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Abstrakt

Veronika VIkova: Epigenetické mechanizmy v regulacii prezentacie aigénu a
protinadorova imunita.

Univerzita Karlova v Prahe, Prirodovedecka fakulfagktorské Studijné programy
v biomedicine

Odbor: Molekularna a bunkova biol6gia, genetikaralgia

Dizertainé praca, 2014

Reverzibilné znizenie expresie MHC | na povrchuanéddych buniek je bezny spdsob,
ktorym nadorové bunky unikaju imunitnému datlu a jecasto spojené s koordinovanym
znizenim génov antigén-prezentujucej masinérie. rési@ tychto génov mdze by
obnovenad pomocou IFN- V predkladanej praci poukazujeme na spojenie tigéauie
DNA regulanych oblasti vybranych génov antigén-prezentujicaginérie so zvySenou
expresiou MHC | na povrchu nadorovych buniek polywpeni IFN+y, ¢o znamena, Ze
IFN-y by mohol pIni’ Ulohu epigenetického agensu. NaSe vysledky abjasulohu
metylacie DNA pri Uniku nadorovych buniek imunitnémdoiadu. PouZitie
epigenetickych modifikatorov méze obntvexpresiu MHC | a tak mézu zvidiiet
nadory pre imunitny systém. NaSe data poskytuglitilormacie o chemoterapii pomocou
diferencignych ligiiv, prednostne pre pouZitie v kombinaciid'alSimi ligiivami pre
dosiahnutie nizkeho imunosupresivneho rozsahu mikstredia nadoru. NavySe, nase
data poskytuji dokazy, Zze mimo znamych I'cie epigenetickych agensov alebo
imunoregulgnych protilatok, dalSie neSpecifické alebo nepriameinky musia by
zvazeneé péas terapie. Praca detailne popisuje reverzibilnéhau@zmy, ktorymi nadorove
bunky unikaju Specifickej imunite (s dbérazom klagen na Ulohu metylacie DNA

v regulacii génovej expresie).



Abstract

Veronika VIkova: Epigenetic mechanisms in the regulation of antigen
presentation and anti-tumour immunity.

Charles University in Prague, Faculty of Scienceplédular and Cellular Biology,
Genetics and Virology

Dissertation, 2014

Reversible downregulation of MHC class | expressmm tumour cells, a common
mechanism by which tumour cells can escape frontifspeimmune responses, is
frequently associated with coordinated silencinganfigen-presenting machinery genes.
The expression of these genes can be restoredNby.|Here we describe association of
DNA demethylation of selected antigen-presentingchmreery gene regulatory regions
upon IFNy treatment with MHC class | upregulation on tumoalls thus demonstrating
that IFN« acts as an epigenetic modifier. Our results caseright on the role of DNA
methylation in tumour cell escape from specific iomty. Treatment of MHC class |
deficient tumour by epigenetic modifiers sensitizembplasia to the immunotherapy. Our
data also provide knowledge about differentiati@mazr chemotherapies, especially for
use in combination with other drugs to achieve lowemunosuppressive function of
tumour microenvironment. In addition, our data pdevevidence that besides the known
targets of epigenetic agents or immunoregulatoypbadies other unspecific or indirect
activities should be considered during the therapg aim of whole work was to describe

in detail reversible mechanisms in the tumour estlape from specific immunity.
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1. Uvod

Epigenetické zmeny, napriklad chybnd metylacia DNAlnia dolezitd dlohu
v karcinogenéze (Jones and Baylin, 2007; Este608) atieZ pri Uniku nadorovych
buniek imunitnému systému (Sigalotti et al., 2006masi et al., 2006). ZniZenie expresie
MHC | na povrchu nadorovych buniek je bezny sposttrym nadorovée bunky unikaju
imunitnému doliadu (Garrido et al., 1997; Bubenik, 2003; Rein¥l® Seliger, 2012).
Molekularne defekty, ktoré si zodpovedné za nau@presiu na povrchu nadorovych
buniek mdZu by ireverzibilné a reverzibilné (Garrido et al., 2Q1Beverzibilné zniZzenie
expresie MHC | na povrchu nadorovych buniek ¢g@sto spojené s koordinovanym
znizenim expresie génov antigén-prezentujucej réesigSeliger et al., 2000; Garcia-Lora
et al., 2003). Expresia tychto génov mézé€ blgnovena pomocou IFiN{Gabathuleset al.,
1994; Seliger et al., 2000) alebo pomocou inhibitorov DNA megtisferaz, 5-aza-2
deoxycytidinom (DAC) alebo 5-azacytidinom (5-az&®3C), ¢o su cytostatické agensy s
epigenetickymi ginkami (Manning et al., 2008). Preto je mozné, ¥gSena expresia
umicanych génov antigén-prezentujucej masinérie je esdoj s demetylaciou DNA
v regul&nych oblastiach danych génov, ktora zvysi citlivoeadorovych buniek
k Specifickej imunitnej odpovedi. Poznatky, Ze epigtické mechanizmy sa dblezité pri
znizeni expresie MHC | molekdl na povrchu bunieHliailentnych nadorov v génoch
antigén-prezentujucej masinérie a jej obnovu pdyweni IFN+y priniesla Setiadi spolu
s kolektivom (Setiadi et al., 2007). Znizenie esgp génulrAP-1bolo spojené s nizkou
hladinou histon-acetyltransferdzy CBP (z angl. CRiiigling protein) v oblasti prométora
génuTAP-1 Po ovplyvneni IFNr dochadza k zvySeniu expresie garAP-1cez zvySenu
acetylaciu histonu 3 v oblasti promoétora géhP-1 Je zname, Ze metylacia DNA a
acetylacia histbnov ma vyznamnu ulohu v reverzdjistrate MHC | na povrchu bunky,
kde tato méze hiyznovu obnovena oSetrenim buniek inhibitormi DNAtylteansferaz a
histon-deacetyldz (Manning et al., 2008; Setiadalet 2008; Khan et al., 2008). Toto
zvySenie je spojené SO zvySenou expresiou génoigeéamnprezentujucej masinérie,
menoviteTAP-1, TAP-2 LMP-2 (PSMB9), LMP-7 (PSMB& tiez s demetylaciou DNA
v oblasti regulénych sekvencii danych génov. Zmeny DNA metylacieagtivacii drahy
IFN-y neboli dosid hibSie Studované. Preto bien prace bolo zigtia najs spojenie medzi
demetylaciou DNA a zvySenou expresiou génov antgézentujucej masinérie
sprostredkovanou IFM-v MHC | deficientnych mySacich nadorovych liniaghymi

slovami, ¢i by mohol IFNy pInit’ Glohu epigenetického agensu. TieZ nas zaujimahdiop
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terapie pomocou epigenetickych agensov na expraslakul MHC | na povrchu MHC |
deficientnych nadorovych buniek. Pre zlepSertiaku imunoterapie boli vyvinuté viaceré
postupy, ktoré zvysSuju expresiu MHC | na povrchudoravych buniek. Epigenetické
agensy tieZz podporuju nadorové bunky v dradhe progvanej bunkovej smrti a pomahaju
pri ich nikeni cez cytotoxické T-lymfocyty (Fulda and Deba@006). Preto kombinacia
acinnej chemoterapie s prisluSnym epigenetickym am@na imunoterapie by mohla ty

vhodnym spbsobom by nadorovych ochoreni.

Dalsim mechanizmom, ktorym nadorové bunky unikajuriitnému dohadu, je nadorom-
indukovana imunosupresia. Myeloidné supresorovékyufz angl. myeloid-derived
supressor cells; MDSC) patria k hlavnym zloZzkamorét sprostredkuju nadorom-
indukovanu imunosupresiu (Gabrilovich et al., 200lje o heterogénnu populéciu
nediferencovanych buniek, ktoré u mysi charakt@gizmarker monocytov (CD11b) a
neutrofilov (Gr-1). Hlavnym znakom MDSC je ich sgmms’ rusi’ protinadorovu imunitu
a umoauju rast nadorov, pretoze blokuju aktivaciu CDZD8 T buniek a teda ich
cytotoxicitu va@i nadorovym bunkam (Bronte et al., 2001; Huanglet2006). MDSC
prispievaju k porucham indukcie T buniek cez pradukTGF$ (z angl. transforming
growth factorB), ROS (z angl. reactive oxygen species), arginAzfArg-1) a oxidu
dusnatého (NO) (Kusmartsev and Gabrilovich, 2086poslednych rokoch sa objavuje
¢oraz viac Studii, ktoré zaznamenali zvySenu hladiagula&nych T-lymfocytov pri
nadorovych ochoreniach (Facciabene et al., 2012tesite et al., 2012). Tato skdtmg’
je casto zodpovedna za slabu protinadorova efektoraygowel’” a tak je ohrozena a

znizena protinddorova imunita (Elkord et al., 204hikawa and Sakaguchi, 2010).

Praca detailne popisuje reverzibilné mechanizmyrykhi nadorové bunky unikaju
Specifickej imunite (s dérazom kladenym na uUlohutytéeie DNA v regulacii génovej
expresie) a tiez sa zaoberd sledovanim expresievge imunosupresivnymcimkom

v nadorovych a imunitnych bunkachgas rastu a ligoy nadoru.



2. Uloha imunitného systému v obrane proti
nadorovym bunkam-tedria imunoeditacie

Imunitny systém je schopny rozpozna eliminovd naddorové bunky. Na druhej strane,
imunitny systém vyvija na nadorové bunky neprefr&ielekny tlak. Tento tlak vedie
k vzniku takych foriem transformovanych buniek, rétodokazu unikntll efektorovym
bunkam imunitného systému. MéZeme teda pa¥eda imunitny systém ma dvojaku
Glohu v boiji proti nddorom. Potla rast nadoru tym, Zedhinadorové bunky alebo inhibuje
ich vznik a rast, ale tiez mbéze napomahmogresii nadoru selekciou takych foriem
nadorovych buniek, ktoré su schopné preZivamunokompetentnom hostfevi alebo
vytvorenim takych podmienok v ramci mikroprostredédoru, ktoré kahtuju vznik a rast
nadoru (Schreiber et al., 2011).

Nadorova imunoeditacia, inymi slovami editacia madamunitnym systémom, je
dynamicky proces, ktory sa sklada z troch faz (Debral., 2002; Vesely et al., 2011;
Schreiber et al., 2011).

1) Eliminacia transformovanej bunky (z angl. elimination) - Vrodena (aktivované
makrofagy, neutrofilné granulocyty, NK bunky) ajgadivna (T a B lymfocyty) zlozka
imunitného systému sa &istiuje chranenia organizmu elimindciou vznikajucich
transformovanych buniek, da vznikajuce nadorové bunky eSte predtym, ako su
klinicky pozorovaténé. Ak je Stadium eliminacie UspeSne dalere, organizmus
ostava bez nadorovych buniek a proces editacie roago tymto ukodeny a
neprechadza ddialSieho Stadia.

2) Rovnovaha medzi transformovanou bunkou a organizmonfz angl. equilibrium) -
Nadorové bunky, ktoré vSak preziju a nie sikené v procese eliminacie, vstupuju
d’alej do fazy equilibria, kde adaptivna imunita lbrigh rastu. T bunky, IL-12 a IFN-
su potrebné pre udrZzanie nadorovych buniek v Staaikiného pokoja. Equilibrium je
fazou kontroly nadorovej imunogenicity. PredstavtigZ Stadium pokoja nadoru, v
ktorom je rast skrytych nadorovych buniek zfate kontrolovany imunitnym
systémom. Toto Stadium predstavuje aj najdlhSiw faditacie nadoru imunitnym
systémom. Equlibrium méZze tiez predstaubkana&nu fazu nadorovej imunoeditacie
a mdze iiom déjs’ k potlaieniu rastu skrytych nddorovych buniek organizmu.

3) Unik transformovanej bunky pred dohPadom imunitného systému (z angl.

escape) -Prechod zo Stadia equilibria do Stadia uniku Se dedésledku toho, Ze



populacia nadorovych buniek sa zmeni pod tlakorkdignimunitného systému alebo
hostité’sky imunitny systém sa zmeni v dosledku narasthmidgemunosupresivneho
prostredia nadoru alebo v désledku celkového oslalimunitného systéemu. Mézeme
teda povedd Ze ako doésledok staleho tlaku imunitného systémaugeneticky
nestabilné nadorové bunky vo faze equilibria, mézoika® nové nadorové varianty,
ktoré sa vyznéuju zniZzenou imunogenicitou, nie s pozorovanékedod adaptivnej
imunity kvoli strate antigénu alebo v désledku mbrispracovania a prezentacie
antigénu. Mo6Ze dofs k tvorbe imunosupresivneho stavu v mikroprostreddoru.
Takéto bunky mdzu vstpido fazy aniku, kde ich narast nie je uz blokovany
imunitnym systémom. Rovnovaha medzi nadorovymi animymi bunkami je
naruSena tvorbou takych variantov, ktoré sa Uplpmknl z kontroly imunitného

systému. Takéto nadorové bunky spésobuju klinicidonové ochorenie.
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Obr.¢. 1 Teobria protinadorového dohPadu, editacia nadoru imunitnym systémom a klinické

porovnanie jednotlivych Stadii.
Upené pod’a Schreiber et al, Science 2011
Popis obrazku:

Nadorova bunka je vo Vkej vaiSine rozpoznana v skorych Stadiach nadorovej wamsicie a je ziena
imunitnym systémom. Proces editacie nadoru imunitisystémom méze takto skitialebo pokréova’ do
d'alSej fazy. Ak niektoré nadorové buniialej prezivaju, méze dajsk nastoleniu dynamickej rovnovahy

medzi hostiteskym imunitnym systémom a prezivajucimi nadoroviumkami. Tieto nadorové bunky maju



¢oraz vé&Siu prispdsobivag ktora vyplyva z rasticej genetickej instabilitpad tymto tlakom vznikaju nové
genotypy s menSou imunogenicitou az nakoniec moz & Uniku takejto nddorovej bunky pred dadom
imunitného systému. Nastolenie rovnovahy je najdthfrocesom a vtomto Stadiu ostavaju prezivajlce
nadorové bunky naastejSie nediagnostikované. Takto mézeme rozgebces editacie nadoru imunitnym
systémom do troch faz: Uplna eliminacia nadoroviyahiek; Dihodobé udrZiavanie dynamickej rovnovahy
medzi imunitnym systémom a prezivajicimi nadorovimkami; Unik pred imunitnym déadom a rozvoj
klinicky diagnostikovattného ochorenia (Dunn et al., 2002).

3. Unik nadorovych buniek imunitnému systému

Unik nadorovych buniek imunitnému systému predgtaalyhanie imunitného systému
eliminova’ alebo kontrolov& nadorové bunkygo im dovduje ras v imunologicky

nekontrolovanych podmienkach. Nadorové bunky pgugtu genetické a epigenetické
zmeny,¢co mnozi modifik&cie potrebné k obideniu vrodenagaptivnej imunitnej obrany.
NavySe, imunitny systém prispieva k progresii nadeelekciou viac agresivnych foriem
nadorovych buniek¢o naopak utlmuje protinadorovd imunitni odpdiva podporuje

proliferaciu nddorovych buniek. Nadorové bunky maprinuté viaceré mechanizmy ako
unika’ imunitnému doliadu. M6zZeme ich nasledovne &@nit' na autonémne modifikécie
buniek na drovni tych nadorovych buniek, stym, naaorova bunka dokaze priamo
uniknr detekcii imunitnym systémom a deStrukcii a na rfikécie imunitnych buniek,

ktoré su postihnuté imunosupresivnym prostredimetwom nadorovymi bunkami (Vesely
et al.,, 2011). Medzi hlavné mechanizmy Uniku nadgch buniek pred rozpoznanim
bunkami imunitného systému patria zniZenie alebatastpovrchovej expresie MHC
molekul | triedy, adhezivnej molekuly CD54 (z anigitercellular adhesion molecule 1;
ICAM1) alebo kostimulénych molekul CD80 a CD86 z rodiny B7. CD54 je prdpgana

v nizkej koncentracii na povrchu endotelidlnych ibuna leukocytov. Po stimulacii
cytokinmi koncentracia stupa. CD54 je ligand pré&ALL (z angl. lymphocyte function-
associated antigen 1) (Rothlein, 1986). LFAL1 pdtrirodiny leukocytarnych integrinov,
transmembranovych receptorov. Po aktivacii dbéjdeazbe medzi leukocytmi a
endotelialnymi bunkami prostrednictvom CD54/LFA-1mégruju cez tkanivo, cez tzv.
transendotelialnu migraciu leukocytov (z angl. lece transendothelial migration;
TEM). Toto je Ku¢ovym krokom, aby sa leukocyty dostali do miestaatap(Yang et al.,

2005). Vyznamnu ulohu v boji proti nddorom pini @gjtokin IFN+y. IFN-y podporuje

produkciu antigén-Specifickych CDZH1 buniek a cytotoxickych T lymfocytov (CTL),

umoziuje aktivaciu dendritickych buniek a makrofagov i@zt utimuje nadorom-



indukovanu angiogenézu (Hayakawa et al., 2002). evite& tieZ poveda Ze nadorové
bunky su ciom inku IFN-y, pretoZe tento cytokin navodzuje zvySenie exprasigek
spracovania a prezentacie antigénu.

Medzi d’alSie mechanizmy uUniku nadorovych buniek pred rampaim bunkami
imunitného systému patria indukcia expresie irfmf3ch molekul, produkcia inhibinych
cytokinov, zvySena tvorba indolamin 2,3- dioxyggnaznereagovanie na apoptotické
signaly a tiez schopntsovplyvnit mikroprostredie nadoru smerom k zvySeniu hladiny
komponentov s imunosupresivnyndinkom, ako su regutmé T-lymfocyty, myeloidné

supresorové bunky alebo nezrelé dendritické bunky.

3.1. Poruchy spracovania a prezentacie antigénu oda/ymi bunkami-
znizena povrchova expresia molekal MHC | ako sposaimiku
nadorovych buniek imunitnému systému

Efektivne spracovanie a prezentacia nadorovychg@ambv je dolezitym faktorom v

imunitnom doliade (Setiadi et al., 2005). Rozpoznanie nadorovychiek bunkami

efektorovymi sa deje pomocou spracovania a pregientandogénnych nadorovych
antigénov v komplexe s molekulami MHC I. Bunkovéotpiny su degradované

v proteazéme, pomocou podjednotiek LMP-2 a LMP-gytoplazme nadorovych buniek.

Peptidy sU nasledne transportované do lumenu eamwoplického retikula pomocou

transportérov TAP-1 a TAP-2, kde kazdy peptid tdvaimplex $3-2-mikroglobulinom a

tazkym r&azcom MHC |. Tento proces je podporeny proteinntiiezly chaperdénov

(calnexin, calreticulin, tapasin). Takyto komplex nésledne transportovany na bunkovy

povrch a rozpoznany cytotoxickymi T-lymfocytmi, kéo zabiju takd bunku, ktora

prezentuje nie vlastny antigén (Setiadi et al.,53)0&tudie ukazujl, ze nadorové bunky
maju narusené komponenty drahy spracovania a peezenantigénu (Alimonti et al.,

2000; Seliger et al., 2000) a takto unikaju detekaounitnym systémom (Vesely et al.,

2011). Ide najmd o stratu transportérov TAP-1, TAP-molekal MHC |,

beta2-microglobulinu (2m), podjednotiek proteazomu LMP-2, LMP-7 a rozvoj

necitlivosti k IFNy alebo IFNe/pB, ¢im sa brania nadorové bunky eliminacii
prostrednictvom T buniel§o v konénom dosledku umaitije rast nddoru (Jager et al.,

1996; Restifo et al., 1996; Khong et al., 2004; benal., 2006). M6ze d@jsaz k tomu, ze

nadorové bunky stratia schopriosdpovedd na IFNy cez mutacie alebo epigenetické

umi¢anie génov kodujucich komponenty signadizey drahy IFNy (IFN-yR1, IFN-
yR2, JAK1, JAK2 a STAT1) (Dunn et al., 2005). V tamtripade, postihnuté nadorove



bunky zlyhavaja v regulacii molekil MHC | na povtctbunky, ale aj v produkcii a
reguléacii komponentov masinérie spracovania a ptézee antigénu (TAP-1, TAP-2,
LMP-2, LMP-7) (Vesely et al.,, 2011). Nizka expresiebo chybanie molekal TAP-1
alebo TAP-2 je beznym javom pri mnohych nadorovgchoreniach (Gabathuler et al.,
1994; Seliger et al., 1997; Ritz and Seliger, 2000gto skuténog’ nariSa formaciu

komplexu v lumene endoplazmatického retikula a edisbm je chybanie MHC | na
povrchu bunky, tym padom Specifické cytotoxickéymfocyty nie s schopné rozpozna

a zntit mnoho nadorovych buniek (Seliger et al., 1997).

Peptid v komplexe
sMHCI

@;

Sekretoricke
vezikuly

Proteazom

Peptidy

Galgiho
aparait

T e Endoplazmarické
retikulum

Obr.¢. 2Draha MHC |. triedy.

Upravené pital http://en.wikipedia.org/wiki/File:MHC Class | processing.svg

Popis obrazku:

ZjednoduSeny diagram degradacie cytosolickych fmote v proteazémoch, transportu peptidov do
endoplazmatického retikula pomocou molekul TAPrliyokomplexu s MHC | a jeho transportu na povrch

bunky za delom prezentacie antigénu.
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3.1.1. Signaliz&na draha IFN-y a jeho (finok na povrchovu expresiu MHC |
Interferony su pleiotropné cytokiny, ktoré maju mgmnu Ulohu v intracelularnej

komunikacii p&as vrodenej a adaptivnej imunitnej odpovede a gbpaati virusovym a
bakterialnym infekciam a tiez aj v protinadorovomhthde. Pri cicavcoch roztigeme
tieto cytokiny do troch hlavnych kategorii, typtyp IlI, typ lll. Jednotlivé kategorie sa
podstatne liSia v imunomodulaych viastnostiach. Do skupiny | patria IFeNa IFN. Ich
signalizacia prebieha cez receptor typu | a suUostdprimované. Jedinyntlenom
interferénov typu Il je IFNy. Do tretej kategorie interferonov patria interieyd. (Bartlett

et al., 2005). IFN¢ a jeho expresia je viac obmedzena v porovnaniNstipu I. Je
Struktirne a aj fundne odliSny od interfer6nov typu | a ma vlastny moe, ktory
pozostava z podjednotiek IFNR1 a IFNyR2. Biologicky aktivha forma IFN-je v stave
diméru, ktory interaguje s extracelularnou domémmdjednotky IFNyR1 receptora.
Vazba ligandu aktivuje podjednotku IFN¥R2 receptora, ktora je zodpovedna za
intracelularny prenos signalu. Kinazy JAK1 a JAKafbryluju receptor po vazbe ligandu.
Tato fosforylacia tvori vazobné miesto pre proteédTAT, v prvom rade STAT1. Po jeho
fosforylacii sa aktivny homodimér STAT1 presuva jddra, kde sa viaze na miesta
aktivované IFNy (z angl. interferon gamma activated sites; GAS)blasti prométora
génov, ktoré su regulované IRN-Jeden z hlavnych faktorov, ktoré odpovedaju na
signalizaciu IFNy je faktor IRF1. IRF1d’alej aktivujed’alSie gény v rdmci sekundéarne;j
odpovede. Homodimér STAT1 sa vyskytuje v cytoplazmeeaktivne] konfiguracii.
Fosforylacia vedie k zmene konfiguraci® odhali jadrovy lokalizény signal, ¢im je
umozneny presun do jadra. Intracelularna defoshorgl fosfatdzou TCP45 inaktivuje
STAT1 homodimér a spbsobi navrat neaktivneho STA®Modiméru do cytoplazmy.
Drahu IFNy/JAK/STAT negativne reguluje supresor cytokinoviginalizacie (SOCS),
ktory blokuje aktivitu Janusovych kinaz (Zaidi akfeérlino, 2011).
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Obr.¢. 3Draha IFN-y.
Upravené potla Zaidi and Merlino, Clinical Cancer Research 2011
Popis obrazku:

Biologicky aktivna forma IFN¢je v stave diméru, ktory interaguje s extracehdér doménou podjednotky
IFN-yR1 receptoraVazba diméru IFN¢ aktivuje podjednotku IFNR2 receptora, ktora je zodpovedna za
intracelularny prenos signalu. Kinazy JAK1 a JAK2afbryluji receptor po vazbe ligandu. Tato fosfacyh
tvori vazobné miesto pre STAT1. Po jeho fosforyl@eaktivny homodimér STAT1 zmeni konfiguraciu,
stava sa aktivnym a prestva sa do jadra, kdeaga via miesta aktivované RNz angl. interferon gamma
activated sites; GAS) v oblasti prom6tora génowréisu regulované IFN-Jeden z hlavnych faktorov, ktoré
odpovedaju na signalizaciu IFNje faktor IRF1. IRFld’alej aktivuje dalSie gény v ramci sekundarnej
odpovede. Intracelularna defosforylacia fosfataZ@P45 inaktivuje STAT1 homodimér a spbsobi navrat
neaktivneho STAT1 homodiméru do cytoplazmy. DrakiN-//JAK/STAT negativne reguluje supresor
cytokinovej signalizacie (SOCS), ktory blokuje akti a fosforylaciu Janusovych kinaz a STAT1 (4aid
and Merlino, 2011).

12



Ako uZz bolo spomenuté, IFN-patri medzi rodinu IFN typu II, pre jeho vzdialenu
sekverni homolégiu s rodinou IFN typu | a jeho produkcipamocou NK buniek a
aktivovanych T buniek (Borden et al., 2007). Rel®izé zniZenie expresie MHC | na
povrchu nadorovych buniek jgasto spojené s koordinovanym zniZzenim génov antigén
prezentujucej maSinérie (Seliger et al., 2000; @drora et al., 2003) cez epigenetické
umi¢anie tychto génov. Expresia génov antigén-prezéogjlj masSinérie méze By
obnovena pomocou IFN{Gabathuleret al., 1994 Seliger et al., 2000) a tieZ pomocou
inhibitorov DNA metyltransferaz, 5-aza-@&eoxycytidinom (DAC) alebo 5-azacytidinom
(5-azaC, 5AC)co su cytostatické agensy s epigenetickyinkami (Manning et al.,
2008). Zvysujua spracovanie a prezentaciu antigawysSuju expresiu génov antigén-
prezentujucej maSinérieAP1/2 LMP2/7. ZvySenie expresie MHC | molekul na povrchu
buniek je jedna z najlepSie charakterizovanych ¢iink-N-y. ZvySuju tym nadorovud
imunogenicitu. ZvySenie expresie MHC | molekdl navghu buniek umaiuje
rozpoznanie a eliminaciu nadorovych buniek cytatkyimi T-lymfocytmi, ktoré sa
dostant k nadorom cez chemokinovu signalizaciu sggadkovanu IFN- (Zaidi and
Merlino, 2011). OSetrenie TAP-1 deficientnych blkg®mocou IFNy zvySuje acetylaciu
histonu 3 a aktivnu transkripciu géi@AP-1 Takto Setiadi a kol. (Setiadi et al., 2007)
popisali novy mechanizmus, ktorym IRNzvySuje expresiu génu TAP-1. Christova a kol.
(Christova et al., 2007) popisali zmeny v Strukttineomatinu celého lokusu MHC |, ktora
bola indukovana IFN= V tejto oblasti sa nachadzaju gény rodiAP a ajLMP. Je vémi
malo zname o DNA demetylacii v ramci regulacie gérsprostredkovanej IFN-
Doposid bolo zistené, Ze indukcia expresie indolamindigBygenazy 1 (IDO1) je
spojena s DNA demetylaciou oblasti prométora géme IPO1 (Xue et al., 2012).
Zaujimavé zistenie tiez je, Ze djalSie cytokiny dokdzu navadidemetylaciu DNA,
konkrétne TGH3 spoOsobil aktivhu demetylaciu DNA a expresiu tursgpresorového
génu p158%® (Thillainadesan et al., 2012). Avsak, podobne gkbGF-8 alebo TNFe, aj
IFN-y méze méd dualne kontrastné&tinky a méze posobipronadorovo. Bolo popisané, Ze
IFN-y umo#iuje vyvoj regulgnych T-lymfocytov a tiez mdze utimowaytotoxické T-
lymfocyty indukciou indolamin 2,3-dioxygenazy v rmebmovych bunkach. Monocytarne
(Mo-MDSC) a granulocytarne (G-MDSC) myeloidné sgareve bunky su tiez zavislé na
IFN-y a ich pritomnas v mikroprostredi nadoru utimuje odpaé buniek. Zavisi od
suvislosti nadorovej Specificity, faktorov v mikrogtredi nadoru a intenzity signalizacie,
ktoré (Einky IFN-y prevladnugi tie protinadorové alebo pronadoroveé (Zaidi andlme,
2011).
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3.2. Supresia imunitného systému sprostredkované&noprostredim nadoru
Unik nadorovych buniek moze bysprostredkovany tvorbou imunosupresivneho stavu v
ramci mikroprostredia nadoru (Radoja et al., 20R@doja and Frey, 2000). Nadorové
bunky su schopné produkavamunosupresivne faktory a tieto magifalSi vplyv na
funkciu imunitného systému (Chambers et al., 20&Z).to napriklad imunosupresivne
faktory ako vaskularny endotelialny rastovy fak(@EGF), transformujici rastovy faktor
(TGF-), galectin alebo indolamin 2,3-dioxygenaza (ID@ggely et al., 2011). Reguiaé
T-lymfocyty a myeloidné supresorové bunky su daéezimunosupresivne populacie
buniek, ktoré maju vyznamnu udlohu v inhibicii oatmmaj protinadorovej odpovede
(Schreiber et al., 2011). Nadorom indukovana imupossia patri medzi kritické

mechanizmy, akymi nadory unikaju imunitnému Bedu.

3.2.1. Produkcia inhibénych cytokinov a rastovych faktorov
Funkcie jednotlivych bunkovych populécii v mikroptieedi nddoru su vyrazne pcemeé.

VEGF (z angl. vascular endothelial growth factokjpry méze by produkovany
nadorovymi bunkami, inhibuje diferenciaciu a matimadendritickych buniekDal3imi
inhibicne podsobiacimi faktormi, ktoré produkuju nadorownky, su IL-10 a TGH.
Utlmuja napriklad diferenciaciu T-buniek, inhibujprodukciu cytokinov, znizuju
schopno8 prezentacie antigénu, zniZuju expresiu kostignytah molekdl, a narusaju
cytolyzu efektorovymi bunkami (Chambers et al, 2008adorové bunky tvoria tiez
prostaglandiny. Tie utlmuja proliferaciu T a B beikia inhibuja NK bunky. Indukuju
expresiu IL-10 (Huang et al, 1996). Prostaglandidiglej zvySuju expresiu anti-
apoptotickych faktorov, napriklad Bcl-2 (Sheng let 5998).

3.2.2. MDSC-myeloidné supresorové bunky
Myeloidné supresorové bunky su heterogénna populddiferencovanych buniek

akumulovana p&as rastu nadorov, ktoré su schopné inhiboealpovel’ T-buniek
(Gabrilovich and Nagaraj, 2009). Inhibuju funkcymifocytov indukciou regutaych T-
lymfocytov, produkciou TGH, depléciou alebo vychytavanim aminokyselin arginin
tryptofanu alebo cysteinu potrebnych pre spravmkdiu T buniek a nakoniec nitraciou
receptora T buniek alebo receptorov chemokinov adomnspecifickych T bunkéach
(Schreiber et al., 2011). U mysi ich charakterizajrker monocytov (CD11b) a
neutrofilov (Gr-1).
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Upravepédra Gabrilovich and Nagaraj, Nature Reviews Immunolog 2009

Popis obrazku:

Populaciu MDSC rozdejeme na monocytarnu (Mo-MDSC) a granulocytarnuMBSC). G-MDSC
zvySuju hladinu STAT3 (z angl. signal transduced activator of transcription 3%0 spdsobuje zvySenu
tvorbu ROS, ktoré posttrangtee modifikuja receptor T-buniek. Tato skdbtws’ je zodpovedna za
neodpovedanie na antigén. Minoritné Mo-MDSC spogolavySenu expresiu STAT1, iINOS (z angl.
inducible nitric oxide synthase) a zvySenu hladiM@. NO je produkovany cez metabolizaciu L-argininu
prostrednictvom iINOS¢o utimuje funkciu a proliferaciu T-buniek, cez @€ mechanizmy: inhibiciou
JAKS3 (z angl. Janus kinase 3) a STATS, inhibicigpresie MHC I, indukciou apopt6zy T-buniek. Ib&ota
populacia méze v koaom dosledku diferencovana makrofagy alebo dendritické bunky. Obe popelaci
produkuja vo zvySenej miere arginazuéd,vedie k supresii T-buniek kvoli deplécii L-argini (Gabrilovich
and Nagaraj, 2009).
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3.2.3. Regul&né T-lymfocyty
Regul@&né T-lymfocyty sU definované ako CDQ4CD25 T bunky, ktoré konstitutivne

exprimuju transkripny faktor FoxP3 (Hori et al., 2003). Patria do skyppopulacie
leukocytov s imunosupresivnymi  vlastdasi. Po stimulacii inhibuja  funkciu
cytotoxickych T-lymfocytov pomocou expresie koinikioych molekal ako, CTLA-4, PD-
1 a PD-L1 a produkciou imunosupresivnych cytokiake, IL-10 a TGH3 a odstrdnenim
cytokinu IL-12, ktory je kriticky pre udrZzovanie rflicie cytotoxickych T-lymfocytov
(Schreiber et al., 2011).

3.2.4. Mikroprostredie nadoru a jeho ovplyvnenie cemoterapiou
V slkasnosti sa vyvijatoraz v&Sia snaha ustanavivhodnu chemoterapiu pomocou

diferencignych lietiv, prednostne pri pouZziti v kombinacii dalSimi liecivami pre
dosiahnutie nizkeho imunosupresivneho rozsahu migstredia nadoru. Cyklofosfamid
(CY) je pouzivany ako alkytmé cytostatikum, chemoterapeutickénidlo. Okrem
priameho cytotoxickéhocdinku CY slGzi na podporovanie adaptivnej a aj vrajémunity
(Bass and Mastrangelo, 1998; Lake and Robinsor5)2@Y v nizSich davkach ako sa
zvyéajne pouziva, mdze podporiprotinadorovl imunitu zdenim regulanych T-
lymfocytov (Treg buniek) (Lake and Robinson, 200B)aopak, vysSie davky CY
podporuju akumulaciu MDSC (Angulo et al., 2000;&eel et al., 2001; Diaz-Montero et
al., 2009). Snahou imunoterapie MDSC, je navadh diferenciaciu do maturovanych
myeloidnych buniek, ktoré uz nebudl vykazogupresivne dinky. Tkaniva obsahuju
¢ag’ buniek, ktoré su schopné sa del obnovova Cag’ buniek tkaniv mdze
diferencovd. Proces diferenciacie vedie kterminalne difereaoej bunke, ktora sa
nemdze dalej delt. Preto indukcia diferenciacie nediferencovanych niéki
s imunosupresivnyméinkom moéze by dobrym terapeutickymlkicom. V sikasnosti sa
spomina all-trans-retinovd kyselina (ATRA), metdbolitaminu A, ktor4d dokéze
eliminova® MDSC u pacientov s nadorovym ochorenim, dokazeodidvdiferenciaciu
MDSC (Almand et al., 2001; Gabrilovich et al., 2QD01lTato diferenciacia je
sprostredkovana cez zniZzenu produkciu ROS. ATRA€ola mohla bty pouzivana ako
diferenci&né cinidlo pre MDSC a elimindcia MDSC pomocou kyselidf§yRA by mohla
Zlepst efekt ligby pacientov s nadorovym ochorenim. 5-azacytididuja expresiu Arg-
1, ¢o je marker imunosupresivneho prostredia a hlavpyoducentom Arg-1 st MDSC
(Zea et al., 2005). Aj cytokin IL-12 indukuje diggrciaciu MDSC na zrelé antigén-
prezentujuce bunky (dendritické bunky® moze tiez ovplyvii akumulaciu MDSC a ich
funkciu. Stadie nazraijl, Ze MDSC potléuji produkceiu IL-12.¢o by mohlo znamena
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Ze IL-12 mé funkciu v regulacii aktivity MDSC. Osetie sIL-12 meni supresivnu
funkciu MDSC a zniZuje percento MDSC v mikroprodfreddoru (Steding et al., 2011).

3.3. Eliminacia imunitnych efektorovych buniek

Elimindcia imunitnych efektorovych buniek v mikrogtredi nadoru méze prebi¢heez
aktivaciu indukovanej programovanej smrti (z argitivation-induced cell death; AICD).
Ide o indukciu apoptdzy aktivovanych T-buniek. Stidtia T-buniek spdsobi zvySenu
hladinu povrchového ligandu smrti, ktory tvori vézb receptorom na tej istej alebo
susediacej bunke. AICD je sprostredkovana vdkeje miere cez spolupracu medzi
receptorom Fas (CD95) a ligandom Fas ligand (F&D95L), alecasto je vyZzadovana
signalizacia cez TNF alebo ligandy TRAIL (z angINH-related apoptosis-inducing
ligand) (Zheng et al., 1995; Martinez-Lorenzo et 4998). AICD je zodpovedna za
zvySenu mieru apoptdzy v ramci nador infiltrujucigmfocytov (Radoja et al., 2001). Ak
nadorové bunky exprimuju FasL a déjde k interalsclymfocytom cez receptor Fas,
indukuje sa apoptéza daného nador infiltrujicehmfbecytu (O'Connell et al., 1996;
O'Connell et al, 1999). Nadorové bunky teda poyaiten isty mechanizmus, ktory bezne

pouzivaju T bunky v boji proti nadorovym bunkam.

3.4. Poruchy v signalizénych drahach imunitnych buniek

Imunitné bunky pacientov s nadorovymi ochoreniaasto vykazuju poruSenu
signalizaciu jadrového faktoreB (NFxB). Draha NkB je ve’'mi dblezitd pre expresiu
inhibitorov bunkovej smrti, ako Bcl2 alebo BcIXLdgmatani et al., 1999), inymi slovami
sprostredkuje signaly pre prezitie bunky. Ak jeotdtaha narusena, dochadza vo zvysSenej

miere k bunkovej smrti imunitnych buniek.

3.5. Mechanizmus rezistencie nadorovych buniek y#otoxicitu T buniek
Cytotoxické T-lymfocyty poskytujd Jeni G¢innd  obranu proti infekciam a
intracelularnym patogénom. Ich lytickd masSinérimkvdnbze by namierend aj proti
bunkdm hostitiského organizmu pri autoimunitnych ochoreniach B@and Bleackley,
2002) alebo pri nddorovych ochoreniach. Efektorougky sprostredkuju lyzu dievych
nadorovych buniek cez viaceré mechanizmy: 1. ExX@od obsahu cytoplazmatickych
granul, napriklad cytolyzinu alebo granzymov z mydiserinovych proteaz, ktoré su
schopné indukova nekroticki bunkovl sniralebo indukové apoptézu. 2. Indukciou
apoptozy cez véazbu ligandu Fas na bunkach imurotrsdistému s receptorom Fas na

bunkach nadorovych. 3. Uliovanim rozpustnych toxinov, ktoré sa viazu na p$isy
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receptor na nadorovych bunkéach a naslednou indulapoptézy (Chambers et al, 2003).
Rezistenciu nadorovych buniek k apoptéze si nddotmwnky mézu vyvintl cez zmeny
komponentov apoptotickej drahy. Takéto zmeny v Kooen dosledku vyselektuju
nadoroveé bunky, ktoré su odolné k lyze cez cytak&iT-lymfocyty a dokazu prezpod

tlakom imunitného systému.

@ Cytolytické granule obsahujuce:
¢ Perforin, granzymy,
&

proteoglykany
D Transmembranovy p6r

Obr.¢. 5Expresia molekal, ktoré brania tvorbe transmembranosého péru na nadorovych bunkach cez
perforin efektorovych buniek a porucha vstupu grangmu do nadorovych buniek a tym padom

porucha indukcie apoptdzy nadorovych buniek.
Upravené poda Chambers et al, in: Cancer Medicine. 6th editior2003
Popis obrazku:

A. Imunitné efektorové bunky vypustia obsah cytolyictk grandl, ktoré formuju transmembranové poéry na
plazmatickej membrane nadorovych buni€k, napomaha vstupu molekdl, ktoré nasledne indukujd
apoptézu.

B. Niektoré nadorové bunky exprimuju vysokd hladinu lekdl, ktoré naopak blokuji aktivitu

komponentov cytolytickych granul vytvarajucich tsamembranovy p6r (Chambers et al, 2003).

3.6. B7 rodina-kostimulacia vs. koinhibicia
Ligandy z rodiny B7 sa viazu na receptory na lymfoch a reguluja imunitnd odpode

Aktivacia T a B lymfocytov prebieha cez spojenietigdnu s receptorom, antigén-
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Specifickym T alebo B bunkovym receptorom. K tegidivacii je sd¢asne vyzadovany aj
druhy signal, ktory prichadza zo strany ligandoding B7. Tento kostimukamy signal je
sprostredkovany ligandami B7 cez rodinu recepto@28 na povrchu lymfocytov.
Spominand interakciglenov rodiny B7 zvySuje imunitni odpa¥e Pozname €lenov
rodiny B7: B7.1 (CD80), B7.2 (CD86), inducibilny #mulany ligand (z angl. inducible
costimulator ligand; ICOS-L alebo aj B7TRP1- z anBli-related protein-1), ligand 1
programovanej smrti (z angl. programmed death-anlily PD-L1 alebo aj B7-HZTi
CD274), ligand 2 programovanej smrti (z angl. pamgmed death-2 ligand; PD-L2), B7-
H3 a B7-H4. Pri ich mutaciach sa vyskytuju imunaclehtné a autoimunitné ochorenia
(Collins et al., 2005). VSetky ligandy B7 su expované antigén-prezentujucimi bunkami,
ako su dendritické bunky, makrofagy a B bunky. BBXZ.2 a PD-L2 su exprimované
lymfoidnymi bunkami. PD-L1, B7-H3, B7-H4 a ICOS-|. melymfoidnymi bunkami. PD-
L2 je exprimovany aj na dendritickych bunk&ch a roédgoch a PD-L1 je exprimovany aj
na B a T bunkach a tiez aj na nelymfoidnych bunk@&uilins et al., 2005).

3.6.1. Nerovnovaha medzi expresiou stimuaych a inhibi¢nych ¢lenov z rodiny B7
Ligandy B7 poskytuja kostimutmy a koinhibény signédl po naviazani antigénu na

receptor na povrchu buniek. Koinhiby signal utimuje signalizaciu, zmiarje odpove’
na vazbu antigén/receptor, znizuje aktivaciu buniekibuje indukcie rastovych faktorov,
inhibuje prechod bunkovym cyklom a mézZe indukbdwpoptézu. Kostimutay signal
podporuje aktivaciu, expanziu a diferenciaciu T ibkn¢o umoziuje efektivnu imunitna
odpovel (Collins et al., 2005). Interakcia medzi B7.1 aBcez receptor CD28 poskytuje
kostimula&ny signal, naopak interakcia cez receptor CD 1¥hatiez CTLA-4 (z angl.

cytotoxic T-Lymphocyte Antigen 4) poskytuje koinkiby signal.
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Kostimulaény signal

ZvySend produkcia
rastovych faktorov

Zvyseny signél pre
prezivanie buniek

Koinhibi ¢ny signal
Znizena produkcia
rastovych faktorov
Inhibicia
napredovania
bunkového cyklu

Popis obrazku:

Neaktivovana T bunka APC

\
MHC |

glykoprotein

Zvysena
produkcia IL-6

MHC | Produkcia IDO

glykoprotein
Znizenie hladiny

tryptofanu,
inhibicia
proliferacie T
buniek

Obr. &. 6 Kostimulacia a koinhibicia.

Upravené pkal Collins et al, Genome Biology2005

Vazba receptora CD28 alebo CTLA-4 na T bunkachganilami B7.1 a B7.2 na antigén-prezentujlcich

bunkéach (z angl. antigen-presenting cells; APC)ands’ ku kostimulacii alebo ku koinhibicii, v zavisloti

od presného vzoru expresie génov pre receptorgamdy a od stufa aktivacie T buniekA. CD28 je

exprimovany na neaktivovanych T bunkdch a mézeaztaj s ligandom B7.1 alebo aj s ligandom B7.2 na
APC. Na obrazku vidime vazbu s B7¢®, vedie k aktivacii neaktivovanej T bunky. Tato twailacia vedie
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T bunky k zvySenej tvorbe rastovych faktorov a kSanej tvorbe faktorov délezitych pre prezivanialbu
Bola popisana aj tzv. reverzna signalizacia, keggnd na povrchu bunky méze pinilohu receptora na
spu¥anie vnutrobunkovych signalov v bunke, ktord masmajom povrchu dany ligand. Takato reverzna
signalizacia pri vazbe CD28 s ligandami B7.1 alB@® vedie antigén-prezentujice bunky k produKciél

B. CD28 a CTLA-4 su exprimované na aktivovanych TKaah a oba receptory na T bunkach (z angl. T cell
receptor; TCR) sa mbzu viaza B7.1 a B7.2 na APC. Na obrazku vidime vazbu CAL#B7.1, ktora vedie

k utimeniu aktivacie T buniek. Reverzna signaliad€TLA-4 s ligandom B7.1 alebo B7.2 vedie antigén-
prezentujuce bunky k produkcii indolamin 2,3- digepazy (z angl. indoleamine 2, 3-dioxygenase; 12O)
k redukcii hladiny tryptofanu (Collins et al., 2005Zvy3Send hladinu inhibhého receptora z¢gjne
pozorujeme po aktivacii T buniek (Pardoll, 2012).

Receptor PD-1 viaze ligand B7-H1 (PD-L1, CD274) &[MBC (PD-L2). Receptor je
exprimovany na B bunkach, CD@bunkach, CD8TI bunkach a na NKT bunkach. Ligand
B7-H1 je konstitutivne exprimovany na T, B bunkéeh,makrofagoch a na dendritickych
bunkach ako aj na bunkach pankreasu, srdc#ita. pLigand B7-DC je limitovany na
dendritické bunky a makrofagy. Signal PD-1/ B7-HBI,-DC je koinhibény, ochrauje
pred autoimunitnymi ochoreniami. Signalizacia jéozana na tyrozinovych doménach
receptora PD-1. Po véazbe ligandu dojde k fosforyl§ecozinovych doméngo prilaka
Specificku tyrozin-fosfatazu, ktora poskytne ine#&tnu defosforylana signalizaciuco
redukuje aktivaciu lymfocytov, zastavuje bunkovKies (Shi et al., 2013)Bolo popisané,
Ze ligand B7-H1 je exprimovany myeloidnymi bunkanmikroprostredi nadoru (Curiel et
al., 2003; Kuang et al., 2009; Liu et al., 2008).
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APC T bunky

CD80 C_:_DGO—r c::é:'_'_;:} CD28 —<>—> Kostimulacia

—

CD86 (__;::_x::c —_— OC:) CTLA4 —’—> Koinhibicia

MHC == —= TCR Signal 1
-y W 9
B7-DC (:::Do -------- > XX ) ? _<>_> Kostimulacia

8 5 Lot {}C.::___-__:I PD-1 _’_> Koinhibicia
B7-Hl (300 =— rx)CZ::) CD80 —’—’ Koinhibicia

- ™ i __._:__—\‘ . H
B7-H2 C\;IJC —> o) I0s  —O—— Kostimulacia

87-H3 (GREP® -------- > Ot ? —4@—> Koinhibicia
B7-H1 (e --------» OC ) ? —@—— Koinhibicia

Obr.¢. 7Rodina ligandov B7 a prezentacia antigénu T bunkam.
Upravené polla Zou and Chen, Nature Reviews Immunology 2008
Popis obrazku:

Antigén-prezentujuce bunky (dendritické bunky, nudigy a B bunky) prezentuju antigén v komplexe s
molekulami MHC T bunkovému receptoru na T bunkaztar(gl. T cell receptor; TCR). Prezentacia cez
molekuly MHC Il vedie k aktivacii CDA lymfocytov a prezentacia cez molekuly MHC | urioje
aktivaciu CD8T lymfocytov. Nutny je aj kostimutay signal. Ligandy z rodiny B7 afalSie
kostimulané/koinhibtné molekuly kontroluju alebo vylepSuju odpdv& buniek. Napriklad molekuly B7-
H1 alebo B7-H4 poskytuju negativny signdl, ktoryntoluje a utimuje odpove T buniek.Cudské nadorové
bunky a s nadorom asociované APC (z angl. antigesemting cells; APC) exprimujd limitované mnozstvo
stimulatnych ligandov z rodiny B7 CD80 (B7.1) a CD86 (B7&)\ysoku hladinu inhibhych ¢lenov z
rodiny B7 B7-H1 a B7-H4. Nerovnovaha medzi expresstimula&nych a inhibénych ¢lenov z rodiny B7
méze vies k Uniku nadorovych buniek imunite v nadorovom nrojkostredi. CTLA4; cytotoxic T-
lymphocyte antigen 4; ICOS, inducible T-cell caatiator; PD-1, programmed cell death 1. (Zou andrCh
2008).

Tolerancia T buniek je jednym zo zakladnych progreyrktory zabrauje imunitnému
systému odpovedana vlastny antigén, kde inhiimy signal zabezgeny cez receptor PD-
1 vo véazbe s ligandom B7-H1 jelei dblezity. NajnovSie Studie dokazuju, Ze ligdict
H1 sa viaZze aj s molekulou CD80 a tato interakciaHa/CD80 tiez T bunkam poskytuje

inhibi¢ny signdl a reguluje indukciu a udrZzovanie T burdydelerancie (Park et al., 2010).
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Zda sa, Ze ligand B7-H1 a jeho zvySena expresigeg@ym z mechanizmov Uniku
nadorovych buniek imunitnému systému a terapeuticgZnosti blokovania interakcii
drahy B7-H1/PD-1 su intenzivne Studované (McDerraott Atkins, 2013).

4. DNA metylacia-hlavny regulator epigenomu

Epigenetika sa zaoberd d&uymi zmenami na bunkovej drovni, napriklad profilom
génovej expresie bunky, ktoré ale nie su zapehé zmenami v nukleotidovej sekvencii
DNA (Eccleston et al., 2007). Epigenetické zmengigldbleziti ulohu pri normalnom

vyvine ako aj pri réznych ochoreniach. Epigenomséiea zaoberd Stadiom kompletného
suboru epigenetickych zmien v ramci genetickéhcendti bunky, zvaného epigeném.

4.1. DNA metyl4cia a cica¥ gendm

Pri cicavcoch, metylacia cytozinov v CpG pozicidA sekvencie je jednym zo znakov
epigenetického unshnia génov. R&@s evollcie, oblasti bohaté na CpG, CpG ostrovly, bo
vyclenené ako prominentné oblasti promoétora génu. Kogtatné regiony gendému su
konStantne metylované, tieto elementy v promoétakedsmetylované, umdajuc tak
tvorbu otvoreného chromatinu a iniciaciu transkep®ismeno "P" v spojeni CpG zha
fosfodiesterovl vazbu (z angl. phosphodiester banddizi cytozinom a guaninomnio
naznguje, Zze C a G su véd seba v sekvencii bez l@du na togi je DNA jedno- alebo
dvoj-vlaknova. C a G v ramci CpG miest sa nachddmaj to istom néazci DNA alebo
RNA a su spojené cez fosfodiesterovu vazbu. DNAylaeia sa tiez upléatje v umEani
repetitivnych sekvencii, pohyblivych elementov, Zoje mozno$ neziaducich
rekombinacii a udrzuje stabilitu gendmu. DNA metida je epigeneticky signal
kovalentnou vazbou viazany k DNA. Z evohého Iiadiska je tato epigeneticka
modifik4cia jedna z najstarSich, pretoZe sas stretavame pri baktériofagoch, baktériach,
hubach, rastlinach, rovnako aj pri Z&choch a cicavcoch (Paulsen et al., 2008)xePo
organizmov, ktoré nevyuzivaju metylaciu svojej DNéko epigeneticky mechanizmus
pocas evollcie je maly, ale mbézeme do tejto skupingadié vyznamné modelové
organizmy ako C. Elegans alebo S. Cerevisiae. Tygut@ryotickym organizmom chyba
detekovaténd metylacia cytozinov vich genéme a nebola u mighmtifikovana Ziadna
kodujuca sekvencia pre cytozin-metyltransferazull(@od Bestor, 2005). Prokaryoty
oplyvaju mnohymi typmi DNA metylacie (A-N6, C-N4Gb), kym DNA metylacia rastlin
a vyssich Ziveichov je obmedzena na metylaciu cytozinu C5. Riawgdoch dochéadza

k metylacii DNA v konkrétnej sekvencii'£pG- 3. Zaujimavos CpG ostrovov ako
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epigenetického signalu je v tom, Ze nie kazdy Cptoo je metylovany v ramci genému.
Regul&né sekvencie, ako prométory prevadzkovych génawdsiiované bez metylacie pri

sy Mt

DNA v tych bunkach, kde su dané gény transkribov@alsen et al., 2008). Tkanivovo
Specifické gény modzdasom potlahn® metylacii DNA a tak mbézéasom dojs k strate
ich CpG ostrovov kvoli nachylnosti k hypermutaciabez straty schopnosti expresie.
Naopak prevadzkové gény su stale asociované s Gp@vmi (Antequera and Bird,
1993). Komplexnasregulacie vzoru DNA metylacie je tiez odzrkadana mnozstvom a
r6znorodou funkciou DNA metyltransferdz a proteimeggujicich s 5mC. Pri cicavcoch
rozliSujeme pé proteinov podobnych DNA metyltransferd&zam, DNMZ213A, 3B a 3L
(Goll and Bestor, 2005). DNMT1, 3A a 3B maju funkd®NA metyltransferaz, enzymy
DNMT3A a 3B su zodpovedné =za ustanovenie vzoru DNwWetylacie (e
novometyltransferazy), enzymy DNMT1 saca8tuju na udrZzovani ustaleného vzoru
metylacie. DNMT3L ma zrejme funkciu regatal. DNMT2 vykazujdn vitro nizku DNA
metylanu aktivitu, ale stasné poznatky dokazuju, ze ide o t-RNA Specificka
metyltransferazu (Goll et all., 2006; Jeltsch et, &006). Pochopenie vzajomnych
suvislosti medzi metyldciou DNA, Struktdrou chromata CpG ostrovmi ndm pomdze
lepSie porozumig patogénnym procesom, ktoré su spajané s nesprdunkaiou génov.
Ustanovenie a udrZzovanie vzoru metylacie v genogeavisi od rozpoznania Specifickej
sekvencie, ale namiesto toho je kontrolovany @#fou k repetitivnym sekvenciam,
interakciou s RNA a DNA a tiez metylaciou histon@oll and Bestor, 2005). Qudi sa
stretivame s dvoma triedami gendémovych elementoye lsu spojené s metylaciou DNA:
CpG ostrovy, ktoré su znakom pre nemetylovany regigromotora a
retrotranspozibilné/repetitivne elementy, ako LINdebo SINE, ktoré su znakom
metylovanej heterochromatinovej Struktury. Repsgidi elementy su teda vo lkej
utlimenej hladine a zostavaju nepristupné rekombinde mozné, Ze DNA metylacia
vznikla povodne ako obranny mechanizmus pred pohyhbi elementmi a az p@as
evolucie nadobudla aj transkéipe regulény potencial, napriklad genédmovy imprinting,

alebo inaktivacia chromozému X (Paulsen et al. 8200

4.2. CpG dinukleotidy
Ciel'om pre metylaciu DNA su CpG dinukleotidy, v ramengmu sa vyskytuju menej ako
je celkovy obsah baz G+C. Vysvetlenie pre deplétpG p@as evollcie je také, ze 5-
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metyl-cytozin mé& tendenciu Byachylny k spontannej deaminacii na tymin, ktoey je
odstrdneny pomocou enzymu DNA-uracil glykosidazyulondre et al., 1978; Bird,
1980), pretoze sa aj prirodzene vyskytuje v DNAsMgkom je zvySena mutabilita CpG
dinukleotidov, ktora sbésobuje, Ze metylovana ablasraca veémi rychlo CpG
dinukleotidy (Cohen et al., 2011). Tato depléciakvie je uniformn& v rdmci cicaeho
genodmu. Su oblasti s bohatym vyskytom GpG dinuideet Toto je spésobené chybanim
metylacie DNA (Bird et al., 1985). Takéto nemetyae oblasti bohate na CpG
dinukleotidy nie su nachylné k hypermutaciam (Cobkeml., 2011). Tieto nemetylované
CpG dinukleotidy sa zhromdhiju v oblasti prométorov génov.as’ CpG dinukleotidov
sa nachédza v repetitivnych elementoch, tieto tbks v metylovanom stave a su
nachylné k C-T tranzicii (Rollins et al., 2006).

4.2.1. Definicia CpG ostrovov
Prva snaha definovarlastnosti CpG ostrovov a umoznich detekciu vysla od Gardiner-

Gardena a Frommera (Gardiner-Garden and Fromm&),18to bolad’alej rozvinuta
Takaiom a Jonesom (Takai and Jones, 2002), ktaikrsl pravidla pre detekciu
funkénych CpG ostrovov. Su spdjané s vysokym obsahom @&©v. Bola ustdlena
nasledovna definicia: CpG ostrov by mal obsalioviac ako 55% C+G parov, pgom
pomer pozorovanych CpG vsiakavanych CpG je viac ako 0,65 pri minimalnigke 500
bazovych parov. Tato definicia zabje vSetky regukné CpG ostrovy v 5' oblasti génu
ale vylenuje tie v repetitivnych elementoch, tie nazyvamdastb bohaté na CpG
dinukleotidy (Takai and Jones, 2002).& vé@Sina promoétorov obsahuje CpG ostrovy,
su tieto povazované za regulatory génovej expré&igsSina CpG dinukleotidov v ramci
CpG ostrovov promotorov je v stave bez metylacieADWzdravom tkaniveludského
gendmu. Naopak, metylované oblasti bohaté na Cp@ukbiotidy obsahujucasto
repetitivny sekvetny motiv (Bock et al., 2006).

4.2.2. CpG ostrovy a Struktura chromatinu
Aktivacia transkripcie je spojena s otvorenou $tilubu chromatinu¢o umozuje vazbu

transkrignych faktorov a RNA polymerazy. Popri metylacii DNAtav kondenzacie
chromatinu tiez suvisi aj s modifikaciami histontme o rézne typy modifikécii histénov:
metylacia, acetylacia, fosforylacia, ubiquitinacMetylacia histonu H3 v Stvrtej polohe
lyzinu (H3-Lys4) a acetylacia histonu 3 v poloheity 9 (H3-Lys9) vedie k aktivacii
transkripcie, dekondenzécii Struktary chromatingeaspajana s nemetylovanymi CpG

ostrovmi (Santos-Rosa et al., 2002; Bernstein.e2@D5). Naopak, metylacia histonu H3-

25



Lys9 je charakteristicka pre kondenzaciu a nasletieéerochromatinovd uzavretd
Strukturu prislusného regionu v gendme, nepristuprel transkripné faktory a RNA
polymerazu (Nakayama et al., 2001). Vyplyva z tokhe, modifikacie histonov maju

vyznamnu regukénu funkciu v kontrole transkripcie.

A l Transkripcia aktivha l

Ac Ac Ac Ac

T Transkripcia narusena T

B Nemetylované CpCO H3K9* M

Metylované CpG @ H3K9“me [

Obr. ¢. 8 Spojitost’ modifikacie histonov a DNA v suvislosti s otvorenoa uzevretou Struktirou
chromatinu.

Upravené pal Paulsen et al, in; Epigenetics. 2008

Popis obrazku:

Obrazok znazaiuje Struktru nukleozémov (s DNA, ktorl zn&fge samostatn&ierna ciara), okolo
Startovacieho miesta transkripcie génasierpa Sipka). Metylaciu DNA vykrdgja otvorené biele (
nemetylované) a plngéervené (metylované) kruhy v ramci DNA. Hlavné mdditie lyzinu v pozicii 9 N-
koncového histbnového chvosta si znazornené &kani. OranZové: acetylacia (Ac) histénu 3 v polohe

lyzin 9; ZIté: dimetylacia (Me) histonu 3 v pololyein 9

A. Otvoreny aktivny chromatin, nemetylované cytgzifpiele kruhy), acetylované histény (oranzové

Stvorceky).

B. Kondenzovany chromatin, metylované cytozidgr¢ené kruhy), deacetylované histény, dimetylacia

histénu 3 v polohe lyzin 9 (ZIté Stuaky).
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4.2.3. CpG ostrovy a promotoryéo zamedzuje metylacii DNA v oblasti promoétora
Hlavnym znakom CpG ostrovov je ich pritomtioskolo oblasti prométora a ich

udrZzovanie v otvorenom, hypometylovanom a tym padotranskrigne aktivnhom stave.
AvSak, pozorovania, ktoré odhalili, Zze CpG ostrosty nachylné na zmeny v stave
metylacie suavisiace s vekom a ochoreniami, potlinietySeny zaujem o analyzu
epigenédmu (Antequera, 2003; Laird, 2005). Kym DNAtyitransferdzy sprostredkuju
metylaciu cytozinov, menej je zndme ako suU chranmeréetylované oblasti v gendbme
cicavcov predde novometylaciou &i sa tu uplatuje aktivna demetylacia (Cortellino et
al., 2011). Tymidin-DNA glykozylaza je potrebna gmdchod acetyltransferazy p300 do
oblasti prométorov regulovanych kyselinou retinovgue ochranu CpG ostrovov pred
hypermetylaciou a pre aktivhu demetylaciu tkanivospecifickych promotorov a
enhancerov, ktoré su regulované hormonalnecagweyvoja. Toto nazraje dualnu ulohu
tymidin-DNA glykozylazy v udrZzovani spravnej epigéickej hladiny péas vyvoja a
predznamenava dvojkrokovy mechanizmus DNA demdglagcavcov, a to Ze 5-
metylcytozin a 5-hydroxymetylcytozin je najprv déaavany pomocou deaminazy AlD (z
angl. activation-induced (DNA-cytosine) deaminag€e)-metylcytozinu na tymin a z 5-
hydroxymetylcytozinu na 5-hydroxymetyluracyl a mélsle s odstranené pomocou
tymidin-DNA glykozylazy (Cortellino et al., 2011)NajnovSie poznatky podporuju
myslienku, Ze ide o spatau ulohu transkrignej maSinérie a miestnych modifikacii
histonov, ktoré sa zapajaju v udrzovani CpG ostrovdiypometylovanom stave pri
prevadzkovych génoch. Odhaduje sa, Ze priblizne &Rfiynych promotorov je spatych
s CpG bohatymi sekvenciamip naznduje, Ze CpG ostrovy plnia podstatnejSiu ulohu
v regulacii expresie génov, ako sa predpokladalon (i€t al., 2005). Kym promotory,
v ktorych nie su obsiahnuté CpG bohaté sekvencigéame obsahuju konkrétne
Startovacie miesto transkripcie a TATA boxy, proargtasociované s CpG ostrovmi sa
vyzna&uju alternativnymi miestami Startu transkripcie emusia obsahovavzdy TATA
box (Carninci et al., 2006). CpG ostrovy su asaai@y s 5 koncom vSetkych
prevadzkovych génov a mnohych tkanivovo-Specifitkgenov (Gardiner-Garden and
Frommer, 1987). Promoétory asociované s CpG ostraepriezentuju znak, Ze ide o gény,
ktoré musia by stabilne exprimované. Niektoré tkanivovo-Speciicény maju promotor
bez znaku stabilnej expresie a je tu lepSia maziwbszablokovania, k& nie su potrebné

v danej chuvili.
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4.3. DNA metylacia ako obranny mechanizmus

Repetitivne sekvencie obsahuju okolo 50% vSetkypis Qukleotidov (Rollins et al.,
2006), su vSak konstantne metylovar®, je kontrast k CpG ostrovom. Metylacia
repetitivnych sekvencii je bezna pre Ziahy, rastliny aj huby a je mozné, Ze tento
mechanizmus bol vyvinuty ako obrannyvecleneniu cudzorodej DNA do hostitkého
genomu (Yoder et al., 1997). Promotory transpoajlwih elementov su inaktivované
metylaciou DNA a mnoho transpozénov bolo v priebalasu zntenych kvoli C-T
tranzicii v mieste metylacie (Yoder et al., 199¥9dnoduchy avSakiinny mechanizmus
bol popisany pri bakterialnych organizmoch. Tengxhanizmus je zaloZzeny na metylacii
DNA. Nazyva sa aj restréko-modifikaitny systém. VSetky Specifické miesta pre
restrikkné endonukleazy su ozfemé pomocou DNA metyltransferaz a su chranend, ke
vstlpi cudzoroda nemetylovana DNA, okamZite jep&ie restriknymi enzymami, kym
hostitd’ska DNA, metylaciou ozri@nda, jenou zarové chranend. U eukaryotov je Uloha
metylacie DNA odliSna. V tychto organizmoch podgera udrZzuje metylacia DNA
heterochromatinovua Struktdru a transkn@ uméanie integrovanej cudzorodej DNA
(Paulsen et al., 2008). Repetitivne elementy sidawdné v metylovanom stave, lebo by
inak mohli brani transkripcii génov a mohli by nardSantegritu genému. Medzi
metylované repetitivne elementy moézZzeme zdragseudogény, DNA transpozony,
retrotranspozony, endogénne retrovirusy a priarpetige, ktoré mdézeme néjs oblasti
centromér alebo mikrosatelitov. Najma& endogénneovetsy, retrotranspozibilné
elementy a transpozony, sekvencie v gendome, ktoohauzaju z infekcii zarodoych
buniek u cicavcov a ostatnych stavovcov a vo fopmevirusu sa prenasSaju dialSej
generacie, maju potencial tbyebezpé&né pre organizmus, pretoze mozu' bgaktivované

a moézu sa tym padonthenit’ do funkiného regionu gendému, ako napriklad do kodujucej
oblasti alebo do regulaého elementu. Metylacia tychto elementov je ¢&liym
mechanizmom pre ochranu gendmu pred transkripcitrarspoziciou tychto elementov
(Hedges and Batzer, 2005). NezZiaduca hypometylaci@ze znovu aktivoua
retrotranspozony a endogénne retrovirusy. Po ageimbibitormi DNA metyltransferaz
(napr. 5AC) je moZné znovu aktivaveetrotranspozony, prechadzaju do demetylovaného
stavu, ¢ize je zrejmé, Ze metylacia sa uplge pri ich deaktivacii (Liu et al., 1994).
Globalna, celogenédmova hypometylacia je beznym mav@ znakom réznych typov
nadorovych ochoreni (Shulz, 2006) a suvisi praveyp®metylaciou repetitivnych

elementov.
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4.4. DNA metyltransferazy a metyl-CpG vazolpréteiny ako multifuni¢éné
regulatory Struktury chromatinu

Epigenetickd modifikacia DNA 5-metylcytozinom je zZwamna v ramci regulacie
Struktary chromatinu, udrzovania gendmovej stahilitgendmového imprintingu,
inaktivacie chromozomu X, regulacie transkripcievamléovani retrotranspozonov a
v embryonalnom vyvoji (Robertson, 2001; Bird, 2002; 2002). Tento proces je
umozneny @aka DNA metyltransferazam a je interpretovany mepyls vazobnymi
proteinmi. DNA metyltransferdzy nemaju funkciu ibd&katalyze metylacie DNA, ale
zWashuju sa tieZ v regulacii expresie génov cez spolupostatnymi proteinmi, ktoré
utimuja transkripciu a modifikuja Struktdru chrorfrat. Deje sa to na cytozine v ramci
CpG dinukleotidov a skoro 70% CpG miest v cit@w gendme obsahuje 5-metylcytozin,
s vynimkou tych, ktoré sa nachadzaju v CpG ostrbyiwomotorov génov (Bird, 2002), tie
su zvyajne nemetylované (Jones and Laird, 1999). AnalpMA metylacie pdas
embryonalneho vyvoja mysi odhalila, Ze po fertitizagenOm podstupuje aktivhu a
pasivnu demetylaciu (Hajkova et al., 2002; Kelly afrasler, 2004). Vzor metylacie je
nasledne znovu ustanoveny cez vtieinovometylacie (Hajkova et al., 2002). Niektoré
repetitivne elementy su vs&lastaine odolné vdi vine demetylacie a vykazuju neuplné
odstranenie metyémého vzorugo je dblezité pre zachovanie chromozomovej stgbdlit
pre zabranenie aktivacii transpozonov a tym padom zmiZenie rizika zarodaych
mutécii (Hajkova et al., 2002). Metylacia DNA vawich bunkach pozostava z dvoch
procesov, ktoré su zavislé na: DNA metyltransfecbZ®NMT), ktoré katalyzuju pridanie
metylovej skupiny na DNA, a metyl-CpG vazobnychtpioov (MBD), ktor&itaju alebo
sprostredkuju tento znak metylacie (Van Emburgh drdbertson, 2008). DNA
metyltransferdzy su enzymy, ktoré vytvaraju a uprgenémovy vzor metylacie DNA. U
cicavcov rozliSujeme tri aktivne DNA metyltransfeya ktoré rozdeujeme nasledovne:
udrZzovacia DNA metyltransferaza DNMTIJe novo metyltransferaza DNMT3A a
DNMT3B a nakoniec DNMT2. DNMT1, DNMT3A a DNMT3B mgtransferazy
spolupracuju s histén-deacetylazami (HDAC), ktoté sshopné modifikowa Struktiru
chromatinu deacetylaciou histénov (Fuks et al.,02@D01; Geiman et al., 2004; Ling et
al., 2004). Efekt metylacie DNA je tiez sprostredioy cez metyl-CpG vazobné proteiny
(MBD). Medzi tieto mdzeme zaradiMeCP2, MBD1, MBD2, MBD3 a MBD4. Uloha
proteinov MBD je spolupracovasdalsimi komponentmi, ktoré udrzuji utimeny stav
transkripcie. MeCP2, MBD1, MBD2, MBD3 su priamo gp@ s utimenim transkripcie,
kym MBD4 pini funkciu v oprave DNA (Van Emburgh aRwbertson, 2008). VSeobecna
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enzymaticka reakcia C5-metyltransferaz vyzadujegsemetylovej skupiny z kofaktora a
univerzalneho donora metylu S-adenosyl-L-metionfAdoMet) na cytozin v pozicii 5
(Van Emburgh and Robertson, 2008).

4.4.1. DNMT1
Pcatas replikacie DNA su produkované hemimetylovan@stbl dcérskom r@azci, ak boli

rodicovské CpG oblasti povodne metylované. Aby bol zasahyg metylgny vzor

v dcérskych bunkéch, nemetylovana CpG ablaproti tej metylovanej musi Bytiez
metylovana. Cudska aj mySacia DNMT1 prednostne metyluje DNA, r&toje

v hemimetylovanom stave (Hitt et al., 1988; Pradlearal., 1999; Fatemi et al., 2001;
Yokochi and Robertson, 2002) a preto ju méZeme avaapwudrZzovacou metyltransferazou.
Hladina DNMT1 sa meni gas bunkového cyklu, s akumulaciou n&iatku fazy S a so
znizenou hladinou po deleni bunkyp je podobné aj pri ostatnych proteinoch, ktoré su

spojené s replikaciou DNA (Vogel et al., 1988; Riden et al., 2000Db).
C
C |
Replikécia/ >~ Udrzovanie
™~ C -
C | - metylacie

Hemimetylovany stav

Obr.¢. 9 Udrzovanie metylacie.
Popis obrazku:

Paias replikacie DNA su produkované hemimetylovanéastblv dcérskom razci, ak boli rodiovské
oblasti CpG pdvodne metylované. Aby bol zachovamfytetny vzor v dcérskych bunkach, nemetylovana

CpG oblas oproti tej metylovanej musi IBtiez metylovana.

Metylacia DNA je koordinovana s replikaciou DNA @irjo et al.,, 1998)o je dblezité
pre dedinog’ ustadleného vzoru metylacie. DNMT1 sa vyama réznymi funkciami
sprostredkovanymi cez protein-protein interakaéeschopna znigitranskripciu nezavisle
od jej metylg&nej funkcie. DNMT1 obsahuje transk&ipe represivnu doménu, ktora
interaguje s histon-deacetylazou HDAC1 a tato danjérspojena s histon-deacetylazovou
aktivitou (Fuks et al., 2000). DNMT1 obsahuje vazdbdoménu pre jadrovy antigén
PCNA (Chuang et al.,, 1997). PCNA je potrebny pplikécii DNA ako aj pri oprave
DNA. DNMT1 je takto dovedena do miesta reptikého ohniskaDalej DNMT1 sa
uplatiuje v regulacii komplexu DNMT1, HDAC1, Rb, E2F1 ento komplex utlmuje
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transkripciu génov s promoétormi &obnym miestom pre E2F1 a utlmuje prechod
bunkového cyklu zfazy G do fazy S (Robertson et 2000a) a udrZzuje E2F
v metylovanom stave a vyz#ige sa inaktivnym znakom transkripcie a to mety@aci
lyzinu v polohe 9 histénu 3. Po DNA poskodeni DNMmgtyluje a utimuje gény, ktoré
inhibuju funkciu proteinu p53. V cicéich bunkéach, funkny tumor-supresorovy protein
p53 odpovedd na bunkovy stres, ako napriklad n&odefie DNA a je schopny
indukova zastavenie bunkového cyklu ako odpdivea poSkodenie DNA a indukava
apoptozu (Levine, 1997; Vogelstein, 2000). V beimpodmienkach v bunke je protein
p53 udrZzovany v nizkej koncentracii. PoSkodenie D&p®sobi aktivaciu drahy p53, toto
nasledne spdsobi zvySenie hladiny p53 v bunkeiedakt p53 ako transkrimého faktora
(Levine, 1997). PretoZze dradha proteinu p53 je akdwma pred apoptdzou, je potrebné
vyradit z funkcie antiapoptotické gény. Aktivacia p53 \eedi utimeniusurviviny ¢o je
¢len rodiny inhibitorov apopt6zy. Promoétorova olslasirvivinu obsahuje CpG ostrov v
ramci vazobného miesta pre p53 a dbjde k metyldbibitora génu apoptézgurvivinu
(Esteve et al., 2005).

4.4.2. DNMT2
Mysi, ktorym chybala DNMT2 vykazovali normalme novoa udrzovaciu metylaciu DNA

(Okano et al., 1998). DNMT2 by mohla pinilohu ako RNA metyltransferaza, prednostne
metylujica tRNASP (Van Emburgh and Robertson, 2008).

4.4.3. DNMT3
Ide o rodinu DNMT3 metyltransferdz, kde rozliSujeDRMT3A, DNMT3B a DNMT3L

(DNMT3-like) metyltransferazy. DNMT3A je dolezitarip ustaleni maternélneho i
paternalneho imprintingu. Negastiuje sa pri metylacii retrotranspozibilnych elemento
Vykazuje vysSiu afinitu k nemetylovanym substraterporovnani s hemimetylovanymi
substratmi (Yokochi and Robertson, 2002%e mbézeme povedaZze nejde o udrZzovaciu
metyltransferdzu. Dolezita pretk novometylaciou je modifikacia chromatinu. Chromatin
musi podstapi Strukturalne zmeny prede novometylaciou prostrednictvom DNMT3A
(Takeshima et al., 2006¥0 prilaka de novometyltransferazy. Struktira chromatinu je
jednym z délezitych mechanizmov regulacie novo metylacie, ktora zabiaje
nespravnej metylacii prostrednictvom DNMT3A. DNMT3 uplatuje pri metyl&cii
pohyblivych elementov a oblasti centromér. Spolap@ s DNMT1 pri utvoreni a
udrZzovani vzoru metylacie. Rovnako ako DNMT3A a DNM aj DNMT3B formuje
represivne proteinové komplexy (Van Emburgh and eRebn, 2008). DNMT3L sa
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uplatiuje v udrZzovani metylacie DNA retrotranspozonov &xthis and Bestor, 2004).
Ako aj ostatné metyltransferazy, aj DNMT3L formujepresivne proteinové komplexy
s histon-deacetylazami cez PHD doménu (Plant Hdbwepain). Touto doménov sa
proteiny mézu viazana modifikované histony ako histdbn H3 tri-metylayav polohe
lyzin 9 (H3K9me3) (lwase et al., 2007; Maksakovalet2011)alebo H3K4me3 (Pefia et
al., 2006). Domény, ktoré viazu modifikované histomodzeme naz\a citate’mi
epigenetického znaku, pretoze Specificky rozpozjgamadifikované verzie histonovych
koncov a viazu ich. Modifikacia H3K4me3 je spojem@niestom Startu transkripcie a
s aktivnymi génmi a modifikacia H3K9me3 je spojaniaaktivnymi génmi (Santos-Rosa
et al., 2002; Sims lll et al., 2003). DNMT3L tieggadupracuje s enzymaticky aktivnymuhe
novo metyltransferazami DNMT3A a DNMT3B (Hata et alQG2). Nespravna regulacia
funkcie DNA metyltransferaz je zavaznym krokom wgmesii vzniku nadorov. Jednym zo
znakov nadorovych ochoreni je epigenetickd zmetwaa kzatina globalnu hypometylaciu
a promotorovu hypermetylaciu (Van Emburgh and Risber 2008).

4.5. Metyl-CpG vazobné proteiny

Metylacia v promotorovom regione v CpG miestachmuie transkripciu. Metylova
skupina moze branivazbe prislusnych transképych faktorov, ktoré obsahuju CpG
miesta v ramci svojej rozpoznavajucej sekvenmenasledne inhibuje transkripciu. Metyl-
CpG vazobné proteiny sa viazu do tejto oblasti laraaju tak vazbe transkrmych
faktorov (Van Emburgh and Robertson, 2008). MeCiRaxzuje represivnu aktivitu cez
spolupracu a tvorbu komplexu s histon-deacetylazBidAC1 a HDAC2. MeCP2 je
spojeny s histon H3K9 metyltransferazovou aktivi(buks et al., 2003). MBD1 interaguje
napriklad s histon-metyltransferazou SUV39H1 a ajg/$ej represivnu schopnbg-ujita
et al., 2003). MBD2 (MeCP1 komplex) bol identifikow cez pritomna’s metyl-CpG
vazobnej domény (Hendrich and Bird, 1998) a tatméloa bola identifikovana ako &g’
komplexu MeCP1 (Ng et al.,, 1999). MBD2 tiez utimupanskripciu cez spolupracu
sdalSimi represivnymi proteinmi. Jelenom represivheho komplexu s histon-
deacetyldzami HDAC1 a HDAC2 (Ng et al., 1999). MBp&8dobne ako ostatné metyl-
CpG vazobné proteiny interaguje s proteinmi, kt@é& vyzadované v prestavbe
chromatinu. Je $ag’ou komplexu NuRD, ktory obsahuje aj histon-deaéetyl HDAC1 a
HDAC2 (Zhang et al., 1999). MBD4 bol identifikovamko opravny protein DNA pod
nadzvom metyl-CpG vazobna endonukleaza 1 (z anghyh€pG-binding endonuclease 1;
MED1). Tato aktivita nie je zavisla od DNA metylédciale MBD4 sa uplauje pri
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opravach C— T tranzicii pri metylovanych cytemih, kvoli spontannej deaminécii 5-
metylcytozinu (Petronzelli et al., 2000). MBD4 vykige tieZ represivnu funkciu cez
interakciu s histon-deacetylazou HDAC1 (Kondo et2005).

4.6. Metddy pre celogenémovu a génovo Specifickalgrnu hladiny a vzoru
metylacie DNA

VSetky bunky mnohobunkového organizmu nesu tu gedetickd informéaciu kédovanu
ich sekvenciou DNA, ale bunky zjavne maju Sirokuriologicku a funknu réznorodos
Tato heterogenita je sp6sobena odliSnou expre®aow ktora je riadena epigenetickymi
modifikaciami. Metylacia cytozinu je délezita prgrdvnu embryogenézu a vyvoj cicavcov
a pre imprinting. Zapaja sa do inaktivacie chrormadoX a plni vyznamna Glohu
v udrZzovani integrity gendmu cez umahie transkripcie repetitivnych sekvencii DNA a
endogénnych transpozonov. Metylacia v oblasti Cg@ogov, o su CpG bohaté oblasti,
ktoré su zvyajne v nemetylovanom stave a nachadzaju sa v olplashétora a prvého
exdénu mnoZstva génov, je dblezita pre ustanovenidraovanie expresie genov zavislej
od bunkového typu a metylacia DNA jasto spojena s ugdnim expresie genov.
Nahromadené genetické a epigenetické zmeny moZf kenekontrolovanému rastu
bunky a aZz kvzniku nadorového ochorenia. MetylABIBIA mbéze by idedlnym
biomarkerom pre diagnozu, klasifikaciu a prognozadorovych ochoreni uudi.
Metylacia DNA je v&mi uzko spata s inymi epigenetickymi modifikaciarkioré spolu
uréuju fenotyp Specifickej bunky. Medzi tieto modifiié patria modifikacie koncov
histonov, napriklad acetylacia a metylacia zbytkyzinu ako aj fosforylacia a
ubiquitinaciad’alSich aminokyselinovych zbytkov. Profil modifikadiistonu prislusného
regionu je zvyajne utovany pomocou imunoprecipitacie chromatinu s pauzit
protilatky proti modifikacii histonu, ktord nas jawma a naslednej analyzy precipitatu
(Tost, 2008). V séasnosti pozname mnozstvo principov, na ktorychedoZené reakcie na
vySetrenie metylacie DNA. Napriklad Maxam-Gilbegkgenovanie, ktoré je zaloZzené na
principe chemického Stiepenia radioaktivnecenaj DNA (Maxam and Gilbert, 1977).
Cytoziny su Stiepené po oSetreni hydrazinom, kyntylowané cytoziny nie su (Tost,
2008). KdalSim metdodam patri napriklad Stiepenie pomocou ylatete-citlivych
restrikknych endonukledz. Z metyliae-citlivych restriknych endonukledz najviac
pouzivanym parom enzymov je par Hpall/Mspl, ktorézpoznavaju a Stiepia
palindrémovu sekvenciu CCGG v dvojvliaknovej DNAg &ym Mspl Stiepi nezavisle od

stavu metylacie, Hpall nie je schopny Stiepeékvenciu, ak je druhy cytozin metylovany
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(C| MmeCGG). Cize Stiepenie je blokované, &eje v Specifickom mieste rozpoznany

metylovany cytozin. Pri cicavcoch m6ze dbdksmetylacii DNA iba v kontexte CG, teda

iba také restrikné enzymy s prislusnym Stiepnym miestom moézudmouzité (Tost, 2008).
5GAGTC ™MCGGGATC....GCTTAC CGACGTGAG"CGT....

3-CTCAGG"C (CTAG.....CGAATGGC (AGCACTCG"CA....

<O3>< ,,,,,,,,,,,, Mspl (Metylasne necitliva nukleaza)

5-GAGTC"CGGGATC.....GCTTACCGGICGTGAG"CGT....

3-CTCAGG"CCCTAG.....CGAATGGCCAGCACTCG"CA....

g>< ,,,,,,,,,,,, Hpall (Metylatne citliva nukleaza)

5-GAGTC"CGGGATC.....GCTTAC CGACGTGAG"CGT....

3-CTCAGG"CCCTAG.....CGAATGGC AGCACTCG"CA....

Obr.¢. 10Restrikéné Stiepenie pomocou metyime citlivej nukleazy Hpall a pomocou metyl&ne

necitlivej nukleazy Mspl.

ptdvené pod’a Tost, in: Epigenetics. 2008
Popis obrazku:
Enzymy su Specifické pre Stiepenie v palindromaaljvencii CCGG, ale Hpall nie je schopna Stiepk

druhy cytozin je metylovanyCize Stiepenie je blokované, keje v Specifickom mieste rozpoznany

metylovany cytozin. Mspl Stiepi nezavisle od matiga Stiepenie nie je blokované.

Restrikné Stiepenie a oSetrenie hydrogédganom sodnym su dva najbeznejSie
pouzivané pristupy pre analyzu metylacie DNA. Hpnkonverzie hydrogénstitanom
sodnym je v tom, Ze nemetylované cytoziny su deawainé na uracily prostrednictvom
hydrolytickej deaminacie, ktoré su nasledne nahrédé/minmi pdas amplifikacie
pomocou PCR. Metylované cytoziny su rezistentn8etreniu a ostavaju po amplifikacii

PCR cytozinmi. Takto kazdy cytozin, ktory je st@ddtomny v hydrogénsititanom
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sodnym oSetrenej DNA odzrkge predchadzajdci metylovany cytozin (Kruegerlet a
2012).

Konverzia hydrogénsiri¢itanom sodnym

m|C m|C
>>CCGGCATGTTTAAACGCT >>
< <GGCC|GTA(]ZAAATTTG(|ZGA< <

mC mC mC
Vrchné vlakno / \ Spodné viladkno

>>UCGGUATGTTTAAACGUT>> <<GGUCGTACAAATTTGCGA<<

l Amplifikacia pomocou PCR l

>>TCGGTATGTTTAAACGTT>>  >>CCAGCATGTTTAAACGCT>>
<<AGCCATACAAATTTGCAA<< <<GGTCGTACAAATTTGCGA<<

Obr.¢. 11 Princip konverzie genémovej DNA s hydrogénsititanom sodnym.
Upravené pbal Krueger et al, Nature Methods 2012
Popis obrazku:

Nemetylované cytoziny su konvertované na uractigrésu nasledne nahradené tyminniigsoamplifikacie
pomocou PCR. Metylované cytoziny su rezistentn&dtreniu a ostavaju po amplifikacii PCR cytozinmi
(Krueger et al., 2012).

Je nutné paméatana to, Ze oSetrenie DNA s hydrogérigignom sodnym indukuje
degradaciu DNA kvoli oxidamému poskodeniu a depurinacii DNA9 mdze spobsobi
stratu vékej ¢asti vzorky, preto musia Bypodmienky reakcie prisne kontrolované (Raizis
et al.,, 1995). Existuju aj’alSie obmedzenia daného oSetrenia. Patria semKklzari
neuplna konverziato by mohlo poskytniifaloSne pozitivhe vysledky na metylaciu a uz
spominana degradacia DNA po oSetreni hydrogéiamom sodnym alebo neuplna

desulfonacia pyrimidinow;o méze inhibov& DNA polymerazu.
Celkovo principy pre stadium metylacie DNA moéZemedelt’ na metody:
1. Globalna analyza DNA metylacie

Metdda analyzy globéalnej metylacie DNAcuje celkovy obsah 5-metylcytozinu alebo
zmeny postihujuce cely epigenom, ako napriklad asgkhypometylacia pri nadorovych

ochoreniach. Nedava vSak informaciu o konkrétnegjigo metylacie DNA. Epigendm
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obsahuje vSetky epigenetické zmeny a modifikaci&mci celého gendmu. Vyuziva sa
napriklad metéda vysokeéinnej kvapalinovej chromatografie (z angl. High fpemance
liquid chromatography; HPLC). DNA je pri tejto md® poStiepena na jednotlivé
deoxyribonukleozidy a nukleozidy su separované réklade rb6znej rozpustnosti
v polarnom rozp&dle a identifikované cez porovnanie ku kaldm&mu Standardu. Tato
metdéda je pouzivand pri globalnej analyze meéhgah zmien po ovplyvneni
demetylgnymi liecivami pri réznych ochoreniach (Tost, 2008)alSou metédou je
napriklad metyltransferazova analyza. Tato metégaziva fakt, Ze metyltransferaza
prenaSa metylova skupinu z univerzalneho donoraedaryl-L-metioninu (AdoMet) na
nemetylovanu poziciu CpG (Miller et al., 1974; Besand Ingram, 1983). Metdda teda
vyuZiva tieto enzymy a analyzuje mnozstvo inkorparej radioaktivne zkanej
metylovej skupiny z donora vo vzorke a porovnavaste stupiom metylacie pred
znatenim. DalSou metddou jein situ hybridizacia s protilatkami priamo proti 5-
metylcytozinu,éo umo#uje zmeranie obsahu metylacie a jej distriblciedPsamotnou
analyzou je nutna denaturacia, pretoze protilatgpoznavaju 5-metylcytozin iba na
jednovlaknovej DNA. Po inkubacii s primarnou pratiou je pridana fluorescéme
zna&end sekundarna protildtka na detekciu a obrazokngsledne analyzovany
fluoresceknym mikroskopom (Tost, 2008).

2. Metdda pre celogendmovu analyzu vzoru metylacie

Metdda tzv. odstranenia metylacie DNA indentifikwjgor metylacie, nie vSak analyzou
samotnych zmien vzoru DNA metylacie, ale cez maoitanie expresie mRNA po
oSetreni buniek s inhibitormi DNA metylacie (Suzekal., 2002). Farmakologické diga
ako napriklad analég nukleozidu azacytidin (5-atidsy) inhibuji metylaciu DNA
vznikom kovalentného komplexu medzi metyltransfetaza DNA pd&as udrzovania
metylacie pri hemimetylovanych templatoch, ktor&leduje po replik&cii DNA. Nasledne
dojde ku globalnej demetylacii (Yoo and Jones, 20@unky mé6zu by kultivované
s azacytidinom samostatne alebo v kombinacii <itdriom histon-deacetylaz, ako
trichostatin A (TSA)g&o spbsobuje aktivaciu epigeneticky @arych génov (Suzuki et al.,
2002). V&Sinou ide o porovnavanie dvoch réznych vzoriek rikdgd zdravé vs. nadorove

tkanivo.

3. Techniky, ktoré umaiuju analyzu DNA metylacie v oblasti, ktora nas haa,

napriklad promaotorova oblés
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Nasledujuce metddy dotoju analyzu DNA metylacie v amplifikovanom Usekurpacou
Specifickych primerov po oSetreni hydrogérdtisnom sodnym (Tost, 2008). Po oSetreni
hydrogénsiitanom sodnym nasleduje amplifikacia pomocou Spagi€h primerov, aby
sme ziskali Gsek, ktory nas zaujinaalej nasleduje purifikacia amplifikovanej DNA,
klonovanie a po izolécii plazmidovej DNA nasledugekvenovanie. Klonovanie a
sekvenovanie jednotlivych klonov su bezne vyuZivami Stadiu metyldcii DNA na
zistovanie metylaného statusu CpG nukleotidov. M6Zeme sa dozvedieré cytoziny
boli metylované a teda, ktoré boli odolnéévaSetreniu hydrogénstitanom sodnym.
Metédu mébézeme nazvaaj nemetyléne Specifickl, pretoZe nepotrebujeme dva sety
primerov (jeden par metylae Specifickych a druhy par nemetyle Specifickych
primerov), ako je tomu pri metylae Specifickej PCR. Primery su pri nemetyla
Specifickej metode Specialne navrhnuté tak, aby siskali Usek, ktory nas zaujima, ale
neobsahuju CpG nukleotidy, tym padom nantisgaden par primerov, aby sme ziskali
oblag’ zaujmu. Tymito primermi ziskame Usek, ktory mébsahové aj nemetylované ale
aj metylované cytoziny v CpG dinukleotidoch. VSetkemetylované cytoziny su
amplifikované pomocou PCR ako tyminy v zmyslovorfagei (z angl. sense strand) a ako
adeniny v protizmyslovom fazci (z angl. antisense strand). VSetky metylovariéziny

su amplifikované pomocou PCR ako cytoziny v zmysitowg’azci (z angl. sense strand) a

ako guaniny v protizmyslovomti@zci (z angl. antisense strand).
4. Detailna analyza jednotlivych CpG pozicii

V skasnosti sa priklada DNA metylacii vyznamna pozofnpse jej potencidl ako
biomarker skorej diagndzy, prognézy a odpovede iegbu pri mnohych nadorovych
ochoreniach (Laird, 2003). Metyiae Specificka PCR analyza je vhodna metéda na
vySetrenie metylacie DNA v jednotlivych CpG miestacDNA je modifikovana
hydrogénsigitanom sodnym a na PCR reakciu potrebujeme dvapsaherov, metyléne
Specificky par primerov a nemetylee Specificky par primerov. Metylae Specificky par
primerov komplementuje iba nekonvertovany 5-metylzin. Nemetyléne Specificky par
primerov komplementuje tyminy (uracily), konvertagaz nemetylovanych cytozinov.
Metylacia je nasledne &end potdla schopnosti amplifikdcie Specifickych primerov.
Metddu teda nazyvame ako metyla Specifickl. Primery obsahuja CpG dinukleotidy a
CpG dinukleotidy v 3 pozicii primeru zvySuju citlivas Takto ziskame informéaciu o
metylatnom stave konkrétneho/konkrétnych CpG dinukleotidamblasti zaujmu (Herman
et al., 1996).
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Metylovana alela Nemetylovana alela

--ACTeoACoG-——TeeAT goT- - A AGRGeA - TIAGE AGCRA -
l Konverzia hydrogénsiri¢éitanom sodnym l

===AUT AUGG===T ATCGUT=== ===AUT AUGG===T ATUGUT===

———TGAGGTG —-——AGGTAGCGA——— ———TGAGGTG ———AGGTAGUGA———

S

U DM

- - , Netvlovana DNA -
Metyla¢ne Specificka PCR

Nemetvlovana DNA
- .

U N
Nemetylatne Specificka PCR W

TTFTGTTTTGATT

AAAAAANAN

Obr.¢. 12Konverzia genémovej DNA hydrogénsiréitanom sodnym a nasledna analyza.
Popis obrazku:

Modré nukleotidy prezentuju nemetylované cytozikigré boli konvertované na uracily, kygervené
nukleotidy prezentuji 5-metylcytoziny odolnééivdonverzii. Analyza jednotlivych CpG dinukleotidov
méze prebehntipomocou metykne Specifickej PCR s parom primerov Specifickymmmetylovani DNA a

s parom primerov Specifickym na nemetylovand DNAmRry, ktoré s Specifické na metylovani DNA
rozoznavaju iba sekvenciu, ktora je metylovana @atebsahuje 5-metylcytozin, ktory je odolnyéivo
konverzii. Primery, ktoré su Specifické na nemetglni DNA rozoznavaju iba sekvenciu, ktora nie je
metylovana a teda obsahuje uracil, ktory vznikohlerziou nemetylovaného cytozinu. Detekcia prebieha
napriklad pomocou gélovej elektroforézy. U znamee@netylovana DNA (z angl. unmethylated) a M
znamena metylovana DNA (z angl. methylated). Aralgelej oblasti, ktora nas zaujima, prebieha pommoco
nemetyléne Specifickej PCR, kedy pomocou Specifickych prome ziskame pozadovany Usek
konvertovanej DNA, ktory nas zaujima. Na rozdielrmdtylaine Specifickej PCR nepotrebujeme dva pary
primerov, pretoze v sekvencii primerov pri nemetgkaSpecifickej PCR nie st CpG dinukleotidy a teett
primery nerobia rozdiely medzi metylovanou a nereegnou sekvenciou DNA. Nasleduje klonovanie a

sekvenovanie a detekcia metylovanych cytozinovagkozinov a nemetylovanych cytozinov ako tyminov.
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4.7. Pasivna a aktivna demetylacia DNA

K demetylacii mdézZze dochadzgasivne alebo aktivne (Teperek-Tkacz et al., 20K1)
pasivnej demetylacii dochadza ¢ps replikdcie DNA pri absencii udrzovacej DNA
metyltransferdzovej aktivity, takze nemetylovandoziny su inkorporované do nového
vlakna DNA. Pdas aktivnej demetylacie, metylované cytoziny suU raddné
nemetylovanymi cytozinmi cez enzymaticky proces anesty od replikacie DNA
(Teperek-Tkacz et al., 2011). Demetyldcia DNA md®e¢ teda pasivna, zavisla od
replikacie DNA, kedy dcérske vlakno DNA nie je metyané kvoli defektom v DNA
metyltransferdzach alebo aktivna, ktora je rychlaiex je zavisla od replikacie DNA
(Niehrs, 2009).

Siasny objav novej modifikovanej bazy 5-hydroxymeyytzinu (5hmC) v cicatich
bunkach méa viky vyznam pre objasnenie mechanizmu aktivnej dedgty (Chen and
Riggs, 2011). 5-hydroxymetylcytozin jddkovym faktorom v demetylécii, ktory modze
byt pasivne odstraneny ¢ms replikacie DNA alebo méze dfj& obnoveniu cytozinu
aktivne, kedy je 5-hydroxymetylcytozin odstranery oxidaciu a bazovu exciznu opravu
zaloZzenu na glykozyldze TDG (z angl. thymine DNAogisylase) (Kohli and Zhang,
2013). Draha aktivnej demetylacie prebieha cez &oiid 5mC pomocou TET 5mC
hydroxylazy. Tento enzym katalyzuje konverziu z 5meC5hmC, 5fC a nakoniec na 5caC,
ktory je odstraneny tymidin-DNA glykozylazou (Plas$ al., 2013). Takto vznikne
abazické miesto, ktoré je opravené pomocou bazewejznej opravy (z angl. base
excision repair; BER)Dalsim procesom demetylacie cytozinovi#ahproces zalozeny na
deaminécii a naslednej bazovej exciznej opraveoateltleotidovej exciznej oprave (Plass
et al., 2013). Medzi deaminazy patria naprikladhtieaza AID (z angl. activation-induced
(DNA-cytosine) deaminase) a APOBEC1 (z angl. apgiptein B mRNA editing
enzyme, catalytic polypeptide 1), ktoré konvert&@mC na tymin. Takéto miesto je
opravené pomocou BER a tato oprava je iniciovamadin-DNA glykozylazou (Chen and
Riggs, 2011). Zda sa, Zze 5hmC by mohal bgZz deaminovany na 5 hydroxymetyluracyl
(5hmU). 5hmU moéze hynasledne rozpoznany tymidin-DNA glykozylazou, &tdro
odstrani z DNA vlakna a vznikne abazické miestmrétje opravené pomocou bazovej
exciznej opravy (Piccolo and Fisher, 2014). Tietdhg demetylacie su nezavislé od

replikacie a ponukaju ¥eni rychlu konverziu z metylovaného do nemetylovanstavu.
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Aktivna demetylacia Pasivna derdeta
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Enzymaticka aktivita 5-metylcytozin (5mC)
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Obr.¢. 13Dva hlavné modely demetylacie DNA. Porovnanie akthej a pasivnej demetylacie DNA.
Upravené pbal Hajkova, in: Epigenetic reprogramming in mouse gam cells 2004
Popis obrazku:

K pasivnej demetylacii DNA dochadza v dosledku ikgghého procesu pri absencii udrzovacej metylacie
sprostredkovane] prostrednictvom metyltransferadMD 1. V kontraste s pasivnou demetylaciou DNA je

aktivna demetylacia DNA, ktora nie je zavisla oglitéicie DNA a vyzaduje enzymatickd aktivitu.
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4.8. Globalne epigenetické zmeny pri nadorovych aemiach

Epigenetické zmeny, napriklad metylacia DNA regulaxpresiu génov gas vyvoja
cicavcov. Avsak, hypermetylacia v oblasti prométorgénov méze vies k vzniku
naddorového ochorenia prave kvoli transkn@mu umtaniu dbélezitych tumor-
supresorovych génowDalsie modifikacie chromatinu, napriklad deacetg@ahistonov,
ovplyviuju Struktdru chromatinu a spolu s metylaciou DNeuluju transkripciu génov
(Baylin, 2005). Epigeném je vlastne subor vSetkggligenetickych modifikacii DNA a
histbnov v gendme. Zmeny v epigenetickej reguldidivity genému su J&ni zavazné pre
vznik nadorov, rovnako ako aj zmeny samotnej kockjj@enetickej informacie gendmu.
Kazda epigeneticka draha regulacie vyZzaduje enzyktpré sprostredkuju danu
modifikaciu (“writers”), prostrednictvom nich dandgodifikacia vznikaDalej su potrebné
enzymy, ktoré modifikuju alebo zvratia dand modifilu (“editors”) a enzymy, ktoré
sprostredkuju vytvorenie proteinovych komplexov anau modifikaciou (“readers”) a
sprostredkuju efekt na transkripciu. \&adnosti sa objavuje V& Studii, ktoré poukazuju,
Ze nadorové genomy vykazujasté zmeny v epigenome (Plass et al., 2013). Toizjh
epigenetické unthnie génov s tumor-supresorovym efektom, ktoré sadashuju
signaliz&nych drah ako apopt6za, proliferacia buniek, migrécniek alebo oprava DNA
(Esteller, 2002).

4.8.1. Modifikacie histonov
Zmeny v metylacii DNA pri nadorovych ochoreniach &sto spajané so zmenenym

znakom modifikacie histénov. Spolu modifikacie DN&A histonov determinuju stav
chromatinu, ktory odzrkddje, ¢i je gén transkripne aktivny alebo neaktivny (Plass et al.,
2013). Zlyhanie spravnej metylacie v somatickychnkach méze ky tiez znakom
nadorovych ochoreni, kde vzor metylacie DNA je Seny,c¢o sa prejavuje globalnou
genomovou hypometylaciou sprevadzanou hypermetidagiprométorovych oblastiach
génov,¢o je opak bezného stavu pri zdravych bunkach (Jandd.aird, 1999; Baylin and
Herman, 2000; Laird, 2005).
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Promaotorova oblag’ nemetylovanej zdravej bunky
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Obr.¢. 14 Hypermetylacia a nadorové ochorenia.
Upené pod’a Lahtz and Pfeifer, Journal of Molecular Cell Biobgy 2011
Popis obrazku:

Promoétorové oblasti génov su 2ane bohaté na CpG dinukleotidy. Tieto oblasti §ve zdravych
bunkach v nemetylovanom stave a tento stav sa spfivnym znakom modifikacie histénu, 3-metylécio
histénu 3 v polohe lyzin 4 (H3K4me3). Tato modifiké histonu zabrauje metylacii DNA. Pdas rozvoja
nadorového ochorenia, CpG dinukleotidy v oblastinpdtora génu prechadzaji do metylovaného stawu,
sa spaja s inaktivnym znakom modifikacie histénapriklad 3-metylaciou histonu 3 v polohe lyzin 9

(H3K9me3) a gén je transktipe uméany (Lahtz and Pfeifer, 2011).

Regulacia Struktary chromatinu ma vyznamna uUlohiontrole génovej expresie.
Chromatin je komplex DNA a histonovych proteinowoni€e histonov poskytuju miesta
pre posttranstaé modifikacie, napriklad acetylacia lyzinu, fogtécia serinu, metylacia
argininu a lyzinu (Grant, 2001; Esteller, 2011)nKi@&tna kombinacia modifikacii koncov
histonov formuje histonovy kéd, ktory reguluje akti génov (Esteller, 2011). Acetylacia
patri medzi najviac Studované modifikacie histonéeetylované histony su zegjne
spdjané s transkiipe aktivnym chromatinom a neacetylované histérgvg&ajne spajaju
s transkrigne neaktivnym chromatinom (Grant, 2001). Acetylacdi@uje pozitivny naboj,
teda afinitu N-koncovych domén histénov k DNA, tygddom maju transkrimé faktory
lepSi pristup k regutmym oblastiam DNA. Porucha regulacie génov, ktaézapajaju
v Uprave Struktary chromatinu sa spdja s nekontamigm rastom buniek a rozvojom
nadorov (Klenova et al., 2002; Lund and van Lohuwjz2004). Aktivna transkripcia je
spojena s vysokou hladinou acetylacie histonov mlattnu (Struhl, 1998; Berger, 2002;
Eberharter and Becker, 2002; Legube and Troucl@8;Zberharter et al., 2005).
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Histon-acetyltransferdzy (z angl. histone acetyiifarase; HAT) acetyluju lyzinové N-
terminalne zvysky histénov, inymi slovami prenaSagétylova skupinu z acetylkoenzymu
A (acetylCoA) za tvorby N-acetylovaného lyzinu. Wislosti s nadorovymi ochoreniami
bola popisana vysoka hladina histon-deacetylaz &emie acetylacie histonu 3
(Hellebrekerset al., 2006; Glozak and Seto, 20(&&tiadi et al., 2007). CBP (z angl.
CREB-binding protein) je znama histon-acetyltraréfa, ktord acetyluje histony v oblasti
promoétora, ¢co spbsobuje vySSiu pristupmosprométora pre transkdpé faktory
(Kalkhoven, 2004). Acetylacia histonov je spojergkdvnou transkripciou, acetylované
histony su rozpoznavané transkngmi faktormi a ich bromodoménami. Teda dochadza k
zvySenej vazbe transktipych faktorov, ktoré su zodpovedné za inicicingkaipcie.
Histonové konce su pozitivne nabité kvoli lyzinorargininom. Tento pozitivny naboj ich
drzi spolu a sprostredkuje vazbu na zaporne nafuiodiesterovd kostru DNA.
Acetylacia ruSi tento pozitivny néboj, uwoje priestor pre transkipé faktory a
umo#iuje transkripciuCasto ide o acetylaciu histonu 3 v polohe lyzin148, 18 a 23 a
acetylaciu histonu 4 v polohe lyzin 5, 8, 12 a GFafit, 2001). Naopak deacetylacia
obnovuje pozitivny naboj a zalige v pristupe transkrgmych faktorov a zabtaije
transkripcii. Trichostatin A (TSA) je Specificky hibitor histon-deacetylazovej aktivity
(HDAC). Studie potvrdili Bubné vyuzitie protinadorovej aktivity TSA proti m@kine
prsnikain vitro ain vivo, ¢o vyrazne podporuje fakt, Ze histon-deacetylazditivita je
dobrym molekularnym clm pre protinadorovu terapiu rakoviny prsnika (\éigun et al.,
2001) pomocou inhibitorov histon-deacetylazovejvétit OSetrenie TAP-1 deficientnych
buniek pomocou IFN- zvySi véazbu histon-acetyltransferazy CBP k prométgénu
antigén-prezentujucej masinérieAP-1 Tato skutonos’ bola spojena so zvySenou
acetylaciou histonu 3 a aktivnou transkripciou gd@iP-1 (Setiadi et al., 2007). Prvé
Stadie o modifikaciach histonov ukazali, Ze his®w polohe lyzin 4, 9 a 27 a histén 4
v polohe lyzin 20 su prednostne metylované. M6Zeoisnono-, di- alebo tri-metylaciu
daného histénu. 3-metylacia histonu 3 v polohenlyki(H3K4me3) je aktivnym znakom
modifikacie histonu. Tato modifikacia histonu zahmg metylacii DNA.Patas rozvoja
nadoroveho ochorenia, CpG dinukleotidy v oblastonpdtora génu prechadzaju do
metylovaného staviio sa spdja s inaktivnym znakom modifikacie histGmapriklad 3-
metylaciou histénu 3 v polohe lyzin 9 (H3K9me3)é&nge transkripne umtany (Lahtz
and Pfeifer, 2011). S ukdnim transkripcie sdalej spaja napriklad 3-metylacia histonu 3
v polohe lyzin 27 (H3K27me3) a mono-metylacia msto4 v polohe lyzin 20
(H4K20mel) (Sims et al., 2008).
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4.8.2. Modifikacie DNA
Epigendm je ova variabilnejSi ako gendm, aj v rdmci jedného oiyan sa meni

v priebehu Zivota. Epigenetické zmeny pri nadorbwvyachoreniach su Studované uz
mnoho rokov. Mnoho Stadii sa orientuje na 5-metyzin (5mC), ale je tiez zname, Ze
cytoziny mézu by dalej modifikované na 5-hydroxymetylcytoziny (5hmCh-
formylcytoziny (5fC) a 5-carboxylcytoziny (5caC).ypermetylacia CpG ostrovov v
oblasti prométorov génov je spajana s &amim transkripcie¢o bolo dokdzané pre mnohé
tumor-supresorové gény. Metylacia DNA je relatiwtabilnym epigenetickym znakom,
ktora udrZzuje gény v utimenom Stadiu, ale ¥asinosti sa objasju drahy, ktoré sa
zapdajaju do odstranenia metylacie DNA (Ecclestoralet2013). Nadorové gendmy su
charakterizované globalnou stratou 5mC (hypomeigldc ¢o nafastejSie postihuje
repetitivne sekvencie. Model drahy demetylacie DifAzentovali Kohli a Zhang v roku
2013, ktory zdoraznili tlohu enzymov TET v mnohyablogickych procesoch (Eccleston
et al., 2013).

4.8.3. Epigenetika a nekédujuce RNA
Sasné Studie odhalili, Ze v eukaryotickej bunke kannnoho RNA. VEka ¢ag’ z nich

neplni funkciu mMRNA, tRNA alebo rRNA a preto ichzygame ako nekodujuce RNA (z
angl. non-coding RNA; ncRNA). ncRNA sa vSakc¢asiuji mnohych biologickych
procesov, napriklad slizia ako regulatory génovepresie na urovni modifikacie
chromatinovej Struktdry, transkripcie, kontroly kstily a translacie RNA, regulacie
zostrihu RNA. NajlepSie preStudované su malé fietajice RNA (z angl. small
interfering RNA; siRNA) a micro RNA (z angl. miclBNA; miRNA), ktoré reguluju
expresiu génov cez drahu RNA interferencie (Yu,@0miIRNA moézu plni tlohu ako
tumor-supresorové gény alebo ako onkogény (Esd¢etlseher and Slack, 2008}asto
dochéadza k znizenej regulacii miRNA pri mnohycharastych ochoreniackto naznéuje
ich funkciu nadorovych supresorov. V niektorych ppdoch naopak dochadza kich
zvysenej regulaciico naznéuje ich funkciu ako onkogénov a zvysuju rozvoj nadeho

ochorenia (Saito et al., 2008).
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nadorovom ochoreni.
Upmené podra Saito et al, Epigenetics 2008
Popis obrazku:

Gén pre tumor supresorovi miRNA je ¢arly cez hypermetylaciu DNA a cez kondenzovanu &iruk
chromatinu v promotorovej oblasti pri mnohych na@dgch ochoreniach. Epigenetickymi agensami,
napriklad inhibitormi metylacie DNA alebo deacetya histonov, mézeme znovu navidranskripciu
tumor supresorovej miRNA. Maturovana miRNA je ingorovana do komplexu RISC (z angl. RNA-
induced silencing complex) a takyto komplex miRNMR sa asociuje so sekv@e Specifickou mRNA
onkogénu na zaklade parovania baz a tak tumor somreéa mMiRNA sprostredkuje udalnie alebo

degradaciu civého onkogénu (Saito et al., 2008).

Metylacia DNA plIni Ulohu aj v inaktivacii chromoz@mX a v gendmovom imprintingu
(Sado et al.,, 2000). Proces inaktivacie chromozdtuje regulovany zo Specifického
regionu na chromozéme X, ktory sa nazyva stredtivadie X (Wutz and Jaenisch, 2000).

V tejto oblasti je kdédovanych mnoZzstvo neprekladajii sa transkriptov, ktoré su
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vyZzadované pri inaktivacii celého chromozomu X. WapamnejSim z nich je dlha
nekédujuca RNA Xist, ktora je transkribovana z beehb inaktivneho chromozému X
(Xi), ale nie z toho aktivneho (Xa) (Norris et all994). Xist pokryva inaktivny
chromozom X a umaitje z&iatok procesu inaktivacie cez nevratni heterochtizdeiu
(Brown and Willard, 1994; Csankovszki et al.,, 1998utz and Jaenisch, 2000).
UdrZovanie v inaktivnom stave zavisi od metylacAD(Sado et al., 2000). Gén Xist je
v nemetylovanom stave na inaktivnom chromozomel&oalasti promotorov mnozstva
dalSich génov, ktoré sa tu nachadzaju su v metylmvarstave, kym na aktivnhom
chromozdéme X su v nemetylovanom stave. Udrzovaraktivneho stavu chromozému Xi
modZeme vysvetfi pritomnogou mnohonasobnych CpG miest. Inaktivny stav je axdaidy
cez tieto miesta aj napriek tomu, Ze sa m6z& gt niektoré nahodne uniknd metylacii.
Dalej, tlohu v inaktivacii chromozému X majl retarispozibilné elementy LINE1, slizZia
ako pomocny motor Sirenia inaktivacie chromozém(Lyon, 1998; Bailey et al., 2000) a
moézu by rozpoznivané ako elementy, ktoré je nutnécaimlMetylacia DNA pini tiez
ddlezita ulohu v gendmovom imprintingu. Imprintogagény su inaktivované metylaciou
DNA na jednej alele pda rodtovského pévodu. Inymi slovami, imprintované gény su
transkribované iba z jednej alely, a to alelyitého rodéovského pévodu. Druha alela
génu je neaktivna — imprintovana. &#ou sa v gendéme nenachadzaju tieto gény
izolované, ale naopak sa zhlukuju a je tak mozagtitikova’ celé chromozomalne oblasti
s imprintovanymi génmi. Tu sa aj nachadza zasadn&kt8ra pre samotnu realizaciu
imprintingu, tzv. oblas riadiaca imprinting (z angl. imprinting control gien; ICR)
(Weaver and Bartolomei, 2014). Akceptované su dwadely mechanizmu regulacie
génového imprintingu: model inzulatorov a enhaneceso model nekodujucich RNA.
Princip modelu inzulatorov a enhancerov mézeme atlisvnasledovne. Intergénova
oblag’ riadiaca imprinting je na paternalnej alele metglwé,co brani vazbe inzulatora.
Metylacia je rozSirend aj na gén, ktory sa nachadedzi inzulatorom a enhancerom a
jeho aktivécia je utlmend. Enhancer méa teda dosalvadialenejSi gén za vazobnym
miestom pre inzulator a dochadza k jeho aktivdda. maternalnej alele je intergénova
oblag’ riadiaca imprinting nemetylovan& umozuje vazbu inzulatora. V tomto pripade
iba gén, ktory sa nachadza medzi inzulatorom arem@ram moZze Ky aktivovany. Na
vzdialenejSi gén za inzulatorom enhancer neméa d@satoZze mu v tom brani naviazany
inzulator. Model nekédujucich RNA mézZzeme vyswvethasledovne. Oblésriadiaca
imprinting plni funkciu promotora pre ncRNA. Na eatalnej alele je tato oblas

nemetylovana,co umoziuje expresiu ncRNA. ncRNA nésledne na paternéliele a
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v danej oblasti utimuje gény, ktoré majutbymicané. Na maternalnej alele je ohlas
riadiaca imprinting metylovana a nedochadza k vznikRNA a gény v danej oblasti na

maternalnej alele st exprimované (Weaver and Rartel, 2014).

4.9. Chemoterapia pomocou epigenetickych agensi®j dopad na
protinadorovu imunitu
Inhibitory metylacie DNA 5-azacytidin (Vidaza) a aZa-2deoxycitidin (Dacogen)
indukuju obnovenie expresie chybne gamlych génov pri nadorovych ochorenia¢h,
vyusti do zastavenia bunkového cyklu a spustenaptday nadorovych buniek (Baylin,
2005). Doposiastyri epigeneticky aktivne k&va dostali povolenie od zastudistva USA
FDA (z angl. US Food and Drug Administration) n&lade ich preukazanych klinickych
acinkov. SU to, inhibitory DNA metyltransferaz 5-ayadin (Vidaza) a 5-aza-
2'deoxycitidin (Dacogen) dalej su to inhibitory histon-deacetylaz kyselina@enoylanilid
hydroxamova (Vorinostat) a romidepsin (Istodax).of@btriedy li€iv obnovuja expresiu
chybne umianych génov, ktora je spdsobetitnog’'ou DNA metyltransferdz a histon-
deacetylaz. Stadie naznhgl obnovenu transkrim aktivitu sprevadzani epigenetickou
prestavbou a protinddorovou aktivitdém vitro aj in vivo. Protinadorovy efekt mézeme
vysvetli uz spominanou indukciou zastavenia bunkového c¢ykblukciou diferenciacie
alebo apoptézy nadorovych buniek, zvySenou citlivosou nadorovych buniek o
chemoterapii alebo radioterapii (Plass et al., 2018hibitory DNA metyltransferaz,
napriklad 5-aza‘@eoxycitidin, dokazu indukova aj regul&né T-lymfocyty
prostrednictvom aktivacie exprestexP3 (Lal et al., 2009). Bol tieZ popisany negativny
efekt inhibitorov histén-deacetylazovej aktivity maturaciu dendritickych buniek a na ich
schopnos prezentacie antigénu (Nencioni et al., 2007; Kind &ee, 2010). Na druhej
strane, 5-aza‘@eoxycitidin dokaze indukovadiferenciaciu myeloidnych supresorovych
buniek na imunogénne antigén-prezentujiuce bunkyida et al., 2010). Inhibitory DNA
metyltransferdz rozdejeme na nukleozidové a nenukleozidové. Nukleoz;dmi
vélenené do DNA a dokazu interagéva DNA metyltransferazami, déjde k zachyteniu
enzymu kovalentnou vazbou, jeho inaktivacii a tedemetylacii po dokateni replikacie
DNA. Patria sem 5-azacytidin alebo 5-azde®xycytidin. Maju aj cytotoxické vlastnosti,
takZe ich vplyv na expresiu génov a ich protinadggracinok nemusi by vzdy z ich
demetyl&nych vlastnosti, ale aj z ich cytotoxickych vladtio 5-azacytidin je analog
cytidinu, ktory sa inkorporuje do RNA aj do DNA.dér\lenenim do DNA musi ky

chemicky upraveny na deoxyribonukleozid trifosfaby mohlo déj8 k inkorporacii do
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DNA. Avsak, kym je 5-azacytidin chemicky upraveng deoxyribonukleozid trifosfat,
¢ag’ z neho sadleni do RNA,¢o ovplyviuje mnohé funkcie RNA, napriklad biogenézu
ribozémov. Tieto Ginky oSetrenia 5-azacytidinom su nezavislé od dgi@ge DNA. 5-
aza-2deoxycytidin je tiez analog cytidinu, ale nie jerpbna chemicka Uprava na deoxy
formu a \lenuje sa priamo a iba do DNA (Lyko and Brown, 2008adorové bunky maju
casto zrychleny bunkovy cyklus a 5-azacytidin inlgbtegulatory prechodu bunkovym
cyklom a tak sponiaije rast a mnoZenie sa nadorovych buniek. Medauklieozidové
inhibitory DNA metyltransferdz patri napriklad R@1L®Blokuje priamo aktivhe miesto
DNA metyltransferaz (Lyko and Brown, 2005). Tricteisn A (TSA) je Specificky
inhibitor histon-deacetylazovej aktivity (HDAC). (ie potvrdili $ubné vyuZitie
protinddorovej aktivity TSA proti rakovine prsnikavitro ain vivo, ¢o vyrazne podporuje
fakt, Ze histon-deacetylazova aktivita je vhodnywiekularnym cigom pre protinadorovu
terapiu rakoviny prsnika (Vigushin et al., 2001) nmpxou inhibitorov histon-
deacetylazovej aktivity. Inhibitory histon-deacétyltiez zvySuju expresiu adhezivnej
molekuly CD54 (z angl. intercellular adhesion malec 1; ICAM1) na povrchu
endotelialnych buniek derivovanych z nadoru. Tynzwai schopnaslymfocytov prilnat’

k endotelialnym bunkam¢o im umozuje migrovad cez tkanivo do miesta nadoru.
Promoétorova oblasgénulCAM1 endotelialnych buniek derivovanych z nadoru obsahuj
hypoacetylovany histon H3 a hypometylovany histé® WHpolohe lyzin 4. OSetrenie s
inhibitormi histon-deacetylaz a inhibitormi DNA mjktansferaz reaktivuje adhezivnu
molekulu ICAM1 prostrednictvom zvySenej acetyldtistonu H3 a metylacie histonu H3
v polohe lyzin 4 v promotorovej oblasti gélAM1 (Hellebrekerset al., 2006; Glozak
and Seto, 2007).
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5. Ciele prace

Zaujmom prace je imunoterapia MHC | negativnych czigivnych nadorov mysi a
regulacia protinadorovej imunity. Specialnu  pozastho venuje  epigenetickym
mechanizmom v regulécii prezentidcie antigénov r@doni bunkami, efektom
epigenetickych agensov na nadorové a supresorow&yba problematike pottania

imunosupresie v protinadorovej terapii. Hlavnynaloni su:

1) Sledova spbsob, akym IFN-zvySuje expresiu MHC | na povrchu buniek a faktoro
regulovanych IFNy (z angl. interferon regulatory factors; IRF) v né&avych bunkéch
aci sa tu uplatuju epigenetické mechanizmy.

a) Zistit, ¢i komponenty drahy IFN-m6zu by ovplyvnené 5-azacytidinom (IRF
alebo STAT1).

b) Urcit a porovné hladinu transkripcie vybranych imunoaktivnych géaaugit
epigenetické zmeny v ramci gendému nadorovych burpek ovplyvneni
epigenetickymi agensami a s IRN-

c) Preskumg, ¢i IFN-y méze pinf Ulohu epigenetického agensu, ktory zvysSuje
expresiu génov potrebnych pre prezentaciu antigékastimulaciu cez DNA
demetyl&ciu.

d) Podrobne opisa reverzibilné mechanizmy pri Uniku nadorovych bilnie
Specifickej imunite.

2) Sledovd ako epigeneticky agens 5-azacytidin ovpilyje interakcie nadorovych
buniek a imunitného systému a ich citlivdsimunoterapii.

a) Sledovd inhibicny efekt na nadorové bunky v kombinovanej terapii 5
azacytidinom a kratkymi nemetylovanymi oligodeoxkieotidmi (CpG ODN)
alebo podanim IL-12.

b) Efekt epigenetického agensu 5-azacytidinu na ekprisdHC | na povrchu
nadorovych buniek a na expresiu génov antigén-ptegeej masinérie u
MHC | deficientnych nadorov.

C) Zistit metyla&ny status regutaych sekvencii génov antigén-prezentujlcej
masinérie p&as rastu a terapie nadorov.

3) RozS8irt’ predmet zaujmu o monitorovanie génov s imunosinmgs (Einkom

mikroprostredia nadoru gas rastu a lighy nadoru.
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a) Podrobne preskunianechanizmus akumulacie MDSC po chemoterapii s CY
(Uloha prozéapalovych cytokinov) a nasledne idéaifa’ mozna imunoterapiu
s cid'om zoslali indukovanu imunosupresiu.

b) Porovnd fenotyp a funkciu akumulovanych MDSC v slezineteapii s CY
(CY-MDSC) s tymi, kde su MDSC akumulovanéc¢ps rastu naddoru TC-1
(TU-MDSC) a s tymi MDSC, ktoré su akumulovan&a® rastu nadoru TC-1
pri oSetreni s CY¢o podporuje ichd’alSiu akumulaciu v slezine (CYTU-
MDSC).

c) Zistit ieinok terapie s induktorom diferenciacie kyselinotiRA alebo s IL-12
na MDSC akumulované po tbe s CY (CY-MDSC).

4) Zistit efekt epigenetickych agensov, konkrétne 5-azaioytidha MDSC, ktoré su
akumulované v mikroprostredi nadoru a v slezinéapojeho rastu a pas terapie
nadorov TC-1/A9 a TRAMP-C2 s CY.

a) Zistit, ¢i 5-azacytidin dokaze indukovaliferenciaciu MDSC na imunogénne
antigén-prezentujuce bunky.

5) V neposlednom rade zistiefekt protilatky PC61 (anti-CD25 Ab) na reging T-
lymfocyty a aktivované NKT bunky (z angl. naturdllde T cells) a zisti pouZitie
danej protilatky v kombinovanej imunoterapii expeentalnych nddorov mysi. Zisti

acinok protilatky v kombinacii s aktivaciou NKT buek na rast nadoru TC-1.
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6. Vysledky

Vysledky tejto prace boli zhrnuté do piatich puBbk. V nasledujucej kapitole su tieto
publikicie uvedené vo forme, v ktorej boli zvesgjé v zahradnych ¢asopisoch (okrem
publikacie ¢.1, ktord bola zaslana déasopisulnternational Journal of Cancem je
vV menovanontasopise posudzovana). Komentar pred kazdou pubdikatina vysledky

prace a hodnoti jej samotny vyznam.
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6.1. Publikacia |

Epigenetické regulacie v signalizénej drahe IFN-y: ZvySena expresia molekal MHC

| na povrchu nadorovych buniek sprostredkovana IFNy je spojena s DNA
demetylaciou génov antigén-prezentujucej masinérie.

Epigenetic regulations in the IFNsignalling pathway: IFN-mediated MHC class |
upregulation on tumour cells is associated with D&nethylation of antigen-presenting
machinery genes.

Veronika Vlkova, Ivan Stépanek, Veronika HruSkova, Filip Senigl, Veronika

Mayerova, Martin Sramek, Jana Simova, Jana BieblovaMarie Indrova, Tomas
Hejhal, Nicolas Dérian, David Klatzmann, Adrien Sk a Milan Reini$

Reverzibilné zniZzenie MHC | na povrchu nadorovyamibk je bezny mechanizmus,
ktorym nadorové bunky unikaju imunitnej odpovedije& spajané s koordinovanym
umi¢anim génov antigén-prezentujiucej masinérie. Tamwesta mbze kyyznovu obnovena
po ovplyvneni IFNy. IFN-y je cytokin s pleiotropnymdinkom na nadorové bunky, ktory
je tiez povazovany za hlavného sprostredkdieatefektivnej protinAdorovej imunity
s priamym efektom na nadorové bunky (Dunn et @Q62. Hlavhym ciéom prace bolo
urcit, ¢i IFN-y méze pinf Ulohu epigenetického agensii,ma efekt napriklad na DNA
demetylaciu prislusnych regdlaych oblasti génov, ktoré aktivuje & je DNA
demetylacia stag’'ou mechanizmu, ktorym IFM-zvySuje expresiu vybranych génov v
mySacich nadorovych liniach deficientnych na MH® tejto praci sme dokazali spojitbs
demetylacie DNA v promotorovych oblastiach vybramygénov antigén-prezentujlcej
masinérie TAP-1, TAP-2 LMP-2, LMP-7) po ovplyvneni IFNy so zvySenou
expresiou MHC | na povrchu nadorovych buniek v moida MHC | deficientnych
nadorovych liniach. NaSe vysledky tieZz hovoria ®okej hladine metylacie DNA pri
MHC | deficientnej linii TC-1/A9 v porovnani s jgévodnou MHC | pozitivhou liniou
TC-1, ¢o naznauje, Ze metylacia génov antigén-prezentujucej néaf&Enktora sposobuje
znizenu expresiu MHC | na povrchu nadorovych bunis uplatuje pri Gniku
nadorovych buniek pred Specifickou imunitnou odpfime Zatid je ve’mi malo zname o
DNA demetylacii v ramci regulacie génov sprostredkmej IFNy. NaSou pracou sme
prispeli zistenim, Ze DNA demetylacia sprostredk@viN+« je zavisla na signalizacii cez
JAK/STAT dréhu, pretoZe inhibitor Janusovych kindiokoval demetylaciu DNA a
indukciu expresie MHC | na povrchu bunidRalej DNA demetylacia sprostredkovana
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IFN-y je dynamickejSia v porovnani s demetylaciou DNAdukovanou pomocou
inhibitora DNA metyltransferaz 5-azacytidinokg naznauje, Ze proces demetylacie je
aktivny a nezavisly od replikacie DNA na rozdiel DA demetylacie indukovanej 5-
azacytidinom, ktora je od replikacie DNA zavislay@aduje inkorporaciu ligva do DNA

a blokuje metylaciu nascentnéha@’aeca DNA kvoli inhibicii metyltransferaz (Creusdt e
al., 1982). Nakoniec DNA demetylacia sprostredk@tfN-y je asociovana s acetylaciou
histonu H3 v oblasti promoétorov génov antigén-pnéagicej masinérie. V publikacii sme
priniesli data, ktoré nazwnaju, Ze IFNy moze pinf Ulohu epigenetického agensu a mdze
navodi’ demetyldciu DNA mnohych génov, s dérazom klademama na gény antigén-

prezentujucej masinérie.

Prinos autora dizertatnej prace k danej publikacii:

Ako prva autorka danej publikacie som spravila&Sudu experimentalnej prace&o
zahnuje napriklad monitorovanie povrchovej expresie MH@olekul na vybranych
nadorovych modeloch a monitorovanie relativnej e vybranych génov antigén-
prezentujucej masinérie. Mojou uUlohou bafalej sledova efekt IFNy na demetylaciu
DNA oblasti prométorov génov antigén-prezentujucggSinérie pomocou metylae
Specifickej PCR a sekvenovanim prisluSnej oblastmgtora vybranych génov. TieZz som
prispela do kinetickej Studie efektu IFNa 5-azacytidinu na demetylaciu DNA oblasti
prométorov génov antigén-prezentujucej masinérie.v Aeposlednom rade som sa
zWEastnila pokusov s inhibitorom Janusovych kinazyyktgdokoval demetylaciu DNA a
indukciu expresie MHC | molekdl na povrchu bunid&ghodnocovala som vysledky do

danej publikacie a vyrazne som sa pddli@ pri pisani publikacie.

53



Epigenetic regulations in the IFN signalling pathway: IFNy-mediated MHC class |
upregulation on tumour cells is associated with DNAdemethylation of antigen-
presenting machinery genes.

Veronika VIkovd, lvan StpaneR, Veronika Hruskov§ Filip Senigf, Veronika Mayerovg
Martin Sramek, Jana Simova Jana Bieblova Marie Indrovd, Tomas Hejhal Nicolas
Dériar?+>% David Klatzman#*>8 Adrien Si¥*>fand Milan Reini&

!Department of Tumour Immunology, Institute of Maléar Genetics, Academy of Sciences
of the Czech Republic, v. v. i., Prague

2Department of Viral and Cellular Genetics, Insttuif Molecular Genetics, Academy of
Sciences of the Czech Republic, v. v. i., Prague

3 UPMC Univ Paris 06, UMR 7211, Immunology-Immundpabgy-Immunotherapy (13), F-
75013, Paris, France

“CNRS, UMR 7211, Immunology-Immunopathology-Immurestipy (13), F-75013, Paris,
France

SINSERM, UMR_S 959, Immunology-Immunopathology-Imrotiterapy (I13), F-75013,
Paris, France

®AP-HP, Hopital Pitié-Salpétriere, CIC-BTi Biothesap& Département Hospitalo-
Universitaire (DHU) Inflammation-iImmunopathologyaBherapy (i2B), F-75013, Paris,
France

* Corresponding author:
Laboratory of Tumour Immunology, Institute of Moldar Genetics, v. v. .
Academy of Sciences of the Czech Republic
Videinska 1083, 142 20 Prague 4
Czech Republic
Phone: (+420) 296 443 461
FAX: (+420) 224 310 955
e-mail:reinis@img.cas.cz

Short title: IFNy-induced demethylation of antigen-presenting maatyigene promoters

Keywords: IFNy signalling, DNA demethylation, 5-azacytidine, MHQIlass |
downregulation, tumour immunology

Brief Description of Novelty: MHC class | deficiency on tumour cells is commooaused

by coordinated silencing of antigen-presenting nreeaty genes and restorable by l-NHere

we describe association of DNA demethylation oésted antigen-presenting machinery gene
regulatory regions upon IRNrreatment with MHC class | upregulation on tumoelis thus
demonstrating that IFNacts as an epigenetic modifier. Our results caserhight on the role

of DNA methylation in tumour cell escape from sfiedmmunity.



Abstract

Reversible downregulation of MHC class | expressiariumour cells, a common mechanism
by which tumour cells can escape from specific imeuesponses, is frequently associated
with coordinated silencing of antigen-presentingchiaery genes. The expression of these
genes can be restored by IENIn this study we documented association of DNA
demethylation of selected antigen-presenting machigenes located in the MHC genomic
locus TAP-1, TAP-2, LMP-2, LMPJj7upon IFN treatment with MHC class | upregulation
on tumour cells in two MHC class I-deficient muritemour cell lines, TC-1/A9 and
TRAMP-C2. Our data also documented higher methytalkevels in these genes in TC-1/A9
cells, as compared to their parental MHC classsitp@ TC-1 cells. IFNMN-mediated DNA
demethylation was dependent on the JAK/STAT sigmgllrelatively fast in comparison with
demethylation induced by DNA methyltransferase bitbr 5-azacytidine, and associated
with increased histone H3 acetylation in the pranaeéegions of APM genes. Comparative
transcriptome analysis in distinct MHC class I-dedint cell lines upon their treatment with
either IFNy or epigenetic agents revealed that, although tha® a clear difference in the
responsiveness of the cell lines to the same tez#ttiand in the responsiveness of the same
cells to IFNy or epigenetic drug treatments, a set of genesijfsigntly enriched for the
antigen presentation pathway, was regulated insdmme manner. Collectively, our data
demonstrate that IFNacts as an epigenetic modifier when upregulativeg eéxpression of
antigen-presenting machinery genes.



Introduction

Epigenetic changes, such as aberrant DNA methylatiplay important roles in
carcinogenesi€ and namely in the tumour cell escape from anticumimmune
responsed?. MHC class | downregulation on tumour cells repreis a frequent mechanism
by which tumour cells can escape from anti-tumopcific immunity>® The molecular
defects responsible for impaired expression on ttimmour cell surface can be either
irreversible (“hard”) or reversible (“soft9.The latter can be associated with coordinated
silencing of antigen-presenting machinery (APM) egnin tumour celf$'* and the
expression of these genes can be restored by R

An important task is whether epigenetic eventshsag changes in DNA methylation, take
place in concerted APM gene silencing and yHhuced restoration of their expression.
Evidence that epigenetic mechanisms are impornaMHC class | downregulation in APM-
deficient tumours and its IFNmediated induction was brought by Setiadi éalhe lack of
TAP-1transcription in TAP-deficient cells was assodavath low levels of recruitment of
histone acetyltransferase CBP (CREB-binding protem the TAP-1 promoter. IFN-
mediated MHC class | expression corresponded tegupetion of theTAP-1 expression by
increasing histone H3 acetylation at th&P-1 promoter locus. Another study documented
higher-order chromatin remodelling and subsequé&stbie hyperacetylation of the human
MHC locus upon IFN-mediated activation of the JAK/STAT signalling ipaay 4

We, as well as other laboratories, have previodsigumented that DNA methylation and
histone acetylation might play a role in reversiblelC class | deficiency on the tumour cell
surface, since it could be partially restored by tteatment with DNA methyltransferase or
histone deacetylase inhibitos!’ This increase was associated with elevated esipresf
antigen-presenting machinery genes, suchTA®-1 TAP-2 LMP-2 (PSMB9), LMP-7
(PSMB§, as well as with DNA demethylation of their capending regulatory sequences.
We have also shown that chemotherapy of MHC clakditient tumours with 5-azacytidine
(5AC) in mice increased the expression of the APdhas and associated MHC class |
molecule cell surface expression and we have demaded SAC additive effects against
MHC class I-deficient tumours when combined withmomotherapy. Notably, the efficacy of
this chemoimmunotherapy was partially dependent tbe CD8-mediated immune
response&®



Unlike chromatin remodelling and histone acetylatidynamics, the changes in DNA
methylation upon activation of the IFNsignalling pathway have not been studied so far.
Based on the fact that a set of the APM genes iegugated by both IFN and DNA
methyltransferase inhibitors, we have hypothesitieat IFNy-mediated re-activation of
silenced APM and some other genes is also assdath their DNA demethylation. The
objective of this study was to uncover the assmriabf DNA methylation with IFN-
mediated upregulation of genes encoding the commpsred APM in MHC class I-deficient

murine tumour cell lines.

Materials and Methods

Cell culture

MHC class I-positive cell line TC-1 was obtainedibyitro co-transfection of murine lung
C57BL/6 cells with HPV1@E6/E7 and activated humaHa-ras (G12V) oncogene¥. The
TC-1/A9 (MHC class I-deficient) cell lirfé was obtained from TC-1 tumours developed in
immunized mice. The TRAMP-C2 tumour cell line (AT@Gllection) was established from a
prostate of a PB-Tag C57BL/6 (TRAMP) mou#$d.C-1/A9 cells were maintained in RPMI
1640 medium supplemented with 10% FCS, 2 mM L-ghit@ and antibiotics; the TRAMP-
C2 cells in D-MEM medium supplemented with 5% FQ$u-Serum IV (5%; BD
Biosciences, Bedford, MA, USA), 0.005 mg/ml bovimesulin (Sigma, St Louis, MO),
dehydroisoandrosterone (DHEA, 10 nM; Sigma) anéantics. Both cell lines were cultured
at 37°C in a humidified atmosphere with 5% £COrhe RVP3 cell lin€ was maintained in
RPMI 1640 medium supplemented with 10% FCS, 2 mijlutamine and antibiotics.

Cells were cultured in fresh medium for 24 h, aftéich the medium was removed and the
cells were grown in medium containing either rfHS0 U/ml, R&D Systems, Minneapolis,
USA) or 5uM 5AC (Sigma). Except for the kinetic studies,|s€@Vere cultured for 48 h and
harvested for analysis.

Flow cytometry

Cell suspensions were prepared from the cell @gdturCell surface MHC class | expression
on tumour cells was determined using PE anti- H-gflone KH95) and PE anti- H-2K
(AF6-88.5) antibodies. Flow cytometry was performusing an LSR Il flow cytometer (BD



Biosciences, San Jose, CA), and 10,000 cells wanated. Antibodies used, including the

relevant isotypic control, were obtained from Phagen, San Diego, CA.

Real-time quantitative RT-PCR

Total RNA was extracted with RNeasy Mini Kit (QiageThe amount of 1 pug of RNA was
reverse transcribed to cDNA using random hexamergrs from GeneAmp RNA PCR Core
Kit (Applied Biosystems, Foster City, CA) in a 2Q reaction volume at 42 for 30 min.
Quantification of PCR products was performed ingdlOof Lightcycler 480 SYBR Green |
Master mix (Roche) using a real-time PCR Lightcy¢Roche). DNA was denatured at°@5
for 2 min; then followed 45 cycles of denaturat@n95°C for 25 s, annealing at 6C for

45 s, elongation at 7Z for 1 min and incubation at 8C for 5 s. cDNAs were amplified
with specific primers foB-actin, TAP-1, LMP-2, TAP-2and LMP-7. The list of theTAP-1,
TAP-2, LMP-2 LMP-7 and reference genes and their primer sequencesliegan described
elsewheré>'® Fold changes in the transcript levels were catedlausing @ values
standardized t@-actin, used as the endogenous reference gene contraglamples were run
in biological triplicates. For statistical analysi§ qPCR the Student’s t-test was used.
Differences between experimental and control sasnpi¢h P< 0.05 were considered to be
statistically significant. The levels of relativerge expression were presented as fold changes
compared to the levels found in control samples.

Bisulphite modification, methylation-specific PCR MSP) and bisulphite sequencing

Total DNA was extracted with DNeasy Blood & Tisski#¢ (Qiagen). Treatment of DNA
from TC-1/A9, TC-1, TRAMP-C2 and RVP3 cells withdsom bisulphite and methylation-
specific PCR (MSP) analysis of tHAP-1, TAP-2, LMP-2, LMP-promoter regions were
performed with Bisulphite Epitect kit (Qiagen, Hd, Germany) according to the
manufacturer’s protocol. In order to identify Cp§kands within the promoter region of the
antigen-processing genes, MSP analysis was peribwith primers designed with the
program METHPRIMER. The list of thEAP-1/LMP-2andTAP-2primer sequences has been
described elsewhete!® Two CpG island containing regions within th&IP-7 upstream
sequences were investigated, the primer sequengasniag the more distant to the
transcription start have been published previddsigd the sequences of the primers spanning
CpG islands more proximal to the transcription tsteere as followsLMP-7 MSP Un, 5’
TAGGAGGGATATATGAAAAGGTTTG (forward) and



AAAATATTAAACAAATCCACCTAAACATA (reverse); LMP-7 MSP Me, 5
TAGGAGGGATATATGAAAAGGTTC (forward) and
TATTAAACAAATCCACCTAAACGTA (reverse). WithinTAP-2 upstream sequences were
investigated for CpG islands at positions -207 a2t¥ from the transcription start with
forward primer and CpG islands at positions -26 af#@ from the transcription start with
reverse primer. Within th€ AP-1/LMP-2upstream sequences a CpG island was investigated
at position +119 from the transcription start withward primer and CpG islands at positions
+278 and +281 from the transcription start withemse primer. With the.MP-7 distant
primers, CpG islands were investigated at positietia19, -1233 and -1238 frorthe
transcription startwith forward primer and a CpG island at positioct087 from the
transcription startvith reverse primer. With theMP-7 proximal primers, £pG islandwas
investigatedat position-335 fromthe transcription stawith forward primer an€pG islands
at positions186 and -190 fronthe transcription staxtith reverse primer.

The program for PCR was as follows: 95°C for 2 ninen 35 cycles of 95°C for 2 min, 55°C
for 2 min, 73°C for 1:30 min. At the end a finaltemsion period of 73°C for 10 min was
added. The PCR products were analysed with gelrefdwresis.

For bisulphite sequencing, another set of priméwat tamplified both methylated and
unmethylated sequences were designed to directigrrdme the nucleotides resistant to
bisulphite conversion. Their sequences were as ovistt TAP-2 BSP, %
TTTTGGGTTTAGGTAAGTTTTTTT (forward) and TCTTCTCAAACAAATCTCCTAAA
(reverse);TAP-1/LMP-2BSP, 5° AGTTTTAGGGGTTTTTGATTATTTTAT (forward) and
AACTAATAAAACTAACTAAAAATACTA (reverse); LMP-7BSP, 5’
GTAGTTTTTGGGTAGATAATGTTT (forward) and

AAAACCACAATACCAAAAAAAAA (reverse). Twenty-five CpGislands within ther AP-2
upstream sequences were investigated, the primjaesees spanning the region from -264 to
+76 from the transcription start. Thirty CpG islandithin the TAP-1/LMP-2 upstream
sequences were investigated, the primer sequepeesiag the region from -335 to +168
from the transcription start. Twenty-five CpG igfianwithin theLMP-7 upstream sequences
were investigated, the primer sequences spanniegegion from -502 to +130 from the
transcription start. The program for PCR was ab: 95°C for 5 min, then 25 cycles of
95°C for 50 s, 58°C for 2 min, 72°C for 1:30 mirdathen 15 cycles of 95°C for 45 s, 54°C
for 2 min, 72°C of 1:30 min (+2 s every cycle). the end, a final extension period of 72°C
for 10 min was added. The PCR products were closety pGEM®-T Easy Vector System |



(Promega). Five clones for each of the differentADBburces were sequenced (Applied

Biosystem, USA) after thermo-cycle sequencing reaaising the 3.1 version Kkit.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assays weropmed as described previouSlyvith
minor modifications. Briefly, for ChIP experimentsC-1 or TC-1/A9 cells were grown in
150 cnf culture flasks (TPP) and stimulated with lF0 U/mL) or left untreated. Two days
later the cells were fixed directly in the flaskg &ddition of 1/10 volume of CRS buffer
(11% (v/v) formaldehyde, 100 mM NaCl, 1 mM EDTA5(nM EGTA, 50 mM HEPES pH
8; Sigma) for 10 min at 4 °C. Cross-linking waspgted by the addition of glycine (final
concentration 0.125 M) at 4°C for 5 min. Then, tledls were harvested and resuspended in
RIPA buffer (50 mM Hepes, pH 8.0, 150 mM NaCl, 1.0%ton X-100, 0.1% sodium
deoxycholate, 0.1% SDS, 1 mM EDTA, 0.5 mM EGTA;8& containing protease inhibitor
cocktail-Complete (Roche), sonicated (Branson 4&f) subjected to ChIP analysis. Cell
lysate was pre-cleared with 0.05 mg/ml yeast tRNBAgiha)/protein A/G-agarose beads
(Santa Cruz) and then incubated with the rabbibady for acetylated histone H3 (Lys18)
(Cell Signaling, dilution 1/25). After several wash DNA bound to the immunocomplexes
was obtained and decross-linked by overnight intaobaat 65°C. DNA was recovered via
phenol/chloroform extraction. The amount of preeif@d DNA was analysed using the
LightCycler 480 Real-Time PCR System (Roche). Radif(by phenol extraction) input
chromatin (chromatin that was not subjected to Chi&s analysed in control PCR reactions.
For the promoter analysis, we designed the follgHCR primers which span thHeAP-
1/LMP-2 bidirectional promoter: forward GGCAAATCTGCCCAGAGAand reverse
CCTAGCCTGGGACTCTCGACTAP-2promoter: forward

CACGGCAGTGAAGTGAAAGC and reverse CAAAAGAACTCACCTGGCEL;

LMP-7 promoter: forward GGACCTAAAGACCCCTGTGC and reverse
AGCGGAGGACTGAATAGGGT. The negative control experm® were performed with
primers amplifying the gene desert region of DNA: orward
CCATGCACATGCTAGCGCTCGA and reverse TCCGAAAGCTGGGABBAGGGT.

Transcriptome analysis
Cell culture protocol published by Suzuki et al. 2002* was applied with minor

modifications. Briefly, for comparative transcripte analysis, TC-1/A9 and RVP-3 cells



were treated either with IFN(100 U/ml) for 24 h or with a combination of ;BV1 5-2"-
deoxyazacytidine (DAC) for the 48 h (medium waslaeed with fresh one with inhibitor
after 24 h) and 30 ng/ml Trichostatin A (TSA) févetadditional 24 h. RNA was extracted
from biological triplicates with RNeasy Mini Kit (@gen). The amount of 1 pg of RNA was
subjected to the transcriptomic analysis, usingniiha Mouse WG6 bead chips in the
Genomic Core Facility at the Institute of Molecutaenetics in Prague. Raw data extraction
was performed using Illumina BeadStudio versioR&w data analyses were performed using
R 3.0.0 software with the packages lumi and limma data normalization (quantile),
transformation (log2) and probe filtering (probashvdetection p-values > 0.01 in all samples
removed). Statistical analyses were performed ugBgyes algorithm with Benjamini-
Hochberg p-value correction. Functional annotativese performed using the IPA module
from Ingenuity® software. The transcriptome anaydata were deposited at the GEO public

functional genomics data repository under the ezfee Series No. GSE53469.

Results

MHC class | molecule upregulation on tumour cells pon the IFNy treatment

First, we assessed the level of the MHC class | AR#1 molecule expression and its
modulation by IFN on the selected tumour cellsd. 18). MHC class | expression on tumour
cells after IFN treatment was upregulated as compared to the tucetls without treatment.
As expected and as has been published previéti§iyhe MHC class | upregulation induced
by IFNy was associated with increased expression of APMegdéig. 1b). As a negative
control, we used the MHC class I-deficient RVP-8 liee that did not respond to the IFN
treatment. TC-1 cells, an MHC class I-positive pgakcell line to the TC-1/A9 cells, which
also displayed higher APM expression levels, aspayed to TC-1/A9 cells, served as an
MHC class I-positive control.

The IFNy-mediated increase of MHC class | expression on tumar cells and APM gene
machinery induction are associated with DNA demethgtion of the corresponding APM
gene regulatory sequences

Enhanced APM gene expression in the MHC class itiéet tumour cells was associated
with DNA demethylation of the corresponding genermpoter regions determined by MSP

(Fig. 2. We demonstrated DNA demethylation of the promaequences of selected



antigen-presenting machinery genéalP-1/LMP-2, TAP-Rupon IFN treatment both in the
MHC class I-deficient tumour cell line TC-1/A%ig. 28) and in the prostate cancer cell line
TRAMP-C2 (Fig. 2b). ForLMP-7, we did not see any dramatic changes in the M3B/sia
targeting cytosines located at positions -186, -89@ -335 upstream from the LMP-7
transcription start (proximal primers). We theref@nalysed CpGs in a more distant region
covering CpGs at the positions -1219, -1233 an®81&hd -1087. In this region, we indeed
noticed massive demethylation upon iFikeatment (distant primers). As a positive cdntro
we used DNA from the MHC class I-positive TC-1 cille (Fig. 28), and as a negative
control, we used MHC class I-deficient RVP-3 céikel which did not respond to the 1N
treatment Fig. 2¢. Comparative analysis of the TC-1 and TC-1/A9 tees demonstrated
association of the cell surface MHC class | expogskevels with DNA demethylation of the
APM genes. No demethylation of the APM genes ugy ltreatment was seen in the RVP-
3 cells.

Results from the MSP were confirmed by bisulphéguencing using the TC-1/A9 cell line
(Fig. 3). Again, strong DNA demethylation of both tleAP-2 and TAP-1/LMP-2 gene
promoter regions was observed after the treatmehtl&Ny. For LMP-7, we did not see any
dramatic changes in a bisulphite sequencing amalimigeting cytosines located at the
positions -502 upstream to +130 downstream fromLiki€-7 transcription start site. This
corresponds with the result from MSP analysis WwP-7 proximal primers. Based on these
results, we can suggest that the methylation stafughe distant rather than proximal
regulatory sites in theMP-7 region is crucial for theiexpression.

DNA demethylation corresponds to the histone H3 atgdation levels

ChIP assay was performed to determine whether tise @f IFN that was sufficient to
reverse the methylation of tAAP-1/LMP-2bidirectional promoter region, as well la§|P-7
and TAP-2 promoter regions, was able to modify the histom&sociated with this promoter
(Fig. 4). The assay demonstrated that histone H3 on lysthevas re-acetylated after 1N
treatment in all three tested regions. Acetylatstbhe H3 was detected in untreated TC-1/A9
cells at a low level. The TC-1 cell line served apositive control with high levels of
acetylated histone H3 and, as expected, the atietylevels were higher in untreated TC-1

cells than in untreated TC-1/A9 cells.



Kinetics of the DNA demethylation

To examine the kinetics by which the APM promotegions undergo IFNmediated
changes in DNA methylation, as compared to thectffef a DNA methyltransferase
inhibitor, TC-1/A9 cells were treated with eithéfNy or 5AC for various time periods and
then by sodium bisulphite conversion and MSP. Itraated cells, the core CpG island was
highly methylated, and demethylation was noticethii2 hours after IFiNtreatment, while
nearly maximal demethylation was evident by 6HRmg( 5). After 5AC treatment, strong
demethylation was evident by 24 h. The kineticghaf 5AC-induced demethylation is in
agreement with the fact that 5AC-induced demetigatequired DNA replication. On the
other hand, the kinetics of the IfHxhediated DNA demethylation suggests that DNA

replication was not crucial.

JAK inhibition studies

The changes in gene expression by yHNvolve transient increases in the activities of
cellular protein tyrosine kinases, including thenum kinases Jakl and Jak2, leading to
tyrosine phosphorylation of the transcription facstat12® To assess whether the JAK/STAT
pathway was crucial for demethylation of the APM@gromoter regions in TC-1/A9 cells
after IFNy treatment, the impact of an inhibitor of Janusakes on IFNinduced
demethylation was investigatedri§. 6). Indeed, the inhibitor of Janus kinases caused
impaired demethylation of the corresponding genemuater regions, accompanied by
decreased relative gene expression of selected gétids, along with reduction of the MHC

class | cell surface expression.

Comparison of the impacts of IFN and epigenetic agent treatments on the

transcriptome of the tumour cell lines

In these experiments, the aim was to analyse @)dlobal impact of IFi compared to
epigenetic treatment (namely DAC/TSA) on the gexgession in the TC-1/A9 cell line and
(i) whether IFN-induced APM genes can be upregulated upon epigetreatment. We
compared transcriptome changes uponyldl DAC/TSA treatments (compared to untreated
control cells) of the TC-1/A9 cell line as comparedthose of the IFN non-responding
RVP3 cells. IFN-treated TC-1/A9 cells presented 105 significantiyregulated genes
(FDR<0.01) and only two downregulated genetN2 andLBH). Treatment with DAC/TSA



provided 2732 significantly upregulated and 281%vii@gulated genes. This result can be
explained by the fact that IFNargets specific genes, while DAC acts on the @l/genome.
Out of the 105 upregulated genes in JRkeated TC-1/A9 cells, we defined two gene sets:
GS-IFN comprises the 73 genes that were specifieFtdy treatment, when GS-COM
comprises the 32 genes that are upregulated uptintieatments (GS-COM and GS-IFN
gene lists are can be seen as Supplementary nhalexia 1 andTab. 2, respectively). Gene
sets were annotated using IPA (Ingenuity®) for paty enrichment (Benjamini-Hochberg
controlled p-values). Both gene sets are signifigeenriched for the “Cell Death Of Tumour
Cell Lines” pathway (p-value = 1.1e-4 for GS-IFNdgm-value = 5.64e-3 for GS-COM): 19
genes are specifically upregulated upon+Riatment CASP4, CASP7, CLEC2D, DDX58,
ENC1, FST, GDNF, IL15RA, IL7, IRAK2, IRF1, LGALS3BRKL, SOCS3, STAT2, STATS,
TRIM21, UACA UBAY). Eight genes are upregulated in both treatmeBt®,( CREM,
EIF2AK2, FAS, HAP1, IDO1, STATWUSP18. As expected, some GS-IFN genes are related
to the “Interferon Signaling” pathwayHI T3, IFI35, STAT2, IRF9, TAP1, IRFp-value =
2.38e-7). Strikingly, GS-COM annotation identifitise “Antigen Presentation” pathway
(HLA-G, LMP-2 (PSMB9), HLA-B, LMP-7 (PSMB8), TAPAPBP, HLA-E p-value =
1.23e-11).

Consistent results were obtained when comparingnbact of IFN' on TC-1/A9 cells (IFN
and DAC/TSA sensitive) and DAC/TSA effects on théH3 cell line (IFN resistant though
DAC/TSA sensitive). The 40 upregulated genes irh lmmnditions show enrichment for the
“Antigen Presentation” pathwayH({A-B, HLA-E, HLA-G, NLRC5, TAP2, TAPBP-
value=1.6e-8) and the 65 Ifhépecific gene set is also enriched for the “lremyh
Signaling” pathwayIfIT3, IRF1, IRF9, LMP-7 (PSMB8), STAT2, TAPivalue = 1.16e-7).

Discussion

IFNy is a cytokine with pleiotropic effects on tumouells, which is also considered as a
crucial mediator of effective antitumour immunitysplaying direct impacts on tumour
cells?’ The principal aims of our study were to determiieether IFN acts as an epigenetic
modifier inducing DNA demethylation and whether tineechanisms by which RN
upregulates the expression of selected genes in FIBES I-deficient tumour cells and thus
modifies their interactions with the immune systara associated with DNA demethylation
of the corresponding regulatory genes. Our dateodstrate that IFidmediated activation of

the APM genes and MHC class | expression in twootumncell lines with reversible MHC



class | expression defects was strongly assocwithdDNA demethylation of multiple APM
genes located in the MHC locus. The promoter sempgenf the studied APM genes in TC-
1/A9 cells were also more methylated as compareplatental TC-1 cells, suggesting that
APM gene methylation is involved in MHC class | doegulation on tumour cells that
escape from the specific immunity. The finding tha IFNy-mediated cell signalling can
change the methylation status of the promoter regaf multiple genes contributes to our
knowledge of the mechanisms underlying regulatioantigen processing and presentation in
the context of MHC class | at the transcriptioresidl.

So far, very little is known about the involvemeftDNA demethylation in the regulation of
multiple genes mediated by the HrBignalling pathway. To our knowledge, there isyamie
study showing that IFNmediated induction of the indole 2,3-dioxygenas@DO)-1
expression was associated with DNA demethylationtheflDO-1 gene?® Setiadi et al. in
2007 observed that changes in histone acetylatimh @romatin remodelling underlie
induction of theTAP-1 expression by IFin TAP-deficient tumour cell8 and, moreover,
massive IFN-induced chromatin remodelling of the entire MHEUs, in which botiTAP
andLMP genes are located, has been shown by Christoatl€The MHC genomic region
became decondensed, and this was associated WA 1Sphosphorylation followed by
binding of the chromatin remodelling enzyme BRGXlpecific sites and subsequent RNA-
polymerase Il recruitment and histone hyperacebfatwhich appeared 2-4 h after the
treatment. Our data add to the story and suggestlfiNy-induced MHC locus chromatin
remodelling and histone modifications are assodiateh DNA demethylation of multiple
regions within this genomic locus, resulting in tipleé gene expression and increased MHC
class | molecule number on the cell surface. Istergly, theLMP-7 gene expression was
regulated in our experiments in the same mannetlaer tested APM genes, although the
methylation status in the region close upstreantht initiation codon rather remained
demethylated. However, demethylation was observedhe more distant region. It is
therefore plausible that this gene is controllecelments located in the wider region of the
MHC locus.

In addition, our data indicate that JAK/STAT sidmg takes place, since an inhibitor of the
JAK kinases significantly blocked both DNA demetitidn and induction of the MHC class |
expression on the cell surface. Important conchssitan be drawn from the kinetics of these
phenomena. DNA demethylation can be either passiwech means dependent on DNA

replication when the nascent DNA strains are notthglated due to the DNA



methyltransferase deficiency, or active, fast aqlication-independert. The data from our
kinetic study demonstrated that the DNA demethgtatof the TAP/LMP gene promoter
regions was relatively fast, as massive DNA denlatlpn was seen 6 h after the N
treatments, which roughly corresponded with theetas of histone acetylation reported
elsewhere and discussed abdysuggesting an interplay between histone acetylagéind
DNA demethylation. This is in agreement with therrent view on the epigenetic
transcription regulation and gene silencing in tumeells®® For comparison, maximum
levels of DNA demethylation in the cells treatedhDNMTi inhibitor 5-AC were observed
24 after the treatment. This fast kinetics suggtss the demethylation process was active
and not dependent on DNA replication, unlike 5SACdmted demethylation, which requires
drug incorporation into DNA and blocks methylatiai nascent DNA chains due to
methyltransferases inhibitio¥. Interestingly, cytokine-induced DNA demethylatiomas
demonstrated in a study in which T&ignalling resulted in active DNA demethylatiordan
p15"™4P tumour suppressor gene expressfove also demonstrated strong association of the
DNA demethylation with increased histone acetylatiti is of note that we demonstrate
induction of acetylation at histone H3K18, sincegpbgcetylation at this position has been
linked to poor prognosis in several cancérs.

The data from this and our previous stutfieéshow that the expression of the studied APM
genes in MHC class I-deficient tumours can be msed both by IFN and DNA
methyltransferase inhibitors. Thus, H-an in some instances serve as a DNA demethylating
agent and, on the other hand, DNA methyltransfenalsibditors can upregulate part of the
genes that are under the HK-Nsignalling pathway control. This means that DNA
methyltransferase inhibitors can partially mimic ethlFNy effects on selected
immunomodulatory genes, which can be very importdat explanation of the
immunomodulatory antitumour effects of these conmatsu

The data were complemented by a set of transcriptanalyses based on the comparison of
cells treated either with a DNMTi DAC, in combirati with a histone deacetylase inhibitor
TSA or with IFNy. Two cell lines were included into this experiment-1/A9 is sensitive to
both DAC/TSA and IFN treatments, when RVP3 cell line is sensitive to@ASA treatment
but resistant to IFIiN Comparative analysis of TC-1/A9 cells treatedhwaither molecules
showed a set of 32 genes commonly upregulated (gen€S-COM) and a set of 73 genes
upregulated in IFN treatment only (GS-IFN). Both gene sets presamifscant enrichment

for “Cell Death Of Tumour Cell lines”. Interestinglgenes implicated in this term in GS-



COM gene set comprise IDO-1 which has already lmmonstrated as demethylated by
IFNy in previous studie€

GS-COM presents a clear and significant enrichni@ntintigen-presenting machinery and
immunomodulatory genes. It is of importance tha tipregulation of APM genes by the
epigenetic agents was also seen in anylRbh-responding cell line. This represents further
evidence demonstrating epigenetic regulation afcdetl immunomodulatory genes controlled
by IFNy-mediated signalling. Consistent with this finditge RVP3 cell line (resistant to
IFNy) treated with DAC/TSA, shows a similar list of APpathway-enriched upregulated
genes in common with those found upregulated inyliisated TC-1/A9 cells. This further
confirms the implication of a downstream machinenplicating DNA demethylation for
regulating the expression of antigen-presentatioteaules triggered by, but not specific to,
the IFNy-transduction cascade.

Collectively, this study documents that H-ldan act as an epigenetic modifier and induce
DNA demethylation of a number of genes, especitdifyse involved in antigen processing
and presentation.
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Figure Legends

Figure 1

IFNy upregulation of the cell-surface MHC class | exprssion cells is associated with
APM gene expression in experimental tumour cells.

MHC class | expression (H-2and H-2K together) was determined by the FACS analysis of
control tumour cells and after the treatment wihl}. Representative results are presented.
(A) Upregulation of APM genes in TC-1/A9 and TRAME2 tumours after treatment with
IFNy. (B) Expression levels of selected APM genes inIT&9 and TRAMP-C2 control
tumour cells and after the treatment with #£Ms a negative control, MHC class I-deficient
RVP-3 cell line that did not respond to the {Fkeatment was used. TC-1 cells, a MHC class
I-positive parental cell line to the TC-1/A9 celtbat also displayed higher APM expression
levels compared to TC-1/A9 cells, served as a MH&ssc I-positive control. *denote
significant changes (P<0.05 determined in Studemnté&st) as compared to the values for
untreated cells. Biological triplicates were ugadthe analysis. In all experiments, error bars
show standard deviations. Relative expression ntsmepresent the percentage of fhactin
expression levels. The levels of relative gene esgon were presented as fold changes
compared to the levels found in control samplegefments were repeated three times with

similar results.

Figure 2

IFNy stimulates DNA demethylation of the APM gene promier regions.

DNA from tumour cell lines cultured in the absermepresence of IFNwere bisulphite
treated and subjected to MSP analysis of TA&-1/LMP-2, TAP-Zand LMP-7 promoter
sequences. Higher proportion of DNA methylation,caspared to TC-1 cells and DNA
demethylation induced by IBNis documented in TC-1/A9 cells (A). Similar resuvere
obtained in TRAMP-C2 cells (B), while no effectsr&enoticed in IFN-insensitive RVP-3
tumour cells (C). U = unmethylated primer, M =thyated. Experiments were repeated

three times with similar results.



Figure 3

IFNy induced DNA demethylation of theTAP-2 promoter in TC-1/A9 cells analysed by
bisulphite sequencing.

DNA isolated from treated and control untreated W89 cells was subjected to bisulphite
conversion and cloned. Sequences from 11 clones &#ach sample are presented. After
treatment with IFN, strong DNA demethylation of both tAgAP-2 and TAP-1/LMP-2gene
promoter regions was observed. For LMP-7, we ditl se® any dramatic changes in a
bisulphite sequencing analysis targeting cytosioeated at the positions -502 upstream to
+130 downstream from the LMP-7 transcription s&ité. Based on these results, we can
suggest that the methylation status of the digtahier than proximal regulatory sites in the
LMP-7 region is crucial for theiexpressionWhite and black circles indicate unmethylated
and methylated CpGs, respectively. Rhombuses italithe CpG islands that were
investigated with bisulphite sequencing. White colonarks the CpG islands investigated

with MSP. TS: transcription start.

Figure 4

Histone H3 acetylation levels in the APM regulatorygene sequences in TC-1/A9 cells are
lower than those in TC-1 cells, but can be increadeby IFNy.

ChiP analysis of chromatin from tAeAP-1/LMP-2, TAP-2and LMP-7 promoter sequences
isolated from control and treated TC-1/A9 cells destrates an increase in acetylated histone
H3 (H3K18) after IFN treatment. Results were normalized to the levethe relative input

in TC-1 cells. Experiments were repeated five tinveh similar results. * denotes significant
changes (P<0.05 determined in Student’s t-testpagared to the values from TC-1 cells. **
denotes significant changes (P<0.05 determinedudedt’s t-test) as compared to the values
from TC-1/A9 cells.

Figure 5

Comparative analysis of the kinetics of DNA demethgtion of the APM genes induced

by IFNy or 5AC.

TC-1/A9 cells were cultured in the presence ofeagith-Ny or 5AC. For the indicated time
periods, DNA samples were isolated, bisulphiteté@and subjected to MSP analysis of the
TAP-1, TAP-2 LMP-2 & LMP-7 promoter sequences. U = unmethylated primer, M =
methylated. In untreated cells, the core CpG islaad highly methylated, and demethylation



was detected within 2 hours after the {Ftdeatment, while nearly complete demethylation
was evident by 6 hours (A). After 5AC treatmentpsy demethylation was evident by 24
hours (A). The amount of 1 pg of RNA was reversmndcribed to cDNA and the PCR
products were quantified. Upregulation of APM geime$C-1/A9 tumours after the treatment
with IFNy after 2 hours (A) and with 5AC after 48 hour (B)denote significant changes
(P<0.05 determined in Student’s t-test) as compaoethe values from untreated cells.
Biological triplicates were used for the analysmsall experiments, error bars show standard
deviations. Relative expression numbers represenpercentage of th@-actin expression
levels. The levels of relative gene expression vpeesented as fold changes compared to the
levels found in control samples. MHC class | exgi@s (H-20 and H-2K together) was
determined by FACS analysis of the control tumaeliscand after the treatment with 1f#N
and 5AC. Representative results are presentedEHXperiments were repeated three times

with similar results.

Figure 6

Inhibitor of Janus kinases abrogated IFN-induced DNA demethylation of the APM
gene promoters in TC-1/A9 cells

Inhibitor of Janus kinases blocked the iFMduction of the MHC class | cell-surface
expression (A), as well as APM gene activat{By, and caused impaired demethylation of
the corresponding gene promoter regions (C). Atleexnents were performed in triplets and
repeated three times. * denotes significant chaige6.05 determined in Student’s t-test) as
compared to the values from untreated control cells

* denotes significant changes (P<0.05 determine®tudent’s t-test) as compared to the
values from TC-1/A9 cells after IBRNtreatment. Biological triplicates were used foe th
analysis. In all experiments, error bars show steshdeviations. Relative expression numbers
represent the percentage of tReactin expression levels. The levels of relativengge
expression were presented as fold changes comfmatied levels found in control samples.

Supplementary material Table 1

GS-COM, a gene set composed of genes commonly uipted by IFN and DAC/TSA.
Transcriptomic analysis showed 32 genes signifigargregulated in TC-1/A9 cultured cells
treated by either IFNor DAC/TSA (FDR<0.01). IPA provides 30 matcheshan@ene names

and Entrez Gene IDs.



Supplementary material Table 2

GS-IFN, a gene set composed of genes specificatiygulated by IFN

Transcriptomic analysis showed 73 genes signifigargregulated in TC-1/A9 cultured cells
treated by IFN (FDR<0.01). IPA provides 73 matches with Gene reared Entrez Gene
IDs.
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Supplementary material Table 1: GS-COM, a gene set composed of genes commonlyagulated
by IFNy and DAC/TSA.

© 2000-2013 Ingenuity Systems, Inc. All rights mesa.

Symbol Entrez Gene Name Entrez Gene ID for Mouse
Apol9a/Ap
ol9b apolipoprotein L 9b 71898|223672
BID BH3 interacting domain death agonigt 12122
CREM cAMP responsive element modulatof 12916
CX3CL1 chemokine (C-X3-C motif) ligand 1 20312
CXCL9 chemokine (C-X-C maotif) ligand 9 17329
CXCL10 chemokine (C-X-C motif) ligand 10 15945
eukaryotic translation initiation factor
EIF2AK2 | 2-alpha kinase 2 19106
FAS Fas cell surface death receptor 14102
H2-Q5 histocompatibility 2, Q region locus % 15016
HAP1 huntingtin-associated protein 1 15114
major histocompatibility complex, 667977|110557|15013|15006|14972|69717|1501
HLA-B class |, B 018]14964|14963
major histocompatibility complex,
HLA-E class |, E 15040
major histocompatibility complex,
HLA-G class |, G 14991
IDNK idnK, gluconokinase homolog (E. col{) 75731
IDO1 indoleamine 2,3-dioxygenase 1 15930
IF127 interferon, alpha-inducible protein 277 52668
ILA3RA1 | interleukin 13 receptor, alpha 1 16164
ILL7RC interleukin 17 receptor C 171095
INSL6 insulin-like 6 27356

5|15




IRGM immunity-related GTPase family, M 15944

proteasome (prosome, macropain)
PSMB8 subunit, beta type, 8 16913

proteasome (prosome, macropain)
PSMB9 subunit, beta type, 9 16912

RNF19B ring finger protein 198 75234

sterile alpha motif domain containing
SAMDIL | 9-like 209086

SNX10 sorting nexin 10 71982

signal transducer and activator of
STAT1 transcription 1, 91kDa 20846

transporter 2, ATP-binding cassette,

TAP2 sub-family B (MDR/TAP) 21355

TAPBP TAP binding protein (tapasin) 21356
USP18 ubiquitin specific peptidase 18 24110
WARS tryptophanyl-tRNA synthetase 22375

Transcriptomic analysis showed 32 genes signifigamtregulated in TC-1/A9 cultured cells
treated by either IFNor DAC/TSA (FDR<0.01). IPA provides 30 matcheshM@ene names and
Entrez Gene IDs.



Supplementary material Table 2: GS-IFN, a gene s&omposed of genes specifically
upregulated by IFNy.

© 2000-2013 Ingenuity Systems, Inc. All rights mesa.

Symbol Entrez Gene Name Entrez Gene ID for Mouse

4933412E12Rik | RIKEN cDNA 4933412E12 gene 71086

ADAR adenosine deaminase, RNA-specific 56417

AMIGO2 adhesion molecule with Ig-like domain 2 1238

APOL6 apolipoprotein L, 6 71939
basic leucine zipper transcription factor,

BATF2 ATE-like 2 74481

C150rf48 chromosome 15 open reading frame 48 433470

CASP4 caspase 4, apoptosis-related cysteine 12363
peptidase

CASP7 caspase 7, apoptosis-related cysteine 12369
peptidase

CD274 CD274 molecule 60533

CLEC2A C-type lectin domain family 2, member A

CLEC2D C-type lectin domain family 2, member [ 93pB675|70809

CYTIP cytohesin 1 interacting protein 227929

DDX58 SEI;EAD (Asp-Glu-Ala-Asp) box polypeptid ®530073

Ddx58 5D8EAD (Asp-Glu-Ala-Asp) box polypeptide

DTX3L deltex 3-like (Drosophila) 209200

ENC1 ectodgrmal—neural cortex 1 (with BTB 13803
domain)

FAM214A family with sequence similarity 214, 235493
member A

FGF10 fibroblast growth factor 10 14165




FST follistatin 14313

GBP2 ?nlijir:;)i/tl)?;e binding protein 2, interferon- 14468

GBP4 guanylate binding protein 4 55932

GBP6 guanylate binding protein family, member 6

GDNF glial cell derived neurotrophic factor 14573

GSDMD gasdermin D 69146

OGt\éigr%s)(includes GTPase, very large interferon inducible 1 434223%84100042856
IFI35 interferon-induced protein 35 70110

Ifi47 interferon gamma inducible protein 47 15953

Ifi204 (includes

interferon activated gene 204

100504287|545384(15951|226691|236312|1595(

others) 308|100040462|226695
Frs | meremdsced e gorsTopsoss
Igtp interferon gamma induced GTPase 16145

IL7 interleukin 7 16196
IL1I5RA interleukin 15 receptor, alpha 16169
IRAK2 interleukin-1 receptor-associated kinase 2 896D

IRF1 interferon regulatory factor 1 16362

IRF9 interferon regulatory factor 9 16391
Irgm2 inTen;:Eeitryérelated GTPase family M 54396
KLHL25 kelch-like family member 25 207952
LGALS3BP It;ei(r:]t(;?r,lgglgctgi)rs]ide—binding, soluble, 3 19039

Ly6a lymphocyte antigen 6 complex, locus A

MLKL mixed lineage kinase domain-like 74568

1381



Mov10, Moloney leukemia virus 10,

MOV10 17454
homolog (mouse)

NLRC5 NLR family, CARD domain containing 5| 434341

NUB1 gegatwe regulator of ubiquitin-like proteln%3312

Oasl2 2'-5' oligoadenylate synthetase-like 2 23962

OGFR opioid growth factor receptor 72075

PARP3 poly (ADP-ribose) polymerase family, 235587
member 3

PARP12 poly (ADP-ribose) polymerase family, 243771
member 12

PARP14 poly (ADP-ribose) polymerase family, 547953
member 14

PDZRN3 PDZ domain containing ring finger 3 55983

PRKD2 protein kinase D2 101540

PSMB10 proteasome (prosome, macropain) subunl_lL9171
beta type, 10
proteasome (prosome, macropain) activa

PSME1 subunit 1 (PA28 alpha) tfél%

RMDN3 regulator of microtubule dynamics 3 67809

RNF213 ring finger protein 213

SAMHD1 SAM domain and HD domain 1 56045

SOCS3 suppressor of cytokine signaling 3 12702

ST5 suppression of tumorigenicity 5 76954
signal transducer and activator of

STAT2 transcription 2, 113kDa 20847
signal transducer and activator of

STAT3 transcription 3 (acute-phase response | 20848
factor)

TAP1 transporter 1, ATP-binding cassette, sub 21354

family B (MDR/TAP)




TAPBPL TAP binding protein-like 213233
Totpl/Tgtp2 T cell specific GTPase 1 21822|10008979
TMCO4 transmembrane and coiled-coil domains{4 77056
TRAFD1 TRAF-type zinc finger domain containing 231712
TRIM21 tripartite motif containing 21 20821
TRIM25 tripartite motif containing 25 217069
UACA ;\r/]za;r?;;ﬁﬁrltei}%czgtvsvith coiled-coil domair] $o565
Uaca uveal auto_antigen with coiled-coil domains

and ankyrin repeats
UBA7 ubiquitin-like modifier activating enzyme |/ 743
UBE2L6 ubiquitin-conjugating enzyme E2L 6 56791
VWABA \5/(,2? Willebrand factor A domain containir %7776
XDH xanthine dehydrogenase 22436
ZNFX1 zinc finger, NFX1-type containing 1 98999

Transcriptomic analysis showed 73 genes signifigamtregulated in TC-1/A9 cultured cells
treated by IFN (FDR<0.01). IPA provides 73 matches with Gene reaaral Entrez Gene IDs.




6.2. Publikéacia Il

Imunoterapia zvysSuje efekt 5-azacytidinu pri nadora@h asociovanych s virusom HPV-
16, ktoré maju rozdielny status povrchovej expresiéHC I.

Immunotherapy augments the effect of 5-azacytidineHPV16-associated tumours with
different MHC class I-expression status.

Jana Simova*, Veronika Pollakové (VIkova)*, Marie Indrov4a, Romana Mikyskova,

Jana Bieblova, Ivan Sépanek, Jan Bubenik a Milan Reini$

(*Jana Simova a Veronika Pollakova (VIkova) prispe¥nakym dielom k praci.)

Epigenetické mechanizmy plnia vyznamna Ulohu v unikadorovych buniek pred
imunitnym systémom, ide napriklad o znizenu powdchexpresiu MHC | na povrchu
nadorovych buniek alebo o zmenenu expresiu kompomemntigén-prezentujucej
masinérie. Preto chemoterapia inhibitormi DNA ntesylsferaz moéze ovplywhi
interakciu nadorovych buniek simunitnym systémomjep citlivost k imunoterapii.
Inhibitory DNA metyltransferaz, ako 5-azacytidinajin dobry potencial vyuzitia ako
chemoterapeutikd. ZvySuju imunogenicitu nadorovieimiek a tiez aj ich citlivas ku
cytotoxickym T-lymfocytom, tym padom mbzu tbypouzité pre kombinovanu
chemoimunoterapiu. Zhodnotili sme efekt inhibit@®A metyltransferaz 5-azacytidinu
na MHC | deficientné a pozitivne nadory. e publikacie bolo optimalizova
terapeuticky protokol zalozeny na kombinacii imwerapie s inhibitorom DNA
metyltransferdz. Dokéazali sme, Ze 5-azacytidin mdgwny efekt na MHC | deficientné a
pozitivne nadory v kombinacii simunoterapiou poomoc nemetylovanych CpG
oligodeoxynukleotidov alebo s bunkovou vakcinou dokaijucou IL-12. Vysledky
nazn&uju, Ze pre maximalny terapeuticky vysledok by naolyt zvySena citlivos
nadorovych buniek k imunitnému systému po chempien@omocou epigenetického
agensu kombinovana s aktivaciou imunitnej odpovealeocou imunoterapie. Pozorovali
sme tiez pri nadoroch explantovanych zo zvierattreBgch 5-azacytidinom zvySenu
povrchovu expresiu MHC | na povrchu nadorovych blniktora bola asociovana so
zvySenou expresiou génov antigén-prezentujlucej maesi a génov drahy IFN- Toto
zvySenie pri nadoroch explantovanych zo zvierat tredgch 5-azacytidinom
koreSpondovalo s DNA demetylaciou prométorovychastilgénov antigén-prezentujicej

masinérie. NaSe data naZopl, Ze chemoterapia MHC | deficientnych nadorov

84



s inhibitormi DNA metyltransferaz kombinovana spedfickou imunoterapiou je’'sbny
terapeuticky protokol v boji proti MHC | deficientm nadorom.

Prinos autora dizertatnej prace k danej publikacii:

Ako prva autorka danej publikacie, spolu s Janauo8bu, som spravila Vkd ¢ag’ in
vitro a ex vivo experimentalnej prac&o zahiuje napriklad monitorovanie povrchovej
expresie MHC | molekul na vybranych nadorovych niocde a monitorovanie relativnej
expresie vybranych génov antigén-prezentujicej meéa& a génov drahy IFN- Mojou
tlohou bolo dalej sledova efekt chemoterapie pomocou 5-azacytidinu na DNA
demetylaciu oblasti prométorov génov antigén-pragéoej masSinérie  pomocou

metylane Specifickej PCR.

85



British Journal of Cancer (2011) 105, [533— 1541
© 2011 Cancer Research UK Al rights reserved 0007 —0920/11

www.bjcancer.com

Immunotherapy augments the effect of 5-azacytidine on HPV | 6-
associated tumours with different MHC class [-expression status

J Simova'?, V Pollakova'?, M Indrova', R Mikyskova', ] Bieblova', | Stépanek', ] Bubenik' and M Reinis™'

'Department of Tumour Immunology, Institute of Molecular Genetics, v.v.i, Academy of Sciences of the Czech Republic, Videnska 1083, Prague 4 14220,
Czech Republic

BACKGROUND: Epigenetic mechanisms have important roles in the tumour escape from immune responses, such as in MHC class |
downregulation or altered expression of other components involved in antigen presentation. Chemotherapy with DNA methyl-
transferase inhibitors (DNMTi) can thus influence the tumour cell interactions with the immune system and their sensitivity to
immunotherapy.

METHODS: We evaluated the therapeutic effects of the DNMTi 5-azacytidine (5AC) against experimental MHC class I-deficient and
-positive tumours. The S5AC therapy was combined with immunotherapy, using a murine model for HPV | 6-associated tumours.
RESULTS: We have demonstrated 5AC additive effects against MHC class |-positive and -deficient tumours when combined with
unmethylated CpG oligodeoxynucleotides or with IL-12-producing cellular vaccine. The efficacy of the combined chemoimmuno-
therapy against originally MHC class I-deficient tumours was partially dependent on the CD8 " -mediated immune responses.
Increased cell surface expression of MHC class | cell molecules, associated with upregulation of the antigen-presenting machinery-
related genes, as well as of genes encoding selected components of the IFNy-signalling pathway in tumours explanted from
5AC-treated animals, were observed.

CONCLUSION: Our data suggest that chemotherapy of MHC class I-deficient tumours with 5SAC combined with immunotherapy is an
attractive setting in the treatment of MHC class |-deficient tumours.

Published online 20 October 201 |
© 2011 Cancer Research UK

Epigenetic modifications of the mammalian genome, including
aberrant DNA methylation, represent tumourigenic events that are
functionally equivalent to genetic changes (Jones and Baylin,
2007). Cellular pathways can be affected by ‘epigenetic’ agents,
such as histone deacetylase and DNA methyltransferase inhibitors
(DNMTi), which can reverse aberrant DNA methylation and/or
histone acetylation in tumour cells. Their therapeutic benefit has
been successfully tested in clinical trials and several compounds,
including DNMTi 5-azacytidine (5AC) and 5-aza-2'-deoxycytidine
(DAC), have been approved for clinical use (Mai and Altucci,
2009).

MHC class I downregulation on tumour cells in the course of
their growth represents a frequent mechanism by which tumour
cells can escape from the specific immune responses (reviewed by
Garrido et al, 2010). Effective anti-tumour immunotherapy should
thus be optimised to cope with MHC class I-deficient tumours
(Bubenik, 2003; Reinis, 2010). Notably, procedures that lead to
MHC class I upregulation on tumour cells have been examined to
augment the efficacy of the immunotherapy. Various mechanisms,
both reversible and irreversible, underlie the MHC class I
downregulation. DNA methylation was found to be responsible
for the MHC class I heavy chain gene inhibition (Nie et al, 2001;
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Serrano et al, 2001), while both the DNA methylation and histone
acetylation changes were associated with inhibition of the antigen-
presenting machinery (APM) gene expression (Seliger et al, 2006;
Setiadi et al, 2007, 2008; Campoli and Ferrone, 2008; Khan et al,
2008; Manning et al, 2008; Adair and Hogan, 2009). Epigenetic
agents can also induce (re)expression of a number of silenced
genes encoding other immunoactive molecules, such as co-stimulatory
molecules, adhesive ICAM-1 (CD54), NKG2D receptor and tumour-
associated antigens (Tomasi et al, 2006; Fonsatti et al, 2007; Sers
et al, 2009). The epigenetic agents can also sensitise tumour cells
to apoptosis and facilitate their killing by cytotoxic T lymphocytes
(Fulda and Debatin, 2006). Thus, the combination of chemotherapy
with DNA methytransferase inhibitors and immunotherapy can be
a promising therapeutic setting.

In vivo administration of epigenetic agents can influence tumour
cell interactions with the immune system not only by affecting the
tumour cells, but also by exerting their effects on immunocytes.
The effects on immunocytes may be immunosuppressive. It has
been shown that 5AC induced regulatory T cells by FoxP3
expression activation (Lal et al, 2009). Negative effects of histone
deacetylase inhibitors on dendritic cell maturation and antigen-
presenting capacity have also been described (Nencioni et al, 2007,
Kim and Lee, 2010). Moreover, histone deacetylase inhibitors
decreased toll-like receptor-mediated activation of proinflamma-
tory gene expression (Bode et al, 2007). The histone deacetylase
inhibitors exert their anti-inflammatory effects by blocking the
secretion of proinflammatory cytokines, such as TNF-o, IL-1f,
IL-6 and IL-12 (Leoni et al, 2002). On the other hand, 5AC has
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been shown to induce differentiation of the myeloid-derived
suppressor cells towards immunogenic antigen-presenting cells
(Daurkin et al, 2010).

The aim of this study was to determine the in vivo effects of 5AC
on expression of the MHC class I molecules and co-stimulatory
molecules on tumour cells, using an animal model for MHC
class I-deficient, HPV16-associated tumours (Bubenik, 2008).
The question was how 5AC as the epigenetic agent can influence
the anti-tumour immune responses in vivo and whether the
treatment with epigenetic agents can be successfully combined
with some immunotherapeutic protocols. We determined the
additive/synergistic effects of 5AC with immunotherapy performed
by the treatment with unmethylated CpG oligodeoxynucleotides
(CpG ODN) or IL-12-producing cellular vaccines. Special atten-
tion was paid to the role of CTLs in 5AC-treated MHC class
I-deficient tumour-bearing animals, as well as to the impacts of
the 5AC treatment on the CpG ODN-induced activation of the
immune system.

MATERIALS AND METHODS
Mice

C57BL/6 males, 2-4 months old, were obtained from AnLab Co.,
Prague, Czech Republic. The mice were housed in the animal
facility of the Institute of Molecular Genetics AS CR. Experimental
protocols were approved by the Institutional Animal Care
Committee of the Institute of Molecular Genetics AS CR, Prague.

Cell culture

MHC class I-positive cell line TC-1 was obtained by in vitro
co-transfection of murine lung C57BL/6 cells with HPV16 E6/E7
and activated human Ha-ras (G12V) oncogenes (Lin et al, 1996).
TC-1/A9 (MHC class I-deficient) cell line (Smahel et al, 2003) was
obtained from the TC-1 tumours developed in immunised mice.
IL-12-gene-modified TC-1/IL-12 (231/clone 15) cells used for
vaccination produced in vitro 40ng IL-12/1 x 10> cellsml™"
medium/48h and were irradiated (150 Gy) before use (Indrova
et al, 2006). All cell lines were cultured in RPMI 1640 medium
supplemented with 10% fetal calf serum, L-glutamine and
antibiotics.

In vivo experiments

TC-1 or TC-1/A9 tumour cells were transplanted subcutaneously
(s.c.) in a dose of 1 x 10* into syngeneic mice. Mice were injected
s.c. with 100 ug of 5AC (Sigma, Saint Louis, MO, USA) in the
vicinity of tumour transplantation on days 3, 7, 10, 14, 17, 21, 24
and 28. CpG ODN 1826 was injected s.c. on days 3 and 10.
On day 4, mice were treated s.c. with 1 x 107 150 Gy irradiated
TC-1/IL-12 cells. The mice (eight per group) were observed twice a
week, and the number of mice with tumours, as well as the size of
the tumours was recorded. All in vivo experiments were repeated
at least twice with similar results. CpG ODN 1826 (5'-TCCATGACG
TTCCTGACGTT-3', phosphorothioate) (Gramzinski et al, 2001)
was purchased from Genosys, Hradec Kralove, Czech Republic.

In vivo depletion studies

In vivo depletion of NKI1.1", CD4" and CD8" cells was
performed using monoclonal antibodies PK 136, GK 1.5 and
2.43, as described previously (Reinis et al, 2006). To deplete the
effector cells, 0.1 mg of the antibody was i.p. injected into mice,
during the first week, injections were given three times and in the
following 2 weeks, mice received injections once a week. Depletion
was verified by the staining of spleen cells with labelled antibodies
and FACS analysis.
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Flow cytometry

Cell suspensions were prepared from tumours explanted from
killed animals. Cells were further cultured for 7 days in vitro and
subjected, together with original cell lines, to the FACS analysis as
described previously (Mikyskova et al, 2005). In selected experi-
ments, rIFNy (50 Uml~") was added into the culture medium 48 h
before analysis. Cell surface MHC class I expression on tumour cells
was determined using PE anti-H-2D® (clone KH95) and PE anti-H-
2K® (AF6-88.5) antibodies. The following antibodies were used:
PE anti-CD80 (16-10A1), PE anti-CD86 (B7-2) (GL1), PE anti-CD54
(ICAM-1) (3E2), PE anti-B7-H1 (CD274) (MIH5) and FITC anti-
MHC class II I-A® molecules (AF6-120.1). All cells were initially
pre-incubated with anti-CD16/CD32 to determinate non-specific
binding. Flow cytometry was performed using an LSR II flow
cytometer (BD Biosciences, San Jose, CA, USA), 10000 cells were
counted. All antibodies used, including the relevant isotypic control,
were obtained from BD Pharmingen (San Diego, CA, USA). For the
phenotypic analysis of different populations of spleen cells, mice
were killed (15 days after the TC-1/A9 transplantation and
treatment with 5AC and CpG ODN 1826) and the suspension of
spleen cells was prepared. After lysis of the erythrocytes with Tris-
NH,CI buffer, the expression of selected markers on spleen cells
was analysed by flow cytometry. The following labelled antibodies
were used: APC anti-CD45 (LCA, LY5), APC anti-CD11c (Integrin
alpha, chain) (HL3), APC anti-Gr-1 Ly-6G and Ly-6C (Rb6-8C5),
FITC anti-CD11b (M1/70), FITC anti-CD4 (L3T4) GK1.5, PE
anti-CD25 (IL-2-Receptor-Chain p55) (PC61), FITC anti-CD69
(H1.2F3), PE anti-NK1.1 (NKR-P1B and NKR-P1C) (PK136), FITC
anti-CD19 (1D3) and PE anti-F4/80 (CIA3-1). As isotype controls,
FITC-, APC- and PE-labelled antibodies of irrelevant specificity were
utilised. All antibodies but anti-F4/80 (Biolegend, San Diego, CA,
USA) were purchased from BD Pharmingen. For the tetramer
assay, 100 000 spleen cells were counted. Cells were stained with PE
tetramers containing mouse E7 (49-57) CTL epitope (Sanquin,
Amsterdam, The Netherlands), followed by staining APC with anti-
CD3e (145-2C11) and FITC anti-CD8a (53-6.7). In all experiments,
samples from at least three mice per group were analysed.

Real-time quantitative RT-PCR

Total RNA was extracted with High Pure RNA isolation kit (Roche,
Basel, Switzerland). The amount of 1 ug of RNA was reverse trans-
cribed to cDNA using random hexamer primers from GeneAmp
RNA PCR Core Kit (Applied Biosystems, Foster City, CA, USA) in
a 20-ul reaction volume at 42 °C for 30 min. Quantitation of PCR
products was performed in 10 ul of Lightcycler 480 SYBR Green I
Master mix (Roche) using a real-time PCR lightcycler (Roche).
DNA was denatured at 95°C for 5min; 45 cycles of denaturation
at 95°C for 255, annealing at 60 °C for 45s, elongation at 72°C
for 1 min and incubation at 80 °C for 5s. cDNAs were amplified
with specific primers for f-actin, TAP-1, LMP-2, TAP-2, LMP-7,
tapasin, IRF-1, IRF-8 and STAT-1. The list of the TAP-1/2,
LMP-2/7 and reference genes and their primer sequences have
been described elsewhere (Manning et al, 2008). The remaining
PCR primer sequences are as follows: tapasin, 5-GCTATACTTC
AAGGTGGATGACC (forward) and TGCAAGACAGAGCAGTTCT
GGG (reverse); IRF-1, 5'-GCCCGGACACTTTCTCTGATG (forward)
and AGACTGCTGCTGACGACACACG (reverse); IRF-8, 5'-CGGGG
CTGATCTGGGAAAAT (forward) and CACAGCGTAACCTCGTCT
TC (reverse); STAT-1, 5-TCACAGTGGTTCGAGCTTCAG (forward)
and GCAAACGAGACATCATAGGCA (reverse); HPV16E6, 5'-GCA
AGCAACAGTTACTGCGA (forward) and GTTGTCTCTGGTTGCA
AATC (reverse); HPV16E7, 5-ATGCATGGAGATACACCTAC (forward)
and CGCACACAATTCCTAGTG (reverse). Fold changes in trans-
cript levels were calculated using Cr values standardised to f-actin,
used as the endogenous reference gene control. All samples were
run in biological triplicates.
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Bisulphite modification and methylation-specific PCR

Treatment of DNA from TC-1/A9 cells with sodium bisulphite and
methylation-specific PCR (MSP) analysis of the TAP-2, TAP-1 and
LMP-7 promoter regions were performed by Bisulphite Epitect kit
(Qiagen, Hilden, Germany) according to the manufacturer’s
protocol. In order to identify CpG islands within the promoter
region of the antigen-processing genes, MSP analysis, performed
with primers designed with the program METHPRIMER, was
described elsewhere (Manning et al, 2008).

Proliferation and ELISPOT assays

To determine the portion of the IFNy-secreting spleen cells, an
ELISPOT kit for detection of murine IFNy (BD Pharmingen) was
used. Spleen cells were cultured for 48h and then placed to the
wells of ELISPOT plates (concentration 5 x 10 cells per well) for
24h. The plates were then processed according to the manufac-
turer’s instructions. Coloured spots were counted with CTL
Analyser LLC (CTL, Cleveland, OH, USA) and analysed using the
ImmunoSpot Image Analyser software.

For proliferation assay, splenocytes were resuspended at the
concentration of 107 cellsml™' in PBS supplemented with 5% FCS
and labelled with 5,6-carboxy-fluorescein diacetate succinimidyl
ester (CFSE; Sigma) by incubation for 5 min in 37 °C and 5% CO,
at the final concentration of 2.5 um. Labelling was quenched with
RPMI 1640 supplemented with 10% FCS and the cells were washed
twice before culturing in flat-bottom 24-well plates (1.5 x 10°ml ™).
After CFSE staining, splenocytes were cultured alone or in the
presence of immobilised anti-CD3 antibody (145-2C11; 1 xlml™")
and anti-CD28 (37.51; 1 ulml~!). For FACS analysis, anti-CD3e
(145-2C11), CD4 (GK1.5), CD8a (53-6.7) antibodies were used to
determine proliferation of CD3, CD8 and CD4-positive cells. Flow
cytometry was performed using an LSR II flow cytometer (BD
Biosciences), 10000 cells were counted. All antibodies used,
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including the relevant isotope control, were obtained from
BD Pharmingen.

Statistical analysis

For statistical analyses of differences between the growth curves of
tumours, the analysis of variance (Newman-Keuls and Tukey-
Kramer tests) from NCSS, Number Cruncher Statistical System
(Kaysville, UT, USA), statistical package was used. For statistical
analysis of qPCR and ELISPOT assays, the Student’s t-test was
used. Differences between experimental and control samples with
P<0.05 were considered to be statistically significant.

RESULTS

Anti-tumour effects of 5AC on TC-1 and TC-1/A9 tumours
are augmented by immunotherapy

The therapeutic effect of DNMTi 5AC against both TC-1/A9 and
TC-1 tumours was demonstrated. Mice were transplanted with
TC-1/A9 or TC-1 tumour cells and repeatedly treated with the DNA
methytransferase inhibitor 5AC, administered intratumourally or
into the vicinity of the site of tumour cell injection when the
tumours were not yet palpable. As expected, significant inhibition
of the tumour growth was observed in mice bearing both TC-1
and TC-1/A9 tumours (Figure 1). Further, the CpG ODN 1826
treatment significantly augmented the 5AC therapeutic effect.
The effects of intratumoural administration of 5AC and CpG ODN
1826 and their combinations on the growth of palpable TC-1/A9
tumours were also investigated. In this setting, only the combina-
tion but not the 5AC or CpG ODN monotherapies significantly
inhibited the tumour growth (Figure 1C). On the other hand,
additive or synergistic effects were not observed in the therapy of
the TC-1 tumours in which CpG ODN monotherapy significantly
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Figure |

Tumour inhibitory effects of combined 5SAC and CpG ODN 1826, Chemoimmunotherapy of the TC-1/A9 and TC-1 tumours. TC-1/A9 (A)

and TC-1 (B) tumour cells were transplanted on day 0. In experimental groups, 5AC was repeatedly administered on days 3, 7, 10, 14, 17, 21, 24 and 28.
CpG ODN 1826 was administered on days 3 and 10. Significant inhibition (P<0.05 determined by Newman—Keuls and Tukey—Kramer tests, eight mice
per group were used for the experiments) was observed in all treated mice, as compared with the untreated controls. Combined therapy was significantly
more effective as compared with monotherapies only. (€) CpG ODN and 5AC treatment started when the TC-1/A9 tumours became palpable with
~ | mm in diameter. Significant inhibition was observed only after the combined therapy. (D) Treatment of TC-| palpable tumours. The level of tumour
growth inhibition by monotherapies was not different from the effects of the combined therapy.
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Figure 2 Theimpact of NKI.| ¥, CD4 ™" and CD8™ in vivo depletion on
the 5AC and CpG ODN 1826 therapeutic effects against the TC-1/A9
tumours. (A) The efficacy of the combined 5AC and CpG ODN treatment
of the TC-1/A9 tumours was significantly abrogated in mice with depleted
CD8™" and NKI.I * but not the CD4 " cells. (B) Tumour growth in mice
subjected to the CpG ODN or 5AC monotherapies was not significantly
changed upon CD8 ™ cell depletion, as compared with the treated-only
controls. In all experiments, error bars show standard deviations. All
experiments were repeated twice with similar results.

inhibited the tumour growth (Figure 1D). Since the MHC class I
upregulation was observed on cells of growing TC-1/A9 tumours
from 5AC-treated animals, we raised the question whether the role
of the MHC class I-restricted mechanisms was increased in the
immune response leading to the inhibition of the tumour growth.
The role of CD4 ™, CD8 " and NK cells was assessed in the in vivo
depletion experiments (Figure 2). Although the NKI1.1" cells
remained critical for the tumour growth inhibition, the depletion
of CD8 ™ cells also resulted in acceleration of the tumour growth
in 5AC- and CpG ODN-treated animals, while the growth of the
TC-1/A9 tumours in CpG ODN 1826 only-treated animals was
not affected by the CD8 ™ cell depletion. These results indicate that
5AC therapy increased tumour cells’ sensitivity to CTL-mediated
cytotoxicity. Further, the efficacy of the 5AC monotherapy, which
led to MHC class I upregulation on tumour cells, was not
dependent on the CD8 " cell population. This result suggests that
besides the 5AC treatment, which increased the MHC class I
expression on tumour cells, induction of immune response by
immunotherapy was also crucial for the development or efficiency
of the CD8*-mediated immunity. In the next series of in vivo
experiments, the efficacy of combined therapy of MHC class
I-deficient TC-1/A9 tumours with IL-12-producing vaccine (irra-
diated TC-1/IL-12 cell line) and 5AC was tested. As for the CpG
ODN treatment, the combined therapy (i.e., treatments with 5AC
on days 3, 7, 10, 14, 17, 21, 24, 28 and with TC-1/IL-12 on day 4)
resulted in significantly more efficient inhibition of the tumour
growth, as compared with monotherapy (Figure 3).

In vivo and in vitro cell surface molecule modulation on
tumour cells after the 5AC treatment

We have assessed the level of the MHC class I and selected
immunoactive molecules expression on the TC-1/A9 tumour cells
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Figure 3 Tumour inhibitory effects of combined SAC and TC-I/IL-12-
producing cellular vaccine therapy of the TC-1/A9 tumours. TC-1/A9 (cells
were transplanted on day 0). In experimental groups, 5AC was repeatedly
administered on days 3, 7, 10, 14, 17, 21, 24 and 28; IL-12-producing cells
were transplanted on day 4. Significant inhibition (P<0.05 determined by
Newman—Keuls and Tukey—Kramer tests) was observed in all treated
mice, as compared with the untreated control. The combined therapy was
significantly more effective as compared with the SAC treatment only.

0 10

excised from the tumour-bearing animals and cultured ex vivo and
compared these levels with the expression level on the cells treated
in vitro with the epigenetic agents or IFNy (Figure 4 and Table 1).
Indeed, the MHC class I expression on tumour cells from 5AC-
treated animals was upregulated as compared with the tumour
cells from untreated animals. Explanted tumour cells remained
fully sensitive to the IFNy treatment. We have also investigated the
expression of other selected co-stimulatory molecules from the B7
family, as well as of CD54 (ICAM-1). The cell surface expression of
CD80 was decreased in the tumour cells from the 5AC-treated
animals, as compared with those from the untreated controls,
while the B7-H1 molecules were moderately upregulated (a signi-
ficant change was observed only in the CpG ODN/5AC-treated
group). No significant changes were observed in CD54 expres-
sion (Table 1). Tumour cells remained CD86-, MHC class
II- and B7-H2-negative after all treatments (data not shown).
The results indicate that cell treatment with 5AC in vivo and
in vitro results in a similar pattern of the monitored cell surface
molecules. However, the MHC class I expression from explanted
tumours was higher than that could be achieved upon the
treatments of the tumour cell lines in vitro. As expected, the
MHC class I upregulation induced by 5AC was associated with
increased expression of APM genes (Figure 5). DNMTi effects on
the APM and co-stimulatory/inhibitory gene expression in vivo in
some tumour cells resemble the impacts of IFNy on the expression
of these genes. We have hypothesised that DNMTi can also act
through the activation of the IFNy-signalling pathway components
and we therefore focused on the expression levels of the selected
genes from this pathway, namely interferon responsible factors 1
(IRF-1) and 8 (IRF-8) and STAT-1 in tumour cells. Indeed, the
expression levels of these genes were increased in the cells from the
5AC-treated animals, as compared with the samples from the
untreated animals or from mice after immunotherapy only.
Increased sensitivity of tumour cells to the specific lysis could
also be attributed to increased expression of tumour rejection
antigens. Our analysis demonstrates the increased expression of
both HPV16 E6 and E7 oncogenes. It is noteworthy that the TC-1
cell line has been engineered by transfection of plasmids carrying
both these oncogenes. Therefore, analysis of their expression regu-
lation is not relevant for understanding of the biology of cervical
carcinoma cells. We have previously shown that upregulation of

© 2011 Cancer Research UK
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Figure 4 MHC class | expression on TC-1/A9 tumour cells. MHC class | expression (determined by using a mix of anti-H-2D" and anti-H-2K") was
determined by the FACS analysis of tumour cells explanted from experimental and control animals, which underwent therapy either immediately after
tumour cell transplantation (A) or when tumours became palpable (B). Control data of the TC-1/A9 cultured cells and treated in vitro with either SAC or
IFNy (C) and of the explanted tumour cells from control and treated animals subsequently treated in vitro with IFNy (D) are also shown. Representative
results are presented; the statistical analysis of at least triplicate analyses is shown in Table I.

Table | Expression of MHC class | and co-stimulatory molecules on
explanted TC-1/A9 tumour cells

Fluorescence intensity (Gmean)

Group of mice  MHC class | CD80 B7-HI CD54

Control 4.1 £69 61921764 56% 1.1 73124
5AC 189.9+71.1%  4132+2444 120+77 8.6%60
5AC + CpG1826 196.0+£500%  2790£ I51.1*% 109+£34*% 65+3.1
CpG1826 109+62 7393+ 1633 6.1+10 59+05
Abbreviations:  MHC =major histocompatibility complex; SAC = 5-azacytidine.

#P<0.05 as compared with control group.

the APM gene expression upon in vitro treatment of the
TC-1/A9 cells with the epigenetic agents is associated with DNA
demethylation of the corresponding regulatory gene sequences
(Manning et al, 2008). Here, we document a similar association
after 5AC administration in vivo by the MSP analysis of the
regulatory sequences of the selected APM genes (Figure 6).
Explanted tumour cell retained their sensitivity to the IFNy
treatment. The expression of monitored genes was further
increased upon 48h in vitro treatment with 50Uml™' IFNy
(Supplementary Figure S1).

Analysis of immunocyte populations and immune
responses in 5AC-treated animals

We have monitored the immune responses after the treatment with
5AC combined with CpG ODN therapy or cell therapy with the
IL-12-producing cells and, importantly, the impact of the 5AC
administration on immune cells. The results are summarised in
Figure 7 and Table 2. The percentage of IFNy-producing spleen
cells, as determined by ELISPOT assay, was significantly higher
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upon the 5AC and/or CpG ODN treatments, as compared with the
healthy controls (Figure 7A). However, these levels were lower, as
compared with the untreated tumour-bearing mice. Administra-
tion of 5AC also inhibited the activation effect of the IL-12-
producing cellular vaccine.

The total numbers of the spleen cells were significantly lower in
the 5AC-only treated animals (54 x 10°+ 14 x 10°), as compared
with the tumour-bearing or healthy mouse controls
(106 x 10°+ 34 x 10° and 92 x 10° 19 x 10°%, respectively). The
total numbers of the spleen cells in all other experimental groups
were not significantly different from the control groups. Although
the percentage of proliferating cells in spleens were lower in
all treated mice, as compared with tumour/bearing untreated
mice, the capacity of the CD8 " spleen cells to proliferate upon
CD3/CD28 activation was not significantly impaired (Figure 7B).
Similar results as for the CD8 " cells were obtained for the CD4 ™
spleen cells (data not shown).

Detailed analysis of the spleen cell populations in 5AC- and/or
CpG ODN-treated and untreated tumour-bearing and control
mice is presented in Table 2. This analysis documents that 5AC
treatment did not influence the increased proportion of activated
(CD69 ") T and B lymphocytes, as well as of NK cells induced
by the CpG ODN treatment. As expected, CpG ODN increased
the numbers of matured dendritic cells (CD11c "/CD86 " /MHC
class 11") and also the expression of B7-H1. 5AC had no effect
on these numbers. In agreement with the in vivo therapeutic
data showing that the CD8" population had a role in the
inhibition of the tumour growth only when 5AC and CpG were
used in combination, the increased specific CD8 " spleen cell
population recognising E7 antigen was documented by the tetra-
meric assay only in the spleens from 5AC and CpG ODN-treated
animals. Collectively, this analysis reveals that the 5AC treatment
does not dramatically influence the proportion of particular cell
populations or their activation status, as well as the changes
induced by CpG ODN.
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Figure 5 Upregulation of APM genes, IFNy pathway components and E6/E7 oncogenes in TC-1/A9 tumours explanted from the 5AC- and/or CpG
ODN-treated animals. Expression levels of selected APM genes, as well as IRF-1, IRF-8 and STAT-1 in TC-1/A9 tumour cells explanted from experimental and
control animals. *Denotes significant changes (P<0.05 determined in Student's t-test) as compared with the values from untreated animals. Biological
triplicates were used for the analysis. In all experiments, error bars show standard deviations. Relative expression numbers represent the percentage of the

f-actin expression levels.
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Figure 6 Methylation status of the APM gene regulatory sequences in
the TC-1/A9 tumour cells from 5AC-treated and -untreated animals DNA
from the TC-1/A9 explanted tumour cells from control 5AC-treated
animals was bisulphite treated and subjected to the MSP analysis. The
methylation status of the TAP-1, TAP-2 and LMP-7 promoter sequences was
analysed. Bands in the lanes designated U represent the PCR products
amplified from unmethylated DNA, bands from the M lanes represent the
PCR products from methylated DNA.

DISCUSSION

DNMTI, such as 5AC, display a strong potential to be used as
anti-tumour chemoterapeutics. Since they have been described to

British Journal of Cancer (2011) 105(10), 1533154

increase immunogenicity of tumour cells, as well as their sensitivity
to the cytotoxic cells, they are attractive candidates for combination
chemoimmunotherapy. Two studies, including ours (Manning et al,
2008; Setiadi et al, 2008), have recently documented MHC class I
molecule upregulation on MHC class I-deficient TC-1/A9 tumour
cells after DNMTi or HDACI treatments in vitro and, subsequently,
after the treatment, these cell became sensitive for specific lysis
by CTLs. Our aim in this study was to optimise the therapeutic
protocols based on immunotherapy combined with DNMTi treat-
ment, using the same model for MHC class I-deficient tumours.
Previously, we have demonstrated that CpG ODN can inhibit the
tumour growth of tumours with a different MHC class I cell surface
expression status (Reinis et al, 2006). Similarly, the therapeutic
effect of the IL-12-producing cellular vaccine was demonstrated in
the treatment of the minimal residual tumour disease after chemo-
therapy (Indrova et al, 2003, 2008; Bubenik 2008).

In this study, we have shown the synergistic/additive effects of
DNMTi treatment with non-specific immunotherapy using CpG
ODN or cellular vaccine producing IL-12. Our data indicate that
the in vivo treatment modulates immunogenicity of the TC-1/A9
tumour cells, since the in vivo cell depletion study revealed induc-
tion of CD8 " cell-dependent mechanisms in protective immune
responses against these tumours. It is noteworthy that the CD8
cell dependence of the therapeutic effect was not observed after
5AC monotherapy but only after combined treatment with CpG
ODN. This result suggests that for maximal therapeutic effects,
tumour cell sensitisation to immune responses by convenient chemo-
therapy with epigenetic agents should be combined with activa-
tion of the immune responses by immunotherapy. The in vivo
depletion experiments revealed that the tumour growth in both
5AC-treated and untreated animals was strongly controlled by the
NK1.1 7 cells. This result documents the role of innate immunity
against tumours regardless of their MHC class I expression status.
Indeed, we have previously shown, using the TC-1 and TC-1/A9

© 2011 Cancer Research UK
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Figure 7 Analysis of spleen cell activation and immune responses in treated animals. Spleen cells were isolated from experimental and control groups |5 days
after TC-1/A9 tumour cell transplantation and treatment commencement. (A) Spleen cells were subjected to the analysis of IFNy production by ELISPOT assay.
Biological triplicates were used for the analysis. In all experiments, error bars show standard deviations. In all experimental groups, the percentage of IFNy-producing
cells were significantly higher, as compared with healthy controls and lower, as compared with untreated tumour-bearing mice; SAC treatment significantly
decreased the percentage of IFNy-producing cells from CpG- and TC-1/IL-12- treated, as well as untreated mice, respectively (P<0.05 determined in Students’
ttest). (B) CD8™" spleen cell proliferation was determined by CFSE analysis. Representative data show CD8™ proliferation in unstimulated samples (grey
histograms) and after CD3/CD28 mAb stimulation (white histograms). Numbers indicate the percentage of proliferating cells from unstimulated/stimulated samples.

Table 2 Phenotypic characterisation of spleen cells from mice |5 days after TC-1/A9 transplantation and treatment with 5AC and/or CpG ODN 1826

% Positive CD45" spleen cells from mice treated with

Marker expression Control TC-1/A9 5AC 5AC + CpG 1826 CpG 1826 Control mice
CD8 133%24 157405 13.1 24 118406 148+ 14
CD8/CD69 09402 09+00 25+0.1% 25+05% 08+00
CD4 175+ 1.6 204+ 13 17.1£23 173412 217428
CD4/CD69 31402 39405 60+ 1.9% 56+05*% 28+0.1
NKI. | 74+04 6505 18.1 +2.4% 137 % 1.5% 49402
NKI.1/CD69 38+07 37+03 103+ 1.6% 72+03* 22402
CcDI9 587 £4.2% 69.0 24" 65.6+53" 72.1 +38° 76.1 £407
CD19/CD69 33106 48402 80+08* 125+ |.6% 44+06
Gr-| 79%19 56+06 12.5+0.3% 1.6+ 1.6% 93+03
Gr-1/CDI Ib 30408 28%05 40+09 494 1.1 30403
F4/80 103415 103408° 140+ 28" 103+ 1.8 6308
CDllc 11.2402%* 9.5 +0.8%* 65%05 67+ 1.1 70408
CDA45/B7-HI 32406 48+02 80+ 0.8* 125+ 1.6* 44106
CD86/MHC Il 7.1+06 71+10 143+ 2.4% 16.1 % 1.8% 65+ 1.1
CD86/MHC Il (in CDI Ic* population) 50.6+47 53.1418 764+ 47% 772+ 21% 516458
Tetramer H2-D°/E7 (in CD8" population) 0.17£003 021002 0.36 £ 0.06%** 0.17£0.06 0.18£0.04

Abbreviations: MHC = major histocompatibility complex; ODN = oligodeoxynucleotides; SAC = 5-azacytidine. Data from at least three mice were used for analysis. *P <0.05 as
compared with: control TC-1/A9, treated with SAC, control mice. 'P<0.05 as compared with: control TC-1/A9. SP<0.05 as compared with: control mice. **P <005 as
compared with: treated with 5AC+CpG 1826, CpG 1826, control mice. *#*P<0.05 as compared with: 5AC, CpG 1826, control TC-1/A9, control mice.
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models, that NK1.1" cell population is an important player
controlling the early phases of the parental, MHC class I-positive,
TC-1 tumour growth (Simova et al, 2004; Reinis et al, 2006).

The additive effect of 5AC and CpG ODN administration was
surprisingly not observed on palpable TC-1 tumours. The possible
explanation might be that CpG ODN monotherapy was more
effective against more immunogenic TC-1 tumours than against
TC-1/A9 tumours so that it was difficult to see the increased
efficacy of combined therapy in our experimental setting.

The phenotypic analyses showed significant MHC class I
upregulation on the explanted TC-1/A9 tumour cells upon in vivo
5AC treatment. 5AC administration increased the expression of a
number of APM genes (TAP-1, TAP-2, LMP-2, LMP-7, Tapasin).
Interestingly, the MHC class I cell surface expression levels after
in vivo administration of 5AC were higher, as compared with
the expression levels achieved upon the in vitro treatment of the
TC-1/A9 cells. This could be attributed to repeated treatments
with 5AC or to the additive effects of endogenous cytokines in the
tumour microenvironment, as the MHC class I expression tends to
increase even in the tumours from mice that were not subjected to
any therapy (Mikyskova et al, 2005).

Both in vitro and in vivo treatment with 5AC induced the
expression of the APM and other genes, which are inducible by
IFNy. 5AC treatment combined with CpG ODN (in 5AC only-
treated mice, the upregulation was not significant) moderately
(much less than can be seen upon in vitro IFNy treatment)
increased the expression of the B7-Hl-negative regulator on
tumour cells, which is known to be regulated through the IFNy-
inducible IRF-1 factor (Lee et al, 2006). Further, it is also known
that the IRF-8 gene is frequently epigenetically silenced in a
number of tumours and that DNMTi can increase tumour cell
sensitivity to apoptosis through upregulation of IRF-8 (Fulda and
Debatin, 2006). Therefore, we have decided to select for monitor-
ing, besides STAT-1, the IRF-1 and IRF-8 gene expression upon the
treatment with 5AC. Our data indicate that expression of these
crucial players in the IFNy-signalling pathway is increased in
tumour cells from the 5AC-treated animals. Although more studies
have to be done, this observation suggests that both, direct
demethylation of the corresponding regulatory sequences of the
upregulated genes, as well as upregulation of the critical components
of the IFNy-signalling pathway can take place in the modulation of
the MHC class I and, or co-stimulatory or regulatory molecules.

Immunomodulatory effects of the hypomethylating agents can
also be mediated by their effects on immune cells. Thus, it was
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influenced subsequent immunotherapy and anti-tumour immune
responses upon non-specific immunotherapy. The results demon-
strate that the 5AC treatment in our experimental settings can
display adverse effects on the immune system, since the number of
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controls. The 5AC treatment also decreased the percentage of
the IFNy-producing spleen cells in the tumour-bearing animals.
However, the proliferative capacity and the proportion of
particular spleen cell populations of the spleen cells remained
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B and NK cells induced by CpG ODN. Importantly, the synergistic
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Taken together, our data document that chemotherapy of MHC
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immunotherapy is a promising therapeutic setting against MHC
class I-deficient tumours, although both positive and detrimental
effects of DNMTis have to be considered and the immunother-
apeutic settings have to be optimised.
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6.3. Publikacia Il

Populacia cyklofosfamidom akumulovanych myeloidnychsupresorovych buniek je
imunosupresivna, ale nie identicka s tymi myeloidnyi supresorovymi bunkami,
ktoré su akumulované rastucimi nadormiTC-1.

Cyclophosphamide-induced  myeloid-derived  suppressarell  population is
immunosuppressive but not identical to myeloid-dsdi suppressor cells induced by
growing TC-1 tumors.

Romana MikySkova, Marie Indrové, Veronika Polldkova (Vikova), Jana Bieblova,

Jana Simova a Milan Reinis

Myeloidné supresorové bunky maju vyznamnu Ulohu nikul nadorovych buniek
imunitnému systému a imi prispievaju k nadorom indukovanej imunosuprekle o
heterogénnu populaciu nediferencovanych buniekiékto mysi charakterizuje marker
monocytov (CD11b) a neutrofilov (Gr-1). Akumuluja ¢ lymfoidnych organoch a krvi
pocas rastu nadorov a ich akumulacia bola popisangoapodani cyklofosfamidu. V
predkladanej publikacii sme sa snazili presktinpadrobne mechanizmus akumulacie
MDSC po chemoterapii s CY (Uloha prozapalovych kitov) a nasledne identifikova
moznu imunoterapiu s diem zoslaki indukovant imunosupresiu. Ulohou bolo poraina
fenotyp a funkciu akumulovanych MDSC v slezine pmapii s CY (CY-MDSC) s tymi,
kde su MDSC akumulované ¢as rastu nadoru TC-1 (TU-MDSC) a s tymi MDSC, ktoré
su akumulované gas rastu nadoru TC-1 pri oSetreni s &9, podporuje ichd’alSiu
akumuléaciu v slezine (CYTU-MDSC). Aj napriek tomie CY-MDSC a aj TU-MDSC
podporuju rast nadorov TC-ih vivo, ich fenotyp sa odliSoval. CY-MDSC populacia
obsahovala vysSie percento monocytarnej populaté&oaskuténos’ bola asociovana s
nizsou expresiou imunosupresivnych génov a niz8quresiou proliferacie T-buniek.
MbéZeme teda tvrdi Ze MDSC akumulované po podani CY vykazuju viacooytarny
fenotyp ako MDSC akumulované rastucim nadorom T&Kel' porovndme ich fenotyp
s ich niZzSiou expresiou imunosupresivnych génokagyju CY-MDSC mensSie supresivne
vlastnosti. Fenotyp a funkcia CYTU-MDSC populaceamedzi populaciami CY-MDSC
a TU-MDSC. DalSou Ulohou bolo zisti (ginok terapie s induktorom diferenciacie
kyselinou ATRA alebo s cytokinom IL-12 na MDSC akuované po ligbe s CY (CY-
MDSC). ATRA mala dinok na diferenciaciu MDSC a inhibovala MDSC akuowané po
terapii s CY. Zistili sme teda rozdiely medzi CY-MD a TU-MDSC a podporili sme
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vyuzitie kyseliny ATRA alebo cytokinu IL-12 pre wgwenie akumuldcie MDSC po
chemoterapii s CY. Takato modulacia MDSC kyselifoRA alebo cytokinom [L-12
potas chemoterapie nadorov moéZze  zwysiprotinadorovy efekt daného

chemoterapeutického agensu.

Prinos autora dizertatnej prace k danej publikacii:

Mojou ulohou pri vypracovani predkladanej publilddiolo monitorovanie relativnej
expresie imunosupresivnych génov MDSC akumulovapycterapii s CY (CY-MDSC) a
MDSC akumulovanych gas rastu nadoru TC-1 (TU-MDSC) a MDSC akumulovanych
pocas rastu nadoru TC-1 pri oSetreni s CY (CYTU-MDSBaSou Glohou bolo zisti
acinok terapie s induktorom diferenciacie kyselinoliRA alebo s cytokinom IL-12 na
MDSC akumulované po lkbe s CY (CY-MDSC), konkrétne zistil¢inok terapie na

relativnu expresiu imunosupresivnych génov.
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Basic Stupy

Cyclophosphamide-induced Myeloid-derived
Suppressor Cell Population Is Immunosuppressive
But Not Identical to Myeloid-derived Suppressor Cells
Induced By Growing TC-1 Tumors

Romana Mikyskovd, Marie Indrovd, Veronika Polldkovd,
Jana Bieblova, Jana Simova, and Milan Reinis

Summary: Myeloid-derived suppressor cells (MDSC) play an im-
portant role in tumor escape from antitumor immunity. MDSC ac-
cumulate in the lymphoid organs and blood during tumor growth and
their mobilization was also reported after cyclophosphamide (CY)
administration. In this communication, spleen MDSC accumulating
after CY therapy (CY-MDSC) were compared with those expanded
in mice bearing human papilloma viruses 16-associated TC-1 carci-
noma (TU-MDSC). Although both CY-MDSC and TU-MDSC ac-
celerated growth of TC-1 tumors in vivo, their phenotype and
immunosuppressive function differed. CY-MDSC consisted of higher
percentage of monocyte-like subpopulation and this was accompanied
by lower relative expression of immunosuppressive genes and lower
suppression of T-cell proliferation. After interferon-y stimulation, the
expression of immunosuppressive genes increased, but the suppressive
ability of CY-MDSC did not reach that of TU-MDSC. The pheno-
type and function of MDSC obtained from mice bearing TC-1 tumors
treated with CY was, in general, found to lie between CY-MDSC and
TU-MDSC. After in vitro cultivation of MDSC in the presence of
interleukin 12 (IL-12), the percentage of CDIlb™/Gr-1* cells
decreased and was accompanied by an increase in the percentage of
CD86 * /MHCII * cells. The strongest modulatory effect was noticed
in the group of CY-MDSC. The susceptibility of CY-MDSC to all-
trans-retinoic acid (ATRA) was also evaluated. In vitro cultivation
with ATRA resulted in MDSC differentiation, and ATRA inhibited
MDSC accumulation induced by CY administration. Our findings
identified differences between CY-MDSC and TU-MDSC and sup-
ported the rationale for utilization of ATRA or IL-12 to alter MDSC
accumulation after CY chemotherapy with the aim to improve its
antitumor effect.

Key Words: myeloid-derived suppressor cells, cyclophosphamide,
all-trans-retinoic acid, IL-12, HPV16

(J Immunother 2012;35:374-384)

Tumor«induced immunosuppression belongs to the crit-
ical mechanisms of the tumor escape from immune
response. Myeloid-derived suppressor cells (MDSC) are major
contributors to the mechanisms that are thought to mediate
tumor-induced immunosuppression.! MDSC represents a
heterogeneous population of undifferentiated cells that are
characterized in mice by markers of monocytes (CDI11b) and
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neutrophils (Gr-1). In healthy mice, CD11b ™ /Gr-1 " cells can
be detected in sizeable numbers in the bone marrow; a small
number of these cells (< 4%) can be found in the blood and
Splccn.2’3 Disturbances in cytokine homeostasis induced by
tumor growth, infection, inflammation, or immune stress can
alter the equilibrium of this population leading to its accu-
mulation in lymphoid organs and blood.* The main feature of
MDSC is their ability to interfere with antitumor immunity
and promote tumor growth by inhibiting tumor cell cytotox-
icity mediated by blocking the activation of tumor-reactive
CD4*, CD8* T cells,>® and natural killer cells.” MDSC
have been linked to the induction of T-cell dysfunction
through the production of transforming growth factor-p
(TGFp), reactive oxygen species (ROS), arginase 1 (Arg-1),
and nitric oxide (NO).%

Cyclophosphamide (CY) is a widely used antineo-
plastic drug, DNA alkylating agent, employed alone or in
combination with other products.” CY appears as an ex-
ceptional chemotherapeutic agent. Besides its direct cyto-
toxic effect CY was reported to modulate both adaptive and
innate immunity.!%!! When CY is administered in relatively
lower doses than those routinely used in the clinical regi-
men, it can augment antitumor responses as it causes de-
pletion of Treg cells. Low-dose CY was also associated with
increased expression of dendritic cell maturation markers.'2
CY administration induces transient lymphopenia that is
associated with augmented in vivo proliferation and ex-
pansion of antigen-specific T cells !> and reduction in the
number of Tregs.!* In contrast, MDSC accumulation was
reported by several authors.!>'7 CY increased levels of
interferon (IFN)y and other proinflammatory cytokines in
the serum!® and elevated the number and activation status
of CD11b™ myeloid cells in vivo.!>1%1% Our previous
experiments showed that MDSC accumulate in the spleens
of mice after intraperitoneal (IP) administration of a
therapeutic dose of Racemic chlorobromofosfamide-4A
(150 mg/kg), an ifosfamide derivative.??

Recent studies have shown that all-trans-retinoic acid
(ATRA) exhibited a potent activity in eliminating MDSC in
cancer patients and in tumor-bearing mice. It has been
shown that ATRA was able to differentiate MDSC
in vitro.2:22 Differentiation of MDSC by ATRA was in-
duced primarilgf by neutralization of high ROS production
in these cells.”* Treatment of cancer patients and tumor-
bearing mice with ATRA resulted in a substantial reduction
of these cells and improvement of immune responses.?*
ATRA has also been shown to improve differentiation of
dendritic cells in cancer patients.2® These data suggest that
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ATRA could be used as an effective differentiation agent
for MDSC and that the elimination of MDSC with ATRA
may improve the effect of cancer vaccines.

Interleukin 12 (IL-12) is a promising antitumor and
immunostimulatory cytokine shown to be effective against
tumors in various experimental models and human clinical
trials.?227-30

Moreover, IL-12 could induce differentiation of
MDSC into antigen-presenting cells (dendritic cells), which
can also affect MDSC accumulation and function. Studies
indicated that MDSC decreased IL-12 production from
macrophages, suggesting a possible role for IL-12 in mod-
ulating MDSC activity. Treatment with 1L-12 altered the
suppressive function of MDSC and decreased the percent-
age of MDSC in the tumor microenvironment.’! In our
previous work, we showed the efficacy of recombinant
IL-12 (rIL-12) or cellular vaccines engineered to produce
IL-12 in the treatment of early tumor transplants of human
papilloma viruses (HPV)16-associated tumors, as well as in
the treatment of tumor recurrences after surgery or cytor-
eductive chemotherapy.***° Further, inmunotherapy with
IL-12-producing, genetically modified TC-1 cells increased
tumor infiltration with CD8 ™ and CD4 " cells and de-
creased the percentage of CD11b ™ /Gr-1* cells,’ which
suggests that IL-12 can be used as an immunotherapeutic
cytokine for inhibition of immunosuppression caused by
MDSC accumulation.

Because the mechanism of CY-induced MDSC accu-
mulation (transient suppression of myelopoiesis together
with release of proinflammatory and protumorigenic cyto-
kines caused by inflammatory organ reaction) seems to be
different from the mechanism leading to MDSC accumu-
lation during tumor growth (release of proinflammatory
and protumorigenic cytokines), in this study we have
compared the phenotype and function of spleen CD11b ™ /
Gr-1* MDSC accumulating after CY therapy (CY-
MDSC) with those of cells expanding in mice bearing
HPV16-associated murine TC-1 tumors (TU-MDSC). To
mimic the clinically relevant setting, a group of mice bear-
ing TC-1 tumors treated with CY (CYTU-MDSC) was also
included to this comparison. Further, the susceptibility of
CY-MDSC to the ATRA or rIL-12 treatment in vitro and

in vivo was evaluated.

MATERIALS AND METHODS
Mice .

_ C57BL/6 male mice, 6-8 weeks old, were obtained
from AnLab Co., Prague, Czech Republic. Experimental
protocols were approved by the Institutional Animal Care
Committee of the Institute of Molecular Genetics, Prague.

Tumor Cell Lines

: For the experiments, the nonmetastasizing TC-1 tumor
cell line established by transformation of primary C57BL/6
mouse lung cells with HPV16 E6/E7 and activated Ha-ras
encoding DNA was used. TC-1 cells were maintained in
RPMI 1640 medium supplemented with 10% foetal calf se-
rum (FCS), 2mM L-glutamine, and antibiotics and cultured
at 37°C in a humidified atmosphere with 5% CO,.

Accumulation of MDSC in Spleens of Mice

Mice bearing large TC-1 tumors (approximate size of
1.5cm in diameter), mice 7 days after [P administration of
200 mg/kg of CY (Baxter, Deerfiel, IL), and mice bearing

© 2012 Lippincott Williams & Wilkins

large TC-1 tumors treated with CY (7d after IP admin-
istration of 200mg/kg CY) were killed and the percentage
of CDI11b ™ /Gr-1"* cells in their spleens was analyzed by
flow cytometry. As a control, healthy naive mice were used.
The dose of CY was established after performing the ex-
periment in which mice bearing small TC-1 tumors (size of
2-3mm in diameter) were treated with different doses of
CY. The dose of 200 mg/kg was selected as optimal for both
combined chemoimmunotherapy and study of MDSC and
their possible modulation (data not shown).

Preparation and Characterization of CY-MDSC,
TU-MDSC, and CYTU-MDSC

CDI11b™* cells from spleens of CY-treated (CY-MDSC),
TC-1 tumor-bearing (TU-MDSC), and CY-treated TC-1 tu-
mor-bearing mice (CYTU-MDSC) mice were isolated by
magnetic-activated cell sorting (MACS) using anti-mouse
CDI11b (Mac-1a) antibodies (Miltenyi Biotech, Auburn, CA)
conjugated to magnetic beads in accordance with the manu-
facturer’'s instructions. Cell separation was performed with
autoMACS (Miltenyi Biotec). The purity of cells was control-
led by flow cytometry and the percentage of CD11b * /Gr-1 7
cells achieved 86%-91%. All cultivations of MDSC were
performed in RPMI 1640 medium supplemented with 10%
FCS, 2mM L-glutamine, antibiotics, and 2-mercaptoethanol in
a humidified atmosphere with 5% CO, at 37°C.

Immediately after isolation or after 24 hours of in-
cubation (1 x 109¢ells/mL) with 100 U/mL IFNy (RD Sys-
tems, Minneapolis, MN), CY-MDSC, TU-MDSC, and
CYTU-MDSC were analyzed by flow cytometry (FACS) for
the percentage of CD11b* /Gr-1* cells and the expression of
Ly6G, Ly6C, F4/80, CDllc, CD80, and CD86 markers.
Relative expression of genes responsible for immuno-
suppressive function, Arg-1, inducible nitric oxide synthase
(iNOS), TGFp, ROS, and vascular endothelial growth factor
(VEGF) was analyzed immediately after cell isolation or after
6 hours of incubation in the RPMI medium supplemented
with 100 U/mL IFNy (1 x 10° cells/mL) by quantitative reverse
transcription-polymerase chain reaction (QRT-PCR). VEGF
production was analyzed by enzyme-linked immunosorbent
assay (ELISA) after 24 hours incubation in RPMI medium
(5 x 10° cells/mL) supplemented with 100 U/mL IFNy.

Flow Cytometry

To determine the percentage of CD11b * /Gr-1 " cells,
fluorescein isothiocyanate (FITC) rat anti-mouse CDIlb
(M1/70) and allophycocyanin (APC) rat anti-mouse Ly6G
and Ly6C (Gr-1) (RB6-8C5) were utilized. To determine
whether MDSC possess the receptor for IL-12, phycoery-
thrin (PE) anti-CD212 (IL-12-receptor B chain) was used.
Expression of Ly6G, Ly6C, F4/80, CDIlc, MHC class II,
CDR0, and CD8&6 was analyzed using following antibodies:
PE anti-Ly6G (1A8), FITC anti-Ly6C (AL-21), PE-
CyTM?7 rat anti-mouse CDI11b (M1/70), PE anti-F4/80
(BM8), APC anti-CD11c (HL3), FITC anti-MHCII (AF6-
120.1), PE anti-CD80 (16-10A1), and PE anti-CD86 (GL1).
Relevant isotype controls, FITC, APC, PE-CyTM7, and
PE-labeled antibody of irrelevant specificity were used. PE
anti-F4/80 was purchased from BioLegend (San Diego,
CA); other products were purchased from Pharmingen (San
Diego, CA). Flow cytometry was performed using an LSR
II flow cytometer (BD Biosciences, San Jose, CA) and an-
alyzed using FlowJo v. 9.4.11.
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qRT-PCR

Total RNA was extracted with High Pure RNA iso-
lation kit (Roche, Basel, Switzerland). The amount of 1pg
of RNA was reverse transcribed to cDNA using random
hexamer primers from GeneAmp RNA PCR Core Kit
(Applied Biosystems, Foster City, CA) in a 20-pl reaction
volume at 42°C for 30 minutes. Quantification of PCR
products was performed in 10 ul of Lightcycler 480 SYBR
Green 1 Master mix (Roche) using a real-time PCR light-
cycler (Roche). DNA was denatured at 95°C for 2 minutes;
45 cycles of denaturation at 95°C for 25 seconds, annealing
at 60°C for 45 seconds, elongation at 72°C for 1 minutes,
and incubation at 80°C for 5 seconds followed. cDNAs
were amplified with specific primers for f-actin, Arg-I,
INOS, TGF-f1 (designated as TGFf), ROS, and VEGF-164
(designated as FVEGF). The list of the reference genes and
their primer sequences has been described elsewhere.’” The
remaining PCR primer sequences are as follows: Arg-1, 5'
CTCCAAGCCAAAGTCCTTAGAG (forward) and AG-
GAGCTGTCATTAGGGACATC (reverse); iNOS, 5
GTTCTCAGCCCAACAATACAAGA (forward) and GTG
GACGGGTCGATGTCAC (reverse); TGFp-1, 5CCGCA
ACAACGCCATCTATG (forward) and CTCTGCACGG
GACAGCAAT (reverse); VEGF-164, 5 CITTGTTCA
GAGCGGAGAAAGC (forward) and ACATCTGCAAGT
ACGTTCGTT (reverse); ROS, 5 CCAACTGGGATAAC
GAGTTCA (forward) and GAGAGTTTCAGCCAAGGC
TTC (reverse).

Fold changes in transcript levels were calculated using
cycle threshold values standardized to B-actin, used as the
endogenous reference gene control. All samples were run in
biological triplicates.

ELISA Assay

For VEGF production, supernatants from cultivated
cells were analyzed by ELISA kits (BD Biosciences) ac-
cording to the manufacturer’s instructions.

Proliferation Assay

For proliferation assay, splenocytes were resuspended
at the concentration of 107 cells/mL in phosphate buffered
saline supplemented with 5% FCS and labeled with 2.5 uM
5,6-carboxy-fluorescein diacetate succinimidyl ester (CFSE,
Sigma-Aldrich, St. Louis, MO) by incubation for 5 minutes
in 37°C in 5% CO,. Labeling was quenched with cold
RPMI 1640 medium supplemented with 10% FCS and the
cells were washed. After CFSE staining, splenocytes were
stimulated with 1.0 ug/mL anti-CD3 (clone 145-2C11) and
1.0 ug/mL anti-CD28 (clone 37.51) antibodies (Pharmin-
gen) and cultured alone, or admixed with CY-MDSC, TU-
MDSC, and CYTU-MDSC (1:1 ratio) alone or in the
presence of IFNy 100 U/mL for 4 days. Cells were gated on
CD4 * and CD8* cells using PE anti-CD4 (GK1.5) and
PE anti-CD8 (53-6.7) antibodies (Pharmingen) and ana-
lyzed for dilution of CFSE by flow cytometry.

Immunosuppressive Function of CY-MDSC and
TU-MDSC In Vivo

Mice were subcutaneously (SC) inoculated with 5 x 10*
TC-1 cells alone or in a mixture (ratio, 1:5) with spleen CY-
MDSC or TU-MDSC. The growing tumors were checked
twice a week and the size of the tumors was recorded.
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Modulation of MDSC With ATRA In Vitro

CD11b™ CY-MDSC obtained by magnetic separation
from spleens of mice 7 days after CY treatment were culti-
vated (2 x 10° cells/3 mL) in vitro for 5 days in the presence of
1.5uM ATRA (Sigma-Aldrich) in the RPMI medium sup-
plemented with 10 ng/mL granulocyte macrophage colony-
stimulating factor (GM-CSF) (RD Systems) in the ultralow
cluster 6-well plate (Corning Incorporated, Costar, NY).
Control samples were cultivated without presence of ATRA.
After cultivation, cells were analyzed by flow cytometry for
the percentage of CDI11b ™ /Gr-1* cells and the expression
of Ly6G, Ly6C, F4/80, and CDIlc markers. Relative ex-
pression of genes for Arg-1, iINOS, TGFp, ROS, and VEGF
was analyzed by qRT-PCR. Supernatants from cultivated
cells were analyzed by ELISA for VEGF production.

Modulation of CY-MDSC With ATRA In Vivo

Mice were administered IP with CY (200mg/kg). Five
days later, mice were treated for 2 weeks with ATRA
(10mg/kg/d SC once a day). The percentage of CD11b "/
Gr-17 cells in the spleens of treated mice was subsequently
analyzed by flow cytometry. Relative expression of genes
responsible for immunosuppressive function (Arg-1, iNOS,
TGFp, ROS, and VEGF) was followed by qRT-PCR. The
ex vivo obtained spleen cells were cultivated in vitro for 48
hours in the RPMI medium and the supernatants were
analyzed for VEGF production by ELISA.

Treatment of TC-1 Tumors With CY and ATRA

Mice were inoculated SC with 5x 10* TC-1 tumor
cells. After approximately 12 days, when the tumors
reached a size of 2-3mm in diameter, the mice were ran-
domly divided into 4 experimental groups. One ex-
perimental group of mice was left as a control group
(untreated TC-1 tumor-bearing mice). Two experimental
groups of mice were injected IP with CY (200mg/kg). A
week later, 1 group of mice previously injected with CY was
treated with ATRA (10mg/kg/d SC once a day) for 2 weeks
(CY + ATRA-treated mice) and the second experimental
group of mice was left without further treatment as CY-
only-treated mice. The last experimental group without
previous CY treatment was injected with ATRA (10mg/kg/d
SC once a day) for 2 weeks (ATRA-treated mice). The
growing tumors were checked twice a week and the size of the
tumors was recorded.

Modulation of MDSC With rIL-12 In Vitro

CDl11b* CY-MDSC, TU-MDSC, and CYTU-MDSC
(IL-12-teceptor negative, FACS analysis, data not shown)
obtained after magnetic separation from spleens of relevant
mice were cultivated in vitro for 4 days in the presence of
0.2 pug/mL rIL-12 (RD Systems) in the RPMI medium sup-
plemented with 10ng/mL GM-CSF in 12-well Transwell
plates with polycarbonate membrane (Corning Incorpor-
ated). CD11b* MDSC were seeded into Transwell inserts
(1% 10®cells/mL), and the CD11b~ cells were seeded into
lower compartments of the wells (2x 10°cells/mL). Control
samples were cultivated without the presence of rIL-12. After
cultivation, cells were analyzed by flow cytometry for the
percentage of CD11b™ /Gr-1" cells and the expression of
CD86/MHCII markers. Relative expression of genes for
Arg-1, iNOS, TGFp, ROS, and VEGF was analyzed by
qRT-PCR. Supernatants from cultivated cells were analyzed
by ELISA for VEGF production.
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Statistical Analyses

For statistical analyses of in vitro experiments, Student’s
¢ test for paired and unpaired data was used. For the eval-
uation of in vivo experiments, analysis of variance and log-
rank test from the Number Cruncher Statistical System
(Kaysville, UT) statistical package were utilized. SDs are
indicated in the figures.

RESULTS

Characterization of MDSC Derived From
CY-treated, TC-1 Tumor-bearing Mice
and CY-treated TC-1 Tumor-bearing Mice

A significant accumulation of CD11b ™ /Gr-17" cells
in the spleens of CY-treated mice, mice bearing established
growing HPV16-associated TC-1 tumor transplants, and
CY-treated TC-1 tumor-bearing mice was found when
compared with control naive healthy mice (FACS analysis,
P < 0.05, Fig. 1A). Further, when CDI1b ™ cells from
CY-treated mice (CY-MDSC), CD11b " cells from TC-1
tumor-bearing mice (TU-MDSC), and CD11b ™ cells from
CY-treated mice TC-1 tumor-bearing mice (CYTU-MDSC)
were isolated by MACS separation and analyzed by flow
cytometry, significant differences between CY-MDSC and
TU-MDSC were found. The percentage of Ly6G—Ly6Chih
[monocytes (MO)-like] population was higher in CY-MDSC
when compared with TU-MDSC (P < 0.05), whereas the
percentage of Ly6G * Ly6C" [polymorphonuclear (PMN)-
like] population was higher in TU-MDSC (P < 0.05)
(Fig. 1B). Expression of F4/80 (corresponding to the MO-
MDSC phenotype) and CDI1lc was significantly higher in
CY-MDSC (P < 0.05). There was no significant difference in
the expression of CD80 and CD86 (Fig. 1C). In the next step,
relative expression of genes for Arg-1, iNOS, TGFp, ROS,
and VEGF in CY-MDSC, TU-MDSC, and CYTU-MDSC
was compared by qRT-PCR. Relative expression of all
immunosuppressive genes analyzed was significantly higher
in TU-MDSC, compared with CY-MDSC (P < 0.05)
(Fig. 1D). The group of mice bearing TC-1 tumors treated
with CY (CYTU-MDSC) was also included into this com-
parison. In general, the CYTU-MDSC phenotype
(Ly6G~Ly6Chigh vs. Ly6G * Ly6C'®™ ratio, proportion of
F4/80+ or CDIlc™ cells) tended to lie between those of
CY-MDSC or TU-MDSC. The relative expression of Arg-1
and TGFB was similar to the relative expression of these
genes in CY-MDSC, whereas the relative expression of
iNOS, ROS, and VEGF ranged between CY-MDSC and
TU-MDSC.

Comparison of CY-MDSC, TU-MDSC, and
CYTU-MDSC After Stimulation With IFNy

As it is known that IFNy activates MDSC and thereby
increases T-cell suppression, the effect of IFNy on CY-
MDSC, TU-MDSC, and CYTU-MDSC phenotype and
function was determined. Isolated MDSC were cultivated
in vitro for 24 hours in the medium supplemented with
100 U/mL IFNy. As can be seen in Figure 2A, the per-
centage of CD11b* /Gr-1 " was higher after cultivation of
CY-MDSC and CYTU-MDSC with IFNy when compared
with TU-MDSC. However, no significant difference in the
cell-surface expression of F4/80, CDl1c, CD80, and CD86
was found (data not shown) in CY-MDSC and TU-MDSC
after stimulation with IFNy. As expected, relative
expression of genes for INOS, ROS, and VEGF was
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significantly increased in CY-MDSC, TU-MDSC, and
CYTU-MDSC after stimulation with IFNy for 6 hours. It
is noteworthy that after stimulation the relative expression
of the iNOS gene was significantly higher in CY-MDSC
than in TU-MDSC (P < 0.05). Relative expression of genes
for Arg-1 and TGFP was not significantly changed
(Fig. 2B). As can be seen in Figure 2C, CY-MDSC, TU-
MDSC, and CYTU-MDSC produced significantly higher
amounts of VEGF after stimulation with IFNy when
compared with unstimulated samples (P < 0.05). In addi-
tion, CY-MDSC and CYTU-MDSC produced significantly
higher amounts of VEGF (both without stimulation and
after stimulation with IFNy) when compared with TU-
MDSC (P < 0.05).

Immunosuppressive Function of CY-MDSC,
TU-MDSC, and CYTU-MDSC In Vitro

The immunosuppressive function of CY-MDSC, TU-
MDSC, and CYTU-MDSC was compared in vitro (CFSE
proliferation assay). For proliferation assay, stimulated cells
labeled with CFSE were admixed with CY-MDSC and TU-
MDSC (1:1 ratio) for 4 days (without or with the addition of
100 U/mL IFNY) and the dilution of CFSE in CD4 " and
CDS8 " cells was analyzed by flow cytometry. As can be seen
in Figure 3A, TU-MDSC suppressed T-cell proliferation
more strongly than CY-MDSC (P < 0.05). When stimulated
with IFNv, the suppressive capacity of CY-MDSC increased
but did not reach the suppressive capacity of TU-MDSC
(Fig. 3B). The suppressive capacity of CYTU-MDSC lay
between CY-MDSC and TU-MDSC (Fig. 3A).

Immunosuppressive Function of CY-MDSC and
TU-MDSC In Vivo

The immunosuppressive function of CY-MDSC and
TU-MDSC was also compared in vivo (adoptive transfer
experiments). Despite the difference in the immunosuppr-
essive capacity detected in vitro, both CY-MDSC and
TU-MDSC accelerated significantly the growth of TC-I tu-
mors in vivo (P < 0.05) (Fig. 3C).

Modulation of CY-MDSC With ATRA In Vitro

As ATRA is an agent that is known to stimulate dif-
ferentiation of immature myeloid cells, CY-MDSC were
cultivated in vitro in the RPMI medium supplemented with
ATRA and GM-CSF. After in vitro treatment of CY-
MDSC with ATRA, the percentage of CDI1b™* /Gr-17
cells decreased; the decrease was caused by the loss of Gr-1
marker. It was accompanied by the increase in F4/80 and
CD11c expression (Fig. 4A). CY-MDSC cultivated in vitro
in the presence of ATRA also exhibited significantly re-
duced relative expression of genes for Arg-1, iNOS, TGF,
ROS, and VEGF (P < 0.05) (Fig. 4B). Significantly de-
creased VEGF production (P < 0.05) was also found in the
supernatant obtained after in vitro cultivation of CY-
MDSC with ATRA (Fig. 4C).

Modulation of CY-MDSC With ATRA In Vivo

To confirm the in vitro effect of ATRA on MDSC
accumulating after CY treatment, mice were IP ad-
ministered with CY and subsequently SC treated for 2
weeks with ATRA. When compared with CY-only-treated
mice, a significant decrease (P < 0.05) in the percentage of
CDI11b " /Gr-1 7 cells was found (Fig. 5A). It was ac-
companied by a significant reduction (P < 0.05) of relative
expression of genes for Arg-1 and reduction of relative
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expression of genes for iNOS, TGFpB, ROS, and VEGF
(Fig. 5B). Further, decreased VEGF production by spleen
cells cultivated in the RPMI medium for 48 hours was
found in the group treated with ATRA after CY admin-
istration (P < 0.05) (Fig. 5C). To analyze whether ATRA
can improve the antitumor effect of the CY treatment, mice
bearing established TC-1 tumor transplants were treated
with CY in combination with ATRA. The cytoreductive
chemotherapy with CY resulted in a strong tumor-

inhibitory effect (P < 0.05) and the subsequent therapy
with ATRA significantly enhanced the CY antitumor effi-
cacy (P < 0.05) (Fig. 5D).

Modulation of CY-MDSC, TU-MDSC, and
CYTU-MDSC With IL-12 In Vitro

As we have shown previously, the accumulation of
CDI1b* /Gr-1" cells was significantly decreased after
subsequent IL-12 immunotherapy of TC-1 tumors. This
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and in the spleens of mice with CY-treated TC-1 tumors in comparison with control mice (FACS; *P<0.05 as compared with control,
n=3-12, t test). B, Percentage of monocytes-like population (Ly6G-Ly6CMaM) (FACS; *P<0.05 as compared with TU-MDSC; n=12,
t test) and percentage of polymorphonuclear -like population (Ly6G * Ly6C'®) (FACS; **P<0.05 as compared with CY-MDSC, n=12,
t test). C, Expression of F4/80 and CD11c¢ (FACS; *P<0.05 when compared CY-MDSC vs. TU-MDSC, n=12, t test); expression of CD80,
CD86 (FACS; P>0.05). D, Relative expression of genes for arginase 1(Arg-1), inducible nitric oxide synthase (iNOS), transforming
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#P<0,05 as compared with samples without IFNy, n=3-9, t test; **P<0.05 as compared with TU-MDSC).

A CD4 co8 B o4 cDs
Unstimulated splenocytes Stimulated splenocyles + TU-MDSC (1:1) + IFNy
L 58% L 238%

10.2% _— 14.9%

Stimuliéied splenocytes + CY~MD§G f 115 + 1IFNy
46.9%

. 91.8% 96.9%

e ik

Stimulated splenocytes + TU-MDSC {1:1)

} “% 18.0% 3 3 24 4%

Stimulated splenocytes + CY-MDSC (1:1)
i I T8T% L 94.4%

—

Mean tumour area (em?) O
o -
tn n
;

[l

1] 10 20 30

Stimuiated splenocytes + CYTU-MDSC (1:1) D

S 521% R 826% g controls ~0~TU-MDSC —8-CY-MDSC

TG

FIGURE 3. Immunosuppressive effect of CY-MDSC, TU-MDSC, and CYTU-MDSC. A, In vitro suppression of 5,6-carboxy-fluorescein diac-
etate succinimidyl ester (CFSE)-labeled spleen-cell proliferation (percentages indicate percent of activation). Representative experiment of 3
experiments is given. Each experiment included 3 mice per group. Significant inhibition of CD4* and CD8* cells proliferation was found
only in case of TU-MDSC (TU-MDSC vs. stimulated splenocytes, CY-MDSC P<0.05, t test). B, In vitro suppression of CFSE-labeled spleen-cell
proliferation by CY-MDSC and TU-MDSC stimulated by 100 U/mL interferon (IFN)y. C, In vivo acceleration of TC-1 tumor growth after CY-
MDSC or TU-MDSC administration (TU-MDSC, CY-MDSC vs. controls P<0.05, analysis of variance).

© 2012 Lippincott Williams & Wilkins www.immunotherapy-journal.com | 379



Mikyskova et al

| Immunother  Volume 35, Number 5, June 2012

A Gr-1 Ly6G F4/80 (MF1)
4.9/705 K 14.6/336 | | 4411486
CY-MDSC 8.6/15.9 Z 15.9/36.0 §| /' |
G A PE EEERA
{_ D05 IR s T
CY-MDSC ; 1.5/68.7 56.3/0.2 § A
+ATRA L 3] Y
: Eb. ¥
CD11b
B . C VEGF (pg/ml
Arg-1 iNOS 1o TGFB ROS ;. VEGF (pg/mi)
1.2 - e : 2 : 400 1
6 1+ 11
11 1.6 1
57 0.8 4 0.8 - 300
0.8 1 - ' 1.2 4 ‘
0.6 0.6 1 0.6 1 200 -
31 0.8 |
0.4 5 | 0.4+ 0.4 * o
0.2 X 14 0.2 - 0.4 1 0.2 N
* * *
0 0- 0- 0 0 0 -
& & &£ & g & $ & &£ & EOE &
e s S S & E &
v c}’x &~ (ac," & q’o" v %0‘ - & (90"
Y ® \J Ny Aﬁ‘o Y
&G 'l o oy o ol

FIGURE 4. In vitro susceptibility of CY-MDSC to all-trans-retinoic acid (ATRA). A, Percentage of CD11b*/Gr-1* cells and expression of
Ly6G, Ly-6C, F4/80, and CD11c after in vitro cultivation of CY-MDSC for 5 days with ATRA (FACS). Representative experiment of 3
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n=9, t test). MFI indicates mean flurescence intensity.

modulatory effect is indirect, as MDSC in C57BL/6 mice do
not have receptor for IL-12 (data not shown). To inves-
tigate whether rather soluble factors than cell-to-cell con-
tact of MDSC with the CD11b~ cell population take place,
CDIlb™ and CDIl1b~ spleen-cell fractions from CY-
treated mice, TC-1 tumor-bearing mice, and CY-treated
TC-1 tumor-bearing mice were separately cultivated in vitro
in 2 compartments of wells divided with polycarbonate
membrane (Transwell plates) in the RPMI medium sup-
plemented with rIL-12 and GM-CSF. The membrane was
permeable for culture medium but did not allow cell-to-cell
contact. After in vitro cultivation of spleen cells from CY-
treated mice with rIL-12, a significant decrease (P < 0.05)
in the percentage of CD11b * /Gr-1 " cells accompanied by
a significant increase (P < 0.05) in the percentage of
CD86 " /MHCII © (APC-like) cells was observed (Figs. 6A
and B). After in vitro cultivation of spleen cells from TC-1
tumor-bearing mice with rIL-12, the percentage of
CDI11b ¥ /Gr-1 " cells also decreased and was accompanied
by a significant increase (P < 0.05) in the percentage of
CD86* /MHCII *, similarly as in CY-treated mice
(Figs. 6A and B). A similar reduction was also observed in
the group of CY-treated TC-1 tumor-bearing mice. As can
be seen in Figure 6C, spleen cells from CY-treated mice
cultivated in vitro in the presence of rIL-12 exhibited sig-
nificantly reduced relative expression of genes for Arg-1,
TGFB, and ROS. The relative expression of genes for INOS
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and VEGF was also reduced. Reduced relative expression
of genes for Arg-1, iNOS TGFp, ROS, and VEGF was also
found in the group of TC-1 tumor-bearing mice and CY-
treated TC-1 tumor-bearing mice. Significant decrease in
VEGF production (P < 0.05) was found in the supernatant
obtained after in vitro cultivation of spleen cells from CY-
treated mice and TC-1 tumor-bearing mice with rIL-12. A
similar reduction was also observed in the group of CY-
treated TC-1 tumor-bearing mice (Fig. 6D).

DISCUSSION

During the past decade, multiple reports have shown
that MDSC accumulate during tumor growth.'=® Recently,
2 main different subsets of MDSC, MO-like (Ly6G~—
Ly6Chighy population, and PMN-like (Ly6G * Ly6C'™™)
population have been described.’*4! Accumulation of
MDSC was also reported after administration of high-dose
CY.'*'7 but controversial results concerning the proper
function of CY-MDSC were published. Myeloid cells from
spleens of mice that underwent CY administration were
found to have tumor-inhibitory effect in mouse mammary
carcinoma model.'® However, it was reported that CY-in-
duced immature myeloid cells were able to suppress T-cell
proliferation.!> So far, the phenotype and function of
CY-MDSC and their comparison with the phenotype and
function of TU-MDSC have not been characterized in
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detail. In this study, we have demonstrated that MDSC that
accumulate after CY administration are composed of a
higher percentage of MO-like population in comparison
with MO-like population in MDSC that are expanded in
mice bearing TC-1 tumors, whereas the percentage of
PMN-like population was notably higher in tumor-induced
MDSC and notably outnumbered the MO-like population.
The difference in the MO-like population was not very
dramatic, however, in the light of the experiments that
compared expression of immunosuppressive genes and
immunosuppressive function we suppose that it could have
the biological meaning. This latter observation is in agree-
ment with results of Movahedi et al,*! who reported that
mainly PMN cells with suppressive activity were expanded
in tumor-bearing mice. The expression of F4/80 and CDI1lc
was significantly higher in CY-MDSC. This finding is
consistent with the statement of Movahedi and colleagues
that MO-like MDSC are typified with F4/80 marker.
It supports our finding that CY-induced MDSC popula-
tion consists of a higher percentage of MO-like and
differentiated cells than tumor-induced MDSC. Not to
overestimate the biological meaning of subpopulation
differences between the CY-MDSC and TU-MDSC pheno-
types, in the next step we compared the relative expression

© 2012 Lippincott Williams & Wilkins

of immunosuppressive genes for Arg-1, iNOS, TGFp, ROS,
and VEGF in CY-MDSC and TU-MDSC and found that
the relative expression of all these immunosuppressive
genes was lower in CY-induced MDSC. We can conclude
that CY-induced MDSC display more monocytic pheno-
type than tumor-induced MDSC and, moreover, that their
phenotype together with the expression of immuno-
suppressive gene expression display less suppressive fea-
tures. As it has been described that IFNy enhanced the
suppressive function of tumor-induced MDSC,* we com-
pared the sensitivity of CY-MDSC and TU-MDSC to
IFNy in vitro. Our results showed that the percentage of
CDI11b* /Gr-1* cells was higher in CY-MDSC after cul-
tivation with IFNy when compared with TU-MDSC.
However, no significant difference in the expression of F4/
80, CDl11c, CD80, and CD86 was found. As expected, the
relative expression of immunosuppressive genes for iNOS,
ROS, and VEGF was significantly increased in both
CY-MDSC and TU-MDSC. It is interesting to note that,
the relative expression of the iNOS gene was higher in
CY-MDSC after stimulation with IFNvy than in TU-
MDSC. This functional analysis revealed that CY-MDSC
behavior reflected the higher percentage of MO-like MDSC
as iNOS induction is typical for MO-like MDSC. This is in
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agreement the finding of Angulo et al,'> that the sup-
pressive activity of MDSC induced by CY is mainly de-
pendent on NO production. As we have found that CY-
induced MDSC display more monocytic phenotype and
that their phenotype including gene expression indicates
their less suppressive function, we decided to compare the
degree of the suppressive function of these 2 types of
MDSC in vitro and in vivo. The ability of MDSC from
tumor-bearing mice to suppress T-cell proliferation was
described previously®® and the suppressor activity of CY-
induced MDSC was reported by Angulo and colleagues,
but the degree of their suppressive function has not been
compared yet. Our in vitro experiments indicated that tu-
mor-induced MDSC suppressed T-cell proliferation in vitro
more efficiently than CY-induced MDSC. When stimulated
with IFNy, the suppressive capacity of CY-MDSC in-
creased but did not reach the suppressive capacity of TU-
MDSC. The less immunosuppressive capacity found
in vitro corresponds to the more differentiated (monocytic)
phenotype and lower expression of immunosuppressive
genes. Despite the difference in the immunosuppressive
capacity detected in vitro, both CY-MDSC and TU-MDSC
significantly accelerated the growth of TC-1 tumors in vivo.
As the suppressive capacity of MDSC can be induced by
IFNy and perhaps also by many other stimuli,*® we can
understand that the immunosuppressive capacity of CY
and tumor-induced MDSC can be, after induction in the
organism, comparable.
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We have also analyzed MDSC from TC-1 tumor-
bearing mice treated with CY. This setting imitates the
situation when a cancer patient undergoes CY therapy. Our
results show that spleens from mice bearing large TC-1
tumor treated with CY consist of higher percentage of
MDSC when compared with CY-treated or TC-1 tumor-
bearing mice. Thus, dual accumulation probably occurs in
this setting. The phenotypic and functional analysis of the
CYTU-MDSC group documents that these cells resemble a
mixture of CY-MDSC and TU-MDSC, as their phenotype
and function can be, in most experiments, placed between
those of CY-MDSC and TU-MDSC.

As it has been shown that ATRA had a potent activity
in the differentiation of MDSC from tumor-bearing mice
in vitro,?"?? we also evaluated the ability of ATRA to alter
CY-induced MDSC. After in vitro ATRA treatment of
CY-MDSC, the percentage of CDIIb™ /Gr-1 " cells de-
creased, together with the increase in F4/80 and CDllc
expression accompanied by reduced levels of immuno-
suppressive genes including ROS. Nefedova et al>* reported
that ATRA-induced differentiation of tumor-induced
MDSC primarily by neutralization of ROS and this dif-
ferentiation was joined with decreased percentage of
CDI11b ™ /Gr-1* cells and increased F4/80 and CDllc
expression. On the basis of the successful results in vitro, we
performed additional experiments to find out whether
MDSC can also be modulated in vivo by ATRA admin-
istration after CY injection. Spleens of mice administered
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with CY and subsequently with ATRA contained lower
percentages of CD11b* /Gr-1 ™ cells when compared with
CY-only-treated mice. This decrease was accompanied by
the reduction of relative expression of immunosuppressive
genes and lower VEGF production. Previous reports have
shown that treatment of cancer patients and tumor-bearing
mice with ATRA resulted in a substantial decrease of these
cells and improvement of immune responses.>*2> Our results
demonstrated for the first time that CY-induced MDSC were
also susceptible to the modulation with ATRA. It was shown
recently that ATRA was able to restore antitumor immune
response of HPV therapeutic vaccine in large TC-1 tumors by
the suppression of MDSC and Tregs*>* Thus, we per-
formed experiments investigating whether ATRA can sim-
ilarly improve the antitumor effect of CY. The chemotherapy
with CY resulted in strong tumor-inhibitory effect and the
subsequent therapy with ATRA significantly enhanced the
observed antitumor effects of CY. These results supported
our idea that ATRA could be a suitable agent for combined
chemoimmunotherapy.

As we have documented previously,® immunotherapy
with IL-12 was effective for the treatment of TC-1 tumors
after chemotherapy with a CY derivative, Racemic chloro-
bromofosfamide-4A. We have also reported that strong ac-
cumulation of MDSC observed in the spleens of mice after
chemotherapy was abolished by adjuvant IL-12 vaccination.>*
These findings were corroborated by other reports 46
Medina-Echeverz et al*® showed that combination of CY and
IL-12 eliminated intratumoral MDSC. Although the anti-
tumor effect of TL-12 has been extensively studied during the
past decades, the direct effect of IL-12 on MDSC has not been
fully determined yet. Steding et al®! showed that IL-12 in-
duced in vivo and in vitro maturation of MDSC and de-
creased levels of NOS and IFNy RNA. In this paper, we have
focused on the in vitro analysis of IL-12 effect on the spleen
cells from CY-treated animals. We have found that after long-
term in vitro cultivation of spleen cells from CY-treated mice
or TC-1 tumor-bearing in the presence of IL-12, decrease in
percentage of CD11b " /Gr-1 7 cells accompanied by the in-
crease in percentage of CD86 * /MHCII ™ cells was observed.
Both types of spleen MDSC cultivated in vitro in the presence
of IL-12 exhibited also reduced levels of immunosuppressive
genes together with significant decrease in VEGF production.
Spleen cells from TC-1 tumor-bearing mice treated with CY
were also analyzed and a similar modulatory effect as in CY-
MDSC or TU-MDSC was found. As MDSC in our mouse
model (C57BI/6) do not have receptor for IL-12, indirect effect
of TL-12 must be considered. As MDSC (CD11b ™ cells) were
separated during cultivation from the rest of spleen cells
(CD11b~ cells) using Transwell inserts, the modulatory effect
of IL-12 could not be generated by cell-to-cell contact mech-
anisms, but rather mediated by cytokines produced by
CD11b~ spleen cells. However, precise indirect mechanism of
the 1112 effect on MDSC should be clarified.

Collectively, in this paper we have documented that
MDSC accumulating after CY administration have the
suppressive ability but they are distinct when compared
with TC-1 tumor-induced MDSC. We have also demon-
strated that CY-induced MDSC could be a suitable target
for immunotherapeutic approaches and that the modu-
lation of MDSC (either with ATRA or IL-12) during che-
motherapy of tumors can enhance the antitumor effect of
the applied chemotherapeutic agent. These findings may
have important implications for the development of im-
munotherapeutic strategies.
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6.4. Publikacia IV

DNA demetylaéné ¢inidlo 5-azacytidin inhibuje myeloidné supresorové bunky
akumulované pdias rastu nadoru a po lig€be cyklofosfamidom.

DNA demethylating agent 5-azacytidine inhibits noyeédderived suppressor cells induced
by tumor growth and cyclophosphamide treatment.

Romana MikySkova, Marie Indrova, Veronika Vlkovéa, Jana Bieblova, Jana Simova,

Zuzana Parakova, Elzbieta Pajtasz-Piasecka, Joanna Rossowskdvilan Reinis

Myeloidné supresorové bunky su schopné sprostredkiownosupresiu. Tieto bunky sa
akumuluja v mikroprostredi nadoru, v lymfoidnychgénoch a krvi p&as rastu nadoru.
Ich mobilizacia bola tiez popisana pri terapii &lojosfamidom. Bolo popisané, Zze MDSC
indukuju poruchy T buniek cez produkciu naprikla@F3, ROS, NO a najmd Arg-1
(Kusmartsev and Gabrilovich, 2006). Arg-1 je mark®unosupresivneho prostredia a
hlavhym producentom Arg-1 v mikroprostredi nadoma BIDSC. Touto zvySenou
expresiou Arg-1 indukuju anergiu T-buniek deplécisargininu,éo narasa proliferaciu T
buniek a produkciu cytokinov (Rodriguez et al., 200Inhibicia Arg-1 mdZe znovu
obnovt’ spravnu funkciu T buniek a indukavarotinadorovi odpowe (Rodriguez et al.,
2004). 5-azacytidin je inhibitor DNA metyltransferd zard'uje sa medzi protinadorové
¢inidla. V predkladanej praci sme skumali efekt &@idinu na MDSC akumulované
v mikroprostredi nadoru a slezine¢ps rastu nadoru a terapie nadorov TRAMP-C2 a TC-
1/A9 s cyklofosfamidom. Percento MDSC kleslo v mjrostredi nddoru a v slezinach
mySi s nddorom TRAMP-C2 a TC-1/A9 po oSetreni Segiadinom. Zmeny boli
asociované s nizsou expresiou Arg-1 v mikropros$tnédioru a slezinach mysSi s nadorom
TRAMP-C2 a TC-1/A9. OSetrenie nadorov CY z@miio d’alSiu akumulaciu MDSC v
mikroprostredi n&doru a slezine. Tato akumulacida bmhibovana oSetrenim 5-
azacytidinom. Kombinacia CY a 5-azacytidinu vielllazvySenej inhibicii rastu nadoru.
In vitro kultivacia MDSC izolovanych zo slezin cyklofosfatom oSetrenych mysSi alebo
izolovanych zo slezin mysSi s nadorom v pritomnéséizacytidinu zniZzovala percento
MDSC, ¢o bolo asociované s nizSou expresiou Arg-1, niziaaukciou VEGF a niZzSou
supresivnou kapacitou. NaSe vysledky né&mjita Ze 5-azacytidin okrem priameho
protinadorového efektu, znizuje percento MDSC akioranych v mikroprostredi nadoru
a slezine pé&as rastu nadoru a chemoterapie s cyklofosfamid@i Jkuténos’ moéze by

prospesna pre vysledok danej chemoterapie.
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Prinos autora dizertatnej prace k danej publikacii:

Mojou ulohou pri vypracovani predkladanej publilhdiolo monitorovanie relativnej
expresie Arg-1 akumulovanej v mikroprostredi nadarwslezine po terapii s CY a u
myeloidnych supresorovych buniek akumulovanych kraprostredi nadoru a slezine
potas rastu nadoru TC-1/A9 a TRAMP-CRal3ou Glohou bolo zigtitkinok terapie s
epigenetickym cinidlom 5-azacytidinom na relativnu expresiu Argshyeloidnymi
supresorovymi bunkami v mikroprostredi nadoru aiske po terapii s CY a myeloidnymi
supresorovymi bunkami akumulovanymi v mikroprostreddoru a slezine pas rastu
nadoru TC-1/A9 a TRAMP-C2. TieZz som sledovala zmemglativnej expresii Arg-1 po
in vitro kultivacii TU-MDSC a CY-MDSC s 5-azacytidinom.
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ABSTRACT

MDSCs represent one of the key players mediating im-
munosuppression. These cells accumulate in the TME,
lymphoid organs, and blood during tumor growth. Their
mobilization was also reported after CY therapy. DNMTi
5AC has been intensively studied as an antitumor
agent. In this study, we examined, using two different
murine tumor models, the modulatory effects of 5AC on
TU-MDSCs and CY-MDSCs tumor growth and CY ther-
apy. Indeed, the percentage of MDSCs in the TME and
spleens of 5AC-treated mice bearing TRAMP-C2 or TC-
1/A9 tumors was found decreased. The changes in the
MDSC percentage were accompanied by a decrease in
the Arg-1 gene expression, both in the TME and
spleens. CY treatment of the tumors resulted in addi-
tional MDSC accumulation in the TME and spleens. This
accumulation was subsequently inhibited by 5AC treat-
ment. A combination of CY with 5AC led to the highest
tumor growth inhibition. Furthermore, in vitro cultivation
of spleen MDSCs in the presence of 5AC reduced the
percentage of MDSCs. This reduction was associated
with an increased percentage of CD11c” and CD86"/
MHCII' cells. The observed modulatory effect on
MDSCs correlated with a reduction of the Arg-1 gene
expression, VEGF production, and loss of suppressive
capacity. Similar, albeit weaker effects were observed
when MDSCs from the spleens of tumor-bearing ani-
mals were cultivated with 5AC. Our findings indicate
that beside the direct antitumor effect, 5AC can reduce
the percentage of MDSCs accumulating in the TME and

Abbreviations: SAC=5-azacytidine, Arg-1=arginase 1, ATCC=American
Type Culture Collection, CY=cyclophosphamide, CY-MDSC=
cyclophosphamide-induced myeloid-derived suppressor cells, DAC=2"-
deoxy-5-azacytidine, DNMTi=DNA methyltransferase inhibitor, Gr-1=gran-
ulocyte receptor-1, HPV=human papillomavirus, MDSC=myeloid-derived
suppressor cel, gRT-PCR=quantitative RT-PCR, TIL=tumor-infitrating cell,
TME=tumor microenvironment, TRAMP-C2=transgenic adenocarcinoma
mouse prostate C2, Treg=regulatory T cell, TU-MDSC=tumor-induced
myeloid-derived suppressor cell

0741-5400/14/0095-0001 © Society for Leukocyte Biology

spleens during tumor growth and CY chemotherapy,
which can be beneficial for the outcome of cancer ther-
apy. J. Leukoc. Biol. 95: 000-000; 2014.

Introduction

Tumor progression is supported by chronic inflammatory con-
ditions that developed in the TME and is characterized by
long-term secretion of various inflammatory soluble factors
(especially GM-CSF, G-CSF, 1L-6, IL-10, VEGF, IL-18, or oth-
ers) and leukocyte infiltration. Among leukocyte-infiltrating
tumors, MDSCs represent one of the key players mediating
immunosuppression [1-4]. MDSCs are a heterogeneous popu-
lation of undifferentiated cells characterized in mice by mark-
ers of monocytes (CD11b) and neutrophils (Gr-1). Recently,
two main different subsets of MDSCs—monocytic
(Ly6G ™~ Ly6C"#") and granulocytic (Ly6G* Ly6C"™)—have
been described [5, 6]. The main feature of these cells is their
ability to suppress T cell responses in antigen-specific or non-
specific manners [7] and NK cells. Several mechanisms re-
sponsible for the MDSC-mediated immunosuppression have
been described. MDSCs have been linked to the induction of
T cell dysfunction through production of TGF-8, ROS, NO,
and especially Arg-1 [8]. Both granulocytic and monocytic
MDSCs express high levels of Arg-1 and thereby, induce T cell
anergy by depleting L-arginine, which impairs T cell prolifera-
tion and cytokine production [9]. Increased numbers of
MDSCs in the peripheral blood of renal cell carcinoma pa-
tients correlated with low L-arginine and high ornithine levels
in plasma and profound T cell dysfunction [10]. Inhibition of
Arg-1 restores T cell function in vitro and induces an antitu-
mor response in vivo [11].
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2. Correspondence: Department of Tumor Imunology, Institute of Molecular
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In healthy mice, CD11b™*/Gr-17 cells can be detected in
sizeable numbers in the bone marrow; a small number of
these cells (<4%) can be found in the blood and spleen [12].
Disturbances in cytokine homeostasis induced by tumor
growth, infection, inflammation, or stress reaction can alter
the equilibrium of this population, leading to its accumulation
in lymphoid organs and blood [13]. It has been suggested that
different protumorigenic and proinflammatory cytokines, such
as G-CSF, GM-CSF, IL-6, IL-10, IL-1, and VEGF, can mobilize
MDSC recruitment from bone marrow hematopoietic precur-
sors and induce their immunosuppressive phenotype [2].

MDSC mobilization was also reported upon administration
of DNA-alkylating agent CY [14-17]. CY is a widely used anti-
neoplastic drug, used alone or in combination with other
products [18]. We have reported recently that although CY-
MDSCs and TU-MDSCs accelerated tumor growth, their phe-
notype and function differed. Compared with TU-MDSC, the
CY-MDSC subpopulation consisted particularly of monocyte-
like cells; it was accompanied by lower Arg-1 gene expression
and lower T cell proliferation suppression. The phenotype and
function of MDSCs obtained from mice bearing TC-1 tumors
treated with CY were, in general, found to lie between CY-MDSCs
and TU-MDSCs [17].

As MDSCs were identified as key players mediating immuno-
suppression, several pharmacological approaches, which in-
volve their elimination or modulation, are currently being ex-
plored in tumor-bearing hosts [19]. Among them, a promising
approach in cancer immunotherapy targeting MDSCs is to
promote their differentiation into mature myeloid cells that
no longer possess the suppressive activity.

DNMTi are cytostatic agents with epigenetic effects; among
them, the most widely used are 5AC or DAC. They have
emerged recently as potent therapies for the preleukemic he-
matological disease, myelodysplastic syndrome, and for estab-
lished leukemia [20, 21], leading to U.S. Food and Drug Ad-
ministration approval for patients with myelodysplastic syn-
drome [22]. They represent a promising group of anti-tumor
therapeutics that display pleiotropic activities as a result of
their ability to induce reexpression of genes down-regulated by
DNA methylation. Beside direct antitumor effects, epigenetic
agents can also influence tumor cell interactions with the im-
mune system [23]. It has been shown that treatment with 5AC
restores expression of the MHC class I molecules on MHC
class I-deficient tumor cells and renders the tumor cells sus-
ceptible to the attack of cytotoxic T lymphocytes [24, 25]. In
general, DNMTi therapy can display not only primary effects
on tumor cells but also positive effects on antitumor immune
response and resulting immunotherapy [26, 27]. Furthermore,
the effects of 5AC on murine bone marrow-derived and hu-
man monocyte-derived DC maturation were also documented
in our laboratory [28]. Notably, the most striking effect was
inhibition of cytokine production, a phenomenon described
previously for the histone deacetylase inhibitors [29].

Several chemotherapeutic agents have been described to
affect MDSC cellularity and activity [19, 30-33]. However, the
effects of epigenetic agents on MDSCs have not been studied
in detail. So far, it has been demonstrated that tumor-infil-
trated CD11b myeloid cells cultured in vitro can be differenti-

2 Journal of Leukocyte Biology Volume 95, May 2014

ated in the presence of the DNA-demethylating agent DAC
into mature tumor-derived APCs [34]. In another recent pa-
per, low-dose DAC decreased pro-tumor MDSCs in mice bear-
ing B16 tumors [35]. On the other hand, epigenetic agent Tri-
chostatin A increased the number of CD11b*/Gr-1" cells in
bone marrow and spleens [36]. In this study, we examined the
modulatory effects of 5AC on MDSCs accumulating in the
TME and spleens during tumor growth and CY therapy of TC-
1/A9 and TRAMP-C2 tumors. Indeed, the percentage and ac-
tivity of MDSCs in the TME and spleens of mice bearing
TRAMP-C2 or TC-1/A9 tumors treated with 5AC or a subse-
quent CY and 5AC combination were found decreased. The
modulatory effect of 5AC was also verified by cultivation of
isolated MDSCs from the spleens of CY-treated or tumor-bear-
ing mice. After in vitro cultivation of CY-MDSCs in the presence
of 5AC, the percentage and activity of MDSCs were lower. Similar
but weaker effects were observed when MDSCs from the spleens
of tumor-bearing animals were cultivated with 5AC.

MATERIALS AND METHODS

Mice

C57BL/6 male mice, 6-8 weeks old, were obtained from AnLab (Prague,
Czech Republic). Experimental protocols were approved by the Institu-
tional Animal Care Committee of the Institute of Molecular Genetics
(Prague, Czech Republic).

Tumor cell lines

The TC-1 tumor cell line (obtained from ATCC, Manassas, VA, USA) was
developed by cotransfection of murine C57BL/6 lung cells with HPV16
E6/E7 genes and activated (G12V) Ha-ras plasmid DNA [87]. TC-1/A9
cells, a MHC class I-deficient variant of TC-1 tumor cells, were obtained
after transplantation of TC-1 cells into a DNA vaccine-immunized mouse
[38]. TRAMP-C2 tumor cells (obtained from ATCC), MHC class I-deficient,
were established from a heterogeneous, 32-week tumor of the TRAMP
model [39]. TC-1/A9 and TC-1 cells were maintained in RPMI-1640 me-
dium (Sigma-Aldrich GmbH, Steinheim, Germany), supplemented with
10% FCS (PAN Biotech GmbH, Aidenbach, Germany), 2 mM L-glutamine,
and antibiotics; TRAMP-C2 cells were maintained in DMEM (Sigma-
Aldrich), supplemented with 5% FCS, NuSerum IV (5%; BD Biosciences,
Bedford, MA, USA), 0.005 mg/ml insulin (Sigma-Aldrich), DHEA (10 nM;
Sigma-Aldrich), and antibiotics. Both cell lines were cultured at 37°C in a
humidified atmosphere with 5% CO.,.

Therapeutic experiments

The therapeutic schemes were designed for treatment of early growing or
established tumors. In the early tumor therapy setting, TC-1/A9 (5X10*
cells) or TRAMP-C2 (1X10° cells) tumor cells were s.c.-transplanted on Day
0. Starting on Day 1, 100 ug 5AC (Sigma-Aldrich) was administered repeat-
edly, twice/week, for 3 weeks in the vicinity of the tumor cell challenge site
or peritumorally, when the growing tumors appeared. Mice were observed
twice/week, and the size of the tumors was recorded.

For treatment of established tumors, TC-1/A9 (5X10* cells) or
TRAMP-C2 (1X10° cells) tumor cells were s.c.-transplanted on Day 0.
When the tumors reached ~0.5 cm in diameter, 100 ug 5AC was peritu-
morally administered repeatedly for 2 (TC-1/A9) or 3 weeks (TRAMP-C2),
twice/week. Mice were observed twice/week, and the size of the tumors was
recorded. Two days after the last 5AC treatment, mice (pool of three mice)
from each group were killed, and their spleens and tumors were excised
and used for analysis. The size of the tumors on the day of analysis was re-
corded.

www jleukbio.org



Mikyskova et al.

To induce the model of established tumors treated with CY and 5AC
(combined therapy), TC-1/A9 (5X10" cells) or TRAMP-C2 (1X10° cells)
tumor cells were transplanted on Day 0. When the tumors reached the size
of ~0.5 cm in diameter, mice received a single i.p. dose of CY (Endoxan;
Baxter Oncology GmbH, Halle, Germany; 200 mg/kg) and then were peri-
tumorally treated repeatedly every other day with 100 ug 5AC. Two days
after the last 5AC (i.e., 7 days after CY) treatment, mice were killed; their
spleens and tumors were excised and used for analysis. The size of the tu-
mors on the day of analysis was recorded.

To investigate the direct effect of i.p. 5AC administration on spleen CY-
MDSCs and TU-MDSCs in vivo, mice, 7 days after CY administration, or
mice bearing large TC-1/A9 tumors were injected with one i.p. dose of
5AC (100 pg). FACS analysis was performed 72 h after 5AC administration.

TME analysis

The growing tumors were excised, and the tumor tissue was cut into small
pieces and dissociated with the gentleMACS dissociator using the Tumor
Dissociation Kit (Miltenyi Biotec, Auburn, CA, USA) and then by a proto-
col for preparation of single-cell suspensions, using gentleMACS C tubes
(Miltenyi Biotec). The percentage of tumor-infiltrating MDSCs (CD11b*/
Gr-1") was analyzed by FACS analysis of CD45"-gated TILs.

The relative expression of the Arg-1 gene was analyzed by qRT-PCR in
tumor homogenates prepared with the gentleMACS dissociator using the
protocol for homogenization of tissue for total RNA isolation by
gentleMACS M tubes (Miltenyi Biotec).

Flow cytometry

To determine the percentage of CD11b*/Gr-1" cells, FITC rat anti-mouse
CD11b (M1/70) and allophycocyanin or PE rat anti-mouse Ly-6G and
Ly-6C (Gr-1; RB6-8C5) were used. Expression of CD11c, MHC class II,
CD86, and F4/80 was analyzed using the following antibodies: allophyco-
cyanin anti-CD11c (HL3), FITC anti-MHCII (AF6-120.1), PE anti-CD86
(GL1; RB6-8C5), and PE anti-F4/80 (BM8). For analysis of TILs, allophyco-
cyanin rat anti-mouse CD45 (30-F11) was used to set the CD45 gate. Rele-
vant isotype controls, FITC, allophycocyanin, and PE-labeled antibody of
irrelevant specificity were used. All products were purchased from BD
PharMingen (San Diego, CA, USA). Apoptotic cells were determined by
the Apoptosis Assay Kit-FITC (Exbio, Prague, Czech Republic). Dead cells
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were determined by PI (Sigma-Aldrich). FACS was performed using an LSR
IT flow cytometer (BD Biosciences, San Jose, CA, USA) and analyzed using
FlowJo 7.6.5 software.

qRT-PCR

Total RNA was extracted with the High Pure RNA Isolation Kit (Roche,
Basel, Switzerland). The amount of 1 ug RNA was reverse-transcribed to
c¢DNA using random hexamer primers from the GeneAmp RNA PCR Core
Kit (Applied Biosystems, Foster City, CA, USA) in a 20-ul reaction volume
at 42°C for 30 min. Quantification of PCR products was performed in 10
ul LightCycler 480 SYBR Green I Master mix (Roche), using a real-time
PCR LightCycler (Roche). DNA was denatured at 95°C for 2 min; 45 cy-
cles of denaturation at 95°C for 25 s, annealing at 60°C for 45 s, elonga-
tion at 72°C for 1 min, and incubation at 80°C for 5 s followed. cDNAs
were amplified with specific primers for B-actin and Arg-1, as described
elsewhere [24].

The PCR primer sequences were as follows: Arg-1, 5° CTCCAAGC-
CAAAGTCCTTAGAG (forward) and AGGAGCTGTCATTAGGGACATC (re-
verse); B-actin, 5’ CCAGAGCAAGAGAGGTATCC (forward) and GAGTC-
CATCACAATGCCTGT (reverse). Fold changes in transcript levels were
calculated using comparative threshold values standardized to B-actin, used
as the endogenous reference gene control. The relative expression of the
Arg-1 gene in the control groups was normalized to one. All samples were
run in biological triplicates.

Proliferation assay

For proliferation assay, autologous splenocytes were resuspended at the
concentration of 107 cells/ml in PBS, supplemented with 5% FCS, and la-
beled with 2.5 uM CFSE (Sigma-Aldrich) by incubation for 5 min at 37°C
in 5% CO,. Labeling was quenched with cold RPMI-1640 medium and sup-
plemented with 10% FCS, and the cells were washed. After CFSE staining,
splenocytes were stimulated with 1.0 pg/ml anti-CD3 (clone 145-2C11) and
1.0 pg/ml anti-CD28 (clone 37.51) antibodies (BD PharMingen) and cul-
tured alone or admixed with TU-MDSCs or CY-MDSCs, cultivated previ-
ously alone or with 5AC for 4 days. Cells were gated for CD4" and CD8"
populations using PE anti-CD4 (GK1.5) and PE anti-CD8 (53-6.7) antibod-
ies (BD PharMingen), and CFSE dilution was analyzed by flow cytometry.

Figure 1. Tumor inhibitory effect of 5AC on early and es-
tablished TC-1/A9 and TRAMP-C2 tumors. (A) TC-1/A9
and (B) TRAMP-C2 tumor cells were transplanted s.c. on
Day 0. Starting on Day 1, 100 ug 5AC was administered re-
peatedly, twice/week for 3 weeks. Significant inhibition of
60 tumor growth (*P<0.05, determined by ANOVA) was ob-
served in TC-1/A9 and TRAMP-C2 early tumors treated with
5AC compared with untreated controls. Eight mice/group
were used for the experiments. (C) TC-1/A9 and (D)
TRAMP-C2 tumors cells were transplanted on Day 0. When
the tumors reached ~0.5 cm in diameter, 100 ug 5AC was
repeatedly, peritumorally administered for 2 (TC-1/A9) or 3
weeks (TRAMP-C2), twice/week. Significant inhibition of
tumor growth was observed only in the case of established
TRAMP-C2 tumors treated with 5AC compared with un-
* treated controls. Six mice/group were used for the experi-
ments. All data are representative of n = 3 independent
experiments.
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Immunohistochemical analyses

For detection of Gr-1" cells, tumor cryosections were fixed in 4% PFA and
incubated overnight with rat anti-Gr-1 antibodies (BD PharMingen). The
slides were subsequently washed with PBS and incubated (1 h) with goat
anti-rat antibody, conjugated with Alexa Fluor 488 (Molecular Probes, Life
Technologies, Carlsbad, CA, USA). Thereafter, slides were washed and
counterstained with PI (2 pug/ml). The fluorophore-labeled tissue sections
were analyzed using a Bio-Rad MRC 1024 scanning confocal fluorescence
microscope, equipped with LaserSharp software. Cryosections from three
distinct parts of a tumor from each individual mouse were analyzed. The
intensity of Gr-1" cell influx into tumor tissue was presented using the
scale + to +++++, where + is very few lymphocytes in tumor tissue, and
+++++ is the most intensive infiltration [40, 41].

Modulation of MDSCs with 5AC in vitro

CDI11b™ cells from the spleens of CY-treated (CY-MDSC) or TC-1 tumor-
bearing (~2 cm in diameter; TU-MDSC) mice were isolated using anti-
mouse CD11b (macrophage-la) antibodies (Miltenyi Biotec) conjugated to
magnetic beads, in accordance with the manufacturer’s instructions, as de-
scribed previously [17]. Cell separation was performed with autoMACS
(Miltenyi Biotec). The purity of cells was verified by FACS, and the per-
centage of CD11b"/Gr-1" cells achieved 86-91%. CY-MDSCs and TU-
MDSCs were cultivated in vitro for 4 days in the presence of 3 uM 5AC and
10 ng/ml GM-CSF (R&D Systems, Minneapolis, MN, USA) in ultralow clus-
ter six-well plates (Corning Costar, Corning, NY, USA). Control samples
were cultivated without the presence of 5AC. After cultivation, cells were
analyzed by FACS for the percentage of CD11b*/Gr-1", CD11c”, F4/80",
and CD86"/MHCII™" cells. Relative expression of the Arg-1 gene was ana-
lyzed by qRT-PCR. The percentage of apoptotic cells was analyzed by FACS.
VEGF production in supernatants from cultured cells was analyzed by
ELISA. Cells were also used in a CFSE proliferation-based assay.

All cultivations of MDSCs were performed in RPMI-1640 medium, sup-
plemented with 10% FCS, 2 mM L-glutamine, antibiotics, and 2-ME in a
humidified atmosphere with 5% CO, at 37°C.

Figure 2. Peritumoral treatment of estab-

lished TC-1/A9 tumors with 5AC led to inhi-

bition of MDSCs in the TMEs and spleens of A
treated mice. Tumors and spleens from mice

(pool of three mice from each group) with

established TC-1/A9 tumors treated with 5AC

in the experiment (Fig. 1C) were analyzed 24

h after the last 5AC injection. The size of tu-

mors on the day of analysis is given (A). (B)
Fluorescence staining of Gr-17 cells in the tu-

mors revealed that although there was no tu-
mor-inhibitory effect of 5AC, the number of

Gr-1" cells in the TMEs of 5AC-treated mice
decreased remarkably. The selected pictures

show typically stained sections from the edge Cc
of the tumors. (C) FACS analysis of CD45"-
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ELISA assay

For VEGF production, supernatants from cultivated cells were analyzed
with ELISA kits (BD Biosciences), according to the manufacturer’s instruc-
tions.

Statistical analyses

For statistical analyses of in vitro experiments, Student’s #test was used. For
evaluation of in vivo experiments, ANOVA from the Number Cruncher Sta-
tistical System (Kaysville, UT, USA) statistical package was used. sps are in-
dicated in the figures.

RESULTS

5AC inhibits growth of early TC-1/A9 and TRAMP-C2
tumors but of TRAMP-C2-established tumors only
First, we demonstrated the anti-tumor effects of DNMTi
5AC using two etiologically different mouse tumor models:
TC-1/A9 and TRAMP-C2. As expected, 5AC inhibited
growth of TC-1/A9 and TRAMP-C2 tumors when the treat-
ment started at early stages of tumor progression (Day 1
after tumor cell inoculation). Significant inhibition of tu-
mor growth (P<<0.05) was observed in TC-1/A9 and
TRAMP-C2 early tumors treated with 5AC compared with
untreated controls (Fig. 1A and B). In the second set of the
experiments performed with established tumors, the treat-
ment started when the tumors reached ~0.5 cm in diame-
ter. A significant tumor inhibitory effect was observed only
on TRAMP-C2 (P<0.05) but not on TC-1/A9 tumors (Fig.
1C and D). The TC-1/A9 data are in agreement with our
previous experiments [25]. This therapeutic setting was
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used further in the experiments focused on the modulation
of MDSCs accumulating in TMEs and in the spleens of mice
bearing TC-1/A9 and TRAMP-C2 tumors.

Peritumoral treatment of established TC-1/A9 or
TRAMP-C2 tumors with 5AC led to the inhibition of
MDSCs in the TMEs and spleens of treated mice
Tumors and spleens explanted from mice with established
TC-1/A9 tumors treated with 5AC, according to the afore-
mentioned therapeutic setting (Fig. 1C), were analyzed 24 h
after the last 5AC injection; the size of tumors on the day of
analysis is given in Fig. 2A. Detection of Gr-17 cells was
done in tumor cryosections to visualize these cells in the
tumor tissue. Although no significant tumor-inhibitory ef-
fect was detected, fluorescence staining of Gr-1" cells in the
tumors revealed a remarkable decrease of their percentage
in the group of mice treated with 5AC (Fig. 2B). These re-
sults were in agreement with FACS analysis of CD45"-gated
TILs performed in parallel specimens. Tumors were cut into
small pieces and dissociated with gentleMACS dissociator
using the Tumor Dissociation Kit and protocol for prepara-
tion of single-cell suspensions. FACS analysis of CD45"-
gated TILs showed a decreased percentage of CD11b™/
Gr-17 MDSCs in TMEs of 5AC-treated mice compared with
control, untreated mice (Fig. 2C). This effect was associated
with a noticeable but not significant decrease in the total
Arg-1 gene expression in TMEs (Fig. 2D). The expression of
the Arg-1 gene was analyzed by qRT-PCR in tumor homoge-
nates prepared with the gentleMACS dissociator using the
protocol for homogenization of the tissue for total RNA iso-

A

5-Azacytidine reduces myeloid-derived suppressor cells

lation. To exclude the possibility that the changes in the
Arg-1 gene expression could be generated by Arg-1 in tu-
mor cells, the relative expression of the Arg-1 gene in tu-
mor cells, cultured alone or in the medium supplemented
with 5AC, was also tested but was negligible compared with
that in the explanted tumor (data not shown). Peritumoral
treatment with 5AC also led to a decreased percentage of
CD11b"/Gr-17" in the spleens (Fig. 2E) of 5AC-treated
mice. These findings were accompanied by a significant
(P<0.05) decrease in the expression of the Arg-1 gene in
the spleens (Fig. 2F) compared with untreated mice. Similar
analysis of TMEs and spleens was performed using
TRAMP-C2 tumor cells (Fig. 3). The size of tumors on the
day of analysis is given in Fig. 3A. Similarly, as in TC-1/A9
cells, fluorescence staining of Gr-1" cells in the tumors re-
vealed a remarkable reduction of Gr-17 cells in the TMEs of
5AC-treated mice (Fig. 3B), which was confirmed by FACS
analysis of CD45"-gated TILs (Fig. 3C) and was associated
with a noticeable but not significant decrease in the Arg-1
gene expression in TMEs (Fig. 3D). Peritumoral treatment
with 5AC also led to reduction of the percentage of
CD11b"/Gr-1" cells, as well as to a significant (P<0.05) de-
crease in the Arg-1 gene expression in the spleens of 5AC-
treated mice compared with the untreated controls (Figs.
3E and F). It is noteworthy that the accumulation of
CD11b"/Gr-1" cells in the spleens of mice bearing
TRAMP-C2 tumors was not detected; their percentage was
comparable with untreated, control, healthy mice (data not
shown). Despite that, the percentage decreased after 5AC
administration.

Figure 3. Peritumoral treatment of
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Lp. administration of 5AC decreased the percentage
of CD11b™ /Gr-1" cells in the spleens of mice treated
with CY or bearing TC-1/A9 tumors

To analyze the impact of the route of 5AC administration on
the spleen CY-MDSCs or TU-MDSCs, mice were injected with a
single i.p. dose of 5AC, 7 days after CY administration. In par-
allel, a single i.p. dose of bAC was injected into mice bearing
large TC-1/A9 tumors. FACS analysis showed that in both ther-
apeutic settings, the percentage of CD11b"/Gr-1" cells in the
spleens of mice treated with one i.p. dose of bAC decreased
compared with the control group without 5AC (Fig. 4).

Peritumoral treatment of established TC-1/A9 and
TRAMP-C2 tumors with 5AC led to reduced numbers
of MDSCs accumulating in TMEs and spleens in
CY-treated mice

We have documented previously that the percentage of
MDSCs accumulating in the spleens during tumor growth can
be increased additionally by CY administration [17]. Here, we
show that the additional accumulation of MDSCs also occurs
in the TMEs of growing TC-1/A9 and TRAMP-C2 tumors. CY
administration increased the percentage of CD11b*/Gr-1"*
cells and the relative expression of the Arg-1 gene (Figs. 5D
and 6D). To find out whether bAC is able to inhibit the no-
ticed, additional MDSC accumulation induced by CY treat-
ment, we administered the CY-pretreated TC-1/A9- and
TRAMP-C2-established tumors with 5AC. As shown in Fig. 5,
treatment of TC-1/A9 tumors with a subsequent combination

A Spleen B Spleen
cy ~ [2.90% ) 9.03% TC-1/A9 ~ |3.69%
A A
cy TC-1/A9
+5AC +5AC

> CD11b

Figure 4. Lp. administration of 5AC decreased the percentage of
CD11b*/Gr-1" cells in the spleens of mice treated with CY or bearing
TC-1/A9 tumors. (A) Mice, 7 days after CY administration (200 mg/kg
i.p.), were injected with one i.p. dose of 5AC (100 ug). FACS analysis
was performed 72 h after 5AC administration and showed that the
percentage of CD11b"/Gr-17 cells in the spleens of mice treated with
one i.p. dose of 5AC decreased compared with the control group with-
out 5AC (data are representative of n=2 independent experiments).
(B) Mice bearing large TC-1/A9 tumors were injected with one i.p.
dose of 5AC (100 pg). FACS analysis performed 72 h after 5AC ad-
ministration showed the percentage of CD11b"/Gr-17 cells in the
spleens of mice treated with one i.p. dose of 5AC decreased compared
with the control group without 5AC (data are representative of n=2
independent experiments).
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of CY + BAC displayed the highest but not significant anti-
tumor effect compared with monotherapies (Fig. bA and B).
Administration of CY resulted in an increase in the CD11b™/
Gr-1" cell percentage in the TMEs. This accumulation was in-
hibited by 5AC administration, as detected by FACS analysis
(Fig. 5C). The effect was associated with similar changes in the
Arg-1 gene expression detected by qRT-PCR (Fig. 5D). A situa-
tion analogical to TMEs was observed in the spleens (Figs. 5E
and F). After CY administration, the percentage of CD11b"/
Gr-17 cells in the spleens of mice increased. This accumula-
tion was inhibited by 5AC administration (Fig. 5E). The effect
was associated with similar changes (P<0.05 compared with CY
therapy only) in the Arg-1 gene expression detected by qRT-
PCR (Fig. 5F). Parallel experiments combining CY + 5AC
were also performed using the etiologically different
TRAMP-C2 model. As can be seen in Fig. 6, treatment with a
subsequent combination of CY + 5AC displayed a significant
(P<0.05 compared with untreated control mice) anti-tumor
effect when compared with untreated control mice (Fig. 6A
and B). After CY administration, the percentage of CD11b"/
Gr-17 cells in the TME increased. This accumulation was in-
hibited by 5AC administration, as detected by FACS analysis
(Fig. 6C) and was also accompanied by similar changes in the
expression of the Arg-1 gene detected by qRT-PCR (Fig. 6D).
Similarly, after CY administration, the CD11b"/Gr-1" cell per-
centage in the spleens of mice increased. This accumulation
was inhibited by 5AC administration (Fig. 6E), and the effect
was associated with a significant (P<<0.05 compared with CY
therapy only) decrease in the Arg-1 gene expression detected
by qRT-PCR (Fig. 6F).

Percentages of CY-MDSCs and TU-MDSCs decreased
after their cultivation with 5AC in vitro

We investigated further the 5AC impact on MDSCs obtained
by magnetic separation of CD11b" cells from the spleens of
mice, 7 days after CY administration, or from the spleens of
tumor-bearing mice. CY-MDSCs or TU-MDSCs were isolated by
CD11b" immunomagnetic beads and cultivated with 10 ng/ml
GM-CSF and 3 uM 5AC for 4 days. The concentration of 5AC
was selected after cultivation of CY-MDSCs with different doses
of BAC (3 uM, 1.5 uM, 0.6 uM, and 0.3 uM) as the lowest
concentration that was able to reduce significantly the

CD11b" /Gr-1" cell percentage in the CY-MDSC population
(61.6+14.6% in controls vs. 34.1+10.2% in 3 uM 5AC;
P<0.05). To verify the optimal dose, the toxicity of 5AC was
also tested; although the significant toxicity noticed in the 3
uM 5AC (61.7£10.5% in controls vs. 30.9£22.8% in 3 uM
5AC; P<0.05) decreased to nonsignificant levels at lower doses
(50.4%22.8% in 1.5 uM 5AC; 58.5219.8% in 0.6 uM 5AC; and
60.3£9.8 in 0.3 uM 5AC; P>0.05 in all doses), the ability to
reduce the CD11b™/Gr-1" population disappeared
(43.9+11.2% in 1.5 uM 5AC; 48.4+22.9% in 0.6 uM 5AC; and
55.6+214.0% in 0.3 uM HAC; P>0.05 in all doses). After cultiva-
tion of CY-MDSCs in the presence of 3 uM 5AC, the percent-
age of CD11b" /Gr-1" cells decreased significantly (P<0.05
compared with the control group without 5AC supplementa-
tion; Fig. 7A), and the cells lost the Gr-1 marker, but they re-
tained their CD11b™ phenotype (data not shown). The
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Figure 5. Peritumoral
treatment of established
TC-1/A9 tumors with a
subsequent CY and 5AC
combination led to a
decreased number of
MDSCs accumulating in
TME:s and spleens of
mice after CY
administration. TC-1/A9

.\\V("b xdk x«,,‘?g) cells were transplanted
<& ,\\?9 xd on Day 0. When the tu-
<& \\vib mors reached the size of
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lation was inhibited by 5AC administration (FACS analysis). (D) The effect was accompanied by a nonsignificant reduction in the Arg-1 expression
detected by qRT-PCR. (E) After CY administration, the CD11b*/Gr-1" cell percentage in the spleens of mice increased. This accumulation was
inhibited by 5AC administration (FACS analysis). (F) The effect was accompanied by changes in the Arg-1 gene expression, detected by qRT-PCR.
All data are representative of n = 3 independent experiments. Error bars indicate sp of triplicate wells. Differences were considered significant

compared with untreated control (*P<0.05) using the Student’s #test.

CD11c" marker was up-regulated (P<0.05), and the percent-
age of CD86"/MHCII™ cells also increased (P<0.05; Fig. 7A).
The percentage of F4/80" was not increased significantly
(P>0.05). This finding was accompanied by lower expression
of the immunosuppressive Arg-1 gene (P<0.05), as well as
lower VEGF production (P<0.05; Fig. 7B). Cultivation with
5AC increased the percentage of apoptotic cells in the cell cul-
tures compared with the control group without 5AC (Fig. 7D).
After in vitro cultivation of TU-MDSCs with bAC, the results
had a similar profile as in CY-MDSGs, but the sensitivity of
TU-MDSCs to the 5AC treatment was weaker compared with
CY-MDSCs. FACS analysis revealed that 5AC nonsignificantly
lowered the percentage of CD11b"/Gr-1" cells in cell cultures
compared with the control group without 5AC (Fig. 7A). Fur-
thermore, the percentage of CD11c™ and CD86"/MHCII ™
cells in the cell cultures, supplemented with 5AC, increased
slightly (P>0.05) compared with the control group without
5AC (Fig. 7A). The increase in the percentage of F4/80" cells
was not significant. The observed changes in the proportion of
distinct lymphocyte subpopulations were accompanied by a
significant (P<0.05) decrease in the Arg-1 gene expression

www jleukbio.org

detected by qRT-PCR and slightly lower VEGF production

(Fig. 7C). Analysis of apoptosis showed a similar, but
weaker, effect after cultivation of TU-MDSCs with 5AC (Fig.
7E). The capacity of TU-MDSCs and CY-MDSCs, cultivated 4
days with or without 5AC, to suppress CD8" and CD4™ T
cell proliferation was also analyzed by a CFSE-based prolifer-
ation assay. It was found that TU-MDSCs or CY-MDSCs, cul-
tivated previously with 5AC, were not able to suppress T cell
proliferation (Fig. 8A and B), whereas control TU-MDSCs
cultivated only with GM-CSF retained part of their suppres-
sive capacity. As we have seen previously, control CY-MDSCs
displayed only a minor suppressive capacity on CD4™ cells,
and their suppressive effect on CD8" cell proliferation was
negligible, as CY-MDSCs generally have substantially lower
suppressive capacity than TU-MDSCs [17].

DISCUSSION

Inhibition of immune suppression occurring during tumor
progression can be crucial for successful cancer immunother-
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apy. One of the promising approaches in cancer immunother-
apy is targeting/inhibiting MDSCs by their elimination or pro-
motion of their differentiation. It has been reported that elim-
ination of MDSCs can be achieved by some chemotherapeutic
agents, such as gemcitabine or 5-fluorouracil [30, 42]. Note-
worthy, some cytostatic agents, such as paclitaxel, were proven
to promote differentiation of MDSCs [43]. Our study was spe-
cifically designed to target the MDSC population accumulating
in TMEs and spleens of CY-treated TC-1/A9 and TRAMP-C2
tumor-bearing mice using a cytostatic agent with epigenetic
effects of 5AC.

5AC is a chemotherapeutic agent displaying antitumor ef-
fects, mainly against hematologic cancers. We have reported
previously that 5AC had an antitumor effect when used for
treatment of early growing but not established murine HPV-
associated TC-1/A9 tumors [25]. In this study, we have shown
that 5AC is also effective for treatment of early and contrary to
TC-1/A9, established TRAMP-C2 cells of adenocarcinoma
mouse prostate model. Besides direct antitumor effects, 5AC
can also influence tumor cell interactions with the immune
system by its effects on tumor cells or immunocytes. Our previ-
ous studies revealed that the treatment with 5AC restores ex-
pression of the MHC class I molecules on MHC class I-defi-
cient tumor cells and renders the tumor cells susceptible to
the attack of CTLs [24, 25]. On the other hand, its administra-
tion can induce Tregs by demethylating promoter regions of
the forkhead box P3 gene, a crucial transcription factor for

8 Journal of Leukocyte Biology Volume 95, May 2014

Tregs [44]. We have found that peritumoral treatment of es-
tablished tumors with 5AC led to the decrease in the percent-
age of CD11b"/Gr-1" cells in the TME and spleens of mice
bearing TC-1/A9 or TRAMP-C2 tumors. The changes in the
MDSC percentage were associated with reduced expression of
the Arg-1 gene in TMEs and in the spleens. Arg-1 was selected
as a marker of immunosuppressive environment, as MDSCs are
major producers of Arg-1 [10], although we cannot exclude
their production by other immunosuppressive cell populations
as well (tumor-associated macrophages). Indeed, in all our ex-
periments, we found a good correlation between MDSC cellu-
larity and Arg-1 RNA proportion in the TME or spleen RNA
specimens. We can also claim that the decrease of the
CD11b"/Gr-1" cell percentage was not caused by the reduced
tumor size after the treatment with 5AC, as in the case of the
established TC-1/A9 tumor, no tumor inhibitory effect was
found. Our results are in accord with the findings obtained by
Triozzi et al. [35]. These authors used low-dose DAC treat-
ment for mice bearing B16 tumors and found decreased num-
bers of protumor MDSCs.

As it emerged from our previous experiments, CY adminis-
tration induces MDSC accumulation in the spleens of nontu-
mor-bearing mice or their additional accumulation in the
spleens of tumor-bearing mice [17]. In this study, we have
found that such MDSC mobilization can also be found in the
TMEs of CY-treated tumors in TC-1/A9 and TRAMP-C2 tu-
mors similarly. Therefore, we raised the question of whether
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treatment of cell cultures was associated with a significant decrease in the expression of the Arg-1 gene detected by qRT-PCR (data are representa-
tive of n=3 independent experiments) and a decrease in VEGF production (significant for CY-MDSCs only; data are representative of n=3 inde-
pendent experiments). (D) FACS analysis revealed that 5AC increased the percentage of apoptotic cells in the cell cultures compared with the
control group cultivated without 5AC (data are representative of n=2 independent experiments). (E) FACS analysis of cultured TU-MDSCs re-
vealed that 5AC increased the percentage of apoptotic cells in the cell cultures compared with the control group without 5AC (data are represen-
tative of n=2 independent experiments). Differences were considered significant compared with untreated control (*P<0.05) using the Student’s

rtest.

5AC can affect CY-MDSCs by its administration following CY
treatment of established TC-1/A9 and TRAMP-C2 tumors. As
we expected, CY treatment of the established tumors led to
additional accumulation of CD11b*/Gr-1" cells in the spleens
and TMEs. This accumulation was subsequently inhibited by
5AC treatment. The subsequent combination of CY with 5AC
led to the most effective tumor growth inhibition (TRAMP-C2)
compared with monotherapies. We can speculate that instead
of a direct cytostatic effect, this inhibition of tumor growth
resulted from the elimination of CY-MDSCs, as they are con-
sidered to be the most potent effectors of tumor-induced T
cell unresponsiveness.

Several mechanisms have been proposed to be responsible
for the reduced levels of MDSCs, such as blockage of MDSC
generation, stimulation of MDSC differentiation, or induction
of MDSC apoptosis [19, 43]. The mechanisms responsible for
MDSC modulation by DNMTi are not fully understood. To
cast more light on the mechanism of effect of 5AC on MDSCs,
we isolated CY-MDSCs and TU-MDSCs and cultivated them in
the presence of 5AC. After cultivation, we observed a remark-
able decrease in the percentage of CD11b" /Gr-1" cells associ-
ated with the decrease of Arg-1 and VEGF production. Impor-
tantly, a loss of suppressive capacity after MDSC cultivation
with 5AC was also detected. The decrease in the percentage of
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CD11b" /Gr-1" cells was associated with increased percentages
of CD11c* and CD86"/MHCII™ cells, suggesting partial dif-
ferentiation of MDSCs toward DCs. In this experiment, TU-
MDSCs seemed to be less susceptible to 5SAC compared with
CY-MDSCs, as the effects were weaker in this population. The
difference may be caused by the fact that CY-MDSCs consist of
a higher percentage of the monocytic (Ly6G~Ly6C'"&") popu-
lation when compared with TU-MDSCs, whereas the percent-
age of the granulocytic (Ly6G"Ly6C"*") population was
higher in TU-MDSCs [17]. These results are in correspon-
dence with the results of Daurkin et al. [34], who demon-
strated that tumor-infiltrated CD11b myeloid cells can be dif-
ferentiated in vitro into mature tumor-derived APCs in the
presence of DAC. On the other hand, our data do not indi-
cate that MDSC elimination would be associated with a massive
rise of DCs in general. Therefore, we also analyzed induction
of apoptosis of CY-MDSCs or TU-MDSCs after their cultivation
with 5AC, and we found that 5AC increased significantly the
percentage of apoptotic cells in the cell cultures compared
with untreated controls. The effect was again weaker in the
case of TU-MDSCs. We therefore suggest the combination of
apoptosis induction with differentiation of the remaining cells
into APCs as the mechanism of the modulatory effects of 5AC
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on MDSCs. This effect could also be dose-dependent, similarly
as with other chemotherapeutic agents [33, 43].

Taken collectively, our results indicate that the epigenetic
modifier 5AC is a promising cytostatic agent that affects not
only tumor cells but also targets MDSCs, accumulating in
growing tumors or in tumors treated with CY. This could be
beneficial for the outcome of cancer chemotherapy, given that
higher levels of MDSCs have been reported in patients with
advanced cancer who also received cytostatic therapy with
CY [16].
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6.5. Publikacia V

Po podani protilatky anti-CD25 mAb déjde k naruSenu produkcie IFN-y
indukovanej a-galaktosylceramidom.

Administration of anti-CD25 mAb leads to impairedgalactosylceramide-mediated
induction of IFNy production in a murine model.

Rodney A. Rosalia, Ivan S¥panek, Veronika Pollakovéa (Vikova), Jana Simova, Jea

Bieblova, Marie Indrova, Simona Moravcova, Hana Ribylova, Hetty J. Bontkes, Jan
Bubenik, Tim Sparwasser a Milan Reini$

CD4'CD25'FoxP3 regul&né T-lymfocyty (Treg) a CD1d-rozpoznavajuce invatig
NKT-lymfocyty (INKT) su typy buniek, ktoré regulujimunitné reakcie. Hlavnou
funkciou INKT buniek po ich aktivacii je regulacienunitnej odpovede cez produkciu
cytokinov. iINKT bunky maju kapacitu zv¥Simunitu hostitéa vasi mikroorganizmom a
nadorovym ochoreniam. Receptor na INKT bunkéach eviigand glycosfingolipida-
galaktosylceramid ofGalCer) prezentovany na antigén prezentujucich k&cim
exprimujucich CD1d a tak aktivuje iINKT bunky. Akégia INKT buniek si—-GalCer vedie
v kongnom dosledku k aktivacii cytotoxickych T-lymfocytoMK buniek a dendritickych
buniek. Reguléné T-lymfocyty prednostne ochingl organizmus pred autoimunitnymi
ochoreniami, ale tieZ prispieva k zniZzovaniu pratiarovej imunitnej odpovede. Deplécia
alebo inaktivacia regutaych T-lymfocytov pouzitim Specifickej protilatkyna-CD25

v kombinacii s imunostimulaciou by mohla tbydobrou metédou v protinadorovej
imunoterapii. AvSak, molekula CD25 nie je exprimop&avyhradne na reguaych T-
lymfocytoch, ale tiez aj na aktivovanych efektorpetko T a B bunkach, NK a NKT
bunkach, ktoré mézu Iiytiez ciom protilatky anti-CD25. Preto méZzeme predpoktada
Ze k efektu Specifickej protilatky anti-CD25 tieagpieva aj jej interakcia s efektorovymi
bunkami. Na z&klade tejto skdtwsti sme sa rozhodli sledavdetailne ¢i protilatka anti-
CD25 (PC61) zasahuje do stimulacie NKT buniek. ®ditadanej praci sme preto
sledovali efekt protilatky anti-CD25 mAb PC61 naGalCer sprostredkovanu aktivaciu
INKT buniek a tiez ginnog’ kombinacie protilatky PC61 @GalCer proti nadorom TC-1.
Inymi slovami v danej praci sme hodnotili dopad tiiétky PC61, ktori sme pouzili na
inaktivaciu regulanych T-lymfocytov v mySacom modeli, na efektoroviainkciu
INKT buniek po vystaveni—GalCer¢o je ligand NKT bunkového receptora

s terapeutickym potencialom.
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Hodnotili sme aditivny/synergisticky efekt kombir®C61 su—GalCer v protinadorove;j
imunoterapii. Zistili sme, Zex-galaktosylceramidom aktivovand imunitnd odpdve
zvierat, ktoré boli oSetrené protilatkou PC61, \zilja porusena produkciu IFN-Museli
sme zisti, ¢i tento vysledok mbéze Iysposobeny priamou inaktivaciou regulgch T-
lymfocytov protilatkou PC61 alebo efektom protikatknti-CD25 na CD25 populaciu
efektorovych buniek, napriklad na aktivované iNKinky. CD25 je mozné detekavaa
povrchu aktivovanych mysSacich’adskych NKT buniek (Kim et al., 2006; Bessoleslet a
2008) a CD25 je antigénom, ktory je rozpoznany ilatkou PC61. Aby sme podrobne
preskumali efekt deplécie regtfeych T-lymfocytov pomocou protilatky anti-CD25 mAb
na aktivaciu INKT buniek, aktivaciu iINKT buniek srsidovali aj v transgénnom modeli
mySi DEREG, v ktorych depléciu FoxP3regul@nych T-lymfocytov dosiahneme
pomocou podania diphtheria toxinu. Tento systémsamdie Specificki depléciu
regula&nych T-lymfocytov (Lahl et al., 2007). Pri poroviarysledkov ziskanych pracou
s mySami DEREG s vysledkami ziskanymi pracou slatkbu PC61, ktorou sme oSetrili
Standardny typ mysi, sme mohli vidiefekt Specifickej deplécie Treg na aktivaciu NKT
buniek odd’alSich efektov protilatky PC61. Nebola pozorovaiad@ia inhibicia produkcie
IFN-y po podania-galaktosylceramidu u mySi DEREG, v porovnani sipkziou u
Standardnych mysi oSetrenych s protilatkou anti-E&D®16Zeme teda povetla Ze
negativny efekt tohto oSetrenia na hladinu imunpibdpovede by mohol byspdsobeny
skor eliminaciou CD25 efektorovych buniek ako inaktivaciou/depléciouulagnych T-
lymfocytov. NaSe data teda limituju pouzitie préatky anti-CD25 v Studidch zameranych
na interakciu regutaych T-lymfocytov s efektorovymi bunkami.

Prinos autora dizertatnej prace k danej publikacii:

Mojou ulohou pri vypracovani predkladanej publikddiolo monitorovanie relativnej
expresie génov kodujucich IFN-IL-4, T-bet a GATA-3 po oSetreni kontrolnych a
DEREG mysi protilatkou PC61leagalaktosylceramidom.
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CD4*CD25*Foxp3* T regulatory cells (Tregs) and CD1d-restricted invariant natural killer T (iNKT) cells
are two cell types that are known to regulate immune reactions. Depletion or inactivation of Tregs using
specific anti-CD25 antibodies in combination with immunostimulation is an attractive modality espe-
cially in anti-tumour immunotherapy. However, CD25 is not expressed exclusively on Tregs but also on
subpopulations of activated lymphocytes. Therefore, the modulatory effects of the specific anti-CD25
antibodies can also be partially attributed to their interactions with the effector cells. Here, the effector

lé;ﬁ‘év:rr?;mumtherapy functions of iNKT cells were analysed in combination with anti-CD25 mAb PC61. Upon PC61 adminis-
DEREG mice tration, a-galactosylceramide (a-GalCer)-mediated activation of iNKT cells resulted in decreased IFN-y

but not IL-4 production. In order to determine whether mutual interactions between Tregs and iNKT
cells take place, we compared IFNy production after a-GalCer administration in anti-CD25-treated and
“depletion of regulatory T cell” (DEREG) mice. Since no profound effects on IFNvy induction were observed
in DEREG mice, deficient in FoxP3* Tregs, our results indicate that the anti-CD25 antibody acts directly
on CD25* effector cells. In vivo experiments demonstrated that although both a-GalCer and PC61 admin-
istration inhibited TC-1 tumour growth in mice, no additive/synergic effects were observed when these
substances were used in combination therapy.
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Natural killer T cells
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T regulatory cells

© 2012 Elsevier GmbH. All rights reserved.

Introduction

Invariant natural killer T cells (iNKT) and CD4*CD25*Foxp3*
regulatory T cells (Tregs) are two populations of T lymphocytes
that regulate adaptive and innate immune responses. NKT cells
are lipid-antigen reactive T cells sharing some characteristics with
NK cells. In C57BL/6 (BL/6) mice CD1d-restricted iNKT cells were
characterized as T cells expressing NK1.1 together with CD3 and a
semi-invariant Va14-Ja18 chain coupled with either V38.2, 7, or 2

Abbreviations: Tregs, T regulatory cells; iNKT cells, invariant natural killer T
cells; a-GalCer, a-galactosylceramide; IFN-v, interferon vy; IL-4, interleukin 4; APC,
antigen-presenting cells; BL/6 mice, C57BL/6 mice; DEREG mice, depletion of the
regulatory Treg mice; DT, diphtheria toxin; GFP, green fluorescent protein; PBS,
phosphate-buffered saline; PE, phycoerythrin; FITC, fluorescein isothiocyanate; APC,
Allophycocyanin; Cy7, cyanine dye; TDLN, tumour-draining lymph nodes.

* Corresponding author at: Institute of Molecular Genetics, v. v. i., Academy of
Sciences of the Czech Republic, Department of Tumour Immunology, Videiiska 1083,
142 20 Prague 4, Czech Republic. Tel.: +420 241063461; fax: +420 224310955.
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1 These authors contributed equally to the work.

0171-2985/$ - see front matter © 2012 Elsevier GmbH. All rights reserved.
http://dx.doi.org/10.1016/j.imbio.2012.10.012

(Godfrey et al. 2004; Kronenberg 2005; Fujii et al. 2003). The main
function of iNKT cells is to regulate immune responses through the
production of a wide variety of cytokines upon activation. Owing
to the broad spectrum of cytokines, iNKT cells have the capacity
to enhance host immunity to microorganisms and cancer as well
as to prevent autoimmunity. The iNKT cell T receptor ligand gly-
cosphingolipid a-galactosylceramide («-GalCer) is presented by
CD1d-expressing antigen-presenting cells (APC) and potently acti-
vates iNKT cells. Activation of iNKT cells with a-GalCer leads to
potent downstream activation of cytotoxic T lymphocytes (CTL),
natural killer cells (NK), and dendritic cells (DC), but can also induce
iNKT cell anergy in mice (Silk et al. 2004; Burdin et al. 1999; Parekh
et al. 2005; Seino et al. 2005). Activation of these cells is crucial to
the protective anti-tumour and anti-microbial immunity mediated
by a-GalCer.

Tregs function under steady state conditions to prevent autoim-
munity and, importantly, their increase contributes to suppressing
anti-tumour immune responses (Sakaguchi et al. 2006; Thompson
and Powrie 2004; Miyara and Sakaguchi 2007; Nishikawa and
Sakaguchi 2010). Typically, Tregs comprise 5-10% of murine
peripheral CD4* T cells and express Foxp3, CD25, and CD62L
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(Sakaguchi et al. 2006; Seddiki et al. 2006; Taylor et al. 2004).
Tregs elimination with specific anti-CD25 antibodies has become
a widely investigated and attractive modality to augment immune
response when used in combination with immunotherapy or vac-
cination, especially in anti-tumour immunotherapy, and several
preparations have already been developed to be used in humans
(Schabowsky et al.2007). However, CD25, a-chain of the IL-2 recep-
tor, is not a specific marker expressed exclusively on the Treg cells.
CD25 is transiently expressed on activated effectors, such as T and
B cells, but also NK and NKT cells, both in humans and mice (Théze
et al. 1996; Kim et al. 2006), which can also be targeted with an
anti-CD25 antibody, such as PC61 in mice (Ko et al. 2005).

The objective of this study was to analyse the impact of CD25*
cell targeting on iNKT cell activation in mice. Previously we have
reported, using the TC-1 murine model for HPV16-associated
tumours, that treatment with the Tregs targeting anti-CD25 mAb
(PC61) resulted in inhibition of tumour growth including signif-
icantly lower recurrences after surgery (Simova et al. 2006), yet
the growth of established tumours was not affected. Using the
same model, we have also shown therapeutic effects of iNKT
cell activation as a treatment of minimal residual tumour dis-
ease after surgery or chemotherapy (Simova et al. 2010). Here,
we investigated the effects of anti-CD25 mAb PC61 on subsequent
a-GalCer-mediated iNKT cell activation, as well as the efficacy of
combined PC61 and a-GalCer treatment against TC-1 tumours. To
discriminate between Treg depletion and direct anti-CD25 mAb
effects on iNKT cell activation, we have performed further analysis
of iNKT cell activation in transgenic DEREG mice, in which effec-
tive FoxP3* Treg depletion could be achieved by diphtheria toxin
injection (Lahl et al. 2007).

Materials and methods
Mice

BL/6 mice were purchased from AnLab Co., Prague, Czech
Republic and maintained in the animal facility of the Institute
of Molecular Genetics, Prague. All mice were housed at least 1
week before starting the experimental schedule. Male mice, aged
8-12 weeks at the initiation of the experiments, were used. DEREG
(“depletion of the regulatory Treg”) mice, BL/6 background trans-
genic mice expressing a diphtheria toxin (DT) receptor fused with a
green fluorescent protein (GFP) under the control of the foxp3 gene
locus (Lahl et al. 2007), originating from Twincore, Hannover, were
bred at the Institute of Molecular Genetics. Selective depletion of
the FoxP3* cells was performed by injection of 1 wg DT for three
consecutive days as described previously (Baru et al. 2010). Exper-
imental protocols were approved by the Institutional Animal Care
Committee of the Institute of Molecular Genetics, Prague.

Reagents

a-GalCer (kindly provided by Dr Shigeyuki Yamano, Pharma-
ceutical Research Laboratories, Kirin Brewery, Gunma, Japan or
purchased from Axxora, San Diego, CA) was reconstituted in MilliQ
water to a final concentration of 200 pg/ml and further diluted with
phosphate-buffered saline (PBS) before use. The vehicle used was
PBS supplemented with 0.5% polysorbate-20. Diphtheria toxin was
obtained from Merck, NJ. The anti-TCR{3-PeCy5 (H57-597), anti-
CD4-FITC (RM4-4), anti-CD8«-FITC (LY-2), anti-CD25-PE (PC61)
or anti-CD25-PE (7D4), anti-CD3e-APC (145-2C11), anti-CD45RB-
PE/Cy7 or -APC (C363.16A), anti-CD62L-APC (MEL-4), anti-NK1.1
(NKR-P1B), anti-CD44-FITC (IM7) and anti-CD69-FITC (H1.2F3)
antibodies were purchased from BD Pharmingen, San Diego, CA.
AntiCD19-BV421 (6D5), anti CD25-APC (3C7) were purchased from
BioLegend, San Diego, USA. The isotype rat IgG1 antibody (R3-34)

was purchased from Sigma Aldrich, St. Louis, MO, and the anti-
FoxP3-PE-Cy5 (FJK-16s) mAb was purchased from eBiosciences,
San Diego, CA. The anti-CD25 mAb (PC61) used to inactivate
CD4*CD25* Tregs in vivo (Malek et al. 1983) was obtained from
Exbio, Prague, Czech Republic. Purified rat IgG mAb (Sigma-Aldrich)
was used as isotype control in all experiments. RPMI 1640 tissue
culture medium supplemented with 2 mM glutamine was further
supplemented with 10% heat-inactivated FCS and antibiotics. The
a-GalCer-loaded CD1d («-GalCer/CD1d) tetramer conjugated with
PE was obtained from Prolmmune, Oxford, UK.

Flow cytometry

Single-cell suspensions from tumour-draining lymph nodes
(TDLN) or spleens were prepared by homogenization through a
nylon mesh. Erythrocytes were osmotically lysed using Tris-NH,4CI
lysis buffer and lymphocytes were incubated with flow cytometry
antibodies of choice. iNKT cells were identified as CD3*NK1.1* or
CD3*CD19 a-GalCer/CD1d tetramer® whereas Tregs were defined
as CD4*CD25" or CD25Foxp3* and further analysed for CD62L*
expression. Intracellular staining for Foxp3 was performed using
Mouse Foxp3 Buffer Set (eBiosciences) according to the manufac-
turer’s protocol. Expression of markers was measured with a LSRII
device (BD Biosciences), and the acquired data were analysed using
Flow]o software (Tree Star, Ashland, OR).

Tumour cell lines and monitoring of tumour growth

The TC-1 tumour cell line was established by transformation
of primary BL/6 mouse lung cells with HPV16 E6/E7 and activated
Ha-ras DNA (Lin et al. 1996). Mice were challenged with 5 x 10%
TC-1 cells (s.c.). Mice in selected groups were treated with a single
dose of 0.3 mg PC61 or rat IgG isotype control (administered i.p. 3
days before TC-1 cell transplantation) and on day 6 after tumour
cell implantation, 10 g a-GalCer or vehicle control was injected
i.p. Tumour growth was further followed to examine the impact
of different treatments on tumour growth. For analysis of the anti-
CD25 effects on a-GalCer NKT cell activation in tumour-bearing
mice, mice were injected with 1 x 108 TC-1 tumour cells and when
tumours reached a size of 1.0 cm? mice were treated as described
below. Blood samples were collected and sera stored for further
analysis.

Measurement of cytokines

The concentrations of IFN-y and IL-4 in sera were measured
using BD Opt EIA ELISA kits (BD Biosciences) according to the man-
ufacturer’s protocol.

Reverse transcriptase quantitative PCR

Total RNA was extracted from splenocytes using RNeasy
Mini Kit (Qiagen, Hilden, Germany) and 1pg of RNA was
transcribed into cDNA using the GeneAmp® RNA PCR kit
(Applied Biosystems, Foster City, CA) utilizing a combination
of random hexamers and oligo(dT) as primers. PCR primers
were purchased from Generi Biotech, Hradec Kralove, Czech
Republic. Real-time PCR was performed using FastStart SYBR
Green Master (Roche, Penzberg, Germany) as described by
the manufacturer and an LC480 cycler (Roche). The sequences
of specific primers were: T-bet 5-CAACAACCCCTTTGCCAAAG-3’
and 5’-TCCCCCAAGCAGTTGACAGT-3', GATA-3 5'-CTGTGGGCTGTA-
CTACAAGCTTCA-3’ and 5'-ACCCATGGCGGTGACCATGC-3/, IL-4
5-GAGAGATCATCGGCATTTTGA-3/, 5'-TCTGTGGTGTTCTTCGTTGC-
3/, IFNy 5'-ATCTGGAGGAACTGGCAAAA-3’, 5'-TTCAAGACTTCAA-
AGAGTCTGAGG-3/, B-actin 5'-CCAGAGCAAGAGAGGTATCC-3’ and
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5'-GAGTCCATCACAATGCCTGT-3'. Samples were analysed in trip-
licate and their relative gene expression was determined by
normalizing expression of each target gene to (3-actin expression
and presented as a fold change related to the results from untreated
controls. PCR efficiencies were calculated from amplification curves
(Ramakers et al. 2003).

Statistical analysis

Statistical significance of cytokine, qPCR and flow cytometry
assays was determined using two-sided Student’s t-test for paired
or unpaired data; two-tailed analysis was applied as determined
by F-test, as appropriate. For statistical analysis of in vivo differ-
ences in tumour growth between treatment groups, single factor
ANOVA, Bonferroni multiple-comparison test from the Number
Cruncher Statistical System (Kaysville, UT) statistical package was
applied. Differences between experimental and control samples
with P<0.05 were considered to be statistically significant.

Results

Efficacy of anti-CD25 mAb administration and Treg elimination
and effects of a-GalCer treatment on Treg frequencies

Residual expression of the CD4*CD25* population in regional
lymph nodes or spleen was about 0.3% (drop from 3.9% in the lymph
nodes and 2% in the spleens, respectively) after PC61 treatment.
To test the CD4*CD25" cell elimination and possible differen-
tial effects of PC61 on distinct sets of CD25" cells, characterized
by the CD62L expression, spleen cells were analysed on day 6
after PC61 administration by FACS (Fig. 1a). In the spleens from
PC61-treated animals a significant reduction of CD4*CD25*CD62L*
as well as CD4*CD25*CD62L~ cell frequencies was observed, as
compared to control groups. Similar results were obtained in
tumour draining lymph nodes (data not shown). As can be seen
in Fig. 1b, a significant reduction of CD4*CD25*CD62L* as well as
CD4*CD25*CD62L~ populations was observed in DEREG mice after
DT treatment, although in both populations more cells persisted, as
compared to the PC61 treatments. To assess whether these popu-
lations really represent mostly CD25*CD4* cells that persisted, and
not repopulated cells, we have measured CD4*CD25* population
immediately after three DT doses when the FoxP3™* cell population
depletion was maximal (more than 98%); at this time point the
CD4*CD25* population dropped to 30%. This finding suggests that
both subpopulations comprise FoxP3* Tregs and, on the other hand,
anti-CD25 targets not only Tregs. Further, a-GalCer treatment had
no significant effect on Treg frequencies in LN (CD25*FoxP3* cell
populations) while the decrease was observed in spleen (Fig. 1c and
d). PC61 treatment, as well as FoxP3* cell depletion in DEREG mice
resulted in the Treg cell decrease that was not further influenced
by the a-GalCer treatments.

PC61 treatment inhibited NKT cell expansion after «-GalCer
treatment, as well as CD69 downregulation on primed NKT cells

As can be seen in Fig. 2, PC61 administration 3 days prior to
the a-GalCer treatment abrogated a-GalCer-induced expansion of
NKT cells, while DT-induced Treg depletion in DEREG mice had no
such effect. Further, it has been shown that murine Vo 14i NKT cells
expressed the early activation marker CD69 that is downregulated
upon their priming with a-GalCer (Ikarashi et al. 2006). Our data,
demonstrating that PC61 administration inhibited this decrease in
mice, suggest that NKT cell priming is blocked by the anti-CD25
antibody (Fig. 3a). Control experiment on DEREG mice revealed no
significant effect of the FoxP3* cell depletion on these processes
(Fig. 3b). We have also demonstrated the increase of the CD25*

subpopulation within NKT cells from spleen in a-GalCer-treated
mice (Fig. 3c). Surprisingly, apart from the Treg cell population, we
did not observe long lasting significant elimination of the CD25*
population after the PC61 in vivo treatment in our setting. Unfortu-
nately, we could not determine the portion of the CD25* NKT cells
immediately or 24 h after a-GalCer treatments when the cytokine
levels were measured due to the NKT cell T receptor downregulat-
ion so we could not exclude that the CD25* population represented
activated cells that appeared later after activation.

Impaired induction of IFN-y production upon «-GalCer treatment
in the PC61-treated mice

Animals were challenged with 1 x 106 TC-1 tumour cells on day
0. On day 28, when the tumour reached 1.0cm?2, animals were
injected with either 0.5mg PC61 or rat IgG isotype control fol-
lowed by a single injection of 1 ug a-GalCer or vehicle on day 31
(Fig. 4a and b). As an a-GalCer-mediated activation of the immune
system readout, cytokine responses (IFN-vy, IL-4) were measured
in the blood serum 7 days before start of the treatment (day 21)
and 2h and 24h after a-GalCer administration. Similar experi-
ments were performed in naive tumour-free animals. Cytokine
levels were below the detection limit in both naive and tumour-
bearing animals before start of the treatment (not shown) as well
as in animals treated with the vehicle, rat IgG isotype control or
PC61. As previously reported, a-GalCer administration resulted in
increased IL-4 and IFN-y serum levels. Interestingly, we observed
decreased levels of IFN-y but not of IL-4 in animals pre-treated with
PC61 compared to animals treated with IgG isotype at both time
points analysed (2 hand 24 h). Naive tumour-free PC61-treated ani-
mals showed the same defective IFNvy response to a-GalCer (not
shown).

PC61 administration, not FoxP3* cell depletion, inhibited IFNy
production in a-GalCer treated mice

To investigate whether the Treg elimination or rather direct
effect of the antibody on effector cells was crucial for the IFNy and
IL-4 production regulation upon iNKT cell activation, we compared
the impacts of PC61 administration to the effects of DT-induced
FoxP3* cell depletion in DEREG mice. Since the defects in «-
GalCer-induced IFN<y responses upon PC61 were observed both in
tumour-free and tumour-bearing mice, this set of experiments was
performed on the tumour free-mice only. As can be seen in Fig. 4c,
only PC61 administration in contrast to specific Treg depletion
(DEREG mice) decreased the IFN+y levels in the blood of a-GalCer
treated animals. This result strongly suggests that the direct PC61
effects on effector cells are responsible for the IFNvy inhibition
rather than disturbed interactions with Tregs.

Similar results were obtained by the analysis of cytokine expres-
sion in the spleens at the RNA level. qRT-PCR showed induction of
both IL-4 and IFN+y specific mRNA in the spleens of the a-GalCer-
treated wild type and Treg-depleted animals, and only IFN'y mRNA
was inhibited upon the PC61 administration (Fig. 5). These results
were in agreement and correlated with the expression levels of
Th1 or Th2 cell transcription factor T-bet and GATA-3, respectively.
The treatment with a-GalCer induced significant upregulation of T-
bet mRNA transcripts in splenocytes in comparison to IgG isotype
and/or vehicle-treated animals. Spleen cells from the animals pre-
treated with PC61 but not spleen cells from FoxP3 cell-depleted
animals followed by a-GalCer showed impaired induction of T-bet
expression compared to animals treated with the IgG isotype and a-
GalCer. The expression of GATA-3 was not significantly hampered
(Fig. 5).
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Fig. 1. Efficacy of CD4*CD25*CD62L~ and CD4*CD25*CD62L" cell elimination and effects of a-GalCer treatment on Treg frequencies. Splenocytes from PC61-treated BL/6
mice were stained with anti-CD4, anti-CD25 (clone 7D4), and anti-CD62L and analysed by flow cytometry for the presence of CD25" cells on day 6 post treatment. (a) The
percentages of CD25" cells among CD4*CD62L~ and CD4*CD62L* splenocytes from both PC61 and IgG isotype control-treated groups are shown. Percentages are presented as
the mean (+ SD) of three or four individual mice. *P<0.05 vs. IgG isotype or control, two-sided Student’s t-test. (b) Same analysis performed on control and DT-treated DEREG
mice. (c) BL/6 mice were injected once i.p. with anti-CD25 mAb (0.5 mg PC61) or IgG isotype control, followed by either vehicle or a-GalCer (1 pg) treatment after 3 days.
Single-cell suspensions were obtained from spleens and lymph nodes, harvested 3 days after vehicle control or a-GalCer treatment. Cells were stained with anti-CD25-PE
(7D4), and anti-FoxP3-PE-Cy5 followed by flow cytometric analysis for the presence of CD25*Foxp3* cells. (d) Analogical experiment using non-transgenic controls or DEREG
mice. All groups of mice were injected on three consecutive days i.p. with 1 g DT, followed by either vehicle or a-GalCer (1 n.g) treatment after 24 h. Single-cell suspensions
were obtained from spleens and lymph nodes, harvested 3 days after vehicle control or a-GalCer treatment. All experiments were repeated three times with similar results.
*P<0.05 vs. control, **P<0.05 vs. a-GalCer treated group, two-sided Student’s t-test.

No synergistic anti-tumour effect upon combination therapy investigate the efficacy of combination therapy using the TC-1

using a-GalCer and PC61 tumour model (Fig. 6). As expected, both PC61 and a-GalCer treat-

ments as monotherapy partially inhibited the tumour growth.

Since our analysis revealed that anti-CD25 antibody can inhibit However, no synergistic effect was observed in combination ther-
IFNy production upon a-GalCer treatment, it was of interest to apy.
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Fig. 2. PC61 but not Treg cell depletion abrogates NKT cell expansion after a-GalCer in vivo administration. In vivo experiment was performed in the same setting as that
presented in Fig. 1. NKT cell population was determined in spleen as CD3*CD19" a-GalCer/CD1d tetramer* cell population. Percentages are presented as the mean (+ SD) of
three individual mice. **P<0.05 vs. a-GalCer treated group, two-sided Student’s t-test. Experiments were repeated three times yielding similar results.

Discussion «a-GalCer additive/synergistic effects when used in combination
anti-tumour immunotherapy.
In this study, we evaluated the impacts of PC61, a prototypic We have evaluated the effects of the a-GalCer-mediated NKT

anti-CD25 mAb commonly used to inactivate Tregs in murine cell activation on Tregs. Administration of a-GalCer did not increase
models, in vivo administration on iNKT effector functions upon the percentages of spleen or TDLN-residing Tregs or on the
administration of a-GalCer, NKT cell T receptor ligand with a thera- intracellular Foxp3 expression. This finding was in agreement
peutic potential. Subsequently, we investigated potential PC61 and with the recently published data using murine tumour models
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Fig. 3. NKT cell phenotype following PC61 and a-GalCer treatment. BL6 or DEREG mice were pretreated with PC61 (0.3 mg) or IgG isotype 3 days prior to a-GalCer (1 pg) or
vehicle control administration (a) or with DT on three consecutive days before a-GalCer administration, 24 h after the last DT dose (b) and CD69 expression on spleen NKT
cells was analysed after 3 days. (c) CD25 expression on NKT cells from mice treated with PC61 and a-GalCer. Experiments were repeated two or three times with similar
results. Percentages are presented as the mean (4 SD) of three individual mice. *P<0.05 vs. control, **P<0.05 vs. a-GalCer treated group, ***P<0.05 vs. PC61 or DEREG group
two-sided Student’s t-test.
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The experiments were repeated three times with similar results.

(Petersen et al. 2010) but distinct from the results obtained in
some autoimmune disease models, in which activated iNKT cells
play a regulatory role (Liu et al. 2005; Ly et al. 2006). We observed
decreased cellularity of Treg cells in spleens from a-GalCer-treated
animals, as compared to untreated animals. We have not explained
this phenomenon but we hypothesized that the effect of the i.p.
administration in the spleen vicinity can take place.

PC61 efficiently decreased the number of CD4*CD25*CD62L*
Tregs. In addition, PC61 also inhibited and/or depleted activated
CD4*CD25*CD62L~ cells, which is in agreement with previous
findings that this antibody can inhibit expansion of tumour antigen-
specific T cells (Curtin et al. 2008) and demonstrates the capacity of
the anti-CD25 antibody to target effector T cells. However, deple-
tion of CD4*CD25*CD62L~ cells seen in PC61-treated mice was
also observed in DT-treated DEREG mice, suggesting that in both
CD62-positive and negative CD4*CD25* spleen cell subpopulations
FoxP3-positive Tregs prevailed.

Tregs have been described to suppress proliferation, cytokine
release and cytotoxic activity of iNKT cells by cell-contact-
dependent mechanisms (La Cava et al. 2006). On the other hand, as
human a-GalCer-activated iNKT cells express CD25 and their func-
tion can be regulated by IL-2 (Bessoles et al. 2008), administration
of anti-CD25 antibodies can also affect directly activated iNKT cells,
besides disturbing Tregs function. We have documented that anti-
CD25 mAb administration prior to the a-GalCer treatment inhibits
NKT cell expansion, as well as CD69 downregulation. In control
experiments using DEREG mice we excluded the role of the Treg cell
depletion in this inhibition. CD25 expression has been documented
on a NKT cell subpopulation of the B6 mice origin (Kim et al. 2006).
We demonstrated a small fraction of CD25" cells on spleen NKT

cells which was increased in spleens from «-GalCer-treated ani-
mals. However, we cannot exclude that anti-CD25 mAb inhibitory
effects on the a-GalCer-mediated activation can at least partially
be attributed to the effects of other than NKT CD25* populations of
activated effector cells.

We demonstrated that a-GalCer-mediated priming of the
immune response in animals pre-treated with PC61 showed defec-
tive IFN-y production, while no difference was observed in IL-4
production. This finding was independent of tumour-related sup-
pressive factors as similar results were observed in either naive
or tumour-bearing animals. Further, the analysis of Th1 and Th2
immune response master regulators T-bet and GATA-3 transcrip-
tion (Szabo et al. 2000; Wei et al. 2007) in spleen cells as the T-bet
but not GATA3 expression by a-GalCer was decreased upon anti-
CD25 treatment.

To assess whether the described effects on a-GalCer-mediated
iNKT-activation of immune response could be attributed to direct
Treg inactivation by PC61 or to the anti-CD25 antibody effects on
other CD25" effector cell populations including activated iNKT cells,
we repeated the experiments in DEREG mice. As expected, DT treat-
ment of DEREG mice induced depletion of FoxP3* cells and the
residual population of the CD25* cells was higher, as compared
to their proportion after the anti-CD25 treatment. Since no inhi-
bition of a-GalCer induction of IFNy production was observed in
FoxP3* cell-depleted mice, as compared to the anti-CD25 mAb-
treated mice, we have concluded that the negative effects of this
treatment on the immune response levels can be attributed rather
to the elimination of CD25* effector cells than to the Treg deple-
tion/inactivation. As the above-mentioned studies that suggested
a role for Tregs in iNKT-cell mediated alleviation of autoimmune
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were repeated three times with similar results.

diseases were based on anti-CD25 antibody treatments, we cannot
exclude that also in these models the effects could have been par-
tially attributed to direct targeting of effector (activated iNKT) cells.
It is of interest why IFN+y but not IL-4 production was decreased in
anti-CD25-treated animals. NKT cells are the main source of IFN<y
and IL-4 at the early phase after the a-GalCer-mediated activa-
tion (Crowe et al. 2003; Moreno et al. 2008). IL-4 induction is very
rapid reaching its peak approximately 2 h after NKT cell stimulation
while IFN+y production is delayed several hours reaching a plateau
12-24h after activation (Miyamoto et al. 2001; Yu et al. 2005a). It
has been shown, using a murine model of murine cytomegalovirus-
mediated NKT cell activation, that CD25 upregulation appeared
by 20 h, peaked 1.5 days post-infection and correlated with IFNy
production by NKT cells which peaked at day 1.5 post-infection
(Wesley et al. 2008). Thus it is possible that IFNy producing cells
are preferential targets for anti-CD25 antibody, as compared to the
IL-4 producing cells.

Our results are in agreement with previous findings that,
in some settings, the efficacy of immunotherapy or resistance
to infection were not augmented but rather impaired (Curtin
et al. 2008; Couper et al. 2009) and strongly support the idea
that the beneficial CD25* cell depletion effects on the efficacy
of immunotherapy might be controversial and proper timing or
dosing of anti-CD25 mAb administration is of particular impor-
tance. Indeed, Curtin et al. (2008) have shown in an intracranial
glioblastoma BL/6 murine model that CD25* cell depletion 15
days after tumour implantation inhibited the tumour growth,
but treatment 24 days after tumour implantation inhibited clonal
expansion of effector cells and blocked T cell-dependent tumour
regression. On the other hand, CD25* cell population depletion
induced potent immune responses even against established

immunogenic tumours heavily infiltrated with CD4* CD25" cells,
probably because of their high immunogenicity and a potential of
CD8* cells to mediate anti-tumour immunity without the help of
activated effector CD4 cells (Yu et al. 2005b).

Various reports have shown that a-GalCer successfully pro-
tected against tumour challenge and inhibited tumour growth in
mice (Nakagawa et al. 2000; Chang et al. 2007). Previously, we
have demonstrated the tumour inhibitory effects of both iNKT cell
activation and CD25* cell depletion including a setting of the treat-
ment of minimal residual tumour disease, using the TC-1 model
for HPV16-associated tumours (Simova et al. 2006, 2010). Thus the
question on potential augmentation of the treatment efficacy by
combination therapy arose and it was of interest to see whether
anti-CD25 positive or negative effects on NKT cell-mediated induc-
tion of anti-tumour immunity prevail. In this study, we did not see
any additive/synergic effects of anti-GalCer PC61mAb combined
treatment. This is in agreement with the in vitro data discussed
above, as well as with our previous preliminary result showing
no synergy of the PC61 treatment combined with another iNKT
cell T receptor ligand, [3-galactosylceramide (Simova et al. 2010).
Our study was performed on BL/6 mice and the results may be
dependent on the particular mouse strain used and may have been
different on distinct tumour or mouse models used. It has been
recently shown that the treatment with PC61 before Toxoplasmosa
gondii infection eliminated most of Treg cells in BALB/c mice while
in C57BL/6], other activated cell subsets were targeted (Tenorio
et al. 2011). This finding coincides with another study in which
anti-CD25 antibody was capable to deplete effector T cell popula-
tions, to inhibit IFNy production, as well as to reduce weight loss
and liver pathology in the inflammatory phase of T. gondii infection
in a C57BL murine model (Couper et al. 2009).
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Fig. 6. Tumour growth after subcutaneous implantation of TC-1 cells in mice treated
with PC61 and/or a-GalCer. A single dose of 0.3 mg PC61 or rat IgG isotype control
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or vehicle control was injected i.p. to animals pre-treated with PC61 or isotype
control. (a) Tumour growth was followed by measuring the area of each tumour
every 3-4 days. Average values for each group are shown (n=8 in each group). (b)
Kaplan-Meier graph presenting the percentage of the tumour-free animals at dif-
ferent time-points. Similar results were obtained in two independent experiments.
*P<0.05 vs. IgG isotype + vehicle control.

Recently, two studies focused on anti-CD25" cell depletion and
iNKT cell activation have been performed in tumour models. In the
first one, administration of PC61 increased the therapeutic effects
of a-GalCer in a BALB/c metastatic murine mammary model 4T1
(Hongetal.2010). Our opposite findings may probably be explained
by the different mouse strain and tumour model used. The benefi-
cial effects of the combination therapy were seen in the later stages
of the tumour growth and also in a percentage of lung metastases.
Potent anti-B16 tumour response was observed in another recent
study, after combination of the CD25" cell depletion and immuniza-
tion with dendritic cells loaded with tumour tissue and anti-GalCer
(Petersen et al. 2010). We can hypothesize that the observed dif-
ference in the therapeutic outcome, as compared to our results,
could be explained by different therapeutic setting when mice
were challenged with the tumour cells 9 days after PC61 admin-
istration and 7 days after DC immunization. However, also in this
experiment, a mild decrease of [IFNvy production in the serum upon
PC61-treatment was observed. Since no induction of iNKT cell acti-
vation upon PC61 treatment and no accumulation of Tregs upon
a-GalCer treatments were observed, iNKT cell activation and Treg
cell depletion increase the vaccination efficacy independently.

Collectively, our data demonstrate direct inhibitory effects
of the anti-CD25 mAb on iNKT cell-mediated immune response,
which may result in the lack of additive effect or synergy in
induction of antitumour immunity based on iNKT cell activation
and Treg cell depletion. The results underscore the necessity of
proper timing in anti-CD25 treatments to avoid the detrimental

effects of the treatment on effector cells. They also strongly suggest
that alternative methods of Treg targeting, such as low doses of
cyclophosphamide (Motoyoshi et al. 2006; Ohkura et al. 2011),
may be more appropriate than anti-CD25 usage. Indeed, a strong
potential to improve therapeutic vaccination against established
melanoma by selective depletion of FoxP3* cells has been demon-
strated in DEREG mice (Klages et al. 2010). Our data also document
the limitations of the use of anti-CD25 antibodies in the studies
focused on Treg interactions with effector cells.
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7. Diskusia

Nadorové bunky vyvinuli mechanizmus, akymi moZzu katii imunitnému dohadu a
ktorymi unikaju pred rozpoznanim bunkami imunitnébgstému. Medzi mechanizmy
imunosupresie patri napriklad znizena tvorba nagoio antigénov, indukcia expresie
inhibicnych molekul, produkcia inhibnych cytokinov, zvySena tvorba indolamin 2,3-
dioxygenazy a nereagovanie na apoptotické sigal&lyo zvySena hladina komponentov
s imunosupresivnym ¢inkom, ako su regutmé T-lymfocyty, myeloidné supresorové
bunky alebo nezrelé dendritické bunky. SpracovanpEezentacia antigénu je podstatnou
zloZkou v imunitnom dofade (Setiadi et al., 2005). Rozpoznanie nadorouyehiek
bunkami efektorovymi sa deje pomocou spracovaniaprazentacie endogénnych
nadorovych antigénov v komplexe s molekulami MHCZhizenie expresie MHC | na
povrchu nadorovych buniek je bezny spdsob, ktor@aonové bunky unikajd imunitnému
dohradu (Garrido et al., 1997; Bubenik, 2003; Reinl81l® Seliger, 2012). Expresia
tychto génov méze liyobnovena pomocou IFN{Gabathuleret al., 1994Seliger et al.,
2000) alebo pomocou inhibitorov DNA metyltransfer&zaza-2deoxycytidinu (DAC)
alebo 5-azacytidinu (5-azaC; 5AC). HlavhymTo prace bolo detailne popfsalohu
epigenetickych regulacii, najma metylacie DNA weribilnych mechanizmoch, ktorymi
nadorové bunky unikaju Specifickej imunite a tiez omtorovanie génov
s imunosupresivnyméinkom v nadorovych a imunitnych bunkach¢ps rastu a ligby
nadoru.

Bolo popisané, Ze IFN-zvySuje expresiu génov antigén-prezentujlucej néa&rtym, Ze
zvySuje acetylaciu histonu 3. O¢idku IFN-y na zmenu metytého statusu
prométorovych oblasti génov antigén-prezentujucagimerie véa informacii zatié nie je.
Bolo zistené, Ze indukcia expresie indolamin 2@«ghenazy (IDO)-1 je spojena s DNA
demetylaciou oblasti prométora génu pO-1 (Xue et al., 2012). OSetrenie TAP-1
deficientnych buniek pomocou IFNzvySuje acetylaciu histonu 3 a aktivnu transkudpc
génuTAP-1 Setiadi a kol. (Setiadi et al., 2007) takto pajpisovy mechanizmus, ktorym
IFN-y zvySuje expresiu génliAP-1 Christova a kol. (Christova et al., 2007) popisal
zmeny v Struktdre chromatinu celého lokusu MHCtdr& bola indukovand IFN- V tejto
oblasti sa nachadzaju gény rodifixP a ajLMP. Stasné poznatky v danej problematike
sme obohatili o data, ktoré dokazuju, Ze -Ndze pinf Ulohu epigenetického agensu a
navodzuje demetylaciu DNA mnohych génov, s dérazZladenym najma na gény

antigén-prezentujucej masinérie. Nasou pracou siepgh zistenim, Ze DNA demetylacia
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sprostredkovana IFN-je zavisla na signalizacii cez JAK/STAT drahu,tpze inhibitor
Janusovych kindz blokoval demetylaciu DNA a indukexpresie MHC | na povrchu
buniek. Dalej DNA demetylacia sprostredkovana IFNe dynamickejSia v porovnani
s demetylaciou DNA indukovanou pomocou inhibitoraNAD metyltransferaz 5-
azacytidinom,co naznauje Ze proces demetylacie je aktivny a nezavislyrejlikacie
DNA na rozdiel od DNA demetylacie indukovanej 5-@agalinom, ktora je od replikacie
DNA zavisla a vyZaduje inkorporaciu ¢iga do DNA a blokuje metylaciu nascentného
retazca DNA kvoli inhibicii metyltransferdz (Creusdta., 1982). Bolo popisané, Ze aj
dalSi cytokin dokdZze navadidemetylaciu DNA, konkrétne TGE-sposobil aktivnu
demetylaciu DNA a tak obnovil expresiu tumor-supresého génu pl1%5+°
(Thillainadesan et al., 2012). Nakoniec DNA dendtid sprostredkovana IFN-je
asociovana s acetylaciou histonu H3 v oblasti ptona® geénov antigén-prezentujucej
masinérie.

Epigenetické mechanizmy v regulécii prezentaciéggéanti nddorovymi bunkami boli tiez
analyzované v experimentoch s inhibitormi DNA meeayisferaz. Zhodnotili sme efekt
inhibitora DNA metyltransferaz 5-azacytidinu na MH@eficientné a pozitivne nadory.
Optimalizovali sme terapeuticky protokol zaloZzenya rkombinécii imunoterapie
experimentalnych nadorov v mySiach s inhibitorom ADNmetyltransferaz. Vysledky
naznguju, Ze pre maximalny terapeuticky vysledok, zvyseitlivog’ nadorovych buniek
k imunitnému systému po chemoterapii pomocou egtigheho agensu spdsobena
zvySenim expresie MHC |na nadorovych bunkach, bghlm by kombinovana
s aktivaciou imunitnej odpovede pomocou imunoterapZvySenie expresie MHC
| pravdepodobne nie je jedinym dévodom, goresa nadorové bunky stanu citlivejSimi
k eliminécii imunitnym systémom, viadom nato, Ze 5-azacytidin ovplyvni expresiu
mnoZstva géenov. Bolo tiez popisané, Ze {€R8 byva casto epigeneticky urdny pri
nadorovych ochoreniach ainhibitory DNA metyltramélz dokdzu zvysi citlivost
nadorovych buniek k apoptéze cez zvySenu hladine8IRYamashita et al., 2010). Pri
nadoroch explantovanych zo zvierat oSetrenych Bydizinom sme pozorovali zvySenu
povrchovl expresiu MHC | na povrchu nadorovych blniktora bola asociovana so
zvySenou expresiou génov antigén-prezentujucejméesi a génov drahy IFN{STATL,
IRF1 alRF8). Toto zvySenie pri naddoroch explantovanych zoemti oSetrenych 5-
azacytidinom koreSpondovalo s DNA demetylaciou pytmrovych oblasti génov antigén-

prezentujucej masinérie. NaSe neopublikované viggléigéZz naznéuju zvySenie expresie
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faktorov IRF vplyvom 5-azacytidinu a demetylaciu AN/ promoétorovych oblastiach
génovIiRF1 alRF8 sprostredkovanu IFN-a 5-azacytidinom.

Unik nadorovych buniek mdze Hgprostredkovany aj tvorbou imunosupresivneho stavu
ramci mikroprostredia nadoru (Radoja et al., 20B@gdoja and Frey, 2000). Nadorové
bunky su schopné produkavamunosupresivne faktory a tieto magifalSi vplyv na
funkciu imunitného systému (Chambers et al.,, 20&2).to napriklad imunosupresivne
faktory ako vaskularny endotelialny rastovy fak(@EGF), transformujici rastovy faktor
(TGF9), galectin alebo indolamin 2,3-dioxygenaza (ID@ggely et al., 2011). Reguiae
T-lymfocyty a myeloidné supresorové bunky su dvavhé& imunosupresivne populacie
buniek, ktoré maju vyznamnu udlohu v inhibicii oatmaj protinAdorovej odpovede
(Schreiber et al., 2011). Nadorom indukovana imupossia patri medzi kritické
mechanizmy, akymi nadory unikaju imunitnému thdu. Vd'alSej ¢asti prace sme sa
preto zaoberali monitorovanim imunosupresivnetiokin mikroprostredia nadorov a jeho
ovplyvnenim chemoterapiou s dérazom r&nky 5-azacytidinu. Myeloidné supresorové
bunky maju tiez vyznamnu ulohu v Uniku nadorovyadniek imunitnému systému alirei
prispievaju k nadorom indukovanej imunosupresiiloBpopisane, ze MDSC indukuju
poruchy T buniek cez produkciu napriklad TBFROS, NO a najma Arg-1 (Kusmartsev
and Gabrilovich, 2006). Arg-1 je marker imunosupresho prostredia a hlavnym
producentom Arg-1 si MDSC. Touto zvySenou expresdog-1 indukuju anergiu T
buniek depléciou L-argininu¢o naruSa proliferaciu T buniek a produkciu cytokino
(Rodriguez et al., 2007). Inhibicia Arg-1 m6ze zm@bnovi’ spravnu funkciu T buniek a
indukova’ protinadorovld odpowe (Rodriguez et al., 2004). V predkladanej praci sae
najskor snazili preskuniapodrobne fenotyp a mechanizmus akumulacie MDSC po
chemoterapii s CY (Gloha prozapalovych cytokinovnasledne identifikowa moznu
imunoterapiu s ci®mm zoslali indukovanl imunosupresiu. V praci sme porovnalofgp

a funkciu akumulovanych MDSC v slezine po terapC¥ (CY-MDSC) s tymi, kde su
MDSC akumulované g@as rastu nadoru TC-1 (TU-MDSC). Do porovnania saitenili

aj MDSC, ktoré su akumulované das rastu nadoru TC-1 pri oSetreni s C¥ podporuje
ich d’alSiu akumuléciu v slezine (CYTU-MDSC). MDSC akuowdné po podani CY
vykazuju viac monocytarny fenotyp ako MDSC akumalog rasticim nadorom TC-1 a
ked” porovhame ich fenotyp s ich nizSiou expresiou ioaupresivnych génov, vykazuja
CY-MDSC menSie supresivne vlastnosti. Fenotyp &diasnCYTU-MDSC populacie boli
medzi populaciami CY-MDSC a TU-MDSC. Podporili smeyuzitie induktora
diferenciacie, kyseliny ATRA alebo imunostiméteého cytokinu IL-12 pre upravenie
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akumulacie MDSC po chemoterapii s CY. Takato modalaMDSC kyselinou ATRA
alebo cytokinom IL-12 pfas chemoterapie nadorov méze zwyprotinadorovy efekt
daného chemoterapeutického agensaiSie pokusy zaoberajliice sa MDSC priniesli nové
poznatky o imunomoduwaych vlastnostiach 5-azacytidinu. T'ubny antagonista
akumulacie MDSC, chemoterapeutick@&nidlo 5-azacytidin, bol UspeSne pouzity
v terapeutickych experimentoch pri kombinovanej nobierapii a imunoterapii. NaSe
vysledky naznéuju, Ze 5-azacytidin okrem priameho protinadorovediektu, znizuje
percento MDSC akumulovanych v mikroprostredi nadmrslezine p&as rastu nadoru a
chemoterapie s cyklofosfamidom. Tato skumg’ méze by prospesna pre vysledok danej
chemoterapie.

Zda sa, Ze 5-azacytidin m6ze ovplytyimunosupresiu rdoznymi spoésobmi. Z#ti tym,

Ze potl&i MDSC by mal prispigk potlateniu imunosupresie, svojim vplyvom na expresiu
génuFoxP3madze aktivova regul&né T-lymfocyty a tym imunosupresiu indukav@.al

et al., 2009).

V poslednych rokoch sa objavujeraz viac stadii, ktoré zaznamenali zvySenu hladinu
regula&nych T-lymfocytov pri nadorovych ochoreniach (Fabt@ne et al., 2012
Whiteside et al., 2012) a tato skénog’ je ¢asto zodpovedna za slabu protinadorovu
efektorovl odpowé# a tak je ohrozend a zniZzené protinddorova imufiitkord et al.,
2010; Nishikawa and Sakaguchi, 2010). Deplécia al@kaktivacia reguknych T-
lymfocytov pouzitim Specifickej protilatky v komhkagii s imunostimulaciou by mohla ty
dobrou metédou v protinddorovej imunoterapii a tidZombinacii s terapiou inhibitormi
DNA metyltransferdz. Preto sme sa’&lSejcasti prace venovali deplécii regthgich T-
lymfocytov pomocou protilatky anti-CD25 mAb PC61 jaj dalSiemu efektu v
imunoterapii nadorov, ktory zadige NKT bunky po ich aktivacii pomocou ligandu
galaktosylceramidu. Sledovali sme efekt protilatlayti-CD25 mAb PC61 naa-
galaktosylceramidom sprostredkovanu aktivaciu iNbhiek a tiez &éinnog” kombinacie
protilatky PC61 an —GalCer proti nadorom TC-1. Zistili sme, @ayalaktosylceramidom
aktivovana imunitna odpode po oSetreni s protilatkou PC61, vykazuje porusSenu
produkciu IFNy. Negativny efekt tohto oSetrenia na hladinu imejibdpovede by mohol
byt spdsobeny skér eliminaciou CD2Bfektorovych buniek ako inaktivaciou/depléciou
regula&nych T-lymfocytov. CD25 je mozné detekdvaa povrchu aktivovanych mySacich
aludskych NKT buniek (Bessoles et al., 2008; Kimlgt2D06) a CD25 je tiez antigénom
pre protilatku PC61. Protilatka PC61 rusi aktivadiiT buniek a inhibuje ich proliferaciu

a produkciu IFNy aktivovanymi NKT bunkami. NaSe data limituju paigiprotilatky
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anti-CD25 v Studidch zameranych na interakciu r@muich T-lymfocytov s efektorovymi

bunkami.

V naSej praci sme priniesli nové informacie o zmeraylaného statusu prométorovych
oblasti génov antigén-prezentujucej masinétiakom IFN-+y. Sttasné poznatky v danej
problematike sme obohatili o data, ktoré n&wpa Ze IFNy mbzZze pinf Glohu
epigenetického agensu a navodzuje demetylaciu DNAohych génov, s dérazom
kladenym najma& na gény antigén-prezentujucej mas8inéDNA demetyl4cia
sprostredkovana IFN-je zavisla na signalizacii cez JAK/STAT drahudgnamickejSia
v porovnani s demetylaciou DNA indukovanou pomontubitora DNA metyltransferaz
5-azacytidinom a v neposlednom rade je asociovaméetylaciou histonu H3 v oblasti
prométorov génov antigén-prezentujicej masinérimdnotili sme efekt inhibitora DNA
metyltransferaz 5-azacytidinu na MHC | deficientméozitivne nadory. Optimalizovali
sme terapeuticky protokol zaloZzeny na kombinaciunwterapie s inhibitorom DNA
metyltransferdz a ziskali sme nové poznatky o imupdula&nych schopnostiach 5-
azacytidinu. Podporili sme vyuzitie induktora dédaciacie, kyseliny ATRA alebo
imunostimul&ného cytokinu IL-12 pre upravenie akumulacie MDSCchemoterapii CY.
Takato modulacia MDSC kyselinou ATRA alebo cytokindL-12 patas chemoterapie
nadorov méze zvysi protinddorovy efekt daného chemoterapeutickéhansageNasSe
vysledky d’alej nazn&uju, Ze aj 5-azacytidin zniZuje percento MDSC aklawanych v
mikroprostredi naddoru a slezinegas rastu nddoru a chemoterapie s cyklofosfamidom.
Tato skuténos” moéze by prospesna pre vysledok danej chemoterapie’zEechemo- a
imunoterapia méze indukowanegativnych regulatorov imunitného systému (regdar-
lymfocyty), je cid€om ustanoui vhodnu terapiu, ktora by kombinovalaclhel s oSetrenim,
ktoré ma anti-imunosupresivne vlastnosti, ako héguti deplécia regutamych T-
lymfocytov. Aj napriek tomu, Ze pouzitie protilathyroti CD25 inhibuje regutaé T-
lymfocyty, pozorovali sme priamydinok na populaciu efektorovych, IFNprodukujicich
buniek (NKT bunky). NaSe data limituja pouZzitie pkatky anti-CD25 v Studiach
zameranych na interakciu regétgch T-lymfocytov s efektorovymi bunkami.
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8. Zaver

Celkovo vysledky projektu, ktoré boli zahrnuté doegkladanej dizertanej prace su
dolezité pre lepSie pochopenie mechanizmov, ktonyadiorové bunky unikaju Specifickej
imunite a pre optimalizacikombinovanych chemo-imunoterapeutickych stratégiiibich
ohrad na status MHC | na neoplaziach. DokumentujeraepSetrenie MHC | deficientnych
nadorov IFNy indukuje demetylaciu DNA promotorovych oblasti génddlezitych pre
prezentaciu antigénu a tiez pouzitie epigenetickycifikdtorov mdze obnoviexpresiu
MHC | a tak mo6zu zvidittnit nadory pre imunitny systém. NaSe data poskytuju
informacie o chemoterapii pomocou diferefach lietiv, prednostne pri pouziti
v kombinacii sd’alSimi liecivami pre dosiahnutie nizkeho imunosupresivnehcsaioa
mikroprostredia nadoru. Data poskytuju dékazy, manznamych cikov epigenetickych
agensov alebo imunoregtfeych protilatok musia by zvazené aj neSpecifické alebo

nepriame Ginky pocas terapie.
Z vysledkov vyplyva:

1. IFN-y méze pInf ulohu epigenetického agensu, ktory zvySuje expr&gnov
potrebnych pre prezentaciu antigénu cez DNA deraeiyl

2. Aplikécia epigenetickych agensov zlepSila odpbwWHC | deficientnych nadorov
k imunoterapii s CpG ODN alebo s IL-12 produkujucbunkovou vakcinou,
imunoterapeuticky efekt bol agpéiastane sprostredkovany CD8+ bunkami.

3. Vyuzitie kyseliny ATRA alebo IL-12 pre dosiahnuzenien v akumulacii MDSC
po chemoterapii s CY s dbérazom kladenym na preukézigh protinadorového
efektu.

4. Epigeneticky modifikator 5AC je I'sbnym cytostatickym agensom, ktory
ovplyviiuje MDSC akumulujlce sa pas rastu nadorov alebo pridiee nadorov s
CY a 5AC je schopny redukow@ercento MDSC akumulovanych v mikroprostredi
nadoru a slezine pas rastu nadoru a chemoterapie s CY.

5. Podanie protilatky proti CD25 (PC61) pouzivanej gdplécii regulanych T-

lymfocytov naruSilo aktivaciu NKT buniek.
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