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Seznam zkratek:

CNS centralni nervovy systém

CNV choroidealni neovaskularni membrana

hRPE lidské primarni buriky retindlniho pigmentového epitelu
hiPSC lidské indukované pluripotentni bunky

iPSC indukované pluripotentni bunky

OCT opticka koherencni tomografie

LCA2 Leberova kongenitalni amaurdza typu 2

LP |éCivy pripravek

PDT fotodynamicka terapie

PPV pars plana vitrektomie

RBCs retinalni bipolarni buriky

RGCs retinalni gangliové buriky

RPE retinalni pigmentovy epitel

UZFG AV  Ustav zivociiné fyziologie a genetiky Akademie véd
VEGF vaskularni endotelidlni rastovy faktor

VPMD vékem podminéna makularni degenerace

ZSM zadni sklivcovda membrana



Abstrakt

Vékem podminénd makuldrni degenerace (VPMD) je hlavni pticinou praktické slepoty ve
vyspélych zemich. VPMD je jednim z mnoha onemocnéni sitnice, které vznika na zakladé
absence a/nebo dysfunkce retindlniho pigmentového epitelu (RPE). Existuji dva hlavni typy
VPMD (vlhka a sucha), které se lisi v etiopatogenezi a oftalmologickém ndlezu. Dosavadni
terapie je moind pouze u vilhké formy VPMD, kdy dochazi k tvorbé neovaskularizaci
prostupujicich z choroidey a nasledného saknuti ¢i krvaceni v subretindlnim prostoru s
deterioraci svétlo¢ivnych a ostatnich neurondlnich bunék sitnice. Neovaskularizaci lze
Castecné predejit opakovanymi intra-vitredlnimi aplikacemi anti-VEGF preparatll. Bez |écby
je vysledkem disciformni jizva na sitnici a ireverzibilni porucha zraku. Aktudlnim trendem v
|[écbé VPMD je snaha o zavedeni inovativnich chirurgickych postup(, které maji potencial pro
zlepseni zavainé oftalmologické morbidity zvlasté u non-respondentl farmakologické
terapie.

Cilem prace bylo zhodnoceni Uspésnosti a optimalizace operacniho postupu, ktery umoziuje
kontrolované a bezpecné transplantovat buriky RPE.

Uspé8nost transplantace bunék RPE ve formé epitelu, ktery plni okamZité po transplantaci funkci
selektivni bariéry, je zdvisld na vybéru nosice. Optimalni bunécny nosi¢ umoZiuje zpevnit
transplantovany bunéény plat a lepSi manipulaci s vulnerabilnimi burikami RPE.

V predoperacnim obdobi jsou na zvoleném nosici kultivovany buriky uréené k transplantaci a
takto hotovy produkt je implantovan do subretindlniho prostoru (v nasem pfipadé na
prase¢im modelu). Charakteristikdm nosice (sloZeni, tloustka, rozméry a tvar) bylo nutné
pfizplsobit implantacni ndstroje pro chirurgicky vykon. Optimalizaci charakteristik nosice ve
vztahu k Uspésné implantaci byla vénovana prvni faze projektu. V poopera¢nim obdobi byla
uspésnost chirurgického vykonu hodnocena vySetfenim sitnice pomoci fundus-kamery,
optické koherencni tomografie (OCT) a histopatologicky.

Vysledkem naseho projektu je nano-nosi¢ ovalného tvaru (5.2mm x 2.1mm), ktery byl
implantovdn u 18 Zivych zvifat (celkem 29 oci) s celkovou Uspésnosti 93.1%. Ve Ctyrech
pripadech (13.7%) se vyskytlo perioperacni odchlipeni sitnice (ve 2 ptipadech se podafrila

sitnice opét Uspésné prilozit, u dalSich 2 pripadld bylo odchlipeni spojeno s masivnim



perioperacnim subretindlnim krvacenim a operace byla ukoncena). Ve ¢tyrech pfipadech
doslo v pooperacnim obdobi k zakaleni optickych medii a ndsledné vysetreni vySetfeni nebylo
mozné (histologické vysetteni viak prokazalo zdravou a pfiloZenou sitnici bez zndmek zanétu
nebo jiného poskozeni a tyto oci byly tedy zarazeny do skupiny uspésnych operaci).

Zavér. Popsanou operacni technikou jsme schopni dosahnout, pres vysokou miru technické
obtiZnosti zakroku, velmi vysokého procenta Uspésnosti. Operacni technika je tedy s ohledem

na charakter vykonu relativné bezpeénd a reprodukovatelna.



Abstract

Age-related macular degeneration (AMD) is the leading cause of practical blindness in
developed countries. AMD is one of many retinal diseases that arise from the absence and/or
dysfunction of the retinal pigment epithelium (RPE). There are two main types of VPMD (wet
and dry), which differ in etiopathogenesis and ophthalmological findings. To date, therapy is
only possible for the wet form of AMD, where neovascularization permeating from the
choroid and subsequent oozing or bleeding in the subretinal space with deterioration of rod
and cone cells and other neuronal cells occurs. Neovascularization can be partially prevented
by repeated intra-vitreal applications of anti-VEGF agents. Without treatment, the result is a
disciform retinal scar and irreversible visual impairment. A current trend in the treatment of
AMD is the attempt to introduce innovative surgical procedures that have the potential to
improve severe ophthalmic morbidity, particularly in non-responders to pharmacological
therapy.

The aim of this study was to evaluate the success rate and optimize a surgical procedure that
allows for controlled and safe transplantation of RPE cells.

The success of transplantation of RPE cells in the form of an epithelium that acts as a selective
barrier immediately after transplantation is dependent on the choice of the carrier. The
optimal cell carrier allows for a firmer transplanted cell sheet and better handling of
vulnerable RPE cells.

In the preoperative period, the cells to be transplanted are cultured on the chosen carrier and
the finished product is implanted into the subretinal space (in our case, in a porcine model).
The characteristics of the carrier (composition, thickness, dimensions and shape) had to be
adapted to the implantation tools for the surgical procedure. The optimization of the carrier
characteristics in relation to successful implantation was the focus of the first phase of the
project. In the postoperative period, the success of the surgical procedure was evaluated by
fundus-camera examination, optical coherence tomography (OCT) and histopathology.

As a result of our project, an oval-shaped nano-carrier (5.2mm x 2.1mm) was implanted in 18

live animals (29 eyes in total) with an overall success rate of 93.1%. Four cases (13.7%) had



perioperative retinal detachment (in 2 cases the retina was successfully reattached, in the
other 2 cases the detachment was associated with massive perioperative subretinal
hemorrhage and the surgery was terminated). In 4 cases, the optical media became cloudy in
the postoperative period and follow-up examination was not possible (however, histological
examination showed a healthy and reattached retina without signs of inflammation or other
damage and these eyes were therefore included in the group of successful operations).

Conclusion. With the described surgical technique we are able to achieve, despite the high
degree of technical difficulty of the procedure, a very high success rate. Thus, the surgical

technique is relatively safe and reproducible with respect to the nature of the procedure.



1. Uvod

Predkladana disertaéni prace je souborem 5 publikaci zamérenych na implantaci nosic¢e pro
bunky retindlniho pigmentového epitelu do subretindlniho prostoru u miniprasat.
Prvni studie popisuje prvotni implantdt kruhového tvaru a jeho zdkladni vlastnosti. Druhy
¢lanek je clankem prehledovym, zabyvajici se inovativnimi postupy v IéCbé sitnicovych
onemocnéni. Tématem tfeti publikace je porovnani komercné dostupnych nosic¢l pro buriky
RPE s na$im nanovlakennym nosi¢em. Ctvrta publikace jiz popisuje prvni vysledky implantace
nosice s primarnimi lidskymi burikami RPE a konecné posledni, patd, studie popisuje nas
operacni postup a jeho Uspesnost napti¢ vSemi pouzitymi burikami s novym nosi¢em, coz je

primarni cil mého postgradudlniho studia.
2. Prehled soucasnych poznatkd
2.1 Anatomie, histologie, fyziologie a patofyziologie RPE

Oc¢ni koule je sloZzena ze tfi vrstev. Tunica fibrosa je zevni vrstva sloZzena z rohovky a skléry.
Tato vrstva tvofi vlastni sténu oka, v pfipadé rohovky se také podili na refrakénich
vlastnostech optického aparatu oka. Stredni vrstva, tunika vasculosa, se sklada z cévnatky,
rasnatého télesa a duhovky. Jedna se o vysoce vaskularizovanou vrstvu s mnohymi funkcemi
zajistujici mimo jiné vyzivu (cévnatka), regulaci tlaku oka (fasnaté téleso) nebo tfeba regulaci
mnozstvi svétla dopadajiciho na sitnici (duhovka). Tunica nervosa, vnitini vrstva oka je
tvofena samotnou sitnici a retindlnim (ev. duhovkovym) pigmentovym epitelem. Sitnice
obsahuje specializované nervové bunky slouzici k detekci svétla (tyCinky a cipky) a dale
ohromné mnoizstvi bunék zajistujicich modulaci vysledného signalu a pfenosu do centrélniho
nervového systému (CNS), stejné jako mnozstvi bunék podpurnych. Retinalni pigmentovy
epitel se nachazi pod sitnici spocivajici na své bazalni membrané (Bruchova membrana) OBR1.
Jedna se o epitel tvoreny cylindrickymi burikami hexagonalniho prifezu. Bazalni ¢ast Ipi pevné
pfi Bruchové membrané, postranni membrany bunék obsahuji ¢etna bunécna spojeni typu

zonulae occludentes et adherentes. Morfologicky nalez tedy ukazuje vyraznou apikobazalni



orientaci s pokrocilou funkci oddélovat neuroretinu od cévnatky. Rozdil v elektrickém

potencidlu nad a pod RPE lze méfit jako transepitelidlni resistenci (TER). Hodnotu TER lze

povazovat za indikator kvality RPE.

Sklivcovy prostor

= Sitnice
Fotoreceptory (resp.
prechod zevnich a
vnitfnich segmentit)
RPE

Cévnatka

OBR 1: ndhledovy snimek z OCT vysetreni. Nahore foto zadniho pélu, dole sken OCT s popisem

nejdllezitéjsich ¢asti zadniho segmentu oka

2.2 Vysetrovaci metody RPE

Sitnice je pro svoji unikatni polohu a dobrou vysetfitelnost velmi oblibenym cilem inovativnich
postupl jako napriklad genové terapie, optogenetiky, bunécné terapie nebo bioniky. V dnesni
dobé mdame mozZnost sitnici, a potazmo tedy RPE, snadno vysetfit véetné vedeni

fotodokumentace s aplikaci nejriznéjsich filtr(i akcentujicich pozadovanou tkan ¢i patologii.

2.2.1 Barevné foto



Funduskamera (sitnicovd kamera) je digitalni fotoaparat uzplsobeny k zachyceni sitnice.
Drive vyzadovalo poftizeni snimku uzké vysece sitnice arteficidlni mydriazu, dnes existuji i

pfenosné Sirokouhlé kamery umoznujici snimkovani bez mydridzy. OBR 2

OBR 2: slozeny snimek ocniho pozadi zkamery Zeiss Clarus 700 (zdroj:
https://www.zeiss.com/meditec/int/product-portfolio/retinal-cameras/zeiss-clarus-

700.html)

2.2.2 Autofluorescence fundu

Jednd se o modifikaci barevného fota sitnice zachycujici fluorescenci emitovanou

endogennimi intracelularnimi fluorofory, kterd odrazi stav, a do jisté miry i funkci, RPE.

2.2.3 Angiografie

Jedna se o vysetfeni s pouZzitim kontrastni latky ozrejmujici pritok retinalnim a choroidalnim

recistém a detekujicim poruchy ve vnitfni ¢i zevni hematookuldrni bariére.

2.2.40CT



Naprosty zlom v diagnostice sitnicovych onemocnéni prineslo vysetreni OCT. Snimek z OCT
nam prinasi prakticky ,,in vivo histologicky snimek” centrdlni ¢asti sitnice bez nutnosti s okem
jakkoliv manipulovat. Jednd se o vysetfeni bezkontaktni, rychlé a pro pacienta i personal
jednoduché. OBR 1. DalSim posunem pak je nadstavba OCT v podobé OCT angiografie, kdy
pfistroj umoZniuje zobrazeni cévniho fecisté sitnice a tim umozZnuje odhaleni nékterych

patologii, jako napf. vihké formy VPMD, OBR 3.

OBR 3: Angio-OCT. Na snimku nahore vpravo je patrna klasickd CNV, dole jsou umistény

odpovidajici skeny sitnice ve vertikalnim a horizontalnim rezu.

2.3 Zakladni klinické jednotky spojené s dysfunkci RPE

Vékem podminéna makularni degenerace (VPMD), Stargardtova choroba nebo napfiklad
retinitis pigmentosa. A¢ odlisné klinické jednotky, ve vSech téchto pfipadech nachazime
poskozeni retindlniho pigmentového epitelu (RPE)Y, které nasledné vede k ireverzibilni ztraté

nervovych bunék sitnice a zhorseni zrakovych funkci.

VPMD je sama o sobé nej¢astéjsi pfi¢inou praktické slepoty ve vyspélych zemich 2. VPMD je
charakterizovdna zménami v misté nejostrejSiho vidéni (makula). Z pocatku dochazi ke

kumulaci odpadnich produktl metabolismu fotoreceptort/ bunék RPE. To vede k tvorbé driiz



subretinalné a ev. atrofizaci v pripadé suché formy VPMD nebo ke zvysené produkci VEGF a
nasledné tvorbé novych, patologickych, cév (CNV) mezi RPE a sitnici s tendenci k extravazaci
tekutin a ev. krvaceni ¢i tvorbé fibrovaskularnich komplex( s navazujicim poskozenim sitnice
a progresi do praktické slepoty. Hlavnim rizikovym faktorem pro rozvoj VPMD je, tak jak nazev
napovidd, vék. VPMD se vzhledem k demografickym datdm v celé Evropé, stavd zdvainym

socioekonomickym problémem 3.

2.4 Soucasné moznosti terapie VPMD

Pfes historicky vy$Si mnozstvi raznych lécebnych pfistupl v Iécbé VPMD dnes prakticky
vyuzivdme pouze omezené mnozstvi lé¢ebnych modalit. K lé¢bé suché formy VPMD t.C.
bohuzel nemdme k dispozici Zzadnou |é¢ebnou modalitu. Nastésti, prestoze suchd forma
VPMD tvofi pfiblizné 90 % pfipadu, je zodpovédna pouze za 10 % pacientd s praktickou
slepotou. Progresi tohoto typu onemocnéni lze zpomalit pomoci doplrik{ stravy s obsahem
luteinu 4. VIhka forma VPMD tvofi pouze asi 10 % pacient(i s VPMD. BohuZel se jednd o formu
agresivni, kterd muazZe v pridbéhu mésicl vést k vyraznému zhorseni zrakovych funkci a je
zodpovédna za pfiblizné 90 % pacientl s praktickou slepotou v ramci VPMD. Na |é¢bu vihké
formy VPMD se nyni zamérujeme predevsim. Historicky se zkousely rGzné formy chirurgickych
zakrok( (napf. extrakce CNV) nebo laserové osetieni CNV lokalizovanych mimo makularni
oblast. Jednalo se vSak o zakroky destruktivni s vysokym podilem nezadoucich Gcinkd. Prvnim
milnikem bylo zavedeni fotodynamické terapie (PDT), kdy se do Zily pacienta injektovala
fotosenzitivni latka, ktera v misté extravazace (narusené hematookularni bariéry) reagovala
s laserovym paprskem a zpUsobila termické poskozeni dané cévy a jeji naslednou konstrikci.
PDT byla prvni l1é¢ebnd modalita s nadé&ji na stabilizaci vizu . Revoluci pak byl pfichod
preparatd blokujicich VEGF. Prvnim registrovanym prepardtem pro ocni vyuZiti byl LP
Macugan a nasledné LP Lucentis. Pravé LP Lucentis znamenal obrat v progndze , praktické
slepoty” k ,,Sanci na zlepsSeni” a pacienti poprvé zacali ziskavat pismena na optotypech po

zahajeni 1é¢by ©. V3echny nyni dostupné anti-VEGF prepardaty jsou dostupné ve formé



intravitredlnich 1écCiv (aplikovanych injekéné do sklivce) a je nutné aplikaci opakovat

v zavislosti na aktivité onemocnéni (idedlné se udava pfiblizné 7 aplikaci za rok).

2.5 Operacni techniky zadniho segmentu oka

Zakladnim operacnim vykonem v [é¢bé onemocnéni sitnice je pars plana vitrektomie (PPV).
Jednd se o metodu podobnou laparoskopii, kdy do oka vstoupime vétSinou tfemi malymi
otvory (25 gauge, cca 0.5 mm). Jeden otvor slouzi pro infuzi (stabilizace tlaku béhem operace)
a dalsi dva jsou pracovni. Jeden pro svétlo a druhy pro pracovni ndstroj. Dovnittf oka hledime
pomoci mikroskopu a systému ¢ocek skrz rohovku a vlastni ¢o¢ku po navozeni arteficialni

mydriazy. OBR 4

Vitrectomy instruments Retina

OBR 4: schéma pars plana vitrektomie, obr. https://www.aao.org/eye-

health/diseases/vitreomacular-traction-treatment

V prabéhu tohoto zadkroku odsajeme sklivec (samotnd vitrektomie) a nasledné muzeme
postupovat dale dle dané patologie od poufziti laseru, pres mechanické sloupnuti membran
na sitnici (peelinig) po provedeni odchlipeni sitnice od RPE a vloZeni arteficialniho implantatu.
S nastupem PPV byly ostatni chirurgické metody pro léCbu sitnicovych onemocnéni potlaceny

na minimum.

2.6 Slibné pfistupy v l1é¢bé sitnicovych onemocnéni

Retinalni protézy



Jedna se o zafizeni, ktera jsou schopna premeénit svételny signal pfichazejici do oblasti oka na
elektricky stimul pres zafizeni umisténé na sitnici. Typickym cilem stimulace nejsou
fotoreceptory, které vétSinou vlivem onemocnéni chybi, ale nékteré vyse ulozené buriky, jako
jsou retinalni bipolarni buriky (RBCs) a retindlni gangliové buriky (RGCs). Casteéné je tak
naruseno zpracovani signalu samotnou sitnici, kdy je pfenos signalu z fotoreceptoru na
bipolarni buriku a nasledné gangliovou modifikovan velkym mnoZstvim dalSich faktor( jako
napt. amakrinnimi ¢i horizontalnimi burikami (tzn. processing). Retinalni protézy se vétsinou
déli podle umisténi na epiretinalni, subretindlni a suprachoroidedlni. Epiretinalni protézy (OBR
5 A) jsou vyhodné z hlediska snazsiho operacniho pfistupu a snadné aktivace gangliovych
bunék. Naopak nevyhodou je zcela nekontrolovatelné zpracovani obrazu sitnici, kdy jsou
kromé samotnych gangliovych bunék aktivovany ¢asto i okolo lezici axony, a signdl tak
nevypada jako svételny bod 7). Opaénym pfikladem jsou subretinalni protézy (OBR 5 B). Zde
se musime pfipravit na naro¢nou operacni techniku, nicméné aktivovany jsou zbyvajici
fotoreceptory, ev. RBCs, a signal tedy neobchdazi zpracovani v sitnici &. Suprachoroidedlni
implantaty jsou pouZivany méné, predevSim pro operacni ndroCnost a vétsi vzdalenost

elektrod od sitnice (OBR 5 C).

OBR 5: moznosti umisténi retinalnich protéz ve vztahu k sitnici



Dnes jsou nejcastéji prezentovany implantaty Argus Il (Second Sight, Sylmar, USA), Alpha AMS
(Retina Implant AG, Reutlingen, Némecko) a Photovoltaic Retinal Implant (PRIMA) Bionic

Vision System (Pixium vision, Pafiz, Francie).

Nejrozsitenéjsim implantatem je Argus I, ktery jiz byl implantovan vice nez 200 pacientim.
Jednd se o epiretindini implantat s elektrodami umisténymi v Sesti fadach po deseti. Jde o
kameru pfipevnénou na specialnich brylich generujici signal, ktery je modulovan v externim
zatizeni. Ndasledné je radiofrekvenéné pres civku prenesen do subkonjuktivalné uloZzeného
prijimace, ktery se dale prenasi transskleralné k samotnému implantatu stimulujicimu sitnici
%), Nejlepsi dokumentovana zrakovd ostrost byla pouze 20/1260, nicméné implantat vyrazné
zlepsil orientaci pacienta v prostoru &i napfiklad v hledani predmétd na stole 9. Mezi
nejéastéjsi nezaddouci udalosti patfi eroze & dehiscence spojivky, domnéld endoftalmitida
nebo hypotonie oka. Byly také hlaseny pfipady vnimaného nesouladu fixniho obrazu z kamery

s pohybem oc¢i mimo pfimy smér.
Genova terapie

MozZnost stanoveni diagndézy na urovni genu a klinické testovani novych cilenych terapii
umoznily vznik geneticky zamérené klinické péce v oftalmologii. Terapie zaloZzené na znalosti
genetické pfi¢iny onemocnéni predstavuji zcela novy pfistup. Oko je vzhledem ke snadné
dostupnosti, malym rozmérim, imunologickému privilegiu, kompartmentalizaci a mozZnosti
kontralaterdlni kontroly idedlnim cilovym organem pro klinické hodnoceni. Genova terapie je
|éCebny postup, pfi némz je do genomu bunék vnesen geneticky materidl, ktery nahrazuje
nebo ovliviiuje expresi proteinu U&astniciho se patogeneze konkrétniho onemocnénil?. K
vyvoji a vyuziti genové terapie je tfeba urcit gen odpovédny za vznik onemocnéni a znat jeho
funkce. Pokud je pfi¢inou onemocnéni nedostatek produktu mutovaného genu, staci zaclenit
normalni sekvenci genu do genomu pfislusnych bunék nebo vnesenim terapeutického genu
zmirnit projevy onemocnéni. Pokud vsak patologicky plsobi pozménény produkt
mutovaného genu charakteru aberantniho proteinu, je nutné mutovany gen bud zablokovat,
nebo ho opravit OBR 6. Zaroven |écba nesmi mit negativni dopady na Zivotné dulezité funkce

organismu. 1% 13)
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OBR 6: zakladni moZnosti genové terapie

Genovou terapii Ize provadét bud'in vivo, kdy jsou cilové buriky po celou dobu Ié¢by soucasti
organismu, nebo in vitro, kdy jsou cilové bunky z téla organismu odebrany a po provedeni
|é¢by vraceny na ptivodni misto!¥. Podminkou uspéchu je aplikovat 1é¢bu v tzv. terapeutickém

okénku, kdy jesté nedoslo k nevratnému poskozeni tkané.

Genetickd informace se prenasi do cilovych bunék pomoci nosict zvanych vektory. Idealni
vektor by mél pronikat do velkého poctu cilovych bunék a exprese vneseného genu by méla
probihat po dostatecné dlouhou dobu, aby bylo dosazeno poZadovaného terapeutického
ucinku. Vektor navic nesmi byt pro cilové burky toxicky ¢i vyvolavat u pfijemce nezadouci

ucinky, jakymi jsou virové infekce &i autoimunitni reakce®>).

Pti |éCbé onemocnéni sitnice se k aplikaci vektorl nejcastéji vyuzivaji intravitrealni a

subretinalni injekce. Aplikace do sklivce je sice pro sitnici méné invazivni, ale prenos DNA



probihd zejména ve vnitinich vrstvach sitnice, tedy v Millerovych a gangliovych burikach.
Bariéru praniku vektor( a Iéc¢iv do vétsi hloubky sitnice tvofi vnitfni limitujici membrana a
dalsi sitnicové vrstvy. Pro aplikaci virovych vektor( do vrstvy fotoreceptor( a vrstvy bunék
RPE je vhodnéjsi subretinalni aplikace, kdy je vektor injikovan do puchyrku mezi uvedenymi

vrstvami, a je tak s nimi v tésném kontaktu®).

Mezi prvnimi byla pro genovou terapii navrzena Leberova kongenitalni amaurdéza 2 (LCA2), a
to hlavné diky ¢asné manifestaci onemocnéni, relativné dlouho zachované strukture sitnice a
dostupnosti zvifecich modelli 7). LCA2 je autozomalné recesivni choroba vznikajici na
podkladé mutaci v genu RPE658). Tento gen je témé&F vyluéné exprimovén v RPE, kde se podili
na recyklaci opsinu a rodopsinu. Nedostate¢na funkce nebo absence RPE65 ndsledné vede k
degeneraci fotoreceptori. Gen RPE65 byl od roku 2007 klinicky testovan pfi zkouskach s
genovou terapii, které vyustily v roce 2017 ve schvaleni prvni genové terapie pro klinickou
oftalmologickou praxi americkym Utadem pro kontrolu potravin a lé¢iv a v roce 2018

Evropskou lékovou agenturou®?.

Optogenetika

do neuronové bunky vnesen gen kddujici protein senzitivni na svétlo, s jehoZz pomoci je
nasledné cilova bunka excitovana. V ocnim lékarstvi se typicky jednd o vloZeni svétlocivého
proteinu do nékteré ze subpopulaci bunék sitnice 2%, které primarné& nemaji svétlo¢ivou funkci

OBR 7.



Svételny zdroj

Bunéénéd membrdna

OBR 7: princip optogenetiky

V praxi je nejdfive tfeba najit vhodny fotosenzitivni protein, ktery nasledné vloZzime do
vhodného vektoru (nejc¢astéji adenovirového) a zacilime na sprdvnou buriku. Poslednim

krokem je odpovidajici ,osviceni” takto oSetfené sitnice.

Jako svétlocivy protein lze vyuZit napfiklad dva typy opsinu: typ 1 (mikrobidlni) nebo typ 2
(zvifeci). Nejcastéji se vyuZziva typ 1, ktery ma mnoho poddruht, ale v zasadé se vidy jedna o
iontovy kanal, ktery lze aktivovat svétlem (napf. channelrhodopsin, halorodopsin,
archeorhodopsin)?Y. Po aktivaci iontového kanalu dochazi ke zméné v polarizaci buriky a
nasledné k prenosu signalu dale. Typ 2 je fotosenzitivni protein spfazeny s G-proteinem. Po
aktivaci probiha intraceluldrni signalni kaskada chemickych premén s vyslednym otevienim
sprazeného kationtového kanalu. Hlavni vyhodou typu 1 oproti typu 2 je jednodussi molekula
obsahujici pfimo iontovy kanal, nevyhodou pak ¢asto vyssi naroky na intenzitu svétla nutnou

ke zméné polarizace buriky.

V lidské sitnici nalézdme vice neZ sto rGznych druh( neurondlnich bunék 22, které spolu do
urcité miry interaguji, a tim zajistuji komplexni zpracovani obrazu jesté pred odeslanim signalu
dale do centralni nervové soustavy prostifednictvim axonu gangliovych bunék. Veskeré snahy

o nedodrZeni pfirozeného postupu fotoreceptor-bipoldrni burika-gangliova burika proto



povedou k naruseni sitnicového zpracovani obrazu, a tim ke snizeni jeho kvality. Nase snahy
proto vidy cili na co nejzevné&jsi vrstvy sitnice?3). Je mozné uzit poskozené fotoreceptory, které
jiz nemaji zevni segmenty (zde je vyhodou zachované zpracovani signalu sitnici), nebo pfi

obejiti tohoto mechanismu, rovnou bipolarni a ev. gangliové buriky.

Poslednim krokem je zachyceni svétla oSetfenou burikou. Rlzné kandly jsou citlivé na r(izné
vinové délky svétla. To je tfeba mit na zfeteli s ohledem na moZnost fototoxicity. Napfiklad
channelrhodopsin je nejcitlivéjsi v kratkych vinovych délkdch a vyzaduje, tak jako vétSina
kanald typu 1, vétsi polet zasah( fotony. To spolu s niz$im podilem modrého svétla, obzvlasté
za zhorSenych svételnych podminek, a nizsi propustnosti téchto vinovych délek optickymi
prostiedimi oka vyZzaduje pro spravné fungovdani nutnost vyssi intenzity svétla v téchto
vinovych délkach?¥. Toho Ize dosdhnout pouze pomoci externiho svételného zdroje, coz mlize

mit nepfiznivy vliv v dlsledku fototoxicity.
2.7 Bunécna terapie

Jak jiz bylo re¢eno dfive, v dnesni dobé sice umime pacienty s VPMD Iécit, ale neumime je
vylécit. DalSim zlomem v 1é¢bé onemocnéni sitnice by mohlo byt nahrazeni defektnich bunék
burikami novymi. V poslednich letech se témito postupy zabyva mnoho vyzkumnych

pracovist, jelikoZ diikazy ovéfujici koncept (proof-of-concept) jsou obecné pfijimany?> 2627

Na pocatku vyzkumu stdla snaha o autologni transplantace (napf. autologni RPE-choroidalni
Stép nebo subretinalni injektdZz suspenze autolognich bunék RPE) ¢i snaha o makularni
translokace. Pfestoze néktefi autofi popsali ¢astecné zlepseni zrakovych funkci?®, v klinické
praxi tyto zakroky nejsou rozsifeny pro vysoky vyskyt nezadoucich komplikaci (krvaceni,
proliferativni vitreoretinopatie, odchlipeni sitnice, distorze obrazu u makuldrni translokace,

$patnd apikobazalni orientace u suspenze bunék)?*3%3D.

Pokrok v operacnich technikdch a bunécné biologii nyni nabizi moznost transplantovat i jiné
nez autologni bunky. Nejcastéji se v literature setkavame s lidskymi embryondlnimi
kmenovymi burfikami (hESC-RPE, human embryonic stem cells)3? a lidskymi indukovanymi
pluripotentnimi bufikami (iPSC-RPE, human induced stem cells)33). Burfiky embryonalni

ziskdvame po fertilizacii oocytu odbérem z blastocysty, zatimco indukované pluripotentni



buriky ziskavame reprogramovanim somatické buriky, typicky fibroblastu34. Za tento objev
byla v roce 2012 udélena Nobelova cena (Shinya Yamanaka, Sir John B. Gurdon). Vyslednym
produktem obou metod je pluripotentni bunka, kterou mizeme dale smérovat do vyvoje v
RPE. Hlavni vyhodou pfi uziti iPSC-RPE je to, Ze se jednd o autologni zdroj, proto pacienta neni
nutno zatéZovat imunosupresi. Naopak nevyhodou je stafi buriky (zdrojova burika je stejné
stara jako pacient, ze kterého je odebrana), stejna genetickd vybava (pretrvavani pfipadnych
genetickych abnormalit) a dosud nejisty teratogenni potencial (chybi dlouhodoba data)3>.
Uziti hESC-RPE je vyhodné predevsim pokud je Zadouci transplantovat bunky s odliSnym
genetickym zdakladem (geneticky podminéné choroby vcéetné mitochondridlnich), nutna je

ovSsem imunosuprese. OBR 8
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OBR 8: zakladni rozdil mezi iPS a ESC

Druhym kritickym okamzikem v bunécné terapii sitnice je operaéni technika. Dnes jsou ve
vyzkumu hlavni tfi sméry: 1. subretindlni injekce bunécéné suspenze OBR 9A, 2. subretinalni
implantace bunécéného platu ve formé epitelu OBR 9B, 3. subretinalni implantace bunééného

platu na podplirném nosici OBR 9C.



OBR 9: zakladni chirurgické ptistupy pfi transplantaci RPE

Zatimco injektdz bunécné suspenze je technicky pomérné jednoduchd, nelze zcela
odhadnout, zda implantované bunky budou mit spravnou apikobazalni orientaci a zda budou
schopné vytvofrit funkéni monovrstvu s dostatecnou transepitelidIni resistenci (TER, udava
odpor méreny mezi apikalni a bazalni stranou epitelu, hodnota byva povaZovana za ukazatel
integrity epitelu). Na tomto procesu se podili mj. Bruchova membrana, ktera byva u
postizenych €asto patologicky zmé&né&na3®). Subretinalni implantace buné&&ného platu s nebo
bez podplrného nosice s sebou nese narocnou operacni techniku, ktera je vsak vyvazena
spravnou apikobazalni orientaci a in vitro méfitelnym TER, jehoZ hodnoty ndm mohou predem
pomoci urcit kvalitu implantovanych bunék. Pokud implantujeme bez podpirného nosice,
bunécény plat se mliZze peroperacné rolovat a buriky odlupovat. Pokud vyuZijeme podp(irny
nosi¢, je manipulace snaz3i*”), ale je tfeba volit nosi¢ dostateéné porézni, aby nebranil v difuzi

Zivin a odpadnich latek:



3. Hypotézy a cile prace

3.1 Hypotézy
3.1.1 Subretinalni implantace nanovlakenného nosice vede k mnohym peroperacnim i
pooperacnim komplikacim.

3.1.2 Sitnice bude na subretindlni nosi¢ reagovat zanétlivymi zménami

3.2 Cile prace

3.2.1 Optimalizace tvaru subretinalniho nosice, pfizplisobeni implantacni kanyly tvaru a
vlastnostem nosice bez ohledu na typ prenasenych bunék

3.2.2 Optimalizace chirurgického zdkroku s minimalizaci nezadoucich uddlosti

3.2.3 Zhodnoceni Uspésnosti operacniho zakroku

3.2.4 Zhodnoceni reaktivnich zmén sitnice po implantaci nosice

4. Popis pouzitych experimentalnich metod

4.1 Eticka komise a podpora

Operace byly provadény v souladu s Guidelines of the Declaration of Helsinki a v souladu s
The Association for Research in Vision and Ophthalmology (ARVO) statement for use of
animals in ophthalmic and visual research. Pokus byl schvélen etickou komisi Ustavu Zivo¢isné
fyziologie a genetiky, Akademie véd CR, Libéchov, CR, no. 60/2016. Studie byla provadéna za
podpory GACR (Project Number 18-04393S) a TACR (KAPPA projekt TO01000107).

4.2 Zviteci model a operacni zazemi

Implantace subretindlnich nosi¢l byla provadéna na populaci “Libéchovskych” miniprasat
staFi 12-36 mésich obou pohlavi 3. Operaci provadime za hluboké celkové anestezii na o&nim
operaénim sale v rdmci Ustavu Zivoci$né fyziologie a genetiky AV v Libéchové za pomoci
oc¢niho operacniho mikroskopu vybaveného pro operace na zadnim segmentu Hi-R NEO 900A
(Haag-Streit Surgical, Wedel, Germany) s bezkontaktnim systémem c¢ocek MERLIN BIOM

(Volk, Mentor, OH, USA) a zdznamovym zafizenim Full HD medical 2-piece camera Sony PMW-



10MD (Sony, Tokyo, Japan), vitrektomu R-Evolution CR (Optikon, Rome, Italy) a laseru dle
potieby: zeleny laser a endo sondou Merilas 532a (Meridian, Thun, Switzerland) OBR 10 a 11.
V ptipad@ pouZiti xenotransplantatu je zvife imunosuprimované pomoci takrolimu3?). Po
zakroku zvitata pravidelné kontrolujeme. Kazdy den makroskopicky, zda nedochazi k
patologickému vytoku z ocni Stérbiny, zda se zvife nesnazi oko dfit o stény kotce ¢i jinak
bolestivé nereaguje a zda obecné celkové prospiva. Jednou za 1-2 tydny (dle protokolu) v
celkové anestézii kontrolujeme ndlez na operacnim sale pomoci oftalmoskopu, provadime
fotodokumentaci a snimky OCT dle potfeby. Zvifata ponechavame do kontrolniho vySetieni v

1., 2., 4. nebo 8. tydnu dle protokolu a ndsledné je prase v hluboké anestezii utraceno

vykrvacenim.

> |
)

OBR 10: manipulace se zvifetem, rozmisténi operacnich pfistroju, foto z vykonu

4.3 Operacni technika
Samotny operacni vykon je detailné popsan v pfilozené publikaci véetné seznamu pouzitych
materialQ. Strucné: operacni vykon probiha za aseptickych podminek. Po zavedeni 3x23 gauge

portd OBR 12 provedeme zcela standartni pars plana vitrektomii s odlou¢enim zadni sklivcové



membrany (ZSM), ktera se u prasat chova podobné jako u détskych pacientl — je “pastdzni”
a ZSM se casto odlucuje “ve vrstvach”. Proto je obvykle nutné si ZSM vizualizovat pomoci
napft. diprofosu. Nasleduje vytvoreni subretinalniho puchyfe pomoci 41 gaugové subretinalni
kanyly. V misté zamyslené retinotomie provede endodiatermii a nasledné retinotomii pomoci
retinalnich nGzek. V dalsim kroku provadime peritomii a nasledné za postupné koagulace
sklerotomii v rozsahu cca 3 mm. Vitrektomem odstranime prolabujici sklivec a ev. doplnime
koagulaci dle potrfeby. Nyni lze provést samotnou implantaci nosie pomoci naseho
unikatniho injektoru. Nasleduje narocna faze operace, kdy je tfeba co nejrychleji zasit skléru
ve velmi obtiznych podminkach (praseci oko je zapadlé a rana ve skléfe, na poméry ocni
chirurgie, velika s protékajici tekutinou z infuze). Po sutute skléry kontrolujeme pozici nosice,
kterou mUZeme ev. upravit pomoci retindlni pinzety. Na zavér vyménime vodu za vzduch s
odsatim veskeré subretinalni tekutiny. Provedeme vyménu za silikonovy olej a nasledné

extrahujeme vstupni porty a rany zaSijeme.

OBR 11: rozmisténi 23ga porta

5. Material

5.1 Nosi¢ RPE

Jednd se nanovldkenny nosi¢ pfipravovany pomoci elektrospiningu z poly(L-lactide-co-DL-
lactide) (LLA/DLLA 90/10, Mw 868 270 g/mol, PDI 2.3). Tloustka vlaken je 380um (standartni
odchylka, SD 10 nm). Tato vlakna jsou vpletena do tuzsi periferni obruce vyfiznuté laserem do
pozadovaného tvaru z poly (ethylen tereftalatové) (PET) folie o tloustce 36 um zarucujici

stabilitu nosice. OBR 12. Tloustka celého nosice je 3.7 um a odhadovand porozita je 72%*% 4%,



Tim je zajiSténa dobrd propustnost Zivin s udrzenim mechanické stability implantovaného

produktu.

OBR 12: nanovldkenny nosi¢ RPE

Pfipraveny nosi¢ se vklada do unikatni ru¢né vyrobené implantacni kanyly respektujici
anatomické vlastnosti prasec¢iho bulbu a umozZnujici vizualni kontrolu nosice béhem
implantace OBR 13. Jedna se o prlihlednou plastovou kapildru s nakldadacim okénkem v predni
¢asti. Do tohoto okénka se vlozi implantat a kovovou planzetou je posunut do prechodové
zény. Takto je ndstroj viozen do oka (sklivcové dutiny) a Ustim pfiloZzen k predem pfipravené

retinotomii. DalSim tlakem na kovovou planzetu dojde k vyklouznuti implantatu do mista

urceni.
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OBR 13: implantacni kanyla

5. 2 Pfehled pavodu uzivanych bunék RPE



Vsechny hodnocené operace probihaly s nosicem popsanym v kapitole 5.1. Tento nosic byl
implantovdn 1) bez bunék (2 oci), 2) s lidskymi primarnimi RPE burikami (13 o¢i), s lidskymi
iPSc-RPE (14 oci). Rozdil mezi jednotlivymi variantami bunék je v principu popsan v kapitole

2.7.

6. Vysledky

Vysledky subretinalni implantace nanovlakeného nosic jsou shrnuty v tabulce 1

Celkem pocet zvirat 18
Celkovy pocet oci 36
Pocet operovanych oci 29
Pocet uspésnych implantaci 27
Pocet nelspésnych implantaci 2
Primérna doba operace 57 min
Uspésnost 93.1%

Za UspéSnou implantaci povazujeme takovy stav, kdy je na konci operace nosi¢ v
subretinalnim prostoru, sitnice je pfilozena a dokdzeme posléze verifikovat pozici implantatu
a stav sitnice histologii. Neuspésny zakrok je definovan jako zdkrok bez implantace nosice
nebo zakrok s takovymi perioperaénimi komplikacemi, kdy predpokldaddme nevysettitelnost
nebo bolestivost oka v dlsledku téchto komplikaci. Periopera¢né doslo u celkem ¢tyf oci
k odchlipeni sitnice. Ve dvou pfipadech se podafilo sitnici opét prilozit a Uspésné implantovat,
v dalSich dvou pripadech bylo odchlipeni sitnice spojeno s masivnim subretindlnim krvacenim.
Operace byla ukoncena a zvife bezprostfedné utraceno. Celkova Uspésnost operacniho
zakroku tedy ¢inila 93.1 %.

Ve sledovacim obdobi bylo u vSech zvifat provedeno OCT vysSetfeni spolu s fotodokumentaci
fundu OBR 14. Ve ¢tyrech pripadech nebylo s postupem ¢asu mozné sitnici vySetfit pro kaleni
nitrooc¢ni ¢ocky (pravdépodobné dlsledek perioperac¢niho dotyku cocky s nastroji), nicméné
histologie neukazala v téchto pripadech Zadnou dalsi abnormalitu. V misté retinotomie nebyly
stopy po proliferativni reakci a samotny nosi¢ byl dobfe patrny pres semitransparentni tkan
sitnice bez zndmek zanétlivych zmén. Na OCT nebyly patrny Zadné hyper — nebo hypo-
reflektivni zony, sitnice byla pouze lehce ztlustéla oproti normé. Bruchova membrana se zdala
byt intaktni. Nosi¢ se zda byt dobre tolerovan i v ptipadé, Ze je osazen arteficidlnimi burikami

RPE. Po provedeni euthanasie byly bulby enukleovany a fixovany ve 4 % paraformaldehydu



po dobu 24 hodin. Predni ¢ast oka byla odfiznuta a poté bylo mozno vizudlné lokalizovat nosic
nasalné od papily zrakového nervu. Vzorky byly zmrazeny a ddle zpracovany dle pfedem

definovanych protokol( v zavislosti na typu experimentu a plvodu bunék.
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OBR 14: pooperacni foto fundu a sken OCT

Na OBR 15 vidime oblast sitnice po barveni pomoci haematoxylinu-eosinu zahrnujici
implantat bez bunék RPE. Morfologické zmény jsou nevyrazné a zavrhuji hypotézu
predpokladajici zmény neuroretiny po implantaci nanovldkenného nosice do subretinaniho

prostoru na prase¢im modelu.



OBR15: histologické vysetreni sitnice po implantaci nosi¢e bez bunék RPE

7. Diskuse

Transplantace RPE rdzného plivodu se povazuje za jednu ze slibnych Ié¢ebnych modalit
budoucnosti a patfi ji vysoka pozornost mnohych vyzkumnych skupin cilicich na I1é¢bu
sitnicovych degenerativnich onemocnéni, jako napfiklad VPMD?2> 26, 27, 40, 42, 43, 44, 45, 46, 47, 48)
Zakladni myslenkou tohoto pfistupu je ndhrada postizeného RPE burikami, které jsou
kultivovany in vitro a jejichZ vlastnosti a kvalitu mGZeme je3té pfed transplantaci ovéFit*?-53),
Implantace téchto bunék nejrdznéjsiho plivodu na subretindlnim podpdrném nosici se zda byt
nejlogic¢téjsi cestou. Dostatecné porézni nosi¢ netvofi bariéru latkové vymény a udriuje
spravny tvar epitelu, zajistuje spravnou apiko-bazalni orientaci a zaroven dodava dostatecnou
mechanickou odolnost pfi samotné manipulaci s burikami, at uz pfi pfipravé bunék, nebo pri

samotném zakroku.



V soucasné dobé je pri experimentech s RPE pouzivana cela skala experimentalnich zvifat za
ucelem zdokonalit operacni techniku a potvrdit ucinnost IéCby sitnicovych onemocnéni
spojenych s dysfunkci RPE. Nejcastéji se setkdvame s experimenty na kralicich, prasatech,
psech a primatech. Tato zvifata fadime mezi modely s velkym okem. Do této skupiny patfi i
“Libéchovska” miniprasata, kterd primarné slouZila jako model v biomedicinském vyzkumu na
poli neurodegenerativnich onemocnéni (napf. Parkinsonové nebo Huntingtonové chorobé).
Tato miniprasata maji relativné velky mozek s cévnim zasobenim a imunologickou odezvou,
ktera je podobna mozku ¢lovéka. Diky témto vlastnostem jsou Casto povaZovana za model
prvni volby. Navic, na rozdil od primatd, je jejich chov vyrazné méné finanéné narocny a
udrZeni stabilnich podminek jednodussi. V roce 2018 Shrader a Greentree publikovali
podrobny popis Géttingenskych miniprasat uzivanych pro oéni vyzkum 3% 4% 54 Tento model
je vyuzivan jiz pres Sedesat let vzhledem ke snadnému chovu, rozumné velikosti, dobre
zmapovanému genomu a velmi podobné anatomii oku lidskému. Oko miniprasete ma
podobné rozméry, objem, vlastnosti sklivce, barevné vidéni. Na rozdil od lidského oka nemaji
miniprasata makulu a foveolu, tedy misto nejostiejSiho vidéni, nicméné nasalné od terce
zrakového nervu se nachazi “area centralis”, kde je vyssi koncentrace Cipkl a tvori tak zénu
ostrejsiho vidéni. VSechny tyto vlastnosti jsou aplikovatelné i na Libéchovsky druh, ktery je
kfizencem vicero druhll, vietné Gottingenského3® 5> 6) Miniprasata tak postupné v

preklinickych oftalmologickych studiich vytlacuji psy a primaty.

Na zakladé nasi reSerSe neni dosud jednoznaéné stanovena, popsana a obecné pfijimana
operacni technika popisujici krok za krokem vitreoretindlni postup implantace u velkych
modelovych oci, pfedevsim pak miniprasat. Tento zakrok je vidy ndro¢ny z pohledu etického,
organizacniho, logistického, technického a v neposledni radé financéniho.

V roce 2015 Popelka a kolektiv popsali vysledky subretinalni implantace inovativniho
nanovldkenného nosi¢e na podplirném “krouzku” implantovaného do oka “Libéchovského”
miniprasete®?). Tyto experimenty a chirurgicka technika s injektorem vlastni vyroby byly dale
zlepsovany az do soucasné podoby v ¢lanku autord Lytvynchuk a Strandk. V soucasné dobé
mame dobre definovany a reprodukovatelny nosi¢ bunék i protokol pro predoperacni,
perioperacni i postoperacni péci o zvire.

Duarri a kol. publikovali v roce 2021 vysledky subretindlni injektaze suspenze bunék hiPSC-

RPE na prase¢im modelu s geografickou atrofii. Dle naseho ndzoru je vsSak pro plnéni



fyziologického ucelu téchto bunék extrémné dulezZitd spravna orientace bunék, konkrétné
jejich spravna apiko-bazdalni orientace, a forma celistvého epitelu (tésna spojeni mezi
burikami). V pfipadé injikované suspenze bunék tyto cile nelze zarucit.

asociovanych s poruchou funkce RPE a sice k naroc¢né operacni technice. Pravé peroperacni a
pooperacni komplikace definuji primarni Uspéch ¢i neuspéch celého projektu. Rozméry a
misto sklerotomie a retinotomie by mélo byt zvazeno peroperacné. Jejich nevhodné umisténi
¢i rozméry mohou vést k odchlipeni sitnice, hypotonii, episkleralnimu, choroidedinimu a/nebo
sitnicovému krvaceni stejné jako napf. k vysoké mife vireni tekutiny ve sklivcovém prostoru a
naslednému poskozeni nosiCe. V pooperacni péci nds zajimd riziko proliferativni
vitreoretinopatie, endoftalmitidy, hypotonie, odchlipeni sitnice a riziko progrese katarakty 2%
45, 46,47).

V roce 2012 Stanzel a kol. publikoval novy operacni postup implantace subretinadlniho nosice
na krdlicich (chinchilla bastard rabbits (hmotnosti 2-2.5 kg)). Autoti méli celkovou Uspésnost
transplantace 74.2 % na 23 o¢ich*®. Pro potieby tohoto experimentu byla vyvinuta specialni
infuzni kanyla s otvory po strandach zajistujici rovhomérnéjsi plnéni sklivcové dutiny tekutinou
(prevence primého vodniho proudu do oblasti implantace a niZsi riziko tvorby amoce a
kolapsu pfripraveného sitnicového , puchyre” pred implantaci). V nasi praci jsme tyto rizika i
s béznou infuzni kanylou nezaznamenali. MozZné vysvétleni je pouZiti zvifete s vétSim okem a
také provedeni jadrové vitrektomie s usetfenim zbylého sklivce v misté infuze, ktery tak mohl
proud tekutiny ,brzdit”. DalsSim obfasnym problémem u autord Stanzel a kol. bylo uviznuti
implantatu vinjekéni kanyle, coZ autor vysvétluje moznym uviznutim zbytku sklivce na
povrchu sitnice, ktery se nasledné dostal do kanyly. Toto bylo ¢aste¢né redukovano enzym-
asistovanou vitrektomii (jeSté pred samotnym zdkrokem se injikovala do sklivce latka
narusujici jeho celistvost). Ve vétSiné pripad( pak jesté autofi posouvali nosi¢ dale od
retinotomie pomoci dalSich instrumentd. | v nasi studii dochazelo obcas k zaseknuti
nanovlakna mezi posuvnou planZetu a sténu injektoru a nosi¢ tak mohl byt pfichycen
k injektoru a vytahovan zpét smérem do sklivcového prostoru. Tato komplikace se nicméné
vzdy vyresila jemnym zastréenim implantatu zpét do subretindlniho prostoru pomoci svételné
sondy. Zbytkova vlakna sklivce v misté retinotomie jsme nezaznamenali. V nasem souboru
byla ¢asto vyuzivana moznost nabarveni ZSM pomoci triamcinolonu. Takto vizualizovand ZSM

byla s naprostou jistotou odlouc¢ena a sklivec se jiz dale na zadnim pdlu oka nenachazel.



V takovém ptipadé je role enzym-asistované vitrektomie diskutabilni. V nasem souboru jsme
se dale snazili vyhnout manipulaci s nosi¢em po injektazi (posunuti dale od retinotomie) a
injikovali rovnou dale od retinotomie. Obavali jsme se naruseni sitnice a ev. subretindlniho
krvdceni pfi posouvani nosiCe pinzetou nebo rozsifovdni mista v sitnicovém ,puchyfi”
mechanickou cestou.

V roce 2014 Stanzel a kol. publikoval vysledky implantace lidskych kmenovych bunék RPE na
polyesterové membrané u kralik( vyuZivajici shodnou techniku®> %8). Vroce 2016 pak
Al.Nawaiseh a kol. publikoval operac¢ni techniku ve formé krok-za-krokem detailné popisujici
operacni protokol pro implantaci nosice u kralik(. Studie se vénuje i predoperacni a
postoperacni péci, stejné jako anesteziiliu.

V roce 2021 Liu a kol publikoval data uspésné subretinalni implantace lidskych kmenovych
bunék pod sitnici primat(. Pro tyto Ucely bylo vybrano devét opic rodu cynomolgus, zastupce
zviteciho modelu s velikym okem*”). VV priib&hu experimentu byla zvifata imunosuprimovéna
pomoci sirolimu (2mg vstupné a pak 1mg kazdy den) a tetracyklinu (7.5 mg/kg) sedm dni pred
zakrokem a tfi mésice po zakroku. V obecné roviné byly operce provadény dle protokolu
popsaného Stanzlem a kol v roce 2012 a Al-Nawaisgemem v roce 2016. V nasem souboru, v
pfipadé xenotransplantace, byla téZ pouZita imunosuprese pomoci subkutdnni injekce
mikrosfér postupné se uvolnujiciho tacrolimu v depotni davce 0.25mg/kg jako prevence
odhojeni stépu.

V roce 2016 publikoval Koss a kol. Studii zamérfenou na bezpecnost a proveditelnost
implantace subretindlniho nevstfebatelného nosice sitového charakteru (6.25x3.5 mm,
tloudtky 0.4 um) pokrytych hESC-RPE u 14 samic Yucatanskych miniprasat?®). Imunosuprese
byla navozena pomoci tacrolimu (ddvka neuvedena) a dexamethasonu intravitredlné (depotni
dexamethasone v léfivém pripravku Ozurdex). PPV byla provedena 20G pfistupem za
asistence triamcinolonu (Triesence) k obarveni ZSM. Pfi injektaZi nosice byl pfechodné zvysen
nitroo¢ni tlak na 60mmHg jako prevence krvaceni. Po implantaci byl nosi¢ prechodné fixovan
pomoci tézké vody. Nasledovala vyména za vzduch a nasledné silikonovy olej. DalSi postup
byl porovnatelny s nasi metodou. Autofi publikovali Uspésnost zakroku v 91 % (Uspésnost je
zapocitana jako Uspésna implantace s Uspésnym ndslednym sbérem dat). V porovnani s nasi
studii nepouzivame kortikoidni latky k imunosupresi, pouze triamcinolon prfechodné k
zvyraznéni ZSM a nelze posoudit efekt tohoto kratkodobého pusobeni v roli imunosuprese.

Nosi¢, ktery implantujeme je mensi (5.2x2.1 mm vs. 6.25x3.5 mm) a béhem



nekomplikovaného zakroku nepouzivame téZzkou vodu a radéji provadime rovnou vymeénu
vody za vzduch.

Gandhi a kol. publikoval v roce 2019 poprvé studii s pIné degradabilnim nosi¢em pro rizné
typy bunék u Yorkshirskych prasat*®). Tato studie se primarné zaméfovala na charakteristiku
nosice a jeho biologickych vlastnosti (hydrogel pokryty fibrinem). Autofi se zde zamysleji nad
efektem agresivni imunosuprese (kterou ale nespecifikuji) a jeji roli v degradaci nosice. V
prabéhu operace provadéji sklerotomii priblizné 3.6 mm Sirokou cca 3.5 mm od limbu
paralelni s limbem. K injektaZi voli injektor napojeny na pneumaticky systém redukujici
nechténé pohyby ruky a prstt chirurga®®). V nasem souboru pouzivdme sklerotomie umisténé
do pars plicata cca 2.5-3.0 mm od limbu. Tato vzdalenost byla stanovena na zakladé sekénich
nalezd na kadaverdznim bulbu ndmi pouzivanych prasat a minimalizujeme tak riziko
poskozeni sitnice obzvlasté u velkych sklerotomii. Hlavni skleralni fez ma, s ohledem na
velikost Usti implantacni kanyly, 3 mm vodorovné jdouci s limbem. Implantat vysunujeme
pouze pomoci vlastni sily. Odstranéni sklivce ve sméru hlavniho fezu, nasledné odstranéni
prolabujiciho sklivce a kauterizace sklerdlnich cév v misté hlavniho fezu se zda byt klicové
v prevenci odchlipeni sitnice a rozsdhlého krvaceni znemoziujici dalsi postup. ZvétSeni
implantatu s sebou mUzZe prinést dal$i nevyhody. Jednak je tfeba zvétsit rozsah sklerotomie,
coz nepochybné povede k vysSim peroperacnim turbulencim intravitrealné, vyssimu riziku
hypotonie, obtiznéjsi suture skléry, vyssimu riziku prolapsu sklivce ¢i sitnice. V neposledni
fadé pak musime zvazit miru imunitni reakce vic¢i implantovanym burnkdm pti vysSsi
implantované plose a tim padem poctu bunék. Gandhi a kol. pouzival velikost sklerotomie 3.6
mm?®). Stanzel a kol. mé&l na miru vyrobeny injektor, ktery prochdzel skrz 20G sklerotomii, tzn.
0.8 mm*). V nasi studii je nutnd sklerotomie o rozmérech 3.0 mm. Zde je nutno zminit, Ze na3
implantat, v prlbéhu vsazeni do injektoru, neni jakkoliv mechanicky namahan. Pokud
uzivdme sklerotomii mensi nez velikost implantatu, tak to automaticky znamen3, Ze implantat
musi byt néjakym zplUsobem ,,zabalen”. Tim pddem mechanicky trpi jak buriky na nosici, tak

nosi¢ samotny, coz v konecné fazi mlze vést k jeho poskozeni.

8. Zavér
Riziko perioperaénich a postoperaénich komplikaci, jako napf. odchlipeni sitnice, sitnicové
nebo skleralni krvaceni, zanétlivé zmény, zakaleni ¢ocky, proliferativni vitreoretinopatie nebo

napf. hypotonie bulbu mohou zdsadnim zplisobem ovlivnit Gspésnost transplantace RPE. Pfi



dodrzovani jasné stanoveného protokolu (ptiprava, chirurgicka technika, pooperacni péce)
jsme schopni minimalizovat ¢etnost téchto komplikaci a zachovat vysoky pomér uspésnych
zakrokd (93.1 % v nasem souboru).

V nasi praci nabizime navod na implantaci RPE na nanovldakenném nosici na zvifecim modelu
s velkym okem. Miniprase se zda, vzhledem k podobnostem s lidskym okem, byt do budoucna
idedInim modelem pro experimenty prenositelné do humanni mediciny. Tyto podobnosti ndm
umoznuji vyvijet pokrocilé chirurgické postupy pro implantaci subretindlnich implantata.
Dalsim duleZitym faktem je moZnost pouZiti stejného instrumentaria, které pouzivame u lidi

a sitnicovy chirurg je s témito nastroji dlivérné sezndmen.

8.1. Zhodnoceni cilii a hypotéz

Hypotéza 1: Subretindlni implantace nanovlakenného nosice vede k mnohym peroperaénim i
pooperacnim komplikacim.

Tato hypotéza byla vyvracena — nami popsany chirurgicky vykon je vzhledem k rozsahu a
narocnosti bezpecny a reprodukovatelny.

Hypotéza 2: Sitnice bude na subretindlni nosic reagovat zanétlivymi zménami

Tato hypotéza nebyla potvrzena. Na nami pofizenych skenech OCT a histologickych

preparatech nebyla patrna prakticky Zzadna zanétliva odpovéd.

Cil 1: Optimalizace tvaru subretinalniho nosi¢e prizplsobeni implanta¢ni kanyly tvaru a
vlastnostem nosice bez ohledu na typ prenasenych bunék.

Cil byl splnén. Mame, z hlediska nosic¢e, dobfe definovany produkt.

Cil 2: Optimalizace chirurgického zakroku s minimalizaci nezadoucich udalosti.

Uspésnost operace presahujici 90 % je u takto komplikovaného vykonu solidnim zékladem pro
rozvoj operacni techniky. Cil povazuji za splfieny.

Cil 3: Zhodnoceni uspésnosti operacniho zakroku

Dle OCT i histologie se zd3, Ze je implantat dobre tolerovan. Dalsi vyzkum bude zaméren na
konkrétni bunééné populace. Nutné je také doplnit funkéni testy.

Cil 4: Zhodnoceni reaktivnich zmén sitnice po implantaci nosice

Jednoznacné reaktivni zmény sitnice nebyly detekovany.
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Abstract

We report on the design and fabrication of a frame-supported nanofibrous membrane for the
transplantation of retinal pigment epithelial (RPE) cells, which is a promising therapeutic option

for the treatment of degenerative retinal disorders. The membranous cell carrier prepared from 640
nm-thick poly(DL-lactide) fibres uniquely combines high porosity, large pore size and low thickness,
to maximize the nutrient supply to the transplanted cells in the subretinal space and thus to enhance
the therapeutic effect of the transplantation. The carrier was prepared by electrospinning, which
made it easy to embed a 95 ym-thick circular supporting frame 2 mm in diameter. Implantations
into enucleated porcine eyes showed that the frame enabled the ultrathin membrane to be handled
without irreversible folding, and allowed the membrane to regain its flat shape when inserted into
the subretinal space. We further demonstrated that the minimum membrane thickness compatible
with the surgical procedure and instrumentation employed here was as low as 4 ym. Primary porcine
RPE cells cultivated on the membranes formed a confluent monolayer, expressed RPE-specific
differentiation markers and showed transepithelial resistance close to that of the native RPE. Most
importantly, the majority of the RPE cells transplanted into the subretinal space remained viable.
The ultrathin, highly porous, and surgically convenient cell carrier presented here has the potential to

improve the integration and the functionality of transplanted RPE cells.

1. Introduction

Retinal pigment epithelium (RPE) is a cellular
monolayer of high metabolic activity that separates
the outer part of the neuroretina from the choroid, the
vascularized layer of the eye, and collaborates closely
with the adjacent photoreceptors in maintaining
visual function [1]. A number of degenerative retinal
disorders, such as age-related macular degeneration
(AMD) and Stargardt disease, impair the function of
RPE, resulting in atrophy of choriocapillaris, loss of
photoreceptors, and finally loss of vision [2]. Presently,
no effective pharmacotherapy is available for the
majority of patients affected by these visual disorders,
so transplantation of RPE has been investigated as

a viable treatment option which promises to halt the
degeneration and maintain or improve the visual
function [3, 4]. Early transplantations of RPE, either
as an autologous RPE-choroid flap from the patient’s
eye periphery [5, 6], translocation of neuroretina [7] or
allogeneic transplantations of fetal RPE sheet [8—10]
have proven the beneficial effect of RPE replacement
on the progression of the disease. Current experimental
transplantation protocols employ RPE cells derived
from stem cells [2], particularly from human
embryonic stem cells (hESC-RPE) [11-13] and from
induced pluripotent stem cells (iPSC-RPE) [14, 15].
Efforts to translate RPE transplantations based on stem
cell therapy toward clinical application have recently
advanced to the stage of clinical trials [2, 16-19].

© 2015 IOP Publishing Ltd
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RPE cells are delivered into the subretinal space in
the form of (i) a cell suspension [20], (ii) a self-sup-
porting cell sheet [21], or (iii) a cell monolayer sup-
ported by an artificial membranous substrate [22].
Although injection of the cell suspension is surgically
simpler, faster and less invasive than other techniques,
cumulated experience from animal studies and from
human clinical trials have revealed several drawbacks,
which include reflux of the suspension into the vitre-
ous cavity, limited adherence of RPE cells to the aged
Bruch’s membrane, incorrect apico—basal orienta-
tion, and failure to form a monolayer [23, 24]. The
advantage of a self-supporting cell sheet and a cell
monolayer supported by an artificial membranous
substrate is that the cells are implanted in a highly dif-
ferentiated state. They can therefore perform their
metabolic activity immediately after implantation and
can more easily retain their epithelial phenotype than
cellsin suspension [25]. The solid substrate in the third
delivery technique (a cell monolayer supported by an
artificial membranous substrate) in addition allows
precise positioning of the RPE monolayer in the sub-
retinal space and prevents the monolayer from fold-
ing and wrinkling, which is unavoidable without the
support [21]. Transplantation of a supported polar-
ized RPE monolayer can therefore result in improved
survival and more efficient integration and function
of the graft in comparison with cell suspension or a
self-supporting RPE cell sheet. A disadvantage, how-
ever, is the need for more complex surgery involving
larger sclerotomy and retinotomy, which, in turn,
increase the risk of scarring, fibrosis and damage to
the neuroretinal layers. Each of the techniques is cur-
rently being employed in separate ongoing clinical
trials (WHO Nos. NCT01469832, NCT01691261 and
JPRN-UMIN000011929).

The general structure of the artificial carrier for
transplanting RPE cells is a membranous sheet of a
porous biomaterial that serves two main functions:
to support the formation and maintenance of a dif-
ferentiated cell monolayer, and to facilitate surgi-
cal delivery. When designing the structure and the
chemico-physical properties of the carrier, it is neces-
sary to consider the physiological conditions of the
subretinal space. RPE is separated from the choroid
by Bruch’s membrane, a pentalaminar structure of
extracellular matrix that is 2—6 gm in thickness and
that controls the diffusion of nutrients, signaling mol-
ecules and wastes between RPE and choroid [26]. Any
additional separation of RPE and choroid by the RPE
carrier, even if well permeable, will decrease the con-
centration gradient of the solutes and will slow down
their diffusion fluxes proportionally to the separation.
Therefore, carriers with high open porosity, large pore
size and low thickness, lower than or comparable to
the thickness of Bruch’s membrane, may promote a
higher rescue effect of the transplanted RPE layer on
the photoreceptors and on the inner layers of the neu-
roretina.
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Numerous biomaterials have been used in fabrica-
tion of carriers for RPE cell transplantation and they
were reviewed by Hynes and Lavik [22]. These mate-
rials included biodegradable lactide-based polymers
such as poly(DL-lactide-co-glycolide) and poly(L-
lactide) that were among the first synthetic materials
suggested for this purpose [27-32]. However, only two
RPE carriers made of porous synthetic membranes
were of about the same thickness as or thinner than
Bruch’s membrane, and their performance was also
examined in vivo: a poly(ethylene terephthalate) (PET)
track etched membrane 10 ym in thickness [33-35]
and a Parylene C membrane 300 nm in thicknessona 6
pum-thick mesh frame [25, 36]. Both carriers were able
to support the survival of a human stem cell derived-
RPE monolayer in vivo but failed to preserve photore-
ceptors and inner layers of the retina above the RPE-
carrier implant. Stanzel et al [35] suggested that one of
the factors behind this detrimental effect was the low
permeability of the carrier.

A fibrous membrane of submicron fibres
(nanofibers) prepared by electrospinning has recently
been suggested as a promising type of transplanta-
tion carrier for RPE cells. Such a carrier is, in general,
highly permeable for solutes and displays a surface
nanotopography mimicking the topography of the
basement membrane [34,37-40]. Nanofibrous mem-
branes for RPE cell transplantation were prepared
either from lactide-based polymers such as poly(L-
lactide-co-glycolide) (PLGA) [40] and poly(L-lactide-
co-¢e-caprolactone) (PLCL) [37] or from a nonde-
gradable polyamide [39]. RPE cells cultivated on this
kind of substrate showed superior growth character-
istics and enhanced differentiation in comparison
with smooth surfaces [39,40]. Moreover, electrospun
fibrous membranes can be fabricated with low thick-
ness, high porosity and large pore sizes. However,
when the carrier thickness is decreased below ca 10
um to enhance nutrient exchange between the trans-
planted RPE cells and the underlying tissue, such a
thin carrier becomes too floppy to be handled without
folding or curling, which in turn impairs the function-
ality of the transplant. Although the number of studies
presenting a nanofibrous membrane for transplanta-
tion of RPE cells is increasing, none of them has so
far presented implantation of the membrane into the
subretinal space, neither ex vivo, nor in vivo.

The aim of this study was to develop a novel cell
carrier for RPE transplantation based on an ultrathin
(<6 pm) nanofibrous membrane with a supporting
structure that would facilitate surgical manipulation
and enable the carrier to regain a flat shape in the sub-
retinal space. To this end we combined the electrospun
membrane of poly(DL-lactide) (PDLLA) with a stiffer
circular frame made of a poly(4-dioxanone) (PDS)
monofilament suture fibre. We further aimed to find
the minimal thickness of the nanofibrous membrane
that would support in vitro cultivation of the RPE cells
into an epithelium-like layer, would resist mechanical
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Scheme 1. Fabrication of the electrospun membrane with an embedded supporting circular frame. Step 1: deposition of the bottom
half of the membrane, step 2: placement of the circular frame, step 3: deposition of the upper half of the membrane.

stress during transplantation and would enable safe
transplantation of the cells.

2. Materials and methods

2.1. Electrospinning

2.1.1. Electrospinning apparatus

The custom-made electrospinning apparatus consisted
of a dc high-voltage supply (Gamma High Voltage
Research, Ormond Beach, FL 32174),an infusion pump
(KD Scientific, USA),asyringe fitted with a stainless steel
blunt-ended needle (20 G, ID/OD 0.584/0.902 mm)
and a movable flat aluminium collector (11 X 19cm)
actuated by a PC-controlled linear actuator (Kolektor
Synatec d.o.0.). A voltage of +5kV was applied to the
needle 10 cm distant from the surface of the grounded
collector. The polymer solution was delivered at a flow
rate of 125.5 ulh™!. The formation and stability of the
Taylor’s cone was monitored with a video camera. The
nanofibrous membranes with randomly oriented fibres
were collected on 11 X 22 mm pieces of silicon wafer
(one side polished silicon, thickness 450 ym, resistivity
5-22 Q-cm, 50 nm thermal oxide overlayer, Siegert
Consulting e.K.) placed on the movable collector. The
speed of the collector in the range of 3.9-72 mm min !
allowed the areal density of the nanofibrous mat to
be controlled in the range of 10-180 ygcm 2 with the
corresponding thickness between 0.9 ym and 6.2 ym.
Electrospinning was performed at room temperature
(24-26°C).

2.1.2. PDLLA solution

Poly(DL-lactide) (PDLLA) (M,, 900000 gmol ™!, PDI
1.9) was prepared by ring-opening polymerization of a
racemic mixture of D and L-lactide (Aldrich) catalyzed
by tin(IT)octoate [41]. The polymer was dissolved in
dimethylformamideat 11wt% under stirring 3 d before
electrospinning.

2.1.3. Fabrication and embedding of the supporting
frame

The circular frame 2 mm in diameter was prepared
from monofilament poly(4-dioxanone) (PDS) surgical
fibre (absorbable suture, PDS*I1,7-0, kindly donated by
Ethicon, Johnson and Johnson). The fibre was cut to
the required length, was formed into a ring at 100 °C
for 24 h, and finally its ends were glued together with a

3

9 wt% solution of poly(L-lactide) in dichloromethane.
The thermally treated PDS fibre was 95 + 5 ym in
diameter with linear density of 98 dtex and Young
modulus of 64 + 15 cN/tex (ISO 5079), which was
measured using an Instron 6025/5800 R tensile testing
device. The circular frame was sandwiched between
two successively deposited layers of the electrospun
membrane (scheme 1). After dryingat 50 °C in vacuum
for 6 h, the sheets of the membrane were floated from
the silicon wafers on the water surface by analogy
with the preparation of specimen support films on
transmission electron microscopy grids [42], and
were collected on a larger supporting structure, e.g. an
aluminium foil with a 5 mm-large circular opening or
a commercial cell culture insert (Transwell Permeable
Support, 3413, Corning Incorporated, USA) devoid
of the original membrane. Finally, the membrane was
affixed to these structures by neutral silicone glue.

2.2. Spin-cast polymer films

PDLLA coated glass cover-slips were prepared as a
reference substrate for cultivation of RPE cells. PDLLA
(M,, 900000 gmol~!) was dissolved in 1,4-dioxane
to form 0.7 wt% solutions. Round glass cover-slips
12 mm in diameter were cleaned in methanol, followed
by 15 s of air-plasma cleaning (Expanded plasma
cleaner, Harrick Plasma), and were treated with
(3-aminopropyl)triethoxysilane vapours prior to spin-
casting. Films were spin-cast ata speed of 2000 rpm and
atan acceleration of 1500 rpm s~!. All films were held
under vacuum for 1 h and at 120 °C to remove residual
solvent and promote adhesion to the substrate. The
polymer film thickness was 50 nm, as measured with a
profiler (KLA-Tencor P-10 Surface Profiler).

2.3. Characterization of electrospun membranes
2.3.1. Areal density and thickness

The areal density of the fibrous membranes was
calculated from the wafer area and the increase in the
wafer mass (METTLER TOLEDO MX5 Microbalance)
after fibre mat deposition. The membrane thickness was
evaluated from profiler scans 500 ym in length taken
at a scan speed of 20 yms~! over a groove made by a
steel needle in the membrane. The membrane thickness
was defined as the average of the ten highest peaks in
the profile. The membrane samples were platinum
sputtered before scanning.
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2.3.2. Fibre width and pore size distribution

The morphology of the fabricated membranes was
observed with the VEGA Plus TS 5135 scanning
electron microscope (SEM) (Tescan, Czech Republic).
The fibre width and pore diameter distribution were
determined from SEM micrographs using Image]
software [43]. The fibre width was recorded at 10
randomly chosen locations in 10 images. As the
thickness of the fibrous networks described here is
lower than the diameter of a dissociated RPE cell (12—
20 pm, supporting information, figure S2) (stacks.
iop.org/BMM/10/045022/mmedia), for the pore
size analysis we neglected the structural component
perpendicular to the network plane and modelled the
electrospun mats as a two dimensional network. We
extracted the polygonal pores from the SEM images
by thresholding or tracing the pore borders manually
(high areal densities). To determine whether a pore is
permeable to a dissociated cell, we further extracted the
diameter of the largest inscribed circle into a polygonal
pore, which is equal to twice the maximum of the
Euclidean distance map of a pore [44]. To acquire a
representative sample of pores, 10 random images of
the membrane of the same areal density were analyzed.
The size of the scans was adjusted to cover as much
of the pore size distribution body as possible. The
pore size ranges and related characteristics that were
detected from the images of the fibrous networks are
given in supporting information, table S1 (stacks.iop.
org/BMM/10/045022/mmedia). Further mathematical
analysis (supporting information) (stacks.iop.org/
BMM/10/045022/mmedia) made it possible to predict
the critical value of the areal density below which the
membrane structure could not support the formation
of a confluent cell monolayer due to the presence of
pores larger than the cell diameter.

2.3.3. Membrane porosity

The porosity of a porous structure is the fraction
of voids within the structure volume, and can be
calculated using the density of the porous structure ds
and the density of the structure material d as

e=1-dyJd )

Here, the density of the membrane was calculated
from the ratio of the areal density and the mem-
brane thickness. PDLLA density of 1.248 gcm™> was
adopted from the literature [45]. For comparison, we
also calculated 2D porosity as a fractional open area
of the network from binarized SEM images.

2.3.4. Membrane stiffness

The stiffness of electrospun membranes was
determined by a modified small-punch test. The
small punch test is a miniature specimen mechanical
testing technique which is widely used for evaluating
mechanical behaviour of polymeric biomaterials
[46]. Specimens of fibrous membranes with areal
densities ranging from 10 ygcm ™ to 180 pg cm? were
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Scheme2. Small punch test arrangement.

fixed on metal washers (18 mm outer diameter, inner
diameter a = 6.6 mm, 1.6 mm thickness) and tested by
indentation with a hemispherical head punch with
a head radius of R = 1.5 mm (scheme 2). Taking into
account small forces (<1 N), an ARES-G2 rheometer
(TA Instruments) was used for the test. The tests were
performed at room temperature and at a constant
punch displacement rate of 1 mm . min~!, until failure.
During testing, the punch load and displacement
were recorded. A commercial porous cell culture
membrane made of PET 10 ym in thickness and 3 ym
in pore diameter (Transwell permeable support 3462,
Corning) was used as a reference material.

2.3.5. Resistance to surgical handling

The acellular fibrous carriers with different areal
densities of the membrane were implanted into
enucleated porcine eyes. After extraction, the carriers
were washed in deionized water, placed ona microscope
glass slide and allowed to dry. The damage to the
membrane was assessed from the light microscope
images (an Olympus SZ61 stereomicroscope equipped
with a digital camera) as a fractional area within the
circular frame without the membrane (figure 1) using
Image] image analysis software.

2.4. Surgical procedure

To test the effect of the surgical handling on the
integrity of the carrier and on the vitality of the RPE
cells, we simulated the implantation procedure using
enucleated porcine eyes and instruments for human
eye surgery. The enucleated eyeballs from the cadavers
of 2- to 3 year-old pigs were obtained from a local
slaughter house. The experimental protocol was
approved by the institutional animal ethics committee
and complied with the association for research in vision
and ophthalmology (ARVO) Statement for the Use of
Animals in Ophthalmic and Vision Research. The eyes
were affixed into an eye holder under the operating
microscope (Carl Zeiss OPMI VISU 150 equipped
with BIOM) and their cornea was covered with 2%
methyl cellulose solution to improve the visibility of
the rear segment. Standard 23 G vitrectomy ports were
introduced in the pars-plana region with infusion at 4
o’clock and two ports at 2 o’clock and at 10 o’clock.
The intraocular pressure was maintained at 25 mmHg.
After vitrectomy using the Constellation Vision System
(Alcon, Novartis),a bleb retinal detachment was created
by injecting a small amount of balanced salt solution on
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Figure 1. Microphotograph of the fibrous carrier
(membrane thickness 1.6 4gm) before implantation (a)

and after implantation and subsequent extraction from

the subretinal space (b). The damage to the membrane was
assessed as an area fraction within the circular frame without
the membrane.

the surface of the retina in the area centralis retinae. A
retinotomy (ca 2PD) in the vicinity of the retinal bleb
was formed using 23 G retinal scissors. The carrier,
either acellular or with RPE cells, was punched along the
embedded frame with a 3 mm circular biopsy punch.
The punched carrier was loaded bi-manually, using
retinal forceps, into an injector consisting of a Teflon
tube (OD 1.97 mm, ID 1.32 mm) and a steel piston from
a Hamilton syringe 1710 N (OD 1.309) (figure 2(a)).
The inserted carrier adopted a rolled up shape in the
injector. The injector was introduced into the vitreous
cavity through a 4.1 mm sclerotomy at the 12 o’clock
position. The carrier was displaced by a piston from the
injector directly into the subretinal space through the
retinotomy, and was positioned under the retina with
the retinal forceps (figure 2(b)). When the injector was
removed from the eye, the sclerotomy was sutured.
The retina was then flattened against the host retinal
pigment epithelium with perfluorodecalin (a mixture
of cis and trans, 90%, Acros). After removal of the
vitrectomy ports, the anterior segment of the porcine
eye was cut off with scissors, perfluorodecalin was
replaced by abalanced salt solution and the neuroretina
was carefully removed to extract the carrier for further
analysis (figure 2(c)). The placement of the carrier
under the retina was characterized by Spectral Domain-
Optical Coherent Tomography (SD-OCT, iVue 100,
Optovue). The scans were taken after the anterior
segment had been removed.

2.5. Primary porcine RPE cell culture

Freshly enucleated eyeballs of the same origin as
those used in ex vivo surgery were liberated from the
surrounding tissues and sterilized in 10% Betadine
solution (EGIS Pharmaceuticals, Hungary) for 10 min.
After washing with PBS, a circumferential section at
ora serrata was made, and the anterior eye segment
and vitreous were removed. The neural retina was
gently loosened with forceps and separated from
the optic nerve using scissors. The eyecup was then
filled with PBS, supplemented with 0.025% Trypsin/
EDTA solution and incubated at 37 °C for 20 min.
After incubation, the trypsin solution was removed
and the residual trypsin was inhibited by the addition
of the culture medium consisting of DMEM/F12
(D6421, Sigma Aldrich), 10% FBS (F6178, Sigma
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Aldrich) and 2.5 mM GlutaMAX-1 (35050038,
Life Technologies). RPE cells in small multicellular
aggregates were detached from the Bruch’s membrane
by gentle scraping with a pipette tip. Aspirated tissue
was further triturated by pipetting, and the cell
suspension was centrifuged for 5min at 300 g at room
temperature. Each cell pellet isolated from a single eye
was resuspended in the culture medium and plated on
two 35 mm culture plates. RPE cells were propagated in
the culture medium, which was changed three times a
week. After reaching confluence (usually in 10 d), the
RPE cells were harvested (passage 0) by trypsinization
for 5min and finally washed with the culture medium.

2.5.1. Cell seeding

Primary RPE cells were seeded on PDLLA nanofibrous
membranes fixed to 24-well inserts and on reference
substrates PDLLA coated cover slides, at a density of
2000 cellsmm™2, providing the passage 1 cultures. The
seeding area on the cover slides was delineated by means
of a polypropylene O-ring (ID 5.3 mm, thickness 1 mm)
that was affixed to the slide with neutral silicone glue.
The volume of the inoculated suspension was 100 pl.
Nanofibrous membranes with areal density of 100 ygcm
(thickness 3.5 ym) affixed to the bodies of Transwell
permeable supports (3413, Corning) were immersed into
the culture medium and were seeded with 150 yl of the
cell suspension. The resulting confluent cell layers were
cultured for 30 d with a culture medium that was changed
twice a week.

2.5.2. Immunocytochemistry

Cultured primary cells either on cover slides or on
nanofibrous membranes were washed twice with PBS.
Monolayers were fixed in 4% paraformaldehyde in PBS
(pH7.4) atroom temperature for 20 min. After one wash
in PBS, the cells were permeabilized with 0.5% Triton
X-100 in PBS at room temperature for 10 min. The
samples were then immersed in a blocking solution (5%
goat serum, 0.3% Tween 20, PBS) at room temperature
for 30 min. Primary antibodies mouse monoclonal
anti-ZO1 (1:100, cat. no. 33-9100, Life Technologies)
and mouse monoclonal anti-RPE65 (1:200, cat. no.
ab13826, Abcam) were diluted in fresh blocking
solution, were applied to the specimens and incubated
at room temperature for 90 min. The specimens were
then washed 3 times in PBS. Primary antibodies
were visualized by incubation for 45 min at room
temperature with FITC-conjugated goat anti-mouse
antibody (1:500, cat. no. A-11001, Life Technologies)
diluted in a blocking solution at room temperature.
After incubation, the monolayers were washed twice
in PBS. The non-specific binding of primary target
antibodies was assessed using isotype-matched
antibody (1:200, mouse anti-CD117, Serotec) under
the same staining conditions (supporting information,
figure S4) (stacks.iop.org/BMM/10/045022/mmedia).
Nanofibrous membranes with adherent cells were cut
from the hanging inserts using a 4 mm biopsy punch
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Figure 2. Implantation test into enucleated porcine eyes. (a) Insertion of the acellular carrier 2mm in diameter into the
implantation injector (OD/ID 1.97 mm/1.32 mm) using two retinal forceps, () carrier (black arrow) under the retina, optic
disc (black cross), (c) extraction of the carrier (white arrow) from the posterior eye-cup after peeling the overlying neural retina
(asterisk).

and were mounted with a DAPI containing medium.
Cover slides with cultured cells were mounted directly
on the microscope slide. Following the fixation and
permeabilization steps, F-actin was visualized by
staining with rhodamine labelled phalloidin (1:40, cat.
no. R415, Life Technologies) in the blocking solution.
After 40 min incubation at room temperature the
specimens were washed twice with PBS and mounted
as described above. Fluorescence microscopy was
performed using a VS120 FL Virtual Slide Microscope
(Olympus), and images were acquired and processed
with VS-ASW FL software.

2.5.3. Transepithelial electrical resistance (TEER)

The TEER values were determined using a Millicell
ERS-2 device equipped with STX01 Ag/AgCl electrodes
(Merck Millipore). All measurements were performed
in culture media at room temperature immediately after
removing the insert from the incubator. To obtain the
effective TEER, the blank resistance of the insert before
cell seeding was subtracted from the resistance of the
cell seeded one and the resulting value was multiplied
by the effective area of the membrane.

2.6. Cell viability after implantation

The confluent RPE monolayer was prepared on fibrous
membranes with an embedded frame and thickness of
3.7 um as described in paragraph 2.5.1. The punched
carrier was implanted into the subretinal space of
an enucleated eye, and after removal of the anterior
segment and extraction from beneath the neural retina,
the carrier was washed with serum-free culture medium
and incubated in 4 M ethidium homodimer-1 (EthD-
1, Invitrogen) solution for 30 min to stain the nuclei of
dead cells only. Then the EthD-1 solution was removed
and the carrier was mounted into a solution of Hoechst
33342 (Invitrogen) at a concentration of 5 pgml~! to
stain all cell nuclei. The whole carriers were scanned
with a V§120 FL Virtual Slide Microscope (Olympus)
using 20 X objective and fluorescence filter sets for Cy3
and DAPI stains. For the cell viability three carriers
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before implantation and five carriers after implantation
were evaluated.

3. Results

3.1. Fabricationand characterization of the
frame-supported electrospun membranes

The proposed structure of the RPE carrier consisted
of an electrospun membrane and an embedded
supporting frame made of a fibre tens of microns
in diameter. A simple three-step procedure was
developed to incorporate the frame into the
membrane (scheme 1). As a proof of concept, the
carrier was fabricated from the membrane of the
electrospun PDLLA and the frame of 95 pm-thick
poly(4-dioxanone) monofilament suture fibre. The
fibre was formed into a circular shape 2.0 to 2.3 mm
in diameter, which corresponded to the size of the
RPE carriers implanted into rabbits in other studies
[33, 34]. Light microscopy and scanning electron
microscopy images (figures 3(a) and (b)) provided
evidence that the electrospun mesh has the same
structure inside and outside the framed area, with the
exception of a transition region 300 #m to 500 ym in
width around the frame. In this transition region the
fibres were aligned preferably perpendicular to the
axis of the frame. Similarly to the mesh structure, the
height profiles recorded across the embedded frame
showed that the membrane thickness was the same on
both sides of the transition region (figure 3(c)). The
sheets of the membrane deposited on silicon wafers
were floated on a water surface and were transferred to
auxiliary supports, e.g. a sheet of aluminium foil with
an opening (figure 3(d)) or the body of a cell culture
insert (24-well) devoid of the original membrane
(figure 3(e)). Both structures kept the membrane
flat and allowed the membrane to be manipulated
undisturbed in a cell culture dish. When the framed
part of the membrane was punched, it could be
handled with forceps without folding, in both dry and
wet state (figure 3(f)).
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Figure 3. (a) Light microscopy image of the 5.3 ym-thick nanofibrous membrane with the embedded frame of 95 ym-thick
monofilament fibre. (b) A detail of the frame recorded by SEM. (¢) Height profiles across the frame (the curves were shifted along
the y axis for clarity). A sheet of the nanofibrous membrane with the frame 2 mm in diameter was transferred and fixed to (d) an
aluminium foil with an opening or (e) the body of a culture well insert (here in a 24-well culture dish), from which a framed part
could be cut and easily handled with forceps ( f).

) 150

P
O

100

Height (um)

T
o 200 400 600 800 1000 1200
Scan length (um)

3.2. Basic characteristics of the fibrous membranes
Electrospun membranes were prepared from 11 wt%
PDLLA solution in DMEF, and consisted of bead-free
fibres with a mean diameter of 640 nm (standard
deviation, SD 60 nm) (figure 4(a)). The target
membrane thickness was achieved using the movable
stage, which controlled the dwell time of the silicon
wafers in the deposition zone. The thickness of the
membranes was adjusted between 1.0 and 6.1 ym to
be comparable to or lower than the thickness of the
healthy Bruch’s membrane [26]. The representative
morphology of the thinnest and the thickest
investigated membrane is shown in figures 4(b) and
(c), respectively.

The membrane thickness was determined from
profiler scans as the average of the 10 highest peaks
alonga 500 ym-longline scan the baseline of which was
located on the surface of the supporting silicon sub-
strate. Such thickness definition better represented the
outer borders of the sparse membranes than the average
height of the profile. Thickness measurement using a
profiler was a destructive and relatively slow process,
unlike the measurement of the membrane areal density
(mass per unit of area). Therefore, the thickness was
usually determined from the areal density using the
calibration curve (figure 5). Due to the specific way of
determining the thickness, the thickness extrapolated
to zero areal density corresponded to the thickness of
asingle fibre.

The repeatability of the membrane preparation
was characterized by the intra-batch relative standard
deviation (RSD) of the areal density (supporting infor-

mation, figure S3) (stacks.iop.org/BMM/10/045022/
mmedia). The statistical nature of the fibre deposition
resulted in RSD of 17% for the mean areal density of
8.5 ugcm,and decreased down to 6% with increasing

mean areal density up to 172 ygcm™2.

3.3. Poresize distribution and criticalmembrane
thickness

The pore size distribution of the electrospun fibrous
membranes is a function of the two main adjustable
processing parameters: areal density and fibre width
[47]. At a constant fibre width, the general trend is
that the mean pore size increases as the areal density
or the membrane thickness decreases. When analyzing
a 3D fibrous network as a scaffold for cell seeding, the
network can be considered as a 2D projection to the
plane of the network support if the network is thinner
than the diameter of a single dissociated cell. This
planar network has a polygonal structure. The pore
size is then understood as the diameter of an inscribed
circle in a polygon, and 2D porosity is understood as a
fractional area of the openings.

In designing fibrous meshes for cultivating and
transplanting RPE cells with the aim to identify the low-
estapplicable thickness or the corresponding areal den-
sity of the mesh, an obvious limitation is the fraction
of pores exceeding the size of a dissociated cell. If this
fraction is large enough, a part of the applied cell sus-
pension will pass the membrane and will be lost for the
formation of the cell monolayer. Moreover, the retained
cells will possibly fail to bridge the large pores and to
form a confluent layer. When specifying this criterion,



I0P Publishing

Biomed. Mater. 10 (2015) 045022 SPopelkaetal
(a) 7 .
354 Z 6 B
304 = 5] ///

_ 2] 7 2, i
5 204 8 ] e
o g //
© 5] £ 3 -
s -
104 7 7 z ] )
= e
54 % 1 o/
400 450 500 550 600 650 700 750 800 850 0 N —
0 50 100 150

Figure4. (a) Electrospun fibre diameter distribution with a
mean diameter of 640 nm (SD = 60 nm) and representative
scanning electron microscopy images of the electrospun
meshes with the lowest and the highest investigated thickness
of 1.0 ym (b) and 6.1 ym (c), respectively.

we assumed that cell retention or passage was con-
trolled only by the ‘geometrical fitting’ of a single cell
toapore,and that there were no other effects enhancing
the retention, e.g. electrostatic forces, decreasing pore
size by the retained cells, or the presence of multicellular
aggregates in the cell suspension.

To determine the critical membrane thickness, the
pore size cumulative distribution functions for differ-
ent membrane thicknesses were compared with the
minimal size of a dissociated RPE cell. The cumulative
frequency counts of the pore sizes were acquired from
SEM image analysis, and each set of data for a particular
membrane thickness was fitted to the gamma cumu-
lative distribution function (CDF) [48] (figure 6(a)).
The distribution functions of the pore sizes were
broad, with the distribution body covering the sizes
of about two orders of magnitude. The fitted CDFs
were further recalculated (supporting information)
(stacks.iop.org/BMM/10/045022/mmedia) to provide
the probability that a cell with diameter D or smaller

Areal density (ug/cm?)

Figure 5. Thickness (mean + SD, n=5) of the fibrous
membrane as a function of the areal density. The slope and
the increment of the linear fit were 0.032 ym ¢ cm? ug ™' and
0.57 um, respectively. The thickness was calculated from the
height profiles as the average of the 10 highest peaks along a
500 ym-long scan by the profiler.
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Figure 6. Analysis of the 2D pore size distribution of
fibrous membranes of different thicknesses composed of
640 nm-thick fibres. () Cumulative frequency counts of the
pore diameter acquired from image analysis of SEM images.
The data were fitted to the cumulative gamma distribution
function. (b) Probability (pore-area weighted) that a
spherical particle with diameter D encounters a pore with
adiameter larger than D, together with the depicted typical
diameter range (12-22 ym) of freshly isolated porcine

RPE cells.

will pass through the membrane by percolation [49]
(figure 6(b)). This probability can also be interpreted
as the fractional area of pores larger than cell size
D. The smallest diameter of freshly isolated porcine
RPE cells found in the suspension was 12 ym (sup-
porting information, figure S2) (stacks.iop.org/
BMM/10/045022/mmedia). A large proportion of
the RPE cells would therefore pass through a mem-
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Figure7. Porosity (squares) and 2D porosity (circles)

of the PDLLA nanofibrous membranes (the mean fibre
width of 640 nm) as a function of the membrane thickness.
Porosity was calculated from equation (1), using fibre
material density of 1.248 g.cm ™, and the experimentally
determined membrane thickness and areal density. 2D
porosity was derived from SEM image analysis, and the
data points were overlaid with the exponential function
(supporting information, equation (4)) (stacks.iop.org/
BMM/10/045022/mmedia) originating in the model of
straight fibres positioned according to the Poisson line
process in two dimensions.

brane 0.95 ym in thickness, but the cells would be fully
retained on membrane 2.1 ym in thickness. To further
specify the critical thickness, we interpolated the CDF
of the pore diameter as a function of the areal density
to match the area fraction of larger pores P(X > 12
um) equal to 1% (supporting information, equa-
tion (3)) (stacks.iop.org/BMM/10/045022/mmedia).
The calculated areal density was 31 ygcm™2, corre-
sponding to a membrane thickness of 1.6 ym.

3.4. Membrane porosity

In addition to carrier thickness and pore size
distribution, the porosity of the carrier is another
design parameter that is essential for maintaining
physiological flows of nutrients and for preserving
the normal function and anatomy of the neuroretina
[35]. The porosity of the investigated membranes
decreased from 91% for the sparsest membrane
0.95 ym in thickness down to 77% for a thickness of
3.7 um and higher (figure 7). For comparison, 2D
porosity of the 2D model of the fibrous network was
also plotted in figure 7. The 2D porosity represents the
porosity fraction arising from the straight-through
pores. The 2D porosity decreased from 79% for the
0.95 ym-thick membrane down to 11% for the 6.0
pum-thick membrane, and the data complied well
with the theoretical negative exponential dependence
(supporting information, equation (4)) (stacks.iop.
org/BMM/10/045022/mmedia) originating in the
arrangement of fibre axes according to the Poisson
line process.

3.5. Membrane stiffness

Uniaxial stress-strain testing is a preferred method for
mechanical testing of nanofibrous membranes [50].
However, in this case the membrane was thinner than 10
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Figure8. (a) Punchload-displacement curve from the small
punch test performed on the nanofibrous PDLLA membrane
3.5 um in thickness (1) and on a reference commercial
PET membrane 10 gm in thickness (2). (b) Stiffness of the
nanofibrous PDLLA membrane as a function of membrane
thickness.

pum, and it was impossible to handle it in the large pieces
necessary for the stress—strain test. We therefore used
asmall punch test, which is a biaxial mechanical test for
miniature specimens. The advantage of this test is that the
membrane undergoes a similar type of deformation as it
doesin the eye whereitis pressed with the retina against the
concave surface of the subretinal space. Figure 8(a) shows
atypical punch load-displacement curve for the PDLLA
nanofibrous membrane 3.5 ym in thickness (curve (1)).
Following an initial toe-in region, the curves exhibited
a linear region, from which the stiffness was calculated.
The stiffness was determined as the slope of a line fitted
to the linear part of the load-displacement curve. The
stiffness of nanofibrous PDLLA membranes as a function
of membrane thickness is plotted in figure 8(b). For
comparison, we also measured stiffness of a commercial
porous PET membrane 10 gm in thickness (figure 8(a),
curve 2) that was employed by other researches as an RPE
cell carrier in an in vivo study [34]. The stiffness of the
PET membrane was 1.4 + 0.2Nmm~™' (average from 3
measurements + SD), while the stiffness of a nanofibrous
PDLLA membrane of the same thickness would be 0.25
Nmm~, as extrapolated from the plot in figure 8(b).

3.6. Resistance to mechanical stress during surgery
To test the resistance of the frame-supported PDLLA
membranes to the mechanical stress during surgical
handling and to investigate the effect of membrane
thickness, the membranes were implanted into the
enucleated porcine eyes under conditions that closely
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Table 1. Damage to the frame-supported membrane due to the
implantation surgery as a function of membrane thickness. The
approximate damage was assessed from light microscope images
of the explanted membranes as follows: +++ completely damaged
membrane, ++ area of missing membrane of 10-20%, + area of
missing membrane of <10%, ‘0" intact membrane. Four samples
of the same membrane thickness were subjected to the
implantation test.

Membrane thickness

Replicate  0.89 yum 1.8 um 3.4 um 4.0 um
1 +++ ++ + 0
2 ++ + 0
3 + 0 0 0
4 + 0 0 0

simulated the human transplantation procedure. The
injector was a cannula similar in size (OD 1.97 mm, ID
1.32mm) to the injector used in transplanting retinal
sheetsinto human eyes [51],and required a sclerotomy
of 4.1 mm. The damage to the membrane as a function
of thickness was assessed by the fraction of the missing
membrane in the framed area of the carrier after
implantation and extraction from the enucleated eye
(table 1). All of the samples with the lowest thickness
of 0.89 ym were at least partially damaged, while those
with thickness of 1.8 gm and 3.4 ym showed minor
damage or no damage. The membranes 4.0 ym in
thickness were found to be microscopically intact
after the procedure, and it was assumed that thicker
membranes would be equally resistant.

An optical section of the retina by SD-OCT pro-
vided evidence that the 4 ym-thick membrane re-estab-
lished an unfolded shape when implanted into the sub-
retinal space (figure 9).

3.7. Porcine RPE cell culture

On the basis of the analysis presented above,a 3.7 ym-
thick nanofibrous membrane was selected for the RPE
cell culture. This membrane contained practically only
pores smaller than the RPE cell size (figure 6(b)), and
was sufficiently resistant to surgical handling when
combined with the supporting frame (table 1). To
evaluate the effect of the nanofibrous structure on the
RPE cell culture, glass-cover slips covered witha PDLLA
smooth film were used as a reference surface.

3.7.1. Immunocytochemistry

At passage 1, the primary porcine RPE cells seeded at
a density of 2000 cellmm 2 attached to both PDLLA
film and nanofiber surfaces within 2 d. During the 30
d of subsequent culture, regular RPE cell monolayers
were formed with a density of 2000 + 300 cellmm ™,
which was not much different from the seeding density.
Phalloidin staining of F-actin revealed the polygonal
morphology of the cells irrespective of the kind of
surface used (figures 10(a) and (d)). The epithelial
phenotype was further assessed by screening of tight
junctions via ZO-1 protein and by screening of the
RPE65 protein, which is involved in retinoid processing
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and is specific for RPE. ZO-1 was stained positive in
cultures on both the PDLLA film and the nanofibrous
membrane (figures 10(b) and (e)). However, in
contrast to the cultures ona PDLLA film (figure 10(b)),
the cells grown on nanofiber membranes (figure
10(e)) displayed a more distinct localization of ZO-1
immunofluorescence signal to cellcell contacts. RPE65
was also stained positive on both types of surfaces
(figures 10(c) and (f)).

3.7.2. Transepithelial electrical resistance

The functional properties of RPE monolayers on
nanofibrous membranes were further evaluated by
measuring the transepithelial electrical resistance
(TEER), which indicates the maturation of cell-to-cell
junctions [52]. After one month in culture, the RPE
monolayers achieved (net) TEER values of 179 + 59
Qcm? (n=3,3 replicates).

3.7.3. Cell viability after implantation

To assess the survival of the RPE cells during the
implantation procedure, we grew a cell monolayer
on the 3.7 ym-thick nanofibrous membrane, cut the
membrane along the embedded frame and implanted
it into an enucleated porcine eye. The viability of the
cells was determined using a two-colour test to stain
dead cells (EthD-1, yellow fluorescence) and total cells
(Hoechst 33342) at two stages in the implantation
procedure: (i) before implantation just after cutting the
carrier from the membrane and (ii) after implantation.
The representative fluorescent images are shown in
figure 11. The cutting of the membrane itself and the
subsequent transfer of the carrier to the staining solution
caused some cell detachment as well as cell death on the
periphery of the carrier. The extent of cell loss and of cell
death increased during implantation when the major
contribution to the total mechanical stress was generated
while the carrier was being loaded into the implantation
injector and while the carrier was being inserted into the
subretinal space. Extracting the carrier from the eye may
also have generated additional cell loss. Nevertheless, after
implantation, most of the cells on the carrier remained
attached and alive, as indicated by the comparison of
the above mentioned two-colour fluorescence staining.
Dead cells and decellularized regions were located
mainly on the periphery of the carrier, but they also
appeared on the frame and also to some extent also inside
the framed area. Unfortunately, some of the image fields
of the virtual slide image were out of focus, due to the
wavy surface of the carrier, and the cell nuclei could not
be resolved. A quantitative evaluation by counting the
nuclei was therefore not possible.

4. Discussion

4.1. Structure of the carrier: limitations,and
possibilities for improvements

Nanofibrous electrospun meshes have been found
to be a superior carrier material for preparing a
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Figure9. SD-OCT image of the frame-supported membrane (arrow) implanted ex vivo into the subretinal space.

Figure 10. Immunofluorescence images of porcine primary RPE cultures on a smooth PDLLA film (a)—(c) and on a fibrous
membrane (d)—(f) after a 30 d culture. The circumferential actin ring visualized by rhodamine-phalloidin staining (a, d) revealed
the polygonal morphology characteristic of RPE. ZO-1,a marker of a tight junction complex, was present in cultures both on the
PDLLA nanofibrous membrane (e) and on the smooth film (b). The localization of ZO-1 in cell—cell contacts was less distinct on the
smooth film surface (arrows point to the cell—cell contacts). RPE65, a specific metabolic marker of RPE, was also stained positive on
both types of surfaces. The bright punctate objects are staining artefacts. Scale bar 30 ym.

polarized RPE monolayer [34, 37-40, 53]. However, would be even more critical for a large-scale RPE
a wetted mesh thinner than 10 ym tends to be too  graft, e.g. 3 X 6 mm in size, which is intended for
floppy to allow subretinal implantation of the RPE cell  transplantation in the ongoing clinical trial WHO reg.
layer without folding or wrinkling. Such behaviour no.NCT01691261.
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In this study, we have designed and fabricated an
ultrathin nanofibrous carrier equipped with a support-
ing frame that makes it feasible to transplant the RPE cell
monolayer on the fine supporting structure. Benefiting
from the flexibility of the electrospinning process, the
supporting frame was sandwiched between two equally
thick layers of the membrane successively deposited on
the silicon wafer. Importantly, the frame was held by the
nanofibers strongly enough so that no post-process-
ing fixation was needed. In a simulated implantation
using porcine cadaver eyes, we have demonstrated the
mechanical stability of the carrier composed of a circu-
lar frame 2 mm in diameter made of a 95 ym-thick PDS
fibre and a nanofibrous PDLLA mesh with thickness
lower than 6 ym. Such a thickness corresponded to the
upper value reported for the thickness of Bruch’s mem-
brane [26]. The frame prevented the membrane from
collapsing during loading into the injector, and allowed
the flat shape of the membrane to be re-established
when implanted into the subretinal space (figure 9).

In line with the assumption that the success of
RPE monolayer transplantation can be enhanced if
the cell carrier is thinner than Bruch’s membrane,
we searched for the minimum membrane thickness
that would still be compatible with both the surgical
handling and the in vitro preparation of the RPE mon-
olayer from the cell suspension. Using a simple tubu-
lar injector with an inner diameter of 1.32 mm, we
showed that membranes assembled of 640-nm-thick
PDLLA fibres resisted the mechanical stress of the
implantation if the membrane was thicker than ca 3.5
pum. For thinner membranes, we observed that most
of the damage to the membrane was generated during
loadinginto the injector when the membrane was bent
co-ordinately with two retinal forceps. Rather than
puncturing of the membrane we observed disjoining
of the supporting frame from the membrane. With
decreasing membrane thickness, the strength of the
clamping of the nanofibrous membrane around the
frame decreased, and when the membrane was loaded
into the injector the frame deformation resulted in
fracture or disentanglement of the nanofibers and
partial release of the frame. The compatibility of the
3.7 pm-thick nanofibrous membrane with the surgical
handling was further examined by the ex vivo implan-
tation of the RPE cell monolayer into an enucleated
eye. The post-implantation analysis showed that most
of the cells remained attached to the carrier and alive.
However, on the periphery of the carrier behind the
framed area an appreciable fraction of the cells was
detached or dead (figure 11) as a result of the carrier
punching from the membrane and loading into the
injector. Such a transplant with the incomplete RPE
monolayer may have lower transplantation efficacy.
This problem could be overcome by a modification of
the instrumentation that would allow the carrier to be
cut and transferred more carefully.

Much lower mechanical stress might be imposed
on the carrier if it was transferred with an advanced
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implantation tool similar to that reported by Stanzel
et al [33]. This tool has an oval, flattened nozzle, and
is equipped with a loading window that allows careful
loading and transfer of a flat carrier without deforma-
tion. We can therefore envisage that the nanofibrous
membrane might be considerably thinner than 4.0 ym.
We also presume that the supporting frame could be
thinner than 95 gm to retain sufficient stiffness for the
manipulation. In a trial fabrication, we embedded a
circular frame 2 mm in diameter made of 40 ym-thick
monofilament suture fibre (Vicryl, 9-0, Ethicon) witha
tensile modulus 7.5 times higher than that of PDS. This
frame prevented the wetted carrier collapsing when it
was lifted up using forceps. However, both PDS and
Vicrylare resorbable materials thatlose a large propor-
tion of their initial tensile modulus in several weeks in
vivo,as stated in the product specification. Softening of
the carrier frame will also occur during in vitro prepa-
ration of an RPE cell monolayer, which typically takes
4to 6 weeks to attain epithelial phenotype. To retain the
mechanical response of the frame-supported carrier
after culture,a nonresorbable frame or a more efficient
culture protocol with a shorter culture period will have
to be used. By reducing the mechanical stress during
implantation with the aid of the advanced implanta-
tion tool the damage to transplanted cells would likely
be also reduced.

4.2. Comparison with other carriers

Although numerous carriers for RPE transplantation
have been proposed [22], few of them were thinner
than or comparable to the thickness of Bruch’s
membrane and were tested at the same time in a
preclinical animal study. Stanzel et al [35] implanted
a continuous polarized layer of adult human RPE cells
grown on a 10 ym-thick commercial PET membrane
with 0.4 ym-large pores and nominal porosity of 0.5%.
The RPE cells transplanted into rabbit eyes showed
survival and retained polarized characteristics for 4
weeks. However, although the transplanted cells were
alive and differentiated, the above-lying neuroretina
degenerated within 1 week. The authors suggested that
one of the factors causing the degeneration was the
low permeability of the carrier. Similar degeneration
of the neuroretina was reported for a hESC-RPE cell
layer grown on a 300 nm-thick Parylene C membrane
supported on a 6 gym-thick mesh frame that covered
ca 43% of the membrane area [25]. The membrane
material contained only nanosized pores that allowed
hydrophilic tracers with a diameter smaller than 50 nm
to pass [54]. The outer nuclear layer (ONL) above the
implant disappeared in one third of the number of
animals after 1 month, and in 92% of the animals after 6
months, although the implanted RPE cells survived for
at least 12 months. Again, the failure of the implanted
RPE in supporting the neuroretina could be explained
by limited transport of nutrients to the photoreceptors.
In this case, it was probably caused by a blockage of the
carrier nanosized pores by the lipophilic deposits that
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Figure11. Bright field (BF) and fluorescent histochemical images of the whole RPE cell seeded nanofibrous carrier before and after
implantation into the subretinal space. Hoechst 33342 stained nuclei of all cells (live and dead) while EtD-1 stained dead cells only.
The regions free of fluorescence (arrows) indicated cell detachment. The BF and Hoechst images showed that most of the RPE cells
present on the punched membrane remained attached after implantation although, there was an increase in the cell-free area, which
was already present before implantation.. The most affected regions are located on the periphery of the carrier where the membrane
came into contact with the punch and the tweezers. The number of dead cells increased after implantation, but they were less
numerous than the live cells, and were found mostly in the peripheral region. Scale bar 400 ym.

EthD-1 Hoechst+EthD-1

are typical waste products of the RPE metabolism [ 1],
or by an insufficient area fraction of the 300 nm-thick
membrane in the carrier.

Another essential characteristic of the carrier is its
stiffness. The implanted carrier has to have a sufficiently
low stiffness to adapt to the curvature of the posterior
eye and to establish a close contact with the adjacent
tissue on the basal site. The pressure from the neuro-
retina against the carrier is low and possibly further
reduced due to the malfunction of the RPE. However,
no specific pressure value can be defined and the effect
of the carrier stiffness can be only evaluated from the in
vivo optical sections of the implanted carrier (i.e. OCT
images). Commercial porous PET membrane 10 yum
in thickness, which was used in several animal studies
[33-35], had sufficiently low stiffness to conform to the
curvature of the subretinal space. The stiffness of the
presented PDLLA nanofibrous membrane with thick-
ness of 4 ym was one order of magnitude lower than
that of the commercial PET membrane (figure 8(a)),
and shape adaptation of the PDLLA nanofibrous car-
rier should be therefore easier.

The RPE metabolic activity necessary for main-
taining the above-lying neuroretina requires a carrier
with lower barrier characteristics represented mainly
by carrier thickness, porosity and pore size distribu-
tion. In these aspects, the nanofibrous PDLLA carrier
presented here is superior to the PET and Parylene C
carriers described above. Not only does it have a much
higher pore size, with the dominating fraction between
100 and 1000 nm (figure 6(a)), but it also has much
higher open porosity of 77% with a 17% fraction of
porosity from the straight-through pores in the case of
a 3.7 ym-thick membrane (figure 7). Furthermore, we
anticipate that the thickness of the nanofibrous carrier
could be reduced at least down to 2 um without loss of
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resistance to surgical handling if an advanced implanta-
tion toolis used [33]. Further reduction may be limited
by failure to support the cellular monolayer due to the
presence of pores larger than the size of the individual
cell (figure 6(b)).

4.3. Porcine RPE cellmonolayer
Due to its anatomical and phylogenetic proximity, the
porcine eye is in many aspects a powerful experimental
model of the human eye [55] for studies of human
retinal diseases and for developing surgical protocols
[56,57]. We therefore investigated the epithelialization
of the primary porcine RPE cells on a nanofibrous
membrane in vitro to enable future studies of RPE
allotransplantation into the porcine animal model
as a parallel to human RPE allotransplantations.
We have demonstrated that an ultrathin (3.7 gm)
PDLLA nanofibrous membrane can well support
reconstitution of the epithelial phenotype of the
porcine RPE cells while being mechanically resistant
to the transplantation surgery. RPE cells attached
reproducibly to the nanofibrous membrane and
formed an epithelial-like monolayer. After one
month culture, the RPE identity was proven by the
detection of RPE65 and ZO-1 markers. In addition, the
immunocytochemistry indicated an enhancing effect
of the nanofibrous surfaces on the expression of ZO-1
over the smooth PDLLA surface. A similar enhancing
effect of the nanofibrous surface was previously
reported for the culture of human fetal cells [34] and
human adult RPE cells [40]. This effect originates in the
nanotopographical cues that are known to be potent
modulators of cellular behaviour [58—60].

Although in most published protocols the RPE
cells are seeded at a density in the range of 500 to 1000
cellmm™2, we preferred to use a higher seeding den-
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sity of 2000 cell mm~2, for two reasons. First, in order
to reach high RPE cell densities at least comparable to
those in peripheral regions of the human fundus [61],
and second, to preserve most of the differentiation
markers, which are otherwise gradually lost during the
extensive proliferation that occurs at the lower densi-
ties of adult RPE cells [62]. Toops et al [63] recently
reported effective formation of tight and well differ-
entiated primary porcine RPE monolayers when the
cells were seeded at densities above 1500 cell mm™2.
The corresponding TEER was close to 100 Q cm? after
21 d in culture, and increased with increasing seeding
density up to 450 Q cm? for a seeding density of 3000
cellmm™2 In our in vitro cultivation of porcine RPE
cells with a seeding density of 2000 cell mm~2we found
TEERof 179 + 59 Q cm?which provided evidence for
the formation of impermeable tight junctions and a
functional cell barrier, and was in accord with the val-
ues of Toops et al [63]. Taken together, the polygonal
morphology, the presence of ZO-1 and RPE65 differ-
entiation markers together with the high value of TEER
found in the cultivated RPE cell layers on a nanofibrous
membrane strongly indicate their differentiated status
suitable for in vivo transplantation studies.

5. Conclusion

Ultrathin membranes assembled from nanofibers
represent a promising carrier for the transplantation
of RPE cells. RPE cells seeded onto this carrier benefit
not only from the nanotopography that boosts
reconstitution of their epithelial phenotype, but also
from high porosity, large pore size and low thickness
of the carrier, which all contribute to the high carrier
permeability. In this study, we have presented a
fabrication of the ultrathin nanofibrous PDLLA carrier
supported by a peripheral frame. The frame makes it
possible to surgically handle the carrier and to restore
the flat shape of the carrier when inserted into the
subretinal space. We have also demonstrated in an ex
vivo test that most of the transplanted RPE cells on the
carrier remained viable. The minimalistic supporting
structure is assumed to enhance the therapeutic effect
of RPE cell transplantations.
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INNOVATIVE STRATEGIES FOR
TREATING RETINAL DISEASES

SUMMARY

Objective: The aim of this comprehensive paper is to acquaint the readers
with innovative approaches in the treatment of retinal diseases, which could
in the coming years to get into clinical practice. Retinal prostheses, retinal
pigment epithelial (RPE) transplantation, gene therapy and optogenetics will
be described in this paper.

Methodology: Describing the basic characteristics and mechanisms of
different types of therapy and subsequently literary minireview clarifying the
current state of knowledge in the area.

Results: Retinal prostheses, RPE transplantation, gene therapy and
optogenetics offer yet unexplored possibilities and are considered as the
future of treatment of retinal diseases where classical pharmacotherapy
or surgical treatment are no longer sufficient. However, all these methods
challenge not only in the innovative technical implementation itself, but
also for the ethical, administrative and economic demands.

Conclusion: There will be certainly interesting development in the treatment
of retinal diseases, but it is not possible to fully estimate which modality of
treatment will be dominant in the future.

Key words: optogenetics, induced pluripotent cells, retinal prostheses, gene
therapy

Ces. a slov. Oftal., 75, 2019, No.6, p. 287-295

INTRODUCTION

The retina, due to its unique position and good accessibility for exami-
nation is a very popular target for innovative procedures, primarily of gene
therapy, optogenetics, cell therapy and bionics. In the following text we shall
present the principles of functioning of these therapeutic modalities and an
overview of the current state of knowledge, using selected examples.

OBJECTIVE

To acquaint readers with innovative approaches in the treatment of reti-
nal diseases. The article will describe retinal prostheses, transplantation of
retinal pigment epithelium (RPE), gene therapy and optogenetics.

METHODS

Literary research on the given theme, with emphasis on the mechanisms
of functioning of individual therapeutic modalities and ongoing clinical trials.

RESULTS

Cell therapy

Age related macular degeneration (ARMD), Stargardt’s disease or for exam-
ple retinitis pigmentosa. Although these are different clinical pathologies, in
all of these cases we find damage to the retinal pigment epithelium (RPE)
[5]. This concerns a single layer localised on the Bruch’s membrane, which
is responsible for maintaining homeostasis of the photoreceptors. Despite
considerable advances in pharmacotherapy of retinal pathologies (e.g. vas-
cular endothelial growth factor inhibitors), in many patients attempts have
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failed to stabilise the condition of patients with afflicti-
on of the RPE. As a result, with regard to the subbtantia
advances in cell therapy, methods of RPE transplantatio
are coming to the forefront. In recent years several rese-
arch centres have focused on these procedures, and their
proof-of-concept evidence is generally accepted.

The first isolatio of the RPE was conducted almost four-
teen years ago [12], and so the fundamental characteristics
of the cells are now well known. Unlike othar retinl cells, in
the case of the RPE synaptic conneatio is not required for it
to perform its function, and as a result and due to the easy
possibility of examining the cells, for example with the aid
of optical coherence tomography (OCT), RPE transplantati-
on has become an attractive target for cell therapy.

At the beginning of the study there was an attempt to per-
form an autologous transplantation (e.g. autologous RPE-cho-
roidal graft or subretinal injection of a suspension of autolo-
gous RPE cells) or macular translocation. Despite the fact that
some authors have described a partia improvement of visual
functions [30], in clinical practice these procedures are not
widespread due to the high incidence of adverse complicati-

Reteral phgment epirhelnem cells

-

ons (haemorrhage, proliferative vitreoratinpa thy, retinl de-
tachment, distorsion of image in macular translocation, poor
apicobasal orientatio inaspensiams ¢ @ lls) [16,21,40].
Thanks to advances in surgical techniques and cellular
biology, we now have thenoptio of transglantin also
other than autologous cells. In the literature we most of-
ten encounter human embryonic stem cells (hESC-RPE)
[32] and human induced pluripotent stem cells (iPSC-RPE)
[6]. We obtain embryonic cellsiafter the fertilsa tio of an
oocyte by sampling from a blastocyte, whereas we obtain
induced pluripotent cells by reprogramming of a somatic
cell, typically a fib oblast [36]. In 2012 the Nobel Prize was
awarded for this discovery (Shinya Yamanaka, Sir John B.
Gurdon). ghe resultin  product of both methods is a pluri-
potent cell, which we can then direct toward development
in the RPE. The main advantage upon use of iPSC-RPE is
that it concerns an autologous source, and as a result it is
not necessary to burden therpatie t with immune suppre-
ssion. On the other hand, a disadvantage is the age of the
cell (the source cell is the same age as therpatie t from
whom it is taken), the same genetic makeup (persistence

Gdture ﬂ!l_hn
e
£
e

Transcription factors oy .
petent
— ‘
Embeyobialt

Fig. 1. Basic differences between cellsaf retinl p g n t epithelium (RPE) from embryonic stem cells and induced
pluripotent stem cells. Whereas we obtain induced pluripotent stem cells from somaticel Is , typically mesenchy-
mal cells from the skin of the donor (in the case of autologous transplantatio the donor is also the recipient), we
take embryonic cells from a blastocyte after fertila tio ¢ the oocyte. Then we cultivate the pluripotent cells with
the aid of appropriate growth mediators inra directio t oward the RPE.
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Table 1. Basic differences between embryonic stem cells and induced pluripotent stem cells (19)

Source of cells

Age of cells

Risk of rejection

Transmission of genetic mutation of recipient
Risk of malignant proliferation

Potential of differentiation in RPE

Allogenic Autologous
Embryonic Same as donor
Slight Low
No Yes*
Low Unknown
Yes Yes

*in the case of autologous transplantation of induced pluripotent stem cells

RPE — retinal pigment epithelium

of any applicable genetic abnormalities) and the as yet
uncertain teratogenic potential (lack of long-term data)
[20]. The use of hESC-RPE is an advantage above all if it is
desirable to transplant cells with a different genetic basis
(genetically conditioned pathology, including mitochond-
rial), though naturally immune suppression is necessary.
The main differences between iPSC and hESC are summa-
rised by fig. 1 and table 1.

A second critical moment in cell therapy of the retina is
surgical technique. Today there are three main directions
in research: 1. subretinal injection of cellular suspension, 2.
subretinal implantation of cell plate in form of epithelium,
3. subretinal injection of cell plate on supporting carrier (Fig.
2). Whereas injection of a cellular suspension is technically
relatively simple, it is not possible to estimate entirely ac-
curately whether the implanted cells will have the correct
apicobasal orientation, and whether they will be capable of
forming a functional monolayer with sufficient transepithe-
lial resistance (TER, which indicates the resistance measu-
red between the apical and basal side of the epithelium, in
which the value is generally considered an indicator of the
integrity of the epithelium). A role is played in this process
among other factors by the Bruch’s membrane, which is of-
ten pathologically altered in affected patients [37]. Subre-
tinal implantation of a cell plate with or without a suppor-
ting carrier requires a demanding surgical technique, which
however is balanced by correct apicobasal orientation and
in vitro measurable TER, the values of which may help us in
advance to determine the quality of the implanted cells. If
we implant without a supporting carrier, the cell plate may
roll up perioperatively and the cells peel off. If we use a sup-
porting carrier, handling is easier [21], but it is necessary to
select a sufficiently porous carrier so as not to form a barrier
to the diffusion of nutrients and waste substances.

At present a number of clinical trials are currently
under way, here we present one representative of each
examined direction.

In 2016 Schwartz et al. published results of subretinal in-
jection of hESC-RPE suspension into 18 eyes of 18 patients
with dry form ARMD, Stargardt’s disease or myopic macu-
lar degeneration. Cells were injected into a locality selected
in advance on the interface of a healthy and pathological
retina. Although pigment clusters were perceptible on the
retina following application, increased autofluorescence

CZECH AND SLOVAK OPHTHALMOLOGY 6/2019

from the baseline condition, which is considered activity
of RPE, was determined in only one case. Despite the fact
that this was a study primarily focused on safety, a gain of
14 letters of ETDRS (Early Treatment Diabetic Retinopathy
Study) optotypes was recorded in treated eyes in the 12th
month in comparison with a gain of 1 letter in the untrea-
ted eyes. The frequency of adverse effects was relatively
low (1 endophthalmitis, 1 vitritis). It was necessary to use
general immune suppression [33].

One year later, a study from Japan [26] was presented, ac-
companied by considerable media interest, in which iPSC-R-
PE were used for transplantation. Originally fibroblasts were
taken from two patients with advanced wet form ARMD, and
subsequently iPSC-RPE were cultivated from them. However,
implantation was performed only on one of the patients. The
second patient did not undergo the procedure due to the
large amount of genetic mutations in the cultivated cells and
fears of subsequent formation of a teratoma. One year after
implantation the cell plate was stable, but visual acuity was
unchanged. Immune suppression was not necessary [26].

In 2018 a study was presented within the framework of the
still ongoing London Project to Cure Blindness. This concer-
ned phase |, with the use of hESC-RPE on a coated synthetic
carrier [8]. This study presented the results of implantation of

Fig. 2. Surgical technique of retinal pigment epithelium
transplantation. Application of cellular suspension (A), self-
-supporting cell plate (B), cell plate on artificial supporting
carrier (C)
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2 eyes of 2 patients with extensive subretinal haemorrhage,
in whom a subretinal carrier was implanted with monolayer
hESC-RPE. In both cases there was an improvement of visual
acuity (VA) by 29 and 21 letters of ETDRS optotypes respecti-
vely, however in one eye retinal detachment occurred, which
required a further procedure, and in one patient decom-
pensation of pre-existing diabetes mellitus occurred due to
the influence of immune suppression.

As of today we do not have results available from lar-
ger clinical trials with the use of stem cells, nevertheless
with regard to the initial results and large quantity of on-
going preclinical trials we can expect an advance in the co-
ming years. With regard to surgical technique, the most
advantageous appears to be a procedure with the use of a
supporting carrier. Analogous experiments are taking pla-
ce also in the Czech Republic, and following the phase of
initial implantations [31], at the Institute of Animal Physio-
logy and Genetics of Czech Academy of Sciences nanofibre
carriers with dimensions of 2 x 5 mm [19] are being im-
planted, now also with iPSC-RPE or primary human RPE.
The results shall be available within the following months.

Retinal prostheses

These are appliances that are capable of converting a li-
ght signal entering the region of the eye into an electrical
stimulus via a device placed on the retina. The typical target
of stimulation is not the photoreceptors, which are mostly
lacking due to the influence of the pathology, but some of
the higher embedded cells such as the retinal bipolar ce-
lls (RBCs) and retinal ganglion cells (RGCs). The processing
of the signal by the retina itself is thus partially impaired,
in which the transmission of the signal from the photore-
ceptor to the bipolar cell and subsequently the ganglion
cell is modified by a large amount of further factors such
as e.g. amacrine or horizontal cells (i.e. processing). Retinal
prostheses are mostly divided according to location into
epiretinal, subretinal and suprachorideal (Fig. 3). Epiretinal
prostheses are an advantage with regard to their easier sur-
gical access and easy activation of the ganglion cells. On the
other hand, a disadvantage is their entirely uncontrollable
processing of the image by the retina, in which in addition
to the ganglion cells themselves, the surrounding axons are
also activated and the signal does not appear as a luminous
spot [28]. Subretinal prostheses are the opposite of epireti-
nal prostheses. Here we must be prepared for a demanding
surgical technique, nonetheless the remaining photorecep-
tors are activated, or alternatively the RBCs, and the signal
therefore does not circumvent processing in the retina [22].
Suprachoroideal implants are used less frequently, primarily
due to the surgical demand factor and greater distance of
the electrodes from the retina. Today the most commonly
presented implants are Argus Il (Second Sight, Sylmar, USA),
Alpha AMS (Retina Implant AG, Reutlingen, Germany) and
Photovoltaic Retinal Implant (PRIMA) Bionic Vision System
(Pixium vision, Paris, France).

The most widespread implant is the Argus I, which has
been implanted in more than 200 patients. This is an epire-
tinal implant with electrodes placed in six rows of ten. Itis a
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camera attached to special glasses, generating a signal that
is modulated in an external device. Subsequently the signal
is transmitted by a radio frequency via a spool into a subcon-
junctivally implanted receiver, which is further transmitted
transsclerally to the actual implant stimulating the retina
[1]. The best documented visual acuity was only 20/1260,
nonetheless the implant markedly improved the patient’s
spatial orientation or for example searching for objects on a
table [15]. The most common adverse effects include erosi-
on or dehiscence of the conjunctiva, presumed endophthal-
mitis or hypotonia of the eye. Cases of perceive discrepancy
between the fixed image from the camera and eye move-
ment outside of direct gaze have also been reported.

The PRIMA system uses a different principle. Special gla-
sses with a camera record the image, which is subsequently
modulated and with the aid of a projector in the glasses sent
in the form of infrared rays to a subretinally implanted wire-
less photovoltaic plate, which converts photovoltaic energy
into electrical energy stimulating nearby neurons [22]. It is
theoretically possible to obtain visual acuity of 20/200 with
this implant. Three-year clinical trials were commenced in
Europe and the USA (always five patients) in 2017 and 2018
respectively, and the results can be expected in 2021.

The last representative is Alpha AMS. This subretinal im-
plant detects light and at the same time electrically stimulates
primarily the bipolar cells. Energy is supplied by a transscleral
cable, which leads subcutaneously behind the ear and is re-
miniscent of a cochlear implant. Here it is charged via a spool.
The advantage of this implant is that it respects ocular mo-
vements. Average visual acuity with this implant is 20/1200,
even if values of 20/550 have been recorded [11,35,42]. The
Alpha AMS is no longer available, since it did not meet the
commercial requirements of the manufacturer.

The main differences and specifications of retinal im-
plants are summarised in table 2 [3].

Gene therapy

The possibility of determining a diagnosis on the le-
vel of genes, and clinical testing of new targeted the-
rapies has enabled the establishment of genetically fo-
cused clinical care in ophthalmology. Therapies based

Fig. 3. Anatomical localisation of retinal prostheses. Reti-
nal prostheses can be implanted epiretinally (A), subreti-
nally (B) or suprachoroideally (C)
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Table 2. Comparison of most commanly used retinl p ostheses

Resolutio 60 pixels
Anatomical localisatio Epieetinl
External camera Yes
Energy source Yes
Intraorbital cabling Yes

on knowledge of the genetic cause of the pathology
represent an entirely new approach. With regard to
its easy accessibility, small dimensions, immunological
privilege, compartmentalisation and possibility of con-
tralateral control, the eye is an ideal organ for clinical
evaluation [9]. Gene therapy is a therapeutic procedure
in which genetic material is introduced into the geno-
me of cells, replacing or influencing the expression of
the protein involved in the pathogenesis of a specific
pathology. For the development and utilisation of gene
therapy it is necessary to determine the gene responsi-
ble for the onset of the pathology and to know its fun-

A) Gene replacement

1600 pixels 142 pixels

Subeetinl Subeetinl
No Yes
Yes No
Yes No

ction. If the cause of the pathology is a deficiency of a
product of a mutated gene, it is sufficient to incorporate
normal sequencing of the gene into the genome of the
relevant cells (Fig. 4A), or to alleviate manifestations of
the pathology by introducing a therapeutic gene (Fig.
4B). However, if an altered product of a mutated gene of
the character of an aberrant protein has a pathological
effect, it is necessary either to block the mutated gene
(Fig. 4C) [2] or correct it (Fig. 4D) [9,38]. At the same
time, treatment must not have negative impacts on the
vitally important functions of the organism.

Gene therapy can be performed either in vivo, in which

B) Gene addition

mutant gens functional gene genetic andfor therapeutic gens
XO00000(  XO0000O( bl IO000CK
reclscernent & addithon &
% a9 T
'l peng correction alleviation
disease discase
C) Gene knockdown D) Gene editing
mutant gene gene vlencer mutant gene gene correctar

i i
knackoown
f e
%
1 i
disrase pene correction

Fig. 4. Strategies used in gene therapy [8,37]
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the target cells are a part of the organism throughout
the entire period of treatment, or in vitro, in which the
target cells are removed from the body of the organism,
and following the performance of therapy are returned
to their original location [17]. A condition for success
is the application of treatment within the “therapeutic
window”, when irreversible damage to the tissue has
not yet taken place.

Genetic information is transmitted into the target ce-
Ils with the aid of carriers known as vectors. An ideal
vector should penetrate into a large number of target
cells and the expression of the introduced gene should
take place for a sufficiently long period of time, in order
accomplish the required therapeutic effect. In addition,
the vector must not be toxic for the target cells or trig-
ger adverse effects in the recipient such as viral infecti-
ons or autoimmune reactions [25].

We divide vectors into viral and non-viral. Due to a range
of disadvantages of physical and chemical vectors at pre-
sent in clinical trials whigh are testin therapies for aetinl
pathologies in humans, viral vectors are used, in particl &
adenoviral and retroviral [25]. Genes in connectio with
the pathogenesis and reproductio of viruseb are removed
from viral partices. The genes are then replaced by an ex-
pression cassette prepared modificatio ¢ A [9.

The risk of use of viral vectors consists in the fact that
genetic information is inserted into the genome more
or less at random. This may lead to a disturbance of the
sequence of another gene with functional consequen-
ces. Another problem is the potential immunogenicity
of viral vectors, causing inflammatory reactions [27].
Repeated application of therapeutics into the subretinal
region also carries the risk of retinal damage or deta-
chment [4]. Determination of the therapeutic dose and
the amount of applied viral particles is also problematic.

In the treatment of retinal diseases, intravitreal and
subretinal injections are most often used for the appli-
cation of vectors. Although application into the vitre-
ous body is less invasive for the retina, transmission
of DNA takes place especially in the inner layers of the
retina, thus in the Mdller and ganglion cells. The mem-
brana limitans interna and other retinal layers form a
barrier to the penetration of vectors and pharmaceu-
ticals into the deeper layers of the retina. Subretinal
application is more suitable for the introduction of
viral vectors into the layer of the photoreceptors and
layer of RPE cells, in which the vector is injected into
a vesicle between the aforementioned layers, and is
thus in close contact with them [4].

Among the first cases proposed for gene therapy was
Leber’s congenital amaurosis 2 (LCA2), mainly due to the
early manifestatio of the pathology, the relatively long
preserved structure of thearetin and the availability of
animal models [24]. LCA2 is an autosomal recessive di-
sease originatin upon a background of mutatios in the
gene RPEB5 (retinl pigment epithelium-specific 65 kDa
protein) [13]. This gene is virtually exclusively exprimated
in the RPE, where it contributes to the recycling of opsin
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and rhodopsin. Insufficen t funatio or absence of RPE65
subsequently leads to a degenematio of photoreceptors
[7]. After 2007 the gene RPE65 was clinically tested in gene
therapy trials [2,14], which culminated in 2017 in the app-
roval of the first gene therapy for clinical ophthalmelogical
practic by the American Food and Drug Admimistratio,
and in 2018 by the European Medicines Agency [18].

In the Czech Republic complex diagnosis and research
into genetically conditioned ocular pathologies is the
focus of the Centre for Clinical Ocular Genetics at the
1st Faculty of Medicine, Charles University and General
University Hospital in Prague.

Optogenetics

In the broader sense of the word, optogenetic is defind as
a technique in which a gene coding a photosensitive protein is
introduced with the aid of a vector into a neuron cell, as a result
of which the target cell is subsequentlystiml a ted. In ophthal-
mology, this typically concerns the insertio  of a photorecepti-
ve protein into one of the sub-populations of retinal cells [39],
which primarily do not have a photoreceptive functio.

In practice it is first of all necessary to find an appro-
priate photosensitive protein, which we subsequently
insert into a suitable vector (most commonly adenovi-
ral), and target at the correct cell. The final step is a
corresponding “illumination” of the treated retina.

It is possible to use two types of opsin as a photore-
ceptive protein: type 1 (microbial) or type two (animal).
The most commonly used is type 1, which has several
subtypes, but in principle always concerns an ion cha-
nnel which can be activated by light (e.g. channelrho-
dopsin, halorhodopsin, archeorhodopsin) [10]. After
activation of the ion channel there is a change in the
polarisation of the cell and subsequently a transmission
of the signal further. Type 2 is a photosensitive protein
coupled with a G-protein. After activation an intracellu-
lar signal cascade of chemical conversions takes place,
with a resulting opening of the coupled cation channel.
The main advantage of type 1 as against type 2 is the
simpler molecule directly containing an ion channel,
while the disadvantage is the frequently higher de-
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Fig. 5. Optogenetics targteted at retinal cells. Incorpo-
ration of photosensitive receptor, in this case channelr-
hodopsin, into the cell membrane of a bipolar cell
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mands for light intensity necessary for a change of cell
polarisation.

In the human retina we find more than one hundred
different types of neuronal cells [41], which interreact
to a certain degree and thereby ensure complex pro-
cessing of the image before sending the signal further
to the central nervous system by means of the axons
of the ganglion cells. All attempts not to adhere to the
natural procedure of photoreceptor-bipolar cell-gan-
glion cell therefore lead to a disruption of the retinal
processing of the image, and thus to a reduction of its
quality. As a result, our endeavour is always targeted
at the outermost layers of the retina [34]. It is possible
to use damaged photoreceptors which no longer have
outer segments (here the preserved processing of the
signal by the retina is an advantage), or upon circum-
venting this mechanism directly to use the bipolar or
ganglion cells (Fig. 5).

The final step is the trapping of the light by the treated
cell. Various channels are sensitive to different wavelen-
gths of light. It is necessary to bear this in mind with
regard to the possibility of phototoxicity. For example,
channelrhodopsin is most sensitive in short wavelen-
gths, and like the majority of type 1 channels requires
a larger number of photon hits. This, together with the
low proportion of blue light especially under worsened
light conditions and the lower permeability of these wa-
velengths through the optical environments of the eye
[29] requires higher light intensity at these wavelengths
for correct functioning. This can be attained only with
the aid of an external light source, which may have an
adverse influence, resulting in phototoxicity.

Two ongoing studies are now registered in the internati-
onal register of clinical trials https://clinicaltrials.gov.

Phasel/ll, sponsored by the Allergan firm (NCT02556736),
is designated for patients with advanced retinitis pigmen-
tosa, by which a vector coding channelrhodopsin for the
modulation of the retinal ganglion cells (substance RST-
001) is injected intravitreally. At the time of writing of this
article, recruitment of patients is still ongoing, with an en-
visaged total number of 21.

GenSight Biologics is currently recruiting patients for a study
with substance GS030-DP (NCT03326336), which is a modified
adenoviral vector for modified channelrhodopsin, with sensi-
tivity shifted more to the red spectrum [23], thus theoretically
guaranteeing a better safety profile with regard to phototoxi-
city. The Pixium Vision company is also involved in the project
(see PRIMA system above), and it appears that a combination
of optogenetics and glasses augmenting reality (i.e. the natu-
ral image is supplemented by a digital layer which enables for
example the accentuation of certain predefined objects) repre-
sents a promising future pathway for reinforcing the effect.

DISCUSSION
Despite the fact that gene therapy, optogenetics, cell the-

rapy and bionic eye are matters rather of the more or less
distant future and bring with them a large number of unsol-

CZECH AND SLOVAK OPHTHALMOLOGY 6/2019

ved questions, such as financing, effectiveness, indication
criteria, ethical problems or technological demand factor, a
number of initial commercial successes have already been
achieved. The approval of vortigene neparvovec-ryzl as the
first preparation for causal treatment of genetically condi-
tioned disease has opened up a path for further promising
products. It is therefore possible to assume that similar
pharmaceutical preparation will progressively appear on
the market and that treatment of an ever greater number
of clinical units will be enabled.

Another good example is the implant Argus Il, since
though its resolution of 6 x 10 electrodes may not seem
especially overwhelming today is nevertheless conside-
red a prime mover and a “proof of concept” in the field.
At the same time it has been demonstrated to be techno-
logically very reliable, with no complications caused by a
malfunction of the instrument appearing in the first three
years of clinical practice [15]. This has led to a further de-
velopment of more advanced systems, which are now in
the phase of clinical evaluation (NCT03344848).

Great hopes have been invested in cell therapy, which is
however more difficult to grasp in comparison with “exact”
electronic implants, and there is immense variability of re-
sults with regard to the different quality of implanted cells
and potential complications during the course of highly de-
manding surgical procedures. Uncertainty still predomina-
tes with regard to the safety profile of the cells, and there
are also fears of possible teratogenicity. Ethical questions
are also unclear. The implantation techniques are not uni-
form, and large discussions are taking place concerning ar-
tificial carriers for RPE, wherein on one hand manipulation
of the cells is markedly improved upon the use of a carri-
er, while on the other this represents an artificial barrier
which prevents the diffusion of substances into and out of
the retina. A certain way out of this problem could be the
use of nanotechnologies in the production of a carrier. A
further issue that is as yet unclear is whether or not to dra-
in off the original RPE cells perioperatively, and here there
is a complete lack of data.

Optogenetics appears to be an interesting method,
nonetheless we are still waiting for the first concrete
results. A disadvantage is low photosensitivity, and it
appears that this method will have to be supplemen-
ted by an external light source or e.g. glasses enabling
the sending of an augmented reality image to the retina
also in a wave spectrum other than visible light, on the
precondition that photosensitive channels are sensitive
to such a wavelength.

CONCLUSION

In the coming years we can expect fascinating deve-
lopments in the treatment of retinal diseases, in which
the greatest challenge shall perhaps not be technologies
but rather correct indication for the selection of one of
the above-described methods, which shall in their final
consequence be supplemented, and thus offer an alter-
native for patients who cannot be helped at present.
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ABSTRACT.

Purpose: Dysfunction of the retinal pigment epithelium (RPE) causes numerous forms of retinal
degeneration. RPE replacement isa modern option to save vision. We aimed to test the results of transplanting
cultured RPEs on biocompatible membranes.

M ethods: Wecuitivated porcine primary RPE cellsisolated from cadaver eyesfrom the slaughterhouse on two
types of membranes: commercial polyester scaffolds Transwell (Corning Inc., Kenneburg, M E, USA) with 0.4 um
poresizeand prepared Poly (L -lactide-co-DL -lactide) (PDL L A) nanofibrousmembraneswith an averageporesizeof
0.4 pm.

Results: Five types of assays were used for the analysis: immunocytochemistry (ICC), phagocytosis assay,
Western blotting, real-time gPCR (RT-gPCR) and electron microscopy. RT-gPCR demonstrated that RPEs
cultured on nanofibrous membranes have higher expressions of BEST1 (bestrophin 1), RLBP1 (retinaldehyde-
binding protein 1), RPE65 (retinal pigment epithelium-specific65 kDaprotein), PAX6 (transcriptionfactor PAX6),
SOX9 (transcription factor SOX9), DCT (dopachrome tautomerase) and MITF (microphthalmia-associated
transcription factor). ICC of the RPEs cultured on nanofibrous membranes showed more intensive staining of
markerssuchasBEST 1, M CT 1 (monocarboxylatetransporter 1), Na"/K *ATPase, RPE65 and acetylated tubulin
in comparison with commercial ones. Additionally, the absence of a-SMA proved the stability of the RPE
polarization stateand theabsence of epithelial-to-mesenchymal transition. RPE possessed high phagocyticactivity.
Electron microscopy of both membranes confirmed a confluent layer of RPE cells and their genuine morphological
structure, which was comparableto native RPEs.

Conclusions. Retinal pigment epitheliums cultured on polylactide nanofibrous membranes improved the
final quality of the cell product by having better maturation and long-term survival of the RPE monolayer
compar ed to those cultured on commercial polyester scaffolds. PDL L A-cultured RPEs are a plausible source for
the replacement of non-functioning RPEs during cell therapy.

Key words: AMD — eye — nanofibrous membrane — retina — retinal pigment epithelium — RPE
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I ntroduction

Retinal pigment epithelial (RPE) cells
form a monolayer of pigmented cellsin
theretina (Bok 1993). Their apical side
communicates with the light-sensitive
outer segments of photoreceptors,
while their basolateral segments face
the highly specialized multilayered
Bruch’s membrane (BM), a connective
tissue that separates the RPEs from the
choriocapillaris and provides a barrier
between RPEs and the blood flow in
the fenestrated vessels of the choroid
(Hogan et al. 1971; Guymer et al.
1999). The RPE monolayer plays a
key role in the metabolic pathway
between photoreceptors and choroid
(Maitz 2015). The morphology of the
RPEs is cuboidal, hexagonal. The
RPEs are surrounded by an extracellu-
lar space, called subretinal space. Spe-
cialized microvilli of the RPEs project
into the subretinal space and commu-
nicate with the photoreceptors (Holan
et al. 2015). The number of photore-
ceptors invaginating into an RPE cell
varies by retinal location and age. It is
estimated to be 20-55 photoreceptors
per one RPE cell (Rodriguez-Crespo
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et al. 2014). The RPEs form a mono-
layer connected by tight junctions,
which is part of the blood-retina bar-
rier (Bok 1993), which efficiently iso-
lates the inner retina from the blood of
the choroid.

The functions of the RPEs are diverse
and include photoreceptor development,
homeostasis and many other physiolog-
ical processes (Sheridan et al. 2010).
RPEs absorb light energy and transport
ions, water and metabolic end products
from the subretinal space to the blood
(Duan et al. 2013). Furthermore, RPEs
take up glucose, retinol and fatty acids
from the blood back to the photorecep-
tors. The apical microvilli of the RPEs
are long, thin and formed by actin, with
the function to absorb the outer seg-
ments of photoreceptors and facilitate
phagocytosis (Lerit & Abafio, 2012;
Lakkaraju et al. 2020).

Dysfunction of the RPEs affects the
extracellular environment for photore-
ceptors and the BM, which can result in
a variety of degenerative retinal disor-
ders, such as age-related macular degen-
eration (AMD) and Stargardt’s disease
(Ramsden et al. 2013). The most mod-
ern and promising option to save the
vision for prospective future use in a
clinic is to transplant new RPE cells,
which are capable to replace the non-
functional epithelium. For this purpose,
cultured RPEs can be delivered into the
subretinal space in the form of (1) a cell
suspension (Falkner-Radler et al. 2011),
(2) a self-supporting cell sheet (Yaji
et al. 2009) or (3) a cell monolayer
supported by an artificial membranous
carrier (Hynes & Lavik 2010; Stout &
Francis 2011). Although injection of the
cell suspension is surgically simpler,
faster and less invasive than the other
techniques, the cumulated experience
has revealed several disadvantages,
which include regress of the suspension
into the vitreous cavity, limited adher-
ence of RPE cells to the aged BM,
incorrect apicobasal orientation and
failure to form a monolayer (Sheridan
et al. 2009). The advantage of a self-
supporting cell sheet and a cell mono-
layer supported by an artificial substrate
is that the cells are implanted in a highly
differentiated state (Diniz et al. 2013).
In the nineties, several authors tried to
replace damaged cells with a patch of
cultured human foetal RPEs, but they
were not successful (Lindner et al.
2010). The last delivery technique
includes a tissue-engineered scaffold

supporting RPEs. Since the monolayer
organization and correct polarization of
the RPE layer are critical for the
renewal of the functioning epithelium
(Maitz 2015), the implantation of RPE
cells seeded on a membranous carrier
mimicking BM represents a promising
direction in the transplantation of RPE
cells. BM, which is the innermost layer
of the choroid, is 2-6 pm thick. Thus,
the thickness of the transplanted mem-
brane should adopt similar dimensions.
One of the most important factors for
the successful functioning of a solid
carrier with RPEs is the porosity of the
membrane. The retina is a metabolically
very active site of the eye; thus, high
open porosity and large pore size are
some of the key factors in RPE pro-
duction and transplantation.

Numerous solid carriers have been
presented in the literature, and their
ability to support the formation of
RPE monolayer in vitro has been
demonstrated (Hynes & Lavik 2010).
However, only a few of these carriers
have been porous enough or compara-
bly thin or thinner than the actual BM
(Hu et al. 2012; Stanzel et al. 2012,
2014; Diniz et al. 2013; Liu et al. 2014;
Ilmarinen et al. 2015). These carriers
have been able to support the survival
of human stem cell-derived RPE
monolayer in vivo but failed to preserve
the photoreceptors and the inner reti-
nal layers (da Cruz et al. 2018; Fer-
nandes et al. 2017). It was suggested
that one of the factors behind this
detrimental effect was the low perme-
ability of those carriers (Stanzel et al.
2014).

Nanofibrous membranes prepared by
electrospinning can combine the advan-
tages of high porosity, large pore size
and low thickness. There are a number
of polymers used for electrospun mem-
brane preparation for tissue engineering,
from which the more biocompatible and
biodegradable polylactide-based ones
have belonged to the leading group.
Polymers for electrospun membrane
fabrication include, for example poly
(L-lactide) (Surrao et al. 2017), poly(L-
lactide-co-D,L-lactide) (PDLLA) (von
Burkersroda et al. 2002), poly(L-lactide-
co-glycolide) (Warnke et al. 2013) or
poly(L-lactide-co-caprolactone) (Sorkio
et al. 2015; Hotaling et al. 2016).

The aim of this study was to compare
the quality of the primary porcine RPE
cultured on the commercial polyester
membrane to those cultured on

electrospun PDLLA nanofibrous mem-
brane using cell, molecular and morpho-
logical/electron microscopy analysis.
Additionally, transepithelial electrical
resistance (TEER) and phagocytosis
capacity of the RPEs were evaluated to
show the functional activity of the cul-
tured RPEs.

Methods and Materials

Nanofibrous membranes

The nanofibrous membranes were pre-
pared as described previously (Popelka
et al. 2015) with some minor modifica-
tions. PDLLA (ratio of LLA/DLLA 90/
10, Mw 868 270 g/mol, PDI 2.3) was
dissolved in dry pyridine at a concentra-
tion of 11 wt% with the addition of 2.2 pl
of formic acid/g. The solution was elec-
trospun using a single needle nozzle (20 G
blunt-ended needle) at 7 kV of applied
voltage, 250 ul/h of feeding rate and a
10 cm gap. The membranes were dried at
75°C in a vacuum overnight. The sheets
of the membrane were floated from the
silicon wafers on the water surface and
fixed by silicon glue to commercial
polyester cell culture insert Transwell
(Corning Inc.) devoid of the original
membrane. The fibre width was measured
from microphotographs taken with scan-
ning electron microscope VEGA Plus TS
5135 (Tescan, Brno, Czech Republic).
The nanofibrous membrane was sputter-
coated with platinum before visualiza-
tion. The membrane thickness was mea-
sured using KLA-Tencor P-10 Surface
Profiler from the height step of the groove
made in the membrane. The areal density
of the membrane was measured by
weighing the membrane of the known
area (METTLER TOLEDO MX5
Microbalance). The pore size distribution
of the nanofibrous membranes was cal-
culated from the microphotographs using
IMAGEJ software (NIH, USA). The poros-
ity of the membrane was calculated as
described earlier (Eichhorn & Sampson,
2005) using experimentally determined
membrane thickness, area density and
fibre material density of 1.248 g/em®.
Samples were air-plasma treated for
30 s at the power of 7 W (Expanded
plasma cleaner, Harrick Plasma, Ithaca,
NY, USA) before RPE cultivation.

Commercial membranes

The commercial membranes used were
Corning® Transwell® polyester mem-
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brane cell culture inserts (Corning Inc.),
and the manufacture number was Corn-
ing 3460. Such a membrane is 10 pm
thick and is made from transparent
polyester. The membranes are sterilized
by gamma radiation after production.
The inserts and membranes are round in
shape and 12 mm in diameter. The cell
growth area is 1.12 cm? The pore size on
membranes is 0.4 pm, and the nominal
pore density is 4 x 10® pores per cm?
The surface is TC-treated. This mem-
brane is non-degradable.

Isolation and culturing

All experiments complied with the
research standards of the Declaration
of Helsinki and the Association for
Research in Vision and Ophthalmology
(ARVO) for experiments on animals.
RPE cells were isolated from porcine
eyes from a nearby slaughterhouse.
Isolation and culturing of the cells were
performed at the Department of Cell
Regeneration and Plasticity of the Insti-
tute of Animal Physiology and Genetics
AS CR, v. v. 1. Extracted eyes from pigs
were transported to the cell culture
laboratory from the slaughterhouse
within 2 h after enucleation in a ther-
mobox at 4°C, followed by washing in
water, leaching in 0.2% betadine for
15 min and 1% penicillin/streptomycin
for 20 min (Penicillin-Streptomycin
(10 000 U/ml); Gibco, Thermo Fisher
Scientific, Waltham, MA, USA). The
eyes were then dissected in an equatorial
line with a blade, and the whole anterior
segment and vitreous were removed.
Consequently, the neural retina was
removed. The RPEs were obtained by
using 0.25% trypsin applied for 20 min,
and then, a 10% RPE medium -
commercial medium (DMEM, high glu-
cose, GlutaMAX™ Supplement, pyru-
vate; Gibco, Thermo Fisher Scientific,
Waltham), supplemented with 10%
FBS (Foetal Bovine Serum F7524;
Sigma-Aldrich, Saint Louis, MO,
USA), 1% NEAA (MEM Non-
Essential Amino Acids Solution 100X;
Gibco, Thermo Fisher Scientific, Wal-
tham), 0.1% gentamicin (Gentamicin
(50 mg/ml); Gibco, Thermo Fisher Sci-
entific, Waltham) and epithelial growth
factor 50 ng/ml (EGF Recombinant
Human Protein; Gibco, Thermo Fisher
Scientific, Waltham) were added. The
suspension of trypsin and 10% RPE
medium was pelleted by centrifugation
for 3 min at 1200 rpm, the supernatant

removed and the pellet dissolved in 2 ml
of new 10% RPE medium. The suspen-
sion was then placed into a cell culture
plate (Tissue Culture Test Plates with 12
wells; TPP Techno Plastic Products AG,
Trasadingen, Switzerland) and incu-
bated at 37°C in a humidified 5% CO,
incubator. The 10% RPE medium was
changed 3 times per week. All experi-
ments were performed using cultured
RPE cells at 80-95% confluence.
Growth was maintained for 10-14 days,
and after that, the cells were transferred
to membranes.

Cell transferring to PDLLA nanofibrous
branes and ¢ cial scaffolds

After the cells had grown sufficiently in
a culture dish, and they were collected
by 0.5% trypsin and seeded 3000 cells
per square millimetre on both mem-
branes - manufactured PDLLA
nanofibrous membranes with porosity
of 72% (IMC, Prague, Czech Repub-
lic), and commercial polyester scaffold
Transwell with porosity of 20% (Corn-
ing Inc.). The sterilization of the
nanofibrous membranes was per-
formed by air-plasma treatment fol-
lowed by immersion in 70% ethanol.
The surface of both membrane types
was not covered by any compound.
Due to the absence of significant dif-
ferences between coated (fibronectin
coating was tested) and uncoated mem-
branes, only uncoated membranes were
used further in the study. Moreover, in
the case of uncovered membranes, we
could exclude any effects other than
that from the material itself on cell
growth and cultivation. The cells were
seeded in a 10% RPE medium as
described above. Usually, after 10 days
of cultivation in higher FBS-containing
medium, the cells were continued in
lower FBS-containing medium (2%
RPE medium — commercial medium,
2% FBS, 1% NEAA, 0.1% gentam-
icin). The RPEs were matured on
membranes for 4 weeks, and the med-
ium was changed 3 times per week.

Transepithelial ~ electrical  resistance

(TEER)

Millicell ERS-2 device equipped with
STX01 Ag/AgCl electrodes (Merck
Millipore, Darmstadt, Germany) was
used to determine the TEER values
(Q cm?). Both types of membranes
were used for the measurement in

culture media at room temperature
after being removed from the incuba-
tor. Both types of membranes without
cultured cells (blank) demonstrated
values of TEER around 0-5 Q/cm?
and these values were deducted from
the values measured on membranes
seeded with RPE cells.

Immunocytochemistry

Commercial scaffolds and nanofibrous
scaffolds were fixed in cold 4%
paraformaldehyde for 5 min and
washed three times in PBS (Phosphate
Buffered Saline). Consequently, treat-
ment by freshly prepared 0.1% Triton
x100 for 10 min was performed, which
was twice washed in PBS and incubated
in 5% goat serum for 45 min. Primary
antibodies were added for 2 h at room
temperature. The following primary
antibodies were used: anti-BEST1 anti-
body (1:200 mouse monoclonal IgG;
Abcam, Cambridge, UK), anti-Na*/
K"ATPase antibody (1:100 rabbit poly-
clonal IgG; Biorbyt, Cambridge, UK),
anti-RPE65 antibody (1:200 mouse
monoclonal IgG; Antibodies-Online
Inc., Atlanta, GA, USA), anti-MCT]
antibody (1:100 mouse polyclonal IgG;
Abcam), anti-tubulin antibody (1:500
mouse monoclonal IgG; Sigma-Aldrich,
Saint Louis), anti-ZO1 antibody (1:100
mouse monoclonal IgG; Thermo Fisher
Scientific, Rockford, IL, USA), anti-
ezrin antibody (1:500 mouse mono-
clonal 1gG; Abcam), anti-SMA (1:200
mouse monoclonal IgG; Santa Cruz
Biotechnology, Santa Cruz, CA,
USA). After washing in PBS, the sam-
ples were incubated in secondary anti-
bodies or mouse IgG kappa binding
protein (1:200 m-IgGx BP-CFL 647;
Santa Cruz Biotechnology) for the
detection of anti-SMA for 45 min in
dark. Secondary antibodies were goat
anti-mouse antibody (1:500 polyclonal
IgG Alexa Fluor 488; Invitrogen, Carls-
bad, CA, USA), goat anti-rabbit anti-
body (1:500 polyclonal IgG, Alexa
Fluor 488; Invitrogen) and goat anti-
mouse antibody (1:500 polyclonal 1gG
Alexa Fluor 647; Invitrogen). For the
detection of colocalization of ZO1 and
F-actin in the RPE cells, a mix of goat
anti-mouse antibodies (1:500 polyclonal
1gG Alexa Fluor 488; Invitrogen) and
Phalloidin-iFluor 647 Reagent (1:1000
Abcam) was prepared. After staining,
the samples were mounted with DAPI
and evaluated under a fluorescent

3
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microscope and a histological scanner
VS120 (Olympus, Tokyo, Japan). The
staining of the selected markers for
RPEs cultured on the nanofibrous and
commercial membranes was investi-
gated using Leica TCS SP5 microscope
(Leica, Wetzlar, Germany). We assessed
20-24 images per marker. The images
were observed and graded according to
the staining intensity of marker expres-
sion. The images with the best intensity
of staining were selected for the figures.
For the objective comparison of fluo-
rescent signal intensity, we used the
same light properties (light intensity or
exposure time) during the image acquir-
ing of a particular marker staining. For
the quantification of differences of
immunofluorescent staining, we
employed the image analysis method
where the evaluation and quantification
of immunoreactivity were performed
using a densitometry measurement of
staining by image analysis software VS-
Desktop (Olympus).

Real-time quantitative Polymerase Chain
Reaction (RT-qPCR)

Isolation of RNA was made according
to the instructions of the RNeasy Plus
Mini Kit (Qiagen, Hilden, Germany).
RNA concentrations of each sample
were measure and diluted accordingly
to the same concentration (10 ng/ul).
Luna Universal One-Step RT-qPCR Kit
(New England Biolabs Inc., Ipswich,
MA, USA) was used; 6 samples were
used for each marker for both types of
membranes. The results were evaluated
using a Bio-Rad detection system
(CFX96 Touch Real-Time PCR Detec-
tion System; BIO-Rad, Hercules, CA,
USA). The annealing temperature was
60°C. The specifications of all primers
used in this study are stated in Table 1.

Electron microscopy

Cells in the monolayer adherent on
both types of membranes (PDLLA
nanofibrous membranes or commercial
scaffolds) were processed for electron
microscopy. Altogether, we assessed 47
images, 29 images for TEM and 18
images for the SEM. TEM images were
graded according to the ultrastructure
of membranes (total porosity and size
of pores) and the presence of typical
cell structures such as zonula occludens
or melanin granules. The evaluation of

SEM images was based on the presence
of the microvilli, pigment granules.

Transmission electron microscopy (TEM )
Samples were fixed with 300 mmol/l
glutaraldehyde in 100 mmol/I cacodylate
buffer and postfixed in 40 mmol/l
osmium tetroxide in 100 mmol/l cacody-
late buffer, then embedded in LR White
resin (Sigma-Aldrich, Saint Louis, MO,
USA). Ultrathin sections (60-90 nm)
were made on Leica EM UC 6 (Leica
Microsystems) ultramicrotome. After
staining with uranyl acetate and lead
citrate, the sections were examined in
TEM FEI Morgagni 268D (FEI Com-
pany, Hillsboro, OR, USA).

Scanning electron microscopy (SEM)

Samples were fixed in the same way as
for TEM. After dehydration by increas-
ing the concentration of ethanol, the
samples were dried to the critical point
of the drying process on CPD 300
(BAL-TEC, Balzers, Liechtenstein),
prepared on mounting tables, coated
by gold on sputter unit SCD 040
(Balzers Union, Pféffikon, Switzerland)
and examined in Vega 3 (Tescan) SEM.

Phagocytosis assay

The phagocytic activity of RPE cells
was assessed using pHrodo™ Deep
Red E. coli BioParticles™ Conjugate
for phagocytosis (Invitrogen). In the
first step, we dissolved BioParticles™
with PBS, pH 7.4 to a final concentra-
tion of | mg/ml, and subsequently
vortexed and sonicated solution for

10 min in a bath sonicator (Elma,
Singen, Germany). The 2% RPE med-
ium in the wells containing RPE cells
seeded on commercial and PDLLA
nanofibrous membranes was replaced
by the complete medium with 100 pg/
ml of the BioParticles™. Cells were
incubated at 37°C in a humidified
incubator with a 5% CO2 level for
1 h 30 min. As a negative control, we
incubated cells with BioParticles™ at
4°C on the ice to inhibit phagocytic
activity. RPE cells were washed once in
PBS for 5 min and then fixed in freshly
prepared 2.5% glutaraldehyde solution
for 10 min. RPE cells were rinsed with
PBS 3 times for 5 min and mounted
with DAPI, then imaged by Leica TCS
SP5 microscope (Leica). The relative
fluorescence units (RFU) were mea-
sured with OLYMPUS VS-DESKTOP
2.9 (Olympus). The phagocytosis activ-
ity (% Change) was calculated as a
ratio of the difference between the
average RFU of the sample and the
average RFU of the blank to the RFU
of the sample. The net phagocytosis
was calculated by subtracting %
change of negative control from the
% change of experimental sample.

SDS-PAGE and Western-Blot

Cells lysates were obtained from trypsi-
nized cells using Pierce RIPA Buffer
(Thermo Fisher Scientific, Rockford)
with Halt™ Protease and Phosphatase
Inhibitor Cocktail (Thermo Fisher Sci-
entific, Rockford), sonicated for 15 min
at 4°C and centrifuged at 20 000 g for

Table 1. Primers and their sequences used for real-time qPCR. The primer B2 M was used as a

housekeeping gene.

Primer name

Primer sequence 5'- 3"

RPEG6S - fwd
RPEG65 — rev
BESTI - fwd
BEST1 — rev
RLBPI — fwd
RLBPI - rev
MITF - fwd
MITF - rev
SOXO9 - fwd
SOX9 - rev
PAXG6 - fwd
PAXG6 - rev
DCT - fwd
DCT - rev
B2M - fwd
B2M - rev

CTGCAGTGACCGATTCAAGC
GCCAAACCCCCATGGTTTCA
GACCGTCACCTACTCAAGCC
TAGAAGCCCAGCACGAAGGA
GCCATCCACTTCATCCACCA
CTCCGTGGACAAAGACCCTC
TTACTCAGAATACAGGAACTT
CTGCTTGATGATCCGATT
GGCAAACTCTGGAGACTGCTG
ATGGCGTTGGGAGAGATGTG
GAATTCTGCAGGTGTCCAACG
CACTCCCGCTTATACTGGGC
TCAAGTGATGAGCCTTCA
GATCATTGGCAGCAGAAT
AAACGGAAAGCCAAATTACCTGA
ATCTCTGTGATGCCGGTTAGTG
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15 min at 4°C. We transferred super-
natants to new tubes and measured
protein concentration via Pierce BCA
Protein Assay Kit (Thermo Fisher Scien-
tific, Rockford). 10 pg of total protein
per sample was loaded onto NuPAGE 4—
12% Bis-Tris Gel (Invitrogen) and run at
150 V. Gel was transferred onto nitrocel-
lulose membrane (Bio-Rad) and blocked
in 5% nonfat milk, Tris-buffered saline-
Tween 20 (TBS-T; 1.5 m NaCl; Lach-
Ner, Neratovice, Czech Republic), 0.5%
TWEEN 20 (Sigma-Aldrich, Burlington,
MA, United States), 200 mm Tris (Roth,
Karlsruhe, Germany), pH 7.6 and incu-
bated overnight with primary antibodies
diluted in 5% nonfat milk: anti-BEST1
antibody (1:1000 mouse monoclonal
IgG; Abcam), anti-Na'/K'ATPase
(1:1000 mouse monoclonal IgG; Abcam),
anti-RPE65 (1:1000 rabbit monoclonal
1gG; Abcam) at 4°C. After washing in
TBS-T, membranes were incubated in
secondary antibodies conjugated with
horseradish peroxidase (1:10 000 anti-
mouse, or 1:10 000 anti-rabbit, Jackson
ImmunoResearch, Philadelphia, PA,
USA). The signal was revealed by chemi-
luminescence using ECL Reagent (Amer-
sham, UK) and detected by the
ChemiDoc XRS+ system (Bio-Rad).
The volume intensity was measured by
IMAGE LAB 6.1.0. software (Bio-Rad).

Statistical analysis

Unpaired #-test or a one-way ANOVA
test with Bonferroni’s (or Tukey’s)
multiple comparison post-test was used
from the GRAPHPAD PRISM software
(GraphPad Software, San Diego, CA,
USA) for all analyses.

Results

Characterization of the PDLLA nanofibrous
membranes

The design of the insert with the fixed
nanofibrous membrane is presented in
Fig. 1A. The diameter of the bead-free
fibres was 380nm (standard deviation,
SD: 10 nm), and it is shown in Fig. 1B
in comparison with the commercial
membrane shown in Fig. 1C. In our
previous study26, we found that the
optimal area density of the nanofibrous
membrane which complies with a safe
surgical manipulation should be as low
as 90 ug/cm?. In this study, we pre-
pared membranes with an area density
of 130 pg/em? (SD 10 pg/cm?). Mem-
brane thickness measured from the
profiler scans was 3.7 um accordingly.

The average pore size of the PDLLA
nanofibrous membranes was 0.4 um (SD
0.2 um), and it was calculated from 3
micrographs, the total number of evalu-
ated pores being 170. The pore size was
obtained as the diameter of an inscribed
circle into a visible pore. The pore size
distribution is depicted in Fig. 2.

The porosity of the nanofibrous
membrane is the fraction of voids
within the structure volume. The cal-
culated porosity of the 3.7 um thick
fibrous membrane with a fibre diameter
of 380 nm was 72%.

Culturing of RPE cells

Cultured RPEs reached 85% conflu-
ence by the second week on both
membranes. The first 3-5 days the cells
formed dendrite-like extensions on the

oblong morphological structure trying
to make contact with the surrounding
cells. After 1 week, they demonstrated
a morphological change from elon-
gated to round-shaped cells as they
turned into a monolayer. These
changes were observed in both types
of membranes on the same day.

Transepithelial electrical resistance (TEER)
measurements on RPE cells

Measuring the TEER indicates a mat-
uration of the cells on the membranes
covered by RPEs and shows the pres-
ence of cell—cell connection (tight junc-
tions). Cell monolayers were measured
after 3 weeks of culturing on both
types of membranes. The TEER values
of PDLLA nanofibrous membranes
were 176 + 15 Q/cm?® (n = 6), while
that of commercial membranes were
161 + 26 Q/cm® (n = 6). The TEER
values of non-cellularized nanofibrous
and commercial membranes fluctuated
in the range of 0-5 Q/cm? (n = 6).

Immunocytochemistry (ICC) on cultivated
RPE cells on membranes

Based on the immunocytochemical
findings, all of the tested proteins were
found on both membranes after
4 weeks in culture. We recognized and
confirmed the expression of markers in
different fields of view and various Z-
planes (Figs 3 and 4) in the bright-field
and confocal microscopy respectively.
PDLLA  nanofibrous  membrane-
cultivated RPEs demonstrated a higher
intensity of immunofluorescence of
each marker compared to those on

Fig. 1. The morphological features of the nanofibrous membrane (A). The polylactide nanofibrous membrane (B) is made from individual fibres (white
arrows) in comparison with a commercial membrane (C) which is a PET commercial track-etched (white arrowheads). Depending on the scale, it is
possible to state that the pores on the nanofibrous membrane (B) are significantly larger than the ones found on the commercial membrane (C).




— ActA OpHTHALMOLOGICA 2021

— 6

commercial membranes. The only
exception was ezrin (Fig. 3K,L), which
showed comparable or weaker fluores-
cence signals on nanofibrous compared
to commercial membranes. The most
visible difference with a higher level of
expression on nanofibrous membranes
in comparison with the commercial
membranes was detected for the retinal
pigment epithelium-specific 65 kDa
protein (RPE65) (Figs 3N and 4J)
and Na*/K*ATPase (Figs 3D and 5H)
markers. Enzyme RPEG65, an esters
convertor, was found in most Z-
planes, so we assumed that this protein
is located in the cytoplasm of the entire
cell (Fig. 41,J). The Na"/K'ATPase
was stained preferentially in the upper
optical focussed planes (Fig. 4G.H).
The expression of acetylated tubulin
(Figs 3H and 4B), zonula occludens 1
(ZO1) (Figs 3P and 4L), bestrophin 1
(BEST1) (Figs 3F and 4D) and mono-
carboxylate transporter 1 (MCTI1)
(Figs 3J and 4F) demonstrated moder-
ately higher immunosignals in RPE
cells cultured on nanofibrous mem-
branes. A peripheral membrane protein
Z01 was found between the cells in the
place of tight junctions and colocalized
with apically occurring actin (Fig. 4K,
L). BEST1 was located in the lower
and middle focal planes of analysis
(Fig. 4C,D). MCT1 was found on both
the higher and bottom parts of the
focal planes (Fig. 4E,F). Acetylated
tubulin was demonstrated intracellu-
larly in the apical parts of RPE cells
(Fig. 4A,B). The image analysis of
RPE immunostaining showed signifi-
cantly increased expression of bestro-
phin 1 and Na"/K"ATPase in RPE

50

cells cultured on the nanofibrous mem-
brane (Fig. 4M).

Real-time quantitative polymerase chain
reaction analysis on RPE cells cultivated
on membranes

RT-PCR was used to investigate the
expression of different markersrelated to
RPE cells (Fig. 5). The list of all primers
used in the assay is shown in Table 1.
PDLLA nanofibrous membranes in all
cases showed higher relative normalized
expressions of the tested markers com-
pared to the commercial membranes.
The transcription factor SOX 9 (SOX9)
was highly expressed with a statistically
significant difference (p = 0.0314) on
nanofibrous membranes compared to
commercial ones. Furthermore, dopa-
chrome tautomerase (DCT) was upregu-
lated with a statistically significant
difference (p = 0.0028) on the nanofibrous
membranes as well. Despite visibly higher
expressions of the transcription factor
PAX6 (PAX6), BESTI, retinaldehyde-
binding protein 1 (RLBPI), RPE65 and
microphthalmia-associated transcription
factor (MITF) on the nanofibrous mem-
branes, their results were not significantly
different for both membranes.

Electron microscopy of RPE monolayer

SEM showed a difference between the
PDLLA nanofibrous membrane- and
commercial membrane-cultivated
RPEs, confirming the better surface
covering in a monolayer on the nanofi-
brous membranes (Fig. 6). Further-
more, cells on the nanofibrous
membrane showed typical RPE

Count
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Fig. 2. Pore size distribution in the nanofibrous membranes (mean fibre width of 380 nm).

morphology including the presence of
microvilli and tight junctions (Fig. 6A,
B). This corresponds to the natural
organization of the RPEs in a functional
monolayer structure with accurate
polarization of the apicobasal surfaces.
The magnified cells on the PDLLA
nanofibrous membrane displayed well
visible microvilli (Fig. 6A—C) of better
quality (density and orientation) com-
pared to cells on the commercial mem-
brane (Fig. 6F-H).

TEM revealed the structure of both
the polylactide-based nanofibrous- and
polyester-based commercial membranes.
The very thick commercial membrane
(Fig. 61.J) was more visible compared to
the nanofibrous membrane. Only thin
fibres of polylactide from the nanofibrous
membrane  (Fig. 6D,E) could be
observed under the RPE cells. Moreover,
the nanofibrous membrane demonstrated
a more permeable structure with vertical
and horizontal pores compared to the
commercial membranes.

Phagocytosis assay and epithelial-to-
mesenchymal transition (EMT)

To test the functional activity of culti-
vated RPE cells, the phagocytosis assay
was carried out. The confocal micro-
scopy showed a high amount of pHro-
do™ Deep Red BioParticles™ within
the RPEs on both the nanofibrous and
commercial membranes after 1 h
30 min of incubation time (Fig. 7D,F)
and its very low concentration in con-
trols (Fig. 7E,G). The relative quantifi-
cation of phagocytosis using an image
analysis technique confirmed the
results of immunostaining where we
found values 75% and 72% for nano-
and commercial membranes respective
16% (nano-) and 7% (commercial) for
their controls on the ice.

Additionally, we investigated
whether cultured RPEs express the
epithelial-to-mesenchymal  transition
(EMT) marker o-SMA (Fig. 7A,B).
The NIH-3T3 fibroblast cell line was
used as a positive control for the alpha-
smooth  muscle actin (-SMA)
(Fig. 7C). There was no observed signal
in cultured RPE cells on both types of
membranes in comparison with a-SMA,
presented in the NIH-3T3 fibroblasts.

Western blot analysis (WB)

WB analysis with a densitometric eval-
uation confirmed results of the
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Fig. 3. Representative images of the RPE cells cultured on polyester commercial and nanofibrous membranes without staining (bright-field
microscopy) or stained by immunocytochemistry (ICC). The first images A, B show cultured RPE cells without staining using bright-field microscopy.
We can detect more melanin in the cells cultured on nanofibrous membranes (B). ICC results demonstrate the expression of the following proteins:
Na'/K*ATPase (C, D), BESTI (E, F), tubulin (G, H), MCT]1 (I, J), ezrin (K, L), RPE65 (M, N), ZO1 (O, P), and the last two images represent the
blanks on the commercial membrane (Q) and nanofibrous membrane (R). The Na'/K ATPase (D) and RPE65 (N) demonstrated a higher intensity of
immunofluorescence on the nanofibrous membranes compared to commercial membranes. The proteins BEST1 (F), acetylated tubulin (H), MCT1 (I)
and ZO1 (P) showed moderate immunoexpression on nanofibrous membranes. Marker ezrin (L) indicated weak fluorescent signals on the
nanofibrous membrane compared to that found on the commercial membranes (K).

immunocytochemical examination
where we found a higher concentration
of Na'/K*ATPase, bestrophin 1 and
RPEG65 in RPE cells cultured on a
nanofibrous membrane (Fig. 8).

Discussion

Retinal pigment epithelium cell replace-
ment therapy belongs to the very mod-
ern and promising treatment modalities
for retinal neurodegenerative diseases
such as AMD, retinitis pigmentosa

(Falkner-Radler et al. 2011; da Cruz
et al. 2018) and Stargardt’s disease
(Ramsden et al. 2013). In these diseases,
RPE dysfunction or their cell loss leads
to the damage of photoreceptors and
eventually blindness.

The flat surface of commercial mem-
branes with track-etched porosity
enables the formation of an RPE
monolayer on them. However, the
fewer pores with a manufactured-
specified pore size of 0.4 um seem not
to be sufficient to mimic the real BM

properties. In contrast to commercial
membranes with flat 2D surface and
low porosity, the electrospun mem-
branes offer three-dimensional sur-
roundings, providing a continuous
flow of nutrients for the seeded cells
(Shokoohmand et al. 2017). The
important properties of both mem-
branes are summarized in Table 2.

In this comparative study, we
employed scaffolds with two types of
membranes: polylactide-based nanofi-
brous membranes and commercial

7
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Fig. 4. Images of RPE cells cultured on commercial and nanofibrous membranes stained by immunocytochemistry. The confocal microscope was
used for visualization of the following markers: acetylated tubulin (A, B), bestrophin 1 (C, D), monocarboxylate transporter 1 (E, F), Na*/K"ATPase
(G, H), retinal pigment epithelium-specific 65 kDa protein (I, J) and zonula occludens 1 (K, L). Only samples K and L (ZO1) were stained by two
markers — ZO1 (green) and actin (red). Each staining (A-L) includes a front view (1) and an orthogonal view (2). The image analysis of the
immunohistochemical staining demonstrated significantly increased bestrophin 1 and Na*/K*ATPase expressions in RPE cells cultured on the

nanofibrous membrane (M), ***(p < 0.0001).

polyester-based rigid membranes with
track-etched pores and thickness of
10 um. We manufactured the nanofi-
brous membranes with respect to the
properties of supporting RPE cells. The
commercial polyester membrane is
commonly used for culturing various
types of cells including RPEs (Jiang
et al. 2013; Damasceno et al. 2015).

The surface of the tested membranes
did not need modification by coating
substrates (laminin, collagen, fibronec-
tin) to potentially increase the cell
adhesion to the substrate surface. The
membranes without coating have an
exactly defined chemical structure,
which interacts directly with the cul-
tured RPE cells during their growth,

differentiation and maturation. More-
over, for future clinic use, it is better to
decrease or eliminate the infectious
risks associated with the use of proteins
of animal origin.

The prepared ultrathin membranes
with a thickness of 3.7 pm corre-
sponded very well with the dimensions
of the healthy BM. The average pore
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Fig. 5. RT-qPCR analysis of seven typical RPE markers: PAX6, BESTI, SOX9, RLBPI, RPE65, MITF, DCT. The results of the RT-qPCR related
to the B2M housekeeping gene showed higher normalized expression of markers on the nanofibrous membranes (black column) in comparison with
commercial membranes (light grey column). Two markers — SOX9 and DCT, demonstrated significantly higher expressions, * (n = 6, p = 0.0314) and

** (1= 6, p = 0.0028).

size of 0.4 um found in nanofibrous
membranes is comparable to those of
the commercial membranes. However,
the 72% porosity of the nanofibrous
carrier is almost four times higher than
that in commercial membranes. Thus,
ultrathin nanofibrous membranes can
better support the physiological flow of
nutrients and preserve the normal
function and anatomy of the neu-
roretina. Furthermore, a recent study
(Sharma et al. 2019) showed that native
basal infoldings (Hayes et al. 2019) of
human iPSC-derived RPE cells were
formed only on the nanofibrous mem-
brane, while other characteristics such
as morphology, electrical properties
and expression of RPE markers were
found similar between the nanofibrous
and track-etched membranes. Stanzel
et al. (2014) suggested that lower poros-
ity with small pores (0.4 pm) of cell
carriers could affect the long-term sur-
vival of the RPE cells and subsequent
neuroretina degeneration. Primary RPE
cells (Johnsonetal. 2011), as well as stem
cell-derived RPEs, tend to produce
extracellular deposits on their basal side.
These deposits have been shown to fill up
the 0.4 pm large pores of the Transwell
inserts duringa 6 months period of RPE
culturing (Pilgrim et al. 2017). In this
regard, the PDLLA nanofibroussupport
would probably be more resistant to the
blockage or clogging up by the sub-RPE
deposits, not only because of the more

open structure but also due to the
nanofibre  degradation. A  semi-
crystalline polymer such as PDLLA with
a high molecular weight could provides
overall mechanical strength to the deli-
cate nanofibrous membrane with a
degradation lifetime of atleast 5 months
and more (Zhangetal. 1994; Landesetal.
2006; Lehtonen et al. 2013), and no
adverse effects known during the poly-
mer degradation (Weir et al. 2004). Such
a period could be sufficient for a typical
2-6 months long cultivations of RPE
cellsex vivo (Stanzeletal. 2014), followed
by mechanical manipulation during sur-
gery. The degradable nature of the
nanofibrous membrane seems to be also
advantageous in supporting de novo
synthesis of a Bruch’s membrane equiv-
alent by the donor RPE cells, and their
integration into the host’s Bruch’s mem-
brane as shown in an animal study by
previously (Sharmaetal. 2019). The only
disadvantage of the thin nanofibrous
membrane compared to the commercial
track-etched membrane is the lower
stiffness. To be implantable with a clin-
ically relevant size of 3 x 6 mm (Fer-
nandes et al. 2017), additional
mechanical support, for example a
peripheral frame (Popelka et al. 2015),
has to be incorporated around the
nanofibrous membrane.

In our in vitro culturing of porcine
primary RPE cells, the measured
TEER of 176 + 15 Q/cm® confirmed

the formation of tight junctions and the
functional cell barrier between the
RPEs, which results were in agreement
with the previous study described by
Toops et al. (2014) and Manlin et al
(Jin et al. 2002). Moreover, the RPE
cells cultured on the PDLLA nanofi-
brous membranes showed a higher
level of TEER in comparison with
another TEER measurement per-
formed on bovine (Hartnett et al.
2003) and human primary RPEs
(Blaauwgeers et al. 1999), as well as
APRE-19 cell cultures (Ablonczy &
Crosson 2007; Huang et al. 2015).

In this study, we used RPE-specific
markers to characterize the various
morphological and functional proper-
ties of these cells including differentia-
tion and maturation processes. RPE65
is a typical marker of the visual cycle,
and it had an increased expression both
at gene and protein levels in RPE cells
cultured on PDLLA nanofibrous mem-
branes. The presence of this protein in
the RPE cells is essential for the 11-cis
retinal synthesis and confirms the
maturity of the RPE cell cultures (Seo
et al. 2004).

PAX6 is known for its ability to
reprogram RPE cells into a state of
multipotency without imposing danger
of undergoing myofibroblastic differ-
entiation (Vareilles et al. 1977; Casco-
Robles et al. 2016). The gene expres-
sion of this retinal marker showed a
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nanofibrous membrane commercial membrane slight increase in RPE cells cultured on
3 : the nanofibrous membrane, indicating
the possibility of such reprogramming
in these cells without the risk of
myofibroblastic differentiation.

ZOl1 is a very important marker for
the maintenance of the RPE mono-
layer, and for making tight junctions
between RPEs, as previously shown in
RPEs cultured on various scaffolds
such as an amniotic membrane or
porous  polycaprolactone  (Stanzel
et al. 2005; McHugh et al. 2014). In
the present study, we found a high
expression of ZO1 protein in RPE cells
cultured on both types of membranes
without any visible differences using
immunocytochemical analysis.

The next three markers evaluated in
this study participate in the RPE ion
transport mechanisms. BEST1 is a very
important protein that associates with
the Ca?'/CI™ ion-exchange in retinal
cells, while mutations in this gene cause
a group of retinal diseases known as
bestrophinopathies (Bakall et al. 2003;
Hariprasad & Singh 2011; Jun et al.
2012). Na"/K*ATPase participates in
the turnover of cations important for
the polarization/depolarization of the
apical part of the RPE membrane upon
receiving photons by photoreceptors
(Marmorstein et al. 1998, 2000; Mar-
morstein 2001). The third ion exchan-
ger, MCTI, is responsible for the
symport of H'-lactate and water and
thus has an important role in main-
taining intracellular pH and water
homeostasis (Batman et al. 2008). Ele-
vated levels of BEST1, Na"/K"ATPase
in our cultured RPE cells determined
by gene and protein analysis (WB)
demonstrated a highly polarized state
of our epithelial monolayer. Indeed,
the ICC expression of BESTI1, Na®/
K*'ATPase including their protein
levels detected by WB, and MCTI
was higher in RPE cells cultured on
the PDLLA nanofibrous membranes
compared to commercial membranes
and thus can denote the better func-
tional support the nanofibrous mem-
branes provide in form of ion transport
Fig. 6. Scanning elec_tron micrographs (SEM) of the difference between a nanofibrous membrane iy (he polarized RPE monolayer.

(A—E) a.nfl commercial membrane (F—J}. Nanqﬁbrous lmsmlbr'ane (A) is better covered by very Acetylated tubulin, F-actin and ezrin
nicely visible rounded RPE cells containing visible microvilli as compared to the commercial . . ..

membrane (F). A cell from the nanofibrous membrane (B, C) shows the presence of microvilli (*) play the4 ma{n role in c_ell shape, divi-
which are of better quality (density, orientation) than those on the commercial membrane (G, H). sion, migration, adhesion and trans-
In picture B, we can see the presence of tight junctions under the black arrows. Transmission ~ POTt of organelles (Fuchs et al. 1991;
electron microscopy (TEM) shows nanofibrous membrane (D, E) from polylactide fibres (white ~ Lerit & Abano, 2012). Previously,
arrowheads) and thick commercial membrane (I, J) from polyester (black arrowheads). White  acetylated tubulin was colocalized with
arrows show granules of melanin in pictures D, I'and J. The TEM also shows the presence of tight  claudin 1 in RPE cilia (Amaral et al.
junctions in the cultured RPEs (B, E, J; black arrows). 2016). Ezrin is the actin-binding

SEM

SEM

TEM

TEM
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(B) membranes a comparison is shown of the expression of this marker to that in NIH-3T3 fibroblasts (C). Representation of the internalized
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(red) and the stained nuclei (blue) in the cultured RPE cells on both commercial (D) and nanofibrous membranes

(F) reveals the phagocytic capacity of the cultured RPEs. The control phagocytosis on both types of membranes was done at 4°C (E, G).
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Fig. 8. The difference in the protein level of RPE cell markers in primary RPE cells cultivated on
the nanofibrous (N1, N2, N3) and commercial membranes (C1, C2, C3). Western blot detected
signals of Na'/K'ATPase, BEST1, and RPE65 in RPE cell lysates. There is higher volume
intensity of BEST1 and RPEG65 in the RPE cells cultivated on the nanofibrous membranes in
comparison with RPE cells cultivated on the commercial membranes. There is a smaller difference
in volume intensity of the Na*/K*ATPase signal on the both types of membranes. M, Novex
Sharp Pre-Stained Protein Standard (Invitrogen). The relative amount of proteins was measured
using a densitometric evaluation.

protein, which is localized along actin
filaments in RPE microvilli and basal
infoldings (Bednarz et al. 2000; Spar-
row et al. 2000; Valtink et al. 2008). It
participates in processes of retinal pig-
ment regeneration (Guo et al. 2016;
Pfeiffer et al. 2016). In our study,
increased expressions of proteins (tubu-
lin, ezrin) and mRNA of RLBPI with
moderate prevalence in the case of
tubulin and RLBP1 in RPE cells cul-
tured on nanofibrous membranes were
observed. The immunocytochemical
and biochemical analysis of these
markers further confirmed the high
polarization and differentiation state
of the cultured RPE monolayer.

The transcription factor SOX9 is a
key player in transcriptional upregula-
tion of a group of many visual cycle
genes such as RLBPI and RPEG6S
(Bharti 2015; Lee et al. 2016). Masuda
and Esumi (2010) described the
involvement of SOX in the regulation
of the BESTI promoter in the RPEs.
Even though we found a relatively high
expression of SOX9 in the RPE cells
cultured on both scaffolds, the cells on
the nanofibrous membranes revealed
significantly higher SOX9 expression
than the commercial ones. These
results confirmed the presence of
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Table 2. Comparison of the polylactide nanofibrous membrane to the polyester commercial
membrane, with shown advantages and disadvantages of both.

Nanofibrous membrane

Commercial membrane

Degradable

Vertical and horizontal pores
80% porosity

Polylactide membrane

More permeable

Non-degradable
Only vertical pores
20% porosity
Polyester membrane
Less permeable

mature cells, which possess mecha-
nisms of the visual cycle and BESTI
gene regulation in the cultured RPE.
Microphthalmia-associated tran-
scription factor (MITF) has been
reported to play an important role in
RPE physiology, including melanogen-
esis, anti-oxidant functions, regulation
of trophic factor expression, the visual
cycle (Kawaguchi et al. 2009; Barca
et al. 2014; Joshi et al. 2016) and cell
proliferation (Gong et al. 2008; Voss-
merbacumer et al. 2009). Our RPEs
cultured on PDLLA nanofibrous mem-
branes revealed higher expression of
this marker in comparison with the
polyester commercial scaffolds. This
would make the nanofibrous
membrane-cultivated RPEs to better
fulfil the essential role MITF has in
melanogenesis and suppression of cell
proliferation during the late stages of
RPE maturation. Furthermore, the
significant increase in the DCT expres-
sion in RPE cells cultured on PDLLA
nanofibrous membranes indicates the
presence of advanced melanogenesis
and differentiation of these cells. Our
results correspond well with the results
of the phase-contrast microscopy anal-
ysis, where we found a slight increase
of melanin in the porcine RPE cells
cultured on nanofibrous membranes.
It occurs that primary RPE cells may
undergo EMT during cell cultivation.
Several different cellular markers partic-
ipate in the EMT process. Particularly,
an increase in the a-SMA expression is
observed under such conditions in the
RPEs, which translates into lost polar-
ization, tight junctions and functionality
accordingly (Li et al. 2020; Zhou et al.
2020). The absence of the a-SMA was
confirmed using immunocytochemistry
in the cultured RPE cells on both the
nanofibrous and commercial membranes,
in comparison with a NIH-3T3 fibroblast
culture used as a positive control.
According to these results, we assumed
that our cultured RPEs remained in a
differentiated and polarized state and

were able to maintain their physiological
functions.

Such physiological function was fur-
ther examined by a phagocytosis ability
of the culture RPE cells. The results
revealed a high level of phagocytic
particle positive signal inside the cells.

To better reveal the ultrastructural
properties of the cultured RPEs, TEM
and SEM were performed of the RPE
monolayer on both membranes. The
electron microscopy confirmed the pres-
ence of typical structures found on RPE
cells such as microvilli, pigmented gran-
ules, tight junctions and well-developed
rough-surfaced and smooth-surfaced
endoplasmic reticulum.

Insummary, the RPE cellscultured on
PDLLA nanofibrous membranes reveal
more intensive staining of all-important
markers for these cells in comparison
with those cultured on commercial ones.
The RT-qPCR analysis revealed that
RPEs cultured on nanofibrous mem-
branes demonstrate a higher expression
of RPE-specific genes. Electron micro-
scopy of both membranes confirmed a
confluent layer of RPE cells and their
correct morphological structure and ori-
entation, which was comparable to that
found in cells of the native retina. Par-
ticularly, the nanofibrous scaffolds
appeared to be a better substrate for the
development of RPE microvilli as
revealed by the SEM.

Conclusion

The functional and morphological
properties of RPEs cultured on PDLLA
nanofibrous membranes confirm the
better quality of this epithelial mono-
layer including proper differentiation,
correct polarization, high phagocytic
activity, good confluence and long-
term survival in comparison with com-
mercial membranes. These nanofibrous
scaffolds seeded with cultured RPE cells
appear to be a suitable carrier for cell
therapy based on the replacement of
diseased RPE.
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tom sin vivo CT) ost mortem peanut agglutining (PNA) ( marker); PKCa (ntin, GFAP (
markers);(Results: The hRPEs assumed cobblestone morphology, persistent pigmentation
and measurable trans-epithelial electrical resistance on the nanofibrous PDLLA carrier. The
surgical delivery of the implants in the subretinal space of the immunosuppressed minipigs
was successfully achieved and monitored by fundus imaging and OCT. The implanted hRPEs
were positive for HNAA and STEM121 and located between the minipig’s neuroretina and
RPE layers at week 2 post-implantation, which was gradually attenuated till week 8. The
neuroretina over the implants showed rosette or hypertrophic reaction appearance at week
6. The implanted cells expressed the typical RPE marker bestrophin throughout the whole
observation period, and a gradual diminishing of the CRALBP expression in the area of
implantation at week 8 post-implantation was observed . The transplanted hRPEs
appeared not to form a confluent layer and were less capable of keeping the inner and
outer retinal segments intact. The cone photoreceptors adjacent to the implant scaffold
were unchanged initially, but  underwent a gradual change in  structure after hRPE
implantation; the retina  above and below the implant appeared relatively healthy. The
glial reaction of the transplanted and host retina showed Vimentin and GFAP positivity from
week 1 onward. Microglial activation appeared in the retinal area of the transplant early
after the surgery, which seemed to move into the transplant area over time. sfully achieved
and monitored by fundus imaging and OCT. The implanted hRPEs were positive for HNAA
and STEM121 and located between the minipig’s neuroretina and RPE layers at week 2 post-
implantation, which was gradually attenuated till week 8. The neuroretina over the implants
showed rosette or hypertrophic reaction appearance at week 6. The implanted cells
expressed the typical RPE marker bestrophin throughout the whole observation period, and
a gradual diminishing of the CRALBP expression in the area of implantation at week 8 post-
implantation was observed . The transplanted hRPEs appeared not to form a confluent
layer and were less capable of keeping the inner and outer retinal segments intact. The cone



photoreceptors adjacent to the implant scaffold were  unchanged initially, but retina
above and below the implant Conclusions: The differentiated hRPEs can serve as an
alternative cell source for RPE replacement in animal studies. These cells can be cultivated
on nanofibrous PDLLA and implanted subretinally into minipigs using standard 23-gauge
vitrectomy an implantation injector. The hRPE-laden scaffolds show relatively good
incorporation into the host retina over an 8 weeks observation period, with some indication
of a gliotic scar formation, and a likely neuroinflammatory response in the transplanted area
in site of the use of immunosuppression. an implantation injectora in site of

Keywords: retinal pigmented epithelium, subretinal implantation, nanofibrous membrane,
minipigs, age-related macular degeneration (AMD)



Introduction

Age related macular degeneration (AMD) is one of the most prevalent forms of irreversible
visual impairment with multifactorial etiology. Its pathogenesis is characterized by early
appearance of drusen, followed by functional anomalies in the retinal pigmented epithelium
(RPE) and geographic atrophy followed by photoreceptor degeneration affecting the macular
region (1).

There are multiple reasons for the photoreceptor dysfunction and degeneration including
ionization of photosensitive retinoids upon light exposure, generation of reactive oxygen
species and inflammatory cascade leading to photoreceptor cells death. Among the major
factors leading to photoreceptor cell death are those associated with increased permeability
of RPE, aberrant choroidal neovascularization (2), altered RPE phagocytosis (3), as well as sub-
retinal recruitment of resident and monocytic microglial cells (4). Functional, as well as
structural changes in the RPEs are thought to drive the onset of the disease. RPEs are
specialized pigmented cells arranged in a compact monolayer between the neural retina and
the choriocapillaris. Loss or degeneration of the RPEs results in vision loss due to their
important function in supplying nutrients to the photoreceptors (rods and cones), and
phagocytosis and maintenance of the blood-retina barrier among others (5). The cause of
degeneration of the RPEs has not been fully deciphered to date. There are no therapeutic
interventions that can reverse AMD (6, 7). However, treatment modalities like injection of
anti-vascular andothelial growth factors (VEGFs) or laser-based coagulation or photodynamic
therapy have been used to reduce the severity of the wet form of AMD (8). The cell therapy-
based regenerative approach offers a solution in treating and reversing AMD (9). Stem cell-
derived sources can be used for derivation of allogenic or autologous induced RPEs (iRPE) that
can be injected into the subretinal space to regenerate the lost RPE monolayer and thus
reduce the symptoms of AMD including vision loss (10-13). However, recent studies have
suggested that injection of RPEs in the subretinal space leads to incomplete epithelization of
the degenerated RPE monolayer, as well as suboptimal cell engraftment and diminished
reversibility of vision loss. This could be attributed to various reasons like improper
attachment of the RPEs on the Bruch’s membrane, loss of cell-to-cell contact between the
RPEs, change in functional behaviour of transplanted RPEs in the diseased environment, and
de-differentiation of transplanted RPEs leading to loss of functionally mature cells (7). To
overcome this limitation, RPEs seeded on a bioscaffold have been transplanted and have
shown to improve the integration, regeneration and functional behaviour in vivo upon
transplantation, as compared to the cell-injection methods of delivery. Such knowledge
further accentuates the need for newer scaffold-based delivery approaches, where RPEs pre-
seeded patches could be directly transplanted into the subretinal space (14). This would
overcome some of the limitations observed in cell delivery modalities including the de-
differentiation of RPEs, and help the proper engraftment of the transplanted RPEs, with
eventual complete degradation of the scaffold and monolayer cellularization of the RPE layer.
The aforementioned strategies are clinically viable, if a reproducible, efficient and faster way
of deriving already dedicated RPEs exists from human cadaver donors. So far, most studies
have focused on in vitro development of iPSCs involved in spontaneous derivation of RPE-like
cells during culturing of ectoderm-committed embryonic stem cells (ESCs). This process
usually takes 4-6 months to achieve, giving sufficient number of cells for in vivo studies (7, 11,
13). Furthermore, the process is spontaneous and factors like efficiency, gene and functional
level of RPE remain elusive and may vary from batch to batch.



In order to increase and maintain the differentiation state, strategies and improvements have
been made to achieve better yield of RPEs derived from ESCs and iPSCs using either biphasic
or triphasic methods (7, 14-16), however, still in a rather complex and tedious manner.
Alternatively, differentiated human primary RPEs (hRPEs) from cadaver donors can offer the
potential source to derive cellular therapy modalities and applications in disease modelling,
as well as in vitro development for drug testing. Development of hRPEs for transplantation
purposes on biodegradable scaffolds for human transplantation is therefore indispensable.
Herein, we present the initial methodology and results of such an approach.



Trans-epithelial e lectrical  resistance (TEER)

Nanofibrous membranes were coated using 5 p g/mL laminin overnight to assist cell
attachment. The following day, hRPE cells were seeded at passage 1 onto the membranes at
a density of 2000 cells / mm? and cultured on the membranes for up to 6 weeks until TEER
measurements took place. A Millicell® ERS-2 Voltohmmeter (Merck, Darmstadt, Germany)
was used to determine membrane resistance values. Cultured cells were provided with a
fresh, serum-free medium and an internal control electrode was used to calibrate the device
prior to measurement. The electrodes, small enough to fit between the trans-well inserts,
were dipped into the wells following the manufacturer’s guidelines and the data was
recorded.

Implantation injector

The custom-made injector consisted of a rectangular plastic capillary (outer diameter 2.8
x 0.8 mm) and a stainless steel blade plunger. The length of the plastic capillary was 6 cm. The
carrier was loaded into the injector through a loading window located 6 mm from the distal
end of the capillary in sterile conditions in the experimental department of laboratory facility.
The injector with preloaded carriers was prepared separately for every case. The injectors
were transferred to the operating theatre in a sterile container shortly before the
implantation stage of the surgery in order to avoid drying up of the carrier that could cause
the adhesion of the carrier to the inner surface of the capillary. Before the implantation stage
of the surgery the injector was taken out of the container. After the surgeon performed the
injection of the carrier into the subretinal space by a pushing of the plunger, the injector was
withdrawn out of the eye.

Animals used for the experimental study

“Libechov” minipigs that were 12—36 months old and of both sexes were used in the study
(19). General anaesthesia of the minipigs was induced by intramuscular injection of TKX
mixture consisting of Tiletamine (2 mg/kg, Zoletil 100, Virbac), Zolazepam (2 mg/kg, Zoletil
100, Virbac), Ketamine (2 mg/kg, Narketan 10, Vetoquinol), and Xylazine (0.4 mg/kg, Xylapan,
Vetoquinol). After induction of sedation, an ear vein cannula was introduced and the animal
intubated for inhalation maintenance of anaesthesia (Isoflurane 1.5%). During eye surgery,
intramuscular injection was given to the animals by Eficur (1ml/16kg BW, Hipra) and Depo-
Medrol 120 mg (Pfizer, New York, USA). Eficur was repeatedly injected 24 and 48 hours after
surgery, followed by a 72 hours injection of the animals by Draxxin (1ml/40 kg BW, Zoetis) as
a secondary bacterial infection prevention. Postoperatively, Ophthalmo-Framycoin ointment
(Zentiva, Prague, Czech Republic) was applied into the conjunctival sac of the animals 5 times
per day during 1 week. Animals were sacrificed by exsanguination in deep general anaesthesia
1, 2,6, and 8 weeks after RPE cell graft implantation.

Immunosuppression of minipigs

Survival of the donor cells was supported by tacrolimus immunosuppressive therapy of the
recipient animals. The immunosuppressive therapy was administered by a
subcutaneous injection of tacrolimus-eluting polymer microspheres which were successfully
used in rats (20). We used tacrolimus in a dose of 0.05 mg/kg/day. The first injection of
tacrolimus microspheres was done six days before the  implantation surgery. The protocol
used in all minipigs is shown in Figure 2.



Figure 2. Immunosuppression protocol used throughout the experimental studies in
minipigs. The concentration of tacrolimus in the blood was examined on Days 5, 14, and 23
after initial application.

Implantation of hRPEs on a nanofibrous carrier into minipigs
Five immunocompromised minipigs were used throughout the experiment and followed up
to 8 weeks (Table 1).

Table 1. Experimental setup and timeline.

Surgical technique

All surgeries were performed in the operating room of the Institute of Animal Physiology and
Genetics, Academy of Sciences of the Czech Republic (Libechov, Czech Republic) by three
experienced vitreoretinal surgeons (L.L., G.P., Z.S.) who previously accomplished a training
course and obtained a certificate, which allows for performing eye microsurgeries on pigs
with experimental aim. Every surgical procedure was performed under general anaesthesia
with implementation of standard aseptic and antiseptic measurements. A microsurgical
approach was facilitated by using ophthalmic surgical microscope Hi-R NEO 900A (Haag-Streit
Surgical, Wedel, Germany), vitrectomy machine R-Evolution CR (Optikon, Rome, Italy) and a
non-contact indirect viewing system MERLIN BIOM (Volk, Mentor, OH, USA). After the skin
and the conjunctival sac were disinfected using 10% and 5% solution of povidone-iodine
(Betadine), respectively, the speculum was inserted. The conjunctiva was opened nasally 2.5
mm from the limbus and was 5 mm long. Episcleral vessels were cauterized. A standard three
port vitrectomy was done with 23-gauge (G) trocars, which were inserted 2.5-3 mm from the
limbus in a standard position (Supplementary Figure 1). Core pars plana vitrectomy (PPV) was
performed with removal of the vitreous centrally and anterior to the equator at the site of
the future insertion of the injector. Posterior vitreous detachment was assisted by intravitreal
injection of the triamcinolone acetonide (TA) crystals. Creation of subretinal bleb was
facilitated through subretinal injection of balanced salt solution (BSS®, Alcon Laboratories,
Inc., Fort Worth, TX, USA) with subretinal PolyTip cannula 25/38 gauge (MedOne Surgical, Inc.
Sarasota, FL, USA), which was connected through a Luer lock adapter to the syringe filled with
BSS®. Subretinal fluid application was performed from the nasal side toward the centre of the
retina to avoid formation of a bleb in the periphery. Caution was given to avoid injection of
BSS under the RPEs with detachment of the choroid. During subretinal application of BSS the
intraocular pressure settings on the vitrectomy machine were decreased from 25 to 15
mmHg. After the episcleral vessels were cauterized with exodiathermy, a 3 mm long limbal
parallel sclerotomy between the two nasal trocars was performed 2.5 mm from the limbus
with bevelled angled Phaco Slit Knife 2.2 mm (D.O.R.C. Zuidland, The Netherlands). After
removal of the prolapsed vitreous an injector was introduced into the vitreous cavity and the
carrier was injected into the subretinal space through the retinotomy. Following withdrawal
of the injector, the 3 mm sclerotomy was sutured with Vicryl 8.0 (Johnson & Johnson, New
Jersey, USA). A fluid-air exchange was performed under visual control with injection of
endotamponade with silicone oil 1000 cSt (D.O.R.C. Zuidland, The Netherlands). The position
of the implanted carrier was documented using fundus photography. Trocars were removed,
and the sclerotomies and the conjunctival wound were sutured with Vicryl 8.0. The
conjunctival sac was washed with Betadine and subconjunctival injection of gentamicin 20 mg
and dexamethasone 2 mg was performed at the end of the surgery. All surgeries were



documented by drawing the fundus scheme and recording in video format (video and
snapshot modes).

In vivo optical coherence tomography

The retina of all animals was examined by spectral-domain optical coherence tomography
(SD-OCT) system iVue (Optovue, Fremont, CA, USA).

Euthanasia and tissue processing

Euthanasia was performed under general anesthesia with i.m. T61 (Embutramidum 200
mg/kg, Mebezonii iodidum 50 mg/kg, Tetracaine hydrochloride 5 mg/kg, Intervet
International B.V, AN Boxmeer, Netherlands). Whole eyes were removed and fixed in 4%
paraformaldehyde (PFA) for 24 hp of the eye was removed by ci nasal central retina collected.
All tissues were cryoprotected in graded sucrose solutions as described in detail (20)

Immunohistochemical analysis



Trans-epithelial Electrical Resistance (TEER)

Resistance values were determined for two donors of hRPE on two different occasions with a
repetition of 3 (n=6). The mean and standard deviation of all measurements for TEER was
128.82 +16.45Q . Without cells, the electrode recorded an average resistance of 89.85 +
11.65 Q at the two sides of the nanofibrous membrane. Corrected for the surface area,

hRPE seeded on the nanofibrous membranes had a resistance of 38.61-75.11 Q/ cm?.

Implantation of the hRPEs

A typical fundus appearance of the transplanted hRPEs on a nanofibrous carrier is shown in
Figure 4, together with an OCT image of the retina. The images demonstrate subretinal
location of the implants. The adherence of the implants to the surrounding structures as well
as their similar hyperreflectivity appearance to the same level layers in the retina is visible on
OCT.

Pig T141 Pig T146

Figure 4. Fundus (A) and Optical Coherence Tomography (B) imaging of the implanted hRPEs
on a nanofibrous carrier into minipigs. (A) The star indicates the position of the implant in the
superior nasal area of the retina. (B) White arrow highlights the location of the implant
underneath the retina in two cross-sectional images of the retina. The strong red line indicates
the reflection from the RPE, which seems to be thicker in the area of the transplant.

Immunohistochemical analysis of the implanted hRPEs

The implanted hRPEs were positive for the human nuclear antigen (HNAA) and were located
between the neuroretina and the RPE minipig layer at week 2 post-implantation, to then
gradually lose this positivity at week 6 and regain it at week 8. The pigmented appearance of
the implanted hRPEs could be observed throughout the whole observation period on the H&E
stained images (Figure 5). In addition, the neuroretina over the implants showed rosette or
hypertrophic reaction appearance at Week 6.



The morphology of the implanted cells appearing not in a monolayer after implantation and
followed with the HNAA as well as the STEM121 human cell marker is shown in Figure 6. By
week 8, the implanted hRPEs appear to be in a more diffuse state, yet still within the defined
subretinal space. Interestingly, the initially uniform nuclear staining of both HNAA (Figure
6A,E) and STEM121 (Figure 6B,F) in the post-transplantation weeks showed over time
changes into a more punctate staining (Figure 6D,H), indicating changes to the cell fate during
the integration process.tion their epigenetic memory (23). Therefore, in recent years, beside
the interest in iPSC- and ESC- based RPE derivation, hRPEs appear to frequently appear in
the explored methods for clinical trials. The iPSC-derived RPEs have already been transplanted
in AMD patients as a cell therapy module or in scaffold-based RPE patches. Results have been
positive from these clinical trials (13). However, such studies have been carried out on a small
scale, and can be used as proof-of-concept studies for RPE-based treatment of AMD in
humans. iPSC-based RPE derivation in itself has many challenges, among others, long-
duration employed to differentiate iPSCs into RPEs, which varies between 2 to 6 months (7).
iPSC- and ESC- derived RPEs have been used in clinical trials for AMD patients (24). Recent
studies on clinical trials of stem cell derived RPEs include ESC-derived RPEs used for treatment
of geographic atrophy in AMD (25), ESC-derived RPE patch in AMD patients (26), iPSC-derived
RPE sheets in a patient having AMD. These studies have focused more on the differentiation
aspect in order to reduce the differentiation time, which is not an issue when using hRPEs.
More recently, a cocktail of small molecule inhibitors and growth factors have  been used
to derive RPEs and further fabricate  a patch for transplantation in a rat and pig model to
study the efficiency of RPE patch attachment and function of the transplanted construct.
Commitment and differentiation of these cells is obviously important (27, 28).

Our hRPEs possessed full pigmentation during the ex vivo cultivation on the nanofibrous
carrier, which formed folds after subretinal transplantation. Other studies have shown similar
native infoldings (29) when human iPSC-derived RPEs were cultured on nanofibrous
membranes, with similar morphological, electrical, and RPE markers’ expression
characteristics. In addition, the hRPEs formed rosettes, which have been shown before in a
retinal transplantation study (30). The low thickness and high porosity of our nanofibrous
membranes should also positively affect the long-term survival of the hRPEs (31). Our cells,
unlike other previously reported cells (32), as well as stem cells-derived RPEs (14), produced
no extracellular deposits on their basal side. Our nanofibrous membrane with degradation
lifetime of at least 5 months and more (33-35), and no adverse effects known during the
polymer degradation (36), appears to be a plausible and sufficient carrier for a typical 2-6
months-long cultivation of RPEs ex vivo (37), as well as mechanical manipulation during
surgery. The degradable nature of the nanofibrous membrane seems to be also advantageous
in supporting de novo synthesis of a Bruch’s membrane equivalent by the donor RPE cells,
and their integration into the host’s Bruch’s membrane (14). Our implanted patch of cells
contained a peripheral frame (17) around the nanofibrous membrane, which seemed to
provide sufficient mechanical strength during the surgical procedure.

The measurement of TEER is used to determine the overall health and confluence of a cell
monolayer, and as such, an increased value thus represents a strong barrier against electric
current (39, 40). The relatively low net resistance detected in our cultures (38.61-75.11 Q/
cm?) may indicate an incomplete formation of tight junctions and cell polarization. Resistance
of the native RPE layer is believed to be around 150 Q/cm?, however, the values range
between 25 — 500 Q/cm? with cultured RPE cells. Improvements in the hRPE barrier function
are further needed in future transplantation studies.



In this study, we used RPE-specific markers to characterize the various morphological and
functional properties of these cells including differentiation and maturation processes.
Human cell markers - HNAA and STEM121 were used to localize the hRPEs in the minipig eyes
in the follow-up period (41). Bestrophin and CRALBP are typical markers of the visual cycle
and late differentiation of RPEs (42, 43), which expression remained unchanged or gradually
diminished in the subretinal space, respectively, in the 8 weeks follow-up time. The end-stage
retinal specific neuronal markers for the rod bipolar (PKC-alpha) and the cone photoreceptors
(PNA) (44) appeared to show signs of stress, yet, throughout the 8 weeks follow-up period,
the retina appeared capable of maintaining its inner and outer segments intact. The presence
of reactive gliosis in the transplanted overlying retina (lbal, Vimentin and GFAP expression)
can have beneficial effects for the retinal remodeling in our minipig study model (45, 46).

RPE surgical transplantation

Performing intraocular surgeries in vivo in primates remains challenging due to the specific
features of the animal’s body and the eye in regards to general anaesthesia and surgical
intervention, respectively. It requires a deep knowledge about the eye anatomy and special
training on cadaver eyes of the certain species before starting with surgery on live animals.
Development of the new surgical approaches for treatment of retinal diseases in humans
usually necessitates an experimental big animal model. Different animal species are used for
experimental studies, which are aimed to investigate and prove the concept of subretinal
injection or implantation of a variety of cell-based or gene-based therapeutic approaches.
Among the most used animal models are monkeys, rabbits and pigs (or minipigs). Up to date,
there is no standardized surgical technique for vitreoretinal and subretinal surgery in
primates, as every therapeutic strategy and the study protocol have been different.

In 2015, our collaborative group first reported design fabrication of a frame-supported
nanofibrous membrane for the transplantation of porcine RPEs (17). All surgeries and
implantations were performed on enucleated porcine eyes. The study results revealed the
viability of the majority of the implanted RPE cells in the subretinal space. Since 2016, our
group has developed and improved the surgical protocol for subretinal implantation of a cell
carrier in the eyes of minipigs in vivo. The surgical intervention applied in this study is a strictly
defined and documented protocol, which was followed by every surgeon of the study group
with a high success rate. Minipigs belong to a large animal model, which eye size is similar to
the size of the human eye. In this context, the use of minipigs for this kind of study could be
considered optimal.

In 2016, Al-Nawaiseh et al. reported a step by step protocol for subretinal surgery in rabbits
(47). The study described a surgical protocol based on six years’ experience with subretinal
implantation of cultured RPE monolayer on a scaffold into the subretinal space, with detailed
description of instrumentation needed, anaesthesia, surgical technique and postoperative
care. They used an implant with size of 2.4x1.1 mm on the uncoated 10-um-thick polyester
membrane with cultured human fetal RPE cells. The required sclerotomy was 1.4 mm in size
(37,47). In our study series we used minipigs as a large animal model using a similar technique
of subretinal implantation of the cell carrier. However, the characteristics of the injector, cell
carrier and hence certain surgical steps were different. For example, the size of the cellular
scaffold was 2.1x5.2 mm and the size of sclerotomy was 3.0 mm.

In 2019, Gandhi et al. reported the results of subretinal implantation of a human fibrin
hydrogel implant in pig eye in order to evaluate its degradability in vivo (48). Previously the



authors investigated the efficacy of fibrin hydrogel scaffold with degradation kinetics in
regard to supporting the growth and differentiation of iPSC-RPE cells in vivo (49). The study
was performed on the female domestic (Yorkshire) pigs cultivated on Manthei Hog Farm (Elk
River, MN) with mean weight 22-35 kg. All surgeries were performed under general
anaesthesia. The size of the scaffold presented in this study was 1.5x5 mm. The average
thickness of fibrin gels was 202.5 um. The sclerotomy required for insertion of the injector
was 3.5 mm. The authors reported that the fibrin hydrogel membrane degraded within 8
weeks after the implantation. In our study, we used a nanofibrous carrier with an embedded
supporting PET frame with the size of 2.1x5.2 mm. The thickness of the membrane was 3.7
pum with porosity of 72%. The diameter of the bead-free fibres was 380 nm with the average
pore size of 0.4 um. Semi-crystalline polymer such as PDLLA with high molecular weight could
provide overall mechanical strength for delicate nanofibrous membrane during long term cell
cultivation with degradation timeframe at least 5 months and more (33). The size of required
sclerotomy was 3.0 mm.

In 2021, Liu et al. reported the results of surgical transplantation of human RPE stem cell-
derived RPE monolayers into non-human primates following immunosuppression (50). As an
animal model, they used 4 to 6 years old cynomolgus monkeys (Macaca fascicularis) with a
weight of 3.0 — 5.0 kg. For immunosuppression, they used oral administration of sirolimus
starting with the loading dose of 2 mg, and continuing with 1 mg everyday 7 days before and
3 months after the surgery. The size of the cell carrier and the required size of sclerotomy was
the same described in the previous study (37, 47). In our study, we used subcutaneous
injection of tacrolimus for immunosuppression in a low dose of 0.05 mg/kg/day.

Injection of RPE cell monolayer

Successful implantation of the scaffold with cultivated cells is directly dependent on the
surgical technique as well as on instrumentation used for this purpose. To date, a small
number of injector devices for subretinal implantation of cell carriers have been described. In
2017, Fernandes et al. described the preliminary results of a new tissue injector for subretinal
implantation of an ultrathin non-absorbable substrate with cultivated cells (51). The study
results showed the new prototype of the injector was able to efficiently deliver the tissue
implant with size 3.5 mm to 6.0 mm in the subretinal space on the eyes of minipigs.
Additionally, the results suggested that the use of the new injector allowed for significant
prevention of cell loss, reduction of the risk of tissue trauma, surgical complications and
postoperative inflammation. In our study, we used a custom-designed injector, which allowed
us to implant the cell carrier with the size 5.2 mmx2.1 mm with an adherent sheet of hRPEs.
The shape of the injector possessed a double bending in order to be able to place the
implantation injector more parallel to the retina and reduce the risk of RPE damage during
the implantation process.

Conclusions

All past and current protocols of choosing the right source of RPEs for transplantation studies
in large animal models have several disadvantages which need improvement. The hRPEs can
be cultivated on nanofibrous PDLLA carrier and implanted subretinally into minipigs using
standard 23-gauge vitrectomy and an implantation injector. The hRPE-laden
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Supplementary Figure 1. Position of the 23-gauge (G) trocars, which were inserted 2.5-3 mm

from the limbus.
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SUMMARY:
Subretinal implantation of retinal pigmented epithelium (RPE) belongs to the most promising

approaches in the treatment of degenerative retinal diseases. However, performance of
preclinical studies on large eye animal models remains challenging. This report presents the

guidelines for subretinal transplantation of RPE on a cell carrier in minipigs.



Abstract

Degenerative disorders of the retina (including age-related macular degeneration), which
originate primarily at or within the retinal pigmented epithelial (RPE) layer, lead to a
progressive disorganization of the retinal anatomy and deterioration of the visual function.
Substitution of damaged RPE cells with ex vivo cultured RPE cells using a subretinal cell carrier
has shown potential to re-establish the anatomical structure of the outer retinal layers, and
is therefore being further studied. We hereby present the principles of the surgical technique,
which allows for effective subretinal transplantation of a cell carrier with cultivated RPEs into
minipigs. The study protocol adhered to the statement of the Association for Research in
Vision and Ophthalmology (ARVO) for use of animals in ophthalmic and vision research. The
surgeries were performed under general anaesthesia and included standard lens-sparing
three-port pars plana vitrectomy (PPV), subretinal application of balanced salt solution (BSS),
2.7 mm retinotomy, implantation of nanofibrous cell carrier into the subretinal space through
additional 3.0 mm sclerotomy, fluid-air exchange (FAX), silicone oil tamponade and closure of
all sclerotomies. This surgical approach was used in 29 surgeries (18 animals) over the past 8
years with a success rate of 93,1%. Anatomic verification of the surgical placement was
carried out by in vivo fundus imaging (fundus photography and optical coherence
tomography). The recommended surgical steps for subretinal implantation of RPEs on a
carrier in minipig eyes could be applied in future preclinical studies using large eye animal

models.

Keywords: age-related macular degeneration, retinal pigmented epithelium (RPE), large eye
animal model, minipigs, pars plana vitrectomy (PPV), cell carrier, in vivo surgery, preoperative

and postoperative care.



Introduction

Age-related macular degeneration (AMD) is considered to be the main cause of central
visual loss in developed countries and belongs to the many conditions related to retinal
pigmented epithelium (RPE) dysfunction 2. RPE is located on the basal membrane called
Bruch’s membrane (BM) and provides necessary maintenance for the photoreceptors. The
progressive degeneration of the RPE layer is a hallmark of the atrophic, early form of AMD.
However, it accompanies the development of an exudative, late form of AMD as well. Despite
many advances in therapy for retinal diseases, the development of an effective treatment
modality remains challenging 3. One of the promising methods is RPE replacement by an ex
vivo cultured RPE layer, particularly due to the progress in stem cells research using human
embryonic stem cells (hESC-RPE) and induced pluripotent stem cells (iPSC-RPE) 34367, |n
recent years, many research groups have focused on developing different approaches for RPE
replacement with initially accepted proof-of-concept &°. The RPEs have usually been
delivered into the subretinal space in the form of a cell suspension, a self-supporting cell
sheet, or a cell monolayer supported by an artificial carrier 3. Injection of a cell suspension is
the easiest way, but the compromised condition of the BM can often lead to inability of the
transplanted cells to attach to it. This can result in the incorrect apicobasal orientation of the
RPEs and failure to form a monolayer 6. The main advantage of the other two methods - a
self-supporting cell sheet and a cell monolayer supported by an artificial substrate, is that the
cells are found in a differentiated monolayer state when implanted directly into the subretinal
space.

Many surgical techniques aiming at delivery of a cell carrier into the subretinal space
have been published in recent years 8%, In these studies, different approaches have been
used including a type of large eye animal model, a type of cellular carrier, transplanted cellular
culture, implantation instruments, as well as a surgical technique. The authors focused their
reports mainly on the results of subretinal implantation. In 2015, Popelka et al. reported the
use of frame-supported ultrathin electrospun polymer membrane for transplantation of RPEs

into a large eye animal model - porcine cadaver eyes &°. The surgical technique with subretinal



implantation of the cell carrier allowed for relatively precise handling of the carrier and easy
positioning of the scaffold into the subretinal space. In this report, the feasibility of the
delivery technique of a carrier with an approximate size of 2x5 mm was assessed in porcine
eyes. The unique design of the cell carrier permitted its correct placement, preventing the
cellular monolayer from folding and wrinkling®. Al-Nawaiseh et al. first presented detailed
step-by-step guidelines for subretinal scaffold implantation in rabbits ’. As published
previously, transplantation of a differentiated and polarized RPE monolayer on a solid carrier
resulted in improved survival and better integration of the graft in comparison to other
delivery techniques 41,

The purpose of any preclinical animal studies which are performed in vivo, is to reveal
the different aspects of transvitreal subretinal implantation of a cell carrier accomplished by
a surgical procedure with focus on the safety of this procedure, the survival of the
transplanted cells, the tissue response to the subretinal manoeuvres, and the short- and long-
postoperative outcomes. The use of the porcine eyes as a large eye animal model has been
reported to be relevant in the scope of obtained data, which could be useful and potentially
applicable to humans 01414 Our study aims at reporting the principles of the surgical
technique used for in vivo subretinal implantation of a cell carrier in a large animal model. We
present a detailed description of preoperative preparation, the surgical technique of
subretinal cell carrier implantation and postoperative care of the eye of minipigs, which is
based on our experience over the last eight years. We aimed to describe the basic principles
of the surgical approach that could be used for in vivo experimental studies with implantation

of different types of cells and cell carriers.

Protocol: Principles of surgical approach during subretinal transplantation of cells on a

carrier into minipigs

Ethical statement

All experiments were carried out according to the guidelines for the care and use of
experimental animals and according to the statement of the Association for Research in Vision
and Ophthalmology (ARVO) for use of animals in ophthalmic and visual research. The study
protocol was approved by the Resort Professional Commission of the CAS for Approval of

Projects of Experiments on Animals at the Institute of Animal Physiology and Genetics of the



Academy of Sciences of the Czech Republic (Libéchov, Czech Republic) (Approved protocol
No. 60/2016 and 64/2019).

1. Large eye animal model

1.1. Animals

The Libéchov minipigs 12—36 months old of both sexes, 40-80 kg of body weight (BW)
(Institute of Animal Physiology and Genetics, Czech Academy of Sciences, Libéchov, Czech
Republic) were used for this study. The experimental herd of Libéchov minipigs was founded
by the importing of 5 animals of the Hormel strain from the USA in 1967. These animals were
crossbred for porcine blood group studies with several other breeds or strains: Landrace,
Large White, Cornwall, Vietnamese pigs, and miniature pigs of the Gottingen origin 2%21, At 5
months of age and approximately 20 kg of BW, these minipigs reach sexual maturity. Survival
of parental minipig breeds (Hormel and Goéttingen) has been reported to be 12-20 years.
Minipigs were held indoors in a specialized facility in an air-conditioned animal house with
temperatures between 18 - 22 °C, exposure to artificial 13/11 light/dark regime, in
standardized individual pens with free access to water and feeding twice daily.

The retina of the minipigs lacks the macula and fovea. However, it has an area of highly
concentrated zones of cone photoreceptors, which are called area centralis and visual streaks
22,23 These regions are responsible for the highest visual acuity. For this reason, during
subretinal implantation of the cell carrier, we aimed to target the central portion of the retina.

For surgical orientation and drawing of the fundus schemes, the retina of the minipigs
was schematically divided by a vertical line into temporal (from the optic disc toward the ear),
nasal (from the optic disc toward the pig’s snout), and central (between major retinal vessels
on the nasal side) region (Fig. 1A, B). For implantation surgery, only healthy animals without
any signs of injuries or diseases were selected.

All medications, which were used in minipigs, are listed in Supplemental file 1.

[Place Figure 1 here].

1.2. Preoperative immunosuppression



Survival of the donor cells - human RPEs, during xenogeneic transplantation into the
minipig eye was facilitated by a tacrolimus immunosuppressive therapy of the recipient
animals. The immunosuppressive therapy was administered by subcutaneous injection of
tacrolimus-eluting polymer microspheres (Prograf®, Astellas Pharma, Deerfield, lllinois, USA),
which were successfully used in rats modified by Dr. Ardan for the purposes of this study 24
We used immunosuppression six days prior to eye surgery and only once at a time. Tacrolimus
was injected subcutaneously as a depot in a dose of 0.25mg/kg BW to hamper cell grafts

rejection.

1.3.  Anaesthesia and mydriasis

General anaesthesia of minipigs was induced by intramuscular injection of the mixture
consisting of Tiletamine (2 mg/kg), Zolazepam (2 mg/kg), Ketamine (2 mg/kg) and Xylazine
(0.4 mg/kg) - TKX. After induction of the sedation, the animals were moved to the operating
room. We introduced ear vein cannulas, and the animals were intubated for inhalation
maintenance of anaesthesia (Isoflurane 1.5%) by Wato EX-65 anaesthesia machine equipped
with Mindray iMEC10 patient monitor (Mindray, Shenzen, China) (Fig. 2A, B). During eye
surgery, intramuscular injections of Eficur 1ml/16kg BW and Depo-Medrol 120mg were
applied, and the physiological body temperature of the minipig was maintained by an
isothermal foil. When the surgery was finished, isoflurane was turned off, and after starting
spontaneous breathing and awakening, the animals were extubated and transferred into the
pens.

For local anaesthesia a proparacaine hydrochloride ophthalmic solution of 0.5% was
administered into the conjunctival sac.

For induction of peri- and intra-operative mydriasis, eyedrops of 1% tropicamide
solution and solution of 10% phenylephrine hydrochloride were applied, respectively, three

times within 15 minutes into the conjunctival sac of the minipigs.

[Place Figure 2 here].

1.4. Intraoperative animal posture and setting of the operating room

Sedated animals were transported into the operating room on a lift trolley (Fig. 2A).

Then the animal was placed onto the operating table on the left side to enable surgery on the



right eye (Fig. 2B). Adjustment of the animal head’s posture was performed to achieve the
most suitable position of the central retina for implantation at (horizontal and parallel to the
floor) (Fig. 2C). For this purpose, styrofoam pads were used. They were placed under the
minipig’s snout facilitating a stable position of the head.

The operating room setting was arranged according to the needs of the surgery on the
eyes of the large eye animal model (Fig. 3A, B). Additionally, the height of the sitting chairs of
the surgeons, as well as the height of the microscope was adjusted to achieve a comfortable

position for the surgeons and in regards to the position of the pig’s snout.

[Place Figure 3 here].

1.5. Postoperative care

For the postoperative eye care, topical Ophtalmo-Framycoin ointment
(Bacitracinzinc/hydrocortisoneacetate/neomycin sulfate) or Floxal ophthalmic ointment
(0.3% Ofloxacin) was applied into the conjunctival sac of animals 5 times per day. For systemic
postoperative care, the following antibiotics were used: 1) Eficur (Ceftiofur) was repeatedly
injected 24 and 48 hours after surgery; 2) after 72 hours the animals were injected with
Draxxin (Tulathromycin) 1ml/40 kg BW for prevention of secondary bacterial infection.
Postoperatively, the following parameters of the eye were checked: turgor of the soft tissues
of the eye, inflammatory reaction on the eye surface, squinting as a protective reaction of the
eyelids. The minipigs were held indoors in a specialized facility in an air-conditioned facility
with a temperature range of +18 - +22 °C, and an artificial 13/11 hours light/dark regime. The

animals had free access to water and standard feeding (twice a day).

1.6.  Euthanasia

Animals were sacrificed by exsanguination in deep general anaesthesia 7, 14, 28, and
42 days after cell graft implantation. Briefly, minipigs were firstly sedated by intramuscular
injection of TKX mixture followed by intravenous bolus application of 1% Propofol (20
ml/animal) finished by exsanguination. The eyes were enucleated post mortem by
experienced personnel using surgical scissors and surgical forceps.

All pharmaceuticals, which were used for local and systemic anaesthesia, mydriasis,

postoperative anti-inflammatory care and euthanasia are listed in Supplemental file 1.



2. Cell carrier, cultivated cells cultures and implantation injector

2.1.  Cell carrier

Ultrathin nanofibrous carriers were prepared by electrospinning of a poly (L-lactide-
co-DL-lactide) (LLA/DLLA 90/10, Mw 868 270 g/mol, PDI 2.3). The thin nanofibrous membrane
was reinforced with a peripheral frame that was embedded in the membrane during
electrospinning following the procedure published before (Fig. 4A, B) . The diameter of the
bead-free fibers was 380 nm (standard deviation (SD) 10 nm) and the average pore size of the
membrane was 0.4 um (SD 0.2 um). The membrane was 3.7 um in thickness and its porosity
was estimated to be 72% 2°.

The supporting frames were cut from a bi-axially oriented poly-ethylene-terephthalate
(PET) foil 36 um in thickness using a laboratory assembled femtosecond microfabrication
station. The sheets of the membrane were fixed to the body of commercial cell culture insert
Falcon (Corning Inc., Kenneburg, ME, USA) to facilitate the seeding and growth of the cells.
Samples were air-plasma treated for 30 seconds at the power of 7 Watt before RPE
cultivation. The carriers 5.2 mm x 2.1 mm with an adherent sheet of RPE cells were cut using

a shaped biopsy punch.

[Place Figure 4 here].

2.2. Cell cultures used for cultivation on the cell carrier

For this case series, the following cell carriers were used: 1) nanofibrous cell carriers
without any cells (2 cases); 2) nanofibrous cell carriers with primary human RPEs (hRPEs) (13
cases); 3) nanofibrous cell carriers with human iPSC-derived RPE cells (14 cases).

Primary hRPEs were isolated from human donor eyes according to previously
reported technique 28. The cells were obtained by enzymatic treatment of the retina for 30
minutes (TrypLE, Gibco®, Thermo Fisher Scientific, MA, USA). Then the primary hRPE cells
(passage 0) were cultured for up to two weeks in DMEM/F12 (Gibco) supplemented with 10%
fetal bovine serum (FBS). Once the cell cultures reached confluency, the medium was changed
to 1% FBS and cultured for additional 30 days. The primary hRPEs were then seeded into

trans-well plates and onto the nanofibrous cell carrier. Following further 30 days of incubation



in 1% FBS, the cell carriers with primary hRPEs were used for subretinal implantation into
minipigs.

Human iPSC-derived RPEs used in the present study included previously generated
hiPSCs derived from MERTK associated retinitis pigmentosa patient-derived fibroblasts 2’ that
were gene-corrected in two alleles using the CRISPR/Cas9 system (RP1-FiPS4F1-GC2) %8, and
hiPSCs derived from a healthy subject fibroblast (Ctrl2-FiPS5F2) 2° that were used as a control.
Both hiPSCs cell lines were generated and subsequently differentiated towards RPE cells
(hiPSC-RPE) as reported previously 3°. The hiPSC-RPE were plated at 200,000 cells/cm? on
laminin (BioLamina #LN521)-coated transwell inserts with nanofibrous membranes of poly(L-
lactide-co-DL-lactide) with oval implantation frame in RPE medium containing knockout
DMEM, 20% knockout serum, Glutamax 2 mM (Invitrogen, Carlsbad, CA, USA), 0.1 mM non-
essential amino acids, 0.23 mM B-mercaptoethanol (TermoFisher, MA, USA), 100 U/mL
penicillin, 0.1 mg/mL streptomycin, and 10mM nicotinamide (Sigma-Aldrich, San Luis, Mi,
USA). The medium was changed every other day, and the hiPSC-RPE were cultured for two

months prior to the implantation to encourage polarized growth.

2.3. Implantation injector

The implantation injector consisted of a rectangular plastic capillary and a stainless-
steel blade plunger (Fig.5A, B). The plastic capillary was fabricated by the blow molding
process from a tube. The length of the plastic capillary was 6 cm. The outer dimensions of the
distal part of the injector were 0.8x2.8 mm. The carrier was loaded into the injector through
a loading window located 6 mm from the distal end of the capillary and later ejected into the
subretinal space by a push of the plunger (Fig. 5B).

Protocol for the preparation of the nanofibrous carrier and loading of the injector

Step-by-step protocol for the preparation of the nanofibrous carrier and loading the
injector is presented in Video 1.

1) The nanofibrous membrane is fixed to the insert and equipped with an oval frame for
better manipulation. Side orientation marks at the frame should be checked first to
detect the top side of the carrier where the cells are found.

2) A small Petri dish is filled up with 2ml of phosphate buffered saline (PBS). An insert is
taken out and placed in the centre under the light microscope. A custom modified
punch is used to cut the carrier around the oval frame using a microscope. A carrier
has a dimension of 2 x 5 mm.



3)

4)

5)

6)

For loading the carrier, a custom-made injector with flat transparent tubing is used; 6
mm from the distal end of the capillary, there is a window for loading the carrier. The
window is filled up with PBS.

After cutting the carrier from the insert against a semi-soft polystyrene dish, the
sample is being stuck at the bottom of the dish. An oval frame facilitates manipulation
of the carrier. Using forceps, the sample is then released from the bottom, lifted up
from the liquid, and transported to the window of the injector.

Using a dental probe, the carrier is positioned in the window of the injector, and the
plunger is used to push the carrier into the closed, safe upper part of the injector. The
carrier is then prepared for surgery.

The nanofibrous carrier can be easily unloaded from the injector by pushing a metal
plunger. At each step, the side orientation of the carrier should be checked.

[Place Figure 5 here].

3. Surgical procedure

3.1.  Surgical equipment

During all surgeries the following surgical equipment was used:

1)

2)

3)

4)

5)

Ophthalmic surgery microscope Hi-R NEO 900A (Haag-Streit Surgical, Wedel,
Germany);

An operating system for surgeries on anterior and posterior eye segment R-Evolution
CR (Optikon, Rome, Italy);

Non-contact vitreoretinal surgical system MERLIN BIOM (Volk, Mentor, OH, USA);
Frequency-doubled solid-state laser photocoagulator: green laser for
photocoagulation with slit lamp adapter, ophthalmoscope, and endo probe Merilas
532a (Meridian, Thun, Switzerland);

Full HD medical 2-piece camera Sony PMW-10MD (Sony, Tokyo, Japan).

Standard parameters used during vitrectomy, exo- and endo-cautery, and laser

photocoagulation are depicted in Table 1.

3.2.  Surgical instruments

The reusable surgical instruments were sterilized with a mobile autoclave steam sterilizer

3870 HSG (Tuttnauer Europe B.V., Breda, NL) according to a standard protocol. Single-use



surgical instruments and materials, which were used during the surgery are listed in the Table

of Materials.

3.3. Description of the surgical steps

The surgeries were performed by four experienced vitreoretinal surgeons (LL, GP, ZS,
IK) with the assistance of an experienced surgical facility assistant (TA). Before the in vivo
experiments, the surgeons were educated and obtained special knowledge on the minipig’s
eye anatomy. In all cases, the surgery was performed in general anaesthesia in a specially
organized operating room with the implementation of standard aseptic and antiseptic

measurements. The standard surgical procedure is shown in Video 2.

Step by step protocol of the surgical procedure:
Preparation

1) Approach the operating table with an upper position of the surgeon and the side
position of the assistant (Fig. 3).

2) Disinfect the conjunctival sac with 5% Povidone-lodine solution for 5 min.

3) Disinfect the periorbital area of the skin with 10% Povidone-lodine solution and wait
until it dries.

4) Cover the operating field with the eye in the middle using a standard sterile
ophthalmic drape with sticky transparent foil trying to remove the eye lashes away
from the eye globe (avoid cutting the eye lashes to reduce the risk of postoperative
endophthalmitis).

5) Insert the eye speculum (Liberman-type or Cook eye speculum).

6) Fixate the nictitating membrane to the skin with 8-0 Vicryl (optional).

7) Open the conjunctiva on the temporary side 2 to 3 mm from the limbus (Video 2).

8) Insert three valved trocars 2.5-3 mm from the limbus. Use rotating movements during
the insertion in a slightly oblique manner (1002-1102) toward the posterior retina and
hold the trocar with the forceps (Fig. 6).

9) Cover the cornea with methylcellulose.

Pars plana vitrectomy (PPV)

10) Perform core PPV centrally and toward the periphery at the site of the upcoming large
sclerotomy.

11) Carry out triamcinolone acetonide (TA)-assisted posterior vitreous detachment and
removal.

12) Perform subretinal injection of BSS with 25/41G cannula more centrally avoiding the
formation of the bleb toward the periphery.

13) Perform linear endodiathermy of the retina with 27G endodiathermy probe 3 mm
large near the temporal bleb base.

14) Consequently, perform retinotomy 3 mm large with a 25G MVR blade under elevated
intraocular pressure (IOP) setting of the irrigation system up to 60 mmHg. Wait 3-4
minutes to ensure that there is no bleeding from the retinotomy, then reduce the IOP
to 25 mmHg.



15) Carry out bipolar exodiathermy of episcleral vessels between the two nasal trocars
2.5-3 mm from the limbus.

16) Perform 3.0 mm sclerotomy 2.5 mm from limbus with 2.75mm phaco knife.

17) Exodiathermy of the possible bleeding of the scleral vessels and ciliary body inside the
sclerotomy. Enlarge the sclerotomy to 3.0 mm with the satin knife, which will
accommodate the tip of the injector sized 0.8x2.8 mm.

18) Perform vitrectomy in case of the prolapsed vitreous body on the site of large
sclerotomy.

Implantation of the cell carrier

19) Insert gently the injector with the dominating hand through the large sclerotomy. In
case of resistance, enlarge the size of the sclerotomy.

20) Implant the cell carrier through the retinotomy into the subretinal space. During this
step, the use of a bimanual technique with additional sclerotomy and chandelier light
can assist the implantation during the learning phase of the surgeon.

21) Withdraw the injector and close the large sclerotomy with an 8-0 Vicryl suture.

22) Perform fluid-air exchange (FAX) and drainage of the subretinal fluid with silicone
tipped cannula.

23) Direct injection of silicone oil (1000 cSt) shall be carried out until the IOP raises to
normal.

Ending of the surgery

24) Close the three sclerotomies and the conjunctiva with 8-0 Vicryl suture.

25) Rinse the conjunctival sac with 3% Povidone-lodine solution.

26) Subconjunctival injection of gentamicin 20 mg, dexamethasone 2 mg and xylocaine
2% 0.3 ml.

27) Check the condition of the fundus and lens.

28) Remove suture from the nictitating membrane (optional).

29) Apply Ophtalmo-Framycoin ointment or Floxal ophthalmic ointment into the
conjunctival sac.

Intraoperative imaging and documentation

30) Perform video recording during the entire surgery with photo documentation of the
key steps of implantation.

31) Complete the fundus drawing by documenting the place of sclerotomies, retinotomy,
subretinal implant and any complications that occurred.

[Place Figure 6 here].

4. Postoperative ophthalmic examinations

4.1. General ophthalmic examination
In the postoperative period, the eyes were inspected with an indirect ophthalmoscope
for the presence of inflammation such as redness, tissue swelling, mucus congestion in the

conjunctival sac. Intraocular pressure in the operated eye was measured using palpation.



Postoperative imaging. In the postoperative period, colour fundus images were taken
with colour non-mydriatic fundus camera iCam (Optovue, Fremont, CA, USA). It allowed
documenting the anterior segment, retina, and the optic disc. Additionally, iCam enabled red-
free imaging of the retina. Optical coherence tomography (OCT) examination was performed
using the OCT system iVue (Optovue, Fremont, CA, USA).

During the examination by OCT and fundus photography, the sedation of the minipigs
was induced by intramuscular injection of TKX mixture.

For postoperative imaging, the eyedrops Unitropic (1% Tropicamide) and
Neosynephrin (10% Phenylephrine Hydrochloride) were instilled into the conjunctival sac of
the minipigs in order to induce mydriasis. A lid speculum was employed in order to maintain
the eye opened (Chirana, Prague, Czech Republic). For moisturizing the eye surface and for
obtaining a clear OCT image, the cornea of the animals was washed with saline solution (NaCl
0.9%) every 30-60 seconds.

The minipig was positioned onto the operating table in the same manner as during
the operation (Fig. 2B, C, 3A). The main requirement was to place the head on the side and
perpendicular to the scanning piece of the OCT device. Styrofoam pads were used and placed
under the animal’s snout in order to stabilize the head, bringing the eye surface in a horizontal
position. During OCT or fundus imaging, the minipig’s head was tilted manually toward the
OCT lenses or fundus camera lenses aiming to optimize the view of the posterior retina and
the area of implantation (Fig. 2C). For optimal capturing of the implanted carrier on fundus
images an infrared reflectance light of the OCT device was used to focus on the implant (Fig.
7B). OCT scanning was performed in crossline and retina map modes. At the end of the
examination, Floxal ophthalmic ointment was applied under the lid of the animal’s eye.
Finally, the minipig was moved to the indoor facility and observed for its general condition

until the end of the sedation.

5. Representative results of subretinal implantation in minipigs

The results of the subretinal implantation of the cell carrier in Libéchov minipigs are

presented in Table 2. Successful implantation was defined in cases in which we could obtain

sufficient data for histologic and immunohistochemical study. Failed cases were defined in



eyes with severe intraoperative complications, which made further observation of the eye

tissues impossible.

Fundus imaging and SD-OCT. The minipigs were examined in the postoperative period
applying fundus imaging, red-free imaging and SD-OCT (Fig. 7). The high quality of the fundus
images was enabled by the clear optic media including clear lens and use of silicone oil
tamponade (Fig. 7A). The site of the retinotomy showed no signs of proliferative reaction, and
the PTE frame of the cell carrier was clearly visible through the semi-transparent layers of the
porcine retina. On the red-free imaging, the reflectivity of the cultivated hRPEs cell on the
carrier did not differ from the reflectivity of the endogenous porcine RPE layer (Fig. 7B). On
SD-OCT, the PTE frame caused only minor shadowing of the underlying anatomical structures
and slight thickening of the retina (Fig. 7C, red arrows). No atypical hypo- or hyper-reflective
zones could be noticed on SD-OCT, and the Bruch's membrane appeared to remain
undamaged as well. The cell carrier itself caused no significant increase in the entire retinal
thickness. These findings suggested that the intraoperative iatrogenic impact of the implant
was minimal, and the implantation of the cell carrier underwent sufficient adaptation of the

implanted cells to the overlying photoreceptor cells and neuroretinal tissue.

[Place Figure 7 here].

Histological and immunohistochemical analysis

After euthanasia of the animals, the whole minipig eyes were removed and fixed in
4% paraformaldehyde (PFA) for 24 h. The anterior part of the eye was removed and the
implanted nanofibrous carrier was identified in the nasal central retina and isolated with the
sclera attached. All tissues were cryoprotected in graded sucrose solutions and vertical frozen
sections were cut as described in detail 3.

Figure 8 shows the haematoxylin-eosin (H&E) staining of the retinal area containing
the implanted primary hRPE cells on a nanofibrous carrier (yellow arrow) in the minipig eye.
The pigmented appearance of the implanted primary hRPEs formed a continuous, yet
irregular pigmented layer (Fig. 8, red arrows). After longer observation periods (6 weeks), the
neuroretina underneath the implants showed a rosette-like- or hypertrophic reaction-like-

appearance around the retinotomy site likely as a result of the iatrogenic manipulation. These



morphologic results are comparable to the SD-OCT findings and support the evidence of the

minimal impact of the carrier delivery onto the retinal tissue.

[Place Figure 8 here].

Immunostaining was performed employing the two-step indirect method. Sections
were incubated at room temperature overnight in monoclonal primary antibody CRALBP
(Novus Biologicals UK, Abingdon, (B2) cat. no. NB100-74392) at a dilution of 1:100.
Immunofluorescence was performed using Alexa Fluor 488-conjugated secondary antibody
(#21202, Thermo Fisher Scientific, Germany).

The implanted primary hRPEs were present in the area of implantation and expressed
the typical RPE marker CRALBP similar to the endogenous minipig RPE cells (Fig. 9A). In
contrast, the morphology of the implanted cells appeared not to assume a monolayer shape
after implantation, yet still localized within the defined subretinal space (Fig.9A, B white

arrows).

[Place Figure 9 here].

Ocular complications

In total, the rate of successfully performed operation was 93.1% (27/29 cases).
Reduced transparency of the optical media impacted the postoperative imaging in 13.7% (4
cases), yet these eyes were processed with further histologic and immunohistochemical
analysis.

Intraoperative peripheral retinal detachment occurred in four cases (13.8%). In two
cases it was managed by aspiration of subretinal fluid during fluid-gas exchange and
application of endolaser photocoagulation of the retina in the area of detachment. In other
two cases (6.9%), the retinal detachment was associated with massive retinal and subretinal
bleeding, which made implantation of the cell carrier impossible and led to the termination

of the surgery and immediate euthanasia of the minipig on the operating table.

Discussion



Subretinal implantation of RPE cells of different origin belongs to the most promising
modern and developing trends in eye research, which aims to treat retinal degenerative
disorders, such as AMD 3481517 The main idea of this approach is to substitute the damaged
RPEs with new healthy RPEs cultured ex vivo 323, Subretinal implantation of cell carriers with
cultivated RPE cells of different origin remains the most reasonable approach, as the porous
membranes maintain the polarized RPE cell layer in the correct orientation with regard to the
photosensory layer.

Currently, a number of animal models have been used to develop the surgical
technique and to prove the concept of substitutional therapy of retinal diseases associated
with RPE degeneration 1>/, Rabbits, pigs, dogs and non-human primates belong to the most
frequently used big eye animal models 3’.

Large eye animal model on miniature pigs. The choice of a large eye animal model of
minipigs for experimental studies with subretinal implantation of a cell carrier to develop an
effective treatment approach for retinal degenerative disorders in humans has some
potential advantages. In 2005, Vodicka et al. reported the advantages of the use of the
miniature pig as an animal model for biomedical research based on their experience with the
animal model of Libéchov minipig 2*. Among numerous indications the authors described the
importance of the miniature pig model for current biomedical research in the field of
neurodegenerative diseases, such as Parkinson’s or Huntington’s disease 3%3°. It appeared
that miniature pigs possess a relatively large brain with a blood supply and immunologic
response, which are similar to those in humans. The pig model could be also a valuable animal
model for allogenic transplantation experiments %41, The authors summarized that due to
human-like physiology the miniature pigs should be considered as a first-choice animal model,
which can ensure a highly relevant experimental data for human-related therapeutic
research. Additionally, this kind of species appeared to be non-expensive and simpler to keep
in controlled condition compared to other non-human primates.

In 2018, Shrader and Greentree published a detailed description of Gottingen minipigs
used for ocular research, which have been used since the 1960s in biomedical research
including ocular studies due to their handling simplicity, reasonable size, well-monitored
genetic processes and similar to human anatomy of the eye #2. The authors pointed out that
pig as a model in many research projects is replacing dogs and non-human primates for

preclinical studies. Gottingen minipigs have been used for different kinds of studies, including



efficacy and safety of pharmaceuticals, development of surgical techniques, natural
development and treatment of glaucoma, implantation techniques with new materials and
intraocular devices. The animal model of minipigs enables to perform in vivo ophthalmologic
examinations similar to humans (applanation tonometry, fundus imaging, OCT, fluorescein
angiography, electroretinography, etc.). The human eye and the eye of the minipig have many
anatomical and functional similarities, such as the size of the eye globe, magnifying properties
of the eye (approximately 78 dioptres), volume and quality of the vitreous body, open visual
field, binocular vision, colour vision. Even though the retina of the minipigs to the contrary to
humans does not possess a macula and fovea, it contains so-called “area centralis” and “visual
streaks” — the regions of the retina with a high concentration of cone photoreceptors 22. All
this is applicable to the Libéchov minipigs, as they were crossbred with several other breeds,
including Gottingen minipigs 2*. For this reason, we consider a minipig model to be one of the
most efficient and appropriate experimental big eye animal models for the development of
new surgical techniques for subretinal implantation of the cell carrier to address the retinal
degenerative diseases.

To the best of our knowledge, there is no standardized and widely accepted surgical
technique developed for vitreoretinal intervention on big eye animal models as these studies
are relatively new and their performance is associated with a wide range of ethical, logistic
and financial issues. Nevertheless, there are a number of studies focusing on the progress in
the field of subretinal delivery of a cell carrier in different animal models 8'>'7, Popelka et al.
in 2015 were the first to report the results of subretinal implantation of a novel frame-
supported nanofibrous membrane as a scaffold for the porcine RPE cells in cadaver eyes of
Libéchov minipigs . These experiments and the surgical technique with custom made
implantation injector were then improved and transferred to in vivo studies on minipigs. In
the current study, the accurate acquisition of the well-defined and established preoperative-
, surgical- and postoperative- care enabled to obtain reproducible data, which could be
efficiently analyzed and demonstrated to certain extent the proof-of-concept of subretinal
substitutional implantation of RPE cells.

Recently, Duarri et al. reported the results of subretinal injection of suspension of
hiPSC-RPE cells in a swine model of geographic atrophy #3. In our opinion, for RPE replacement
and the right physiological function of implanted RPE cells of different origin, the correct

polarization, namely right orientation of apical and basal parts of transplanted RPE is very



important. It might be difficult to reach a correct polarization of the RPE cells in the case of
subretinal implantation of cellular suspension. However, the fact that the authors performed
the experiments with the porcine model emphasizes the importance of the large eye animal
model of the pigs in this field.

Nevertheless, one of the key points of cell replacement therapy is a challenging
surgical technique with the risk of intraoperative and postoperative complications, which
determine the success or failure of the whole transplantation process. The size and the site
of the large sclerotomy and retinotomy shall be considered perioperatively. It can be linked
to the risk of retinal detachment, hypotony, episcleral, choroidal and/or retinal bleeding, and
high intraocular turbulence, which can lead to scaffold damage. Postoperatively, there is a
risk of proliferative vitreoretinopathy, endophthalmitis, hypotony, retinal detachment, and
cataract formation 10131415,

Surgical procedure. In 2012, Stanzel et al. reported a newly developed surgical
technique, which was aimed to implant a cell carrier into the subretinal space as a model of
therapeutic approach to treat degenerative retinal disorders. For their experiment, they used
chinchilla bastard rabbits (BW 2-2.5 kg). The authors demonstrated the overall success rate
of 74.2% in 23 cases (range between 70.6% and 78.6% in two subgroups) 3. In our study, the
success rate is reported to 93.1% in 29 operated cases.

In previous reports, the authors proposed a custom-made 23G infusion cannula with
two side ports in order to redirect the jet stream, which helped to resolve collapse of the bleb
and consequent retinal detachment 3. During our surgeries, we did not notice any such
collapse of the bleb. The possible reason for that could be the bigger size of the eyeball and
performance of the core vitrectomy with spared vitreous on the periphery on the site of
infusion cannula, which could reduce the force of the directed jet stream.

Difficulties during the ejection of the cell carrier from the instrument was one of the
intraoperative obstacles noticed in the surgical series of Stanzel et al., which were categorized
as “trapped with the instrument”. Additionally, the authors suggested that residual vitreous
on the retinal surface could cause a backwards “jump” of the carrier out from the retinotomy
orifice after implantation. This problem could be solved with enzyme-assisted vitrectomy,
which enabled a smooth continuous ejection of the cell carrier into the subretinal space. In
the majority of the cases, the authors repositioned the carrier to obtain a more distant

location of the implant away from retinotomy 3. In our case series, we also experienced a



situation when the cell carrier remained attached to the tip of the injector. However, that was
managed by slow and gentle manipulation of the light pipe and the injector’s tip. We observed
no residual vitreous at the site of retinotomy in all of our cases. The use of TA-assisted PPV
applied in our surgeries could be suggested as a factor to reduce the risk of residually attached
vitreous. Multiple staining with TA may be necessary to remove the overlying vitreous
completely. In this case scenario, the role of enzyme-assisted vitrectomy is debatable. We
also did not reposition the implants away from the retinotomy site and tried to perform the
implantation from the first attempt. It could be suggested that any additional manipulation
of the retina or underneath the retina or extending of the area of retinal detachment could
cause further iatrogenic complications, which will impact the timing and outcome of the
surgical procedure on the very valuable and expensive large eye animal model of minipigs.

Stanzel et al. closed the sclerotomies with Vicryl 7-0 suture stating that the large
suture-on floor plate appeared to be more efficient for the rabbit’s thin sclera 3. In our
surgeries, we always used Vicryl 8-0 suture to close both sclerotomies and conjunctival
wounds. The standard 3-2-2 single knot sutures were used. We did not observe any
postoperative opening of the sclera.

In 2014, Stanzel et al. published the results of the subretinal implantation of human
RPE stem cells, which were grown as polarized cellular monolayer on a polyester membrane
in rabbits. During their experiments on sixty female chinchilla bastard rabbits, they used the
same surgical technique described by Stanzel et al. in 2012 136, In their experiments, they
applied a two-port PPV approach. Finally in 2016, Al-Nawaiseh et al. published a step-by-step
protocol for subretinal implantation of cell carrier surgery in rabbits 7. The study presents a
very detailed and well repeatable description of the surgical procedure including
preoperative- and postoperative- care, which is based on the previous experience as well.

In 2021, Liu et al. published the results of successful subretinal implantation of human
stem cell-derived RPE monolayers in non-human primates. In this study, nine cynomolgus
monkeys (Macaca fascicularis) were used as a big eye animal model !°. During the
experimental study, all animals underwent a systemic immunosuppression, which consisted
of sirolimus (loading dose 2mg, daily dose 1mg) and tetracycline (7.5 mg/kg  BW) starting
seven days prior to the surgery and lasting three months after the surgery. In general, the
surgical procedure was performed according to protocols described by Stanzel et al. in 2012

and Al-Nawaiseh et al. in 2016. In non-primates, the authors used a 25G three-port PPV



approach with chandelier endoillumination. Importantly, a TA-assisted PVD was applied to
exclude residual vitreoretinal adhesion on the posterior retina. As an addition to the primary
described procedure, the authors performed removal of the host RPE layer in the area of
future implantation using a 20G custom made extendable loop instrument. The
characteristics of the injector and the cell carrier remained the same as they were described
earlier 117, In our study, we have also performed a systemic immunosuppression of minipigs.
However, the type of immunosuppression differed from the one described above. We
administered subcutaneous injection of tacrolimus-eluting polymer microspheres as a depot
in dose 0.25mg/kg BW to hamper cell grafts rejection and inflammatory reaction. We did not
remove the host RPE cell layer during the surgery, as our primary aim was to analyze the
safety of the procedure and the viability of implanted cells, but not their integration into the
host retina.

Koss et al. reported in 2016 the safety and feasibility results of subretinal implantation
of a monolayer of hESC-derived RPE on a foldable non-degradable mesh-supported
submicron parylene-C membrane (6.25x3.5 mm, 0.4 um thick) in 14 female Yucatan minipigs
10 After the cultivation, passage three cells were seeded onto a mesh-supported membrane.
Immunosuppression was performed using systemic administration of tacrolimus (no regime
and dose indicated) and intravitreal injection of 0.7 mg dexamethasone implant (Ozurdex) at
the end of the surgery. For anaesthesia, an intramuscular injection of Telazol (100 mg/ml)
followed by inhalation of sevoflurane gas was used. PPV was performed with a 20G approach.
The authors used intravitreal injection of TA (Triesence) for better visualization of the vitreous
body. Intraocular pressure was elevated to 60 mmHg during retinomy to prevent bleeding.
The large sclerotomy was 2 to 3 mm in size. After subretinal injection, the retina was flattened
with temporary injection of perfluorocarbon liquid. After fluid-air exchange, a silicone oil
tamponade (1000/5000 cSt) was performed. The sclerotomies were sutured with 6-0 Vicryl
suture. Postoperative care included ocular application of
dexamethasone/neomycin/polymyxin B ointment (Maxitrol) one week after the surgery. The
authors reported a success rate of 91% in the operated cases, in which they could perform
efficient subretinal implantation and obtain sufficient postoperative imaging data. In our
study, intravitreal injection of TA crystals was used intraoperatively and mainly to visualize
the vitreous body. However, the local immunosuppressive action of this drug remains unclear.

Nanofibrous cell carriers used in our study were 5.2x2.1mm large, 3.7 um thick with size of



pores of 0.4 um. In eight cases, we used primary hRPEs from passage zero, which were
cultivated onto the nanofibrous cell carrier. During the surgery, we performed direct FAX
instead of injecting perfluorocarbon liquid as previously reported by others. To close the
sclerotomies, we used 8-0 Vicryl, which appeared to be satisfactory. Our surgical success rate
(93.1%) correlated and was slightly better than that obtained by Koss et al. 1°

In 2019, Gandhi et al. published a report in which they presented for the first time an
in situ presentation of fully degradable cell carrier (scaffold) for subretinal implantation of
different cell types as possible treatment modality for retinal degenerative diseases *. The
study was mainly focused on the biodegradable characteristics of the fibrin hydrogel implant.
Experiments included surgeries on the female domestic pigs (Yorkshire pigs). The authors
discussed that aggressive immunosuppression used on the domestic pigs could inhibit a local
inflammatory reaction potentially caused during the biodegradation of the fibrin hydrogel
implant. However, they did not specify the immunosuppressive therapy used in the pigs.
During PPV, Gandhi et al. performed a 3.6mm long sclerotomy for insertion of a subretinal
implantation device parallel to and approximately 3.5 mm posterior to the limbus.
Additionally, they used a pneumatic-driven injection system aiming to reduce hand-
placement instability caused by finger manipulation 4. In our case series, we performed all
sclerotomies 2.5mm to 3.0mm from the limbus. The location of the pars plicata of the ciliary
body and accordingly, the required distance from the limbus for sclerotomies was established
on the section of cadaver pig eyes of the same BW minipigs, which was performed before
every surgical session. The large sclerotomy for insertion of the injector was 3mm long. The
implantation injector used in our study was operated by the hands of the surgeons. The
removal of the vitreous body from inside in projection of the site of large sclerotomy shall be
done thoroughly, as well as the removal of the prolapsed vitreous inside the large sclerotomy.
Thorough cautery of the pars plana of the ciliary body and its sufficient cut inside the large
sclerotomy appears to be crucial in avoiding intraoperative complications such as iatrogenic
peripheral retinal detachment, bleeding and loss of the implant.

The implantation of a larger size cell carrier brings several drawbacks as well. One of
the major considerations remains the range of immune response to the implanted cells due
to immune-privilege of retinal tissues of the minipigs. To address this issue, we applied
immunosuppressive therapy using one-time subcutaneous injection of depot tacrolimus.

Another limitation of the surgical approach remains the size of the large sclerotomy. Gandhi



et al. performed 3.6 mm sclerotomy to implant the fibrin hydrogel implant 4. Stanzel et al.
applied custom made 20G implantation injector, which requires 20G sclerotomy *3. In our
study, we performed a large sclerotomy with the size of 3.0 mm. Ongoing improvements of
the instrumentation for implantation could facilitate the reduction of required sclerotomy
size for cell carrier implantation in future studies. The risk of intra- and post-operative
complications, such as intraocular retinal/choroidal detachment, retinal bleeding,
inflammation, lens opacification, proliferative vitreoretinopathy, could influence the study
results. However, the strict adherence to study protocol established by the expert team
(preparation, surgical technique and postoperative care), allowed us to minimize the rate of
complications with a high success rate of 93.1 % in our cohort of operated animals.

In summary, we propose the big eye animal model of minipigs to be one of the most
appropriate models for future application of novel concepts for treatment of retinal diseases
due to their similarity to the human eye anatomy and physiology. These similarities allow to
develop and improve the surgical techniques and instrumentation for subretinal implantation
of cells, which could be transferred easily to the treatment of human eye disorders. It is
important to assure that the surgeries on minipigs are performed with the same
instrumentation (including implantation delivery tools), which would also be utilized in
human surgeries, thus making the application of gained experience and know-how to humans
without difficulties. Alternative big eye animal models (rabbits, non-human primates) with
presence of macular area, such as non-human primates, could be useful to follow-up and
analyze the anatomical and functional changes after subretinal implantation of a cell carrier
to treat degenerative disorders in the central retinal area. The detailed description of the
preoperative-, surgical- and postoperative- care procedures could be useful for future studies

by increasing efficient and standardized data generation.
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Legends to figures, tables and videos:

Figure 1. A - Schematic drawing of the retinal zones in relation to the minipig’s head: yellow
ellipse depicts the desired area of subretinal implantation, T — refers to the temporal retinal
area, N — refers to the nasal retinal area. B — Example of the fundus scheme after subretinal

implantation of the cell carrier (yellow) through retinotomy (red).

Figure 2. Transportation of the sedated animal into the operating room (A). Placement of the
animal during intubation (B). Adjustment of the head of the animal for optimal access of the

central retina during the surgery (red arrow) (C).

Figure 3. The standard setting of the operating room. A - schematic depiction of the surgeons’
position (S — surgeon, A — assistant) in relation to the position of the operating table with a
minipig, operating microscope (OM), vitrectomy machine (VM), instrumental table (IT), and
anaesthesiology machine (AM). There are two possible positions of the vitrectomy machine

(yellow and grey). B — real-life setting in the operating room.

Figure 4. Nanofibrous carrier with embedded supporting PET frame. A - three visible marks
on the frame allow to control a side orientation of the carrier (white arrows). B — enlargement
view of the PET frame fragment embedded in the nanofibrous membrane (white arrows) of

the cell carrier.

Figure 5. Implantation injector. Presentation of parts of the injector (A). Nanofibrous cell
carrier with embedded supporting PET ring loaded to the plastic rectangular capillary of the

implantation injector (B).



Figure 6. Insertion of the trocars in the eye of a minipig. A - Schematic depiction of the trocars,
which are inserted perpendicularly to the sclera toward the centre of the vitreous cavity in
human eye (grey colour) and in oblique manner toward the posterior retina in minipig eye
(blue colour) to avoid the damage of the lens. The lens of the minipig (blue coloured) is larger
than that in humans and relative to the vitreous cavity size. B - Intraoperative view of the
inserted trocars in a three-port PPV. The cornea is covered with methylcellulose to prevent it

from drying and swelling.

Figure 7. Fundus photography (A), red-free image (B) and optical coherence tomography
imaging (C) of the nanofibrous carrier with primary human RPE cells in a 4-weeks follow-up
after subretinal transplantation in a minipig’s eye. A - yellow arrows indicate the site of
retinotomy. B — red arrows demonstrate the margins of the nanofibrous cell carrier. C — red
arrows show the slight shadowing of the OCT signal caused by the supporting PET frame of

the nanofibrous carrier, which was implanted into the subretinal space.

Figure 8. Haematoxylin-eosin staining of the retinal area containing the implanted
nanofibrous carrier (yellow arrow) with the primary hRPEs in the minipig eye. The animal was
euthanized and analyzed 6 weeks after the implantation. The primary hRPEs were clearly
distinguishable by their size, round shape and pigmentation (red arrows) in the subretinal
space opposite the photoreceptors. The photoreceptor nuclei in the ONL build rosette-like
structures. The subretinal space appears hypertrophic. Legends: hRPE - primary human retinal

pigmented epithelium, ONL - outer nuclear layer, INL - inner nuclear layer.

Figure 9. Immunolabeling with the RPE cell marker CRALBP (cellular retinaldehyde binding
protein) in a minipig 6 months after implantation of primary hRPEs. A - vertical frozen sections
of the treated pig eye were immunolabeled with CRALBP monoclonal antibody (green) and
counterstained with DAPI (blue). B - single depiction of cell nuclei labelling with DAPI in black
and white, as high contrast reveals the round shape of the individual hRPE cells (some shown

with white arrows) (hRPE = human retinal pigment epithelium, ONL = outer nuclear layer).

Table 1. Standard parameters used during vitrectomy and laser photocoagulation.



Table 2. Results of the standardized surgical technique with subretinal implantation of the

cell carrier in Libéchov minipigs over in the period between 2016 and 2020.

Video 1. Protocol for the preparation of the nanofibrous carrier and loading of the injector.
Video 2. Step by step protocol of the surgical procedure of subretinal cell carrier implantation

in minipigs.

Supplemental file 1. List of medications, which were used in minipigs during experimental

study.



