Univerzita Karlova v Praze
2. lékarska fakulta
a
Ustav experimentalni mediciny AV CR, v.v.i.

Studijni program: Neurovédy

Mgr. Vaclav Vanécéek

Nanotechnologie a biomaterialy pro vyuziti

v bunécné terapii miSniho poranéni

Nanotechnology and biomaterials for application in cell therapy of spinal cord
injury

Dizertacni prace

Skolitel: prof. MUDr. Eva Sykova, DrSc.
Praha 2013



Prohlaseni

Prohlasuji, ze jsem zavéreCnou praci zpracoval samostatné a ze jsem fadné uvedl a citoval
vSechny pouzité prameny a literaturu. Soucasné prohlasuji, ze prace nebyla vyuzita k ziskani

jiného nebo stejného titulu.

Souhlasim s trvalym uloZenim elektronick¢é verze mé prace v databazi systému
meziuniverzitniho projektu Theses.cz za G€elem soustavné kontroly podobnosti kvalifika¢nich

praci.

V Praze, 20.3.2013



Podékovani

Rad bych podekoval vsem, kteti se podileli na vedeni a formovani této dizertacni prace.
Piedev§im d&kuji své Skolitelce prof. MUDr. Evé Sykové, DrSc., feditelce Ustavu
experimentalni mediciny AV CR a vedouci Ustavu neurovéd 2. LF UK za vedeni a podporu
v prub¢hu celé doby mého postgradualniho studia.

Velmi dékuji také RNDr. Pavle Jendelové, PhD a PharmDr. Sarce Kubinové, PhD za jejich
odborné zkusenosti a vyznamnou pomoc v m¢ védecké praci.

Dale pak dékuji doc. Vitalii Zablotskému, DrSc. a Ing. Alexandru Dejnekovi, PhD
z Fyzikalniho ustavu AV CR za cenné rady a konzultace z oblasti fyziky a Ing. Michalovi
Babicovi, PhD z Ustavu makromolekularni chemie AV CR za dalezité poznatky z oblasti
chemie nanomateriald.

Za technickou pomoc a spolupraci bych rad vyjadril diky Jamesi Duttovi, Lence Kohoutoveé,
Alen¢ Vesel¢, Michalovi Doudérovi a Pavliné Mackové.

Velmi dékuji také své roding a prateliim za nekoncici podporu a motivaci béhem mého studia.

Grantova podpora: AVOZ 50390703, IM0538, LC 554, GAAV IAA 500 390 902,
KAN200200651, P108/10/1560, GA CR 309/08/H079, 203/09/1242, P207/12/J013,
P304/12/1370, P304/11/0731, P304/11/0653, IAA500390902, AVOZ10100522.



Seznam zkratek

AEMA
ALS
Bcl-2
BDNF
BBB

CNS
CIE

CPMG
CGGA
DAPI
DMEM
DPA
DPA-HA
ECM
EDTA
ESC
FBS
FGF-2
GAP-43
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HA
HEB
HEMA
HPMA
HRP
iPSC

IKVAV
MMP
MR

aminoetyl-metakrylat

amyotroficka lateralni skler6za

protein asociovany s B-lymfomem (B-cell lymphoma protein)
mozkovy neurotrofni faktor (brain derived neutrofic factor)
lokomocni test hodnotici motorické funkce (autoii Basso, Beattie,
Besnahan)

centralni nervovy systém

Mezinarodni komise pro osvétleni (Commission Internationale de
I"Eclairage)

Carr-Purcell-Meiboom-Gillova sekvence

Cys-Gly-Gly-Ala sekvence

4',6-diamidino-2-fenylindol

Dulbeccem modifikované Eaglovo medium

dopamin

dopamin-hyaluronat

extracelularni matrix

kyselina etylen-diamintetraoctova (ethylenediaminetetraacetic acid)
embryonalni kmenové buiiky (embryonic stem cells)

fetalni bovinni sérum

fibroblastovy rtstovy faktor 2 (fibroblast growth factor 2)
rustovy protein 43 (growth associated protein 43)

zeleny fluorescencni protein (green fluorescent protein)
hyaluronan

hematoencefalickd bariéra

hydroxyetylmetakrylat

2-hydroxypropylmetakrylamid

kfenova peroxidaza (horse-radish peroxidase)

indukované pluripotentni kmenové buiiky (induced pluripotent stem
cells)

Ile-Lys-Val-Ala-Val sekvence

matrixové metaloproteinazy

magnetickd rezonance



MRI zobrazovani magnetickou rezonanci (magnetic resonance imaging)

MSC mezenchymalni kmenové buniky (mezenchymal stem cells)
NGF nervovy rustovy faktor (nerve growth factor)

NSC neuralni kmenové bunky (neural stem cells)

NF neurofilamenta

P(HEMA-AEMA) poly(2-hydroxyetylmetakrylat-co-2-aminoetyletakrylat-co-ethylen

dimetakrylat)
PAN/PVC poly(akrylonitril)/poly(vinylchlorid)
PBS fosfatovy pufr (phosphate buffer saline)
PDI index polydisperzity (polydispesity index)
PI polydisperzita
PHEMA poly(hydroxyetylmetakrylat)
PHPMA poly[N-(2hydroxypropyl)metakrylamid]
PDMAA poly(dimetylakrylamid)
PLA kyselina polymlécna (poly-lactic acid)
PLL poly-L-laminin
PNN perineuronalni sit’ (perineuronal net)
RMM redukované modifikované medium
RGD Arg-Gly-Asp sekvence
SC Schwannovy buiiky (Schwann cells)
SCI misni poranéni (spinal cord injury)
SPION superparamagnetické nanocastice oxidl zeleza (superparamagnetic iron

oxide nanoparicles)

TEM transmisni elektronova mikroskopie

TNF-a faktor nadorové nekrézy o (tumor necrosis factor- o)

TGF-B2 transformujici ristovy faktor B2 (transforming growth factor 2)

VEGF vaskularni endotelidlni ristovy faktor (vascular endothelial growth
factor)

YIGSR Tyr-Ile-Gly-Ser-Arg sekvence
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1 Uvod

Poranéni michy patii mezi vazné a devastujici traumata s dlouhodobymi nasledky a
psychologickymi a socioekonomickymi dopady nejen na postizen¢ho, ale také na jeho blizké
okoli. Poskozeni michy vznika obvykle nasledkem poranéni patete, ke kterému v soucasné
dobé dochazi nejcastéji pii automobilovych nehodach, sportovnich trazech nebo nasilnych
&inech (stfelna poranéni). Incidence poranéni michy se v Ceské republice odhaduje na 200-
300 pripadt ro¢né (Dolezal, 2004). Statistiky vedené v USA uvadéji vyskyt kolem 40 ptipada
na milion obyvatel ro¢né¢ (McDonald et al., 2002a).

V soucasné dobé¢ vsak nejsou k dispozici 1€cebné metody, které by umoznily regeneraci
poskozené nervové tkdn€ a obnovu ztracenych funkci. Dnesni standardni 1é¢ebné postupy
zahrnuji chirurgickou stabilizaci a znehybnéni patefe po poranéni, aplikaci kortikosteroidii
v akutni fazi poranéni a pozdéji rehabilitaci (McDonald et al., 2002a). Ackoliv moderni
pokroky v chirurgickych intervencich a v péci po poranéni patefe a michy vyrazné snizily
mortalitu a prodlouzily zivot postizenych, je morbidita pacientli s miSnim poranénim stéale
vysoka. Soucasné moznosti 1é€by jsou obvykle mélo efektivni a pouze mirna funkéni zlepSeni
jsou vétsinou dosahovana ¢asnou dekompresi a naslednou rehabilitaci (Ruff et al., 2012).
Slozitost patologie miSniho poranéni vyzaduje vyvoj novych IéCebnych technik, které
pomohou regenerovat poskozenou nervovou tkan.

Metody regenerativni mediciny, vyuzivajici transplantace kmenovych bunék,
implantace hydrogell premostujicich poskozenou nervovou tkan ¢i podani rastovych faktort,
vedouci k prevenci sekundarniho poranéni michy a regeneraci poskozené tkané jsou
v soucasné dob¢ smery se slibnymi preklinickymi i klinickymi vysledky.

Tato prace se zabyva studiem novych nastroji a 1éCebnych prostfedki vyuzitelnych
v terapii miSniho poranéni. Pojedndva o biologickych a funkcnich vlastnostech novych
biomateridld na bazi hydrogeli vyuzitelnych k pfemosténi misniho poranéni a déle o

vlastnostech a vyuziti nanoc¢éstic k monitorovani a cileni bunécné terapie.



1.1 Patofyziologie misniho poranéni

Z patofyziologického hlediska lze mi$ni poranéni (angl. spinal cord injury - SCI)
rozdélit na priméarni a sekundarni. Primarnim poranénim je oznacovan vlastni mechanicky
proces poskozeni miSni tkané v dusledku traumatu (Taoka et al., 1998). Nejcasteji
k primarnimu poranéni dochazi kontuzi nebo kompresi michy zptisobenou zménou polohy
nebo destrukci obratlli, intervertebralnich diskti a ligament. K uplnému pfetnuti michy
dochazi velmi ziidka, v poranéné tkani je vétSinou zachovano ur¢it€é mnozstvi axonl
prochazejicich poranénou oblasti (McDonald et al., 2006; Rowland et al., 2008). Tento fakt je
vyznamny z terapeutického hlediska, nebot’ diky tomu zde mohou byt uplatnény nové
ptistupy zlepsujici funkci rezidudlni nervové tkané€ (napf. remyelinizaci zbyvajicich axont) a
také rehabilitace (Edgerton et al.,, 2006). V dasledku primarniho trazu dochazi
k mechanickému poskozeni neurdlni a dalSich mékkych tkani vcetné cévniho endotelu, coz
vede ke krvaceni (Casto petechialnimu), intravaskularni tromboze a otoku (Tator et al., 1997).
Porucha funkce neuront pfispiva k rozvoji miSniho Soku (Ditunno et al., 2004) a vede ke
ztrat¢ funkce v Grovni a pod Grovni misniho poranéni

V dasledku primarniho poranéni se rozviji bunécné a neurochemické sekundarni
procesy, které mohou byt rozdéleny podle doby od poranéni do tii fazi: akutni, subakutni a
chronické. Faze SCI se vSak do znacné miry prolinaji a je obtizné je piesné oddélit

(Hulsebosch, 2002; Rowland et al., 2008; Oyinbo, 2011).

1.1.1 Akutni faze

Za akutni fazi SCI se povazuje ¢asové rozmezi 2-48 hodin po trazu. Béhem této faze
se rozSifuje oblast poranéni. Charakteristicka je zvySena tvorba volnych radikald, rozvoj
excitotoxicity glutamatu a zanétu (Tator et al., 1991). Poruchy mikrovaskulatury a ztrata
normalnich regulacnich mechanizmli zplsobuji hypoperfuzi michy. Dochazi k edému
neurondlnich a gliovych bunék v disledku ischemie a blokad¢ vedeni akénich potencidlii
(Kakulas, 2004). Poskozend hematoencefalickd bariéra (HEB) umoZiuje vstup toxickych
latek a infliltraci krevnich bunék do miSniho parechymu, kde se podileji na zanétlivé reakci.
Neuroimunitni odpovéd’ na vaskularni reakce a proteiny sekretované aktivovanymi astrocyty
a mikrogliemi mohou dale zvysit propustnost HEB, usnadnit leukocytim migraci do
poskozené tkan¢ a tim dale urychlit rozvoj zanétu (Weber et al., 2007). V ptipadé misniho
poranéni mize zanétliva reakce hrat jak negativni tak pozitivni roli a je velmi komplikovana.

TNF-a je klicovy zanétlivy medidtor, ktery je po SCI zvySen¢ exprimovan v neuronech, gliich
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i endotelidlnich bunkéch (Yan et al., 2001). Inhibice jeho signalni kaskady vedla k funkénimu
zlepseni po SCI (Bethea et al., 1999). Bylo ovSem také ukazano jak in vitro, tak in vivo, ze
TNF-a mize mit po SCI neuroprotektivni ucinek; mysi s deleci receptoru pro TNF-a
vykazovali vysSi pocet apoptotickych bunék, vétsi 1ézi a zhorSené motorické funkce ve
srovnani s kontrolnimi zvitaty (Kim et al., 2001). Imunitni odpovéd’ a jeji vhodnd modulace
hraje v terapii SCI vyznamnou roli (Ronsyn et al., 2008).

V pribéhu akutni faze SCI dochazi k bunééné smrti mechanismem nekrozy i
apoptdzy. Nekroza neuront je disledkem vyse zminéného mechanického poskozeni, poruseni
bunécnych membran a excitotoxicity. U myelinizujicich bunék oligodendrocytti byla po SCI
pozorovana apoptoza jak v akutni tak 1 v dalSich fazich SCI (Sahni et al., 2010). Blokada
apoptozy je tak jednim z terapeutickych cilti v 1é¢bé SCI (obr.1).

MISNi PORANENI

111

NEKROZA

_ APOPTOZA

Obrazek 1. Schematické zndazornéni sekundarnich patologickych procesii po misnim poraneni.
Podle (Klussmann et al., 2005).

1.1.2 Subakutni faze

Subakutni faze SCI se popisuje v rozmezi cca od 2 dnti do dvou tydnl po poranéni
(Rowland et al., 2008; Hej¢l et al., 2011). Je charakterizovana velkou aktivitou mikroglii a

jejich participaci na zanétlivych procesech. Fagocyt6za nekrotického bunééného detritu a
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odstraniovani zbytkt myelinu, mtze ptispét k podpote axonalni regenerace. V tomto ¢asovém
obdobi po poranéni dochézi také k hypertrofii astrocytil na okrajich 1éze a jejich aktivaci.
V centru poranéni naopak pokracuje jejich odumirdni a nekréza. Aktivované astrocyty jsou
zvySené metabolicky aktivni, proliferuji a oddéluji agresivni prostiedi 1éze od zbytkd tkané
(Eddleston et al., 1993). Dochazi k tvorbé astrocytarni (glidlni) jizvy, kterd je bariérou pro

regeneraci neuront (viz dale).

1.1.3 Chronicka faze

Chronickd faze SCI nastupuje v pribéhu tydni po poranéni a trva vitadu let. Je
charakterizovana pokracujici apoptdzou, jizvenim, demyelinizaci, stabilizaci gliové jizvy a
formaci cyst (obr. 2). Zanik oligodendrocyti vytvafejicich myelinové pochvy neurona
zpisobuje demyelinizaci nervovych vladken (Fawcett et al., 1999). V prib¢hu této faze se
stabilizuje neurologicky deficit pacienti (McDonald et al., 2002b) a objevuje se extencni
spasticita. V dusledku tvorby cysty a jejiho zvétSovani mize dojit k rozvoji syringomyelie.
Byly pozorovany zndmky regenerace a axonalniho ristu, coz mize vést k ¢aste¢né reinervaci,

ale 1 napft. k chronické bolesti (Christensen et al., 1997).

1
7 : / 2,3
- - = — - L 7 A7) M =]

L
E=E o )

S
o S -@F (—)
B

Obrdazek 2. Primarni poranéni michy (Cerveny kruh), které se postupné zvétsuje, az dosahne
konecného rozsahu léze (Seda oblast). Modre jsou vyznaceny axony, zelene oligodendrocyty.
Moznosti terapeutického piisobeni jsou vyznaceny cisly: (1) redukce edému a volnych
radikalii, (2) neuroprotekce okolni tkané léze zasazené sekundarnimi procesy, (3) modulace
zanétlivé odpovédi, (4) zachrana neuronii a glie ohrozenych apoptozou (5), remyelinizace, (6)
podpora ristu axont vytvorenim permisivniho prostiedi, (7) nahrada odumrelych bunék
(bunécna terapie), (8) premosteni misniho poranéni (kavity). Podle (Hulsebosch, 2002).
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1.1.4 Gliova jizva

Gliova jizva vznika nasledkem riznych poranéni CNS a je tvofena pievazné astrocyty,
mikrogliemi a oligodendrocyty. Po SCI dochazi k migraci makrofagii z krevniho ob¢hu a
mikroglii z okolni tkan¢ do mista poranéni (Kreutzberg, 1996). Astrocyty migruji do mista
poskozeni, hypertrofuji, pti¢emz se prodluzuje délka a struktura jejich vybézkl. Astrocytarni
reakce je provazena zvySenim exprese glialniho fibrilarniho acidického proteinu (GFAP),
vimentinu a nestinu (Abnet et al., 1991).

Samotna struktura glidlni jizvy (t€sné spojené bunky) je fyzickou piekdzkou pro rast
axond. Reaktivni astrocyty produkuji ve zvySené mife také rizné molekuly extracelularni
matrix (napf. chondroitin sulfatové proteoglykany), které inhibuji riist neuront (Eddleston et
al., 1993). Pozdéji dochazi také k aktivaci prekurzorti oligodendrocytii a eventualné
meningeéalnich bun€k v okolni tkani. Oligodendrocyty vyznamné pfispivaji k inhibi¢ni povaze
jizvy naptiklad produkci inhibi¢nich molekul Nogo a dalSich proteoglykant (Schnell et al.,
1990). Také meningealni bunky migrujici do oblasti 1éze tvofi vyznamnou bariéru pro rast
axond. Gliovad jizva je hlavnim divodem inhibice jak regenerace axontl, tak 1 jejich

remyelinizace (Fawcett et al., 1999).

1.1.5 Endogenni regenerace misniho poranéni

Vedle destruktivnich patologickych zmén jsou po SCI spustény i neuroprotektivni a
neuroregenerani procesy. Po poranéni dochdzi ke zvySené expresi genli a proteind
asociovanych s regeneraci neuront jako je GAP-43 nebo -2 tubulin (Hoffman, 1989). Byla
pozorovana zvysend lokalni exprese neurotrofickych faktort jako je FGF-2, TGF-2, NGF,
BDNF a VEGF, kter¢ se podileji na ristu neurontt (Oudega, 2007). Matrixové
metaloproteinazy (MMP) se podileji na remodelaci extracelularni matrix a modifikaci gliové
jizvy. Lze také pozorovat spontanni rGstu axond pres poskozenou tkan a naznaky
remyelinizace diky aktivaci a migraci Schwannovych buné¢k z periferie (Salgado-Ceballos et
al., 1998). V disledku poranéni se také aktivuji systémové reparacni funkce. Napiiklad
substance P po poranéni CNS mobilizuje CD29" buiiky (napf. mesenchymalni kmenové
buiiky), které se pak podileji na regeneraci (Hong et al., 2009). Vyznamnou roli v
regeneraci hraji také riizné formy adaptivnich zmén (plasticity), diky kterym mulze dojit k
omezené kompenzaci ztracenych funkei (Thuret et al., 2006). Rist axontl (tzv. sprouting) a
jejich vétveni jsou dalsi diillezité mechanizmy obnovy, které jsou vSak limitovany inhibi¢nim

prostiedim v 1ézi (Raineteau et al., 2001).
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Neurogeneze probihd v poranéné miSe velmi omezené (Vessal et al., 2007). Po SCI
jsou aktivovany ependymové a periependymové buniky podél centralniho kandlu, které
migruji do mista poskozeni (Johansson et al., 1999; Horner et al., 2000) a vytvafeji nové
prekurzory astrocytl a oligodendrocyti (Meletis et al., 2008). Prokazana byla také pfitomnost
neurdlnich kmenovych bunék v riznych oblastech mozku (subgranularni zén¢ gyru dentatu
hipokampu, zadni periventrikularni zon¢ a subventrikularni zon¢ postrannich komor piedniho
mozku), které jsou schopny se diferencovat do riiznych bun€k nervového systému a migrovat
do poskozenych oblasti (Lie et al., 2004).

I kdyZ nervova tkan po poranéni produkuje rizné faktory, které mohou podpofit rist a
vedeni axonu pres misto 1éze, je endogenni regenerace nedostate¢na pro obnoveni poskozené

struktury a funkce.

1.1.6 Uloha proteint extracelularni matrix v rGstu a regeneraci axont

Extracelularni matrix (ECM) je komplexni sit' polysacharidii a fibréznich proteind
obklopujici bunky. Proteiny ECM maji jednak podptlirnou roli, tvofici strukturdlni zéklad
tkani a také ovliviiuji chovani bunék sekvestraci a lokalnim uvoliiovanim ristovych faktort a
interakci s bunikami ptfes povrchové adhezivni receptory typu integrinii (Rao et al., 2009).
Specializovana sit’ molekul ECM tésné obklopujici nervové buiniky se nazyva perineuronalni
sit (PNN). Za fyziologickych podminek se molekuly PNN jako je neurocan, brevican,
tenascin, chondroitin-sulfat proteoglykan a molekuly asociované s myelinem podili na
migraci a vedeni nervovych bun¢k, tvorbé synapsi a neuronalni plasticité.

Molekuly ECM jako napftiklad laminin a fibronektin reaguji s integrinovymi receptory
na povrchu nervovych bunék. Integrinové molekuly na povrchu neuronti zprostfedkovavaji
rust, adhezi, vedeni a migraci buné¢k (Gardiner 2011). V nervovém systému je exprese
lamininu a fibronektinu disledné regulovédna a podili se na nervové migraci, axonalnim rastu
béhem embryonalniho vyvoje a regeneraci.

Disledkem poranéni CNS dochazi ke zméndm ve slozeni a aktivit¢  PNN.
Charakteristické je zvySeni tvorby chondroitinsulfatovych proteoglykanti v oblasti gliové
Jizvy, ktera po poranéni CNS tvofi bariéru pro regeneraci a riist neurontl. Po poranéni se také
zvySuje exprese endogenniho fibronektinu a lamininu jejichZ pfitomnost je nutna k regeneraci
neuront (Luckenbill-Edds, 1997).

Modulace ECM a dezintegrace gliové jizvy po poranéni je jednim z pristupi k 1écbé
CNS. Vyuziti bakteridlniho enzymu chondroitinazy ABC vedlo k redukci inhibi¢nich

proteoglykani a ke zvySeni prorustani axonii pres 1ézi. Akutni podani polylamininu po
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misnim poranéni zase vedlo k inhibici zanétlivych procesti a neuroprotekci (Menezes et al.,

2010).

1.2 Soucasna klinicka lécha

Soucasny pfistup k terapii miSniho poranéni zahrnuje zejména aplikaci kortikosteroidii
(metylprednisolon) v akutni fazi, akutni chirurgickou dekompresi a stabilizaci patefe s
naslednou rehabilitaci na specidlnich pracovistich (Vaverka et al., 2002; Hejcl et al., 2011).
Casna chirurgicka intervence a rehabilitace jsou standardni metody 1é¢by, aplikace
kortikosteroidi je vSak stale debatovanou otazkou. Ackoliv byla jejich aplikace pii miSnim
poranéni ovétena klinickou studii (NASCIS II) (Bracken et al., 1997), kde doSlo k
signifikantnimu zlepSeni motorickych a senzorickych funkci pacientl, je jejich pouziti,
zejména z divodu nezddoucich uCinkl, diskutabilni. Néktefi autofi také poukazuji na
omezenou validitu vysledki této klinické studie (Nesathurai, 1998; Hurlbert, 2000). Existuji
také studie, které efekt kortikosteroidli pii miSnim poranéni neprokazaly (Green et al., 1980;
Bartholdi et al., 1995). Ptedpokladané mechanizmy neuroprotektivniho wcinku
kortikosteroidii jsou zejména inhibice peroxidace lipidi a zanétlivych cytokind, modulace
imunitni odpovédi, redukce miSniho edému a zlepSeni prutoku v cévach poskozené michy

(Kwon et al., 2004).

1.3 Strategie moderni IéCby

Z vyse uvedeného souhrnu patologickych procest po misnim poranéni vyplyva nutnost
hledani komplexnich lécebnych postupi, které budou piisobit proti inhibicnimu prostiedi
v 1ézi a umozni regeneraci axont. Jednou z navrhovanych moznosti 1é¢by misniho poranéni je
podani neurotrofickych, neuroprotektivnich latek a rtstovych faktort jako je BDNF, NGF
nebo neurotrofin 3 ¢i malych molekul typu cAMP, které reguluji riist a podporuji preziti
neuronti (Thuret et al., 2006). Nadéjné se také ukazalo vyuziti protilatek proti inhibi¢nim
faktoriim asociovanych s myelinem. Napiiklad podéani protilatky proti Nogo-A podporuje
prorustani axond v 1ézi (Fouad et al., 2004). Jak jiz bylo zminéno, modulace ECM pomoci
enzymu chondroitinazy ABC degradujici inhibiéni molekuly chondroitin sulfatu vede
k regeneraci a funkénimu zlepSeni u potkant (Bradbury et al., 2002).

Pokroky ve vyzkumu kmenovych bunék oteviraji nové perspektivy v 1é€bé poranéni
CNS. Moderni experimentalni 1écba miSnitho poranéni zahrnuje kombinaci nékolika
terapeutickych postupi, jako jsou transplantace kmenovych i1 somatickych bunék, implantace
biomateriali a nanomateriali nahrazujicich poskozenou nervovou tkan, genovou terapii Ci

podani rastovych a neurotrofnich faktorti nebo enzymii (Kubinova et al., 2012). Vysledky
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probéhlych €1 probihajicich preklinickych 1 klinickych studii jsou pfislibem pro UspéSnou
1écbu SCI pomoci bunééné terapie (Sykova et al., 2006b; Ronsyn et al., 2008).

1.4 Bunécna terapie

Cilem transplantace bun¢k po miSnim poranéni je regenerovat nebo nahradit ztracené
nebo poskozené bunky (hlavné neurony a oligodendrocyty), poskytnout trofické a rlstové
faktory uvoliiované bunikami pro rist a obnovu neuroni a modulovat prostfedi v poskozené
miSe tak, aby mohla byt usnadnéna regenerace axont (Sahni et al., 2010; Skalnikova et al.,

2011).

1.4.1 Kmenové bunky

Kmenové buiiky jsou nediferencované buiiky schopné sebeobnovy asymetrickym
délenim, které mohou dat vzniknout tkanoveé nebo organovée specifickym buitkdm s rtiznymi
funkcemi (Gurudutta et al., 2012).

Kmenové buiky lze délit podle jejich vyvojového potencidlu na totipotentni,
pluripotentni a multipotentni buiiky (obr. 3). Totipotentni, tzn. schopné tvofit veSkeré bunky
a tkdn¢ embrya, miizeme oznalit pouze bunky zygoty. Pluripotentni jsou embryonalni
kmenové bunky primitivniho ektodermu izolované z vnitini vrstvy blastocysty. Mohou z nich
vzniknout buiniky vSech tfi zarodecnych vrstev. Dal§im typem bunck jsou multipotentni
kmenové bunky, které se nalézaji ve tkanich a organech — vznikaji z nich specializované typy

tkan¢, ze kterych tyto bunky pochazeji (Kirschstein et al., 2001).

(A) totipotentni burika @ : @ Embryo (zygota)
(B) pluripotentni buﬁka@ :

(C) krvetvorna kmenova bunka

~ multipotentni buriky y
<@ . @Gee-

bila krevni cervena ! Ektoderm Mesoderm Endorem

blastocysta

fada krevni (napf. kize) (napf. svaly) (napi. jaterni
rada &) La burky)

Obrazek 3. Schema vyvojového potencialu kmenovych bunék. Podle (Diez Villanueva et al.,
2012).
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1.4.1.1 Embryonalni kmenové bunky

Embryonalni kmenové buitkky (ESC) jsou pluripotentni bunky izolované
z embryoblastu raného savc¢iho zarodku (blastocysty). Tyto builky jsou schopny neomezené
proliferace in vitro a jejich linie si udrzuji schopnost diferenciace do bunck vSech tii
zarode¢nych typtu. Transplantace nediferencovanych ESC do imunodeficientnich potkani
vede k tvorbé teratomil, které obsahuji bunky vSech tii zarodecnych vrstev (Thomson et al.,
1998). Pomoci rtznych diferenciacnich faktorit je mozné ESC in vitro diferencovat do
raznych bunéénych typt, véetné neurdlnich prekurzort. Bylo ukézano, ze transplantace ESC
do poskozené michy potkana vedla ke zlepSeni pohybové funkce a tyto buinky se
diferencovaly do astrocytli a oligodendrocytti (McDonald et al., 1999). Neuralni bunécéné typy
derivované in vitro z ESC maji slibny terapeuticky potencial. Kirstead a spol. naptiklad
ukazali, ze oligodendrocyty derivované z ESC prispé€ly k remyelinizaci poskozenych neuronii
a funkci michy (Faulkner et al., 2005; Keirstead et al., 2005). Neuralni prekurzory derivované
z lidskych ESC byly po transplantaci do mySiho mozku schopny pfeziti a diferenciace do
neuront a astrocytii (Zhang et al., 2001). Optimalizaci diferenciacnich protokoll 1ze snizit
tumorigenicitu neuralnich prekurzort derivovanych z ESC (Kozubenko et al., 2010).

Prvni klinickd studie vyuZzivajici prekurzory oligodendrocytli ziskané diferenciaci z
ESC byla zahajena americkou firmou Geron v roce 2010. Tato studie vSak byla provedena
pouze na malém poctu pacientli a nepiinesla jednoznac¢né vysledky. Byla ukoncena v roce
2011 z ekonomickych divodi (Lukovic et al., 2012).

V soucasné dobé zejména etické divody a nebezpeCi tvorby teratomu obraceji
pozornost k terapeutickému  vyuziti jinych bunécnych typ, napf. indukovanych
pluripotentnich kmenovych bunék (iPSC) (Denker, 2006). Studiem ESC vSak mlizeme ziskat
hlubsi porozuméni pribéhu obnovy bunck lidského téla a vyuzit tyto znalosti pii 1écbé a

rozvoji bunécné terapie (Sykova, 2001).

1.4.1.2 Fetalni kmenové bunky

Fetalni kmenové buiiky jsou multipotentni buriky, které mohou byt izolovany z fetalni
krve, kostni diené, nervové, epitelidlni a dalSich druht fetalni tkdné¢ (O'Donoghue et al.,
2004).

Bregman a spol. transplantovali fetalni misni tkan potkaniim s mi$nim poranénim a
pozorovali zvySené proristani axonll a funk¢ni zlepSeni u transplantovanych zvifat (Bregman

et al., 1993). Bylo také ukazano, ze neuralni prekurzory derivované z potkani embryonalni
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michy a expandované in vitro byly schopny po transplantaci in vivo tvofit neurony a zlepSily
motorické funkce u zvitat po SCI (Ogawa et al., 2002). V klinickych studiich hodnoticich
transplantaci lidské fetdlni neuralni tkané obsahujici mesencefalické neurony pacientim
s Parkinsonovou nemoci byly prokazany pozitivni symptomatické vysledky. Nevyhodou
transplantace tkané byl ovSem jeji nedostatek a nezadouci ucinky (diskinese) projevujici se u
nekterych pacientti (Lindvall, 2003; O'Donoghue et al., 2004).

Pro klinickou aplikaci tohoto typu buncék je nutnym piedpokladem vytvoteni
definované linie lidskych neuralnich prekurzorti odvozenych z fetdlni neurélni tkan¢. Pollock
a Stroemer ve své studii prokazali, Zze je mozné vytvofit funkéni immortalizovanou linii
kortikdlnich bunék mozku, které jsou schopny se diferencovat do neuront a astrocytii a jejiz
rust je mozno regulovat (Pollock et al., 2006). Po implantaci neuralnich prekurzoru linie SPC-
01 derivovanych zlidské fetadlni michy potkaniim s miSnim poranénim byla pozorovana
redukce poskozeni bilé hmoty, diferenciace téchto bunék do motoneuroni a zlepSeni
motorickych funkci (Amemori et al.,, 2011). Lidské fetdlni neurdlni prekurzory
transplantované miniprasatim s miSnim poranénim piezivaly 7 tydnl po transplantaci a
preferencné se diferencovaly do neuront (Usvald et al., 2010).

Krom¢ fetalnich neurdlnich kmenovych bunék jsou v popfedi zdjmu 1 fetalni
mezenchymalni kmenové buiiky. Tyto bunky ziskané z krve fetu v prvnim trimestru mohou
diferencovat in vitro a in vivo do prekurzorii oligodendrocyti a maji tak potencial

pro bunécnou terapii (Kennea et al., 2009).

1.4.1.3 Indukované pluripotentni burky (iPSC)

Prekazkami pro klinické vyuziti kmenovy bunck v terapii jsou zejména problémy
s imunitni odpovédi po alogenni buné¢né transplantaci, obtizné ziskani n¢kterych typi bunck
nebo etické otazky. iPSC jsou relativné novym typem kmenovych bunék, jejichz vyuziti by
mohlo zminéné problémy piekonat. Pieprogramovanim dospélych somatickych bunék
konkrétniho pacienta pomoci transkripénich faktort 1ze vytvofit tzv. indukované pluripotentni
bunky, které jsou schopné diferenciace do riznych bunéénych typi a jsou imunologicky
tolerované (Salewski et al., 2010).

Pivodné byly iPSC derivované z mysich fibroblasti pomoci retrovirdlni transfekce
transkripcnich faktord pro skupinu 4 gent indukujicich pluripotenci (Oct4, Sox2, KIf2 a c-
Myc) (Takahashi et al., 2006). Pomoci stejného principu byly pfipraveny iPSC i z lidskych
fibroblastti (Yu et al., 2007). Pozdéji bylo zjisténo, ze iPSC mohou byt derivovany ze

somatickych bun¢k optimalizovanym protokolem bez ptitomnosti virovych vektort (Kaji et
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al., 2009) pouze s vyuzitim malych molekul nebo ristovych faktort (Huangfu et al., 2008;
Zhou et al., 2009).

Indukované pluripotentni buiikky mohou byt, mimo jinych bunétnych typd,
diferencovany do funk¢énich motoneuronti stejné efektivné jako diferenciaci z embryonalnich
bunek, jak bylo prokdzano immunohistochemicky a pomoci elektrofyziologie in vitro
(Karumbayaram et al., 2009). V nedavnych experimentech bylo ukazano, Ze transplantace
neuroepitelovych bunék derivovanych z lidskych iPSC do misniho poranéni u potkana
zlepsila motorické funkce. Transplantované bunky byly schopny se diferencovat do
neuralnich bunék a pfimo piispét k caste¢nému obnoveni funkci (Fujimoto et al., 2012). Na
nasem pracovisti byly UspéSn¢ vyuzity neuralni prekurzory derivované =z iPSC
v experimentalni 16€bé misniho poranéni (Jendelova et al., 2011) a iktu, kde tyto buiikky po
transplantaci redukovaly sekunddrni degeneraci a bylo pozorovano 1 zlepSeni
somatosenzorickych a motorickych funkei (Polentes et al., 2012b). iPSC vSak mohou mit diky
svym pluripotentnim vlastnostem podobné nevyhody jako embryonalni kmenové bunky.

V soucasnosti proto probihaji studie bezpec¢nosti, tumorgenicity a genetické stability
iPSC, které jsou nutné pfed vyuzitim téchto bun€k v klinické medicin€é (Yamanaka, 2009;
Riggs et al., 2012). Nedavné experimenty také ukazuji, ze je mozné ptimo indukovat tvorbu
funk¢énich motoneuronti genetickou modifikaci napt. fibroblastd, bez vyuziti iPSC (Son et al.,

2011).
1.4.1.4 Dospélé kmenové bunky

1.4.1.4.1 Neurdlni kmenové buiiky

Neuralni kmenové buiiky (NSC) jsou multipotentni buiiky schopné diferenciace do
neuront, oligodendrocytli a astrocytti. Tyto buitky mohou byt efektivné kultivovany in vitro
(Cattaneo et al., 1990) a lIze je izolovat ze subventrikuldrni zony stén komor dospélého
nervového systému a také z gyru dentatu hipokampu (Johansson et al., 1999). Multipotentni
neurdlni kmenové bunky se vyskytuji také v miSni tkéni, zejména v oblasti centralniho
miSniho kandlu (Barnabe-Heider et al., 2008). Endogenni NSC se podili na regeneraci
poSkozenych neuronit a glie pii riznych patologickych stavech. Tato spontdnni tvorba
neuralnich prekurzord je vSak nedostatecna pro plnou ndhradu ztracenych neuronti (Macas et
al., 2006). Na potkanim modelu bylo ukazano, Ze transplantace neuralnich prekurzorti do
misniho poranéni vede k remyelinizaci axont a zlepSeni motoriky (Karimi-Abdolrezaee et al.,

2006). Také v experimentech na primatech bylo potvrzeno, Ze in vitro kultivované¢ NSC
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transplantované do michy se diferencovaly do neuronii, astrocytii a oligodendrocytii a
signifikantné zlepSily motorické funkce u transplantovanych zvifat (Iwanami et al., 2005).
NSC mohou byt vhodné k 1é¢bé neurodegenerativnich onemocnéni jako je Parkinsonova, ¢i

Alzheimerova choroba (Einstein et al., 2008).

1.4.1.4.2 Mezenchymalni kmenové buiiky (MSC)

MSC jsou multipotentni dospélé kmenové buiiky, které byly poprvé identifikovany a
izolovany skupinou Alexandra Friedensteina z kostni dien¢ (Friedenstein et al., 1974).
Pozdéji byly tyto buiiky identifikovany v raznych typech tkané, vcetné tukové tkané, ktize,
periferni krve a pupe¢nikové krve. Bylo ukazano, Ze MSC jsou schopny diferenciace jak do
tkané mezenchymalniho ptivodu (kost, chrupavka, tukova tkan, nebo slachy) (Pittenger et al.,
1999), tak i transdiferenciace naptiklad do hepatocytli, insulin-produkujicich bunék nebo
neuront (Tropel et al., 2006; Neshati et al., 2010). Funk¢ni vlastnosti neuralnich buné¢k
ziskanych transdiferenciaci z MSC jsou vSak debatovanou otdazkou (Franco Lambert et al.,
2009).

MSC lze relativné snadno izolovat a kultivovat a pouZzit k riznym terapeutickym
ucelim vcetné poruch CNS (Arboleda et al., 2011; Forostyak et al., 2011). Pozitivni efekt
transplantace MSC po mi$nim poranéni byl prokdzan v mnoha pracich. Po intraven6zni nebo
intratekalni aplikaci MSC potkanim po miSnim poranéni doSlo k signifikantnimu zlepSeni
motorickych testil a regeneraci misni tkané (Urdzikova et al., 2006; Osaka et al., 2010).
Mechanismus ucinku plisobeni MSC spociva ptredev§im v produkci ristovych faktord,
podporuji remyelinizaci a regeneraci neuront (Uccelli et al., 2011; Quertainmont et al., 2012).
Vedle parakrinnich, imunomodula¢nich a trofickych uc¢inkit MSC bylo také ukazano, ze MSC
maji schopnost migrovat do poskozené tkan€ po miSnim poranéni a iktu (Sykova et al.,
2007a).

MSC jsou atraktivni pro vyuziti v bunécné terapii SCI zejména diky moznosti snadné
izolace a kultivace, schopnosti diferencovat do rlznych bunécnych typua, efektivité
v preklinickych studiich a jejich relativni bezpecnosti (Sykova et al., 2006a; Walker et al.,
2009).

1.4.2 Schwannovy burky (SC)

Schwanovy bunky jsou gliové buiiky, jejichz hlavni funkci je myelinizace perifernich

nervi. SC nejsou bunky kmenové. Po poranéni a prerusni kontaktu Schwannovy bunky s
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axonem u nich vSak byla popsdna schopnost dediferenciace z dospélého typu na nevyzraly
typ, ktery je fenotypové velmi podobny prekurzoru Schwannovych bunék (Parkinson et al.,
2008; Jessen et al., 2010). Po poranéni perifernich nervii jsou SC schopny zahajit kaskadu
reakci, které vedou k produkei ristovych faktori a molekul extracelularni matrix. Vytvareji
prostfedi umoznujici regeneraci a podporuji rust a vedeni poskozeného axonu (Oudega,
2007). Po transplantaci perifernich SC do kontuzniho misniho poranéni byla pozorovana
integrace transplantovanych bun¢k v poskozené miSe, zvySend axondlni regenerace a
myelinizace a redukce kavity (Martin et al., 1993) i zlepSeni motoriky prokadzané pomoci
BBB testu (Takami 2002). Hill a spol. (Hill et al., 2006) ve své praci dokazuje extensivni
migraci endogennich p75° SC po transplantaci SC potkantim s misni 1ézi a poukazuje na
mozny podil endogennich SC na terapeutickém efektu.

V nékolika studiich bylo také vyuzito kombinaci biomaterialti a SC k pfemosténi 1éze,
coz vedlo k zlepSeni regenerace, proristani axonll v materialu a zlepSeni remyelinizace (Xu et
al., 1995). Ukézalo se vSak, ze SC nedokdzi migrovat ven z transplantu do misni tkdn¢ a
nepodporuji tak regenerujici axony v jejich ristu z oblasti transplantatu SC zpét do tkané
hostitele (Xu et al., 1997). Pfedpoklada se, Ze SC nejsou schopny dostate¢né migrace a
proliferace v oblasti s Cetnym vyskytem astrocyti (jako je glidlni jizva) (Franklin et al., 1997).
Aplikaci dalSich rastovych faktori do misni tkané lze vSak prortstani axont z implantatt
podpofit (Bamber et al., 2001). Tyto nezadouci reakce transplantovanych SC v prostiedi
s vysokym vyskytem astrocytti (Plant et al., 2001; Lakatos et al., 2003) jsou divodem pro
piehodnoceni ptistupu k terapii pomoci SC (Barnett et al., 2004) a uplatinovani kombinace
jinych postupii spolu s transplantaci SC (Fouad et al., 2005). Chau a spol. naptiklad pouzili
kombinaci PAN/PVC nosice osdazeného SC s chondroitindizou ABC a pozorovali znacné
mnozstvi regenerujicich axont prorastajicich rozhrani nosic-tkann (Chau et al., 2004).
Nedavné vysledky také ukazuji, Ze kotransplantace SC a MSC miize byt efektivnéj$i nez
transplantace bun¢k samotnych (Ban et al., 2011).

Potencial k vyuziti v 1écbé miSniho poranéni maji také olfaktorické gliové bunky

(Franssen et al., 2007)

1.4.3 ZpUsoby aplikace bunécéné terapie pro lé¢bu miSniho poranéni

Dulezitymi parametry ovliviiujicimi 1é¢ebny ucinek bun€k je pocet transplantovanych
bunék a zpisob podani. Bunky je mozno aplikovat intravendzné, intratekalné
(intraventrikularné nebo subarachnoidalng), intraarterialné nebo piimo intraspinalng. Casto

vyuzivané je pfimé podani bunék do michy. Vyzaduje ovSem invazivni zasah do tkan¢ a je
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provazeno vétSim operac¢nim rizikem ve srovnani s ostatnimi moznostmi podani (Hejcl et al.,
2011). Nejméné invazivni zpisob je podani intravendézni. MSC a jiné typy bunck jsou
schopny do urc¢it¢é miry po intravenéznim podani migrovat do mista poranéni diky
chemoatraktantim secernovanym poskozenou tkani (Wang et al., 2002; Osaka et al., 2010).
Jiné prace vsak ukazuji, ze pocCet bunék, ktery byl nalezen v misté 1éze po i.v. podani, byl
minimalni. Courtney a spol. (Courtney et al., 2009) hodnotili rizné cesty podani pro lécbu
misni 1éze a uvadi, ze intratekalni podani bun¢k lumbalni punkci je vyrazné efektivnéjsi nez
intraven6zni a mén¢ invazivni v porovnani s ptimou aplikaci bunék do 1éze.

Bylo ukazano, Ze po transplantaci MSC lumbalni punkci probiha funkéni regenerace
poskozené michy Iépe pii vyssi davce transplantovanych bunék (Pal et al., 2010). Ve studii
hodnotici vliv poctu transplantovanych neuralnich prekurzorti na funkéni zlepSeni po misnim
poranéni vSak nebyl efekt vysSich ddvek prokazan. Pfi transplantaci vysokého poctu bunck
naopak dochazelo ke zhorSeni poranéni a zanétlivé reakci (Kumamaru et al., 2012). Efektivni

podani optimalniho poctu bunék do mista 1éze je dillezitym predpokladem uspesné terapie.
1.4.4 ZvysSovani efektivity bunééné terapie

Rozvoj bunééné terapie a nutnost feSeni specifickych problémi, jako je optimalni
distribuce bun¢k v organizmu, dosazeni dostatecné koncentrace bunck v uréitém misté,
maximalizace jejich terapeutického efektu a zvySeni bezpecnosti terapie, vede v poslednich
letech k hledani optimalizovanych ptistupii k podani bun¢k a jejich cilenému dorucovani
(Wagner et al., 2009).

Jednim z pfistupl jak zvySovat efektivitu podanych bun€k je genetickd uprava bunck
tak, aby produkovaly ve zvySené mife urcité proteiny. Tento pfistup byl uplatnén napiiklad u
MSC geneticky modifikovanych pro zvySenou tvorbu nékterych neurotrofickych faktort.
Takto upravené MSC zlepsily funkéni vysledky u zvifecich modelt roztrouSené sklerozy a
ALS (Suzuki et al., 2008; Lu et al., 2009). Efektivita podanych bun¢k miize byt také zvySena
prodlouzenim zivota bun€k v organizmu piijemce po transplantaci. Napiiklad geneticky
upravené MSC exprimujici ve zvySené mife antiapoptoticky faktor Bcl-2, ptezivaly po
transplataci déle a diky tomu pfispély k vétSimu zlepSeni srde¢ni funkce u potkanti
s modelovym poskozenim myokardu (Li et al., 2007). Klinické vyuziti téchto metod je vSak
limitovano riziky vyplyvajicimi z genetickych tprav bunék.

Efektivita podani bunék mize byt také zvysena cilenym doruc¢ovanim bunék do mista
poskozeni. Toho miize byt dosazeno napiiklad navdzanim specifickych protilatek na povrch

bun¢k rtznymi biochemickymi metodami. Takto znacené builkky pak mohou byt diky
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pfitomnosti specifického peptidu navedeny do urcitého mista v organizmu (Wagner et al.,
2009). Cileného doruc¢ovani NSC po intraarteridlnim podani do specifickych oblasti mozku
mize byt také dosaZzeno pomoci selektivniho otevirdni hematoencefalické bariéry v urcitych
regionech mozku ultrazvukem zaméfovanym pomoci MR. Podané neuralni prekurzory tak
mohly byt cileny do pfedem uréenych oblasti mozku (Burgess et al., 2011). Bunky je také
mozné cilit a koncentrovat v misté ¢inku pomoci magnetického pole. Pro tento ucel je nutné
cilené¢ bunky oznacit vhodnymi magnetickymi casticemi a tim je wucinit vnimavé

k aplikovanému magnetickému poli (viz Kapitola 1.5.5.).

1.4.5 Monitorovani bunécné terapie

V oblasti regenerativni mediciny je pro uspésné a bezpecné vyuziti bunécné terapie
nutné sledovat osud a chovani transplantovanych bun¢k a je nutné odlisit transplantované
buniky od bunék piijemce (Sykova et al., 2007b).

Transplantované buniky je mozné detekovat v organizmu experimentalnich zvifat ex
vivo, napiiklad pomoci riznych endogennich markert specificky rozpoznéavajicich ur€ity typ
transplantovanych bunék, detekci znacenych bunék ziskanych z transgennich zvifat (napft.
detekce signalu proteinu GFP) nebo pomoci exogenniho znaceni vneseného do bunky pted
transplantaci (napf. fluorescen¢ni barvy, BrdU) (Paramore et al., 1992; Flax et al., 1998;
Hudson et al., 2004). Pro in vivo zobrazovani transplantovanych bunék jsou k dispozici rizné
metody, jako naptiklad optické zobrazovani, pozitronova emisni tomografie (PET), SPECT
nebo MRI (Bernsen et al., 2010). /n vivo zobrazovani je mozné pouzit v klinické praxi a
umoznuje monitorovani dynamickych zmén, jako je pfezivani a migrace bunck v organizmu
piijemce.

Sledovani osudu bunék pomoci MR ma nékolik vyhod oproti ostatnim metodam: (i) je
to metoda neinvazivni, (ii) nevyuZziva ionizujici zafeni, (iii) je mozné doséhnout vysokého
rozliSeni zobrazeni a (iv) poskytuje informace o bunikdch v anatomickych a funkc¢nich
souvislostech (Sykova et al., 2009; Bernsen et al., 2010). Pfedpokladem detekce bunck
pomoci MR je jejich ozna€eni vhodnou kontrastni latkou, kterd ovlivni kontrast vysledného
obrazu. Vhodnymi kontrastnimi latkami jsou superparamagnetické nanocastice oxidi Zeleza
(SPION) (podrobnéji nize), které se pouZzivaji napiiklad v diagnostickém zobrazovani jater
(rozliSeni normalni a nadorové tkan¢) (Bulte et al., 2004). Metoda detekce transplantovanych
bun¢k znacenych SPION pomoci MR byla experimentalné¢ tspésné pouzita v CNS, jatrech
(Wang et al., 2001), ledvinach (Ittrich et al., 2007) a pankreatickych ostritvcich (Biancone et

al., 2007). V oblasti CNS byla tato technika sledovani osudu znacenych bunék demonstrovana
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na potkanim modelu miSniho poranéni a modelu iktu po intracerebralnim i1 po systémovém
podani (Sykova et al., 2007b; Sykova et al., 2011). MSC a ESC znacené¢ SPION a
transplantované do 1¢zi mozku a michy migrovaly do 1éze a zlepSily funkéni vysledky

pokusnych zvitat (Jendelova et al., 2004; Sykova et al., 2005).

1.5 Nanocastice v biomediciné

Vseobecné se jako nanocastice oznacuji organické nebo anorganické materialy o
velikosti piiblizné¢ 1-100 nm. Pro rizné aplikace v regenerativni mediciné jsou vyvijeny riizné
druhy nanocéstic, jako naptiklad liposomy, kvantové tecky, nanotrubi¢ky nebo nanocastice
oxida zeleza (Ferreira, 2009).

Nanocastice oxidli zeleza (SPION - superparamagnetic iron oxide nanoparticles) jsou
primarné vyvijeny jako kontrastni latky pro zobrazovani pomoci MR. Experimentaln¢ jsou
také vyuzitelné v diagnostice a 1écbé onemocnéni CNS. Diky magnetickym vlastnostem
SPION je mozné jejich vyuZziti také k nasmérovani znaCenych molekul nebo bun¢k do

cilového mista pomoci vn¢jSiho magnetického pole (Wahajuddin et al., 2012).

1.5.1 Struktura SPION

SPION jsou nejCastéji tvofeny superparamagnetickym jadrem (magnetit Fes;Oy,
maghemit y-Fe;O3) a povrchovym obalem riizné struktury (obr. 4). Mohou byt syntetizovany
fyzikalnimi nebo chemickymi metodami. Tzv. ,,mokré* chemické metody umoziiuji na rozdil
od komplikovanych fyzikalnich metod lepsi kontrolu procesu, velikosti a slozeni vyslednych
nanocastic (Gupta et al, 2005). Oxidy zeleza (Fe,O; nebo vy-Fe,O3) jsou typicky
syntetizovany koprecipitaci vodnych roztoki Fe*" a Fe’" soli pridanim zasady. Slozeni, tvar a
velikost nanocastic pak zalezi na typu pouzitych soli (chloridy, sulfaty, nitrity, perchloraty),
poméru Fe*™ a Fe'*, pH a iontové sile roztoku (Gupta et al., 2005; Horak et al., 2007a).
Béhem nebo po syntéze mohou byt ¢astice pokryty vrstvou rizného slozeni (angl. coating),
ktera slouzi nejen ke stabilizaci nanocastic, ale také chrani cCastice proti oxidaci (Horak et al.,

2007b; Babic et al., 2009).
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5-30 nm

20-120 nm

Obrazek 4. Schéma superparamagnetické nanocastice s jadrem z oxidu Zeleza a polymernim

obalem.

1.5.2 Povrchové obaly SPION

Povrchovy obal je dilezitym prvkem pro stabilitu nanoc¢éstic v roztoku i vlastni funkci
nanocastic. SPION se vyznacuji hydrofobnim povrchem s velkym pomérem povrch/objem
(Gupta et al., 2005). Koloidni roztok nanocastic ma v disledku ptsobeni fyzikalnich sil mezi
jednotlivymi ¢asticemi tendenci k aglomeraci. Z tohoto dtivodu je nutné pro praktické pouziti
suspenzi nanocastic stabilizovat, naptiklad vhodnou povrchovou modifikaci (Babic et al.,
2008). Povrch nanocéstic mize byt modifikovan anorganickymi (Au, Si), nepolymernimi
nebo nejcastéji polymernimi slouceninami. Vyuziti vhodného obalu téz snizuje toxicitu
nanocastic (Horak et al., 2009).

Pozadavky na vlastnosti obalu SPION se dale 1i§i podle ucelu, ke kterému jsou Castice
piipravovany (kontrast krevniho ftecist€, organti, intraceluldrni znaceni, nosi¢e molekul,
separace bunék atd.) (Hordk et al., 2009; Wahajuddin et al., 2012). Aby se omezilo
vychytavani ¢astic bunikami retikuloendotelového systému (RES) po systémovém podani a
zvysil se polocas Castic (napf. pro zvySeni kontrastu cevniho feciste), je nutné SPION pokryt
hydrofilnim obalem (napf. dextranem, karboxydextranem), a tak sniZit adsorbci proteinli na
povrch ¢astic a vychytavani ¢astic makrofagy. Na druhou stranu je mozné vyuzit vychytavani
castic buitkami RES ke zvySeni kontrastu a zobrazovani uzlin a jater, kde se ve zvySené miie
hromadi (Bulte et al., 2004).

Na polymerni obal SPION mohou byt také navazany rizné bioaktivni molekuly, napf.
protilatky. Castice je pak mozné vyuzit jako nosi¢e 1é¢iv do uréitého mista nebo je mozné
diky tomu zvysit jejich internalizaci specifickym typem bun¢k.

Pro intracelularni znaceni kmenovych bun¢k je nutné ptipravit takové ¢astice, které

budou bunikami efektivné internalizovany. Buiiky pak mohou byt v kultuie ozna¢eny SPION a
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nasledné zobrazeny pomoci MR. Efektivita znaceni bunck a tedy detekce pomoci MR zavisi
na typu bunck, typu SPION castice, jejim polymernim obalu a koncentraci SPION
v kultiva¢nim mediu. V nasi laboratofi se dlouhodobé¢ zabyvame studiem designu a vlastnosti
riznych typli nanocastic pro intraceluldrni znac¢eni bunék. Jako velmi U¢inné pro zvysSeni
efektivity znaGeni oproti komerénimu preparatu Endorem® se ukazuje pokryti SPION
takovymi molekulami, u kterych lze predpokladat jejich interakci s bunéénou membranou a
indukci internalizace SPION do bunék. Takovymi molekulami jsou napi. poly-L-lysin,
manoéza nebo polydimetylakryalmid (PDMAA) (viz nize) (Horak et al., 2007b; Babi¢ et al.,
2008; Babic et al., 2009). Idealni polymerni obal nanocastic musi zajistit efektivni znaceni
bunék, dostatecnou stabilitu, vysokou biokompatibilitu a relaxivitu nanoc¢astic pro zobrazeni

pomoci MR.

1.5.3 Biologické viastnosti SPION internalizovanych do bunék

Vychytavani ¢éastic buiikami zdvisi na velikosti €astic, povrchovych vlastnostech,
naboji, koncentraci ¢astic v kultivatnim mediu a také inkuba¢nim ¢asu v kultufe. Pfedpoklada
se, Ze nanocCastice mohou byt do bunky vychytidvany riznymi mechanizmy, napiiklad
nespecifickou endocytézou (Lu et al., 2007) ¢i endocytézou zprostiedkovanou receptorem
(Ferreira, 2009; Yang et al., 2011). Po pfechodu membranou se nanocastice internalizuji
v endosomech a jsou poté transportovany do lysozomi, kde mohou byt degradovany,
exocytozou vylouceny zbuilkky nebo mohou opustit endo-lysozomalni kompartment a
vycestovat do jiné casti bunky (Ferreira, 2009). Piedpokladd se, ze SPION jsou po
internalizaci do buiikky biodegradovany a uvolnéné zelezo je zpracovdno normalnimi
biochemickymi pochody metabolismu Zeleza (Thorek et al., 2008; Gu et al., 2011). Samotny
naboj nanocastice a jeji elektrostatické interakce s negativné nabitou bunécnou membranou
jsou urcujici faktory v procesu internalizace do buniky. Naboj nanocastice také ovlivituje
adsorpci proteint z kultivaéniho media na povrch ¢astice a tim mlze ovlivnit vychytavani do
bun¢k (Ferreira, 2009). Naptiklad castice pokryté kladn& nabitym poly-L-lysinem maji
schopnost indukovat endocytdzu praveé prostiednictvim elektrostatickych interakci se zaporné
nabitym povrchem bunécnych membran (Babi¢ et al., 2008). Prikladem receptorové
zprostifedkované endocytdzy nanocastic mohou byt ¢astice pokryté mandzou, pro kterou maji
bunky specificky receptor (Horak et al., 2007b).

Vzhledem ktomu, Ze vsavCich bunkiach se bézn¢ vyskytuje feritin
(superparamagneticky krystalit ferihydritu s primérem cca 5-10 nm obaleny kulovitou

vrstvou proteinovych fetézcl apoferitinu), je u SPION ptredpokladana nizka toxicita (Frankel
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et al.,, 1991; Singh et al., 2010; Yamamoto et al., 2011). Nicmén¢ vliv internalizovanych
SPION na biologii buniky neni zcela objasnén. Diky jejich rozmérim v fadu nanometri
mohou mit nanoc¢éstice jiné nebo specifické biologické ucinky nez ¢astice vétSich rozméri
(Singh et al., 2007). van Buul a spol. (van Buul et al.,, 2011) se zabyvali viabilitou,
metabolickou aktivitou, diferenciaci a profilem cytokini uvoliovanych z lidskych MSC
znacenych SPION a konstatovali bezpecnost znaceni bun¢k nanocasticemi. Prace Huang a
spol. (Huang et al., 2009) dokonce ukazuje, Ze znaceni SPION miize podporovat proliferaci
MSC snizovanim intraceluldrniho H,O,. Jsou vSak popsana i urcitd rizika v souvislosti
s vyuziti SPION ke znaceni bunck. Nékteré prace ukazuji, Ze znaceni bunck SPION muze
snizovat schopnost diferenciace (Kostura et al., 2004), ovliviiovat cytoskelet bunck (Berry et
al., 2004), ¢i zvySovat mnozstvi volnych radikali a poskozovat DNA a proteiny a molekuly
v buiice (Novotna et al., 2012). Vyznam téchto dil¢ich reakci a realnd toxicita SPION vsak
dosud nebyla adekvatné zhodnocena (Singh et al., 2010). Je zfejmé, Ze spolu s piipravou
novych nanocastic je nutné zaroven sledovat jejich biologické efekty a identifikovat ptipadné

nezadouci u¢inky (Kubinova et al., 2010b).

1.5.4 Fyzikalni vlastnosti SPION

Dilezitou vlastnosti SPION je jejich superparamagnetismus. Superparamagnetismus je
forma magnetismu, kterd se objevuje u velmi malych magnetickych nanocastic, jejichz
magneticky moment voln€ rotuje. Pfi vystaveni magnetickému poli jsou tyto Castice
zmagnetizovany, podobné jako paramagnetické materidly. Pii odejmuti magnetického pole se
magnetizace ztraci, castice si ale zachovavaji silné¢ paramagnetické vlastnosti (odtud nazev
superparamagnetismus) a vysokou vnimavost k magnetickému poli (Gupta et al., 2005).
Superparamagnetické chovani ¢astic zalezi nejen na sloZeni, jejich velikosti a teploté, ale je
ovliviiovano také sousednimi nanocésticemi a charakterem jejich povrchu (Hordk et al.,
2007a). Diky této vlastnosti je stabilita koloidnich roztokli SPION vétSi neZ je stabilita
roztokl Castic vétSich rozmérti nebo jejich shluki, které jsou feromagnetické a maji vetsi
tendenci k aglomeraci (Woodward et al., 2007).

Na pfitomnost stacionarniho magnetického pole reaguji SPION tak, ze jsou
pritahovany ve sméru stoupajiciho gradientu pole. Diky tomu mohou byt builkky znacené
SPION zadrZeny v ur¢itém misté¢ nebo cileny do ur¢itého mista jejich plisobeni. Gradient
magnetického pole nutny ke koncentraci znaenych bun€k v urcité oblasti mize byt
generovan ruznymi zdroji, jako jsou permanentni magnety vné téla, implantované magnety
nebo kombinované systémy feromagnetickych objekti, napt. stenty, ¢i jehly, které generuji
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lokalizované magnetické pole (Nishida et al., 2006; Polyak et al., 2008). In vitro byly k cileni
bun¢k vyuzity i systtmy MR (Riegler et al., 2010; Riegler et al., 2011). Snahou autort je
nalézt prakticky vyuzitelny magneticky systém s optimalnimi vlastnostmi pro cileni
znacenych bun€k do konkrétni oblasti organizmu.

V pfitomnosti  nestaciondrniho  magnetického pole  vytvafeného  naptiklad
radiofrekven¢nim elektrickym polem mohou SPION produkovat teplo. Této vlastnosti
nanocastic se vyuziva pti 1é€beé nadorovych onemocnéni magnetickou hypertermii (Pankhurst
et al., 2003).

SPION zptsobuji lokalni nehomogenitu magnetického pole v okolni tkani, coz vede
ke zkraceni tzv. relaxa¢nich ¢ast T, a snizeni signalu MR. Diky tomu mohou byt pouzity jako

kontrastni latky pro zobrazeni pomoci MR (Hordk et al., 2011).

1.5.5 Cilené magnetické dorué¢ovani znaéenych bunék

Vyuziti SPION k magnetickému cileni 1é€iv je dlouhodobé studovdno zejména
v oblasti chemoterapie a radioterapie (Hafeli, 2004). Cilené¢ dorucovani umoznuje zvysit
koncentraci 1é¢iva v misté u¢inku a naopak snizit mnozstvi I€ku v jinych ¢astech organizmu, a
tim omezit pfipadné systémové nezadouci G€inky (Sarwar et al., 2012). Naproti tomu studium
cileni bunék do mista jejich ucinku je v soucasné dob¢ stile v pocatcich (Kyrtatos et al.,
2009).

In vivo bylo magnetické cileni bunék znacenych SPION pomoci externich
permanentnich magnetii demonstrovano u zviiecich modela pii cileni bun¢k do jater (Arbab
et al., 2004), myokardu (Cheng et al., 2010), arterie carotis communis (Kyrtatos et al., 2009)
nebo retiny (Yanai et al., 2012).

Pii aplikaci bun¢k pro lécbu defekthi CNS je nutno zvazovat efektivitu riznych
zpusobt aplikace bunék. Jak jiz bylo zminéno vySe, dosazeni dostatecné koncentrace bunék
v misté 1éze je zakladnim predpokladem uUspéSné bunécné terapie. V jedné z prvnich praci
zabyvajici se cilenim bun¢k do miSni 1éze pomoci permanentniho magnetu Nishida a spol.
(Nishida et al., 2006) popsali zvyseni poctu SPION znacenych bunék v oblasti michy pod
implantovanym magnetem po intratekalni aplikaci buné€k lumbalni punkci. Pozdé&ji bylo
popsano i zlepseni motorickych funkei u potkant diky bunkam magneticky cilenym do oblasti
1éze (Sasaki et al., 2011).

MozZnost manipulace znacenymi bunkami v magnetickém poli byla vyuzita i pfi

osidlovani nosi¢li bun¢k (scaffoldt) pro aplikaci v tkdnovém inzenyrstvi. Kazunori Shimidzu
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napiiklad navrhl metodiku osazovani poréznich kolegenovych a PLA nosi¢i SPION

zna¢enymi buiikami pomoci magnetu (Shimizu et al., 2006; Shimizu et al., 2007)

1.6 Biomaterialy

Vyuziti biomateriald je v soucasné dob¢ povazovano za velmi perspektivni metodu pro
lécbu misniho poranéni. Gliova jizva a kavita, kterd se po vazném poranéni michy vytvori
v oblasti 1éze, brani prorGstani axonti. Terapeutickym piistupem se slibnymi preklinickymi
vysledky je pfemosténi léze vhodnym biomateridlem, ktery poskytuje jednak strukturalni
podporu pro rist a regeneraci axond, a zaroven slouzi jako nosi¢ pro 1é¢ivé latky nebo buiky
(Johnson et al., 2010; Kubinova et al., 2012).

K 1é¢beé misniho poranéni jsou experimentalné vyuzivany riizné ptirodni (napt. kolagen,
alginat, Zelatina, kys. hyaluronova) a syntetické (PLA, PHEMA, PHPMA) polymery.
Nevyhodou vyuZzivani pfirodnich materidlli je jejich variabilita a moznd imunogenicita.
Naproti tomu syntetické materialy mohou byt pfipravovany kontrolovanymi procesy a jejich
fyzikalni a chemické vlastnosti mohou byt rizné¢ modifikovany. Dilezité vlastnosti materiali
pro aplikaci do poskozené michy shrnuje tabulka ¢€.1. Biomateridly Ize podle jejich osudu
v organizmu mohou rozd¢lit na degradovatelné a nedegradovatelné (Zhong et al., 2008).
Dulezitou vlastnosti biomateridli je jejich biokompatibilita, tj.material nema toxické nebo

Skodlivé ucinky na biologicky systém.

Pozadavky na vlastnosti material pro vyuziti v Ié¢bé misSniho poranéni

Desighové prvky Specifické pozadavky

Biokompatibilita Netoxicky, neimunogenni

Mechanické vlastnosti Minimalni invazivita pfi aplikaci, dobrd integrace do tkdné

Sterilizovatelnost Zabranéni zaneseni infekce

Degradovatelnost vs nedegradovatelnost Fyzikélné chemicka stabilita vs optimalni degradaéni
vlastnosti

Porozita Propustnost, umoZnéni vristani axond, vaskularizace

Orientované kanaly Kontrolovany rist a vedeni axont

Povrchové vlastnosti Kontrolovana a vedend adheze bunék a neuritt

Cilené dorucéeni bunék Poskytovani vhodného prostfedi pro rdst bunék

Cilené doruceni biomolekul Indukce permisivniho prostiedi pro rist
axonU(napfiklad neutralizace inhibi¢nich molekul,
redukce zdnétu, neuroprotekce, pfitahovani
endogennich kmenovych bunék aj.)

Elektricka vodivost Stimulace neuronalni aktivity

Moznost priimyslové vyroby Komercionalizace produktu

Tabulka 1. Pozadavky na vlastnosti biomaterialii pro vyuziti v 1écbé misniho poranéni. Podle

(Kubinova et al., 2012).
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1.6.1 Nanovlakna

Nanovlakna jsou velmi tenkd vladkna s primérem mens$im nez jeden mikrometr, ktera
mohou tvofit prostorové sit¢ (Subramanian et al., 2009). Struktura nanovldkennych siti
napodobuje strukturu ECM a miiZze podporovat riist, adhezi, proliferaci a diferenciaci bun¢k
(Martins et al., 2007). Nanovlakna mohou byt pfipravena jak z materiald syntetickych (napf.
kyselina poly-L-mlé¢na, PLGA, nebo poly-vinylalkohol), tak pfirodnich (kolagen, Zelatina,
alginaty, chitosan). NejpouzivanéjSimi metodami pro pifipravu nanovldken pro vyuziti
v tkanovém inzenyrstvi je piiprava nanovlaken zvlaknovanim pomoci tzv. elektrospiningu
(Murugan et al., 2007). Nanovldkenné tkaniny mohou byt pouzity jako nosice bun¢k vhodné
pro 1écbu misniho poranéni. Vldkna v nanovlakenné tkaniné¢ mohou byt uspofadand nahodné
nebo mohou byt prostorové orientovana v jednom sméru. Uspofddanim nanovlaken tak lze
orientovat rist bunék na materialu uréitym smérem (Kubinova et al., 2010a).

Bylo napiiklad ukézano, Ze neurony adheruji a rostou na nanovlaknech vytvotenych
z kyseliny poly-L-mlé¢né (Yang et al., 2005). Po voperovani nanovldkennych implantati do
posSkozené michy se tyto implantaty integrovaly do poSkozené tkané¢ a bylo pozorovano
vrastani cév, pojivoveé tkané a nervovych vybézkl. Rozsah vristani tkdn¢ do materialu zavisel
na prostorové orientaci nanovlakennych vrstev (Pfadny et al., 2007). Bioaktivni vlastnosti
nanovladken lIze také modifikovat imobilizaci raznych funkcénich skupin nebo 1éc¢iv do

struktury vldkna (Holan et al., 2011; Mickova et al., 2012).

1.6.2 Hydrogely

Hydrogely jsou hydrofilni polymery s vysokym obsahem vody (70-90%) a porézni
strukturou s velikosti porti v rozmezi od 10 do 100 um (Lesny et al., 2002; Lesny et al., 2006).
Diky svym vlastnostem véazat vodu a moznosti modifikovat jejich fyzikalné¢ chemické
vlastnosti jsou tyto materialy v poptredi zajmu jiz od 60. let, kdy byly objeveny Otto
Wichterlem a Drahoslavem Limem (Wichterle et al., 1960). Vlastnosti hydrogelt jsou velmi
vyhodné pro pouziti v 1é¢bé miSniho poranéni. Materidly tohoto typu lze modifikovat tak, Ze
vykazuji mechanické a strukturalni vlastnosti podobné neurdlni tkani. Pfemosténi miSniho
poranéni implantaci vhodného typu hydrogelu vedlo ke snizené tvorb¢ jizvy a k vytvofeni
vhodného prostfedi pro riist bun€k a difizi neuroaktivnich latek vcetné ristovych faktori
(Woerly et al., 1999; Lesny et al., 2002).

Dulezitou vlastnosti hydrogeli je velikost a struktura pdérG v materidlu. Porozita
materialu hraje roli v mechanickych vlastnostech a stabilit¢ materidlu, revaskularizaci, difuzi

latek a také adhezi, morfologii a funkci bunck. Pory v materidlu mohou byt uspotradany
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nahodné nebo mohou byt smérové orientovany. Orientované péry v materialu mohou slouzit
jako vodice pro transplantované builky rostouci na gelu. Po implantaci hydrogelu
s orientovanymi pory do misni 1éze, mohou byt také vrlstajici axony smérovany orientaci

port v materialu (Prang et al., 20006).

Obrazek 5. Experimentalni biomaterialy pro lécbu misniho poranéni. HPMA-RGD hydrogel
(A), nanovldkenny nosi¢ (B), HEMA hydrogel (C), biodegradabilni HEMA hydrogel c¢dstecné
degradovany po 2 dnech (D). Podle (Hejcl et al., 2008a).

Pro aplikaci vlécbe SCI jsou vyvijeny ruzné druhy biodegradabilnich i
nedegradabilnich polymernich materiald. Mezi degradabilni polymery patii napiiklad
polyuretan, kyselina poly-glykolova, poly-mlécna (Cai et al., 2007) a poly(e-kaprolakton).
Mezi slibné nedegradabilni polymery patii latky zalozené na poly(2-hydroxyetyl
metakrylatu) (PHEMA) a PHPMA (poly[N-(2hydroxypropyl)metakrylamid]) (Hej¢l et al.,
2008b). PHEMA je vhodny material diky dobrym mechanickym vlastnostem a ovéfeny fadou

uspésnych aplikaci v biomediciné (kontaktni Cocky, nosice 1éCiv) (Atzet et al., 2008).
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Viskoelastické vlastnosti modifikované PHEMA jsou velmi podobné vlastnostem nervové
tkan¢ (Lesny et al., 2002; Hejcl et al., 2008a). Na nasem pracovisti byla regenerace misni
tkan¢ studovana po implantaci hydrogeli na bazi PHEMA a jeho derivati s riznymi
povrchovymi néboji. Ukézalo se, Ze zejména PHEMA hydrogely s pozitivnim povrchovym
nabojem adherovaly dobie ke tkani a byly schopny pfemostit misni 1ézi a redukovat
posttraumatickou kavitu (Sykova et al., 2006a). Subakutni implantace PHEMA hydrogelu 1
tyden po kompletni transekci michy vedla k lepSimu piemosténi kavity a redukci pseudocysty
nez implantace hydrogelu okamzité po indukci poranéni (Hej¢l et al., 2008b). Ackoliv jsou
hydrogely na bazi PHEMA velmi dobfe tolerované in vivo, jejich nevyhodou je, Ze postradaji
funk¢ni skupiny, které by umoznily pfipojit biologicky aktivni molekuly zlepSujici vlastnosti
materidlu (napft. zlepsujici adhezi, rist ¢i nebo diferenciaci bunék). Jednim z cilti této prace je

proto také optimalizace povrchové struktury toho typu hydrogelu.

1.6.3 Biomodifikace povrchu hydrogelt

Povrchové vlastnosti hydrogeld jako je ndboj nebo povrchové molekuly, mohou byt
modifikovany za G€elem zlepSeni jejich jejich biokompatibility nebo schopnosti regenerace
nervové tkané.

Signdly nutné k pfeziti a proliferaci buné€k, specifické genové transkripci nebo
naptiklad ristu axonil jsou zprostfedkovany kontaktem bun€k mezi sebou nebo s ECM (Rao
et al., 2009). Interakce tkané a bunck s hydrogelem muze byt velmi podstatn¢ ovlivnéna
faktory ovliviiujicimi bunéfnou adhezi na povrch materidlu. Adheze bunck je
zprostiedkovana vazbou transmembranovych integrinovych receptorti na specifické molekuly
ECM, jako je laminin, kolagen nebo fibronektin (Huveneers et al., 2009). Vazba integrinti na
proteiny ECM probiha prostfednictvim specifickych peptidovych sekvenci (epitopti) (Rao et
al., 2009). Vazba téchto sekvenci s integriny buiiky vede k vytvoteni tzv. fokalnich adhezi a
ke spusténi kaskady vnitrobunéénych reakci, které ovlifiuji molekuly cytoskeletu napt. aktin.

vvvvvv

vinkulin nebo aktinin (obr.6) (Bacékova et al., 2004).
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Obrazek 6. Proteiny ucastnici se kaskady integrinem zprostredkované adheze bunek na

substrat. Podle (Rao et al., 2009).

Syntetické polymery obvykle nemaji adhezivni vlastnosti, protoze postradaji adhezivni
vazebnd mista rozpoznatelnd bunikami (Yu et al., 2005). ZlepSeni specifickych adhezivnich
vlastnosti hydrogelti lze dosdahnout naptiklad navazanim specifickych vazebnych mist
(epitoptt) proteinit ECM na strukturu hydrogelu (von der Mark et al., 2010). Pfikladem jsou
peptidové sekvence odvozené od fibronektinu (RGD) nebo lamininu jako je YIGSR (Tyr-Ile-
Gly-Ser-Arg) nebo IKVAV (Ile-Lys-Val-Ala-Val) (Tashiro et al., 1989; Park et al., 2007).
Vyhodou pouziti kratkych specifickych sekvenci adhezivnich proteinti nad pouzitim celych
proteinil je snadnd piiprava a moznost inkorporace téchto peptidi na povrch materidl v
relativné vétsi hustoté nez v pfirozené ECM (Silva et al., 2004). Zhang a kol. napfiiklad
charakterizovali peptidovou sekvenci Arg-Gly-Asp (RGD) navéazanou na polykaprolaktonovy
polymer a prokazali zlepSeni rlstu a pfezivani MSC na tomto materidlu (Zhang et al., 2009).
Hydrogely na bazi hydroxypropylmetylakrylamidu (HPMA) s imobilizovanou sekvenci RGD
byly implantovany do mozku potkana a doslo ke zlepseni adheze materidlu k okolni tkéani a
vrustani neurofilament a GFAP pozitivni tkan€ na povrch a dovniti materialu (Woerly et al.,
1995).

Vedle imobilizace riznych sekvenci molekul ECM, je mozné hydrogel modifikovat
napfiklad cholesterolem a zvySit tak adhezi bunék na materidlu optimalizaci poméru

hydrofilnich a hydrofobnich skupin na materialu (Kubinova et al., 2009; Kubinova et al.,
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2011a). Ve struktutfe hydrogel je také mozné vytvaret chemické gradienty rustovych faktor

pro kontrolovany rist a migraci bunék (Nguyen et al., 2011).

1.6.4 Pouziti hydrogelti v kombinaci s buiikami

Materialy typu hydrogelti mohou podpofit regeneraci miSniho poranéni (napft. redukci
tvorby glidlni jizvy a tvorby cysty), pro efektivni 1éCbu je vSak nutné kombinovat jejich
pouziti s dalSimi postupy. Hydrogel muze slouzit nejen jako zdkladni struktura nutna
k regeneraci miSni tkané, ale mize byt vyuzit jako nosi¢ ¢i leSeni (angl. scaffold) pro rtizné
typy kmenovych bunék. Kombinaci bunék a hydrogelu Ize vytvofit konstrukt, ktery by mél
pfevzit roli pfirozené tkdn¢ a jeji funkce. Implantaci hydrogelu s kmenovymi builkami je
mozné zajistit lokalni pisobeni kmenovych bun¢k v misté léze (Hejcl et al., 2011). Bylo
ukazano, ze lécba miSniho poranéni pomoci hydrogeli osazenych MSC vedla k zlepSeni
motorickych a senzorickych funkci u pokusnych zvitat (Hej¢l et al., 2010; Sykova et al.,
2010; Zeng et al, 2011). Napiiklad implantace hydrogelu na  bazi
2-hydroxypropylmetakrylamidu (HPMA) s imobilizovanou sekvenci RGD na povrchu a
osazeném MSC vedla k signifikantnimu zlepSeni motorickych a senzorickych funkei u
testovanych zvifat s indukovanou chronickou mis$ni 1ézi v porovnani se samotnym
hydrogelem a kontrolni skupinou. Axony, cévy a astrocyty proristaly do implantovaného
gelu, ktery premostil misni 1ézi (Hejcl et al., 2010). Tato strategie se v soucasné dob¢
povazuje za efektivni pfistup k 1écbé misniho poranéni (Sykova et al., 2006a; Perale et al.,

2011).

33



2 Hypotézy a cile prace

Cilem této prace byl vyvoj a studium novych materialii na bazi hydrogelt a studium
nanocastic vyvijenych za tcelem zefektivnéni bunécné terapie miSniho poranéni. Studovana
byla jak biokompatibilita, tak funkcni vlastnosti ptipravenych hydrogeli a nanocastic ve
vztahu ke kmenovym buiikkdm vyuzivanych k 1écbé SCI. V poptedi zajmu byla interakce
biomateriali s mezenchymalnimi kmenovymi bunkami (MSC), protoze tento typ bunck
zaCina byt v soucCasnosti pouzivan v klinické praxi.

Cilem prace bylo ovéfeni nasledujicich hypotéz:

1. SPION pokryté dopamin-hyaluronatovym (DPA-HA) asocidtem lze vyuzit ke znaCeni
MSC a jejich zobrazeni pomoci MR.

e Pro potvrzeni této hypotézy jsme zhodnotili efektivitu znaceni bunck Casticemi

pfipravenymi v rizném pomérném sloZeni obalu, posoudili jejich toxicitu, vliv na

viabilitu, proliferaci a diferenciaci znacenych bunck. Vyuzitelnost nanocastic pro

zobrazovani MR jsme zhodnotili méfenim relaxivity nanocastic.

2. MSC znacené SPION je mozné efektivné cilen¢ dorucit a koncentrovat do oblasti misni
1éze pomoci implantovaného permanentniho magnetu.

e Koyvalitativné a kvantitativné jsme zhodnotili efektivitu vyuziti magnetického cileni
bun¢k znacenych SPION na modelovém defektu poskozené michy a charakterizovali
jednoduchy magneticky systém pro cileni buné¢k zalozeny na permanentnim magnetu.
Navrhli jsme mozné sméry k optimalizaci magnetického systému pro cilenou buné¢nou

terapii.

3. Biokompatibilitu a bioadhezivni vlastnosti hydrogelu na bazi PHEMA pro vyuziti v 1écbé
miSniho  poranéni  lze  zdokonalit  modifikaci jeho  povrchu  peptidem
Ac-CGGASIKVAVS-OH obsahujicim sekvenci IKVAV odvozenou od lamininu.

e Predpokladem pro vyuziti hydrogelu v kombinaci s buitkami je jeho schopnost zachytit
na svém povrchu dostatecny pocet bunc¢k a podpofit jejich rist a diferenciaci. Proto
jsme in vitro charakterizovali a kvantifikovali bioadhezivni vlastnosti nového
modifikovaného hydrogelu. Hodnotili jsme zachyceni, adhezi a rist MSC na povrchu

hydrogelu a také a vliv sekvence IKVAV na diferenciaci neuralnich prekurzori.
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3 Metodika

3.1 Bunécna kultivace

3.1.1 Mezenchymalni kmenové buriky (MSC)

MSC byly izolovany z kostni diené 4 tydennich potkanii kmene Wistar. Stejnym
zpusobem byly ziskany GFP™ MSC z transgenni linie potkani kmene Sprague-Dowley (kod
linie: TgN acro/act EGFP-40sb). Kostni dfen byla izolovdna z femurti a tibii potkant. Po
predavkovani isofluranem byla zvifata dekapitovana, femury a tibie byly vyjmuty a dikladné
oc¢istény od mekkych tkani. V lamindrnim boxu byly odStipnuty epifyzy kosti a kostni dien
vymyta do zkumavky spouzitim jehly a injekéni stfikacky naplnéné Dullbeccem
modifikovanym mediem podle Eagla (DMEM, Invitrogen, CA, USA) s 10% fetalnim
bovinnim sérem (FBS) (PAA Laboratories, Pasching, Rakousko) a antibiotikem Primocinem®
(2 wl/ml, Lonza, Cologne, Némecko). Obsah zkumavky byl jemné suspendovan a suspenze
byla vysazena na Petriho misku. Po 24 hodinach bylo vyménéno medium, a tim byly také
odstranény neadherujici buniky. Medium bylo déile vyménovano 2x tydn&. Po dosaZeni
pfiblizné 80% konfluence byly adherované bunky pasdZovany pomoci roztoku trypsinu a
EDTA. Buinky byly kultivovany v inkubatoru v 5% atmosféte CO, pii 37 °C.
V experimentech jsme vyuzivali buiikky prvni az tieti pasaze. Rist a typickou vietenovitou

morfologii bunék jsme pritbézné¢ monitorovali mikroskopicky.

3.1.2 Diferenciace MSC

K prikazu multipotence MSC byl vyuzit diferenciacni test do adipocytii, osteoblastl a
chondrocytd.

K indukci chondrogeneze byla vyuzita tzv. metoda peletové kultury (Wescoe et al.,
2008). Buiky byly pieneseny do polypropylenovych zkumavek, centrifugovany a
diferencovany do chondrocytii v peletové kultufe (250000 bunék/peleta) v mediu (DMEM)
bez ptitomnosti séra, dopliieném o diferencia¢ni faktory: dexametason 0.1 uM (Sigma, St
Louis, USA), lidsky transformujici ristovy faktor Bl (hTGF-f1, 10 ng/mL; Millipore,
Billerica, MA, USA), kyslina L-askorbova (0,05 mM; Sigma), ITS+ universéalni kultiva¢ni
suplement 1% (BD Biosciences, Bedford, USA). Zkumavky byly inkubovany pii 37 °C v 5%
atmosfére CO, a medium bylo ménéno 2x tydné. Chondrogenni pelety byly po 20-22 dnech

v kultuie fixovany formaldehydem, zality do parafinového blocku a nakrdjeny na fezy o

35



tloustce 5 um. Rezy byly barveny Alcianovou modii podle standardni histologické metodiky
(Schutze et al., 2005).

Adipogeneze byla indukovana u bunék nasazenych na Sesti jamkovou desticku v poctu
10000 bungk/cm’. Buiiky byly kultivovany do dosaZeni konfluence ve standardnim mediu a
poté dale kultivovany v mediu obsahujicim DMEM, dexametason (1uM; Sigma), 3-isobutyl-
I-metylxantin (0,5 mM; Sigma), indomethacin (0,1 mM; Sigma), insulin (10 pg/ml; Sigma) a
Primocin® (2 pl/ml). Medium bylo mé&n&no 2x tydn&. Po deseti dnech byly buiiky fixovany a
obarveny olejovou ¢ervéni pro zobrazeni lipidovych depozit (Schutze et al., 2005).

K indukci osteogeneze byly buiniky nasazeny na Sesti jamkovou desti¢ku v hustoté
3000 bunk/cm’. Po 24 hodinach bylo pfidano medium obsahujici DMEM, 10% FBS,
dexametason (0,1 uM), B-glycerofosfat (10 mM; Sigma), kyselinu L-askorbovou (0,1 mM) a
Primocin® (2 pl/ml). Medium bylo mé&néno 2x tydng. Po 20 dnech byly buiky fixovany
formaldehydem a typicka kalciova depozita obarvena Alizarinovou cerveni (Schutze et al.,

2005).

3.1.3 Kultura lidskych chondrocytu

Chondrocyty byly ziskany biopsii z menisku koleniho kloubu. Meniskalni fragmenty
byly rozmélnény a promyty PBS. Nésledné byly natraveny 0,25% roztokem trypsin/EDTA po
dobu 1 hodiny a poté roztokem 0,25% kolagenazy typu I pies noc. Ziskané bunky byly
promyty PBS a vysazeny na kultivaéni misku (75 cm?) a kultivovany v mediu obsahujicim

DMEM/F12, FBS 10% a Primocin® (2 ul/ml).

3.1.4 Lidské fetalni neuralni prekurzory

Lidské fetalni neuralni prekurzory linie SPC-01-GFP-3 (stabilni imortalizovana linie)
byly derivovany z 8 tydenni lidské fetalni michy a imortalizovany podle diive popsaného
postupu v laboratofi Jacka Price z Kings College v Londyné (Pollock et al., 2006). Bunky

byly modifikovany genem c-mycER™M

. Produkt toho genu stimuluje proliferaci bunky
za pfitomnosti 4-hydroxytamoxifenu. V piipad€¢ nepfitomnosti tamoxifenu se rlst bunck
zpomali a buiky mohou diferencovat do neuroni a astrocytl. Buiky SPC-01 byly
kultivovany v redukovaném modifikovanim mediu (RMM), které obsahovalo DMEM/F12
(Sigma-Aldriche, UK), 3% lidsky sérovy albumin (Baxter Healthcare Ltd., UK), lidsky apo-
transferrin (100 pg/ml), putrescin dihydrochlorid (16,2pg/ml), lidsky rekombinantni insulin
(5pg/ml), progesteron (60 ng/ml), L-glutamin (2 mM), selenit sodny (40 ng/ml),

hEGF (20 ng/ml), 4-hydroxytamoxifen (100 nM) a lidsky B-FGF (10ng/ml) (Sigma-Aldrich,
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UK). Po dosazeni piiblizné¢ 80% konfluence byly bunky pasazovany a vyuzity

v experimentech.
3.2 Hydrogely

3.2.1 Priiprava a charakterizace hydrogelu

Syntéza studovanych hydrogeld byla provedena na Ustavu makromolekularni chemie
AVCR. Jejich slozeni a charakterizace je detailn& popsana v pfilozené publikaci (Kubinova et
al., 2010c). Radikalovou kopolymerizaci 2-hydroxyetylmetakryldtu (HEMA) s malym
mnozstvim 2-aminoetylmetakrylatu (AEMA) za pfitomnosti krystalii oxalatu amonného jako
porogenu byl nejprve v injekéni stiikacce piipraven reaktivni superporézni polymerni
hydrogel poly(2-hydroxyetylmetakrylat-co-2-aminoetylmetakrylat-co-ethylen dimetakrylat),
zkracené P(HEMA-AEMA). Mikroskopicka struktura P-(HEMA-AEMA) je zobrazena na
obrazku ¢. 7. Vysledné valecky hydrogelu byly nafezany na tenké disky (tloustka 0,7mm)
(obr. 8A). Na tyto hydrogelové disky byla reakci s y-thiobutyrolaktonem zavedena
sulthydrylova skupina (-SH) (obr. 8B), na kterou bylo po aktivaci 2,2"-dithiopyridinem a
zavedeni thiopyridinové skupiny (TPy) (obr. 8C) mozno navazat peptidovou sekvenci Ac-
CGGSIKVAV-OH (zkracené IKVAV, struktura na obr. 9) ptes -SH skupinu cysteinu (obr.
8D). Bioadhezivni vlastnosti MSC byly studovany jak na vysledném IKVAV modifikovaného
hydrogelu (obr. 8D), tak u jeho jednotlivych prekurzort (obr. 8A,B,C).

Obrazek 7. Mikrofotografie rezu superporézniho P(HEMA-AEMA) hydrogelu porizena

skenovaci elektronovou mikroskopii (Kubinova et al., 2010c).
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Obrazek 8. Aktivace P(HEMA-AEMA) (A) pomoci y-thiobutyrolaktonu za vzniku P(HEMA-
AEMA)-SH (B) a dale 2,2 -dithiopyridinu za vzniku P(HEMA-AEMA)-Tpy (C) s naslednou
imoblizaci Ac-CGGASIKVAVS-OH na povrchu hydrogelu za vzniku P(HEMA-AEMA)-Ac-
CGGASIKVAVS-OH (D) (Kubinova et al., 2010c).
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Obrazek 9. Struktura peptidu Ac-CGGASIKVAVS-OH (Kubinova et al., 2010c).

3.2.2 Kultivace bunék na hydrogelech

Hustota bun€k na gelu a rist bun€k byly hodnoceny 4 hodiny po osazeni vzorki
hydrogeld MSC a kultivaci v médiu obsahujicim sérum, tak i bez séra. Sterilni vzorky
hydrogelti byly umistény do 24 jamkové desticky s kultivaénim mediem (1ml na jamku),

osazeny suspenzi MSC (30000 bun¢k na jamku) a kultivovany v inkubatoru se stabilni
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vlhkosti v atmosféte 5% CO; pii 37°C po dobu 4 hodin. Hydrogely byly poté promyty PBS a
fixovany 4% formaldehydem.

Neuralni prekurzory SPC-01-GFP-3 (100000 bunék/jamku) byly vysety na vybrané
gely P(HEMA-AEMA)-SH nebo Ac-CGGASIKVAVS-OH modifikované vzorky hydrogelu

v 24 jamkové desti¢ce s RMM mediem a kultivovany po dobu 28 dni.

3.2.3 Histologické zpracovani hydrogel

Imunofluorescenc¢ni barveni hydrogeli osazenych MSC bylo provedeno po fixaci
vzorkl 4% formaldehydem v PBS, promytim 0,1% PBS s Chemiblockerem (1:20) (Millipore,
USA) a 0,5% Tritonem X-100 (Sigma-Aldrich, UK) v PBS. Bunky byly inkubovany
s phalloidinem fluorescencné¢ zna¢enym Alexa-Fluor 564 (1:300) (Molecular Probes, USA) a
s protilatkou proti vinkulinu (1:200) zfedénou v 0,1% PBS obsahujici 1% sérovy albumin a
Triton X-100 (0,5%) a sekundéarni kozi protilatkou proti mysimu IgG konjugovanou s Alexa-
Fluor 488 jako fluoroforem (1:200) (Molecular Probes,USA).

Neuralni prekurzory SPC-01-GFP-3 byly znafeny protilatkami proti B-III tubulinu
(1:200) (Sigma-Aldrich, UK), nestinu (1:2000) (Chemicon,USA), neurofilamentim (NF 70)
(1:200) (Sigma-Aldrich, UK) a synaptofyzinu (1:1000), které byly ziedéné¢ v PBS (0,1%)
obsahujici 1% BSA a Triton X-100 (0,5%). Vizualizace byla provedena sekundarni kozi
protilatkou proti mySimu IgG konjugovanou s Alexa Fluor 594 (1:200) (Molecular Probes,
USA). Jadra byla obarvena DAPI (1:200). Snimky preparati byly pofizeny pomoci
konfokalniho mikroskopu LSM 510 DUO (Carl Zeiss, Rochester, NY).

3.2.4 Kvantitativni analyza rastu bunék na hydrogelech

Pocet MSC adherovanych na gelu byl kvantifikovan ze tfi nahodnych neptekryvajicich
se oblasti gelu nasnimanych pomoci fluorescenéniho mikroskopu Axioskop 2 Plus (zvétSeni
100, ¢ocka 10/0,75) a softwaru Image J (National Institutes of Health, Bethesda, USA).
Hustota bun&k zachycenych na gelu byla vyjadiena jako priméry pocet pocet bunék na mm®.

Pro kvantitativni zhodnoceni adheze bun€k na povrchu hydrogelti byla pro kazdy
hydrogel zméfena primérnd plocha adherované bunky. Nejméné 30 bunc€k na kazdém typu
hydrogelu bylo ndhodné skenovano laserovym konfokalnim mikroskopem (excitacni vinova
délka 488 nm) a bunétnd plocha byla hodnocena pomoci softwaru Image J. Kazdy typ
hydrogelu byl hodnocen v triplikatech.

Rist a diferenciace neurdlnich prekurzorii byly analyzovany imunohistologicky po

1,7,14 a 28 dnech kultivace barvenim specifickych markert (B-III tubulin, nestin,
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neurofilamenta NF-70 a synaptofyzin). Kvantitativni analyza rGstu neuralnich prekurzorti byla
provedena porovnanim poc¢tu immunoreaktivnich bunék s celkovym poctem viabilnich DAPI
pozitivnich bunc¢k. Pro kazdy neurdlni marker bylo pomoci konfokalniho mikroskopu

analyzovano nejméné 20 nahodnych snimk oblasti hydrogelu.
3.3 Superparamagnetické nanocastice oxidu zZeleza (SPION)

3.3.1 Priprava a charakterizace SPION obalenych dopamin-

hyaluronatovym asociatem

Nanoéastice studované v této praci byly vyvinuty v Ustavu makromolekularni chemie
AVCR. Jejich piiprava, sloZeni, podrobna charakteristika a fyzikalné-chemické metody
analyzy jsou popsany v pfilozené publikaci (Babi¢ et al., 2012). Vychozi nanocastice
maghemitu (y-Fe;O3;) byly pfipraveny fizenou oxidaci (pomoci NaClO) magnetitu
(FeO-Fe,0s) ptipraveného koprecipitaci chloridii Zelezitého a Zeleznatého slabou bazi (NHs)
ve vodném prostiedi. Dale byly tyto ¢astice pokryty obalem rizného slozeni. Povrch y-Fe;O3
byl pokryt dopamin-hyaluronatovym asociatem (DPA-HA) (obr. 10) tak, Ze roztoky DPA-HA
asociatu ptipravené v rizném hmotnostnim poméru DPA/HA byly smiseny za intenzivni
sonikace ultrazvukovym hrotem opét v riazném poméru s koloidnim roztokem vy-Fe,Os;
nanocastic. Kontrolni ¢astice byly pokryty pouze dopaminem (DPA) nebo hyaluronanem
(HA) v rizném poméru ke y-Fe,O;. Vysledné koloidni roztoky nanocastic obsahovaly vzdy
stejné mnozstvi zZeleza (4,4 mg/Fe ml). Tabulka 2 (str. 48) shrnuje pfipravené nanocastice a

jejich slozeni.
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Obrazek 10. Vznik a struktura DPA-HA asociatu z HA a DPA. Podle (Babic et al., 2012).
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3.3.2 Hodnoceni rastu a viability bunék znacenych SPION

MSC izolované¢ zkostni dfené¢ potkana a lidské chondrocyty byly vysazeny
v koncentraci 100000 bun¢k/ml média a kultivovany v pfislusném mediu (viz vySe) v
kultivacni desticce. Buniky byly oznaceny SPION, tj. ke kultufe bun¢k byl pfidan koloidni
roztok pripravenych nanocastic (DPA-y-Fe,Os;, HA-y-Fe,03;, DPA-HA-y-Fe,0;3) ve vysledné
koncentraci 50 pl na 10 ml kultivaéniho media (tj.15,4 pg Fe/ml) nebo komeréni castice
Endorem”. Buiiky byly nasledn& kultivovany 48 hodin. Poté byly &stice vymyty z kultivaéni
jamky s pouzitim PBS a znaCené bunky byly sklizeny pomoci roztoku trypsinu/EDTA a
spocitany.

Vliv SPION na proliferaci bun¢k byl zjistén porovnanim poctu znacCenych a
neznacenych bunék po 48 hodinach kultivace. Primérny pocet neznacenych bun€k v jamce po
48 hodinach (kontrola) byl povazovan za 100% a primérny pocet znacenych bunék byl
vyjadien jako procento relativni ke 100 % kontroly. Experimenty byly provadény v
triplikatech na bunikach ze tii riznych izolaci.

Viabilita znacenych MSC a chondrocytii byla stanovena pomoci 0,1% trypanoveé
modii. Pocet Zivych (neobarvenych) bunc¢k a celkovy pocet bunék v suspenzi byl zjiStén

spocitanim bunék pomoci Biirkerovy komiirky a viabilita byla vyjadiena v procentech.

3.3.3 Efektivita znaceni bunék SPION

Bunky oznacené SPION byly v kultivaénich destickach fixovany roztokem 4%
formaldehydu v 0,1 M fosfatovém pufru (pH 7.4) po dobu 30 minut a néasledné barveny
hexakyanoZeleznatanem draselnym (Lachema, CR) reagujicim specificky se Zelezitymi ionty
za vzniku hexakyanozeleznatanu Zelezité¢ho (berlinskd modf). Jadra byla barvena jadrovou
cerveni (Sigma-Aldrich, UK). Efektivita znaCeni byla zjiSténa spoc¢itanim bunék obarvenych
berlinskou modfi a neobarvenych bunék v péti optickych polich nasnimanych mikroskopem
(Axioplan Imaging II, zvétSeni 100, cocka 10/0,75) v kazdé jamce a vyjadiena v procentech.
Intenzita modrého zbarveni bun€k byla méfena kolorimetricky. S vyuZitim programu Matlab
(6.0 Image Processing Toolbox™ MathWorks, Natick, USA) byla v barevném prostoru CIE
L*a*b pfedem spocitana stupnice barveni berlinskou modfi (kolorimetrickd Skala) v rozsahu
od neznacenych bun¢k do maximalné znacenych Castic (bez buné€k). Kolorimetricka Skala
odpovidajici vzestupné intenzité barveni berlinskou modii byla validovana pted zacatkem
méteni. Pro kazdou buiiku na obrazku byla intenzita barveni vyjadfena jako index na barevné
Skale. Ze ziskanych dat byl sestrojen graf distribuce intenzity barveni bunék, kde mnozstvi

zelezitého komplexu uvniti bun¢k odpovida intenzité znaceni.
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3.3.4 Znaceni bunék SPION pokrytymi poly-L-lysinem pro magnetické
cileni

Pro experimenty s magnetickym cilenim bunék jsme vyuZili diive charakterizované
SPION pokryté poly-L-lysinem, pfipravené podle zavedého protokolu (BabiC et al., 2008).
Kultura MSC byla inkubovana s ¢asticemi v koncetraci 15,4 ug Fe/lml media po dobu 72
hodin. Po 72 hodinach byly nanocastice vymyty z kultury pomoci PBS a znacené bunky
pouzity v experimetech.

Pro ovéteni funkcnosti magnetického systému in vitro byly znacené bunky nasazeny
na Petriho misku (100000 bunék/miska) s permanentnim magnetem nebo nemagnetickou
kontrolou fixovanou na spodu misky. Po 48 hodinidch byl magnet odejmut a bunky byly
fixovany formaldehydem. Distribuce bun¢k na misce byla pozorovana fluorescencnim

mikroskopem.

3.3.5 Relaxometrie SPION

Relaxometrie SPION byla provedena s vyuZitim relaxometru Minispec” 0,5 T (Bruker
BioSpin, Ettlingen, Germany). Koloidni roztoky nanocéstic byly nafedény na koncentraci
0,022 mg zeleza/ml a dispergovany ultrazvukem po dobu 10 minut. Méfeni T, relaxac¢nich
¢ast bylo provedeno pomoci Carr-Purcell-Meiboom-Gillovy (CPMG) multispinové sekvence
se vzdalenosti ech 2 ms a repeticnim ¢asem 5 sekund. Zméfené relaxacni casy byly
konvertovany na relaxivitu (pfevracena hodnota relaxacniho ¢asu T, vztazenad na koncentraci,
tj. relaxivita =1/T,/koncentrace).

Vzorky obsahujici suspenzi fixovanych znafenych bunéck, tzv. fantomy, byly
ptipraveny disperzi suspenze bunék v 4% Zelatin€ a méteny pii 0,5 T a pii 4,7 T. Relaxaéni T,
casy pii 0,5 T byly méfeny pomoci vySe zminéné sekvence. Pti 4,7 T byla vyuzita CPMG
multispinové-echo sekvence s echo casem 8,63 ms a repeticnim casem 5 sekund. Vysledkem
méteni byl sled T, vdZenych obrazi (se vzristajicim T, védzenim), ze kterych byly spocitany
T, relaxacni Casy. Relaxacni poméry byly spocitany jako pievracené hodnoty relaxacnich

Casl vztaZzené na 1 milion bunék /1ml (Babi¢ et al., 2012).

3.3.6 Balonkova kompresni léze

V experimentech bylo pouzito celkem 32 dospélych samcti potkanti kmene Wistar.
Abychom minimalizovali rozdily mezi jednotlivymi zvifaty, pouzili jsme potkany pouze o

velikosti 250-300g. Zvifata byla umisténa ve zvéfinci Ustavu experimentalni mediciny AVCR
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se standardnim hodinovym cyklem den/noc, teplotou 23 °C a krmena standardni dietou ad
libitum.

Akutni miSni poranéni jsme u pokusnych zvifat provedli podle zavedené¢ho protokolu
pro modelovou balénkovou kompresni misni 1ézi (Vanicky et al., 2001; Urdzikova et al.,
2011). Pokusnym zvifatim byla v inhala¢ni anestezii (3% isofluran) odstranéna srst v okoli
C7-Th12 a ktze byla dezinfikovana. V oblasti Th7-Th10 byl proveden linearni kozni fez.
Zadové svalstvo bylo skalpelem odlou¢eno na obou strandch od obratlového sloupce a
odsunuto lateraln€. V rozsahu Th10-Th11 byly odstranény processi spinosi a byla provedena
Castecna laminektomie v oblasti Th10. Tim byl ziskdn pfistup do epidurdlniho prostoru.
Fogarthyho katetr naplnény destilovanou vodou a pfipojeny k Hamiltonové stiikacce
s mikromanipuldtorem byl zaveden do epiduralniho prostoru a zasunut 1 cm kranialné tak, ze
balének byl umistén v Grovni Th8-Th9. Poté byl balonek rychle vyplnén 15 pl vody a
ponechan 5 minut uvniti epiduralniho prostoru. Nasledné byl balonek vypustén a odstranén
z epiduralniho prostoru. Béhem procedury byla kontrolovéana teplota zvitete per rectum a

udrzovana na teploté 37°C.

3.3.7 Aplikace magnetického implantatu

Po indukci léze byl implantovan maly magneticky implantdt (13x7x2 mm,
neodymiovy magnet, povrchova magnetickd indukce Bs=0.35T, remnantni magnetické pole
B=12T; ABC magnet s.r.o. Ceska republika) pokryty silikonovym potahem nebo
nemagneticky plastovy implantat (kontrola). Implantat byl umistén nad obratlovym sloupcem
v oblasti Th8-Th9 (nad oblasti 1éze, processi spinosi Th8-Th9 byly odstranény) a fixovan
v paravertebralnich svalech. Povrch magnetu nebo kontrolniho implantatu byl ptiblizné 4,5
mm nad oblasti 1éze (uvazime-li tloustku obratlové laminy, mékkou tkan pod magnetem a
silikonovy potah magnetu). Po implantaci byly m¢kké tkan€ a klize zaSity v anatomickych

vrstvach. Magnet byl odstranén vzdy na konci experimentu po perfuzi zvifete.

3.3.8 Postoperacni péce

Operovana zvitata byla umisténa do sterilnich kleci s kontrolovanou cirkulaci vzduchu
po dvou pro minimalizaci socidlniho stresu z izolace. Infekci a komplikacim z poruchy
vyprazdnovani mocového méchyfe po misnim poranéni bylo ptedchdzeno pravidelnym
manudlnim vyprazdilovdnim mocového méchyie a preventivné byl poddvan gentamicin

(0.05 mL, i.m., Gentamicine Lek®; Lek Pharmaceuticals, Ljublanja, Slovenia).
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3.3.9 Transplantace bunék

GFP" MSC znagené SPION byly transplantovany intratekalné lumbalni punkci 7 dni
po indukci miSniho poranéni. Pribéh magnetického vychytavani bunck jsme sledovali ve
Ctyfech Casovych intervalech (12, 24, 72 a 168 hodin) po transplantaci bunék. Pro kazdy
Casovy interval byla skupiné potkanii s implantovanym magnetickym implantatem (n=4) a
kontrolni skupiné (n=4) aplikovana intratekalné suspenze zna¢enych bunék (0,5x10*6 v 50 ul
PBS pomoci sterilni 25G jehly. Transplantovanym zvifatim byla denné podavana

imunosuprese cyklosporinem (10 mg/kg, ip, Sandimmun®; Novartis, Basel, Switzerland).

3.3.10 Transkardialni perfuze

Zvitata byla usmrcena v ¢asovych intervalech 12, 24, 72 a 168 hodin po transplantaci.
V hluboké anestezii po piedavkovani pentobarbitalem (i.p.,150 mg/kg) bylo provedeno
otevieni hrudniku a zpfistupnéni srdce. Po odstfizeni pravého ouSka byla zavedena kanyla
ptes hrot srde¢ni do levé srdecni komory. Kanylou byl aplikovan pomoci peristaltické pumpy
nejprve fyziologicky roztok po dobu 2 minut, ¢imz byla krev vyplachnuta z cévniho systému.
Nasledné byl pouzit po dobu 5 minut roztok 4% formaldehydu ve fosfatovém pufru k fixaci
tkané. Poté byla extrahovana patet a ulozena do roztoku paraformaldehydu po dobu 24 hodin.

Nasledné byla vyjmuta micha k dal§imu histologickému zpracovani.

3.3.1 Histologické zpracovani a analyza

Michy byly vyjmuty zpatefniho kandlu, umistény pies noc do 4% roztoku
formaldehydu a poté pteneseny do 10% a 20% sachar6zy. Po zmrazeni byly vzorky nafezany
na kryotomu na podélné fezy (14 um tloustka) a barveny DAPI. Aby bylo mozné pozorovat
kolokalizaci signdlu GFP" bun&k s pfitomnosti SPION, bylo Zzelezo v nékterych
histologickych fezech barveno hexakyanozeleznatanem draselnym za vzniku berlinské modfi.
Infiltrace makrofagi do léze byla detekovana barvenim na CD68 (ED-1, Serotec, UK)
s naslednym kontrastnim barvenim jadrovou cerveni. Komplexy antigen-protilatka byly
zobrazeny s pomoci biotin-streptavidinového detekéniho systému (LSAB2 System, HRP;
DakoCytomation, CA) s 3,3’-diaminobenzidinem (DAB) jako chromogenenem (Vector
Laboratories, CA).

Pocet GFP" bunék byl stanoven podle diive popsané metody (Mothe et al., 2008). GFP"
buiikky obsahujici DAPI pozitvni jadro byly spoéteny na kazdém Sestém fezu v 18 mm

(9x2 mm) useku michy se stfedem léze v centru méifeného useku. Celkovy pocet
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transplantovanych bunék pfitomnych v miSe byl ziskdn vynasobenim poctu bunék ve
spoctenych fezech Sesti. Histologicka a obrazova analyza byla provedena pomoci mikroskopu

a obrazového softwaru Zeiss Axioskop (Carl Zeiss, Rochester, NY).

3.4 Statisticka analyza

Signifikance rozdilu poctu bunék mezi skupinou s implantovanym magnetem a
kontrolni skupinou v jednotlivych ¢asovych intervalech byla zjistovana pomoci Studentova t-
Testu na hladin€ vyznamnosti p<0,05.

Rozdily v primérné plose ristu bun¢k a poctu bun€k na jednotlivych testovanych
hydrogelech byly analyzovany jednocestnym ANOVA testem. Rozdil byl povazovan za
signifikantni pokud p<0,05. Data jsou vyjadiena jako primér = SEM. Statistické zpracovani

bylo provedeno pomoci programu Microsoft Excel.
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4 Vysledky
4.1 Biokompatibilita SPION a zna¢eni bunék

Povrchovd modifikace je jednou z moZnosti, kterou je mozné zvysit vychytavani
SPION buiikkami. V naSich experimentech jsme jako latku vytvarejici funkéni obal SPION
pouzili kyselinu hyaluronovou (HA). Dopamin (DPA) jsme vyuzili jako vazebnou molekulu
obalu k povrchu nanocastice (obr. 11).

Abychom mohli posoudit dil¢i vliv obou slozek tvoficich strukturu obalu castic, tedy
DPA a HA, na vysledné chovani nanocastic, bylo pfipraveno n¢kolik skupin SPION lisicich
se slozenim obalu - DPA-y-Fe,0s;, HA-y-Fe,O3 a DPA-HA-y-Fe,O; (piehledné v tabulce 2).
Obaleni castic samotnym DPA (skupina I) nebo HA (skupina II) bylo pouzito jako kontrola a
porovnano s Casticemi obalenymi asocidtem téchto dvou molekul (DPA-HA-y-Fe,03)
(skupina III), pfipravovanym ve tfech rGznych hmotnostnich pomérech DPA/HA (oznaceno
jako IIIA-C). V kazdé skupiné byly pfipraveny tii vzorky s konstantni koncentraci y-Fe,Os a
stoupajici koncentraci piislusného obalu.

Biologické vlastnosti a stabilita pfipravenych nanocéstic jsou vyznamné piedurceny
fyzikalné-chemickymi vlastnostmi jejich koloidniho roztoku a podstatné ovliviluji
pouzitelnost nanocastic pro znaceni bunék. Zjistovany byly ¢tyii parametry (hydrodynamicky
polomér, polydisperzita, zeta-potencial a pH roztoku) zavisejici zejména na sloZeni
nanocastic, tj. hmotnostnim poméru obal/y-Fe,Os (tabulka 2). Fyzikalné-chemické vlastnosti

piipravenych nanocastic jsou detailn€ popsany v ptilozené publikaci (Babic et al., 2012).

4.1.1 Rust a viabilita znacenych bunék

Abychom zhodnotili akutni toxicitu novych SPION, sledovali jsme rlst a viabilitu
znac¢enych MSC (tabulka 2). Neznacen¢ buniky zdvojnasobily in vitro sviij pocet v priab&hu 48
hodin. Rast znacenych bun¢k byl mirné zpomalen (70-100% kontroly). Nejpomalejsi rust
(54% £ 4%) byl pozorovan u bunék znacenych ¢asticemi y-Fe, O3 bez polymerniho obalu.
Viabilitu zna¢enych bunék jsme testovali pomoci trypanové modii. Zmény sloZeni obalu ani
zvySujici se koncentrace DPA-HA neovlivnily podstatné bunécnou viabilitu (tabulka 2).
Pokles wviability byl pozorovan pouze u bunck znafenych casticemi bez obalu
(83.5% + 0.5%). Viabilita bunék znaGenych komerén& dostupnymi &asticemi Endorem®
doséhla 85%. U chondrocytd znacenych pfipravenymi casticemi jsme nepozorovali rozdily ve

viabilité¢ a ristu mezi zna¢enymi a nezna¢enymi bunkami.
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Obrazek 11. Strukturni a schématické zndzornéni obalenych nanocastic. Anorganické jadro
nanocastice (y-Fe,O3; — Sedé) je obaleno dopamin-hyalurondtovym asociatem (aktivni mista
znazornéna barevné, tj. zelené aktivni hydroxy skupiny DPA silné se vazici na povrch castic,
cervené amino skupina DPA zodpovedna za asociaci hyaluronanu, Zzluté aktivni COO
skupina HA vazici se na povrch castic se slabsi afinitou a modre volna COO' skupina). Temito

Casticemi je mozno efektivné znacit bunky v kulture (barveni bunék berlinskou modri). Podle

(Babic et al., 2012)
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4.1.2 Efektivita znaceni bunék

Efektivitu znaCeni potkanich MSC nanocasticemi jsme hodnotili po obarveni
znaenych bunck berlinskou modii. Ve vSech testovanych skupinédch (I, II, III) bylo nejvétsi
procento oznacenych bunék pozorovatelné po znaceni nanocésticemi s nejvyssim koncentraci
DPA (obr. 12). Vice nez 90% bunc¢k bylo oznaceno s DPA-HA-y-Fe,Os; nanocasticemi
skupiny IIIC/3 a DPA-y-Fe,O; skupiny 1/3. Posledni zminéné ¢astice vSak jiz tvofili shluky a
také adherovaly na povrch bun¢k a kultiva¢ni misky.

Vyrazné lepsi efektivita znateni v porovnani s komerénimi &asticemi Endorem® (66%)

byla dosazena s pouzitim ¢astic skupiny IIIA/3 (74%) a I/2 (76%).
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Obrazek 12. Efektivita znaceni MSC HA-y-Fe;03 nanocdasticemi skupiny 11/1-3, DPA-y-Fe;0;
nanocasticemi skupiny 1/1-3, DPA-HA-y-Fe;03 nanocastcemi 11IA/1-3, 11IB/1-3 a 1IIC/I-3,
samotného y-Fe;03 a Endorem®™ vyjddiend v procentech znacenych bunék.

Koloidni roztok nanocastic obsahujici 15,4 ng Fe/ml byl pridan ke kulture a bunky byly
kultivované 72 hodin. Experimenty byly provadeny v triplikatech spocitanim péti optickych
poli z kazdé jamky (n=15).
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Efektivita znadeni mensi neZ s Endoremem® byla pozorovana u nepokrytych y-Fe,Os
(56%) a nanocastic skupiny IITA/I (35%), IIIA/2 (18%) a IIIB/2 (52%). Znaceni ostatnimi
Casticemi bylo s Endoremem® srovnatelné (61%-71%).

Abychom mohli porovnat mnoZstvi kontrastni latky internalizované do bun¢k, zméfili
jsme distribuci intenzity barveni berlinskou modii u znacenych bun€k (obr. 13). Nejvetsi
intezita barveni byla nalezena u bunék znacenych DPA-HA-y-Fe,O3; nanocasticemi I11C/3.
Obdobny vysledek byl ziskan u DPA-y-Fe,Os skupiny 1/3, avSak tyto ¢astice adherovaly na
povrchu bunék a nejsou proto zahrnuty v obrazku 13. Mezi ostatnimi casticemi, které
reprezentuje kiivka skupiny II/3 nebyl patrny rozdil. Nejniz$i intenzita znaceni berlinskou

w7 ’ o v , ® ,
modii byla pozorovéana u ¢astic znacenych Endoremem ™ a neobalenym y-Fe,Os.

==Endorem® —]1/3 =—||IC/3

25

20 -

bunky (%)
o

znacené
o

Obrazek 13. Stupnice intenzity barveni berlinskou modii na zakladé zméreni neznacenych
bunék a maximalné znacenych nanocastic (bez bunék). Reprezentativni kiivky distribuce
intenzity barveni bunek (osa X) znacenych casticemi DPA-y-Fe;O; skupiny 111C/3,
HA-y-Fe;03 skupiny 1I/3 a Endoremem®. Osa Y ukazuje procentudlni zastoupeni bunék pro

Jjednotlivé intenzity barveni.



Mikroskopické obrazky znaCenych bunék (obr. 14) dobte dopliuji vySe popsané
vysledky. Je patrné, ze ¢astice HA-y-Fe,O3 byly méné vychytavany bunikami, pravdépodobné
kvali desorpci HA z povrchu &astic (obr.14B). Castice HA-y-Fe,O3 skupiny 1I/3 (obr. 14C)
obsahujici nejvétsi koncentraci HA znagily buiiky srovnatelnd s Endoremem® (obr.14G) nebo
samotnym y-Fe,03 (obr. 14H). Z mikroskopickych snimkd bunék znacenych DPA-y-Fe,05 je
ziejmé, ze DPA hraje vyznamnou roli pii internalizaci Castic do bunck (obr. 14A). DPA
ud€luje maghemitovym casticim kladny naboj, a zaroven vyrazné nepfispiva k nartstu
priméru &astice. Cim vice DPA je navazano na nanoéastici, tim vice se projevi interakce
s negativné nabitou bunéénou membranou a je také pravdépodobné, ze se na Castice budou
vice adsorbovat proteiny z kultivaéniho media (Babi¢ et al., 2008). Oba efekty vedou k vyssi
internalizaci ¢astic do bun¢k. Pti vysokych koncentracich DPA (skupina 1/3) jiz ale Castice
agreguji a ,pfilepi se na povrchu bunééné membrany nebo na dno kultivacni
misky (obr. 14A). Nejvyssi koncentrace DPA, kterd mlize byt pouzita pro znaceni bunék je
tedy u skupiny I/2. Naproti tomu HA plsobi jako sterickd bariéra nezddouci agregace
(protektivni obal), ktery omezuje adsorpci proteinli a vznik kompaktnich shlukl ¢&astic.
Nejefektivnéjsi oznaceni bun€k je tedy dosazitelné s casticemi obalenymi DPA-HA
asociatem. Na obrazku 14 D-F je ndzorn¢ vidét synergicky efekt DPA a HA. Ve skupiné
castic pokryt¢é DPA-HA asociatem (III/C) se efektivita a intenzita znaceni zvySovaly se
vzruastajici koncentraci DPA.

Znaceni chondrocytli bylo provedeno obdobné¢ jako znaceni MSC (obr. 15A). Byly
testovany pouze Castice I1/3, IITA/3 a I1IC/3, protoze tyto ¢astice nejefektivnéji znacily MSC.
Vsechny testované nanocastice vykazovaly vysokou efektivitu znaceni. Nejvyssi efektivita
znaCeni byla pozorovana u DPA-HA-y-Fe,O3; nanocastic skupiny IIIC/3 a nasledné
HA-y-Fe,O; 1I/3 a DPA-HA-y-Fe,Os IIIA/3. Obdobné vysledky byly ziskany pii méifeni
distribuce intenzity barveni (obr. 15B). Na rozdil od vysledkli ziskanych po oznafeni MSC
byla u ¢astic HA-y-Fe,Os3 II/3 pozorovana zvySena efektivita znaeni a také vyS$i intezita
barveni nez u DPA-HA-y-Fe,O; IIIA/3. Mikroskopické obrazky tyto vysledky potvrzuji (obr.
16). Pti znaceni chondrocytti ¢asticemi DPA-HA-y-Fe,O; skupiny IIIC/3 tyto ¢astice mirné
adherovaly na povrch bunék (obr. 16D).
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Obrazek 14. Mikrofotografie znacenych MSC barvenych berlinskou modri. (A) zobrazuje
DPA-y-Fe;0; skupinu 1/3, (B) HA-y-Fe,Os skupinu 11/1 a (C) skupinu 11/3, (D) skupinu IIIC/1,
(E) IIIC/2 a (F) IIIC/3, (G) Endorem® a (H) samotny y-Fe;03. MéFitko = 25 ym.
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Obrazek 15. (A) Efektivita znaceni lidskych chondrocytii vyjadrena jako pocet bunék
pozitivnich na barveni berlinskou modri. (B) Distribuce intezity barveni berlinskou modri

meérena u lidskych chondrocyti.
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Obrazek 16. Znacené lidské chondrocyty v kultuie barvené berlinskou modri. (4) Endorem®,
(B) DPA-HA-y-Fe;0; (skupina 1114/3), (C) HA-y-Fe;0; (skupina 11/3) a (D) DPA-HA-y-Fe;0;
(skupina I1IC/3). MéFitko = 25 um.

4.1.3 Diferenciace znacenych MSC do chondrocytu

Z hlediska vyuziti SPION v bunécné terapii je velmi dalezitd schopnost zachovani
diferencia¢niho potencidlu kmenovych bunék. Ackoliv jsou SPION nanocéstice vSeobecné
povazovany za relativné bezpecné, bylo publikovano nékolik studii popisujicich vliv SPION
na chondrogenni diferenciaci MSC (Farrell et al., 2008; Henning et al., 2009). Protoze HA

je hojné pfitomen v tkani chrupavky, byla testovana chondrogenni diferenciace potkanich
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MSC znaCenych vybranymi cCasticemi obsahujici HA, tedy HA-y-Fe,O; 11/3,
DPA-HA-y-Fe;0; 1II/3 a Endoremem” jako kontrolou. Po 20 denni inkubaci
v chondrogennim mediu byly bunky znacené¢ DPA-HA-y-Fe,O; IIIC/3 (obr. 17A,B) a
Endorem® (obr. 17C,D) schopny formace chondrogenni pelety pozitivni na barveni
Alcianovou modfi, coz je prikazem chondrogenni diferenciace MSC in vitro (Bosnakovski et
al., 2004). Naproti tomu buiikky znacené HA-y-Fe,O; II/3 nebyly schopny vytvofit peletu a
diferenciace neprob¢hla (obr. 17E,F). Barveni berlinskou modii potvrdilo, Ze znaCené bunky
obsahuji zelezo. Mnozstvi zeleza bylo zietelné vyssi u pelet znatenych DPA-HA-y-Fe,0;
nano&ésticemi (skupina I1IC/3) a HA-y-Fe,Os (skupina II/3) nez u Endoremu® znaGenych
bunék. To odpovidad vysSim efektivitim znaCeni bunék témito nanocasticemi v porovnani
s Endoremem®. Vysledky tedy ukazuji, Ze chondrogenni diferenciace MSC miZe byt

negativné ovlivnéna HA-y-Fe,O; nanocasticemi.

-

Obrazek 17. Chondrogenni diferenciace znacenych MSC. Obrdzek A a B ukazuje buiiky
znacené DPA-HA-y-Fe,0s (skupiny 11IC/3), C a D Endorem® a E a F HA-y-Fe,0; skupiny
(11/3). V levém sloupci jsou bunky barveny pomoci Alcianové modri (marker chondrogenni
diferenciace), v pravém sloupci pomoci berlinské modri (Zelezo). SPION pritomné v buiikdch

Jjsou pozorovatelné jako hnéda (A,C,E) nebo modra depozita (B,D,F).
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4.1.4 Relaxometrie SPION

Kontrast viditelny na magnetické rezonanci nezaleZi pouze na protonové hustoté
meéteného objektu, ale v ptipadé T; a T, vazenych obrazii zejména na relaxacnich Casech.
Relaxometrie umoziuje piimé méfeni relaxivit (tzn. pfevracenych hodnot relaxacnich cast
vztazenych na koncentraci), které =zohlediuji koncentraci paramagnetické nebo
superparamagnetické latky a interakce molekul vody, které se 1isi podle velikosti a
rozpustnosti danych magnetickych ¢astic.

Tabulka 2 shrnuje relaxivity DPA-y-Fe,Os;, HA-y-Fe;O; a DPA-HA-y-Fe,O5
nanocastic. DPA-y-Fe,Os; nanocastice snizkym pomérem DPA/y-Fe,O3; (skupina I/T)
vykazovaly vyssi relaxivitu nez samotné y-Fe,Os . Pti vy$§im poméru DPA/y-Fe,0s (I/2 a 1/3)
se relaxivita snizila, pravdépodobné kvili agregaci nanocastic. Béhem agregace castic se
mohl zmensit kontakt nanocéstic a molekul vody kvili vylouceni vody z vnitini oblasti
agregatl castic.

Relaxivita HA-y-Fe,O3 nanocastic (skupina II) byla podstatné vétsi nez DPA-y-Fe,04
nanocastic a zvySovala se srostoucim pomérem HA/y-Fe,Os; Zavislost byla pfiblizné
logaritmického tvaru (obr. 18). Se zvySujicim se pomérem HA/y-Fe,O; se pravdépodobné
mohlo zvySovat mnozstvi vody obklopujici ¢astice diky vysoké hydrofilit¢ HA a diky tomu se
zvySoval kontrast na MR. Avsak pfi velmi vysokych HA/y-Fe,O; pomérech se castice
shlukovaly a sedimentovaly a relaxivita se tak snizila (posledni bod na obrazku 18).

DPA-HA-y-Fe,O3 nanocastice vykazovaly podobné hodnoty relaxivity jako HA-y-
Fe,0s, tj.relaxivita byla podstatné vétsi nez u DPA nanocéstic. To je potvrzenim dulezitosti
HA pro stabilitu koloidniho roztoku ¢astic a pro chemickou vyménu vody, ktera hraje
dalezitou roli pii vzniku relaxacnich ¢ast vodnich molekul.

Relaxacni pomé&ry suspenzi znacenych bunck v Zelatiné byly méfeny pii 0,5 a 4,7 T
(tabulka 3). Hodnoty relaxacnich pomértt bunécnych suspenzi zalezi nejen na relaxivité
nanocastic, ale hlavné na poctu castic internalizovanych buiikami (tj. koncentraci Castic
v bunikach). Ackoliv ¢astice HA-y-Fe,O3; vykazovaly nejvétsi hodnoty relaxivity (diky
koloidalni stabilité¢ a vyborné vymeéné vody), nejvetsi relaxacni poméry byly identifikovany u
bunek znacenych DPA-HA-y-Fe,O; pii poméru DPA/HA = 0.01936 (tabulka 3). Pfi vysSich
DPA/HA pomérech (0,03842) se relaxivita snizila, pravdépodobné v disledku agregace

vedouci k sedimentaci, coz snizuje jak relaxivitu nanocastic, tak internalizaci ¢astic bunikami.
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Obrazek 18. Zavislost relaxivity HA-y-Fe,O5 castic (skupina II) na hmotnostnim poméru
HA/N-Fe,0;. Rovna cast konstantnich relaxivit vymezuje interval koncentrace HA, kdy dojde
k vysyceni povrchu maghemitové castice vazbami HA, ale jesté nedochazi k agregaci castic

(posledni bod).

R, (s'/10° R, (s7'/10°

rMSCs/mL) rMSCs/mL)

prio.s T P47 T
HA-y-Fe,O, 11/3 3.7+04 78+0.3
DPA-HA-y-Fe, O, IlIB/3 6.7 £ 0.1 1.6 0.8
DPA-HA-y-Fe O, IlIC/3 33+03 58+ 1.0

Tabulka 3. Relaxacni pomery suspenzi MSC znacenych SPION.
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4.2 Magnetickeé cileni MSC znacéenych SPION do misni léze

4.2.1 Cilené dorucovani bunék in vitro

Moznost cilené¢ navadét bunky znacené SPION do urcit¢tho mista byla nejprve
otestovana in vitro. Experimenty potvrdily, Ze znafené buiikky mohou byt koncentrovany
uprostted  Petriho misky nad misto, pod kterym je fixovan permanentni magnet.
V kontrolnich miskach (bez vlivu magnetického pole) byly buiiky distribuovany rovnomérné

v celé misce. Histologické barveni potvrdilo pfitomnost SPION v buiikach (obr. 19)

Obrazek 19. GFP™ MSC znacené SPION a nasazené na Petriho misku s permanentnim
magnetem fixovanym na spodu misky byly pritahovany do oblasti nad magnetem (A). Bily
obdeélnik predstavuje okraje magnetu. V kontrolni skupiné bez magnetu byly bunky
rovnomerné rozptyleny po kultivacni misce. Na vyrezu (C a D) je vidét zvétSend oblast
uprostied misky nad magnetem a kontrolni misky. Bunky byly barveny berlinskou modri.

Meritko odpovida 5000 um (A,B) a 50 um (C,D).
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4.2.2 Cilené magnetické doruéovani bunék do misni léze

Cilené dorucovani znacenych bunék in vivo jsme hodnotili u potkant s misni 1ézi.
Histologicka analyza fezi michy prokazala piitomnost SPION znacenych GFP"™ MSC po
intratekalni aplikaci jak ve skupindch s magnetickym implantitem, tak v kontrolnich
skupinach. Obrazek 20 ukazuje charakteristické histologické a MR zobrazeni ve skupiné
s magnetem a v kontrolni skupiné 72 hodin po implantaci bunék. Analogické vysledky byly
nalezeny u skupin v ostatnich testovanych ¢asovych intervalech. U skupiny s magnetem je na
MR obrazech patrny silny hypointenzivni signdl SPION znacCenych cCastic v oblasti 1éze
(obr. 20A), v porovnani se slabym signalem pozorovanym u kontrolni skupiny (obr. 20D). Ve
skupin¢ s magnetem byly buiiky lokalizovany v oblasti poSkozené michy v dorsalnim
intratekalnim prostoru ve shluku pod magnetickym implantatem. Na histologickych fezech
byla pozorovatelna kolokalizace barveni SPION berlinskou modii (obr. 20B) se signdlem
GFP" transplantovanych bun&k (obr. 20C). Pozorované buiiky byly negativni na ED1-DAB
barveni, ¢imz byla vyloucena moznost, Ze se jednd o makrofagy (obr. 20B,E). V oblasti 1éze
u kontrolni skupiny bylo identifikovano vyrazné méné transplantovanych bunék (obr. 20E,F).
Lokalizace transplantovanych bun€k v michach s magnetem dobie korelovala s distribuci
magnetického pole a gradientu implantdtu nad mistem 1éze, ktery ptitahoval a koncetroval
bunky v blizkosti 1éze a zabraioval jejich pohybu kranidlnim smérem (obr. 21). Naproti tomu
v kontrolni miSe byly buiiky distribuované relativné rovnomérné podél sledované¢ho tseku
michy.

Ve skupinach s magnetickym implantatem byl celkovy pocet bunék v méreném useku
michy nejvyssi 12 hodin po implantaci (9595 + 2231 buné€k) a dale se snizoval po 24
hodinach (7181 £ 939 buné¢k), 72 hodinach (3002 + 581 bun¢k) a 168 hodindch (2734 + 174
bun¢k). U kontrol byl celkovy pocet bunék 12 hodin po implantaci signifikantné nizsi
v porovnani s magnetickou skupinou ve stejném case (3538 + 625) (p < 0.05). Nejvyssi pocet
bunék byl nalezen 24 hodin po implantaci (6894 £1520 bunék) s naslednym poklesem 72
hodin (1837 + 600) a 168 hodin (720 £137) po implantaci. Pocet bunék pozorovany 168
hodin po implantaci byl signifikantn€ niz$i v porovnani s poctem bunék po stejném casovém

obdobi u skupiny s magnetickym implantatem (viz. kapitola 4.2.4).
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Skupina s magnetem

Kontrolni skupina

Obrazek 20. Silny hypointezni MR signal bunék znacenych SPION byl patrny v oblasti léze ve
skupine s magnetickym implantdatem (A) v porovnani se slabym signalem v kontrolni skupiné
(D). Pozitivni barveni berlinskou modri (B) kolokalizovalo na histologickych Fezech se
signdalem transplantovanych GFP™ MSC (C) zachycenych v oblasti pod magnetem. Bunécna
jadra jsou znacena DAPI (modre) (C a F). Bunky obsahujici Zelezo byly negativni pri barveni
charakteristickym pro makrofagy (protilatka proti ED-1) (B a E). Vyrazne méné SPION

znacenych bunék bylo nalezeno v oblasti léze v kontrolni skupiné bez magnetu (E,F).
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Obrazek 21. Distribuce transplantovanych bunék v 18 mm useku poranené michy 12, 24, 72 a
168 hodin po intratekalni aplikaci. Distribuce bunék odpovida rozlozeni magnetickych sil
implantatu nad mistem leze, ktery pritahuje a koncentruje bunky pobliz léze a zabranuje jejich
postupu smérem kranidalné. Cdrkované je vyznacena vypoctend distribuce z-komponenty

magnetické sily pro magnet tvaru desticky ve vzdalenosti 4,5 mm od povrchu magnetu.

4.2.3 Analyza a navrh optimalizace magnetického systému

Srovname-li experimentalné ziskanou distribuci transplantovanych bunék v méfeném
useku michy s distribuci magnetickych sil, 1ze pozorovat jejich korelaci. Na obrazku 21 je
zobrazena distribuce magnetické sily kolma na rovinu michy (x), vypocitana pro destickovy
magnet pouzity v naSich experimentech (13x7x2 mm), ve vztahu kpozici bunck ve
sledovaném useku michy. Pozorovatelnd nerovnomérnost v distribuci bunck je zjevné

zpusobena aplikaci bunék intratekalné lumbdalni punkci a jejich primarné jednosmérnou
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migraci kranidlné¢ smérem k magnetu suvedenou distribuci sil. Charakter distribuce
zna¢enych bun¢k je dan spoluptisobenim fyzikalni vlivl a jejich biodistribuci. Optimalizaci
magnetického sytému je mozno dosahnout presnéjsi a efektivnéjsi distribuce bunck v oblasti
poranéni. Na zaklad€¢ experimentli provedenych s jednoduchym magnetem je mozno pro
cilené dorucovani bun€k navrhnout vyuziti magneti specidlniho tvaru, které v prostoru
vytvaieji modulované magnetické pole.

Jak lze odvodit z obrazku ¢. 22, distribuce magnetické sily vypoctena pro destickovy
magnet ma spiSe plochy tvar a oblast pisobeni sily neodpovidd pozici a rozmérim
experimentalni léze (3-4 mm). Pro lokalni cileni bun¢k do mista 1éze je nutné magnetické sily
zuzit a zaméfit. Toho mize byt dosazeno naptiklad vyuzitim magnetu s jednim stfedovym
vystupkem. Timto zpiisobem je mozno teoreticky dosahnout znacného zvySeni magnetické
sily, a tim 1 lepSiho soustfedéni sily a tedy znacenych bunc¢k do mista 1éze. Dalsi vyhodou
takového magnetu je dostatecné silnd z-komponenta magnetické sily, diky které magnet
pritahuje znacené bunky. Obrazek 23A a B ukazuje vypoctenou distribuci magnetické sily na
(z,x)-plosném grafu pro destickovy magnet a magnet s vystupkem a schematickou distribuci
transplantovanych bunék v subarachnoidealnim prostoru pod vlivem magnetické sily. Magnet
s vystupkem poskytuje dostate¢né silnou z-komponentu magnetického pole nutnou pro
efektivni lokalizovanou atrakci buné€k, zatimco destickovy magnet pfitahuje bunky pfedevsim
k okraji magnetu. Gradient magnetického pole, jeho smér, sila a distribuce mohou byt dale

regulovany poc¢tem, pozici, vyskou a Sitkou vystupku.

03
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Obrazek 22. Z-komponenta magnetické sily vypoctena pro destickovy magnet (carkované) a
navrhovany magnet se stredovym vystupkem (cerné) zobrazena schematicky nad oblasti léze
(elipsa). Magneticka sila byla vypoctena pro plochu 4,5 mm nad povrchem magnetu.

Vertikalni cary ukazuji okraje magnetu.

61



w N — o )
kost a tkané

vzdalenost (mm)

SN

micha

Kianiging 4 - 2 6 K d5| 5
_ vzdalenost (mm) audalné

vzdalenost (mm)
w N —
kost a tkané

D

(6]
T

micha

8 6 2 0 2 6 8 .
kranialné vzdalenost (mm) kaudalné
g

Obrazek 23. Simulované magnetické silocary pobliz povrchu destickového magnetu (A) a
magnetu s vystupkem (B). Sipky ukazuji smér sil piisobicich na magneticky znacené buriky.
Schematicky  je znazornéna  odpovidajici  distribuce  bunék  (modré  kulicky)
v subarachnoidalnim prostoru pod obema typy magnetu. Oblasti nejsilnejsitho magnetického

gradientu jsou vzestupné oznaceny zelené, zluté a cervené.

4.2.4 Modelovani cileného magnetického doruéovani

Jednim ze zékladnich problému pii magnetickém cileni bunck je jeho efektivita. Popis
cileni bun¢k matematickym modelem, ktery zohlediuje magnetické sily a parametry magnetu,
geometrii a objem prostoru, v kterém jsou bunky pfitomny a zivotnost transplantovanych
bun¢k, umozni dikladnéji porozumét dynamice tohoto procesu a ovlivnit jeho chovéni
pozadovanym zplsobem.

Cilené¢ dorucovani bun¢k je limitovano jak biologickymi, tak fyzikalnimi faktory.
Predpokladejme, ze urCité mnozstvi Ny magneticky znacenych bunék bylo aplikovano do
intratekalniho prostoru. V pribéhu Casu 15, se poCet bun€k snizuje z biologickych divodia
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jako je doba Zivota bunck, moZzné imunologické reakce proti transplantovanym buikam,
apoptoza, eventualni cytotoxicita nanocastic atd. Naproti tomu fyzikalni proces vychytavani
bunék je fizen zejména magnetickymi silami piisobicimi na SPION zna¢ené bunky. Pribéh
tohoto procesu muize byt popsan charakteristickym Casem 71,5 jenz zavisi na gradientu
magnetického pole, efektivité¢ znaceni bunék SPION, magnetickému momentu nanocastic a
geometrii experimentu.

Za teoretického ptredpokladu, ze magneticka sila plisobi na znacené bunky pobliz
povrchu magnetu v efektivni oblasti S'a ze aplikované buiiky se pohybuji v cerebrospinalni
tekutin¢ v subarachnoidalnim prostoru o objemu V, je pak mozno rovnici vyjadfit pocet
vychytanych bunék v Case ¢. Detailni odvozeni matematickych vztaht je uvedeno v pfilozené
publikaci (Vanécek et al., 2012).

Zavislost poctu bunék v misté¢ 1éze na case ziskané experimentdlné analyzou
histologickych tezii (obr. 24A) je mozné korelovat s pribéhem navrzené funkce popsané
rovnici N(t)zNO(l—Exp(—t/ rph)). Na obrazku 23A je patrny pocatecni linearni rist poctu
vychytanych bunék v zavislosti na case. Po dosazeni urc¢ité koncentrace bunc¢k N(?) se
vsak jejich pocet za¢ina snizovat v disledku zminénych biologickych faktort.

Navrzeny matematicky model, vymezeny pro kratké cCasové rozmezi (t<<t,,),
predpovida linearni zévislost vychytdvani bunék na Case. Tato zavislost byla experimentalné
potvrzena pro ¢asové obdobi mensi nez 12 hodin. Z experimentalnich dat na obrazku 20A lze
urcit fyzikalni charakeristicky ¢as 1,, na pfiblizn¢ 26 dni. Teoreticky by b&hem této doby
byla, v ptipad¢ absence biologickych faktori zodpovédnych za snizovani poctu bunék, vétsina
transplantovanych SPION znacenych bun¢k vychytana. Nicméné pii ¢asovych dispozicich,
kdy je £>24h, vlivy biologickych faktort prekonavaji fyzikalni a zptisobuji pozorovany pokles
v poctu zachycenych zivych bun¢k. Cely proces magnetického cileni bunék lze tedy popsat
kombinaci dvou casové zavislych funkci s rozdilnymi charakteristickymi Casy Tpi @ Ty :

Nl(t):NO(l—Exp(—t/rph» pro t<ty a N,(t)=N,(t,)Exp(—(t—1,)/7,,) pro t>ty, kde 1, je

moment, kdy biologické Cinitele zacnou pievazovat nad fyzikalnimi. Charakteristicka kiivka

této zavislosti je vynesena v grafu na obrazku 24B.

63



14000 1

%* —+=magnet —vypociena kfivka
=m==kontrola m experimentalni hodnoty
12000 9 - 12000 A
%10000 : %10000
= c
=] 3
2 8000 - 2 8000
3 §
8 6000 - 2 6000
4000 A 4000
2000 A 2000
0 T T T ] 0 . ' ! !
0 50 100 150 200 o Bo 50 100 150 200
¢as (h) cas (h)

Obrazek 24. Graf (A) ukazuje primerny pocet bunek, zachycenych v riizné dobé po
transplantaci v mérené oblasti michy pomoci magnetu (cerné) a v kontrolnich skupindch
(Sede). Signifikantni rozdil v poctu bunék mezi magnetickou a kontrolni skupinou byl nalezen
v case 12 a 168 hodin po implantaci bunéek (p<0.05). Graf (B) ukazuje modelovou krivku
zavislosti poctu bunék v lézi na case, zohlednujici fyzikalni a biologické faktory oviiviujici

pritbeh magnetického cileni.

4.3 Bioadhezivni vlastnosti Ac-CGGASIKVAVS-OH modifikovaného
hydrogelu

Abychom zhodnotili zakladni bioadhezivni vlastnosti nového hydrogelu pro 1écbu
misniho poranéni, sledovali jsme vliv peptidové sekvence Ac-CGGASIKVAVS-OH (pro
piehlednost zkracené¢ IKVAV) imobilizované na povrchu modifikovaného PHEMA
hydrogelu na adhezi a morfologii bun€k. Studovén byl také vliv funkénich skupin prekurzort
tohoto hydrogelu, tj. amino skupiny (-NH,), sulthydrylové skupiny (-SH) a dithiopyridinové
skupiny (-Tpy), vyuzitych v prabéhu jeho syntézy. Imobilizace peptidové sekvence IKVAV
na povrchu funkcionalizovaného hydrogelu bylo dosazeno pomoci sekvence aminokyselin
CGGA (cys-gly-gly-ala), ktera byla vlozena mezi aktivni sekvenci (IKVAV) a povrch
hydrogelu. Cystein v sekvenci obsahuje reaktivni -SH skupinu nutnou pro imobilizaci peptidu
na povrch hydrogelu. GGA peptid byl vloZen pro oddaleni aktivni IKVAV sekvence od
povrchu hydrogelu. Serin (S) se nativné vyskytuje ve struktufe lamininu vedle sekvence
IKVAYV a byl inkorporovan do peptidu z diivodu usnadnéni jeho syntézy (Jucker et al., 1991).

Timto novym piistupem byl ziskan superporézni hydrogel s lamininovou sekvenci (Ac-
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CGGASIKVAVS-OH) imobilizovanou v dostate¢né vzdalenosti od povrchu hydrogelu, aby
se minimalizovalo riziko inaktivace peptidu (Kubinov4 et al., 2010c).

Hodnotili jsme bunécnou adhezi po 4 hodinové kultivaci na prekurzorech finalniho
hydrogelu, tj. P(HEMA-AEMA), P(HEMA-AEMA)-SH, P(HEMA-AEMA)-Tpy, finalnim
P(HEMA-AEMA)-Ac-CGGASIKVAVS-OH a samotném PHEMA jako standardu.
Abychom zhodnotili vliv séra na adhezi buné€k, kultivovali jsme MSC na hydrogelech jak
v pfitomnosti, tak v nepfitomnosti séra v kultivacnim mediu. Z vysledkt naSich pfedchozich
experimentl vyplynulo, ze kultivace MSC po dobu 4 hodin bez pfitomnosti séra signifikantné
neovlivituje viabilitu bunék (Kubinova et al., 2009). Fetalni bovinni sérum (FBS), které je
nutné pro kultivaci bunék v kultufe obsahuje rizné proteiny jako albumin, fibronektin nebo
vitronektin, které jsou schopny adsorpce na povrch substratu a umoznuji adhezi bunék
prostfednictvim integrinovych receptort (Yamada et al., 2003). Hodnoceni adheze a
morfologie bunék v nepfitomnosti séra tak umoZznilo zhodnotit pifimy vliv riznych
povrchovych struktur na interakce s bunikami.

Buniky zachycené po vyseti na PHEMA hydrogelu v nepfitomnosti séra adherovaly
(obr. 25A) na povrch hydrogelu ve sférickém tvaru a nedoslo k jejich rozprostfeni na povrch
hydrogelu. Céste¢né adherované buiiky s kratkymi vybézky byly pozorované u
P(HEMA-AEMA), P(HEMA-AEMA)-SH, P(HEMA-AEMA)-Tpy hydrogela (obr. 25B-D).
Odlisnd morfologie bun¢k byla pozorovana u Ac-CGGASIKVAVS-OH modifikovaného
hydrogelu (obr. 25E). MSC, které rostly a rozprostiely se na povrchu tohoto hydrogelu,
tvorily Cetna lamelipodia a membranové protruze v reakci na pritomnost vazebnych mist
rozpoznanych jejich integrinovymi receptory.

V pritomnosti séra bunky dobfe adherovaly ke vSem testovanym hydrogelim
P(HEMA-AEMA), P(HEMA-AEMA)-SH, P(HEMA-AEMA)-TPy, P(HEMA-AEMA)-Ac-
CGGASIKVAVS-OH, mimo PHEMA (obr. 25F). Kvantitativni analyza potvrdila vyznamné
vy$$i hustotu a plochu bunék na Ac-CGGASIKVAVS-OH modifikovaném hydrogelu
v porovnani s P(HEMA-AEMA), P(HEMA-AEMA)-SH, P(HEMA-AEMA)-TPy, jak
v pfitomnosti, tak v nepfitomnosti séra. Ve srovnani s PHEMA byla také pozorovana
signifikantné¢ lepSi adheze bunék v nepfitomnosti séra na P(HEMA-AEMA) a
P(HEMA-AEMA)-TPy a v ptitomnosti séra u P(HEMA-AEMA), P(HEMA-AEMA)-SH,
P(HEMA-AEMA)-TPy (obr. 26A,B).
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Obrazek 25. Fotografie MSC kultivovanych 4 hodiny na PHEMA (A,F), P(HEMA-AEMA)
(B,G), P(HEMA-AEMA)-SH (C,H), P(HEMA-AEMA)-Tpy (D,I) a Ac-CGGASIKVAV-OH
modifikovana P(HEMA-AEMA) (E,J) v mediu neobsahujicim FBS sérum (A-E) a v mediu se
serem (F-J).
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Obrazek 26. Hustota bunék (graf A) a primérné plochy adherovanych GFP'™ MSC bunék
(graf B) po 4 hodinach kultivace na riiznych hydrogelech v pritomnosti (FBS) a nepritomnosti
séra (FBS-free) v mediu. p<0.05 ve srovnani s PHEMA hydrogelem.

Organizace  cytoskeletu a  tvorba fokalnich adhezi byly hodnoceny
imunofluroscen¢nim barvenim na F-aktin a vinkulin (obr. 27). Na fotografiich potizenych

konfokalnim mikroskopem je patrna tvorba aktinovych filament po 4 hodindch kultivace

66



MSC v pfitomnosti séra na hydrogelech P(HEMA-AEMA), P(HEMA-AEMA)-SH,
P(HEMA-AEMA)-TPy (obr. 27A-H). Tvorba aktinovych vldken nebyla po 4 hodinach
pozorovana u PHEMA a v nepfitomnosti séra u P(HEMA-AEMA), P(HEMA-AEMA)-SH,
P(HEMA-AEMA)-TPy. Naproti tomu, po 4 hodindch kultivace MSC na IKVAV
modifikovaném hydrogelu, bylo mozZné pozorovat aktinova filamenta a tvorbu tenkych
filopodii na okraji bunéénych protruzi buné¢k jak v nepfitomnosti (obr. 271J), tak
v pritomnosti séra (obr. 27G,H). Ptitomnost vinkulinovych fokalnich adhezi na zakonceni
aktinovych filament byla patrnd na IKVAV modifikovaném gelu jiz po 4 hodinové kultivaci a

velmi jasné po 3 dnech kultivace (obr. 27L). V men$i mife bylo mozné pozorovat vznik

vinkulinovych adheznich mist i na ostatnich hydrogelech (obr. 27, bilé Sipky)

Obrazek 27. Fotografie MSC kultivovanych na P(HEMA-AEMA) (4,B), P(HEMA-AEMA)-SH
(C,D), P(HEMA-AEMA)-Tpy (E,F) a Ac-CGGASIKVAV-OH modifikované P(HEMA-AEMA)
(G-L) v mediu obsahujicim FBS (A-H,K,L), v mediu bez FBS (I.J) v prubéhu 4 hodin (A-J)
nebo 3 dni (K,L). Barveni aktinu (A,C,E,G,ILK) a vinkulinu (B,D,F,H,J,L). S'ipky ukazuji

vinkulinova adhezivni mista.
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4.4 Diferenciace neuralnich prekurzoru na Ac-CGGASIKVAVS-OH
modifikovaném hydrogelu

Lidské fetalni neurdlni prekurzory (NSC) byly kultivovany na IKVAV modifikovaném
hydrogelu s cilem zhodnotit vliv imobilizované sekvence na rast a diferenciaci téchto bunék.
Vysledky byly srovnany s ristem NSC na hydrogelu P(HEMA-AEMA)-SH, ktery vykazoval
nejlepsi bioadhezivni vlastnosti zjisténé pii kultivaci MSC (viz vyse). Hustota bunék se
v prubéhu kultivace postupné zvysovala na obou typech gelu s lepSimi vysledky u IKVAV
modifikace. Na obou typech gelu buiiky rostly a proliferovaly ve shlucich, a to vice v porech
gelu nez na jeho povrchu.

Histologické 1 kvantitativni hodnoceni neuralni diferenciace bylo provedeno po 1, 2 a 4
tydnech kultivace. Tyden po osazeni IKVAV modifikovaného gelu tvofily neurdlni bunky
shluky pozitivni na nestin s vybézky pozitivnimi na B-III tubulin (obr. 28C,D). Buiky
rostouci na P(HEMA-AEMA)-SH hydrogelu tvotily mensi shluky se slabou pozitivitou na -
III tubulin a nestin (obr. 28A,B). Na IKVAYV modifikovaném hydrogelu bylo nalezeno 65%
bun¢k pozitivnich na B-III tubulin, zatimco na P(HEMA-AEMA)-SH pouze 0,1% (Tabulka
4).

1 tyden 2 tydny 4 tydny

Blll-tubulin  Blll-tubulin  NF 70 Blll-tubulin  NF70 synaptofyzin

P(HEMA-AEMA)-SH 0,1% 2,2% 31,8% 41,2% 10,7% 12,3%
Ac-CGGASIKVAVS-OH  65,8% 41,6% 52,0% 38,4% 18,1% 42,2%

Tabulka 4. Pocty bunek exprimujicich neuralni markery béhem kultivace na Ac-

CGGASIKVAVS-OH modifikovaé P-(HEMA-AEMA) a na P-(HEMA-AEMA)-SH hydrogelu.

Po 2 tydnech kultivace NSC proliferovaly na obou testovanych hydrogelech (obr.
28F,I). Byly vSak patrné rozdily v morfologii a imunocytochemickém barveni neuralnich
markerii. NSC rostouci na IKVAV modifikovaném hydrogelu tvotily dlouhé vybézky a vice
se podobaly neuronlim. Celkem 41.6% buné¢k bylo pozitivnich na B-III tubulin (obr. 28G) a
52% na NF 70 (obr. 28H). Naproti tomu NSC rostouci na P(HEMA-AEMA)-SH hydrogelu
netvortily pozorovatelné vybézky v takové mite a pouze 2.2% bylo pozitivnich na B-III tubulin

a 31.85% na NF 70.
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Po 4 tydnech kultivace byla hustota bun€k pozitivnich na B-III tubulin srovnatelna u
obou typt hydrogeli (obr. 28LK). Buiky rostouci na IKVAV modifikovaném gelu
vykazovaly vétsi pozitivitu na NF 70 (18.7%) v porovnani s P(HEMA-AEMA)-SH
hydrogelem (10,7%). 42,2% bun¢k rostoucich na IKVAV modifikovaném gelu bylo
pozitivnich na synaptofyzin a byly patrné casté vybézky bunck (obr. 28L). Naproti tomu
buiikky rostouci na P(HEMA-AEMA)-SH byly jen z12,3% pozitivni na synaptofyzin
s nezfetelnou neuralni morfologii (obr. 28J). Bunky proristaly strukturu materialu a vristaly
do pora gelu (obr. 29).

Vyse uvedené vysledky ukazuji, ze modifikace Ac-CGGASIKVAVS-OH podporuje
adhezi, proliferaci a diferenciaci NSC na P(HEMA-AEMA) hydrogelu béhem prvnich dvou

tydnii kultivace.

P(HEMA-AEMA)-SH P(HEMA-AEMA)-Ac-CGGASIKVAVS-OH

100 um

Obrazek 28. Neuralni prekurzory kultivované na P(HEMA-AEMA)-SH (A,B,E,F,1.J) a Ac-
CGGASIKVAVS-OH modifikované P(HEMA-AEMA) (C,D,G,H,K,L) po dobu I tydne (A-D), 2
tydnii (E-H) a 4 tydnii (I-L).
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Obrazek 29. 3D rekonstrukce fotografie neuralnich prekurzorii porizené konfokdlnim
mikroskopem po 4 tydnech kultivace na Ac-CGGASIKVAVS-OH modifikovaném hydrogelu.
Po postupném softwarovem odfiltrovani struktury gelu (cervena plocha) je dobre patrny riist

neurdlnich prekurzorii v porech materidalu (barveni - modre DAPI, cervené [-III tubulin,

zelené GFP protein).
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5 Diskuse

MiSni trauma patii k fyzicky a psychicky velmi devastujicim poranénim
s douhodobymi nésledky, pro které v souc¢asné dobé stale neexistuje ucinna lécba (Dolezal,
2004). Predpoklada se, ze pro uspéSnou terapii miSniho poranéni bude nutno kombinovat
rizné pristupy a strategie, které povedou ke zlepSeni stavu pacientil (Thuret et al., 2006).
Nov¢ pristupy by mély byt idedlné€ Sité na miru konkrétnim pacientiim a mély by vést k cilené
regeneraci poSkozené misni tkan€. Vyuziti biomateriali a nanotechnologii predstavuji nadéjné
moznosti, jak zefektivnit terapii SCI. Cilem této prace bylo zhodnotit a popsat biologické a
funkéni vlastnosti novych hydrogelt a nanocastic ptipravovanych pro 1é€bu misniho poranéni
v Oddéleni neurovéd UEM AVCR a Centra neurovéd 2. LF UK.

Studie na nasem 1 jinych pracovistich ukazaly, ze 1é¢ba poruch nervového systému
pomoci bunécné terapie je perspektivnim smérem se slibnymi klinickymi i1 preklinickymi
vysledky (Sykova et al., 2006b; Sykova et al., 2006a; Forostyak et al., 2011; Polentes et al.,
2012a). K rozvoji 1écby defekti CNS pomoci bunécné terapie vyznamné piispél 1 vyvoj
metod umoZiujicich neinvazivni sledovani osudu buné€k v organizmu po jejich podani
(Jendelova et al., 2004; Sykova et al., 2007b). Pomoci MR je mozno detekovat a sledovat
SPION znacené transplatované builky a na zdklad¢ ziskanych poznatkii optimalizovat
terapeuticky protokol, zvolit vhodnou cestu podani nebo uréit terapeutické okno, v pribehu
kterého je terapie nejefektivnéjsi. V soucasné dob¢ vsak nejsou na trhu vhodné kontrastni
latky pro terapeutické monitorovani bunécné terapie. Navic SPION, které byly donedavna
komer&né dostupné (Endorem®, Feridex™), nemaji optimalni vlastnosti pro intracelularrni
znaceni bun¢k (Kostura et al., 2004; Horék et al., 2009). Vyvoj novych SPION vhodnych pro
zna¢eni a monitorovani bunék pomoci MR je tedy logickym krokem na cesté k dalSimu
poznani a praktickému vyuziti bunécné terapie.

Osud transplantovanych bunék v organizmu vyznamné ptedurcuje zplisob aplikace. Z
dosud publikovanych praci vyplyva, Ze pro aplikaci bunék do misni 1éze je nejvice efektivni
pfima transplantace bun¢k do oblasti 1éze a nejméné U€inné je intravendzni podani bunck
(Courtney et al., 2009; Hejcl et al., 2011). Kompromisem mezi uspokojivou efektivitou a
pfijatelnou invazivitou je intratekdlni transplantace bun€k do mozkomisniho moku pomoci
lumbalni punkce. Uinek bundéné terapie velmi zavisi na efektivité transplantace a na podtu
transplantovanych buné¢k, které mohou terapeuticky plisobit v misté 1éze (Pal et al., 2010).
Bylo napiiklad ukazano, ze po poranéni CNS je mira remyelinizace v miSe umérna poctu

transplantovanych bunék (Inoue et al., 2003). Nizka efektivita transplantace ¢asto nemtze byt
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kompenzovana zvySenim poctu podavanych bunék z diivodu pfilis velkého objemu suspenze
bunek nebo z divodu nedostatku bun€k pro transplantaci. Z téchto divodi je vedle
prokazovani ucinnosti a bezpecnosti bunéénych terapii jednou z dulezitych oblasti vyvoj
novych metod cileného dorucovani bunék, které¢ by umoznily maximalizovat pocet bunék
v 1ézi. Jednou z metod umoznujicich cilené doruovani bun¢k je vyuziti SPION k oznaceni
bun¢k a jejich nasledné doruceni a koncentrovani v misté 1éze pomoci magnetického pole.
Podobné¢ byly v CNS k cilené terapii pomoci magnetického pole vyuzity naptiklad
magnetolipozomy obsahujici protinddorova lé¢iva (Zhao et al., 2012).

Lokalniho ptsobeni ristovych faktorti nebo bunék v SCI lze dosdhnout i s vyuzitim
nosicll na bazi hydrogelt. Osazenim hydrogelu buiikkami ¢i navazanim 1é¢iv na gel vznikne
konstrukt, s jehoz pomoci lze jak fyzicky pfemostit kavitu po miSnim poranéni, tak lokaln¢
v misté poranéni poskytnout ucinek inkorporovanych 1é¢iv nebo bunék rostoucich na nosici.
Tento pfistup vyzaduje konstrukci nosie, ktery bude biokompatibilni, bude mit
kontrolovanou porozitu a permeabilitu, vhodné fyzikalni vlastnosti a bude podporovat adhezi,

proliferaci a eventuelné diferenciaci bunék (Kubinova et al., 2012).

5.1 Biokompatibilita, efektivita zna¢eni a zobrazovani SPION

Nové magnetické nanocéstice pro intraceluldrni znaceni kmenovych bunék jsme
hodnotili z hlediska cytotoxicity, i€¢innosti znaceni a moznosti zobrazeni pomoci MR.

Hodnoceni a vyuziti novych SPION pro znaceni kmenovych bun¢k je dlouhodobym
védecko-vyzkumnym tématem naseho pracovisté (Sykova et al., 2005, 2007a; Sykova et al.,
2011). V pocatecnich studiich byl pro magnetick¢ znaCeni bunc¢k vyuzivan komercné
dostupny preparat Endorem®. Ukézalo se viak, Ze tento preparat, pivodné vyrobcem vyvijeny
jako systémova kontrastni latka, nemd vhodné vlastnosti pro intracelularni znaceni bunck
(zejména kvuli velmi nizké efektivite znaceni bunék). Pro optimdlni znaceni bunck bylo
potieba vyvinout takové nanocastice, které by efektivné znacily bunky, zlepsily jejich kontrast
na MR po transplataci, mély optimalni fyzikalni vlastnosti a neovlivilovaly viabilitu a
diferencia¢ni potencidl kmenovych bun¢k (Hordk et al., 2009).Vhodnou strategii ke zlepSeni
znaeni bunck se ukdzalo vyuziti modifikaci povrchit SPION molekulami, které indukuji
endocytozu (Babi¢ et al., 2008; Babi¢ et al., 2009). Tuto strategii napliiuje i vyuziti
hyaluronanu jako obalu nanoc¢astic. Receptor pro hyaluronovou kyselinu (CD 44) je ptitomen
na povrchu vétSiny savcich bunék vcéetné MSC. CD44 hraje vyznamnou roli v adhezi a
migraci bunék a také endocytoze (Culty et al., 1992; Pittenger et al., 1999; Vachon et al.,
2006; Poulsom, 2007).
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Jednou z prvnich praci popisujicich povrchovou upravu nanocastic pomoci DPA a HA
je prace Yuahana Lee a spol. (Lee et al., 2008). Ve své praci se inspirovali slozenim
adhezivnich proteinti sekretovanych mlzi druhu Mytilus edulis (slavka jedld), které obsahuji
velké mnozstvi dopaminu, pomoci kterych tito zivo€ichové mohou pfilnout k povrchum.
dihydroxyfenylova skupina (katechol), kterd tvoii silné vazby s rliznymi anorganickymi
(v€etné kovil) a organickymi povrchy, které jsou silngjsi nez interakce biotin-streptavidin. Na
rozdil od Lee a spol., ktefi syntetizovali magnetické nanokrystaly fyzikalni metodou termalni
koprecipitacni metodou a nasledn¢ pokryté obalem.

Abychom posoudili vliv jednotlivych slozek obalu nové piipravenych nanocastic na
jejich vlastnosti, ditkladné jsme hodnotili ¢astice v rizném slozeni obalu a poméru slozek.
Pied praktickym vyuzitim SPION jako intracelularnich kontrastnich latek je nutné posoudit
toxicitu vyuzivanych castic a efektivitu znaceni. OznaCeni bunék casticemi nesmi mit
negativni dopad na viabilitu, proliferaci, diferenciaci a funkci bunék (Bernsen et al., 2010). V
naSich experimentech jsme nanocastice vyuzili ke znaceni MSC a chondrocytli. Viabilita ani
proliferaéni potencidl bunck znacenych DPA-HA-y-Fe,O; nebyly podstatné rozdilné
v porovnani s neznacenymi buiikami a byly lepSi nez u bunck znacenych komercné
dostupnym Endoremem"®.

Uginnost znageni bunék pomoci SPION je dilezitym parametrem, protoze efektivngjsi
oznaceni bunék vede k jejich lepsi detekci pomoci MR. Z naSich vysledka vyplyva, Ze Castice
pokryté pouze DPA penetrovaly velmi dobie do bunék diky kladnému naboji aminoskupiny
DPA. DPA samotny ma vyznamnou ulohu pfi internalizaci castic do bunc¢k a jeho
koncentrace je diilezita k dosazeni efektivniho znaceni. Internalizace je vice zéavisla na
koncentraci dopaminu, a ne tak vyrazn€ na koncentraci HA. Pfitomnost samotné HA na
povrchu ¢astic internalizaci zvySuje pouze mirné (v porovnani s DPA). Jak jsme vsak ukézali,
je vyuziti samotného DPA ke zvySeni internalizace ¢astic do bunék schématem ,,éim vice
DPA, tim lep$i internalizace® omezeno agregaci Castic, kterd je jednak dusledkem snizeni
zeta-potencidlu pod mez stability a navic také zvySenou tvorbou nezadoucich shlukt
v dtsledku adsorpce sérovych proteinti z kultivaéniho media. Nejlepsiho znaceni bunék bylo
dosazeno s Casticemi pokrytymi asocidtem DPA-HA. HA v tomto pfipadé zfejmé pfispiva ke
stabilizaci Castic jak pomoci naboje, tak stericky. Mnozstvi bun€k pozitivnich na barveni
berlinskou modfi bylo nejvyssi (85%) u bun¢k znacenych DPA-HA-y-Fe,Os (skupina I11/3).

Vyuziti asociatu DPA/HA a jeho nasledné navazani na maghemitové nanocastice pies
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hydroxylové skupiny je tedy optimalnim postupem jak vytvoiit SPION pro efektivni znaceni
bun¢k, protoZze tyto Castice jsou ochotné builkkami internalizovany a pozitivné zde plsobi
synergicky efekt DPA a HA, tedy obou slozek obalu. Protoze MSC a chondrocyty exprimuji
receptor pro HA (CD44) (Ishida et al., 1997; Zhu et al., 2006) lze pfedpokladat, Ze je
internalizace DPA-HA-y-Fe,O3 nanocastic pravdépodoné receptorem zprostiedkovany proces.
K interakci téchto Castic s negativné nabitou bunénou membrdnou mulze navic piispet
pritomnost kladné nabité aminoskupiny DPA. Synergické piisobeni DPA-HA tak
pravdépodobné usnadiiuje vychytavani ¢astic buiitkami v kultute.

Utinnost znateni MSC pomoci DPA-HA nano&astic byla srovnatelnd s velmi
dobrou ucinnosti znaceni pomoci diive piipravenych nanocastic pokrytych poly-L-lysinem
(Horék et al., 2009). Pii znaceni bunék nebylo nutné pouzit zadné transfekéni Cinidlo jako
v piipadé znaceni MSC nékterymi jinymi autory (Hoehn et al., 2002). Kviili mozné toxiciteé
téchto latek je pro klinické vyuziti zna¢enych bunék pouziti transfekénich ¢inidel nevhodné.
Pro vyuziti znacenych kmenovych bunék je velmi dilezité, aby nebyl znacenim ovlivnén
jejich diferenciacni potencidl. Neékteti autofi poukazuji na moznost ovlivnéni potencidlu
znafenych MSC diferencovat do chondrocytli. Mira ovlivnéni diferencia¢niho potencialu se
muze lisit u riznych nanocastic (Hordk et al., 2011), proto je nutné diferenciaci znacenych
bunc¢k sledovat pomoci diferenciacnich testii. V nasich experimentach jsme pozorovali rozdily
mezi jednotlivymi typy ¢éstic obsahujicich HA v ovlivnéni schopnosti bunék diferencovat.
Chondrogenni diferenciace znacenych bunc¢k byla ovlivéna u ¢astic pokrytych pouze
hyaluronatem, nebyla v§ak ovlivnéna u finalnich DPA-HA-y-Fe,03 nano¢astic. Uloha HA v
chondrogenni diferenciaci neni piesné zndma. Ng a spol. ve své praci ukdzali, ze po pfidani
HA o molekulové hmotnosti 2,5x10° do kultivaéniho media byla v zavislosti na koncentraci
tohoto pfidaného HA snizena syntéza agrekanu a HA v bunécné kultuie chondrocyti (Ng et
al., 1995). Je mozZné, Ze v naSich experimentech se rezidualni volné molekuly HA pfichytily
k povrchu bunék, zabranily tvorbé pelet a znemoznily chondrogenni diferenciaci. Naproti
tomu pfitomnost DPA v DPA-HA-y-Fe,Os vedla k vétsi efektivité znaceni bez negativniho
ucinku na formovani pelety a chondrogenni diferenciaci, pravdépodobné diky lepsi
internalizaci téchto ¢astic bunikami a omezeni desorpce HA do kultiva¢niho media.

Ukézali jsme také, ze bunky znacené DPA/HA casticemi mohou byt dobie
detekovatelné pomoci MR. Nejvyssi relaxivita byla zméfena u Castic DPA-HA-Fe,O3
s pomérem DPA/HA 0,01936 (tabulka 3). Pfi vy$sim poméru DPA/HA se (0,03842) se vsak
relaxivita opé€t snizila, pravdépodobné v disledku agregace vedouci k sedimentaci, coz snizilo
jak relaxivitu castic, tak vychytdvani Castic buiikami. Piestoze tyto Castice maji nizsi
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relaxivitu nez diive studované ¢astice pokryté mandzou a poly-L-lysinem (Hordk et al., 2009),
vykazuji lepsi hodnoty relaxacnich pomeérii u znacenych bunék diky vyssi internalizaci ¢astic
buiikami.

Kromé dobré biokompatibilty a detekovatelnosti pomoci MR je dal§i vyhodou novych
DPA-HA-y-Fe,O; oproti jinym typim castic velké mnozstvi volnych karboxylovych skupin
pro ptipadné navazani molekul 1€Civ, protilatek, fluorescen¢nich znacek, rustovych faktort

nebo kancerostatik. Potencidln€ je tento typ nanoc¢astic vhodny pro Siroké spektrum aplikaci.

5.2 Cilené magnetické doruéovani znaéenych MSC do misni léze

Cileni 1é¢iv pomoci magnetického pole je dlouhodobé studovdno zejména v oblasti
chemoterapeutik a radioterapeutik. Navazanim 1éCiva na magneticky nosi¢, aplikaci do
krevniho feCisté a naslednym zacilenim a vychytanim pomoci magnetického pole je mozné
dosahnout zadouci vysoké koncentrace 1éciva v cilové tkani bez vedlejSich nezadoucich
ucinkl na okolni tkan (Hafeli, 2004).

Principy magnetického cileni bunék jsou v soucasné dobé¢ také vyuzivany v systémech
pro magnetickou separaci bun€k (Hatch et al., 2001). Rostouci vyznam bunécnych terapii a
zajem cilit aplikované bunky do mista 1éze podnitily vyvoj metod vyuzitelnych k cileni bun¢k
in vivo. Hlavni vyhodou cilené terapie je sniZzeni poctu bunék nutného pro lécbu a
koncentrovani bun¢k v misté poranéni.

Cilené¢ magnetické dorucovani bun¢k do oblasti mozku a michy bylo studovéano
riznymi autory (Arbab et al., 2004; Nishida et al., 2006; Sasaki et al., 2011). Pro efektivni
vyuziti magnetického doruCovani je vSak nutny detailnéjSi popis a analyza pouzitych
magnetickych systému. Proto jsme provedli in vivo a in vitro experimenty s cilem kriticky
zhodnotit moZznosti vyuziti permanentniho magnetu k cileni bun¢k do misni 1éze a navrhli

model pribehu cileného doru¢ovani bunék.

5.2.1 Vliv magnetického pole na cileni znaéenych bunék

Ptedpokladem wvyuziti SPION k magnetickém cileni bun¢k je pfitomnost
magnetickych sil plisobicich na ¢astice. Sila je disledkem piitomnosti magnetického pole a
také gradientu magnetického pole, tzn. mirou zmény sily pole v prostoru. Sila F,, ptsobici na
magnetickou ¢astici s bodovym dipolovym momentem m ve statickém magnetickém poli B je

definovana jako

—>

F,=(mV)B @),

m
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kde V je opertor nabla, m =m i+m, j+m.k,B=Bi+B j+B.k a 7,7,k jsou jednotkové
vektory v Cartesianském systému soufadnic (Pankhurst et al., 2003).

Pokud je magneticky materidl umistén v magnetickém poli o sile H, individualni
magnetické momenty v materialu pfispivaji k jeho celkové magnetické odpovédi. Material je
tedy moZzno zmagnetizovat. V pfipadé¢ bun€k oznacenych SPION miize byt celkova
magnetizace bunky vyjadiena jako M =Zm/ V., kde 2m je soucet magnetickych
momentil castic a V. je objem bunky. Magnetizace materidlu M je zavisla na velikosti
magnetického pole H podle vztahu M= y H, kde y je magneticka susceptibilita.

Magneticka sila piisobici na zna¢ené bunky muze byt pak vyjadiena jako

F="2(po)p=""

T Ky z

8 8 o\ . .
(Bx S VB, 4B, a](z B.+jB,+kB.) (s,

kde V. je objem bunky, 1, je permeabilita volné¢ho prostoru, B= 1, H je magneticka indukce a

H je sila magnetického pole (Pankhurst et al., 2003).

Magneticka sila, kterd pisobi na bunky, se zvySuje srostouci susceptibilitou
znaenych bunék (tj. s vy$§im obsahem SPION v buiice) a zavisi na gradientu magnetického
pole, jak vyplyva z rovnic (4) a (5).

Bylo ukazano, Ze permanentni magnety, casto vyuzivané k experimentalnimu
magnetickému cileni bunék do mozku a michy, jsou omezeny svymi fyzikalnimi vlastnostmi,
zejména distribuci a velikosti magnetickych sil a gradientu (Sarwar et al., 2012). Sila
magnetického pole rychle klesd se zvySujici se vzdalenosti od povrchu magnetu. Fyzikalni
limity magnetl a jejich dopad na efektivitu cileni bun€k je nutno analyzovat, zohlednit pfi
hodnoceni ucinnosti pouzitych magnetickych systému a pii navrhu zlepSeni, které bude vést
k vétsi efektivité cileného dorucovani bunék (Hatch et al., 2001; Wahajuddin et al., 2012). Pro
navrzeni obecného principu k optimalizaci magneti pro magnetické cileni bunék jsme
analyzovali gradienty magnetického pole pomoci diive popsané matematické metodiky
(Zablotskii et al., 2010).

Moznost lokalizovat MSC znacené SPION pomoci permanentniho magnetu nejprve
ovétili in vitro. Po vysazeni SPION znacenych bun¢k na Petriho misku s magnetem
pfipevnénym na spodu misky byly bunky pfitahovany do oblasti nad magnetem. Tento
vysledek je v souladu s dobfe dokumentovanym pozorovanim pozorovnanim jinych autord

(Frasca et al., 2009; Schafer et al., 2010).
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Po implantaci magnetického implantatu pokrytého biokompatibilnim silikonovym
obalem do oblasti nad poSkozenou michou jsme nepozorovali zddné nezadouci reakce. Jak
bylo nasledné dobie vidét na MR a také potvrzeno histologicky, po intratekalni transplantaci
bunék potkanlim byly transplantované builkky pfitomny ve shlucich v subarachnoidalnim
prostoru a nemigrovaly hloubéji do poskozené tkané. Mothe a spol. (Mothe et al., 2011) ve
své praci popisuje transplantaci neznacenych MSC do michy cestou lumbalni punkce 1 tyden
po kompresnim miSnim poranéni. Bunky po implantaci setrvaly v intratekalnim prostoru
podél michy a nemigrovaly do misni tkan€. Naproti tomu jini autoii popisuji schopnost MSC
migrovat do miSni 1éze po intratekdlni aplikaci (Satake et al., 2004). Rozdilna schopnost
bun¢k migrovat do Iéze mize byt vysvétlena riznymi typy misniho poranéni ve studiich a
také transplantaci bun¢k v rizné dob¢ po poranéni. Sasaki a spol. (Sasaki et al., 2011) ve své
neddvné praci popsali pozitivni efekt MSC znacenych SPION a cilenych do miSni 1éze na
behaviordlni vysledky pokusnych potkand. Transplantované bunky byly lokalizovany na
povrchu michy v subarachnoidalnim prostoru v oblasti 1éze pod magnetickym implantatem.
V jejich praci vSak nebyl popsan detailnéjsi rozbor pouzitého magnetického systému.

Pozorovany vznik shlukii bun¢k v disledku magnetického cileni miize mit dalezity
vyznam. Trojrozmérné vicebunécné shluky bun€k jsou povaZovany za odolngjsi vici
nehostinnému prostiedi, jakym mtze byt miSni 1éze. Bunky si ve shluku také mohou
navzdjem poskytovat mechanickou a parakrinni podporu. V disledku tvorby shluku a
specifickych mezibunécnych signalli se exprese nckterych genti a faktorti v bunkach ve
shluku muaze lisit od samostatnych bunék (Lin et al., 2008), coz mize vést k rozdilnému
terapeutickému efektu v porovnani s necilenymi buikami. Hamasaki a spol. (Hamasaki et al.,
2005; Hamasaki et al.,, 2007) napiiklad ukdzali, Ze magneticky oznacené neuralni
progenitorové builkky je mozno lokalizovat in vitro pomoci magnetu na urcité misto
organotypického fezu mozku. Lokalizované buniky si zachovaly diferenciacni potencial a
podporovaly axonalni rlst vice neZ buniky rozptylené v kulture.

V naSich experimentech jsme zjistili signifikantni rozdil v distribuci a poctu
transplantovanych bunék v okoli 1éze mezi skupinou pokusnych zvifat s magnetem a
kontrolni skupinou bez magnetu. MSC intratekdlné¢ aplikované do subarachnoiddlniho
prostoru byly vychytavany a koncentrovany nad 1ézi pod magnetickym implantatem. Tato
zjisténi jsou v souladu s praci Nishidy a spol. (Nishida et al., 2006), kde byla méfena plocha,
kterou zaujimaly GFP™ MSC transplantované do zdravé michy v oblasti pod magnetickym
implantdtem. V porovnani s kontrolou byla nalezena vyssi koncentraci bunék v oblasti pod

magnetem. Na rozdil od této studie jsme misto méteni plochy signdlu GFP pouzili metodu
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piimého pocitani bunék a urcili tak pocet a distribuci bunék presnéji. Distribuce bun¢k v okoli
1éze korelovala s vypoctenou distribuci magnetickych sil v okoli pouzitého magnetu. Buiiky
byly koncentrovany v blizkosti 1éze, v disledku distribuce sil magnetu (z-komponenta) vSak
nebylo jejich cileni zaméfeno piesné¢ do mista 1éze. Navic, relativné slaba planarni x-
komponenta neumoznila vychytavat bunky dostate¢né efektivné. Magneticka sila totiz plisobi
ve sméru nejstrméjSiho ristu gradientu magnetického pole (v ptfipadé destiCkového magnetu
na jeho polech, obr. 23). Pro efektivni cileni bun¢k do mista 1éze je tedy nutno vlastnosti
magnetického systému optimalizovat. Jednim z navrhovanych pfistupti mize byt zména tvaru
pouzitého magnetu a dosazeni optimdlni modulace magnetického pole a gradientu. Jinou
moznosti je vyuziti velmi malych magnetli (v rozmérech mm) a nastaveni optimalniho
magnetického pole jejich spravnou konfiguraci (Zablotskii et al., 2010).

Mezioborovy pfistup ke studiu magnetického cileni bun¢k dovoluje odhalit a popsat
dilezité detaily v procesu magnetického cileni bunék na teoretické i praktické urovni. To

pfedstavuje zéklad pro praktické vyuziti magnetického cileni bun€k v biomediciné.

5.2.2 Model cileného doruc¢ovani bunék

Na zékladé analyzy ziskanych dat (po¢tu bun¢k v ¢ase po transplantaci) byl navrzen
predikéni matematicky model magnetického cileni bun¢k, ve kterém je proces cileni bunck
charakterizovan specifickymi ¢asy 7,5 a tpio. 7pn (jeZ definuje rychlost vychytavani bunck)
muiZe byt ovlivnén vlastnostmi magnetu ¢i nanocastic. Pokud snizime 7, (tedy v podstaté cCas,
ktery potiebuje magnet k ptitazeni bunck), zvysi se rychlost vychytavani a pocet vychytanych
bun¢k. Snizeni 7, 1ze dosdhnout naptiklad vybérem vhodného magnetu s dostatecnou silou,
tvarem a aktivni plochou. Vyuziti magnetl malych velikosti se zachovanymi magnetickymi
parametry by umoznilo sniZit z,, a zvySit rychlost vychytavani. Vypocty lze prokazat, Ze
zmenSeni rozmérd magnetu (napiiklad o faktor x) se zachovanim vSech magnetickych
charakteristik, vede ke zvySeni gradientu magnetického pole faktorem x (Zablotskii et al.,
2010).

Naproti tomu 1, je hufe kontrolovatelna proménnd. Jeden z dulezitych faktort
ovlivityjicich i, transplantovanych bunék je naptiklad davka a typ vyuZitych nanocastic.
V naSich pfedchozich studiich jsme ukézali, Ze poly-L-lysinem pokryté SPION k cileni bun¢k
efektivné zna¢i potkani MSC a viabilita znacenych bunék neklesa v 1-5 pasazi pod 75%
v porovnani s neznacenymi buitkami (Hordk et al., 2009). N¢které studie vSak poukazuji na
mozné negativni ucinky nanocastic na buiiky. V nedavné praci (Novotna et al., 2012) bylo u

lidskych MSC znacenych SPION detekovano zvysené oxidativni poskozeni lipida, proteint a
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DNA. Nejvhodnéjsi typ a dostate¢na bezpecnd davka SPION pro znacCeni bun¢k a magnetické
cileni vSak dosud nebyla stanovena.

K dosazeni maximalni efektivity testovaného magnetického systému by mél byt
magnet odebrdn z téla pokusného zvifete nejpozdéji v Case ¢y (obr. 24). Optimalni doba pro
odebrani magnetu je definovana vzajemnym vztahem t,, a Tyio. Prodleva v odebrani magnetu
muze mit za nasledek sniZzeni poctu zachycenych zivych bun¢k v 1ézi (kvili odumirani
aplikovanych bun¢k v cilové oblasti) nebo dalsi vychytavani jiz odumielych bunék unasenych
CSF. Cytokiny uvoliiované poskozenou misni tkdni také nemohou atrahovat transplantované
buiikky. Odebranim magnetu ihned po vychytini maximdlniho poctu bunc¢k je mozno
maximalizovat pocet zivych bunck v oblasti 1éze, které pak mohou mit terapeuticky ucinek.
Znalost a kontrola tp, a Thi Casll tak umoZznuje zvysit efektivitu cileného doruovani bunék.
Cheng a spol. (Cheng et al., 2010) ve své praci zabyvajici se magnetickym cilenim bun¢k do
poskozeného myokardu popsali efekt kratkodobé aplikace magnetu na zvySeni koncentrace
znacenych transplantovanych bunék (bunék derivovanych z kardiosfér) v misté ischemie,
zabranéni odplaveni bunék krevnim pratokem a zlepSené dlouhodobé piijeti bunééného
transplantatu. Ukézali také, Ze po magnetickém cileni se transplantované buiiky podilely na
zlepSeni myokardidlni funkce jak pifimo (diferenciaci do kardiomyocytil), tak nepiimo
parakrinnim efektem. Parakrinni efekt, sekreci rustovych faktori, imunomodulacni ¢i
antiapoptoticky efekt 1ze o¢ekavat i u MSC transplantovanych a cilenych do mi$niho poranéni
(Uccelli et al., 2011). Jak ukazal ve své praci Sasaki a spol. (Sasaki et al., 2011), po zacileni
SPION znacenych MSC do oblasti misni 1éze se vzhledem ke kontrolnim zvifatim bez
magnetického cileni zvysila exprese mRNA vaskularniho endotelového rtstového faktoru
(VEGF), ktery se podili na vaskularizaci misniho poranéni a GAP-43, ktery je tvofen
v rastovém vrcholu axonti. Lze predpokladat, ze optimalizaci cileného dorucovani bunék do
misni 1éze bude mozné zvysit efektivitu transplantace. Jak jsme prokdzali v naSich
experimentech, pti vyuziti magnetického cileni bunék je vSak nutné zohlednit jak fyzikalni
vlastnosti pouzitého magnetu, tak i dalsi faktory, které mohou ovlivnit viabilitu a funkci

transplantovanych bunék.

5.3 Vliv biomodifikace hydrogelu na rust a diferenciaci MSC a NSC
in vitro
Premosténi postraumatické kavity vhodnym materidlem, ktery podpofi regeneraci
poskozené michy, je jednou z moznosti 1écby misniho poranéni. Tento piistup mize byt
obzvlasté¢ vhodny v piipadech chronického misSniho poranéni, kdy naptiklad samotna
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transplantace bunék nemusi byt dostate¢né ucinna. Bylo opakované experimentalné ukazano,
Ze misni poranéni lze pfemostit pomoci materialii na bazi hydrogelii a Ze tato terapie vede
k pozitivnim histologickym zménam a ke zlepSeni pohyblivosti pokusnych zvitfat (Sykova et
al., 2010; Perale et al., 2011). In vivo a in vitro byly studovany rizné hydrogely s riznymi
povrchovymi modifikacemi. V naSich predchozich studiich se jako velmi efektivni ukazalo
vyuziti hydrogeli modifikovanych adhezivni peptidovou sekvenci RGD odvozenou od
fibronektinu, proteinu ECM (Hejcl et al., 2010). Proto se i dalsi studie zaméfily na vyvoj
novych hydrogeld modifikovanych proteiny ECM nebo odvozenymi peptidy.

Synteticky superporézni hydrogel na bazi PHEMA, modifikovany peptidovou sekvenci
Ac-CGGASIKVAVS-OH obsahujici sekvenci IKVAV odvozenou od lamininu, jsme
charakterizovali in vitro z hlediska jeho biokompatibility, bioadhezivnich vlastnosti a vlivu na
diferenciaci neurdlnich prekurzorti. Modifikovany hydrogel byl pfipraven kovalentim
navazanim peptidové sekvence na povrch hydrogelu. To je zvlasté dilezité pro pouziti
materidlu in vivo, kde by mél byt material funkéni po dobu mésict az let. Vazba adhezivnich
molekul pomoci technik zaloZzenych na slabych interakcich (napt. fyzikdlni adsorpce,
elektrostatické pfichyceni) totiZ Casto neimobilizuje molekuly na materidlu dostate¢ne silné,
coz muze vést pozdéji k jejich disociaci (Rao et al., 2009).

Kontakt bun¢k s materidlem probiha v né€kolika krocich : (1) pocatecni zachyceni
bunek, (2) adheze a rozprostieni buiiky, (3) organizace aktinového cytoskeletu a (4) vytvoreni
specifickych fokalnich kontakti. Je znamo, ze mezibunécné kontakty a kontakty bunék
s ECM jsou diilezité pro regeneraci tkani (LeBaron et al., 2000). Fyzické rozprostfeni bunck
na substratu ma silny vliv na intraceluldrni déje v buinice. Buriky, které se rozprostfou na Sirsi
plochu pomoci adheznich mist, 1épe ptezivaji a rychleji proliferuji nez buiiky, které nejsou
rozprosttené (Chen et al., 1997). Chovani bun€k ve smyslu viability, migrace, proliferace a
diferenciace je vyznamné ovlivnéno mirou (rozsahem) jejich adheze na substrat (Bacakova et
al., 2004).

Ptedchozi systematicka studie Kubinové a spol. (Kubinova et al., 2009) zabyvajici se
bioadhezivnimi vlastnostmi hydrogeli na bazi PHEMA ukézala, Z7e se diky porozité
hydrogelu zvySuje zachyceni vysetych bunck na gelu a také, ze ptitomnost bioadhezivnich
komponent vede k lepsi bunécné adhezi a rustu bun¢k diky aktivaci integrinovych receptorti
na povrchu bunék. Integrinova vazebnd mista mohou byt bud’ imobilizovana na hydrogelu
(napt. sekvence RGD, SIKVAV) anebo muze byt spojeni integrin-substrat nepiimo

zprostifedkovano bioadhezivnimi sérovymi proteiny, které se adsorbuji na povrch materidlu ze
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séra v médiu pouzitého pti kultivaci bun¢k. Proto je nutné sledovat biodahezivni parametry in
vitro jak vlivem piitomnosti séra, tak i bez né;.

V souladu s dfivéjSimi vysledky se MSC po vysazeni zachytily na povrchu
nemodifikovaného superporézniho PHEMA hydrogelu, ale nerozrostly se a ziistaly ve tvaru
kuli¢ek. Ve srovnani s PHEMA nem¢élo zavedeni amino, sulthydrylové nebo dithiopyridinové
skupiny signifikantni vliv na pocet zachycenych bunck na gelu, avSak po zavedeni funk¢nich
skupin se signifikantné zlepsil rast bunék (zvétsila se primérna plocha porostla bunkami),
obzvlast’ v pritomnosti séra. Pfitomnost sérovych proteinii v kultivatnim mediu nezvysila
signifikantné pocet zachycenych bungk, ale byla pficinou zvySeného ristu bunék na vSech
studovanych modifikacich hydrogelu, krom¢ nemodifikované PHEMA. Tato zjiSténi jsou
v souladu s ptedchozi in vitro studii s PHEMA hydrogely modifikovanymi cholesterolem, kde
se sérové proteiny adsorbovaly na molekuly cholesterolu (Kubinova et al., 2009). To
naznacuje, ze modifikace PHEMA zavedenim AEMA a nésledné navazani sulthydrylové a
dithiopyridylové skupiny vede k adsorpci integrinovych vazebnych proteinli ze séra
v kultivaénim mediu na povrch gelu a tim ke zlepSeni rastu bunék.

Zvysend adheze a rhst bun€k na Ac-CGGASIKVAVS-OH modifikovaném gelu
ukazuje, ze IKVAV epitop imobilizovany na PHEMA hydrogelu byl schopen vézat
integrinovy receptor a efektivné zprostfedkovat interakce bunék s povrchem gelu. Vazba
integrinti na molekuly ECM je zprostfedkovana kratkymi peptidovymi motivy ve struktufe
proteinu. Protoze izolace ¢i syntéza celych proteinii je obtiznd, je vyhodnéjsi vyuzit ke
zprostiedkovani adheze bunck tyto specifické peptidové sekvence, které se snadno syntetizuji
a mén¢ pravdépodobné podléhaji sterickym zménam ve srovnani s celymi proteiny (Hoehn et
al., 2002). Uvadi se, ze pokud je povrch modifikovan rozsifenou aktivni peptidovou sekvenci
(v nasem piipadé rozsifenou o sekvenci CGGA), byla pozorovana lepsi interakce bunck
s materidlem v porovnani s kratkymi sekvencemi YIGSR nebo IKVAV, pravdépodobné
v disledku lepsi schopnosti napodobit redlnou konformaci lamininu a tedy lepsi interakce
s integrinovym receptorem na povrchu bunék (Yu et al, 2005). V ptedchozi studii
Kubinové a spol. imobilizace kompletniho lamininu na PHEMA hydrogelu nevedla k vyssi
adhezi bun€k na povrch gelu ani ke zlepSeni rGstu bunék nebo zméné morfologie,
pravdépodobné v disledku nevhodného prostorového uspofddani lamininu po jeho
imobilizaci na povrchu PHEMA (Kubinova et al., 2009). Podobné bylo sniZzeni aktivity
lamininu po imobilizaci na PEG hydrogel pozorovano i jinymi autory (Chung et al., 2008).

Signalni molekuly, rizné rastové faktory a cytokiny a také struktura a mechanické

vlastnosti ECM se pfirozené vyznamnym zpusobem podileji na vytvaieni mikroprostiedi
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(niky) a na smérovani osudu a chovani kmenovych bunék v CNS (Williams et al., 2009).
Napodobovani mikroprostiedi urcujici osud bunék, tedy napf. vyuZzivani bioaktivnich
materiald podporujicich rist a diferenciaci, je nad&nym smérem v oblasti tkanového
inZenyrstvi (Silva et al., 2004; Gunn et al., 2005; Williams et al., 2009). Nase vysledky
ukazaly, ze kovalentni navazani peptidové sekvence Ac-CGGASIKVAVS-OH na
superporézni P(HEMA-AEMA) hydrogel podporuje adhezi, proliferaci a diferenciaci NSC
béhem prvnich dvou tydnt kultivace. Kvantitativni analyza, provadéna v prabéhu 4 tydenni
kultivace, potvrdila podpirny efekt imobilizované sekvence IKVAYV na neurdlni diferenciaci.
Na IKVAV modifikovaném hydrogelu bylo pozorovano vétsi procentudlni zastoupeni B-II1
tubulinu a NF 70 pozitivnich bunék v prvnich dvou tydnech kultivace a vice synaptofyzin-
pozitivnich, tedy vyzralejSich neurdlnich bun¢k (Sarnat et al., 1999) na konci 4 tydne. Je
znamo, ze vyssi exprese B-III tubulinu se nachazi u vyvijejicich se a regenerujicich neuronti
béhem longitudindlniho rdstu axonu. Indukce genové exprese NF 70 je zase spojovana
s radialnim riistem axonu u vyzravajicich neuroni (Hoffman et al., 1988). To odpovida nasim
vysledkiim ukazujicim sniZzeni mnozstvi B-II1 tubulinu ve vyzralejSich bunkach kultivovanych
na IKVAV modifikovaném hydrogelu a zaroven vétSsimu mnozstvi vyzralych synaptofyzin-
pozitivnich bun¢k v pozd¢jsi fazi kultivace (Tab.2).

Na zaklad¢ vysledkti této in vitro studie vlastnosti Ac-CGGASIKVAVS-OH
modifikovaného PHEMA hydrogelu byl pfipraven hydrogel s orientovanou porozitou a
mechanickymi vlastnostmi optimalizovanymi pro misni tkan. Tento hydrogel byl implantovan
potkantim do mis$ni hemisekce a transekce. Po osmi tydnech byla pozorovana dobré integrace
hydrogelu do misni tkén€, infiltrace konektivni tkédné¢ a vrlstani neurofilament,
Schwannovych bun¢k a cév do port gelu (Kubinova et al., 2011b). Dosavadni slibné vysledky
dosazené stimto novym typem hydrogelu budou déle rozvijeny v preklinickych studiich

v kombinaci s bunécnou terapii.
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6 Zavéry

1. SPION pokryté DPA-HA asociatem lze efektivné vyuzit ke znaCeni MSC. VyuZiti asociatu
DPA-HA k obaleni nanocéstic je vyhodnéjsi, nez vyuziti dil¢ich molekul HA nebo DPA,
protoze asociatem obalené ¢astice maji vhodné fyzikalné-chemické vlastnosti, jejich koloidni
roztok je stabilni a Ize je 1épe zobrazit pomoci MR. Tyto ¢astice pronikaji dobie do bun¢k a
zéaroven vykazuji u znaCenych bun¢k vyssi hodnoty relaxacnich poméra. DPA-HA castice
nesnizuji viabilitu a proliferaci bun¢k a neovliviiuji chondrogenni diferenciacni potencial
MSC. Navic, diky volnym funkénim skupindm je mozné tyto Castice vyuzit i k pfipadnému

navazani riznych molekul.

2. Implantaci magnetu jsme dosahli zacileni a koncentrovani SPION znacenych bunék do
oblasti mi$ni léze. Ukazali jsme, jak implantovany magnet ovliviiuje distribuci bunék a
kinetiku transplantace po intratekalnim podani MSC znacenych SPION. Analyzovali jsme
limity jednoduchého magnetického systému zalozeného na dostupném permanentnim
magnetu a navrhli jsme zlepSeni efektivity magnetického systému modelaci tvaru magnetu a

magnetického pole.

3. Prokézali jsme vyraznou schopnost PHEMA hydrogelu modifikovaného peptidovou
sekvenci IKVAV podporovat adhezi a rist MSC. Dale jsme ukézali, ze IKVAV modifikace
hydrogelu efektivné podporuje rast, adhezi a diferenciaci lidskych fetalnich neuralnich

prekurzorti v priabehu prvnich dvou tydnt kultivace bun¢€k na hydrogelu.

&3



7 Souhrn

Nové piistupy k 1écbé misniho poranéni vyuzivaji pokroku v oblasti nanotechnologii,
biomateriall a transplantace kmenovych bunék.

Vysledky prezentované v této praci ukazuji, ze SPION obalené stabilnim iontovym
asociatem dopaminu a hyaluronanu lze vyuzit k bezpe¢nému a efektivnimu znaceni MSC.
Efektivita znaceni, viabilita bunék 1 relaxivita Castic byla vys$i ve srovnani s komerc¢nimi
casticemi Endorem®. Tyto nové &astice je tak mozné vyuzit k neinvazivnimu monitorovani
bunécné terapie pomoci MR.

SPION lze také vyuzit k cilenému doru¢ovani MSC do mista léze. Znacené buiiky mohou
byt koncetrovany v oblasti 1éze pomoci implantovaného magnetu. Proces cileni bun¢k zavisi
na fyzikalnich vlastnostech pouZitého magnetu a dalsich biologickych faktorech. Uginnost
magnetického systému je mozné zvysit napiiklad zménou tvaru ¢i velikosti magnetu a tim
vyladit magnetickou silu a gradient magnetického pole pro efektivni cileni bunck.

Slibnym terapeutickym pfistupem k 1é€bé misniho poranéni je vyuZziti hydrogeli a zvlasté
kombinace hydrogelti a kmenovych bunék k pfemosténi poranéni a vytvofeni permisivniho
prostfedi pro vrlstani axonil. Imobilizace peptidu Ac-CGGASIKVAVS-OH na povrch
superporézniho hydrogelu na bazi PHEMA vyznamné zvysila jeho bioadhezivni vlastnosti a
schopnost podporovat diferenciaci a rast lidskych fetdlnich neuralnich prekurzort. Takto
modifikovany hydrogel je velmi atraktivni pro vyuziti nejen v 1é¢bé misniho poranéni, ale i

v dalsich oblastech tkanového inzenyrstvi.
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8 Summary

New approaches for the treatment of SCI use advances in the fields of nanotechnology,
biomaterial science and cell therapy.

The results presented in this thesis showed that superparamagnetic iron oxide
nanoparticles coated with a stable dopamine-hyaluronane associate can be used for the safe
and effective labeling of MSC. Cell labeling efficiency, viability and the relaxivity of the
tested particles were significantly better than those obtained with the commercial particles
Endorem”. The DPA-HA coated nanoparticles can be used for the noninvasive monitoring of
cell therapy using MRI.

Furthermore, we showed that SPION can be used for the targeted delivery of MSC to
the site of a spinal cord lesion. The labeled cells can be concentrated in the lesion area by
means of a magnetic implant. The process of cell targeting depends on the physical
characteristics of the magnetic implant as well as on the biological features of the cells and
nanoparticles, as we described with a proposed mathematical model. It is possible to modify
the properties of the magnetic system, e.g. by changing the shape or size of the magnet, thus
tuning the magnetic force distribution and the gradient of the magnetic field necessary for
effective cell targeting.

A promising therapeutic strategy for the treatment of spinal cord injury is the use of
hydrogels, which can be used to bridge a spinal cord lesion either alone or in combination
with stem cells. We showed that the bioadhesive properties of a superporous hydrogel based
on PHEMA can be significantly improved by the covalent immobilization of
Ac-CGGASIKVAVS-OH peptide on the surface of the hydrogel. The modified hydrogel also
supports the differentiation and growth of neural precursors. The Ac-CGGASIKVAVS-OH-
modified PHEMA hydrogel is thus an attractive candidate for further application in neural

tissue engineering.
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Abstract: The transplantation of mesenchymal stem cells (MSC) is currently under study as a
therapeutic approach for spinal cord injury, and the number of transplanted cells that reach the
lesioned tissue is one of the critical parameters. In this study, intrathecally transplanted cells
labeled with superparamagnetic iron oxide nanoparticles were guided by a magnetic field and
successfully targeted near the lesion site in the rat spinal cord. Magnetic resonance imaging
and histological analysis revealed significant differences in cell numbers and cell distribution
near the lesion site under the magnet in comparison to control groups. The cell distribution
correlated well with the calculated distribution of magnetic forces exerted on the transplanted
cells in the subarachnoid space and lesion site. The kinetics of the cells’ accumulation near
the lesion site is described within the framework of a mathematical model that reveals those
parameters critical for cell targeting and suggests ways to enhance the efficiency of magnetic cell
delivery. In particular, we show that the targeting efficiency can be increased by using magnets
that produce spatially modulated stray fields. Such magnetic systems with tunable geometric
parameters may provide the additional level of control needed to enhance the efficiency of stem
cell delivery in spinal cord injury.

Keywords: magnetism, mesenchymal stem cell, nanoparticle, spinal cord injury, modeling

Introduction

Spinal cord injury (SCI) is a devastating traumatic injury leading to the loss of neurons,
axonal degeneration, a serious neurological deficit, and permanent invalidity. Despite
extensive research, there is currently no effective therapy for SCI.'? The development
of new methods that allow for the restoration of tissue function in the injured spinal
cord represents a major challenge for regenerative medicine. One of the promising
treatment approaches tested in preclinical and clinical studies is the transplantation
of stem cells into the damaged spinal cord.**

Mesenchymal stem cells (MSC) are under intensive study as a potential therapeutic
tool, particularly for the treatment of bone,’ cartilage,® cardiac’” and neural diseases,
including stroke,® amyotrophic lateral sclerosis,” and SCIL.!*!" Numerous studies
have demonstrated their benefit in promoting anatomic and functional recovery
after transplantation in animal models of SCI."'"'* The mechanisms underlying the
therapeutic effect of MSC are primarily the secretion of growth factors and cytokines
supporting neuronal repair,'* immunomodulation, '® and antiapoptotic effects,'”!8 which
promote regenerative processes in the central nervous system.

Important parameters influencing the effect of cell transplantation are the number
of transplanted cells, the site of transplantation, as well as the route of administration.
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Less invasive cell transplantation, but sufficient cell retention
and engraftment in the tissue of interest, are essential for the
effective implementation of cellular transplantation strategies
in regenerative medicine. When administering stem cells
intended to affect SCI, direct injection, lumbar puncture,
and intravenous or intraarterial injection are the commonly
used methods. Intrathecal administration via lumbar puncture
has been described as being more efficient than intravenous
administration and less invasive in comparison to direct
injection."” As the number of cells in the lesion is one of the
critical parameters, it is important to find an efficient means
of cellular delivery, ideally one that would concentrate or
facilitate the homing of cells to the site of injury.

For monitoring the efficiency of cell transplantation,
cellular homing or targeting, grafted cells can be labeled with
superparamagnetic iron oxide nanoparticles (SPION) and
detected by means of magnetic resonance imaging (MRI).202!
In addition, cells labeled with SPION can be manipulated
in a magnetic field*>* and successfully targeted to different
organs. Previous studies in this area have focused on targeting
cells into the liver** or injured brain® or have evaluated the
homing of cells into the healthy spinal cord with the use of a
magnetic system based on a permanent magnet.* However,
amore detailed evaluation of such magnetic systems is often
missing in the literature.

In an effort to improve the efficiency of cell transplantation
into the damaged spinal cord, we evaluated both theoretically
and experimentally an in vivo magnetic targeting system
based on a slab-shaped commercially available permanent
magnet. We propose an improved magnetic system for
targeting labeled cells in a spinal cord lesion and provide a
mathematical model describing such cell targeting.

Materials and methods

Cell preparation

MSC were obtained from 4-week-old green fluorescent
protein (GFP) transgenic Sprague Dawley rats, transgenic
line code TgN (acro/act-EGFP) 40sb. The animals were
deeply anesthetized, the femurs and tibias were dissected
and the bone marrow was plated on Petri dishes containing
Dulbecco’s modified Eagle’s medium (PAA Laboratories
GmbH, Pasching, Austria), 10% fetal bovine serum (PAA
Laboratories GmbH), and Primocin™ (100 pwg/mL; Lonza
Cologne AG, Koeln, Germany). Cells were allowed to
adhere; nonadherent cells were removed after 48 hours
by replacing the medium. Adherent cells were cultivated
at 37°C in a humidified atmosphere containing 5% CO,,
and the medium was changed twice a week. After reaching

near-confluency, the cells were harvested by a Trypsin/EDTA
solution (Gibco-Invitrogen, Carlsbad, CA). After two to three
passages, the cells were labeled with SPION and transplanted
into animals. The cells were characterized as MSC by their
spindle-shaped morphology and adherence to plastic, while
their multipotency was confirmed by their differentiation
into adipocytes, osteoblasts, and chondroblasts according
to a standard differentiation protocol.”*” The cells were
positive for CD90 and fibronectin and negative for CD11b
and CD45.%

Cell labeling with SPION
For cell labeling, poly-L-lysine-coated SPION were used in

this study. The nanoparticles were prepared and characterized
as described previously.?® Cultures of MSC were incubated
with SPION (50 uL/10 mL of culture medium, ie, 15.4 ug
of iron/1 mL media) 72 hours prior to experiments. After
72 hours, the nanoparticles were washed out and the labeled
cells were implanted into the animals.

For in vitro experiments, SPION-labeled cells were plated
in a Petri dish (100,000 cells/dish) with a permanent magnet
or anonmagnetic plastic substitute fixed on the bottom of the
dish. After 48 hours, the magnet or nonmagnetic substitute
was removed and the cells were fixed with paraformaldehyde.
The distribution of cells in the Petri dish was observed under
a fluorescence microscope.

Balloon-induced spinal cord compression

lesion model

The use of animals in this study was approved by the
ethics committee of the Institute of Experimental Medicine
ASCR (Prague, Czech Republic). All efforts were made
to minimize the number of animals used in the study. A
balloon compression lesion was performed in a total of
32 male Wistar rats (280300 g) as described by Urdzikova
et al.!' Briefly, the animals were anesthetized with 2%
isoflorane (Forane®; Abbott Laboratories, Queenborough,
UK) and shaved on the back from C7 to Th 12. Under sterile
conditions, the skin was cut in the midline from Th7-Th12.
The soft tissue was removed, as well as the spinous processes
of vertebrae Th8-Thl11. A catheter was filled with saline
and connected to a Hamilton syringe. The catheter was
inserted into the epidural space and advanced cranially for
1 cm, so that the center of the balloon rested at the Th8-Th9
level of the spinal cord. The balloon was rapidly inflated
with 15 uL of saline for 5 minutes. The catheter was then
deflated and removed. Subsequently, a small magnetic
implant (13 X 7 X 2 mm, neodymium magnet with magnetic
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induction at the surface B, = 0.35 T and remnant magnetic
field B,=1.2 T; ABC Magnet Ltd, Prague, Czech Republic)
covered with a biocompatible silicone plastic coating or a
non-magnetic plastic implant was inserted on the top of the
vertebral column at Th8Th9 (above the lesion site) and
fixed and sutured in the muscles, so that the surface of the
magnet rested approximately 4—4.5 mm above the lesion site
(considering the thickness of the vertebral bone [lamina], the
tissue below the magnet, and the magnet coating). The soft
tissue and skin were sutured with unresorbable thread, and
the animals were allowed to feed and drink ad libitum.

Cell transplantation

The rats were transplanted intrathecally 1 week after injury.
To study the effect of magnetic targeting as a function
of time, animals were sacrificed 12, 24, 72, or 168 hours
after transplantation. A lumbar puncture was performed as
described previously.?” The rats were anesthetized with 2%
isoflorane, and the skin was cut at the L5-L6 level. For each
time interval, a group of animals with a magnet (n =4) and
another group with a nonmagnetic substitute (n = 4) were
injected with 0.5 million SPION-labeled MSC in 50 puL of
phosphate-buffered saline (PBS) using a sterile 25 G needle.
All animals were immunosuppressed daily with cyclosporine
(10 mg/kg, ip, Sandimmun®; Novartis, Basel, Switzerland),
and bacterial infection was prevented by gentamicine
(0.05 mL, im, Gentamicine Lek®; Lek Pharmaceuticals,
Ljublanja, Slovenia).

Magnetic resonance imaging

Atthe end of the experiment, the animals were intracardially
perfused under deep anesthesia (pentobarbital 150 mg/kg;
Sigma, St Louis, MO) with 4% paraformaldehyde in 0.1 M
PBS. The vertebrae were dissected and ex-vivo magnetic
resonance images (MRI) were obtained using a 4.7 T Bruker
spectrometer (Bruker BioSpin, Ettlingen, Germany) equipped
with a volume resonator coil. Sagittal images were obtained
using a standard T2-weighted turbo spin-echo sequence. The
sequence parameters were: repetition time (TR) = 2000 ms,
effective echo time (TE) = 70 ms, turbo factor = 16, number
of acquisitions (AC) = 48, slice thickness = 0.75 mm,
FOV =5 x 2.5 cm and matrix 256 X 256.

Histology and image analysis

Spinal cords were dissected, postfixed overnight in 4%
paraformaldehyde, and transferred to 10% and 20% sucrose.
After freezing, the spinal cords were cryosectioned into
longitudinal sections (14 um thickness) and counterstained

with DAPI. In order to visualize the colocalization of
the GFP signal with SPION labeling, iron in the serial
histological sections was detected by staining with potassium
ferrocyanide (Lachema, Brno, Czech Republic) to produce
ferric ferrocyanide (Prussian blue) according to a standard
staining protocol. To detect the possible infiltration of
macrophages in the lesion, staining for CD68 (ED1; Serotec,
Oxford, UK) was performed followed by counterstaining
with Nuclear Fast Red (Sigma). Antigen-antibody complexes
were visualized using a biotin—streptavidin detection system
(LSAB2 System, HRP; DakoCytomation, Carpinteria,
CA) with 3,3’-diaminobenzidine as the chromogen (Vector
Laboratories, Burlingame, CA). The number of GFP* cells
was quantified using a procedure described previously.*
GFP* cells containing a DAPI-positive nucleus were
counted in every sixth section in an 18 mm (9 X 2 mm)
segment with the epicenter of the lesion in the center of
the segment. The total number of surviving transplanted
cells was obtained by multiplying the number of cells in
the counted sections by 6 to compensate for the sampling
frequency. Histological and image analyses were performed
using a Zeiss Axioskop Light microscope (Carl Zeiss,
Rochester, NY) and image analysis software.

Statistical analysis and mathematical

modeling

The statistical significance of differences in cell counts in
the spinal cord lesions between the magnet and nonmagnet
groups was determined using Student’s z-test. Differences
were considered statistically significant if P < 0.05. Data
are expressed as means * standard error of mean. In the
subarachnoid space the distribution of the magnetic forces
acting on the magnetically labeled cells from a permanent
magnet was calculated analytically with the help of explicit
expressions for the magnetic stray fields.>! The kinetics of
the cells’ accumulation near the lesion site are described
by a mathematical model elaborated with regard to both
the biological and physical factors affecting the cell
distribution.

Results

In vitro magnetic targeting

In vitro studies showed that in a Petri dish, MSC labeled with
SPION can be attracted by magnetic force to the region above
the magnet (Figure 1A and C). In control dishes, without the
influence of the magnet, the cells were uniformly distributed
(Figure 1B and D). Prussian blue staining confirmed the
presence of iron oxide nanoparticles in the cells.
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Figure | In the magnet group (A), GFP cells labeled with SPION and seeded in a Petri dish were attracted to the region above the magnet (13 X 7 x 2 mm, the white solid-line
rectangle depicts the magnet’s edges). In the control group (B), the cells were spread uniformly throughout the dish and did not concentrate in the region above the plastic
substitute. (C and D) show enlarged views of the white boxes in the middle of the magnet (A) or nonmagnet area (B).

Notes: Cells were stained for iron to produce Prussian blue. Scale bars = 5000 um (A and B) and 50 um (C and D).

Abbreviations: GFP, green fluorescent protein; SPION, superparamagnetic iron oxide nanoparticles.

Magnetic targeting in a spinal cord lesion

Histological analysis of spinal cord sections revealed
transplanted SPION-labeled GFP* cells in both the magnet
and control groups. MRI scans and histological findings
were similar in the magnet groups at each time point, as were
the scans and findings for the control groups at each time
point. In order to avoid needless duplication, Figure 2 shows
representative MRI and histological images of a spinal cord
in both the magnet and control groups at a single time point,
72 hours after transplantation. MRI scans showed a larger
hypointense signal of SPION-labeled cells in the lesion area
in the magnet group (Figure 2A) in contrast to the weak signal
observed in the control group (Figure 2D). In the magnet
groups, the cells were located in clusters mostly in the dorsal
intrathecal space of the spinal cord below the magnetic
implant. Prussian blue staining (Figure 2B) colocalized with
the GFP signal (Figure 2C) in serial histological sections.
The observed Prussian blue-positive cells were negative
for ED1-DAB staining, thus excluding the presence of
local macrophages loaded with iron (Figure 2B and E). In
the control groups, fewer cells were identified in the lesion

area (Figure 2E and F). The cell distribution in the magnet
groups correlated with the magnetic forces of the magnetic
implant above the lesion site (see details in the text below),
which attracted and concentrated the cells near the lesion
and prevented the cells from advancing more cranially
(Figure 3). In the control groups, the cells were distributed
more uniformly along the measured spinal cord segment.
Quantitative analysis revealed that the mean total number
of cells found in the measured segment in the magnet
groups was the highest 12 hours after cell administration
(9595 £ 2231 cells), followed by a continual decrease after
24 hours (7181 £ 939 cells), 72 hours (3002 + 581 cells) and
168 hours (2734 + 174 cells). In the controls, the number
of cells 12 hours after administration (3538 + 625 cells)
was significantly lower in comparison to the magnet group
(P < 0.05). The highest number was found after 24 hours
(6894 * 1520 cells), followed by a decrease after 72 hours
(1837 £ 600 cells) and 168 hours (720 £ 138 cells); the
number of cells observed at 168 hours was significantly lower
(P < 0.05) in comparison with the cell number found at the
same time point in the magnet group.
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Magnet group

Non-magnet group

Figure 2 A strong hypointense magnetic resonance signal of SPION-labeled cells was found near the lesion area in the magnet group after intrathecal application (A) in
contrast to the nonmagnet group (D). Intense Prussian blue staining (B) colocalized with the GFP signal (C) in the area under the magnet. Cell nuclei are stained with DAPI
(blue) (C and F). The iron-containing cells in both groups were negative for brown ED- | staining for macrophages (B and E) (sections counterstained with Nuclear Fast Red).
A few SPIO-labeled cells were found in the lesion area in the nonmagnet group (E) colocalizing with the GFP signal (F).

Note: Scale bars = 100 um.

Abbreviations: GFP, green fluorescent protein; SPION, superparamagnetic iron oxide nanoparticles; DAPI, 4’,6-diamidino-2-phenylindole.

Theoretical analysis of the magnetic
forces acting on SPION-labeled cells
from a slab-shaped permanent magnet

in the spinal cord
The magnetic force acting on a cell loaded with magnetic
nanoparticles can be calculated as

/LlO (1)

Yafp 9 59 50 (8, +jB, +#B.)
4\ Tox Ty oz !

where V_is the cell volume, y is the magnetic susceptibility
of'a cell relative to the cerebrospinal fluid, V is the operator
nabla, i, j, and k are the unit direction vectors of a Cartesian
coordinate system, L, is the permeability of free space,
B = u H is the magnetic induction, and H is the magnetic
field strength.??> Note that the force component perpendicu-
lar (z-component) to the channel walls plays a major role
in the targeted capture of cells. In Figure 3, we show the
scaled magnetic force as a function of cell position on the
x-scale, calculated for the slab-shaped magnet used in our
experiments (13 X 7 X 2 mm) as described previously.?!
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24, 72, and 168 hours after intrathecal injection.

Notes: The cell distribution correlates with the magnetic forces of the magnetic implant above the lesion site, which attracts and concentrates the cells near the lesion and
prevents the cells from advancing more cranially. The dashed lines depict the calculated distribution of the z-component of the magnetic forces for a slab-shaped magnet at

a distance of 4.5 mm from the magnet’s surface.

Comparing the experimentally achieved stem cell
distributions (Figure 3) with the force distribution, one can
see their strong resemblance. The visible asymmetry in the
cell distributions is obviously caused by the cells’ injection
into the lumbar space and their primarily unidirectional cranial
migration through the cerebrospinal fluid (CSF). During stem
cell targeting, the interplay between the physical distribution
of the cells (governed by the magnetic forces) and their
biodistribution results in the cell patterns shown in Figure 3.
We suggest that by optimizing the physical (magnetic) force
distribution, one can achieve a more precise and effective
cell targeting near the site of injury. The main idea of the
optimization method relies on the fact that magnetic cell
targeting can be improved by using a magnet of special shape
that produces spatially modulated stray fields.3!
Optimizing magnet geometry for focusing
magnetically labeled cells
As seen from Figure 4 (dashed curve), the calculated force
distribution of a slab-shaped magnet is rather flat, and the

capturing area does not fit well with the 3—4 mm-sized lesion
site. For medical applications, it is often important to capture
magnetic cells more locally. In such a case, the magnetic
system should be optimized for narrow focusing, which could
be achieved by, for example, a slab-shaped magnet with one
central step. The magnetic force distribution generated with
such a stepped magnet is shown in Figure 4 by the black curve
(the step size is 4 X 7 X 2 mm). Thus, adding only one step
on a flat magnet significantly increases the magnetic force
and allows for the more precise focusing of magnetically
labeled cells to the lesion site. An additional advantage of
the proposed stepped magnet is its strong horizontal force
component (x-component), due to which the stepped magnet
attracts the magnetically labeled stem cells. Figure 5A and B
show: (i) the magnetic force distributions in the (x,z)-plane
for flat and stepped magnets calculated analytically by using
previously reported explicit expressions for the magnetic
stray fields produced by a uniformly magnetized slab*' and
(i1) the schematic distributions of the transplanted cells in the
subarachnoid space affected by the magnetic forces.
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Figure 4 Scaled z-component of the magnetic force (normalized to yu V.MJ/a,
where M is the saturation magnetization of the magnet and a is the lateral half-size
of the magnet) calculated as a function of the coordinate in the cerebrospinal fluid
channel for a slab-shaped magnet (dashed) and one with a central step 4 X 7 X 2 mm
(black).

Note: The force was calculated for the plane 4.5 mm above the magnet’s surface. The
vertical lines indicate the boundaries of the magnet, x, = £6.5 mm (13 X 7 x 2 mm).
The lesion site is shown as a grey ellipse at the origin of the coordinate system.

A comparison of Figure 5A and B clearly demonstrates
that the use of a stepped magnet provides the planar compo-
nents of the magnetic forces needed for attracting the labeled
cells to the lesion site, while a flat magnet attracts cells mainly
to the edge of the magnet. As seen from Figure 5B, many
areas with high field gradients are located near the stepped
magnet. This allows the use of such a magnet for targeted
cell delivery to lesion sites of specific geometry. The mag-
netic field gradient value and direction, as well as the force
distribution, could be tuned by changing the number of steps
and their positions, as well as the step sizes and heights.

Modeling cell targeting

One of the crucial problems in stem cell targeting is its
efficiency. The efficiency of magnetic targeting is limited
by both physical and biological factors. Indeed, as described
above, only thousands from half a million injected cells
were captured near the lesion site. Hence, a description
of the cell targeting by a mathematical model, taking into
account the magnetic forces and the magnet’s parameters,
the geometry and volume of the cerebrospinal channel, and
the characteristic life span of the cells would significantly
advance our understanding of this dynamic process.

Let us assume that N, of magnetically labeled cells were
injected in a channel (subarachnoid space). With time 7, ,
the number of cells decays on a time scale due to biological
reasons: the finite life span of the cells, immunological
reactions against the transplanted cells, apoptosis due to

cell-to-cell interactions, possible nanoparticle toxicity, etc.
On the other hand, in the channel volume, the physical
process of cell capture is mainly governed by the magnetic
forces acting on the stem cells loaded with SPION. This
process is characterized by the characteristic time T which
depends on the magnetic field gradient (forces), the number
of SPION per cell, the magnetic moment of the nanoparticles,
and the experimental geometry. The main force to be
overcome by the magnetic force is the drag force of the
cerebrospinal fluid, /7, = 677uRv, where R is the mean cell
size, v is the difference between the cell and fluid velocities,
and W is the fluid viscosity.

Assuming that magnetic forces act on cells near the
magnet surface within an effective area S and that the cells
circulate with the cerebrospinal fluid in the subarachnoid
space of an overall volume V, we now calculate the number
of captured cells. In the whole volume, a decrease in the
number of cells due to their attraction to the magnet, during
time dt, is described as

N, (t)<v>Sdt

dNV(t)= %

2
where N, (¢) is the remaining number of cells in the volume.
Integrating Eq. 2 from 0 to ¢ and taking into account that
N,(0) = N, as well as that the number of captured cells is
N(t) = NN (), one can arrive at

N(1) = N, (1 —e ) 3)

where 7, = V/(S <v>) is the characteristic time and <v>
is the mean cell velocity determined by the balance of
the forces: magnetic, drag and tether to the channel walls
(adhesion forces). In the limiting case when 1<<t, as
follows from Eq 3, the number of captured cells linearly
depends on time: N(t) = N#/z . It is also seen from Eq 3
that the capturing efficiency N(?)/N, and the rate dN/dt= N,/
T,=NS <v>/V strongly depends on the magnetic force
values (in the last expression the mean cell velocity is directly
proportional to the magnetic drag force), the effective magnet
area, and the channel volume.

Now we analyze the consequences of Eq. 3 and compare
them with the experimental data shown in Figure 6A, where
the number of trapped cells is plotted as a function of time.
As seen from this figure, initially the number of captured cells
linearly increases with time, then, after reaching a certain
cell concentration, N(?) starts to decay due to the previously
mentioned biological factors. During this linear increase
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green, orange, and red.

(Figure 6A) the capturing rates are 794 and 287 cells/hour
with and without the magnet, respectively. Obviously, for
the same number of injected cells, the capturing rate is lower
when the magnet is not present.

Our model, specified on the smallest time scale (#<<< T W
predicts the linear dependence of the captured cells on
time, N(?) = Not/l; ,» Which experimentally was observed for
t < 12 hours. From the data shown in Figure 6A, one can
determine the physical characteristic time as T, = 12(N/
N(12)) = 12:0.5:10%/9525 = 630 hours = 26 days. During
this time, the majority of the injected SPION-labeled cells
would theoretically be captured by the magnet in the absence
of the biological factors that are responsible for cell loss.
However, on the time scale # > 24 hours (see Figure 6), the
biological factors’ influence exceeds that of the physical

factors and causes the observed decrease in the size of
the trapped cell colony. The whole process of magnetic
stem cell targeting can be described by a combination of
two time-dependent functions with different characteristic
times: N,(f) = No(l—Exp(—t/'cph)) fort <t and N (1) = N (t)
Exp(—(t-t)/t, ) for t > t, where £, is the moment of time
when the biological factors start to prevail over the physical
ones. An exemplary plot of this dependence calculated for
7, = 80 hours and z, = 12 hours is shown in Figure 6B. The
values of 7, =80 hours and 7,=630 hours were determined
by fitting the experimental data shown in Figure 6.

It should be stressed here, that to achieve maximal
efficiency in stem cell delivery in this magnetic system and
experimental setup geometry, the magnet must be removed
from the rat’s body before the time 7. The optimal time of
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Figure 6 Total number of captured cells in the measured area with (black) and without (grey) a magnet versus time (in hours) (A). Calculated (curve) and experimental (filled
squares) time dependencies of the magnetically captured cells influenced by both physical and biological factors (B).

magnet removal is determined by the interplay of the two
characteristic times: T, and 7, . Because of the fact that
7, is hardly a controllable quantity, to reach the maximal
possible efficiency one should decrease the characteristic
time T,= V/(S <v>), eg, by a proper choice of the magnet’s
strength, shape, and operating area. For example, as seen
from the expression for the physical characteristic time
7, = V/(S <v>), the use of magnets of the smallest sizes
(L = V/S) with all of the magnetic parameters preserved
would allow T, to decrease and increase the capture rate.
A delay in magnet removal might decrease the number of
captured live cells in the lesion site because of cell death in
the target area or the possible further uptake of dead cells
due to cerebrospinal fluid flow. Also, cytokines released by
the lesioned tissue cannot attract transplanted cells to the
lesion site. By removing the magnet, one can maximize the
number of live cells, which can have a therapeutic effect in
the lesioned tissue. Thus, the knowledge and control of both
of the characteristic times (Tp ,and 7 ) allow us to increase
the targeting efficiency.

Discussion

We studied the possibility of targeting MSC labeled with
SPION into the damaged spinal cord by means of magnetic
targeting. In view of the fact that the number of MSC that reach
the lesioned neural tissue after transplantation is considered to
be low,** especially at short time intervals postimplantation,
we believe that this approach can be beneficial for improving
the effectiveness of cell transplantation.

Prior to in vivo use, we tested the permanent magnet-
based targeting system in vitro. In our previous study, we
showed that the efficiency of cell labeling with poly-L-lysine-
coated SPION ranges from 72%-84%.% After we seeded
labeled cells on a Petri dish, they were attracted to the
region above the magnet and concentrated in the target area.

These results are in good agreement with the findings of
other authors.?¢

After the implantation of the slab-shaped magnet covered
with a biocompatible silicone coating, we did not observe any
pathology or inflammation around the implant, suggesting
the safety of the procedure. The transplantation of labeled
cells intrathecally via lumbar puncture was performed 1 week
after SCI, which is considered to be within the range of the
optimal therapeutic window.*® Intrathecal application has
been repeatedly reported to be a clinically attractive method
for cell delivery into the spinal cord because of its low
invasiveness and relative simplicity.*

As shown by a hypointense MRI signal (due to the pres-
ence of SPION in the transplanted cells) and confirmed by
histological staining, the transplanted cells were present in
the subarachnoid space in both the magnet and nonmagnet
groups and did not migrate deeply into the spinal cord tissue.
Interestingly, Mothe et al** transplanted nonlabeled MSC via
lumbar puncture into the spinal cord 1 week after a compres-
sion injury and reported that the majority of transplanted
cells were located in the intrathecal space distributed along
the spinal cord and did not migrate into the spinal cord
parenchyma. They did not observe the exclusive homing
of MSC to the SCI site and suggested that after intrathecal
administration, some cells might be attracted or trapped in
the lesion site due to a meningeal reaction or the swelling of
the spinal cord. The possible entrapment of cells in the dam-
aged lesion tissue might explain the increase in cell numbers
in the lesion observed over time in the nonmagnet control
group. In contrast, other authors reported that MSC have the
ability to migrate into the lesion parenchyma when trans-
planted intrathecally.* This discrepancy might be explained
by differences in the various types of SCI and variations in
the transplant intervals,* since the migration of cells from the
CSF to the lesion might vary in different types of SCI.
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The cerebrospinal fluid circulation within the subarachnoid
space functions as a closed hydraulic system protecting the
central nervous system.*! It must be noted that the circulation
of the CSF plays an important role in cell transport after
intrathecal transplantation. There are several models of CSF
circulation suggested in the literature;** however, the flow
dynamics of the CSF are still not fully understood. CSF
circulation might also vary between pathologic and normal
conditions.

Based on our results, we suggest that the magnet should
be removed in order to efficiently target the cells to the lesion
site. It must be taken into account that without the removal
of the magnet, the magnet might even prevent the cells
from migrating deeply into the lesion site. Recently, Sasaki
et al® reported a significant effect of SPION-labeled MSC
magnetically targeted via the CSF to a spinal cord lesion on
the behavioral outcome of rats with SCI. They observed the
transplanted cells on the surface of the spinal cord in the
subarachnoid space; the cells did not migrate into the spinal
cord tissue. However, they did not report a detailed evaluation
of their magnetic system nor whether they removed the
magnet or not. Experimental validation of an increase in
capturing efficiency caused by magnet removal at the proper
time will be presented in a forthcoming paper.

We have shown that in the lesioned area of the spinal
cord, there was a significant difference in cell distribution
between the magnet and nonmagnet groups. The cells
circulating in the subarachnoid space were gathered under
the magnetic implant. This correlates well with the study
of Nishida et al.?® These authors measured the area of GFP-
positive cells in the healthy spinal cord under a magnetic
implant (5 mm in diameter, 3 mm in height, 350 mT) after
the administration of SPION-labeled cells via lumbar
puncture and reported a higher concentration of cells in the
subarachnoid space below the magnetic implant one day
after intrathecal transplantation. In contrast to Nishida et al,
we directly counted the number of implanted cells instead of
measuring the GFP-positive area, a more accurate approach
to determining the number of cells and the cell distribution in
the lesion site. As we have shown, the number of cells that
can be concentrated near the target area by using a simple
slab-shaped permanent magnet was significantly higher in
comparison to the non-magnet group. These findings agree
with theoretical calculations of the magnetic properties of
such a magnetic implant. However, the distribution of the (z)
component of the magnetic force of a slab-shaped magnet
is flat and does not precisely focus the cells at the lesion
site. Moreover, due to the weak planar (x) component of

the magnetic force, the cells are not effectively attracted
with such a magnet.

Periodically magnetized structures producing nonuni-
form magnetic field spatial distributions for magnetic target-
ing applications were previously studied analytically as well
as by simulations by Héfeli et al.* However, to the best of our
knowledge, the theoretical concepts of magnetic targeting in
the spinal cord are poorly discussed in the literature. In order
to predict the behavior of a magnetic targeting system, we
introduced a mathematical model in which the process of cell
targeting is characterized by the specific times 7, and 7, .

One of the crucial factors influencing the 7, of a
transplanted cell is the dose and type of iron oxide nanoparticle
used for cell labeling. As we recently showed, SPION might
cause oxidative damage to biological macromolecules as well
as DNA damage, which might in turn influence the biological
behavior of the cells and 7, .*’ Various types of SPION with
different coatings are under development; however, the most
appropriate type and dose of nanoparticles for cell labeling
and magnetic targeting remain to be determined.

Considering the limitations of the above-mentioned
magnetic system based on a simple slab-shaped magnet, we
suggested an improved tunable magnetic system allowing
for the precise focusing of magnetically labeled cells to a
target in the spinal cord that will be experimentally tested in
future experiments.

Conclusion

In conclusion, the targeting of SPION-labeled MSC into
the injured rat spinal cord was achieved with the use of an
implanted slab-shaped permanent magnet. We showed how
the magnetic implant affects the distribution and kinetics
of the transplanted cells in the spinal cord after intrathecal
implantation. The magnetic system based on a commercially
available magnet appears to be functional despite being limited
by both physical and biological factors. These limitations are
discussed, and the improvement of the magnetic targeting
system by tuning the magnetic force distribution is suggested.
The proposed magnetic delivery system can be attractive for
clinical application development.
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Modifications of poly(2-hydroxyethyl methacrylate) (PHEMA) with laminin-derived Ac-CGGASIKVAVS-
OH peptide sequences have been developed to construct scaffolds that promote cell adhesion and neural
differentiation. Radical copolymerization of 2-hydroxyethyl methacrylate with 2-aminoethyl methacry-
late (AEMA) and ethylene dimethacrylate in the presence of ammonium oxalate crystals resulted in the
formation of superporous P(HEMA-AEMA) hydrogels. They were reacted with y-thiobutyrolactone to

Iée;l/lw%rgs:' yield 2-(4-sulfanylbutanamido)ethyl methacrylate (P(HEMA-AEMA)-SH) unit. The Ac-CGGASIKVAVS-OH
L:mﬁlmesmn peptide was immobilized to the sulfhydryl groups of CHEMA-AEMA)-SH by 2,2’-dithiodipyridine linking
Mesenchymal stem cell reagent via 2-[4-(2-pyridyldisulfanyl)butanamido]ethyl methacrylate (P((HEMA-AEMA)-TPy). The adhe-
Neural cell sion and morphology of rat mesenchymal stem cells were investigated on the Ac-CGGASIKVAVS-OH-
PolyHEMA modified P(HEMA-AEMA) as well as on PHEMA, P(HEMA-AEMA)-SH and P(HEMA-AEMA)-TPy hydrogels.

Superporous Ac-CGGASIKVAVS-OH-modified PHEMA scaffolds significantly increased the number of
attached cells and their growth area on the hydrogel surface in the absence and in the presence of serum
in the culture medium. Additionally, the Ac-CGGASIKVAVS-OH peptide supported the attachment,
proliferation, differentiation and process spreading of human fetal neural stem cells during the first two
weeks of expansion and contributed to the formation of a high percentage of more mature neural cells
after four weeks of expansion. The Ac-CGGASIKVAVS-OH modification of superporous P(HEMA-AEMA)
hydrogels improves cell adhesive properties and promotes neural stem cell differentiation.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction application in medicine as well as because it can be easily fabricated

in various architectures [4]. It is well tolerated in vivo; however, it

Superporous three-dimensional scaffolds have been recently
designed to provide support for tissue regeneration and the
required transport of nutrients and metabolites to and from cells
[1]. A range of polymer materials, both biodegradable and non-
degradable, has been investigated in tissue engineering. While
degradable polymers include polyurethane, polyphosphazene, poly-
(glycolic acid), poly(lactic acid) and poly(e-caprolactone) [2], poly-
(2-hydroxyethyl methacrylate) (PHEMA) is a non-degradable
material [3]. PHEMA is suitable as a scaffold material due to its good
mechanical strength, elasticity, and long history of successful

* Corresponding author. Institute of Macromolecular Chemistry AS CR, v.vi.,
Heyrovsky Sq. 2, 162 06 Prague 6, Czech Republic. Tel.: +420 296 809 260; fax:
+420 296 809 410.

E-mail address: horak@imc.cas.cz (D. Horak).

0142-9612/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials.2010.04.040

lacks functional groups to which biological molecules can be easily
attached. Therefore, reactive comonomers, typically containing
carboxyl and amino groups, are incorporated in the material [5].
To improve bioadhesive properties in various tissue engineering
applications, considerable efforts have been made to modify
biomaterial surfaces by the immobilization of integrin binding
epitopes of extracellular matrix (ECM) molecules, such as those
from fibronectin, laminin and collagens [6]. The advantage of using
these short epitopes rather than the whole protein is their easy
manufacture, high stability and the possibility to incorporate the
epitopes available for receptor binding at high surface density
relative to the natural ECM [7]. Well-characterized cell adhesion
ligands are fibronectin-derived RGD [8] or laminin-derived YIGSR
and IKVAV peptides [9—12]. IKVAV has been shown to promote cell
adhesion, migration, differentiation, growth, and neurite extension
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[713—16]. Covalent coupling of cell adhesion ligands to poly-
caprolactone scaffolds has been shown to promote the adhesion of
bone marrow mesenchymal stem cells [8] or adipose-derived stem
cells [9]. YIGSR and SIKVAV peptides have also been covalently
coupled to P(HEMA-AEMA) hydrogels to enhance neural cell
adhesion and neurite outgrowth [5].

The aim of this work was to investigate cell-surface interactions
using the IKVAV adhesive peptide sequence covalently attached to
a PHEMA scaffold. Various immobilization procedures were used to
link the peptide to polymer materials including N-hydroxy-
succinimide/1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(NHS/EDC) chemistry on amino, carboxyl and sulfhydryl groups, or
maleimide [17—19]. The copolymerization of 2-hydroxyethyl
methacrylate (HEMA) with a low amount of 2-aminoethyl meth-
acrylate (AEMA) was used to produce a reactive polymer hydrogel
capable of modification with the laminin-derived Ac-CGGA-
SIKVAVS-OH peptide terminated with acetylcysteine (Fig. 1).
P(HEMA-AEMA) hydrogel was therefore reacted with y-thiobutyro-
lactone to introduce sulfhydryl groups, which after activation with
2,2'-dithiodipyridine  immobilized the Ac-CGGASIKVAVS-OH
sequence via the SH groups of cysteine. To characterize the bio-
adhesive properties of superporous Ac-CGGASIKVAVS-OH-modi-
fied P(HEMA-AEMA) hydrogels, the attachment and morphology of
rat mesenchymal stem cells (MSCs) were studied. As PHEMA
hydrogels have been previously investigated as a material for the
regeneration of spinal cord injury [20] and, moreover, since laminin
is a fundamental substrate in neuronal development, the effect of
the Ac-CGGASIKVAVS-OH modification on neural cell adhesion,
growth and differentiation was further investigated using human
fetal neuronal precursors.

2. Experimental

2.1. Materials
2-Hydroxyethyl methacrylate (HEMA; R6hm, Germany) and ethylene dime-
thacrylate (EDMA; Ugilor S.A., France) were purified by distillation. 2,2’-Azobisiso-
butyronitrile (AIBN; Fluka, Buchs, Switzerland) was crystallized from ethanol and
used as an initiator. Ammonium oxalate (Lachema, Brno, Czech Republic) was
crystallized from water under the formation of 30—90 um thick and ca. 0.3—10 mm
long needle-like crystals and used as a porogen. 2-Aminoethyl methacrylate (AEMA)
hydrochloride (Aldrich, St. Louis, MO, USA), y-thiobutyrolactone (Aldrich), 2,2’-
dithiodipyridine (Fluka, Buchs, Switzerland), imidazole (Fluka), 1,1,1,3,3,3-hexa-
fluoro-2-propanol (Fluka), methanol (Lachema, Neratovice, Czech Republic) and
dichloromethane (DCM; Lachema) were used as received. N,N-Dimethylformamide
(DMF) was purchased from Lachema, Neratovice (Czech Republic) and purified by
distillation under vacuum in the presence of ninhydrin solution. Protected Fmoc
amino acids (Fmoc-AA) Fmoc-Gly-Ser($M®M€ pro)-OH and Fmoc-Val-Ser(yMeMe
pro)-OH protected building block were purchased from Merck (Darmstadt,
Germany); 1-hydroxybenzotriazole (HOBT), N,N'-diisopropylcarbodiimide (DIIC),
trifluoroacetic acid (TFA) and 1,2-ethanedithiol (EDT) were purchased from Sigma—
Aldrich. All other chemicals were from Lachema.

Ultrapure Q water ultrafiltered on a Milli-Q Gradient A10 System (Millipore,
Molsheim, France) was used for all experiments.
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Dulbecco’s modified Eagle’s medium (DMEM), DMEM/Ham’s F12 and fetal
bovine serum (FBS), purchased from PAA Laboratories (Pasching, Austria),
Primocin™ (Lonza, Cologne, Germany) and human serum albumin (Baxter, Deer-
field, IL, USA) were used for cell cultivation. Reduced modified medium (RMM)
contained DMEM/F12 and 3% human serum albumin. Human apo-transferrin,
putrescine DiHCl, human recombinant insulin, progesterone, L-glutamine, sodium
selinite, hEGF, and 4-hydroxytamoxifen (4-OHT) were purchased from Sigma-
—Aldrich and human b FGF from PeproTech GmbH (Hamburg, Germany).

For immunofluorescent staining, Chemiblocker, mouse anti-nestin (clone 10C2),
mouse anti-neurofilament 70 kDa (clone DA2) and mouse anti-synaptophysin
(clone SY38), purchased from Millipore (Temecula, CA, USA), Triton X-100, bovine
serum albumin (BSA), mouse anti-vinculin (clone hVIN-1) and mouse anti-BIII-
tubulin (clone SDL3D10), purchased from Sigma—Aldrich, Alexa-Fluor 568 phalloi-
din, 4/,6-diamidino-2-phenylindole (DAPI) and goat anti-mouse IgG antibody
conjugated with Alexa-Fluor 488 and with Alexa-Fluor 594, purchased from
Molecular Probes (Invitrogen, Paisley, UK), were used.

2.2. Preparation of superporous P(HEMA-AEMA) hydrogels

A5 ml polyethylene injection syringe equipped with a stainless filter was loaded
with a suspension of freshly crystallized ammonium oxalate (2.55 g; 42.3 vol.%) in
water, the excess solution removed by centrifugation, and the crystals washed with
ethanol then dried at room temperature. HEMA (2.45 g), 2-aminoethyl methacrylate
(AEMA; 25 mg; 1wt%), ethylene dimethacrylate (EDMA; 25 mg; 1wt.%), AIBN
(10 mg) and 1,4-dioxane (1.25 ml) were added. Excess solution was removed, and
the mixture polymerized at 60 °C for 16 h. At the end of the reaction, the syringe was
cut lengthwise, the hydrogel cylinder removed and cut with a razor to 0.7 mm thick
discs. The resulting poly(2-hydroxyethyl methacrylate-co-2-aminoethyl methacry-
late-co-ethylene dimethacrylate), P(HEMA-co-AEMA-co-EDMA) — in further text
abbreviated as P(HEMA-AEMA), discs were immersed first in a saturated NaCl
solution for 24 h (to avoid cracks), then successively washed with 0.01 m HCl
aqueous solution (each time 100 ml) for 4 days, and finally with water.

2.3. Synthesis of Ac-CGGASIKVAVS-OH

The Ac-CGGASIKVAVS-OH peptide (Scheme 1) was prepared by a stepwise solid-
phase peptide synthesis on chlorotrityl resin (Merck, Darmstadt, Germany). Pseu-
doproline protected peptide blocks were used for the incorporation of Gly-Ser and
Val-Ser peptide fragments.

A cycle of the synthesis (10 ml of solvent per gram of the resin) consisted of the
following steps: (i) washing three times with DMF for 2 min, (ii) deprotection with
25% piperidine in DMF for 5 min, (iii) washing with DMF for 2 min, (iv) deprotection
with 25% piperidine in DMF for 15 min, (v) washing four times with DMF for 2 min,
and (vi) activation/coupling by the addition of 3 equivalents of Fmoc-AA in DMF
preactivated with 3 equivalents of HOBT and DIIC (45 min). The coupling efficiency
was monitored by a visual test with bromophenol blue [21]. Incomplete coupling
reactions were repeated from steps (v) to (vi). Before cleavage, the resin was finally
washed three times successively with DMF (1 min), DCM (1 min) and methanol
(1 min). The cleavage and deprotection of the peptide were carried out in TFA:H;0:
EDT (95:4:1 v/v/v) solution. Deprotected peptides were precipitated from the
solutions in diethyl ether, dissolved in acetic acid and the acetic acid was evaporated
under vacuum. The identity of the protected peptide was confirmed by MALDI-TOF
MS analysis on a Bruker Biflex Il mass spectrometer using a reflection mode and 2,5-
dihydroxybenzoic acid as a matrix (5:1 matrix/peptide ratio). The spectrum showed
dominant ions at 1033.9, 1055.9 and 1090.03 m/z, which are consistent with the
expected protonated molecular ion M + H", the sodium adduct ion M + Na™ and the
potassium adduct ion M + K" (Fig. 2).

2.4. Reaction of P(HEMA-AEMA) hydrogel with vy-thiobutyrolactone

Forty P(HEMA-AEMA) discs were immersed in water (50 ml), and an aqueous
solution (2.5 ml) ofimidazole (0.34 g) and y-thiobutyrolactone (0.5 ml) was added under
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Fig. 1. Ac-CGGASIKVAVS-OH peptide.
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Scheme 1. Activation of P(HEMA-AEMA) hydrogel with y-thiobutyrolactone and 2,2’-dithiodipyridine and the immobilization of Ac-CGGASIKVAVS-OH.

an argon atmosphere and the mixture gently stirred for 16 h (Scheme 1). At the end of the
reaction, the discs were washed four times with water (80 ml), a 20% solution of ethanol
in water and finally with water under an argon atmosphere. The resulting 2-(4-sulfa-
nylbutanamido )ethyl methacrylate intermediate was denoted as P(HEMA-AEMA)-SH.

2.5. Activation with 2,2'-dithiodipyridine

2-(4-Sulfanylbutanamido)ethyl methacrylate hydrogel discs were immersed in
a solution consisting of 0.1 m phosphate buffer (pH 8; 60 ml) and ethanol (20 ml). A
solution of 2,2’-dithiodipyridine (25 mg) in ethanol (0.5 ml) was added, and the
hydrogels reacted for 1 h under an argon atmosphere (Scheme 1). The discs were
washed with a solution of 0.1 m phosphate buffer (pH 8; 60 ml) and ethanol (20 ml),
then four times with water (80 ml) under an argon atmosphere. The resulting
intermediate containing 2-[4-(2-pyridyldisulfanyl)butanamido]ethyl methacrylate
was denoted as P(HEMA-AEMA)-TPy.

2.6. Immobilization of Ac-CGGASIKVAVS-OH

Thiopyridine-activated hydrogel discs (P((HEMA-AEMA)-TPy) were immersed in
a solution of Ac-CGGASIKVAVS-OH (9.5 mg) in 1,1,1,3,3,3-hexafluoro-2-propanol
(0.1 ml) and phosphate buffer (pH 8; 7 ml). The reaction proceeded for 16 h under
gentle stirring and an argon atmosphere (Scheme 1). After the reaction, the UV—VIS
spectrum of the solution was measured, and the hydrogels were washed five times
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Fig. 2. m/z spectrum of the Ac-CGGASIKVAVS-OH peptide.

with water (60 ml). P(HEMA-AEMA )-Ac-CGGASIKVAVS-OH [termed SIKVAV-modi-
fied P(HEMA-AEMA)] discs were sterilized in ethanol (70 vol.%) for 40 h, transferred
in a sterile 100 ml reagent bottle and repeatedly washed with sterile Q water to
replace the ethanol under sterile conditions.

2.7. Characterization

A scanning electron micrograph was recorded on a JSM 6400 scanning electron
microscope (Jeol, Tokyo, Japan). The sample was sputter-coated with 4 nm of Pt
before imaging. The seeded cells were monitored on an AxioCam HRc Axioscop 2
Plus fluorescent microscope (Zeiss, Jena, Germany) and a LSM 510 DUO laser scan-
ning confocal microscope (Zeiss). To monitor the changes in the medium before and
after the reaction of the hydrogel with Ac-CGGASIKVAVS-OH, UV—VIS spectroscopy
of the eluates was performed using a Lambda 20 spectrometer (Perkin-Elmer,
Norwalk, CT, USA). The IR spectra of the polymers were recorded on a Perkin-Elmer
FT-IR spectrometer Paragon 1000 PC. Elemental analysis was determined using
a Perkin-Elmer model 2400 CHNS/O analyzer. To determine swelling (S\/) and water
regain in the pores (P), hydrogel cylinders were swollen in water for 24 h, then the
water was removed from the pores by suction on a glass filter and the polymer dried.

P = (my —mc)/me (ml/g), Sw = (Mc—Mmo)/Mo,

where mo, my and mc are the weights of dried and water-swollen hydrogels before
and after the removal of water from the pores using a vacuum of water pump,
respectively.

2.8. Cell culture

2.8.1. Rat mesenchymal stem cells

Mesenchymal stem cells (MSCs) were isolated either from Wistar rats or
from the enhanced green fluorescent protein (EGFP) transgenic line of TgN (acro/act-
EGFP)40sb [22], which expresses EGFP under the control of a chicken promoter for
B-actin and a cytomegalovirus enhancer. Briefly, femurs were dissected from 4-
week-old rats. The ends of the bones were cut, and the marrow was extruded using
a needle and a syringe with MSC culture medium containing DMEM with 10% FBS
and Primocin™ (100 pg/ml). After 24 h, the non-adherent cells were removed by
replacing the medium. Cultures were kept in a humidified 5% CO, atmosphere at
37 °C; cells up to the third passage were used for seeding hydrogel discs.

2.8.2. Human fetal neural stem cells

The human fetal neural stem cell (NSC) line SPC-01_GFP-3, which is a con-
ditionally immortalized cell line, was generated from 8-week-old human fetal spinal
cord. For immortalization of the cell line, a previously described approach was used
[23]. Briefly, retroviral vectors encoded the chimeric myc-ERTAM gene, which fused
c-myc with a mutant of the estrogen receptor sensitive to 4-hydroxytamoxifen (4-
OHT). The c-myc immortalized the cells (i.e., drove their continuous, stable expan-
sion) while maintaining phenotypic and karyotypic stability in part through the
activation of telomerase activity. This activity was regulated by 4-OHT. In the
absence of 4-OHT, c-myc activity was absent, and the cells ceased constitutive
expansion. SPC-01 cells were cultured in reduced modified media (RMM) which



S. Kubinovd et al. / Biomaterials 31 (2010) 5966—5975 5969

contained DMEM/F12, 3% human serum albumin, human apo-transferrin (100 pg/
ml), putrescine DiHCI (16.2 pg/ml), human recombinant insulin (5 pg/ml), proges-
terone (60 ng/ml), L-glutamine (2 mwm), sodium selinite (40 ng/ml), hEGF (20 ng/ml),
4-OHT (100 nm) and human b FGF (10 ng/ml).

2.8.3. Cell culture on hydrogel scaffolds

In cell attachment studies, the cell density and the cell growth area of EGFP-
MSCs were determined 4 h after seeding in the presence and in the absence of serum
in the culture medium. Sterile hydrogel discs were placed into a 24-well plate with
MSC culture medium (1 ml per well; with or without FBS), seeded with a suspension
of 30,000 EGFP-MSCs per disc and incubated in a humidified 5% CO, atmosphere at
37 °C for 4 h. The hydrogels were then washed three times with PBS, fixed in 4%
paraformaldehyde in PBS for 15 min and washed again three times with PBS. The
number of attached cells was counted in three non-covered areas scanned from each
disc using an AxioCam HRc Axioscop 2 Plus fluorescent microscope and Image]
software (National Institutes of Health, Bethesda, MD, USA). The cell density per
mm? was calculated from the number of cells counted in the objective field area. For
quantitative evaluation of the extent of cell spreading on the hydrogel surface, the
cell growth area was determined on each type of hydrogel; at least 30 cells were
scanned using a laser scanning confocal microscope at 488 nm excitation wave-
length, and their growth area was determined using Image] software. Each type of
hydrogel was seeded in triplicate. Statistically significant differences (p < 0.05) were
determined using a one-way ANOVA test.

A suspension of SPC-01_GFP-3 cells (10°) was seeded on P(HEMA-AEMA)-SH or
Ac-CGGASIKVAVS-OH-modified P(HEMA-AEMA) hydrogel discs in a 24-well plate
with RMM medium and cultured for 28 days. The growth and differentiation of SPC-
01_GFP-3 cells were analyzed using immunofluorescent labeling for BIlI-tubulin,
nestin, neurofilaments and synaptophysin after 1, 7, 14 and 28 days. Quantitative
analysis was carried out by counting the number of immunoreactive cells and
comparing that number to the total number of viable cells as determined by DAPI
staining. A minimum of 20 random fields from a laser scanning confocal microscope
were analyzed for each type of marker.

2.84. Immunofluorescent staining

For immunofluorescent staining, cells grown on hydrogel discs were fixed in
paraformaldehyde in PBS for 15 min, washed with 0.1 m PBS and treated with
Chemiblocker (1:20) and Triton X-100 (0.5%) in PBS. MSCs were incubated with
Alexa-Fluor 568 phalloidin (1:300) and with an antibody to vinculin (1:200) diluted
in 0.1 m PBS containing 1% bovine serum albumin (BSA) and Triton X-100 (0.5%). This
was followed by incubation with a secondary goat anti-mouse IgG antibody
conjugated with Alexa-Fluor 488 (1:200) diluted in 0.1 m PBS containing Triton X-
100 (0.5%). SPC-01_GFP cells were incubated with antibodies to III-tubulin (1:200),
nestin (1:2000), NF70 (1:200) or synaptophysin (1:1000) diluted in PBS (0.1 m)
containing 1% BSA and Triton X-100 (0.5%). This was followed by incubation in
secondary goat anti-mouse IgG antibody conjugated with Alexa-Fluor 594 (1:200).
The nuclei were visualized using DAPI (1:200). Fluorescent images were acquired by
a LSM 510 DUO laser scanning confocal microscope (Zeiss).

3. Results and discussion
3.1. Preparation of superporous P(HEMA-AEMA) hydrogels

This report is a continuation of our earlier published works
on PHEMA hydrogels prepared for tissue engineering [24].
P(HEMA-AEMA) hydrogel slabs were prepared by the bulk radical
copolymerization of HEMA with low amounts (1 wt.%) of both 2-
aminoethyl methacrylate (AEMA) and ethylene dimethacrylate
(EDMA). While AEMA introduced an amino functionality for the
subsequent attachment of a biomolecule, e.g., of a cell adhesive
peptide, with the aim of improving cell adhesion, cross-linking
with EDMA hindered dissolution of the polymer. Polymerizations
were run in syringes where all the monomers (HEMA, AEMA and
EDMA) were dissolved in 1,4-dioxane in the presence of freshly
crystallized ammonium oxalate porogen (42.3 vol.%) [25]. The salt,
which was in the form of needle-like crystals, was dissolved and
washed out after completion of the polymerization creating inter-
connected pores in the polymer matrix (Fig. 3). The cylinders
resulting from the polymerization were cut to 0.7 mm thick discs
that were then further modified to facilitate the immobilization of
the Ac-CGGASIKVAVS-OH peptide. Elemental analysis of the
resulting P(HEMA-AEMA) hydrogel confirmed the presence of
nitrogen (0.35 wt.%), indicating that AEMA was incorporated in the
polymer (Table 1). This amount roughly corresponded to the

Fig. 3. SEM micrograph of a cross-section of the superporous P(HEMA-AEMA)
hydrogel.

theoretical content of nitrogen in synthesized microspheres
(0.15 wt.%) calculated from the feed composition if the accuracy of
the nitrogen analysis (£0.2 wt.%) is considered. Such a low AEMA
content was, however, not detectable using IR spectroscopy as no
difference between the PHEMA and P(HEMA-AEMA) spectra was
found (data not shown). As expected, water regain in the pores of
the P(HEMA-AEMA) hydrogel was 0.45 ml/g, which corresponds to
the volume of ammonium oxalate added in the polymerization. The
swelling of (HEMA-AEMA) reached 1 ml/g, which is more than the
equilibrium water swelling of homogeneous PHEMA [26] (~39%).
This discrepancy can be explained by the water contained in closed
pores.

3.2. Reaction of P(HEMA-AEMA) hydrogel with vy-thiobutyrolactone
and activation with 2,2'-dithiodipyridine

The treatment of the amine group of the P(HEMA-AEMA)
hydrogel with y-thiobutyrolactone provided a 2-(4-sulfanylbutan-
amido)ethyl methacrylate compound having a sulfhydryl func-
tional group and an alkyl-OCNH-alkyl spacer moiety (Scheme 1).
Elemental analysis of P(HEMA-AEMA)-SH found 0.45 wt.% S, indi-
cating the completion of the reaction with y-thiobutyrolactone
(Table 1). The amount of sulfur found was higher than that calcu-
lated (0.19 wt.%) assuming a quantitative reaction; however, it is
also necessary to take into account a possible error in the sulfur
determination (+0.3%). The reaction of 2,2’-dithiodipyridine with
2-(4-sulfanylbutanamido)ethyl methacrylate (P(HEMA-AEMA)-SH)
gave 2-[4-(2-pyridyldisulfanyl)butanamido]ethyl —methacrylate
(the resulting product is denoted as P(HEMA-AEMA)-TPy; Scheme
1) containing 0.84 wt.% S according to elemental analysis (Table
1). The sulfur content was thus almost doubled compared with
that in y-thiobutyrolactone-modified hydrogel, thus suggesting
successful activation with 2,2’-dithiodipyridine.

Table 1
Results of elemental analysis of hydrogels (wt.%).

P(HEMA- P(HEMA- P(HEMA- Ac-CGGASIKVAVS-OH-
AEMA) AEMA)-SH AEMA)-TPy modified P(HEMA-AEMA)
0.35? 0.45° 0.84° 0.67°

2 Nitrogen.

b Sulfur.
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Fig. 4. UV-VIS spectrum of the solution after the reaction of P(HEMA-AEMA)-TPy
hydrogel with Ac-CGGASIKVAVS-OH measured against the reference (phosphate
buffer, pH 8).

3.3. Immobilization of Ac-CGGASIKVAVS-OH

Conventional anchoring of the IKVAV peptide through NHS/EDC
chemistry reduced peptide activity [27]. In order that the IKVAV was
not bound close to the hydrogel surface, possibly inducing its inac-
tivation, a GGA spacer was incorporated in the peptide sequence
(Fig.1) to distance the active peptide part from the surface. Moreover,
cysteine (C) was included as the N-terminal amino acid of the
peptide. Cysteine contains a highly reactive sulfhydryl group
necessary for the immobilization of the peptide on the hydrogel
surface. The Ac-CGGASIKVAVS-OH peptide was thus immobilized on
P(HEMA-AEMA)-TPy hydrogel discs (Scheme 1). Elemental analysis
of SIKVAVS-modified P(HEMA-AEMA) hydrogels confirmed the
presence of 0.67 wt.% of S, suggesting the successful immobilization
of the Ac-CGGASIKVAVS-OH peptide on the hydrogel (Table 1). This
was also supported by the release of 2-thiopyridone with

characteristic absorption bands at 271 nm and 341 nm in the UV
spectrum of the solution after the immobilization of Ac-CGGA-
SIKVAVS-OH (Fig. 4). Analogous results were published earlier [28].

3.4. Cell studies

3.4.1. Cell attachment and the morphology of MSCs

The role of the Ac-CGGASIKVAVS-OH peptide as well as the
amino, thiobutyrolactone and dithiopyridine functionalities on
PHEMA hydrogels were investigated by determining the cell
density and cell growth area of MSCs on PHEMA, P(HEMA-AEMA),
P(HEMA-AEMA)-SH, P(HEMA-AEMA)-TPy and Ac-CGGASIKVAVS-
OH-modified P(HEMA-AEMA) hydrogels after 4 h of culture. To
reveal the role of serum in cell adhesion, EGFP-MSCs and MSCs
were cultured in the presence, as well as in the absence, of FBS in
the culture medium. In our previous experiments, the cultivation of
MSCs for 4 h in the absence of serum did not significantly affect cell
viability [24]. Fetal bovine serum (FBS), which is required for cell
growth in culture, is a mix of proteins containing mainly bovine
serum albumin, but also proteins such as fibronectin or vitronectin
that are adsorbed onto the substrate surface, thus enabling cell
adhesion through integrin receptor links [29]. The evaluation of cell
attachment and cell morphology in the absence of serum can thus
reveal the real contribution of various surface chemistries to cell-
surface interactions.

In the absence of serum, cells attached to neat PHEMA hydrogels
remained in a spherical shape and did not spread (Fig. 5a), as
described in detail previously [24]. Partly flattened cells that began
to spread were attached to P(HEMA-AEMA), P(HEMA-AEMA)-SH
and P(HEMA-AEMA)-TPy hydrogels (Fig. 5b—d). On the other hand,
a remarkably different morphology of adhered cells, together with
a strong cellular affinity, was found on the Ac-CGGASIKVAVS-OH-
modified PFLHEMA-AEMA) hydrogels. Fig. 5e shows that MSCs that
had spread on the Ac-CGGASIKVAVS-OH-modified P(HEMA-AEMA)
hydrogel surface formed numerous branched lamelipodia and
membrane protrusions, thus confirming the presence of active
binding domains recognized by the cells via their integrin receptors.

In the presence of serum, MSCs spread well on P(HEMA-AEMA),
P(HEMA-AEMA)-SH, P(HEMA-AEMA)-TPy as well as on Ac-CGGA-
SIKVAVS-OH-modified P(HEMA-AEMA) hydrogels (Fig. 5g—j), but
not on neat PHEMA hydrogels (Fig. 5f). Quantitative analysis
revealed a significantly higher cell density and cell growth area on
Ac-CGGASIKVAVS-OH-modified P(HEMA-AEMA) than that on

Fig. 5. Laser scanning confocal micrographs of MSCs cultivated on superporous (a, f) PHEMA, (b, g) P(HEMA-AEMA), (c, h) P(HEMA-AEMA)-SH, (d, i) PC(HEMA-AEMA)-TPy and (e, j)
Ac-CGGASIKVAVS-OH-modified P(HEMA-AEMA) in (a—e) FBS-free and (f—j) FBS-containing medium for 4 h.
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Fig. 6. (a) Cell density and (b) the cell growth area of EGFP-MSCs seeded on different hydrogels for 4 h in the presence and the absence of serum (FBS) in the culture medium.
*p < 0.05 compared to PHEMA hydrogel.

Fig. 7. Laser scanning confocal micrographs of MSCs cultivated on superporous (a, b) P(HEMA-AEMA), (c, d) P(HEMA-AEMA)-SH, (e, f) P(HEMA-AEMA)-TPy and (g—1) Ac-GGA-
SIKVAVS-OH-modified P(HEMA-AEMA), in (a—h, k, 1) FBS-containing medium and in (i, j) FBS-free medium for (a—j) 4 h or (k, 1) 3 days of culture. Inmunofluorescent staining was
done for (a, ¢, e, g, i, k) phalloidin and (b, d, f, h, j, I) vinculin. Vinculin adhesion spots are indicated by arrows.
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Fig. 8. Fluorescent micrographs of (a, b) EGFP-MSCs, (c) MSCs and (d—i) SPC-01_GFP-3 cultured on (a—c, g—i) AcCGGA SIKVAVS-OH-modified P(HEMA-AEMA) and on (d—f) P
(HEMA-AEMA)-SH hydrogel slabs for (a) 4 h in the absence of serum, (b) 4 h in the presence of serum, (c) 3 days, (d, g) 1 day, (e, h) 1 week and (f, i) 2 weeks. (c) MSCs were stained

for vinculin.

P(HEMA-AEMA), P(HEMA-AEMA)-SH and P(HEMA-AEMA)-TPy
hydrogels both in the presence and in the absence of serum
(Fig. 6a, b). Moreover, when compared to neat PHEMA, a signifi-
cantly higher cell growth area was found on P(HEMA-AEMA) and
P(HEMA-AEMA)-TPy hydrogels in the absence of serum and on
P(HEMA-AEMA), P(HEMA-AEMA)-SH and P(HEMA-AEMA)-TPy in
the presence of serum (Fig. 6b).

In our previously published work we have shown that the
porosity of the PHEMA scaffold promoted cell attachment, but the
presence of a bioadhesive component led to proper cell adhesion
and growth [24] via an integrin link to specific domains. These
integrin binding sites can be originally immobilized in the scaffold
(e.g., RGD, IKVAV) or the integrin—substrate link can be indirectly
mediated through bioadhesive serum proteins that adsorb on the
substrate. Accordingly, MSCs attached on the superporous PHEMA
scaffold did not spread and kept their spherical shape. When
compared to PHEMA, the introduction of amino, sulfhydryl or
dithiopyridyl functionalities had no significant effect on the number
of attached cells, but significantly improved cell spreading (cell
growth area), particularly in the presence of serum (Fig. 6). This
suggests that the modification of superporous PHEMA hydrogels by
the incorporation of AEMA and also the subsequent introduction of
sulfhydryl and dithiopyridyl groups promoted the adsorption of
integrin binding serum proteins and consequently cell spreading.

As a confirmation of the successful Ac-CGGASIKVAVS-OH
immobilization on the P(HEMA-AEMA) hydrogel, markedly
increased cell density as well as cell growth area, independent of the
presence of serum, were found. This indicates that the IKVAV epitope
of the Ac-CGGASIKVAVS-OH peptide attached to the PHEMA

hydrogel was available for integrin receptor binding and thus could
effectively mediate cell-surface interaction. Unlike the native
protein laminin, IKVAV epitope immobilization through a CGGA
spacer provided a short-distance interface between the active
peptide and the scaffold with greater stability. As was shown in
a previous report [24], the immobilization of laminin on PHEMA
hydrogels did not improve either the number of attached cells or
their morphology, probably due to the inadequate spacing or
configuration of the laminin on the PHEMA surface, both of which
are necessary for contact with integrins on the cell surface.

As follows from Fig. 6a, the presence of serum proteins in the
culture medium did not significantly increase the number of
attached cells, but increased the cell growth area on all studied
hydrogel modifications, except PHEMA. This is in agreement with
a previous study of cell attachment on cholesterol-modified
PHEMA hydrogels, where the serum proteins adsorbed onto the
cholesterol moiety even decreased its high cell affinity [24].

To study cell adhesion on the hydrogel surface, the cytoskeletal
organization and focal adhesion were investigated using immuno-
fluorescent staining for F-actin and vinculin (Fig. 7). Confocal
micrographs of MSCs confirmed the development of early actin
filaments after 4 h of culture on P(HEMA-AEMA), P(HEMA-AEMA )-
SH as well as on P(HEMA-AEMA)-TPy hydrogels in the presence of
the serum (Fig. 7a—h). No apparent actin fiber formation was
observed after 4 h of culture on PHEMA, and in the absence of the
serum on P(HEMA-AEMA), P(HEMA-AEMA)-SH and P(HEMA-
AEMA)-TPy hydrogels (not shown). However, after 4 h of culture on
Ac-CGGASIKVAVS-OH-modified P(HEMA-AEMA) hydrogels, MSCs
developed actin filaments and formed numerous thin filament
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Fig. 9. NSCs cultivated on (a, c, e, g, i, k) (HEMA-AEMA)-SH and (b, d, f, h, j, 1) Ac-CGGASIKVAVS-OH-modified P(HEMA-AEMA) hydrogels for (a—d) 1 week, (e—h) 2 weeks and (i—1)
4 weeks. Immunofluorescent staining for (a, b, e, f, i, j) plll-tubulin/DAP], (c, d) nestin, (g, h) NF70/DAPI and (k, 1) synaptophysin/DAPIL.

terminals (filopodia) on the margin of cell protrusions in the absence
(Fig. 7i, j) as well as in the presence of serum (Fig. 7g, h). Vinculin
staining revealed diffuse staining throughout the cell cytoplasm and
around cell nuclei (Fig. 7b, d, f, h, j). The characteristic development
of the vinculin focal adhesion spots located at the ends of actin
filaments was well documented on Ac-CGGASIKVAVS-OH-modified
P(HEMA-AEMA) hydrogels after 3 days of culture (Fig. 71), but some
vinculin spots were also observed already after 4 h of culture, as
indicated by arrows in Fig. 7.

Morphological observations after 4 h as well as after 3 days of
culture on the Ac-CGGASIKVAVS-OH-modified P(HEMA-AEMA)
hydrogels revealed that MSCs were localized mostly on the flat
hydrogel surface; fewer cells grew in the hydrogel pores, where
they had long and thin shapes as they adapted to the porous surface
(Fig. 8a—c).

3.4.2. Differentiation and growth of neural precursor cells
To analyze the effect of the Ac-CGGASIKVAVS-OH ligand on the
growth and differentiation of neural cells (NSCs), human fetal NSCs

(SPC-01_GFP-3 line) were cultured on Ac-CGGASIKVAVS-OH-
modified PCHEMA-AEMA) hydrogel and their growth was compared
with that of NSCs grown on P(HEMA-AEMA)-SH hydrogel.

Fig.8d—ishows the adhesion and the proliferation of NSCs seeded
on Ac-CGGASIKVAVS-OH-modified P(HEMA-AEMA) (Fig. 8g—i) and
on P(HEMA-AEMA)-SH hydrogels (Fig. 8d—f) during the first two
weeks of cultivation. The cell density gradually increased on both
hydrogels, with a higher cell density and better cell adhesion on Ac-
CGGASIKVAVS-OH-modified P(HEMA-AEMA) hydrogels compared
to P(HEMA-AEMA)-SH hydrogels. On both hydrogels, NSCs grew and
proliferated in clusters distributed in the pores rather than on the flat
hydrogel surface.

Histological evaluation together with a quantitative analysis of
neural differentiation was performed after 1, 2 and 4 weeks of
cultivation. One week after NSC seeding, neural cells grown on Ac-
CGGASIKVAVS-OH-modified P(HEMA-AEMA) hydrogels formed
larger nestin-positive groups with some llI-tubulin-positive
processes (Fig. 9b, d), while cell clusters on P(HEMA-AEMA)-SH
hydrogel were smaller, less attached to the hydrogel surface and

Table 2
Quantitative analysis of neural-specific marker expression.
1 week 2 weeks 4 weeks
BllI-tubulin BlIlI-tubulin NF70 BllI-tubulin NF70 Synaptophysin
P(HEMA-AEMA)-SH 0.1% 2.2% 31.8% 41.2% 10.7% 12.3%
Ac-CGGASIKVAVS-OH-modified P(HEMA-AEMA) 65.8% 41.6% 52.0% 38.4% 18.1% 42.2%

Proportion of cells that expressed neural-specific markers during their expansion on Ac-CGGASIKVAVS-OH-modified P(HEMA-AEMA) and P(HEMA-AEMA)-SH hydrogels.
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staining for BIlI-tubulin (Fig. 9a) and nestin (Fig. 9c) was weak.
Quantitative analysis revealed 65.8% PlII-tubulin-positive cells on
Ac-CGGASIKVAVS-OH-modified P(HEMA-AEMA) compared to 0.1%
on P(HEMA-AEMA)-SH (Table 2).

After two weeks of culture, NSCs proliferated on both types of
hydrogels (Fig. 8f, i), but they revealed differences in cell morphology
and immunocytochemical staining for neuronal markers. NSCs
growing on Ac-CGGASIKVAVS-OH-modified P(HEMA-AEMA) hydro-
gels formed long processes and displayed a neuron-like morphology:
41.6% of cells were positive for llI-tubulin (Fig. 9f) and 52% for NF70
(Fig. 9h). In contrast, NSCs grown on P(HEMA-AEMA )-SH hydrogels
did not show a neuron-like morphology and revealed weaker staining
for BllI-tubulin (2.2%, Fig. 9e) as well as for NF70 (31.85%, Fig. 9g).

After four weeks of culture, the density of Blll-tubulin-positive
neural cells was very similar on both types of hydrogels (Fig. 9i, j).
However, the cells growing on Ac-CGGASIKVAVS-OH-modified
P(HEMA-AEMA) hydrogels revealed a more clearly neuron-like
morphology and were more positive for NF70 — 18.7%, compared to
10.7% of NF70-positive cells found on P(HEMA-AEMA)-SH hydro-
gels. Moreover, 42.2% of the cells were positive for synaptophysin
and displayed neuronal processes that spread on the Ac-CGGA-
SIKVAVS-OH-modified P(HEMA-AEMA) hydrogel surface (Fig. 9l).
On the other hand, neural cells growing on P(HEMA-AEMA)-SH
hydrogels revealed just 12.3% of cells positive for synaptophysin,
and these cells did not have a specific neuronal pattern (Fig. 9k).

The data thus suggest that the Ac-CGGASIKVAVS-OH modifica-
tion enhanced the attachment, proliferation and differentiation of
NSCs on P(HEMA-AEMA) hydrogels during the first two weeks of
expansion. After 2 weeks of culture, the NSCs proliferated and
differentiated to a similar extent on both types of hydrogels. In the
case of cell clusters, however, it is hard to evaluate the actual effect
of the substrate on cell proliferation, as most of the cells, after their
expansion on the hydrogel surface, grew on the lower layers of cells
as if on a feeder layer, without any direct contact with the hydrogel.
Nevertheless, quantitative analysis performed during 4 weeks of
cell expansion confirmed the supportive effect of the Ac-CGGA-
SIKVAVS-OH peptide on neural differentiation: a greater proportion
of BllI-tubulin- and NF70-positive cells as well as more mature
neural cells (synaptophysin-positive) were found on Ac-CGGA-
SIKVAVS-OH-modified P(HEMA-AEMA) hydrogels when compared
to P(HEMA-AEMA)-SH hydrogels. It has already been shown that
a high level of BllI-tubulin expression is found in developing and
regenerating neurons during the longitudinal growth of axons. In
contrast, the induction of NF70 gene expression is associated with
the radial growth of axons in maturing neurons [30]. This finding
correlates with our results showing a decrease in PllI-tubulin
expression levels in cells growing on the Ac-CGGASIKVAVS-OH-
modified PCHEMA-AEMA) hydrogels (Table 2).

4. Conclusions

The IKVAV sequence is known as a neurite/guiding integrin
binding epitope present in the extracellular protein laminin. In this
study, a novel Ac-CGGASIKVAVS-OH peptide was immobilized on
a superporous P(HEMA-AEMA) hydrogel via y-thiobutyrolactone
and 2,2'-dithiodipyridine. The immobilization of the Ac-CGGA-
SIKVAVS-OH peptide onto the thiopyridine-modified P(HEMA-
AEMA) hydrogel was monitored using UV—VIS spectroscopy. The
capability of the Ac-CGGASIKVAVS-OH peptide to expose its active
sequences for integrin receptor binding was demonstrated by
improved cell attachment and spread on superporous Ac-CGGSIK-
VAVS-OH-modified P(HEMA-AEMA) hydrogels in the presence as
well as in the absence of serum in the culture medium, as well as by
the improved differentiation of NSCs. In addition, when compared
to neat PHEMA hydrogels, the introduction of amino, sulfhydryl or

dithiopyridyl functionalities yielded a significant improvement of
cell adhesion, but not of cell attachment, suggesting the partial
contribution of these hydrogel modifications to cell affinity. The
results indicate that the modification of PHEMA with the Ac-
CGGASIKVAVS-OH peptide is an effective method to increase cell
adhesion. The bioadhesive properties of the Ac-CGGASIKVAVS-OH
modification of P(HEMA-AEMA) hydrogels thus highlight its
potential for tissue engineering applications.
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Abstract: Sodium hyaluronate (HA) was associated with dopamine (DPA) and introduced as
a coating for maghemite (y-Fe,0,) nanoparticles obtained by the coprecipitation of iron(II) and
iron(III) chlorides and oxidation with sodium hypochlorite. The effects of the DPA anchor-
age of HA on the y-Fe O, surface on the physicochemical properties of the resulting colloids
were investigated. Nanoparticles coated at three different DPA-HA/y-Fe,O, and DPA/HA
ratios were chosen for experiments with rat bone marrow mesenchymal stem cells and human
chondrocytes. The nanoparticles were internalized into rat bone marrow mesenchymal stem
cells via endocytosis as confirmed by Prussian Blue staining. The efficiency of mesenchymal
stem cell labeling was analyzed. From among the investigated samples, efficient cell labeling
was achieved by using DPA-HA-y-Fe,O, nanoparticles with DPA-HA/y-Fe, O, = 0.45 (weight/
weight) and DPA/HA = 0.038 (weight/weight) ratios. The particles were used as a contrast agent
in magnetic resonance imaging for the labeling and visualization of cells.

Keywords: nanoparticles, dopamine, hyaluronate, cell labeling, magnetic

Introduction

Magnetic nanoparticles and nanowires are currently utilized in a wide variety of
medical diagnostic and therapeutic applications such as hyperthermia, cell sorting,
cell tracking and tissue engineering,! as contrast agents for magnetic resonance
imaging (MRI), and for the manipulation and spatial organization of cells.? Cell
labeling with magnetic nanoparticles is an increasingly common method for cell
separation as well as for the repeated noninvasive monitoring of the migration and
distribution of transplanted cells in the host tissue by MRI.?

As water in the tissue contains most of the protons, MRI in fact detects the
distribution of tissue water. However, MRI contrast can also be weighted by different
physical properties of the detected water molecules, the most important of which are the
so-called relaxation times T, T,, or T,*, thus even native MRI (without the application
of contrast agents) provides valuable information about the tissue. However, the resolu-
tion of MRI is too low to detect single cells, therefore it is necessary to label transplanted
cells with a suitable contrast agent to enable their subsequent detection using MRI.
Although MRI does not detect the contrast agent itself, contrast agents considerably
alter the relaxation times of water in their vicinity and thus influence the contrast of
the images. As a result, the size of the area impacted by a contrast agent is consider-
ably larger than the size of the contrast agent — or the size of the labeled cell — itself.
Superparamagnetic nanoparticles create local inhomogeneities in a static field leading
to the considerable shortening of T, and T,* relaxation times and rapid signal loss.
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Their presence is therefore manifested by hypointense areas
in a T,-weighted or T, *-weighted MRI.

Magnetic cell labeling could also aid cell-based therapies
by directing stem cells to diseased locations* and providing
cell-based carriers to transport therapeutic genes to tumors.’
Iron oxide nanoparticles, especially maghemite (y-Fe,O,)
ones, are the most suitable magnetic material because of their
biocompatibility and their superparamagnetic properties. Iron
oxide contained in endosomes and lysosomes is metabolized
into elemental iron by hydrolytic enzymes.® The advantage of
iron is that the human body is designed to process excess iron,
and it is stored mainly in the protein ferritin. For most in vivo
applications, the efficient internalization of nanoparticles into
specific cells requires the minimization of undesired biological
interactions such as nonspecific targeting (plasma protein
adsorption) and short blood lifespan due to opsonization, which
induces the removal of the particles by the reticuloendothelial
system. To achieve the efficient and specific cellular uptake
of magnetic nanoparticles requires the nanoparticle surface
to be modified with suitable ligands or transfection agents,
which also enhances colloid stability and cell interactions.
Surface modifications can also be used to minimize toxicity.
Modifications of neat or dextran-coated iron oxide with
human immunodeficiency virus-Tat peptide,’® dendrimers,’
lipofection agents,'®!! poly(L-lysine),'>* and carboxymethyl
chitosan'> have recently been reported.

Hyaluronate (HA), a naturally occurring polysaccharide
consisting of B-1,3-N-acetylglucosaminyl-B-1,4-glucuronide
and having a molecular weight ranging from 1-10,000 kDa,
is an abundant component of the extracellular matrix,'® the
synovial fluid, and connective, epithelial, and neural tissues.!’
As aresult of'its ability to form hydrated expanded matrices,
HA has often been used in cosmetic applications such as soft
tissue augmentation. Moreover, in various studies HA has
been utilized as a targeting ligand directed at cancer cells.'s"
At the same time, HA-immobilized iron oxide nanoparticles
allow tumor tissue imaging. The advantage of HA for
clinical applications is that it is biocompatible, antigenic, and
negatively charged, thus forming ionic bonds with positively
charged proteins to increase its affinity towards cells. The
disadvantage of HA lies in its rapid resorption®**! unless
it is crosslinked or chemically modified. HA interacts with
HA receptors such as CD44, RHAMM, and ICAM-1, which
triggers intracellular signals influencing cellular proliferation,
differentiation, and migration.'

The aim of the present work was to explore the potential
usefulness of dopamine (DPA) as an agent to anchor HA
to the iron oxide surface, using different DPA/HA ratios in

the formation of a biomimetic shell. The second aim was to
investigate the effect of a DPA-HA coating on iron oxide
nanoparticles in terms of cell behavior, internalization,
and differentiation, which could contribute to a better
understanding of cell-biomaterial interactions. The pivotal
role of anchoring a DPA-HA conjugate on the nanoparticle
surface via bioinspired adhesion in MRI and cellular uptake
was already described by Lee et al.'® A key feature of DPA
is the ortho-dihydroxyphenyl (catechol) functional group
in planar ordering, which forms strong bonds with various
inorganic (including transition metals)/organic surfaces
that were shown to be stronger than biotin—streptavidin
interactions.” In contrast to Lee et al,'® who synthesized
magnetic nanocrystals by the thermal decomposition of an
iron oleate complex, which required their transfer to water
using cetyltrimethylammonium bromide, the new approach
in the present study uses y-Fe,O, nanoparticles prepared by
a coprecipitation method in water and subsequent coating
with a DPA-HA associate.

Material and methods

Materials

Iron(Il) chloride tetrahydrate (FeCl,-4 H,O) and iron(III)
chloride hexahydrate (FeCl,-6 H,0) were purchased
from Fluka (Buchs, Switzerland), sodium hypochlorite
solution (NaClO) from Bochemie (Bohumin, Czech
Republic), and sodium citrate dihydrate from Lachema
(Brno, Czech Republic). Sodium HA (molecular weight:
~300,000) was obtained from Contipro Pharma (Dolni
Dobrouc, Czech Republic), DPA hydrochloride and N-(3-
dimethylaminopropyl)-N “ethylcarbodiimide hydrochloride
from Sigma-Aldrich Corporation (St Louis, MO), and the
commercial contrast agent Endorem® from Guerbet (Roissy,
France). Ultrapure Q-water ultrafiltered on a Milli-Q®
Gradient A10® system (Millipore SAS, Molsheim, France)
was used throughout the work. All other reagent grade
chemicals were purchased from Sigma-Aldrich and used as
received. For histological staining, potassium ferrocyanide
(Lachema) and Alcian Blue (Sigma-Aldrich) were used.
Phosphate buffered saline (PBS) was from Sigma-Aldrich.

Association of HA with DPA

In a typical experiment, HA (0.402 g; 1 mmol) was dissolved
in 30 mL of Q-water and the solution purged with nitrogen
prior to the addition of N-(3-dimethylaminopropyl)-
N’ethylcarbodiimide hydrochloride (19 mg; 0.1 mmol)
and DPA (19 mg; 0.1 mmol). The mixture was adjusted to
pH 5 by the addition of 1 M hydrochloric acid and then the
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reaction proceeded in darkness for 12 hours at laboratory
temperature with stirring under a nitrogen atmosphere. As
the resulting mixture was colorless, DPA was not oxidized
during the reaction. The DPA-HA associate was separated and
purified by double precipitation in an excess of acetone. The
precipitate was then dissolved in Q-water and freeze-dried.

Synthesis of y-Fe,O, nanoparticles

A solution of iron(II) chloride (0.2 mol/L) and iron(III)
chloride (0.2 mol/L) in a 1:2 molar ratio was coprecipi-
tated in an excess of 0.5 M ammonium hydroxide by a
procedure described earlier.* After 15 minutes, the product
was repeatedly separated in a magnetic field and washed
with Q-water to reach peptization. The colloid was subse-
quently sonicated for 5 minutes (Ultrasonic Homogenizer
4710 series; Cole-Parmer Instruments, Vernon Hills, IL;
40% output) and oxidized with 5 weight percent sodium
hypochlorite aqueous solution in the presence of 0.1 M
sodium citrate solution. The washing and sonication proce-
dures were then repeated. The resulting colloid was filtered
through a cellulose nitrate membrane filter with 0.45 um
pores. The colloid contained typically ~40 mg y-Fe,O,/mL
as estimated by weight analysis.

Coating of y-Fe,O, nanoparticles

with DPA-HA associate

A water solution (0.5, 1, or 2 mL) of lyophilized DPA-HA
(10 mg/mL) was passed through a syringe filter with a
cellulose nitrate membrane (0.22 um pores) and diluted with
Q-water. Neat y-Fe,O, colloid (~1 mL; 44 mg of dry y-Fe,0,)
was added to the diluted DPA-HA solution, the total volume
was adjusted to 10 mL, and the mixture was sonicated for
5 minutes. Coating with neat DPA and HA was done as a
control.

Characterization of the nanoparticles

The hydrodynamic diameter (D,), polydispersity (PI), and
zeta potential were determined by dynamic light scattering
with an Autosizer Lo-C® (Malvern Instruments, Malvern,
United Kingdom). pH was measured on a pH meter (211;
Hanna Instruments, Smithfield, RI) equipped with an
Orion 9802BN micro-combination pH electrode (Balcatta,
Australia). Particle morphology, particle size, and the
particle size distribution were examined by a Spirit G?
Tecnai™ transmission electron microscope (TEM; FEI,
Brno, Czech Republic) by measuring at least 300 particles
for each sample. The particle size distribution was charac-
terized by the polydispersity index (PDI), calculated as the

ratio of weight-average to number-average particle diam-
eter. Elemental analysis was performed on a PerkinElmer
2400 CHN apparatus (PerkinElmer, Waltham, MA). Size
exclusion chromatography was performed on a KNAUER
Smartline 1000 system (KNAUER, Berlin, Germany) with a
PDA Smartline 2800 detector and Alltech® 3300 evaporative
light scattering detector (Grace Davison Discovery Sci-
ences, Deerfield, IL). Measurements were carried out on
a TSKgel G6000PW column (Tosoh Bioscience GmbH,
Stuttgart, Germany) using 0.3 M ammonium acetate buffer
as an isocratic eluent.

Cell cultures

To isolate rat bone marrow mesenchymal stem cells (MSCs),
femurs were dissected from 4-week-old Wistar rats. The
ends of the bones were cut, and the marrow extruded with
5 mL of Dulbecco’s Modified Eagle’s Medium (DMEM)
with L-glutamine (PAA Laboratories GmbH, Pasching,
Austria) using a needle and syringe. Marrow cells were
plated in 80-cm? tissue culture flasks in DMEM/10% fetal
bovine serum with 100 U/mL penicillin and 0.1 mg/mL
streptomycin. After 24 hours, the nonadherent cells were
removed by replacing the medium. The medium was changed
every 2-3 days as the cells grew to confluence. The cells
were lifted by incubation with 0.25 weight percent trypsin
solution.

As a second model, human chondrocytes isolated from
human cartilage were used. Human chondrocytes were
obtained from meniscal biopsies of the knee joint. Meniscal
fragments were minced, washed with PBS, and digested in
0.25% trypsin-ethylenediaminetetraacetic acid (Invitrogen
Life Technologies, Paisley, United Kingdom) for 1 hour
and subsequently in 0.25% collagenase type I in DMEM/
F12 medium overnight. Recovered cells were washed with
PBS and plated in a 75-cm? tissue culture flask in DMEM/
F12 medium containing 10% fetal bovine serum, 100 U/mL
penicillin, and 0.1 mg/mL streptomycin.

Cell labeling, cell growth, and cell viability
Rat MSCs and human chondrocytes, 100,000 cells/mL
media, were cultured in a twelve-well culture dish, and a
colloid containing 15.4 pg of iron per mL of DPA-y-Fe O,,
HA-y-Fe O,, DPA-HA-y-Fe 0,
the incubation lasted for 48 hours. The nanoparticles were

or Endorem was added;

washed out using PBS and then the cells were harvested by
trypsin-ethylenediaminetetraacetic acid and counted. The
mean numbers of unlabeled cells were taken as 100%, and the
mean numbers of labeled cells were expressed as percentages
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relative to the 100% control. All experiments were done
in triplicate and performed on cells from three different
cultures. The viability of rat MSCs and human chondrocytes
was determined using the trypan blue (0.1 weight percent)
exclusion test.

Labeling efficiency and staining intensity
The iron oxide-labeled cells were fixed in 4% parafor-
maldehyde in 0.1 M phosphate buffer (pH 7.4) for 30 minutes,
washed, and stained for iron to produce ferric ferrocyanide
(Prussian Blue). Nuclei were counterstained with nuclear fast
red (Sigma-Aldrich). Labeling efficiency was determined by
manually counting the number of Prussian Blue-stained and
unstained cells in five optical fields from each plate using an
Axioplan® Imaging II microscope at 100X magnification
and a 10x/0.75 objective lens, an AxioCam® digital camera,
and AxioVision® 4 software (Carl Zeiss AG, Oberkochen,
Germany). The intensity of Prussian Blue-stained cells
was measured colorimetrically. The scanned images with
manually labeled cells were processed by the MATLAB®
6.0 Image Processing Toolbox™ (MathWorks, Natick,
MA). Before the analysis, the colorimetric scale from the
image colors corresponding to the increasing intensities of
the Prussian Blue staining of the cells was validated. Each
Prussian Blue-stained cell in the image was then processed
and the intensity of the cytoplasmic staining determined as
the intensity of the color of the cytoplasm on the scale. As
a result, two parameters were obtained: (1) the presence or
absence of a label inside the cells expressed as the percentage
of labeled cells and (2) the amount of label inside the cells,
which correlates with the intensity of the staining.

Cell differentiation

Rat MSCs were labeled with HA-y-Fe O, and DPA-HA-y-Fe O,
nanoparticles or the commercial contrast agent Endorem. The
cells were incubated with the nanoparticles at a concentration
of 15.4 ug iron/mL media. After 72 hours of incubation, the
contrast agents were washed out by removing the medium and
rinsing the cell monolayer three times with PBS.

To induce chondrogenesis, the labeled cells were harvested,
transferred to polypropylene tubes, and differentiated in pellet
cultures (250,000 cells/pellet) in freshly prepared serum-free
medium containing DMEM, 0.1 uM dexamethasone (Sigma-
Aldrich), hTGF-B1 (10 ng/mL; Millipore Corporation,
Billerica, MA), 0.05 mM L-ascorbic acid (Sigma-Aldrich),
1% ITS+ Universal Culture Supplement (BD Biosciences,
San Jose, CA) and Primocin™ (100 pug/mL; Lonza Cologne
GmbH, Cologne, Germany). The tubes were incubated at

37°C in 5% carbon dioxide. The medium was changed twice
a week. Chondrogenic pellets were harvested after 20 days
in culture, fixed with 4% paraformaldehyde, embedded in
paraffin blocks, cut into 5 um sections, and stained with Alcian
Blue and Prussian Blue using standard methods.

MRI relaxometry
MRI relaxometry of the coated y-Fe,O, nanoparticles was
performed using a Minispec® 0.5 T relaxometer (Bruker
Optik GmbH, Ettlingen, Germany). HA-y-Fe,O, or DPA-
HA-y-Fe,O, colloids were diluted to final concentrations
of 0.022 mg iron/mL and sonicated for 10 minutes prior
to the measurement. T, relaxometry was performed with a
Carr—Purcell-Meiboom—Gill multispin-echo sequence with
an echo spacing of 2 milliseconds and repetition time of
5 seconds. The measured relaxation times were converted to
relaxivities (reciprocal values of relaxation times T, related
to concentration, ie, relaxivity = 1/T /concentration).

Phantoms containing suspensions of fixed labeled cells
were prepared by dispersing the suspensions in gelatin to
eliminate sedimentation of the cells on the bottom of the test
tube, then measured at 0.5 T (Minispec 0.5 T relaxometer;
Bruker) and at 4.7 T (BioSpec® 4.7 T spectrometer; Bruker).
T, relaxation times at 0.5 T were measured with the same
sequence and parameters as stated above. At 4.7 T, a
Carr—Purcell-Meiboom—Gill multispin-echo sequence
with an echo spacing of 8.63 milliseconds and repetition
time of 5 seconds was used. The sequence provided a set
of T,-weighted images (with increasing weighting), from
which T, relaxation times were calculated. Relaxation rates
were calculated as the reciprocal values of relaxation times
related to one million cells per 1 mL.

As superparamagnetic nanoparticles have a markedly
smaller effect on T, and are used solely as a T, contrast agent,
T, of the nanoparticles was not measured.

Results and discussion

v-Fe, O, was selected as the most stable iron oxide. y-Fe O,
nanoparticles were obtained by the coprecipitation of
iron(IT) and iron(IIT) chlorides in ammonium hydroxide,
and the resulting magnetite (FeO-Fe,0,) was oxidized to
v-Fe,0, with sodium hypochlorite. The Mossbauer spectra
published previously confirmed that the iron oxide consti-
tuting the nanoparticles was predominantly y-Fe,O,.** TEM
was used to determine the shape, size, and uniformity of the
dried nanoparticles. TEM analysis indicated that uncoated
v-Fe, O, particles showed a rather narrow size distribution
(PDI = 1.30) with an average size of the nanoparticles of
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Figure | Transmission electron micrograph of (A) neat maghemite and dopamine-hyaluronate-maghemite nanoparticles, (B) Run IllIA/I (dopamine-hyaluronate/maghemite =
0.11 weight/weight; dopamine/hyaluronate = 0.0075 weight/weight), and (C) Run IlIA/3 (dopamine-hyaluronate/maghemite = 0.3 weight/weight; dopamine/hyaluronate =

0.0075 weight/weight).

10.7 nm (Figure 1A). The D, and zeta potential of colloidal
v-Fe, 0, were estimated using dynamic light scattering at pH
~8.D, was 83.7£0.6 nm and PI was 0.129 +0.006, confirm-
ing the above-mentioned relatively narrow size distribution,
and the zeta potential reached —53.4 £ 0.8 mV, reflecting good
colloidal stability. The difference in particle size measured
with TEM and dynamic light scattering can be ascribed to
the dynamic fluctuations of colloidal nanoparticles in com-
parison with the dried state and also to the different statistical
methods used in the two kinds of measurements.

Modification of HA

In an attempt to obtain a DPA-HA associate, conventional N-(3-
dimethylaminopropyl)-N “ethylcarbodiimide hydrochloride/
DPA chemistry was investigated in an HA (molecular weight:
~300,000) solution at ten different pH values ranging from
5-10. A small amount of sodium metabisulfite (Na,S,0;)
was added to avoid the irreversible oxidation of DPA.
Coupling was also studied with dicyclohexylcarbodiimide and
diisopropylcarbodiimide; both agents were combined with a
N-hydroxysuccinimide in a water/N,N-dimethylformamide,
(1/3 volume/volume) mixture. Another technique using
N,N,N’,N’-tetramethyl-O-(N-succinimidyl)uronium
hexafluorophosphate was tested as well. However, the
formation of a covalent bond between HA and DPA was never
confirmed by size exclusion chromatography (Figure 2). In
the chromatogram, the main signal recorded by the diode
array detection ultraviolet detector (256 nm) was that of DPA
(elution time 13 minutes), while signals in the area of high
molecular weight compounds were absent. Signals recorded by
the evaporative light scattering detector at elution times of 2.5,
5, and 9 minutes typical for high molecular weight compounds
were ascribed to HA. This is contrary to information from
reports in which the formation of a covalent bond between

HA and DPA was assumed according to nuclear magnetic
resonance spectra.'®2*2¢ Carbodiimides, thus, were not found
to be suitable coupling agents to covalently attach DPA to HA.
Nevertheless, the reaction between the amine groups of DPA
and the carboxyl groups of HA yielded an ionic associate
(Figure 3) as confirmed by elemental analysis; compared
with HA, nitrogen content was increased in the DPA-HA
associate (Table 1).

Coating of y-Fe,O, nanoparticles

with DPA, HA, and DPA-HA associate
Modifying the surface of iron oxide nanoparticles is a common
strategy to enhance the cellular uptake of nanoparticles.

600
450
T 300 :
5
150
0
0

t(minutes)

Figure 2 Size-exclusion chromatogram of dopamine-hyaluronate in 0.3 M ammonium
acetate buffer (pH 6.5). Evaporative light scattering detection (solid line) and diode
array detection at 256 nm (dashed line).

Abbreviations: t, time; U, voltage.
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Figure 3 Association of hyaluronate with dopamine.

In the present study, HA was intentionally included as a modi-
fying agent to provide a protective shell preventing particle
aggregation, while bidentate DPA should serve as an anchoring
moiety. It is an advantage of DPA that the catechol derivatives
tightly bind onto the surface of iron oxide particles,” resulting
in the formation of DPA-y-Fe,O, complexes. In contrast, HA
does not show such a strong interaction with y-Fe,O,. The reac-
tive amino groups of DPA can then act as coupling links for
further association with modifying or cell targeting agents.” In
this report, an ionic DPA-HA associate was first prepared and
added to y-Fe,O, nanoparticles, with DPA being attached to iron
oxide via hydroxyl groups,* while amino groups associated HA
(Figure 3). According to TEM, the size of the DPA-HA-y-Fe O,
particles was between 7.6-9.5 nm (Figure 1B and C), ie, almost
the same as that of neat particles. The PDI was 1.26—1.34, which
is in accordance with the PDI of neat particles.

Several groups of DPA-y-Fe,0,, HA-y-Fe,O,, and DPA-
HA-y-Fe,O, nanoparticles were prepared differing in their
composition (Table 2). Coatings by neat DPA (Group I) or
neat HA (Group II) were used as controls and compared
with DPA-HA-y-Fe,O, nanoparticles (Group III) prepared at
three different DPA/HA ratios; they were denoted as IITA-C
(Table 2). In each group, three samples with a constant
concentration of y-Fe O, and an increasing concentration
of DPA-HA associate (or neat DPA or HA) were prepared
(Table 2). Four parameters were measured as functions of
the DPA/y-Fe O,, HA/y-Fe,O,, and DPA-HA/y-Fe O, mass
ratios: D, PDI, zeta potential, and pH.

Table | Elemental analysis of hyaluronate and dopamine-
hyaluronate associate

Elemental analysis (wt%) C H N Na
HA 39.82 5.30 3.19 6.43

DPA-HA associate 39.82 5.79 3.85 2.67

Abbreviations: C, carbon; DPA, dopamine; H, hydrogen; HA, hyaluronate; N, nitrogen;
Na, sodium; wt%, weight percent.

With an increasing HA/y-Fe, O, or DPA-HA/y-Fe, O, ratio,
the D, and PDl increased, probably due to the thicker shell; at
the same time, the zeta potential and pH decreased (Table 2).
The zeta potential is an indicator of the colloidal stability
of magnetic nanoparticles in an aqueous medium. The high
negative electric charge on the surface of the HA-y-Fe O,
nanoparticles (Runs I/1, 1/2, II/1-3, and III) possessing a zeta
potential in the range between —48 mV and —79 mV prevented
their aggregation in water due to the repulsion among the
particles. This negative charge was provided by the ionized
carboxylic groups of HA, ensuring the colloidal stability
of the HA-y-Fe,O, and DPA-HA-y-Fe,O, dispersions. At a
high DPA/y-Fe, O, ratio (Run 1/3), the zeta potential already
approached zero (=7 mV) due to the positive charge of the
large amounts of DPA; as a result, colloidal stability was
lost. Aggregation was also observed with DPA-HA-y-Fe,O,
particles Run IIIC/3, characterized by a high DPA content
in the DPA-HA associate. This was probably due to the
relatively high zeta potential of the discrete particles (Run
/3, Table 2) caused by the fast complexation of small posi-
tively-charged DPA molecules to their surface. In contrast,
bulky negatively-charged HA was exposed on the surface of
particle aggregates, thus inducing the high negative charge
of DPA-HA-y-Fe,O, Run I1IC/3 (=78 mV; Table 2). The par-
ticle size decreased in the sequence III/A > III/B > III/C;
in the same sequence DPA/HA increased, ie, the number of
anchoring groups was higher, thus inducing a more compact
DPA-HA layer.

Cell growth and viability

In order to evaluate the acute toxicity of DPA-HA-coated
v-Fe, O, nanoparticles, the growth and viability of labeled rat
MSCs were examined. Unlabeled rat MSCs doubled their
population within 48 hours, while cells labeled with coated
nanoparticles grew slightly slower (70%—-100% of control).
The slowest growth (54% £ 4%) was observed in cells labeled

submit your manuscript

1466

Dove

International Journal of Nanomedicine 2012:7



DPA-HA nanoparticles

Dove

ySIeMAYSIaM ‘M/M ‘UOIIBIASP pJBpUEIS ‘(S ‘ANAIXE|RL L tAaisaadsipAlod ‘|4 ereuodnfedy ‘vH eawaySew “Q%4-A uiwedop ‘ydq ‘4erawelp diweukpoupAy “'q isuoneieiqqy
*(%001=) s||92 [043u0d pajaqe|un 03 paJedwod YIMO.S |[9D JUSWIPSS, 230N

- 01 ¥9'L6 0F 00l - - - - - - (jo1auod) sjj@2 pajpqejun
60F0°LTI 01F98 STeL - - - - - - gWwiaJopug
€07F L8 ¥ F56 6T V6 FOFLL~ €000 F £SO Ay F 1811 S¥0 W8E0°0 €/VH-vda £/l ‘0" °d-A-vYH-Vda
€0F€E€9T SOTSY6 | ¥89 | 0L~ £00°0 F £87°0 1’0 F 0TI 70 800 €/VH-Vda f00d-AVH-Vdd
€0F909C 0l F¥6 ] ¥ F¥99- 1000 F £9T°0 €0786 110 W8e00 €/VH-Vda ‘0%4-k-YH-vda

- L1FSH6 €1 T 66 | ¥0L~ €000 F ¥1€°0 90 F €51 S¥0 966100  UVH-Vdd ‘0%4-A-YH-vda

- 01F¢6 9F8L €789~ 1000 ¥ €670 S F0¢l 0 9€6100  UVH-VdA /4Nl ‘0"24-A-YH-vdd

- 01 F56 11 ¥ 00l | ¥ 659 S00°0 F SLTO ¥'0 ¥ 801 110 9€6100  UVH-VdA 1/glll ‘0%ed-A-VH-vda

- TITS% 0l 769 I'l F9L- 6000 F 69€°0 81 ¥ 959 40 $L00°0 I/VH-Vda £/VIIl ‘O°dAVH-Vda

- S1F556 £¥¢€6 ¥'0F 95— 800°0 F §8%°0 Tl F9¢8 0 SL00°0 I/VH-VYdad VIl “O"°d-AVH-Vda

- TIT9 8F 1L | ¥09— £00°0 ¥ 8670 Y0¥ 8l 110 SL00°0 I/VH-Vda IVl f0%ed-A-VH-Vda
L0 F +'50€ L0F9 6 ¥ 001 LOF¥LL- €000 FCIE0 €FISI S¥'0 - VH £/l ‘0%4-k-WH
S0 F L95T TOF L6 £€¥I18 80F €64~ $00°0 F 1620 LF ST 0 - VH Tl f0%ed-A-vH
90 FTL9T S0TSS6 9768 | F£9- 900°0 ¥ €870 | ¥ £0I 110 - VH 1/l ‘O°d-A-VH
TO0F 6586 S0F 506 9F8L FOOTF I€L~  «£LSIOFHPTO  96L F L8SS S¥0°0 - vda £/l ‘0%4-k-vda
€0F816 60FL98 8F 9L 900 F T8Y— €000 78510 ST L6 7200 - vda 7l f0"d-A-vda
€0F 91 01 F68 8F98 TF €S ¥00°0 F L¥1°0 T0F /8 1100 - vda 1/1 ‘0%4--vda
eS| SOFSES v F S 80 F €S- 9000 F 6710 90FL€8 0 - ‘0%4-k

(34 jowwy,s) as ¥ ueaw as ¥ uesw (Aw) (m/m) ‘0044 (mm)
“ (%) Amqenn |12 (%) uamou3 2> [enuajod ejo7 Id (wu) ‘g /Bupeod  VH/vdd 3uneod uny

sapnJedouru a31way3ew payipow-adesins Jo jwaySew Jeau Jo uoisuadsns e 3ujuieIuod swolueyd JO SINIAIXE|DJ pue s3|d1uedouBU JUSISHIP UM PI[aqE]| S||90 WIS

[ewAyYduasaw Mo.leWw duoq e Jo Jaquinu ‘AjigelA ay3 pue sadiuedoueu snwaySew-a3euoanjeAy-suiwedop pue ‘9waySew-ajeuodnfedy ‘@3waySew-suiwedop Jo sonsiialdeseyd) g djqeL

1467

submit your manuscript

International Journal of Nanomedicine 2012:7

Dove



Babic et al

Dove

with uncoated y-Fe, O, nanoparticles. The viability of rat MSCs
was tested using the trypan blue exclusion test. Varying the
composition of the coating and increasing the concentration
of DPA-HA did not substantially influence rat MSC viability
(Table 2). A small decrease in viability (83.5% £ 0.5%) was
observed in cells labeled with uncoated y-Fe,O, nanoparticles.
The viability of Endorem-labeled rat MSCs, considered the
gold standard among commercial contrast agents used for cell
labeling, reached about 85%. These results are comparable
with those from previous studies.*® When labeling chondro-
cytes, differences in growth and viability between labeled and
unlabeled cells were not observed.

Cell labeling efficiency

The uptake of nanoparticles into rat MSCs (expressed as
the percentage of labeled cells) was investigated using
Prussian Blue staining. The cells were evaluated as to
whether they were stained or not; the intensity of staining
was not considered. In each group (Runs I, I1, I1I), the highest
percentage of labeled cells was obtained with nanoparticles
containing the highest DPA concentration (Figure 4). Over
90% labeled cells was achieved with DPA-HA-y-Fe,O,
nanoparticles Run IIIC/3 and DPA-y-Fe O, nanoparticles
Run I/3. However, the latter particles formed clumps and also
adhered to the cell surface and the bottom of the culture well.

A labeling efficiency superior to that obtained with the
commercial contrast agent Endorem (66%) was also achieved
with nanoparticles Run I1TA/3 (74%) and 1/2 (76%).
A labeling efficiency less than that obtained with Endorem
was observed with uncoated y-Fe,0, (56%) and nanoparticles
Run IITA/1 (35%), Run ITIA/2 (18%), and Run I11B/2 (52%).
The remainder of the nanoparticles gave results comparable
with Endorem within the range of 61%—71%.

To compare how much label was taken into the cells, the
distribution of the intensity of Prussian Blue staining inside
the labeled cells was studied (Figure 5). The highest intensity
of Prussian Blue staining was detected in cells labeled with
DPA-HA-y-Fe,O, nanoparticles Run IIIC/3. Similar results
were obtained with DPA-y-Fe O, Run I/3; however, these
particles adhered to the cell surface and are therefore not
shown in Figure 5. There were no marked differences among
the rest of the coated nanoparticles, and a representative curve
(Run II/3) is presented in Figure 5. The lowest intensity of
Prussian Blue staining was observed in cells labeled with
Endorem (Figure 5) or neat y-Fe,O, (not shown).

Representative histological images of Prussian Blue staining
are shown in Figure 6. They underline the results described
in Figures 4 and 5. It was obvious that the bulky, negatively-
charged HA molecule was internalized in cells less efficiently
than positively-charged poly(L-lysine)-coated nanoparticles.
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Figure 4 Labeling efficiency is expressed as the percentage of rat bone marrow mesenchymal stem cells labeled with hyaluronate-maghemite nanoparticles Runs II/1-3,
dopamine-maghemite nanoparticles Runs I/1-3, dopamine-hyaluronate-maghemite nanoparticles Runs IIIA/I-3, 1lIB/1-3, and IlIC/I-3, neat maghemite, and Endorem®

(Guerbet, Roissy, France).

Notes: A colloid containing 15.4 ug of iron per mL was added to the culture media for 72 hours. All experiments were done in triplicate, counting five optical fields from

each well (n=I5).
Abbreviation: y-Fe,O,, maghemite.
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Figure 5 In the MATLAB® 6.0 Image Processing Toolbox™ (MathWorks, Natick, MA), the color scale of Prussian Blue staining was precomputed from unstained and
maximally stained nanoparticles (without cells) in CIE L¥a*b color space and experimentally validated on images with stained cells.

Notes: The cells in each image were manually labeled, and for each cell the staining intensity as an index on the precomputed color scale was averaged. As a result, the
figure shows representative curves of the distribution of the intensity of Prussian Blue staining (X axis) of rat bone marrow mesenchymal stem cells labeled with dopamine-
hyaluronate-maghemite nanoparticles Run [lIC/3, hyaluronate-maghemite nanoparticles Run 11/3, and Endorem® (Guerbet, Roissy, France). The Y axis shows the percentage

of cells for each labeling intensity.

HA-y-Fe O, nanoparticles exhibited a low cellular uptake,
presumably because of HA desorption (Figure 6B). Only
HA-y-Fe,O, nanoparticles Run II/3 (Figure 6C), containing
the highest concentration of HA, were comparable with
Endorem (Figure 6G) or neat y-Fe,O, (Figure 6H). The fact
that DPA, which induces the adsorption of serum proteins,
played an important role in cell internalization was confirmed
by microscopic observation of Prussian Blue-stained rat MSCs
labeled with DPA-y-Fe,O, nanoparticles (Figure 6A). DPA
renders y-Fe,O, nanoparticles with positive charges, which
is desirable, while at the same time maintaining a small size
favorable for internalization by the cells. It can be supposed that
the more DPA on the particles, the greater the aggregation with
proteins in the culture medium. Such aggregates are too large
to be internalized by the cells. At a high concentration of DPA
(Run 1/3), the particles already stuck to the cell membranes
and to the well bottom. Therefore, the highest concentration
that could be safely used for cell labeling was that used in
Run 1/2. In contrast, HA acts as a steric barrier (protective
shell) minimizing nanoparticle aggregation. Figure 6D—F
nicely document the synergistic effect of HA and DPA. In the
group including DPA-HA-y-Fe,O, nanoparticles Run I1IC, the
efficiency as well as the intensity of the cell labeling increased
with increasing DPA concentration.

Superior results were obtained with the labeling of human
chondrocytes (Figure 7A). From each group only Runs II/3,
IIIB/3, and ITIC/3 were tested, since these nanoparticles
performed best in rat MSC labeling. All tested nanoparticles
achieved a labeling efficiency over 90%; the highest labeling
intensity was obtained with DPA-HA-y-Fe,O, nanoparticles
Run IIC/3, followed by HA-y-Fe O, Run 1I/3 and DPA-HA-
v-Fe,O, Run I11B/3. Similar results were obtained in the distri-
bution of the intensity of Prussian Blue staining (Figure 7B).
In contrast to the results obtained in rat MSCs, HA-y-Fe,O,
nanoparticles Run I1/3 showed a higher labeling efficiency,
as well as staining intensity, than DPA-HA-y-Fe O, nano-
particles Run IIIB/3. Histological images (Figure 8) clearly
support the data shown in Figure 7. In contrast to the results
observed in rat MSCs, DPA-HA-y-Fe,O, nanoparticles Run
IIC/3 already aggregated and also adhered to the cell surface
(Figure 8D). As MSCs and chondrocytes possess receptors
for HA (CD44), iron oxide uptake is therefore most likely a
receptor-mediated process.

Cell differentiation into chondrogenic
phenotypes

For the use of stem cells in cell therapies, their abil-
ity to differentiate in the presence of superparamagnetic
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Figure 6 Microscopic observation of Prussian Blue-stained rat bone marrow mesenchymal stem cells labeled with (A) dopamine-maghemite nanoparticles Run 1/3,
(B) hyaluronate-maghemite nanoparticles Run IlI/1 and (C) Run II/3, dopamine-hyaluronate-maghemite nanoparticles (D) Run IIIC/I, (E) Run IlIC/2, and (F) Run IlIC/3,

(G) Endorem® (Guerbet, Roissy, France), and (H) neat maghemite.
Notes: Cell nuclei are counterstained with hematoxylin. Scale bar 25 um.

nanoparticles is crucial. Although iron oxide nanoparticles
are generally considered as safe, there are several reports
in the literature that differently coated superparamagnetic
iron oxide particles negatively affect the chondrogenic
differentiation of MSCs.>'*? Some superparamagnetic iron
oxides are suspected to produce reactive oxygen species*
or affect the cytoskeleton and cell membrane.** Since HA
is present in cartilage, the chondrogenic differentiation of
rat MSCs labeled with HA-y-Fe,O, nanoparticles Run I1/3,
DPA-HA-y-Fe, O, nanoparticles Run I1IC/3, and Endorem was
tested. After 20 days of incubation in chondrogenic medium,
the cells labeled with DPA-HA-y-Fe,O, nanoparticles Run

ITIC/3 and with Endorem formed solid chondrogenic pellets
with positive Alcian Blue staining, confirming differentiation
into chondrocytes (Figure 9A and C). In contrast, the cells
labeled with HA-y-Fe,O, nanoparticles Run I1/3 were not able
to form a proper pellet (Figure 9E) and no differentiation was
observed. Prussian Blue staining confirmed that the labeled
cells contained iron (Figure 9B—F). The amount of iron was
apparently higher in cells and pellets containing DPA-HA-}-
Fe,O, nanoparticles Run I1IC/3 and HA-y-Fe,O, nanoparticles
Run II/3 than in Endorem-labeled pellets, which corresponded
to the higher labeling efficiency of these nanoparticles com-
pared to Endorem. The results show that the chondrogenic
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Figure 7 (A) Labeling efficiency of human chondrocytes expressed as the number of Prussian Blue-positive cells. (B) Distribution of Prussian Blue labeling intensity in human

chondrocytes.

differentiation of MSCs could be impaired by HA-y-Fe,O,
nanoparticles. The exact effect of HA on chondrogenic dif-
ferentiation is not clear. Ng et al showed that exogenous
HA of molecular weight 2.5 x 10° Da, when added to the
culture medium of an explant culture of articular cartilage,
inhibited both aggrecan and HA synthesis in a concentration-
dependent manner.** It can be speculated that residual bulky
HA molecules remaining in the media or attached to the cell
surface prevent pellet formation and thus impair chondrogenic

differentiation. In contrast, the presence of DPA not only
leads to a higher amount of label inside the cells, but also has
no negative effect on pellet formation and subsequently on
chondrogenic differentiation, most probably due to the better
internalization of the nanoparticles inside the cells.

MRI relaxometry
Contrast in an MRI depends not only on the proton density
of the measured object, but (in the case of T -weighted or

Figure 8 Prussian Blue staining of human chondrocytes labeled with (A) Endorem® (Guerbet, Roissy, France), (B) dopamine-hyaluronate-maghemite nanoparticles Run I11B/3,
(C) hyaluronate-maghemite nanoparticles Run 11/3, and (D) dopamine-hyaluronate-maghemite nanoparticles Run IlIC/3.

Notes: Cell nuclei are counterstained with nuclear fast red. Scale bar 25 um.
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Figure 9 To determine whether hyaluronate molecules, which are also present in the cartilage extracellular matrix, can affect chondrogenic differentiation, rat bone marrow
mesenchymal stem cells labeled with (A and B) dopamine-hyaluronate-maghemite nanoparticles Run lIC/3, (C and D) Endorem® (Guerbet, Roissy, France), and (E and F)
hyaluronate-maghemite nanoparticles Run I1/3 were differentiated into a chondrogenic phenotype.

Notes: The left column shows staining for Alcian Blue (a marker of chondrogenic differentiation), while the right column represents Prussian Blue staining. Iron is visible as

(A, C and E) brown or (B, D and F) blue deposits.

T,-weighted images) predominantly on relaxation times.
Relaxometry enables the direct measurement of relaxivi-
ties (ie, the reciprocal values of relaxation times related to
concentration), which reflect both the concentration of
paramagnetic or superparamagnetic substances and water
exchange, which also varies with the size and solubility of
the given magnetic particles.

Table 2 summarizes the relaxivities of DPA-y-Fe O,
HA-y-Fe,O,, and DPA-HA-y-Fe,O, nanoparticles. DPA-
v-Fe,O, nanoparticles obtained at a low DPA/y-Fe O, ratio
(Run I/1) displayed a higher relaxivity than did neat y-Fe O,
At higher DPA/y-Fe O, ratios (Runs 1/2 and 1/3), relaxivity
decreased. The authors speculate that a higher DPA/y-Fe, O,
ratio may lead to greater nanoparticle aggregation. During
aggregation, contacts between the nanoparticles and water

molecules are reduced due to the exclusion of water from
the interior of the aggregates.

The relaxivity of HA-y-Fe,O, nanoparticles (Group II) was
substantially higher than that of DPA-y-Fe O, nanoparticles
and increased with an increasing HA/y-Fe, O, ratio (Figure 10).
The dependence approximately followed an exponential fit
(solid line in Figure 10, calculated without the last point). The
authors hypothesize that with an increasing HA/y-Fe, O, ratio,
the amount of water surrounding the particles increased due
to the extremely high hydrophilicity of HA. HA carries large
amounts of water molecules in the close vicinity of y-Fe,O,
particles, thus increasing MRI contrast. However, at very
high HA/y-Fe, O, ratios (HA/y-Fe,O, ~0.6 weight/weight and
more), HA-y-Fe O, nanoparticles sedimented and relaxivity
decreased (last point in Figure 10).
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Figure 10 Dependence of the relaxivity of hyaluronate-maghemite nanoparticles
Group Il on the hyaluronate/maghemite ratio.

Note: The solid line represents an exponential fit.

Abbreviations: Fe, iron; HA, hyaluronate; y—FeZOB, maghemite; ry relaxivity.

DPA-HA-y-Fe,O, nanoparticles revealed a similar
relaxivity as did HA-y-Fe,O, nanoparticles, ie, relaxivity
was substantially higher than in nanoparticles associated
with DPA only. This confirmed the importance of HA for
ensuring the stability of the colloid and for water exchange,
which plays a crucial role in water relaxation.

The relaxation rates of gelatin containing suspensions
of labeled cells and measured at 0.5 and 4.7 T are shown in
Table 3. The relaxation rates of the cell suspensions depended
not only on the relaxivity of the nanoparticles used for cell
labeling, but mainly on the number of particles internalized
by the cells. Although HA-y-Fe O, nanoparticles exhibited the
highest relaxivities (because HA ensured colloidal stability
and excellent water exchange), the highest relaxation rate was
found in cells labeled with DPA-HA-y-Fe,O, nanoparticles
at a DPA/HA ratio = 0.01936 (weight/weight) (Table 3). It
could thus be hypothesized that DPA associated at a moderate
concentration substantially improved cellular uptake.

Nevertheless, at a higher DPA/HA ratio (0.03842
weight/weight), relaxivity again decreased, probably due to
aggregation leading to sedimentation, which lowered both
the relaxivity of the nanoparticles and also the cellular uptake
of the particles.

Table 3 Relaxation rates of rat bone marrow mesenchymal stem
cells labeled with surface-modified maghemite nanoparticles

R, (s"'/10¢ R, (s7'/10¢

rMSCs/mL) rMSCs/mL)

at05T at47T
HA-y-Fe,O, 1I/3 37104 78%03
DPA-HA-y-Fe,O, IlIB/3 6.7 0.1 11.6+0.8
DPA-HA-y-Fe,O, IlIC/3 33+03 58%1.0

Abbreviations: DPA, dopamine; y—Fezoj, maghemite; HA, hyaluronate; RZ, relaxation
rates; rMSCs, rat bone marrow mesenchymal stem cells.

Conclusion

The surface properties of y-Fe,O, nanoparticles play a key
role in their permeation through the cell membrane. HA
was therefore associated with a DPA anchoring group
and the resulting coating was used for the efficient surface
modification of y-Fe,O, nanoparticles. While the DPA
moiety had a high affinity for the y-Fe O, surface, because
the catechol groups of DPA formed stable chemical bonds
on the iron oxide surface, HA ensured colloidal stability and
boosted the relaxivity of the iron oxide. Surface-modified
magnetic nanoparticles were used for rat MSC and
chondrocyte labeling. Even though y-Fe,O, nanoparticles
coated with DPA alone penetrated into the cells due to the
positive DPA charge, the best results were obtained with
the formation of a DPA-HA ionic associate on the particles.
Viability assays revealed no significant differences in either
the proliferation or viability of cells labeled with DPA-
HA-y-Fe,O, nanoparticles compared to unlabeled cells.
A low concentration of DPA-HA-y-Fe, O, nanoparticles was
sufficient to achieve clearly visible contrast in MRI. DPA
was involved in the internalization of the nanoparticles by
the cells, and its concentration was important to achieve
good cell labeling. The presence of HA on the surface of
the nanoparticles may mediate their penetration into cells
via the cell membrane and facilitate their uptake by MSCs.
The percentage of Prussian Blue-stained cells was highest
(85%) in cells labeled with DPA-HA-y-Fe, O, nanoparticles
Run IT1IC/3. Thus, the association of DPA to the HA chain and
the subsequent anchoring of DPA-HA on the y-Fe O, surface
via hydroxyl groups played a pivotal role in cellular uptake
and MRI. Similarly, the chondrogenic differentiation of
labeled cells was successfully achieved only with DPA-HA-
v-Fe, O, nanoparticles. The advantage of DPA-HA-y-Fe O,
nanoparticles consists in the availability of a large number
of carboxyl groups for the prospective attachment of target
molecules, antibodies, proteins, fluorescent labels, therapeutic
agents (growth hormones), or cancerostatics. At the same
time, MRI can detect the labeled cells, thus enabling their
tracking in the tissue, which is important in applications such
as cell imaging, cell tracking, cell-based therapies, and tissue
engineering. Such nanoparticles might also be useful for the
labeling of neurons, glial cells, or cartilage.
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Background aims

Human mesenchymal stromal cells (bMSC) are a promising tool for
future clinical application, but their use requires rapid cell expansion
in media suitable for clinical use. Therefore, we tested the influence
of several culture media on colony formation, population doubling

(PD) time, cell cycle and surface marker expression.

Methods

bMSC isolated from bhuman bone marrow (BM) obtained from
bealthy donors were seeded and expanded in different culture media:
o-minimum essential medium (MEM) supplemented with 2.5 %,
5%, 10% or 20% fetal bovine serum (FBS), 5% or 10% human
cord blood serum (hCBS), 5% or 10% human blood serum from AB
adult donors (bABS), or mesenchymal stem cell growth medium
(MSCGM™). The number, diameter and total area of the colonies
formed and PD time were determined, and the cell cycle and 16

surface markers were analyzed.

Results
Colony-forming efficiency was best in o-MEM/bCBS and o-MEM/
bABS, good in MSCGM and worst in o-MEM/FBS. The shortest

PD time was achieved in media enriched with buman sera or
MSCGM, while the time was increased in o-MEM/FBS. The
largest proliferating fraction was seen in MSCGM followed by
media enriched with human sera; the fraction was smallest in
o-MEM/FBS. Staining for CD34, CD45, CD235a and CD271
was negative, while that for CD29, CD44, CD73, CDY0, CD105
and buman leukocyte antigen (HLA)-A, -B, -C was positive in all
media tested. Media with human serum did not adversely affect
the differentiation potential of hMSC, and differentiation into

osteoblasts was enbanced.

Conclusions
The choice of serum influences bMSC expansion and cell properties;
o-MEM supplemented with bABS seems to be a promising

candidate for clinical use.

Keywords
cell cycle, cell differentiation, cell-surface antigens, clinical trials,

colony-forming units, population doubling time.

Introduction

Human mesenchymal stromal cells (hMSC) are a pro-
mising tool for future clinical application. hMSC are
non-hematopoetic stem cells isolated from adult tissues
such as bone marrow (BM), adipose tissue, dental pulp
and peripheral blood. hMSC are multipotent, adher-
ent cells with the capacity to differentiate into various cell

lines, including osteoblasts, chondroblasts and adipoblasts.

In the case of severe tissue ischemia or damage, mesenchymal
stromal cells (MSC) can be attracted to the damaged site,
where they influence repair and regenerative processes.
MSC can be mobilized from the marrow or expanded in
culture and delivered to the damaged site by direct or sys-
temic injection [1]. An important property of MSC is their
production of a broad spectrum of bioactive macromolecules

that establish a regenerative microenvironment in injured
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tissue and exert potent immunosuppressive and anti-
inflammatory effects. MSC release regulatory cytokines
and paracrine factors such as vascular endothelial growth
factor (VEGF), beta fibroblast growth factor (BFGF),
interleukin (IL)-6, placental growth factor (PIGF), mono-
cyte chemoattractant protein 1 [2], granulocyte colony-
stimulating factor (G-CSF), granulocyte-macrophage
colony-stimulating factor (GM-CSF), macrophage colo-
ny-stimulating factor (M-CSF), IL-6, IL-11 and leukemia
inhibitory factor (LIF) [3]; in addition, MSC can modulate
the host immune system [4]. They are thought to promote
functional recovery and induce the survival and regen-
eration of numerous damaged tissues and organs, such as
neural tissue (by the production of brain-derived neu-
rotrophic factor and beta-nerve growth factor) [5], inflamed
bowel tissue [6] and injured skin [2]; they can also modu-
late hepatocellular death and liver regeneration in rats [7].
Current clinical trials in humans are based on the immuno-
suppressive, immunomodulatory and trophic properties of
hMSC, as well as on their putative capacity to differentiate
into specific cells in the target tissue; a brief overview of the
past, presentand future of stem cell-based therapies in clinical
practice is provided in the review of Bajada ez a/. [8]. hMISC
have been investigated for the treatment of skeletal diseases
and traumas such as osteogenesis imperfecta, osteodyspla-
sia, distal tibial fracture, multi-trauma, kidney failure, lupus
erythematosus, liver diseases, heart failure, coronary heart
disease, including myocardial infarct, and other pathologies.
Information about current clinical trials can be found at the
website http://www.clinicaltrials.gov, accessed on August
12, 2009 under the keywords ‘human mesenchymal stem
cells’. In the majority of experiments, hMSC are isolated
and expanded in medium supplemented with fetal bovine
serum (FBS) [9]. However, a risk of prion transmission is
associated with using FBS, as is contamination by atypical
animal pestiviruses in bovine serum products [10] and the
risk of developing an immune response to FBS in human
patients [11-13]. To overcome these problems, the use of
autologous human sera is recommended [14]. However, col-
lecting a sufficient volume of autologous serum could be, in
the case of serious injury or disease, practically impossible.
Also, the application of hMSC in clinical medicine requires
not only rapid cell expansion in a safe medium suitable for
clinical use, but also that the cells should retain their surface
markers and physiologic properties.

Growing research interest focused on hMSC has led

to several ambiguities and inconsistencies in defining

mesenchymal stromal cells, which are also often termed
mesenchymal stem cells. To clarify the definition of h(MSC,
the Mesenchymal and Tissue Stem Cell Committee of the
International Society for Cellular Therapy (ISCT) issued
a position statement that recommended that the term
hMSC should refer to plastic-adherent, spindle-shaped or
fibroblast-like cells forming colonies before the first
trypsinization in culture. h(MSC cultivated in vitro should
express CD73, CD90 and CD105 but not human leuko-
cyte antigen (HLA)-DR, CD34, CD45, CD14, CDl11b,
CD790 or CD19 [15]; eventually, they should also express
CD13,CD29,CD44,CD54,CD55,CD71,CD106,CD120,
CD124, CD166 and major histocompatibility complex
(MHC) I[9,16-20].

In this study, we tested the influence of several culture
media on cell expansion and cell properties. We focused on
the colony-forming properties, population doubling time

(PD), cell cycle and expression of surface markers.

Methods

Cell cultures

Human MSC were obtained by BM aspiraton from 25
healthy 19-41-year-old donors; the mononuclear fraction
containing hMSC was collected using Ficoll density-
gradient centrifugation (Ficoll-Paque Plus; GE Healthcare
Bio-Sciences AB, Uppsalla, Sweden; www.gelifesciences.
com/cellprep). Briefly, 3 mL Ficoll was layered with 2 mL
marrow aspirate mixed with 2 mL phosphate-buffered
saline (PBS) in a centrifuge tube and centrifuged at 400 g
for 40 min. The mononuclear layer was then transferred to
a sterile tube [21]. The cell suspension was seeded on 10-cm
Petri dishes at different seeding densities, according to the
type of experiment (see below). The hMSC were isolated
based on their selective adherence to the plastic surface
[22], then expanded in nine different culture media: alpha-
minimum essential medium (o-MEM; Gibco-Invitrogen,
Carlsbad, CA, USA) with 2.5%, 5%, 10% or 20% FBS
(PAA Laboratories GmbH, Pasching, Austria), 5% or 10%
human cord blood serum (hCBS; Stem Cell Pro Ltd,
Prague, Czech Republic), 5% or 10% allogeneic human
blood serum from AB adult donors (hABS; from the
Institute of Hematology and Blood Transfusion, Prague,
Czech Republic, prepared as described below), containing
100 U/mL penicillin and 100 pg/mL streptomycin (P/S),
or mesenchymal stem cell growth medium (MSCGM™,;
Lonza/Cambrex, Basel, Switzerland). The cells were not

pooled, i.e. each sample was tested separately in triplicate.
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Cell isolation was done in the same media as the expansion,
so the cells were never exposed to more than one type of
serum. Non-adherent cells were removed after 3 days, then
the media were changed twice per week. Cell cultures were
maintained at 37°C in a humidified atmosphere containing
5% CO,. All tissue culture flasks and dishes were obtained
from TPP (Trasadingen, Switzerland; http://www.tpp.ch).

Human sera preparation

The sera for cultivation were prepared from the blood of
healthy adult AB donors. The sera were prepared within
72 h of blood withdrawal. The blood was collected into
anti-coagulant-free glass flasks and allowed to clot, then
centrifuged and the serum layer removed. The collected
sera were frozen in flasks, then thawed, pooled, aliquoted
and stored at —20°C. Thus, before being used for cultiva-
tion, the blood samples were frozen and thawed twice.
Before media preparation, the serum was filtered through a
0.22-pm PES membrane syringe filter (TPP).

Colony-forming properties and PD

After Ficoll density-gradient centrifugation, a cell suspen-
sion containing 1X10% mononuclear cells was seeded on
10-cm Petri dishes, i.e. ¢. 1300 cells/cm?. After 2 weeks
of cultivation, the hMSC colonies were stained with 0.5%
crystal violet. The colony-forming properties were asses-
sed by counting colonies with a diameter >2 mm and
calculating the total areas of the colonies.

For assessing the PD time, cells were detached after for-
ming large colonies and plated at a density of 150 cells/cm?
on 3.5-cm Petri dishes. Five circles (20 mm? each) were
marked on the bottom of each seeded Petri dish. The
number of hMSC was counted in those five circles in each
dish for 4 consecutive days. We calculated the average value
of cell propagation (F) as the number of cells found in the
circles divided by the number of cells found in the circles
on the previous day in the same dish. The PD time between
any two consecutive days was therefore PD=2/F X time in
hours between consecutive counts of the cell numbers in
the same dish. The average PD time over the course of the
4-day experiment was then calculated for each replicate as

PD, ,+PD, ,+PD, ,,=PD.

2-3
Cell cycle
Cells were seeded at 5000 cells/cm? on 10-cm Petri

dishes, cultivated for another week and then detached with

trypsin/ethylene diaminetetra acetic acid (EDTA). The cell
suspension was fixed and permeabilized in 70% ethanol
overnight in the dark at 4°C. DNA was stained with
propidium iodide/RNase staining buffer (BD Pharmingen,
San Diego, CA, USA; http://www.bdbiosciences.com) in
a volume of 500 pl (containing 10° cells) for 15 min at
room temperature, then washed in PBS. DNA content was
analyzed on a FACSAria flow cytometer using FACSDiVa
Software (BD Biosciences, San Diego, CA, USA; http://

www.bdbiosciences.com).

Cell differentiation

"To induce chondrogenesis, cells were harvested, transferred
to polypropylene tubes and differentiated into chondro-
cytes in pellet cultures (250 000 cells/pellet) in serum-free
medium containing o-MEM, dexamethasone (0.1 pm;
Sigma, St Louis, MO, USA), human transforming growth
factor-betal (hTGF-B1; 10 ng/mL; Millipore, Billerica,
MA, USA), r-ascorbic acid (0.05 mwm; Sigma), BDTM
I'TS+ universal culture supplement premix 1% (BD Bio-
sciences, Bedford, MA, USA) and P/S (Gibco BRL, Paisley,
UK). The tubes were incubated at 37°C in a 5% CO,
incubator and the medium was changed twice a week.
Chondrogenic pellets were harvested after 20-22 days in
culture. The pellets were fixed with 4% paraformaldehyde,
embedded in paraffin blocks and cut into 5-pm thick sec-
tions. Samples were then stained with Alcian blue using
standard staining methods [23].

To induce adipogenic differentiation, the cells were
seeded in six-well plates at a density of 10 000 cells/cm?.
Cells were grown to confluence and treated with medium
containing 0.-MEM and either 10% FBS, 10% hABS or
10% hCBS, dexamethasone (1 um), 3-isobutyl-1-methyl-
xanthine (0.5 mu; Sigma), indomethacine (0.1 mm; Sigma),
insulin (10 pg/mL; Sigma) and P/S. The medium was
changed twice a week. After 10 days the cells were fixed
with 4% paraformaldehyde and stained with Oil Red [23].

"To induce osteogenesis, the cells were seeded in six-well
plates at a density of 3000 cells/cm?. Cells were allowed to
adhere for 24 h, then osteogenic medium containing
o-MEM and either 10% FBS, 10% hABS or 10% hCBS,
dexamethasone (0.1 pm), B-glycerophosphate (10 mw;
Sigma), L-ascorbic acid (0.1 mm) and P/S was added. The
medium was changed twice a week. After 7-20 days of
culture, the cells were fixed with 4% paraformaldehyde and
stained with Alizarin Red [23].
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Expression of surface markers

After forming large colonies, cells were transferred into
150-cm? flasks and cultivated to achieve a sufficient number
of cells (minimum 2.5X10° cells/sample, thus at least
6106 cells in total). Therefore, we used cells from the third
or fourth passage. When the cell monolayer reached its maxi-
mal confluence, the cells were detached with trypsin/EDTA,
washed with PBS/2% bovine serum albumin (BSA) and
labeled with the respective primary and secondary antibod-
ies according to the manufacturer’s recommendations for flow
cytometry, then washed and fixed with 4% paraformaldehyde
at 4°C overnight prior to fluorescence-activated cell sorting
(FACS) analysis, which was performed using a FACSAria flow
cytometer and FACSDiVa Software (BD Biosciences, San
Diego, CA, USA; http://www.bdbiosciences.com).

The following 16 primary antibodies were used: CD10
IgGl-fluorescein isothiocyanate (FITC), CD34 1gG1-FITC,
CD105 IgG2a-Dyomics 647, HLA-DR+DP IgG2a-FITC
(Exbio Antibodies, Vestec, Czech Republic; http://www.exbio.
cz), CD29 IgGl-phycoerythrin (PE), CD44 IgG2b-FITC,
CD49aIgG1-PE, CD71 IgG2a-PE, CD73 IgG1-PE, CD90
IgG1-FITC,CD2711gG1-PE,HLA-A, -B,-CIgG1x-FITC
(BD Pharmingen; http://www.bdbiosciences.com), CD45
IgG1-PE-and cyanine, i.e. lgG1-PE-cyanine 5 (Cy5), CD61/
51 IgG1-PE, CD235a IgG1-PE (Dako, Glostrup, Denmark;
http://www.dako.com) and unconjugated anti-fibroblast
surface marker IgM (Sigma-Aldrich, St Louis, MO, USA;
http://www.sigmaaldrich.com). Anti-mouse IgM-FITC (Exbio
Antibodies, Vestec, Czech Republic; http://www.exbio.cz)
was used as a secondary antibody in conjunction with ant-
fibroblast surface marker. Isotype controls were purchased
from Dako: IgG1-FITC,IgG1-PE, IgG1-Pe-Cy5,IgG2a-PE
and IgG2b-FITC. At least 10 000 stained cells were acquired,
and the gates were set so that no more than 1% of the cells were

positive when stained with the isotype controls.

Statistical analysis

The numbers of colonies, PD times and cell cycle were
evaluated using a one-way aNova, and the results were con-
sidered significant when P<<0.05. The data are expressed as
mean=*SE, and the correlation coefficient between PD

time and cell cycle was calculated.

Results

Defining the hMSC

To meet the criteria of the ISCT, we characterized our
cells, grown in standard culture conditions (in 10% FBS),

as expressing CD90, CD105 and CD73 and negative
for CD45, CD34, CDI11b, CD19 and HLA-DR+DP.
In addition, we differentiated the cells into osteoblasts, adi-
pocytes and chondroblasts (Figure 1A-C) to confirm their
multipotent potential.

Colony-forming properties and cell morphology
The colony-forming properties were assessed by counting
those colonies with a diameter >2 mm and calculating the
diameters and total areas of the colonies after crystal violet
staining. The number of colonies (Figure 2A) was signifi-
cantly smaller only in 5% and 20% a-MEM/FBS sera;
however, the diameter of the colonies (Figure 2B) was sig-
nificantly larger in human ABS and MSCGM, followed by
CBS and FBS. These findings indicated that the adherent
cells from the mononuclear fraction could attach when cul-
tivated in any of the tested media; however, their growth
was much more pronounced in human sera and in a medium
that is designed for MSC expansion. Generally, the colony-
forming efficiency (total area of colonies; Figure 2C) was
better in a-MEM/human sera and MSCGM than in
o-MEM/FBS. A 10% concentration of FBS gave better
results than 5% or 2.5%, while a 20% concentration of
FBS was the worst. The P-value as calculated by anova
was <0.001, and pair-wise comparisons revealed signifi-
cant differences between all o-MEM/FBS media and the
other formulations.

Cells grown in human and cord blood sera were larger,
with elongated cell bodies and processes, while cells cul-
tured in FBS were smaller and had a flat, rounded shape
(Figure 3A, B). When reaching confluency, MSC from
human sera were uniformly spindle shaped, while MSC
grown in FBS remained flat (Figure 3C, D) and never

reached confluency.

Cell cycle and PD

Cell-cycle analyzes were performed by DNA content
assessment. FACS analyzes revealed that, while a small
population of cells were proliferating (S+G2+M=10%),
approximately 90% of the cells were in phase G1/G0. No
significant differences among the tested media were found
in terms of the fraction of proliferating cells (P by anova
>0.05; Figure 4A). The size of the proliferating fraction
among cells grown in any particular media showed high
variability (data not shown). This variability was not donor

age-dependent or media-dependent; most probably it
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Osteo

Adipo Chondro

Figure 1. Differentiation capacity of hMSC. Differentiation into osteoblasts was demonstrated by calcium deposits stained with Alizarin
Red. The cells were differentiated in the presence of 10% FBS (A), 10% bhCBS (D) and 10% hABS (G). Differentiation into adipoblasts
was confirmed by the formation of lipid droplets stained with Oil Red O. The cells were differentiated in the presence of 10% FBS (B), 10%
bhCBS (E) and 10% bABS (H). Differentiation into chondroblasts was demonstrated by staining with Alcian Blue. The differentiation
medium was serum free but the cells were expanded in 10% o-MEM/FBS (C), 10% a-MEM/hCBS (F) and 10% o-MEM/hABS (D).

Scale bars: A, D, G=20 um; B, E, H=10 um; C, E, I1=50 um.

resulted from the influence of several factors, such as time
spent in culture, maximal confluency, etc. These results, in
conjunction with the PD time, suggested that the number
of proliferating cells remained the same but the cells were
cycling faster, i.e. the cell cycle was shorter (Figure 4B).

The time required for PD varied between approximately
44 h (o-MEM/FBS) and 21 h (10% hABS). There was a
certain donor variability in PD time; nonetheless, the cells
always grew faster in human sera, and there was no cor-
relation between the age of the donor and the PD time.
One-way anova revealed highly significant differences
among the various media (P<0.01; Figure 5).

Expression of 16 surface markers

The expression of CD10, CD29, CD34, CD44, CD45,
CD49a,CD51/61,CD71,CD73,CD90,CD105,CD235a,
CD271, anti-fibroblast surface marker, HLA-A, -B, -C and

HLA-DR+DP was tested in 5% and 10% o-MEM/hABS,
5% and 10% o-MEM/hCBS, 5% and 10% o-MEM/FBS
and MSCGM. In 2.5% and 20% o-MEM/FBS, we did
not obtain a sufficient number of cells to perform FACS
analyzes. As expected, CD34, CD45, CD235a and CD271
were negative, while CD29, CD44, CD73, CD90, CD105
and HLA-A, -B, -C were positive in all tested media. Table I
shows the relative intensity of surface marker expression
in cells cultivated in the different media. In general, all
positive markers were up-regulated in o-MEM/human
sera and down-regulated in o-MEM/FBS; this down-
regulation was increased with decreasing concentrations
of FBS. In particular, differences in the expression of the
adhesion markers CD29, CD44, CD51/61 and CD49a
and the ubiquitous metabolic markers CD71, CD73
and CD10 were observed among media enriched with
different sera.
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Figure 2. The number of colonies (A), diameter of colonies (B) and total area of colonies (C) grown in different culture media. Data are
expressed as mean+SE. **P<0.01.
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Figure 3. Morphology of bMSC grown in 10% o-MEM/bABS (A) and 5% o-MEM/FBS (B). Cells cultivated in media supplemented
with human sera were spindle-shaped with long processes, in comparison with the small, flat cells found with a low concentration of FBS.
bMSC in 10% o-MEM/bABS reached 100% confluency and were classified as spindle-shaped (C). Cells in 10% FBS were flat and did

not reach confluency (D). Scale bars 100 pm.

Cell differentiation

To prove that human serum does not have any nega-
tive influence on cell differentiation, we differentiated
cells expanded in 10% hABS, 10% hCBS and 10% FBS
serum into osteogenic, adipogenic and chondrogenic
phenotypes. During adipogenic and osteogenic differen-
tiation we used 10% hCBS and 10% hABS, respectively
(Figure 1D, E, G, H). In chondrogenic differentia-
tion medium, the serum was replaced by BDTM ITS+
universal culture supplement premix and was not used.
Therefore, we only show the differentiation of cells
expanded in human sera (Figure 1F, I). None of the human
sera had a negative influence on the differentiation poten-
tial. The osteogenic potential was enhanced in 10% hCBS;
robust calcium deposits were already visible 7 days after
differentiation induction (Figure 1D). Similar results were
achieved in hABS, where the differentiation into osteoblasts
(Figure 1G) took only 11 days, compared with 20 days in
10% FBS (Figure 1A).

Discussion

We studied the growth properties and surface marker
expression of human MSC cultivated in different media.
The aim of our study was to assess various media in terms
of their suitability for use in clinical applications. The
choice of serum influences hMSC expansion and cell prop-
erties. Another important factor that influences the growth
of MSC is the seeding density. Neuhuber ez 4/. [24] showed,
in experiments with rat mesenchymal stromal cells, that the
growth patterns of rat MSC depend on the initial plating
densities; a density of 200 cells/cm? was found to be the best.
In our experiments, the seeding density of human MSC
was 150/cm? for assessing the PD time. This density may
be more suitable for the larger human MSC. Independent
of the seeding density used in our study for any particular
experiment, human sera (0-MEM/hABS) appeared to be
the best alternative for the rapid expansion of hMHC.
Odur results are in agreement with those of Stute et a/. [25],
who tested the expansion and differentiation of hMSC in
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fraction was smaller in all o-MEM/FBS media and decreased with decreasing serum concentrations. (B) Correlation between PD time and

percentage of cells in the S1G2/M phase; these results suggested a slight correlation between PD time and the size of the proliferating fraction,

but the degree of correlation was not significant (P=0.2).

different concentrations of human autologous serum (hAS)
versus FBS. The best proliferation rate and highest osteo-
genic potential was achieved using 10% hAS. However, the
use of 10% FBS gave better results than low concentrations
(3% and 1%) of hAS, revealing that a certain level of serum
proteins is important for hMSC. In our experiments, a
5% concentration of hABS or hCBS still yielded better
results than 10% FBS. Therefore, the threshold for human

serum levels seems to be between 3% and 5%. In contrast

to the results of Shahdadfar et 4/. [9], the use of a-MEM/
hABS gave the best results. These authors reported growth
inhibition and short culture survival in allogeneic sera, but
they used pooled human serum. It is likely that the growth
inhibition observed in allogeneic cultures is caused by the
amount of hemagglutinins present in pooled human sera.
"This problem can be overcome by using media enriched with
autologous human sera, as the serum and cells are from the

same blood group. We speculate that our positive results
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Figure 5. PD analysis of bMSC grown in different culture media. The PD times achieved in MSCGM and o-MEM enriched with human
sera (ABS or CBS) were significantly faster than in o-MEM/FBS media. Data are expressed as mean+ SE. ***P<0.01.

obtained by culturing cells in media enriched with human
AB serum or cord blood serum are because of the low
concentration of these agglutinins in juvenile blood, in the
case of cord blood serum, and the fact that AB blood lacks
anti-A and anti-B hemagglutinins. In none of the human
sera (ABS or CBS) did we find a significant difference in any

Table I. Expression of surface markers in hMSC.

of the evaluated parameters that would depend on the
chosen serum concentration. Currently, 10% FBS is the
standard condition in which human MSC are expanded for
research purposes. Various batches of FBS can differ in their
growth support of hMSC. In our pilot studies we tried FBS
standard and gold quality from PAA Laboratories, (Linz,

5%
Surface antigens FBS
CD10 CALLA -
CD29 Integrin, beta 1 +
CD34 Hematopoetic progenitor cell marker —
CD44 Hyaluronate binding protein +
CD45 Leukocyte common antigen -
CD49a Integrin, alpha 1 -
CD61/51 Integrin ov/P3 -
CD71 Transferrin receptor -
CD73 5 -nucleotidase, ecto (NT5E) ++
CD90 Thy-1 +++

CD105 Endoglin, part of the TGF-f receptor complex ~+++
CD235a Glycophorin A -
CD271 NGFR -
HLA-A, -B, -C .
HLA-DR + DP -

Fibroblast-specific antigen -

10% 5% 10% 5% 10%
FBS ABS ABS CBS CBS MSCGM
- + + + + +
++ +++ +++ +++ +++ 4
++ +++ +++ +++ +++ +++
- + ++ + + +
- ++ ++ + + +
- +++ ++ ++ ++ ++
++ +++ +++ +++ +++ +++
tH+ 4+ 4+ +H+ +++
+++  +++ +++ +++ +++ +++
4+ +++ 4+ +++ +H+ 4
- - - - - +
- - + - - +

—, no expression (<10%); +, weak expression (11—40%); + +, moderate expression (41—70%); + + +, strong expression (>71%).
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Austria) and certified serum from Gibco-Invitrogen. How-
ever, we did not find significant differences in the growth
properties of hMSC. It might be possible to obtain better
results in terms of growth properties if special batches, pre-
screened to guarantee optimal growth, are used.

The study of cell kinetics revealed that the time required
for PD was almost twice that for cells cultivated in a-MEM/
FBS compared with cultivation in o-MEM/hABS. In con-
trast, cell-cycle analysis showed that only a small popula-
tion of cells was proliferating (S + G2 +M); more than 90%
of cells were in the G1/GO phase. The number of dividing
cells, as determined by DNA content analysis, varied within
any particular media (data not shown). This suggests that
the actual number of reproducing cells depends on other
factors, such as time spent in culture or cell confluency.
The cell cultures supplemented with hABS or MSCGM
achieved greater expansion because of rapid cell division
rather than an increase in the number of dividing cells. Our
findings are in agreement with those of Conget et al. [17],
who found that, although only a small fraction of cells (less
than 10%) proliferated, this number of cells was sufficient
for the maintenance of growth in culture. In experiments
simulating clinical settings, starting from the same seeding
density we were able to harvest in 3 weeks 6-10 times more
cells/cm? in media enriched by human sera than in media
with 10% FBS (data not shown). Rapid expansion can play
a crucial role for patients in whom the cell transplantation
window occurs during the acute phase of disease or injury.

MSC from BM can be cultured with a stable phenotype
[18]. Unfortunately, there is no single marker that can char-
acterize MSC. Pittenger er a/. [18] describe them as uni-
formly positive for CD105 (SH2), CD73 (SH3), CD29,
CD44, CD71, CD90, CD106, CD120a and CD124 and
negative for CD34, CD45 and CD14. The biotech com-
pany Lonza states in its technical datasheet for the charac-
terization of MSC that CD105, CD166, CD29 and CD44
are positively expressed while CD14, CD34 and CD45
are negative. To clarify the definition of hMSC, in 2006
the ISCT decided to publish criteria for defining hMSC
[15]. According to these new criteria, hMISC are positive
for CD90, CD105 and CD73 and negative for CDA45,
CD34, CD11b or CD14, CD19 or CD790. and HLA-DR.
We have defined our cells according to the recommended
criteria; however, once we excluded CD11b and CD19
from our pilot experiments, we did not add these markers
to our panel, as we were interested in positive rather than
negative markers. The fact that we do not have any CD11b*

or CD19* cells in our culture can also be demonstrated by
the fact that our cells are negative for CD45 and CD10.
"This means that, in our cultures, we do not have any nucle-
ated blood cells (CD45%) or developing B lymphocytes
(CD10%). Among the markers widely used to define MSC,
we found that CD90, CD73 and CD105 were positive
and CD235a, CD34 and CD45 were negative in all tested
media, independent of the type of serum. CD271 was nega-
tive in our cultured cells; however, surface marker expres-
sion can be different between cultured and freshly harvested
cells, for example CD271 can be used for MSC-enriched
isolation from freshly harvested BM [26,27].

The adhesion markers CD29 and CD44, which were
strongly expressed only on cells cultivated in human sera,
play a crucial role in cell morphology, adhesion and migra-
tion. CD29-deficient cells proliferate and survive normally,
but show abnormal processes and shape or lose their polar-
ity. CD29—/- mice show severe brain malformations and
die prematurely. Schwann cells do not extend and maintain
processes around axons [28,29]. This mechanism could
explain the morphologic differences among hMSC culti-
vated in media supplemented with human or bovine sera.
In addition, flat cells, which were present in media with
bovine serum, are typical of cultures with slow prolifera-
tion. Neuhuber et 4. [24] showed with rat MSC that an
increased number of flat cells was dependent on either
time in culture or high confluency. CD44-deficient mice
are born without any developmental or neurologic deficits,
but they show hematologic impairment with an altered
distribution of myeloid progenitors; Schmits e /. [30]
described defective progenitor egress from BM. CD44-/—
osteoclasts exhibit an enhanced response to tumor necrosis
factor (INF), as a major inducer of chronic inflammation.
Hayer et al. [31] concluded that CD44 is a critical inhibi-
tor of TNF-induced joint destruction and inflammatory
bone loss. This raises the questions of whether BM and tis-
sue MSC play the same role in inflammation and whether
the surface expression of CD44 remains the same after
implantation of cultured cells into the host organism.

Somemarkers,suchasCD10,CD71,CD51/61andCD49a,
were not expressed in FBS-supplemented serum atall, while
lowormoderate expression was observed in a-MEM/human
sera. CD10 and CD71 are ubiquitous in normal tissues, and
their up/down-regulation can correlate with the functional
(metabolic) status of cells (not surprisingly in the case of
CD71, the transferrin receptor). CD49a and CD61/51

belong among the superfamily of integrins, and their
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expression is related to other products of integrin genes
(CD29) and other adhesion markers (CD44). CD49d has
been shown to play an important role in neural stem cell
homing to the stroke area in mice [32].

In a few samples cultured in MSCGM, we observed posi-
tivity for HLA-DR+DP. hMSC are generally negative for
MHC II antigens; however, these antigens can be expressed
after exposure to interferon-gamma or TGF-B1 [33]. We do
not know if some compound was present in MSCGM that
could induce the expression of HLA-DR+DP. However, in
clinical use, any cell batch that is expanded for patient use
should be tested to exclude cells showing MHC II positivity.

Finally, a last criterion for hMSC is their potential to
differentiate into osteogenic, adipogenic and chondrogenic
phenotypes. Our results demonstrate that the differentia-
tion potential of hMSC cultured in human sera is not
affected. Osteogenic differentiation was even faster in
hCBS, followed by hABS, confirming the results obtained
by Jung ez al. [34] and Stute ez al. [25].

Another strategy to overcome the problem of the
biosafety of FBS is the use of platelet lysate [35,36] or
fresh frozen plasma and platelets [37]. These three studies
[35-37] described no change in hMSC characteristics
(surface markers, differentiation potential and immune
regulatory properties) when serum was replaced by platelet
lysate or fresh frozen plasma and platelets, and reported the
superior proliferative capacity of the cultured hMSC.

"To summarize our findings in terms of potential clinical
use, adult ABS is generally available in human medicine in
sufficient quantities and ready to use, in contrast to CBS.
The use of adult ABS is subjected to the same rules as other
human blood derivatives, to avoid possible risks of transmit-
ting viruses such as human immunodeficiency virus (HIV)
and hepatitis virus B. The main disadvantage of cord blood
serum is its limited source and quantity. MSCGM was
designed for hMSC expansion, therefore it yielded good
results in all the assessed parameters; however, to date it is
only produced for research use, its composition is not dis-
closed and its use in human medicine depends on company
policy. There are some phase I clinical trials that use FBS
for the expansion of MSC [38]; however, we have shown
that cells grown in FBS not only have a slower expansion
rate and never reach confluency, but display a down-regulation
of some surface markers compared with cells grown in
human sera. We conclude from this study that human
allogeneic sera from AB adult donors is the most suitable

sera for rapid cell expansion and thus for clinical use.
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F1t3 ligand synergizes with granulocyte—colony-stimulating factor in
bone marrow mobilization to improve functional outcome after
spinal cord injury in the rat

LUCIA pRDZIKOVAj, KATARINA LIKA\{C:ANOVA-MASiNOVAI, VACLAV VANECEK!2,
JIRI RUZICKAL, JIRI SEDY!, EVA SYKOVAL2 & PAVLA JENDELOVAL?2

Unstitute of Experimental Medicine, Academy of Sciences of the Czech Republic, Prague, Czech Republic, and
2Department of Neuroscience and Center for Cell Therapy and Tissue Repair, Charles University, Second Medical Faculty,
Prague, Czech Republic

Abstract

Background aims. The effect of granulocyte—colony-stimulating factor (G-CSF) and/or the cytokine fms-like thyrosin kinase
3 (FIt3) ligand on functional outcome and tissue regeneration was studied in a rat model of spinal cord injury (SCI).
Methods. Rats with a balloon-induced compression lesion were injected with G-CSF and/or Flt3 ligand to mobilize bone
marrow cells. Behavioral tests (Basso-Beattie-Bresnahan and plantar test), blood counts, morphometric evaluation of the
white and gray matter, and histology were performed 5 weeks after SCI. Results. The mobilization of bone marrow cells by
G-CSF, FlIt3 ligand and their combination improved the motor and sensory performance of rats with SCI, reduced glial
scarring, increased axonal sprouting and spared white and gray matter in the lesion. The best results were obtained with a
combination of G-CSF and Flt3. G-CSF alone or in combination with Flt3 ligand significantly increased the number of
white blood cells, but not red blood cells or hemoglobin content, during and after the time—course of bone marrow
stimulation. The combination of factors led to infiltration of the lesion by CD11b™ cells. Conclusions. The observed improve-
ment in behavioral and morphologic parameters and tissue regeneration in animals with SCI treated with a combination
of both factors could be associated with a prolonged time—course of mobilization of bone marrow cells. The intravenous
administration of G-CSF and/or Flt3 ligand represents a safe and effective treatment modality for SCI.

Key Words: axonal sprouting, bone marrow mobilization, Flt3 ligand, granulocyte—colony-stimulating factor, neuroprotection, spinal
cord tnjury

Introduction _
as well as a source of non-hematopoietic cells that

Stem cell transplantation represents a potentially
powerful treatment modality for various types of
injuries, including spinal cord injury (SCI), a severe,
often life-threatening, and debilitating clinical con-
dition, with an incidence of 40 new cases per mil-
lion people throughout the world each year, affecting
mainly young people with a mean age of 28.6 years.
Stem cells can either replace missing populations
of cells or rescue cells in the injured spinal cord by
production of cytokines (interleukins) and/or neu-
rotrophic factors, which facilitate regeneration or lead
to extensive remyelination when transplanted acutely
(1,2). The use of autologous bone marrow cells may
have ethical and legislative advantages over other
types, such as fetal and embryonic stem cells. Adult
bone marrow provides a source of circulating blood
progenitors derived from hematopoietic stem cells

can differentiate into a variety of cell types, including
muscle (3), bone (4) and cartilage (5). Most impor-
tantly, the transplantation of mesenchymal stromal
cells has been shown to improve functional recovery
after spinal cord or brain injury (6-10).
Granulocyte—colony-stimulating factor (G-CSF)
synergizes with the hematopoietic cytokine fms-like
thyrosin kinase 3 (Flt3) ligand to mobilize progenitor
cells into the peripheral blood, and thus has the poten-
tial to increase the number of available bone marrow
stem cells in the blood for repair of central nervous
system injury. For example, the administration of
G-CSF enhanced the availability of circulating bone
marrow stem cells to the brain and also their capacity
for neurogenesis and angiogenesis in rats with cere-
bral ischemia (11). A previous study has shown that
bone marrow cell mobilization induced by G-CSF
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in rats with a SCI improves functional outcome and
increases the volume of spared white matter in the
lesion site (10). Moreover, G-CSF itself may have
anti-apoptotic and anti-inflammatory effects as well
as an effect on neovascularization (12).

Flt3 ligand is a non-redundant hematopoietic
cytokine able to induce hematopoietic progenitors
into the peripheral blood and to promote the survival
of progenitors or stem cells in a synergistic man-
ner with other cytokines, including G-CSF (13).
Several authors have also speculated on its possible
neuroprotective function, based mainly on its anti-
apoptotic effect (14,15).

The aim of this study was to evaluate the therapeu-
tic potential of bone marrow mobilization by G-CSF,
Flt3 ligand and a combination of both. The first part
of the study evaluated the behavioral outcome after
administration of G-CSF, Flt3 ligand and their com-
bination in rats with a balloon-induced spinal cord
compression injury. In the second part of the study,
the effect of G-CSF, Flt3 ligand and their combi-
nation on blood cell numbers was studied. Finally,
morphometric evaluation of the gray and white mat-
ter was performed, and glial scar formation, axonal
sprouting and macrophage infiltration and/or micro-
glia activation in the lesion center were compared.

Methods
Animals

In total, 83 male Wistar rats (300-330 g) were used.
They were housed under standard conditions of
temperature, humidity and a 12-h light/dark cycle,
with access to food and water ad Lbitum. This study
was performed in accordance with the European
Communities Council Directive of 24 November
1986 (86/609/EEC) regarding the use of animals in
research, and was approved by the ethics commit-
tee of the Institute of Experimental Medicine ASCR
(Prague, Czech Republic). All efforts were made to
minimize the number of animals used in the study.

Design of the study

In the first part of the study, we studied the effect
of G-CSF and/or Flt3 ligand administration on the
behavioral outcome of rats with a SCI. The ani-
mals (n = 60), with a balloon compression SCI
(16), were divided randomly into four groups 1
week after SCI: the first group (z = 15) received Flt3
ligand [50 pg/kg, intravenously (i.v.); Amgen Inc.],
the second group (# = 15) was treated with G-CSF
(50 ug/kg, i.v.; Neupogen; Amgen Inc., Thou-
sand Oaks, CA, USA), the third group ( = 15)
received a mixture of G-CSF and FIt3 ligand
(G-CSF 25 ug/kg + Flt3 ligand 25 ug/kg, i.v.) and

the fourth group, of control animals (z = 15), was
injected with saline (1 mL/kg, i.v.). In all cases, the
administration of the study substance was performed
in the morning at the same hour for 5 days. Motor
performance was assessed using the Basso-Beattie-
Bresnahan (BBB) locomotor rating score (17) and
hindlimb sensitivity by the plantar test for 7 weeks
after SCI (once per week). At the end of the experi-
ment, all animals were killed and their spinal cords
were examined histologically.

In the second part of the study, we examined the
effect of G-CSF and/or Flt3 ligand on blood cell
count. The animals (z = 23) were divided randomly
into four groups: the first group (z = 6) received
Flt3 ligand (50 ug/kg, i.v.; Amgen Inc.), the second
group (n = 6) was injected with G-CSF (50 ng/kg,
i.v.; Neupogen; Amgen Inc.), the third group (n = 6)
received a mixture of G-CSF and Flt3 ligand (G-CSF
25 ng/kg + Flt3 ligand 25 pg/kg, i.v.) and the control
group (n = 5) was injected with saline (1 mI/kg,
1.v.). In all cases, the administration of the study sub-
stance was performed in the morning at the same
hour for 5 days. Blood samples were taken from the
eye orbital sinus of each animal for analysis 1 day
before treatment, on the first, second and fourth days
of stimulation, and on the second and fourth days
post-stimulation.

Balloon compression spinal cord lesion

After the induction of anesthesia with 5% isoflurane in
room air (flow 300 mL/min), animals were maintained
with 2.5% isoflurane anesthesia (flow 300 mIL/min)
via a face mask throughout the operation. Lower
concentrations of anesthesia were avoided because
they promote the development of neurogenic pul-
monary edema and impair the neurologic recovery
of the animals, as described in detail previously (18).
All animals were heated to 37°C, and their body tem-
perature was measured with a rectal thermometer
to standardize the procedure and exclude the influ-
ence of hypo- or hyperthermia (19,20). To induce
an SCI, we used the model of an epidural balloon
compression lesion, as described previously (16,18).
Briefly, under aseptic conditions, a 2-cm median skin
incision at the Th10-L1 level was made. The dor-
sal muscles were shifted laterally, and the Th10 and
Thl1 spinous processes were removed. A hole was
drilled into the Th10 lamina with a dental drill. Then,
a 2F French Fogarthy catheter (Baxter Healthcare
Corporation, Irvine, CA, USA), filled with distilled
water and connected to a 50-uLL Hamilton syringe,
was inserted into the dorsal epidural space 10 mm
rostrally, to reach the Th8-Th9 spinal level. Using a
micromanipulator, the balloon was inflated rapidly
to 15 pL and left in place for 5 min. Subsequently,
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the balloon was deflated and removed. The muscles
and skin were sutured in anatomical layers.

The balloon was inflated before and immediately
after the injury procedure to confirm the inflation of
the balloon in the spinal channel. The inflation of the
balloon to 15 uL in the spinal channel produced an
incomplete lesion, corresponding to a BBB score of
6—8 at 7 weeks post-injury.

Post-operative care

After the lesioning procedure, the animals devel-
oped complete paraplegia for 2-3 days post-injury,
followed by a gradual recovery during 5 weeks post-
injury. The animals were housed in pairs, to reduce
stress from isolation, on a 12-h light/dark cycle with
access to standard rat chow and water ad libitum. After
lesioning, manual bladder expression was performed.
Generally, expression of the bladder was performed
twice a day during the early post-operative period.
With the improvement of the animals’ condition, it
was performed once a day until the end of the sec-
ond week, by which time a reflex bladder was usu-
ally established. Animals were examined daily for the
occurrence of disease or SCI complications.

Evaluation of neurologic outcome

All rats were tested behaviorally 1 day before (—1 day)
and 1,7, 14, 21, 28, 35, 42 and 49 days after surgery in
all groups. Animals were first tested using the BBB test
then subsequently with the plantar test, with a mini-
mum interval of 30 min between the two tests in order
to minimize the occurrence of false negative results.
Hindlimb performance was evaluated using the BBB
open field locomotor test developed by Basso ez al. (17).
The rats’ locomotion was quantified by two observers
blinded to the experimental condition, using a BBB
scale ranging from 0 to 21, where 0 reflects no locomo-
tor activity and 21 reflects a normal performance.
Hindlimb sensitivity to thermal stimulation was
determined according to the latency (in seconds) of
hindlimb withdrawal from thermal stimulation using
the plantar test (Ugo Basile, Comerio, Italy). The
cut-off value of the plantar test was set to 32 s to pre-
vent limb injury. Testing was performed three times
on each hindlimb with 5-min intervals between tests.
The latencies for each side were averaged, and the
average values were used for statistical analysis.

Histologic evaluation

Animals were deeply anaesthetized with an overdose
of pentobarbital administered intraperitoneally, their
chests opened and transcardial perfusion performed
with phosphate buffer followed by 4% paraformalde-

Flt3 ligand and G-CSF in spinal cord injury 3

hyde solution in phosphate buffer. The spinal column
was removed and left in paraformaldehyde solu-
tion overnight. The spinal cord was then carefully
removed from the spinal cord channel and post-fixed
in the same solution for at least 1 week.

For histologic and morphologic analysis, a 2-cm
long segment of the spinal cord containing the
lesioned site was dissected and embedded in paraffin.
The whole segment was serially transversely cut, and
a series of 20 sections (thickness 5 um) was collected
(1-mm distance between individual sections). The sec-
tions were mounted onto gelatin-coated glass slides
and then stained with Luxol Fast Blue and Cresyl
Violet for morphologic analysis. We used this staining
to facilitate discrimination between the gray and white
matter at low magnification. For histologic analysis,
serial sections were stained with antibodies directed
against GAP43 (1:5000; Chemicon, Temecula, CA,
USA), GFAP (1:200; Sigma-Aldrich, St. Louis, MO,
USA) and CD11b (1:400; Abcam, Cambridge, UK).
As a secondary antibody, AlexaFluor 488-conjugated
anti-mouse IgG (1:200; Molecular Probes) was used,
while the anti-GFAP primary antibody was conju-
gated with Cy3. Every section was imaged using a
digital camera (Axiocam; Zeiss, Oberkochen, Germany);
high-resolution images were used to delineate the
spared white and gray matter, and their areas were
measured using image analysis software (SigmaScan
Pro 5; Aspire Software International, Leesburg, VA,
USA). For statistical analysis, 11 lesion-centered sec-
tions were used from each spinal cord. The volume
of the spared tissue in the 11-mm long segment was
calculated as the sum of cross-sectional areas mul-
tiplied by the distance between them. Quantitative
image analysis of CD11b"cells was performed by
counting the number of immunoreactive cells on
transverse sections, separated by a 1-mm distance
between individual sections, using Image J software
(National Institute of Health, Bethesda, MD, USA).
The number of CD11b"cells was summed for every
spinal cord sample in each group and multiplied by
the distance between the sections to obtain the sum of
CD11b"cells in the whole spinal cord segment (2-cm
long). To calculate the number of CDI11b%cells/
1 mm?, we divided these values by the volume of the
2-cm long spinal cord segment. For the analysis of
glial scarring, regions of strong GFAP *staining were
delineated and their areas measured using Axiovision
image analysis software from Zeiss. Astrogliosis was
expressed as the percentage of scarred tissue (glial
scar area/total area multiplied by 100). Mean values
were obtained for the control and all treated groups.
Axonal sprouting was expressed as the mean num-
ber of GAP43*axons per section. High magnification
images of transverse sections, separated by a 1-mm
distance, in all animal groups stained for GAP43
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Figure 1. Behavioral outcome after treatment with G-CSF, Flt3
ligand or a combination. (A) In the BBB test of open-field
locomotor function, animals treated with a combination of factors
showed faster recovery after SCI, while Flt3 ligand or G-CSF
alone affected recovery from the sixth week after SCI. (B) The
Plantar test measures withdrawal latency in response to a radiant
heat source. In rats treated with Flt3 ligand or a combination of
Flt3 ligand and G-CSF, the latency time was decreased compared
with controls, most markedly in the combined treatment group.
G-CSF alone had a significant effect on hindlimb sensitivity only
in the third week after SCI. There were no significant differences
among the treated groups. Data are averaged between the right
and left hindlimbs and expressed as mean and = SEM. “P < 0.05,
P < 0.01, P < 0.001, G-CSF and FIt3 ligand versus control;
#P < 0.05, Flt3 ligand versus control; *P < 0.05, G-CSF versus
control.

were taken, and GAP43"axons were counted manu-
ally. Each counted axon was marked with red color
to avoid double counting.

Blood cell analysis

Blood samples (0.5 mL) were taken from the eye
orbital sinus under isoflurane anesthesia. Samples
were taken from each animal 1 day before bone mar-
row stimulation, on the first, second and fourth days of
stimulation, and on the second and fourth days post-
stimulation. For cell counting we used an Alcell 871
hematology analyzer (AL-system, Karlsruhe, Germany)
with an AlL.con9 veterinary modem (AL-system). The
blood samples were diluted with Hemasol (Hemax,
Brno, Czech Republic) and divided into two parts.
One part was used for the determination of red blood
cell (RBC) and platelet (PLT) counts and hematocrit
(HCT), while the second was used to determine
the white blood cell (WBC) count and hemoglobin
(HGB) concentration. Qualitative analysis (WBC dif-
ferential) was done from slides with a blood film fixed
by methyl alcohol and stained according to Giemsa-
Romanowsky, then viewed under a microscope.

Statistical analysis

The relative numbers of neutrophils and lymphocytes
were expressed as a percentage of total WBC, and for
behavioral tests in individual animals the BBB and
plantar scores were averaged across the hindlimbs.
Differences between the treated groups compared
with the control group at any given time-point were
determined using a two-way analysis of variance
(anova) with repeated measures (SigmaStat v.3.11;
Systat, San Jose, CA, USA). Morphometric measure-
ments were used to construct plots of consecutive
cross-sectional areas of the spared tissue at individual
levels of the spinal cord, rostral and caudal to the
lesion center. The differences at each level compared
with the control group were analyzed by two-way
ANOVA. To analyze possible synergistic effects, ANova
repeated measures with two between-subject factors
was utilized (SPSS v.17; IBM, Chicago, IL, USA);
the F-ratios from this analysis yielded a P-value of less
than 0.05 for the combination of G-CSF and Flt3.
All values are expressed as mean * standard error of
the mean (SEM). Differences between groups were
considered statistically significant if P < 0.05.

Results

Trearment with G-CSF and/or Flt3 ligand improved
the behavioral performance of rats with SCI

All animals treated with a combination of G-CSF and
FlIt3 ligand significantly improved their motor and
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sensory performance 3—7 weeks post-injury compared
with the control animals. Regarding motor perfor-
mance, assessed by the BBB test, animals treated with
a combination of G-CSF and Flt3 ligand had already
improved significantly by 4 weeks post-injury, whereas
animals treated with G-CSF or Flt3 ligand alone
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Figure 2. Distribution of the spared white and gray matter. (A)
The cranio (plus values)—caudal (minus values) distribution of the
spared white matter from the lesion center showed a significant
effect of Flt3 ligand alone as well as Flt3 ligand combined with
G-CSF for a distance of 4-5 mm in both directions. Treatment
with G-CSF alone did not significantly affect the extent of spared
white matter except 4 mm caudal to the lesion center. (B) Graph
of consecutive cross-sectional areas showing the craniocaudal
distribution of the spared gray matter. The most pronounced effect
could be seen in the spinal cords from rats treated with a
combination of Flt3 ligand and G-CSF at the cranial end of the
lesion. Data are expressed as mean and = SEM. P < 0.05,
P < 0.01, P < 0.001, G-CSF and FIt3 ligand versus control;
#*P < 0.05, ##P < 0.01, Flt3 ligand versus control; *P < 0.05,
G-CSF versus control.
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improved significantly 2 weeks later compared with
control animals (Figure 1A). Regarding sensory per-
formance, assessed by the plantar test, animals treated
with a combination of G-CSF and FIt3 ligand showed
the greatest improvement: their mean plantar test val-
ues were significantly different from those of control
animals by 3 weeks post-injury (Figure 1B). Similarly,
animals treated with Flt3 ligand alone achieved sig-
nificantly better values than control animals, from the
beginning of the third week after injury and continuing
to the end of the observation period, while animals
treated with G-CSF alone showed significant improve-
ment only during the third week after SCI. There was
no significant difference among the treated groups.

Treatment with G-CSF and/or Flt3 ligand resulted in
an ncreased amount of spared gray and white matter

Histologic analysis of the cross-sectional areas of the
white matter revealed a significant increase in the
extent of spared white matter in animals treated with
Flt3 ligand alone or a combination of Flt3 ligand
and G-CSF compared with control rats, 4 and 5 mm
caudal as well as cranial from the center of the lesion,
and in animals treated with G-CSF alone, 4 mm
caudal from the center of the lesion (Figure 2A). A
significant effect on the cross-sectional area of the
spared gray matter was observed with a combination
of G-CSF and FIt3 ligand, 4 and 5 mm caudal as
well as cranial from the lesion center. Neither factor
alone had an effect on the area of spared gray matter,
either caudal or cranial from the lesion center, except
for Flt3 ligand alone, 5 mm caudal from the lesion
center (Figure 2B). The volume of spared tissue in
the center of the lesion was significantly increased
in all treatment groups, compared with the controls
(Figure 3). Representative images of cross-sections
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Figure 3. The total volume of the spared spinal cord tissue. The
graph shows an analysis of the total volume of spared spinal cord
tissue in an 11-mm long segment of the spinal cord; all treatments
led to a significant increase in the volume of spared tissue com-
pared with controls. Data are expressed as mean and * SEM.
P < 0.05.
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Figure 4. Representative images of spinal cord lesions. Representative cross-sections from the center of the lesion and 5 mm caudally and
5 mm cranially showed totally destroyed gray matter in the center of the lesion in all animal groups. The white matter appeared as a rim,
with the greatest amount preserved in the group treated with the combination of G-CSF and Flt3 ligand. Five millimeters caudally and
cranially from the center of the lesion, white and gray matter were present, along with cavities, in the spinal cord dorsal horns in all treated
groups. In the control group, the cavities appeared throughout the whole cross-sectional area.

from the center of the lesion and 5 mm caudally
and cranially are shown in Figure 4. In the center of
the lesion, the gray matter was totally destroyed and
the white matter appeared as a rim, with the great-
est amount preserved in spinal cords treated with
the combination of G-CSF and FIt3 ligand. These
results demonstrated that Flt3 ligand had a beneficial
effect on motor function after SCI and that a combi-
nation of Flt3 ligand and G-CSF led to significantly
better functional recovery than treatment with Flt3
ligand or G-CSF alone.

Treatment with G-CSF and/or Flt3 ligand resulted in
increased axonal sprouting and reduced ghal scar formation

Axonal sprouting in the lesion was expressed as the
number of GAP43 " fibers (Figure 5A). The number
of GAP43"axonal fibers per section was signifi-
cantly increased in animals treated with G-CSF
alone (14.84 *= 3.36) or a combination of FIt3
ligand and G-CSF (33.56 = 0.89) compared with
control rats (6.26 = 0.94) or Flt3 ligand alone
(5.04 = 0.60; Figure 6A). In animals treated with
only Flt3 ligand, the majority of GAP43"axons
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GAP43 GFAP CD11b

G-CSF+ FIt3 G-CSF Fit3

Control

Figure 5. Histologic evaluation. (A) Representative sections from groups treated with Flt3 ligand and G-CSF alone, their combination
and control animals showing GAP43*fibers (arrows) in the lesion center. Scale bar 20 um. (B) Representative sections from groups treated
with Flt3 ligand and G-CSF alone, their combination and control animals showing the delineated GFAP*glial scars as well as the whole
sections. Inserts are at a higher magnification. White squares show the locations from which the inserts were taken. Scale bar 100 um. (C)
Representative sections from groups treated with Flt3 ligand and G-CSF alone, their combination and control animals showing CD11b" cells
in the lesion center. Inserts are at a higher magnification. Scale bar = 100 um.

were in the close vicinity of the central spinal cord number of GAP43" axons in the lesioned tissue. The
canal; fewer cells were located in the lesioned tissue. extent of the glial scar, expressed as the percentage
In contrast, treatment with G-CSF alone or in of total tissue area showing strong positive staining
combination with Flt-3 ligand resulted in a large for GFAP (Figure 5B), was significantly reduced

RIGHTS

1r



Cytotherapy Downloaded from informahealthcare.com by 195.113.82.2 on 05/12/11
For personal use only.

8 L. Urdzikova et al.

in all treated groups (Figure 6B). The greatest
reduction was observed in animals treated with
Fl1t3 ligand alone (5.74 *= 0.31), followed by G-CSF
treatment (10.05 £ 0.25) and combined treatment
(11.06 £ 0.58) compared with control animals
(15.88 = 0.16).
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Figure 6. Analyses of axonal sprouting, glial scarring and
CDl11b"cell infiltration. (A) The number of GAP43*fibers in
controls and animals treated with Flt3, G-CSF and their
combination. Numbers represent mean values per section = SEM.
*P < 0.01. (B) Glial scar expressed as a percentage of total tissue
in controls and animals treated with Flt3, G-CSF and their
combination. *P < 0.01. (C) Number of CD11b"cells in 1 mm?
of spinal cord tissue of controls and animals treated with Flt3,
G-CSF and their combination. *P < 0.01.

G-CSF and Flit3 ligand synergized in elevating the
number of WBC

The i.v. administration of G-CSF, or a combination
of G-CSF and FIt3 ligand, significantly increased
the number of WBC during the time—course of
bone marrow stimulation with these factors (Figure
7A). These changes were observed in the absolute
numbers of neutrophils and lymphocytes, as well
as in their numbers relative to the total number of
WBC, throughout the whole stimulation and post-
stimulation period (Table I). Conversely, RBC counts
in all groups were similar to controls, and there were
no differences among the groups in the post-stimula-
tion period (Table II). On the first day of treatment,
G-CSF significantly increased the total number of
WBC, while the neutrophil segment subpopulation
was significantly increased in both relative and abso-
lute numbers. The absolute number of lymphocytes
remained at control levels, while their number rela-
tive to the total WBC count significantly decreased.
A similar effect was seen with the combination of
G-CSF with Flt3-ligand, but the absolute number of
lymphocytes increased significantly compared with
the controls, while the relative number decreased.
The same effect on both groups of animals could
be seen on day 2 of bone marrow stimulation. On
the fourth day, lymphocytes were not significantly
increased in absolute number, but the trend towards
increased numbers of neutrophils remained similar
to that of the previous days with the G-CSF and
combined G-CSF and FIt3 ligand groups of animals.
At 2 days post-treatment, the number of total WBC
returned to control levels in all treatment groups,
while the relative number of neutrophils was still sig-
nificantly higher in the group treated with Flt3 ligand
alone. On the other hand, the relative number of
lymphocytes was decreased. Animals in all groups had
an increased relative number of neutrophils 4 days
after stimulation compared with controls and, con-
versely, a decreased relative number of lymphocytes.
To observe the effect of both factors on WBC
subpopulations more clearly, the ratio of neutro-
phils to lymphocytes (N/Ly) was determined (Fig-
ure 7B). The N/Ly ratio was increased in animals
receiving G-CSF during the bone marrow stimula-
tion period and on the fourth day post-treatment.
Moreover, the combination of both factors caused
an increase in the N/Ly ratio during the bone mar-
row stimulation period and on the fourth day post-
treatment similarly to the injection of G-CSF alone.
The injection of Flt3 ligand alone increased the N/Ly
ratio only after the bone marrow stimulation was
completed (on the second and fourth days post-
treatment). Statistical analysis using ANoOvA repeated
measures with two between-subject factors showed
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Figure 7. Blood analysis. (A) The absolute numbers of leukocytes in blood samples from rats treated with G-CSF, Flt3 ligand or a
combination of both showed that G-CSF, both alone and in combination with Flt3 ligand, significantly increased the absolute number of
leukocytes during the treatment period. (B) The leukocyte subpopulation N/Ly ratio showed a significant increase as a result of G-CSF
treatment during the time of stimulation and also on the fourth day post-stimulation, with a similar effect seen in combination with Flt3
ligand. Flt3 ligand alone increased the N/Ly ratio after the end of stimulation compared with controls. Data are expressed as mean

and * SEM. P < 0.05, **P < 0.01, **P < 0.001.

that, throughout the experimental time—course,
G-CSF and FIt3 ligand had a synergistic effect on
the numbers of lymphocytes, both absolute and
relative, the relative number of neutrophils and the
N/Ly ratio (Table III).

G-CSF with Fit3 ligand elevated the number of
CD11b" cells in the lesion

The administration of Flt3 ligand reduced the number
of CDI11b"cells in the lesion (19 458 * 2890) com-
pared with controls (49 072 *= 2556), while treatment

with G-CSF alone slightly increased the number of
CD11b"cells in the lesion (59 343 *+ 4939). However,
the combination of both factors led to the robust infil-
tration of CD11b™cells into the lesion (78 561 + 4943;
Figure 6C). Because of their round morphology, these
cells represented blood cells that had infiltrated the
lesion, rather than activated microglia (Figure 5C).

G-CSF and Flt-3 ligand did not affect RBC
parameters

The administration of G-CSF, Flt3 ligand or their
combination did not significantly change the number
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Table I. Differential blood count in blood samples from rats treated with G-CSF, Flt3 ligand, a combination of Flt3 and G-CSF or saline
(control). NS rel, relative number of neutrophils; NS abs, absolute number of neutrophils; Ly rel, relative number of lymphocytes; Ly abs,
absolute number of lymphocytes; BM, bone marrow. Data are presented as mean + SEM. P < 0.05, 2P < 0.01, 2P < 0.001 compared

to the control group at the same time-point.

Treatment NS rel NS abs/mm? Ly rel Ly abs/mm?
Day 0 of BM G-CSF 0.14 = 0.02 742 £ 163 0.83 = 0.02 4404 = 390
stimulation Flt3 0.15 = 0.02 821 = 120 0.81 = 0.01 4448 + 581
Flt3 + G-CSF 0.11 = 0.02 775 = 229 0.87 = 0.02 5442 *= 722
Control 0.18 = 0.01 968 £ 109 0.79 = 0.01 4235 + 595
Day 1 of BM G-CSF 0.60 * 0.033 9421 + 13383 0.37 = 0.033 5617 = 555
stimulation Flt3 0.22 = 0.03 1389 = 242 0.73 = 0.03 4651 = 323
Flt3 + G-CSF 0.42 = 0.07! 6228 * 12512 0.55 = 0.07! 8105 + 1368!
Control 0.22 = 0.02 1342 = 29 0.74 = 0.02 4614 = 552
Day 2 of BM G-CSF 0.57 = 0.023 8011 + 21383 0.38 + 0.023 5276 = 1382
stimulation Flt3 0.30 = 0.03 1996 = 182 0.63 = 0.03 4211 *+ 416
Flt3 + G-CSF 0.42 = 0.022 8449 + 11183 0.50 = 0.043 10136 + 19213
Control 0.22 = 0.04 1409 = 321 0.76 = 0.03 4657 + 304
Day 4 of BM G-CSF 0.48 = 0.05 8132 + 20493 0.48 = 0.053 7095 + 552
stimulation Flt3 0.30 = 0.03 2466 = 351 0.69 = 0.05 6734 = 670
Flt3 + G-CSF 0.48 = 0.033 8546 + 23123 0.47 = 0.043 7462 + 873
Control 0.23 = 0.09 1703 = 665 0.74 = 0.09 5692 = 830
Day 2 post- G-CSF 0.23 = 0.04 1638 = 332 0.72 = 0.05 4832 *+ 406
stimulation Flt3 0.40 = 0.082 3364 *+ 831 0.53 = 0.083 4252 + 858
Flt3 + G-CSF 0.36 = 0.02 3640 = 555 0.65 = 0.07 5784 = 522
Control 0.19 = 0.02 1314 = 153 0.79 = 0.03 5478 *+ 583
Day 4 post- G-CSF 0.40 * 0.052 2794 = 505 0.56 = 0.053 3833 + 388
stimulation Flt3 0.60 = 0.033 4752 *+ 247 0.41 = 0.033 3457 + 635
Flt3 + G-CSF 0.46 = 0.053 5530 + 768! 0.52 = 0.053 6007 = 256
Control 0.16 = 0.01 1043 = 75 0.82 = 0.02 5250 = 204

of RBC, HGB content or HCT during the entire
time—course of bone marrow stimulation or on the
second or fourth days thereafter (Table III). Inter-
estingly, we observed a significant decrease in PLT
content on the second and fourth days post-treatment
(Table III), which might be explained by the tempo-
rary inability of the bone marrow to produce PLT
because of its focus on producing other cell types
as a consequence of G-CSF or Flt3 ligand stimula-
tion. The body weights of animals did not change
significantly among the groups at particular survival
periods (data not shown).

Discussion

The behavioral performance of rats with a balloon
compression SCI was improved by the stimulation of
bone marrow cells with a combination of G-CSF and
Flt3 ligand. The best results in motor performance
were obtained with a combination of G-CSF and
Flt3 ligand, followed by stimulation with Flt3 ligand
alone. Morphometric measurements confirmed the
results obtained by behavioral studies. In addition, we
found reduced astrogliosis in all treated groups and
increased axonal sprouting in animals treated with
C-GSF alone or in combination with Flt3 ligand. The
i.v. administration of G-CSF alone or in combination
with Flt3 ligand significantly increased the number
of WBC, but not the number of RBC or HGB con-

tent, during and after the whole time—course of bone
marrow stimulation. CD11b"cells were increased in
animals treated with G-CSF alone or in combination
with Flt3 ligand. Although both factors increased
the extent of spared tissue in the lesion (showing
a neuroprotective effect) and improved functional
outcome after SCI when used alone, their influence
on tissue regeneration was different. The administra-
tion of Flt3 ligand alone did not alter the number
of leukocytes nor did it facilitate axonal sprouting;
however, it profoundly reduced the size of the glial
scar and the number of CD11b"cells in the lesion.
In contrast, G-CSF facilitated axonal sprouting and
the infiltration of CD11b"cells into the lesion, which
resulted in less glial scar attenuation. The combina-
tion of both factors led to a synergistic effect mainly
on axonal sprouting and CDI11b"cell infiltration,
most likely because of the prolonged stimulation of
bone marrow cells.

In our experiments, the dose of G-CSF was simi-
lar to that used in our (10) and others’ (21) previous
studies, in order to compare the present results with
those from the earlier studies. Moreover, the doses of
G-CSF and FIt3 ligand in animals treated with both
factors were half the doses used in animals treated
with only a single factor; the question underlying
such an approach was whether there is a synergistic
effect of the factors. Our study clearly answered this
question, showing the synergistic effect of treatment
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Table II. Differential blood count in blood samples from rats treated with G-CSF, Flt3 ligand, a combination of Flt3 and G-CSF or saline
(Control). Data are presented as mean = SEM. !P < 0.05 compared with the control group at the same time-point.
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Treatment RBC, 10'%/dm? HGB, g/dm? HCT PLT, 10%dm3
Day 0 of BM G-CSF 7.9 £0.1 167 £ 2 0.38 = 0.01 852 *+ 48
stimulation Flt3 8.0 = 0.2 168 = 2 0.38 = 0.01 1051 = 82
Flt3 + G-CSF 7.6 = 0.9 167 = 2 0.39 = 0.01 892 = 29
Control 8.4 + 0.1 173 £ 1 0.40 = 0.01 891 = 87
Day 1 of BM G-CSF 7.6 £0.3 161 £ 8 0.37 = 0.02 821 = 69
stimulation Flt3 7.8 £0.2 166 £ 4 0.38 = 0.01 1043 + 95
Flt3 + G-CSF 7.5+ 0.2 160 = 3 0.38 = 0.01 1017 = 64
Control 8.0 £ 0.2 170 = 1 0.40 = 0.01 1145 = 123
Day 2 of BM G-CSF 7.5+ 0.3 157 = 7 0.36 = 0.02 724 *+ 68
stimulation Flt3 7.7 = 0.1 161 = 4 0.36 = 0.01 875 = 54
Flt3 + G-CSF 7.1 £0.1 152 £ 2 0.36 = 0.01 909 = 107
Control 7.2 £0.1 163 £ 5 0.35 = 0.01 732 = 99
Day 4 of BM G-CSF 7.3 £0.2 156 = 4 0.34 = 0.01 742 = 74
stimulation Flt3 7.6 £0.3 157 £ 6 0.35 = 0.00 787 £ 42
Flt3 + G-CSF 7.2 0.1 152 £ 2 0.37 = 0.01 801 = 61
Control 7.3 £0.2 163 £ 5 0.37 = 0.01 1038 = 149
Day 2 post- G-CSF 6.9 £ 0.2 156 £ 6 0.34 = 0.01 649 * 82!
stimulation Flt3 6.6 £ 0.3 155 £ 7 0.32 = 0.00 700 + 191!
Flt3 + G-CSF 6.9 + 0.1 145 + 4 0.36 = 0.01 778 £ 75
Control 7.3 0.2 164 = 6 0.38 = 0.00 1175 = 54
Day 4 post- G-CSF 6.6 = 0.1 153 £ 7 0.34 = 0.01 688 £ 69
stimulation Flt3 7.1 £0.2 162 £ 4 0.35 = 0.00 824 *+ 148
Flt3 + G-CSF 6.4 = 0.2 138 = 7 0.34 = 0.01 690 £ 49
Control 7.1 £0.2 163 £ 2 0.37 = 0.00 1053 = 121

RBC, red blood cells; HGB, hemoglobin; HCT, hematocrit; PLT, platelets; BM, bone marrow.

with half doses of G-CSF and Flt3 ligand compared
with the effects of G-CSF or Flt3 ligand alone. This
synergistic effect was substantially greater than the
effect of other treatment combinations, such as in
the study of Luo ez al. (21), in which bone marrow
stromal cell transplantation and/or G-CSF adminis-
tration were used.

Bone marrow cells, including hematopoietic stem
cells, macrophages and lymphocytes as well as bone
marrow stromal cells, have previously been used suc-
cessfully in the treatment of different experimental
models of SCI (reviewed in 22,23). Sasaki er al. (1)
reported that transplantation of bone marrow cells
into demyelinated spinal cord leads to extensive
remyelination, demonstrating that bone marrow cells
can differentiate into myelinating phenotype cells
vivo. Moreover, the neuroprotective function of mes-
enchymal stromal as well as hematopoietic stem cells
has been shown previously, mainly as a result of the
secretion of particular cytokines such as trombopoi-
etin and interleukin-11, known to be essential factors
for the survival and differentiation of neuronal pre-
cursor cells (24-26). The improvements observed in
our study in behavioral and morphologic parameters
in animals with SCI treated with a combination of
both factors could be associated with the prolonged
time—course of the mobilization of bone marrow
cells. The results of several clinical trials have sup-

ported the positive effect of freshly prepared bone
marrow mononuclear cells on SCI (8,27-29).

The use of hematopoietic factors, with or with-
out the administration of stem cells, in the treat-
ment of SCI is one of the most promising current
treatment modalities. For example, there have been
several studies examining the role of granulocyte-
macrophage—colony-stimulating factor (GM-CSF)
in the treatment of SCI in experimental animals
(30,31) and patients (29,32,33). GM-CSF has been
shown to have several positive effects, for example
to cross the blood-brain and blood—spinal cord
barriers (30), inhibit glial scar formation (34) and
inhibit the apoptosis of neural cells via regulating the
expression of apoptotic-related proteins (33). Several
growth factors reduce astrogliosis, such as insulin-
like growth factor 1 (IGF-1), neurotrophin-3 (NT?3)
as well as G-CSF and Flt3 ligand (35,36). As it has
been shown that trauma-induced microglial activa-
tion/proliferation precedes astrogliosis (37), and as
Flt-3 ligand reduced the number of CD11b"cells in
the lesion, the biggest reduction in glial scarring was
found in the Flt-3 ligand-treated group.

The positive role of G-CSF in the mobilization of
bone marrow stem cells and the resulting improve-
ment of neurologic as well as morphologic outcome
in experimental animals after SCI has been well docu-
mented in our previous study (10) as well as in studies
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Table III. Statistical analysis of the synergistic effect of combined G-CSF and Flt3 treatment on WBC numbers. !Statistically significant

result.

Source Sum of square d.f. Mean of Square F-ratio Significance Power

NS abs Intercept 1127883620.074 1 1127883620.074 138.199 0.000 1.000
G-CSF 33970420.969 1 33970420.969 4.162 0.062 0.472
Flt3 222083493.811 1 222083493.811 27.212 0.00017! 0.998
Flt3 + G-CSF 31935.127 1 31935.127 0.004 0.951 0.050
Error 106097104.658 13 8161315.743

NS rel Intercept 10.132 1 10.132 971.470 0.000 1.000
G-CSF 0.049 1 0.049 4.716 0.049! 0.520
Flt3 0.364 1 0.364 34.856 0.00005! 1.000
Flt3 + G-CSF 0.112 1 0.112 10.779 0.006! 0.858
Error 0.136 13 0.010

Ly abs Intercept 2949059842.807 1 2949059842.807 373.986 0.000 1.000
G-CSF 26333202.149 1 26333202.149 3.339 0.091 0.395
Flt3 33224365.307 1 33224365.307 4.213 0.061 0.476
Flt3 + G-CSF 45334320.175 1 45334320.175 5.749 0.032! 0.602
Error 102511222.417 13 7885478.647

Ly rel Intercept 42.013 1 42.013 4023.123 0.000 1.000
G-CSF 0.079 1 0.079 7.541 0.017! 0.719
Flt3 0.369 1 0.369 35.321 0.00005! 1.000
Flt3 + G-CSF 0.150 1 0.150 14.374 0.002! 0.938
Error 0.136 13 0.010

NS/Ly Intercept 38.010 1 38.010 451.849 0.000 1.000
G-CSF 0.403 1 0.403 4.785 0.048! 0.526
Flt3 3.391 1 3.391 40.307 0.00003! 1.000
Flt3 + G-CSF 1.427 1 1.427 16.960 0.001! 0.967
Error 1.094 13 0.084

of other groups (38-41). Its positive effect has been
shown following intrathecal (39), subcutaneous (41)
and direct spinal cord administration (38). There are
several studies that have shown that G-CSF promotes
the mobilization and migration of bone marrow cells
into injured tissue and that the largest part of the
mobilized cells are CD34" hematopoietic lineage
cells (41-44). These cells express vascular endothe-
lial growth factor (VEGF), and their administration
stimulates endothelial cell proliferation and increases
angiogenesis in damaged tissue (45,46). In other cen-
tral nervous system (CNS) disorders, such as brain
hypoxia and injury in neonatal/newborn animals, the
results following the administration of G-CSF are
conflicting. Several studies have confirmed its neu-
roprotective effect (47,48), while the group of Keller
described no improvement in long-term outcome
after neonatal hypoxic-ischemic brain injury, and
even increased apoptosis in the ibotenate-damaged
brain (49,50). However, the majority of publications,
particularly in stroke models, describe G-CSF as a
neuroprotective agent, reducing the volume of the
infarct. Meta-analysis (51) of 13 studies investigat-
ing the efficacy of G-CSF in animal models of focal
cerebral ischemia (stroke) confirmed that G-CSF
reduces infarct size and enhances functional recov-
ery. The conclusion from another systematic review
(52), which included 19 studies, was that G-CSF
significantly reduced motor impairment, mortal-
ity and lesion size in transient but not permanent

models of ischemic stroke. This is in agreement
with the study of Taguchi ez al. (53), in which ani-
mals with permanent middle cerebral artery occlu-
sion treated with G-CSF displayed cortical atrophy
and impaired behavioral function compared with
controls. The negative effect of G-CSF on outcome
was associated with the induction of an exaggerated
inflammatory response. Recently, Bartolini ez al. (54)
produced chimeric animals in which hematopoi-
etic derivatives were tagged genetically. They dis-
covered that G-CSF administration enhanced the
proliferation of microglia in the uninjured CNS but
had no effect on the number of hematopoietic cells
that infiltrated the ischemic tissue, or on the size of
the lesion. Despite some negative and conflicting
results, the first small clinical trials on patients with
stroke are being conducted; so far, the conclusion
from these trials is that G-CSF as therapy for acute
stroke is safe and feasible and leads to improved neu-
rologic outcomes (55,56).

Flt3 ligand is a cytokine that has been used in
clinical studies for two reasons: it mobilizes early
hematopoietic progenitor cells and increases the
number of dendritic cells (DC) (57), which pro-
duce growth factors, including neutrophin-3, and
enhance neurogenesis (58). The hematologic effects
of Flt3 ligand have been evaluated in both mouse and
non-human primate models. In the mouse model,
the administration of Flt3 ligand resulted in
increases in colony-forming units (CFU) in the bone
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marrow, spleen and peripheral blood (57). Evaluation
of FlIt3 ligand in non-human primates also revealed
significant increases in peripheral blood CFU after
13 days of once-daily subcutaneous administration
(59). Total WBC count was increased in non-human
primates to approximately two and a half times the
normal value. In these experiments, the administra-
tion of G-CSF with FlIt3 ligand was synergistic in
the mobilization of hematopoietic progenitors into
the peripheral blood. However, Flt3 ligand has not
only hematologic, but also immunologic, effects.
Furtado ez al. (60) showed that Flt3 ligand induces
the expansion of monocytes and DC precursors in
the circulation. Flt3 ligand administration in tumor-
bearing mice has shown significant anti-tumor activ-
ity in various models (58,61).

Our study found that the number of WBC was
significantly increased in both the group treated with
G-CSF alone and the group treated with a combi-
nation of G-CSF and Flt3 factor; moreover, the
mean number of WBC was slightly higher in animals
treated with a combination of G-CSF and Flt3. In
animals treated with Flt3 factor alone, the total num-
ber of WBC was similar to that in controls. These
data indicate that a half dose of G-CSF combined
with a half dose of Flt3 have at least a similar effect
on the mobilization of leukocytes as treatment with
G-CSF alone.

In our experiments, treatment with G-CSF and
Flt3 ligand caused the mobilization of bone mar-
row cells, resulting in an increase in the neutrophil
segment subpopulation. This could be seen clearly
in the N/Ly ratio, which was increased throughout
the whole period of treatment in the groups of ani-
mals receiving G-CSF, either alone or in combina-
tion with Flt3 ligand; the ratio was also elevated 4
days after bone marrow stimulation was finished.
Flt3 ligand alone increased this ratio only when bone
marrow stimulation was completed. We have found
an increased number of CD11b%cells in the lesions
of animals treated with G-CSF alone and an even
greater number in animals treated with both factors.
CD11b is expressed on monocytes/macrophages and
granulocytes (neutrophils) and is a marker for acti-
vated microglia; 44% of bone marrow cells express
CD11b. It is obvious that prolonged stimulation of
the bone marrow resulted in a greater accumulation
of CD11b" cells in the spinal cord lesion. Based
on their morphology, these cells were blood cells
rather than activated microglia. This is in agreement
with findings that SCI is mainly populated by mac-
rophages from the bone marrow (62). There is abun-
dant evidence that neutrophils may help recovery by
removing damaged tissue and also by summoning
macrophages into the damaged tissue (63—65). They
can also help with the regeneration of peripheral
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axons by storing cholesterol from the myelin they
ingest, then using this stored cholesterol during the
remyelination of regenerating axons (66). Although
it was assumed that neutrophils produce reactive
oxygen species (ROS) responsible for the second-
ary damage of injured tissue (67-70), de Castro
er al. (71) showed that neutrophils found at the site
of injury do not release substantial quantities of ROS
following SCI. They even found that neutrophils
remove oxidized proteins following SCI, perhaps in
conjunction with phagocytosis.

To our knowledge, this is the first systematic study
showing a positive impact of Flt3 ligand administra-
tion on neurologic recovery as well as on the spar-
ing of white and gray matter after SCI. The main
advantages of the factors used in our study are that
both of them have been approved for clinical studies,
they have been tested in humans and they have been
proven to have no negative side-effects. Importantly,
animals receiving a combination of G-CSF and Flt3
ligand showed better behavioral recovery, as well as
more spared white and gray matter, than animals
receiving G-CSF or Flt3 ligand alone, when both
substances were tested under the same experimental
conditions. Our results show that a combination of
both factors prolong bone marrow cell mobilization,
mainly neutrophils, which probably plays an impor-
tant role in recovery and regeneration processes,
such as reduced astrogliosis and increased axonal
sprouting. Moreover, our study clearly demonstrates
that a combination of G-CSF and Flt3 ligand admin-
istration is a safe treatment method with the greatest
beneficial impact upon neurologic recovery as well as
on the amount of spared white and gray matter.
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