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Abstrakt

Kmenové bunky ptedstavuji perspektivu pro 1écbu fady doposud nelécitelnych
onemocnéni. V souCasnosti mezi nejvice studované kmenové builky patii
mezenchymalni kmenové buiiky (MSC). Tyto buiiky jsou schopné diferenciace v riizné
bunéné typy, produkovat rlustové a trofické faktory a prostiednictvim
imunomodulacnich molekul regulovat funkce bun€k imunitniho systému. Pii studiu
imunomodulacnich vlastnosti MSC jsme se zaméfili na jejich vliv na B bunky a na
studium mechanismu pasobeni MSC ovlivnénych interferonem-y (IFN-y) na produkci
interleukinu 10 (IL-10) B buiikami. Prokdzali jsme, ze MSC ovlivnéné IFN-y inhibuji
produkci IL-10 aktivovanymi B buiikami prostfednictvim drahy cyklooxygenazy-2.

Vzhledem ke svym regenerativnim a imunomodulacnim vlastnostem nachazeji
MSC uplatnéni v 1é¢beé fady onemocnéni. V této praci jsme se zabyvali moznosti vyuziti
MSC k 1é¢bé onemocnéni a posSkozeni oka. Pti 1é¢bé poskozeného povrchu oka jsou
pouzivany limbélni kmenové buiiky (LSC), ale jejich izolace je obtizna a nemohou byt
pouzity ve vSech pfipadech poSkozeni. Vhodnym kandidatem v téchto piipadech mohou
byt MSC. Proto jsme srovnavali terapeuticky potencial LSC a MSC izolovanych z kostni
dren¢ a tukovée tkané. Studie ukdzala, ze MSC izolované z kostni dfen¢€ maji srovnatelny
regenerativni vliv na hojeni poSkozeného povrchu oka jako tkanove specifické LSC.

Kromé 1écby poSkozeného povrchu oka mohou byt MSC vyuzity také v 1écbé
degenerativnich onemocnéni sitnice. Prokazali jsme, ze MSC jsou schopné v prostiedi
simulujici zanét v poskozené sitnici diferencovat na buiikky exprimujici znaky sitnice a
ukdzali jsme, Ze kli¢ovou podplrnou roli v tomto diferencia¢nim procesu hraje IFN-y.
Dale jsme ukazali, ze MSC produkuji neurotrofické faktory a dokéZou sniZit expresi

prozanétlivych cytokint v sitnici.



Abstract

Stem cell-based therapy represents a perspective approach for the treatment of
many so far incurable diseases. Mesenchymal stem cells (MSC) are currently the most
studied stem cells. They are able to differentiate into different cell types, to produce
growth and trophic factors and can suppress the functions of cells of the immune system.
During the study of the immunomodulatory properties of MSC, we focused on their
effect on B cells. The mechanism of impact of interferon-y (IFN-y) on MSC and their
effect on the production of interleukin 10 (IL-10) by B cells was analysed. We have
demonstrated that MSC-treated with IFN-y inhibit production of IL-10 by activated
B cells via the cyclooxygenase-2 involving pathway.

Due to their regenerative and immunomodulatory properties, MSC can be for
treatment of many diseases. In this study we focused on the disease and damage of the
eye. The limbal stem cells (LSC) are used for the treatment of damaged ocular surface,
however their isolation is difficult and they can not be used in all cases of damage.
Appropriate candidates in these cases are MSC. Therefore we have decided to compare
the therapeutic potential of LSC and MSC isolated from bone marrow or adipose tissue.
The study have shown that MSC isolated from bone marrow have a similar regenerative
effect on healing of the damaged ocular surface of the eye as have LSC.

In addition, MSC can be also used for the treatment of retinal degenerative
diseases. We found that MSC are able to differentiate into cells expressing retinal
markers in the environment simulating inflammation in the damaged retina and we have
shown that IFN-y plays a key role in the differentiation process. Furthermore, we have
shown that MSC produce numerous neurotrophic factors and can reduce expression of

proinflammatory cytokines in the retina.
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1 Seznam zkratek

ABCBS5
ABCG2

AD-MSC

BDNF
bFGF

BM-MSC

BRB
Breg
CD
CNTF
COX
DR
EGF
Fas-L

GDNF

HGF
IDO
IFN

IGF

ATP-binding cassette subfamily 5 protein
ATP-binding cassette transporter group 2 protein

adipose-derived mesenchymal stem cells, mezenchymalni kmenové

bunky izolované z tukové tkané
brain-derived neurotrophic factor, mozkovy neurotroficky faktor
basic fibroblast growth factor, bazicky fibroblastovy ristovy faktor

bone marrow-derived mesenchymal stem cells, mezenchymalni kmenové

buiiky izolované z kostni diené

blood retinal barrier, hematoretinalni bariéra
regulatory B cells, regulac¢ni B lymfocyty

cluster of differentiation, diferenciacni antigen

ciliary neurotrophic factor, cilidrni neurotroficky faktor
cyklooxygenase, cyklooxygendza

diabeticka retinopatie

epidermalni riistovy faktor, epidermal growth factor
Fas ligand

glial cell line-derived neurotrophic factor, neurotroficky faktor z glidlni

bunééné linie

hepatocyte growth factor, ristovy faktor hepatocyta
indolamin-2,3-dioxygenaza

interferon

insulin-like growth factor, inzulinu podobny riistovy faktor
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1L interleukin

iNOS inducible nitric oxid synthase, indukovatelna syntaza oxidu dusnatého
K3 keratin 3

LSC limbal stem cells, limbalni kmenové buiky

LSCD limbal stem cell deficiency, deficience limbalnich kmenovych bun¢k
LPS lipopolysacharid

MSC mesenchymal stem cells, mezenchymalni kmenové buniky

NGF nerve growth factor, nervovy ristovy faktor

NO nitric oxide, oxid dusnaty

NK natural killers, pfirozeni zabijeci

PCR polymerase chain reaction, polymerazova fetézcova reakce

PD-L1 programmed death ligand 1, ligand programované bunétné smrti
PDGF platelet-derived growth factor, destickovy rastovy faktor

PGE prostaglandine E, prostaglandin E

RPE retinal pigment epithelium, epitelidlni pigmentové buiky

TGF transforming growth factor, transformujici rastovy faktor

Th helper T cells, pomocné T lymfocyty

TNF tumor necrosis factor, faktor nekrotizujici nadory

Treg regulatory T cells, regulacni T lymfocyty

TSG-6 TNF-a stimulated gene 6 protein

VEGF vascular endothelial growth factor, cévni endotelialni ristovy faktor
VPMD vékem podminénd makularni degenerace



2 Literarni prehled

2.1 Uvod

Kmenové buniky se za posledni roky staly sttedem zajmi biomedicinského
vyzkumu, protoze svymi vlastnostmi piedstavuji nadéjné kandidaty pro 1écbu rady
doposud nelécitelnych poSkozeni a onemocnéni. Proto se tato prace se zabyva
mezenchymalnimi kmenovymi bunkami (MSC), které¢ v souCasné dobé patii mezi
nejstudovanéjsi typy kmenovych bunék. MSC disponuji diferenciacnim potencidlem,
imunomodulac¢nimi vlastnostmi a produkci trofickych a ristovych faktori. Dalsi jejich
vyhodou je pomérné snadnd izolace a kultivace z tkani pacienta a tedy moznost vyuziti
pro autologni transplantaci bez pouziti imunosupresivni 1é¢by.

MSC jsou studovany prolécbu autoimunitnich onemocnéni nebo pii
transplantacich, kde se vyuziva predevsim jejich schopnosti imunomodulace. MSC
pusobi na bunky adaptivni i pfirozené imunity, inhibuji zanétlivé reakce a naopak
aktivuji regulacni protizdnétlivou imunitni odpovéd’. Na druhé strané jsou MSC
vyuzivany v terapii pro své regenerativni ucinky a schopnost diferenciace na mnoho
bunéénych typt. Diferenciaci a produkci celé tady rastovych a trofickych faktort
podporuji regeneraci poSkozené tkang, naptiklad pti poskozeni oka. Pfi rozsdhlém
poskozeni rohovky 1 s limbalni ¢asti jsou schopné svou funkci nahradit limbalni
kmenové buitky (LSC) a zajistit regeneraci poskozeného povrchu oka. Usp&né
vysledky se ukazuji takeé pii aplikaci MSC v ptipad€ poskozeni sitnice. Bylo prokazano,
ze MSC jsou schopné diferenciace na bunky exprimujici znaky sitnice, podporuji

obnovu poskozenych bunék a potlacuji zanétlivé procesy v poSkozené sitnici.
2.2 Kmenové buiky

Kmenové bunky ptedstavuji fadu odlisnych bunéénych populaci, pro které stale
nebyl definovan Zadny spolecny fenotypovy znak. Mezi jejich hlavni spole€né vlastnosti
patii neomezena schopnost sebeobnovy a diferenciace na rizné typy bun¢k. Kmenové
buiiky mlZeme rozdé€lit na embryondlni kmenové bunky, indukované pluripotentni
kmenové buiiky a kmenové bunky z dospélého organismu.

Embryonélni kmenové buiky jsou pluripotentni kmenové bunky ziskdvané
z blastocysty zarodku. Jejich nevyhodou pfi terapeutickém pouziti je tvorba teratomi a

etické problémy spojené s jejich izolaci (Bobbert 2006; Gong et al. 2014). Dal§im typem
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jsou indukované kmenové buniky, které jsou uméle pfipravovany ze somatickych bunék
vnesenim genli potiebnych pro reprogramovani somatické builkky na bunku
s kmenovymi vlastnostmi. Reprogramované buiiky se mohou diferencovat do vSech tfi
zérodeCnych linii. Jejich pouziti negativné ovlivituji problémy spojené s pouzitim
virovych vektorl a také netiplnym reprogramovanim bunék (Yu et al. 2007; Yamanaka
etal. 2012).

V soucasné¢ dobé se jako nejvhodnéjsi kandidat pro bunécnou terapii ukazuji
kmenové buiiky z dospélého organismu, kam miizeme zafadit hematopoetické kmenové
buiiky, tkanové specifické kmenové buiikky nebo MSC. Kmenové bunky z dospélého
organismu zajiStuji obnovu bunék diferenciaci. Kromé diferenciace na bunky
odpovidajici bunécné linie jsou nékteré z nich schopné i transdiferenciace na buiiky
jinych zarode¢nych linii. U MSC byly prokézané imunomodulaéni vlastnosti, schopnost
produkce rustovych a trofickych faktort a také moznost transdiferenciace (Guadix et al.

2016).

2.3 MSC

MSC jsou multipotentni kmenové bunky, které byly vroce 1966 popsany
Friedensteinem et al. jako populace bun¢k v kostni dieni. Pro MSC nebyl doposud
stanoven Zadny unikatni znak, proto se pro jejich charakterizaci vyuziva tii kritérii
stanovenych Mezindrodni spoleCnosti pro bunécnou terapii. Jednim z kritérii je
schopnost MSC in vitro diferencovat na adipocyty, chondroblasty a osteoblasty. Kromé
toho musi byt MSC adherentni k plastovému povrchu a musi exprimovat diferenciacni
antigeny (CD, cluster of differentiation) CD73, CD90, CD105 a naopak neexprimovat
hematopoetické znaky CD11b, CD14, CD19, CD34, CD45, CD790 a molekuly hlavniho
histokompatibilniho komplexu II. tfidy (Dominici et al. 2006).

2.3.1 Vyskyt a migrace MSC

MSC muizeme nalézt v celé fad¢ tkani jako je naptiklad kostni dien, tukova tkan,
pupecnikova krev, placenta, zubni dfen, kosterni sval, synovidlni tekutina nebo vlasovy
folikul (Tuan et al. 2003). Nejcasteji jsou vSak MSC ziskavany z kostni dien¢, tukové
tkan€ nebo pupecnikové krve. Rozdilné vlastnosti MSC izolovanych z rtiznych tkani
jsou predmétem fady studii. Na zakladé jejich plivodu je nejcastéji srovnavan jejich

fenotyp, morfologie, proliferaéni schopnost, rozdily v inhibici bun€k imunitniho
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systému a diferenciacni potencidl (Kern et al. 2006; Ribeiro et al. 2013; Isobe et al.
2016).

Z mista vyskytu jsou MSC schopné migrovat do mista poSkozeni ¢i zanétu a zde
zajistit regeneraci poskozené tkané Ci potlacit probihajici zanét. Migrace MSC do mista
poskozeni je ovlivnéna fadou chemoatraktantti, pro néz maji MSC na svém povrchu
receptory. Nartst koncentrace zanétlivych chemokinli v misté poSkozeni je hlavnim

faktorem zahéjeni migrace MSC (Ponte et al. 2007; Li and Jiang 2011).
2.3.2 Diferenciace MSC

Diferenciace je komplexni proces potiebny pro obnovu bunék a tkani. MSC jsou
kromé diferenciace na adipocyty, chondrocyty, osteocyty a jiné mezodermalni bunky
schopné také transdiferenciace na builky entodermalniho a ektodermdlniho pivodu.
Byla popséna diferenciace MSC na hepatocyty (Zhao et al. 2009), plicni bunky (Rojas
et al. 2005), kardiomyocyty (Toma et al. 2002), buiiky ledvin (Liu et al. 2013), neurony
(Tropel et al. 2006), buniky rohovky (Nieto-Miguel et al. 2013) a dalsi bunécné typy.

2.3.3 Parakrinni pisobeni MSC

MSC produkuji fadu cytokind, chemoatraktantt, ristovych a trofickych faktort a
imunomodulac¢nich molekul. Rustové a trofické faktory maji anti-apoptotickou,
regenerativni, diferenciacni a angiogenni funkci. Mezi tyto faktory produkované MSC
patii naptiklad cévni endotelidlni ristovy faktor (VEGF, vascular endothelial growth
factor), angiopoietin-1, erytropoietin, leukemicky inhibi¢ni faktor, destiCkovy rtustovy
faktor (PDGF, platelet-derived growth factor), bazicky fibroblastovy rastovy faktor
(bFGF, basic fibroblast growth factor), inzulinu podobny rtstovy faktor (IGF, insulin-
like growth factor) nebo epidermalni ristovy faktor (EGF, epidermal growth factor)
(Meirelles et al. 2009). Kromé trofickych faktortt MSC produkuji také anti-fibroticke,
imunomodulac¢ni faktory a chemoatraktanty (Spees et al. 2016).

Studie z posledni doby ukazaly, Ze rlstové faktory mohou byt sekretovany také ve
formé¢ extracelularnich vackl (exosomy, mikrovesikly). Vacky kromé ristovych faktort
mohou obsahovat rizné cytokiny, mRNA, mikroRNA a imunomodula¢ni molekuly.
Transport faktori pres extracelularni vacky chrani molekuly pted jejich degradaci a
umoziuje pienos na delsi vzdalenosti. Dal§imi vyhodami vyuziti extracelularnich vacka
v terapii je zamezeni rejekce a pfenosu poskozenych bunck, moznost aplikace vétsi

davky a snadny priichod vzhledem k malé velikosti vacka. Na druhou stranu nemiize
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dochazet k diferenciaci MSC a piisobeni riistovych a trofickych faktorii je omezeno

(Nooshabadi et al 2017; Phinney et al. 2017).
2.3.4 Vliv MSC na fibrézu

Bylo prokazano, ze MSC jsou schopné inhibovat fibroticky proces a podpofit
regeneraci tkdné. Fibrotickym procesem dochazi ke zvySovani poméru vazivové tkané
na ukor tkan¢ daného organu. Fibroza tkani je zptisobena nejcastéji poranénim, zanétem,
rejekci nebo oxidacnim poSkozenim (Spees et al. 2016). MSC inhibuji diferenciaci
epitelidlnich bunék na fibroblasty, oxidac¢ni poSkozeni bun¢k a umoziuji remodelaci
tkan¢ (Usunier et al. 2014). MSC také svym pusobenim snizuji infiltraci lymfocytt a
neutrofild do tkdn€ a sniZuji tak produkci zanétlivych a fibrotickych faktorii (Ono et al.

2014).
2.3.5 Imunomodulaé¢ni vlastnosti MSC

Krom¢ diferenciacniho potencidlu disponuji MSC také imunomodulaé¢nimi
vlastnostmi, kterymi inhibuji funkci bunék adaptivni i pfirozené imunity. Bylo ukazano,
ze MSC jsou schopné snizit proliferaci a funkci T bunék, B bun¢k, dendritickych bunék
a NK bunék a naopak indukovat vznik regulanich makrofagt, T regulacnich (Treg)
bun¢k a B regulacnich (Breg) bunék (Lee and Song 2017). V fadé piipadli neni objasnén
pfesny mechanismus jejich plisobeni. Na buiiky imunitniho sytému mohou MSC ptisobit
jak bunéénym kontaktem, tak prostiednictvim solubilnich imunomodula¢nich molekul,
které¢ mohou byt produkovany konstitutivné nebo je k jejich aktivaci potieba stimulace
(Zhao et al. 2016). V fadé studii bylo potvrzeno, Ze pro zvySeni exprese vétSiny
imunomodula¢nich molekul je potfeba stimulace pomoci interferonu- y (IFN-y), faktoru
nekrotizujiciho nadory a (TNF-a, tumor necrosis faktor), interleukinu (IL) 1 nebo jejich
kombinace. V zanétlivém prostfedi dochazi k aktivaci MSC a expresi vys§i hladiny
imunomodula¢nich molekul, coz vede k inhibici nezadouci zanétlivé reakce a smerovani
imunitni odpovédi k tolerogenni (Krampera et al. 2006; Dorronsoro et al. 2013; Gao et
al. 2016).

Mezi molekuly zprostiedkovavajici kontaktni inhibici bunék imunitniho systému
patii napiiklad ligand programované buné¢né smrti (PD-L1, programmed death ligand
1) a Fas ligand (FasL). Exprese PD-L1 na povrchu MSC je nékolikanasobné zvySena po
pusobeni IFN-y a je zodpoveédnd napiiklad za snizeni poctu pomocnych T bunck 17

v kultufe (Th17, T helper cell) (Sheng et al. 2008; Luz-Crawford et al. 2012). FasL na
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povrchu MSC se uplatiiuje v indukci apoptotické smrti u aktivovanych bunék
imunitniho systému a potlaceni nezddouci zanétlivé reakce (Akiyama et al. 2012).
MSC produkuji velky pocet solubilnich imunomodulacnich cytokinti a molekul
jako naptiklad IL-6 (Djouad et al. 2007), transformujici ristovy faktor f (TGF-B,
transforming growth factor ) (English et al. 2009), oxid dusnaty (NO, nitric oxide)
produkovany indukovatelnou syntazou NO (iNOS) (Sato et al. 2007), produkt
cyklooxygenazy 2 (COX-2) prostaglandin E2 (PGE2) (English et al. 2009), u lidi lidsky
leukocytarni antigen G5 (Selmani et al. 2008), TSG-6 (TNF-a stimulated gene 6 protein)
(Oh et al. 2012), rastovy faktor hepatocyti (HGF, hepatocyte growth factor) (Neuss et
al. 2004) a také intracelularni enzym katabolizujici tryptofan indolamin 2,3-dioxygenaza

(IDO) (Meisel et al. 2004).
2.3.5.1 Vliv MSC na buiiky imunitniho systému

Jak jiz bylo zminéno vyse, MSC puisobi na celou fadu bun¢k ptirozené i adaptivni
imunity, ovliviiuji jejich proliferaci, aktivaci, migraci, expresi povrchovych molekul
nebo produkei cytokint (Obr. 1). Imunomodulaéni efekt MSC je zprosttedkovan Casto
kombinaci nékolika solubilnich faktord i membranovych molekul, ale jejich piesné

mechanismy pisobeni jsou stale predmétem studii (Lee and Song 2017).
2.3.5.2 Vliv MSC na T lymfocyty

MSC jsou schopné potlacit aktivaci a proliferaci T bunék a také plisobi na jejich
diferenciaci. Jednim z mechanismi inhibice proliferace T lymfocyti je zastaveni jejich
bunécného cyklu v GO/G1 fazi (Glennie et al. 2005). MSC mohou na T buiiky pisobit
ptimo nebo zprostiedkované pies inhibici dendritickych bunék (Spaggiari et al. 2009).
Po piisobeni MSC na T bunky dochazi k ovliviiovani rovnovahy mezi Thl a Th2
IFN-y u Thl bun€k a naopak podporuji Th2 bunky a jejich produkei IL-4 a IL-10
(Aggarwal and Pittenger 2005). MSC vzhledem k produkci TGF-B a IL-6 také ovliviiuji
diferenciaci naivnich T bunék na Treg nebo Th17 bunky. Pokud MSC produkuji pouze
TGF-B dochéazi k vyvoji T bunc€k regulacnim smérem, naopak pokud se T builky
vyskytuji v prostfedi kombinace cytokinii TGF-3 a IL-6 diferenciace probihd na Th17
buiiky (Svobodova et al. 2012). Diferenciaci T buné€k regula¢nim smérem mohou MSC

ovlivnit 1 piisobenim ptes PGE2 nebo IDO (English et al. 2009; Ghannam et al. 2010).
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Obrazek 1. Vliv MSC na buiiky prirozené a adaptivni imunity. MSC ovliviiji bunky
imunitniho systému pifimym kontaktem i produkci parakrinné ptisobicich faktorti. Po stimulaci
zanétlivym prostiedim (IFN-y, TNF-a, IL-13) MSC produkuji vyssi hladinu imunomodula¢nich
molekul. Dochazi k inhibici prozanétlivé imunitni odpovédi a naopak k ptfesmyku na regulacni

odpovéd (ptevzato z Lee and Song 2017).

2.3.5.3 Vliv MSC na B lymfocyty

Kromé¢ piimého ptisobeni MSC mohou byt B lymfocyty ovlivnény i nepfimo ptes
inhibované T lymfocyty. MSC inhibuji proliferaci B buné&k zastavenim jejich bunééného
cyklu v GO/G1 fazi stejné jako u T lymfocyt. Ovliviiuji také diferenciaci B bun¢k na
plazmatické buiiky, produkci imunoglobulinli a maji vliv na sniZeni exprese receptorti
pro chemokiny (CXCR4, CXCRS a CCR7), ¢imZ dochazi k inhibici migrace B bunck
do sekundarnich lymfoidnich organti (Corcione et al. 2006; Franquesa et al. 2012).

Bylo prokazano, Ze stejn¢ jako u T lymfocytl a makrofagi i B lymfocyty maji
regulacni subpopulaci Breg, ktera produkuje pievazné IL-10 (Ma and Chan 2016).
V nékolika studiich bylo potvrzeno, ze MSC podporuji vznik Breg lymfocytd. Na

modelu experimentalni autoimunitni encefalomyelitidy po podani MSC doslo k inhibici
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Th17 bunék a naopak ke zvySeni aktivity Breg bun€k (Guo et al. 2013). Podobné
vysledky byly popsiny i na mySim modelu onemocnéni systémového lupus
erytematoides, kde po podani MSC doslo také k nartstu poctu Breg lymfocyti v in vitro
1 in vivo pokusech (Park et al. 2015). V soucasné dob¢ neni jasné, jakym zptusobem se
MSC podileji na aktivaci Breg, zda je to jejich pfimym plsobenim nebo prosttednictvim
IL-10 produkovaného Treg lymfocyty, dendritickymi buitkami nebo makrofagy (Ma and
Chan 2016).

2.3.5.4 Vliv MSC na makrofagy

Makrofagy mizeme rozd¢lit na dvé subpopulace M1 a M2 s odlisnym fenotypem.
M1 makrofagy maji prozanétlivy charakter s produkci NO, IL-1, IL-6, IL-12 a TNF-a,
naopak M2 populace podporuje protizanétlivou imunitni odpovéd’ a produkuje I1L-4 a
exprimuji ve zvySené mitfe molekulu CD206 a je u nich zvySena schopnost fagocytozy

(Maggini et al. 2010; Cho et al. 2014).
2.3.5.5 Vliv MSC na dendritické buiiky a NK bunky

U dendritickych bunék jsou MSC schopné inhibovat jejich diferenciaci
zmonocytl a nasledné potlacit expresi molekul slouzicich k prezentaci antigenu a
kostimulaénich molekul. Inhibice téchto molekul vede zprostfedkované ke snizeni
funkce T lymfocytii bez ptimého plisobeni MSC (Jiang et al. 2005, Chiesa et al. 2011).
Bylo prokazano, ze MSC maji supresivni ucinky 1 na NK bunky, inhibuji jejich
proliferaci, cytotoxicitu a expresi aktivacnich receptortl. Inhibi¢ni vliv MSC je vétsi
v pfipadé neaktivovanych NK bun¢k nez aktivovanych NK bunék (Spaggiari et al.
2008).

2.4 Moznosti terapeutického vyuziti MSC

MSC vzhledem ke svym vlastnostem ptedstavuji perspektivni kandidaty pro lécbu
fady onemocnéni. Mohou byt vyuzity jak v regenerativni mediciné, tak v 1écbé
autoimunitnich onemocnéni ¢i pfi transplantacich. V soucasné dobé€ probiha ptiblizné
500 klinickych studii zabyvajicich se MSC a jejich uplatnénim v terapii
(www.clinicaltrials.gov). V regenerativni mediciné se uplatiiuje predev§im schopnost
MSC se diferencovat v riizné bunééné typy. MSC se mohou diferencovat napiiklad na

chondrocyty, osteocyty (Pittenger et al. 1999), kardiomyocyty (Toma et al. 2002),
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hepatocyty (Zhao et al. 2009), buiiky rohovky (Nieto-Miguel et al. 2013) nebo sitnice
(Kicic et al. 2003). Dalsi vyznamnou vlastnosti MSC je produkce rustovych, anti-
apoptotickych, anti-fibrotickych, angiogennich faktorG a cytokinii, které podporuji
diferenciaci bunék a regeneraci poSkozené tkan¢ (Meirelles et al. 2009). V ramci
regenerativni uplatnéni MSC se jedna predevSim o pouziti v 1écbé poskozenych
chrupavek (Wakitani et al. 2011), komplikovanych zlomenin (Quarto et al. 2001),
osteoartritidy (Soler et al. 2016), genetického onemocnéni osteogenesis imperfekta
(Horwitz et al. 2002), infarktu myokardu (Orlic et al. 2001), plicni fibrozy (Glassberg et
al. 2017), poskozeni jater (Peng et al. 2011) nebo poranéni michy (Jarocha et al. 2015).

Velky potencial se skryva také v imunomodula¢nich vlastnostech MSC a moznosti
regulace adaptivni i pfirozené imunity (Guadix et al. 2017; Lee and Song 2017). Téchto
vlastnosti je vyuzivdno pii transplantacich k potlaceni nezddoucich imunitnich reakci,
napftiklad pfi transplantaci ledvin (Mudrabettu et al. 2015), a déle k 1é¢bé chronické a
akutni reakce Stépu proti hostiteli (Le Blanc et al. 2008; Kurtzberg et al. 2014).
V neposledni fad¢ jsou MSC pouzivany v 1écbé autoimunitnich onemocnéni, jako je
napiiklad diabetes mellitus (Cai et al. 2016), roztrousena sklerdza (Llufriu et al. 2014),
revmatoidni artritida (Liang et al. 2012) nebo Crohnova choroba (Ciccocippo et al.
2015).

V fadé¢ onemocnéni je vyuZzivana kombinace regenerativnich vlastnosti MSC
spolu s jejich imunomodula¢nimi vlastnosti. Pfikladem mohou byt rtiznd onemocnéni a
poskozeni zraku. Poskozeni zraku nebo jeho ztrata vedou k vyraznému snizeni kvality
zivota, které se promita do vSech jeho oblasti a omezuje dosavadni Cinnosti Clovéka.

vvvvvvvv

sitnice.
2.4.1 Rohovka

Svétlo vstupuje do oka ptes rohovku a dopadé pfes zornici na ¢ocku, ktera se diky
duhovce roztahuje nebo zuZuje a méni tak své zakfiveni, pak paprsek dopada na zadni
sténu oka na sitnici (Obr. 2). Na povrchu rohovky se nachazi dlazdicovy vrstevnaty
rohovkovy epitel, jehoz odumielé buiiky jsou odplavovany prostiednictvim slz. Dale je
rohovka tvofena Bowmanovou membranou tvofenou vldkny kolagenu, nejsilngjsi ¢asti
rohovkovym stroma, descemetskou membranou a nakonec jednovrstevnym

rohovkovym endotelem. Na zevnim okraji rohovky se nachéazi limbus, ktery slouZzi jako

17



bariéra rozristani spojivkového epitelu na rohovku a také se zde nachazi populace LSC

(Echevarria and Di Girolamo 2011; Zhao et al. 2016).
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Obrazek 2. Schéma lidského oka. Lidské oko je z velké Casti tvoteno skliveem, déle je slozeno
z ptedni casti s rohovkou, duhovkou se zornici, co¢kou a zadni Casti, kde se nachazi sitnice.
Na sitnici je zndzornéno misto nejostiej§iho vidéni zlutd skvrna neboli makula (pfevzato a

upraveno ze Zheng et al. 2012).

2.4.1.1 PoSkozeni rohovky

Za fyziologickych podminek je rohovka prithledné a nenachdzi se v ni Zadné cévy.
Pti poskozeni miize dojit k vaskularizaci a ke sniZeni prithlednosti rohovky, coZ miize
mit za nasledek aZz ztratu zraku. PoSkozeni povrchu oka mulze byt zpisobeno
mechanicky, tepelné, chemicky nebo sekundarné jako nasledek infekéniho onemocnéni.
Dalsi moznosti poSkozeni jsou geneticky podminéné dystrofie rohovky nebo poskozeni
pfi autoimunitnim onemocnéni (napiiklad o¢ni pemphigoid). Regenerace rohovkového
epitelu je zprostredkovana LSC a jejich naslednou diferenciaci. Populace LSC se
nachazi v bazélni vrstvé limbalniho epitelu ve struktufe nazyvané Vogtovy palisady. Pti
rozsahlejSim poskozeni rohovky 1 s oblasti limbu dochazi k deficienci LSC (LSCD) a
regenerace rohovkového epitelu neni moznd. LSCD je charakterizovana invazi
spojivkového epitelu, zanétlivym prostiedim, vaskularizaci a ztencenim rohovky (Dua

et al. 2009; Ordonez and Di Girolamo 2012).
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2.4.1.2 Transplantace rohovky

Moznost 1écby povrchu oka zavisi na rozsahu poSkozeni, zda je zasazen limbus a
také zda se jedna o jednostranné ¢i oboustranné poskozeni oka. Pokud je poskozena
pouze rohovka a limbalni tkan je alesponn ¢astecné zachovéna, je mozné piistoupit
k transplantaci rohovky. Vzhledem k imunoprivilegovanosti rohovky je jeji
transplantace ve vétSing€ piipadi Gspésnd a patii k jedné z nejcastéjSich transplantaci.
Problém muze nastat, pokud pii poSkozeni rohovky doslo k vaskularizaci a zvySeni
poctu bunék imunitniho systému v rohovce. V téchto pfipadech je naruSena jeji
imunoprivilegovanost a mize dojit k odhojeni §tépu (Maddula et al. 2011; Zhao et al.

2016).
2.4.1.3 Vyuziti LSC v 1é¢bé poskozené rohovky

LSC jsou schopné nahradit poskozené buiiky rohovkového epitelu. Stejné jako pro
MSC, ani pro LSC neni v soucasné dobé zndmy zadny specificky znak. Pro jejich
charakterizaci je vyuzivana exprese membranového transportéru ABCG2 (ATP-binding
cassette transporter group 2 protein), transkripcniho faktoru p63, ABCBS5 (ATP-binding
cassette subfamily 5 protein), keratin 19 (K19) a naopak neptitomnost znak typickych
pro buiiky rohovky jako naptiklad K3 nebo K12 (Krulova et al. 2008; Echevarria and
Di Girolamo 2011; Ekici et al. 2015).

V piipadé poskozeni zahrnujici 1 limbus dochazi k LSCD a rohovka neni schopna
se regenerovat ani po piipadné transplantaci. Pfi jednostranném poskozeni limbu muze
byt vyuzita transplantace ¢asti limbalniho epitelu ze zdravého oka do oka poskozeného,
nevyhodou je moznost poskozeni zdravého oka po odbéru casti limbu (Rama et al.
2010). Dalsi zpisob 1écby piedstavuje transplantace laboratorné kultivovanych LSC
ziskanych z malého kousku neposkozeného limbu pacienta (Basu et al. 2012). JiZ v roce
1997 byla publikovana skupinou Pellegrini et al. uspé$na transplantace epitelidlni vrstvy
bunék kultivované z LSC pacienta. Po autologni transplantaci na chemicky poskozeny
povrch oka doslo k obnoveni rohovkového epitelu (Pellegrini et al. 1997). LSC jsou na
povrch oka transplantovany pomoci rtiznych nosicl, vyuzivé se naptiklad amniova
membrana (Pauklin et al. 2010; Basu et al. 2012), kontaktni ¢ocky (Pellegrini et al. 1997;
Brown et al. 2014), nanovlakenné nosice (Zajicova et al. 2010; Baradan-Rafii et al.

2015) nebo fibrinové lepidlo (Marchini et al. 2011).
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U poskozeni limbu u obou o¢i neni transplantace limbu nebo LSC z druhého
neposkozeného oka pacienta mozna. Vyuzivd se alogenni transplantace limbu
s naslednym podanim imunosupresivnich 1é¢iv (Dua et al. 1999), piipadné aplikace
kultivovanych alogennich LSC (Pauklin et al. 2010). Oba zptisoby terapie jsou spojeny
s aktivaci imunitniho systému, a je nutné podavani silnych davek imunosupresivnich
1é¢iv, které maji fadu vedlejsich uc¢inkd. Vhodnou alternativu pro 1écbu poskozeného
povrchu oka piedstavuji MSC, které se mohou diferencovat na buiiky rohovky a zaroven
podporovat regeneraci v misté¢ poskozeni. MSC je mozné izolovat z tkdni pacienta a

ziskat tak dostate¢né mnozstvi bunék pro autologni transplantaci.
2.4.1.4 Vyuziti MSC v 1é¢bé poskozené rohovky

MSC jsou perspektivnim kandiddtem pro 1écbu poskozeného povrchu oka. Bylo
prokazano, ze mohou jak diferencovat na bunky rohovky, tak potlacit zanétlivou reakci
probihajici v misté posSkozeni. Svymi vlastnostmi mohou MSC nahradit LSC, které
nemohou byt pouzity v fad¢ ptipadll vazného poSkozeni povrchu oka. MSC maji navic

oproti LSC vyhodu snadné izolace a kultivace z tkani pacienta.
2.4.1.4.1 Diferenciace MSC na buriky rohovky

MSC maji fadu podobnych vlastnosti jako LSC, jednou z nich je schopnost
diferenciace na bunky epitelu rohovky. Bylo prokazano, ze MSC jsou schopné
diferenciace in vitro po kultivaci s LSC nebo se supernatantem z kultivovanych LSC,
v obou piipadech doSlo u MSC k expresi znaku K3 typického pro rohovku (Gu et al.
2009). Kultivace MSC izolovanych z kostni diené¢ (BM-MSC, bone marrow-derived
MSC) s kondiciovanym médiem ziskanym kultivaci bun€k rohovky byla vyuZita i
v jinych experimentech, které diferenciaci MSC na buiiky exprimujici znaky K3 a K12
potvrdily (Nieto-Miguel et al. 2013). V jiné studii byly MSC kultivovany pifimo se
stromalnimi builkami rohovky, i v tomto pfipad¢ doSlo k diferenciaci BM-MSC na
buiiky exprimujici K12 (Jiang et al. 2010). Diferenciace BM-MSC na buiiky rohovky
byla zaznamenana 1 po jejich transplantaci na modelu alkalického poSkozeni oka. MSC
byly aplikovany na poskozeny povrch oka potkant prostfednictvim amniové membrany
(Jiang et al. 2010, Rohaina et al. 2014) nebo fibrinového gelu (Gu et al. 2009). V obou
ptipadech doslo k diferenciaci MSC na buiiky exprimujici znaky rohovky a k ustupu

neovaskularizace a regeneraci rohovky.
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2.4.1.4.2 Inhibice zanétlivé reakce

Schopnost diferenciace neni jedina vlastnost MSC, kterd mlze byt vyuzita pfi
1écbe poskozeni povrchu oka. MSC také mohou potlacit zanétlivé reakce probihajici
v poskozeném oku a podpofit regeneraci rohovkového epitelu. Ma et al. prokazali po
aplikaci lidskych BM-MSC prostfednictvim amniové membrany na chemicky
poskozené oko potkana snizeni neovaskularizace a zanétu, ale nepozorovali diferenciaci
BM-MSC na buiiky exprimujici znaky rohovky (Ma et al. 2006). Krom¢ fibrinového
gelu a amniové membrany je MSC mozné na povrch oka pienaset také prosttednictvim
nanovlakenného nosice. Bylo ukdzano, ze 1 v tomto ptipad€ dochézi k inhibici lokalni
zanétlivé reakce na povrchu oka (Zajicova et al. 2010).

Dalsim zptisobem podani MSC je intravendzni aplikace, po podani jsou MSC
schopné migrovat do mista poskozeni (Javorkova et al. 2014) nebo také pulsobit
prostfednictvim produkované molekuly TSG-6 (Oh et al. 2012). Po intraven6znim
podani BM-MSC u mysi byla pozorovana inhibice Casné faze zanétu v chemicky
poskozené rohovce, kde doslo ke snizeni infiltrace rohovky builkami imunitniho
systému a snizeni produkce IL-1 a IL-6 (Javorkova et al. 2014). V jiné praci byly lidské
MSC po intraven6znim podani mysim zachyceny v plicich, odkud ptes molekulu TSG-6
byly schopné inhibovat zanét a buniky imunitniho systému v rohovkovém transplantatu
a prodlouzit tak ptezivani Stépu (Oh et al. 2012). Aplikace BM-MSC po transplantaci
alogenni rohovky také prodlouzila pteziti transplantatu na modelu potkana, kde doslo
k inhibici prozanétlivé Th1l odpovédi a naopak ke zvySeni poctu Th2 a Treg bunék (Jia
et al. 2012). V soucasné dobé probiha klinické studie vénujici se transplantaci MSC
izolovanych z tukové tkan¢ (AD-MSC, adipose-derived mesenchymal stem cells) pii
onemocnéni rohovky. Studie je rozd€lena na 3 skupiny, kdy jedné skupiné jsou
transplantovany pouze AD-MSC, druhé samotny nosi¢ a tieti nosi¢ s AD-MSC. Uéelem
studie je zhodnotit bezpecnost a predbéznou ucinnost transplantace AD-MSC

(www.clinicaltrials.gov).
2.4.2 Sitnice

Sitnice se nachdzi na vnitini stran€ oka a slouzi ke zpracovani svételnych signali.
Svételny signéal dopada do oka skrz rohovku a déale pokracuje ptres Cocku az na sitnici.
V sitnici se nachazi deset rozdilnych bunécnych vrstev (Obr. 3). Jednou z nich je vrstva

fotoreceptorti, které jsou zodpovédné za pfeménu svételné energie na nervovy vzruch.
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Tato informace je pomoci optického nervu pieddna dale do mozku. Jednotlivé vrstvy
sitnice si mezi sebou preddvaji signidly a vzajemné spolu komunikuji. Prvni
nejvzdalené;si vrstvou od sklivce jsou epitelidlni pigmentové buiiky (RPE), pak smérem
ke sklivci nésleduje vrstva fotoreceptori — tyCinek a Cipkli, zevni ohranicujici
membrana, zevni jadrova vrstva, zevni plexiformni vrstva, vnitini vrstva jadrova
s bipolarnimi, amakrinnimi a horizontalnimi buiikami, dale vnitini plexiformni vrstva,
vrstva gangliovych buné€k, vrstva nervovych vlaken a nakonec vnitini ohranicujici
membrana (Alonso-Alonso and Srivastava 2015). Na povrchu sitnice mizeme nalézt
slepou skvrnu neboli opticky disk, coz je misto, kde sitnici opousti opticky nerv a naopak
sem vstupuje cévni zasobeni. Dal§im dalezitym mistem sitnice je zlutd skvrna neboli
makula, kterd je mistem nejostfejSiho vidéni. Na udrzeni homeostaze sitnice a jeji
imunologické privilegovanosti se podili hematoretindlni bariéra (BRB, blood retinal

barrier), ktera je tvofena tésnymi spoji mezi epitelidlnimi bunikami (Klassen et al. 2013).

ILM Obrazek 3. Schéma usporadani vrstev

NFL  bunék sitnice. Sitnice je sloZena z deseti

vrstev bun€k - prvni vrstvou jsou epitelidlni

el pigmentové buiikky (RPE), poté nasleduje

vrstva fotoreceptorti — tyCinek (R) a ¢ipki (C),

i zevni ohrani¢ujici membrana (ELM), zevni

INL jadrova vrstva (ONL), zevni plexiformni

vrstva (OPL), vnitini vrstva jadrova (INL)

s bipolarnimi (B), amakrinnimi (Am, DA),

[ ot Millerovymi (M) a horizontdlnimi (H)
.§ Eﬂ; bunkami, dale wvnitini plexiformni vrstva
@ (IPL), vrstva gangliovych (G) bunék (GCL),
g vrstva nervovych vlaken (NFL) a nakonec
| - vnitini ~ ohraniCujici  membrana  (ILM)

(pfevzato a upraveno ze Zheng et al. 2012).
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2.4.2.1 Onemocnéni sitnice

Jednotlivé vrstvy bunck sitnice jsou navzijem propojeny a komunikuji spolu.
Poskozeni v jedné vrstvé bunck vede ke ztraté propojeni a nasledné ke ztraté¢ funkce
sitnice. Onemocnéni sitnice patii k zdvaznym onemocnénim, u kterych je dilezita
vCasna diagnoza. Postup degenerace sitnice je u nékterych onemocnéni velmi rychly a
ztrata zraku je nevratnd. Mezi nejcastéjSi onemocnéni mizeme zatadit diabetickou
retinopatii, vékem podminénou makuldrni degeneraci, glaukom, odchlipeni sitnice a
z dédi¢nych onemocnéni napiiklad retinitis pigmentosa (Park et al. 2017).

Diabetické retinopatie (DR) je onemocnéni sitnice, pii kterém je poSkozeno jeji
cévni zasobeni a v pokrocilém stadiu mize vést az k nevratné ztraté zraku, DR postihuje
v pokrocilé fazi cukrovky vysoké procento pacientti (Resnikoff et al. 2004). V pocatecni
fazi dochazi k neptiznivym biochemickym procesim vedoucim ke zméndm tlaku v oku
a zeslabovani stén cév s tvorbou mikroaneurizmat v jejich sténdch. Dochézi
k nedostatenému  okysli€ovani, coz zplsobuje odumirdni bunék zajistujicich
kontraktibilitu cév a také zvySeni propustnosti cévni stény (Lorenzi and Gerhardinger
2001). Néasledné vzniké vaskularni okluze, kterd zabranuje dostatecnému vyzivovani a
v diisledku toho zde dochézi k hypoxii az ischemii. Tento proces je doprovazen produkci
angiogenniho faktoru a tvorbou novych cév. U nové€ vzniklych cév dochdzi k rupturam
a krvéceni do sklivce, coz spole€né s tvorbou fibroznich jizev vede k oslepnuti (Cheung
et al. 2010).

Vékem podminénd makuldrni degenerace (VPMD) je multifaktorialni
onemocnéni, které je nejcastéjsi pricinou ztraty zraku ve vyspélych zemich. Dochazi
k poruseni zluté¢ skvrny neboli makuly, ktera je zodpovédna za centrdlni a barevné
vidéni. VPMD se vyskytuje prevazné u pacienti star§ich 50 let, kromé véku je rizikovym
faktorem také nespravna Zivotosprava a geneticka predispozice. Postupné s pokroc¢ilym
vékem dochazi k poklesu aktivity RPE buné€k, fotoreceptory nejsou dostatené
vyzivovany a dochazi k hromadéni odpadnich latek v sitnici. Hromadéni deposit
v sitnici vede k odumteni RPE bunék i fotoreceptorii (Ng et al. 2014; Nazari et al. 2015)
(Obr. 4).

Dal$im onemocnénim sitnice je glaukom, pfi kterém je jednim z rizikovych
faktorii vysoky nitroo¢ni tlak. BEhem onemocnéni dochazi k postupnému odumirani
gangliovych bunék a jejich axont tvoficich opticky nerv (Bull and Martin 2011; Cohen

etal. 2014). Kromé vyse zminénych onemocnéni jsou 1 dédicné degenerativni poSkozeni
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sitnice. Do této skupiny mulizeme zaradit napiiklad onemocnéni retinitis pigmentosa.
Existuje cela fada forem tohoto onemocnéni zplsobend riznymi mutacemi, nejcastéjsi
je mutace zpusobujici poruchu tvorby rodopsinu. Nejdiive dochazi k odumirani ty¢inek
na vn&j$Sim okraji sitnice, coZ zpusobuje zhorSené vidéni za Sera. Pozdéji jsou ale
zasazeny 1 Cipky v centralni oblasti sitnice a postupné pomalu dochazi k uplné ztraté
zraku. Uginna 1é¢ba tohoto onemocnéni nyni neexistuje (Ng et al. 2014; Nash et al.

2015).
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Obrazek 4. PoSkozeni sitnice pii VPMD. Pii VPMD dochazi k poruseni struktury sitnice
v mist¢ makuly. Nasledkem hromadéni depozit v sitnici (drusen) dochézi k postupnému
odumirani RPE bun¢k, fotoreceptor a dalsich bunék sitnice. V misté poskozeni jsou aktivovany
makrofagy a integrita sitnice je naruSena. Na obrazku A je zndzornén stav v pocateCnim stadiu
VPMD, na obrazku B pak pokrocilé¢ stddium VPMD (pfevzato a upraveno z van Lookeren
Campagne et al. 2014).

2.4.2.2 Vyuziti MSC v 1é¢b€é onemocnéni sitnice

V soucasné dobé¢ pro fadu degenerativnich onemocnéni sitnice stale neexistuje
ucinnd 1écba nebo je 1écba tispésnd pouze v pocatecnich stadiich onemocnéni. Casto je

vyuzivano invazivnich metod, kdy pfi jejich opakovaném pouziti mlze dojit

24



k poskozeni i zdravé tkané€ sitnice. Perspektivu pro tato onemocnéni piedstavuje
bunécna terapie zalozend na aplikaci kmenovych bunék. MSC maji fadu vlastnosti, které
je mozné vyuzit v 1écbé degenerativnich onemocnéni sitnice. MSC jsou schopné
diferenciace na bunky sitnice, produkuji ristové a trofické faktory podporujici
regeneraci a v neposledni fadé jsou schopné inhibovat probihajici zénétlivou reakci

v sitnici (Ding et al. 2017).
2.4.2.2.1 Diferenciace MSC na buiiky sitnice

Sitnice je sloZena z deseti vrstev bunék, pfi poskozeni ¢i odumteni jednoho typu
bunek dochazi k poruseni jejich propojeni a nasledné ztraté funkce. Bylo zjisténo, Ze
MSC jsou schopné diferenciace na riizné bunky sitnice — fotoreceptory (Kicic et al.
2003; Castanheira et al. 2008; Yang et al. 2010; Huo et al. 2010; Nadri et al. 2013), RPE
bunky (Vossmerbaeumer et al. 2009; Huo et al. 2010; Guan et al. 2013), bipolarni buiiky
(Castanheira et al. 2008; Nadri et al. 2013) a dalsi bunécné typy. MSC piedstavuji
perspektivni bunéény typ vhodny pro nahrazeni a regeneraci poskozenych bungk sitnice.

Diferenciace MSC na buiky sitnice in vifro je mozna za pouZiti synteticky
ptipravenych latek nebo spole¢nou kultivaci s buikami sitnice. MSC izolované ze
spojivky potkanti po kultivaci na nanovldkennych nosi¢ich v pfitomnosti taurinu
exprimovaly znaky charakteristické pro fotoreceptory a bipolarni buniky (Nadri et al.
2013). Taurin spolu s aktivinem A a EGF byl pouzit k diferenciaci BM-MSC 1 v jiné
studii. Bunky exprimovaly po 7 dnech kultivace v diferenciatnim médiu znaky
fotoreceptorti. Ve stejné studii bylo ukdzano, ze BM-MSC jsou schopné takeé
diferenciace in vivo. Po aplikaci BM-MSC do subretindlniho prostoru doslo k integraci
BM-MSC do sitnice a k expresi znakl typickych pro fotoreceptory (Kicic et al. 2003).
U laserem poskozené sitnice potkanii byla po transplantaci BM-MSC do sklivce
pozorovana diferenciace na bunky exprimujici rodopsin jako znak fotoreceptori a
parvalbumin, ktery je typicky pro bipolarni a amakrinni butiky (Castanheira et al. 2008).
Na potkanim modelu DR doSlo po 4 tydnech od intraven6zniho podani lidskych
AD-MSC ke sniZeni hladiny gluk6zy v krvi. Dale byla pozorovéana diferenciace AD-
MSC na buiiky exprimujici znaky fotoreceptorti a astrocytli a jiz po 1 tydnu bylo
zaznamenano snizeni poSkozeni BRB oproti nelé¢enym jedinciim (Yang et al. 2010).
Na jiném modelu DR doslo po intravitrealnim podani BM-MSC k integraci bun¢k do

vnitini ¢asti sitnice a diferenciaci na gliové buiiky (Cerman et al. 2016).
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Podobné vysledky byly ukdzany i pro RPE bunky. Po destrukci RPE bunék a
fotoreceptorti pomoci jodicnanu sodné¢ho v potkanim modelu retinitis pigmentosa se
subretindln¢ aplikované BM-MSC diferencovaly na buiky exprimujici znaky jak
fotoreceptorti, tak RPE bunék (Huo et al. 2010). V jiné studii byly lidské BM-MSC in
vitro kultivovany s lidskymi RPE buiikami. Po 1 tydnu byly diferencované BM-MSC
pozitivni na znaky typické pro fotoreceptory (Chiou et al. 2005). Dal$im onemocnénim
s poskozenim RPE bunék je VPMD. U potkana s chemicky navozenym poskozenim
sitnice po subretindlni aplikaci BM-MSC doslo k integraci MSC do sitnice a nahrazeni

poskozenych RPE bun¢k (Guan et al. 2013).
2.4.2.2.2 Parakrinni efekt MSC

MSC produkuji rstové a trofické faktory, z nichZ n€které maji neuroprotektivni
charakter. Bylo ukdzano, Ze MSC jsou schopné sniZit a regenerovat poSkozeni sitnice
také svym parakrinnim pusobenim, napftiklad ptfes produkci nervového rtstového
faktoru (NGF, nerve growth factor), mozkového neurotrofického faktoru (BDNF, brain-
derived neurotrophic factor), cilidrnitho neurotrofického faktoru (CNTF, ciliary
neurotrophic factor), neurotrofického faktoru z glidlni bunééné linie (GDNF, glial cell
line derived neurotrophic factor), bFGF, IGF, PDGF, HGF a dalSich (Meirelles et al.
2009; Kolomeyer a Zarbin 2011; Park et al. 2017). MSC po aplikaci do oka podporuji
prezivani fotoreceptorii (Arnhold et al. 2007; Inoue et al. 2007), gangliovych bunék (Na
et al. 2009; Mead et al. 2016) a celkovou funkei sitnice.

Na modelu glaukomu u potkanii bylo zjisténo, ze MSC se po intravitredlnim
podani nediferencuji v gangliové bunky, ale podporuji jejich pfezivani a to predevsim
produkci fady trofickych faktorG jako BDNF, GDNF, CNTF, HGF, bFGF (Yu et al.
2006). Jiné vysledky ukazaly, Ze po aplikaci do oka se zvySenym nitroo¢nim tlakem
pouze minimum injikovanych MSC migrovalo do gangliové vrstvy. Pfesto ve srovnani
s potkany, kterym nebyly aplikovany MSC, ptezivalo v sitnici po injekci MSC vice
gangliovych bun¢k. U injikovanych MSC byla zjisténa produkce bFGF, BDNF, CNTF
a dalSich neurotrofickych faktort, které podporovaly piezivani a regeneraci gangliovych
bunék v sitnici (Na et al. 2009). Na modelu glaukomu u potkanil byl také porovnan
regenerativni efekt MSC 1zolovanych ze zubni diené, AD-MSC a BM-MSC. U oci
lécenych BM-MSC a MSC izolovanych ze zubni dfené bylo zji$téno zvySené prezivani
gangliovych bunék a obnova fungovéni sitnice na zdkladé produkce PDGF a NGF

(Mead et al. 2016). Vin vitro pokusech se ukazalo, ze BM-MSC kultivované
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s gangliovymi bunikami v hypoxickém prostiedi jsou schopné potlacit jejich apoptozu
(Yuan et al. 2016).

Na mys$im modelu DR doslo po intravitrealni aplikaci AD-MSC k zabranéni ztraty
gangliovych bun¢k. Nebyla zde prokazana diferenciace MSC, ale doslo k narGstu
produkce NGF, GDNF a bFGF a potlaceni oxidativniho poSkozeni (Ezquer et al. 2016).
K poskozeni sitnice mize dojit také prostiednictvim laseru nebo vystaveni silnému
svételnému zdroji. Po transplantaci BM-MSC do takto posSkozené sitnice byla
inhibovana apoptdza fotoreceptorti a podpofena regenerace ponicené sitnice, u MSC
byla prokdzana produkce BDNF (Zhang and Wang 2010). V jinym studiich bylo do
poskozeného oka aplikovano pouze kondiciované médium ziskané po kultivaci
BM-MSC v normalnich podminkach (Dreixler et al. 2014) nebo v hypoxickém prostiedi
(Roth et al 2016). V obou piipadech doslo ke zlepSeni funkce ischemicky poskozené
sitnice a k poklesu apoptozy sitnicovych bunék. Neuroprotektivni efekt MSC byl
pozorovan také po aplikaci AD-MSC do oka s poskozenou sitnici pomoci svétla.
Po studiu kondiciovaného média in vitro bylo zjisténo, Ze oproti kontrole obsahuje
zvySené mnozstvi progranulinu, ktery méa neuroprotektivni efekt (Tsuruma et al. 2014).
Také in vitro pokusy ukazaly, ze kondiciované médium ziskané po kultivaci BM-MSC

snizilo apoptozu fotoreceptorii (Inoue et al. 2007).
2.4.2.2.3 Inhibice zanétlivé reakce

NeZadouci imunitni reakce v sitnici jsou potlateny nékolika zpisoby. Migraci
bunék imunitniho systému zabrafiuje BRB a na bunkach sitnice jsou exprimovany
inhibi¢ni molekuly jako napfiiklad cytotoxicky T lymfocytarni antigen 4 nebo PD-L1.
K naruSeni imunitni rovnovahy uvnitt oka dochazi pti patologickych stavech, ptikladem
muze byt glaukom, VPMD nebo DR. Ve vSech ptipadech dochazi k produkci
prozanétlivych cytokinl, chemokinti, naruseni BRB a infiltraci bunék imunitniho
systému (Klassen et al. 2013; Perez and Caspi 2015). MSC jsou vzhledem ke svym
imunomodula¢nim vlastnostem schopné inhibovat neZzadouci imunitni reakce
probihajici v oku a podpofit tak regeneraci v poskozené sitnici.

V in vitro pokusech bylo zjisténo, ze pti kultivaci BM-MSC a gangliovych bun¢k
poskozenych peroxidem vodiku byla sniZzena produkce prozanétlivych cytokinli jako
IL-1B a TNF-a produkovanych oxidativné poSkozenymi gangliovymi butikami a naopak
byla zvySena produkce neurotrofickych faktorti jako BDNF a CNTF (Cui et al. 2016).

Podobné vysledky in vivo byly ukézany jinou skupinou u potkani se
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svétlem poskozenou sitnici. Po aplikaci BM-MSC byla v sitnicich sniZzena produkce
IL-1p a TNF-a oproti neléenym poskozenym sitnicim. Transplantované MSC
produkovaly neurotrofické faktory a inhibovaly apoptozu sitnicovych bun¢k (Huang et
al. 2013). Pokles produkce prozanétlivych cytokinti IL-1p, IL-6 a TNF-a byl prokéazan i
na modelu ischemie sitnice u potkant po intravitredlnim podani BM-MSC (Mathew et
al. 2017). Po intravenézni aplikaci MSC potkantim s degeneraci sitnice byla celkové

zlepsena funkce sitnice a bylo zaznamenano snizeni poc¢tu lymfocyti a monocyta v krvi

(Bakondi et al. 2016).
2.4.2.2.4 Zpusoby aplikace MSC

Pti pouziti MSC pro terapeutické ucely je potieba vzit v tivahu také pitipadné
zamrazovani MSC a jeho vliv na terapeutické vlastnosti MSC. Gramlich et al. ukazali,
ze kryoprezervace lidskych MSC nem¢la vliv na imunomodulacni vlastnosti, zivotnost
a produkci ristovych faktort MSC. Po intraokuldrni aplikaci na myS$im modelu
ischemického poskozeni sitnice doSlo pii pouziti zamrazenych MSC ke zlepSeni
prezivani gangliovych bunék (Gramlich et al. 2016).

V preklinickych studiich dochazi nejcastéji k aplikaci MSC intravitrealné (Yang
et al. 2010; Ezquer et al. 2016), subretindln¢ (Kicic et al. 2003; Inoue et al. 2007) nebo
pfipadné intravendzné (Yang et al. 2010; Bakondi et al. 2016) (Obr. 5). Mezi mén¢é
obvyklé cesty transplantace MSC patii retrobulbarni aplikace nebo aplikace pod
vazivovy obal oka (Weiss et al. 2015). Byla také provedena transplantace MSC do tenké
epiretinalni vrstvy kolem sklivce, transplantované BM-MSC zajistily zvySené prezivani
fotoreceptorti a zachovani funkce sitnice u potkanii s degenerativnim poSkozenim sitnice

(Tzameret et al. 2015).
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Obrazek 5. MoZnosti aplikace MSC do oka. MSC mohou byt aplikovany do oka né¢kolika
cestami, mezi nejCastéjsi zpisoby aplikace patii intravitredlni, subretinalni nebo intravendzni

systémové podani MSC (pfevzato z Salehi et al. 2016).

2.4.2.2.5 Prezivani a migrace MSC po aplikaci

Otazkou zistava, jak dlouho jsou MSC schopné v sitnici prezivat a zda ziistavaji
pouze v misté poSkozeni nebo migruji i do dalSich tkani. Lidské AD-MSC se po
intravitrealni aplikaci integrovaly do rliznych vrstev sitnice potkana a pfezivaly tam az
po dobu 6 mésict, nekteré fluorescenéné oznacené MSC ale piekrocily BRB a byly
nalezeny napiiklad ve slezin¢ (Haddad-Mashadrizeh et al. 2013). Na druhé strané
v jinych studiich nebyl prinik MSC pies BRB po intravitrealni aplikaci do oka
pozorovan (Velandia et al. 2017). Na modelu glaukomu u potkana byla porovnavéana
intravitredlni a intraven6zni aplikace BM-MSC. Po intravitredlnim podani BM-MSC
piezivaly v oku minimalné€ po dobu 5 tydnii, po této dob¢ byla vétSina MSC nalezena ve
sklivci a mald €ast v sitnici. Naopak po intraven6znim poddni BM-MSC do poskozeného
oka nemigrovaly a na progresi glaukomu nemély zadny pozitivni vliv (Johnson et al.
2010). Po intravitrealni aplikaci lidskych AD-MSC mysim s DR byla po 7 dnech od
aplikace vétSina AD-MSC nalezena v tésné blizkosti cévniho zasobeni sitnice, u mysi
bez indukované DR byl vyskyt AD-MSC v oblasti kapilar mensi (Rajashekhar et al.
2014).
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2.4.2.2.6 Klinické studie

Vjedné z klinickych studii zaméfenych na 1é€bu pacientli s pokrocilym
onemocnénim retinitis pigmentosa bylo intravitrealng aplikovano 10° BM-MSC
v 0,1 ml. U dvou ze tfi pacient po aplikaci bylo doCasné zlepSeno vnimani svétla,
u tiettho pacienta doslo po transplantaci MSC k fibréze, odchlipeni sitnice a
neovaskularizaci duhovky (Satarian et al. 2017). U dalsi klinické studie zaméfené na
pacienty s VPMD bylo popsano, ze u obou pacienti doslo po aplikaci BM-MSC
k zlepSeni zrakové ostrosti, ale po 6 mésicich se u jednoho z nich zrakova ostrost
zhorSila zpét na plivodni hodnoty (Park et al. 2015). Na druhé stran¢ vysledky jiné
klinické studie ukézaly, ze po aplikaci MSC u pacienta s optickou neuropatii a
poskozenim zraku doslo k zlepSeni zrakové ostrosti u obou o¢i. BM-MSC byly
aplikovany do jednoho oka spolu s vitreoktomii a do druhého oka byly injikovany
retrobulbarné, intravitrealné a pod vazivové pouzdro oka (Weiss et al. 2015).

V soucasné dobé& probiha 5 klinickych studii vénujicich se 1é€beé poskozené sitnice,
3 na aplikaci BM-MSC, 1 na aplikaci AD-MSC a 1 na aplikaci exosomti z MSC
izolovanych z pupecniku. VSechny studie jsou ve fazi 1-2, kdy se jedna o studium
bezpecnosti pouziti MSC. Studie jsou zaméteny na pacienty s ischemickym poSkozenim
sitnice, retinitis pigmentosa, VPMD, DR a dal$i poskozeni sitnice. Studie zabyvajici se
aplikaci exosomti MSC izolovanych z pupecniku je zamétena na 1é¢bu makularnich dér.
Ve vSech ptipadech kromé¢ aplikace exosomil jsou pouzivany autologni MSC, které jsou
intravitrealné aplikovany do oka pacienta, jen v piipadé¢ jedné studie jsou MSC

aplikovany kombinaci né€kolika metod (www.clinicaltrials.gov).
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3 Cile prace

Cilem projektu je studium imunomodulaénich, trofickych a diferenciacnich
vlastnosti a mechanismii MSC v zanétlivém prostfedi a jejich vyuziti v [écbé

poskozeného povrchu oka a degenerativnich onemocnéni sitnice.

e Analyzovat mechanismus imunomodula¢niho ptsobeni MSC na

B lymfocyty.
MSC jsou schopné potlacit proliferaci a funkci B bun¢k a naopak podporuji vyvoj
imunitnich bunék regula¢nim smérem. Bude studovan vliv MSC na produkci IL-10

stimulovanymi B buitkami a stanoven mechanismus imunomodula¢niho ptisobeni MSC.

e Stanovit vliv cytokinii na imunomodula¢ni a diferencia¢ni vlastnosti MSC.
Pro aktivaci MSC je potieba stimul v podobé zanétlivych cytokinti. Bude studovan vliv
cytokinli na expresi imunomodula¢nich molekul a trofickych faktori a na proces

diferenciace MSC na buniky exprimujici znaky sitnice.

e Studovat moznosti diferenciace MSC na buiiky exprimujici znaky sitnice.
MSC se mohou diferencovat na fadu bunéénych typt. Bude analyzovéna schopnost
MSC diferencovat se na buniky exprimujici znaky sitnice. MSC budou kultivovany in
vitro spolu s extraktem ze sitnic a supernatantem ze stimulovanych splenocyti

simulujicich zanétlivé prostfedi poSkozené sitnice.

e Porovnat terapeuticky potencial MSC a LSC pri 1é¢bé poskozeni povrchu
oka.

MSC maji fadu podobnych vlastnosti jako LSC, nabizi se tedy mozZnost jejich vyuziti

v ptipadech, kdy nemohou byt pouzity LSC. Terapeuticky potencidl MSC z kostni dfen¢

a tukove tkané€ bude porovnan s LSC na modelu chemicky poskozeného povrchu oka.

Po aplikaci bun€k na nanovldkennych nosic¢ich bude sledovan proces reepitelizace,

neovaskularizace a potlaceni lokalni zdnétlivé reakce.

e Studovat schopnost MSC produkovat trofické a riistové faktory a inhibovat
zanétlivé reakce v sitnici.

Pti regeneraci poskozené sitnice hraji dulezitou roli trofické a ristové faktory. Bude

sledovéna jejich exprese v prostiedi simulujici zanétlivé prostiedi v poskozené sitnici.

Déle bude studovan vliv MSC na produkci prozanétlivych cytokinti v kultufe

s explantaty sitnic.
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5 Vysledky

5.1 Inhibice produkce IL-10 aktivovanymi B buikami pomoci IFN-y
stimulovanych mezenchymalnich kmenovych bunék pres drahu
cyklooxygenazy-2 zavislou na bunééném kontaktu

Barbora Hefmankova, Alena Zajicova, Eliska Javorkova, Milada Chudickova, Peter

Trosan, Michaela Hajkova, Magdaléna Krulova a Vladimir Holan
Immunobiology 2015;221,129-136

Imunoregulacni vlastnosti MSC byly popsany v raznych modelech in vitro a in vivo.
Krom¢ toho byla neddvno popsana populace Breg bunék, které produkuji relativné
vysoké koncentrace IL-10. V této praci jsme studovali vztah mezi MSC a Breg buiikami,
analyzovali jsme ucinky MSC na produkci IL-10 mySimi B bunkami aktivovanymi
lipopolysacaridem (LPS). Produkce IL-10 B bunikami zistala zachovana v pfitomnosti
MSC a byla dokonce vyznamné zvySena pisobenim IFN-y. Produkce IL-10 vSak byla
siln€ inhibovana v kulturach obsahujicich MSC a IFN-y dohromady. Preinkubace MSC,
ale ne B bun¢k, s IFN-y indukovala potlaceni sekrece IL-10 v kulturach obsahujicich
MSC a B bunky. Supernatanty z MSC stimulovanych IFN-y nemély Z4dny inhibi¢ni
ucinek a pifi oddéleni bun€k semipermeabilni membranou také nebylo pozorovano
potlaeni produkce IL-10. Analyza genové exprese MSC ovlivnénych IFN-y nebo IFN-y
a LPS odhalila silné zvyseni exprese genti pro IDO, COX-2 a PD-L1. V pfipad¢ inhibice
aktivity IDO nebo neutralizacni monoklonalni protilatky anti-PD-L1 nedoSlo ke zruSeni
suprese IL-10. Na druhé stran¢ indometacin, inhibitor COX-2, zcela inhiboval pokles
produkce IL-10 zprostiedkované MSC. Pro potvrzeni byla produkce IL-10 B buitkami
snizena také exogennim PGE2. Vysledky ukazuji, ze MSC ovlivnéné IFN-y inhibuji
produkei IL-10 aktivovanymi B buiikami mechanizmem, ktery je zavisly na bunééném

kontaktu a je zprostfedkovan ptes drahu COX-2.

Muj podil na publikaci:

experimentalni ¢ast (separace a kultivace MSC, separace a kultivace B bunék, real-time

PCR, cytometrickd analyza), analyza a interpretace vysledka, psani manuskriptu
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ABSTRACT

The immunoregulatory properties of mesenchymal stem cells (MSCs) have been well documented in
various models in vitro and in vivo. Furthermore, a population of regulatory B cells (Bregs) that pro-
duce relatively high concentrations of IL-10 has been recently described. To study the relationship
between MSCs and Bregs, we analyzed the effects of MSCs on IL-10 production by lipopolysaccharide
(LPS)-activated mouse B cells. The production of IL-10 by B cells remained preserved in the presence
of MSCs and was even significantly enhanced by IFN-y. However, the production of IL-10 was strongly
suppressed in cultures containing MSCs and IFN-vy. Preincubation of MSCs, but not of B cells, with IFN-y
induced the suppression of IL-10 secretion in cultures containing MSCs and B cells. The supernatants
from IFN-y-treated MSCs had no inhibitory effect, and the suppression of IL-10 production was abro-
gated if the MSCs and B cells were separated in a transwell system. Analysis of the gene expression
of IFN-y- or IFN-y and LPS-treated MSCs revealed a strong upregulation of genes for indoleamine-2,3-
dioxygenase (IDO), cyclooxygenase-2 (Cox-2) and programmed cell death-ligand 1 (PD-L1). While the
inhibition of IDO activity or the inclusion of the neutralization monoclonal antibody anti-PD-L1 did not
abrogate the suppression, indomethacin, an inhibitor of Cox-2, completely inhibited the MSC-mediated
suppression of IL-10 production. Accordingly, the production of IL-10 by B cells was inhibited by exoge-
nous prostaglandin E;. The results thus suggest that IFN-y-treated MSCs strongly inhibit IL-10 production
by activated B cells by a mechanism requiring cell contact and involving the Cox-2 pathway.

© 2015 Elsevier GmbH. All rights reserved.

1. Introduction

production of proinflammatory cytokines and inhibit the develop-
ment of cytotoxic T lymphocytes in vitro (Aggarwal and Pittenger,

Bone marrow-derived mesenchymal stromal/stem cells (MSCs) 2005; Bartholomew et al., 2002; Di Nicola et al., 2012; Le Blanc

represent a population of nonhaematopoietic stem cells that pri- and Ringdén, 2007) as well as suppress inflammatory, autoim-
marily preserve a stem cell niche in the bone marrow, but can mune and transplantation reactions in vivo (Abumaree et al., 2012;
also differentiate into other cell populations within the meso- Bartholomew et al., 2002). To date, multiple mechanisms of the

dermal lineage and thus contribute to tissue regeneration and MSC-mediated suppression of T-cell-dependent immune reactions
healing (Le Blanc, 2006; Pittenger et al., 1999). In addition to have been demonstrated. The production of various suppressive
these properties, MSCs have potent immunoregulatory properties. factors, the expression of inhibitory membrane molecules, negative
It has been well documented that MSCs inhibit the proliferation effects on antigen-presenting cells and the activation of regulatory
of mitogen- or antigen-stimulated lymphoid cells, suppress the T cells, have all been proposed as possible mechanisms of MSC-

mediated immunosuppression (Di Nicola et al., 2012; Ghannnam
et al.,, 2010; Maccario et al., 2005; Najar et al., 2012). Although
extensive data have been published on the effects of MSCs on

* Corresponding author at: Department of Transplantation Immunology, Institute
of Experimental Medicine, Academy of Sciences of the Czech Republic, Videnska T cells (Abumaree et al., 2012; Aggarwal and Pittenger, 2005;
1083, 14220 Prague 4, Czech Republic. Bartholomew et al., 2002; Di Nicola et al., 2012; Le Blanc and
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Ringdén, 2007), only limited knowledge is available on the effect
of MSCs on B lymphocytes (Corcione et al., 2006; Franquesa et al.,
2012; Glennie et al., 2005; Rasmusson et al., 2007).

The primary function of B cells is the production of antibodies.
However, a population of B cells that regulate immune responses
independently of antibody production has been described (Bouaziz
etal.,, 2012; Matsushita and Tedder, 2011; Mauri and Bosma, 2012).
These B cells inhibit immune reactions mainly by the production of
IL-10 and are termed regulatory B cells (Bregs) or B10 cells (Bouaziz
etal.,2012; DiLillo et al., 2010). Bregs inhibit autoimmune, tumour
and transplantation reactions mainly through IL-10 secretion, but
the suppressive mechanisms attributed to other types of regulatory
cells can also be found among B cells (Klinker and Lundy, 2012).
Although both MSCs and Bregs regulate immune responses there
are no data on the mutual regulation of their immunomodulatory
functions.

Since MSCs produce a number of molecules with immunomod-
ulatory properties (Oh et al., 2009; Roddy et al., 2011; Svobodova
et al, 2012), express membrane-bound regulatory molecules
(Akiyama et al., 2012; Luz-Crawford et al., 2012), enhance the
development of regulatory T cells (Ge et al., 2010), and regulate
the activation of dendritic cells and macrophages (Abumaree et al.,
2013; Spaggiari et al., 2009), we studied the effects of MSCs on
the development of IL-10 producing B cells. We have recently pre-
pared highly purified MSCs from the mouse bone marrow and
described their ability to inhibit T cell functions (Javorkova et al.,
2014; Svobodova et al., 2012). We also described the activation of
IL-10-producing cells in a purified B-cell population and demon-
strated the effects of cytokines on Breg development and IL-10
production (Holan et al., 2014). Here we show that highly puri-
fied untreated MSCs do not influence the development of Bregs and
IL-10 production. However, the production of IL-10 by B cells was
strongly suppressed if the B cells were stimulated in the presence of
MSCs pretreated with IFN-v- This suppression depended on contact
between the MSCs and B cells and involved the cyclooxygenase-2
(Cox-2) pathway, which was highly upregulated in IFN-y-treated
MSCs.

2. Materials and methods
2.1. Mice

Mice of both sexes of the inbred strain BALB/c were used in the
experiments at the age of 7-9 weeks. The animals were purchased
from the Institute of Molecular Genetics, Academy of Sciences of the
Czech Republic, Prague. The use of the animals was approved by the
Local Ethical Comittee of the Institute of Experimental Medicine.

2.2. MSCs and B-cells enrichement procedure

MSCs were prepared from bone marrow isolated from the
femurs and tibias of female BALB/c mice. The bone marrow was
flushed out, and a single-cell suspension was seeded at a concen-
tration of 4 x 10° cells/ml in Dulbecco’s modified Eagle’s medium
(DMEM, Sigma, St. Louis, MO, USA) containing 10% fetal calf serum
(FCS, Gibco BRL, Grand Island, NY, USA), antibiotics (100 U/mL of
penicillin, 100 pg/mL of streptomycin) and 10 mM HEPES buffer
(hereafter referred to as complete DMEM) in 75-cm? tissue culture
flasks (Techno Plastic Products, Trasadingen, Switzerland). Non-
adherent cells were washed out after 48 h of cultivation, and the
remaining adherent cells were cultured for an additional 3 weeks
(2-3 passages)at 37 °Cin anatmosphere of 5% CO,. Plastic adherent
cells were harvested by a short trypsinization and subsequent gen-
tle scraping. The resulting cell suspension was incubated for 15 min
with CD11b MicroBeads and CD45 MicroBeads (Miltenyi Biotec,

Bergisch Gladbach, Germany) according to the manufacturer’s
instructions. The cell suspension was then immunodepleted of
CD11b* and CD45* contaminating cells using a magnetic activated
cell sorter (AutoMACS, Miltenyi Biotec). The remaining CD11b~
and CD45~ cells were characterized in terms of their purity and
differentiation potential.

For the preparation of B cells, a single cell suspensions of spleen
cells were prepared in RPMI-1640 medium (Sigma) containing 10%
FCS (Sigma), antibiotics (penicillin, streptomycin), 10 mM Hepes
buffer and 5 x 10-> M 2-mercaptoethanol. The B cells were iso-
lated by positive selection using a CD19 MicroBeads isolation kit
(Miltenyi Biotec). Flow cytometry analysis showed that this proce-
dure yielded a cell population containing less than 3% of CD3* cells,
and more than 90% of the cells were CD19".

2.3. Characterization of isolated B cell and MSC populations

The purity and phenotype of the enriched B cell population were
characterized by flow cytometry using the following monoclonal
antibodies (mAb): FITC-labelled anti-CD19 (clone 6D5), Alexa Flour
647 labelled anti-CD5 (clone 53-73), Alexa Flour 647 labelled anti-
CD22 clone (0X-97), PE-labelled anti-CD14 (clone Sa14-2) and APC-
labelled anti-CD3 (clone 17A2). All antibodies were purchased from
BioLegend (San Diego, CA, USA).

To characterize the phenotype of the MSCs, the cells were
incubated for 30 min with the following anti-mouse mAb: allo-
phycocyanine (APC)-labelled anti-CD44 (clone IM7, BD PharMin-
gen, San Jose, CA, USA), phycoerythrin (PE)-labelled anti-CD73
(cloneTY/11.8, eBioscience, San Diego, CA, USA), APC-labelled anti-
CD11b (clone M1/70, BioLegend) or fluorescein isothiocyanate
(FITC)-labelled anti-CD45 (clone 30-F11, BioLegend). Cells stained
with PE-labelled rat IgG2a (clone RTK2758, BiolLegend), APC-
labelled rat IgG2b (clone RTK4530, BioLegend) or FITC-labelled rat
IgG2b (clone RTK4530, BioLegend) were used as negative controls.
Dead cells were stained using Hoechst 33258 fluorescent dye (Invit-
rogen, Carlsbad, CA, USA) added to the samples 15 min before flow
cytometry analysis. Data were collected using an LSRII cytometer
(BD Biosciences, Franklin Lakes, NJ, USA) and analyzed using Flow]o
software (Tree Star, Ashland, OR, USA). The morphological charac-
teristics and differentiation potential of purified MSCs have been
described in detail elsewhere (Javorkova et al., 2014; Svobodova
etal, 2012).

2.4. Production and detection of IL-10

B cells at a concentration 0.9 x 106 cells/ml were incubated in
48-well tissue culture plates (Corning Inc., Corning, NY, USA) in a
final volume of 0.6 ml of complete RPMI-1640 medium unstimu-
lated or stimulated with LPS (5 pg/ml, Difco Laboratories, Detroit,
MI, USA). After a 72-h incubation, the supernatants were harvested
and tested for the presence of IL-10 by ELISA. To test the effects of
MSCs and IFN-vy on IL-10 production by B cells, MSCs at the ratios
1: 4 to 1: 64 or recombinant mouse IFN-y (10 ng/ml, PeproTech,
Rocky Hill, NJ, USA) were added to the cultures of LPS-activated B
cells and the production of IL-10 was determined.

The production of IL-10 was determined by ELISA using cap-
ture and detection mADb anti-IL-10 purchased from R and D Systems
(Minneapolis, MN, USA) and following the instructions of the man-
ufacturer. The reactions were quantified by spectrophotometry
using a Sunrise Remote ELISA Reader (Groding, Austria).

2.5. Effects of the separation of B cells and MSCs on IL-10
production

To test the effect of the separation of MSCs from B cells on IL-10
production, MSCs were separated from B cells by cell culture inserts
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(Nunc, Roskilde, Denmark) and cultured for 72 h in the presence of
5 pg/ml of LPS. The production of IL-10 was determined in cultures
of LPS-stimulated B cells alone, B cells mixed with MSCs or B cells
separated from MSCs by a semipermeabile membrane.

In the other set of experiments, supernatants were prepared by a
48-hincubation of MSCs alone, with IFN-v (10 ng/ml), LPS (5 jg/ml)
or both IFN-vy and LPS- The supernatants were added to the cultures
of B cells stimulated with LPS to achieve final concentrations of 50%
of the cell culture volume, and the production of IL-10 by the cells
was determined after a 72-h incubation.

2.6. Pretreatment of MSCs and B cells with IFN-y

MSCs (10° cells/well) were cultured in a volume of 1ml in 24-
well tissue culture plates (Techno Plastic Products) untreated or
in the presence of 10 ng/ml of IFN-y. After a 24-h incubation, the
adherent MSCs were washed with an excess of culture medium. B
cells, preincubated for 24 h alone or with IFN-y (10 ng/ml) and then
thoroughly washed, were added (0.9 x 106 cells /ml) to the cultures
of MSCs and were stimulated with LPS (5 .g/ml). The supernatants
were harvested after a 72-h incubation and the concentrations of
IL-10 determined by ELISA.

2.7. Inhibition of the MSC-mediated suppression of IL-10
production

Purified B cells were stimulated with LPS in the presence of MSCs
and IFN-vy, and 1-methyl-D-tryptophane (1-MT, Sigma), a selective
inhibitor of indoleamine-2,3-dioxygenase (IDO), or indomethacin
(Sigma), an inhibitor of Cox-2 and prostaglandin E; (PGE;) syn-
thesis, was added to the cultures to achieve a final concentration
10-3 Mor 10-8 M, respectively. To block the progammed cell death-
ligand 1 (PD-L1) (CD274)—PD-1 (CD279) pathway, the inhibitory
mAD anti-PD-L1 (clone MIH5, eBioscience) was added to the cul-
tures at a concentration of 5 pLg/ml.

To test the effects of PGE; on IL-10 production by B cells, the cells
were stimulated with LPS (5 pg/ml), and synthetic PGE, (Sigma)
was added to these cultures to concentrations ranging from 200 wM
to 2 M. The production of IL-10 was determined after a 72-h incu-
bation by ELISA.

2.8. Detection of gene expression

The expression of genes for IDO, Cox-2, trasnsforming growth
factor-3 (TGF-B), IL-6, hepatocyte growth factor (HGF), PD-L1, Fas
and Fas-L was detected using real-time PCR, as we have described
previously (Trosanetal.,2012).In brief, MSCs were cultured for24 h
unstimulated or stimulated with IFN-y (10 ng/ml), LPS (5 p.g/ml)
or [FN-y and LPS, and total RNA was extracted using TRI Reagent
(Molecular Research Center, Cincinnati, OH, USA) according to the
manufacturer’s instructions. One g of total RNA was treated with
deoxyribonuclease I (Promega, Madison, WI, USA) and used for
subsequent reverse transcription. The first-strand cDNA was syn-
thesized using random hexamers (Promega) in a total reaction
volume of 25 pl using M-MLV Reverse Transcriptase (Promega).
Quantitative real-time PCR was performed in a StepOnePlus real-
time PCR system (Applied Biosystems, Foster City, CA, USA) as
previously described (Trosan et al., 2012). The sequences of the
primers for glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
IL-6, TGF-3, IDO, HGF, Cox-2, PD-L1, Fas and FasL used for ampli-
fication are presented in Table 1. The PCR parameters included
denaturation at 95 °C for 3 min followed by 40 cycles at 95 °C for 20
s, annealing at 60°C for 30s and elongation at 72 °C for 30s. Fluo-
rescence data were collected at each cycle after an elongation step
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Table 1
Murine primer sequences used for real-time PCR.

Gene Sense primer Antisense primer

GAPDH AGAACATCATCCCTGCATCC  ACATTGGGGGTAGGAACAC

IDO GGGCTTTGCTCTACCACATC ~ AAGGACCCAGGGGCTGTAT

Cox-2 ~ AGCCCACCCCAAACACAGT AAATATGATCTGGATGTCAGCACATATT

TGF-B TGGAGCAACATGTGGAACTC CAGCAGCCGGTTACCAAG

HGF CACCCCTTGGGAGTATTGTG ~ GGGACATCAGTCTCATTCACAG

PD-L1  CTACGGTGGTGCGGACTACA CATGCTCAGAAGTGGCTGCAT

PD-1 CGTCCCTCAGTCAAGAGGAG  GTCCCTAGAAGTGCCCAACA

FasL TGGGTAGACAGCAGTGCCAC GCCCACAAGATGGACAGGG

Fas GGCATCATTGGGCACTCCTT ~ GCTGCAAGCACAGCCTCTCT

at 80°C for 5 s and were analyzed using StepOne Software version
2.2.2 (Applied Biosystems).

2.9. Statistical analysis

The results are expressed as the mean4+SD. Comparisons
between two groups were analyzed by Student’s t-test, and mul-
tiple comparisons were performed by ANOVA. A value of P<0.05
was considered statistically significant.

3. Results

3.1. Phenotypic characterization of purified B-cell and MSC
populations

Purified B-cell and MSC populations were phenotypically char-
acterized by flow cytometry. As demonstrated in Fig. 1, the
isolated B-cell population contained 93.8+1.5 % CD19* cells,
which included about 92.24+1.9 % CD19*CD22" cells, 79+1.0 %
CD19*CD5" cells, 2.8 0.8 % CD3" cells and 1.4 4+ 0.7 % CD14*. After
the MACS-separation, 0.7+0.2 % of the MSCs were CD11b* and
2.84+0.4 % were CD45". The cells were positive with correspond-
ing intensity for CD44 and CD73, which are markers attributed to
murine MSCs (Fig. 1). In addition, the growing MSCs had a typ-
ical fibrocyte-like morphology, adhered to plastic and were able
to undergo adipogenic and osteogenic differentiation, when cul-
tured in specific differentiation mediums, as we have described
(Svobodova et al., 2012).

3.2. IL-10 production by LPS-stimulated B cells in the presence of
MSCs and IFN-y

Purified B cells stimulated with LPS produced a substantial level
of IL-10 (Fig. 2). The production of IL-10 by B cells remained pre-
served or was slightly decreased in the presence of MSCs and was
significantly enhanced in B cell cultures supplemented with I[FN-vy-
However, the production of IL-10 was strongly suppressed in the
cultures containing both MSCs and IFN-y (Fig. 2A). The suppression
was MSC dose-dependent and disappered at low doses of MSCs (at
ratio 1:64 or less, data not shown). To test whether the suppres-
sion of IL-10 production is mediated by cell-cell contact or by a
soluble factor(s), supernatants were prepared by the incubation of
MSCs with IFN-vy, LPS, or IFN-y and LPS together and were added
to cultures of LPS-stimulated B cells. As demonstrated in Fig. 2B,
none of these supernatants inhibited IL-10 production. Moreover,
B cells and MSCs were separated in a transwell system. As shown in
Fig. 2C, the suppression of IL-10 production was not observed when
B cells and MSCs were separated by a semipermeabile membrane.
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Fig. 2. Inhibition of IL-10 production by LPS-stimulated B cells in the presence of MSCs and IFN-vy. (A) IL-10 production was determined in unstimulated B cells or in B cells
stimulated with LPS in the presence of MSCs and IFN-y. (B) Production of IL-10 in cultures of B cells stimulated with LPS, IFN-y and MSCs, in which the B cells were separated
from MSCs by a transwell system. (C) Production of IL-10 by LPS-activated B cells in the presence of supernatants (50% of culture volume) from MSCs that were either
unstimulated or stimulated with LPS, IFN-y or LPS plus IFN-vy. The concentrations of IL-10 were determined by ELISA. Each bar represents the mean + SD from 4 independent
determinations. Values with asterisks are significantly different (*P<0.05, ***P<0.001) from the control (B cells stimulated with LPS only).

3.3. The effect of preincubation of MSCs or B cells with IFN-y on
the suppression of IL-10 production

Purified B cells were preincubated for 24 h in culture medium
or in medium with IFN-v, then thoroughly washed with an excess
of medium, and added to cultures of MSCs that had been prein-
cubated in medium alone or in medium with IFN-y- The cultures
were stimulated with LPS and the production of IL-10 was deter-
mined. The suppression of IL-10 production was observed only in
those cultures in which the MSCs were preincubated with IFN-y
(Fig. 3). The suppression of IL-10 production did not depend on the
preincubation of B cells with IFN-+y-

3.4. The expression of genes for immunomodulatory molecules by
IFN-y—activated MSCs

To identify the molecule(s) responsible for the IFN-y-activated
MSC-mediated suppression of IL-10 production, MSCs were cul-
tured for 24 h unstimulated or in the presence of IFN-vy, LPS or
IFN-y and LPS, and the expression of genes for immunoregula-
tory molecules (IDO, Cox-2, TGF-f3, HGF, PD-L1, Fas and Fas-L) was
determined by real-time PCR. We identified 3 genes (IDO, Cox-2
and PD-L1) that were weakly expressed or not expressed in con-
trol unstimulated MSCs but which were significantly upregulated
in the presence of IFN-y (Fig. 4).
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Fig. 3. The effect of the preincubation of MSCs or B cells with IFN-y on the suppression of IL-10 production. MSCs were preincubated for 24 h alone or in the presence of
10 ng/ml of IFN-v. B cells that were preincubated for 24 h alone (A) or with IFN-y (B) were added to the cultures of MSCs and stimulated with LPS. The production of IL-10
was determined by ELISA. Each bar represents the mean =+ SD from 3 independent determinations. Values with asterisks are significantly different (**P<0.01, ***P<0.001)

from the control (B cells stimulated with LPS in the absence of MSCs).

3.5. MSC-mediated suppression of IL-10 production by B cells
depends on a pathway involving Cox-2

Purified B cells were stimulated with LPS alone or in the
presence of MSCs and IFN-vy to induce the suppression of IL-10
production. Indomethacin (an inhibitor of Cox-2 and PGE; syn-
thesis), 1-MT (a selective inhibitor of IDO), or inhibitory mAb
anti-PD-L1 was added to cultures containing MSCs and IFN-vy, and
the production of IL-10 was determined after a 72-h incubation
period. As shown in Fig. 5, 1-MT and the mAb anti-PD-L1 did not
reverse the inhibition, while indomethacin (an inhibitor of Cox-
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2) completely abrogated the MSC-mediated suppression of IL-10
production.

3.6. Suppression of IL-10 production by PGE,

To demonstrate that PGE; as the final effector molecule in
the Cox-2-dependent pathway, could be responsible for the sup-
pression of IL-10 production, B cells were stimulated with LPS,
and synthetic PGE; was added to these cultures. As demonstrated
in Fig. 6, PGE, inhibited IL-10 production by B cells in a dose-
dependent manner.
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Fig. 4. The expression of genes for immunomodulatory molecules in control and IFN-y-, LPS- or IFN-y and LPS-stimulated MSCs. MSCs were cultured for 24 h unstimulated
or stimulated with IFN-y (10 ng/ml), LPS (5 pg/ml) or IFN-y and LPS, and the expression of the genes for IDO (A), Cox-2 (B), TGF-§3 (C), HGF (D), PD-L1 (E), Fas (F) and Fas-L
(G) was determined by real time PCR. Each bar represents the mean + SD from 3 independent determinations. Values with asterisks are significantly different (*P<0.05,

**P<0.01, ***P<0.001) from those of untreated MSCs.
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800+

IL-10 (pg/ml)

Fig. 5. The effects of IDO and Cox-2 inhibitors or the inhibitory mAb anti-PD-L1 on
IL-10 production by B cells stimulated with LPS in the presence of MSCs and IFN-vy-
Purified B cells were stimulated with LPS in the presence of MSCs and IFN-v, and
1-MT (a selective inhibitor of IDO), indomethacin (an inhibitor of Cox-2) or the mAb
anti-PD-L1 was added to the cultures containing MSCs and IFN-y- The production
of IL-10 was determined after a 72-h incubation by ELISA. Each bar represents the
mean + SD from 3 independent determinations. Values with asterisks are signifi-
cantly different (***P<0.001) from the control (B cells stimulated with LPS in the
presence of MSCs and IFN-vy).
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Fig. 6. The effect of exogenous PGE; on IL-10 production by activated B cells. The
cells were stimulated with LPS, and PGE, was added to the cultures at the indicated
concentrations. The production of IL-10 was determined after a 72-h incubation.
Each bar represents the mean =+ SD from 3 independent determinations. Values with
asterisks demonstrate a statistically significant (**P<0.01, ***P<0.001) inhibition of
IL-10 production.

4. Discussion

Anumber of different cell populations are involved in regulating
the immune response, and thus they direct the development and
final manifestation of the immune reaction. One of these cell popu-
lations are Bregs, which are characterized by their ability to inhibit,
in an antibody-independent fashion, immune reactions in vitro and
invivo (Bouaziz etal.,2012; Corcione et al., 2006; Mauri and Bosma,
2012). The main mechanism of Breg action involves the produc-

tion of IL-10. It has been shown that the development of Bregs and
their activity are strictly regulated by cytokines. In this respect,
IFN-vy and IL-12 were shown to enhance Breg development and IL-
10 secretion, while IL-21 and TGF-[3 are rather inhibitory for Breg
development (Holan et al., 2014; Yoshizaki et al., 2012). The effects
of regulatory cells on the development and function of Bregs are
not known.

Another recently intensively studied cell population with
immunomodulatory actions and clinical potential are MSCs. These
cells possess potent suppressive properties and spontaneously pro-
duce the inhibitory cytokine TGF-3. However, in an inflammatory
environmentor in the presence of proinflammatory cytokines MSCs
produce, in addition to TGF-[3, also IL-6. These two cytokines (i.e.,
TGF-B and IL-6) drive rather the development of proinflammatory
Th17 cells and stimulate IL-17 production (Bettelli et al., 2006;
Svobodova et al., 2012). Since there is a large number of pub-
lications on the effects of MSCs on different T-cell populations,
but considerably less on B cells, we studied the effect of MSCs
on the development of IL-10-producing B cells. We found that
untreated MSCs did not significantly modify IL-10 production by
LPS-activated B cells. In accordance with the published data (Holan
et al., 2014; Yoshizaki et al., 2012), the production of IL-10 by B
cells was significantly enhanced in the presence of IFN-y- How-
ever, the simultaneous addition of MSCs and IFN-y into cultures
of LPS-stimulated B cells resulted in a profound inhibition of IL-10
production. We also observed that preincubation of MSCs with IFN-
v, but not of B cells, induced the suppression of IL-10 production.
This finding suggests that IFN-vy acts through MSCs and not via an
effect on B cells. The supernatants from IFN-y-treated MSCs did not
have a suppressive effect, and the separation of MSCs and B cells in
a transwell system abrogated the suppression. These observations
demonstrated that cell-cell contact between IFN-y-activated MSCs
and B cells is required for the suppression of IL-10 production by
the B cells.

To search for the molecule that is expressed by IFN-y-activated
MSCs and which could be responsible for the suppression of IL-
10 production, we cultured MSCs untreated or in the presence of
IFN-vy alone or IFN-y and LPS together. The expression of genes
coding potentially immunoregulatory molecules was evaluated
using real-time PCR. We identified three genes that were weakly
expressed or not expressed in untreated MSCs but which were
strongly upregulated after stimulation with IFN-y or IFN-y and
LPS. One of these genes codes the membrane molecule PD-L1,
which has been shown to be involved in MSC-mediated immuno-
suppression in other models (Luz-Crawford et al., 2012). Other
molecules strongly upregulated in IFN-y-treated MSCs were Cox-2,
which is involved in the biosynthesis of PGE; and in immunosup-
pression (Duffy et al.,, 2011; English et al., 2009; Spaggiari et al.,
2008), and IDO, which interferes with the bioactivity of trypto-
phane (Ge et al., 2010). Experiments utilizing selective inhibitors
of IDO or Cox-2, or the use of the blocking mAb anti-PD-L1, showed
that the MSC-mediated suppression of IL-10 production was com-
pletely abrogated by indomethacin, an inhibitor of Cox-2, but not
by the IDO inhibitor 1-MT or by anti-PD-L1 antibody. Further-
more, we showed that the production of IL-10 by B cells can be
inhibited by PGE,, a molecule synthetized in the Cox-2 pathway.
The involvement of PGE; in MSC-mediated immunosuppresion has
been suggested (Duffy et al., 2011; Spaggiari et al., 2008).

To date, a number of distinct mechanisms have been proposed to
be responsible for MSC-mediated immunosuppression. Rasmusson
et al. (2005) showed that different mechanisms are involved in
the suppression depending on the signal activating lymphocytes.
Among the mechanisms based on contact between MSCs and lym-
phocytes, in addition to Cox-2, IDO and PD-L1, the Fas - FasL
pathway has been proposed (Akiyama et al., 2012). In our model,
neither Fas-L nor Fas were upregulated in IFN-y-treated MSCs.
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There is no published data on the MSC-mediated suppression
of IL-10 production by B cells. Our results show that the sup-
pression entirely depended on the Cox-2 pathway. Since the final
effector molecule of this pathway is PGE,, it is of interest that
the suppression requires contact between IFN-y-activated MSCs
and B lymphocytes. In fact, the dependence of immunosuppression
on cell contact has also been observed in other models in which
the mechanism of suppression was Cox-2-dependent (Duffy et al.,
2011; English et al., 2009). This might be due to a requirement for
higher concentrations of PGE; whichare achieved only at the site of
cell-cell contact. This hypothesis is also supported by our observa-
tion that relatively high concentrations of PGE; (uM) are required
to achieve a significant suppression of IL-10 production by B cells.
It has been shown that MSCs spontaneously produce low levels
of PGE,, and we showed that the expression of the Cox-2 gene in
MSCs is significantly increased in the presence of IFN-y (and even
more in the presence of IFN-y and LPS). In accord with this observa-
tion, untreated MSCs did not significantly inhibit IL-10 production
while in the presence of IFN-y the suppression was highly signifi-
cant. Arequirement for priming of MSCs with IFN-y has been shown
in some other models of MSC-mediated suppression (Chinnadurai
et al., 2014; Duijvestein et al., 2011; Ge et al., 2010).

In summary, we have shown that IFN-y upregulates the expres-
sion of the Cox-2 gene in highly purified mouse MSCs. Furthermore,
we have demonstrated for the first time that IFN-y-pretreated
MSCs strongly inhibit the development and function of IL-10-
producing (regulatory) B lymphocytes and that this suppression
is cell contact-dependent and involves the Cox-2 pathway.
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5.2 Srovnani terapeutického potencialu mezenchymalnich kmenovych
bunék a limbilnich kmenovych bunék pro regeneraci poskozeného
povrchu oka.

Vladimir Holan, Peter Trosan, Cestmir Cejka, Eliska Javorkova, Alena Zajicova,

Barbora Hefmankova, Milada Chudi¢kova a Jitka Cejkova
Stem Cells Trans Med. 2015;4,1052-1063

Lécba zalozend na kmenovych buiikach je slibnym prostiedkem pro lécbu tézkych
poranéni nebo dosud nelécitelnych onemocnéni. Pouziti kmenovych bunék je vsak casto
omezeno nedostatkem dostupnych tkanoveé specifickych kmenovych bunék, proto se
hledaji a testuji dalSi moZné zdroje kmenovych bun&k. V tomto ohledu se ukézalo, Ze
MSC jsou slibnym kandidatem. V této studii jsme ptipravili BM-MSC, AD-MSC a LSC
a porovnavali jsme jejich rust, diferenciaci a sekre¢ni vlastnosti. Buiiky byly péstovany
na nanovlédkennych nosic¢ich a ptfeneseny na chemicky poskozené oko kralikt, kde byl
studovan jejich terapeuticky potencial. Zjistili jsme, ze BM-MSC a tkanové specifické
LSC mély podobné terapeutické ucinky. Proces hojeni, hodnoceni tloustky rohovky,
reepitelizace, neovaskularizace a inhibice lokalni zanétlivé reakce byly srovnatelné u oci
oSettenych BM-MSC a LSC. Vysledky byly vyznamné lepsi u o¢i s aplikovanymi BM-
MSC nebo LSC nez u nelécenych ofi nebo oci oSetienych jen samotnym
nanovlakennym nosi¢em nebo nanovldkennym nosi¢em s AD-MSC. Vysledky ukazuji,
ze terapeuticky ucinek BM-MSC na hojeni poSkozeného povrchu rohovky je
srovnatelny s terapeutickym uc¢inkem tkanové specifickych LSC. Z toho vyplyva, ze
BM-MSCs by mohly byt pouZity pro regeneraci ocniho povrchu v piipadech, kdy
autologni LSC chybi nebo je obtizné je ziskat.

Muj podil na publikaci:

experimentalni ¢ast (separace a kultivace MSC a LSC, real-time PCR), analyza vysledki
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ABSTRACT

Stem cell-based therapy has become an attractive and promising approach for the treatment of severe
injuries or thus-far incurable diseases. However, the use of stem cells is often limited by a shortage of
available tissue-specific stem cells; therefore, other sources of stem cells are being investigated and
tested. In this respect, mesenchymal stromal/stem cells (MSCs) have proven to be a promising stem
cell type. In the present study, we prepared MSCs from bone marrow (BM-MSCs) or adipose tissue
(Ad-MSCs) as well as limbal epithelial stem cells (LSCs), and their growth, differentiation, and secretory
properties were compared. The cells were grown on nanofiber scaffolds and transferred onto the alkali-
injured eye in a rabbit model, and their therapeutic potential was characterized. We found that
BM-MSCs and tissue-specific LSCs had similar therapeutic effects. Clinical characterization of the healing
process, as well as the evaluation of corneal thickness, re-epithelialization, neovascularization, and the
suppression of a local inflammatory reaction, were comparable in the BM-MSC- and LSC-treated eyes,
but results were significantly better than in injured, untreated eyes or in eyes treated with a nanofiber
scaffold alone or with a nanofiber scaffold seeded with Ad-MSCs. Taken together, the results show that
BM-MSCs’ therapeutic effect on healing of injured corneal surface is comparable to that of tissue-
specific LSCs. We suggest that BM-MSCs can be used for ocular surface regeneration in cases when au-
tologous LSCs are absent or difficult to obtain. STEM CELLS TRANSIATIONAL MEDICINE 2015;4:1052-1063

SIGNIFICANCE

Damage of ocular surface represents one of the most common causes of impaired vision or even
blindness. Cell therapy, based on transplantation of stem cells, is an optimal treatment. However,
if limbal stem cells (LSCs) are not available, other sources of stem cells are tested. Mesenchymal stem
cells (MSCs) are a convenient type of cell for stem cell therapy. The therapeutic potential of LSCs and
MSCs was compared in an experimental model of corneal injury, and healing was observed following
chemical injury. MSCs and tissue-specific LSCs had similar therapeutic effects. The results suggest that
bone marrow-derived MSCs can be used for ocular surface regeneration in cases when autologous
LSCs are absent or difficult to obtain.

INTRODUCTION

Severe injuries or defects of the cornea represent
are among the most common causes of decreased
quality of vision or even blindness. In many cases,
penetrating keratoplasty is performed as the first
treatment option. However, if the corneal damage
is more extensive and the limbal region isinvolved,
the defect can lead to limbal stem cell deficiency
(LSCD). In such cases, corneal transplantation
alone is not a sufficient treatment method. The
only effective way to treat LSCD is by the transplan-
tation of whole limbal tissue or the transfer of lim-
bal epithelial stem cells (LSCs). Although beneficial

45

effects of limbal transplantation have been reported
[1-3], the shortage of limbal tissue and a strongim-
mune response to a limbal allograft are the main
obstacles to such treatment protocols. Therefore,
a more promising treatment method is offered by
LSC transplantation. The first encouraging results
from LSC transplantation have been published
[4—6]. Since LSCs represent a relatively small popula-
tion of limbal cells that are difficult to isolate and pre-
pare in sufficient quantities, other stem cell sources
are being explored and tested to treat LSCD.

An alternative source of stem cells for ocular
surface regeneration and the treatment of LSCD is
mesenchymal stem cells (MSCs). These cells can
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be obtained relatively easily in a sufficient amount from various
types of tissues (e.g., bone marrow, adipose tissue) and expanded
in vitro for autologous application. It has been shown that MSCs
retain their differentiation potential during in vitro expansion and
that they can differentiate into various cell types [7], including cells
expressing corneal epithelial cell markers [8, 9]. The first results of
using MSCs for ocular surface healing in small animal models have
been published [9, 10]. We have shown in mice [11] and rabbits [12]
that MSCs grown on a nanofiber scaffold and transferred onto the
damaged ocular surface significantly inhibit the local inflammatory
reaction and support the healing process.

Although LSCs and MSCs have different origins, they share
comparable immunoregulatory properties in vitro [13]. Similarly,
numerous common properties have been described for tissue-
specific stem cells isolated from different organs [14]. Comparative
studies on MSCs prepared from bone marrow and other sources
have shown many similarities but also some differences [15, 16].
For the treatment of ocular surface injuries and LSCD, both
tissue-specific LSCs and MSCs isolated from the bone marrow
(BM-MSCs) or adipose tissue (Ad-MSCs) have been proposed
and tested. In these studies, MSCs proved to be a promising cell
type to support the healing of the damaged ocular surface
[9-12, 17-19]. However, so far, there is no direct evidence that
MSCs can support the healing and regeneration of damaged cor-
neal tissue as effectively as the tissue-specific LSCs. Therefore, in
the present study, we used a well-established model of the alkali-
damaged ocular surface in rabbits and directly compared the re-
generative and reparative potential of tissue-specific LSCs and
MSCs derived from bone marrow or adipose tissue. On the basis
of several evaluated parameters, we show the therapeutic poten-
tial of BM-MSCs for the treatment of damaged ocular surface is
comparable to that of tissue-specific LSCs, and, thus, BM-MSCs
can be used therapeutically as a convenient source of stem cells
to support healing of the wounded cornea.

MATERIALS AND METHODS

Animals and Alkali-Induced Corneal Damage

Adult, female New Zealand white rabbits (2.5-3.0 kg) obtained
from Velaz Ltd. (Prague, Czech Republic, http://www.velaz.cz)
were used in the experiments. Rabbits were anesthetized by an in-
tramuscularinjection of a 1:1 mixture of xylazinum hydrochloridum
2% (0.2 ml/kg body weight; Rometar; Spofa, Prague, Czech Repub-
lic, http://www.spofa.cz) and ketaminum hydrochloridum 5%
(1 ml/kg body weight; Narkamon; Spofa). The right corneas of anes-
thetized rabbits were injured by dropping 0.25N sodium hydroxide
(NaOH) on the corneal surface (10 drops during 1 minute, alkali in-
juring the whole cornea, including the limbal region), then the eyes
were immediately rinsed with an excess of tap water. After the al-
kali injury and awakening from the anesthesia, the rabbits were
treated with analgesia (ketoprofen, 1.0 mg/kg i.m.) 2 times daily
for 5 days. All experiments were conducted according to the Asso-
ciation for Research in Vision and Ophthalmology Statement on the
Use of Animals in Ophthalmic and Vision Research and were ap-
proved by the local ethics committee.

Isolation of LSCs and MSCs

LSCs were obtained by the enzymatic digestion of limbal tissue,
as we have described in a mouse model [20]. In brief, limbal
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tissue was cut with scissors and subjected to 10 short (10
minutes each) trypsinization cycles. The released cells were har-
vested after each cycle, centrifuged (8 minutes at 250g), and
resuspended in Roswell Park Memorial Institute (RPMI) 1640 me-
dium (Sigma-Aldrich Corp., St. Louis, MO, http://www.sigmaaldrich.
com) containing 10% fetal calf serum (FCS; Sigma-Aldrich), anti-
biotics (100 U/ml penicillin, 100 ug/ml streptomycin), and
10 mM HEPES buffer. The cells were seeded in 25-cm? tissue
culture flasks (Corning Inc., Schiphol-Rijk, The Netherlands,
http://www.corning.com). For characterization of the cells
and for their transfer onto a nanofiber scaffold, cells grown in
vitro for 2—3 weeks (third passage) were used.

BM-MSCs were isolated from the femurs of rabbits. The
bone marrow was flushed out, a single-cell suspension was pre-
pared by homogenization, and the cells were seeded ata concen-
tration of 4 X 10° cells per milliliter in Dulbecco’s modified
Eagle’s medium (DMEM; Sigma-Aldrich) containing 10% FCS,
antibiotics (100 U/ml penicillin, 100 mg/ml streptomycin), and
10 mM HEPES buffer in 25-cm? tissue culture flasks (Corning).
After a 48-hour incubation, the nonadherent cells were washed
out and the adherent cells were cultured with a regular ex-
change of the medium and passaging of the cells to maintain
their optimal concentration. The cells were characterized and
used at the third passage.

Ad-MSCs were isolated from subcutaneous adipose tis-
sue. The tissue was cut into small pieces with scissors and
incubated in 1 ml of Hanks’ balanced salt solution containing 10
mg/ml collagenase type | (Sigma-Aldrich) for 60 minutes at 37°C
with gentle agitation. Then the collagenase was diluted with
complete DMEM. The cells were filtered and centrifuged at
250g for 8 minutes. The upper adipose layer was removed,
the cells were centrifuged, resuspended in 6 ml complete
DMEM (4 X 10° cells per milliliter), and seeded in 25-cm? tissue
culture flasks (Corning). After incubation for 48 hours, the cells
were washed with medium to remove nonadherent cells and cell
debris, and cultured under standard conditions. Ad-MSCs were
used in passages 3 and 4.

Stem Cell Growth, Differentiation, and Gene Expression

To show the morphology of MSCs and LSCs, the cells were grown
on glass cover slips, fixed with paraformaldehyde, and incubated
with Alexa Fluor 568 phalloidin (Invitrogen/Thermo Fisher Sci-
entific Inc., Paisley, U.K., http://www.thermoscientific.com) to
label F actin. The nuclei were visualized by using 4’,6-diamidino-
2-phenylindole (DAPI) fluorescent dye (Invitrogen). Images
were taken by a laser scanning confocal microscope (Zeiss Inter-
national, Jena, Germany, http://www.zeiss.com). For character-
ization of their growth properties, cells were seeded (1 X 10*
cells per well) in 500 wl of complete DMEM in 48-well tissue
culture plates (Nunc/Thermo Fisher Scientific Inc., Roskilde, The
Netherlands, http://www.thermoscientific.com), and the growth
of the cells was determined after 3-, 24-, and 48-hour cultivation
using the WST assay, as we have described [21]. In brief, WST-1
reagent (Roche Diagnostics, Mannheim, Germany, http://www.
roche.de) was added to each well to form formazan. The plates
were then incubated for another 4 hours, and the absorbance
was measured by spectrophotometry. The assay is based on
the ability of living cells to use mitochondrial dehydrogenases
to cleave tetrazolium salts into water-soluble formazan, which
is then measured by spectrophotometry. To compare the growth
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of stem cells on plastic or on a nanofiber scaffold, MSCs and LSCs
were seeded (4 X 10 cells per well) in 700 ul DMEM in 24-well
tissue culture plates (Corning) directly into wells or onto a nano-
fiber scaffold fixed into CellCrown TM24 inserts (Scaffdex Ltd.,
Tampere, Finland, http://www.scaffdex.com). The growth of cells
was determined after 48 hours by the WST assay.

The ability of stem cells to differentiate into adipocytes
was determined using specific adipogenic medium containing
0.1 uM dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine,
0.1 mM indomethacine, and 0.5 wg/ml insulin, as we described
previously [22]. The differentiation of the cells was confirmed
by staining with Oil Red O and by quantifying the expression of
the adipocyte-specific genes for adiponectin (ADPC) and peroxi-
some proliferator-activated receptor y (PPARy) using real-time
polymerase chain reaction (PCR).

The expression of genes for the immunoregulatory molecules
indoleamine-2,3-dioxygenase (IDO-2), cyclooxygenase-2 (Cox-2)
and inducible nitric oxide synthase (iNOS), and for hepatocyte
growth factor (HGF), transforming growth factor-8 (TGF-3), and
vascular endothelial growth factor (VEGF) was determined in
unstimulated and lipopolysaccharide (LPS)-stimulated MSCs
and LSCs. In these experiments, the cells (4 X 10 cells per well)
were cultured in 700 wl of DMEM for 48 hours in 24-well tissue
culture plates (Corning) with or without 5 wg/ml LPS, and the
expression of the genes was determined by real-time PCR, as de-
scribed below.

Nanofiber Scaffolds

Nanofiber scaffolds were prepared from the biocompatible poly-
mer poly(L-lactic) acid (PLA) by a needleless electrospinning proce-
dure, aswe have described [23]. In brief, PLA polymer was dissolved
in chloroform and two other solvents, 1,2-dichlorethane and ethyl
acetate, were added to this solution. The mixture was stirred until
a homogenous polymer solution was obtained. The modified nee-
dleless Nanospider technology (Elmarco s.r.o., Liberec, Czech Re-
public, http://www.elmarco.com), in which polymeric jets are
spontaneously formed from liquid surfaces on a rotating spin-
ning electrode, was used for the preparation of the nanofibers.
In this study, nanofiber material with a mass per unit area of
10 g/m? and with a nanofiber diameter ranging from 290 to
539 nm was used. The morphology of the nanofibers and their
nanofibrous architecture were analyzed using scanning elec-
tron microscopy and shown previously [11, 21].

Stem Cell Growth on Nanofiber Scaffold and
Cell Transfer

Nanofiber scaffolds were cut into squares (approximately 1.5 X
1.5 cm) and fixed into CellCrown TM24 inserts (Scaffdex). The
inserts with nanofibers were transferred into 24-well tissue cul-
ture plates (Corning). Stem cells (3 X 10°) in 700 ul of complete
DMEM were transferred into each well. The plates were incubated
for 24 hours to allow the cells to adhere to the scaffold.

For stem cell transfer, nanofiber scaffolds seeded with stem
cells were transferred within 1 hour after the injury with the cell
side facing down on the damaged ocular surface. The scaffolds
were sutured to the conjunctiva with four interrupted sutures us-
ing 11.0 Ethilon (Ethicon, Johnson & Johnson, Livingston, U.K,,
http://www.ethiconproducts.co.uk). The eyelids were closed by
tarsorrhaphy using 1 suture of Resolon 7.0 (Resorba Medical
GmbH, Nuremberg, Germany, http://www.resorba.com) for 72
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hours. An ophthalmic ointment compound containing bacitracin
and neomycin (Ophthalmo-Framykoin; Zentiva Group, Prague,
Czech Republic, http://www.zentiva.com) was applied on the oc-
ular surface for 3 days. The nanofiber scaffolds were removed
from the ocular surface on day 3 after the operation. The animals
were sacrificed following ani.v. injection of thiopental anesthesia
(30 mg/kg thiopental; Spofa) after premedication with an intra-
muscular injection of xylazinum hydrochloridum/ketaminum
hydrochloridum. Each experimental group involved six rabbits
(i.e., six experimental eyes). In all experiments with alkali injury,
the corneas of healthy rabbit eyes served as controls.

Immunohistochemistry

After sacrificing the animals, the eyes were enucleated and the
anterior eye segment dissected out and quenched in light petro-
leum chilled with an acetone-dry ice mixture. Sections were cut
on a cryostat and transferred onto glass slides. Subsequently,
the cryostat sections were fixed in acetone at 4°C for 5 minutes.
For the immunohistochemical detection of cells staining for CD3,
iNOS, VEGF, or the cytokeratins K3 and K12 (K3/12), the following
primary monoclonal antibodies (mAbs) were used: anti-CD3
(Abcam, Cambridge, U.K., http://www.abcam.com), anti-iNOS
(BD Biosciences, San Jose, CA, http://www.bdbiosciences.com),
anti-caspase-3 (Abcam), anti-K3/12 (Abcam), and anti-VEGF
(Abcam). The binding of the primary antibodies was demon-
strated using the horseradish peroxidase/3,3’-diaminobenzidine
(HRP/DAB) Ultra Vision detection system (Thermo Fisher Scien-
tific) following the instructions of the manufacturer. Individual
steps involved the following: hydrogen peroxide block (15
minutes), ultra V block (5 minutes), incubation with the primary
antibody (60 minutes), incubation (10 minutes) with biotinylated
goat anti-mouse IgG secondary antibody (Thermo Fisher Scientific)
and peroxidase-labeled streptavidin incubation (10 minutes).
Visualization was performed using a freshly prepared DAB
substrate-chromogen solution. Cryostat sections in which the
primary antibodies were omitted from the incubation media
served as negative controls. Some sections were counterstained
with Mayer’s hematoxylin.

The counting of cells positive for CD3 and iNOS in the corneal
stroma and for caspase-3 in the corneal epithelium was per-
formed by an examiner without prior knowledge of the experi-
mental procedure. Three randomly chosen fields of corneal
sections (of the same field size and the same microscope mag-
nification) from six corneas of each experimental animal group
were used. For each cornea, the mean value from the three fields
was calculated.

Determination of Corneal Thickness

Changes of corneal transparency after the injury and during
healing were examined according to the measurement of the
central corneal thickness (taken as an index of corneal hydra-
tion). The central corneal thickness was measured in anesthe-
tized animals using an ultrasonic pachymeter SP-100 (Tomey
Corp., Nagoya, Japan, http://www.tomey.com) in the corneal
center. The corneal thickness was measured in the same corneas
before alkali injury (corneas of healthy eyes) and on days 5 and
12 after the injury (all experimental groups). Each cornea was
measured four times and the mean value of the thickness (in
mm) was computed.
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Determination of Corneal Neovascularization and Re-
epithelialization

For the evaluation of corneal neovascularization, the number of
vessels was counted in each 60° sector of the corneal surface. The
mean value and standard deviation were determined from six
eyes in each group.

To characterize corneal re-epithelialization, postfixed cryostat
sections of the corneas were stained with a mAb directed
against the corneal epithelial cell-associated cytokeratins K3
and K12, using hematoxylin and eosin stain for counterstaining.
Theimages were evaluated microscopically. For the quantification of
re-epithelialization, the expression of genes for K3 and K12 was de-
termined by real-time PCR in healthy, injured and treated corneas.

Detection of Gene Expression by Real-Time PCR

The expression of genes in cultured cells or in control and treated
corneas was determined by quantitative real-time PCR. The cor-
neas or cultured stem cells were transferred into Eppendorf tubes
containing 500 wl TRI Reagent (Molecular Research Center Inc.,
Cincinnati, OH, http://mrcgene.com). The details of RNA isolation,
transcription, and the PCR parameters have been described previ-
ously [24]. In brief, total RNA was extracted using TRI Reagent
according to the manufacturer’s instructions. Total RNA (1 ug)
was treated using deoxyribonuclease | (Promega Corp., Madison,
WI, http://www.promega.com) and subsequently used for reverse
transcription. The first-strand cDNA was synthesized using random
primers (Promega) in a total reaction volume of 25 ul using Molo-
ney murine leukemia virus reverse transcriptase (Promega).

Quantitative real-time PCR was performed using a StepOne-
Plus real-time PCR system (Thermo Fisher Scientific). The relative
quantification model with efficiency correction was applied to
calculate the expression of the target gene in comparison with
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) used as
the housekeeping gene. The following primers were used for
amplification: GAPDH: 5’-CCCAACGTGTCTGTCGTG (sense), 5'-
CCGACCCAGACGTACAGC (antisense); K3: 5'-GAACAAGGTCCTG-
GAGACCA (sense), 5'-TTGAAGTCCTCC ACCAGGTC (antisense);
K12: 5'-AGGAGGTGGTGAATGGTGAG (sense), 5'-GTTGTTTC-
CCAGGAGCAAAA (antisense); ADPC: 5'-ACCAGGACAAGAACGT-
GGAC (sense), 5'-TGGAGATGGAATCGTTGACA (antisense); PPARYy:
5'-AGTCGCCATCC GCATCTT (sense), 5'-ATCTCATGGACGCCG-
TACTTG (antisense); IDO-2: 5'-GTTTC CTTGGCTCGTTGG (sense),
5'-CCTTTTCTGAAAGGATAAACTCTCG (antisense); iNOS: 5'-AGG-
GAGTGTTGTTCCAGGTG (sense), 5'-TCCTCAACCTGCTCCTCACT
(antisense); Cox-2: 5'-ACATCGTCAATAGCATTC (sense), 5'-TAGTAG-
GAGAGGTT GAGA (antisense); TGF-B1: 5'-GCCTGCAAGTGCTCAAGT-
TAC (sense), 5'-TGCTG CATTTCTGGTACAGC (antisense); HGF:
5'-AGGCAGCTATAAGGGAACAGTG (sense), 5'-ATGGAACTCCAGGGCT-
GAC (antisense); and VEGF: 5'-CGAGACCTTGGTG GACATCT (sense),
5'-ATCTGCATGGTGACGTTGAA (antisense). The PCR parametersin-
cluded denaturation at 95°C for 3 minutes, then 40 cycles at 95°C
for 20 seconds, annealing at 60°C for 30 seconds, and elongation at
72°Cfor 30seconds. Fluorescence data were collected at each cycle
after an elongation step at 80°C for 5 seconds and were analyzed
using StepOne Software, version 2.2.2 (Thermo Fisher Scientific).
Each individual experiment was performed in triplicate.

Statistical Analysis

Analysis of the data showed a normal distribution and the results
are expressed as mean = SD. Comparisons between two groups
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were made using Student t test, and multiple comparisons were
analyzed by analysis of variance. A value of p < .05 was consid-
ered statistically significant.

RESULTS

Growth, Differentiation, and Gene Expression of Rabbit
MSCs and LSCs

The morphology of BM-MSCs, Ad-MSCs, and LSCs growing on
glass cover slips in vitro is shown in Figure 1A. All three cell types
adhered to plastic and glass surfaces and had a typical fibrocyte-
like shape. The cells had similar growth characteristics when
cultured on plastic (Fig. 1B) and proliferated comparably on a nano-
fiber scaffold (Fig. 1C). When all three cell types were cultured in
a specific adipogenic differentiation medium, the highest differ-
entiation potential was recorded in BM-MSCs, as demonstrated
microscopically (Fig. 1D) and also according to the expression
of genes for the adipocyte markers ADPC and PPAR+y determined
by real-time PCR (Fig. 1E).

To test the ability of BM-MSCs, Ad-MSCs, and LSCs to produce
basic immunoregulatory molecules and growth factors, the cells
were cultured for 48 hours unstimulated or stimulated with LPS,
and the expression of genes for IDO-2, Cox-2, iNOS, TGF-3, HGF,
and VEGF was determined by real-time PCR. As shown in Figure 2,
some of these genes were expressed spontaneously and comparably
in all cell types, while other factors were produced preferentially in
only some cell populations or only after stimulation with LPS.

Immunohistochemical Detection of CD3*, iNOS", and
Caspase-3" Cells in Alkali-Injured and Stem Cell-
Treated Corneas

The presence of CD3" cells (Fig. 3A) or cells expressing iNOS (Fig. 3B)
or caspase-3 (Fig. 3C) was very low or absent in healthy control cor-
neas. After alkali injury, the corneas were strongly infiltrated with
CD3" cells (Fig. 3D) and the expression of iNOS (Fig. 3E) was high.
Similarly, the number of apoptotic caspase-3* cells was high in the
remaining islands of the corneal epithelium (Fig. 3F). The infiltra-
tion of corneas with CD3" cells (Fig. 3G) or the presence of iNOS*
(Fig. 3H) or caspase-3" (Fig. 31) cells was slightly decreased ininjured
corneas treated with cell-free nanofiber scaffolds. However, after
the treatment of injured corneas with stem cell-seeded nanofibers
(Fig. 3)-3R), the numbers of CD3", iINOS", or caspase-3" cells were
significantly decreased. The expression of caspase-3 in apoptotic
cells, which was high in the remaining islands of the corneal epithe-
lium in untreated injured corneas (Fig. 3F, arrow), was only weakly
expressed in the epithelium of corneas treated with a nanofiber
scaffold seeded with BM-MSCs (Fig. 3L, arrow) or LSCs (Fig. 3R, ar-
row). The number of CD3" cells (Fig. 3V) as well as cells expressing
iNOS (Fig. 3W) or caspase-3 (Fig. 3X) was counted in defined fields
of corneal sections for each experimental group. The graphs show
that the numbers of CD3*, iNOS", or caspase-3" cells, which were
high in untreated injured corneas or corneas treated with cell-free
nanofiber scaffolds, were significantly decreased in the groups
treated with stem cell-seeded nanofibers.

Corneal Thickness After Alkali-Injury and Treatment
With MSCs and LSCs

The central corneal thickness of healthy corneas was about 380 um
(Fig. 4). Shortly after alkali injury, the corneal thickness increased (as
aresult of hydration) more than twofold and remained high on day 5
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Figurel. Characterization of BM-MSCs, Ad-MSCs, and LSCs. (A): The morphology of the cells is shown by staining for F actin with phalloidin (red
filaments). The nuclei are blue (4°,6-diamidino-2-phenylindole [DAPI] staining). Scale bars =200 uwm. (B—E): The growth of cells on plastic (B) or on
a nanofiber scaffold (C) was determined by the WST assay. The ability of cells to differentiate into adipocytes was characterized microscopically
(D, upper: undifferentiated cells; lower: cells in differentiation medium) or according to the expression of the ADPC and PPARy genes detected
by real-time polymerase chain reaction (E). Each bar represents the mean = SD from three determinations. Abbreviations: Ad-MSC, adipose
tissue-derived mesenchymal stem cell; ADPC, adiponectin gene; BM-MSC, bone marrow-derived mesenchymal stem cell; dif, differentiation
medium; LSC, limbal epithelial stem cell; 0.d., optical density (absorbance); PPARvy, peroxisomeproliferator-activated receptor vy.
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Figure 2. Expression of genes for immunoregulatory molecules and growth factors by BM-MSCs, Ad-MSCs, and LSCs. (A—F): The cells were
cultured for 48 hours unstimulated or stimulated with LPS and the expression of genes for indoleamine-2,3-dioxygenase (A), cyclooxyge-
nase-2 (B), inducible nitric oxide synthase (C), transforming growth factor-g8 (D), hepatocyte growth factor (E), and vascular endothelial growth
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limbal epithelial stem cell.

in untreated corneas and in corneas treated with cell-free nanofiber
scaffolds. In corneas treated with Ad-MSC-seeded nanofiber scaf-
folds, the corneal thickness slightly decreased, but it was significantly
reduced already on day 5 in corneas treated with nanofiber scaffolds
seeded with BM-MSCs or LSCs (Fig. 4). On day 12 after injury, the
corneal thickness remained enhanced in untreated injured corneas
but was significantly decreased in corneas treated with cell-free or
Ad-MSC-seeded nanofiber scaffolds. In corneas treated with nano-
fiber scaffolds seeded with BM-MSCs or LSCs, the corneal thickness
returned to the values observed before injury (Fig. 4).

Expression of VEGF and Neovascularization in Injured
and Stem Cell-Treated Corneas

The expression of VEGF was very low in healthy control corneas
(Fig. 5A). On day 12 after the injury, the expression of VEGF was
high in untreated corneas (Fig. 5B) and was only slightly decreased
in corneas treated with cell-free nanofiber scaffolds (Fig. 5C). The
treatment of injured corneas with Ad-MSC-seeded nanofiber
scaffolds apparently reduced VEGF expression (Fig. 5E), but the
greatest reduction in VEGF expression was seen in corneas treated
with nanofiber scaffolds seeded with BM-MSCs (Fig. 5D) or LSCs
(Fig. 5F). The quantification of corneal neovascularization is sum-
marized in Figure 5H. The number of vessels was high in untreated

www.StemCellsTM.com

injured corneas and was partially reduced in injured corneas
treated with cell-free nanofibers. The treatment of injured cor-
neas with nanofiber scaffolds seeded with all three types of stem
cells significantly decreased neovascularization. The greatest de-
crease was found in injured corneas treated with nanofiber scaf-
folds seeded with BM-MSCs or LSCs.

Corneal Re-epithelialization After Treatment of Injured
Eyes With MSCs or LSCs

The extent of corneal re-epithelialization was evaluated on day 12
after alkali injury by examining corneal sections stained with mAb
anti-K3/K12. A typical image of a normal healthy cornea is shown
in Figure 6A. In contrast, only rare and isolated islands of the ep-
ithelium were detected in untreated injured corneas (Fig. 6B).
Covering the injured ocular surface with a cell-free nanofiber scaf-
fold improved re-epithelialization and islands with epithelium
covered about 20%-40% of the corneal surface (Fig. 6C, 6D).
The transfer of stem cell-seeded nanofiber scaffolds onto the
damaged ocular surface (Figs. 6E-6G) significantly improved cor-
neal healing, with the best re-epithelialization observed in cor-
neas treated with nanofiber scaffolds seeded with BM-MSCs
(Fig. 6E) or LSCs (Fig. 6G). The expression of genes for the cytoker-
atins K3 and K12 in healthy, injured and treated corneas was
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Figure 3. The immunohistochemical detection of CD3",iNOS*, and caspase-3* cells in healthy, injured and stem cell-treated corneas. (A=C): Un-
detectable or very low numbers of CD3" (A), iNOS™ (B), or caspase-3" (C) cells were found in healthy corneas. (D-1): On day 12 after alkali injury, the
number of CD3" (D), iINOS" (E), and apoptotic caspase-3" (F) cells was significantly increased and remained high in corneas treated with a cell-free
nanofiber scaffold (G-1). (J, M, P): The presence of CD3" cells was clearly decreased in corneas treated with nanofiber scaffolds seeded with BM-
MSCs (J), Ad-MSCs (M), or LSCs (P). (K, N, Q): Similarly, the number of iNOS" cells was decreased in corneas treated with BM-MSCs (K), Ad-MSCs (N),
orLSCs (Q). (L, Q, R): The presence of caspase-3" cells, which were numerous in the remaining islands of the corneal epithelium in untreated injured
corneas, was decreased in the corneas treated with BM-MSCs (L), Ad-MSCs (0), or LSCs (R). (S—U): Cells expressing CD3 (S), INOS (T), or caspase-3 (U)
were absent in corneal sections stained only with counterstaining, where the primary antibody was omitted from the incubation medium (negative
control). Scale bars = 50 wm. (V=X): The numbers of CD3" (V), iNOS* (W), and caspase-3" (X) cells counted in comparable fields of corneal sections
were determined from six corneas in the individual experimental groups. The values with asterisks are significantly different (*, p <.05; *#*, p <.01;
#*x%, p < .001) from those of untreated injured corneas. Abbreviations: Ad-MSC, adipose tissue-derived mesenchymal stem cell; BM-MSC, bone
marrow-derived mesenchymal stem cell; iNOS, inducible nitric oxide synthase; LSC, limbal epithelial stem cell; nano, nanofiber scaffold.
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Figure 4. Central corneal thickness of healthy, alkali-injured and stem
cell-treated corneas. The corneas were injured with alkali and then left
untreated, treated with a nanofiber scaffold alone or treated with nano-
fiber scaffolds seeded with BM-MSCs, Ad-MSCs, or LSCs. The central
corneal thickness was measured in the same rabbit before injury (day
0) and on days 5 and 12 after the injury. Each bar represents the mean
=+ SD from six corneas. The values with asterisks for day 5 are signifi-
cantly different from those of untreated injured corneas on day 5; sim-
ilarly, the values with asterisks for day 12 are significantly different from
those of untreated injured corneas on day 12 (*, p < .05; #*, p < .01;
##%, p < ,001). Abbreviations: Ad-MSC, adipose tissue-derived mesen-
chymal stem cell; BM-MSC, bone marrow-derived mesenchymal stem
cell; LSC, limbal epithelial stem cell; nano, nanofiber scaffold.

quantified by real-time PCR (Fig. 6l, 6J). Cytokeratin gene expres-
sion was apparent in healthy corneas but was absent or very low
in untreated injured corneas and in corneas treated with cell-free
nanofiber scaffolds. In accordance with the immunohistochemi-
cal results, the treatment of injured corneas with BM-MSC- or
LSC-seeded nanofiber scaffolds significantly enhanced the ex-
pression of both cytokeratin genes.

Corneal Opacity of Alkali-Injured and Stem Cell-
Treated Eyes

Representative photographs of healthy, injured and treated eyes
are shown in Figure 7. In comparison with healthy control eyes
(Fig. 7A), the corneas of injured eyes became opalescent shortly af-
ter the injury and remained opalescent and highly vascularized on
day 12 after injury (Fig. 7C). An eye on day 2 after injury and covered
with a nanofiber scaffold is shown in Figure 7B. Only a weak im-
provement in the appearance of the corneas was observed on
day 12 in the eyes treated with cell-free nanofiber scaffolds (Fig.
7D). In the eyes treated with stem cell-seeded nanofibers, corneal
opacity was decreased and corneal neovascularization was less ap-
parent (Fig. 7E-7G), with the best therapeutic effects seen with
nanofiber scaffolds seeded with BM-MSCs (Fig. 7E) or LSCs (Fig. 7G).

DiscussION

Stem cell-based therapy holds great promise for the treatment of
severe injuries as well as a number of thus-far incurable diseases.
The best source of stem cells for tissue therapy is tissue-specific
stem cells, but these cells are often rare in the body, difficult to
isolate, and not easily handled in vitro. Therefore, research is fo-
cused on the search for alternative cell sources that could effec-
tively replace tissue-specific stem cells.

One possibility has been offered by embryonic stem cells (ESCs),
but the use of ESCs is limited by their uncontrolled growth, the risk of
teratoma formation, and ethical problems associated with their iso-
lationand use [25, 26]. Induced pluripotent stem cells, which could be
used as autologous cells, initially appeared to offer great promise, but
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these cells turned out to be immunogenic even in syngeneic hosts
[27] and frequently form teratomas after in vivo application [28].
MSCs represent a convenient type of stem cells with a wide spectrum
of potential applications. These cells can be obtained in relatively suf-
ficient numbers from an individual patient, can be easily propagated
in vitro, and can then be used as autologous cells without requiring
immunosuppression after their transplantation.

To treat ocular surface injuries or various types of LSCD, LSCs
represent the optimal cell source, and LSC transplantation has
resulted in the recovery of vision in blind patients [4, 6, 29]. How-
ever, the use of LSCs is limited by the absence of autologous LSCs
in the case of bilateral LSCD and by a requirement for strong im-
munosuppression if allogeneic LSCs are used. To overcome these
limitations, attempts have been made to use other cell sources for
ocular surface regeneration, and the results of experimental stud-
ies using various cell types to treat LSCD have been published
[30-32], but the majority of these studies have used MSCs [12,
17-19]. The rationale for the use of MSCs is based on their ability
to differentiate into various cell types even apart from the meso-
dermal lineage from which they originate [7, 9], to produce nu-
merous growth and trophic factors [33], and to inhibit harmful
inflammatory reactions [12, 17]. Although an apparent improve-
ment of corneal healing after the application of MSCs has been
observed in various models, a direct comparison of the therapeu-
tic effects of MSCs and LSCs has not previously been made.

In this study, we prepared BM-MSCs, Ad-MSCs, and LSCs always
from the same rabbit and we compared their growth, differentiation
properties, and ability to produce immunoregulatory and growth fac-
tors and to support the healing of the damaged ocular surface. All of
these cell types have similar fibrocytic morphology and comparable
growth characteristics. After cultivation in adipogenic differentiation
medium, the highest differentiation potential was observed in BM-
MSCs. In accordance with the literature data [33-35], all three types
of stem cells spontaneously, or after stimulation with LPS, expressed
genes for a number of immunoregulatory and growth factors, but the
secretion profiles were different among the individual cell types.
Though we were not able to characterize the stem cell populations
phenotypically because of the lack of species-specific antibodies for
the rabbit model, our MSCs fulfilled other criteria for MSCs: their mor-
phology, adherence to plastic, differentiation, and factor production
[36]. Similarly, the population of LSCs was prepared by a standard
method described for the preparation of mouse [20], rat [9], rabbit
[37, 38], or human [5, 6] LSCs. We are aware that the LSC population
contains a significant proportion of descendants of LSCs, such as tran-
sient corneal epithelial cells and corneal epithelial cells, in addition to
LSCs. Indeed, we observed a gradual increase in CK3/CK12 expression
during culture of rabbit LSCs (unpublished observation). Some reports
suggest that MSCs can be expanded from the limbal tissue in vitro
rather than corneal epithelial cells [39, 40]. For example, Basu et al.
[40] described the expansion of mesenchymal stromal cells de-
rived from human limbal biopsies and their use for the treat-
ment of mouse corneal wounds. These authors also showed
that the type of enzymatic digestion influences the preferential
growth of cells with epithelial or mesenchymal morphologies.
Thus, there may be species-specific and cell culture-dependent
differences that support preferential growth of limbal MSCs or
corneal epithelial cells.

We have shown previously in the mouse model that MSCs trans-
ferred onto the damaged ocular surface, using a nanofiber scaffold,
migrate from the scaffold onto the ocular surface and inhibit the local
inflammatory reaction [21]. In the present study, we used a model
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Figure 5. The expression of vascular endothelial growth factor (VEGF) and corneal neovascularization after alkali injury and treatment
with stem cell-seeded nanofiber scaffolds. (A=F): The expression of VEGF was determined by immunohistochemistry in healthy corneas
(A) and in alkali-injured corneas on day 12 that were untreated (B), treated with cell-free nanofibers (C); or treated with nanofiber
scaffolds seeded with BM-MSCs (D), Ad-MSCs (E), or LSCs (F). (G): In the negative control, the sections were stained only with counter-
staining (hematoxylin). Scale bars =10 um. (H): The quantification of corneal neovascularization was performed by counting the number
of vessels in defined corneal sectors. Each bar represents the mean = SD from six corneas. The values with asterisks are significantly
different (*, p <.05; #*#*, p <.001) from those determined in untreated injured corneas. Abbreviations: Ad-MSC, adipose tissue-derived
mesenchymal stem cell; BM-MSC, bone marrow-derived mesenchymal stem cell; LSC, limbal epithelial stem cell; nano, nanofiber

scaffold.

of the alkali-injured ocular surface in rabbits and compared the
therapeutic potential of two types of MSCs and tissue-specific
LSCs. The injury of the cornea with 0.25N NaOH induced damage
of the corneal epithelium, an increase in corneal thickness,
a strong infiltration with cells of adaptive (T lymphocytes) and
innate (iINOS-expressing cells) immunity, an increase in the pres-
ence of apoptotic cells (caspase-3* cells), neovascularization,
and corneal opacity associated with decreased corneal transpar-
ency. All these parameters characterizing the ocular injury were
decreased in the treated eyes. The nanofiber scaffold itself

©AlphaMed Press 2015

slightly supported healing and decreased the harmful impacts
of injury, similarly to what has been described after the treat-
ment of a skin wound [41] or corneal injury [12]. The treatment
of injured eyes with a nanofiber scaffold seeded with stem cells
significantly decreased all of the harmful manifestations of the
injury. The alkaliinjury strongly damaged the corneal epithelium
(as demonstrated by immunohistochemistry and real-time PCR
for K3 and K12), and treatment with a stem cell-seeded
nanofiber scaffold improved re-epithelialization. The less-
pronounced therapeutic effects of Ad-MSCs in comparison with
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Figure 6. Corneal re-epithelialization in alkali-injured and stem cell-treated corneas. (A—-G): The individual photographs show representative
images of an anti-K3/12 stained healthy cornea (A), an untreated injured cornea (B), or injured corneas treated with cell-free nanofibers (C, D),
nanofibers seeded with BM-MSCs (E), Ad-MSCs (F), or LSCs (G). All injured corneas are shown on day 12 after injury. (H): The staining for the
cytokeratins K3/12 was negative in corneal sections stained only with counterstaining, where the primary antibody was omitted from the in-
cubation medium. Scale bars =50 um. (1, J): The expression of genes for K3 (1) and K12 (J) in individual experimental groups on day 12 after injury
was determined by real-time polymerase chain reaction. Each bar represents the mean = SD from six individual corneas. The values with an
asterisk represent a statistically significant (p < .05) difference from the values determined in untreated injured corneas. Abbreviations: Ad-
MSC, adipose tissue-derived mesenchymal stem cell; BM-MSC, bone marrow-derived mesenchymal stem cell; LSC, limbal epithelial stem cell;
nano, nanofiber scaffold.
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Figure 7. Corneal opacity of alkali-injured and stem cell-treated eyes. Representative photographs show a healthy control eye (A), an alkali-
injured eye (immediately after the injury) (B), an injured eye with nanofiber application (C), and a sutured nanofiber scaffold (imme-
diately after the injury) (D); and injured eyes on day 12 that were either untreated (E), treated with a cell-free nanofiber scaffold (F), or
treated with nanofiber scaffolds seeded with BM-MSCs (G), Ad-MSCs (H), or LSCs (1). (E, G, 1): Corneal neovascularization was clearly
visible expressed in untreated injured corneas (E, arrows) and strongly suppressed in corneas treated with nanofiber scaffolds seeded
with BM-MSCs (G) or LSCs (1). Abbreviations: Ad-MSC, adipose tissue-derived mesenchymal stem cell; BM-MSC, bone marrow-derived

mesenchymal stem cell; LSC, limbal epithelial stem cell; nano, nanofiber scaffold.

BM-MSCs or LSCs could be due to the lower differentiation po-
tential of Ad-MSCs and to the different spectrum of growth and
immunoregulatory factors produced by these cells.

CONCLUSION

Taken together, our results show that BM-MSCs have comparable ther-
apeutic effects to those of tissue-specific LSCs on the healing of corneal
injury. Even though there are data on the direct differentiation of MSCs
into corneal epithelial cells [8, 18], this transdifferentiation is probably
not the main mechanism of the healing effect of MSCs [42]. We suggest
thata more important role is represented by the production of numer-
ous trophic and growth factors that can support the growth of residual
corneal epithelial cells and LSCs [33—-35], and by the ability of
MSCs to suppress the local inflammatory reaction that could im-
pede the healing process [12, 43]. All of these properties make
BM-MSCs a promising candidate cell population for improving
ocular surface healing in situations when autologous LSCs are
difficult to obtain or are absent.

©AlphaMed Press 2015
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5.3 Perspektivy vyuziti kmenovych bunék pro 1é¢bu vékem podminénych
degenerativnich onemocnéni sitnice.

Vladimir Holan, Barbora HeFmankova a Jan Kossl
Cell Transplant. 2017;26,1538-1541

Degenerativni onemocnéni sitnice, naptiklad vékem podminéna makularni degenerace,
retinitis pigmentosa, diabeticka retinopatie nebo glaukom, postihuji pfevazné starsi
populaci a jsou nejCastéj$i pfi¢inou snizené kvality zraku nebo dokonce slepoty.
V soucasné dobé neexistuje zadnd GspéSna metoda, ktera by pomohla k prevenci,
zastaveni nebo 1é¢b¢ téchto poruch. Velkou nadéji pro pacienty trpicimi onemocnénim
sitnice je terapie zaloZena na kmenovych buiikéch, kterd mize nahradit nemocné nebo
chybéjici bunky sitnice a podporovat regeneraci. V tomto ohledu se ukazalo, ze MSC
jsou pro 1é¢bu slibnym typem kmenovych bunék. Je mozné je ziskat od konkrétniho
pacienta a pouzit jako autologni buniky. Zde ukazujeme, ze MSC se mohou diferencovat
na bunky exprimujici znaky bunék sitnice, inhibovat produkei prozanétlivych cytokint
a produkovat fadu ristovych a neuroprotektivnich faktort dilezitych pro regeneraci
sitnice. VSechny tyto vlastnosti ¢ini MSC perspektivnim kandiddtem pro bunécnou

terapii vékem podminénych degenerativnich onemocnéni sitnice.

Muj podil na publikaci:

experimentalni ¢ast (pfiprava diferenciacniho protokolu, real-time PCR)
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Perspectives of Stem Cell-Based Therapy
for Age-Related Retinal Degenerative Diseases

Vladimir Holan'?, Barbora Hermankova'?, and Jan Kossl'"

Abstract

Retinal degenerative diseases, which include age-related macular degeneration, retinitis pigmentosa, diabetic retinopathy, and
glaucoma, mostly affect the elderly population and are the most common cause of decreased quality of vision or even
blindness. So far, there is no satisfactory treatment protocol to prevent, stop, or cure these disorders. A great hope and
promise for patients suffering from retinal diseases is represented by stem cell-based therapy that could replace diseased or
missing retinal cells and support regeneration. In this respect, mesenchymal stem cells (MSCs) that can be obtained from the
particular patient and used as autologous cells have turned out to be a promising stem cell type for treatment. Here we show
that MSCs can differentiate into cells expressing markers of retinal cells, inhibit production of pro-inflammatory cytokines by
retinal tissue, and produce a number of growth and neuroprotective factors for retinal regeneration. All of these properties

make MSCs a prospective cell type for cell-based therapy of age-related retinal degenerative diseases.

Keywords

age-related retinal degenerative diseases, mesenchymal stem cells, stem cell therapy

Introduction

Retinal degenerative diseases, such as age-related macular
degeneration, retinitis pigmentosa, diabetic retinopathy, or
glaucoma, represent the leading cause of a decreased quality
of vision or even blindness among the elderly population
worldwide. Irrespective of the primary cause and etiology,
cumulative damage and loss of retinal pigment epithelium
(RPE), choriocapillaris, and degeneration of photoreceptors
or ganglion cells cause consequential visual impairment
leading to a total loss of vision. The current treatment regi-
mens are based on surgical and medical interventions to slow
down the disease progression. Since the main cause of retinal
degenerative diseases is an impairment and loss of specia-
lized retinal cells, their support or replacement would repre-
sent a prospective treatment option. In this respect, stem
cell-based therapy holds great promise.'~

Among various stem cell types that have been sug-
gested or already tested for treatment of retinal diseases,
the mesenchymal stem cells (MSCs) turned out to be the
most promising cells. These cells can be obtained rela-
tively easily from bone marrow or adipose tissue, multi-
plied ex vivo, and used as autologous (patient’s own)
stem cells. It has been shown that MSCs possess a num-
ber of useful properties® ® that make them a promising
candidate cell population for stem cell-based therapy of
retinal degenerative diseases.

In this communication, we provide support for the above
suggestion. Using highly purified mouse MSCs, we show
that these cells are a potent source of various growth factors,
inhibit expression of genes for pro-inflammatory molecules
in stimulated retinal cells, and can differentiate into cells
expressing markers of different retinal cell types.

Materials and Methods
Preparation of MSCs

The female mice of the inbred strain BALB/c at the age of 7
to 9 wk (20-25 g of weight) were purchased from the breed-
ing unit of the Institute of Molecular Genetics, Prague.
MSCs were prepared from the bone marrow as we have
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described previously.” In brief, adherent bone marrow cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal calf serum (FCS), antibiotics,
and 10 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic
acid (HEPES) buffer for 3 wk, and MSCs were purified by
magnetic cell sorting to eliminate contaminating cells. The
separated MSCs adhered to plastic, had a typical fibrocyte-
like morphology, were positive for CD44 and CD73 markers
and negative for CD11b and CD45, and were able to undergo
adipogenic and osteogenic differentiation.” The use of the
animals was approved by the local Ethical Committee of the
Institute of Experimental Medicine.

Targeted Differentiation of MSCs into Cells Expressing
Markers of Retinal Cells

To differentiate MSCs into cells expressing markers of ret-
inal cells, we attempted to mimic the inflammatory environ-
ment of the diseased retina. For this purpose, we prepared
tissue extracts from the posterior segment of the mouse eye
(100 pL of serum-free medium per eye). Control tissue
extracts were prepared from the heart, muscle, or lung tissue.
To further mimic the environment of the inflammatory site
in diseased tissue, we prepared supernatants after a 48-h
stimulation of mouse spleen cells with T-cell mitogen Con-
canavalin A (1 pg/mL, Sigma-Aldrich, St. Louis, MO, USA)
for 48 h. The preparation of tissue extracts and cytokine-
containing supernatants has been described elsewhere.®
Purified MSCs (6 x 10* cells in 1 mL of DMEM in
12-well tissue culture plates) were cultured for 7 d with the
extract (30% of the culture volume) and supernatant (30% of
the volume), and the expression of genes for retinal cell
markers rhodopsin, S-antigen, retinaldehyde-binding protein
(Rlbp), and calbindin 2 (Calb2; which are not, or only very
weakly expressed in MSCs) was determined by real-time
polymerrase chain reaction (PCR). The conditions of cell
differentiation, RNA extraction, and real-time PCR are
described in detail elsewhere.® In brief, the total RNA was
extracted using TRI Reagent and the first-strand cDNA was
synthesized using random hexamers. Quantitative real-time
PCR was performed in a StepOnePlus system. The PCR
parameters and fluorescence data analysis have been
described previously.®’

Anti-Inflammatory Effects of MSCs

Small pieces (1 x 1 mm) of the posterior segment of the
mouse eye bulb (containing the retina) were cultured in 500
pL of Roswell Park Memorial Institute (RPMI) 1640
medium (Sigma-Aldrich), containing 10% FCS, antibiotics,
and 10 mM HEPES buffer in 48-well tissue culture plates
(Nunc, Roskilde, the Netherlands) alone, in the presence of
pro-inflammatory cytokines (10 ng/mL of interleukin
[IL]-17 and 10 ng/mL of interferon [IFN]-vy), or in the pres-
ence of cytokines in wells containing 2 x 10* adherent
MSCs. After a 48-h incubation period, the pieces of the eye
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tissue samples were harvested from the wells, and the
expression of genes for pro-inflammatory molecules IL-1a,
IL-6, tumor necrosis factor-o,, and inducible nitric oxide
synthase (iNOS) was determined by real-time PCR.

Production of Growth and Differentiation
Factors by MSCs

MSCs (4 x 10* cells in 1 mL of culture medium) were
cultured for 48 h in 48-well tissue culture plates (Nunc)
unstimulated or in the presence of pro-inflammatory
cytokines (10 ng/mL of IL-17 and 10 ng/mL of IFN-v).
The expression of genes for a panel of cytokines and
growth factor (including IL-6, transforming growth
factor-f [TGF-B], insulin-like growth factor-1 [IGF-1],
insulin-like growth factor-2 [IGF-2], nerve growth factor
[NGF], hepatocyte growth factor [HGF], plateled-derived
growth factor [PEDF], and glial cell line-derived neuro-
trophic factor [GDNF]) was determined by real-time PCR.®

Statistical Analysis

The results are expressed as the mean (SD). Comparisons
between the 2 groups were analyzed using Student’s 7-test. A
P value of <0.05 was considered statistically significant.

Results

Differentiation Potential, Inmunosuppressive
Properties, and Secretory Activity of MSCs

Purified MSCs were cultured for 7 d in a standard culture
medium or in a medium containing retinal tissue extract,
supernatant from activated lymphocytes or extract, and
supernatant together (differentiation medium). The expres-
sion of genes for the retina-associated markers rhodopsin,
S-antigen, Rlbp, and Calb2 was determined by real-time PCR.
As demonstrated in Fig. 1A for rhodopsin and S-antigen, a
very low expression of these genes was detected in undiffer-
entiated MSCs, but a significant expression was induced in
cells cultured in the differentiation medium. Similar effects of
differentiation medium were observed on the expression of
RIlbp and Calb2 genes (data not shown). No significant
expression of retinal markers was found in MSC cultures
containing supernatants from activated spleen cells and con-
trol tissue extracts (lung, liver, and muscle; data not shown).

As demonstrated in Fig. 1B, organotypic tissue cultures of
the posterior segment of the eye expressed very low levels of
genes for pro-inflammatory molecules (such as IL-6 or
iNOS). However, in the presence of pro-inflammatory cyto-
kines IFN-y and IL-17, a significant expression of genes for
pro-inflammatory molecules was detected. This expression
was significantly suppressed if the explants were stimulated
with cytokines in the presence of MSCs (Fig. 1B).

To demonstrate the secretory activity of MSCs, the cells
were cultured unstimulated or in the presence of IFN-y and
IL-17, and the expression of genes for a panel of cytokines
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Fig. 1. The ability of mesenchymal stem cells (MSCs) to differentiate into cells expressing markers of retinal cells, to inhibit expression of
genes for pro-inflammatory molecules, and to produce growth and differentiation factors. (A) MSCs were cultured for 7 d alone (-) or in the
presence of retinal extract (E), in the presence of supernatant from activated T lymphocytes (S), or in the presence of E and S. The
expression of genes for rhodopsin and S-antigen was determined by real-time PCR. The explants of the posterior segment of the eye were
cultured for 48 h alone (-), with interleukin (IL)-17 and interferon (IFN)-y (Cy), or were stimulated with cytokines in the presence of MSCs.
The expression of genes for pro-inflammatory molecules IL- 1 and inducible nitric oxide synthase was determined by PCR. Production of
TGF-f and IGF-2 by MSCs. MSCs were cultured for 48 h unstimulated (-) or in the presence of IL-17 and IFN-y (Cy). The expression of
genes for TGF-f3 and IGF-2 was determined by real-time PCR. Each bar represents the mean (SD) from at least 3 independent determina-
tions. Values with asterisk represent statistical significance (P < 0.05; A) gene expression, (B) inhibition of cytokine production, and (C)

expression of genes for growth factors.

and growth factors was determined by real-time PCR. As
demonstrated in Fig. 1C for TGF-B and IGF-2, MSCs sig-
nificantly expressed genes for the tested molecules either
constitutively (such as TGF-B) or after stimulation with
cytokines (such as IGF-2).

Discussion

In spite of great progress in medical research, there are
still missing effective therapeutic protocols for the treatment
of retinal degenerative diseases, and millions of people
worldwide are waiting for a treatment option. In this respect,
stem cell-based therapy offers a promising therapeutic
approach, which could inhibit degenerative processes or
even replace missing retinal cells. Age-related retinal disor-
ders are caused mainly by a degeneration and loss of specia-
lized retinal cells and therefore the support of their survival
or even their replacement by descendants of stem cells may
offer effective treatment approaches. We observed that
MSC:s are producers of numerous growth and differentiation
factors that can support the survival of the remaining cells in
the diseased retina. The damage of the retina is also associ-
ated with a local inflammatory reaction that impedes the
healing process. We showed that MSCs, by their known
immunosuppressive properties,”> inhibit the production of
pro-inflammatory cytokines by the cells of the posterior
ocular segment. These immunoregulatory properties of
MSCs may represent an important mechanism to prevent a
harmful local inflammatory reaction and to support the
healing process. Finally, it has been shown that MSCs can
differentiate into various cell types including cells expres-
sing markers and characteristics of retinal cells. For exam-
ple, it has been shown that cocultivation of MSCs with RPE
cells induced expression of the RPE cell phenotype.®'°

In our experiments to differentiate MSCs, attempts were
made to mimic the inflammatory environment of a diseased
retina. We showed that incubation of MSCs with retinal
tissue extracts and supernatant from cultures of stimulated
spleen cells induced expression of genes for rhodopsin,
S-antigen, Rlbp, and Calb2, which are the markers of cells
of individual retinal layers.

We have previously shown that bone marrow—derived
MSCs have comparable therapeutic properties for ocular
surface regeneration as have tissue-specific limbal stem
cells.” The advantages of MSCs for the therapy of retinal
dysfunctions have also been recently discussed by Park
et al.'' Here we showed experimentally that MSCs possess
at least 3 different types of properties (immunoregulation
ability, secretory activity, and differentiation potential),
making them a promising candidate for the cell-based ther-
apy of retinal degenerative diseases. To speed up the transfer
of experimental results into clinical practice, numerous
MSC-based clinical trials for the treatment of retinal diseases
have been initiated.'> However, further preclinical studies
would be desirable.
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5.4 Identifikace interferonu-y jako klicového podpiirného faktoru pro
diferenciaci mySich mezenchymalnich kmenovych bunék na buiky
sitnice.

Barbora Hermankova, Jan Kossl, Eliska Javorkova, Pavla Bohacova, Michaela

Hajkova, Alena Zéjicova, Magdaléna Krulova a Vladimir Holan
Stem Cells Dev. 2017;26,1399-1408

Onemocnéni sitnice predstavuji hlavni pficinu snizené kvality zraku a slepoty po celém
svété. Ztrata bunck sitnice zpusobuje jeji nevratné poskozeni, pro vétSinu
degenerativnich onemocnéni sitnice neni v soucasné dob¢ k dispozici zadna ucinna
1é¢ba. Slibnym ptistupem pro 1écbu poruch sitnice je terapie na bazi kmenovych bunék.
Perspektivnimi kandidaty jsou MSC, které se mohou diferencovat na fadu bunéénych
typt a produkovat rizné trofické a ristové faktory. V této studii jsme ukazali potencial
mysich MSC izolovanych z kostni diené diferencovat se na builky exprimujici znaky
bunék sitnice a identifikovali jsme klicovou roli IFN-y v diferenciaénim procesu. MSC
byly kultivovany po dobu 7 dni se sitnicovym extraktem a supernatantem ze splenocytt
stimulovanych konkanavalinem A, ktery simuloval zanétlivé prostfedi pfi poSkozeni
sitnice. MSC kultivované v takovych podminkéch diferencovaly na buniky exprimujici
znaky bunék sitnice, jako je rodopsin, S antigen, protein vazajici retinaldehyd, calbindin
2, rekoverin a RPE-65. Pro identifikaci klicové molekuly obsaZené v supernatantech z
aktivovanych bunék sleziny byly MSC kultivovany se sitnicovym extraktem v
pritomnosti riznych cytokinti T bunék. Exprese znaki sitnice byla zvySena pouze v
pfitomnosti IFN-y a pomocny efekt supernatantu ze slezinnych bun€k byl zruSen
neutralizaéni protilatkou anti-IFN-y. Kromé toho byly diferencované MSC schopny
exprimovat fadu neurotrofickych faktortd, které jsou diilezité pro regeneraci sitnice.
Vysledky ukazuji, ze MSC se mohou diferencovat na buiiky exprimujici znaky bunék

sitnice a Ze tento diferenciacni proces je podporovan IFN-y.

M1 podil na publikaci:

experimentalni c¢ast (separace a kultivace MSC, pfiprava diferenciacniho protokolu,
real-time PCR, cytometrickd analyza), analyza a interpretace vysledkd, psani

manuskriptu
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The Identification of Interferon-y as a Key Supportive
Factor for Retinal Differentiation of Murine
Mesenchymal Stem Cells

Barbora Hermankova,? Jan Kossl;* Eliska Javorkova,? Pavla Bohacova,? Michaela Hajkova,
Alena Zajicova, Magdalena Krulova,*? and Vladimir Holan™?

Retinal disorders represent the main cause of decreased quality of vision and even blindness worldwide. The
loss of retinal cells causes irreversible damage of the retina, and there are currently no effective treatment
protocols for most retinal degenerative diseases. A promising approach for the treatment of retinal disorders is
represented by stem cell-based therapy. The perspective candidates are mesenchymal stem cells (MSCs), which
can differentiate into multiple cell types and produce a number of trophic and growth factors. In this study, we
show the potential of murine bone marrow-derived MSCs to differentiate into cells expressing retinal markers
and we identify the key supportive role of interferon-y (IFN-y) in the differentiation process. MSCs were
cultured for 7 days with retinal extract and supernatant from T-cell mitogen concanavalin A-stimulated sple-
nocytes, simulating the inflammatory site of retinal damage. MSCs cultured in such conditions differentiated to
the cells expressing retinal cell markers such as rhodopsin, S antigen, retinaldehyde-binding protein, calbindin 2,
recoverin, and retinal pigment epithelium 65. To identify a supportive molecule in the supernatants from
activated spleen cells, MSCs were cultured with retinal extract in the presence of various T-cell cytokines. The
expression of retinal markers was enhanced only in the presence of IFN-vy, and the supportive role of spleen cell
supernatants was abrogated with the neutralization antibody anti-IFN-y. In addition, differentiated MSCs were
able to express a number of neurotrophic factors, which are important for retinal regeneration. Taken together,
the results show that MSCs can differentiate into cells expressing retinal markers and that this differentiation
process is supported by IFN-v.

Keywords: mesenchymal stem cell, differentiation, retina, rhodopsin, neurotrophic factor, interferon-y

Introduction disorders. Among various stem cell types, mesenchymal stem
cells (MSCs) are a promising candidate for stem cell-based

HE RETINA IS THE INNER part of the eye consisting of ten  therapy [2,3].
different, mutually connected, and interacting cell layers. MSC:s are adult stem cells that can be isolated from most
Damage in any of these layers can result in a loss of function tissues of the organism and used as autologous cells. The
and homeostasis of the whole retina. Age-related macular main sources of MSCs are bone marrow and adipose tissue
degeneration, retinitis pigmentosa, and diabetic retinopathy [4]. MSCs are able to migrate to the site of injury and dif-
belong among the most common retinal degenerative dis- ferentiate into multiple cell types, including adipose, carti-
eases, which are connected with a loss of retinal cells. The lage, and bone cells [5], or even transdifferentiate into
damage of retinal pigment epithelium (RPE) cells or rupture  neuronal [6,7], corneal [8], retinal cells [9], and other cell
of tiny blood vessels in the retina can cause degeneration of  types. Moreover MSCs can suppress an inflammatory re-
photoreceptors followed by a visual impairment [1,2]. At sponse by production of soluble immunomodulatory mole-
present, there are no effective treatment protocols that can cules or cell to cell contact [10]. Most of these regulatory
prevent, stop, or even cure the retinal degeneration. In most molecules are produced at a higher level after the activation
cases, only supportive therapy is indicated and applied. Stem  of MSCs by inflammation stimuli [11,12]. MSCs also pro-
cells hold great promise in regenerative medicine, and they = duce a number of growth or trophic factors, which play an
also offer a perspective approach for the treatment of retinal ~ important role in the regeneration at the site of tissue injury
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“Department of Cell Biology, Faculty of Science, Charles University, Prague, Czech Republic.
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[13]. Considering all these properties, MSCs are a promising
candidate for stem cell-based therapy of retinal degenerative
diseases.

In our previous studies, we have shown that bone
marrow-derived MSCs are able to differentiate into corneal
epithelial cells [14] and adipose tissue-derived MSCs were
differentiated into neuron-like cells [15]. We also observed
that mouse MSCs inhibit the acute phase of inflammation in
an alkali-injured eye [16] and support the regeneration and
healing of the ocular surface after alkali burn [17]. In the
present study, we have characterized the potential of bone
marrow-derived MSCs to differentiate into cells expressing
retinal markers in cultures simulating the environment of
diseased retina, and we have identified the key supportive
role of interferon-y (IFN-y) in this differentiation process.

Materials and Methods
Mice

Female BALB/c mice (aged 8—14 weeks) were used in the
experiments. The mice were obtained from the breeding unit
of the Institute of Molecular Genetics of the Czech Acad-
emy of Sciences, Prague. The use of animals was approved
by the local Animal Ethics Committee of the Institute of
Experimental Medicine, Prague.

Isolation, culture, and purification of MSCs

MSCs were isolated from the bone marrow of female
BALB/c mice. The bone marrow was flushed out from the
femurs and tibias, and a single-cell suspension was prepared
using tissue homogenizer. The cells were seeded at a con-
centration of 4 x 10° cells/mL in Dulbecco’s modified Eagle’s
medium (DMEM; Sigma-Aldrich, St. Louis, MO) containing
10% fetal bovine serum (FBS; Gibco BRL, Grand Island, NY),
antibiotics (100 U/mL of penicillin, 100 pg/mL of streptomy-
cin), and 10mM HEPES buffer (referred as a complete
DMEM) in 75-cm? tissue culture flasks (Techno Plastic Pro-
ducts, Trasadingen, Switzerland). After a 48-h incubation at
37°C in an atmosphere of 5% CO,, the nonadherent cells were
washed out and the remaining adherent cells were cultured for
an additional 2 weeks at the same conditions. The adherent
cells were harvested by incubation with 1 mL of 0.5% trypsin
for Smin and then gently scraped. The resulting cell suspen-
sion was cultured for 15min with CD11b MicroBeads and
CD45 MicroBeads (Miltenyi Biotec, Bergisch Gladbach,
Germany) according to the manufacturer’s instructions. The
cell suspension was then immunodepleted of CD11b" and
CD45" contaminating cells using a magnetic activated cell
sorter (MACS; Miltenyi Biotec). The purity and differentia-
tion potential of MSCs were then characterized.

Phenotypic characterization of MSCs
by flow cytometry

The cells were washed in phosphate-buffered saline
(PBS) containing 0.5% bovine serum albumin and were
incubated for 30 min with the following anti-mouse mono-
clonal antibodies (mAb): allophycocyanine (APC)-labeled
anti-CD44 (clone IM7; BD PharMingen, San Jose, CA), phy-
coerythrin (PE)-labeled anti-CD73 (cloneTY/11.8; eBioscience,
San Diego, CA), PE-labeled anti-CD105 (clone TY/11.8;
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eBioscience), APC-labeled anti-CD11b (clone M1/70; Bio-
Legend, San Diego, CA), fluorescein isothiocyanate (FITC)-
labeled anti-CD45 (clone 30-F11; BioLegend), or PE-labeled
anti-CD31 (clone MEC 13.3; BD PharMingen). Cells stained
with PE-labeled rat IgG2a (clone RTK2758; BioLegend),
APC-labeled rat IgG2b (clone RTK4530; BioLegend), or
FITC-labeled rat IgG2b (clone RTK4530; BioLegend) were
used as negative controls. Dead cells were stained with
Hoechst 33258 fluorescent dye (Invitrogen, Carlsbad, CA)
added to the samples 10 min before flow cytometry analysis.
Data were collected using an LSRII cytometer (BD Bios-
ciences, Franklin Lakes, NJ) and analyzed using FlowJo
software (Tree Star, Ashland, OR). The morphological char-
acteristics and differentiation potential of purified MSCs have
been described in detail elsewhere [16,18].

Preparation of tissue extracts

The posterior segments of the mouse eyes (containing
retina) were harvested in serum-free DMEM on ice (1
segment/100 pL of DMEM). The posterior segments were
used because of a small size of the mouse eye and diffi-
culty to prepare pure retinal tissue in a sufficient quantity.
We always tried to minimize the presence of nonretinal
tissue. Similarly, small pieces (corresponding in size to the
samples of the posterior eye tissue) were collected from
the muscle, heart, or lung tissue. The samples were thor-
oughly homogenized and frozen at —80°C. The homoge-
nate was thawed and frozen three times and centrifuged at
425 g for 10 min. The supernatant was filtered through a
0.22 um filter (Millipore, Billerica, MA) and stored in al-
iquots at —80°C.

Preparation of supernatants from stimulated
splenocytes

Mouse spleen was homogenized to a single-cell suspension
and the cells were adjusted to a concentration 1.3 x 10° cells/
mL. The cells were stimulated with 1 pg/mL of Concanavalin
A (Con A; Sigma-Aldrich) in RPMI-1640 medium (Sigma-
Aldrich), containing 10% of FBS, antibiotics, 5 X 10° M 2-
mercaptoethanol, and 10mM HEPES buffer (referred as a
complete RPMI-1640 medium) at 37°C. The supernatants
were harvested after a 48-h incubation, centrifugated, filtered
through a 0.22 um filter, and stored in aliquots at —80°C.

Preparation of supernatants from T cells,
B cells, and macrophages

The single-cell suspensions of spleen cells were prepared
in a complete RPMI-1640 medium. The B cells were iso-
lated by positive selection using a CD19 MicroBead Isola-
tion Kit (Miltenyi Biotec), and T cells were isolated by
negative selection using a Pan T cell Isolation Kit (Miltenyi
Biotec). The macrophages were obtained by flushing the
peritoneal cavity and washing out the nonadherent cells.
Purified T cells (cultured in the presence of macrophages as
a source of antigen-presenting cells at a ratio of 20:1) were
stimulated with Con A (1 pg/mL). Purified B cells or mac-
rophages were stimulated with 5 pg/mL of lipopolysaccha-
ride (LPS; Sigma-Aldrich). The supernatants were harvested
after a 48-h incubation, centrifugated, filtered through
0.22 pm filter, and stored at —80°C.
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ROLE OF IFN-y IN RETINAL DIFFERENTIATION OF MSCS

TABLE 1. MURINE PRIMER SEQUENCES USED FOR REAL-TIME POLYMERASE CHAIN REACTION

Genes Sense primer Antisense primer
Gapdh AGAACATCATCCCTGCATCC ACATTGGGGGTAGGAACAC
Rho ACCTGGATCATGGCGTTG TGCCCTCAGGGATGTACC
Sag AAGCATGAGGACACAAACCTG CACCAGGATCCCCATGAC
Revr AGATCTGGGCATTCTTTGGA AGGGTCCCCTCGATGAAT
Ribp CCCCTCGGATCTCAAGAAG TTTGAACCTGGCTGGGAAT
Calb2 CGAAGAGAATTTCCTTTTGTGC TGTGTCATACTTCCGCCAAG
Rpe65 TCAGGAGATATGTACTTCCTTTGACA TTGTATGGGGCAGTGTGACT
Tgf-p TGGAGCAACATGTGGAACTC CAGCAGCCGGTTACCAAG
Pedf GGACTCTGATCTCAACTGCAAG AAGTTCTGGGTCACGGTCAG
Nes TCCCTTAGTCTGGAAGTGGCTA GGTGTCTGCAAGCGAGAGTT
Ngf TGGACTGCACGACCACAG AAATTAGGCTCCCTGGAGGT
Gdnf GACATCCCATAACTTCATCTTAGAGTC TCCAACTGGGGGTCTACG
1l-6 GCTACCAAACTGGATATAATCAGGA CCAGGTAGCTATGGTACTCCAGAA

Calb2, calbindin 2; Gapdh, glyceraldehyde-3-phosphate dehydrogenase; Gdnf, glial cell-derived neurotrophic factor; I1-6, interleukin 6;
Nes, nestin; Ngf, nerve growth factor; Pedf, pigment epithelium-derived factor; Revr, recoverin; Rho, rhodopsin; Rlbp, retinaldehyde-
binding protein; Rpe63, retinal pigment epithelium 65; Sag, S antigen; Tgf-, transforming growth factor beta.

Differentiation of MSCs

MSCs were seeded at a concentration of 7 x 10* cells/mL in
a 12-well tissue culture plate (Nunc, Roskilde, Denmark) and
were cultured for 2, 4, or 7 days in 1 mL of complete DMEM
together with retinal extract (30% of the volume), supernatants

from Con A-stimulated splenocytes (30% of the volume) or
with a combination of the extract and supernatant. Half of the
culture medium was exchanged after 3 days of differentiation
with a fresh DMEM containing 30% of extract and 30% of
supernatant, thus the final composition of the medium re-
mained the same as at the beginning of differentiation process.
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FIG. 1. Phenotypic characterization of MSCs. Representative histograms show the flow cytometry analysis of CD11b,

CD45, CD31 (A) and CD44, CD73, CD105 (B) markers expressed by MSCs in comparison with control unlabeled MSCs.
One of three similar experiments is shown. MSC, mesenchymal stem cell.
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To identify the supportive molecule in the supernatants,
MSCs were cultured with retinal extract, and the supernatant
from Con A-stimulated spleen cells was replaced by DMEM
containing IL-2, IL-6, IL-10, IL-17, IFN-y, or TGF-$ (all cy-
tokines were purchased from PeproTech, Rocky Hill, NJ). The
final concentration of cytokines in cultures was 20 ng/mL.

Detection of gene expression by real-time
polymerase chain reaction

The expression of genes for retinal markers and growth
factors was detected using real-time polymerase chain reaction
(PCR). MSCs were cultured for 2, 4, or 7 days, untreated or in
the presence of retinal extract, supernatant from stimulated
splenocytes or both together. The total RNA was extracted
using TRI Reagent (Molecular Research Center, Cincinnati,
OH) according to the manufacturer’s instructions. One mi-
crogram of RNA was treated with deoxyribonuclease I (Pro-
mega, Madison, WI) and used for subsequent reverse
transcription. The first-strand cDNA was synthesized using
random hexamers (Promega) in a total reaction volume of
25puL using M-MLV Reverse Transcriptase (Promega).
Quantitative real-time PCR was performed in a StepOnePlus
real-time PCR system (Applied Biosystems, Foster City, CA)
using SYBR Green (Applied Biosystems) as previously de-
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scribed [14]. The sequences of the primers for glyceraldehyde-
3-phosphate dehydrogenase (Gapdh), rhodopsin (Rho), S
antigen (Sag), recoverin (Rcvr), retinaldehyde binding pro-
tein (RIbp), calbindin 2 (Calb2), retinal pigment epithelium
65 (Rpe65), pigment epithelium-derived factor (Pedf), nestin
(Nes), transforming growth factor beta (Tgf-f3), interleukin
6 (1I-6), nerve growth factor (Ngf), and glial cell-derived
neurotrophic factor (Gdnf) genes used for amplification are

presented in Table 1. The relative gene expression was nor- €Tl

malized by the endogenous control Gapdh. The PCR param-
eters included denaturation at 95°C for 3 min followed by
40 cycles at 95°C for 20 s, annealing at 60°C for 30s, and
elongation at 72°C for 30 s. Fluorescence data were collected
at each cycle after an elongation step at 80°C for 5 s and were
analyzed using StepOne Software version 2.2.2 (Applied
Biosystems). The possibility of the presence of RNA in ret-
inal extract was excluded by a negative gel electrophoresis
(data not shown), and the extracts were also tested as control
for PCR.

Neutralization of IFN-y in supernatants
from stimulated splenocytes

MSCs were differentiated in the presence of retinal ex-
tract and supernatant from stimulated splenocytes. The
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FIG. 2. The expression of genes for retinal markers in MSCs and retina. The expression of thodopsin (Rho), S antigen (Sag),
recoverin (Rcvr), retinaldehyde-binding protein (Rlbp), retinal pigment epithelium-specific protein 65 (Rpe65), calbindin 2
(Calb2), pigment epithelium-derived factor (Pedf), and nestin (Nes) genes was determined by real-time PCR in untreated
MSCs and the retinal tissue. Each bar represents the mean+ SD from three independent determinations. Values with asterisks
are significantly different (*P <0.05, **P<0.01, ***P <(0.001) from untreated MSCs. PCR, polymerase chain reaction.
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ROLE OF IFN-y IN RETINAL DIFFERENTIATION OF MSCS

supernatant was either untreated or preincubated for 10 min
with neutralization antibody anti-IFN-y (PeproTech) at a con-
centration of 5 pg/mL before being added to the culture. The
expression of gene for Rho was determined after a 7-day
incubation by real-time PCR.

Immunostaining with antirhodopsin antibody

The untreated or differentiated MSCs were fixed with 4%
paraformaldehyde for 1h and then permeabilized using
0.1% Triton X-100 for 20 min. The samples were incubated
with anti-mouse FITC-labeled mAb anti-Rho (clone 4D2;
Abcam, Cambridge, United Kingdom) for 2 h. After rinsing
with PBS, the cells were fixed on glass slides with Mowiol
4-88 (Calbiochem, San Diego, CA), and nuclei were stained
with 4’,6’-diamidino-2-phenylindole (DAPI) dye. The sam-
ples were visualized by fluorescent microscope (Leica,
Wetzlar, Germany).

Statistical analysis

The results are expressed as the mean+SD. Compar-
isons between the two groups were analyzed by Student’s
t-test, and multiple comparisons were performed by
ANOVA. A value of P<0.05 was considered statistically
significant.
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Results
Phenotypic characterization of MSCs

The phenotype of MACS-separated MSCs was charac-
terized by flow cytometry. The cells were positive for CD44,
CD73, and CD105, which are markers attributed to murine
MSCs, and were negative for leucocyte markers CD11b,

CD45, and CD31 (Fig. 1). In addition, the growing MSCs «F1

had a typical fibrocyte-like morphology, adhered to plastic
and were able to undergo adipogenic and osteogenic dif-
ferentiation, as we have described previously [18].

Detection of retinal markers in differentiated MSCs

MSCs were cultured with retinal extract and/or superna-
tant from stimulated splenocytes to simulate the environ-
ment of the damaged retina. The expression of genes for
retinal markers was detected by real-time PCR. First, we
selected six retinal markers Rho, Sag, Rcvr, Rlbp, Rpe65,
and Calb2, which were strongly expressed in the retina, but

were not or only weakly expressed by MSCs (Fig. 2). Two «F2

other tested markers, Pedf and Nes, were expressed in a
higher level in MSCs than in the retina and therefore were
not used in the next studies.

Untreated MSCs and MSCs cultured with supernatant
from Con A-stimulated spleen cells expressed undetectable
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dokk

retinal markers in differentiated
MSCs. MSCs were cultured
untreated (-), with supernatant
from stimulated splenocytes
(Sup), with retinal extract (Ext),
or with supernatant and retinal
extract together (Ext+Sup). The
expression of rthodopsin (Rho),
S antigen (Sag), recoverin
(Rcvr), retinaldehyde-binding
protein (RIbp), retinal pig-
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0.054
0.00-

67

FIG. 3. The expression of <AU4



SCD-2017-0111-ver9-Hermankova_1P.3d 08/08/17 2:37pm Page 6

F3p»

6

or only very low levels of retinal markers. The level of
expression of retinal markers slightly increased in the
presence of retinal extract, but was significantly enhanced
after culturing of MSCs with retinal extract and supernatant
together. As demonstrated in Fig. 3, MSCs expressed sig-
nificant levels of genes for markers typical for photorecep-
tors (Rho, Sag, Rcvr), horizontal and bipolar cells (Calb2),
Muller cells (RIbp), and RPE cells (Rlbp, Rpe65). These
suggested that our differentiation protocol enabled MSCs to
differentiate into cells of multiple retinal layers. For further
detailed analysis of the differentiation process, we selected
photoreceptor marker Rho, which had the highest level of
expression in differentiated MSCs. The number of Rho-
positive cells increased with the time of differentiation, and
using flow cytometry we detected that 7%—15% of cells
expressed rhodopsin protein on day 7 of differentiation (data
not shown).

The kinetic of expression of the retinal genes
during the differentiation process

The expression of gene for Rho in untreated MSCs is
undetectable and was already upregulated after 2-day culti-
vation of cells with retinal extract or with extract in combi-

HERMANKOVA ET AL.

nation with supernatant. After 4 and 7 days of differentiation,

the expression of the Rho gene was gradually increasing,
especially in the cultures containing both retinal extract and
spleen cell supernatant (Fig. 4A). The expression of other €F4
retinal markers displayed a similar trend as the rhodopsin.

The fold changes of gene expression of differentiated MSCs
(cultivated with retinal extract and supernatant) relative to
untreated MSCs are summarized in Fig. 4C.

The specific role of retinal extract
in the differentiation process

To demonstrate the tissue specificity of retinal extract in
the differentiation process, the extracts from retina, muscle,
heart, and lung were compared in differentiation protocol.
The significant increase in the Rho gene expression was de-
tected only in cultures containing retinal extract and not in
MSC:s differentiated in the presence of muscle, heart, or lung
extract with or without the spleen cell supernatant (Fig. 4B).

The role of IFN-y in the differentiation process

We observed that the combination of retinal extract and
supernatant from Con A-stimulated splenocytes represented
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7 days 3574 12,8 174 275 28 16,3

FIG. 4. The kinetics of expression of the retinal genes and the specific role of retinal extract during the differentiation
process. MSCs were cultured untreated (-), with supernatant from stimulated splenocytes (Sup), with retinal extract (Ext) or
with supernatant and retinal extract together (Ext+Sup). The expression of the Rho gene was determined by real-time PCR
after 2, 4, and 7 days of incubation (A). To demonstrate the specific role of retinal extract, MSCs were cultured for 7 days
with supernatant from Con A-stimulated spleen cells (Sup) and with extract from retina (Ext R), muscle (Ext M), heart (Ext
H), or lung (Ext L). The expression of the gene for Rho was detected by real-time PCR after 7 days (B). The kinetics of
expression of the retinal genes Calb2, Rcvr, Rho, Rlbp, Rpe65, Sag in MSCs cultured in the presence of the retinal extract
and supernatant. Values represent relative fold increase of the expression of the particular gene versus untreated (C). Each
bar in (A) and (B) represents the mean = SD from three independent determinations. Values with asterisks are significantly

different (***P <0.001) from those of untreated MSCs.
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ROLE OF IFN-y IN RETINAL DIFFERENTIATION OF MSCS

the optimal conditions for retinal differentiation of MSCs.
To identify a molecule in the supernatant, which is re-
sponsible for the increased expression of retinal markers, the
supernatants were prepared from Con A-stimulated spleen
cells, from unstimulated or Con A-stimulated T cells, un-
stimulated or LPS-stimulated B cells, and from unstimulated
or LPS-stimulated macrophages. MSCs were cultured for
7 days with these supernatants or with retinal extract and
these supernatants. As demonstrated in Fig. 5A, the signif-
icant increase in the Rho gene expression occurred only in
cultures containing retinal extract and supernatant from Con
A-stimulated spleen cells or Con A-stimulated purified T
cells. The supernatants from unstimulated cells or from
mitogen-stimulated B cells or macrophages did not have a
supportive effect on MSC differentiation. These observa-
tions indicated that the molecule supporting retinal differ-
entiation is a product of activated T cells. Therefore, we
cultured MSCs with retinal extract in the presence of various
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T-cell cytokines such as IL-2, IL-6, IL-10, IL-17, IFN-vy, and
TGE-B. As shown in the Fig. 5B, the enhanced expression of
the Rho gene occurred only in the presence of IFN-vy,
whereas other cytokines were without any supportive effect.
Similarly, none of the cytokines from a wider panel of tested
cytokines and growth factors (IL-1, 2, 4, 6, 7, 10, 12, 13, 15,
17, TGF-B, TNF-a, IGF-1, EGF, HGF, KGF, LIF, NGF, or
FGF) supported the differentiation of MSCs into cells ex-
pressing retinal markers (data not shown). To confirm the
supportive role of IFN-y in a differentiation process, MSCs
were cultured with retinal extract and supernatant from Con
A-stimulated splenocytes with added neutralization anti-
body anti-IFN-y. The anti-IFN-y antibody completely ab-
rogated the supportive role of the supernatant on the Rho
gene expression (Fig. 5C). To demonstrate a dose-dependent
effect of IFN-y on MSC differentiation, IFN-y at the con-
centrations 2.5-20ng/mL was added to the cultures of
MSCs with retinal extract. As demonstrated in Fig. 5D, the
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FIG.5. The effect of IFN-v in the differentiation process. The effect of supernatant from stimulated splenocytes (Sup) was
compared with supernatants from unstimulated T cells (Sup T-), B cells (Sup B-), or macrophages (Sup M-) and Con A-
stimulated T cells (Sup T ConA), LPS-stimulated B cells (Sup B LPS), and LPS-stimulated macrophages (Sup M LPS) (A).
MSCs were cultured with retinal extract in the presence of selected T-cell cytokines IL-2, IL-6, IL-10, IL-17, IFN-vy, and
TGF-B (B). The expression of the Rho gene was inhibited by antibody anti-IFN-y added to cultures with retinal extract and
supernatant from stimulated splenocytes (C). The dose-dependent effect of IFN-y on the Rho gene expression. IFN-y was
added to the cultures at the indicated concentrations (2.5-20 ng/mL) (D). The expression of the Rho gene was detected by
real-time PCR after 7 days of differentiation. Each bar represents the mean+SD from three independent determinations.
Values with asterisks are significantly different (*P <0.05, **P <0.01, ***P <0.001) from untreated MSCs.
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FIG. 6. The expression of genes for growth factors in
untreated and differentiated MSCs. The expression of Ngf,
Gdnf, 11-6, and Tgf-f genes was detected in untreated MSCs
(-) and MSCs differentiated with retinal extract and super-
natant from splenocytes (dif) by real-time PCR after 7 days.
Each bar represents the mean+SD from three independent
determinations. Values with asterisks are significantly dif-
ferent (*P <0.05, ***P<0.001) from untreated MSCs.

FIG. 7. Demonstration of
Rho protein by immunocy-
tochemistry. The expression of
Rho protein in untreated MSCs
(A) and differentiated MSCs
(B) was detected with antibody
anti-mouse Rho (green). The
nuclei were stained with DAPI
(blue). One representative ex-
periment of three similar is
shown.
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expression of Rho gene was enhanced by IFN-y in a dose-
dependent manner (Fig. 5D).

The expression of genes for growth factors
and cytokines in differentiated MSCs

The expression of genes for NGF, GDNF, IL-6, and TGF-
B was tested in untreated MSCs, and MSCs differentiated
for 7 days with retinal extract and supernatant from acti-
vated splenocytes. The level of expression of genes for
NGF, GDNF, and IL-6 was significantly increased in dif-
ferentiated MSCs in comparison with untreated MSCs
(Fig. 6). On the contrary, the expression of the Tgf-f gene
remained on the same level in both untreated and differen-
tiated cells (Fig. 6).

Detection of Rho protein in differentiated cells
by immunocytochemistry

The differentiation potential of MSCs was confirmed by
immunostaining for the Rho protein. While untreated MSCs
were negative for Rho (Fig. 7A), MSCs cultured for 7 days
with retinal extract and supernatant from activated spleen
cells were clearly positive for the Rho protein (Fig. 7B).

Discussion

There is still an absence of effective treatment protocols
for sight-threatening degenerative retinal diseases. For this
reason, the potential application of stem cell therapy rep-
resents a great promise. MSCs, with their ability to differ-
entiate into multiple cell types are a perspective source of
replacement and regeneration of damaged retinal cells. It
has been shown that MSCs are able to differentiate into
various retinal cell types [3]. MSCs isolated from rat con-
junctiva after culturing in the presence of taurine expressed
markers characteristic for photoreceptors and bipolar cells
[19]. Taurine, together with activin A and epidermal growth
factor, was used in another study to differentiate MSCs to
photoreceptors. The cells differentiated for 8—10 days ex-
pressed the Rho and Rlbp genes [9]. The same authors also
showed that MSCs injected into the subretinal space are able to

)

70

«F6

«F7



ROLE OF IFN-y IN RETINAL DIFFERENTIATION OF MSCS

integrate into the retina and express markers specific for
photoreceptors. Other studies have demonstrated that trans-
plantation of MSCs into the damaged retina induced expres-
sion of markers typical for photoreceptors, bipolar cells, and
amacrine cells [20-22] in grafted MSCs. There are also several
studies showing the differentiation of MSCs into RPE cells
[21,23], which are important for the nourishment of photore-
ceptors, and disorders of RPE cells result in photoreceptor
dysfunction. Human MSCs were also differentiated into RPE-
like cell types after culturing with RPE cells in vitro [24].

In our study, to differentiate MSCs, we simulated the
environment of diseased or injured retina. The retinal extract
mimicked the environment of the damaged retinal tissue,
and the supernatant from stimulated lymphocytes simulated
the inflammation at the site of injury. MSCs cultured in
the presence of retinal extract and supernatant from Con
A-stimulated spleen cells expressed markers characteristic
not only for one type of retinal cells but also for several
types of retinal cells (photoreceptors, bipolar, and horizontal
cells, Miiller cells and RPE cells). This could be an ad-
vantage since retinal degenerative diseases often affect
multiple retinal layers and various cell types. In our proto-
col, the retinal extract ensures the specificity of differenti-
ation. The induction (or increase) of retinal gene expression
in MSCs occurred only in the presence of retinal extract. As
specificity control, similarly prepared extracts from muscle
tissue, heart, or lung did not induce the expression of genes
for retinal markers, even in the presence of supernatants. We
observed that MSCs cultured in the presence of retinal ex-
tract and supernatant expressed a significantly higher level
of photoreceptor marker Rho than MSCs differentiated only
with the extract. In this respect, it has been shown that
MSCs need, for activation and higher production of induc-
ible molecules, stimulation with proinflammatory factors
[12,16]. To search for a molecule responsible for the in-
creased expression of photoreceptor marker Rho, we cul-
tured MSCs with retinal extract and supernatant from
unstimulated or mitogen-stimulated T cells, B cells, or
macrophages. The level of the Rho gene expression was
enhanced only in the culture containing retinal extract and
supernatant from Con A-stimulated spleen cells or T cells.
This finding indicated that the molecule supporting MSC
differentiation is a T-cell product. For further characteriza-
tion of putative molecule supporting MSC differentiation,
we cultured MSCs with retinal extract and a panel of T-cell
cytokines. The enhanced levels of the Rho gene expression
were detected only in cultures with retinal extract and IFN-
v. The key role of IFN-y in the differentiation of MSCs into
cells expressing the Rho gene was verified by neutraliza-
tion antibody anti-IFN-y. The differentiation of MSCs in cul-
tures containing retinal extract and supernatant from Con
A-stimulated spleen cells was completely abrogated by the
adding of the neutralization anti-IFN-y antibody. These results
identify IFN-y as a molecule playing a key supportive role in
the differentiation of MSCs into cells expressing retinal
markers. The role of IFN-y in differentiation process has been
indicated in some other models. For example, Croitoru-
Lamoury et al. [25] demonstrated that [FN-y inhibited adipo-
genic and osteogenic differentiation of MSCs, but increased
the expression of neural markers in differentiated cells [25].
The ability of IFN-y to support neuronal differentiation of
neural stem cells was observed by Wong et al. [26].
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In accordance with the published data [27-29], we have
shown that MSCs expressed genes for neurotrophic factors
NGF and GDNF and for cytokines IL-6 and TGF-f. The level
of expression of genes Ngf, Gdnf, and II-6 was significantly
enhanced in differentiated MSCs, which suggests their higher
potential for regeneration of retinal cells. It was demonstrated
that the supernatants from light-injured retina significantly
promote secretion of neurotrophic factors by MSCs and slow
down the process of apoptosis in damaged retinal cells [30].
Another study showed that secretion of neurotrophic factors
by MSCs promoted viability of photoreceptors in vitro, and
also supported their survival after subretinal transplantation
of MSCs in a retinal degeneration model [31]. Thus, MSCs
differentiated according to our protocol have a higher secre-
tory activity than untreated MSCs and may have a better
regenerative potential than primary MSCs.

In conclusion, we have demonstrated the key supportive
role of IFN-y in the differentiation of MSCs into the cells
expressing retinal markers. Moreover, it was shown that dif-
ferentiated MSCs are a potent source of neurotrophic factors,
which are important for the regeneration of damaged retinal
cells. All these properties make MSCs a promising candidate
for stem cell-based therapy of retinal degenerative diseases.
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6 Diskuze

MSC mohou na zakladé svych imunomodulacnich vlastnosti inhibovat fadu funkci
bun¢k imunitniho systému. Bylo prokazéno, ze MSC podporuji diferenciaci bunék
ktery podporuje vyvoj Treg bunck. Pokud se T bunky vyskytuji v prosttedi TGF- a
IL-6, dochazi k vyvoji Th17 bunék (Bettelli et al. 2006; Svobodova et al. 2012). Dalsi
z regulacnich populaci jsou Breg buiiky, které produkuji IL-10. Vyvoj Breg bun¢k je
ovlivilovan cytokinovym prostiedim, cytokiny IFN-y a IL-12 podporuji vyvoj B bunck
regula¢nim smérem. Naopak IL-21 a TGF- vyvoj Breg bunék inhibuji (Yoshizaki et al.
2012; Holan et al. 2014).

V této praci jsme se zaméfili na studium vlivu MSC na Breg buiiky a jejich
produkci IL-10. Zjistili jsme, Ze nestimulované MSC nemaji na produkci IL-10
B bunikami vyznamny vliv. Pokud byl do kultury k MSC a B buiikédm piidan IFN-y,
doslo k vyraznému poklesu produkce IL-10 B butikami, na rozdil od kultur pouze se
stimulovanymi B buitkami a [IFN-y. Prokézali jsme, Ze po preinkubaci MSC s IFN-y byla
produkce IL-10 B buiitkami sniZena a naopak preinkubace B bunck s IFN-y neméla na
produkci IL-10 zadny vliv. V jinych studiich bylo zjisténo, ze MSC putisobi na bunky
imunitniho systému jak pfimym bunéénym kontaktem, tak prostfednictvim solubilnich
molekul (Lee and Song 2017). K prokdzani, zda se vnasem modelu jedna o
mechanismus zaloZzeny na bunééném kontaktu nebo na produkci imunomodulac¢nich
molekul, byly B buniky kultivovany s MSC oddélené semipermeabilni membranou nebo
se supernatantem ziskanym po kultivaci MSC. Separace B bunék a MSC pomoci
semipermeabilni membrany vedla ke ztraté inhibice produkce IL-10, naopak supernatant
ziskany po kultivaci MSC s IFN-y nemé¢l na produkci IL-10 supresivni vliv. Z toho
vyplyva, ze MSC v tomto ptipad¢ ke snizeni produkce IL-10 B bunkami potiebuji
bunécny kontakt.

Na zaklad¢ poznatkli o genové expresi u MSC ovlivnénych IFN-y a/nebo LPS
jsme vybrali tfi molekuly se zvySenou hladinou exprese, které by mohly v inhibici
produkce IL-10 u B bunék hrat roli. Prvni molekulou byl povrchovy PD-L1, u kterého
bylo prokazano, Ze zprostiedkovava inhibici aktivace a proliferace T i B bunék (Augello
et al. 2005; Davies et al. 2017). Dalsi molekulou byla COX-2, ktera se spolu se svym

produktem PGE2 uplatiiuje v potlaceni funkce bun¢k imunitniho systému a navozeni
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regulacniho fenotypu (English et al. 2009; Dufty et al. 2011). Posledni molekulou se
zvySenou expresi u stimulovanych MSC byla IDO snizujici aktivitu bun€k imunitniho
systému na zéklad¢ rozkladu tryptofanu (Ge et al. 2010). Do kultury stimulovanych
B bun¢k s MSC a IFN-y byly ptfidany nasledujici inhibitory — indometacin pro inhibici
COX-2, 1-metyl-D-tryptofan jako inhibitor IDO a anti-PD-L1 protilatka pro blokaci
PD-L1. Zjistili jsme, ze v kultufe s indometacinem nebyla snizena produkce IL-10,
v ostatnich ptipadech ziistala suprese produkce IL-10 nezménéna. Zapojeni drahy
COX-2 do inhibice bylo potvrzeno piidanim PGE2 v riznych koncentracich do kultury,
v zavislosti na pouzité koncentraci doslo ke snizeni produkce IL-10. Podobné vysledky
byly prokazany i u jinych bunék imunitniho systému, MSC jsou prostiednictvim drahy
COX-2 a PGE2 schopné potlacit diferenciaci T bunék na Th17 (Duffy et al. 2011),
naopak indukovat vznik Treg bun¢k (English et al. 2009), snizit aktivitu CD8+ T bunék
(Lietal. 2014), inhibovat aktivitu NK bun¢k (Spaggiari et al. 2008; Galland et al. 2017).
Zaroven bylo zji§téno, Ze je v tomto piipadé¢ mezi MSC a buiikami imunitniho systému
potfebny bunécny kontakt (Duffy et al. 2011; English et al. 2009). To mize byt
zpusobeno nezbytnosti velké koncentrace PGE2, ktera se nachazi pouze v tésné blizkosti
MSC. V nasi studii jsme ukdazali, Ze k potla¢eni produkce IL-10 B buikami dochazi az
ve vysokych koncentracich PGE2 dodané¢ho do kultury.

V dalsi ¢asti projektu jsme se zaméfili na moznost vyuziti imunomodulaénich,
diferenciacnich a regenerativnich vlastnosti MSC v 1écbé onemocnéni oka. Mezi
nejcastéjs$i onemocnéni oka vedouci az ke ztraté zraku patii poSkozeni rohovky nebo
onemocnéni sitnice. Pfi poskozeni povrchu oka je regenerace rohovkového epitelu
zprosttedkovana LSC, které se diferencuji na buiiky rohovky. Pokud je ovSem zasazen
1 limbus, mohou byt LSC ziskany ze zdravého oka a transplantovany na poskozeny
povrch. V nékolika studiich byla prokdzana Usp&Sna regenerace rohovky po
transplantaci LSC na poSkozeny povrch oka (Zajicova et al. 2010; Marchini et al. 2011;
Basu et al. 2012). Transplantace autolognich LSC se neda vyuzit ve vSech ptipadech
poskozeni povrchu oka, problém nastava naptiklad pii oboustranné LSCD. Pti vyuziti
alogennich LSC je riziko odhojeni, proto musi byt podavany imunosupresivni latky,
jejichz uzivani je spojeno s fadou nezadoucich efektti (Dua and Azuara-Blanco 1999;
Pauklin et al. 2010).

Vzhledem ke svym vlastnostem piedstavuji MSC vhodnou alternativu pro
transplantaci na poskozeny povrch oka. Proto jsme se rozhodli porovnat na krali¢im

modelu poskozeného povrchu oka terapeuticky potencial a vlastnosti LSC, AD-MSC a
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BM-MSC. Povrch oka byl chemicky poleptdn a buniky byly na povrch oka
transplantovany na nanovlakenném nosici. V takto poskozené rohovce doslo k infiltraci
bunék imunitniho systému, zvySeni apoptozy, neovaskularizaci a zhorSeni pruhlednosti
rohovky. VSechny tyto parametry byly u oc¢i 1écenych kmenovymi buiikami zlepSeny,
vyssi regenerace rohovky byla pozorovana u o¢i s aplikovanymi BM-MSC nebo LSC
nez u neléCenych o¢i nebo o¢i se samotnym nanovldkennym nosi¢em nebo
nanovlakennym nosi¢em s AD-MSC.

Z vysledkt vyplyva, ze BM-MSC maji srovnatelny potencial v 1é¢be poskozeného
povrchu oka jako tkanové specifické LSC. Existuje fada studii, které prokazaly
diferenciaci MSC na buiiky rohovkového epitelu (Gu et al. 2009; Rohaina et al. 2014).
Jiné studie poukdzaly na produkci ristovych a trofickych faktorGt u MSC hrajicich
v procesu regenerace rohovky diileZitou roli (Ma and Chan 2006; Oh et al. 2009). Kromé
toho jsou MSC také schopné potlacit zanétlivé reakce probihajici v poskozené rohovce
a tim podpotfit proces hojeni (Jia et al. 2012; Cejkova et al. 2013; Javorkova et al. 2014).

MSC maji uplatnéni 1 v 1écbé poSkozené sitnice, v sou¢asné dobé pro nekterd
onemocnéni sitnice stale neexistuje i€inna 1écba. Degenerativni onemocnéni sitnice jsou
Casto spojeny se ztratou specializovanych bun€k v sitnici. Bylo ukazano, ze MSC se
mohou diferencovat na riizné druhy bunék sitnice (Salehi et al. 2017). V in vitro
pokusech byly MSC diferencovany na bunky sitnice v diferencianim médiu
obsahujicim taurin (Nadri et al. 2013) nebo taurin, aktivin A a EGF (Kicic et al. 2003).

MSC se po transplantaci do oka s onemocnénim sitnice nachazi v zanétlivém
prostiedi, kde je velké mnoZstvi poSkozenych bunck sitnice. Zajimalo nas, jaky efekt
bude mit toto prostfedi na diferenciacni vlastnosti a produkci trofickych faktort MSC.
Zanétlivé prostiedi poSkozené sitnice jsme simulovali extraktem pfipravenym ze sitnic
a supernatantem ziskanym po kultivaci stimulovanych lymfocytl. Po 7 dnech kultivace
v tomto prostfedi MSC exprimovaly markery typické pro rizné bunky v sitnici
(fotoreceptory, bipolarni buiiky, horizontalni buiiky, Miillerovy buniky a RPE bunky).
Pii degenerativnim onemocnéni sitnice Casto dochazi k odumieni vice typli bunék
najednou, proto je pouziti MSC pro jejich ndhradu vhodnym feSenim. V jinych studiich
bylo prokéazéano, ze MSC jsou schopné diferenciace na fotoreceptory (Kicic et al. 2003;
Yang et al. 2010; Nadri et al. 2013), bipolarni buniky (Castanheira et al. 2008; Nadri et
al. 2013), amakrinni bunky (Castanheira et al. 2008), RPE bunky (Vossmerbaeumer et
al. 2009) a dalsi. V nasem modelu byla nejvétsi exprese nameétena pro gen Rho, ktery je

typickym znakem fotoreceptorti.
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Pii studiu diferenciace MSC jsme prokazali, Ze MSC exprimuji vice Rho
v prostiedi s extraktem ze sitnic a supernatantem nez v kultufe pouze se sitnicovym
extraktem. Jak bylo ukézano drive, MSC ke své aktivaci a produkci inducibilnich
molekul potfebuji stimul, naptiklad IFN-y, TNF-a nebo IL-1B (English et al. 2007;
Javorkova et al. 2014; Gao et al. 2016). Zajimalo nas, ktera konkrétni molekula obsazena
v supernatantu je za zvyseni diferenciace zodpoveédna. Po diferenciaci MSC s extraktem
ze sitnic a supernatanty ziskanymi po kultivaci T bunék, B bunék a makrofagi bylo
zjisténo, ze ke zvysSené expresi genu Rho dochazi pouze pii pouziti supernatantu
ziskaného po kultivaci T bunék. Na zaklad¢ tohoto vysledku jsme diferencovali MSC
s extraktem ze sitnic spolu s riznymi cytokiny produkovanymi T buiitkami a sitnicovym
extraktem. Exprese Rho byla zvySena pouze v kultufe s IFN-y. Pro potvrzeni byla
k supernatantu pfidana neutralizacni protiladtka anti-IFN-y a u MSC diferencovanych
v pfitomnosti tothoto supernatantu a extraktu ze sitnic byla exprese Rho signifikantné
snizena. Zjistili jsme, Ze v procesu diferenciace MSC na bunky exprimujici znaky sitnice
hraje IFN-y spolu s extraktem ze sitnic dilezitou roli. Podobné vysledky byly zjistény 1
v jinych studiich, kde ptitomnost IFN-y podporovala diferenciaci na nervové buiky
(Wong et al. 2004; Croitoru-Lamoury et al. 2011), ale naopak inhibovala diferenciaci na
adipocyty a osteocyty (Croitoru-Lamoury et al. 2011).

Vedle schopnosti diferenciace MSC také produkuji neurotrofické faktory jako
napiiklad NGF, BDNF, GDNF, CNTF, IGF, bFGF a dalsi (Meirelles et al. 2009;
Kolomeyer and Zarbin 2011; Park et al. 2017). Prokazali jsme, Ze po diferenciaci na
buniky exprimujici znaky sitnice produkuji MSC zvySené mnozstvi NGF, GDNF, TGF-
B a IL-6. Podobné¢ vysledky zjistili Xu et al., kdy MSC v prostfedi supernatantu
ziskaného po kultivaci svétlem poSkozenych bunck sitnice produkovaly zvySené
mnozstvi neurotrofickych faktori (Xu et al. 2013). Produkce neurotrofickych faktort
MSC podporuje regeneraci bunék sitnice a potlacuje jejich apoptdzu (Yu et al. 2006;
Inoue et al. 2007; Na et al. 2009). Vliv neurotrofickych faktor v médiu po kultivaci
MSC byl prokazan aplikaci tohoto média bez MSC do oka s poskozenou sitnici. Po
aplikaci doSlo k potlaceni apoptdzy a zvySenému piezivani bungk sitnice (Dreixler et al.
2014; Roth et al. 2016).

V 1écb€é onemocnéni sitnice se mohou MSC uplatiovat také svymi
imunomodulac¢nimi vlastnostmi. V in vitro modelu jsme zjistili, Ze po kultivaci MSC
s explantaty sitnic v zanétlivém prostfedi doSlo ke sniZeni exprese prozanétlivych

molekul. Cui et al. po kultivaci MSC a poskozenych gangliovych bun¢k prokazali u
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gangliovych buné¢k snizeni produkce prozanétlivych cytokinii IL-18 a TNF-a (Cui et al.
2016). Podobné vysledky byly zjistény in vivo, kde po trasnplantaci MSC do oka se
svételn€ poskozenou sitnici, byla také snizena produkce IL-1B a TNF-a u bunék sitnice
(Huang et al. 2013). Snizeni prozanétlivych cytokinti po intravitredlni aplikaci MSC
bylo pozorovéno také u ischemicky poskozené sitnice potkani (Mathew et al. 2017).
MSC vzhledem ke svym vlastnostem piedstavuji vhodné kandidaty pro 1écbu
onemocnéni sitnice 1 poskozené rohovky. Pfi studiu imunomodulacnich vlastnosti MSC
jsme ukazali, Ze inhibuji produkci IL-10 B buitkami a v in vitro modelu poskozeni
sitnice snizuji produkci prozanétlivych cytokind v sitnici. MSC jsou schopné
diferenciace na bunky exprimujici znaky bunék sitnice a také produkuji fadu trofickych
faktorii. V neposledni fadé jsme prokazali, ze pii 1é€bé poSkozeného povrchu oka maji

BM-MSC srovnatelny terapeuticky potencial jako tkanove specifické LSC.
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7 Zavéry

e Mechanismus imunomodula¢niho ptisobeni MSC na produkci IL-10 B
bunkami
MSC ovlivnéné IFN-y snizuji produkci IL-10 B buiikami stimulovanymi LPS.
Inhibice produkce IL-10 je zprostiedkovéna pies drahu COX-2 a tento

mechanismus je zavisly na kontaktu mezi MSC a B bunkami.

¢ Vliv IFN-y na imunomodulac¢ni a diferencia¢ni vlastnosti MSC
IFN-y zvySuje u MSC expresi inducibilnich imunomodula¢nich molekul — IDO,
COX-2 a PD-L1 a zvysuje schopnost diferenciace MSC na buiiky exprimujici

znaky sitnice.

¢ Diferenciace MSC na buiiky exprimujici znaky bunék sitnice
MSC diferencuji v prostiedi simulujicim zanétlivé poSkozeni sitnice na bunky
exprimujici znaky sitnice. Nejvyssi exprese byla zaznamendna pro gen Rho. Jako

dilezity podpirny faktor v procesu diferenciace byl identifikovan [FN-y.

¢ Srovnani terapeutického potencialu MSC a LSC p¥i poskozeni povrchu oka
Regenerace, neovaskularizace a inhibice zanétlivé reakce v poskozené rohovce
bylo srovnatelné u oci, které byly oSetieny LSC nebo BM-MSC. BM-MSC je
mozné pouZzit pii 1écbe poskozeného povrchu oka v ptipadech, kdy nemohou byt

vyuzity LSC.

e Produkce ristovych a trofickych faktori MSC v zanétlivém prostredi
sitnice
MSC exprimuji neurotrofické faktory a cytokiny, které se uplatiiuji v regeneraci
poskozené sitnice. ZvySena exprese téchto faktorti byla zaznamendna u MSC

diferencovanych na bunky exprimujici znaky bunék sitnice.
¢ Inhibice prozanétlivych cytokinii pri poSkozeni sitnice

MSC inhibovaly expresi prozanétlivého cytokinu IL-6 a molekuly iNOS

v explantatech sitnic kultivovanych spolu s MSC in vitro.
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