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Abstract

Due to their immunomodulatory and regenerative potential, mesenchymal stem cells
(MSCs) represent a promising therapeutic tool for cell-based therapy, organ transplantation
or tissue engineering. To improve clinical applicability of MSCs, new methods to increase
their delivery and efficacy have been tested in the latest years but the mechanism of
observed alterations has not yet been described.

In the present project we focused on studying the effect of several factors that can
significantly affect the therapeutic success of MSC-based treatment. Initially, we analysed
the therapeutic effect of MSCs applied locally on nanofiber scaffold with incorporated
cyclosporine A (CsA) in a mouse model of allogeneic skin transplantation. Our results
indicate that application of MSCs in the presence of CsA direct M1/M2 macrophage
polarization towards regulatory phenotype. This phenotype switching is accompanied by
decreased production of nitric oxide (NO) and interferon y (IFN-y) and increase production
of interleukin 10 (IL-10), and may result in suppression of the local inflammatory reaction.

The next goal of proposed study was to analyse the effect of the treatment based on
MSCs combined with immunosuppressive drugs with different mechanism of action on the
balance among distinct T cell subpopulations. We demonstrated that MSCs attenuate the
adverse effects of immunosuppressive drugs, and in combination with these drugs
modulate cell activation and apoptosis. This combining treatment favourably influence
immune balance by harnessing the T helper 1 (Thl), Th2, Th17 and cytotoxic T
lymphocyte phenotype while preserving the anti-inflammatory regulatory T cell-related
response.

We have also shown that systemically administered MSCs specifically migrate to
the alkali-burned eye and attenuate the early inflammatory environment. From all tested
types of MSCs (untreated or pretreated with IFN-y, transforming growth factor-a or IL-1),
MSCs pretreated with IFN-y were the most potent in inhibiting the acute phase of
inflammation, decreasing infiltration by myeloid and lymphoid cells, and the local

production of IL-1a, IL-6 and NO.



Abstrakt

Diky svému imunomodula¢nimu a regenerativnimu potencialu predstavuji mezenchymalni
kmenové bunky (MSCs, mesenchymal stem cells) slibny terapeuticky prostfedek pro
bunéCnou terapii, transplantace orgdnt a tkanové inzenyrstvi. V poslednich letech bylo
testovano mnoho metod pro zlepSeni klinické pouzitelnosti MSCs, ale piesny
mechanismus pozorovanych efektl jesté nebyl popsan.

V predkladané praci jsme se zaméfili na studium nékolika faktort, které mohou
terapeutickou uspésnost MSCs vyznamné ovlivnit. Nejprve jsme na mySim modelu
transplantace alogenni kiize analyzovali terapeuticky efekt MSCs aplikovanych lokaln¢ na
nanovldkennych nosi¢ich s inkorporovanym cyklosporinem A (CsA). Nase vysledky
ukézaly, ze aplikace MSCs a CsA sméfuje M1/M2 polarizaci makrofagi smérem
k regulacnimu fenotypu. Tato zména fenotypu je doprovazena sniZzenou produkci oxidu
dusnatého (NO) a interferonu y (IFN-y) a zvySenou produkci IL-10 a miize vést k potlaceni
lokalni zanétlivé reakce.

Dalsim cilem piedkladané studie bylo analyzovat efekt podani MSCs v kombinaci
s imunosupresivnimi latkami s riiznym mechanismem ucinku na rovnovdhu mezi
jednotlivymi populacemi T lymfocytid. Ukazali jsme, ze MSCs snizuji nezddouci Gc¢inky
imunosupresivnich latek a v kombinaci s t€émito 1éky moduluji aktivaci a apoptézu bunck.
Tento kombinovany piistup ovliviiuje imunitni rovnovahu potlac¢enim pomocnych (Th, T
helper) Thl, Th2, Th17 a cytotoxickych T lymfocyti a zarovein podporuje protizanétlivou
imunitni odpovéd’ spojenou s regulacnimi T lymfocyty.

Ukézali jsme také, ze systémové podané MSCs specificky migruji do oka
poranéné¢ho hydroxidem a zmiriiuji ¢asné zanétlivé prostredi. Ze vSech testovanych typt
MSCs (neovlivnéné MSCs, MSCs ovlivnéné IFN-y, faktorem nekrotizujicim nadory-a
nebo IL-1) ptredstavuji MSCs preinkubované s IFN-y nejucinngj$i piistup pro potlaceni
akutni faze zanétu, snizeni infiltrace myeloidnimi i lymfoidnimi bunikami a sniZzeni lokalni

produkce IL-1a, IL-6 a NO.
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1 Seznam zkratek

APC antigen presenting cells, buiikky prezentujici antigen

Arg arginase, arginaza

CD cluster of differentiation, diferenciacni antigen

COX cyklooxygenase, cyklooxygenaza

CsA cyclosporin A, cyklosporin A

CTLA cytotoxic T lymphocyte associated protein

Dex dexamethasone, dexametazon

DC dendritic cells, dendritické bunky

DNA deoxyribonucleic acid, deoxyribonukleova kyselina

EAE experimental autoimmune encephalomyelitis, expermintalni autoimunitni
encefalomyelitida

ELISA enzyme-linked immunosorbent assay

FACS fluorescence-activated cell sorter

Fas-L Fas ligand

Foxp3 forkhead box proteins 3

GFP green fluorescent protein, zeleny fluorescen¢ni protein

GM-CSF granulocyte-macrophage colony-stimulating factor, faktor stimulujici

kolonie makrofagli a monocyt

GVHD graft versus host disease, reakce §té€pu proti hostiteli

HGF hepatocyte growth factor, riistovy faktor hepatocyti

HLA human leukocyte antigen, lidsky leukocytarni antigen

HO hemoxygenase, hemoxygenaza

HSCs hematopoietic stem cells, hematopoetické kmenové buiky

ICAM intercellular adhesive molecule, mezibunécna adhezivni molekula
IDO indoleamin 2,3 dioxygenaza

IFN interferon

Ig immunoglobulin, imunoglobulin

IGF insulin-like growth factor, inzulinu podobny rustovy faktor

IL interleukin

iINOS inducible nitric oxid synthase, indukovatelné syntaza oxidu dusné¢ho
LFA leucocyte-function-associated antigen, adhezivni molekula leukocytl

LIF leukemia inhibitory factor, leukemicky inhibi¢ni faktor



LNCs
LSCs
MHC
MIF
MLC
MMF
MSCs
NO
NK
PCR
PGE
Pred
Rapa
RORyt
SLE
SOD
Tac
Tc
TGF
Th
TLR
TNF
TNTs
Treg
TSG-6
VCAM
VEGF
VLA

lymph node cells, buiiky lymfatickych uzlin

limbal stem cells, limbalni kmenové bunky

major histocompability complex, hlavni histokompatibilni komplex
macrophage migration inhibitory factor, inhibi¢ni faktor migrace makrofagt
mixed lymphocyte culture, smésnéa lymfocytarni kultura
mycophenolate mofetil, mykofenolat mofetil

mesenchymal stem cells, mezenchymalni kmenové buiiky

oxid dusnaty

natural killers, pfirozeni zabijeci

polymerase chain reaction, polymerazova fetézcova reakce
prostaglandine E, prostaglandin E

prednisone, prednizon

rapamycine, rapamycin

retinoic acid receptor-related orphan receptor gamma t

systemic lupus erythematosus, systémovy lupus erythematosus
super oxid dismutase, super oxid dismutase

tacrolimus, takrolimus

cytotoxic T cells, cytotoxické T lymfocyty

transforming growth factor, transformujici rastovy faktor

helper T cells, pomocné T lymfocyty

Toll-like receptors

tumor necrosis factor, faktor nekrotizujici nadory

tunneling nanotubes

regulatory T cells, regulacni T lymfocyty

TNF-a stimulated gene 6 protein

vascular cell adhesion molecule, cévni adhezivni molekula
vascular endothelial growth factor, cévni endotelialni ristovy faktor

very late antigen, pozdni aktiva¢ni antigen



2 Literarni prehled

2.1 Uvod

Lécba zaloZend na kmenovych bunkach zaznamenala v poslednich letech velky rozvoj a je
predmétem zdjmu mnoha studii. S ohledem na nékteré komplikace spojené s etickymi
problémy vyuzivani embryonalnich kmenovych bun¢k nebo snizkou ucinnosti
reprogramovani a hrozbou tumorogeneze u indukovanych pluripotentnich kmenovych je
velkéd nadéje vklddana do bunék izolovanych z dospélého organismu. Mezi nimi vynikaji
mezenchymalni kmenové bunky (MSCs, mesenchymal stem cells), a to predevsim Sirokym
spektrem pouzitelnosti a dostupnosti. Diky svym pleiotropnim schopnostem —
antiapoptotickym, cytoprotektivnim, imunomodula¢nim a diferencianim — ptedstavuji
MSCs unikatni prostiedek pro bunécnou terapii. Vysledky experimentalnich zvifecich
modelt, preklinickych 1 klinickych studii ukazuji na moZznost vyuziti MSCs pfii potlaceni
mnoha nezadoucich imunitnich reakci 1 v regenerativni medicing.

Na zéklad¢ soucasnych znalosti je ale zfejmé, Ze pro uspe€Snou terapeutickou
aplikaci je tfeba zvazit u¢inek mnoha faktord, které mohou terapeutické vlastnosti MSCs
vyznamné ovlivnit. Tato prace se zabyva pfedevSim studiem moznosti cilené podpofit a
zvysit efekt MSCs v in vitro 1 in vivo podminkach. Jako velice atraktivni a perspektivni se
jevi pfedevsim aktivace MSCs preinkubaci s cytokiny a ligandy Toll-like receptorti (TLR),
nebo kultivace v hypoxickych podminkach. Vyhodné by mohlo byt rovnéz soucasné
podani imunosupresivnich latek, vyuziti biokompatibilnich nosici nebo genetické
manipulace.

Modifikace nebo podpora vlastnosti MSCs by mohla napomoci piekonat limitace
spojené s bunécnou terapii, jez je na téchto builkkdch zaloZena. Patii mezi né nizka
zivotnost a omezend schopnost bun¢k migrovat po aplikaci pouze do cilového mista nebo
nedostateéné imunomodulacni schopnosti v nepfiznivém mikroprostfedi. Vyvoj novych

vvvvvv

i chronickych zadvaznych onemocnéni.

2.2 Mezenchymalni kmenové buiiky

MSCs byly poprvé charakterizovany v roce 1966, kdy je Friedenstein et al., popsali jako

dlouhozijici adherentni fibroblastické buiiky s osteogennim potencidlem ziskané z kostni

diené. V roce 1991 pak ziskaly na vyznamnosti na zaklad¢ studie A. Caplana, ktery je



popsal jako buiikky schopné napomahat udrzeni a regeneraci mezenchymalnich tkani
v organismu (Caplan, 1991). V soucasné dob¢ jsou MSCs popisovany jako heterogenni
populace multipotentnich kmenovych bunck, kterou je mozné ziskat z mnoha tkani
organismu a kterd ma kromé diferenciacnich schopnosti i cytoprotektivni, antiapoptotické
a imunomodula¢ni vlastnosti. Velkou vyhodou vyuziti MSCs je fakt, ze na rozdil od
embryonalnich kmenovych bunék v souvislosti s jejich ziskanim a aplikaci nevyvstavaji

etické problémy.

2.2.1 Zdroje a charakterizace MSCs

Na rozdil od ostatnich kmenovych bun€k nemaji MSCs svoji jedine¢nou niku a nachazeji
se v perivaskuldrnim prostoru riiznych tkani organismu. Jejich hlavni tlohou je udrzovani
homeostazy, regenerace tkan¢ a regulace imunitni odpovédi. Diky schopnosti produkovat
rustové faktory a diferencovat v endotelové buiiky, pericyty, osteocyty a stromalni bunky
hraji MSCs dutlezitou roli také ve vytvareni niky pro hematopoetické kmenové bunky
(HSCs, hematopoietic stem cells). Kromé kostni diené je mozné MSCs nalézt i v mnoha
dalSich tkanich, jako jsou periferni krev, lymfatické uzliny, kosterni sval, vlasovy folikul
nebo v placenté a nékterych fetdlnich tkanich (Muguruma et al., 2006, Park et al., 2015,
Glenn and Whartenby 2014, Zhao et al., 2016).

Jednim z nejstudovanéjsich zdroji MSCs je kostni dien. Ziskavani MSCs z kostni
diené je ale pomérn¢ invazivni, a proto je vyvijena snaha najit jiné¢ vhodny zdroj. Slibnou
alternativou je naptiklad tukova tkan nebo pupec¢nikova krev, a to predevsim diky pomérné
snadné dostupnosti a velké vytéznosti (Kern et al., 2006, Ribeiro et al., 2013). MSCs se
v in vitro podminkdch uz po prvni pasazi mnozi exponencidlné¢ a predstavuji velice
atraktivni populaci kmenovych bunék i pro svou schopnost adherovat k plastu, ¢ehoz se
vyuziva pfi jejich izolaci a nasledné kultivaci.

Vzhledem k tomu, Ze zatim nebyl popsan unikatni marker MSCs, vyuziva se
k jejich charakterizaci soubor pozitivnich a negativnich markerd, popis fenotypu a ovéteni
schopnosti diferenciace. Podle Mezinarodni spolecnosti pro bunécnou terapii je lidské
MSCs mozné definovat na zakladé tfi minimalnich kritérii (Dominici et al., 2006). MSCs
kultivované za standardnich podminek jsou adherentni, exprimuji diferenciacni antigeny
(CD, cluster of differentiation) CD73, CD90 a CD105 a neexprimuji CD11b, CD14, CD19,
CD34, CD45, CD79a a lidsky leukocytarni antigen DR (HLA-DR, human leukocyte
antigen-DR). Navic jsou MSCs ve vhodnych in vitro podminkach schopné diferencovat

v adipocyty, osteoblasty a chondroblasty.
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Dale se ukazuje, ze za urcitych podminek mohou MSCs transdiferencovat také
v buiiky endodermalni tkan¢ (plicni buiky, svalové bunky, epitelové buiky stieva,
hepatocyty) a ektodermu (epitelidlni bunky, neurony, gliové bunky) (obr. 1).
I diferencované MSCs si za ur€itych podminek mohou zachovat nékteré svoje
imunomodulacni ucinky. Trosan et al. (2016) zjistili, ze ptisobeni inzulinu podobného
rastového faktoru 1 (IGF-1, insulin-like growth factor 1) zvySuje u MSCs expresi znakl
rohovkovych bunék a Ze tyto MSCs jsou i nadale schopny tlumit produkci cytokind
aktivovanymi T lymfocyty.
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Obr. 1. Zdroje a charakterizace MSCs. MSCs je mozné izolovat z mnoha tkdni dospélého organismu, jako
jsou kostni dren, tukova tkan, vlasové folikuly, kosterni sval nebo periferni krev. Kromé toho je mozné tyto
bunky nalézt i ve fetalnich tkanich. Charakteristickymi znaky pro MSCs je jejich schopnost adherovat
k plastu, sebeobnova a soubor pozitivnich a negativnich markerd. MSCs tvofi multipotentni populaci
kmenovych bunék, které mohou ve vhodnych podminkach diferencovat v buiky ektodermalnich,

mezodermalnich i endodermalnich tkani. (pfevzato a upraveno z Zhao et al., 2016)
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Je dutlezité zminit, ze MSCs tvoii fenotypové heterogenni bunéénou populaci, ktera
zahrnuje prekurzory adipocytti, fibroblastli a zarodecné endotelialni buiiky kostni diené
(Muraglia et al., 2000, Dominici et al., 2009). Navic se béhem doby kultivace mohou
snizovat diferenciacni (Muraglia et al., 2000) 1 imunosupresivni vlastnosti MSCs a zéroven
zvySovat jejich imunogenicita (Liu et al., 2012). Také podminky dlouhodobé kultivace
mohou ovliviovat vlastnosti MSCs (Wang et al., 2013, Gu et al., 2016). Krom¢ toho se
MSCs mohou ¢aste¢né lisit svymi imunomodulacnimi vlastnostmi i v zavislosti na tkani,
ze které byly izolované. Napiiklad Ribeiro et al. (2013) zjistili, Ze MSCs ziskané z tukové
tkané maji vétsi inhibi¢ni efekt na aktivaci NK bunék (natural killers) a CD4" a CD8"
T lymfocytd z periferni krve nez buiiky izolované z kostni diené nebo pupecnikové krve.
Znalost téchto drobnych rozdili muize napomoci vybrat a optimalizovat nejvhodné&jsi

postup pro vyuziti MSCs v jednotlivych studiich v zavislosti na pozadovaném t¢inku.

2.2.2 Interakce mezi MSCs a buiikami imunitniho systému

PtestoZze je v soucasnosti popsano velké mnozstvi solubilnich 1 membranovych faktord,
mechanismy pusobeni nejsou zcela objasnény. MSCs ovliviiuji buiiky imunitniho systému
solubilnimi faktory, bylo vSak prokézano, Ze kdyz dochazi i k pfimému mezibunéénému
kontaktu, jejich imunosupresini plisobeni se zvétSuje (Jiang et al., 2005, Spaggiari et al.,
2006, Di Trapani et al., 2016).

Mezi solubilni imunomodula¢ni molekuly se fadi oxid dusnaty (NO) produkovany
inducibilni syntazou NO (iNOS), interleukin-6 (IL-6), IL-10, transformujici riistovy faktor
B (TGF-B, transforming growth factor P), prostaglandin E2 (PGE2) produkovany
cyklooxygenazou 2 (COX2), HLA-GS, chemokiny, TSG-6 (TNF-a stimulated gene 6
protein) nebo ristovy faktor hepatocytii (HGF, hepatocyte growth factor). DalSimi
dilezitymi proteiny jsou intracelularni enzym indolamin 2,3-dioxygenaza (IDO) a
hemoxygenaza-1 (HO-1). Mezi povrchové molekuly patfi ligandy proteinu programované
bunécéné smrti 1 a 2 (PD-L1/2, programmed death-ligand 1/2) nebo Fas ligand (Fas-L).
V posledni dobé¢ se do poptedi zajmu dostava dalsi zplisob, kterym mohou MSCs pusobit
na svoje okoli a imunitni odpovéd’, jimz jsou exosomy — extracelularni vacky, které mohou
s cilovymi buiikami interagovat pomoci receptorti; kromé toho mohou obsahovat ristové
faktory, cytokiny, nukleové kyseliny a dal§i imunomodula¢ni a trofické faktory (Di

Trapani et al., 2016, Merino-Gonzalez et al., 2016).
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MSCs maji schopnost modulovat jak vrozenou, tak adaptivni imunitni odpovéd’,
pficemz jejich vliv mize byt bud pfimy, nebo zprostfedkovany. V in vitro 1 in vivo

podminkach inhibuji proliferaci a maturaci bunék imunitniho systému a sméfuji imunitni

rrrrr

2.2.2.1 T lymfocyty

T lymfocyty hraji klicovou roli v regulaci imunitni odpovédi, a to piedevSim
prostiednictvim sekrece cytokinti a fizeni dalSich efektorovych bunék. MSCs maji
schopnost inhibovat proliferaci T lymfocyti (Le Blanc et al., 2004a, Rasmusson et al.,
2005). Tento efekt je nezavisly na hlavnim histokompatibilnim komplexu I (MHC, major
histocompatibility complex) (Krampera et al., 2003), ale podili se na ném povrchové
1 solubilni molekuly, jako jsou PD-LI1, PD-L2, Fas-L (Augello et al., 2005, Gu et al.,
2013), PGE-2 (Aggarwal and Pittenger, 2005), NO (Ren et al., 2010), TGF- a HGF (D1
Nicola et al., 2002) a aktivita IDO (Krampera et al., 2006). Pro inhibici T bun¢k pomoci
MSC:s je charakteristické nevratné zastaveni bunééného cyklu T lymfocyth ve fazi GO/G1,
snizeni produkce interferonu gamma (IFN-y) a déle reverzibilni potlaceni aktivace a s tim
spojend snizend exprese CD25, CD38 a CD69 (Le Blanc et al., 2004a, Glennie et al.,
2005). Neméné dulezitou schopnosti MSCs je potencial podporovat diferenciaci a funkce

MSCs mohou imunitni odpovéd’ regulovat také tim, Ze brani apoptéze T lymfocyta.
Normanton et al. (2014) pozorovali zvySenou expresi receptoru pro IL-7 (CD127) na
bunkach kultivovanych spolecné s MSCs a soucasné detekovali produkei tohoto cytokinu
MSCs. Dalsim cytokinem podilejicim se na ochrané T bunc€k pted apoptdzou je IL-6
produkovany MSCs (Xu et al., 2007). Na aktivovanych T lymfocytech se v pfitomnosti
MSCs snizuje exprese Fas a Fas-L, diky ¢emuz MSCs brani aktivaci indukované bunécéné
smrti (Benvenuto et al., 2007). V uritych podminkach vSak mohou mit MSCs i zcela
opacny ucinek. V zavislosti na pouzitych bunkdch, poctu MSCs a stimulaci miize
pusobenim MSCs dochazet ke zvySeni exprese PD-1 na T lymfocytech, coz méa za
nasledek potlaceni proliferace, nebo dokonce apoptozu bunék (Yan et al., 2014).

Pravé diky tomu, ze MSCs dokazou modulovat rovnovahu a funkce pomocnych
T lymfocytd (Th, heper T cells) Th1/Th2/Th17, regula¢nich T lymfocytd (Treg, regulatory
T cells) a cytotoxickych T lymfocytt (Tc, cytotoxic T cells) (Svobodova et al., 2012,
Mohammadzadeh et al., 2014) (obr. 2), predstavuje bunécna terapie vyuzivajici tyto bunky
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atraktivni alternativu pro lécbu mnoha zanétlivych a autoimunitnich onemocnéni, pfi

protinadorové terapii a v transplanta¢ni medicing.
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Obriazek 2. Vliv MSCs na buiiky adaptivni imunity. MSCs plsobi na regulaci T a B lymfocytt
prostfednictvim povrchovych molekul, jako je PD-L1, ale i solubilnimi molekulami, mezi které patii NO,
TGF-B, HGF, mpCCL-2 a IL-10. U CD8" T lymfocytii se vlivem MSCs snizuje proliferace, produkce
cytokinil a cytotoxicita. B bunky snizuji expresi chemokinovych receptort, proliferaci a také diferenciaci na
plazmatické buiitky a produkci protildtek. MSCs maji schopnost snizovat proliferaci a regulovat rovnovahu
mezi jednotlivymi subpopulacemi CD4" T lymfocytd. U Thl a Thl17 bunék se vlivem MSCs snizuje
produkce IFN-y resp. IL-17 a u Th2 a Treg naopak dochazi k vyssi produkei IL-4 resp. IL-10. (pievzato a
upraveno z Glenn and Whartenby, 2014)

Th1/Th2 lymfocyty

Bylo popséano, ze MSCs snizuji efektorové funkce Thl lymfocyth a jejich produkci IFN-y a
zaroven zvysuji produkcei IL-4 a IL-10 Th2 buitkami. MSCs dokaZou tuto rovnovahu mezi
zanétlivou na protizanétlivou imunitni odpovédi ovliviiovat i nepiimo, a to plisobenim na
expresi kostimula¢nich molekul a produkci cytokinii dendritickymi bunkami (DC,
dendritic cells) (Aggarwal and Pittenger, 2005, Glennie et al., 2005).

Aplikace MSCs muze byt vhodnd i pfi 1écbé onemocnéni spojenych naopak

s nartistem poctu a aktivity Th2 bun¢k, jako jsou systémovy lupus erythematosus (SLE)
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nebo alergicka reakce. Bylo zjisténo, ze v téchto pripadech maji MSCs schopnost efektivné
snizovat pocet nepiimétené aktivovanych Th2 lymfocyti i jejich produkei IL-4 (Zhou et

al., 2008a, Kavanagh and Mahon, 2011).

Treg/Th17 lymfocyty

Dal8im mechanismem, kterym se MSCs podileji na regulaci imunitni odpovédi, je jejich
schopnost ovliviiovat diferenciaci stimulovanych T lymfocytli na tolerogenni Treg nebo
prozanétlivé pasobici Th17 buiky. Naivni T bunky v pfitomnosti TGF-B exprimuji jak
transkripcni faktor nezbytny pro diferenciaci Th17 bunék — RORyt (retinoic acid receptor-
related orphan receptor yt), tak Treg lymfocyti — Foxp3 (forkhead box proteins 3). Pfi
vysokych koncentracich TGF-f dochazi v naivnich bunikach k potlaeni exprese receptoru
pro IL-23 a inhibici funkce RORyt, v dasledku ¢ehoz se preferenéné vyvijeji Treg
lymfocyty. Naopak niz8i koncentrace TGF-B a pfitomnost IL-6, IL-21 a IL-23 indukuji
diferenciaci ve sméru Th17 bunck (Zhou et al., 2008b). MSCs hraji dilezitou roli
vregulaci vzniku Treg 1 Thl7 lymfocyti. Diky své schopnosti produkovat cytokiny
dalezité¢ pro diferenciaci obou téchto populaci — TGF- a IL-6 — mohou v zavislosti na
svém mikroprostiedi ovliviiovat to, jakym smérem bude diferenciace probihat (Svobodova
et al., 2012). Dalsim mechanismem, kterym mohou MSCs ovliviiovat diferenciaci Th
lymfocytli, je produkce chemokinu mpCCL2, ktery v naivnich lymfocytech aktivuje
fosfatazy inhibujici diferenciaci Th17 1 Thl lymfocyta (Rafei et al., 2009). MSCs mohou
napomahat diferenciaci Treg i pomoci dalSich solubilnich molekul, jako jsou PGE2, HLA-
G35, IL-10, nebo expresi IDO (Selmani et al., 2008, English et al., 2009, Ghannam et al.,
2010, Ka-Fai Ma and Chan, 2016). Mezi dalsi funkce MSCs patii také jejich schopnost
zvysit produkci IL-10 Treg lymfocyty (Maccario et al., 2005).

Do rovnovéhy mezi Th17/Treg buitkami mohou MSCs zasahovat 1 prostfednictvim
pifimého bunééného kontaktu. Bylo prokdzano, Ze vlivem prozanétlivych podnétl dochazi
na MSCs ke zvySeni exprese CD54 (receptoru pro CD11a/CDI18 exprimovanému Th17
lymfocyty), coZ ma za nasledek indukci regula¢niho fenotypu v Th17 bunkéch spojenou se
snizenou produkci prozanétlivych cytokinti IL-17, IL-22 a faktoru nekrotizujiciho nadory o
(TNF-a, tumor necrosis factor) (Ghannam et al., 2010).

V neposledni fadé¢ pak mohou MSCs ovliviiovat diferenciaci Treg lymfocytl
1 pisobenim na buiiky prezentujici antigen (APC, antigen presenting cells). Vlivem MSCs
se zvySuje pocet regulacnich makrofagh (Kim and Hematti, 2009, Cho et al., 2014),
B lymfocytii (Peng et al., 2015, Chao et al., 2016) a nematurovanych DC (Maccario et al.,
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2005), coz muze mit za nasledek indukci Treg. Dal§im mechanismem vedoucim
k potlaceni imunitni odpovédi je pfimo vyvolani apoptoézy autoreaktivnich T bunck pies
Fas-L na MSCs; apoptické buiiky pak indukuji produkci TGF-f3 makrofagy a tim podporuji
vyvoj Treg (Akiyama et al., 2012).

Tc lymfocyty

Ukolem cytotoxickych lymfocytd je v prvni fadé rozpoznani a likvidace infikovanych,
nadorovych nebo jinak poskozenych bunéck, jejich nadmérnd aktivita vSak muze byt
inhibovat vznik cytotoxickych bunék, jejich vliv na uz aktivované bunky je ale omezeny
(Rasmusson et al., 2003). Hlavnim mechanismem jejich ptasobeni jsou predevsim solubilni
molekuly PGE2, IDO a TGF-f spolu s pfimym mezibunéénym kontaktem, které maji za
nasledek snizeni proliferace a produkce cytokini Tc. Vlivem MSCs dochazi rovnéz
ke sniZeni exprese aktiva¢niho receptoru NKG2D Tc buitkami (Li ef al., 2014b).

DalSim zptisobem, ktery se uplatiiuje v regulaci Tc je schopnost MSCs na povrchu
monocytll inhibovat expresi kostimulacnich molekul, a naopak podporovat inhibi¢ni
receptory, coz vede k indukci tolerogenniho fenotypu Tc. Tento fenotyp je spojen se
snizenim exprese molekuly CD8 na Tc, s niz$i produkei IFN-y a grandzymu B a nizkou
expresi CD28, CD44 a CD95. Bylo rovnéz zjisténo, Ze pro tento efekt je dilezity pfimy
bunéény kontakt monocyti a Tc, ale tolerogenni fenotyp monocyti je indukovan
1 v kultute, kde jsou MSCs odd¢€leny od ostatnich bunék polopropustnou membranou (Hof-

Nahor et al., 2012).

2.2.2.2 B lymfocyty

Dalsi soucasti adaptivni imunity jsou B lymfocyty odpovédné za produkci protilatek,
cytokinll a prezentaci antigent. Bylo prokazano, ze MSCs mohou potlacovat proliferaci B
lymfocytli, produkci TNF-a a branit jejich diferenciaci v plazmatické bunky, ale
neindukuji apoptozu (obr. 2) (Corcione et al., 2006, Asari et al., 2009, Collins et al., 2015).
Stejné jako u T lymfocytl dochézi i u B bun¢k k zastaveni v G1/GO0 fazi bunééného déleni.
Mezi molekuly zprosttedkovavajici inhibici aktivace a proliferace B lymfocyti patii
zejména TGF-B, PD-L1 a PD-L2 (Augello ef al., 2005). MSCs maji schopnost efektivné
inhibovat produkci imunoglobulini (Ig) IgM, IgG a IgA, déale sniZzovat expresi
chemokinovych receptori CXCR4, CXCRS5 a CCR7 a tim ovliviiovat chemotaktické

vlastnosti B lymfocyta (Corcione et al., 2006). Zaroven se zda, ze pisobenim MSCs se

16



neméni schopnost prezentovat antigen, protoze neni ovlivnéna exprese kostimulacnich
molekul CD40, CD80/86 ani MHCII. Cast t&chto silnych inhibi¢nich efektd viak maze byt
zpisobena nefyziologickym a v in vivo systému nedosazitelnym pomérem 1:1 (MSCs : B
lymfocyty) pouZitym ve vySe zminéné praci a tim, Ze pii nizsich koncentracich MSCs bude
efekt pravdépodobné mensi (Rasmusson et al., 2007).

Snizeni koncentrace IgM a IgG1 bylo pozorovano i v in vivo modelu, kdy byl
myS$im imunizovanym na T buiikdch zavislym 1 T buiikkdch nezavislym antigenem
aplikovéan supernatant z kultur MSCs (Asari et al., 2009). Lze tedy shrnout, Ze vysledny
efekt zalezi na mnozstvi pouzitych MSCs, uplatiuje se jak pfimy bunéény kontakt, tak
solubilni molekuly. Dal$§i moznosti regulace B lymfocytt MSCs je nepiimé ovlivnéni
zprostiedkované Th lymfocyty. Franquesa et al. (2015) popsali zpétovazebnou smycku,
podle které aktivace T lymfocyth vede k zvySeni produkce IFN-y, coz ma za
nasledek aktivaci MSCs, které pak inhibuji T 1 B lymfocyty.

Aplikace MSCs tak ptedstavuje velmi nadéjnou lé€bu u nemoci zplsobenych
patologickou reaktivitou B bunék, z vySe zminénych fakti vSak vyplyva nutnost vzdy

dobfte zvazit €as, zdroj a mnozstvi podavanych MSCs v kontextu poZzadovaného efektu.

2.2.2.3 Regula¢ni B lymfocyty

V poslednich letech se ukazuje, Ze stejné jako u T lymfocytli, makrofagi a DC existuje
1u B lymfocytii regula¢ni subpopulace potlacujici imunitni reakce oznaCovana jako
regulac¢ni B lymfocyty (Breg, regulatory B cells), jejimz hlavnim znakem je produkce IL-
10 (Ka-Fai Ma and Chan, 2016). MSCs mohou hrat dilezitou roli v regulaci vyvoje Breg
lymfocytl, a to bud’ pfimo — produkei IL-10 —, nebo zprostfedkované podporou vyvoje a
funkce regulacnich subpopulaci leukocytt, které pak produkuji IL-10 (Franquesa et al.,
2015, Ka-Fai Ma and Chan, 2016).

Chao et al. (2016) na modelu experimentalni kolitidy ukazali, Ze intraperitonealné
aplikované MSCs migruji do zanétlivych loZisek a napomaéhaji ochrané pted negativnimi
dopady tohoto onemocnéni, konkrétné predeviim podporou vyvoje a aktivace CD5" Breg
bunék produkujicich IL-10. Breg pak inhibuji proliferaci prozanétlivych T lymfocyti a
upravuji rovnovahu mezi Th1/Th17/Treg. Podobny mechanismus se po aplikaci MSCs
muze podilet také na zlepSeni pribcéhu experimentdlni autoimunitni encefalomyelitidy
(EAE) (Guo et al., 2013a). Indukce CD5" Breg bunék po podani MSCs byla zaznamenana

1 v klinické studii zabyvajici se 1écbou reakce Stépu proti hostiteli (GVHD, graft versus
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host disease). Krom¢ samotného nartistu poctu Breg lymfocyti doslo i k zvySeni sekrece
IL-10 témito buiikkami (Peng et al., 2015).

Je dilezité zminit, Ze v zavislosti na cytokinovém mikroprostiedi mohou mit MSCs
naopak schopnost produkci IL-10 B lymfocyty potlacovat. Tato vlastnost mlze byt
spole¢n¢ s ostatnimi funkcemi MSCs uzitecnd, pokud je nutné potlacit nezadouci imunitni
odpovéd, ale zaroven neutlumit zanétlivou reakci uplné (Hermankova et al., 2016, Holan

etal.,2016).

2.2.2.4 Dendritické buiky

Dendritické buiiky jsou nejefektivnéjsi APC, které hraji dileZitou roli v iniciaci adaptivni
imunitni odpovédi. MSCs maji schopnost reverzibilné inhibovat diferenciaci monocytl na
DC a indukovat regula¢ni fenotyp charakteristicky snizenou expresi molekul CD83 (znak
spojeny s maturaci), redukovanym mnozstvim kostimulacnich receptorc CD80, CD86 a
molekul nezbytnych pro prezentaci antigenti CD1a a MHCII (obr. 3) (Jiang et al., 2005,
Zhang et al., 2009). Navic bylo popsano, ze plazmacytoidni DC po kontaktu s MSCs zvysi
prozanétlivého TNF-a (Aggarwal and Pittenger, 2005). Zaroven se u DC méni i1 schopnost
zpracovat a prezentovat antigen, a to nejen na MHCIIL, ale i MHCI, ¢imz je piimo
ovlivnéna regulace a aktivace CD4 i CD8 T lymfocytid (Chiesa et al., 2011). MSCs
reguluji DC prostiednictvim sekre¢nich faktort, jako jsou IL-6, CCL2, IL-10 nebo PGE-2,
piimym mezibunéénym kontaktem a dale také nepiimo prostiednictvim T lymfocyth
(Aggarwal and Pittenger, 2005, Liu et al., 2013, Park et al., 2015)

Vlivem MSCs se snizuje sekrece chemokinu CCL5 T lymfocyty, coz vede
ke snizenému kontaktu mezi T buitkami a DC a tim ke snizeni stimulace imunitni odpovédi
DC (Park et al., 2015). Krom¢ toho se inhibuje 1 produkce faktoru stimulujiciho kolonie
granulocytid a makrofaghh (GM-CSF, granulocyte-macrophage colony-stimulating factor)
T lymfocyty, coz je cytokin podporujici diferenciaci DC. Jiang et al. (2005) ukézali, Ze po
spolecné kultivaci s MSCs maji DC schopnost snizovat produkci IFN-y T lymfocyty, a
naopak podporovat sekreci IL-10. V ptitomnosti MSCs se také snizuje produkce IL-12 DC.
To bylo potvrzeno i v in vivo studii, kde se vlivem MSCs sniZovala exprese receptort
CCR7 a CD49dB1 na DC a tim jejich schopnost migrovat do lymfatickych organd a
aktivovat antigen-specifické naivni T lymfocyty (Chiesa et al., 2011). Dale se ukazalo, ze
MSCs dokazou efektivné indukovat nematurovany fenotyp u DC izolovanych z pacientii

trpicich diabetem typu 1. Spolu stim se snizoval pocet Th17 lymfocytli, a naopak
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zvySovalo procento Treg bunék. Ke stejnému efektu dochdzi i pii pouziti extracelularnich

vackt derivovanych z MSCs (Favaro et al., 2016).
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Obrazek 3. Pusobeni MSCs na buiiky vrozené imunity. Leukocyty Gi¢astnici se vrozené imunitni odpovédi
ovliviiuji MSCs predevsim rozpustnymi faktory, jako jsou IL-6, GM-CSF, PGE2, TGF-B a aktivita IDO.
MSCs maji schopnost inhibovat funkce prozanétlivych subpopulaci DC a M1, a naopak podporovat
diferenciaci a aktivitu regulacnich M2 bunék a DC. U NK bunék se piisobenim MSCs snizuje cytotoxicita,
produkce IFN-y a proliferace, v piipadé zirnych bunék se snizuje migrace a degranulace. MSCs maji vliv i na
neutrofily, u kterych snizuji apoptézu a respiracni vzplanuti. (pfevzato a upraveno z Glenn and Whartenby,

2014).

2.2.2.5 Makrofagy

Makrofagy jsou kliCovou soucasti pfirozené imunity a hraji dualezitou roli v iniciaci
1 prib¢hu zanétu a také v nasledné regeneraci tkané. MSCs maji schopnost vyrazné
ovlivilovat regulaci zanétu makrofagy, predevSim diky své schopnosti potlacovat funkce
M1 subpopulace charakteristické produkci NO, prozanétlivych cytokinii a prezentaci
antigent. T bunkdm a soucasné¢ schopnosti podporovat diferenciaci alternativné
aktivovanych M2 makrofagi s regulacnim protizdnétlivym fenotypem (obr. 3) (Glenn and
Whartenby, 2014). Prostfednictvim PGE2 potlacuji MSCs produkci TNF-a, IL-18, IL-6,
IL-12, IFN-y, CCL-2 a expresi iNOS, a naopak podporuji sekreci IL-10 a IL-4 makrofagy.
Zaroven se u makrofagt indukuje exprese povrchového znaku CD206 a enzymu arginazy 1
(Argl) (Kim and Hematti, 2009, Maggini et al., 2010, Cho et al., 2014). MSCs také
podporuji schopnost fagocytézy M2 makrofagy, ale zarovenn potlacuji jejich aktivaéni

potencial snizenim exprese CD86 a MHCII (Kim and Hematti, 2009). Po kultivaci MSCs
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s naivnimi makrofagy dochézi k diferenciaci na M1 fenotyp se zvySenou mikrobicidni a
prozanétlivou funkci (ale zaroven neaktivuji u téchto makrofagl funkce APC), coz mize
byt uzitecné zejména pii zacatku infekce; zatimco kultivace s uz diferencovanymi M1
fenotypu (Vasandan et al., 2016).

Na modelu transplantace pridusnice bylo popsano, ze aplikace MSCs vede
prosttednictvim produkce PGE-2 ke zvysené produkci IL-10, a naopak redukei sekrece IL-
6 a TNF-o makrofagy a tim sniZeni zanétlivé odpovédi (Guo et al., 2013b). Dale bylo
zjisténo, ze pii transplantaci srdce dochazi po podani MSCs ke zvySeni exprese Argl
v makrofazich infiltrujicich do myokardu (Cho et al., 2014). Na sniZeni prozanétlivych
funkci makrofaglh se podili také TSG-6 sekretovany aktivovanymi MSCs (Choi et al.,
2011).

2.2.2.6 NK buiiky

NK buiiky se nékdy oznacuji jako dalsi populace lymfocytl a piedstavuji hlavni efektorové
bunky vrozené imunity. Ukdzalo se, ze MSCs maji schopnost efektivné potlacovat
proliferaci klidovych NK bunék, na aktivované NK builkky maji mnohem mensi vliv
(Rasmusson et al., 2003, Spaggiari et al., 2006). Inhibi¢ni efekt MSCs je zprostfedkovan
predevS§im IDO a PGE2 a projevuje se krom& sniZzené proliferace a produkce cytokint
snizenim exprese povrchovych aktivacnich receptorti NK bunck a s tim spojenou inhibici
cytotoxické aktivity (obr. 3) (Spaggiari et al., 2008).

Zajimavym zjiSténim je, ze MSCs maji zfejm¢ schopnost produkci IFN-y NK
buitkami i zvySovat. Spaggiari et al. (2006) ukazali, ze tento potencidl maji ptredevsSim
neaktivované MSCs. K naristu produkce IFN-y miZze dojit i pomoci pozitivni
zpétnovazebné smycky. Minoritni subpopulace CD56™¢" NK bungk produkci IFN-y
zvysuje sekreci CCL2 MSCs a tento chemokin pak podporuje expresi IFN-y CD56™¢™"
NK. Dilezitym poznatkem pak je, ze tato aktivace probiha i1 u bunék izolovanych
z imunokompromitovanych pacientii, coz otevirda moznost pouzit MSCs 1 v ptipadech, kdy

je zanétliva imunitni odpovéd’ nedostatecna (Cui et al., 2016).

2.2.2.7 Neutrofily

Neutrofily predstavuji prvni obrannou linii proti patogentim, Gcastni se akutniho zanétu a

jejich hlavni funkci je fagocytoza. Jejich patologickd aktivace vSak muze byt destruktivni
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pro tkané v jejich okoli. Bylo popsano, ze MSCs maji schopnost potlacovat apoptozu jak
klidovych bungk, tak neutrofilii aktivovanych IL-8 a inhibovat oxida¢ni vzplanuti. Jejich
efekt pfitom neni zavisly na pfimém bunééném kontaktu, ale na sekreci IL-6. Efektivné tak
potlacuji rozvinuti zanétlivé reakce, nebrani ale fagocytdze a migraci (obr. 3) (Raffaghello
et al., 2008). Nejnove¢jsi poznatky ukazuji, ze MSCs v prostiedi aktivnich neutrofilti
produkuji enzym superoxid dismutazu 3 (SOD3), jejimz hlavnim pfinosem je ochrana
tkani pred reaktivnimi kyslikovymi radikaly. Zaroven bylo pozorovano, Ze MSCs maji
schopnost v omezené mife pohlcovat apoptické neutrofily a tim branit vyliti toxickych
granul (Jiang et al., 2016).

Unikatni vysledky ptedlozili Brandau et al. (2014), kteii pozorovali, ze MSCs se
dokézou v ptipad¢ infekce podilet na vzniku a regulaci lokédlniho zanétu prostfednictvim
produkce IL-6, IL-8 a inhibi¢niho faktoru migrace makrofagti (MIF, macrophage migration

inhibitory factor), ¢imz atrahuji neutrofily a aktivuji jejich fagocytické funkce.

2.2.2.8 Zirné buiiky

Hlavni funkci zirnych bunék je sekrece prozanétlivych cytokini a granul obsahujicich
mimo jiné heparin ¢i histamin. Uplatiiuji se pii zanétlivych procesech, ale také piti vzniku
alergickych reakci a nckterych autoimunitnich onemocnéni. Bylo prokazano, ze MSCs
prostfednictvim PGE-2 potlacuji produkci cytokini — zejména TNF-a, migraci a
degranulaci zirnych bunék, a to jak vin vitro kulturach tak vin vivo modelu (obr. 3)
(Brown et al., 2011). Dalsim faktorem produkovanym MSCs, ktery se podili na
potlacovani funkci Zirnych bunék, je TGF-B1(Kim et al., 2015a).

2.2.3 Cytoprotektivni, antiapoptotické a trofické vlastnosti MSCs

Kromé ovlivitovani jednotlivych komponent imunitniho systému maji MSCs 1 dalsi
terapeuticky vyhodné vlastnosti. Jak jiz bylo zminéno, tyto buiiky disponuji schopnosti
diferencovat i transdiferencovat a tim nahrazovat poSkozené tkané (obr. 4). Pomoci MSCs
znacenych zelenym fluorescencnim proteinem (GFP, green fluorescent protein) bylo
napiiklad zjiSténo, Ze po intradermalni aplikaci mohou na zékladé potencialu diferencovat
v keratinocyty, endotelialni buniky a pericyty napomdhat reepitelizaci a hojeni kozniho
poranéni (Wu et al., 2007, Sasaki ef al., 2008). Krom¢ toho sekreci cévniho endotelialniho
rustového faktoru (VEGF, vascular endothelial growth factor) a angiopoietinu-1
napomahaji angiogenezi (Wu et al., 2007). MSCs jsou schopné produkovat fadu dalSich
trofickych faktori, mezi které patii napiiklad GM-CSF, fibroblastovy rustovy faktor,
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erythropoietin, faktor kmenovych bunék, chemokiny, leukemicky inhibi¢ni faktor, nervovy
rustovy faktor nebo rustovy faktor krevnich desti¢ek (obr. 4). Produkci metaloproteinaz a
inhibitord metaloproteindz mohou MSCs remodelovat extracelularni matrix (Doorn ef al.,

2012, Hofer and Tuan, 2016).

a. Differentiation of MSCs to replace cells. b. MSC/cell fusion.
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Obriazek 4. Mechnismy antiapoptotického, cytoprotektivniho a regenerativniho piisobeni MSCs. (a)
Poskozenou tkan mohou MSCs regenerovat nahrazenim nefunkénich bun€k diferenciaci (b) nebo piimo
splynout s poskozenymi bunkami. (¢) MSCs také mohou pusobit parakrinné pomoci cytokind, ristovych
faktort a dalSich molekul jako je PGE2 a TSG-6. Mezi nejnovéji objevené zptisoby ovlivnéni cilovych bunék
patii (d) tvorba TNTs prostfednictvim kterych se mohou transportovat ionty, proteiny ale i mitochondrie (e) a
dale produkce extracelularnich vackt nesoucich proteiny, RNA, hormony a dal$i molekuly (pfevzato a

upraveno ze Spees et al., 2016)
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Dalsim terapeutickym ptfinosem MSCs je ochrana tkani pied oxidativnim
poskozenim tim, ze zvySuji mnozstvi a aktivitu SOD a glutathionu (Yang et al., 2015,
Jiang et al., 2016) a dale protekce neposkozenych i1 imunitnich bunék pted apoptdzou (Gu
et al., 2013, Normanton ef al., 2014, Yang et al., 2015). Diky vySe zminénym schopnostem
dokédzou MSCS velmi efektivné zabranovat fibréze tkani a napomadhat tak regeneraci
poskozené oblasti (Spees et al., 2016).

Pomérné¢ neddvno objevenym mechanismem plisobeni MSCs je sekrece
extracelularnich vackul. Jedna se o exosomy o velikosti 30-100 nm a mikrovesikuly velké
50-1000 nm, které mohou obsahovat jak vyse zminéné trofické faktory, cytokiny, miRNA
a dalsi rozpustné molekuly, tak membranové vazané receptory (obr. 4) (Merino-Gonzalez
et al., 2016, Spees et al., 2016). Bylo ukazano, Ze stejné jako MSCs samotné se mohou
podilet na imunomodulac¢nich déjich i na ochrané a reparaci tkdné. Mezi vyhody
extracelularnich vacki patii schopnost ochranit ptenasSené faktory pied rychlou degradaci a
tim zvysit jejich dosah; také na rozdil od MSCs nepodléhaji rejekci a nezplisobuji embolie
(Yang et al., 2015, Favaro et al., 2016)

Jednim znejnovéji objevenych mechanismii pasobeni jsou tzv. ,tunneling
nanotubes (TNTs)*“. Tyto trubicky tenké 50-200 nm slouzi k mezibunéénému kontaktu a je
mozné pies n¢ prendset ionty, nukleové kyseliny, a dokonce 1 organely (obr. 4) (Spees et
al., 2016). Liu et al. (2014) pozorovali, ze pomoci TNTs mohou byt piendseny
mitochondrie z MSCs do poskozenych epitelovych bunék, coz vede k inhibici apoptozy a

regeneraci tkang.

2.3 Terapeutické vyuziti MSCs

Siroké spektrum uéinki preduréuje MSCs pro vyzkum a jejich moznou aplikaci v klinické
praxi. Prvotni z4jem o vyuZiti téchto bunék vzbudily pfedevSim jejich diferenciacni
schopnosti. Obrovsky potencial se ale skryva také v moznosti regulovat pomoci aplikace
MSCs rovnovahu mezi jednotlivymi populacemi T a B lymfocyti a ve schopnosti
podporovat regulani subpopulace vSech leukocytli a tim sméfovat imunitni odpovéd
v protizanétlivou, tolerantni. Vyuziti imunomodulac¢nich vlastnosti je zkouméano na
zvitecich modelech pii 1é¢bé alergickych onemocnéni (Goodwin et al., 2011, Kavanagh
and Mahon, 2011) a autoimunitnich onemocnéni, jako jsou roztrousena skler6za (Zappia et
al., 2005, Rafei et al., 2009) nebo SLE (Zhou et al., 2008a, Chang et al., 2011).
Terapeuticka aplikace MSCs se jevi jako vyhodna ipfi potlaceni GVHD (Kim et al.,
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2015b), pti snizeni imunitni odpovédi po transplantaci (Bartholomew et al., 2002, Popp et
al., 2008, Sbano et al., 2008) nebo pii 1é¢bé poskozeni povrchu oka (Zajicova et al., 2010,
Roddy et al., 2011, Cejka et al., 2016b).

Pilotni a pfipadové studie demonstrovaly podobny 1é¢ebny potencidl i u lidi. Podani
MSCs vyznamné podporuje GspésSnost a terapeuticky efekt transplantace HSCs (Koc et al.,
2000) a stimuluje rust u déti trpicich zavaznym onemocnénim osteogenesis imperfekta
(Horwitz et al., 2002). Bylo prokazéano, Ze alogenni MSCs je mozné vyuzit pro potlaceni
chronické 1 akutni GVHD (Le Blanc et al., 2004b, Peng et al., 2015) nebo pii 1écbe
roztrousené sklerézy (Liang et al., 2009, Li et al., 2014a). Déle bylo ovéteno, ze autologni
MSCs jsou bezpec¢nou a realizovatelnou terapii pfi transplantaci ledvin (Perico et al., 2011)
a v kombinaci s nizkou imunosupresi mohou podporovat vznik Treg, potlatovat proliferaci
T lymfocyth a zabranit rejekci ledviny (Peng ef al., 2013, Mudrabettu et al., 2015). Na
zéklad¢ slibnych vysledkti téchto a dalSich praci lze fici, ze MSCs predstavuji velice
atraktivni terapeutickou moznost pro klinické vyuziti. To potvrzuje 1 pocet klinickych
studii, ktery v poslednich letech dramaticky stoupa. Vroce 2016 bylo v databazi
klinickych studii (https//:clinicaltrials.gov/) registrovano ptes 500 studii (Wang et al.,
2016). Dnes je to témet 700 ve vSech fazich klinického vyzkumu, z toho naprosta vétSina
se nachazi ve fazich 1., I/Il a II. Ve studiich, které zatim prosly az do tteti faze (cca 6 %),
se vyuzivaji autologni i alogenni MSCs izolované ptfevazné z kostni dien€. DalSimi zdroji
jsou pak pupecnikova krev a tukova tkai. Mezi nejcastéj$i pouziti patii 1écba akutniho
infarktu myokardu, GVHD, diabetu, Cronovy choroby, poranéni patefe a osteoartritida
(https//:clinicaltrials.gov/).

Na tomto misté je nezbytné zminit, ze s l[éCbou vyuzivajici MSCs jsou spojené
obavy vychazejici zrizika vzniku nebo podpory rlstu nddord. Bylo popséno, Ze
dlouhodobé kultivace MSCs miiZe mit za nasledek vznik genomovych mutaci. Zda se vSak,
7ze nepodléhaji maligni transformaci (Wang ef al, 2013). Diky svym migracnim a
imunomodula¢nim vlastnostem ale MSCs samotné piedstavuji jak nadéji pro terapii, tak
hrozbu zhorSeni nddorovych onemocnéni. Waterman et al. (2012) ukazali, ze v zavislosti
na mikroprostfedi a nasledné polarizaci maji MSCs potencial potlacovat migracni
schopnosti nadorovych bun€k a rist nador, nebo naopak podporovat rozvoj a vznik
metastaz. Velkou nadéji ale mohou byt MSCs preinkubované s 1€¢ivy (Pessina et al., 2015)
nebo geneticky manipulované MSCs, které by mohly slouzit jako nosi¢ pro 1éciva,

cytokiny nebo enzymy zarucujici lokalni pfeménu neskodné latky na farmakologicky
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aktivni molekulu predev§im v nadorové tkani (Pessina et al., 2015, Nowakowski et al.,

2016).

2.3.1 Moznosti aplikace MSCs a jejich migrace

Jednou zvelice atraktivnich vlastnosti pro vyuziti MSCs v klinické praxi je jejich
schopnost migrovat do mista poranéni nebo zanétu a potencidl regulovat imunitni odpovéd’
1 na delsi vzdalenosti. Z dosavadnich vysledkli se zd4, Ze mechanismy, které MSCs
vyuzivaji k usidleni, uspé$nost aplikace a délka preziti zavisi na mnoha faktorech, jako
jsou zpiisob a ¢as podani, mnozstvi a stav MSCs pied aplikaci a v neposledni fadé také
stav organismu piijemce. Z toho plyne, Ze v zavislosti na pozadovaném ucinku terapie je
nezbytné precizné definovat a zvazit vliv vySe zminénych proménnych na MSCs (De

Becker and Riet, 2016, Leibacher and Henschler, 2016).

2.3.1.1 Systémova aplikace MSCs

Pti podani MSCs do krevniho fecisté se vyuziva vlastnost MSCs odpovidat na prozanétlivé
faktory a jejich schopnost prostoupit do zanétlivé tkdné. Pro migraci skrze cévni epitel
vyuzivaji MSCs molekul P-selektinu a cévni adhezivni molekulu (VCAM-1, vascular cell
adhesion molecule-1) na endotelovych bunkéch, ktery se véaze ke svému receptoru,
pozdnimu aktiva¢nimu antigenu-4 (VLA-4, very late activation molecule) na MSCs
(Ruster et al., 2006). Pro cileni MSCs jsou dale diilezit¢ chemokinové receptory, jako jsou
CCR6, CCR9, CXCR4 a CXCR6 (Chamberlain et al., 2008).

Casto vyuzivanym zpiisobem podani je intravendzni aplikace. Bylo zjiiténo, Ze
takto podané MSCs maji schopnost se usidlit v kostni dfeni pacientli postiZenych
genetickou poruchou osteogenesis imperfekta, kde poméhaji podpofit rist a tvorbu kostni
tkané (Horwitz et al., 2002). Pomoci radioaktivniho znaceni MSCs bylo pozorovano, ze
bezprostfedné¢ po aplikaci se MSCs hromadi v plicich, po nékolika hodinach ale muze
dochazet k redistribuci do dalSich organt, jako jsou jatra nebo slezina (Gholamrezanezhad
et al., 2011). Dale bylo popsano, Ze MSCs znacené GFP je po infuzi mozné detekovat
v thymu, gastrointestinalnich tkéanich, ledvinach, kizi (Devine et al., 2003) ¢i mozku
(Zappia et al., 2005). Nicmén¢ intravenozni aplikace s sebou vzhledem k pomérné
velkému rozméru MSCs nese riziko vzniku plicni embolie, a navic se velka cast bunck
muze zachytit v plicich a viibec se nedostane piimo do mista zané¢tu (Makela et al., 2015,
Leibacher and Henschler, 2016). Tomu Ize castecné predchazet podanim vazodilatacnich

pripravkl pted nebo soucasné s aplikaci MSCs (De Becker and Riet, 2016). Dilezitym
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poznatkem je, ze i builky zachycené v plicich se mohou prostfednictvim sekrece
solubilnich terapeutickych faktor podilet na potlac¢eni zanétu. Na mySim modelu infarktu
myokardu bylo zji$téno, Ze po aplikaci MSCs dochazi ke snizeni zanétlivé odpovédi a
redukci postizeni. Pfitom jen minimalni mnozstvi MSCs migrovalo do srde¢ni tkéané,
vétSina bunek byla detekovana v plicich (Lee et al., 2009).

Vhodnou alternativu ptedstavuje intraarteridlni aplikace MSCs. Tento pfistup
umoznuje redukovat mnozstvi bun€k zachycenych v plicich, a naopak zvysit jejich
distribuci do jater, sleziny a ledvin (Makela et al., 2015). Intraarteridlni aplikace je ovSem
invazivnéj$i nez intravendzni podani (De Becker and Riet, 2016), a navic i zde muze

dochazet ke komplikacim spojenym s ucpavanim mikrovaskulatury (Furlani et al., 2009).

2.3.1.2 Lokalni aplikace
Nejspolehlivéjsim zplisobem, jak zajistit, ze se vétSina aplikovanych bunék dostane ptimo
do lé¢eného mista, je lokalni podani MSCs. Zaroven je tak mozné piedejit vzniku plicni
embolie. Bylo ovéfeno, Ze MSCs je mozné bezpecné injikovat piimo do kloubu (Toupet et
al., 2013), oka (Yao et al., 2012), indradermaln¢ do mista kozniho poranéni (Wu et al.,
2007) nebo piimo do blizkosti tkan¢ postizené infarktem (Cho et al., 2014). Pro 1écbu
gastrointestinalnich onemocnéni se jako vhodné varianta jevi i intraperitonedlni podani
(Chao et al., 2016). I s lokalni aplikaci se vSak spojuji urcité¢ nevyhody. Pfi injekci bunék
do tkdn¢ mize dojit k poSkozeni tkan¢ jehlou, k vytvoieni tlaku v bezprosttedni blizkosti
aplikace, pfipadné¢ drobnému poranéni a krvaceni, coZ miZze mit za nasledek rozvoj
zanétlivé imunitni odpovédi (Nowakowski et al., 2015).

Kromé injekce piimo do 1é€en¢ho mista 1ze pro lokalni aplikaci vyuzit i rizné
nosice, jako jsou amniovd membrana (Kim et al., 2009, Jiang et al., 2010) nebo

nanovlakenné nosice (Zajicova et al., 2010, Cejka et al., 2016a) (viz kap. 2.3.4).

2.3.2 Prezivani a imunogenicita aplikovanych MSCs

Dalsi dilezitou informaci je, jak dlouho dokaZou alogenni MSCs v cilovém misté pieZivat.
Ukazuje se, ze prumérnd doba se pohybuje vrozmezi dnli (Leibacher and Henschler,
2016). Toupet et al. (2013) byli schopni jesté mésic po lokélni aplikaci MSCs detekovat
15 % transplantovanych bunck v léené tkani a prokazali 1 dlouhodobé — Sestimési¢ni —
piezivani. Devine et al. (2003) dokonce pomoci polymerazové fetézcové reakce (PCR,
polymerase chain reaction) detekovali sekvenci zna¢enych MSCs 21 mésict od infuze.

Bylo také prokazéano, ze alogenni MSCs jsou schopné po transplantaci prezit az dvakrat
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déle nez alogenni fibroblasty (Zangi et al., 2009). Mechanismus, diky kterému alogenni
MSCs dlouhodobé prezivaji v organismu, vSak pravdépodobné neni podlozen piimo
imunoprivilegovanosti, ale spiSe schopnosti v zavislosti na mikroprostfedi na ur¢itou dobu
potlacit rejekéni mechanismy a uniknout tak imunitnimu systému (Ankrum and Karp,
2010).

MSCs kultivované v in vivo podminkach se vyznacuji nizkou expresi MHCI a
absenci MHCII a kostimula¢nich receptori. CD80/CD86 nebo CDA40. Tento
hypoimunogenni fenotyp se ale miize vlivem zanétlivé reakce — zejména piitomnosti IFN-y
— zm¢énit (obr. 5) (Stagg et al., 2006, Romieu-Mourez et al., 2007). Zvyseni exprese MHC
muze mit dvoji i¢inek. MSCs na svém povrchu exprimuji ligandy pro aktivacni receptory
NK bun¢k, ptitomnost MHCI je tedy chrani pfed lyzou (Spaggiari ef al., 2006). Pokud se
ale nejedné o autologni MSCs, mohou pak byt buniky teréem pro Tc a aktivovat imunitni
odpovéd’. V in vivo studii na primatech bylo prokazano, ze alogenni MSCs mohou byt
slabé imunogenni, zeyména pokud neni bran ohled na MHC kompatibilitu (Isakova et al.,
2014). Mezi dalsi mozné mechanismy potlaceni rejekce MSCs se fadi exprese Fas-L MSCs

(Akiyama et al., 2012) nebo inhibice aktivace komplementu (Tu ef al., 2010).
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Obr. 5. Rovnoviha mezi imunogennim a hypoimunogennim stavem MSCs. (a) Klidové MSCs jsou

hypoimunogenni — exprimuji jen velmi malé mnozstvi MHCI a zadné MHCII. Po aktivaci IFN-y a TNF-a se
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coz bunkam umozni branit se rejekci. MSCs, které nejsou schopné se ubranit detekci imunitnim systémem,
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podléhaji apoptoze. (b) Schopnost alogennich MSCs efektivné vyvazit imunogenni a imunosupresivni
molekuly je tedy kli¢ova pro jejich piezivani a efektivnost transplantace. (Pfevzato a upraveno z Ankrum et

al., 2015).

2.3.3 Faktory, které mohou ovlivnit uspéSnost aplikace
Kromé zptsobu aplikace miize GispéSnost terapie vyuzivajici MSCs ovlivnit fada dalSich
podminek. Dulezité je optimalizovat mnozstvi pouzitych bunék. Podani velkého mnozstvi
MSCs muze ptedstavovat vysoké riziko vzniku embolie a rychlejsi preruseni krevni
mikrocirkulace (Furlani et al., 2009). Aplikace velkého poctu bunék vSak nemusi byt pro
dosaZeni cileného efektu nezbytné. Bylo prokazéano, Ze i malé mnoZstvi MSCs mize mit
terapeuticky vliv (Horwitz et al., 2002, Girdlestone, 2016). Hlavnim mechanismem
pusobeni MSCs vSak pravdépodobné neni diferenciace a ndhrada poSkozené tkané, ale
spiSe produkce parakrinnich faktorti (Hofer and Tuan, 2016).

Ukézalo se, ze zasadni roli pfi terapii vyuzivajici MSCs mlZe hrat také nacasovani.
Jako nejvyhodnéjsi se jevi velmi casna aplikace. Pokud se MSCs ptidaji do kultury hned
na za¢atku, dochézi k inhibici viech CD4" T lymfocytii, zatimco pfidani aZ tieti den vede
jen k ¢asteCnému potlaceni produkce IFN-y, a navic muize dojit dokonce k nartstu
produkce IL-17 (Carrion et al., 2011). K podobnym zavérim dosla studie testujici aplikaci
MSCs v riznych stadiich pribehu experimentdlni autoimunitni encefalitidy (EAE), kde
bylo zjisténo, Ze pouze Casné podani MSCs vede ke zmirnéni klinickych projevl tohoto
onemocnéni (Luz-Crawford et al., 2013). Jednim z dilezitych faktorh, které hraji roli
v terapeutickém uc¢inku MSCs, je kolisani hladiny IFN-y béhem progrese onemocnéni. Pro
to, aby byly MSCs efektivné aktivovany a mély co nejvyssi imunosupresivni ucinky, je
vhodné je aplikovat ve chvili, kdy jsou koncentrace tohoto cytokinu v organismu nejvyssi
(Polchert et al., 2008).

Neméné dulezitou otazkou je, zda pouzit autologni nebo alogenni buiiky. Vzhledem
k vyse popsané mozné imunogenicit¢ MSCs a moznosti, Zze se jejich vlivem dokonce
zhorsi priubéh 1é¢by (Sbano et al., 2008, Isakova et al., 2014), se jako nejbezpecnéjsi jevi
aplikace autolognich bun¢k. V ptipadech, kdy je nutné zahdjit terapii co nejrychleji, nebo
je potieba velké mnozstvi bun¢k v opakovanych davkach, mize vSak byt nutné pouzit
jiného darce. Kontraindikaci pro izolaci a pouziti autolognich MSCs mohou byt také
nékterd onemocnéni nebo pokrocily vék (Nie et al., 2010, Hare et al., 2012, Alagesan and
Griffin, 2014, Zhang et al., 2015). Z hlediska funkci MSCs se zda, ze mezi autolognimi a
alogennimi bunikami neni vyznamny rozdil. Naptiklad na modelu kozniho poranéni

u kralikii bylo ukdzano, ze podéani autolognich i alogennich MSCs ma srovnatelny
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terapeuticky vliv (Kim et al., 2009). V klinické studii porovnavajici vliv autolognich a
alogennich MSCs injikovanych piimo do srdce na 1é¢bu ischemické kardiomyopatie bylo
zjisténo, Ze oba typy bun€k maji regenerativni potencial a nevyvoldvaji vznik protilatek
(Hare et al., 2012). Pro ptipady, kdy nelze izolovat autologni buniky a alogenni nejsou
dostupné, je velmi nadéjné zjisténi, ze potiebny terapeuticky ucinek mohou mit
i xenogenni buiiky (Chang et al., 2011, Payne et al., 2013). Naptiklad Chang et al., (2011)
ve své studii zjistili, ze podani lidskych MSCs mySim vede k potlaceni zanétu v ledvinach

spojenym se SLE a zmén¢ rovnovahy mezi Th lymfocyty smérem k Th2.

2.3.4 Cilené ovliviiovani imunomodulaé¢nich schopnosti MSCs

V soucasné dobé€ je popsano velké mnozstvi mechanismi, které se uplatituji pfi plisobeni
MSCs a rovnéz je znamo, ze jejich schopnosti jsou ve velké mife ovliviiovany
mikroprostfedim, ve kterém se nachazeji. Je zfeyjmé, Ze pokud maji mit tyto bunky
pozadovany Ucinek, je tfeba peclivé vybrat darce, zpiisob a nacasovani aplikace 1 jejich
mnozstvi. Kromé toho Ize jejich u€inky vyznamné podpofit, zesilit, nebo dokonce zménit
pomoci ovlivilovani podminek jest¢ pred aplikaci, aktivaci pomoci prozanétlivych
cytokinli nebo ligandii TLR, preinkubaci s léCivy, vyuzitim nosi¢li nebo genetickymi

manipulacemi (obr. 6).
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Obrazek 6. Cilen¢ ovliviiovani vlastnosti MSCs. (a) Kultivaci MSCs v hypoxickych podminkach se aktivuje
antiapoptoticka signalizace a prezivani bun€k. Dochazi také ke zvyseni imunomodula¢nich u¢inka a produkci
VEGEF. (b) Pisobenim vysokych hladin prozanétlivych cytokinti nebo (¢) ligandi TLR se zvysuje exprese
povrchovych molekul dulezitych pro kontakt MSCs s T lymfocyty (ICAM, VCAM, PD-L1) a chemokint.
Nartsta také produkce nebo aktivita imunomodula¢nich molekul, jako jsou IDO, PGE2, TGF-B, IL-4, IL-10.
(d) Preinkubaci MSCs s imunosupresivnimi latkami je mozné dosadhnout snizeni produkce IL-6 a IL-1pB, a
naopak zvyseni aktivity IDO a exprese TGF-f a IL-10. Dalsi vyhodou tohoto pfistupu je moznost adsorpce
léciva na povrch MSCs a jeho uvolnéni v cilovém misté. (e) Pfi spolecném podani MSCs a imunosupresiv
mize dochazet synergistickému pusobeni na potlaeni zanétlivé imunitni odpovédi. (f) Zvysit
imunomodulaéni i diferenciacni ucinky, uspésnost aplikace a zlepsit zacileni lze i pomoci nosict, které
mohou navic uvolniovat lokalné riistové faktory, imunosupresivni latky nebo imunomodulaéni molekuly, jako
je PGE2. (g) Prostfednictvim genovych manipulaci 1ze podpofit migracni i imunosupresivni u¢inky MSCs

nebo vytvofit buniky produkujici pfimo 1é¢ivo jako je napiiklad CTLA4Ig.
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2.3.4.1 Aktivace pomoci cytokint

Jak jiz bylo zminéno dfive, pisobenim nékterych cytokinti se mohou ménit vlastnosti
MSCs. Podle ngkterych studii je aktivace pomoci prozanétlivych cytokini nutnd pro
indukci imunomodulac¢nich funkci MSCs (Ren et al., 2008, Krampera, 2011, Franquesa et
al., 2015). IFN-y, TNF-a a IL-1B podporuji aktivitu IDO a expresi chemokinovych
receptort dualezitych pro migraci MSCs (Krampera et al., 2006, Hemeda et al., 2010),
zvySuji produkci PGE2 a exprese COX-2, PD-L1 (English et al, 2007) a také pocet
adheznich molekul ICAM-1 a VCAM-1 dulezitych pro kontakt s T lymfocyty (Ren et al.,
2010). Ptitomnost IFN-y v kultufe podporuje expresi HGF a TGF-$ (Ryan ef al., 2007) a
dale se vlivem IFN-y a TNF-a signifikantné zvySuje produkce faktoru H MSCs, ¢imzZ se
tyto buiikky vyznamné podili na inhibici aktivace komplementu (Tu et al., 2010). Pokud
dojde v hypoxickych podminkach ke stimulaci MSCs pomoci IFN-y, IFN-a, TNF-a a IL-
1B, zvysi se exprese TLR a tim citlivost a reaktivita MSCs na dal$i prozanétlivé podnéty
(Raicevic et al., 2010).

Vyhodu preaktivace MSCs pomoci téchto cytokini se podatilo prokazat 1 v in vivo
systétmech. MSCs ovlivnéné prozanétlivymi cytokiny produkuji velké mnozstvi NO,
napomahaji pfechazet vzniku GVHD a inhibuji precitlivélost oddaleného typu (Ren et al.,
2008). Dale bylo prokazano, ze jsou ucinngj$i pii potladeni proliferace leukocytd,
efektivnéji migruji do zanétlivych lozisek a napomahaji zmirnit zanétlivou odpovéd’ a
poskozeni tkané piti kolitidé (Duijvestein et al., 2011), napomahaji potlaceni zanétlivé
odpovédi po poranéni slachy a podporuji produkci IL-10 (Aktas et al., 2016).

Ovlivnéni MSCs pomoci prozanétlivych cytokini pfed jejich aplikaci tak
predstavuje pomérné atraktivni a jednoduchy zplsob pro jejich aktivaci a zlepSeni
imunomodulacnich 1 migracnich schopnosti. Vyhodny je tento piistup obzvlasté v ptipade,
ze je uCinek MSCs tieba vyrazné urychlit, nebo pokud existuji obavy, Ze v pfirozeném
prostiedi téla a zanétu neni pifitomnd dostatecné vysokd hladina prozanétlivych cytokinl

nezbytnych pro jejich aktivaci (Girdlestone, 2016).

2.3.4.2 Pisobeni ligandi TLR

TLR se nachazi predev§im na imunitnich a epitelovych bunkéach a jejich ulohou je
rozpoznavat konzervované struktury znacici pfitomnost patogenu v téle. Ukazalo se, Ze
1 MSCs exprimuji tyto receptory a Ze po jejich aktivaci méni svoje vlastnosti. Pevsner-

Fischer et al. (2007) zjistili, ze u MSCs se nachazi intracelularni i povrchové TLR a ze
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ligandy téchto receptorii vyvoldvaji riznou odpovéd. Aktivace TLR 2, 3 a 4 vede
ke zvySené produkci IL-6 MSCs, aktivace TLR 2 a 4 indukuje translokaci transkripéniho
faktoru NF-kB do jadra, inhibuje migraci, a naopak podporuje proliferaci. Zajimavy je
Po aktivaci TLR4 se spusti prozanétlivé funkce MSCs, zvysi se produkce 1L-6, IL-8 a
zmensuje se jejich schopnost potlacit aktivaci T lymfocyt. Oproti tomu aktivaci TLR3 se
produkce IDO, PGE2, IL-4, IL-10 a chemokini CCL5 a CCL10 (Waterman et al., 2010).
Dale bylo zjisténo, ze v zdvislosti na nizké hladiné IFN-y, koncentraci bunék a
souCasn¢ pritomnosti ligandd TLR, TGF-B a dalSich faktord muze dojit k podpoie
schopnosti MSCs prezentovat antigen do takové miry, Ze se mohou podilet na
chemoatrakci leukocytli a tim zvySeni imunitni odpovédi (Stagg et al., 2006, Romieu-
Mourez et al., 2007). Zaroven ale bylo prokazano, ze na rozdil od profesionalnich APC
neprodukuji MSCs IL-12 potiebny pro rozvoj Thl odpovédi (Romieu-Mourez et al., 2009)
a ze v pribéhu imunitni odpovédi se nasledkem vysoké koncentrace IFN-y schopnost

exprimovat MHCII a prezentovat antigeny vyznamné sniZuje (Chan et al., 2006).

2.3.4.3 ZlepSeni prezivani aplikovanych MSCs

Jednim z problémi, kterym celi terapie vyuzivajici MSCs, je jejich pomérné velka
umrtnost v ischemické tkéni. Vhodnou strategii by mohlo byt buiikky pted podanim
kultivovat v takovych podminkach, kterym budou vystaveny v poSkozené tkani (Saparov et
al., 2016). Vyhodné se vtomto sméru jevi plsobeni hypoxie. Bylo prokazano, Ze
kultivovanim MSCs v hypoxickych podminkach dochazi k aktivaci antiapoptické
signalizace a tim podpofe jejich pfezivani a navic se zvySuji angiogenni schopnosti téchto
bun¢k (Bader et al., 2015). Takto ovlivnéné bunky produkuji vice VEGF, TGF- a Iépe tak
podporuji hojeni kozniho poranéni (Jun et al., 2014). Navic se ukazuje, Zze hypoxické
podminky neinterferuji s imunomodula¢nimi schopnostmi MSCs, naopak dochazi
ke zvySeni schopnosti potlacit proliferaci lymfocytl (Roemeling-van Rhijn et al., 2013).
Prodlouzit dobu pfeziti, a tedy aktivitu MSCs v organismu lze 1 pomoci pouziti
enkapsulace bunék, naptiklad pomoci alginatu; tato metoda podporuje jejich viabilitu
1 imunomodulacéni vlastnosti, umoziuje kontrolované dorucit buitky do zanétlivého mista a

podilet se na regeneraci tkan¢ (Barminko et al., 2011).
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2.3.4.4 Vyuziti imunosupresivnich latek

Terapeutické protokoly vyuzivajici MSCs pfi 1é¢né fady autoimunitnich chorob nebo
transplantaci ¢asto vyzaduji také imunosupresi (Liang ef al., 2009, Peng et al., 2013, Li et
al., 2014a). Ugelem 1ékti je sice primarné potlacit proliferaci nebo funkce lymfocyti, jejich
receptory vSak exprimuji i MSCs. Lze tedy ptedpokladat, ze imunosupresivni latky ovlivni
i vlastnosti MSCs. Chen et al. (2008) ukazali, ze preinkubace MSCs s cyklosporinem A
(CsA) zabraniuje apoptoze zpiisobené hypoxii. Déle bylo zjisténo, zZe vlivem
glukokortikoidi se zvySuje exprese a aktivita IDO v MSCs (Ankrum et al., 2014).
Rapamycin (Rapa) u MSCs zvySuje expresi IL-10, IDO, TGF-B a chemokinovych
receptortl a zaroven snizuje expresi IL-6 a IL-1B. Tyto zmény jsou spojeny s autofagii a
zménou migrace MSCs. Vysledky studie ovéfili autofi 1 v in vivo modelu GVHD kde
zjistili, Ze MSCs preinkubované s Rapa snizuji klinickou zévaZznost onemocnéni
prostiednictvim potlaceni Th1/Th17, a naopak podpory Th2/Treg populace lymfocyth
(Kim et al., 2015b).

Studie zabyvajici se srovnanim vlivu preinkubace MSCs s Rapa, CsA, FK506 a
everolimu prokazala, Ze dalS$im mechanismem podpory uc¢inkit MSCs imunosupresivnimi
latkami mutZze byt jejich adsorpce na povrch bunék. Uz kratka preinkubace vedla
k pfichyceni mnozstvi dostatecného pro potlaceni proliferace T Ilymfocyth. Diky
imunosupresivnim vlastnostem MSCs a jejich schopnosti migrace by se tak mohlo jednat
o atraktivni terapii cilici G¢inky imunosupresiv pouze do mista zdnétu (Girdlestone et al.,
2015).

Neméné dllezité je zjisténi, Ze mezi MSCs a imunosupresivy muize dochézet
k potenciaci. Rapa, CsA a takrolimus (Tac, tacrolimus) podané spolecné s MSCs ve
smésné¢ lymfocytarni reakci maji antagonisticky vliv na u€inky MSCs, dexamethazon
(Dex) je neovliviiuje a mykofenolat mofetil (MMF) naopak podporuje efekt MSCs (Buron
et al., 2009). Hoogduijn et al. (2008) nepozorovali zadny vliv MSCs na funkci MMF, ale
zjistili, Ze Tac a Rapa zvySuji imunosupresivni u€inky MSCs. Aplikace CsA mlZe zamezit
urychleni odhojeni transplantatu zpisobenému piitomnosti alogennich MSCs (Sbano ef al.,
2008). MSCs podané spolecné s MMF nebo RAPA maji synergisticky vliv na potlaceni
zanétlivé odpovédi po transplantaci srdce, sirolimus a CsA podobny efekt nemély
(Eggenhofer et al., 2011, Wang et al., 2014).

Vsechny zminéné studie ukazuji, Zze vyzkum zabyvajici se spolecnym podavanim

MSCs a imunosupresivnich latek je aktudlni a perspektivni. Mimo jiné tato kombinovana
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1écba predstavuje velkou nadéji pro snizeni davek a tim dopadu vedlejsich ucinkl téchto
1ékd na organismus. Vysledky vSak zatim nejsou pfili§ jednotné a nebylo spolehlivé

definovano, jaké mechanismy se pfti téchto d&jich uplatiuyji.

2.3.4.5 Vyuziti nosic¢a

Terapeuticky U¢inek MSCs lze vyznamné zlepsit také jejich zacilenim. Toho je mozné
dosahnout bud’ injekci pfimo do 1éCené tkan€, nebo s vyuzitim nosicti. Ty predstavuji
vyhodnou volbu piedevsim proto, Ze uz samy o sobé mohou chranit zanétlivé misto a
napomahat regeneraci tkané. Bylo zjiSténo, Ze nanovldkna zabraiuji prostupu vzduchu a
vody ke koznimu poranéni, napomahaji reepitelizaci a migraci keratinocyti (Dubsky et al.,
2012). Na nanovldknech je mozné MSCs kultivovat, coz vyznamné usnadiiuje jejich
pfenos. Zajicova et al. (2010) ukazali, ze pomoci nanovldkennych nosicl Ize aplikovat
MSCs nebo limbélni kmenové buiiky na poranény povrch oka a tim potlacit zanétlivé
procesy. Navic lze pomoci modifikace struktury a slozeni nosi¢li modulovat i vlastnosti
MSCs. V zavislosti na slozeni nosi¢e se mize menit exprese MHC 1 1 I molekul MSCs.
Jako nejvyhodnéjsi se ztohoto hlediska jevil hydrogel, na kterém vykazovaly MSCs
ochranu, rist a fungovani bunék (Yuan et al., 2011). Nanovlakenné nosice slozené
z kolagenu, kyseliny mlééné a kaprolaktonu maji schopnost napodobit strukturu
extracelularni matrix kize, vytvofit vhodné niky pro bunky a podpofit tak diferenciaci
MSCs v epidermalni bunky (Jin ef al., 2011).

Vyhodou nosict je také to, ze je mozné do nich enkapsulovat riizné latky, jako jsou
antibiotika,  rlstové  faktory, plazmidovou DNA, vitaminy, imunsupresiva
1 chemoterapeutika (Chew et al., 2006). Timto zpisobem je mozné 1€ky zacilit a vyznamné
zmenSit davky a tim 1vedlejsi ucinky terapeutik. Napiiklad CsA inkorporovany do
nanovlakennych nosi¢l z mlééné kyseliny neztraci svou farmakologickou u¢innost a po
aplikaci se uvoliiuje po dobu nékolika dnli (Holan et al., 2011). Pouziti nosi¢i se vSak
neomezuje jen na povrchova poranéni kiize nebo oka, lze je aplikovat v ramci celého
organismu. Zajimavé vysledky byly popsany pii pouziti biodegradovatelného hydrogelu
s inkorporovanym PGE2, ktery byl transplantovany spolecné¢ s MSCs do mista srde¢ni
tkan¢ postizené infarktem. Postupné uvolnovani PGE2 zvySovalo produkci CCLS a
CCL12, kter¢ atrahuji T lymfocyty do blizkosti MSCs a které nasledné potlacuji proliferaci
Tc, a naopak podporuji produkci Treg. Tim zajiStuji nejen lokalni potlaceni zanétu, ale

také napomahaji toleranci a preziti MSCs v postizené tkani (Dhingra et al., 2013).
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2.3.4.6 Genetické modifikace MSCs

Dalsi metodou, jak zlepSit nebo upravit funkce MSCs, je genové inzenyrstvi. Pomoci
tohoto pfistupu lze zpomalit stidrnuti, zlepSit migracni vlastnosti, zvysit pfezivani
1 modifikovat imunomodulac¢ni vlastnosti MSCs (Nowakowski et al., 2015, De Becker and
Riet, 2016). Prostfednictvim retrovirovych vektort 1ze napiiklad snizit expresi MHCI na
MSCs (de la Garza-Rodea et al., 2011). Dale bylo popsano, ze MSCs upravené tak, aby
produkovaly velké mnozstvi VEGF, se po transplantaci podileji na neovaskularizaci
v koznim poranéni (Zheng et al., 2008) a Ze pomoci MSCs produkujicich IL-10 je mozné
docilit snizeni funkci a maturace DC, snizeni proliferace a produkce cytokind
prozanétlivymi populacemi T lymfocytii a tim zabranit nebo oddalit rozvoj EAE (Payne et
al., 2013). MSCs lze samoziejm¢ modifikovat i tak, aby exprimovaly proteiny, které za
normalnich podminek vibec netvoii. Sullivan et al. (2013) pomoci virové transdukce
vytvotili MSCs produkujici rekombinantni molekulu CTLA4lg. Zjistili, Ze upravené bunky
snizuji expresi IFN-y a celkové méni imunitni odpovéd” z Th1l na Th2. V in vivo modelu
kolagenem indukované artritidy pak dale ovéfili funkEnost této terapie, kdy CTLA4lg

pusobilo synergisticky s MSCs na potlaceni zanétlivé odpovédi a rozvoje onemocnéni.
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3 Cile prace

Cilem celého projektu je studovat a ovlivnit imunitni odpovéd’ za ucelem potlaceni
nezadouci zanétlivé reakce s vyuzitim MSCs. Dale modulace vlastnosti MSCs pomoci
imunosupresivnich latek nebo cytokinll a studium mozného vyuziti MSCs aplikovanych

lokaln¢ na nanovlakennych nosicich s inkorporovanym CsA.

Zhodnotit migraéni a imunomodula¢ni potencial MSCs aplikovanych na
nanovlakennych nosicich

Bylo prokazano, ze MSCs migruji do poskozenych tkani i dalSich organti a tim napomahaji
regeneraci a potlaceni zanétlivé imunitni odpovédi. V predkladané studii byla analyzovana
schopnost MSCs migrovat z nanovldkenného nosi¢e do koZniho alotransplantitu a do
spadovych lymfatickych uzlin a nésledné¢ byl porovnan vliv rznych variant terapie na

systémovou imunitni odpovéd.

Analyzovat vliv MSCs podanych na nanovlikennych nosic¢ich v kombinaci s CsA na
lokalni zanétlivou odpovéd’ v koZnim alotransplantatu

Rejekce transplantatu je komplexni proces, na kterém se podili velké mnozstvi leukocytt.
Byl sledovén efekt MSCs, aplikovanych na nanovldknech spole¢né s CsA, na zastoupeni
jednotlivych subpopulaci leukocyti ve S§tépu. V navaznosti na zjisténych vysledcich byl

detailné popsan mechanismus pusobeni.

Testovat vliv imunosupresinich latek na fenotyp MSCs

MSCs se bézn¢ podavaji spolecn€ s imunosupresivy, tyto 1éky sice primarné cili na
leukocyty, jejich molekularni cile jsou vSak exprimovany i MSCs. V ramci projektu byl
testovan efekt péti imunosupresiv v klinicky relevantnich koncentracich na povrchové

znaky MSCs a jejich viabilitu.

Studovat mechanismus, kterym MSCs ovliviiuji pisobeni imunosupresivnich litek na
rovnovahu mezi riiznymi subpopulacemi T lymfocyti

Nerovnovaha mezi T buiikami je Castou pfi¢inou rozvoje zanétlivych onemocnéni nebo
komplikaci po transplantacich. Bézné pouzivané imunosupresivni latky sice zabranuji

témto problémim, zaroven vSak piedstavuji riziko v podobé nezadoucich ucinkl. Byl
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sledovan vliv MSCs podanych spole¢né¢ s imunosupresivnimi latkami na pomér mezi

Th1/Th2/Th17/Treg a Tc lymfocyty a jejich produkei cytokind.

Popsat vliv systémové podanych MSCs ovlivnénych ruznymi cytokiny na akutni fazi
zanétu v rohovkovém epitelu

MSCs maji potencial se diky svym diferenciacnim a imunomodula¢nim u¢inkiim podilet
na regeneraci poSkozené rohovky. V této studii byly analyzovany migraéni a
imunomodulac¢ni schopnosti MSCs preinkubovanych s IL-la, TGF-f nebo IFN-y na

imunologické procesy odehravajici se bezprosttedné po poSkozeni oka.
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5 Vysledky

5.1 Lokalni aplikace mezenchymalnich kmenovych bunék a cyklosporinu A
sniZuje imunitni odpovéd’ prostiednictvim zmény fenotypu makrofagi

Michaela Hajkova, Eliska Javorkova, Alena Zajicova, Peter TroSan, Vladimir Holan a

Magdaléna Krulova

J Tissue Eng Regen Med. 2017: 11, 1456-1465

Imunosupresivni u€inky systémové podanych MSCs a imunosupresinich latek jiz byly
dobfe zdokumentované. V této studii jsme na mySim modelu alogenni transplantace kiize
analyzovali mechanismus podilejici se na efektu lokalné¢ podanych MSCs v kombinaci
s nespecifickou  imunosupresi.  Nanovldkenné nosi¢e s inkorporovanym  CsA
a adherovanymi MSCs byly aplikovany na povrch koznich alotransplantati a byla
hodnocena a charakterizovana lokalni imunitni odpovéd’. Zjistili jsme, ze MSCs jsou
schopné migrovat do poranéné¢ho mista, po Sesti dnech byly detekovany v oblasti §t€pu a
ve spadovych lymfatickych uzlinach. U piijemct 1é€enych pomoci MSCs a CsA doslo
k vyznamnému sniZeni po¢tu makrofagii infiltrujicich do §tépu a produkce NO, tento efekt
koreloval s poklesem produkce IFN-y ve §tépu a ve spadovych lymfatickych uzlinach.
Naopak doslo k nariistu poétu alternativné aktivovanych makrofigi (F4/80'CD206"
bunky) a produkce IL-10 makrofagy ve $t€pu. Schopnost MSCs meénit fenotyp makrofagt
z M1 typu na M2 populaci byla potvrzena v in vitro systému. Ukézali jsme, Ze aplikace
MSCs v kombinaci s CsA indukuje zménu makrofagii na alternativné aktivovany fenotyp
produkujici zvySené mnozstvi IL-10. Tyto zmény ve fenotypu a funkci makrofaglh mohou
pfedstavovat jeden z mechanisml imunosupresivnich schopnosti MSCs aplikovanych

v kombinaci s CsA.

Muj podil na publikaci: experimentdlni cast (odbér tkani a izolace buné€k, kultivace

bunéénych suspenzi, ELISA testy, Griessova reakce, cytometrickd analyza, PCR, ptfiprava

kryotezt a mikroskopické analyza), analyza a interpretace vysledki, psani manuskriptu.
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Abstract

The immunosuppressive effects of systemically administered mesenchymal stem cells (MSCs) and im-
munosuppressive drugs have been well documented. We analysed the mechanisms underlying the
therapeutic effect of MSCs applied locally in combination with non-specific immunosuppression in
a mouse model of allogeneic skin transplantation. The MSC-seeded and cyclosporine A (CsA)-loaded
nanofibre scaffolds were applied topically to skin allografts in a mouse model and the local immune
response was assessed and characterized. MSCs migrated from the scaffold into the side of injury and
were detected in the graft region and draining lymph nodes (DLNs). The numbers of graft-infiltrating
macrophages and the production of nitric oxide (NO) were significantly decreased in recipients
treated with MSCs and CsA, and this reduction correlated with impaired production of IFNy in the
graft and DLNs. In contrast, the proportion of alternatively activated macrophages (F4/80"CD206*
cells) and the production of IL-10 by intragraft macrophages were significantly upregulated. The abil-
ity of MSCs to alter the phenotype of macrophages from the M1 type into an M2 population was con-
firmed in a co-culture system in vitro. We suggest that the topical application of MSCs in combination
with CsA induces a switch in macrophages to a population with an alternatively activated ’healing’
phenotype and producing elevated levels of IL-10. These alterations in macrophage phenotype and
function could represent one of the mechanisms of immunosuppressive action of MSCs applied in

combination with CsA. Copyright © 2015 John Wiley & Sons, Ltd.
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Keywords

1. Introduction

Various immunosuppressive drugs are frequently used as the
first choice of therapy to inhibit a strong immune response
occurring after skin transplantation, or to manage harmful
inflammatory reactions on the site of skin injury. However,
all these non-specific immunosuppressive interventions are
regularly associated with side-effects that prevent the use
of higher and more effective doses of the drug. To avoid this
problem, attempts have been made to reduce the doses of
immunosuppressive drugs by their local application or by
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their administration in combination with a cell-based ther-
apy (Inoue et al., 2006; Popp et al., 2008; Ge et al., 2009).
In this respect, mesenchymal stem cells (MSCs) have
been proposed as a promising therapeutic cell type. These
cells can be obtained from the adipose tissue or bone mar-
row of a particular patient, propagated in vitro and thera-
peutically used as autologous cells. It has been shown that
MSCs possess immunomodulatory properties, suppress im-
mune cell functions (Bartholomew et al., 2002; Le Blanc
et al., 2003; Abumaree et al., 2012) and support tissue re-
pair by the production of numerous growth and trophic fac-
tors (McFarlin et al., 2006). These properties make them a
promising tool to attenuate harmful immune responses
and to support tissue regeneration. The ability of MSCs to
inhibit inflammatory reactions (Zajicova et al., 2010;



Cejkova et al., 2013), suppress graft-vs-host reaction (Le
Blanc et al., 2004; Lazarus et al., 2005) or prolong graft sur-
vival (Bartholomew et al., 2002; Casiraghi et al., 2008; Ding
et al., 2009) has been well documented.

Furthermore, it has been shown that the administration
of MSCs in combination with an immunosuppressive drug
prolongs allograft survival for a longer period of time than
the use of MSCs or the drug alone (Inoue et al., 2006;
Popp et al., 2008; Ge et al., 2009). Peng et al. (2013), in
a clinical pilot study, confirmed that the infusion of MSCs
in kidney recipients enabled a reduction in the dosage of
conventional immunosuppressive drugs required to main-
tain long-term graft survival. Although synergistic effects
of MSCs and immunosuppressive drugs have been shown
in several studies, the exact mechanism of such synergy
has not been identified.

After the systemic infusion of MSCs into the blood cir-
culation, a significant proportion of the cells are trapped
in various tissues, such as the lung, spleen and liver,
which reduces the final number of MSCs acting locally
at the site of injury (Gao et al., 2001). Therefore, local ap-
plication of MSCs may be more effective. However, the ab-
sence of a suitable carrier remains the main limitation for
such targeted administration of MSCs. Among different
cell carriers tested so far, nanofibre scaffolds have proved
to be optimal carriers of MSCs for topical application
(Shafiee et al., 2011; Cejkova et al., 2013). Moreover,
needleless electrospinning technology enables fabrication
of biocompatible nanofibres with encapsulated immuno-
suppressive drugs (Aksungur et al., 2011; Holan et al.,
2011). The effectiveness of such drug-loaded scaffolds in
the suppression of the local immune reaction has been al-
ready demonstrated (Holan et al., 2011).

In this study, we used a mouse model of skin injury to as-
sess the mechanism underlying the immunosuppressive po-
tential of MSCs applied topically on a nanofibre scaffold in
combination with nanofibres loaded with the immunosup-
pressive drug cyclosporine A (CsA). In accordance with
our previous results in a damaged ocular surface model
(Zajicova et al., 2010), MSCs migrated from the scaffold
and were detected in the graft bed and draining lymph
nodes (DLNs). The transferred cells altered individual pa-
rameters of the local immune response. Among these alter-
ations, a switch in the phenotype of graft-infiltrating
macrophages from the proinflammatory M1 type into an al-
ternatively activated "healing’ M2 population, which is char-
acterized by a high production of IL-10 (Kim and Hematti,
2009; Maggini et al., 2010; Guo et al., 2013; Cho et al.,
2014) has been recognized as an important mechanism of
MSC-mediated immunosuppression in vivo.

2. Materials and methods
2.1. Mice

BALB/c and C57BL/6J (B6) mice of both sexes, aged 8-12
weeks, were obtained from the breeding unit of the
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Institute of Molecular Genetics, Prague, Czech Republic.
The protocol and use of animals was approved by the local
animal ethics committee.

2.2. Isolation and culture of adipose
tissue-derived MSCs

Inguinal fat pads were harvested from BALB/c mice,
washed in phosphate-buffered saline (PBS), minced into
pieces and digested with a 1% solution of collagenase I
(Sigma, St. Louis, MO, USA) in PBS for 60 min at 37°C.
The cell suspension was washed in PBS and centrifuged
at 250 x g for 8 min; the washing step was repeated three
times. The pellet was resuspended and cultured in
Dulbecco’s modified Eagle’s medium (DMEM; PAA Labo-
ratories, Pasching, Austria) supplemented with 10% fetal
calf serum (FCS; Sigma), antibiotics (100 ug/ml strepto-
mycin, 100 U/ml penicillin) and 10 mM HEPES buffer
(hereinafter called ’complete DMEM’) in 75 cm? tissue
culture flasks (Nunc, Roskilde, Denmark) at 37°C in a hu-
midified atmosphere of 5% CO,, with a regular exchange
of the culture medium and splitting the cells to maintain
an optimal cell concentration. Cells at passage 3-5 were
used.

2.3. Characterization of MSCs by flow cytometry

Isolated MSCs were washed in PBS containing 0.5% bo-
vine serum albumin (BSA) and labelled for 30 min on
ice with allophycocyanine (APC)-labelled monoclonal
antibody (mAb) anti-CD44 (clone IM7, BD Pharmingen,
San Jose, CA, USA), PE-labelled anti-CD105 (clone
MJ7/18, eBioscience, San Diego, CA, USA), PE-labelled
anti-CD34 (clone RAM34, BD Pharmingen), FITC-
labelled anti-CD90.2 (clone 30-H12, BiolLegend, San
Diego, CA, USA), PE-labelled anti-CD73 (clone
TY/11.8, eBioscience), APC-labelled anti-CD11b (clone
M1/70, BioLegend), PE-labelled anti-CD31 (clone MEC
13.3, BD Pharmingen) or PE-labelled anti-CD45 (clone
30-F11, BioLegend). Dead cells were stained using
Hoechst 33258 dye (Sigma), added to the samples 15
min before flow-cytometry analysis. Data were collected
using a LSRII cytometer (BD Bioscience) and analysed
using Gatelogic 400.2A software (Invai, Mentone,
Australia).

2.3.1. Diferentiation of MSCs to adipocytes and
osteoblasts

MSCs growing in vitro for 2-3 weeks were cultured in
complete DMEM supplemented with specific adipogenic
(0.1 uM dexamethasone, 0.5 mM 3-isobutyl-1-methyl-
xanthine, 0.1 mM indomethacine and 0.5 pg/ml insulin)
or osteogenic (0.1 uM dexamethasone, 0.1 mM l-ascorbic
acid and 10 mM p-glycerophosphate disodium salt
pentahydrate, all from Sigma) components, as described
elsewhere (Svobodova et al., 2011). Differentiated MSCs
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were fixed with 4% paraformaldehyde and stained with
oil red O (Sigma) or alizarin red S (Sigma).

2.4. Growth of MSCs on a nanofibre scaffold

Nanofibre scaffolds were prepared from polymer polylactic
acid (PLA), as described (Zajicova et al., 2010). During this
study, nanofibre materials with a mass/unit area of 10 g/m?
and containing 10 weight percent (wt%) CsA were used.
The nanofibres had a diameter in the rang 290-539 nm
and contained 10 wt% CsA (i.e. 1 ug CsA/mm?). For the cell
transfer, PLA nanofibre scaffolds were cut into squares

(approximately 1.5 X 1.5 cm) and fixed into CellCrown
inserts (Scaffdex, Tampere, Finland). The inserts with
nanofibres were sterilized by UV light, washed in culture
medium and transferred into 24-well tissue culture plates
(Costar, Cambridge, MA, USA). MSCs (200 000) in a
volume of 700 ul RPMI 1640 culture medium (Sigma) with
10% FCS were transferred onto the top of the scaffold and
cultured for 24 h. We have shown previously that MSCs
adhere to, and grow on, nanofibres comparably to their
growth on plastic surfaces (Zajicova et al., 2010).

2.5. Experimental groups

The recipients of skin allografts were divided into five
groups; one remained untreated (group T), while the
others were treated by the application of a nanofibre scaf-
fold without (group S) or with incorporated CsA (group
C), or with a nanofibre scaffold seeded with MSCs (group
M). Group CM was treated with MSC-seeded and CsA-
loaded nanofibres. Naive healthy animals were used as a
control (group N). Each group of experimental and con-
trol animals contained six to eight mice.

2.6. Skin grafting and MSC transfer

Full-thickness skin grafts from the tail of B6 donors were
grafted into BALB/c recipients, according to the tech-
nique described by Billingham et al. (1954). In brief,
BALB/c mice were deeply anaesthetized by intramuscu-
lar injection of a mixture of xylazine and ketamine
(Rometar, Spofa, Prague, Czech Republic). The top
(outer) side of the graft was completely deprived of
hairs, to allow a tight contact of the graft and the
nanofibre scaffold, and grafts of a size approximately 8
x 8 mm from the tail of B6 donors were grafted onto
the dorsal regions of the anaesthetized BALB/c recipi-
ents. Nanofibre scaffolds of size 10 X 10 mm, with or
without growing MSCs, were transferred (cell side facing
down) onto the top of the graft. In the therapy that com-
bined MSCs and CsA (group CM), two nanofibre scaf-
folds were applied to the graft, the first seeded with
MSCs and the second loaded with CsA.

To trace the fate and survival of MSCs after their trans-
fer onto the graft, the cells were labelled with the
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fluorescent vital dye PKH26 (PKH26 Red Fluorescent Cell
Linker Kit, Sigma), according to the manufacturer’s in-
structions, cultured for 24 h on a nanofibre scaffold and
transferred onto the graft.

2.7. Inmunofluorescent staining

The recipients of grafts were sacrificed 6 days after cell
transfer, and the grafts were dissected and placed for
1 h into 4% paraformaldehyde to prepare frozen sections.
Cryosections at a thickness of 5 pm were prepared, using
a Leica CM 3050 S cryostat (Leica, Wetzlar, Germany),
and were either mounted with Mowiol (Calbiochem,
Billerica, MA, USA) containing DAPI (Vectashield, Vector
Laboratories, Burlingame, CA, USA) or were stained. For
immunofluorescent staining, the sections were fixed with
4% paraformaldehyde for 10 min, washed in PBS, blocked
by 10% BSA in PBS containing 0.1% Tween-20 for 30 min,
and then incubated with CD11b mAb (clone M1/70,
Exbio, Czech Republic) at 4°C overnight. After washing
with PBS, the sections were incubated with AlexaFluor
488-conjugated Ab (Invitrogen, Carlsbad, CA, USA) for
45 min. The slides were then mounted with Mowiol con-
taining DAPI. Sections were analysed using an Olympus
Cell R fluorescent microscope.

2.8. Production of cytokines by lymph node
cells

Axillary and brachial DLNs from control and grafted
BALB/c mice were obtained 6 days after transplantation,
and a single cell suspension was prepared in complete RPMI
1640 medium. LNCs (1.5 x 10° cells/ml) were cultured in a
volume of 1.5 ml complete RPMI 1640 medium in 24-well
tissue culture plates (Nunc), unstimulated or stimulated with
irradiated (3000 Rad) spleen cells (1.5 X 10° cells/ml) from
B6 mice used as a source of antigen. The supernatants were
harvested after 72 h (IFNy determination) or 96 h (IL-10
determination) of incubation (these intervals were selected
on the basis of our preliminary experiments determining
the peaks of production). The production of IL-10 and IFNy
was quantified by ELISA, using cytokine-specific capture
and detection mAbs obtained from BD Pharmingen, as
described previously (Zajicova et al., 2010).

2.8.1. Co-cultivation of lymph node cells with
macrophages

Macrophages were prepared by washing the peritoneal
cavity of unstimulated BALB/c mice, as described
(Krulova et al., 2002), and were co-cultured in 48-well
tissue culture plates (Costar) in a volume of 0.6 ml complete
RPMI 1640 medium with LNCs (2 X 10° cells/ml) and
1 x 10%/ml irradiated (3000 R) spleen cells from B6 mice.
After 48 h of co-cultivation, the production of nitric oxide
(NO) in the supernatants was determined.
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2.8.2. NO determination

The concentrations of NO were measured by the Griess re-
action (Green et al., 1982). In brief, 100 pl of the tested
supernatant was incubated with 50 ul 1% sulphanilamide
(in 2.5% H3PO,) and 50 pl 0.3% N-1-naphthyl
ethylenediamine dihydrochloride (in 2.5% H;PO,). Ni-
trite was quantified by spectrophotometry, using sodium
nitrite as a standard.

2.9. Characterization of cells isolated from the
graft by flow cytometry

The recipients of grafts were sacrificed 6 days after cell
transfer and the grafts were dissected, minced into pieces
and digested with a 1% solution of collagenase II (Sigma)
in PBS for 90 min at 37°C. The cell suspension was
washed in PBS and centrifuged (250 X g, 8 min).
Isolated cells were stained for 30 min on ice with
FITC-labelled anti-CD19 (clone 6D5, BioLegend),
FITC-labelled anti-CD4 (clone GK1.5, BD Pharmingen),
APC-labelled anti-CD8a (clone 53-6.7, BioLegend),
APC-labelled mAb anti-CD11b (clone M1/70, BioLegend),
PE-labelled mAb anti-F4/80 (clone BMS8, BioLegend)
and FITC-labelled mAb anti-CD206 (clone CO068C2,
BioLegend), or tested for the presence of IL-10 by
intracellular labelling. Hoechst 33258 (Sigma) was used
to exclude dead cells. Data were collected using an LSRII
cytometer (BD Biosciences) and analysed using Gatelogic
400.2A software.

2.9.1. Intracellular staining

Cells isolated from grafts were resuspended in complete
RPMI 1640 medium and were stimulated with PMA (20
ng/ml Sigma), ionomycin (500 ng/ml, Sigma) and
Brefeldin A (5 pg/ml, eBioscience). After 4 h of incuba-
tion, the cells were harvested and washed with PBS. Be-
fore intracellular staining, the cells were incubated for
30 min on ice with FITC- or PE-labelled mAb anti-
CD45 (clone 30-F11, BioLegend), PE-labelled mAb anti-
F4/80 and Live/Dead Fixable Violet Dead Cell Stain Kit
(Molecular Probes, Eugene, OR, USA) for the staining
of dead cells. For intracellular staining, the cells were
fixed and permeabilized using a Fixation/Perme-
abilization Buffer Staining Kit (eBioscience), according
to the manufacturer’s instructions. For the detection of
IL-10, the cells were stained with APC-labelled mAb
anti-IL-10 (clone JES5-16E3, eBioscience) for 30 min at
25°C. Data were collected using an LSRII cytometer
(BD Biosciences) and analysed using Gatelogic 400.2A
software.

2.10. Skin graft explants

Skin grafts were removed on day 6 after transplantation
and each was divided into four pieces of approximately
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the same size. Individual pieces were transferred into
the wells of 48-well tissue culture plates (Costar) with
0.6 ml complete RPMI 1640 medium. Graft explants
were cultured for 48 h at 37°C in an atmosphere of
5% CO,; the supernatants were harvested and the pro-
duction of IFNy and IL-10 was tested by ELISA. Produc-
tion of NO was determined by the Griess reaction.
Concentrations of cytokines and NO were calculated as
the average of the four values obtained from individual
pieces of the graft.

2.10.1. Reverse transcription—-polymerase chain
reaction (RT-PCR)

The expression of the genes iNOS, IL-15 and IFNy was de-
tected using RT-PCR. Graft recipients were killed on day
6 after transplantation, the grafts were dissected, cut into
small pieces and the total RNA was isolated using
NucleoSpin RNA II (Macherey-Nagel, Diiren, Germany).
Total RNA (1 pg) was reverse-transcribed into cDNA with
the use of a SuperScript III RT-PCR Kit (Invitrogen). The
cDNA samples were first normalized to yield equal
amounts of the glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) gene (sense 5'-TGT GAT GGT GGG AAT
GGG TCA G-3', antisense 5'-TTT GAT GTC ACG CAC
GAT TTC-3’). Subsequently, the samples were hybridized
with 5’- and 3’ primers for iNOS (sense 5'-TGG GAA TGG
AGA CTG TCC CAG-3’, antisense 5-GGG ATC TGA ATG
TGA TGT TTG-3’), IL-1f (sense 5'-CAG GAT GAG GAC
ATG AGC ACC-3’, antisense 5'-CTC TGC AGA CTC AAA
CTC CAC-3’) and IFNy (sense 5'-TAC TGC CAC GGC ACA
GTC ATT GAA-3’, antisense 5-GCA GCG ACT CCT TTT
CCG CTT CCT-3'). The PCR products were electropho-
resed on an ethidium bromide-stained agarose gel.

2.11. Co-cultivation of macrophages and MSCs

Peritoneal exudate cells, obtained by washing the peri-
toneal cavity of unstimulated BALB/c mice, as previ-
ously described (Krulova et al. 2002), were used as a
source of macrophages. Macrophages or MSCs were cul-
tured alone or co-cultured (M@:MSCs) at ratios of 5:1.
10:1 and 20:1 for 4 days. In some wells, mouse recom-
binant IFNy (10 ng/ml; PeproTech, Rocky Hill, NJ, USA)
was added into the medium as a control. The frequency
of F4/807CD206" cells was determined by flow
cytometry.

2.12. Statistics

All results are expressed as mean = standard error of the
mean (SE). The statistical significance of differences be-
tween the means of individual groups was calculated
using one-way analysis of variance (ANOVA); p < 0.05
was considered statistically significant.
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3. Results
3.1. Characterization of BALB/c MSCs

The expression of cell surface markers by adipose tissue-
derived MSCs derived from BALB/c mice was examined
by flow cytometry. MSCs expressed CD44, CD90, CD105
and CD73 molecules but were negative for CD11b,
CD45, CD34 and CD31 (Figure 1A). Moreover, MSCs
showed a typical fibroblast-like morphology and were
able to differentiate into adipogenic (Figure 1B), osteo-
genic (Figure 1C) and chondrogenic lineages (data not
shown).

3.2. MSC tracking

To determine MSC migration, a nanofibre scaffold seeded
with PKH26-labelled MSCs was applied onto a skin graft,
and the distribution of the labelled cells was determined 6
days later by flow cytometry. As demonstrated in Figure 1,
PKH26-positive MSCs were detected in the skin graft envi-
ronment (Figure 1E) and also in the DLNs (Figure 1F).
MSCs and CD11b-positive cells were detected as individ-
ual cell populations; < 2% of cells in the graft were
double-positive, as demonstrated by immunohistochemis-
try (Figure 1G).

3.3. Production of cytokines by lymph node cells
(LNCs)

To assess the immunomodulatory effect of locally admin-
istered MSCs, DLNs were harvested on day 6 after MSC
transfer, and the ability of LNCs to produce IFNy and IL-
10 was tested. As shown in Figure 2, there was a trend to-
wards a decrease in the production of IFNy by LNCs from
mice treated with MSCs or MCSs plus CsA (Figure 2A),
while the production of IL-10 was simultaneously signifi-
cantly enhanced in the group treated with MSCs plus
CsA (Figure 2B).

In addition, the ability of LNCs from treated mice to
stimulate NO production by macrophages from control
mice was tested. LNCs from control and grafted mice were
co-cultured with macrophages from naive mice in the
presence of B6 LNCs (as a source of allo-antigens), and
the production of NO by macrophages was determined.
LNCs from grafted, untreated mice activated macro-
phages to produce a high level of NO, but the ability to
stimulate NO production was significantly decreased in
LNCs from grafted mice and treated with MSCs or MCSs
plus CsA (Figure 2C).

3.4. Analysis of cell populations infiltrating the
skin allograft

To analyse changes in graft-infiltrating cell populations,
single-cell suspensions from the grafts were prepared on

Copyright © 2015 John Wiley & Sons, Ltd.

day 6 after transplantation, and the frequencies of leuko-
cyte populations were determined. CD45% cells repre-
sented 5-10% of the cells obtained from the graft after
enzymatic digestion, and the population of CD45" cells
obtained from untreated grafts or grafts treated with
MSCs and/or CsA showed no significant differences in
the percentage of B lymphocytes (CD19™ cells) or helper
(CD4™) and cytotoxic (CD8") T lymphocytes (data not
shown). However, the frequency of CD45"CD11b™" cells
was significantly decreased in all variants of the treat-
ment, with the largest decline in the group with combined
MSCs plus CsA therapy (Figure 3A). Similarly, the produc-
tion of NO by graft infiltrating macrophages was signifi-
cantly lower in the treated groups than in untreated
recipients (Figure 3B). The significantly decreased
production of NO in the MSCs plus CsA-treated group
correlated with the impaired IFNy production by graft-
infiltrating cells in this group (Figure 3C). In agreement
with the above results, an analysis of the expression of
genes for the proinflammatory molecules iNOS, IL-1f
and IFNy in graft explants confirmed the low expression
in the MSC-treated groups with the biggest reduction in
the group treated with MSC-seeded and CsA-loaded
nanofibres (Figure 3D).

3.5. Analysis of the phenotype of
graft-infiltrating macrophages

The population of F4/80*CD206% cells, which are
thought to be an immunosuppressive subpopulation of al-
ternatively activated macrophages (M2), was determined
in graft explants in individual groups of animals. The pop-
ulations of these immunosuppressive macrophages were
increased in all treated groups, with the highest increase
in the group treated with MSCs and CsA (Figure 4A). Sim-
ilarly, the production of IL-10 by graft explants was
highest in the group treated with MSCs and CsA (Fig-
ure 4B). Using surface staining for F4/80 and CD206
and intracellular staining for IL-10 (Kim and Hematti,
2009; Cho et al., 2014), a significant increase in the num-
ber of F4/807CD206"IL-10" cells was detected in the
group of grafted mice treated with MSCs and CsA
(Figure 4C).

3.6. The effect of MSCs on CD206 expression by
macrophages in vitro

To confirm the switch to an alternatively activated phe-
notype in macrophages in the presence of MSCs, perito-
neal macrophages from control naive mice were cultured
with or without MSCs, and the expression of the CD206
molecule was determined. The frequency of F4/80%/
CD206™" cells was significantly increased when macro-
phages were co-cultured with MSCs, in comparison to
macrophages cultured alone (Figure 5). Furthermore,
the inclusion of excess exogenous IFNy, a molecule that
induces classically activated macrophages, into the

J Tissue Eng Regen Med (2015)
DOI: 10.1002/term



M. Hajkova et al.

>

100 100 100 100

7571 25 1 75— -
2
c — =
> | so 50 50 50
o
Q

25| 257 25 25 1

2 T y T T ™ TTT R = u T
[ 104! 10" et 1000 10°1 Tl 10°) 10°] el 1041 105!
CD34 CD45 CD11b CD31
100 100 100 100

757 75 7| 75 7 W 757
n
2
% 50 | 50 | 50 50 7
o
ol | B o

25 25 M 25 25|

[ w00 10 Tl T 101 i Y 1007 o R2s B R
CD90.2 CD105 CD44 CD73
4 1a 0,03 A
=) , b 055 a4 10,07 0,08
10° 3 1053 108
107; 1043 104

L

10°

,_‘
2
1l

Loss

199,67 1!

© ©
I\ Y 0,18
h R E e s e e T T T T h : . i
§ 50 100 150 200 250 50 100 150 200 250 § 0 103 104 10°
C o o
1C 2 | : 7,44 5,15 1
= 002 Jd o A4 b| 15 88
173 3
1033 103_§

5 O

50 100 150 200 250

Figure 1. Phenotype characterization of adipose-tissue derived MSCs. Expression of CD34, CD45, CD11b, CD31, CD90.2, CD105, CD44
and CD73 markers was assessed by flow cytometry (A). MSCs were cultured in adipogenic medium and stained with oil red O (B).
MSCs were cultured in osteogenic medium and stained with alizarin red S (C). One representation of four similar experiments is
shown: distribution of PKH26-labelled MSCs in graft recipients; skin graft recipients were (Da,c) untreated or (Db, Dd, Eb, F, G)
treated with PKH26-labelled MSCs seeded on a nanofibre scaffold; representative dot-plots indicate the presence of MSCs in DLNs
(Db) or grafts (Dd, Eb) and CD11b-positive cells in grafts (Eb) on day 6 after transplantation. (Ea) Dot-plot showing non-labelled
cells. In addition, 5-um cryosections from the skin grafts were prepared; photomicrographs show the distribution of MSCs (red)
(F) and CD11b-positive cells (green) in DLNs (Fa) or skin graft (Fb, G); the nuclei are stained blue by DAPI. Representative images
from four independent determinations are shown
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Figure 3. Analysis of immunological parameters in skin allografts treated with MSCs. The frequency of CD45"CD11b" cells in skin
grafts was determined by flow cytometry (A). The NO production by graft explants was measured by the Griess reaction (B) and
the production of IFNy (C) was determined by ELISA. The expression of genes for iNOS, IL-1f and IFNy was determined by RT-PCR
(D); a representative experiment is shown; N, control naive animals. Mice in groups 1-5 received a skin allograft and were untreated
(T), treated with a nanofibre scaffold without (S) or with (C) incorporated CsA, with MSC-seeded nanofibre scaffold (SC) or with a
combination of MSC-seeded and CsA-loaded nanofibre scaffolds (CM). Each bar represents mean *+ SE from four to six independent
experiments; *values significantly different (*p < 0.05) from group T
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Figure 4. The phenotype and IL-10 production profile of graft-infiltrating macrophages. The frequency of F4/80"CD206™ cells in skin
grafts was determined by flow cytometry (A). The production of IL-10 by graft explants was quantified by ELISA (B). The percentage
of F4/80*CD206"IL-10" cells (C) was determined by flow cytometry after 4 h incubation with PMA, ionomycin and Brefeldin A; N,
control naive animals. Mice in groups 1-5 received a skin allograft and were untreated (T), treated with a nanofibre scaffold without
(S) or with (SC) incorporated CsA, with MSC-seeded nanofibre scaffold (C) or with a combination of MSC-seeded and CsA-loaded
nanofibre scaffolds (CM). Each bar represents mean * SE from four to eight independent experiments (at least six mice/group);
*values significantly different (*p < 0.05, **p < 0.001) from group T
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Figure 5. The effect of MSCs on macrophage phenotype in vitro.
Macrophages (M@) and MSCs were cultured separately or co-cul-
tured (M@:MSCs) at the indicated ratios. The frequency of F4/
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either untreated (-) or cultured in the presence of IFNy. Each
bar represents mean + SE from six independent experiments;
*values significantly different (*p < 0.05, **p < 0.01) from con-
trol (unstimulated macrophages)

co-culture system abrogated the development of alterna-
tively activated CD206" macrophages (Figure 5).

4. Discussion

Among different cell types studied in pathophysiological
situations so far, MSCs have shown great promise in nu-
merous clinical trials and are thus considered to be
hopeful candidates for regenerative and reparative med-
icine (Wagner et al., 2009). On the side of injury, they
contribute to the healing process by inhibiting inflamma-
tion, the production of growth and trophic factors and
by a direct differentiation into different cell types
(McFarlin et al., 2006; Sasaki et al., 2008; Karp and
Leng Teo, 2009). However, the number of systemically
administered MSCs that reach the site of injury is low,
and thus attempts are being made to apply therapeutic
cells locally. Such targeted application of MSCs requires
a suitable carrier, which has to be non-toxic and biocom-
patible and must have mechanical properties optimal for
cell transfer. Most of these demands are met by
nanofibre scaffolds, which, furthermore, can be
uploaded with pharmacologically active agents and thus
can serve as drug carriers for local treatment (McFarlin
et al., 2006; Holan et al., 2011).

In this study we established a model of skin allotrans-
plantation in mice which enables analysis of various treat-
ment protocols, including the use of MSC-seeded
nanofibres and the local administration of an immunosup-
pressive drug. We have demonstrated previously the ther-
apeutic potential of a MSC-seeded nanofibre scaffold in a
model of ocular surface injury (Zajicova et al., 2010;
Holan and Javorkova, 2013) and a successful incorpora-
tion of CsA into nanofibres (Holan et al., 2011). We have
also shown that the pharmacological properties of CsA

Copyright © 2015 John Wiley & Sons, Ltd.
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are not impaired by the electrospinning procedure used
for nanofibre preparation, and that the drug is released
from the nanofibres gradually after their topical applica-
tion in vivo (Holan et al., 2011). In the present study, we
simultaneously applied allograft MSC-seeded and CsA-
loaded nanofibres onto skin and assessed the mechanisms
of their therapeutic action.

Although we did not observe significant changes in the
percentage of CD4", CD8", CD19" and CD11b* cells in
the DLNs of treated animals (data not shown), the pro-
duction of IFNy and IL-10 by LNCs from mice treated with
MSCs or MSCs plus CsA was altered. LNCs from mice
treated with MSCs produced lower levels of IFNy and their
ability to stimulate NO production by naive macrophages
was considerably decreased. Simultaneously, the produc-
tion of IL-10 by graft-infiltrating macrophages was signif-
icantly enhanced. This shows that MSCs reduce the
production of the proinflammatory cytokine IFNy and that
this effect is more pronounced in animals treated with
MSCs in combination with CsA.

We further focused on a more detailed analysis of the
local host inflammatory reaction in the graft. The involve-
ment of macrophages as effector cells during allograft re-
jection has been well documented (Yamamoto et al., 1998;
Krulova et al., 2002). We found that macrophages repre-
sent the most abundant population (up to 60%) of
CD45" graft-infiltrating cells (data not shown). The per-
centage of graft-infiltrating macrophages was decreased
by the treatment with MSCs or CsA, with the most pro-
nounced decline in the frequency of CD45"CD11b™ cells
after the application of MSCs in combination with CsA.
Activated macrophages had been shown to be a principal
cell population producing NO, and we had described pre-
viously that the production of NO by graft-infiltrating
macrophages is dependent on the presence of activated
CD4" T cells and their production of IFNy (Krulova
et al., 2002). Since CsA used in our study interferes with
T cell activation and the production of IFNy, the lowest
levels of IFNy were detected in grafts covered with MSC-
and CsA-loaded nanofibres. This observation is in agree-
ment with our previous finding that nanofibre scaffolds
with incorporated CsA suppress the production of proin-
flammatory cytokines in vitro and in vivo (Holan et al.,
2011). Impaired production of IFNy in recipients treated
with MSCs and CsA correlated with decreased NO pro-
duction by graft-infiltrating macrophages. In contrast, IL-
10 was upregulated in the MSCs- or MSCs plus CsA-
treated group. The ability of nanofibres to absorb wound
exudates, prevent the drying up of the wound, protect
the wound from bacterial infection and allow gas perme-
ation (Dubsky et al., 2012; Goh et al., 2013) can explain
the reduced frequency of macrophages and decreased
NO production in mice treated with a nanofibre scaffold
alone.

It has been shown that macrophages can be phenotypi-
cally polarized into a classically activated M1 or an alter-
natively activated ’healing’ M2 population (Gordon,
2003; Martinez et al., 2008; Kim and Hematti, 2009; Sica
and Mantovani, 2012) that is able to participate in
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immunosuppression and reparative processes (Mantovani
et al., 2013). We observed that macrophages cultured in
the presence of MSCs have a higher level of expression
of CD206, which is suggested to be a marker upregulated
in the M2 population. This population is characterized by
higher IL-10 production and decreased secretion of IL-12
and TNFa (Porcheray et al., 2005; Kim and Hematti,
2009; Cho et al., 2014). Indeed, in our model, the treat-
ment of graft recipients with MSCs plus CsA induced a sig-
nificant increase in CD206 expression and IL-10
production by graft-infiltrating macrophages. A switch in
macrophage phenotype has also been observed in a model
of rat islet allografts (Kim et al., 2011) and murine
orthotopic tracheal transplantation (Guo et al., 2013).

In summary, we showed that local application of MSC-
seeded and CsA-loaded nanofibre scaffolds attenuated the
inflammatory reaction at the site of injury. The switch in
the phenotype of macrophages from the NO-producing
M1 type to an IL-10-producing, alternatively activated

M2 population might represent the important mechanism
of MSC-induced immunosuppression in vivo.
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5.2 Mezenchymalni kmenové buiiky zeslabuji nezadouci ucinky
imunosupresivnich latek na rizné polpulace T bunék

Michaela Hajkova, Barbora Hefmankova, EliSka Javorkova, Pavla Bohacova, Alena

Zajicova, Vladimir Holan a Magdaléna Krulova
Stem Cell Rev Rep. 2017: 13, 104-115

Imunosupresivni latky jsou casto pouzivany pro 1é¢bu nezadoucich imunitnich reakci,
nicméné jejich klinické vyuziti je limitovano Skodlivymi vedlejSimi u¢inky. Kombinovana
aplikace imunosupresiv s MSCs nabizi slibny alternativni pfistup, ktery umoziuje snizeni
davek imunosupresivnich latek a soucasné¢ neméni, nebo dokonce zlepSuje vysledek
terapie. Predkladana studie si klade za cil urcit efekty imunosupresiv na riizné subpopulace
T buné¢k a prozkoumat G€¢innost 1é¢by zalozené na MSCs v kombinaci s imunosupresivnimi
latkami. Testovali jsme uC€inek péti bézn€ pouzivanych imunosupresiv s rozdilnymi
mechanismy pusobeni (cyklosporin A, mykofenolat mofetil, rapamycin a dva
glukokortikoidy — prednizon a dexamethazon) v kombinaci s MSCs na viabilitu a aktivaci
mysich CD4" a CD8" lymfocytii, na proporci mezi Th17 (RORyt"), Thl (T-bet), Th2
(GATA-3") a Treg (Foxp3') buitkami a na produkci cytokini souvisejicich s témito
populacemi (IL-17, IFN-y, IL-4 a IL-10). Ukazali jsme, ze MSCs moduluji pisobeni
imunosupresiv a Ze v kombinaci s imunosupresivnimi latkami vykazuji rlzny vliv na
aktivaci bunék a rovnovahu mezi riznymi subpopulacemi T lymfocytl, potlacuji
lymfocytl. Tyto vysledky naznacuji, Ze terapie zalozend na MSCs by mohla ptredstavovat
uc¢innou strategii pro potlaceni negativnich vlivi imunosupresivnich latek na imunitni

systém.

M1j podil na publikaci: experimentalni ¢ast (izolace a kultivace MSCs, izolace a kultivace

bunécnych kultur ze sleziny, cytometrickd analyza), analyza a interpretace vysledkd, psani

manuskriptu.
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Abstract Immunosuppressive drugs are widely used to treat
undesirable immune reaction, however their clinical use is
often limited by harmful side effects. The combined applica-
tion of immunosuppressive agents with mesenchymal stem
cells (MSCs) offers a promising alternative approach that en-
ables the reduction of immunosuppressive agent doses and
simultaneously maintains or improves the outcome of therapy.
The present study aimed to determinate the effects of immu-
nosuppressants on individual T cell subpopulations and to
investigate the efficacy of MSC-based treatment combined
with immunosuppressive drugs. We tested the effect of five
widely used immunosuppressants with different action mech-
anisms: cyclosporine A, mycophenolate mofetil, rapamycin,
and two glucocorticoids - prednisone and dexamethasone in
combination with MSCs on mouse CD4" and CD8* lympho-
cyte viability and activation, Th17 (RORyt"), Thl (T-bet"),
Th2 (GATA-3") and Treg (Foxp3™) cell proportion and on the
production of corresponding key cytokines (IL-17, IFNvy,
IL-4 and IL-10). We showed that MSCs modulate the
actions of immunosuppressants and in combination with
immunosuppressive drugs display distinct effect on cell
activation and balance among different T lymphocytes
subpopulations and exert a suppressive effect on proin-
flammatory T cell subsets while promoting the functions
of anti-inflammatory Treg lymphocytes. The results
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indicated that MSC-based therapy could be a powerful
strategy to attenuate the negative effects of immunosup-
pressive drugs on the immune system.

Keywords Mesenchymal stem cells - Immunosuppressive
drugs - Stem cell therapy - T cells - Immunomodulation

Introduction

Immunosuppressive drugs are widely used to treat autoimmune
or inflammatory diseases and to prevent the rejection of
transplanted organs or tissues. However, their impact is often
accompanied by unwanted harmful side effects such as neph-
rotoxicity or osteoporosis, which may diminish their overall
benefits [1]. The combined application of immunosuppressive
agents with mesenchymal stem cells (MSCs)-based therapy
offers a promising alternative strategy enabling immunosup-
pressive drug doses to be reduced or improving their efficacy.

MSC:s represent a heterogenous population of multipotent
stem cells, which can be isolated from different tissues includ-
ing heart, spleen, bone marrow, umbilical cord blood or adi-
pose tissue [2, 3]. One of crucial characteristics of MSCs is
their ability to regulate immune response. It has been well
documented that MSCs inhibit lymphocyte proliferation,
suppress production of proinflammatory cytokines and
alter the balance of Th1/Th2/Th17/Treg lymphocytes
[4-6]. In addition, the secretion of various growth and
trophic factors [7] enables them to support tissue regeneration
[8, 9], inhibit apoptosis and exert a cytoprotective effect [10,
11]. Together with their low immunogenicity, MSCs provide
promising features for their use in treating many harmful
immune reactions [12—14].

There are a few reports describing the potential therapeutic
effect of MSCs used in combination with immunosuppressive
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drugs that yielded inconsistent results. In an in vitro model of
allogeneic response mycophenolate moefetil (MMF) promoted
the inhibitory effect of MSCs; cyclosporine A (CsA), tacroli-
mus and rapamycin (Rapa) antagonized it and dexamethasone
(Dex) had no effect [15]. However, Hoogduijn et al. [16] dem-
onstrated that preincubation of MSCs with calcineurin inhibi-
tors increased the efficacy of MSCs to regulate peripheral
blood mononuclear cells proliferation whereas MMF or Rapa
had no effect. Moreover, they pointed out the risk of toxicity of
high doses of some immunosuppressants on MSCs. On the
contrary, Chen et al. [17] showed that preincubation with
CsA resulted in inhibition of MSC apoptosis. Therapy com-
bining MSCs and different immunosuppressive drugs has been
tested in in vivo animal models. It has been described that the
combined application of MMF and MSCs leads to prolonged
allograft survival [18, 19] and promising results were also ob-
tained after application of MSCs with Rapa [20, 21]. In our
recent report we showed, that the combination of MSCs and
CsA led to a super-additive immunosuppressive effect in a
model of skin allograft transplantation [22].

It has been shown that MSCs in combination with immuno-
suppressive drugs provide further potential benefits in the treat-
ment of several disorders and are a perspective option for cell
therapy [23-25]. MSCs are now used in more than 500 regis-
tered clinical trials (http://clinicaltrials.gov/). However, so far,
the mechanisms of MSC interaction with different
immunosuppressive drugs and how they affect the treatment
of inflammatory reaction remains unclear. In this study, we
aimed to investigate influence of MSCs on the effects of
clinically relevant doses [15, 26] of five immunosuppressive
drugs with different mechanisms of action (calcineurin
inhibitor - CsA, mTOR inhibitor - Rapa, inosine
monophosphate dehydrogenase inhibitor - MMF and two ste-
roids - Dex and prednisone (Pred)). We demonstrated that
MSCs in combination with immunosuppressive drugs modu-
late the adverse effects of immunosuppressive agents on T cells,
direct differentiation of naive T cells toward distinct functional
subsets of T lymphocytes (Th17, Thl, Th2, Tc, Treg) and reg-
ulate intracellular cytokine expression by these populations.
Our study suggest that application of MSCs affects the thera-
peutic effectiveness of immunosuppressive medication. These
findings are important for the potential use of MSCs in combi-
nation with immunosuppressive drugs in clinical practice.

Materials and Methods
Mice

Female BALB/c mice at the age of 812 weeks were obtained
from the breeding unit of the Institute of Molecular Genetics,
Prague, Czech Republic. The protocol and use of animals was
approved by the local Animal Ethics Committee.
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Isolation and Culture of MSCs

The inguinal fat pads were harvested from BALB/c mice,
washed in phosphate buffered saline (PBS), cut into small
pieces with scissors and digested with a 1% solution of colla-
genase [ (Sigma, St. Louis, MO, USA) in PBS for 60 min at
37°C with gentle agitation. The cell suspension was washed in
PBS and centrifuged (250 g, 8 min). The washing step was
repeated 3 times. The pellet was resuspended and cultured in
Dulbecco’s modified Eagle medium (DMEM, PAA
Laboratories, Pasching, Austria) supplemented with 10% fetal
calf serum (FCS; Sigma), antibiotics (100 pg/ml of strepto-
mycin, 100 U/ml of penicillin) and 10 mM Hepes buffer (here-
inafter referred to as complete DMEM) in 75 cm? tissue cul-
ture flasks (Nunc, Roskilde, Denmark) at 37°C in a humidi-
fied atmosphere of 5% CO,. After a 48-h incubation, the
nonadherent cells were removed by washing and the remain-
ing adherent cells were cultured with regular exchange of the
culture medium and passaging of the cells to maintain an
optimal cell concentration. Cells between passage 3 and 5
were used.

Immunosupressive Drugs

Cyclosporine (CsA), mycophenolate mofetil (MMF),
rapamycin (Rapa), dexamethasone (Dex) and prednisone
(Pred) (all purchased from Sigma) were dissolved in dimethyl
sulfoxide (DMSO) in concentration 5 mg/ml and stored at
—20°C. In each experiment a vehicle control was included.
Corresponding concentration of DMSO had no effects on cell
activities (data not shown).

Characterisation of MSCs by Flow Cytometry

MSCs were incubated without or with immunosuppressive
drugs (CsA, MMF, Rapa, Pred and Dex at concentrations 5,
0.5, 0.05 and 0.005 pg/ml) for 48 h, washed in PBS contain-
ing 0.5% bovine serum albumine (BSA) and then incubated
for 30 min on ice with the following anti-mouse monoclonal
antibodies (mAb): allophycocyanine (APC)-labelled anti-
CD44 (clone IM7, BD Pharmingen, San Jose, CA, USA),
fluorescein isothiocyanate (FITC)-labelled anti-CD90.2
(clone 30-H12, BioLegend, San Diego, CA, USA), phycoer-
ythrin (PE)-labelled anti-CD105 (clone MJ/18, eBioscience,
San Diego, CA, USA), APC-labelled anti-CD11b (clone
M1/70, BioLegend), PE-labelled anti-CD31 (clone
MEC 13.3, BD Pharmingen) or PE-labelled anti-CD45
(clone 30-F11, BioLegend). Dead cells were stained using
Hoechst 33,258 fluorescent dye (Sigma) added to the samples
15 min before flow cytometry analysis. Data were collected
using a LSRII cytometer (BD Bioscience, Franklin Lakes,
NJ, USA) and analysed using Gatelogic 400.2A software
(Invai, Mentone, Australia).
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Determination of MSC Proliferation and Viability

The metabolic activity of living cells was determined by the
WST assay. MSCs (0.03 x 10%/ml) were incubated alone or
with immunosuppressive drugs at a concentration of 5, 0.5,
0.05 and 0.005 pg/ml in a volume of 0.2 ml of complete
DMEM in 96-well tissue culture plates (Corning Co.,
Corning, NY, USA) for 48 h at 37°C in a humidified atmo-
sphere of 5% CO,. WST-1 reagent (Roche, Mannheim,
Germany) (1:10 final dilution) was added to each well, and
the plates were incubated for another 2 h to form formazan.
The absorbance was measured using an ELx800 ELISA
Reader (BioTek, Bad Friedrichshall, Germany) at a wave-
length of 450 nm.

Regulation of Spleen Cell Proliferation

Spleen cells (0.75 x 10° cells/ml) were stimulated in a volume
0f 0.2 ml of RPMI 1640 medium (Sigma) supplemented with
10% FCS, antibiotics (penicillin, streptomycin), 10 mM
Hepes buffer and 5 x 10> M 2-mercaptoethanol (hereinafter
a complete RPMI 1640 medium) in 72-well tissue culture
plates (Corning) with Concanavaline A (ConA, 1.25 pug/ml,
Sigma) and with immunosuppressive drugs at a concentration
of 5; 0.5, 0.05 and 0.005 pg/ml. Cell proliferation was deter-
mined by adding *H-thymidine (1 uCi/well, PE systems,
Walthan, MA, USA) for the last 6 h of the 96-h incubation
period.

Cytokine Production and Detection

To test the production of interleukin 2 (IL-2) and interferon y
(IFNv), spleen cells (1.25 x 10%ml) were incubated in 48-well
tissue culture plates (Nunc) in a final volume of 0.6 ml of
complete RPMI 1640 medium stimulated with ConA
(1.25 pg/ml) for 24 (IL-2) or 48 (IFNy) h. To test the effect
immunosuppressive drugs on spleen cells, CsA, MMF, Rapa,
Pred and Dex (5, 0.5, 0.05 and 0.005 pg/ml) were added to the
cultures. The production of IL-2 and IFNy was determined by
an enzyme-linked immunosorbent assay (ELISA) using
cytokine-specific capture and detection mAbs purchased from
BD Pharmingen (San Diego, CA, USA) and following the
manufacturer’s instructions. The reactions were quantified
by spectrophotometry using an ELx800 ELISA Reader.

Co-Cultures of MSCs and Lymphocytes

Spleen cells (1.5 x 10%ml) were incubated in 24-well tissue
culture plates (Nunc) in a final volume of 1 ml of complete
RPMI 1640 medium stimulated with ConA (1.25 pg/ml) for
48 h (to determine apoptosis, T lymphocyte activation and
intracellular detection of cytokines) or 72 h (for intracellular
detection of RORyt, T-bet, Foxp3 and GATA-3). To test the
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effect of MSCs in combination with immunosuppressive
drugs on spleen cells, MSCs at the ratio 1:30 and CsA
(0.05, 0.005 pg/ml), MMF (0.5, 0.05 ug/ml), Rapa
(0.05, 0.005 pg/ml), Pred (0.5, 0.05 pg/ml) and Dex
(0.5, 0.05 pg/ml) were added to the cultures.

Detection of Apoptosis

Spleen cells cultured for 48 h with MSCs and immunosup-
pressive drugs were harvested, washed in PBS containing
0.5% BSA and were incubated for 30 min on ice with FITC-
labelled anti-CD3 mAb (clone 17A2, BioLegend), FITC-
labelled anti-CD4 mAb (clone KG1.5, BioLegend), FITC-
labelled anti-CD8a mAb (clone53-6.7, BioLegend) and PE-
labelled anti-CD45 mAb (clone 30-F11, BioLegend). After
washing in PBS containing 0.5% BSA, cells were stained
for Annexin V using an Annexin V apoptosis detection kit
according to the manufacturer’s protocol (Apronex, Jesenice,
Czech Republic). Dead cells were discriminated using
Hoechst 33258 fluorescent dye (Sigma) added to the samples
15 min before flow cytometry analysis. Data were collected
using a LSRII cytometer (BD Bioscience) and analysed using
Gatelogic 400.2A software (Invai).

Regulation of T Lymphocyte Activation

To test the effect of MSCs in combination with immunosup-
pressive drugs on T lymphocyte activation, the cultured spleen
cells were harvested, washed in PBS containing 0.5% BSA
and stained for 30 min on ice with FITC-labelled mAb anti-
CD4 (clone GK1.5, BD Pharmingen), APC-labelled mAb
anti-CD8a (clone 53-6.7, BioLegend), FITC-labelled mAb
anti-CD25 (clone 3C7, BioLegend), APC-labelled mAb
anti-CD25 (clone PC61, BioLegend) and PE-labelled mAb
anti-CD45 (clone 30-F11, BioLegend). Dead cells were
stained using Hoechst 33,258 fluorescent dye (Sigma) added
to the samples 15 min before flow cytometry analysis. Data
were collected using a LSRII cytometer (BD Bioscience) and
analysed using Gatelogic 400.2A software (Invai, Mentone,
Australia).

Intracellular Staining of RORYt, T-bet, GATA-3
and Foxp3

The cultured spleen cells were harvested and washed with
PBS containing 0.5% BSA. Before intracellular staining cells
were incubated for 30 min on ice with FITC-labelled mAb
anti-CD4 (clone GK1.5, BD Pharmingen), Alexa Fluor 700-
labelled mAb anti-CD45 (clone 30-F11, BioLegend) and
Live/Dead Fixable Violet Dead Cell Stain Kit (Molecular
Probes, Eugene, OR, USA) for staining dead cells. Cells were
washed in PBS containing 0.5% BSA, fixed and perme-
abilized using a Foxp3 Staining Buffer Set (eBioscience)
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according to the manufacturer’s instructions. For intracellular
detection of RORyt, T-bet, GATA-3 and Foxp3, the cells were
stained for 30 min with PE-labelled mAb anti-RORyt (clone
AFKIJS-9, eBioscience), APC-labelled mAb anti-T-bet (clone
eBi04B10, eBioscience) PE-labelled mAb anti-GATA-3
(clone TWAIJ, eBioscience) and PE-labelled mAb anti-
Foxp3 (cloneFJK-16 s, eBioscience). Data were collected
using a LSRII cytometer (BD Bioscience) and analysed using
Gatelogic 400.2A software (Invai).

Intracellular Detection of IL-4, IL-10, IL-17 and IFNy

To analyse the intracellular IL-4, IL-10, IL-17 and IFNy ex-
pression, phorbol myristate acetate (PMA; 20 ng/ml, Sigma),
ionomycin (1 pg/ml, Sigma) and Brefeldin A (5§ pg/ml,
eBioscience) were added to the cultures for the last 5 h of
the 48-h incubation period. Cells were than harvested, washed
with PBS containing 0.5% BSA and were incubated for
30 min on ice with FITC-labelled mAb anti-CD4 (clone
GK1.5, BD Pharmingen), APC-labelled mAb anti-CD4
(clone GK1.5, BioLegend), APC-labelled mAb anti-CD8a
(clone 53-6.7, BioLegend), Alexa Fluor 700-labelled mAb
anti-CD45 (clone30-F11, BioLegend) and Live/Dead
Fixable Violet Dead Stain Kit (Molecular Probes) for staining
dead cells before intracellular staining. A Fixation and
Permeabilization Kit (eBioscience) was used for perme-
abilization according to the manufacturer’s instructions. The
cells were intracellularly stained for 30 min with PE-labelled
mAb anti-IL-4 (clone 11B11, eBioscience), APC-labelled
mAb anti-IL-10 (clone JES5-16E3, eBioscience), PE-
labelled mADb anti-IL-17 (clone eBiol7B7, eBioscience) and
FITC-labelled mAb anti-IFNvy (clone XMG1.2, eBioscience).
Data were collected using a LSRII cytometer (BD Bioscience)
and analysed using Gatelogic 400.2A software (Invai).

Statistical Analysis

The Prism 5 program (GraphPad Software, San Diego, CA,
USA) was used for statistical analysis. The results are
expressed as the mean + standard error (SE). The statistical
significance of differences between the means of individual
groups was calculated using one way analysis of variance
(ANOVA). P values less than 0.05 were considered statistically
significant.

Results

Immunosuppressive Drugs Affect the Metabolic Activity
of MSCs but not their Surface Marker Expression

Adipose tissue-derived MSCs growing for 3 weeks in culture
were phenotypically characterized by flow cytometry. As

demonstrated in Fig. la, untreated and immunosuppressive
drug-treated MSCs were negative with a corresponding inten-
sity for CD11b, CD31 and CD45 markers and were positive
for CD44, CD90.2 and CD105, which are markers attributed
to murine MSCs, in each concentration of immunosuppres-
sive drugs used (only results for the highest used concentra-
tion of immunosuppressive drugs are shown). After culture
expansion, MSCs showed a typical spindle-shaped fibro-
blastic morphology. Under appropriate culture condi-
tions, both untreated and immunosuppressive drug-treated
MSCs were able to differentiate into adipocytes or osteoblasts
(data not shown).

To further characterise the effects of immunosuppres-
sive drugs on MSCs, the cells were treated with increas-
ing concentrations of CsA, MMF, Rapa, Pred and Dex
and their proliferation and viability was determined by
the WST assay. As demonstrated in Fig. 1b, MSCs are
susceptible to Rapa and to the highest concentration of
MMEF. All the other samples had comparable metabolic
activity.

Immunosuppressive Drugs Inhibit Spleen Cells
Proliferation and Production of IL-2 and IFNy
in a Dose-Dependent Manner

To select the optimal concentrations of immunosuppressive
drugs that inhibit lymphocyte activation, but not MSCs via-
bility, the effect of used drugs on splenocyte proliferation was
tested. As demonstrated in Fig. 2a, all tested drugs inhibited in
a dose dependent manner proliferation of ConA-stimulated
lymphocytes.

Next, we evaluated the effects of immunosuppressive
drugs on the production of IL-2 (Fig. 2b) and IFNvy
(Fig. 2¢), by ConA stimulated splenocytes. Similar to the
effect observed for proliferation, the highest concentra-
tions of immunosuppressants significantly inhibited the
production of these cytokines, while at the lowest con-
centration, the capacity to produce IL-2 and IFNy was
partially restored.

On the basis of the above results from dose-response assays
for MSCs and splenocytes, two concentrations (CsA 0.5 and
0.005, MMF 0.5 and 0.05, Rapa 0.05 and 0.005, Pred 0.5 and
0.05, Dex 0.5 and 0.05 pg/ml) of each immunosuppressant
were selected for following experiments.

MSCs Improve T Lymphocytes Viability

The effect of immunosuppressants and their combination with
MSCs on CD3™ T cell apoptosis was tested by Annexin V
staining. The presence of Annexin V' Hoechst 33258
(apoptotic) and Annexin V* Hoechst 33258 (dead) cells in-
creased after treatment with all immunosuppressive drugs
(Fig. 3a). A higher percentage of apoptotic cells was observed
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in samples treated with CsA, Pred and Dex. However, this
effect of immunosuppressants on T lymphocyte viability
was partially moderated by MSCs. Accordingly with this ob-
servation, the proportion of live lymphocytes significantly in-
creased in samples treated with MSCs. The changes in apo-
ptosis induction are similar for both CD4* (Fig. 3b) and CD8"
(Fig.3c) lymphocytes.

MSCs Downregulate CD25 Expression
on Immunosuppressive Drug Treated T Lymphocytes

MSCs were tested for their capability to inhibit activa-
tion of ConA-stimulated spleen cells. Spleen cells were
stimulated with ConA and cultured for 48 h in the pres-
ence or absence of MSCs and immunosuppressive drugs
and the percentage of activated (CD25%) T cells was
determined. As shown in Fig. 4a, MSCs suppressed ac-
tivation of CD4" lymphocytes with the greatest decline
in groups treated with Pred and Dex (Fig. 4a). This
effect was even more pronounced on CD8* lymphocyte
activation (Fig. 4b).
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MSCs in Combination with Immunosuppressive Drugs
Regulate the RORYt, T-bet, GATA-3 and Foxp3
Expression

To further analyse the effect of the treatment on individual T
cell populations, splenocytes were stimulated for 72 h with
ConA in the presence or absence of MSCs and immunosup-
pressive drugs and the percentage of CD4"RORyt* (Th17),
CD4"T-bet* (Th1) CD4"GATA-3" (Th2) and CD4*Foxp3*
(Treg) cells was determined. As demonstrated in Fig. 5a,
MSCs significantly suppressed RORyt expression in the ma-
jority of treated groups. This effect was most evident in groups
treated with 0.05 pg/ml MMF, Pred and Dex, where the drug
alone did not decrease the percentage of Th17 cells. The im-
munosuppressants, with the exception of MMF, significantly
decreased T-bet expression, as in case of RORYt, the presence
of MSCs in cultures further downregulated the percentage of
T-bet positive cells in all samples (Fig. 5b). Figure 5S¢ demon-
strates, that the presence of MSCs in the cultures containing
immunosuppressants significantly decreased the proportion of
CD4*GATA-3" cells in all groups. As shown in Fig. 5d, the
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proportion of CD4"Foxp3* Treg cells was augmented in the
presence of MSCs. The most apparent increase in the number
of Foxp3* cells was observed in groups treated with MSCs in
combination with CsA, Rapa and Dex.

MSCs in Combination with Immunosuppressants
Modulate IL-4, IL-10, IL-17 and IFN-y Production

To provide direct evidence that MSCs in combination with
immunosuppressive drugs also modulate the functions of dif-
ferent T cells populations, spleen cells were stimulated with

56

ConA for 48 h in the presence or absence of immunosuppres-
sive drugs and MSCs. The intracellular level of cytokines
specific for individual T cell subsets (IL-17, IFNvy, IL-4 and
IL-10 in CD4" cells and IFN-y in CD8" cells) were deter-
mined. As shown in Fig. 6a, treatment with immunosuppres-
sants did not significantly attenuate the proportion of CD4 IL-
17" cells, rather, we observed upregulation in samples treated
with Pred and Dex. However, MSCs completely abrogated
this effect and significantly downregulate the expression of
IL-17 in the presence of all tested drugs. As shown in
Fig. 6b, the percentage of CD4"IFNy™ cells significantly
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Fig. 3 The effect of immunosuppressive drugs and MSCs on
splenocyte viability. Spleen cells were stimulated with ConA in
the absence or presence of MSCs and immunosuppressive drugs
for 48 h. The number of live (Annexin V Hoechst 33258"),
apoptotic (Annexin V*Hoechst332587) and dead (Hoechst
33,258 Annexin V*) CD3" T cells was determined by flow cytometry

decreased after treatment with the majority of used drugs and
this effect was more evident in the presence of MSCs. We
observed downregulation of the CD4"IL-4" population in
the presence of the majority of drugs with an even more ap-
parent decrease in the groups treated with MSCs (Fig. 6¢).
Figure 6d demonstrates that similar to CD4"IFNy™ cells, the
frequency of the CD8'IFNy™ cells was significantly sup-
pressed in the presence of MSCs. In contrast, the percentage
of CD4"IL-10" cells stayed similar in all groups with the ten-
dency of upregulation observed in cultures treated with MMF
or Dex in combination with MSCs. (Fig. 6e).

Discussion
In several pathological conditions the suppression of harmful
immune reaction is the main issue. Treatment combining

transplantation of MSCs with immunosuppressive drug appli-
cation ranks among the very promising new therapeutic
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(a). One representative of 3 independent experiments is presented. The
effects of immunosuppressive drugs on CD4* (b) and CD8" (c) cells were
further studied. Data are expressed as the means = SE from five
independent experiments. Statistical significance between groups is
marked with asterisks (*p < 0.05, **p < 0.01, ***p < 0.001), (untreated
cells, C)

strategies aiming to reduce immunosuppressant doses, elimi-
nate their adverse effects and to improve their action.
Although the suppressive effects of MSCs cultured in combi-
nation with different immunosuppressants on T lymphocyte
proliferation have been described [15, 16], a limited knowl-
edge is available about modulatory action on the individual T-
cell subsets. Our study was specifically designed to examine
the interactions between MSCs and immunosuppressive drugs
in vitro and to determine how such treatment modulated the
balance among individual T lymphocyte subpopulations and
whether it affected their function.

Untreated or drug-treated MSCs showed no significant
changes in the expression of the surface markers associated
with murine MSCs (CD44, CD90.2 and CD105) after culti-
vation with tested immunosuppressants. However, high con-
centrations of MMF and Rapa significantly downregulate
MSC proliferation and viability. A similar observation has
been reported by Hoogdujien et al. [16], who tested the effect
of Tacrolimus, MMF and Rapa on human MSC proliferation.
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Fig. 5 Regulation of RORYt, T-bet, Foxp3 and GATA-3 expression by
immunosuppressive drugs and MSCs. Spleen cells were stimulated with
ConA in the absence or presence of MSCs and immunosuppressive drugs
for 72 h and analysed using flow cytometry. The treatment reduces the
percentage of CD4"RORyt" (a), CD4* T-bet" (b) and CD4*GATA-3" (c¢)

58

populations in all groups. On the contrary, the proportion of CD4*Foxp3™*
Treg (d) was slightly upregulated. Data are expressed as the means + SE
from five independent experiments. Statistical significance between
groups is marked with asterisks (*p < 0.05, **p < 0.01, ***p < 0.001),
(untreated cells, C)
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Fig. 6 The effect of MSCs and immunosuppressive drugs on IL-17, IFN-
7, IL-10 and IL-4 producing cells. Spleen cells were stimulated for 48 h
with ConA in the absence or presence of immunosuppressive drugs and
MSCs. The flow cytometry analysis showed a significant downregulation
of the proportion of CD4*IL-17" (a), CD4*IFN-y* (b), CD4"IL-4" (c)

To select the optimal concentrations of drugs for the further
study, we performed a dose-response tests, and the concentra-
tions which significantly suppressed T lymphocyte functions,
but did not decrease viability of MSCs, were used for further
experiments.

Induction of apoptosis is a key mechanism to delete acti-
vated T cells in the periphery during the termination of an
immune response [27], but subsequent deficits of immune
cells can lead to the development of opportunistic infections
or malignancies [28]. Our results showed that the treatment of
spleen cells with immunosuppressive drugs increases the pro-
portion of apoptotic and dead CD3* T cells and at the same
time decreases the percentage of living cells in the culture. It
has been described that MSCs inhibit the spontaneous death of
lymphocytes [29] and are able to inhibit proliferation of acti-
vated T cells while simultaneously supporting their survival
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and CD8'IFNYy™ (d) cells. In addition the preservation or upregulation of
CD4*'IL-10" (e) cells was observed. Data are expressed as the means + SE
from five independent experiments. Statistical significance between
groups is marked with asterisks (*p < 0.05, **p < 0.01, ***p < 0.001),
(untreated cells, C)

[30, 31]. We found that the presence of MSCs in cultures
partially rescued cells from the apoptotic pathway induced
by immunosuppressants. Furthermore our results showed that
the above mentioned effects are similar for both CD4* and
CD8" T cell populations.

MSCs possess the ability to inhibit the expression of acti-
vation marker CD25 on Th and Tc lymphocytes [32] and our
results demonstrated that this downregulation could be further
intensified by the presence of immunosuppressants. Taken
together, it appears that although MSCs rescued CD4* and
CDS8" lymphocytes from apoptosis caused by immunosup-
pressive agents, they promoted the inhibitory action of immu-
nosuppressants by reducing the proportion of cells with acti-
vated phenotype.

So far, disregulation of composition of various T cell sub-
populations and their related cytokines has been proposed to
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play a crucial role as an inflammation-promoting mechanism
in autoimmune diseases or transplantation reaction [33, 34]. It
has been well documented that MSCs possess the ability to
modulate this balance [5, 6, 35]. Our results demonstrated that
treatment combining MSCs and immunosuppressants signifi-
cantly decreased the proportion of CD4"RORyt" Th17 cells
as well as the percentage of the IL-17" cells and thus the
functional properties of these cells. Moreover, we found a
synergistic effect of immunosuppressive agents and MSCs.
Intriguingly, Pred and Dex showed a tendency to upregulate
RORyt and IL-17 expression. These findings confirmed the
observation of Prado et al. [36], who pointed out that gluco-
corticoids rather activated Th17 cells and caused Th17/Thl
imbalance in patients with systemic lupus erythematosus
(SLE). On the other hand MMF inhibits Th17 related immune
response [37] and thus MMF is considered a suitable drug for
use in transplantation medicine [19, 38]. However, our results
have shown that lower concentrations of MMF slightly upreg-
ulated RORyt expression. These inconsistent results might be
due to differences in the drug metabolism in vivo and in an
in vitro systems. Nevertheless, the stimulatory effect of both
MMF and glucocorticoids on Th17 cells was completely ab-
rogated by MSCs and the expression of RORyt and IL-17 was
significantly decreased in the presence of MSCs. As with
Th17 cells, the percentage of CD4*T-bet" cells was decreased
in the presence of immunosuppressive agents with the excep-
tion of MMF. However, also in this group the expression of T-
bet cells was decreased in the presence of MSCs. We observed
a significant decrease in the percentage of both CD4*IFNvy*
and CD8 IFNy* populations after co-culture with MSCs with
the most significant suppression in the CsA- and Dex-treated
groups.

It has been shown that depending on specific conditions
during the development and progression of different diseases,
MSCs are able to either promote [39] or downregulate [40]
Th2 related immune response. In the present study, we ob-
served that MSCs had the ability to supress both GATA-3
and IL-4 expression in all immunosuppressive drug treated
samples. This might be beneficial especially in the treatment
of Th2 mediated inflammatory diseases, such as allergic asth-
ma or SLE. In contrast to the downregulation of Th17, Thl,
Th2 and Tc cells, MSCs in combination with immunosuppres-
sive agents increased the Treg proportion in all samples.
Furthermore, we showed that MSCs promoted IL-10 expres-
sion and thus supported the regulatory function of CD4" cells.
A significant increase of the CD4*IL-10" population was ob-
served in cultures combining treatment with MMF or a higher
concentration of Dex with MSCs. Interestingly, we found that
the changes in the expression of transcription factors of dis-
tinct T lymphocytes populations did not correlate with the
changes in production of population related cytokines. These
differences might be due to ability of immunosuppressive
drugs to inhibit T lymphocyte proliferation but at the same
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time maintain their activity [41]. Moreover, it has been sug-
gested by Prado et al. that upregulation of transcription factor
expression in T cells after treatment is not necessarily associ-
ated with the increase of their cytokine production [36].

The presence of immunosuppressive drugs with different
mechanisms of the action modulates the cytokine environ-
ment in the culture, which subsequently interacts with MSCs
and affect their immunomodulatory action. Furthermore it has
been shown that distinct T lymphocyte population display
different sensitivity to immunosuppressive drugs [32, 42,
43] and individual drugs also interact with different molecular
target in MSCs [16].

This study sheds new light on several reports indicating
that MSCs in combination with immunosuppressive agents
might be useful in preventing harmful immune response. We
have shown that MSCs modulate the effect of immunosup-
pressive drugs and that therapy combining immunosuppres-
sive agents with MSCs could favourably influence immune
balance by harnessing the Th17/Th1/Th2/Tc related responses
while preserving the anti-inflammatory Treg phenotype. In
addition, these data clearly demonstrated that MSCs are also
able to reverse the undesirable effects of immunosuppressive
drugs such as the upregulation of the Th17 related response.
Our data also underscored that the observed therapeutic ben-
efits are not simply a result of the additive effects of MSCs and
drugs, but that the interactions between MSCs, individual im-
munosuppressive drugs and the immune system are very com-
plex. Understanding these mechanisms is essential for trans-
lation of MSCs in combination with immunosuppressive
drugs into clinical practice.
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5.3 Modulace ¢asného zanétlivého mikroprostiedi v poskozeném oku pomoci
systémové podanych MSCs stimulovanych IFN-y

Eliska Javorkova, Peter Trosan, Alena Zajicova, Magdaléna Krulova, Michaela Hajkova a

Vladimir Holan

Stem Cells Dev. 2014: 23, 2490-2500

Cilem této studie bylo sledovat efekty systémové podanych MSCs izolovanych z kostni
dfené¢ na Casnou fazi akutniho zdnétu v oku poSkozeném hydroxidem sodnym. Mysi
s poskozenym okem byly ponechany nelécené, nebo jim 24 hodin po poranéni byly
intravendzn€ podany fluorescencné znafené MSCs, které byly nestimulované, nebo
ovlivnéné IL-1a, TGF-B, nebo IFN-y. Po tfech dnech od poSkozeni jsme prokézali, ze
MSCs migruji specificky do poskozeného oka a ze pocet znaCenych MSCs je 30krat vetsi
v posSkozeném neZ v kontrolnim oku. Studium sloZeni populace leukocytti v poskozenych
oCich ukazala, ze vSechny typy testovanych MSCs mirné snizuji pocet lymfoidnich
1 myeloidnich infiltrujicich bunék, ale pouze MSCs preinkubované s IFN-y vyznamné
redukovaly procento bunék infiltrujicich do oka, pficemZ nejvétSi efekt byl pozorovan
u myeloidnich bun¢k. Tato studie ukézala, Ze systémové aplikované MSCs migruji
specificky do poSkozeného oka a Ze MSCs ovlivnéné IFN-y jsou nejicinnéjsi ve sniZovani
infiltrace leukocytl do oka, vyznamné snizuji produkci NO, IL-la a IL-6 a potlacuji

akutni fazi zanétu.

Mij podil na publikaci: experimentalni ¢ast (pfiprava kryofezi), analyza a interpretace

vysledki
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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 Vladimir 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-10), transforming
growth factor-B (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-y 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

ACHEMICAL BURN OF THE EYE causes severe inflammation,
corneal opacity, neovascularization, and epithelial de-
fects, which can finally lead to a permanent loss of vision.
A massive infiltration of inflammatory cells can be de-
tected in the site of injury already 24h after corneal
damage. The number of infiltrating macrophages is am-
plified several fold within 36 h, and this increase is ac-
companied by a rising lymphocyte infiltration [1]. The
conventional treatment protocols of the acute phase of
corneal inflammation consist of inhibiting the inflamma-
tory reaction and neovascularization by immunosuppres-
sive drugs, but novel therapeutic strategies involving the
transplantation of corneal epithelial sheets or limbal stem
cells cultured on an appropriate carrier have been devel-
oped and successfully applied [2-5].

More recently, mesenchymal stromal cells (MSCs) have
been suggested and tested as a promising therapeutic tool for
the treatment of many disorders involving corneal defects.
These cells have the potential to differentiate into various

cell types [6], including epithelial cells [7-9], and thus they
have been used for ocular surface reconstruction. Moreover,
MSCs possess potent immunomodulatory properties and can
influence various functions of immune cells, including
dendritic cells, naive and effector T lymphocytes, and nat-
ural killer (NK) cells [10]. The immunomodulatory prop-
erties of MSCs have been documented in numerous in vitro
and in vivo studies that demonstrate the ability of MSCs to
prolong allograft survival [11,12], ameliorate experimental
autoimmune disorders [13], or attenuate severe acute graft-
versus-host disease [14].

The beneficial effects of MSCs consist not only in their
ability to replace injured cells, but also in their modulation of
the local proinflammatory microenvironment by the produc-
tion of numerous immunomodulatory and trophic factors. It
has been shown that the curative effect of MSCs on corneal
injury can consist partly in the epithelial transdifferentiation
of MSCs [7,15] and in the suppression of corneal inflam-
mation [16-19].

This study was focused on monitoring and evaluating
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)-1a., inter-
feron (IFN)-y, or transforming growth factor (TGF)-3 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 1x 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 1 N 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
TGF- (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 pL
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 I in HBSS for 50 min at 37°C. Lymph nodes
(inguinal, brachial, cervical, and submandibular) and spleen
were digested in 1mg/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 Flowlo
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-1o, TGF-B, or IFN-y. The cell
suspensions were incubated with APC-labeled anti-CD44
mAb (BD PharMingen, San Jose, CA) 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-1o, TGF-P, 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). CDh45% 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

JAVORKOVA ET AL.

Center, Cincinnati, OH) according to the manufacturer’s in-
structions. One microgram of total RNA was treated with
deoxyribonuclease I (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 pLL using M-MLYV 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-f, 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 pL 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 1.5pug/mL of
concanavalin A (ConA; 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
TGF-f 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.

66



MODULATION OF EARLY EYE INFLAMMATION BY MSCs

anti-CD4 (clone GKI1.5), PE-labeled anti-CD8a (clone
53-6.7), PE-labeled anti-F4/80 (clone BMS8), 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 10min 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
suspensions from eyeballs. Supernatants were obtained after
culturing cell suspensions from control and damaged eyes.
Cells (1x 10%mL) were cultured in a volume of 800 pL of
complete RPMI medium (Sigma) in the presence of 1.5 pg/
mL of ConA and 1.5 pg/mL of LPS for a 48-h incubation
period. The production of IL-1a, IL-2, IL-4, IL-6, IL-10, IL-
17, and IFN-y was quantified by ELISA. The production of
IL-2, IFN-v, and IL-6 was measured using cytokine-specific
capture and detection of mAbs purchased from BD Phar-
mingen (San Diego, CA). IL-la, IL-4, IL-6, IL-10, and
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IL-17 were measured using ELISA kits purchased 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 concentra-
tions of NO in the supernatants were determined using the
Griess reaction [25]. A mixture of 50 uL. of 1% sulfanil-
amide and 50 uL of 0.3% N-1-naphthylethylendiamine di-
hydrochloride (both in 3% H3;PO,) was incubated with
100 uL 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 r-test. A
value of P<0.05 was considered statistically significant.

Results
Characterization of MSCs

The purity and phenotypic markers of MACS-separated
MSCs pretreated with cytokines were assessed with flow
cytometry. The results showed that unstimulated and cyto-
kine-treated MSCs were positive with a corresponding in-
tensity for CD44 and CD105, which are the markers
attributed to murine MSCs (Fig. 1A). On the other hand,
<1% of the cells were CD11b* and <3% were CD45%
(Fig. 1A); therefore, the population of bone marrow cells
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CD45

PKH26

Characterization of unstimulated mesenchymal stromal cells (MSCs) and MSCs pretreated with interleukin-1o (IL-

o), transforming growth factor-f3 (TGF-p), or interferon-y (IFN-y). (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), TGE-B (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,
PKH26-1abeled 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-1o, TGF-$, or IFN-y. As shown in Fig. 2,
both unstimulated and pretreated MSCs expressed signifi-
cant but variable levels of genes for TGF-B, HGF, and
COX2. Moreover, MSCs pretreated with IL-1a and IFN-y
expressed a significant level of mRNA for iNOS. Only
MSC:s pretreated with IL-1o 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

JAVORKOVA ET AL.

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-1a, TGF-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-1a, TGE-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

2ng/mL of TGF-. The expression of genes for 1L-6, TGF-f

, 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-1a, 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-1a, TGF-B, or IFN-y. 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 CD37CD4", 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-1" cells, but only MSCs pretreated
with IFN-y significantly decreased the percentages of all my-
eloid populations, while MSCs pretreated with TGF-f3 signif-
icantly decreased the percentage of CD11b* Gr-1" 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-
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-1a 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-1a 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-1a, TGF-f3, or IFN-v (in the graphs labeled as Unstim, IL-10, 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 /L-/0 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 Untreated Unstimulated MSCs

MSCs+IL-1a MSCs+TGF-B

FIG. 5. Immunofluorescent staining of frozen sections of eyes from untreated mice and mice treated with unstimulated
MSCs or MSCs pretreated with IL-1a, TGF-f3, 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-1o, TGF-f3, 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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damaged (dashed and gray columns) eyes of untreated mice and mice treated with the systemic administration of un-
stimulated MSCs or MSCs pretreated with IL-1a, TGF-f, or IFN-vy (in the graphs labeled as Unstim, IL-1a, TGF-f, and
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concanavalin A (ConA; 1.5 ng/mL) and lipopolysaccharide (LPS; 1.5 pg/mL) for 48 h. The production of NO was measured
in culture supernatants using the Griess reaction. 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 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-v,
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
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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 IFN-y and TNF-o on MSCs, and
TNF-oo 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
MSC:s are able to specifically migrate to the damaged eye.
We found a more than 30-times higher number of injected
MSC:s 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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FIG.7. The effect of MSCs on the expression of genes for cytokines and iNOS. The expression of genes for IL-1a, IL-6,
IL-10, and iNOS in control (white column) 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-1a,, TGF-B, or IFN-y (in the graphs
labeled as Unstim, IL-1o, TGF-B, and IFN-y) was measured by real-time PCR. The expression of the IL-6 gene was
assessed in cells from freshly isolated eyes. The expression of genes for IL-1a, IL-10, and iNOS was determined in cells
from cultures of control and damaged eyes after stimulation with ConA (1.5 pg/mL) and LPS (1.5 pg/mL) for 48 h. 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 eight independent experiments.

lymphoid populations, but only MSCs pretreated with IFN-y
decreased the number of CD3*CD4*, CD3"CD8", and
CD197CD22™ 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-1"
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,
IL-2, 1L-4, IL-6, IL-10, IL-17, and IFN-y, 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-loo with the most
profound inhibition of IL-1a 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-y. 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-1o, IFN-v, or TGF-p.
Both unstimulated MSCs and cytokine-pretreated MSCs
expressed significant levels of genes for TGF-$, 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-vy, but in their study a
20-times higher concentration of IFN-y was used. We found
that MSCs stimulated with IL-loe 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-1a, or IL-1pB) 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 /DO gene was observed in
MSCs pretreated with IFN-y.

Finally, MSCs stimulated with IFN-y expressed signifi-
cant levels of the genes for TGF-B, 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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6 Diskuze

S vyuzitim in vivo modelq, v preklinickych i klinickych studiich bylo prokdzano, ze MSCs
by na zékladé svych imunomodulacnich a antiapoptotickych schopnosti mohly
pfedstavovat vyhodny prostfedek pro lécbu mnoha onemocnéni. Atraktivni vlastnosti
téchto bungk je jejich citlivost k mikroprostiedi, ve kterém se nachéazeji. Aktualni studie
ukazuji, ze reaktivita a u¢inky MSCs jsou velmi komplexni a uplatiiuje se u nich fada
riznych mechanismi. V soucasné¢ dobé se diky novym znalostem oteviraji moznosti, jak
terapeuticky potencidl MSCs zlepSit a tim zvySit pravdépodobnost u¢inné klinické
aplikace. V predkladané praci jsme se zaméfili na studium vlivu nékolika faktord, které
mohou terapeutickou uspésnost MSCs vyznamné ovlivnit.

Nejprve jsme na modelu alogenni transplantace klize u mysi porovnavali vliv
MSCs aplikovanych na nanovlédkennych nosi¢ich s inkorporovanym CsA na zanétlivou
imunitni odpovéd. V pfedchazejici praci bylo prokdzano, ze inkorporaci CsA do
nanovldkennych nosi¢ii se neméni jeho farmakologické ucinky, Ze k jeho uvolhovani
dochazi po dobu nékolika dnli a ze takto upravené nosice jsou ucinné pro potlaceni lokalni
zanétliveé reakce (Holan et al., 2011). Tento zptsob lokalniho podani se jevi jako vyhodny,
protoze sniZzuje negativni ucinky imunosupresivnich latek na organismus, ke kterym
dochazi po systémovém podani (Dobbels et al., 2008), a zaroveit napomaha cileni, pienosu
a uspeésnosti aplikace MSCs (Lee et al., 2016).

Ukézali jsme, Ze MSCs aplikované pomoci nanovlakennych nosi¢li migruji do
kozniho transplantatu a do spadovych lymfatickych uzlin. U leukocytli izolovanych
z lymfatickych uzlin (LNCs, lymph node cells) jsme nepozorovali Zadné zmény v poctu
CD3", CD4", CD8" nebo CD11b" bunék v zavislosti na terapii, dochazelo viak ke snizeni
produkce IFN-y, a naopak zvySeni IL-10 LNCs z mysi lécenych pomoci MSCs a MSCs
spole¢né s CsA. Podrobnd analyza lokalni zanétlivé odpovédi ve Stépu odhalila, Ze az 60 %
leukocytl infiltrujicich do transplantatu jsou makrotagy. Bylo popsano, Ze makrofagy jsou
jedny z bunék, které se vyznamnou meérou podili na rejekci orgdnt (Jiang et al., 2014).
V na$i praci jsme ukdzali, ze 1é€ba pomoci MSCs a CsA vyznamné sniZuje pocet
infiltrujicich makrofagl a rovnéz produkci NO a IFN-y bunkami $tépu. V souladu s nasi
piedchozi studii, kde bylo zjisténo, Ze nanovlakenné nosice s inkorporovanym CsA snizuji
vzorcich z mysi, kterym byl poddn CsA, nebo MSCs a CsA. K caste¢nému snizeni

produkce IFN-y, poctu infiltrujicich makrofagl a s tim spojenou koncentraci NO dochézelo
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i u mysi, kterym byla aplikovana samotnd nanovldkna. Tento jev mulze byt vysvétlen
faktem, ze i samotné nanovlakenné nosice chrani misto poranéni, zabranuji pfistupu vody a
vzduchu a napoméhaji regeneraci tkan¢ (Dubsky et al., 2012).

Snizeni exprese IL-1B, iNOS, IFN-y a zmény v poétu CD45'CD11" bunék ve $tépu
nas vedly k podrobné&jsi analyze makrofagt infiltrujicich do transplantatu. Bylo popsano,
ze MSCs maji schopnost potlacovat produkci NO prozanétlivou subpopulaci M1
makrofagl a zaroven podporovat vznik a funkce regulacnich alternativné aktivovanych M2
makrofagl a tim sméfovat imunitni odpovéd’ na protizdnétlivou (Kim and Hematti, 2009,
Maggini et al., 2010, Cho et al., 2014). Schopnost MSCs indukovat u makrofagii tento
regulacni fenotyp jsme ovéfili nejprve v in vitro podminkach, kdy ko-kultivace MSCs
s naivnimi makrofagy vedla ke zvySeni exprese znaku M2 makrofagi — CD206. Na
modelu alogenni transplantace kiize jsme nasledné pozorovali, Ze aplikace MSCs spole¢né
s CsA vede kezvySeni exprese CD206 makrofdgy ve Stépu, narastu poctu
F4/80"CD206'IL10" bunék a s tim souvisejici zvysené produkci IL-10. Podafilo se nam
tak prokazat, Ze aplikace nanovldkennych nosi¢l s adherovanymi MSCs spolecné
s nanovlakny s inkorporovanym CsA potlacuji lokalni zanétlivou reakci odehravajici se po
transplantaci alogenni tkané. Tato terapeuticka strategie podporuje presmyk klasicky
aktivovanych M1 makrofagl na regulacni, imunosupresivni fenotyp M2. NaSe zavéry byly
podpofeny i nejnovéjSimi vyzkumy. Aktas et al. (2017) analyzovali na svém modelu
poranéni Slachy u krys lé€bu pomoci MSCs preinkubovanymi s TNF-a podanych na
biodegradovatelnych nosi¢ich a pozorovali, Ze stejn¢ jako u naseho modelu dochazi
1 v tomto piipad¢ k polarizaci makrofagi ve sméru M2 subpopulace a ke zvySené produkci
IL-10. Navic také detekovali redukci poctu M1 makrofagl a sniZzeni produkce IL-12 a IL-
la. V jiné studii bylo prokézano, Ze ptistup vyuzivajici kombinaci nanovldkennych nosicu
s inkorporovanym CsA v kombinaci snosi¢i s adherovanymi MSCs muze byt velice
efektivni 1 pro 1écbu zavazného poskozeni rohovky, kde diky nému dochazi k potlaceni
zanétu a snizeni neovaskularizace (Cejka et al., 2016a).

Tyto vysledky ukazuji, ze lécba zalozena na aplikaci MSCs spolecné
s imunosupresivnimi latkami se fadi mezi slibné terapeutické strategie. V dalSi Casti
projektu jsme se proto zaméfili na studium pasobeni MSCs spolecné s imunosupresivnimi
latkami. Ackoli je zndmo, ze imunosupresivni latky mohou ovliviiovat vlastnosti MSCs
(Chen et al., 2008, Ankrum et al., 2014, Kim et al., 2015b) a Ze pfi soucasné aplikaci
MSCs a imunosupresiv mize dochazet k potenciaci imunomodula¢nich ucinki (Hoogduijn

et al., 2008, Buron et al., 2009, Eggenhofer et al., 2011), pfesné mechanismy tohoto
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pusobeni zatim nebyly spolehlivé objasnény. V in vitro podminkéach jsme se proto rozhodli
otestovat interakci mezi MSCs a terapeutickym efektem péti imunosupresivnich latek
(kalcineurinovy inhibitor CsA, antimetabolit MMF, inhibitor kinazy mTOR Rapa, a dvé
steroidni latky Dex a prednison (Pred)). Ovéfili jsme, Ze Z4dnd z vySe zminénych
imunosupresivnich latek neovliviiuje expresi povrchovych znakti spojenych s MSCs
(CD11b,, CD31°, CD45", CD44", CD90.2", CD105"). Nejvyssi testované koncentrace
MMF a Rapa vSak vyznamné sniZovaly metabolickou aktivitu MSCs. Toto pozorovani je
v souladu se studii, ve které¢ bylo zjisténo, Ze vysoké koncentrace Tac, MMF a Rapa snizuji
prezivani MSC (Hoogduijn ef al., 2008).

Bylo popsano, ze MSCs mohou vyrazné ovliviiovat diferenciaci T lymfocytd, jejich
ptezivani i funkce (Svobodova et al., 2012, Mohammadzadeh et al., 2014, Normanton et
al.,, 2014). Riznd imunosupresiva pak mohou dale ovliviiovat inhibici proliferace
T lymfocyti zpisobenou MSCs (Hoogduijn et al., 2008). Velice malo je vSak zndmo
o vlivu této kombinované terapie na jednotlivé subpopulace T lymfocytd. V této studii
jsme se proto zaméfili na objasnéni pisobeni MSCs a imunosupresivnich 1ékli na apoptézu
a aktivaci T lymfocytd a rovnovahu mezi Th1/Th2/Th17/Treg a Tc a ovéfeni produkce
cytokinli charakteristickych pro tyto lymfocyty. Pro vSechny testy byly vybrany klinicky
relevantni koncentrace imunosupresiv (Fanigliulo et al., 2015), které nemély vliv na
zivotnost MSCs a vyznamné (ale ne zcela) potlacovaly proliferaci T lymfocyti a jejich
produkci cytokinl. Role MSCs v inhibici apoptdzy lymfocyti a podpote jejich prezivani
jiz byla dobie zdokumentovéana (Xu et al., 2007, Normanton et al., 2014). NaSe vysledky
potvrzuji tato pozorovani. Navic jsme zjistili, ze MSCs ¢asteéné chrani CD4" i CD8"
T lymfocyty pfed apoptézou zplisobenou vlivem imunosupresivnich latek. Zaroven jsme
ukazali, ze MSCs podporuji inhibi¢ni pisobeni imunosupresiv tim, Ze potlacuji expresi
aktiva¢niho znaku CD25 u CD8" i CD4" T lymfocyti.

Dale jsme se zaméfili na vliv kombinovaného piisobeni MSCs a imunosupresivnich
latek na regulaci poméru mezi riznymi populacemi T lymfocyti, jehoz nerovnovaha mize
byt pficinou zanétlivych procesti pfi autoimunitnich onemocnénich nebo pii rejekci
transplantatu. Zjistili jsme, Ze MSCs pisobi s imunosupresivy synergisticky na snizeni
zastoupeni CD4 RORyt™ Th17 lymfocytli a soucasné s tim i procento CD4'1L17" bunék
v kulturach. Bylo popséno, Ze vlivem glukokortikoidli se zvySuje pocet Th17 bunck
u pacientl trpicich SLE (Prado ef al., 2011a). V souladu s timto zjiSténim naSe vysledky
ukazaly, ze piitomnost Pred a Dex v kultufe zvy3uje nejen zastoupeni CD4 RORyt" ale

iCD4'TL-17" bundk. Zvyseni po¢tu Thl17 bunék jsme navic pozorovali i u nizsi
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koncentrace MMF. Toto pozorovani je v rozporu s nékterymi studiemi, které naopak
oznacuji MMF za velice u¢inné imunosupresivum pro potlaceni Th17 odpovédi (Abadja et
al., 2011, Eggenhofer et al., 2011). Jednim z moZnych vysvétleni mize byt rozdilny
metabolismus latky vin vivo a in vitro podminkach. Dulezitym zavérem na$i studie
zustava fakt, ze nezadouci zvySeni prozanétlivé Th17 populace bun¢k kultivovanych
s glukokortikoidy a MMF bylo zcela potlaceno ve skupinach, kde byly pfitomny navic
MSCs. Podobny fenomén jsme pak pozorovali u zastoupeni CD4 T-bet” Th1 bunék. MSCs
efektivné potlacovaly zvySeni poctu Thl lymfocyti indukované MMF. Vyznamny
inhibicni efekt soucasného podani MSCs a imunosupresiv jsme zaznamenali také pfi
detekci zastoupeni CD4'TFNy" a CD8'IFNy" bun&k v jednotlivych kulturach, pfi¢emz
k nejsilnéj$imu potlaceni doslo u skupin ovlivnénych CsA a Dex. Zjistili jsme také, Ze ve
vSech vzorcich ovlivnénych imunosupresivnimi latkami se vlivem MSCs sniZuje exprese
GATA-3 a IL-4. Tato schopnost by mohla byt vyhodna zejména u onemocnéni spojenych
s nadmérnou aktivaci Th2 bun¢k, jako jsou rtzné alergie nebo SLE. Dalsi dulezitou
potlaceni zastoupeni Thl, Th2, Th17 a Tc bunék dochazi pti podani MSCs spolecné
s imunosupresivy k navyseni Treg populace. Pozorovali jsme nartist poétu CD4TL-10"
bunék i zvyseni exprese Foxp3, pfiemz nejvétsi mnozstvi CD4 Foxp3™ lymfocytil jsme
detekovali ve skupindch inkubovanych s MSCs spolu s CsA, Rapa a Dex. Tyto zmény
v produkci cytokini zcela nekoreluji se zménami proporci jednotlivych subpopulaci
T lymfocyti. Podobny efekt byl popsan u Treg lymfocytt (Prado ef al., 2011b). Navic bylo
také prokazano, Ze nckterd imunosupresiva mohou inhibovat proliferaci T lymfocyti, ale
souCasn¢ neinterferuji s jejich funkci (Miroux et al., 2012). Problematikou spole¢ného
pusobeni MSCs a imunosupresivnich latek se zabyvali také Michelo et al. (2016), kteti
zjistili, Ze rizné kombinace ovliviiuji vyznamné také NK buiiky, pficemz nejvétsi efekt na
inhibici aktivace a funkce NK bunék mélo podani MSCs s Dex. To, ze podani MSCs
spolecné s 1éCivy predstavuje aktudlni a atraktivni terapeutickou strategii, dokazuji 1 dalsi
studie vyuzivajici naptiklad chemoterapeutika (Hammam et al., 2016) nebo antibiotika
(Sung et al., 2016).

Mezenchymalni kmenové buiiky jsou velmi citlivé na mikroprostiedi, ve kterém se
nachazeji a jejich imunomodulac¢ni vlastnosti je mozné ovlivnit také pomoci cytokini (Ren
et al., 2008; Krampera, 2011). V naSem projektu jsme se proto zabyvali vyzkumem vlivu
intraven6zné podanych MSCs na akutni fazi zanétu probihajiciho v prvnich 72 hodinach

po poskozeni oka. Vyuzivali jsme mySi model poskozeni rohovkového epitelu pomoci

78



hydroxidu sodného a porovnavali jsme terapeuticky vliv MSCs preinkubovanych s IL-1a,
TGF-f a IFN-y. Poskozeni rohovky je jednou znejcastéjSich pfi¢in ztraty zraku.
V soucasnosti dostupné terapeutické moznosti vSak celi mnoha limitacim, jako jsou
zejména nebezpeci zjizveni a ztrata transparentnosti, deficitu limbalnich kmenovych bunék
(LSCs, limbal stem cells), nedostatek darcovskych rohovek a pomérné velké riziko
imunitni rejekce transplantovanych alogennich LSCs nebo rohovky (Shukla ef al., 2016).
MSCs by prostiednictvim sekrece TSG-6 (Roddy et al., 2011), schopnosti potlacit
oxidativni stres (Cejka et al., 2016b) soucasn¢ se snizenim poctu makrofdgii a molekul
spojenych se zanétem rohovky, jako jsou TNF-a, VEGF nebo CCL-2 (Yao et al., 2012),
mohly piedstavovat vhodnou terapeutickou alternativu. Podafilo se ndm prokézat, ze
intravendzné podané MSCs migruji do poskozeného oka a Ze ke snizeni poctu leukocytl
v zanétlivé oblasti dochazi po aplikaci vSech testovanych MSCs (neovlivnéné MSCs,
MSCs preinkubované s IL-la, TGF-f a IFN-y). NejvyznamnéjSich inhibi¢nich zmén,
predevS§im v zastoupeni myeloidnich bunék, a dale v expresi IL-1a, IL-6 a NO bylo
dosazeno pii pouziti MSCs ovlivnénych IFN-y. V souladu s publikovanymi studiemi
(Hemeda et al, 2010, Krampera, 2011, Franquesa et al, 2015) jsme prokazali, ze
preinkubaci MSCs s cytokiny dochazi ke zméné exprese nékterych imunomodulacnich
molekul téchto bunék, ptfi¢emz nejvétsich rozdill bylo dosazeno preinkubaci MSCs s IFN-
y. MSCs ovlivnéné timto cytokinem exprimuji vysoké hladiny iNOS a IDO, vyznamné
snizuji infiltraci leukocytl do poSkozené¢ho oka a potlacuji tak akutni zanét rohovky.
V souladu sna$i studii je prace, ve které Torkaman et al. (2017) vyuzivali MSCs
preinkubované s IFN-y na mySim modelu EAE. Zjistili, Ze po podani ovlivnénych MSCs
dochdzi ke snizeni infiltrace leukocyti do zanétlivych oblasti, potlaceni produkce
prozanétlivych cytokinli a naopak zvysSeni zastoupeni Treg lymfocytt, coz vede k zlepSeni
symptomi onemocnéni.

ZlepSeni migrace, viability ¢i imunomodulacnich U¢inki MSCs predstavuje
dilezity predpoklad pro vyvoj a GspéSnost bunécné terapie zalozené na MSCs. V tomto
projektu jsme s vyuzitim rtiznych modelt zjistili, Ze preinkubace MSCs s cytokiny,
zejména pak IFN-y, vyznamné zlepSuje jejich imunomodulacni schopnosti a napomaha
potlacit lokalni zanétlivou odpovéd’. Pro zacileni MSCs a usnadnéni pfenosu je mozné
vyuzit nanovldkenné nosice, které navic mohou do zanétlivého prostfedi v misté
alogenniho transplantidtu uvoliiovat imunosupresivni latku, jako je napiiklad CsA. Tato
kombinace pak zajistuje regulaci lokalni imunitni odpovédi a podporuje vznik regulacnich

M2 makrofagii s regenerativnim potencialem. Zjistili jsme, ze kombinace MSCs a rtiznych
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imunosupresivnich latek s sebou nese obrovsky potencidl také pro potlaceni imunitni
odpovédi spojené s Th1/Th2/Th17 a Tc lymfocyty, a naopak podporuje odpoveéd
zaloZzenou na imunosupresivnich Treg builkich a ze MSCs mohou potlacovat nékteré
nezadouci ucinky imunosupresiv, jako jsou naptiklad apoptéza imunitnich bunc¢k nebo
nadmérnd aktivace Th17 lymfocytt. Na zakladé nasich vysledku 1ze shrnout, Ze kombinace
MSCs s dal$imi pristupy, jako jsou jejich preaktivace, soucasna imunosuprese ¢i vyuZziti
nanovldkennych nosicl,, predstavuje aktudlni a slibnou alternativu ke konvencné
vyuzivanym klinickym protokolim. Je dilezité si uvédomit, Ze interakce mezi MSCs,
riznymi terapeutiky a imunitnim systémem je velmi komplexni a Ze pro UspéSnou
terapeutickou aplikaci je vzdy tfeba zvazit konkrétni pozadavky kladené na 1écbu riznych
zangtlivych onemocnénich 1 pro transplantacni a regenerativni medicinu. Znalost
mechanismi, kterymi jsou MSCs ovliviiovany a kterymi Ize jejich schopnosti zlepsit je

proto kli¢ova pro efektivni l1é¢bu a dosazeni pozadovanych terapeutickych cilt.
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7 Zavéry

Migracni a imunomodula¢ni potencial MSCs aplikovanych na nanovlikennych
nosicich

Lokaln¢ aplikované MSCs migruji z nanovlakennych nosi¢i do organismu piijemce. Po
Sesti dnech od aplikace je mozné MSCs detekovat v koznim Stépu a ve spadovych
lymfatickych uzlindch. Po podani MSCs spolecné s CsA dochazi k vyznamnému zvySeni
sekrece IL-10, a naopak snizeni produkce IFN-y LNCs. Zaroven s tim se sniZzuje schopnost

LNCs stimulovat naivni makrofagy k produkci NO.

Vliv MSCs podanych na nanovlikennych nosi¢ich v kombinaci s CsA na lokalni
zanétlivou odpovéd’ v koZznim alotransplantatu

Az 60 % leukocyti v koznim $tépu tvoiily CD11b" buiiky. Podrobnou analyzou bylo
zjisténo, Ze po aplikaci MSCs dochazi ke snizeni sekrece IFN-y buitkami z koZniho §tépu a
s tim souvisejici produkci NO. Jesté¢ vyznamnéjsi byl tento efekt po aplikaci MSCs
spolecné s CsA. Makrofagy infiltrujici $tép v této skupiné exprimovaly zvySené hladiny
CD206 a zaroven produkovaly IL-10. V in vitro 1 in vivo systému dochazi vlivem MSCs

k indukci M2 fenotypu makrofagt.

Vliv imunosupresinich latek na fenotyp MSCs
Z4dna z testovanych imunosupresivnich latek pouzitych v terapeutickych davkach neméni
expresi znakl charakteristickych pro MSCs. Nejvyssi koncentrace MMF a Rapa snizuji

viabilitu MSCs.

Mechanismus, kterym MSCs ovliviiuji piisobeni imunosupresivnich latek na
rovnovahu mezi riznymi subpopulacemi T lymfocyti

MSCs maji schopnost snizovat apoptézu CD4" i CD8" T lymfocyti indukované
imunosupresivy, zaroveil vSak neinterferuji se sniZzenim aktivace zpisobené témito 1éky.
Kombinace MSCs spolecn¢ s imunosupresivnimi latkami vyznamné snizuje zastoupeni a
funkce Thl, Th2, Th17 a Tc lymfocytii, a naopak podporuje protizanétlivou odpovéd
zalozenou na Treg buiikdch. MSCs maji schopnost potlacit nezddouci aktivaci Th17 bun¢k,

ke které mlize dochazet vlivem nékterych imunosupresiv.
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Pisobeni systémové podanych MSCs ovlivnénych riznymi cytokiny na akutni fazi

zanétu v rohovkovém epitelu

Intravenozné aplikované MSCs specificky migruji do poranéného oka. NejvyznamnéjSiho
efektu bylo dosaZeno pii pouziti MSCs preinkubovanych s IFN-y, tyto buniky vyznamné

potlacuji infiltraci leukocyty a snizuji produkei IL-1a, IL-6 a NO v poskozené rohovce
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