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Abstrakt

Mezenchymalni kmenové builky (mesenchymal stem cells — MSC) maji
schopnost diferencovat v rizné bunécné typy a zaroven disponuji rozsahlymi
imunomodula¢nimi vlastnostmi, jejichZ prostfednictvim mohou ovliviiovat fadu funkci
riznych bunék imunitniho systému. Protoze imunoregula¢ni vlastnosti MSC mohou
byt ovlivnény piisobenim cytokinti, porovnavali jsme G¢inek neovlivnénych MSC a
MSC stimulovanych interleukinem 1 (interleukin — IL), interferonem-y (interferon —
IFN), transformujicim ristovym faktorem-f (transforming growth factor — TGF) a
IL-10 na vyvoj regulacnich T (regulatory T cells — Treg) a pomocnych T17 (helper T
cells — Th) lymfocytt in vitro a na rozvoj ¢asného zanétu v oku in vivo.

MSC mohou produkovat vyznamnd mnozstvi TGF-f a IL-6. Tyto dva cytokiny
predstavuji klicové faktory, které reciprocné reguluji vyvoj naivnich T lymfocyti
v Treg nebo Th17 buiiky. Nestimulované MSC produkuji TGF-B, ale neprodukuji
IL-6. Produkce TGF-B miZe byt dale zesilena plsobenim IL-10 a TGF-B na MSC.
V ptitomnosti prozanétlivych cytokinii naopak MSC produkuji vyznamna mnoZzstvi
IL-6 a zaroven konstitutivné produkuji TGF-B. MSC produkujici TGF-f indukovaly
prednostné expresi Foxp3 a aktivaci Treg lymfocytii, zatimco supernatanty z MSC
obsahujici TGF-B i IL-6 podporovaly expresi RORyt a vyvoj Th17 lymfocyt. Ukézali
jsme, ze MSC a jimi produkované cytokiny uc¢inné kontroluji vyvoj Treg a Thl7
lymfocytt v populaci mysich slezinnych bun¢k stimulovanych aloantigeny.

Déle jsme studovali ucinek syst¢émové podanych MSC na Casnou fazi zanétu
v oku poSkozeném hydroxidem sodnym. Zjistili jsme, Ze intravendzné podané MSC
cilené¢ migruji do poSkozeného oka a ze MSC stimulované IFN-y jsou nejucinné;jsi
v potlaceni akutni faze rohovkového zanétu, ve snizovani leukocytarni infiltrace a v
ovlivnéni zanétlivého prostiedi. Rovnéz jsme prokézali, ze nanovldkna pfipravena
z polymeru polyamid 6/12 nebo obsahujici cyklosporin A ptedstavuji vhodny nosic¢

pro rast MSC a jejich nésledny ptenos na poskozeny povrch oka.



Abstract

Mesenchymal stem cells (MSCs) have the potential to differentiate into
various cell types, possess potent immunomodulatory properties and can influence
various functions of immune cells. Since the immunomodulatory properties of MSCs
can be modified by cytokines, we compered the effect of unstimulated MSCs and
MSCs pretreated with interleukin (IL)-1, interferon (IFN)-y, transforming growth
factor (TGF)-P and IL-10 on the development of regulatory T cells (Treg) and T helper
17 (Th17) cells in vitro and on the inflammatory environment in the eye.

MSCs can produce significant levels of TGF-B and IL-6. These cytokines
represent the key factors that reciprocally regulate the development of naive T cells
into Treg and Th17 cells. Unstimulated MSCs produce TGF-f, but not IL-6, and the
production of TGF-B can be further enhanced by IL-10 or TGF-f. In the presence of
IL-1, MSCs secrete significant levels of IL-6, in addition to spontaneous production of
TGF-B. MSC producing TGF-B induced preferentially expression of Foxp3 and
activation of Treg lymphocytes, whereas MSCs supernatants containing TGF-B
together with IL-6 supported RORyt expression and development of Th17 cells. We
demonstrated that MSCs and their products effectively control the development of
Tregs and Th17 cells in a population of alloantigen-activated mouse spleen cells.

We also investigated the effects of systemically administered MSCs on the
early acute phase of inflammation in the alkali-burned eye. The results show that
intravenously injected MSCs specifically migrate to the damage eye and that IFN-y
pretreated MSCs are superior in inhibiting the acute phase of inflammation, decreasing
leukocyte infiltration, and attenuating the early inflammatory environment. We also
show, that nanofibers prepared from polymer PA6/12 or containing Cyclosporine A
represent a conventional scaffold for growth of MSCs and for their transfer to treat

ocular surface injuries.
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1 Seznam zkratek

APC
Breg
CD
COX
Cs
DC
EAU

Foxp3
GVHD
HGF
HO
HSC
IDO
IFN

Ig

IL

LPS
LSC
MHC gp

MSC
NK
NO
NOS
PA
PGE
ROR
STAT
Tc
TGF

antigen-presenting cells, buniky prezentujici antigen
regulatory B cells, regulacni B lymfocyty

cluster of differentiation, diferenciacni antigen
cyclooxigenase, cyklooxigenaza

cyclosporine, cyklosporin

dendritic cells, dendritické buiiky

experimental autoimmune uveoretinitis, exprimentalni
autoimunitni uveoretinitida

forkhead box p3

graft versus host disease, reakce $t€pu proti hostiteli
hepatocyte growth factor, ristovy faktor hepatocytii

heme oxygenase, hemoxygenaza

hematopoietic stem cells, hematopoetické kmenové buiky
indoleamine 2,3-dioxygenase, indolamin 2,3-dioxygenaza
interferon, interferon

immunoglobulin, imunoglobulin

interleukin, interleukin

lipopolysaccharide, lipopolysacharid

limbal stem cells, limbalni kmenové bunky

glykoproteiny hlavniho histokompatibliniho komplexu, major
histocompatibility complex glycoprotein

mesenchymal stem cells, mezenchymalni kmenové buiiky
natural killers, pfirozeni zabijeci

nitric oxide, oxid dusnaty

nitric oxide synthase, syntdza oxidu dusnatého
polyamide, polyamid

prostaglandine E, prostaglandin E

retinoic acid receptor-related orphan receptor

signal transducer and activator of transcription

cytotoxic T cells, cytotoxické T lymfocyty

transforming growth factor, transformujici rtistovy faktor



Th

TLR
TNF
Treg
TSG

helper T cells, pomocné T lymfoycyty

Toll-like receptors, receptory ze skupiny Toll
tumor necrosis factor, faktor nekrotizujici nadory
regulatory T cells, regulacni T lymfocyty

TNF-a stimulated gene 6 protein



2 Literarni prehled

2.1 Uvod

Kmenové bunky se dostaly béhem poslednich dvou desetileti do centra zdjmu
velkého mnozstvi védeckych skupin na celém svété. Pocet publikaci tykajicich se
kmenovych bun¢k kazdorocné stoupa a podle tudaji v databazi PubMed
dosédhl v minulém roce témétr 20 000. Tato prace je veénovana predevSim
mezenchymalnim kmenovym bunkdm (mesenchymal stem cells — MSC) a jejich
imunoregulacnimu pusobeni. MSC patii v soucasné dobé diky svému Sirokému
diferenciatnimu  potencidlu a  rozsdhlym  imunomodula¢nim  schopnostem
k nejstudovanéjSimu typu kmenovych buné¢k. Jejich vyzkumem se v poslednich letech
zabyvala pfiblizné ¢tvrtina vSech publikaci tykajicich se kmenovych bunék. Studium
MSC pftineslo velké mnozstvi poznatkl, které jsou nyni vyuzivany pfi jejich pouziti
v klinické praxi pii 1écbé fady zavaznych onemocnéni.

Dalsim dtlezitym typem kmenovych bunék popsanym v této praci jsou limbalni
kmenové bunky (limbal stem cells — LSC), které zajiStuji nepfetrZitou obnovu
rohovkového epitelu. Priblizné¢ 4/5 vSech informaci o svém okoli ziskdvame
prostiednictvim zraku. Rohovka zprosttedkovava ptrenos svételnych paprski na sitnici
a snizeni jeji prihlednosti v disledku poskozeni nebo onemocnéni miize vést v krajnim
ptipadé€ az ke slepoté. LSC sidli v bazalni vrstvé limbu. Pokud je limbus poskozeny,
nebo nefunkcni, miize dojit k deficitu LSC a naruseni procesu obnovy rohovkového
epitelu. Studium LSC vedouci k nalezeni novych zptsobt kultivace a pienosu téchto
bunék na poskozené oko tedy predstavuje velmi dulezité odvétvi vyzkumu kmenovych

bunék.

2.2 Kmenové bunky

Mezi zakladni vlastnosti definujici kmenovou buiiku patfi neomezena nebo
alespon dlouhodoba schopnost sebeobnovy a schopnost diferenciace v nejméné jeden
typ vysoce specializovanych dcefinych bun¢k (Lajha et al., 1979). Kmenové bunky lze

rozde€lit na embryonalni kmenové buiikky a kmenové buiky z dospélého organizmu.



Samostatn¢ kategorie pak tvoii kmenové bunky z pupecnikové krve novorozence a
indukované pluripotentni kmenové buiiky.

Embryonalni kmenové bunky jsou odvozeny z vnitini vrstvy blastocysty (Evans et
al., 1981). Jedna se o pluripotentni kmenové bunky, které jsou za urcitych podminek
schopné diferencovat v jakykoliv bunéfny typ. Naproti tomu kmenové bunky
z dospélého organizmu jsou pfirozené ptfitomny v relativné malych populacich ve
svych tkanovych nikach, kde zabezpecuji obnovu dané tkdné¢ a nahrazuji bunky
ztracen¢ v dusledku opotiebeni nebo poskozeni (Hall et al., 1989). Diferencia¢ni
potencial nékterych kmenovych bun€k je omezen pouze na bunécnou linii odpovidajici
tkani, ke které piislusi. Na druhém konci spektra pak stoji multipotentni kmenové
bunky, jejichz diferenciacni potencial je mnohem S$ir$i. Napiiklad MSC jsou schopny
diferencovat v buitky mezodermalni linie, ale rovnéz transdiferencovat v bunky patfici
k vyvojoveé neptibuzné ektodermalni ¢i entodermalni zarodecné linii (Pittenger et al.,

1999).

2.3 MSC

MSC se diky svym imunomodulaénim schopnostem a Sirokému
diferenciaénimu potencidlu staly v poslednim desetileti predmétem studia tady
piednich vyzkumnych pracovist’ po celém svété. V soucasné dob¢ bézi na zakladé
poznatkti ziskanych vin vitro systémech a preklinickych testech vice nez 300
klinickych studii vyuzivajicich MSC v regenerativni mediciné nebo pfi terapii
autoimunitnich onemocnéni, té¢zké reakce S$tépu proti hostiteli (graft versus host
disease — GVHD) a mnoha dal$ich (¢erpano z www.clinicaltrials.gov).

MSC byly poprvé popsany v praci Friedenstein et al. (1966), kteti jako prvni
poukézali na pfitomnost bun€k s osteogennim potencidlem v suspenzi ziskané z kostni
diené. Roku 1991 pak vysSla dalsi klicova studie pfinaSejici teorii, ze MSC
v organizmu zajist'uji pfirozenou obménu a regeneraci mezenchymalnich tkani (Caplan

etal., 1991).
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2.3.1 Zdroje MSC a jejich role v organizmu

Pritomnost MSC byla prokazdna v celé fad¢ organti a tkani dospélého
organizmu vcetn¢ zubni diené, krve, svalstva, slinivky bfis$ni, kloubni vystelky, skary,
okostice, plic a mnoha dalSich (Tuan et al., 2003; Seeberger et al., 2006). Mezi
nejcastéji pouzivané zdroje téchto bunck vsak stdle patii kostni dfen spolu s tukovou
tkani a pupecnikovou krvi. Béhem zarodecného vyvoje pak byly MSC detekovany ve
fetalni krvi, jatrech a kostni dieni (Campagnoli et al., 2001).

Populace MSC je do zna¢né miry heterogenni, jednotlivé buiiky se 1i8i svymi
biologickymi funkcemi i diferenciacnim potencidlem. Transkriptom MSC vykazuje
vysokou miru komplexity a kéduje velké mnozstvi proteini souvisejicich s riiznymi
vyvojovymi liniemi a biologickymi procesy vcetné bunécného pohybu a komunikace,
angiogenze a regulace hematopoezy, imunitnich reakci a funkci nervové soustavy

(Phinney et al., 2006; Anam et al., 2013).

2.3.2 Charakterizace a multipotence MSC

Populace MSC disponuje, stejné jako jiné typy kmenovych bunék, schopnosti
sebeobnovy. Pii kultivaci in vitro MSC adheruji k podkladu a maji vietenovity tvar
(Soleimani et al., 2009).

Doposud nebyl nalezen znak, ktery by byl unikatni pouze pro populaci MSC.
Bez ohledu na to vSak mohou byt MSC charakterizovany kombinaci exprese
pozitivnich znaka CD (cluster of differentiation) 29, CD44, CD73, CD90 a CD105 a
naopak nepfitomnosti leukocytarnich znakit CD11b, CD31, CD34, CD45 a CDI135
(Wagner et al., 2005; Soleimani et al., 2009). Uroveii exprese téchto znakl vSak zalezi
na fad¢ faktort. Dilezité jsou predevs§im tkan a zivocisny druh, ze kterych byly MSC
ziskany, velky vyznam maji v tomto ohledu i kultivaéni podminky. Zna¢né rozdily
v metodach izolace a charakterizace lidskych MSC pouzivanych ve studiich prakticky
znemoznily srovnani takovych studii i jejich vysledkd. Proto roku 2006 Mezinarodni
spole¢nost pro bunécnou terapii vydala soubor kritérii definujicich lidské MSC
(Dominici et al., 2006):

- adherence k plastu za standardnich kultiva¢nich podminek
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- povrchova exprese CD73, CD90 a CD105 a soucasna absence CD11b, CD14,
CD19, CD34, CD45, CD79a a HLA-DR (human leukocyte antigen)

- diferenciace v osteoblasty, adipocyty a chondrocyty in vitro (Obr. 1).

Stromal tissue source
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CD73* CDi11b
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CD105" CD34" A e
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" 5/ '\\.. | y g >
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Multipotency

Nature Reviews | Immunology

Obr. 1: Kritéria definujici lidské MSC. MSC ptedstavuji populaci prekurzorovych bunék,
které mohou byt béhem kultivace odliSeny od ostatnich bunécnych typt z kostni dfen¢ na
zakladé adherence k plastu. Pro MSC je charakteristicky vietenovity tvar a jako dilkaz jejich
multipotence se standardn¢ vyuziva potvrzeni schopnosti diferenciace v adipocyty, osteoblasty
a chondrocyty. Zaroven by u MSC méla byt prokazana povrchova exprese CD73, CD90 a
CD105 a soucasnd absence leukocytarnich, hematopoetickych a endotelidlnich znakd CD11b,
CD14, CD34, CD45, CD19, CD79a a HLA-DR (human leukocyte antigen). Pievzato z Le
Blanc et al., 2012.

Diferenciace MSC ve zralé specializované buiky tvofici organizmus je
komplikovany a pfisné regulovany déj, v némz je zapojena fada ristovych faktoru,
cytokinli a slozek extraceluldrni matrix. MSC maji schopnost diferencovat v bunky
tvofici mezodermalni tkang, ale rovnéz transdiferencovat v bunky tvofici ektodermalni
a entodermalni tkan€. Doposud byla prokdzana schopnost MSC diferencovat za
specifickych podminek v adipocyty, osteocyty a chondrocyty (Soleimani et al., 2009),
neurony a astrocyty (Kopen et al., 1999), kardiomyocyty a buiiky kosterniho svalstva
(Toma et al., 2002; Shiota et al., 2007), hepatocyty (Lee et al., 2004), buiiky sitnice
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(Kicic et al., 2003), epitelialni bunky kiize (Nakagawa et al., 2005; Sasaki et al., 2008),
plicni epitelidlni buiiky (Rojas et al., 2005), buiikky produkujici inzulin (Xie et al.,
2013), tubularni epitelialni buiiky ledviny (Liu et al., 2013) a mnoho jinych.

2.3.3 Imunomodulaé¢ni vlastnosti MSC

Vyzkum MSC byl zpocatku zaméfen spiSe na jejich Siroky diferenciaéni
potencial a ztoho plynouci vyuziti v regenerativni medicin€. Postupné se vSak
objevovaly prace poukazujici na jejich rozsdhlé imunomodulaéni schopnosti, ¢imz se
rozsifila oblast mozného vyuziti MSC o 1é€bu pfedevsim autoimunitnich onemocnéni.
V soucasné dobé se vyzkum MSC ubira velice tspésné obéma sméry a v fad¢ pripadi
je dokonce vyuzito kombinovaného efektu podanych MSC, které mohou v misté
poskozeni diferencovat v potfebny bunéény typ a zdroven prostfednictvim
imunomodulac¢ni aktivity potlacit nezddouci zanétlivou reakci.

Imunomodulaéni schopnosti MSC jsou rozsahl¢ a ovliviuji pfirozenou i
adaptivni slozku imunitniho syst¢ému. MSC ptsobi na fadu komponent ptirozené
imunity vcéetné produkce komplementu (Tu et al, 2010), dendritickych buné¢k
(dendritic cells — DC) (English et al., 2008), monocytti a makrofagt (Kim et al., 2009;
Cutler et al., 2010), granulocytii (Brandau et al., 2010) a NK bun¢k (natural killers —
NK) (Spaggiari et al., 2008). Zaroven ovliviuji 1 adaptivni imunitni odpovéd’ a reguluji
aktivitu a funkce T lymfocytl (Di Nicola et al., 2002) a B lymfocytt (Corcione et al.,
20006).

Efekt MSC je dan jak pifimym kontaktem s cilovymi buiikami, tak produkci
fady cytokinti a imunologicky aktivnich molekul. Tyto faktory mohou byt uvoliiovany
konstitutivné, nebo az jakoreakce na setkdni s cilovou bunkou, ¢i vystaveni

zanétlivym stimulim prostiedi.

2.3.3.1 Molekuly a mechanizmy kli¢ové pro imunomodulaéni piisobeni MSC
Imunomodulaéni uc¢inky MSC jsou zprostiedkovany celou fadou faktort,

imunomodula¢nich molekul a enzymil, mezi néz patii rastovy faktor hepatocytl

(hepatocyte growth factor — HGF), transformujici rustovy faktor-p (transforming

growth factor — TGF), interleukin-6 (interleukin — IL), TSG-6 (TNF-o stimulated
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gene 6 protein), inducibilni syntaza oxidu dusnatého (inducible nitric oxide synthase —
iINOS), indolamin 2,3-dioxygenadza (indoleamine 2,3-dioxygenase — IDO),
cyklooxigenaza-2 (cyclooxigenase — COX) a hemoxygenaza-1 (heme oxygenase —
HO). Nékteré znich jsou produkovany konstitutivng, jiné jsou inducibilni a jejich
produkce mtize byt navozena stimulaci MSC prozanétlivymi cytokiny.

Efekt MSC muze byt dan 1 pfimym kontaktem s cilovymi bunikami, dileZitou

molekulou exprimovanou MSC je naptiklad PD-L1 (English et al., 2007).

IDO

IDO je intracelularni enzym obsahujici hemovou skupinu a katalyzujici
pfeménu tryptofanu na kynurenin. JelikoZ tryptofan predstavuje esencialni
aminokyselinu vyzadovanou pro proliferaci lymfocytl, mize jeho vycerpani
z prostiedi a hromadéni jeho metabolitli vyznamné ovlivnit pribéh imunitni odpovédi.
Tento enzym neni MSC produkovan konstitutivné, jeho expresi vSak lze vyvolat
stimulaci interferonem-y (interferon — IFN) (Ryan et al., 2007) nebo ligandy receptora
ze skupiny Toll 3 (Toll-like receptors — TLR) (Waterman et al., 2010).

Aktivita IDO ovliviluje fadu aspektd imunitni reakce vcetné indukce
(regulatory T cells — Treg) (Ge et al., 2010; Francois et al., 2012). IDO rovnéZ inhibuje
proliferaci T lymfocyti a NK bun¢k a potlacuje vyvoj pomocnych T lymfocyti 17
(helper T cells — Th) (Ryan et al., 2007; Tatara et al., 2011, Li et al., 2014).

Ptidani IDO inhibitoru nebo pouziti MSC z IDO™ mysi ¢astecné obnovilo
zablokovanou proliferaci a funkce leukocyti a potvrdilo tak dualezitou, avSak ne
nezastupitelnou roli tohoto imunomodula¢niho enzymu v ptisobeni MSC. Zda se, Ze
podstatou puasobeni IDO je spise efekt lokalni akumulace metabolitd tryptofanu nez

vycerpani tryptofanu samo o sob¢ (Ryan et al., 2007).

Prostaglandin E2

Prostaglandin E2 (prostaglandine E — PGE) je kratkodobé pusobici mala
lipidovd molekula, jejiz syntéza z kyseliny arachidonové zahrnuje aktivitu enzymu
COX a prostaglandin syntazy. COX se v organizmu vyskytuje ve dvou formach jako
COX-1 a COX-2. MSC konstitutivné produkuji ob¢ formy, expresi a aktivitu COX-2

lze navic posilit stimulaci MSC pomoci faktoru nekrotizujiciho nadory-a (tumor
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necrosis factor — TNF) a IFN-y (English et al., 2007) nebo ligand TLR3 (Waterman et
al., 2010).

PGE-2 produkovany MSC ovliviiuje aktivaci a proliferace T lymfocyti
(English et al., 2007), makrofagti (Maggini et al., 2010), DC (Spaggiari et al., 2009),
zirnych bunck (Brown et al., 2011), NK bunék (Spaggiari et al., 2008), B lymfocytt (Ji
et al., 2012) a inhibuje diferenciaci v Th17 lymfocyty (Duffy et al., 2011).

TGF-p

TGF-B je cytokin ovliviiujici proliferaci, diferenciaci i jiné d€je u fady bunck
imunitniho sytému i mimo n&j. Zarover TGF-p hraje kli¢ovou roli v diferenci CD4"
T lymfocytt v Treg lymfocyty (Zhou et al., 2008). TGF-p patii k faktorim, které jsou
MSC produkovany konstitutivné, a zesileni jeho produkce lze docilit plisobenim
exogenniho TGF-3 nebo IL-10.

Nedavno bylo zjisténo, ze MSC mohou podporovat vyvoj Treg lymfocyth
dvéma riznymi drdhami. Prvni z nich pfedstavuje ptimy efekt TGF-f produkovaného
MSC, druhd pak ptsobi pies indukci diferenciace monocyti v M2 makrofagy, které
produkuji CC-chemokinovy ligand 18 a ten indukuje diferenciaci Treg lymfocyti
(Melief et al., 2013). MSC také pies kombinované ptusobeni PGE-2, IDO a TGF-B
snizuji expresi aktivacniho receptoru NKG2D (natural killer group 2, member D)

u Tc lymfocytt, coz vede k utlumenti jejich proliferace (Li et al., 2014).

TSG-6
jehoz produkei lze vyrazné zesilit, pokud jsou MSC vystaveny zanétlivému prostredi.
TSG-6 umoziuje systémoveé podanym MSC piisobit i na dalku, bez nutnosti migrace
piimo do poskozené oblasti.

Systémové  pisobeni TSG-6 produkovaného MSC tlumilo zanét
u modelu poskozené rohovky a tézkych popalenin kize (Roddy et al., 2011; Liu et al.,
2014). Podobné¢ tomu bylo i u modelu alogenni transplantace rohovky, kde
intraven6zné¢ podané MSC zachycené v plicich putsobily pies produkci TSG-6
potlaceni casného zanétu a sniZzovaly aktivaci bunék prezentujicich antigeny
(antigen-presenting cells — APC) v transplantované rohovce a spadovych lymfatickych
uzlinach, coz vedlo k oddaleni rejekce a prodlouzenému preziti transplantatu (Oh et al.,

2012).
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Oxid dusnaty

Oxid dusnaty (nitric oxide — NO) je rychle difundujici bioaktivni molekula,
ktera mulze interagovat s riznymi enzymy, iontovymi kanaly a receptory. NO je
produkovan NOS, které¢ se vyskytuji v organizmu ve 3 formach a jsou v lidském i
myS$im genomu kédovany 3 riznymi geny. Jedna se o neurondlni nNOS, endotelidlni
eNOS a inducibilni iNOS, kterd je dilezitd pfedev§im z imunologického hlediska.
iNOS je spojena s funkci makrofagl a bylo prokazano, Zze produkované NO muze
ovlivilovat signalizaci pies receptor T lymfocytli a expresi receptord pro cytokiny
(Niedbala et al., 2006).

Na molekularni urovni dochazi pod vlivem NO k potlaceni fosforylace STATS
(signal transducer and activator of transcription), coz je transkrip¢ni faktor rozhodujici
o aktivaci a proliferaci T lymfocyti. Pouziti inhibitoru iNOS nebo prostaglandin
syntazy vedlo k obnov¢ proliferace T lymfocytd, coz svéd¢i o dualezité roli NO
v imunomodulaé¢nim ptsobeni MSC (Sato et al., 2007).

Stimulace pomoci IFN-y a TNF-a nebo IL-1 vyvolava u MSC expresi iNOS a
riznych chemokint. Je pravdépodobné, Ze ukolem produkovanych chemokini je fidit
migraci T lymfocytt do blizkosti MSC, coz nasledné umozni, aby nestabilni a pouze
lokalng ptisobici NO ovlivnilo T lymfocyty a inhibovalo jejich proliferaci, ptipadné u
nich navodilo apoptézu (Ren et al., 2008). Podle nejnovéjsich vysledki mize byt
navic exprese iNOS vyvolana u MSC ptisobenim IFN-y a TNF-a vyrazné posilena

pritomnosti IL-17 (Han et al., 2014).

HO-1

HO jsou intracelularni enzymy schopné odbouravat hem na biliverdin a oxid
uhelnaty. Existuji 3 izomery HO, avSak pouze HO-1 neni exprimovana konstitutivng,
ale musi byt indukovéana pisobenim prozanétlivych cytokinti nebo lipopolysacharidu
(lipopolysaccharide - LPS). (Pae et al., 2004).

Ukézalo se, ze tento ucinny imunosupresivni enzym se ziejmé spolu s dalSimi
faktory podili na imunomodula¢nim pasobeni MSC. Bylo zjisténo, ze MSC schopné
inhibovat proliferaci T lymfocytd exprimuji HO-1 a iNOS a pouze soucasnd inhibice
obou téchto enzymi méla za nasledek zruSeni efektu MSC a obnoveni lymfocytarni

proliferace. U modelu alogenni transplantace srdce podani MSC oddalilo rejekci
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transplantatu a inhibice iNOS nebo HO-1 naopak navozovala rejekci (Chabannes et al.,

2007).

IL-6

IL-6 je pfevazné prozanétlivy cytokin zapojeny v celé¢ fadé imunitnich déju.
Bylo zjisténo, Ze MSC, které inhibuji proliferaci T lymfocytl, produkuji vysoké
hladiny IL-6. Inhibice ptsobeni IL-6 nebo PGE-2 vedla k ¢aste¢né obnové
lymfocytarni proliferace. Navic byla zjiSténa sniZzena exprese glykoproteinii hlavniho
histokompatiblintho komplexu II. tfidy (major histocompatibility complex
glycoprotein — MHC gp), CD40 a CD86 na zralych DC, cozZ mohlo byt rovnéz
diivodem omezené proliferace T lymfocytd. MSC mohou také prostiednictvim IL-6

castecné¢ inhibovat diferenciaci progenitorovych bun¢k kostni dfené¢ v DC (Djouad et

al., 2007).

HGF

HGF je multifunkéni cytokin zapojeny v angiogenezi, riistu a pohybu bunék. Je
to také ucinny imunomodulac¢ni faktor, ktery inhibuje funkce DC a podporuje
diferenciaci v Treg lymfocyty na tikor Th17 lymfocyt (Benkhoucha et al., 2010).
MSC mohou prostiednictvim HGF piisobit na monocyty a navozovat u nich
imunomodula¢ni fenotyp, vyznacujici se produkci vysokych hladin IL-10. Tyto
monocyty zustavaji nediferencované a jsou schopny potlacovat efektorové funkce

T lymfocyt a ménit cytokinovy profil T lymfocytt z Th1 na Th2 (Chen et al., 2014).

2.3.3.2 Interakce MSC s jednotlivymi sloZkami imunitniho systému

MSC disponuji rozsahlymi imunomodula¢nimi schopnostmi a byl popsan jejich
mozny vliv na prakticky vSechny komponenty imunitniho systému. Prostfednictvim
produkce celé tady cytokinli, faktori a imunomodulac¢nich molekul jsou schopny
ovlivnit aktivaci, migraci, zrani, produkci cytokinli, expresi povrchovych molekul,
proliferaci, apoptozu a efektorové funkce fady leukocytii. V mnoha ptipadech je efekt
MSC zprostiedkovan kombinovanym plsobenim vice faktorli a miiZze byt modulovana

aktivita a funkce vice komponent imunitniho systému soucasné¢ (Obr. 2).
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Obr. 2: Imunomodulaéni pisobeni MSC na prirozenou i adaptivni sloZku imunitniho systému.
MSC mohou v reakci na zanétlivou stimulaci vycestovat z kostni dfené a spolu s MSC pfitomnymi ve
tkani vyznamné ovlivnit celkovou rovnovahu probihajici imunitni odpovédi. Uginek MSC je dan jednak
pfimym mezibunénym kontaktem, jednak produkci mnozstvi parakrinné pisobicich faktort, které
ovlivituji aktivitu a funkce fady leukocyth. PG — prostaglandiny, TSG-6 — TNF-a stimulated
gene/protein 6, PD1 — programmed death pathway-1. Pievzato z Brennen et al., 2013.

Neutrofily
Neutrofily predstavuji dulezitou slozku pfirozené imunity. Na pocatku

bakterialni infekce jsou rychle mobilizovany a podili se velmi ucinné na likvidaci
mikroorganizm.

Rada tkani obsahuje tkanové specifické MSC, které jsou pravdépodobné
lokalizované pievazné v periendotelialni a perivaskuldrni oblasti. Zajimava je v této
souvislosti teorie, Ze by tyto rezidentni MSC mohly hrat vyznamnou roli v imunitni

reakci na Casnou fazi bakteridlni infekce, kdy jeSté€ neni pfitomna klasickd imunitni
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odpovéd'. Jako reakci na setkani s mikroorganizmy a stimulaci pfes TLR mohou MSC
ptilakat z periferni krve neutrofily a posilovat jejich antimikrobialni aktivitu. Tuto
teorii podporuji i zjisténi, ze MSC stimulované LPS exprimuji vyssi hladiny IL-8,
chemokinovych receptori a prozanétlivych cytokinli. Atrahované aktivované
neutrofily vykazuji prodlouzeny poloCas zivota, zvySenou expresi zanétlivych
chemokinl a posilenou odpovidavost na naslednou stimulaci LPS (Brandau et al.,
2010).

Jina studie se zaméfila na vliv MSC na neutrofily v kostni dfeni, kterd slouzi
jako rezervoar zralych neproliferujicich neutrofili. MSC pravdépodobné inhibuji
apoptozu klidovych 1 aktivovanych neutrofili a tlumi jejich respiracni vzplanuti.
Antiapoptotickd aktivita MSC spocivala v plisobeni IL-6 a signalizaci ptes transkripcni
faktor STAT-3. Naproti tomu MSC neovliviiovaly fagocytézu, chemotaxi ani expresi
adhezivnich molekul u neutrofili. MSC tedy v kostni dieni ziejmé chrani rezidentni
populaci neutrofili pfed apoptézou a soucasné zachovavaji jejich efektorové funkce a
brani nezddouci aktivaci oxidativniho metabolizmu (Raffaghello et al., 2008;

Cassatella et al., 2011).

Makrofagy

MSC jsou schopny pies produkci PGE-2 navozovat u makrofagh regulacni
fenotyp, vyznacujici se snizenou produkci prozanétlivych cytokint IL-6, TNF-o a
IFN-y a zvySenou schopnosti fagocytovat apoptotické bunky. Zarovein MSC potlacuji
u stimulovanych makrofagl zvyseni exprese CD86 a MHC gp II, coZ narusSuje jejich
schopnost aktivovat CD4" T lymfocyty (Maggini et al., 2010).

Podle nejnovéjsich studii mohou MSC také fidit diferenciaci monocyt
v CD206" M2 makrofagy, produkujici velkd mnozstvi IL-10 (Melief et al., 2013) a
indukovat regulacni M2 fenotyp i u mikrogliovych bun€k z centralni nervové soustavy

(Hegyi et al., 2014).

NK buiiky

MSC inhibuji proliferaci klidovych NK buné€k stimulovanych pomoci IL-2,
zatimco proliferaci aktivovanych NK bunck ovliviiuji pouze Castecné. Aktivované NK
buniky navic mohou lyzovat autologni i alogenni MSC, ale tato schopnost byla
inhibovana v ptipadé, ze byly pouzity MSC ovlivnéné IFN-y, které¢ na svém povrchu

exprimovaly vyssi mnozstvi MHC gp I (Spaggiari et al., 2006).
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MSC rovnéz brani nastupu efektorovych funkci NK bunék vcetné jejich
cytotoxické aktivity a produkce cytokini. Imunomodula¢ni efekt MSC na NK bunky
spociva predevsim v aktivité IDO a produkci PGE-2 (Spaggiari et al., 2008).

Nékteré studie ptinesly dikazy o tom, Ze MSC mohou mit nezadouci ucinek na
protinadorovou imunitu, ktery je spojen piedevs§im se snizenou cytotoxickou aktivitou
NK bunék a Tc lymfocytd, niz§im podilem NK-T lymfocyti a vy$S§im poctem Treg
lymfocytt (Ljujic et al., 2013).

DC

DC jsou nejucinngjsi APC a hraji klicovou roli v zahdjeni bunécné imunity.
MSC u DC inhibuji proces dozravani, potlatuji u nich schopnost podporovat
proliferaci CD4" T lymfocytii, schopnost vystavovat peptidy v komplexu s MHC gp 11
a snizuji expresi n€kterych chemokinovych receptord, ¢imz ovliviiuji jejich migraci
(English et al., 2008).

U zralych DC MSC ovliviiuji prostfednictvim PGE-2 zejména produkci
cytokini. U myeloidnich DC dochazi pod vlivem MSC ke snizeni produkce
prozanétlivého TNF-o, naopak v pfipadé plazmacytoidnich DC dochazi ke zvysSeni
produkce protizanétlivého IL-10 (Aggarwal a Pittenger, 2005).

Stejné jako u makrofdgii mohou MSC 1 u DC indukovat pies produkci PGE-2
regulacni fenotyp. Tyto regula¢ni DC produkuji TGF-B vyvolavajici vyvoj Treg
lymfocytti (Zhang et al., 2014).

Zirné buiiky

Zirné buiiky hraji kli¢ovou roli pii rozvoji alergického zanétu a rovnéz se podili
na patogenezi nékterych autoimunitnich onemocnéni vcetné revmatoidni artritidy.
Bylo zjisténo, ze MSC u¢inné potlacuji fadu funkci Zirnych bunék in vitro i in vivo a
mohly by se tedy stat zdkladem nové 1éCebné strategie v terapii onemocnéni, v jejichz
patogenezi jsou zirné buniky zapojeny. MSC pies aktivitu COX-2 potlacuji u Zirnych
bun¢k degranulaci, produkci prozanétlivého TNF-a i jejich chemotaxi (Brown et al.,

2011).
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T lymfocyty

MSC maji schopnost ovliviiovat proliferaci 1 efektorové funkce T lymfocytl
véetné produkce cytokinti a aktivity cytotoxickych T lymfocytl (cytotoxic T cells —
Tc). Efekt MSC vsak nemusi byt ve vSech ptipadech vysledkem pouze piimého
supresivniho plisobeni na T lymfocyty, ale mize vychdzet naptiklad i z inhibi¢niho
plsobeni MSC na zrani a aktivaci DC, nasledkem ¢ehoZz miiZze byt omezena efektivita
prezentace antigeni T lymfocytim a jejich naslednd klondlni expanze. Disledkem
snizené aktivace CD4" T lymfocytll pak miize dojit k neu¢inné pomoci Th lymfocyti
B lymfocytiim a k jejich nésledné snizené proliferaci a omezené produkei protilatek.

Zavery tykajici se ptisobeni MSC na Casnou fazi aktivace T lymfocyti a expresi
molekul CD25 a CD69 jsou pon€kud rozporuplné. Nektefi autofi zjistili, Ze
v ptitomnosti MSC dochazi ke snizeni exprese znakii ¢asné aktivace T lymfocyti (Le
Blanc et al., 2004; Liu et al., 2007), jiné prace naopak hovoii o tom, ze pritomnost
MSC neovliviiuje, nebo dokonce posiluje expresi molekul CD25 a CD69 (Glennie et
al., 2005; Ramasamy et al., 2008; Kronsteiner et al., 2011).

Dile bylo zjisténo, ze MSC inhibuji proliferaci CD4" i CD8" T lymfocyti,
pricemz tento efekt pravdépodobné nespociva v indukci apoptozy, ale je disledkem
zastaveni bunécného cyklu T lymfocytl v G1 fazi. Po restimulaci a odstranéni MSC
doslo u T lymfocytt k obnovée produkce IFN-y, ale nikoliv proliferace. Zda se tedy, Ze
MSC indukuji u T lymfocytl stav neodpovidavosti obdobny anergii T lymfocytd in
vivo (Di Nicola et al., 2002; Glennie et al., 2005; Ramasamy et al., 2008).

Pisobeni MSC na T lymfocyty je ziejmé zprosttedkovano mezibunéénym
kontaktem 1 produkci imunomodula¢nich molekul vcéetné PGE-2 (Aggarwal a

Pittenger, 2005), TGF-B, HGF (Di Nicola et al., 2002) a aktivity IDO (Li et al., 2014).

Tc lymfocyty

CD8" Tc lymfocyty rozeznavaji antigeny odvozené od cytoplazmatickych
peptidi v komplexu s MHC gp I, a jsou tedy klicové pro likvidaci nadorovych bunék a
bunék infikovanych viry.

Pokud jsou MSC ptidany do smésné lymfocytarni kultury na jejim pocatku, pak
jsou schopny potlacit vyvoj Tc lymfocytd. Mira lyze cilovych bunék vsSak neni
ovlivnéna, pokud jsou MSC pfidany do kultury az v cytotoxické fazi. Zda se tedy, ze

MSC nejsou lyzovany Tc lymfocyty, jsou schopny prostfednictvim solubilnich faktort
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inhibovat vyvoj Tc lymfocytii, ale nejsou schopny potlacit jejich cytotoxicitu
(Rasmusson et al., 2003).

Podle jiné prace mohou MSC pies indukci tolerogennich monocytii navozovat
u Tc lymfocytd supresivni fenotyp spojeny se snizenou expresi CDS, CD28 a CD44 a
poklesem produkce IFN-y a granzymu B. Tolerogenni fenotyp u monocyti byl
provazeny poklesem exprese kostimulacnich molekul CD80 a CD86 a byl indukovéan
solubilnimi faktory produkovanymi MSC, zatimco efekt na Tc lymfocyty byl
podminén jejich pfimym kontaktem s tolerogennimi monocyty (Hof-Nahor et al.,

2012).

Th lymfocyty

MSC maji rovnéz schopnost ovlivitiovat produkci cytokinli u T lymfocyty a
V ptitomnosti MSC dochézi ke snizeni produkce IFN-y Thl lymfocyty a k posunu
rovnovahy ve sméru vyvoje Th2 lymfocytid a zvySené produkce IL-4 (Aggarwal a
Pittenger, 2005).

Posileni produkce Th2 cytokini na ukor produkce Thl cytokinii po podani
MSC bylo sledovano i u mnoha in vivo modelti véetné exprimentalni autoimunitni
uveoretinitidy (experimental autoimmune uveoretinitis — EAU) (Zhang et al., 2011),
alogenni transplantace rohovky (Jia et al., 2012), amyotrofické laterdlni sklerozy

(Kwon et al., 2014) a mnoha dalsich.

Treg lymfocyty a Th17 lymfocyty

Th17 lymfocyty chrani organizmus pied extracelularnimi patogeny a hraji
klicovou roli v nékterych zanétlivych onemocnénich vcetné roztrousené sklerozy a
revmatoidni artritidy. Th17 lymfocyty mohou produkovat IL-17A, IL-17F, TNF-a,
IL-1B, IL-23 1 dalsi cytokiny a jejich vyvoj je indukovéan spole¢nym plisobenim TGF-3
a IL-6 (Wilson et al., 2007).

MSC bréani prostiednictvim PGE-2 diferenciaci naivnich CD4" T lymfocyti
v Th17 lymfocyty a zaroven potlacuji produkei IL-17, IL-22, IFN-y a TNF-a u jiz
diferencovanych Th17 bunck. V zanétlivém prostiedi mohou MSC pisobit na
Th17 lymfocyty a indukovat u nich fenotyp Treg lymfocyti (Obr. 3). Na molekuldrni
urovni vede ptisobeni MSC k epigenetickym zméndm u Th17 lymfocytl projevujicim

se zvysSenou expresi transkripéniho faktoru Foxp3 (forkhead box p3) a navozenim
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schopnosti inhibovat proliferaci aktivovanych CD4" T lymfocytd (Ghannam et al.,
2010).
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Obr. 3: Vliv MSC na vyvoj Treg a Th17 lymfocyti. MSC inhibuji vznik Th17 lymfocytt a
podporuji pfeprogramovani diferencovanych Th17 lymfocyti na Treg lymfocyty. Naivni CD4"
T lymfocyty mohou diferencovat pod vlivem TGF-B a IL-6 v prozanétlivé Th17 lymfocyty.
Tento proces spociva v aktivaci STAT3 (signal transducer and activator of transcription 3) a
zvysSeni exprese RORyt (retinoic acid receptor-related orphan receptor-yt). Naproti tomu,
TGF-B podporuje tvorbu imunosupresivnich Foxp3" (forkhead box P3) Treg lymfocyti pies
aktivaci STATS. MSC exprimuji vysoka mnozstvi receptoru pro IL-17, ktery podporuje jejich
proliferaci a prezivani, coz mize fungovat jako negativni zpétnovazebna smycka, v niz MSC
v reakci na IL-17 potladuji diferenciaci naivnich CD4" T lymfocytii v dal§i Th17 lymfocyty.
MSC navic ptimo podporuji vyvoj Treg lymfocyti, inhibuji produkci prozanétlivych cytokint
Th17 lymfocyty a také fidi pfeprogramovani Th17 lymfocytl na Treg lymfocyty. Pievzato
z Le Blanc et al., 2012.

Kultivace Th17 lymfocytli s MSC vede ke snizeni exprese CD25 a produkce IL-17A.
Tyto t€inky byly zmirnény v pfipad€, ze bylo zabranéno mezibunéénému kontaktu.
Kuplnému zablokovani tohoto efektu pak vedlo pouziti selektivniho inhibitoru
COX-2. MSC rovnéz inhibovaly funkce pfirozené¢ se vyskytujicich Th17 lymfocyth
ziskanych z oblasti zanétu u modelu obstrukce mocovych cest (Duffy et al., 2011).
Treg lymfocyty ptedstavuji specializovanou populaci T lymfocytl, jejimz
ukolem je tlumit nezadouci imunitni reakce a zajiStovat toleranci vuc¢i vlastnim
antigenim. Fenotyp Treg lymfocytl je asociovan s vysokou expresi transkripéniho
faktoru Foxp3, a naopak nizkou expresi CD127, coz je spojeno s nastupem jejich

regulac¢ni aktivity (Liu et al., 2006).

23



MSC svym ptsobenim navozuji, reguluji a udrzuji fenotyp a funkce Treg
lymfocytii. MSC piisobi nariist podilu CD4"CD25"¢"Foxp3* bundk majicich zarovei
snizenou expresi CD127. Treg lymfocyty kultivované v ptitomnosti MSC po dobu 15
dnli si zachovavaji své supresivni schopnosti, naopak neptitomnost MSC v kultute
vede po 5 dnech ke ztraté vSech supresivnich vlastnosti Treg lymfocytt (Di lani et al.,
2008).

Indukei Treg lymfocyti zajiStuje ptsobeni PGE-2 a TGF-B produkovanych
MSC. Nezastupitelnd role téchto dvou molekul byla potvrzena prostiednictvim
inhibitoru a neutraliza¢ni protilatky, jejichz pfidani vedlo k vymizeni pozorovaného

efektu (English et al., 2009; Melief et al., 2013).

B lymfocyty

Odpovéd’ B lymfocytil je do znaéné miry zavisla na kooperaci s Th lymfocyty.
Vedle ptimého pisobeni MSC na B lymfocyty tedy miize vysledny efekt souviset i
s MSC zprosttedkovanou inhibici funkei T lymfocytu.

MSC maji schopnost inhibovat proliferaci B lymfocyti a zda se, Ze hlavnim
mechanizmem neni indukce apoptdzy, ale spiSe zastaveni bunééného cyklu
B lymfocyti v GO/G1 fazi. MSC rovnéz inhibuji diferenciaci B lymfocytl
v plazmatické buiiky, coz je spojeno s vyraznym sniZzenim produkce imunoglobulinu
M (immunoglobulin — Ig), IgG a IgA. Ovlivnény jsou také chemotaktické vlastnosti
B lymfocyti, které na svém povrchu exprimuji méné chemokinovych receptorti, coz
vede ke sniZzeni chemotaxe. Naopak, exprese kostimula¢nich molekul a produkce
cytokini nebyla plisobenim MSC ovlivnéna (Corcione et al., 2006).

Ukéazalo se, Ze pro inhibici proliferace a diferenciace B lymfocyti
zprosttedkovanou puisobenim MSC je kli¢ova jednak pfitomnost CD4" i CD8"
T lymfocyti, jednak pfimy kontakt mezi MSC a T lymfocyty, naopak kontakt MSC
s B lymfocyty vyZzadovén neni (Rosado et al., 2014).

Regula¢ni B lymfocyty

Viiv MSC na vyvoj Treg lymfocytd 1 dalSich populaci leukocytl se
supresivnim fenotypem je jiz pomérné¢ dobfe zdokumentovan. Teprve nedavno vsak
bylo imunomodula¢ni plisobeni MSC rozsifeno o populaci regulacnich B lymfocytt

(regulatory B cells — Breg), ktera se podobn¢ jako Treg lymfocyty podili na supresi
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imunitni odpovédi, pfiCemz stézejnim mechanizmem jejich plsobeni je produkce
IL-10.

V ptipadé klinické studie zaméfené na 1écbu chronické GVHD vedla infuze
MSC ke klinickému zlepseni, které bylo spojeno s narlistem poétu CD5"
Breg lymfocytli produkujicich IL-10 a niz§imi hladinami prozanétlivych cytokind.
MSC pravdépodobné podporuji pieziti a proliferaci CDS5" Breg lymfocytl
prostiednictvim aktivity IDO (Peng et al., 2014).

V jiné praci podani dvou davek MSC potlatovalo pribeh experimentalni
autoimunitni encefalomyelitidy. Lécebny efekt MSC souvisel zejména se snizenim
poctu Th17 bunék a posilenim aktivity CcD1d"¢"CcD5* Breg lymfocyti. Zaroven doslo
k poklesu poctu zanétlivych infiltrati a k omezeni demyelinizace michy, coz bylo

spojeno s niz§imi sérovymi hladinami IL-6, TNF-a a IL-17 (Guo et al., 2013).

2.3.3.3  Vliv prostifedi na imunomodula¢ni schopnosti MSC

V souvislosti s vyzkumem imunomodulacnich schopnosti MSC existuji ¢etné
studie poukazujici na fakt, ze MSC nedisponuji svymi supresivnimi schopnostmi
konstitutivné, ale ze je ziskavaji az na zaklad¢ plisobeni zanétlivého prostiedi. Zda se,
ze MSC jsou vnimavé k signadlim produkovanym zanicenou tkani a jsou schopny
v reakci na tyto signdly migrovat do daného mista a postupné rozvinout strategii
zajistujici potlaceni nezadouci zanétlivé odpovédi, piipadné podpofit regeneraci

poskozenych tkani.

2.3.3.3.1 Vliv prozanétlivych cytokini na imunomodulacni schopnosti

MSC

Podle nékterych praci je pro navozeni imunomodulacni aktivity MSC klicové
pusobeni prozanétlivych cytokini — predevsim IFN-y, TNF-a a IL-1p (Krampera et al.,
2006; Ren et al., 2008; Ren et al., 2009).

Prvnim cytokinem studovanym v souvislosti s ovlivnénim imunomodulac¢nich
schopnosti MSC byl IFN-y, kdy Krampera et al. (2006) zkoumali supresivni aktivitu
MSC podminénou ptitomnosti IFN-y produkovaného aktivovanymi T lymfocyty a NK
buitkami. Pfidani neutralizaéni protilatky proti receptoru pro IFN-y zcela zablokovalo

supresivni uéinky MSC na CD4" lymfocyty a ¢asteéné i na CD8" lymfocyty
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(Krampera et al., 2006). U¢inky IFN-y byly potvrzeny in vivo na my$im modelu
GVHD, kde byly MSC stimulované IFN-y efektivnéjsi v potlaceni reakce darcovskych
T lymfocyta proti tkanim ptijemce (Polchert et al., 2008).

Rovnéz bylo zjisténo, ze dulezitou roli hraje v tomto ohledu i koncentrace
IFN-y, pfipadné¢ soucasna piitomnost dalSich prozanétlivych cytokina. IFN-y
samostatné nebo kombinované synergické pusobeni IFN-y s TNF-o nebo IL-1B
navozuje imunosupresivni u¢inky MSC prostfednictvim zvySené exprese COX-2
(English et al., 2007), IDO (Francois et al., 2011), iNOS (Romieu-Mourez et al., 2009)
a superoxid dismutazy 3 (Kemp et al., 2010).

Dilezitou roli hraji i hladiny IFN-y, kterym jsou MSC vystaveny. Plsobeni
nizkych koncentraci IFN-y zvySuje u MSC expresi MHC gp II. To umoziuje, aby
MSC v €asné fazi imunitni reakce, kdy jsou hladiny IFN-y v prostiedi nizké, plsobily
jako nekonven¢ni APC. Nasledn¢, v prubéhu imunitni odpovédi, kdy koncentrace
IFN-y postupné stoupd, dochéazi ke snizeni exprese MHC gp II, soucasné ztraté
schopnosti MSC prezentovat antigeny a k postupnému nastupu imunosupresivnich
schopnosti (Chan et al., 2006; Stagg et al., 2006).

MSC mohou navic stejn¢ jako DC zkiizené prezentovat exogenni antigeny a

vyvolavat tak reakci CD8" T lymfocytt (Francois et al., 2009).

2.3.3.3.2Vliv stimulace pres TLR na imunomodula¢ni schopnosti
MSC

Stimulace ptes TLR miize, stejn¢ jako nckteré prozanétlivé cytokiny,
vyznamné ovlivnit imunomodulacni vlastnosti a migraci MSC. MSC exprimuji fadu
povrchovych i intracelularné lokalizovanych TLR, které spousti signalizacni kaskady
regulujici nckteré molekuly kliCové pro jejich imunomodulaéni aktivitu
(Romiue-Mourez et al., 2009).

Studium vlivu stimulace MSC pifes TLR vSak pfineslo nesourodé vysledky
svédcici na jednu stranu o podpofe imunosupresivnich vlastnosti MSC, na stran¢ druhé
vSak o jejich prozanétlivém vlivu (Liotta et al., 2008). Tyto rozdilné zavéry mohou byt
vysvétleny diky praci Waterman et al. (2010), kterd pfinesla zajimavou teorii

rrrrr

do oblasti MSC. Zjistili, Ze zatimco stimulace MSC ptfes TLR-4 podporuje pievladnuti
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prozanétlivého fenotypu spojené s produkci TGF-B, IL-6 a IL-8, aktivace MSC pies

-----

-----

fyziologické podminky, ve kterych se pravé nachézi v organizmu. Po migraci do
zanétlivée tkan€é mohou byt stimulovany ligandy TLR-4 a piispivat krychlé
antimikrobialni odpovédi, avSak pozd¢ji pii pretrvavajicim zanétu a poskozeni tkané
mohou byt aktivovany pfes TLR-3, utlumit nezddouci zanét a podpofit regeneraci
(Roumieu-Mourez et al., 2009).

Rovnéz bylo zjisténo, Ze mnoho ligandi TLR podporuje migraci MSC.
Ukézalo se v8ak, ze dileZity parametr je v tomto pfipad¢é doba, po kterou jsou MSC
ligandlim vystaveny. Kratka stimulace pfes TLR posilovala migra¢ni schopnosti MSC,

zatimco stimulace del$i nez 24 hodin tuto schopnost snizovala (Waterman et al., 2010).

Ligandy TLR 1 prozanétlivé cytokiny se mohou vyznamné podilet
na patogenezi nékterych onemocnéni, u nichz je zvazovéna terapie pomoci MSC. Je
tedy pravdépodobné, ze terapeuticky podané MSC budou témito molekulami
ovlivnény. Z tohoto ditvodu bude dilezité nacasovat podani MSC tak, aby prostiedi

v organizmu nemocného navodilo u MSC supresivni fenotyp.

2.3.4 Terapeutické vyuziti MSC

Pivodnim divodem pro zvazované terapeutické vyuziti MSC byl predevsim
jejich Siroky diferenciacni potencial a ztoho vyplyvajici uplatnéni v regenerativni
medicin€. Pozdéji doslo k rozsifeni jejich mozného terapeutického potencialu o oblasti
vyuZivajici rozsédhlé imunomodulaéni schopnosti MSC. V soucasné dob& probiha na
zaklad¢ poznatkl ziskanych v preklinickych testech vice nez 300 klinickych studii
sledujicich efekt MSC na pribé¢h a 1écbu nejriznéjSich onemocnéni. V oblasti
regenerativni mediciny se jednd predevSim o studie vyuzivajici MSC pro 1écbu
poskozeni chrupavek a §lach, roztfisténych zlomenin kosti, osteogenesis imperfecta,
osteoartritidy, tézkych poranéni michy, amyotrofické lateralni sklerdzy, infarktu,
mrtvice, popalenin, jaterni cirhézy, retinitis pigmentosa, deficitu LSC, Duchenovy

muskularni dystrofie, plicni fibrozy, rozsté€pu rtu a patra a mnoha dalSich. V oblasti
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hematologie a transplantaci kostni dien¢ je to predevSim lécba nedostatecné funkce
St€pu po alogenni transplantaci HSC, akutni a chronické GVHD a téZké aplastické
anémie. V pfipad¢ autoimunitnich onemocnéni se jiz testuje terapie pomoci MSC
u pacientll trpicich ulcerdzni kolitidou, diabetem mellitus, roztrouSenou sklerézou,
revmatoidni artritidou, Crohnovou chorobou a systémovou sklerodermii (Cerpano
z www.clinicaltrials.gov).

Podstatou terapeutického uc¢inku MSC v oblasti regenerativni mediciny neni
v fad¢ pfipadi pouze diferenciace MSC v potfebny bunécny typ, ale také tvorba
optimalniho prostedi podporujiciho proces hojeni. MSC produkuji celou fadu faktort
a molekul, které inhibuji apoptdzu, ¢imz minimalizuji rozsah poskozeni, potlacuji
fibrozu a tvorbu jizev v postizené oblasti, moduluji imunitni reakci a omezuji tak
nezddouci zanétlivé poskozeni tkang, stimuluji angiogenezi a tim zajiStuji tvorbu
nového krevniho zasobeni a také podporuji proliferaci tkanové specifickych
progenitorovych bun¢k (Caplan a Dennis, 2006).

V ptipadé bunééné terapie pomoci MSC je velkou vyhodou piedevs§im jejich
relativné snadnd izolace a kultivace. Dalsi vyhodou je schopnost MSC selektivné
migrovat do mista poSkozeni. U mySiho modelu alogenni transplantace srdce byly
intraven6zn¢ podané MSC nalezeny v transplantatu a lymfoidnich orgénech ptijemce,
kde se podilely na sniZeni reakce proti alogennimu §tépu (Ge et al., 2009).

Stale vsak existuje mnoho nevyjasnénych otdzek tykajicich optimélniho
davkovani, naCasovani a zptisobu podani testovanych MSC. Vzhledem k mozné
plasticit¢ imunomodula¢niho plisobeni MSC bude klicové, aby se jim po podani
do organizmu pacienta dostalo optimalni stimulace pfes TLR a prozanétlivé cytokiny,
ktera u nich povede k navozeni supresivniho fenotypu.

S terapii pomoci MSC jsou vsak spojena i jista rizika, mezi néz patii predevsim
obavy z ucinki MSC na rast nadori a na protinddorovou imunitu, ztvorby
nezadouciho bunééného typu in vivo a z nespecifické modulace imunitniho systému,

ktera mtize vést ke snizeni obranyschopnosti vii¢i béznym patogeniim.
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2.3.4.1 Vyuziti MSC v 1é¢bé poskozeného povrchu oka

PoSkozeni rohovkového epitelu miize byt spojeno s intenzivnim zénétem,
nepruhlednosti a neovaskularizaci rohovky a s epitelidlnimi defekty, které mohou
vyustit aZ v nevratnou ztratu zraku. Jiz 24 hodin po poskozeni dochdzi k masivni
infiltraci rohovky leukocyty. Béhem 48 hodin dojde k n¢kolikandsobnému narastu
poctu makrofagi infiltrujicich poskozenou tkan, coz je doprovazeno postupnym
zvySovanim poctu lymfocyt (O'Brien et al., 1998).

Konvencéni 1écba akutni faze rohovkového zanétu v soucasnosti spociva
V pozd¢jsi fazi pak mlZe byt provedena transplantace epitelidlnich vrstev
expandovanych zmalého limbalniho S§tépu na riznych podkladech. Omezena
dostupnost LSC vhodnych pro transplantaci a riziko rejekce pfi alogenni transplantaci
vedlo k hledani jinych bunék vhodnych pro tento ucel. MSC byly vybrany pro svou
schopnost diferenciace v epitelidlni buniky a pro jejich imunomodulaéni vlastnosti
nabizejici moznost potlacit nezddouci zéanétlivou imunitni odpovéd v poskozené
rohovce. Modelové ptisobeni MSC pii 1é¢bé poskozené rohovky ukazuje Obr. 4.

Lan et al. (2012) sledovali ucinek rohovkového poskozeni na mobilizaci
endogennich MSC z kostni dfené. Béhem 48 hodin doSlo ke zdvojnasobeni poctu
cirkulujicich MSC, které pravdépodobné souviselo se zvySenim hladiny chemokint
v rohovce i1 v krvi. Nasledné podani terapeutick¢ davky darcovskych MSC vedlo
k rychlé¢ regeneraci rohovky spojené s cilenou migraci podanych MSC do mista
poskozeni (Lan et al., 2012). V jiné praci byly pouzity MSC piedem diferencované
v rohovkovy epitel, které byly pomoci amniové membrany pfeneseny na poskozenou
rohovku, kde jiz 4 tydny po aplikaci snizovaly jeji neovaskularizaci a neprtihlednost

(Jiang et al., 2010).
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Obr. 4: Mozné mechanizmy pusobeni MSC pri 1é¢bé poSkozeného rohovkového epitelu.
Terapeuticky uc¢inek MSC souvisi s jejich schopnosti selektivni migrace do mista poskozeni,
podporou rlstu progenitorovych bunék sidlicich v rohovkovém epitelu, tvorbou
regenerativniho  mikroprostiedi  prostfednictvim  produkce rastovych  faktordi a
imunomodula¢nich molekul, antifibrotickym a antiapoptotickym u¢inkem a moZnou
diferenciaci v rohovkové epitelialni buiiky.
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V ptipadé lidskych MSC kultivovanych na amniové membrang, které byly
pouzity v krysim modelu poSkozené rohovky, terapeuticky uc¢inek spocival spise
v potlaceni zanétu a angiogeneze nez v diferenciaci MSC v epitelidlni bunky.
V poskozenych rohovkach 1é¢enych MSC doslo v porovnani s nelécenymi kontrolami
k vyznamnému sniZzeni poctu bunc¢k exprimujicich CD45 a IL-2 (Ma et al., 2006).
U lécby pomoci MSC podanych injekéné pod spojivku doslo k vyznamnému posileni
obnovy rohovkového epitelu, snizeni mnozstvi CD68" myeloidnich bunék infiltrujicich
poskozenou rohovku a poklesu exprese TNF-a (Yao et al., 2012). V jiné praci byly
MSC nanaSeny na poskozenou rohovku pomoci valcovitého plastového aplikatoru,
ktery zabranil mrkani a umoznil MSC pfichytit se na poskozenou oblast. Bylo zjisténo,

ze jak MSC, tak caste¢né i1 opakované naneseni kondiciovaného média z kultur MSC
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potlacovalo zanét a neovaskularizaci rohovky za soucasné¢ho snizeni exprese IL-2 a
IFN-y, zvySeni exprese IL-10, TGF-B a IL-6 a omezeni infiltrace rohovky CD4"
bunikami (Oh et al., 2008).

Zajimavé vysledky pfinesly 1 prace studujici moznost vyuziti
imunomodula¢niho ptlisobeni systémové podanych krysich MSC pro 1écbu EAU.
U zvifat lécenych MSC doSlo k zmirnéni poSkozeni sitnice, coz bylo spojeno
s poklesem infiltrace prozanétlivymi builkami a zvySenim poctu Treg lymfocyti.
T lymfocyty ziskané ze zvitat 1é¢enych MSC produkovaly méné IFN-y a IL-17 a vice
IL-10 (Zhang et al., 2011). Li et al. (2013) z;jistili, ze po podani MSC doslo k potlaceni
produkce Thl a Th17 cytokint, k soucasnému posileni produkce Th2 a Treg cytokina
a snizeni mnozstvi IL-17 v komorové tekutiné (Li et al., 2013a).

Dalsi prace sledovala imunomodulac¢ni U¢inky systémové podanych MSC
umodelu transplantace alogenni rohovky. Poopera¢ni aplikace MSC prodlouzila
preziti transplantatu, doslo k inhibici proliferace zanétlivych T lymfocyti, ke snizeni
produkce Thl cytokinli, posileni produkce Th2 cytokini a zvySeni poctu
Treg lymfocytt (Jia et al., 2012). Podobn¢ tomu bylo 1 v dalsi praci, kde intravendzné
podané MSC zachycené v plicich pusobily ptes produkci TSG-6 potladeni casného
zénctu a snizovaly aktivaci APC v transplantované rohovce a spadovych lymfatickych

uzlinach, coz vedlo k prodlouZzenému pteziti transplantatu (Oh et al., 2012).

24 LSC

Rohovkovy epitel je obnovovan pomoci malé populace LSC sidlicich v bazalni
vrstvé limbu ve struktufe zvané Vogtovy palisady. Tato struktura poskytuje LSC
unikatni mikroprostiedi zajiSt'ujici jim ochranu pfed nezadoucimi podnéty, které by
mohly zapficinit jejich diferenciaci ¢i apoptdzu (Schermer et al., 1986; Gipson et al.,
1989).

Pro LSC je typickd maléd velikost a pomaly bunéény cyklus, ¢ehoz se Casto
vyuziva pii jejich izolaci pomoci centrifugace na hustotnim gradientu nebo na zakladé
delsiho zadrzovéani znacenych DNA prekurzori (Cotsarelis et al., 1989; Krulova et al.,
2008). Doposud vsak nebyl nalezen jedine¢ny znak, ktery by byl exprimovan pouze
populaci LSC. Pro jejich charakterizaci se nejcastéji vyuziva kombinace znakul

asociovanych s kmenovymi burikami, jako jsou transkripcni faktor p63 (Pellegrini et
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al., 2001) a membranovy transportér ABCG2 (ATP-binding cassette transporter group
2 protein) (Zhou et al., 2001; Budak et al., 2005). Souc¢asn¢ musi byt vylouc¢eny bunky
nesouci diferenciacni znaky asociované s rohovkovym epitelem, mezi néz patii keratin
3 a 12 a konexin-43 (Chen et al., 2004).

Nasledkem onemocnéni ¢i poranéni oka muze dojit k deficitu LSC, ktery
postupné¢ vede k procesu konjunktivizace, pfi némz fenotypové odlisné bunky
spojivkového epitelu penetruji rohovku a zplisobuji jeji neprithlednost, chronické
zandty a trvalé epitelidlni defekty (Huang et al., 1991). V klinické praxi se pfi 1é€bé
pacientl postizenych deficitem LSC postupné upousti od transplantaci rohovek nebo
velkych limbalnich Stépti a pfistupuje se k transplantacim epitelidlnich vrstev
expandovanych z malého $tépu limbu na riznych nosicich, jako je fibrinovy gel
(Marchini et al., 2012) nebo amniovd membrdana (Shahdadfar et al., 2012).
V poslednich letech byla ve snaze usnadnit ptenos LSC pfii 1é€bé ocnich defektt
vyvinuta fada novych biokompatibilnich materidli vcetné¢ kolagenovych nosicu
(Dravida et al., 2008), hydrogeli tvofenych smési chitosanu s kolagenem nebo
elastinem (Grolik et al., 2012), nanovlakennych nosict (Cejkova et al., 2014) nebo
prahledné vrstvy vlasového keratinu (Feng et al., 2014). Omezena dostupnost LSC
vhodnych pro transplantaci a riziko rejekce pii alotransplantaci vedlo vyzkumné
skupiny k hledani jinych bun€k vhodnych pro rekonstrukci nefunkéniho nebo
autologni oralni slizni¢ni epitelidlni buniky (Sharma et al., 2012) nebo MSC

kultivované na amniové membrané (Ma et al., 2006; Rohaina et al., 2014).

2.5 Nanovlakenné nosice

V soucasné dob¢ je pro rist a prenos kmenovych bun¢k k dispozici cela tfada
substrati a nosicli vcetné¢ nanovlaken, kterd v této souvislosti piedstavuji jednu
znejnadéjnéjSich  alternativ.  Nejcastéji  pouzivanym  zplsobem  piipravy
nanovldkennych nosicu je elektrostatické zvlakinovani neboli electrospinning, s jehoz
pomoci lze pfipravit vldkna o priméru viaddu desitek nanometri az desitek
mikrometra s definovanou porozitou a hmotnosti na cm”. Trojrozmérna struktura
nanovldkennych nosi¢t piipomina strukturu extracelularni matrix a poskytuje

kmenovym bunikdm velkou plochu pro jejich pfichyceni a riist. Nanovlakenné nosice

mohou byt pfipraveny z riiznych piirodnich nebo syntetickych polymert, které jsou
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vybirany ptfedevSim s ohledem na jejich co nejvyssi biokompatibilitu. Z ptirodnich
polymerti se nejcastéji pouziva chitosan a kolagen, ze syntetickych polymert je to pak
pozadavky kladené na pfipravované nanovldkenné nosice patii jejich stabilita ve
vodném prostfedi a optimalni biokompatibilita. Zajimavou alternativu pfedstavuje
pfiprava nanovlaken, kterd mohou obsahovat 1é¢iva nebo jiné bioaktivni latky (Wang
et al., 2009). Mozné vyuZiti nanovlakennych nosi¢ti nesoucich MSC bylo jiz Gspésné
testovano u fady zvifecich modeltl patologickych stavii véetné poskozeni povrchu oka

nebo chrupavky (Li et al., 2005; Soleimani et al., 2010; Cejkova et al., 2013).
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3 Cile prace

Stanovit vliv cytokinového prostiedi na imunomodulaéni vlastnosti MSC.

Imunomodulaéni u¢inky MSC jsou zprostfedkovany celou fadu faktord, jejichz
produkce muze byt zasadné ovlivnéna prostiedim, ve kterém se MSC nachézi.

rrrrr

na imunomodulaéni aktivitu MSC.

Ur¢it vliv cytokinii produkovanych rizné stimulovanymi MSC na vyvoj

Treg a Th17 lymfocytu.

MSC produkuji konstitutivné TGF-p, ktery fidi diferenciaci CD4" T lymfocyti
v Treg lymfocyty. Zaroveit mohou MSC za urcitych okolnosti produkovat IL-6,
pfiCemZ kombinované piisobeni TGF-f a IL-6 sméfuje vyvoj T lymfocytl
k Th17 buiikdm. Budou stanoveny faktory, které stimuluji MSC k produkci
IL-6 a tim k indukci diferenciace T lymfocytl v prozanétlivé Th17 bunky.

Zjistit, zda mohou intraven6zné podané MSC ovlivnéné riznymi cytokiny

selektivné migrovat do oblasti poSkozené rohovky.

Stejné jako mohou faktory z prostfedi ovlivnit imunomodula¢ni piisobeni MSC,
mohou mit také ucinek na jejich migra¢ni schopnosti. Bude sledovan efekt
stimulace MSC riznymi cytokiny na jejich schopnost selektivné migrovat do

poskozené rohovky.

Stanovit, jaky ucinek maji intraven6zné podané MSC ovlivnéné ruznymi

cytokiny na rozvoj ¢asného zanétu v poskozeném rohovkovém epitelu.

Casna faze zanétu v rohovkovém epitelu je spojena s infiltraci poskozené
oblasti pfedev§im myeloidnimi, pozdéji i lymfoidnimi buitkami. Bude urcen
efekt intraven6zné podanych MSC na infiltraci rohovky rtiznymi populacemi

leukocytl a na produkci IL-1, IL-6, IL-10 a NO v poskozené tkani.
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Testovat ristové vlastnosti MSC a LSC kultivovanych na nanovlikennych
nosi¢ich a moZnost prenosu takto kultivovanych bunék na poSkozenou

rohovku.

Nanovlakenné nosi¢e maji komplexni trojrozmérnou strukturu, kterd poskytuje
bunkam potfebnou oporu pro rist nebo diferenciaci. Nanovlakenné nosice
mohou byt pfipraveny zriznych materidlii, ale ne vSechny materidly jsou
vhodné pro rist daného typu bunek. Proto bude sledovano, zda jsou nanovlakna
pripravend z PA6/12 a nanovlakna nesouci Cyklosporin A (Cyclosporine — Cs)

vhodna pro rtst a pfenos MSC a LSC.
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5 Vysledky

5.1 Role mySich MSC v diferenciaci naivnich T lymfocyti

v protizanétlivé Treg nebo prozanétlivé Th17 lymfocyty

Svobodova E., Krulova M., Zajicova A., Pokorna K., Prochazkova J., Trosan P.,
Holan V.
Stem Cells Dev. 2012;21:901-910.

MSC ziskané z kostni dfené¢ mohou modulovat imunitni odpoveéd’ a produkovat
vyznamna mnozstvi TGF- a IL-6. Tyto dva cytokiny predstavuji klicové faktory,
které recipro¢né reguluji vyvoj naivnich T lymfocytti v Treg nebo Th17 lymfocyty.
Tato studie dokazuje, ze MSC a jimi produkované cytokiny G¢inné reguluji expresi
transkripcnich faktortt Foxp3 a RORyt a kontroluji tak vyvoj Treg a Th17 lymfocytl
v populaci mysich slezinnych bunék stimulovanych aloantigeny nebo purifikovanych
CD4'CD25 T lymfocyti. Imunomodulaéni uéinky MSC byly vyrazngjsi, pokud byly
tyto bunky stimulovany tak, aby produkovaly TGF-B nebo IL-6 a TGF-f.
Nestimulované MSC produkuji TGF-f, ale neprodukuji IL-6. Produkce TGF- mize
V ptitomnosti prozanétlivych cytokinii naopak MSC produkuji vyznamna mnozstvi
IL-6 a zéaroven konstitutivné produkuji TGF-B. MSC produkujici TGF-B indukovaly
ptednostné expresi Foxp3 a aktivaci Treg lymfocytil, zatimco supernatanty ziskané
kultivaci MSC a obsahujici TGF-$ i IL-6 podporovaly expresi RORyt a vyvoj Thl7
lymfocytt. Pfi pouziti neutralizacnich protilatek proti TGF-f a IL-6 byl ucinek
rozpustnych faktorti v supernatantech z MSC zablokovan. Vysledky ukézaly, ze MSC
Foxp3™ Treg lymfocyty nebo prozanétlivé RORyt" Thl17 buiiky a tim mohou

ovliviiovat autoimunitni a transplanta¢ni reakce.
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The Role of Mouse Mesenchymal Stem Cells
in Differentiation of Naive T-Cells
into Anti-Inflammatory Regulatory T-Cell
or Proinflammatory Helper T-Cell 17 Population

Eliska Svobodova,? Magdalena Krulova,"? Alena Zajicova, Katerina Pokorna,'®
Jana Prochazkova,"? Peter Trosan,? and Vladimir Holan'-?

Bone marrow-derived mesenchymal stem cells (MSCs) modulate immune response and can produce significant
levels of transforming growth factor-f (TGF-B) and interleukin-6 (IL-6). These 2 cytokines represent the key
factors that reciprocally regulate the development and polarization of naive T-cells into regulatory T-cell (Treg)
population or proinflammatory T helper 17 (Th17) cells. In the present study we demonstrate that MSCs and
their products effectively regulate expression of transcription factors Foxp3 and RORyt and control the devel-
opment of Tregs and Th17 cells in a population of alloantigen-activated mouse spleen cells or purified CD4™"
CD25" T-cells. The immunomodulatory effects of MSCs were more pronounced when these cells were stimu-
lated to secrete TGF-f alone or TGF-P together with IL-6. Unstimulated MSCs produce TGE-, but not IL-6, and
the production of TGF-B can be further enhanced by the anti-inflammatory cytokines IL-10 or TGF-. In the
presence of proinflammatory cytokines, MSCs secrete significant levels of IL-6, in addition to a spontaneous
production of TGF-B. MSCs producing TGF-B induced preferentially expression of Foxp3 and activation of
Tregs, whereas MSC supernatants containing TGF-B together with IL-6 supported RORyt expression and de-
velopment of Th17 cells. The effects of MSC supernatants were blocked by the inclusion of neutralization
monoclonal antibody anti-TGF-B or anti-IL-6 into the culture system. The results showed that MSCs represent
important players that reciprocally regulate the development and differentiation of uncommitted naive T-cells
into anti-inflammatory Foxp3™ Tregs or proinflammatory RORyt™ Th17 cell population and thereby can
modulate autoimmune, immunopathological, and transplantation reactions.

Introduction MSCs are also potent producers of various cytokines.
After mitogen stimulation or upon a contact with lym-

HE ABILITY OF MESENCHYMAL stem cells (MSCs) to modu-  phocytes, they produce numerous cytokines; especially
late immune response has been well documented in nu-  interleukin-6 (IL-6) and transforming growth factor-p (TGF-
merous models. MSCs inhibit mitogen- or antigen-induced ) can be regularly found in MSC supernatants [15,16]. IL-6
cell proliferation, cytokine production, and generation of cy- and TGF-B have been shown to be the main factors recip-
totoxic cells in vitro [1-4]. Various types of immune response, ~rocally regulating the development of proinflammatory
such as autoimmune, antitumor, or transplantation reactions, RORyt" T helper 17 (Th17) cells and anti-inflammatory
have been attenuated by the transfer of MSCs [5-8]. However, Foxp3™ Treg population [17,18]. In naive CD4* T-cells,
in some models, MSCs stimulate immune reactions as op- TGF-p rapidly induces expression of both Foxp3 and RORyt
posed to the immunosuppressive effects of MSCs usually regardless of the presence of IL-6 [19,20]. However, in the
observed [9-11]. So far, cell-to-cell contact, production of in-  presence of IL-6 expression of Foxp3 is suppressed, ex-
hibitory molecules, or induction of regulatory T-cells (Tregs) pression of RORyt predominates, and the production of
has been implicated in the mechanism of immunomodulation ~ IL-17 is favored [19]. The crucial role in differentiation of
mediated by MSCs [6,12-14]. However, the manifestation of =~ T-cell subsets play concentrations of TGF-B. In low TGEF-p
individual mechanisms of MSC-mediated suppression differs ~ concentrations IL-6 suppresses Foxp3 expression, and the
among various models or between species. development of Thl7 cells prevails. On the other hand,

'Institute of Molecular Genetics, Academy of Sciences of the Czech Republic, Prague, Czech Republic.
“Faculty of Science, Charles University, Prague, Czech Republic.
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higher concentrations of TGF-B favor the development of
Foxp3™ Tregs [21]. Although other cytokines can also
modulate the development and the activity of Tregs and
Th17 cells, TGF- and IL-6 remain the most important cy-
tokines that, in a concentration—dependent manner, can or-
chestrate the differentiation of Tregs and Th17 cells. As
MSCs are a potent source of both IL-6 and TGF-B, they
represent a candidate cell population that could signifi-
cantly influence differentiation of Th17 cells and Tregs and
in this way to modulate autoimmune, immunopathologi-
cal, and protective immune reactions.

Here we show that MSCs produce variable levels of TGF-f
and IL-6 depending on the presence of proinflammatory IL-
1, IL-2, interferon-y (IFN-vy), tumor necrosis factor-o. (TNF-a),
or anti-inflammatory (TGF-B, IL-10) cytokines and thus skew
differentiation of naive CD4" T lymphocytes into Treg or
Th17 direction. Although MSCs can also contribute to im-
munoregulation by other mechanisms involving production
of inhibitory molecules [11,22,23] or a direct cell-cell contact
[1,12], the cytokine-regulated production of TGF-p and IL-6
by MSCs offers explanation for the different levels and pat-
terns of immunoregulatory properties of MSCs. The regula-
tion of differentiation and development of T-cell subsets
represents a novel property of mouse bone marrow (BM)-
derived MSCs.

Materials and Methods
Mice

BALB/c and C57BL/6] (B6) mice of both sexes were ob-
tained at the age of 8-12 weeks from the breeding unit of the
Institute of Molecular Genetics, Prague, Czech Republic. The
use of animals was approved by the local Animal Ethics
Committee.

Isolation and culture of MSCs

MSCs were isolated from the BM of BALB/c mice. The
BM from the femurs and tibias was flushed out, washed,
and cultured in Dulbecco’s modified Eagle’s medium
(DMEM; PAA Laboratories, Pasching, Austria) supple-
mented with 10% fetal calf serum (FCS; Sigma Co., St.
Louis, MO), antibiotics (100 pg/mL of streptomycin and
100 U/mL of penicillin), and 10 mM HEPES buffer (hereaf-
ter referred to as complete DMEM). The cells were cultured
at a concentration of 4x10° cells/mL in 6 mL of the culture
medium in 25-cm? tissue culture flasks (Nunc, Roskilde,
Denmark). After 24h of incubation, the nonadherent cells
were removed by washing and the remaining adherent cells
were cultured with regular exchange of the culture medium
and passaging of the cells to maintain an optimal cell con-
centration. After ~3 weeks of culture (2-3 passages), the
cells were harvested by gentle scraping and im-
munodepleted of CD11b" and CD45" cells by magnetic
activated cell sorting (MACS). In brief, cells were incubated
for 15min with CD11b MicroBeads and CD45 MicroBeads
(Miltenyi Biotec, Bergisch Gladbach, Germany), and
CD11b " CD45~ MSCs were isolated using the AutoMACS
magnetic separation system (Miltenyi Biotec). The purity of
sorted cells (>98% of cells were CD11b " CD457) was con-
firmed by flow cytometry using an LSRII cytometer (BD
Biosciences, Franklin Lakes, NJ).
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Characterization of MSCs by flow cytometry

MSCs isolated using MACS were washed in PBS con-
taining 0.5% bovine serum albumin and incubated for 30 min
on ice with allophycocyanine (APC)-labeled monoclonal
antibody (mAb) anti-CD44 (clone IM7; BD PharMingen, San
Jose, CA), fluorescein isothiocyanate (FITC)-labeled anti-
CD90.2 (clone 30-H12; BioLegend, San Diego, CA), phyco-
erythrin (PE)-labeled anti-CD105 (clone MJ7/18; eBioscience,
San Diego, CA), APC-labeled anti-CD11b (clone M1/70;
BioLegend), PE-labeled anti-CD31 (clone MEC 13.3; BD
PharMingen), or FITC-labeled anti-CD45 (clone 30-F11; Bio-
Legend). Dead cells were stained using Hoechst 33258 dye
(Invitrogen, Carlsbad, CA) added to the samples 15 min be-
fore flow cytometry analysis. Data were collected using an
LSRII cytometer (BD Biosciences) and analyzed using Flow]Jo
software (Tree Star, Ashland, OR).

Differentiation of MSCs to adipocytes
and osteoblasts

MSCs growing for 2-3 weeks and separated by magnetic
cell sorting were cultured in a complete DMEM medium
supplemented with specific adipogenic (containing 0.1 pM
dexamethasone, 0.5mM 3-isobutyl-1-methylxanthine,
0.1mM indomethacine, and 0.5 pg/mL of insulin) or osteo-
genic (0.1 uM dexamethasone, 0.1 mM L-ascorbic acid, and
10mM B-glycerolphosphate disodium salt pentahydrate)
reagents [24]. Differentiation of cells was confirmed by
staining with Oil Red O or Alizarin Red S.

Immunosuppressive properties of MSCs

Spleen cells (0.5 x 10° /mL) from BALB/c mice were stim-
ulated in a volume of 0.2mL of RPMI 1640 medium (Sigma
Co.) supplemented with 10% FCS, antibiotics, HEPES bulffer,
and 5x10° M 2-mercaptoethanol (hereafter a complete
RPMI 1640 medium) in 96-well tissue culture plates (Corning
Co., Corning, NY) with 10pug/mL of mAb anti-CD3 [25].
Purified MSCs were added to these cultures at the ratios of
spleen cells to MSCs 5:1, 10:1, and 20:1. Cell proliferation was
determined by adding *H-thymidine (0.5 uCi/well, Nuclear
Research Institute, Rez, Czech Republic) for the last 6 h of the
72-h incubation period.

Preparation of MSC supernatants

MSCs purified by MACS were incubated at a concentra-
tion of 1x10° cells/mL in a volume of 1mL of a complete
RPMI 1640 medium in 24-well tissue culture plates (Nunc).
The cells were cultured unstimulated or stimulated with
10ng/mL of mouse recombinant IL-lo, IL-2, IL-6, IL-10,
IFN-y, or TNF-o (all cytokines were purchased from Im-
munotools, Friesoythe, Germany), 1ng/mL of human
TGF-B1 (PeproTech, Rocky Hill, NJ), or with 1pg/mL of li-
popolysaccharide (LPS; Difco Laboratories, Detroit, MI).
After 24 h of incubation period the adherent cells were wa-
shed several times with excess of medium to remove added
cytokines. The cells were then incubated in fresh medium
without cytokines. Since the presence of TGF-f in FCS could
interfere with the TGF-B detection by ELISA, MSCs used for
TGF-B production were first transferred into serum-free
medium containing 200 pg/mL of bovine serum albumin
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and then stimulated with cytokines. All supernatants were
harvested after another 72-h period and the production of
cytokines or NO was assessed.

Cytokine detection

The production of IL-1p, IL-4, IL-6, IL-10, IL-12, IFN-y, and
TGF-B by MSCs was quantified by ELISA. For the detection of
IL-4, IL-6, IL-10, and IFN-y, the cytokine-specific capture and
detection mAb purchased from PharMingen was used. IL-1p,
IL-12, and TGF-B were measured using ELISA kits purchased
from R&D Systems (Minneapolis, WN). To test the produc-
tion of IL-17, spleen cells (0.8x10°/mL) from BALB/c mice
were stimulated for 96 h with irradiated (3,000 R) spleen cells
(0.8x10°/mL) from B6 mice in the presence of TGF-B, IL-6, or
MSC supernatants. The concentrations of IL-17 in the super-
natants were assessed using an ELISA kit (R&D Systems).

NO determination

Nitrite concentrations in MSC supernatants were mea-
sured using the Griess reaction [26]. In brief, 100 uL of the
tested supernatant was incubated with 50 uL of 1% sulfa-
nilamide (in 2.5% H;S0,) and 50 uL. of 0.3% N-1-naphthy-
lethylenediamine dihydrochloride (in 2.5% H,SO,). Nitrite
was quantified by spectrophotometry at 540nm using so-
dium nitrite as a standard.

Regulation of IL-17 production and Foxp3
or RORyt expression

Spleen cells (0.8x10°/mL) from BALB/c mice were stim-
ulated in a volume of 1 mL of a complete RPMI 1640 medium
(Sigma Co.) in 48-well tissue culture plates (Corning Co.) with
irradiated (3,000 R) spleen cells (0.8x10°/mL) from B6 mice.
Recombinant human TGF-f (I1ng/mL; PeproTech), TGF-B
(Ing/mL) together with IL-6 (1 ng/mL; Immunotools), or the
supernatants (30% of the volume) obtained after a 72-h incu-
bation of MSCs were added to the cultures of stimulated
spleen cells. The proportion of CD4 " cells expressing Foxp3 or
RORyt was determined after a 96-h incubation period by flow
cytometry. The concentrations of IL-17 in the supernatants
were determined by ELISA. In some experiments, purified
CD4*CD25~ cells were used as responder cells. This sub-
population was isolated from spleen single-cell suspensions
using a CD4"CD25" Regulatory T-cell isolation kit (Miltenyi
Biotec) and the AutoMACS magnetic separation system
(Miltenyi Biotec), as we have described [27]. This procedure
yielded >96% pure CD4*CD25™ cell population. Over 99% of
these cells were Foxp3~™ and RORyt™, and >86% of them
expressed CD62L, a marker of naive T-cells (data not shown).

To determine the MSC-derived factors responsible for the
regulation of T-cell differentiation, neutralization mAb anti-IL-
6 (clone MP5-20F3; BioLegend) or anti-TGF-B1 (clone ab64715;
Abcam, Cambridge, United Kingdom) at a concentration of
2 pg/mL was added to the cultures of spleen cells stimulated
with alloantigens in the presence of MSC supernatants.

Detection of TGF-f and IL-6 gene expression by
real-time polymerase chain reaction

MSCs were cultured untreated or were stimulated with IL-
lo (10ng/mL), TGF-f (1ng/mL), or LPS (1 pug/mL). Total
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RNA was extracted from the cells using TRI Reagent (Mo-
lecular Research Center, Cincinnati, OH) according to the
manufacturer’s instructions. One pg of total RNA was trea-
ted with deoxyribonuclease I (Promega, Madison, WI) and
used for subsequent reverse transcription. The first-strand
c¢DNA was synthesized using random hexamers (Promega)
in a total reaction volume of 25uL using M-MLV Reverse
Transcriptase (Promega).

Quantitative real-time polymerase chain reaction (PCR)
was performed on an iCycler (BioRad, Hercules, CA) as we
have previously described [28,29]. The primers used for
amplification were as follows:

GAPDH: 5-AGAACATCATCCCTGCATCC-3’ (sense), 5'-
ACATTGGGGGTAGGAACAC-3’ (antisense);

TGF-f: 5-TGGAGCAACATGTGGAACTC-3" (sense), 5-
CAGCAGCCGGTTACCAAG-3’ (antisense);

IL-6: 5-GCTACCAAACTGGATATAATCAGGA-3’ (sense),
5-CCAGGTAGCTATGGTACTCCAGAA-3’ (antisense).

The PCR parameters included denaturation at 95°C for
3min, 40 cycles at 95°C for 20s, annealing at 60°C for 30s,
and elongation at 72°C for 30s. The CT values were within
the range 25-28, 21-24, and 17-20 for IL-6, TGF-f, and
GAPDH, respectively. Each single experiment was done in
triplicate. Fluorescence data were collected at each cycle after
an elongation step at 80°C for 5s, and the data were ana-
lyzed on the iCycler Detection system.

Intracellular staining of Foxp3 and RORyt

The cultured spleen cells were harvested and washed with
PBS containing 0.5% bovine serum albumin. Before intra-
cellular staining, the cells were incubated for 30 min on ice
with Alexa Fluor 700-labeled mAb anti-CD4 (clone GK1.5;
BioLegend) and Live/Dead Fixable Violet Dead Cell Stain
Kit (Molecular Probes, Eugene, OR) for staining of dead cells.
Cells were washed in PBS/0.5% bovine serum albumin,
fixed, and permeabilized using eBioscience Foxp3 buffer
staining set according to the manufacturer’s instructions. For
intracellular detection of Foxp3 and RORyt, the cells were
stained for 30min with PE-labeled mAb anti-mouse/rat
Foxp3 (clone FJK-16s, eBioscience) or PE-conjugated mAb
anti-mouse/human RORyt (clone AFK]JS-9, eBioscience).
Data were collected using an LSRII cytometer (BD Bios-
ciences) and analyzed using FlowJo software (Tree Star).

Detection of suppressor activity of Tregs

CD4*CD25" spleen cells (0.6% 10°/mL) from BALB/c
mice were incubated in 48-well tissue culture plates (Nunc)
in a volume of 1mL of complete RPMI 1640 medium un-
stimulated, with irradiated B6 spleen cells (0.8 x 10°/mL) or
with irradiated B6 cells in the presence of supernatants (30%
of the volume) from MSCs that were either untreated or
preincubated with IL-1o. or TGF-B. After a 96-h incubation
period, the cells were harvested and tested for their ability to
inhibit mixed leukocyte reaction (MLR) BALB/c anti-B6 [27].
In this assay, BALB/c spleen cells (0.75x10°/mL) were in-
cubated with irradiated B6 cells (0.75x10°/mL) in a volume
of 200 uL of a complete RPMI 1640 medium, and the cells
from the primary cultures were added to this MLR at a re-
active cell to preincubated cell ratio of 4:1. Cell proliferation
was determined after 96h according to the *H-thymidine
incorporation.
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Statistical analysis

The results are expressed as the mean+SD. Comparisons
between 2 groups were analyzed by Student’s t-test, and
multiple comparisons were calculated by analysis of vari-
ance. A value of P<0.05 was considered statistically signifi-
cant.

Results
Characterization of MSCs

BM-derived adherent cells growing for 3 weeks in culture
represent a heterogenous cell population with a variable cell
size and morphology. After the MACS separation, the puri-
fied cells had a uniform spindle-shaped morphology. Over
98% of cells were negative for CD45, CD11b, and CD31
markers, but were positive for CD44, CD90, and CD105, the
molecules attributed to murine MSCs (Fig. 1A). The MSCs
were further characterized by their ability to undergo specific
adipogenic and osteogenic differentiation (Fig. 1B) and by
their capability to inhibit anti-CD3 induced T-cell prolifera-
tion (Fig. 1C), consistent with our previous results [27,28]. In
addition, we confirmed a specific adipogenic and osteogenic
differentiation of MSCs by expression of adipocyte- and os-
teoblaste-specific markers by real-time PCR (data not
shown). Thus, these MACS-separated BM-derived adherent
cells possess the phenotype, differentiation, and functional
properties associated with MSCs.

SVOBODOVA ET AL.

Cytokine production by MSCs

Unstimulated MSCs did not produce detectable levels of
IL-6 or any of the tested cytokines (IL-1f, IL-4, IL-10, IL-12,
or IFN-y). After stimulation with IL-1a or LPS, MSCs pro-
duced significant (P <0.001) levels of IL-6, but not the other
tested cytokines (Fig. 2A and unpublished observations). In
contrast, MSCs spontaneously produced a high level of TGF-
B and this production was decreased (P<0.05) in the pres-
ence of IL-1o or LPS (Fig. 2A). Unstimulated MSCs also
produce no detectable levels of NO. NO production re-
mained very low even after stimulation with IFN-y or LPS.
However, significant NO production (P <0.001) was detected
if the MSCs were stimulated with LPS together with IFN-y
(Fig. 2B). Next we evaluated the effects of a panel of selected
cytokines on IL-6 and TGF-p production by MSCs. We found
that proinflammatory cytokines IL-10, IL-2, IFN-y, and TNF-
o (and LPS) significantly stimulated IL-6 production, but
anti-inflammatory cytokines IL-10 and TGF-f did not induce
detectable levels of IL-6 (Fig. 2C). On the contrary, TGF-f,
but not proinflammatory cytokines, enhanced (P <0.05)
production of TGF-B (Fig. 2C). Since the presence of TGF-f in
the FCS could interfere with TGF-f detection by ELISA, the
cultures for TGF-B production were performed in serum-free
medium. To confirm the results from ELISA, MSCs were
cultured in the serum-containing RPMI 1640 medium and
the levels of TGF-f mRNA and IL-6 mRNA were determined
by real-time PCR. As shown in Fig. 2D, unstimulated MSCs
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FIG.1. Characterization of purified MSCs. (A) Expression of CD44, CD90.2, CD105, CD11b, CD31, and CD45 markers was
assessed by flow cytometry. One of 5 similar experiments is shown. (B) The ability of MSCs to undergo (a) adipogenic and (b)
osteogenic differentiation. The cultures without (upper panel) or with (lower panel) addition of differentiation agents were
stained with Oil Red O for adipocytes or Alizarin Red S for osteoblasts. Original magnification: (a) 200x, (b) 40x. (C)
Immunosuppressive properties of MSCs. Spleen cells were stimulated with mAb anti-CD3 in the absence or presence of
MSCs (at the ratios 5:1, 10:1, and 20:1) and cell proliferation was determined. Each bar represents the mean+SD from 4
individual experiments. Values with asterisk are significantly different (*P<0.05) from the positive control. MSC, mesen-

chymal stem cell; mAb, monoclonal antibody.
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FIG. 2. Production of selected cytokines and NO by MSCs. MSCs were cultured unstimulated or in the presence of 10ng/
mL of IL-1a, IL-2, IL-10, IFN-y, or TNF-o, 1ng/mL of TGF-B, or 1 pug/mL of LPS. After a 24-h preincubation the cells were
washed and cultured for another 72h. (A) The presence of IL-6, TGF-B, IL-1B, and IL-4 in the supernatants was detected by
ELISA. (B) The concentrations of NO were measured by spectrophotometry. (C) The effects of proinflammatory and anti-
inflammatory cytokines on IL-6 and TGF-B production were assessed by ELISA. (D) Effects of IL-1o, TGF-B, and LPS on TGF-§
or IL-6 gene expression were detected by a real-time polymerase chain reaction. Each bar represents the mean+SD from 4 to 6
independent experiments. TGF-, transforming growth factor-f; IL, interleukin; IFN, interferon; LPS, lipopolysaccharide.

expressed a significant level of TGF-f mRNA, but not IL-6
mRNA. Expression of TGF-f mRNA was significantly
(P<0.01) decreased in the presence of IL-loo or LPS and
slightly enhanced by exogenous TGF-f. Strong expression of
IL-6 gene was detected after stimulation of MSCs with IL-1o
and LPS (Fig. 2D).

The effects of TGF-f and IL-6 on Foxp3 and RORyt
expression and IL-17 production

Since MSCs can produce significant levels of IL-6 and
TGE-B, we first tested the effects of recombinant IL-6 and
TGF-B on IL-17 production by alloantigen-activated spleen
cells. As shown in Fig. 3A, alloantigen-stimulated spleen
cells produced a significant amount of IL-17 and this pro-
duction was inhibited by TGF-B and considerably enhanced
in the presence of TGF-P together with IL-6. These modula-
tory effects of IL-6 and TGF-p were confirmed when highly
purified CD4"CD25" cells were used as responder cells (Fig.
3B). To demonstrate that IL-6 and TGF-p also regulate ex-
pression of transcription factors Foxp3 and RORyt, which
determine the development of Tregs and Th17 cells, respec-
tively, we cultured spleen cells alone, with irradiated allo-
geneic cells or with allogeneic cells in the presence of TGF-f
or TGF-f together with IL-6, and the percentage of CD4"
Foxp3™ and CD4"RORyt" cells was determined by flow
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cytometry. As shown in Fig. 3C, the percentage of CD4"
Foxp3™ cells was significantly enhanced in the presence of
TGF-B and this increase was reversed by IL-6. On the con-
trary, the percentage of CD4"RORyt" cells was highest in
the cultures containing TGF-B together with IL-6 (Fig. 3D).

Regulation of IL-17 production and Treg activity
by MSC supernatants

Spleen cells were stimulated with irradiated allogeneic
cells alone or in the presence of MSC supernatants. As
demonstrated in Fig. 4A, supernatants obtained from the
cultures of untreated MSCs significantly inhibited IL-17
production. This suppression was even more pronounced,
when MSCs were pretreated with TGF- or IL-10. On the
contrary, the supernatants prepared from MSCs that were
pretreated with IL-1a, IL-2, or LPS to produce IL-6 signifi-
cantly enhanced the IL-17 production (Fig. 4A).

To demonstrate the effects of MSC supernatants on de-
velopment of Treg activity, purified naive CD4"CD25~
spleen cells were activated with allogeneic cells in the
presence of MSC supernatants. It was observed that super-
natants from untreated MSCs or from MSCs preincubated
with TGF-B activated Tregs with more pronounced sup-
pressive activity than the supernatants from MSCs pre-
incubated with IL-1 (Fig. 4B).
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Modulation of Foxp3 and RORyt expression
by MSC supernatants

The supernatants containing TGF-p or TGF-B together
with IL-6 were prepared by a 72-h incubation of untreated
MSCs or MSCs that were preincubated for 24 h with IL-1a or
TGEF-B and then carefully washed to remove exogenous cy-
tokines before preparation of MSC supernatants. The su-
pernatants were added to the cultures of spleen cells
stimulated with irradiated allogeneic cells, and the percent-
age of CD4"Foxp3* and CD4"RORyt* cells was deter-
mined. As demonstrated in Fig. 5A and B, the supernatants
from untreated MSCs slightly increased the proportion of
CD4"Foxp3™ cells. This increase was more apparent if the
supernatants from MSCs pretreated with TGF-p (and con-
taining endogenous TGF-B produced by MSCs) were used.
On the contrary, supernatants from MSCs pretreated with
IL-1a (which contain TGF-B and IL-6 produced by MSCs)
rather decreased the percentage of CD4*Foxp3™ cells, but
significantly enhanced the proportion of CD4 "RORyt" cells
(Fig. 5C and D).

Effects of mAb anti-IL-6 and anti-TGF-f on the
immunomodulatory properties of MSC supernatants

Supernatants from untreated MSCs (which contain TGF-§,
but not IL-6) inhibited IL-17 production in cultures of
alloantigen-stimulated spleen cells. Inclusion of neutraliza-
tion mAb anti-TGF-B into these cultures abrogated the in-
hibitory effect of MSC supernatants (Fig. 6). On the contrary,
supernatants from MSCs pretreated with IL-1o. (which con-
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tain TGF-p and IL-6) significantly elevated IL-17 production.
This enhancing effect of MSC supernatants was inhibited by
mAb anti-IL-6 (Fig. 6). Since irrelevant, isotype-matched
mAb added to these cultures did not abrogate immuno-
modulatory effects of MSC supernatants (data not shown),
TGEF-B and IL-6 were identified as the main factors produced
by MSCs and responsible for regulation of IL-17 production.

Discussion

BM-derived adherent cells represent a morphologically
and phenotypically heterogenous cell population. Especially
in the mouse, a significant proportion of in vitro grown ad-
herent BM cells express markers of hematopoetic precursors.
To enrich MSCs in cultures of BM-derived cells, we per-
formed depletion of CD11b" and CD45" cells by magnetic
separation. The residual population of MSCs was charac-
terized by a uniform spindle-shaped morphology, by the
absence of CD11b* and CD45" cells and by expression of
phenotypic markers associated with murine MSCs. These
purified MSCs had the ability to specifically differentiate into
adipocytes and osteoblasts and effectively inhibit T-cell
proliferation, as it has been described for MSCs [6,29].

The purified MSCs spontaneously produced TGF-B, but
without stimulation they produce no IL-6, IL-1, IL-4, IL-10,
IFN-y, or NO. After stimulation with proinflammatory cy-
tokines (IL-1a, IL-2, IFN-y, and TNF-o) or LPS, these
MSCs secreted significant levels of IL-6, but not other tested
cytokines (ie, IL-1B, IL-4, IL-10, IL-12, or IFN-y). Anti-
inflammatory cytokines TGF-f and IL-10 did not induce IL-6
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FIG. 4. Regulation of regulatory T-cell and T helper 17 cells
development by supernatants from MSCs. (A) Spleen cells
from BALB/c mice were cultured for 96 h unstimulated (—),
stimulated with irradiated allogeneic cells (B6), or were
stimulated with allogeneic cells in the presence of superna-
tants (30% of a total volume) from MSCs. For preparation of
supernatants, MSCs were cultured untreated (unst.) or were
preincubated with IL-1e;, IL-2, IL-10, TGF-B, or LPS. Each bar
represents the mean+SD from 4 to 5 determinations. Values
with asterisks are significantly different (*P<0.05, **P <0.01)
from the control values in cultures without MSC superna-
tants. (B) The MLR BALB/c anti-B6 was set up, and purified
CD4"CD25" cells that were preincubated for 96 h with MSC
supernatants were added into this culture. The reactive cells
were cultured unstimulated (=) or were stimulated with ir-
radiated allogeneic cells (B6). The purified CD4"CD25 cells
were preincubated for 96 h unstimulated (a), stimulated with
irradiated B6 cells (b), or were stimulated with B6 cells in the
presence of supernatants from untreated MSCs (c) or from
MSCs which were pretreated with TGF-$ (d) or IL-1a (e).
Preincubated cells were added to MLR at a ratio of 4 reactive
cells to 1 preincubated cell, and cell proliferation was de-
termined. Values with asterisks are significantly different
(*P<0.05, **P<0.01) from the control values (cultures with-
out preincubated cells). Each bar represents the mean+SD
from 3 independent experiments. MLR, mixed leukocyte
reaction.

production, but enhanced production of TGF-B. This cyto-
kine production profile of purified mouse MSCs is similar to
that described by Oh et al. [15] for human MSCs. Human
MSCs produced spontaneously TGF-B, but not IL-6. IL-6 was
induced by co-culture of MSCs with peripheral blood
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mononuclear cells, but other tested cytokines (IL-10, TNF-o,
and IFN-y) were not produced by human MSCs [15]. Simi-
larly, increased expression of the gene for IL-6 and for some
other growth factors was detected in human MSCs during
culture with peripheral blood leukocytes [30]. Our results
have shown that the production of TGF-p and IL-6 by pu-
rified MSCs is strictly regulated by cytokine environment.

It has been demonstrated in various models that TGF-p
induces Foxp3 expression and plays a crucial role in the de-
velopment of Tregs, whereas a combination of TGF-§ and IL-6
leads to the activation of RORyt" Th17 cells and production of
IL-17 [19-21]. To test the effects of MSCs and their superna-
tants on the differentiation of naive T-cells, we used a model
of alloantigen-stimulated spleen cells. We confirmed that the
production of IL-17 and expression of transcription factors
Foxp3 and RORyt are reciprocally regulated by TGF-p and
IL-6. Exogenous TGF-p added to the cultures of alloantigen-
stimulated spleen cells induced Foxp3 expression, supported
development of Tregs, and inhibited IL-17 production. On the
contrary, the combination of TGF-$ and IL-6 induced RORyt
expression and enhanced production of IL-17. The addition of
supernatants from untreated MSCs or from MSCs pre-
incubated with TGF-B to the cultures of alloantigen-stimu-
lated spleen cells induced Foxp3 expression and activation of
Tregs, and resulted in an inhibition of IL-17 production. This
inhibition of IL-17 production may be due to a negative effect
of TGF-B on the development of Th17 cells and due to the
effects of Tregs that are activated in the presence of TGF-f
[21,27]. Kimura et al. [31] showed that IL-6 inhibits the acti-
vation of Foxp3 expression and supports expression of RORyt,
which is a crucial factor responsible for the development of
Th17 cells. An alternative explanation for the effects of TGF-
and other cytokines on the IL-17 expression in human naive T
cells was presented by Manel et al. [32]. These authors showed
that TGF-B upregulated RORyt expression, but at the same
time inhibited its ability to induce IL-17 production. This in-
hibition was relieved by proinflammatory cytokines [32]. In
accordance with the above observations, the supernatants
from MSCs stimulated by proinflammatory cytokines induced
lower levels of Foxp3 than supernatants from unstimulated
MSCs, supported RORyt expression, and enhanced IL-17
production. Thus, MSCs and their supernatants can suppress
or enhance Treg or Th17 cell development according to their
activation status and their cytokine production. These obser-
vations are in agreement with the immunosuppressive prop-
erties of MSCs described in numerous models [1-4,6], but can
also explain immunostimulatory effects of MSCs observed in
other cases [9-11].

It has been shown that the immunomodulatory effects of
MSCs are dose-dependent. At high ratios of MSCs to lym-
phocytes prevails suppression of lymphocyte proliferation,
while lower concentrations of MSCs rather enhance cell
proliferation [3,6]. Similarly, the switch between Foxp3 and
RORyt expression is dependent on the concentrations of
TGEF-B and IL-6 [21]. Since the immunomodulatory effects of
MSCs are mediated by factors present in MSC supernatants,
the variable concentrations of TGF-B and IL-6 could explain
these effects. We observed that TGF-f used at a wide range
of concentrations (0.2-10ng/mL) enhanced Foxp3 expres-
sion in alloantigen-activated T-cells, and that low concen-
trations of IL-6 (<0.2ng/mL) can redirect development of
TGF-B-induced Foxp3* cells into IL-17-producing cells (data
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FIG. 5. Effects of MSC supernatants on Foxp3 and RORyt expression. The supernatants were prepared by a 72-h incubation
of MSCs that were untreated or were preincubated with IL-1o. or TGF-B, and were added to the cultures of BALB/c spleen
cells stimulated with irradiated B6 cells. The percentage of CD4 *Foxp3™ (A, B) or CD4"RORyt ™" (C, D) cells was determined
by flow cytometry after a 96-h incubation. A and C show representative flow cytometry dot plots of (a) unstimulated spleen
cells, (b) spleen cells stimulated with alloantigens, (c) spleen cells stimulated with alloantigens in the presence of supernatant
from untreated MSCs, (d) supernatants from MSCs pretreated with IL-1a, or (e) supernatants from MSCs pretreated with
TGF-B. B and D show the mean+SD of CD4*Foxp3™ or CD4"RORyt" cells from 6 independent determinations. Asterisks
indicate a significant difference (*P<0.05) from the control values (cultures without supernatants).

not shown). However, the conditions in vivo, where cell—cell
contact, membrane-bound cytokine molecules, and distinct
local cytokine concentrations can be involved, may be quite
different from those in vitro, and the immunoregulatory role

of MSCs must be carefully controlled. Using neutralization
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at al. [33] proposed that NO produced by MSCs plays a
FIG. 6. Effect of neutralization mAb anti-TGF-B or anti-IL-6  critical role in suppression of T-cell proliferation. A possi-
on the ability of MSC supernatants to modulate IL-17 pro-  bility that MSCs activate Tregs has also been suggested
duction. The supernatants containing TGF-f or TGF-§ to-  [14,22,34]. Our results have shown that TGF-§ and IL-6 are
gether with IL-6 were prepared by a 72-h incubation of  the principal molecules responsible for the ability of MSCs to
untreated MSCs (unst.) or MSCs preincubated with IL-1o.  reciprocally activate or inhibit the development and func-
These supernatants were'added to the gulturgs of BALB/c  yio0s of Tregs and Th17 cells.
spleen cells that were stimulated with irradiated B6 cells. iy . . .
o . . The ability of MSCs to inhibit T-cell-mediated immune
Neutralization mAb anti-TGF-$ or anti-IL-6 were added to . .
reactions has been used to prevent or treat autoimmune

these cultures at a concentration of 2 pg/mL. The levels of IL- - . .

17 in the culture supernatants were determined after a 96-h ~ diseases [3536], to suppress tran.splantahon reactions
incubation by ELISA. Each bar represents the mean+SD [2,7,1437], or to attenuate GVHD in humans and mice
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cant difference (*P<0.05, **P<0.01). pression was not achieved in all models [40,41]. The
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suppression could be more pronounced if MSCs are modi-
fied with cytokines [36,40] or the treatment is combined with
immunosuppressive drugs [37,41]. However, some dis-
crepancies in efficiency of cytokine-treated MSCs still exist
among individual models. While in our in vitro experiments
IFN-y-pretreated mouse MSCs produced TGF-B and IL-6,
which stimulate IL-17 production, Polchert at al. [39] ob-
served that IFN-y-treated MSCs were more effective in the
prevention of graft-versus-host reaction in vivo. These dif-
ferences might reflect different models used and/or the in-
volvement of distinct cell populations in proinflammatory
reactions and in the graft-versus-host reaction. Altogether,
the data indicate that the ongoing immune response and
cytokine environment may significantly modify the effec-
tiveness of MSC treatment.

It has recently been shown that human MSCs inhibit ef-
fector functions of Th17 cells and suppress IL-17 production
[42]. Our results demonstrate that MSCs and their superna-
tants also inhibit the differentiation and development of
Th17 cells from naive CD4"CD25~ precursors. Thus, MSCs
inhibit proinflammatory Th17 cells on both the level of their
activation and their effector function. These observations
may explain the immunosuppressive effects of MSCs ob-
served in models, such as transplantation or autoimmune
reactions, where Th17 cells play an important role. However,
the immunosuppressive function of MSCs can be reversed by
IL-6 and, in some situations, MSCs can induce an extensive
expansion of T-cell clones [30]. These interplays between
MSCs, Tregs, and Th17 cells have to be taken into account
when MSCs are used to treat autoimmune, immunopatho-
logical, or transplantation reactions.
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5.2 Modulace c¢asného zanétlivého prostiedi v poSkozeném oku

pomoci systétmové podanych MSC stimulovanych IFN-y

Javorkova E., TroSan P., Zajicova A., Krulova M., H4jkova M., Holan V.
Stem Cells Dev. 2014, v tisku.

Tato studie sleduje Gc€inek systémoveé podanych MSC na ¢asnou fazi akutniho
zanétu v oku poskozeném hydroxidem sodnym. MysSi s poSkozenym okem byly
ponechany bud’ nelécené, nebo jim byly 24 hodin po poskozeni oka intraven6zné
podany MSC znacené fluorescencni barvou, které byly bud’ neovlivnéné, nebo byly
stimulované pomoci IL-1, TGF-f nebo IFN-y. Analyza buné¢nych suspenzi
pfipravenych z o¢i 72 hodin po poSkozeni ukazala, ze MSC specificky migrovaly do
poskozeného oka, kde bylo nalezeno 30krat vice fluorescencné znac¢enych MSC nez
v oku kontrolnim. Neovlivnén¢ MSC 1 MSC stimulované IL-1, TGF- nebo IFN-y
snizovaly pocty leukocyti infiltrujicich poSkozené oko s vyraznéj§im ucinkem na
myeloidni populace. Stanoveni produkce cytokin a NO v poskozeném oku potvrdilo,
ze nejucinngjSitho imunomodulaéniho efektu bylo dosazeno podanim MSC
stimulovanych IFN-y, které vyznamné potlacovaly produkci prozanétlivych molekul
IL-1, IL-6 a NO. Tato studie ukdzala, Ze systémové podané MSC cilené¢ migruji do
poskozeného oka a Ze MSC stimulované IFN-y jsou nejucinngjsi v potlaceni akutni
faze rohovkového zanétu, ve snizovani leukocytarni infiltrace a v potlaceni zanétlivého

prostiedi.
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Modulation of the Early Inflammatory Microenvironment
in the Alkali-Burned Eye by Systemically Administered
Interferon-y-Treated Mesenchymal Stromal Cells

Eliska Javorkova,'? Peter Trosan,'? Alena Zajicova, Magdalena Krulova,'?
Michaela Hajkova? and Viadimir Holan"?

The aim of this study was to investigate the effects of systemically administered bone-marrow-derived mes-
enchymal stromal cells (MSCs) on the early acute phase of inflammation in the alkali-burned eye. Mice with
damaged eyes were either untreated or treated 24 h after the injury with an intravenous administration of
fluorescent-dye-labeled MSCs that were unstimulated or pretreated with interleukin-1o (IL-1a), transforming
growth factor-p (TGF-p), or interferon-y (IFN-y). Analysis of cell suspensions prepared from the eyes of treated
mice on day 3 after the alkali burn revealed that MSCs specifically migrated to the damaged eye and that the
number of labeled MSCs was more than 30-times higher in damaged eyes compared with control eyes. The
study of the composition of the leukocyte populations within the damaged eyes showed that all types of tested
MSC:s slightly decreased the number of infiltrating lymphoid and myeloid cells, but only MSCs pretreated with
IFN-vy significantly decreased the percentage of eye-infiltrating cells with a more profound effect on myeloid
cells. Determining cytokine and NO production in the damaged eyes confirmed that the most effective im-
munomodulation was achieved with MSCs pretreated with IFN-y, which significantly decreased the levels of
the proinflammatory molecules IL-1a, IL-6, and NO. Taken together, the results show that systemically ad-
ministered MSCs specifically migrate to the damaged eye and that IFN-y-pretreated MSCs are superior in
inhibiting the acute phase of inflammation, decreasing leukocyte infiltration, and attenuating the early in-
flammatory environment.

Introduction cell types [6], including epithelial cells [7-9], and thus they
have been used for ocular surface reconstruction. Moreover,
ACHEMICAL BURN of the eye causes severe inflammation, MSCs possess potent immunomodulatory properties and can
corneal opacity, neovascularization, and epithelial de- influence various functions of immune cells, including
fects, which can finally lead to a permanent loss of vision. dendritic cells, naive and effector T lymphocytes, and nat-
A massive infiltration of inflammatory cells can be de- ural killer (NK) cells [10]. The immunomodulatory prop-
tected in the site of injury already 24h after corneal erties of MSCs have been documented in numerous in vitro
damage. The number of infiltrating macrophages is am- and in vivo studies that demonstrate the ability of MSCs to
plified several fold within 36h, and this increase is ac- prolong allograft survival [11,12], ameliorate experimental
companied by a rising lymphocyte infiltration [1]. The autoimmune disorders [13], or attenuate severe acute graft-
conventional treatment protocols of the acute phase of versus-host disease [14].
corneal inflammation consist of inhibiting the inflamma- The beneficial effects of MSCs consist not only in their
tory reaction and neovascularization by immunosuppres- ability to replace injured cells, but also in their modulation of
sive drugs, but novel therapeutic strategies involving the the local proinflammatory microenvironment by the produc-
transplantation of corneal epithelial sheets or limbal stem tion of numerous immunomodulatory and trophic factors. It
cells cultured on an appropriate carrier have been devel- has been shown that the curative effect of MSCs on corneal
oped and successfully applied [2-5]. injury can consist partly in the epithelial transdifferentiation
More recently, mesenchymal stromal cells (MSCs) have of MSCs [7,15] and in the suppression of corneal inflam-
been suggested and tested as a promising therapeutic tool for mation [16-19].
the treatment of many disorders involving corneal defects. This study was focused on monitoring and evaluating
These cells have the potential to differentiate into various the effects of systemically administered MSCs on the early
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acute phase of inflammation in the alkali-burned eye using an
experimental murine model. Since the immunomodulatory
properties of MSCs can be modified by proinflammatory
cytokines [20-22], we compared the effect of unstimulated
MSCs and MSCs pretreated with interleukin (IL)-1o., inter-
feron (IFN)-v, or transforming growth factor (TGF)-f on the
inflammatory environment in the eye.

Materials and Methods
Mice

Female BALB/c mice at the age of 8-12 weeks were
obtained from the breeding unit of the Institute of Molecular
Genetics (Prague, Czech Republic). The use of animals was
approved by the local Animal Ethics Committee.

Isolation, culture, and purification of MSCs

Bone marrow for the cultivation of MSCs was isolated
from the femurs and tibias of female BALB/c mice. The
bone marrow was flushed out, a single-cell suspension was
prepared using a tissue homogenizer, and the cells were
seeded at a concentration of 2x 10° cells/mL in Dulbecco’s
modified Eagle’s medium (DMEM; Sigma, St. Louis, MO)
containing 10% fetal calf serum (FCS; Gibco BRL, Grand
Island, NY), antibiotics (100 U/mL of penicillin and 100 pg/
mL of streptomycin), and 10 mM HEPES buffer (hereafter
referred to as complete DMEM) in 75-cm? tissue culture
flasks (TPP, Trasadingen, Switzerland). Nonadherent cells
were washed out after 72 h of cultivation, and the remaining
adherent cells were cultured for an additional 3 weeks (two
passages) at 37°C in an atmosphere of 5% CO,. Plastic-
adherent cells were harvested by incubating the cells with
8mL of 10mM EDTA for 5min and subsequent gentle
scraping. The resulting cell suspension was incubated 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" contaminat-
ing cells using a magnetic activated cell sorter (AutoMACS;
Miltenyi Biotec). The remaining CD11b~ and CD45" cells
were evaluated in terms of their purity and differentiation
potential.

Phenotypic characterization of MSCs
by flow cytometry

Unstimulated and cytokine-pretreated MSCs were washed
in phosphate-buffered saline (PBS) containing 0.5% bovine
serum albumin (BSA) and then incubated for 30 min on
ice with the following anti-mouse monoclonal antibodies
(mAbs): allophycocyanine (APC)-labeled anti-CD44 (clone
IM7; BD PharMingen, San Jose, CA), phycoerythrin (PE)-
labeled anti-CD105 (clone MJ7/18; eBioscience, San Diego,
CA), APC-labeled anti-CD11b (clone M1/70; BioLegend,
San Diego, CA), or fluorescein isothiocyanate (FITC)—
labeled anti-CD45 (clone 30-F11; BioLegend). Dead cells
were stained using Hoechst 33258 fluorescent dye (In-
vitrogen, Carlsbad, CA) added to the samples 10 min before
flow cytometry analysis. Data were collected using an LSRII
cytometer (BD Biosciences, Franklin Lakes, NJ) and ana-
lyzed using FlowJo software (Tree Star, Ashland, OR).
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Labeling of MSCs with PKH26 fluorescent dye

MSCs were labeled with a fluorescent dye (PKH26 Red
Fluorescent Cell Linker Kit; Sigma) in order to monitor their
fate after intravenous administration. MSCs were labeled
according to the manufacturer’s instructions with modifica-
tions introduced in the protocol to achieve optimal labeling
for this type of cells. Particularly, a final concentration of
2 uM of PKH26 for 1 x 10° MSCs/mL and a 5-min incubation
were determined to be the optimal conditions. The fluores-
cence intensity and homogeneity of the staining were tested
by fluorescent microscopy (Inverted fluorescent microscope
Olympus IX71, Center Valley, PA) and flow cytometry.

A model of corneal damage

Female BALB/c mice were deeply anesthetized by an
intramuscular injection of a mixture of xylazine and keta-
mine (Rometar, Spofa, Prague, Czech Republic). The sur-
face (corneal and limbal region) of the left eye was damaged
by the application of 3-mm-diameter filter paper soaked
with 8 uL. of 1N NaOH for 30s. The eye was then thor-
oughly rinsed with 10 mL of PBS.

In vitro stimulation and the intravenous
administration of MSCs

MSCs were labeled with PKH26 dye and incubated at a
concentration of 0.5x 10 cells/mL in a volume of 1.5 mL of
complete DMEM in a 12-well tissue culture plate (Nunc,
Roskilde, Denmark) for 24 h. MSCs were cultured either
unstimulated or were pretreated with 10 ng/mL of mouse
recombinant IL-loe (Immunotools, Friesoyte, Germany),
10ng/mL of IFN-y (Immunotools), or 2ng/mL of human
TGE-B (PeproTech, Rocky Hill, NJ). Stimulated MSCs were
then harvested and centrifuged in an excess of serum-free
DMEM in order to remove the rest of the serum and added
cytokines. For intravenous application, 0.5 x 10° MSCs were
resuspended in 200 pL of serum-free DMEM. The cell
suspension was administered to mice through the tail vein
using a 30G Omnican 100 syringe (B.Braun, Melsungen,
Germany) 24 h after corneal damage.

Preparation of single-cell suspension
from the eye and other organs

Single-cell suspensions from the whole eyeballs of both
damaged and control eyes were prepared for flow cytometry
analysis and cell culturing. The eyballs were cleaned of
redundant tissue, cut into pieces, and centrifuged in 600 uLL
of HBSS to obtain a tissue extract for ELISA analysis. The
pelleted tissue was then digested with 1 mg/mL of collage-
nase I (Sigma) in HBSS for 50 min at 37°C. To monitor the
fate of PKH26-labeled MSCs after their intravenous ad-
ministration, selected tissues and organs were obtained and
digested to prepare single-cell suspensions for flow cytom-
etry. Eyes, lung, and liver were digested in 1 mg/mL of
collagenase 1 in HBSS for 50 min at 37°C. Lymph nodes
(inguinal, brachial, cervical, and submandibular) and spleen
were digested in 1 mg/mL of collagenase II (Sigma) in
HBSS for 60 min at 37°C. A cell suspension from the bone
marrow was prepared in the same way as in the protocol for
the culture of MSCs.
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Monitoring the migration of PKH26-labeled MSCs
in the body

To determine the distribution of PKH26-labeled MSCs in
the body 48 h after their intravenous administration, single-cell
suspensions were prepared from several tissues and organs
(eyes, lung, liver, spleen, lymph nodes, and bone marrow). For
flow cytometry analysis, the concentration of the cells was
adjusted to 1x10%mL in PBS containing 0.5% BSA. The
number of PKH26-labeled cells was determined using an
LSRII cytometer, and the data were analyzed by FlowJo
software. To determine more precise location of PKH26™" cells
in damaged eye, single-cell suspensions were prepared from
anterior segment, vitreous humor, and posterior segment of
damaged eyes from mice treated with unstimulated MSCs or
MSCs pretreated with IL-1a,, TGF-3, or IFN-y. The cell sus-
pensions were incubated with APC-labeled anti-CD44 mAb
(BD PharMingen) and a total number of PKH26"CD44*
MSCs in particular segments was assessed by flow cytometry.

Immunofluorescent staining of frozen sections
of damaged eyes

For frozen sectioning, damaged eyes of mice that were
untreated or were treated with unstimulated MSCs or MSCs
pretreated with IL-1a, TGF-f, or IFN-y were enucleated and
immersion fixed in 4% paraformaldehyde for 1h, followed
by overnight cryoprotection in 15% sucrose. The eyes were
embedded in optical cutting temperature medium and frozen
sections at a thickness of 7 um were prepared using a Leica
CM 3050 cryostat (Leica, Wetzlar, Germany). The sections
were refixed by 4% paraformaldehyde for 10 min, washed in
PBS, blocked by 10% BSA in PBS containing 0.5% Triton
X-100 for 30min, and then incubated with APC-labeled
anti-CD45 mAb (clone 30-F11; BioLegend) in blocking
solution for 2h at room temperature. After washing three
times with PBS, slides were mounted with DAPI (Vecta-
shield; Vector Labs, Burlingame, CA). CD45" leukocyte
and PKH26" MSC infiltration were analyzed using fluo-
rescent microscope Olympus Cell-R.

Detection of gene expression by real-time
polymerase chain reaction

Total RNA was extracted from unstimulated and cytokine-
pretreated MSCs using TRI Reagent (Molecular Research
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Center, Cincinnati, OH) according to the manufacturer’s in-
structions. One microgram of total RNA was treated with
deoxyribonuclease 1 (Promega, Madison, WI) and used for
subsequent reverse transcription. The first-strand cDNA was
synthesized using random hexamers (Promega) in a total re-
action volume of 25 pL using M-MLV Reverse Transcriptase
(Promega). Quantitative real-time polymerase chain reaction
(PCR) was performed in a StepOnePlus real-time PCR sys-
tem (Applied Biosystems, Foster City, CA) as we have pre-
viously described [23,24]. The sequences of primers for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), IL-6,
TGF-B, indoleamine 2,3-dioxygenase (IDO), inducible nitric
oxide synthase (iNOS), hepatocyte growth factor (HGF), and
cyclooxygenase 2 (COX2) used for amplification are pre-
sented in Table 1. The PCR parameters included denaturation
at 95°C for 3 min, 40 cycles at 95°C for 20s, annealing at
60°C for 30s, and elongation at 72°C for 30s. Fluorescence
data were collected at each cycle after an elongation step at
80°C for 5s and were analyzed using StepOne Software
version 2.2.2 (Applied Biosystems).

Samples for testing changes in the expression of genes for
cytokines and iNOS in control and damaged eyes were
prepared from fresh single-cell suspensions (IL-6) or ob-
tained after culturing suspensions for 48 h (IL-1a, IL-10, or
iNOS). In brief, cells (1 x 106/mL) from control and dam-
aged eyes were cultured in a volume of 800 uL of RPMI
1640 medium (Sigma) containing 10% FCS (Gibco BRL),
antibiotics (100 U/mL of penicillin and 100 pg/mL of
streptomycin), and 10 mM HEPES buffer (hereafter referred
to as complete RPMI) in 48-well tissue culture plates
(Corning, Corning, NY) in the presence of 1.5pg/mL of
concanavalin A (ConAj; Sigma) and 1.5pg/mL of lipo-
polysaccharide (LPS; Difco Laboratories, Detroit, MI) for a
48-h incubation period. The sequences of primers for
GAPDH, IL-1a, IL-6, IL-10, and iNOS used for amplifica-
tion are shown in Table 1.

Flow cytometry characterization of leukocyte
populations infiltrating the damaged eyes

Single-cell suspensions prepared from control and dam-
aged eyes were washed in PBS containing 0.5% BSA and
incubated for 30 min on ice with the following anti-mouse
mAb (all purchased from BioLegend): peridin-chlorophyll
protein/Cyanine5.5 (PerCP/Cy5.5)-labeled anti-CD45 (clone
30-F11), APC-labeled anti-CD3 (clone 17A2), FITC-labeled

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

Gene Sense primer Antisense primer

GAPDH AGAACATCATCCCTGCATCC ACATTGGGGGTAGGAACAC

IL-6 GCTACCAAACTGGATATAATCAGGA CCAGGTAGCTATGGTACTCCAGAA
TGE-B TGGAGCAACATGTGGAACTC CAGCAGCCGGTTACCAAG

IDO GGGCTTTGCTCTACCACATC AAGGACCCAGGGGCTGTAT

iNOS CTTTGCCACGGACGAGAC TCATTGTACTCTGAGGGCTGAC

HGF CACCCCTTGGGAGTATTGTG GGGACATCAGTCTCATTCACAG

COX2 AGCCCACCCCAAACACAGT AAATATGATCTGGATGTCAGCACATATT
IL-1a TTGGTTAAATGACCTGCAACA GAGCGCTCACGAACAGTTG

IL-10 ATTTGAATTCCCTGGGTGAGAAG CACAGGGGAGAAATCGATGACA

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IL, interleukin; TGF-f, transforming growth factor-f; IDO, indoleamine 2,3-
dioxygenase; iNOS, inducible nitric oxide synthase; HGF, hepatocyte growth factor; COX2, cyclooxygenase 2.
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anti-CD4 (clone GKI1.5), PE-labeled anti-CD8a (clone
53-6.7), PE-labeled anti-F4/80 (clone BMS), APC-labeled
anti-CD80 (clone 16-10A1), PE-labeled anti-CD14 (clone
Sal4-2), APC-labeled anti-CD11b (clone M1/70), FITC-
labeled anti-Ly6G/Ly-6C (Gr-1) (clone RB6-8C5), and FITC-
labeled anti-CD19 (clone 6D5). Dead cells were stained using
Hoechst 33258 fluorescent dye (Invitrogen) added to the
samples 10 min before flow cytometry analysis. Data were
collected using an LSRII cytometer and analyzed using
FlowJo software. One hundred thousand events from each
sample were measured. These events were gated for CD45"
leukocytes after the exclusion of cell debris and dead cells and
analyzed for particular markers.

Cytokine and NO measurement

Cytokines and NO were measured in tissue extracts and
culture supernatants from control and damaged eyes. Tissue
extracts were obtained during the preparation of single-cell

JAVORKOVA ET AL.

IL-10, and IL-17 were measured using ELISA kits pur-
chased from R&D Systems (Minneapolis, MN). Only IL-1a,
IL-6, and IL-10 were produced in significant concentrations
and with enhanced production in the damaged eyes. The
concentrations of NO in the supernatants were determined
using the Griess reaction [25]. A mixture of 50 pL of 1%
sulfanilamide and 50 pL. of 0.3% N-1-naphthylethylendia-
mine dihydrochloride (both in 3% H;PO,) was incubated
with 100 pL of the tested supernatant. Nitrite was quantified
by spectrophotometry at 540 nm using sodium nitrite as a
standard.

Statistical analysis

The statistical significance of differences between indi-
vidual groups was calculated using the Student’s #-test. A
value of P<0.05 was considered statistically significant.

Results

suspensions from eyeballs (see above). Supernatants were  ~paracterization of MSCs
obtained after culturing cell suspensions from control and
damaged eyes. Cells (1 x 10®/mL) were cultured in a volume The purity and phenotypic markers of MACS-separated
of 800 pL of complete RPMI medium (Sigma) in the pres- MSCs pretreated with cytokines were assessed with flow
ence of 1.5 pg/mL of ConA and 1.5 pg/mL of LPS for a 48-h  cytometry. The results showed that unstimulated and cyto-
incubation period. The production of IL-1a, IL-2, IL-4, IL-  kine-treated MSCs were positive with a corresponding in-
6, IL-10, IL-17, and IFN-y was quantified by ELISA. The tensity for CD44 and CDI105, which are the markers
production of IL-2, IFN-y, and IL-6 was measured using attributed to murine MSCs (Fig. 1A). On the other hand,
cytokine-specific capture and detection of mAbs purchased <1% of the cells were CD11b* and <3% were CD45%
from BD Pharmingen (San Diego, CA). IL-1o, IL-4, IL-6, (Fig. 1A); therefore, the population of bone marrow cells
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FIG. 1. Characterization of unstimulated mesenchymal stromal cells (MSCs) and MSCs pretreated with interleukin-1o. (IL-

1a), transforming growth factor-f (TGE-p), or interferon-y (IFN-vy). (A) Flow cytometry analysis of CD44, CD105, CD11b,
and CD45 markers expressed by unstimulated MSCs (blue curve) and MSCs pretreated with IL-1a (green curve), TGF-f (red
curve), or IFN-y (violet curve) in comparison with control unlabeled MSCs (gray-tinted curve). One of 3 similar experiments is
shown. (B) Representative image of MSCs labeled with PKH26 fluorescent dye (red cell membranes) and maintained for 24 h
in culture. The nuclei are blue (DAPI staining); original magnification is 400 x. (C) Using flow cytometry, the fluorescence
intensity of PKH26-labeled MSCs was analyzed after 24 h in culture (red curve) in comparison to control unlabeled MSCs
(black curve). One of 3 similar experiments is shown. Color images available online at www.liebertpub.com/scd
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was depleted of contaminating CD11b* and CD45" cells
with a high efficiency. In addition, both unstimulated and
cytokine-treated MSCs were able to undergo adipogenic
and osteogenic differentiation (data not shown). Further,
PKH26-labeled MSCs possessed a sufficient, detectable, and
relatively homogenous fluorescent signal that could be de-
tected using a fluorescent microscopy and flow cytometry
even after cultivation (Fig. 1B, C).

Real-time PCR analysis of the expression of genes for
immunomodulatory molecules was performed for further
characterization of unstimulated MSCs and MSCs pre-
treated with IL-1a,, TGF-f, or IFN-y. As shown in Fig. 2,
both unstimulated and pretreated MSCs expressed signifi-
cant but variable levels of genes for TGF-f, HGF, and
COX2. Moreover, MSCs pretreated with IL-1o and IFN-y
expressed a significant level of mRNA for iNOS. Only
MSCs pretreated with IL-1a expressed the IL-6 gene and, on
the other hand, only MSCs pretreated with IFN-y expressed
the IDO gene (Fig. 2).

Monitoring of the distribution of PKH26-labeled
MSCs in the body

The distribution of PKH26* MSCs in the body 48 h after
their systemic administration and possible differences in the
migration of unstimulated and cytokine-pretreated MSCs
were assessed using flow cytometry. Single-cell suspensions
from the eye, lung, liver, and spleen; the inguinal, brachial,
cervical, and submandibular lymph nodes; and the bone
marrow were analyzed. A low number of PKH26" MSCs
was detected in the lymph nodes, while higher numbers of

PKH26™ cells migrated to the spleen and bone marrow and
the highest number of labeled MSCs was trapped in the lung
and liver (data not shown). The analysis of suspensions
prepared from damaged and control eyes showed that both
unstimulated and cytokine-pretreated MSCs migrated pref-
erentially into the damaged eye and that the number of
PKH26* MSCs was more than 30-times higher in the
damaged eye compared with the control eye (Fig. 3A). No
significant differences were revealed between the migratory
properties of unstimulated MSCs and MSCs pretreated with
IL-10, TGFE-B, or IFN-y (Fig. 3B). Flow cytometry analysis
of single-cell suspensions from anterior segment, vitreous
humor, and posterior segment of damaged eyes from mice
treated with unstimulated MSCs or MSCs pretreated with
IL-10,, TGF-B, or IFN-y revealed that ~20% of PKH26™
CD44% cells detected in eye was present in anterior seg-
ment, 10% of labeled cells was detected in vitreous humor,
and 70% of cells was present in posterior segment of the
damaged eye (Fig. 3B).

Determination of leukocyte populations infiltrating
damaged eyes after treatment with MSCs

Since both unstimulated and cytokine-pretreated MSCs
preferentially migrated to the damaged eye, the potential
effect of MSCs on the local environment was tested in the
next experiments. Cell suspensions from control and dam-
aged eyes from untreated mice or mice treated with sys-
temically administered MSCs were labeled with selected
combinations of mAbs and analyzed by flow cytometry. To
test the lymphoid lineages, the percentage of CD3*CD4™"
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FIG. 2. Expression profile of genes for immunomodulatory molecules in unstimulated MSCs and MSCs pretreated with
IL-10, TGF-B, or IFN-y. MSCs were cultured for 24 h unstimulated or were pretreated with 10 ng/mL of IL-1a or IFN-y or

2 ng/mL of TGF-f. The expression of genes for IL-6, TGF-

B, indoleamine 2,3-dioxygenase (IDO), inducible nitric oxide

synthase (iNOS), hepatocyte growth factor (HGF), and cyclooxygenase 2 (COX2) was detected by real-time PCR. Values
with asterisks are significantly different (*P <0.05, **P <0.01, ***P <0.001) from the control value (unstimulated MSCs).
Each bar represents the mean+ SD from six independent experiments.
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FIG. 3. Monitoring of the migration of PKH26-labeled MSCs into damaged and control eyes. (A) Representative dot plots
showing flow cytometry analysis of single-cell suspensions prepared from control and damaged eyes from untreated mice
and mice treated with unstimulated MSCs (MSCs pretreated with IL-1o,, TGF-f, or IFN-y showed a similar pattern of
distribution.). A total of 200,000 events were analyzed after the exclusion of cell debris and dead cells, and these events
were gated for PKH26™. (B) Flow cytometry analysis of number of PKH26*CD44* MSCs in anterior segment, vitreous
humor, and posterior segment of damaged eyes from mice treated with unstimulated MSCs or MSCs pretreated with IL-10a,
TGF-B, or IFN-y. Values with asterisks are significantly different (*P <0.05, **P <0.01, ***P<0.001) from the control
values (damaged eyes of mice treated with unstimulated MSCs). Each bar represents the mean+ SD from five independent

experiments.

(T lymphocytes and NK-T cells), CD3*CD8" (T lympho-
cytes and NK-T cells), and CD19*CD22" (B lymphocytes)
cells was monitored. Figure 4 shows that the presence of all
of the tested types of MSCs slightly decreased the per-
centage of damaged-eye-infiltrating lymphoid populations,
but only MSCs pretreated with IFN-y decreased the number
of CD3*CD4", CD3"CD8*, and CD19*CD22" cells sig-
nificantly. The effect of MSCs on the myeloid lineage was
tested by assessing the percentage of infiltrating CD80™,
CD14™, F4/80*, and CD11b*Gr-1" (granulocytes and mac-
rophages) cells. As demonstrated in Fig. 4, both unstimulated
and cytokine-treated MSCs slightly decreased the percentages
of CD80™ and CD11b* Gr-17 cells, but only MSCs pretreated
with IFN-y significantly decreased the percentages of all my-
eloid populations, while MSCs pretreated with TGF- signif-
icantly decreased the percentage of CD11b* Gr-17 cells. In
general, the effect of IFN-y-pretreated MSCs was more pro-
found on myeloid than lymphoid populations.

Microscopical analysis of frozen sections of damaged
eyes confirmed the results from flow cytometry. As dem-

F5P onstrated in Figure 5, a strong infiltration with CD45~

leukocytes was observed in damaged eyes from untreated
mice, and this infiltration was decreased in eyes from mice
treated with MSCs.

Effect of MSCs on cytokine and NO production
in control and damaged eyes

The flow cytometry data showed a significantly decreased
infiltration of both lymphoid and myeloid cells in damaged
eyes from mice injected with IFN-y-pretreated MSCs. To
extend this observation, we determined the production of
the proinflammatory cytokines IL-1ot and IL-6 and the se-
cretion of NO in damaged eyes from mice treated with
unstimulated or cytokine-pretreated MSCs. As demonstrated
in Figure 6, systemic treatment with IFN-y-primed MSCs
significantly inhibited the local production of IL-1a, IL-6,
and NO in the damaged eye. In contrast, the production of
the anti-inflammatory cytokine IL-10 was not inhibited by
MSCs (Fig. 6). These results were confirmed by real-time
PCR analysis. The expression of genes for IL-1o and IL-6 in
the damaged eyes of mice injected with IFN-y-pretreated
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FIG. 4. Flow cytometry analysis of leukocyte populations infiltrating control (white columns) and damaged (dashed and
gray columns) eyes of untreated mice and mice treated with the systemic administration of unstimulated MSCs or MSCs
pretreated with IL-1o, TGF-p, or IFN-vy (in the graphs labeled as Unstim, IL-1o, TGF-f, and IFN-y). One hundred thousand
events from each sample were measured. These events were gated for CD45™ leukocytes after the exclusion of cell debris
and dead cells and analyzed for the percentage of CD3"CD4", CD3"CD8*, CD19*CD22", CD80*, CD14™, F4/80*, or
CD11b*Gr-17" cells. Values with asterisks are significantly different (P <0.05, **P<0.01, ***P <0.001) from the control
values (damaged eyes of untreated mice). Each bar represents the mean®SD from 10 independent experiments.

MSCs was significantly inhibited. Similarly, the expression Discussion
of the gene for iNOS was significantly decreased in mice

treated with IFN-y-pretreated MSCs. In agreement with the The present study was designed to evaluate the effects of
results from ELISA, the expression of the IL-10 gene was MSCs on immunological processes occurring in the eye in
not inhibited by MSCs (Fig. 7). the early period after the ocular surface damage. We focused

Healthy eye Unstimulated MSCs
MSCs+IL-1a MSCs+TGF-

FIG. 5. Immunofluorescent staining of frozen sections of eyes from untreated mice and mice treated with unstimulated
MSCs or MSCs pretreated with IL-1o, TGF-f, or IFN-y. Representative pictures show part of anterior segment (right upper
part of image) and lateral segment of control healthy eye and damaged eye from untreated mouse and from mouse treated
with unstimulated MSCs or MSCs pretreated with IL-1a, TGF-B, or IFN-y. The infiltration of the eye with MSCs labeled
with PKH26 fluorescent dye (green) and CD45" leukocytes (red) is shown. The nuclei are blue (DAPI staining); original
magnification is 40 x. Color images available online at www.liebertpub.com/scd
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*##%¥P<(0.001) from the control values (damaged eyes of untreated mice). Each bar represents the mean®SD from 12

independent experiments.

on the eye infiltration by different leukocyte populations and
on the local cytokine microenvironment, but not on char-
acterization of the eye surface regeneration, which occurs
in the later phase after ocular surface damage. Majority
of published studies investigated the effects of MSCs on
the ocular surface regeneration, but not on immunological
processes occurring in the eye within the first 3 days after
ocular damage.

Since previous studies have demonstrated that cytokines
can modulate the immunoregulatory properties of MSCs
[20-22], we compared the therapeutic effects of un-
stimulated MSCs and MSCs pretreated with IL-1o, IFN-y,
or TGF-B. MSCs were administered intravenously 24 h af-
ter corneal damage, at the time when the number of eye-
infiltrating myeloid and lymphoid cells markedly increases.
The immunomodulatory effects of MSCs were evaluated
72 h after the injury.

Initially, we tested the expression of cell surface markers
and the migratory properties of unstimulated and cytokine-
pretreated MSCs. These cells were positive for CD44 and
CD105 and no significant differences in the intensity of
expression of the tested markers were detected. A similar
conclusion was reached by Najar et al. [20], who tested a
panel of endothelial, stromal, and adhesive markers in un-
stimulated MSCs and MSCs stimulated with a cocktail of
proinflammatory cytokines; no differences were detected. In

56

addition, we did not find any variation in the migration of
unstimulated and cytokine-pretreated MSCs, and a compa-
rable distribution of injected MSCs was detected within the
tested organs and tissues. In another study, Hemeda et al.
[26] assessed the effect of [FN-y and TNF-o. on MSCs, and
TNF-o. was recognized as the predominant regulator of
MSC migration. On the other hand, pretreatment of MSCs
with IFN-y increased their migration to the inflammed in-
testine in an animal model of colitis [27].

Our results confirmed that systemically administered
MSCs are able to specifically migrate to the damaged eye.
We found a more than 30-times higher number of injected
MSCs in the damaged eye compared with the control con-
tralateral eye. These findings are in agreement with the
observation of Lan et al. [28], who detected systemically
administered MSCs on day 3 in the cauterized cornea but
not in the contralateral cornea. Systemically administered
MSCs were also detected in the cornea 14 days after their
injection in a rabbit eye alkali-burn model [29] but not in the
case of xenogeneic (human) MSCs administered systemi-
cally in order to heal a corneal injury in the rat [19].

Since both unstimulated and cytokine-pretreated MSCs
preferentially migrated into the injured eye, we tested the
effects of the engrafted MSCs on the infiltration of the
damaged eye by populations of lymphoid and myeloid cells.
All types of MSCs slightly decreased infiltration by the
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lymphoid populations, but only MSCs pretreated with IFN-y
decreased the number of CD3"CD4", CD3"CD8™, and
CD19*CD22" cells significantly. To date, a decreased ex-
pression of CD45 has been detected in damaged rat eyes
transplanted with MSCs on an amniotic membrane [17], and
a reduced infiltration of CD4™ cells was observed in injured
corneas of mice treated with MSCs [16]. Further, we found
that MSCs pretreated with IFN-y suppressed the infiltration
of the damaged eye by CD14™, CD80", and CD11b* Gr-17
myeloid populations even more effectively than they in-
hibited infiltration by lymphoid cells. These results are in
agreement with the findings of Yao et al. [18], who showed
that the number of CD68 ™ cells infiltrating the site of injury
on day 7 was significantly lower in a group treated with
MSCs [18]. In addition, the systemic injection of human
MSCs significantly reduced the infiltration of neutrophils
into the cornea on days 1 and 3 after injury in a rat model of
a chemically burned eye [19]. These effects of MSCs on
neutrophil infiltration are consistent with our observation
that MSCs pretreated with IFN-y strongly decreased the
infiltration of the damaged eye by myeloid cell populations.

We next tested the effects of systemically administered
MSCs on the early cytokine environment of the damaged eye.
Although we tested a wide range of cytokines, that is, IL-10o,
1L-2, IL-4, IL-6, IL-10, IL-17, and IFN-vy, only IL-1a, IL-6,
and IL-10 were produced in this phase of inflammation in

significant concentrations. We found that systemically ad-
ministered MSCs stimulated with IFN-y significantly de-
creased the production of IL-6 and IL-loe with the most
profound inhibition of IL-1o production. This observation is
in accordance with the findings of Roddy et al. [19], who
showed in a rat model that the production of IL-1 on days 1
and 3 after injury was significantly decreased in corneas
treated with human MSCs. On the other hand, Oh et al. [16]
observed an increased production of IL-6 in rat corneas 3
weeks after injury and treatment with MSCs. This discrepancy
could be explained by the different kinetics of IL-1 and IL-6
production. The peak of IL-1 production occurs at day 3 after
injury, while the production of IL-6 culminates later [30].

Further, we detected a highly significant inhibition of
iNOS expression and NO production in the damaged eye
after treatment with MSCs prestimulated with IFN-vy. Since
NO is a toxic and immunomodulatory molecule, its inhibi-
tion may represent another mechanism of the therapeutic
action of MSCs.

In contrast to Roddy et al. [19], who found a significant
increase in IL-10 production 3 weeks after the treatment of
injured corneas with MSCs, we detected only a slight en-
hancement of IL-10 production in the damaged eyes of
MSC-treated mice. This discrepancy can be due to the dif-
ferent time points used for IL-10 detection in our and
Roddy’s studies.
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Since MSCs preincubated with various cytokines differ in
their immunomodulatory effects, we tested the expression of
genes for immunoregulatory molecules in unstimulated
MSCs and in MSCs pretreated with IL-10, IFN-y, or TGF-.
Both unstimulated MSCs and cytokine-pretreated MSCs
expressed significant levels of genes for TGF-B, HGF, and
COX2. It has been already shown that these immunomod-
ulatory molecules are constitutively expressed by MSCs
[31]. On the other hand, we did not observe an increase in
COX2 expression after stimulation with IFN-y. English et
al. [22] detected an increased expression of COX2 after the
stimulation of murine MSCs with IFN-v, but in their study a
20-times higher concentration of IFN-y was used. We found
that MSCs stimulated with IL-loo or IFN-y expressed a
significant level of the iNOS gene. Accordingly, the treat-
ment of mouse MSCs with IFN-y and any of three other
proinflammatory cytokines (TNF-o, IL-lo, or IL-1B) in-
duced the expression of several chemokines and iNOS [21].
In agreement with other studies [22,31,32], a significant
increase in the expression of the IDO gene was observed in
MSCs pretreated with IFN-y.

Finally, MSCs stimulated with IFN-y expressed signifi-
cant levels of the genes for TGF-f, IDO, iNOS, HGF, and
COX2; there were differences mainly in the expression of
iNOS and IDO in comparison with the other types of MSC
stimulation. Although iNOS and IDO are important immu-
nomodulatory molecules [33-35], other immunoregulatory
mechanisms are probably also involved in MSC-mediated
immunosuppression. Nevertheless, our results clearly show
that systemically administered MSCs rapidly migrate into
the site of injury and attenuate the early phase of the in-
flammatory reaction. Infiltration by both myeloid and lym-
phoid cells and the local production of proinflammatory
cytokines are decreased by MSCs, and MSCs pretreated
with IFN-y are superior in the inhibition of this early in-
flammatory microenvironment.
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5.3 Lécba poskozeného povrchu oka pomoci LSC a MSC

kultivovanych na nanovlakennych nosicich

Zajicova A., Pokorna K., Lencova A., Krulovd M., Svobodova E., Kubinova S.,
Sykova E., Pradny M., Michalek J., Svobodova J., Munzarova M., Holan V.
Cell Transplant. 2010;19:1281-1290.

Terapie pomoci kmenovych bunék predstavuje nadéjny piistup jak 1€cit rizna
poskozeni, vrozend onemocnéni nebo deficience kmenovych bun€k. Jednim z hlavnich
problémil spojenych s 1écbou pomoci kmenovych bunék stile zlstava nedostupnost
vhodného nosice pro jejich rist a prenos. V této studii popisujeme rustové a
metabolické vlastnosti MSC a LSC kultivovanych na trojrozmérném nanovlakenném
nosici ptripraveném z PA6/12. Nanovldkna byla pfipravena pomoci elektrostatického
zvlakniovani technologii Nanospider, kterd umoznuje vytvaiet nanovldkenné nosice
majici definovany primér, poérovitost a zédkladni hmotnost. Kopolymer PA6/12 byl
vybran na zaklad¢ stability znéj ptipravenych nanovldken ve vodném prostiedi,
biokompatibility a schopnosti fungovat jako nosi¢ pro riast LSC, MSC a rohovkovych
endotelialnich a epitelidlnich linii. Morfologie, riist a Zivotnost bunék kultivovanych na
nanovlaknu byly srovnatelné sbunikami rostoucimi na plastovém povrchu.
Fluorescenéné znatené PKH26  LSC kultivované na nanovldkenném nosi¢i byly
preneseny na poskozeny ocni povrch, kde bylo sledovéano jejich pretrvani a preziti.
Ptenos LSC s MSC, které maji imunomodula¢ni schopnosti, vyznamné potlacil mistni
zanétlivou reakci a podpofil proces hojeni. Vysledky ukézaly, Ze nanovldkna
pfipravend z PA6/12 predstavuji vhodny nosi¢ pro rast LSC a MSC a pro jejich pienos

za ucelem 1é¢by deficitu kmenovych bunék a riznych poskozeni povrchu oka.
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Treatment of Ocular Surface Injuries by Limbal and Mesenchymal

Stem Cells Growing on Nanofiber Scaffolds

Alena Zajicova,* Katerina Pokorna,*f Anna Lencova,* Magdalena Krulova,*{
Eliska Svobodova,*f Sarka Kubinova,i Eva Sykova,i Martin Pradny,§ Jiri Michalek,§
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Stem cell (SC) therapy represents a promising approach to treat a wide variety of injuries, inherited diseases,
or acquired SC deficiencies. One of the major problems associated with SC therapy remains the absence of
a suitable matrix for SC growth and transfer. We describe here the growth and metabolic characteristics of
mouse limbal stem cells (LSCs) and mesenchymal stem cells (MSCs) growing on 3D nanofiber scaffolds
fabricated from polyamide 6/12 (PA6/12). The nanofibers were prepared by the original needleless electros-
pun Nanospider technology, which enables to create nanofibers of defined diameter, porosity, and a basis
weight. Copolymer PA6/12 was selected on the basis of the stability of its nanofibers in aqueous solutions,
its biocompatibility, and its superior properties as a matrix for the growth of LSCs, MSCs, and corneal
epithelial and endothelial cell lines. The morphology, growth properties, and viability of cells grown on
PA6/12 nanofibers were comparable with those grown on plastic. LSCs labeled with the fluorescent dye
PKH26 and grown on PA6/12 nanofibers were transferred onto the damaged ocular surface, where their
seeding and survival were monitored. Cotransfer of LSCs with MSCs, which have immunosuppressive prop-
erties, significantly inhibited local inflammatory reactions and supported the healing process. The results
thus show that nanofibers prepared from copolymer PA6/12 represent a convenient scaffold for growth of

LSCs and MSCs and transfer to treat SC deficiencies and various ocular surface injuries.

Key words: Limbal stem cells (LSCs); Mesenchymal stem cells (MSCs); Nanofiber scaffolds;
Ocular surface injuries; Inflammation; Tissue regeneration

INTRODUCTION

Stem cell (SC) therapy represents a promising ap-
proach to treating various inherited diseases or tissue
injuries associated with SC deficiency. Adult (tissue-
specific) SCs benefit from the ability to differentiate into
the cell type for which they are committed and even
from their ability to differentiate into other cell types
(9,12). In addition, a population of SCs derived from
bone marrow, called mesenchymal stem cells (MSCs),
has immunosuppressive properties and thus can contrib-
ute to the healing process by inhibiting local inflamma-
tory reactions (3,16,21).

One of the major problems associated with SC ther-
apy remains the absence of a suitable carrier for the

transfer of SCs to precise tissue locations. So far, vari-
ous materials and scaffolds have been tested for the
transportation of SCs. For example, macroporous hydro-
gels have been used to deliver MSCs for spinal cord
injury repair (29) or self-assembling peptide nanofibers
have been tested for myoblast transplantation in in-
farcted myocardium (7). To treat severe ocular surface
damage and a deficiency in limbal SCs (LSCs), which
are irreplaceable for corneal healing, various carriers for
the culturing of LSCs and for their transplantation onto
the recipient eye have been tested. They include fibrin
glue (24), polymers or collagen sponges (26), and hu-
man amniotic membrane (30).

In the last years, promising scaffolds for the growth
and transfer of various types of SCs have been offered
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by nanotechnology. Electrospinning processes can fabri-
cate nanofibers with a diameter ranging from a few tens
to hundreds of nanometers and with a defined porosity.
The three-dimensional structure of nanofibrous materials
has an extremely large surface area, and nanofibers can
mimic the structure of extracellular matrix proteins,
which provide support for cell growth and function. Na-
nofiber scaffolds can create specific niches where SCs
can reside and maintain their unique properties. It has
been shown that embryonic SCs or MSCs grow and dif-
ferentiate on nanofibers comparably or even better than
on plastic surfaces (10,20,27,33,34). We sought to deter-
mine whether adult tissue-specific SCs can also be
grown on nanofiber scaffolds and whether these scaf-
folds can be used as carriers for cell transplantation in
tissue regeneration.

Using the original Nanospider electrospinning tech-
nology we prepared nanofiber scaffolds from a panel of
natural and synthetic polymers and tested them for their
biocompatibility and their ability to support the growth
of various cell types (S. Kubinova et al., manuscript sub-
mitted for publication). On the basis of the stability of
its nanofibrous architecture in aqueous solutions and its
optimal biocomptibility, we selected copolymer polyam-
ide 6/12 (PA6/12) for further studies. We characterized
the growth properties of LSCs and MSCs on these na-
nofibers and used PA6/12 scaffolds for the transfer of
LSCs and MSCs to treat ocular surface injuries in an
experimental mouse model.

MATERIALS AND METHODS

Mice

Mice of the inbred strains BALB/c and C57BL/10Sn
of both sexes at the age of 2—4 months were used in
the experiments. The animals were obtained from the
breeding unit of the Institute of Molecular Genetics,
Prague. The use of animals was approved by the local
Animal Ethics Committee of the Institute of Molecular
Genetics. The animals were treated in accordance with
the Principles of Laboratory Animal Care.

Materials and Nanofiber Preparation

The copolymer PA6/12 was purchased from Chemo-
pharma (Wien, Austria). This material (10 wt%) was
dissolved in 85 wt% formic acid (Penta Company, Fair-
field, NJ) and heated at 50°C for 6 h. After reducing the
temperature to room temperature, the material was used
for electrospinning. A modified needleless Nanospider™
technology (U.S. patent No. W0205024101.2005), in
which polymeric jets are spontaneously formed from lig-
uid surfaces on a rotating spinning electrode, was used
for the preparation of the nanofibers. This Nanospider
technology flexibly enables the formation of fibers tens
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of nanometers to tens of micrometers in diameter. All
nanofibrous samples used during this study were pre-
pared at a basis weight of 3—5 g/m? and had nanofiber
diameter ranging from 290 to 539 nm.

To test the stability of nanofibers in aqueuos solu-
tions, the nanofibrous samples were cut into small pieces
and soaked in deionized water in petri dishes. The water
was exchanged every day. After a 7- or 14-day period
of soaking the samples were dried at room temperature,
and their nanofibrous architecture was analyzed using
scanning electron microscopy (SEM).

LSCs, MSCs, Corneal Epithelial and Endothelial
Cell Lines

LSCs were obtained by enzyme digestion from lim-
bal tissues as we have recently described (13). In brief,
limbal tissues from 10—12 BALB/c mice were cut with
scissors and subjected to 10 short (10 min each) trypsin-
ization cycles. The released cells were harvested after
each cycle, centrifuged (8 min at 250 X g) and resus-
pended in RPMI-1640 medium (Sigma, St. Louis, MO)
containing 10% fetal calf serum (FCS, Sigma), antibiot-
ics (100 U/ml of penicillin, 100 pg/ml of streptomycin),
10 mM HEPES buffer, and 2 x 10 M 2-mercaptoetha-
nol. The cells were seeded into 12-well tissue culture
plates (Nunc, Roskilde, Netherlands) and after 1 week
expanded in 25-cm? tissue culture flasks (Corning, Schi-
pol-Rijk, Netherlands). For the growth on nanofibers,
cells growing in vitro for 2-3 weeks were used.

MSCs were isolated from femurs and tibias of
BALB/c mice. The bone marrow was flushed out, a sin-
gle-cell suspension was prepared by homogenization,
and the cells were seeded at a concentration of 4 x 10°
cells/ml in complete RPMI-1640 medium in 25-cm? tis-
sue culture flasks (Corning). On the following day the
nonadherent cells were washed out and the adherent
cells were cultured with a regular exchange of the me-
dium and passaging of the cells to maintain their optimal
concentration. After 3 weeks of culturing, the cells were
characterized phenotypically by flow cytometry (over
90% of them were MHC class II-, CD86-, and CD11b-,
but the majority was CD105%) and for their ability to
differentiate into adipocytes (data not shown).

Mouse corneal epithelial and endothelial cell lines,
prepared by the immortalization of mouse corneal epi-
thelial and endothelial cells (11), were also tested for
their growth on nanofiber scaffolds.

Demonstration of the Immunosuppressive Properties
of MSC In Vitro

Spleen cells (0.5 x 10%/ml) from BALB/c mice were
cultured in 200 pl of RPMI-1640 medium containing
10% FCS in 96-well tissue culture plates (Nunc), either
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unstimulated or were stimulated with 1.0 pg/ml of con-
canavalin A (Con A, Sigma). MSC were added to these
cultures at a ratio of MSCs to spleen cells of 1:2, 1:4,
or 1:8. Cell proliferation was determined by incorpora-
tion of [*H]thymidine (1 pnCi/well, Nuclear Research In-
stitute, Rez, Czech Republic) added to the cultures for
the last 6 h of a 72-h incubation period. The cells were
harvested using an Automash 2000 cell harvestor (Dy-
nex, Chantilly, VA) and the radioactivity was deter-
mined. The presence of IFN-y in the supernatants was
assessed by an enzyme-linked immunosorbent assay
(ELISA) using capture and detection anti-cytokine anti-
bodies purchased from PharMingen (San Diego, CA)
and following the instructions of the manufacturer.

Morphology of Cells Growing on Nanofibers
and Plastic

LSCs or MSCs were cultured at various cell concen-
trations on nanofibers fixed in the inserts or on plastic
surfaces. Nanofiber scaffolds were cut into squares (ap-
proximately 1.5 x 1.5 cm) and fixed into CellCrownTM?*
inserts (Scaffdex, Tampere, Finland). The inserts with
nanofibers were sterilized by UV light, soaked in sterile
destilled water, washed in culture medium, and trans-
ferred into 24-well tissue culture plates (Corning). Fifty
thousand cells in a volume of 700 ul of culture RPMI-
1640 medium with 10% of FCS was transferred into
each well. One or 2 days after seeding, the cells were
fixed for 15 min in 4% paraformaldehyde, washed with
phosphate-buffered saline (PBS), and treated with
Chemiblocker (1:20, Chemicon, Temecula, CA) and Tri-
ton X-100 (0.2%, Sigma). To label F-actin, the cells
were incubated with Alexa fluor 568 Phalloidin (Molec-
ular Probes, Invitrogen, Paisley, UK) diluted 1:300 in
PBS containing 1% bovine serum albumin (Sigma) and
0.5% Triton X-100 (Sigma) overnight at room tempera-
ture. The nuclei were vizualized by using 4’,6-diamid-
ino-2-phenylindole (DAPI) fluorescent dye (Invitrogen).
Images were taken by a laser scanning confocal micro-
scope (Zeiss, Jena, Germany).

Determination of Cell Proliferation

The proliferation of cells growing on plastic or nanof-
ibers was determined according to [*H]thymidine incor-
poration. The cells (50 x 103/well/700 pl of culture me-
dium) were seeded into the wells of 24-well tissue
culture plates (Corning) with or without inserts contain-
ing nanofibers. The plates were incubated for 24 or 48
h and cell proliferation was determined by adding
[*H]thymidine (3 pCi/well, Nuclear Research Institute)
for the last 6 h of the incubation period. The radioactiv-
ity incorporated in cells growing on plastic or nanofibers
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was measured using a Tri-Carb 2900TR scintilation
counter (Packard, Meridien, CT).

Determination of Metabolic Cell Activity

The metabolic activity of living cells was determined
by the WST assay. The assay is based on the ability of
living cells to cleave by mitochondrial dehydrogenases
tetrazolium salts into water soluble formazan, which is
then measured by spectrophotometry. Fifty thousand
cells in 700 pl of RPMI-1640 culture medium were cul-
tured in the wells of 24-well tissue culture plate (Corn-
ing) with or without inserts containing nanofibers for 24
h at 37°C in an atmosphere of 5% CO,. WST-1 reagent
(Roche, Mannheim, Germany) (10 pl/100 pl of the me-
dium) was added to each well, and the plates were incu-
bated for another 4 h to form formazan. Formazan-
containing medium (100 ul) was transferred from each
well into the wells of a 96-well tissue culture plate (Cor-
ning) and the absorbance was measured using a Sunrise
Remote ELISA Reader (Grodig, Austria) at a wave-
length of 450 nm.

A Model of the Damaged Ocular Surface
and Cell Transfers

The recipient BALB/c mice were deeply anesthetized
by an intramuscular injection of a mixture of xylazine
and ketamine (Rometar, Spofa, Prague, Czech Repub-
lic). The surface (corneal region) of the right eye was
damaged by epithelial debridement with a sharp needle
(G23) and the limbus was cut out with Vannas scissors
(Duckworth and Kent, Baldock, UK). To induce a
stronger immune reaction in the anterior segment of the
eye, an allogeneic limbus from C57BL/6 donors was
grafted orthotopically to the recipients with a removed
limbus according to the technique of Maruyama et al.
(17). A 4-mm-diameter nanofiber circle (with or without
SCs) was used to cover the limbal and corneal region
and was sutured with four interrupted sutures using 11.0
Ethilon (Ethicon, Johnson & Johnson, Livingston, En-
gland) on the damaged ocular surface. The nanofibers
with growing cells were transferred with the cell side
facing down towards the ocular surface. For the cell
transfer, equal numbers of LSCs and MSCs growing on
the nanofiber scaffold were transferred, approximately
4 x 10* cells of each type. The eyelids were closed by
tarsorhapy using one suture of Resolon 7.0 (Resorba,
Nuremberg, Germany) for 72 h. An ophthalmic ointment
compound containing bacitracin and neomycin (Oph-
thalmo-Framykoin, Zentiva, Prague, Czech Republic)
was applied on the ocular surface for 3 days. The nanofi-
ber scaffolds were removed from the ocular surface on
day 3 after the operation.

To trace the fate and survival of LSCs after their
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transfer onto the ocular surface, the cells were labeled
with the fluorescent vital dye PKH26 (PKH26 Red Fluo-
rescent Cell Linker Kit, Sigma) according to the instruc-
tions of the manufacturer, cultured for 24 h on a nanofi-
ber scaffold, and transferred on the damaged eye surface
as described above. The recipients were killed 2, 7, or
14 days after cell transfer and the whole globes were
dissected and placed for 1 h into 4% paraformaldehyde.
Then the globes were transferred into a 15% sucrose
solution in PBS for 24-h fixation; subsequently, cryosec-
tions at a thickness of 7 um were prepared using a Leica
CM 3050 S cryostat (Leica, Wetzlar, Germany). The nu-
clei were stained with DAPI. The presence of stained
cells was analyzed using a fluorescent microscope.

Determination of Inflammatory Reaction
by Real-Time PCR

The expression of genes for IL-2 and IFN-y and for
inducible nitric oxide synthase (iNOS) in cells from the
ocular surface was detected by real-time PCR. The
whole ocular surface (including the cornea and limbal
region) was removed using Vannas scissors on day 7
after the operation and transferred into Eppendorf tubes
containing 200 pl of TRI Reagent (Molecular Research
Center, Cincinnati, OH). Total RNA was extracted using
TRI Reagent according to the manufacturer’s instruc-
tions. Total RNA (2 ng) was treated using deoxyribonu-
clease I (Sigma) and used for subsequent reverse tran-
scription. The first-strand cDNA was synthesized using
random hexamers (Promega, Madison, WI) in a total re-
action volume of 25 ul using M-MLV Reverse Tran-
scriptase (Promega). Quantitative real-time PCR was
performed in an iCycler (BioRad, Hercules, CA) using
the primers described in Table 1. iQ SYBR Green Su-
permix (BioRad) was used in all experiments. The PCR
parameters included denaturation at 95°C for 3 min, then
40 cycles at 95°C for 20 s, annealing at 60°C for 30 s,
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 on the iCycler Detection sys-
tem, Version 3.1. Each single experiment was done in
triplicate. The relative quantification model was applied
to calculate the expression of the target gene in compari-
son to GAPDH used as an endogenous control.

ZAJICOVA ET AL.

Statistical Analysis

Analysis of data showed normal distribution and the
results are expressed as mean + SE. Comparisons be-
tween two groups were analyzed by Student z-test, and
multiple comparisons were analyzed by ANOVA fol-
lowed by Bonferroni post hoc test. A value of p < 0.05
was considered statistically significant.

RESULTS

Comparison of Metabolic Activity and Growth
Properties of Cells Growing on PA6/12 Nanofibers
or on Plastic Surfaces

LSCs, MSCs, and corneal epithelial or corneal endo-
thelial cells were grown for 24 or 48 h on nanofibers
(fixed in inserts) or on a plastic surface in 24-well tissue
culture plates and their metabolic and proliferative activ-
ities were determined. As demonstrated in Figure 1, all
four cell types had comparable metabolic activities and
proliferative capacities irrespective of whether they
grew on the plastic surface or on nanofibers. The growth
of LSCs and MSCs on nanofibers was confirmed when
the metabolic activity that corresponds to the number of
living cells was determined at different time intervals.
As shown in Figure 2, the metabolic activity of SCs
gradually increased during the 48-h incubation period.

The Morphology of Cells Growing on Nanofibers

The shape of the cells and the organization of the
actin cytoskeleton of LSCs growing on PA6/12 nanofi-
bers were compared with those of cells growing on plas-
tic surfaces. Figure 3 shows that the shape of the cells
and the organization and thickness of the actin filaments
formed in adherent cells were comparable between cells
growing on nanofibers and plastic surfaces. Confocal
and electron microscopy showed the penetration of
LSCs into the nanofibrous structure and the growth of
pseudopodia among the nanofibers (data not shown).

Transfer of LSCs and MSCs Using Nanofiber Scaffolds
Onto the Damaged Ocular Surface

To prove that LSCs can be transferred using a nanofi-
ber scaffold onto the ocular surface and that they can
subsequently migrate from the scaffold onto the dam-

Table 1. Mouse Primer Sequences Used for Real-Time PCR

Gene Sense Primer Antisense Primer

GADPH AGAACATCATCCCTGCATCC ACATTGGGGGTAGGAACAC

IL-2 GCTGTTGATGGACCTACAGGA TTCAATTCTGTGGCCTGCTT

IFN-y ATCTGGAGGAACTGGCAAAA TTCAAGACTTCAAAGAGTCTGAGG
iNOS CTTTGCCACGGACGAGAC TCATTGTACTCTGAGGGCTGAC
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Figure 1. Metabolic and proliferative activities of LSCs, MSCs, and corneal epithelial and corneal
endothelial cells growing on plastic or nanofibers. The same number of cells was seeded on plastic
(24-well tissue culture plate) or PA6/12 nanofibers fixed in inserts. (A) The metabolic activity was
determined by adding WST-1 reagent to the cultures for the last 4 h of a 24-h incubation period.

(B) The proliferative activity was determined by adding [*H]thymidine into the culture medium
for the last 6 h of a 24-h incubation period. Each bar represents the mean * SE from three to four

determinations.
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Figure 2. Comparison of the growth of LSCs and MSCs on plastic or nanofibers. Equal numbers of MSCs (A) or LSCs (B) were
seeded into the wells of a 24-well tissue culture plate or onto PA6/12 nanofibers fixed in inserts and the metabolic activity of the
living cells was determined at the beginning of culture (O h) and after 24- or 48-h incubation. Each bar represents the mean + SE
from three determinations.
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Figure 3. The morphology of LSCs growing on a glass surface or on PA6/12 nanofibers. The cells
were cultured for 24 h on poly-L-lysine-coated glass inserts in 24-well tissue culture plates or on
nanofibers fixed in inserts and were stained for F-actin with phalloidin (red filaments). The nuclei
are blue (DAPI staining). (A, B) LSCs growing on the glass surface at two different magnifica-
tions. (C, D) LSCs growing on nanofiber scaffolds. Scale bars: (A, C) 50 um; (B, D) 20 um.

aged ocular surface, we labeled LSCs with the fluores-
cent dye PKH26, cultured them on PA6/12 nanofibers,
and transferred them onto the damaged ocular surface.
The globes were harvested at different time intervals
after cell transfer and cryosections were prepared. As
demonstrated in Figure 4, PKH26-labeled cells were
clearly detected on the ocular surface on days 2, 7, and
14 after cell transfer.

Suppression of a Local Inflammatory Reaction
by LSCs and MSCs

First, we demonstrated the immunosuppressive prop-
erties of MSC in vitro. Mouse spleen cells were stimu-
lated with the T-cell mitogen Con A in the presence or
absence of MSCs. As demonstrated in Figure 5, MSCs
inhibited cell proliferation (Fig. 5SA) and IFN-y produc-
tion (Fig. 5B) in a dose-dependent manner. No immuno-
suppression was observed if LSCs were used instead of
MSCs, and the suppression by MSCs was preserved if
MSCs were tested in a mixture with LSCs (data not
shown).

To demonstrate the suppression of a local inflamma-
tory reaction by the transfer of LSCs and MSCs in vivo,

two models of ocular surface damage and treatment
were used. In the first model, the ocular surface was
mechanically damaged. The second model combined
mechanical damage and the transplantation of allogeneic
limbus. In the healthy, nondamaged eye, no detectable
expression of IL-2, IFN-y, or iNOS genes was found.
The mechanical injury induced a moderate inflammatory
reaction associated with the production of IFN-y and
iNOS. This response was inhibited after the transfer of
nanofibers containing LSCs and MSCs (data not
shown). The ocular surface damage associated with or-
thotopic limbal allotransplantation induced a strong in-
flammatory reaction characterized by the expression of
the IL-2, IFN-y, and iNOS genes (Fig. 6). This reaction
was slightly inhibited by covering the eye surface with
cell-free nanofibers and was significantly attenuated
after the transfer of LSCs and MSCs growing on nanofi-
ber scaffold (Fig. 6).

DISCUSSION

A growing body of recent studies has shown that
electrospun nanofibers of various polymers allow the ad-
hesion, proliferation, metabolic activity, morphology,
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Control D2

D7 D14

Figure 4. Detection of PKH26-labeled LSCs on the damaged ocular surface after their transfer on
a PA6/12 nanofiber scaffold. LSCs were labeled with PKH26 and cultured for 24 h on nanofibers
fixed in inserts. The nanofibers with cells were transferred and fixed (with the cell side facing
down) for 3 days on the damaged ocular surface. The globes were removed 2, 7, or 14 days after
the operation and 7-um cryosections were prepared. The nuclei were vizualized with DAPI. The
cryosections were prepared (A) from the control undamaged eye (without labeled cells), (B) from
the eye 2 days after operation (the nanofiber scaffold with labeled LSCs is seen as a red lane,
corneal epitheliun is removed), and from the eyes 7 (C) and 14 (D) days after the cell transfer (red
stained cells are still present, the corneal epithelium is regenerated). Scale bars: 50 um.
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Figure 5. Immunosuppressive properties of MSCs in vitro. Spleen cells from BALB/c mice were cultured either unstimulated or
stimulated with Con A (1.0 pg/ml) in the presence or absence of MSCs (at a ratio of 2:1, 4:1, or 8:1). Cell proliferation (A) was
determined by [*H]thymidine incorporation after a 72-h incubation period, the production of IFN-y (B) was measured by ELISA in
the supernatants after a 48-h incubation period. Each bar represents the mean + SE from three experiments. *p < 0.01, **p < 0.001.
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Figure 6. Suppression of the local inflammatory reaction after the transfer of LSCs and MSCs on
a nanofiber scaffold. The inflammatory reaction was induced on ocular surface by epithelial de-
bridement and orthotopic limbal allotransplantation. The ocular surface then remained untreated,
covered with nanofibers without cells or covered with nanofibers with LSCs and MSCs. On day 7
after cell transfer the ocular surface was removed and the expression of genes for IL-2, [FN-y, and
iNOS was determined by real-time PCR. The comparative Ct method was used to determine the
extent of the targeted gene expression normalized to an internal GAPDH control. Each bar repre-
sents the mean + SE from three experiments (two mice in each experiment). *p < 0.05 in compari-
son to uncovered damaged eyes, **p < 0.001 in comparison to damaged eyes covered with cell-

free (empty) nanofibers.

and organized assembly of different cell types in vitro
(2,5,18,25,35). The constructs formed by nanofiber scaf-
folds and specialized cells have been suggested as per-
spective and promising tools for tissue engineering
(14,15). However, the performance and behavior of na-
nofibrous materials in vivo are not well understood.
Only scarce recent data are available to demonstrate the
usefulness of nanofiber scaffolds in vivo.

We described here the preparation of electrospun na-
nofibers and their use as a scaffold to grow and transfer
LSCs and MSCs to treat ocular surface injuries and SC
deficiencies. The nanofibers were prepared by the origi-
nal needleless Nanospider technology, which enables the
creation of nanofibers from various polymers and of de-
fined fiber diameter, porosity, and a basis weight. From
a large panel of polymers tested in our pilot experi-
ments, we selected copolymer PA6/12. This polymer
turned out to be sufficiently biocompatible, forming na-
nofibers stable in aqueous solutions and suitable for the
growth of limbal and mesenchymal SCs. In addition,
differentiated corneal epithelial and endothelial cells
were grown on PA6/12 nanofibers and their metabolic
and proliferative activities were comparable with those
of the same cells grown on plastic surfaces.

We have made a successful attempt to use the nanofi-
ber scaffolds for the transfer of LSCs to treat ocular sur-
face injuries or LSC deficiencies in an experimental
mouse model. The limbus represents the region in the
eye where SCs reside that are responsible for corneal
renewal and repair (4,31). We have recently shown that
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the cells obtained by trypsinization of limbal tissue ex-
press the markers and characteristics of LSCs and that
these cells can be propagated in vitro in tissue culture
(13). Here we have shown that LSCs can be cultured on
a polyamide nanofiber scaffold and that their prolifera-
tion, metabolic activity, and morphology when grown
on nanofibers are comparable with those of cells grown
on plastic surfaces. In addition, we have shown that
LSCs growing on a nanofiber scaffold can be success-
fully transferred onto the damaged ocular surface. So
far, human amniotic membranes have been used most
frequently as a matrix for the growth and transfer of
LSCs for therapeutic purposes (26,30). In spite of the
use of human allogeneic amniotic material as a scaffold
of LSCs for the reconstruction of the ocular surface, the
beneficial effects of LSC transplantation have been re-
ported (22). The use of biocompatible synthetic poly-
mers for the preparation of nanofiber scaffolds for the
growth and transfer of LSC would have apparent advan-
tages.

We are aware that the limbal cell population that we
transferred using the nanofiber scaffold was not a pure
SC population. The population contained also differenti-
ated cells originating from LSCs and other cell types of
the LSC niche. Analysis of the gene expression of the
transferred cells revealed that this cell population con-
tained both differentiated epithelial cells (expressing
CK12 and connexin 43) and cells expressing the puta-
tive LSC markers ABCG2, p63, and Lgr5 [(13), and un-
published data]. However, such a cultured population of



NANOFIBER SCAFFOLDS FOR STEM CELL THERAPY

limbal epihelial cells is generally referred to as LSCs,
and their therapeutic potential in the treatment of LSC
deficiencies has been documented (22,32).

In addition to LSCs, we also grew on nanofiber scaf-
folds MSCs, which can differentiate to various cell types
including corneal epithelial cells (8,19,23) and that have
the ability to inhibit immunological reactions (1,6). We
confirmed the immunosuppressive effects of MSCs in
vitro by the inhibition of T-lymphocyte proliferation and
by the suppression of cytokine production. It has been
shown that the transfer of MSCs onto the damaged eye
can support the healing process, but the effects of MSCs
were attributed to the ability of MSCs to inhibit inflam-
matory reactions (15,21). In our experiments we cocul-
tured LSCs and MSCs on nanofiber scaffolds and trans-
ferred them onto the damaged ocular surface where a
local inflammatory reaction characterized by the expres-
sion of genes for IL-2, IFN-y, and iNOS was induced
by epithelial debridement and limbal allotransplantation.
Analysis of the gene expression in tissue harvested from
the damaged ocular surface 1 week after the injury
showed that there was a significant suppression of the
gene expression of the inflammatory proteins IL-2, IFN-
v, and iNOS, suggesting that the MSCs suppress the in-
flammatory reaction. This suggestion is supported by
previous data showing that MSCs applied to the ocular
surface can inhibit the local inflammatory reaction
(15,21).

It has been demonstrated previously that embryonic
SCs can be grown, propagated, and differentiated on na-
nofibers (20,28). Our results suggest that nanofiber scaf-
folds prepared from PA6/12 by electrospinning technol-
ogy can serve as a convenient matrix for the growth of
adult tissue-specific SCs and for their transfer to treat
ocular surface injuries. Studies are in progress to test the
survival and propagation of cells in terms of the persist-
ance of SC markers and characteristics during their
growth on nanofiber scaffolds and to monitor the pres-
ence of LSCs after their transfer onto the ocular surface
in experimental LSC deficiency models.
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5.4 Vyuziti nanovlakennych nosi¢i pripravenych technikou
elektrostatického zvlaknovani a nesoucich CsA a kmenové buiky

pro bunécnou terapii a lokalni imunosupresivni plisobeni

Holan V., Chudi¢kova M., Tro$an P., Svebodova E., Krulovdi M., Kubinova S.,
Sykova E., Sirc J., Michalek J., Jukli¢kova M., Munzarova M., Zajicova A.
J Control Release. 2011;156:406-412.

CsA je G¢inna imunosupresivni latka s nizkou rozpustnosti ve vodé. Proto byl
CsA rozpustén v roztoku kyseliny polymlécné a z této smési byly pomoci technologie
elektrostatického zvladkinovani pripraveny nanovlakenné nosi¢e. Pfidani CsA do
roztoku kyseliny polymlécné ani proces elektrostatického zvldknovani neovlivnily
strukturu nanovldken ani farmakologickou aktivitu CsA. Studium stability
nanovlakennych nosict s CsA pfi kultivaci ukazalo uvoliiovani CsA po dobu nejméné
96 hodin. Po umisténi nanovlaken s CsA na kozni alogenni transplantat doslo ke
zpomaleni uvolnovani CsA, pificemz piiblizné 35% 1é¢iva bylo pfitomno
v nanovldknech 8 dnili po transplantaci. Pfidani nanovlaken s CsA do kultur slezinnych
bun¢k stimulovanych konkanavalinem A selektivné potlacovalo funkce T lymfocyti.
Aktivita stimulovanych makrofaghh ani jinych typd bunék nebyla potlacena
v pfitomnosti nanovldken obsahujicich CsA. Ptekryti koznich alotransplantatt
nanovldkny s CsA vyznamné potlacilo lokalni produkci prozanétlivych cytokint IL-2,
IFN-y a IL-17. Vysledky ukazuji, Ze nanovldkna obsahujici CsA mohou slouzit jako
ucinny nosi¢ farmakologicky aktivnich latek nebo bunc¢k pro lokdlni potlaceni

zanétlivé odpovédi a bunéénou terapii.
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Cyclosporine A (CsA), a potent immunosuppressive drug with low water solubility, was dissolved in poly
(L-lactic acid) (PLA) solution, and nanofibers were fabricated from this mixture by electrospinning
technology. The addition of CsA into the PLA solution and the conditions of the electrospinning process did
not influence the structure of the nanofibers nor affect the pharmacological activity of CsA. Study of the CsA
release behavior in culture medium showed a release for at least 96 h. After the topical application of CsA-
loaded nanofibers on skin allografts in vivo, the release was significantly slower and about 35% of the drug
was still retained in the nanofibers on day 8. The addition of CsA-loaded nanofibers into cultures of mouse
spleen cells stimulated with Concanavalin A selectively inhibited T cell functions; the activity of stimulated
macrophages or the growth of non-T-cell populations was not suppressed in the presence of CsA-loaded
nanofibers. The covering of skin allografts with CsA-loaded nanofibers significantly attenuated the local
production of the proinflammatory cytokines IL-2, IFN-y and IL-17. These results suggest that CsA-loaded
electrospun nanofibers can serve as effective drug carriers for the local/topical suppression of an

inflammatory reaction and simultaneously could be used as scaffolds for cell-based therapy.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nanofibers prepared by the electrospinning technology have turned
out to be convenient and promising carriers for targeted drug delivery
or as scaffolds for cell transfer in regenerative medicine. So far, a wide
range of various molecules have been incorporated into the polymers
used for nanofiber formation or bound on the surface of the nanofibers
[1-4]. The release of therapeutic molecules from nanofibers depends
on the type of polymer as well as the molecular weight and
hydrophobicity/hydrophilicity of the drug. To modulate the kinetics
of drug release from nanofibers, different forms of polymers or
composite nanofiber structures, including nanofibers, nanoparticules
or self-assembling proteins, have been tested [5-8]. These materials
have proven to be suitable carriers for a number of molecules, including
antibiotics, vitamins, growth factors and chemotherapeutics [9].

* Corresponding author at: Institute of Molecular Genetics, Academy of Sciences of
the Czech Republic, Videnska 1083, 142 20 Prague 4, Czech Republic. Tel.: +420
241063226; fax: +420 224310955.
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In addition, nanofibers have been successfully used as scaffolds for
cell-based therapy in regenerative medicine. It has been shown that
various cell types can be grown on nanofibers which represent an
optimal matrix [10-13]. If allogeneic cells are used for cell-based
therapy, local immunosuppression, in addition to a systemic suppres-
sion of immunity, would be useful for protecting the foreign cells from
immunological rejection. For this purpose, the development of
biocompatible nanofibers that could serve as a carrier of the cells and
that could simultaneously release a selective immunosuppressive drug
would be of the utmost priority.

To approach this task, we prepared and tested nanofibers that
were fabricated by the original needleless electrospinning technol-
ogy from a biocompatible polymer, poly(L-lactic acid) (PLA).
Nanofibers prepared from PLA can be seeded with different cell
types and can serve as carriers for cell-based therapy. We have
recently shown that cell-seeded nanofibers can be succesfully used as
a scaffold for stem cell transfer to treat ocular surface injuries and
limbal stem cell deficiencies [13]. Here we demonstrate that PLA
nanofibers can be simultaneously loaded with the immunosuppres-
sive drug Cyclosporine A (CsA), a widely used selective inhibitor of
calcineurin and T-cell functions. So far, CsA has been incorporated
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into various types of nanoparticules, nanostructures or micells to
prolong its therapeutic efficacy after oral administration or ocular
delivery [14-17]. We show here that CsA can be incorporated into
PLA nanofibers during the non-jet electrospinning process. These
nanofibers with encapsulated CsA can be used for the local
suppression of harmful T-cell-mediated immune reactions and,
after seeding with cells, could simultaneously serve as scaffolds for
cell-based therapy.

2. Materials and methods
2.1. Mice

Mice of both sexes of the inbred strains BALB/c and C57BL/6Sn
(B6) were used in the experiments at the age of 7-10 weeks. The
animals were obtained from the breeding unit of the Institute of
Molecular Genetics, Prague. The use of animals was approved by the
local Animal Ethics Committee of the Institute of Molecular Genetics.

2.2. Materials and nanofiber preparation

The PLA polymer was purchased from Nature Works LLC
(Minnetonka, MN). This material was dissolved in chloroform at 7
weight percent (henceforth abbreviated as wt%), and two other
solvents, 1,2-dichlorethane (29 wt.%) and ethyl acetate (10 wt.%)
(both purchased from PENTA, Prague, Czech Republic), were added to
this solution. The mixture was stirred until a homogeneous polymer
solution was obtained. CsA (TEVA Czech Industries, Opava, Czech
Republic) was dissolved in the prepared polymer solution to selected
concentrations (1, 2.5, 5 and 10 wt%) and the solution stirred until the
drug was dissolved. The modified needleless Nanospider™ technol-
ogy [18], in which polymeric jets are spontaneously formed from
liquid surfaces on a rotating spinning electrode, was used for the
preparation of the nanofibers. This Nanospider technology flexibly
enables the formation of fibers tens of nanometers to tens of
micrometers in diameter and the preparation of nanofiber matrices
with masses per unit area ranging from 1 to 100 g per m?. During this
study, nanofiber materials with a mass per unit area of 10 g/m? and
containing, if not indicated otherwise, 10 wt.% CsA were used. These
nanofibers had a diameter ranging from 290 to 539 nm and contained
1 g of CsA/mm?2. The morphology of CsA-free and CsA-loaded PLA
nanofibers and their nanofibrous architecture were analyzed using
scanning electron microscopy (SEM).

2.3. T-cell proliferation assay and assessment of immunosuppression in
vitro

Single cell suspensions of spleen cells from BALB/c mice were
prepared in RPMI 1640 medium (Sigma, St. Louis, MO) containing
10% fetal calf serum (FCS, Sigma), antibiotics (100 U/ml of penicillin,
100 pg/ml of streptomycin), 10 mM HEPES buffer and 5x 107> M
2-mercapoethanol (hereafter referred to as complete RPMI 1640
medium). The cells (0.5 x 10%/ml) were cultured in a volume of 200 pl
of complete RPMI 1640 medium in 96-well tissue culture plates
(Nunc, Roskilde, Netherlands) unstimulated or stimulated with
1.0 pg/ml of Concanavalin A (Con A, Sigma). To determine cell
proliferation, *H-thymidine (1 uCi/well, Nuclear Research Institute,
Rez, Czech Republic) was added to each well for the last 6 h of a 72-h
incubation period. The cells were harvested using an Automash 2000
cell harvestor (Dynex, Chantilly, VA) and the radioactivity incorpo-
rated in the cells was measured using a Tri-Carb 2900TR scintilation
counter (Packard, Meridien, CT).

To characterize the immunosuppressive potential of CsA-loaded
nanofibers, nanofiber samples of variable size (ranging from 1 mm? to
25 mm?) and with different concentrations of CsA (0, 1, 2.5, 5 or
10 wt.%) were added into wells with Con A-activated spleen cells. Free
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CsA at concentrations ranging from 1 pg/ml to 100 pg/ml was added
to cultures of Con A-stimulated cells as a positive control.

2.4. Determination of the kinetics of CsA release from nanofibers in vitro

Samples of nanofibers (size 5x 5 mm, mass per unit area 10 g/m?,
10 wt.% CsA) were soaked in wells with 250 pl of RPMI 1640 medium
with 10% FCS at laboratory temperature. The nanofibers were
repeatedly transferred after 0.5, 1, 2, 4, 8, 12, 24, 48, 72 and 96 h
into new wells containing fresh medium. The supernatants from the
individual wells after each transfer were harvested, stored at —20 °C
and tested for the inhibition of Con A-induced T-cell proliferation and
IL-2 production.

2.5. Proliferation of nonlymphoid cells

Limbal stem cells (LSCs) were obtained by enzyme digestion of
limbal tissue from BALB/c mice as we have described [19]. Mouse
mesenchymal stem cells (MSCs) were prepared from bone marrow
isolated from the femurs and tibias of BALB/c mice as described [20].
The mouse embryonal fibroblast cell line 3T3 was obtained from the
American Cell Culture Collection. LSCs, MSCs or 3T3 cells were cultured
at a concentration of 25x103/ml in a volume of 200 pl of complete
RPMI 1640 medium in 96-well tissue culture plates (Nunc) alone or in
the presence of CsA-free or CsA-loaded nanofibers (sample size
3 x3 mm, mass per unit area 10 g/m?, 10 wt.% CsA). The proliferation
of the cells was determined by "H-thymidine added to the cultures for
the last 6 h of a 48-h incubation period.

To determine the growth of LSCs, MSCs and 3T3 cells on plastic
and nanofibers, nanofiber scaffolds were cut into squares (approx-
imately 1.5x 1.5 cm) and fixed into CellCrownTM?* inserts (Scaffdex,
Tampere, Finland). The inserts with nanofibers were transferred into
24-well tissue culture plates (Corning Co., Corning, NY). One hundred
thousand cells in a volume of 700 pl of complete RPMI 1640 medium
were transferred into each well. The plates were incubated for 24 h,
and cell viability and metabolic activity were determined by the WST
assay [13]. The assay is based on the ability of living cells to cleave
tetrazolium salts by mitochondrial dehydrogenases into water
soluble formazan, which is then measured by spectrophotometry.
In brief, WST-1 reagent (Roche, Mannheim, Germany) (10 p/100 pl
of the medium) was added to each well, and the plates were
incubated for another 4 h to form formazan. The absorbance was
measured using a Sunrise Remote ELISA Reader (Groding, Austria) at
450 nm.

2.6. Production and detection of cytokines and nitric oxide (NO)

Spleen cells from BALB/c mice (0.5 x 10%/ml) were stimulated with
Con A (1.0 pg/ml) in a volume of 800 pl of culture medium in 48-well
tissue culture plates (Corning) in the absence or presence of nanofiber
samples (size 3 x 3 mm, mass per unit area 10 g/m?, 10 wt.% CsA). The
concentrations of IL-2, IFN-y and IL-17 in the supernatants were
assessed by an enzyme-linked immunosorbent assay (ELISA) using
capture and detection anti-cytokine antibodies purchased from
PharMingen (San Diego, CA) (IL-2 and IFN-y detection) or R & D
Systems (Minneapolis, MN) (IL-17 detection) and following the
instructions of the manufacturers.

For the production of IL-1p, IL-6 and NO, mouse peritoneal
macrophages (1 x 10° cells/ml) were stimulated with lipopolysaccha-
ride (LPS, 1.0 pg/ml, Difco Laboratories, Detroit, MI) and IFN-vy
(5ng/ml) in the absence or presence of nanofibers. The concentra-
tions of IL-1p and IL-6 in the supernatants were measured by ELISA
using capture and detection antibodies purchased from R & D Systems
(for detection of IL-1p) or from PharMingen (for IL-6 detection). The
levels of NO in the supernatants were detected after 48 h using the
Griess reaction [21].
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2.7. Mouse models of skin grafting

Skin grafts from B6 donors were transplanted into BALB/c
recipients according to the technique of Billingham et al. [22]. The
grafts (size 8x8 mm) were covered with CsA-free or CsA-loaded
nanofibers (size 10 x 10 mm, mass per unitarea 10 g/m?, 10 wt.% CsA).
The grafts were removed on day 7 after transplantation and the grafted
tissue was used for real-time PCR analysis to detect the expression of
genes for proinflammatory molecules; alternatively, the graft explants
were cultured in vitro for 48 h [23] and the concentration of IL-17 in
the supernatants was assessed by ELISA.

To determine the kinetics of CsA release in vivo, the CsA-loaded
nanofibers were removed 1, 2, 4 or 8 days after transplantation, and the
amount of pharmacologically active CsA retained in the nanofibers was
determined. The immunosuppressive potential (suppression of T-cell
proliferation, inhibition of IL-2 production) of small samples from the
collected nanofibers was compared with that of the original CsA-loaded
nanofibers or with a pure CsA standard, and the percentage of CsA
remaining in the nanofibers was calculated.

2.8. Characterization of the inflammatory reaction by real-time PCR

The expression of genes for the proinflammatory cytokines IL-2 and
IFN-v in cells from control or nanofiber-covered skin allografts was
determined by real-time PCR. The details of RNA isolation, transcription
and the PCR parameters have been described previously [13,20]. In brief,
total RNA was extracted from the tissues using TRI reagent (Molecular
Research Center, Cincinnati, OH). One pg of total RNA was used for
subsequent reverse transcription. Quantitative real-time PCR was
performed using an iCycler (BioRad, Hercules, CA). The following primers
were used for amplification: GAPDH - 5-AGAACATCATCCCTGCATCC
(sense), 5-ACATTGGGGGTAGGAACAC (antisense), IL-2 - 5°-
GCTGTTGATGGACCTACAGGA (sense), 5-TTCAATTCTGTGGCCTGCTT
(antisense) and IFN-y - 5-ATCTGGAGGAACTGGCAAAA (sense), 5-
TTCAAGACTTCAAAGAGTCTGAGG (antisense). Each single experiment
was done in triplicate. The relative quantification model was applied to
calculate the expression of the target gene in comparison to GAPDH used
as an endogenous control.

2.9. Statistical analysis

Each experiment was repeated at least three times, and the results
are expressed as mean + SD. Comparisons between two groups were
analyzed by Student’s t-test, and multiple comparisons were analyzed
by ANOVA. A value of p<0.05 was considered statistically significant.

3. Results
3.1. Morphology of CsA-loaded nanofibers

Nanofibers from PLA polymer were prepared with various concen-
trations (weight percentage, wt.%) of CsA. At all tested concentrations
(ranging from 1 to 10 wt.%), CsA did not influence the nanofiber
formation and did not have any effect on nanofiber density, diameter,
porosity or architecture (Fig. 1).

3.2. Immunosuppressive properties of CsA-loaded nanofibers

The addition of CsA-loaded PLA nanofibers, but not PLA nanofibers
without CsA, into wells with Con A-stimulated spleen cells strongly
inhibited T-cell proliferation (Fig. 2A). CsA-loaded nanofibers also
inhibited in a dose-dependent manner the production of IL-2 (Fig. 2B),
IL-17 (Fig. 2C) and IFN-vy (Fig. 2D) by Con A-stimulated spleen cells.
The inhibition depended on the concentration of CsA in the PLA
(Figs. 2A-D) and on the mass per unit area of the nanofiber material
(data not shown). In contrast, the production of IL-1B (Fig. 2E) or NO

Fig. 1. SEM characterization of CsA-loaded PLA nanofibers. A - 0% CsA, B - 1 wt.% CsA,
C - 10 wt.% CsA. Magnification: 5000x.

(Fig. 2F) by LPS/IFN-v stimulated macrophages was not inhibited in
the presence of CsA-loaded nanofibers.

3.3. The kinetics of drug release in vitro and in vivo

To study the kinetics of CsA release from CsA-loaded nanofibers,
samples of nanofiber material (size 5x5 mm, mass per unit area
10 g/m?, 10 wt.% CsA) were soaked in 250 pl of complete RPMI 1640
medium, and at the indicated time intervals the nanofibers were
transferred into the same volume of fresh medium. The presence of
pharmacologically active CsA released into the culture media was
assessed at individual time intervals by its ability to inhibit T-cell
proliferation and IL-2 production. As demonstrated in Fig. 3A and B, a
significant amount of CsA was detected in the samples harvested at
intervals within the first 12 h of incubation, but the release of CsA
continued subsequently for at least 96 h.

To evaluate the release behavior of CsA in vivo, CsA-loaded
nanofibers covering skin allografts were collected 1, 2, 4 and 8 days
after grafting, and the presence of CsA in the nanofibers was tested for
its ability to inhibit Con A-induced T-cell proliferation and IL-2
production. The results showed that nanofibers collected at all tested
days still retained a sufficient amount of CsA to effectively inhibit
T-cell proliferation (Fig. 4A) and IL-2 production (Fig. 4B). A
quantitative determination of CsA content in nanofibers collected at
the individual time points showed, in comparison with the amount of
CsA in the original nanofibers at time 0, that about 50% of the CsA was
retained in the nanofibers on day 2 and about 35% of the original CsA
content remained in the nanofibers on day 8 after grafting.
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3.4. The growth of cells on CsA-loaded PLA nanofibers

Three types of cells, LSCs, MSCs and 3T3 fibroblasts, were cultured
for 72 h in plastic tissue culture plates in the presence of CsA-loaded
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of nanofibers prepared from PLA without CsA or in wells without
nanofiber samples (data not shown). In addition, the cells were
seeded on plastic 24-well tissue culture plates, on PLA nanofibers
without CsA or on CsA-loaded nanofibers, and cell viability and
metabolic activity were determined after a 24-hour incubation
period by the WST assay. Fig. 5 shows that all cell types grew on
CsA-containing nanofibers comparably as on nanofibers without CsA
or on tissue culture plastic.

3.5. Suppression of a local inflammatory reaction in vivo

The rejection of a skin allograft induces a local inflammatory reaction
that can be detected by the expression of genes for the proinflammatory
cytokines IL-2, IL-17 and IFN-y (Fig. 6). Covering the sides of skin
allografts with CsA-loaded nanofibers significantly inhibited the
expression of the genes for IL-2 (Fig. 6A) and IFN-y (Fig. 6B) and
attenuated the production of IL-17 in cultured explants of skin allografts
that had been covered by CsA-loaded nanofibers (Fig. 6C).

4. Discussion

The transplantation of organs or the therapeutic transfer of
allogeneic cells requires extensive systemic immunosuppression to
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or on PLA nanofibers with the indicated content (wt.%) of CsA, and cell proliferation was
determined after a 24-h incubation period.
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Fig. 6. Suppression of local inflammatory reactions by CsA-loaded nanofibers. The
expression of genes for IL-2 (A) or IFN-vy (B) was detected in normal B6 skin (N), in
untreated skin allografts (B6) or in allografts that were covered with nanofibers
without CsA (0) or with 10 wt% CsA (10). The comparative Ct method was used to
determine the extent of target gene expression normalized to an internal GAPDH
control. In addition, explants of normal skin or of skin allografts were removed on day 7
after transplantation and were cultured for 48 h. The presence of IL-17 in the
supernatants was determined by ELISA (C). Each bar represents the mean 4 SD from 5
to 6 determinations. Values with asterisks are significantly different (*p<0.05,
**p<0.01, **p<0.001) from the positive control (allografts without nanofibers).

inhibit the deleterious immune response to antigens on the grafted
cells. Similarly, immunosuppression is also the first choice of treat-
ment to manage harmful inflammation. The systemic administration
of immunosuppressive drugs is regularly associated with side effects
that prevent the use of effective doses of the drugs. To avoid this
problem, the local delivery of the drugs offers a promising solution.
Searching for an optimal carrier for targeted drug delivery, nanotech-
nologies provide a perspective tool. So far, various nanoparticules,
nanofibers, nanocomposites and other nanomaterials have been
tested [4-8,14-17]. Here, we show that CsA, a potent inhibitor of
T-cell functions, can be efficiently encapsulated into PLA nanofibers
and used for the local suppression of T-cell reactivity and the
inhibition of inflammatory reactions.

CsA represents one of the most widely used immunosuppressive
drugs, but its use is limited by its side effects, such as nephrotoxicity,
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gingivitis and hirsutism, regularly observed at higher drug doses. At
lower concentrations, CsA selectively inhibits T-cell functions
without any apparent effect on other cell populations. Therefore,
we dissolved CsA into a PLA solution and prepared nanofiber
scaffolds with different concentrations (1-10 wt.%) of CsA. We
calculated that 1 mm? of CsA-loaded nanofiber material with
10 wt.% CsA contains 1 pg of CsA. Although CsA has extremely low
aqueous solubility (6.6 pg/ml) [24], it has been shown that
concentrations of the drug as low as 50-200 ng/g of tissue are
sufficient to suppress T-cell reactivity and inflammation [25]. The
addition of CsA-loaded nanofibers into cultures of spleen cells
stimulated with Con A inhibited T-cell proliferation and suppressed
the production of T-cell cytokines. The production of IL-1(3, IL-6 or NO
by activated macrophages and the growth of LSCs, MSCs or 3T3
fibroblasts were not inhibited in the presence of CsA-loaded
nanofibers. These results indicate that the incorporation of CsA into
the PLA solution and the electrospinning of this mixture did not
impair the immunosuppressive properties of CsA. Studies of the
kinetics of CsA release in aqueous solutions revealed that the
majority of CsA was released from the nanofibers into the culture
medium within the first few hours, but a significant amount of CsA
was retained in the nanofibers and gradually released for more than
96 h. The sustained release of CsA for a few days is different from the
pattern of release of water-soluble small molecular weight sub-
stances which are rapidly released from nanofibers within a few
minutes or hours [6,26]. The delayed release of CsA from the
nanofibers may be associated with the very low solubility of CsA in
aqueous solutions. Although attempts have been made to control
drug release behavior [8], the release of a significant amount of the
drug initially, coupled with a sustained release for a prolonged period
of time, may be of great interest, especially in situations in which a
harmful inflammatory reaction must be rapidly suppressed and then
kept at an acceptable level. Moreover, the drug release profile in vivo
may be quite different from that observed in aqueous solutions in
vitro. Indeed, we observed that CsA-loaded nanofibers retain a
substantial amount of the drug for more than 8 days when they are
placed on skin allografts in vivo.

Although the potential use of drug-loaded nanofibers has been
extensively discussed, there are only a few studies showing the
effectiveness of drug-loaded nanofibers in biological systems in vitro
[7,27,28] and in vivo [29,30]. Our data presented here show for the
first time that CsA-loaded nanofibers fabricated from PLA polymer
effectively and selectively inhibit the proliferation of activated T cells
and suppress the production of T-cell cytokines in vitro. Moreover,
using an experimental model of skin transplantation in mice, we
showed that covering skin allograft with CsA-loaded nanofibers
significantly inhibited the local production of the proinflammatory
cytokines IL-2, IL-17 and IFN-y.

In addition to their ability to serve as drug carriers, CsA-loaded
nanofibers could be used as scaffolds for the growth and transfer of non-
T-cell populations. We showed that LSCs, MSCs and 3T3 fibroblasts grow
on CsA-loaded nanofibers comparably as on nanofibers prepared from a
CsA-free PLA. Since nanofibers prepared from PLA polymer have
comparable mechanical properties as nanofibers prepared from poly-
amid, which we recently described and used for LSC and MSC transfer to
treat ocular surface injuries [13], CsA-loaded and simultaneously cell-
seeded nanofibers appear to be potential scaffolds for cell transfer in
regenerative medicine.

In conclusion, we showed that the immunosuppressive drug CsA
can be incorporated directly into electrospun nanofibers without any
loss of its pharmacological activity. Such CsA-loaded nanofibers can be
used as drug carriers for the local suppression of inflammatory
reactions and as cell scaffolds for tissue repair and regeneration. These
observations suggest that CsA-loaded PLA nanofibers may be
extremely useful for simultaneous cell-based therapy and the local
suppression of T-cell-mediated immune reactions.
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6 Diskuze

Vyvoj Treg a Th17 lymfocyti je fizen prostiednictvim pisobeni TGF-3 a IL-6,
které mohou byt produkovany i MSC. Zjistili jsme, Ze MSC spontanné produkuji
TGF-B, avSak bez stimulace neprodukuji detekovatelné hladiny Zzadného z dalSich
testovanych cytokint véetn¢ IL-1, IL-4, IL-6, IL-10 a IFN-y. Produkce IL-6, ale ne
zadného dalsiho z testovanych cytokinti, bylo docileno stimulaci MSC prozanétlivymi
cytokiny (IL-1, IL-2, IFN-y a TNF-a nebo LPS). Ovlivnéni MSC protizanétlivymi
cytokiny TGF-B a IL-10 neindukovalo produkci IL-6, ale naopak posilovalo produkci
TGF-B. Tento cytokinovy profil MSC odpovida zavériim Oh et al. (2009), ktefi zjistili,
ze lidské MSC spontanné produkuji TGF-p, ale ne IL-6, jehoz produkce vSak muze byt
navozena naslednou kultivaci MSC v pfitomnosti mononuklearnich bunék periferni
krve. Nase vysledky tedy ukézaly, ze produkce TGF-f a IL-6 je piisn¢ regulovana
cytokinovym prostfedim, ve kterém se MSC nachéazi.

TGF-p indukuje expresi Foxp3 a hraje klicovou roli ve vyvoji Treg lymfocytt,
zatimco kombinované piisobeni TGF-B a IL-6 vede k aktivaci RORyt" Th17 lymfocytt
a k produkci IL-17 (Zhou et al., 2008). K testovani uc¢inku MSC a jejich supernatanti
jsme pouzili model slezinnych bun€k stimulovanych aloantigeny. Potvrdili jsme, Ze
produkce IL-17 a exprese Foxp3 a RORyt je regulovand prostiednictvim TGF-p a
IL-6. Exogenni TGF-B pfidany do kultur slezinnych bunék stimulovanych aloantigeny
indukoval expresi Foxp3, podporoval vyvoj Treg lymfocytli a inhiboval produkci
IL-17. Naproti tomu kombinované ptisobeni TGF - a IL-6 indukovalo expresi RORyt
a produkci IL-17. Pfidani supernatantd z kultur neovlivnénych MSC nebo MSC
predem stimulovanych TGF-B ke slezinnym builkam stimulovanym aloantigeny
indukovalo expresi Foxp3, aktivaci Treg lymfocytl a inhibici produkce IL-17. Inhibice
produkce IL-17 je dand negativnim U¢inkem TGF- na vyvoj Th1l7 lymfocytd a
efektem Treg lymfocytd, které jsou aktivovany v pfitomnosti TGF-B (Zhou et al.,
2008). Naproti tomu IL-6 inhibuje expresi Foxp3 a podporuje expresi RORyt, ktery
pusobi jako kli¢ovy faktor odpovédny za vyvoj Th17 lymfocytd (Kimura et al., 2007).
Prokazali jsme, Ze supernatanty ziskané kultivaci MSC stimulovanych prozanétlivymi
cytokiny indukuji nizsi expresi Foxp3 nez supernatanty z nestimulovanych MSC,

zéaroven podporuji expresi RORyt a posiluji produkci IL-17. MSC a jejich supernatanty
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tedy mohou prostfednictvim produkovanych cytokinli posilovat nebo naopak tlumit
vyvoj Th17 a Treg lymfocytd. Tyto zavéry jsou v souladu simunosupresivnimi
schopnostmi MSC popsanymi dal$imi autory (Di Nicola et al., 2002; Le Blanc et al.,
2003), ale také vysvétluji stimulacni efekt MSC pozorovany v jinych piipadech (Fang
et al., 2006; Bocelli-Tyndall et al., 2009).

Pouziti neutralizacnich protilatek proti TGF-B a IL-6 prokazalo, Ze IL-6 a
TGF-B jsou cytokiny pfitomné v supernatantech produkovanych MSC zodpovédné za
regulaci vyvoje Treg a Th17 lymfocytd. Podobné také Liu et al. (2009) prokazali, ze
krysi MSC mohou inhibovat nebo naopak stimulovat proliferaci T lymfocyt
specifickych proti myelinovému basickému proteinu a Ze praveé cytokiny produkované
MSC jsou odpoveédné za tento imunomodulacni G¢inek.

Existuje mnoho molekul a faktori odpovédnych za imunomodulaéni ucinky
MSC. Prokazali jsme, ze TGF-B a IL-6 jsou klicové molekuly produkované MSC a
odpovédné za inhibici nebo naopak aktivaci vyvoje a funkci Treg a Th17 lymfocyti.

Ghannam et al. (2010) zjistili, Ze MSC inhibuji efektorové funkce
Th17 lymfocytl a potlacuji produkci IL-17. Nase vysledky ukéazaly, ze MSC a jejich
supernatanty inhibuji vyvoj Th17 lymfocytd znaivnich CD4'CD25  bundk, coz
znamend, ze MSC inhibuji Th17 lymfocyty na urovni jejich aktivace i efektorovych
funkci. Témito zavéry mohou byt vysvétleny imunosupresivni ucinky MSC
pozorované v pfipad¢ transplantaci nebo autoimunitnich onemocnéni, kde
Th17 lymfocyty hraji dilezitou roli. Imunosupresivni u¢inky MSC vSak mohou byt
v nékterych piipadech naruseny ptisobenim IL-6, v disledku ¢ehoz miize dojit naopak
k indukci proliferace T lymfocyth (Crop et al., 2010). Je tedy dullezité, aby pfi
zvazovani 1écby imunopatologickych onemocnéni pomoci MSC byla brana v tivahu
spojitost mezi MSC a vyvojem Treg, ale také Th17 lymfocytd. V soucasné dobé jiz
existuji prace, které prenesly poznatky o vlivu MSC na vyvoj Treg lymfocytd in vivo.
Z nejnovejSich je to naptiklad indukce Treg lymfocytii u mySiho modelu astmatu
(Ogulur et al., 2014), EAU (Li et al., 2013a) a experimentalni kolitidy (Li et al.,
2013b).

V dalsi casti projektu jsme se zaméfili na efekt MSC na imunitni reakce
probihajici v oku béhem prvnich 72 hodin po poskozeni rohovkového epitelu pomoci
I N hydroxidu sodného. Diiraz byl v tomto ptipad¢ kladen piedev§im na imunologické
aspekty tykajici se Casné faze rohovkového zanétu, nikoliv na sledovani regenerace

poskozeného rohovkového epitelu, ktera nastava v pozdé€jsi fazi a na jejiz aspekty se
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zamg¢fila jiz fada publikovanych praci. MSC byly intraven6zné podany 24 hodin po
poskozeni, v Case, kdy vyznamné stoupd pocet leukocytl infiltrujicich poskozenou
rohovku. Imunomodulac¢ni efekt MSC byl testovan 72 hodin po poskozeni.

Jelikoz tada studii vcetné naSi prokazala, Ze cytokiny mohou vyznamné
ovlivitovat imunoregulacni vlastnosti MSC (English et al., 2007; Ren et al., 2008;
Svobodova et al., 2012), porovnavali jsme terapeuticky efekt neovlivnénych MSC a
MSC stimulovanych IL-1, IFN-y nebo TGF-B. Na poc¢atku jsme potvrdili, Ze stimulace
MSC pomoci IL-1, IFN-y nebo TGF-B neovliviiuje expresi povrchovych znakl ani
(Hemeda et al., 2010; Najar et al., 2012).

Nase vysledky rovnéZ potvrdily, Ze intraven6zné podané MSC jsou schopny
specificky migrovat do poskozeného oka, kde jsme detekovali 30krat vice
fluorescenéné oznacenych MSC nez v odpovidajicim kontrolnim oku. Podobnych
vysledka bylo dosazeno 1 v jinych pracich, kde autofi nalezli systémoveé podané MSC
v rohovce po 3 dnech od poSkozeni kauterizaci (Lan et al., 2012), ale ne v ptipadé
xenogennich lidskych MSC podanych intravenézné za tcelem hojeni rohovkovych
defektd u krys (Roddy et al., 2011).

Nasledn¢ jsme testovali i¢inek MSC na infiltraci poSkozeného oka populacemi
myeloidnich a lymfoidnich bunék. VSechny typy MSC sniZovaly infiltraci oka
lymfoidnimi populacemi, ale pouze MSC stimulované IFN-y statisticky vyznamné
snizovaly poéty CD3'CD4", CD3'CDS8" a CDI9'CD22" bundk. K podobnym
vysledkim dospéli 1 jini autofi, ktefi pozorovali snizeni exprese CD45 a infiltrace
CD4" butikami v rohovce 1é¢ené MSC (Ma et al., 2006; Oh et al., 2008). Zarovei jsme
zaznamenali vyrazné potladeni infiltrace poskozeného oka CDI14", CD80" a
CD11b"Gr-1" myeloidnimi populacemi po podani MSC stimulovanych IFN-y.
Odpovidajicich vysledkii dosdhly i1 prace, které ukazaly vyznamné snizeni poctu
CD68" a neutrofiltl infiltrujicich poskozenou rohovku u zvitat 1é¢enych pomoci MSC
(Roddy et al., 2011; Yao et al., 2012).

Abychom stanovili u¢inek systémové podanych MSC na cytokinové prostiedi
utvarejici se v ¢asné fazi po poskozeni rohovky, testovali jsme produkci fady cytokinii
véetné IL-1, IL-2, IL-4, IL-6, IL-10, IL-17 a IFN-y, ale pouze IL-1, IL-6 a IL-10 byly
produkovany v této fazi zanétu ve zvysenych koncentracich. Systémové podané MSC
stimulované IFN-y vyznamné snizovaly produkci IL-1 a IL-6. K podobnym zavérim

dospéli 1 Roddy et al. (2011), ktefi zaznamenali vyznamné snizeni produkce IL-1
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v rohovkach ze zvitat 1écenych MSC po 1 a 3 dnech po poskozeni. Naproti tomu Oh et
al. (2008) detekovali po 3 tydnech zvySenou produkci IL-6 v poskozenych rohovkach
po 1écbé MSC. Neshodu s nasimi vysledky by mohla vysvétlovat rozdilna kinetika
produkce IL-1 a IL-6. Vrchol produkce IL-1 nastava v oku 3 dny po jeho poskozeni,
zatimco produkce IL-6 vrcholi pozdéji (Sotozono et al., 1997). Déle jsme zjistili
vyznamnou inhibici produkce NO a exprese iNOS v poskozeném oku po 1é€bé MSC
stimulovanymi IFN-y. ProtoZe je NO toxickd a imunomodula¢ni molekula, jeho
inhibice muze predstavovat dal$i mechanizmus terapeutického ptisobeni MSC. Na
rozdil od prace Roddy et al. (2011), ktefi detekovali vyznamné zvyseni produkce IL-10
3 tydny po 1é¢be posSkozené rohovky pomoci MSC, my jsme v nasi praci zaznamenali
pouze nevyznamné zvysSeni produkce IL-10 v poSkozeném oku piijemct lé€enych
MSC. Tyto rozdily mohou byt opét dany odliSnymi casy, ve kterych byly hladiny
IL-10 méteny.

Abychom ur¢ili, jaké molekuly a faktory mohou byt zodpovédné za vyse
popsané efekty MSC stimulovanych IFN-y, testovali jsme expresi genii pro IL-6,
TGF-B, IDO, iNOS, HGF a COX-2 u neovlivnénych MSC a MSC stimulovanych IL-1,
IFN-y a TGF-B. U vSech typi MSC jsme naméfili konstitutivni expresi TGF-p, HGF a
COX-2. Na rozdil od prace English et al. (2007) jsme vSak nepozorovali zvySeni
exprese COX-2 po stimulaci MSC pomoci IFN-y, coz mohlo byt zpiisobeno tim, Ze
v této studii byla pro stimulaci pouzita 20krat vyssi koncentrace IFN-y. Dale jsme
zjistili, ze MSC stimulované IL-1 a IFN-y exprimovaly vysoké hladiny genu pro iNOS.
Podobné i vjiné praci ovlivnéni MSC IFN-y a dal§imi prozanétlivymi cytokiny
indukovalo u MSC expresi riznych chemokini a iNOS (Ren et al., 2008).
V neposledni fad¢é jsme zaznamenali vyznamny nértst exprese genu pro IDO u MSC
stimulovanych IFN-y, coz je v souladu se zavéry jinych praci (English et al., 2007;
Ryan et al., 2007).

MSC stimulované IFN-y exprimovaly geny pro TGF-B, IDO, iNOS, HGF a
COX-2. V porovnani s neovlivnénymi MSC a MSC stimulovanymi IL-1 a TGF-f byly
nalezeny rozdily ptfedev§im v expresi iNOS a IDO. Ackoliv iNOS a IDO patii
k dilezitym imunomodula¢nim molekuldm, v ufinku MSC byly pravdépodobné
zapojeny jesté dalsi faktory a molekuly. NaSe vysledky vsak ukazaly, Ze systémové
podané¢ MSC selektivné¢ migruji od poskozeného oka a potlacuji casnou fazi

rohovkového zanétu. Infiltrace rohovky populacemi myeloidnich a lymfoidnich bunék
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a produkce prozanétlivych cytokini byla snizena po podani MSC, piicemz
nejvyznamnéj$iho ucinku bylo dosazeno pii pouziti MSC stimulovanych IFN-y.

Predlozené vysledky poukazuji zejména na dileZitost cytokinového prostiedi,
jehoz pisobeni mohou byt MSC vystaveny, a které muize vyrazné ovlivnit jejich
imunomodulaéni vlastnosti. V in vitro systému jsme prokazali vyznamné u¢inky IL-1 a
TGF-B na produkci TGF-B a IL-6 u MSC (Svobodova et al., 2012). V modelu
poskozeného povrchu oka jsme rovnéz pouzili MSC stimulované IL-1 a TGF-f, avSak
jejich podani nezpisobilo zmény v proporci Treg a Th17 lymfocytl v poskozené
rohovce (nepublikovand data). Naproti tomu pouziti MSC stimulovanych IFN-y
vyznamné ovlivnilo ¢asnou fazi rohovkového zanétu. Tyto prace jsou prikladem toho,
ze ucinky MSC pozorované v in vitro systému nemusi vzdy nutn¢ odpovidat ¢inkim
sledovanym in vivo. In vivo jsou MSC vystaveny komplexnimu pisobeni mnoha vlivi
prostfedi, a muze byt tedy velmi tézké predem stanovit, jaky efekt budou MSC
u konkrétniho onemocnéni mit. AvSak mnohé studie provadéné na zvifecich modelech
riznych patologickych stavii a v poslednich letech i probihajici klinické testy
vyuzivajici MSC k 1é€bé fady zavaznych a mnohdy i nelécitelnych onemocnéni piinési
stale nové poznatky posouvajici vyzkum MSC dal. Ptiznivé vysledky ptindsi i vyzkum
nanovlédkennych nosi¢i, které mohou nést na svém povrchu MSC nebo obsahovat CsA
¢i jiné farmakologicky aktivni latky. Podle nasich vysledkl jsou takova nanovldkna
ucinnd v tlumeni imunitni reakce proti alogennimu limbalnimu nebo koZznimu Stépu
(Zajicova et al., 2010; Holan et al., 2011). Tyto vysledky jsou v souladu i se zavéry
jinych autora (Li et al., 2005; Soleimani et al., 2010; Cejkova et al., 2013).
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7 Zavér

Vliv cytokinového prostiedi na imunomodula¢ni vlastnosti MSC.

Pisobeni prozanétlivych cytokint (IL-1, IL-2, IFN-y a TNF-a) indukuje
u MSC produkei IL-6. Stimulace MSC protizanétlivymi cytokiny (TGF-B a
IL-10) u nich posiluje produkci TGF-B. MSC mohou modulovat
prostiednictvim produkce TGF-f a IL-6 vyvoj T lymfocytt v Treg nebo Th17
lymfocyty.

MSC konstitutivné produkuji TGF-B, HGF a COX-2. Stimulace MSC
prostiednictvim IFN-y navic indukuje expresi a aktivitu iNOS a IDO, coz jsou
vyznamné imunomodula¢ni molekuly, které mohou vyznamné ovlivnit pribéh

imunitnich reakci.

Vliv cytokini produkovanych MSC na vyvoj Treg a Th17 lymfocyti.

Supernatanty ziskané kultivaci MSC ovlivnénych TGF-B indukuji vyvoj Treg
lymfocytt. Takto vzniklé Treg lymfocyty pfidané do smésné lymfocytarni
kultury byly schopny c¢astecné potlacit reakci proti alogennim lymfocytim.
Naproti tomu v pfitomnosti supernatantii z MSC ovlivnénych IL-1 dochazi ke

vzniku Th17 lymfocytl produkujicich IL-17.

Migrace intravenézné podanych MSC ovlivnénych cytokiny do poSkozené

rohovky.
Systémové podané MSC jsou schopny specificky migrovat do poSkozeného
oka, ve kterém lze detekovat 30krat vice fluorescenéné oznacenych MSC nez

v neposkozeném kontrolnim oku.

Udinek MSC ovlivnénych cytokiny na rozvoj ¢&asného zanétu

v poskozeném rohovkovém epitelu.
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MSC stimulované IFN-y potlacuji infiltraci poSkozeného oka lymfoidnimi, ale
pfedev§im myeloidnimu bunikami. Soucasné potlacuji produkei IL-1, IL-6 a

NO v misté poskozeni.

Riistové vlastnosti MSC a LSC kultivovanych na nanovlikennych nosicich

a prenos takto kultivovanych bunék na poSkozenou rohovku.

MSC 1 LSC kultivované na nanovldkennych nosi¢ich pfipravenych z polymeru
PA6/12 a na nanovldknech nesoucich CsA vykazuji standardni rastové
vlastnosti. Fluorescenéné¢ znacené MSC jsou detekovatelné v poskozené

rohovce i 14 dnti po jejich pfenosu pomoci nanovlakenného nosice.
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