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Figure 9. Surface protein expression on primary HCENnCs. FITC-conjugated secondary antibodies were used to detect CD73, CD166, ZO-1, Na/K-
ATPase, Collagen I, Collagen IV and Ki-67, all shown in green. Cell nuclei were stained by DAPI (blue) (white bar = 50 pum).




FACS analysis was used to compare the expression of certain markers that have been
previously described in context with HCENnCs. Primary cells were freshly isolated and stained
without further cultivation to serve as controls. Cultured HCEnCs demonstrated a high
expression of CD73 (89.32+1.35%), while 16.34+£23.74% of uncultured cells showed a
positive expression (p<0.001) (Table 2). Expression of CD90 was negative or low
(7.16+4.46%) in primary HCENCs and a similar trend was observed in uncultured cells, as
well (8.56£13.26%, p=0.768). 49.52+17.26% of cultured HCEnCs expressed CD105. Most
cultured HCENCs expressed CD44 (68.39+13.13%), while it’s expression was significantly
lower in uncultured cells (6.68+£2.44%; p<0.05). CD47 was present on the majority of
cultured cells (89.12+1.92%), while CD34 was not detected (0.13+£0.13%). High expression
of CD54 was observed (54.33+8.03%) and CD106 was expressed, as well (38.08+15.23%),
with a high inter-donor variability on cultured cells. 43.02+15.53% of primary cultured cells
expressed CD146, while uncultured HCEnCs demonstrated a lower expression of the protein
(1.1£3.15%) (p=0.404). Cultured HCENnCs demonstrated CD112 expression (77.73+2.17%),
with two separate populations, both being positive. A low expression of CD166 was observed
in uncultured cells (20.20+11.47%), while it was found to be increased in cultured HCEnCs
(78.93£1.69%) (p=0.001). Similar to CD112, staining for CD325 showed two distinct
populations of cultured cells 76.39+5.68%. Uncultured HCENCs also expressed CD325
(69.61+7.08%) (p=0.678).

Surface marker Primary HCEnC  Uncultured HCEnC

CD34 0.13+0.13 n.m.
CD44 68.39+13.13 6.68 +1.41
CD47 89.12+1.92 n.m.
CD54 54.33+8.03 n.m.
CD73 89.32+1.35 16.35+13.70
CD90 7.16+4.46 8.56 + 7.66
CD105 49.52+17.26 n.m.
CD106 38.08+15.23 n.m.
CD112 77.73+2.17 n.m.
CD146 43.02+15.53 1.10+1.82
CD166 78.93+1.69 20.20 + 6.62
CD325 76.39+5.68 69.61 + 4.09
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Table 2. Surface markers of primary, cultured- and uncultured HCENCs. Percentage of positive
cells (average + SEM) are shown. (n.m. : not measured) (Continued from page 40)

Hierarchical clustering of the data from cultured HCEnCs and CSCs demonstrated a
difference in the phenotype of the two cell types. HCEnCs showed a high inter-donor
variance, although the analysis clearly represented HCENCs versus CSCs as two distinct cell
types, based on their surface phenotype (Figure 10).
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Figure 10. Heatmap analysis of the surface protein expression of HCEnCs and CSCs. Two
clusters of data were formed by the software, as the results from HCENCs (4 donors) and CSCs (3
donors) were analysed. Percentage of positive cells are shown and represented on the figure (0-100%)
with the respective p-values.

Surface lectin-carbohydrate pattern of primary HCEnCs

Primary HCENCs were stained with FITC-conjugated lectins to reveal surface carbohydrates
(Figure 11). The cells expressed terminal galactose molecules, confirmed by Ricinus
communis agglutinin I (RCA). Complex galactose structures were detected by Phaseolus

vulgaris leucoagglutinin (PHA L). Succinylated and non-succinylated Wheat germ agglutinin
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(SWGA, WGA) were positive for HCEnCs, binding to dimer and trimer N-
acetylgalactosamines. Mannose and D-glucose monomers and polymers were recognized by
Lens culinaris agglutinin (LCA), Phaseolus vulgaris erythroagglutinin (PHA E), Pisum
sativum agglutinin (PSA) and Concanavalin A (CON A).

Lectins Dolichos biflorus agglutinin (DBA), Soybean agglutinin (SBA), Griffonia
(bandeiraea) simplicifolia lectin 1 (GSL 1) did not show any N-acetylgalactosamine
monomers on the surface of HCENCs. Presence of putative epithelial/endothelial marker L-
fucose was not detected by Ulex europaeus (UEA 1) and Peanut agglutinin (PNA) staining the

T-antigen was negative on HCENCs, as well.

Negative control

Figure 11. Lectin staining of primary HCENCs. Surface carbohydrates were recognized by FITC-
conjugated lectins (green), with nuclei stained by Hoechst 33342 (white bar = 100 pm).
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HCENC viability

81.84 + 11.44% of cultured cells was viable, with a considerable number of necrotic
cells (26.55 + 15.79%), stained by propidium iodide (PI). 4.27 + 5.94% was the percentage of
apoptotic cells (Annexin V FITC), while 5.5 £ 4.23% of HCENnCs showed signs of secondary
necrotic/late apoptotic state, confirmed by the double-stained cells. Similarly, trypan blue

exclusion test showed an overall 80.01 + 11.92% viability in HCENnC cultures (Figure 12).
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Figure 12. Viability of HCENC cultures. Propidium iodide (PI) and annexin V were used to stain
necrotic and apoptotic cells, respectively. Fluorescent intensities were measured by flow cytometry,
data on the graphs is represented by 3 independent measurements of 2 donors. Mean + SD are shown

of cultures aging 30 days. Trypan blue test shows an average of 4 measurements (mean + SD).
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Discussion

The world is facing a shortage of donors for corneal transplantation. [5] Cell therapy
could be a possible alternative and while the potential of stem cells from different origins has
been demonstrated numerous times in animal models, their safe and efficient application in
human reconstruction is further to be proven. Cells for drug testing, corneal research and
potential cell therapy agents can be obtained from the human corneal stroma. [31, 67]
Different countries and research groups have access to different parts of the cornea. Mostly, it
is corneal rings after full thickness keratoplasties or lamellar procedures (DMEK or DSAEK)
that are used for cell isolation. Others have access to the central parts of the cornea, as well. It
is unknown, whether cells from the various sources generate different cell phenotypes. CSCs
are able to replicate in vitro and have outstanding features that have been demonstrated by
many research groups, including us. [25] Notably, the CSCs phenotype adheres to the criteria
established by ISCT for MSCs and the cells are also capable of the canonical trilineage
differentiation. Moreover, possible immunosuppressive properties can be attributed to CSCs,
in vitro. [25] The characteristics mentioned above are only displayed by cultured and not by
the resident stromal cells, in vivo. The origin of the cultured cells is thus debated, whether it
is the stromal keratocytes that adapt to environmental changes or a small population of

progenitor cells get activated in vitro.

Whole mount corneas have been stained for previously described markers. No difference in
the expression of the different anatomical regions was found. Putative stem cell efflux
marker, ABCG2, was not detected on native cells and neither was ABCGS5, while the cultures
obtained from the central or peripheral parts of the cornea by the two methods showed
marked positivity (>90%) for ABCG2. This was validated by RT-gPCR analysis as well.
Upregulation of the protein might allow the cells to be more resilient to external stimuli (e.g.
chemotherapy), as previously demonstrated by malignant cells. [68, 69] ABCG2 positive
cells have been described in the human limbus as well. [70] Murine-origin stem cells have
been shown to be actively effluxing a dye, which could be inhibited by verapamil. [71]
Strong staining for ALDH1A1 was detected in the native cornea. This molecule is a corneal
crystalline and its expression is responsible for the transparency of the tissue, as the lack of
ALDH1AL1 is accompanied by the haziness of the cornea. [72] Although equally present in
both central and peripheral parts of the cornea in vivo, the expression of the gene was

significantly downregulated in cultured CSCs as assessed by RT-gPCR. a-actinin was
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detected throughout the cornea, including the keratocytes, thus this marker alone should not
be used to exclude fibroblastic cells when assessing the purity of a culture. [73] Vascular
endothelial marker CD31 is thought to be involved in leukocyte migration. It mediates the
attraction and adhesion of polymorphonuclear cells in wound healing. [74] The native cornea
elicited a considerable CD31 expression, although the role of the protein in a healthy,
avascular tissue is yet to be elucidated. Moreover, the ex vivo cultured CSCs presented here
lose CD31 according to surface phenotyping and this downregulation was supported by
results from RT-qPCR, as well. Possibly the most important marker of stromal keratocytes is
CD34. Often referred to as the marker of hematopoietic stem cells, it is likely to have a wider
range of functions, most likely being involved in immunological events, such as eosinophil
migration and mobility. [75] Studies on CSCs have shown the gradual loss of CD34, during
ex vivo cultivation. [67, 76] Our results confirm this, the native cornea demonstrated a strong
positivity, while cultured cells showed complete loss of the protein. The expression of the
gene was significantly downregulated in cultured cells, when compared to the native tissue.
Clarification on the functions of CD34 in the physiological tissue is therefore further needed.
[67] An important molecule, aquaporin-1, is known to be involved in the migration of the
stromal keratocytes during wound healing, in vivo. It was found to be downregulated in the
cultured CSCs, while others reported it to be expressed in vitro, as well, in an animal model.
[77] Markers of MSCs - CD73, CD90 and CD105, were not detected in the native tissue,
however a strong staining was observed in the cultured CSCs. This was supported by gene
expression analysis and adheres to findings of others. [35]. The appereance of the 3
mesenchymal markers and the loss of CD34 in culture is what makes the CSCs comply to the
ISCT criteria. Adult MSCs of different origin have similar surface expression patterns. [78-
81] Again, like CD34, CD90 is known to be involved in a wide range of actions, such as
cellular and matrix adhesion, fibrosis, inflammation and tumor growth. [82]
Immunosuppressive properties of MSCs are attributed to CD73 [83] and cultured CSCs retain

the markers over long cultivation times and many passages. [84]

CSCs in culture synthesize considerable amount of extracellular matrix de novo, mostly
being Collagen | (Szabo et al, in press, Histol. Histopathology). The molecule is expressed
abundantly in the native corneal stroma, as demonstrated by immunostaining, while Collagen
IV could not be detected. The expression of integrin oV (CD51) was upregulated in cultured
cells, with a significant downregulation of Integrin 34, compared to in situ. This change in

the balance of adhesion molecules and matrix components highlights the CSCs potential in
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responding to environmental changes. Intact corneas do not express fibronectin in situ, but
the molecule appears temporarily during corneal wound healing in the stroma and epithelium.
[85] No sign of nuclear Ki-67 was detected in the native corneas, demonstrating a lack of
damage and following cell proliferation. Cultured CSCs, however, did expressed this marker,
highlighting the existence of actively proliferating cells in all the isolating and cultivation
conditions presented herein. Putative mesenchymal marker, Vimentin was strongly expressed
in the healthy corneal stroma. This is in line with the findings of others and knockdown
studies have showed that the absence of the protein is associated with the formation of
corneal haze and thus subsequent visual impairment. [86] Nestin, a marker of neural stem
cells, was not present in the cells in situ. It is believed to be responsible for the organization
and rearrangement of filaments in the cells, and was found to be expressed in murine
spheroid cultures and a putative population was described in rabbit corneas as well. [87, 88]
Upregulation of the gene was detected in cultured CSCs compared to the native corneas in
our study. Tissues directly exposed to the outside world as barriers are known to express
KLF4, which is an important marker associated with stemness. [89] Our results show a
significant downregulation in the expression of the protein following isolation and
cultivation. Similarly, a stem cell migratory marker, CXCR4 has been found to be expressed
by MSCs of different origin and inhibition of the protein resulted in an incomplete migratory
response to bone marrow [90] and its upregulation has been implicated in EMT and cancer
cell invasion. [91] In the current study, CXCR4 expression was found to be negative in vivo,
by immunostaining and cultured CSCs elicited significantly decreased levels of the functional
protein, as well, compared to the native cells in our study, however possible roles of stemness

markers KLF4 and CXCR4 in the cornea are not yet know.

CSCs adopt characteristics of MSCs during ex vivo cultivation, with a simultaneous
downregulation of certain functional molecules- a matter to be addressed when using these
cells for treatment. The potential of CSCs is unquestionable, with its beneficial effects
demonstrated in several studies involving animals. Although cultivation can force these cells
to a dramatic change as shown in this study, compromises must be made to be able to apply
these cells for in vitro research, while not addressing them as corneal keratocytes. Most
likely, there are several factors that contribute to the adoption of such a phenotype of the
cells, including environmental changes or the presence of serum in the cultivation medium.
The results of this study show that there are likely no phenotypic or genotypic differences

between CSCs generated by different methods of isolation, from central or peripheral
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anatomical regions of the corneal stroma. The results also show a great plasticity of CSCs in
response to external stimuli in culture and possibly in vivo, as well to counter wounding or
inflammation. Whether this change is reversible and beneficial for the cells and thus could be
safely used in human cell therapy in conditions affecting the eye or other organs is to be

further researched.

Successful isolation and cultivation, as well as obtaining reproducible data has been a
major challenge for the research on corneal endothelial cells over the last 3 decades. To date,
there is no single consistent method for the ex vivo cultivation of functional HCEnCs. A
recent study claimed to have established a method for the generation of viable HCEnCs in
vitro. [92] Reportedly a putative stem cell population exists in the zone between the corneal
endothelium and the trabecular meshwork that could produce confluent monolayer over 7
passages. [93] Although HCENCs do not proliferate, in vivo, compensatory mechanisms have
been described, in which DNA synthesis in the cells is upregulated, therefore, there is
proliferation and migration near the damaged area taking up to 24-66 hours. [94-96]
Recently, it was reported that corneal endothelial cells in situ can maintain their capacity to
proliferate due to a possible arrest in G1 phase. [97] Conditioned medium from bone-marrow
MSCs has been shown to enhance the proliferation of functional HCENCs in vitro. [98]
Another study uses a method with two media applied at different stages of cultivation. [65]
All studies aim at generating a standard method for the isolation and expansion of HCENnCs to
produce homogenous cultures of functional cells, with the implication of possible clinical use
as an alternative to corneal transplantation. According to a pre-clinical trial, which included
transplantation of HCENCs spread on collagen | sheets, such procedure was found
insufficient in monkeys, while another trial aimed at injecting HCENC suspension in the front
segment of the eye to treat patients. [63] In the present study, we applied a previously
reported method to obtain the cells by an enzymatic method to generate HCENC cultures and
characterize the resulting cell population [60], then compare it to a commercially available
corneal endothelial cell line, B4G12. While the cell line showed a relatively steady
expansion, primary HCENCs took up to 3-4 weeks to achieve confluency in small culture
wells. This could be indicative of a homogenous cell population of HCENCs, as cultures
overtaken by quickly expanding fibroblasts or contaminating stromal cells are real concerns
of the scientific community. [99] Also, it is belived that these cells undergo EMT, due to
culturing over extended periods of time, suggested by apparent changes in morphology.

Stromal cell contamination of primary HCENC cultures is a concern, although data obtained
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from our RT-gPCR analyses showed a higher expression of certain genes related to cell-cell
adhesion, cellular junction formation and HCEnCs demonstrated a different pattern of gene
expression from CSCs. This supports that the cultures established in the present study are
likely free of stromal cells. Vimentin is marker of mesenchymal cells and a putative marker
of EMT, although it has been described in the native corneal endothelium [100, 101] and the
stroma, as well. CSCs expressed more Vimentin, than the B4G12 cell line and primary
HCENCs, although the difference was larger for the cell line. Possibly, primary HCEnCs
undergo EMT, while the cell line does not show such a change, however, the use of Vimentin
alone to determine the presence of EMT is not sufficient. ZO-1, a crucial marker of
functional and interconnected cells, was detected in primary HCEnCs and the cell line, both
showing higher expression compared to CSCs. Claudin 14 was detected in CSCs and B4G12,
with a higher expression in the cell line, although this is contradictory to the finding of others.
[102] Claudin 14 was not expressed in cultured HCENnCs and this, on the other hand,
corresponds to results from another study. [102] Cytokeratin 19 expression is characteristic of
the limbal epithelium and conjunctiva [103] and was found to exhibit low expression in
HCENCs and B4G12 compared to CSCs. These results indicate that while primary cells and
the endothelial cell line express genes in a similar manner, the magnitude of expression
differs and thus cannot be considered a great representation of each other. A study comparing
the transcriptome of B4G12 versus primary cells found that the latter is more comparable to
the gene expression observed in vivo. [58]

A recently reported panel for the surface marker expression of functional HCEnCs
states that the cells need to be positive for CD98, CD166 and CD340, while CD9*, CD49¢",
CD44" and CD73* are non-functional, post-EMT cells. [62] FACS analysis revealed that the
primary HCENCs included in this study expressed CD44, CD73 and CD166. Epithelial cells
with a damaged integrity to the layer are known to upregulate CD44 [104], and its expression
was found in other tissues of the body in highly proliferative cells. [105, 106] This
phenomenon has also been described in the basal corneal epithelium and in CSCs [25], but
not in the healthy corneal endothelium. Upregulation of CD44 expression has also been
implicated in graft rejection, Fuchs dystrophy and bullous keratopathy, as well as diseases, in
which tissue integrity is compromised or when an injury is to be compensated. [107]
However, CD44 has not been detected in keratoconus, lattice and Meesmann dystrophies
with intact, unaffected corneal endothelium. Understandably, when cells of a closely packed

layer, such as the corneal endothelium become singlet cells during isolation, they will
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possibly try to re-establish interconnections, as well as survive in the new environment. The
majority of cultured HCEnCs showed positivity for CD44 in this study, contrary to the initial
lack of expression observed in freshly isolated HCENCs. Over 95% of cultured CSCs express
CD73, CD90 and CD105 [25], and while most HCEnCs were positive for CD73 and CD105,
very low positivity (<10%) was observed for CD90. This was supported by data from freshly
isolated HCENCs. Consequently, it suggests, that the HCEnC cultures established in our
study were likely free of stromal contamination. There are still no exclusive surface protein
markers to identify HCENnCs, so we herein propose a more extensive surface characterization
based on surface glycoproteins/carbohydrates to described the cells generated by the

cultivation method used in the study.

Up- and downregulation of glycoproteins have been shown to be a compensatory
mechanism in epithelial injuries. [108, 109] This role has been implicated in corneal
epithelial cells as well, with the LESCs having a well-defined carbohydrate pattern. [19]
Cultured HCENCs showed a similar lectin staining as CSCs. [25] Corneal diseases have been
known to cause an altered carbohydrate/glycoconjugate expression. [110-112] Mice with a
mutation in the Pax-6 gene displayed impaired compensatory response to an in vitro
simulated epithelial injury, when o—D-mannose, o-D-glucose and 3-N-acetylglucosamine 1-
4 glucose were blocked by WGA and Con A. [109] In situ lectin staining patterns of the
corneal endothelium have been described previously in human and animal specimens and
found WGA, Con A, RCA to be positive, while GSL |, SBA and UEAI were negative in
healthy donors. [111, 113] In basal corneal epithelium, WGA, Con A, RCA, GSL | and PHA
staining were reported, while Con A, PHA and PSA were positive for the Descemet’s
membrane. [114] Undamaged corneal endothelium demonstrated no binding of SBA, while
positivity was observed around the edges of injured areas, eventually decreasing and
disappearing over the course of 72 hours. [111] It was also shown, that SBA altered actin
rearrangement by binding to a specific component, during wound-healing experiments. [115]
This finding led to another set of experiments, in which the authors concluded, that the
glycoprotein, bound by SBA is possibly involved in the restoration of cell interactions, as it
was expressed by diseased or distressed cells trying to compensate the loss of layer integrity
ex vivo. [116] Moreover, SBA binding was described in keratoconus as well, suggesting a
fine balance of surface carbohydrates in the maintenance of corneal physiology. [117] No
SBA binding was observed in this study on cultured primary HCENCs, possibly explained by

the change of environment and subsequent shift/ transformation of cell fate.
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Present work shows that a popular method for generating HCEnCs can produce cells
expressing markers associated with the phenotype of corneal endothelial cells. While these
cells are adapting to the new environment, they are possibly trying to restore the integrity of
the layer they once represented. During cultivation however, the cells are likely to undergo
EMT and lose certain important, functional molecules (ZO-1), while acquiring markers
(CD44, CD73), that are not expressed, in situ. It remains a question, whether the functions
can be safely restored with providing the original environment (i.e. reimplantation) without
the use of agents altering cell functions, before applying them therapeutically in clinical
practice. Future research with clinical relevance might use induced pluripotent stem cells to
obtain homogenous cultures, with functional cells, until a standard method for the safe

isolation and cultivation of these cells from cadaveric tissue is established and proven safe.

Results presented in this study have demonstrated, that primary cells obtained from the
human corneal stroma and endothelium are capable of producing viable cultures, however the
cells do not fully represent their original functional forms. Nonetheless, both cells types have
good a potential to become candidates for possible future ocular clinical recontructives

therapy, once their use is proven safe, beneficial and efficient.
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