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1. UVOD

Ustav hematologie a krevni transflize se specializaa hematologicka
onemockni. Poskytuje Iék@kou péi pacienfim a ma k dispozici laborate, které
umoziuji diagnostiku nemoci a monitorovani jejichilpthu na butcné a molekularni
arovni a laboratie, které se zabyvaji zé&kladnim i aplikovanym vyzkom €chto
onemockni.

V nasi laboratt se jiz rekolik let vénujeme studiu chronické myeloidni leukémie
(CML) a moznosti jeji l&by pomoci imunoterapie. Tuto problematiku zkoumanae
mySich modelech BALB/c s pouZzitim syngennich my%ahnsénych linii B210 a 12B1
transformovanych fuznim genem bcr-abl. NavrZzenoestovano bylo &kolik typu
experimentalnich vakcin zatenych proti proteinu BCR-ABL: (a) DNA vakciny
(Lucanskyet al, 2009), (b) rekombinantni vakciny na bazi viruciale (Nemeckovaet al,
publikace v pipraw), (c) hybridni, viru podobné&éstice (VLP) (Hruskovat al, 2009), (d)
vakciny z dendritickych buk (Németkova et al, publikace v pipraw). Nej&inngjsi se
jevily DNA vakciny nesouci cely gen pro BCR-ABL. #lgeri bcr a abl vznika sekvence
aminokyselin, ktera se nevyskytuje v Zzadném jinéatginu a je povazovana za specificky
nadorovy antigen. Ukazalo se vSak, Ze imunita pratdorovym bitkkdm neni vyvolana
fuzni zoénou hybridniho proteinu, ale epitopy lokalianymi v jinych jehocéastech
(Lucanskyet al, 2009). DalSim cilem bylofipravit nadorové buttné vakciny, které
nejsou nanieny proti utitému antigenu, ale mohou vyvolat imunitni odgdvproti
celému komplexu specifickych nadorovych antiggiSA) a s nadorem asociovanych
antigerii (TAA). Pro zvySeni jejich protinadorovéhgidku Ize do budk vnést gen, jehoz
produkt posiluje imunostimuai inky vakciny.

Tato dizerténi prace mapujeffpravu a testovani baénych vakcin zalozenych na
bunkadch B210 a 12B1 exprimujicich gen pro vybrany kiytoa popisuje i dkteré

nezadouci ziny, které mohou genévnodifikované biiky v organizmu vyvolat.



Cile prace:

* Najit metodu transfekce vhodnou pro lymfoblastoioimiky B210 a 12B1

e Vpravit do burk plazmid nesouci gen pro cytokin IL-2, GM-CSF ndhdl2 a
ziskat klony modifikovanych bk se stabilni expresi cytokinu

» Charakterizovat vybrané klony modifikovanych BkiB210 a 12B1n vitro

» Zjistit onkogenni potencial gendwnodifikovanych bugk B210 a 12B1

» Stanovit imunogenni potencial gegawodifikovanych busk B210 a 12B1

» Popsat fipadné nezadouci zmy, vyvolané inokulaci genévmodifikovanych

burgk mySim

Prace byla vypracovana za podpory gtal@A MZ NR/9075-3, IGA MZ NS-10 634-
3/2009 a vyzkumného zamu MZOUHKT2005.
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2. LITERARNI P REHLED

2.1 Vznik nadoru

Nadorova bitka vznikd postupnym hromadim genetickych zem, jejichz
nasledkem se stane odgBi k apoptdze, nekontrolovarse zé&ne mnozit, snizi se jeji
zavislost naistovych faktorech z jSiho prostedi a ztrati zavislost na btimé adhezi.
Zakladem nadorové transformace je aktivaceétych protoonkogeh na onkogeny a
ztrata funknosti geid potlatujicich nador, ozrimvanych jako antionkogeny.

Déje probihajici v organizmu, a tedy i vznik natlojsou neustale pod imunitnim
dozorem. Z toho hlediskaibeme rozliSitii faze ve vyvoji nadar. eliminaci, ekvilibrium
a unik(Dunnet al, 2002). Ve fazeliminacerozpozna imunitni systém nadorovouiku a
zahdji protinadorovou odp&¥ vedouci k jeji likvidaci. Pokud gkteré nadorové hiky
pieziji, dostdva se nador do faekvilibria, ve které imunitni dozor nedokaze nadorové
buiky Uplné zlikvidovat a jen je udrZzuje v omezeném mnozsNadorové biiky pod
imunitnim tlakem diky své genetické nestabifit¢ni své vlastnosti, az seékterym poda
uniknout imunitnimu systému. Zaou se nekontrolov&mnozit, takZze veréti fazi,uniky,
dojde k rozvoji adstu nadoru. Nador se pak sklada z heterogenni acpuiddorovych
burgk rizné¢ geneticky pozrnénych, které jsoudzné vnimavée k imunitnimu systému i
k onkologické |ébé. Krome¢ toho nadorové hiky piasobi na okolni biky v nadoru a
pienenuji jejich vlastnosti ,k obrazu svému“. Vytiiosi tak nadorové mikroprastdi,
které je schopné, krakrjiného, aktivié branit nddorové hiky proti imunitnimu systému
(prehled (Zamarron & Chen, 2011)).

2.2 Protinddorova odpo¥d’
Proti nadoru se imunitni systém brani jednak meehan specifické imunity

prostednictvim T-lymfocylt a protilatek a jednak nespecifické imunity predhictvim
makrofagi, NK burgk, NKT burgk a neutrofilnich granulocyt(Obréazek 1).
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Obrézek 1. Protinadorova odgavimunitniho systému
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Prevzato z (Gilboa & Vieweg, 2004)

Za alfu a omegu protinadorové odgdvjsou povazovany dendritické iky a T-
lymfocyty. Aby mohlo dojit k pomnozeni nadorovspecifickych efektorovych a
pametovych T-lymfocyti, musi dojit k aktivaci a maturaci dendritickych nbki a
vystaveni nadorovych antigiema jejich povrchu.

Profesionalni antigen prezentujici iy (APC; dendritické biky, monocyty,
makrofagy, B-lymfocyty) rozeznavaji dité molekularni struktury na povrchu
mikroorganiznii (PAMP) nebo molekularni signaly asociované s pp8kém organizmu
(DAMP) pomoci tzv toll-like receptoii (TLR). DalSi stimuly k aktivaci ziskaji
prostednictvim receptoru CD40 a recepiopro cytokiny jako je GM-CSF (faktor
stimulujici tvorbu kolonii granulociit a monocyl). APC vystavuji na svém povrchu
jednak antigeny endogenni a jednak exogenni, kiesiéaly pohlcenim a zpracovanim
burék, vira a bakterii ze svého okoli. Exogenni antigeny hbyvpjezentovany
prostednictvim molekul MHCII tidy, ale pokud jsou pohiceny a nasleédmvolneny
z endozdmu do cytosolu, jsou zpracovany jako enauigeantigeny a vystaveny
prostednictvim molekul MHCI itidy. Tento jev se nazyva ikena prezentace antigenu.
Aktivované DC vystavujici i naddorové antigeny migmo lymfatickych uzlin, v kterych
stimuluji protinadorové CD4+ a CD8+ THlky.

T-bunky rozpoznaji nadorové antigeny prezentované nachov APC pomoci
svych T-buwcnych receptar (TCR). K aktivaci patebuji dostat jest druhy signal
prostednictvim kostimulénich molekul CD80 (B7.1) a CD86 (B7.2), které séotédna
receptor CD28. Svou rolitpaktivaci mizou hrat i molekuly rodiny TNF (4-1BBL nebo
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OX40L). Aktivace pomocnych CD4+T-lymfodyta jejich polarizace sénem k Thl nebo
Th2 odpo¥di zavisi na cytokinovém prdsdi. Risobenim IL-12 se naivni ThO-fky
diferencuji na Thl-htky, zatimco pro diferenciaci ThO na Th2#hy je teba IL-4. Thl-
buiky produkuji hlave IL-2 a IFN+y a stimuluji bugé¢nou imunitni odpo¥d’. Th2-buiky
sekretuji pedevsim IL-4, IL-5 a IL-10 a stimuluji protilatkomoodpovd’. Aktivované
CD8+T-lymfocyty (CTL) jsou roznaSeny krevnim élem aZz do mist, kde se setkaji
s nadorovymi biikami. K jejich rozpoznani a naslednému usmrcenisiai vazba TCR

s nddorovym antigenem prezentovanym pomoci moleliCl tiidy na povrchu
nadorovych bugk.

T-bunky, které jsou chronicky vystavenéciiému antigenu, se fiou vycerpat a
nejsou schopny aktivacerghled (Wherry, 2011)). Maji velmi nizkou produkgiakini a
zvySené mnozstvi inhigmich receptar jako je PD-1, CTLA-4, TIM-3 a LAG-3 (Blank &
Mackensen, 2007;Sakuiséi al, 2010;Ahmadzadeét al, 2009;Richteet al, 2010). Jejich
utlumeni je reverzibilni, aktivace Ize dosahnowikidldou inhibinich receptar. Vycerpané
lymfocyty jsou i mezi lymfocyty infiltrujicimi nddo(TIL), takZe s nim nejsou schopny
dostatén¢ Gcinné bojovat (Whiteside, 2006).

2.3 Inhibiéni mechanizmy protinddorove imunity

Nadorové biiky uplatiuji ve stetu s imunitnim systémem &\strategie feziti (a)
zneviditelréni se imunitnimu systému, (b) zneSk&din burek imunitniho systému
(Whiteside, 2006).

Ad (a). Zneviditelgni dosahnou hiky sniZzenou nebo pozastavenou expresi TAA,
molekul MHC, kostimul&nich molekul a molekul podilejicich se na zpracowrtigenu.
Nadorové buky také snizi expresi molekul indukujicich apoptdmbo naopak zvySi
expresi gefh pro neklasické MHC a géninhibujicich apoptdzu, aby byly rezistentni k
atoku imunitniho systému.

Ad (b). Mezi nejdilezitjSi bure¢cné populace, které rozhoduji o tom, zda bude
nadorova bikka tolerovana nebo zneSkada, pati T-regul@&ni buiky (Treg). Jejich
fyziologickou funkci je zabréanit aktivaci efektogmh burgk, které by reagovaly s
vlastnimi antigeny. Navozeni tolerance chrani oiyans ged autoimunitnimi nemocemi.
Na nadorovou htku reaguji Treg jako na Klu tlu vlastni a blokuji protinadorovou

imunitni odpo¥d’. Déje se to jak fimym kontaktem s CTL, tak sekreci inkibich
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cytokini jako je IL-10 a TGRH3 (Serafini et al, 2006). Rhem fKistu nadoru dochazi
k zmnoZeni populace Treg, které jsou COB25""FOXP3, a to jak v periferni krvi, tak
v mis€ nadoru, coz koreluje se Spatnou prognézou u mngha zhoubnych nadér
(Perroneet al, 2008). Opakovana imunizaceibe zvysit populaci Treg a snizitianost
vakciny (Zhouet al 2006). Pokud se s&asré s podanim vakciny depletuji Treg,
protinddorova imunitni odp@d’ byva &inngjSi (Dannullet al, 2005).

Negativre se g protinadorovych imunitnich reakcich uplaji také myeloidni
supresorové hiky (MDSC). Jde o morfologicky, fenotypdvi funkéné heterogenni
populaci nezralych myeloidnich btky ktera se zmnoZuje Wipact patologickych zrén
jako je zagt a zhoubné bujeni. Rekrutuji se z kosti@nd vliivem nadorovych rozpustnych
faktoni, jako jsou GM-CSF, VEGF a IL-10 a akumuluji se &daru a sekundarnich
lymfoidnich organech. U mysi se MDSC identifikug maklad pritomnosti znak Gr-1" a
CD11b. U lidi jsou to znaky CD33a CD11B a MDSC se rozliduji na monocytarni
CD14" HLA-DR™™ CD668 a granulocytarni CDI@D15HLA-DR™ (Tadmor et al,
2011). MDSC jsou schopnyiznymi mechanizmy inhibovat vrozenou i ziskanou iftwn
T-buréénou odpo¥d snizuji produkci syntetdzy oxidu dusnatého (iNO®gktivnich
forem kysliku (ROS), arginazy |, indoleamin-2,3xligenazy (IDO), TGH3, zabragnim
piijmu cysteinu T-lymfocyty a sniZzenim L-selekiinna jejich povrchu. Sekreci
cyklooxigenazy-2 (COX2), jejimz produktem je pragéandinE2, a dalSich substanci jako
jsou nap. metaloproteindzy (MMP) a IL-6, podporuji MDSC @yggnezi, invazivitu a
metastdzovani nadorovych kn Jsou schopny indukovat Treg i vyvoj tumor-
asociovanych makroféig(TAM). Eliminace MDSC dramaticky zlepSi protinadeou
odpovd jak u mysi, tak i u lidi. Bkdy dokonce umozni odhojeni nadorurefpled
(Ostrand-Rosenberg & Sinha, 2009), (Gabrilovich &raj, 2009)).

Nadorové mikroprosedi se sklada z nadorovych fibrobta@CAF), endotelii, bugk
imunitniho systému, extracelularni matrix a rozpysh faktofi, které se podileji naistu
a agresivié nadorovych butk (Obrazek 2).

Nadorové fibroblasty podporuji proliferaci okolniadorové tka& pomoci
rastovych faktoé jako je metastazin (FSP1) nebo chemalako je SDF-&1 (CXCL12),
ktery pitahuje endotelidlni progenitorové itky do nadoru a napomaha tak angiogenezi.
CAF produkuji také velké mnozstvi aktinu, extrat@ioi matrix a MMP, které &venim

protein jako je kolagen uletuji promistani nadoru do okolni tkhnNadorové fibroblasty
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jsou schopnéiflakat pomoci prozattlivych cytokini a chemokif do nadoru makrofagy,

neutrofily a lymfocyty (Xinget al, 2010).

Obrazek 2. Nadorové mikroprosti
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Monocyty se v nddorovém mikroprésti diferencuji na TAM typu M2, které
nejsou schopné aktivovat T4tky a uvohuji pronadorové a proangiogenni faktory jako
jsou TGFg, IL-10, VEGF, CCL2, IL-B, TNF-a a MMP (Whiteside, 2010).

Progrese nadoru koreluje i s akumulaci nezralyatddigckych burk v nadoru,
které nejsou schopny prezentovat antigen, ale @kfiveg v lymfatickych uzlinach, které
infiltruji (Melief, 2008). Plasmocytoidni DCipahované do nadoru chemokinem SDi-1
produkuji TNFe a IL-8 a podporuji tak vaskularizaci nadoru (Cueieal, 2004).

Z nddorovych buk se niizou uvohovat mikrovezikularni organely zvané
FasL a TRAIL
protinddorovych T- lymfocyt a pesn®ruji vyvoj monocyti na MDSC (Valentiet al,
2007).

exozoémy, které progdnictvim molekul indukuji  apoptézu
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2.4 L&ba nadora

V onkologii dochazi v poslednich desetiletich k&@s@mu vyvoji v diagnostice i

v |&cbé. Dati se vyraza prodlouZzit Zivot pacienta a@ipyva pripadi, kdy je pacient vyl&en
aplre. Vysledky se liSi podle typu onkologického onenmtadra podle toho, v jakém stadiu
je choroba podchycena. Onkoléiipacienti jsou stale ¢é&ni zejména pomoci klasickych
lé¢ebnych postup - chirurgie, chemoterapie a radioterapiémito metodami se dosahne
redukce nadorové masy a u mnoha patieipiného vyléeni. Nicmég u nikterych
nadorovych onemoeni, zvla¥ v pokraiilejSim stadiu, je tato va mér UsgsSna a ma
fadu vedlejSich nezadoucictinka. Proto se hledaji dalSidgbné pistupy, které by k&bu
zkvalitnily. Diky novym poznatkm v oblasti imunologie a molekularni biologie o tgak
imunitni systém funguje, a jak interaguje s nadgnavbuikami, uplatiuje se v lébé

rakoviny ve vziistajici mfe imunoterapie.

2.4.1 Imunoterapie nadof

Hlavnim cilem imunoterapie nadoje posilit pacieritv imunitni systém tak, aby se
doved!| &inn¢ branit proti nddorovym hikam. Nadorova hika je odvozena od hily
normalni a ¥tSina antigetl, které vystavuje na svém povrchu, je imunitnimtéayem
tolerovana. Nicméhprezentuje i antigeny (TAA), které se v normalofide netvéi bud’
vibec, nebo jen v malém mnozstvi. Jsétsmu malo imunogenni a odp&all imunitniho
systému neni tak silnd, aby byla schopna nadorami&ybeliminovat. Imunoterapie se
snazi prolomit tuto toleranci, aktivovat protinaohwu odpo¥d organizmu, potlét
imunosupresivni reakce nadorovych &kina zviditelnit nadorové hiky imunitnimu
systému.

Idedlni by bylo &t pomoci imunoterapie pacienty v Uplném¢atku nadorového
onemocgni, ale to zatim neni realizovatelné. Velkou &iacha imunoterapie i 1&écbé
minimalni rezidualni nemoci (MRD), é&inou v kombinaci s klasickymi débnymi
postupy. Jako MRD se ozhge stav, kdycast nadorovych bwk odola klasické terapii,
ale pacient nema klinické symptomy nemockitdihou se tyto biky stavaji k I€bé
rezistentni afdve ¢i pozdji vyvolaji u pacienta relaps onemaaen.

Imunoterapie se &i podle mechanizmu dinku na pasivni a aktivni (Tabulkal).
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Tabulka 1. Sotasné moznosti imunoterapie nailor

IMUNOTERAPIE PASIVNI

Monoklonalni protilatky

« Samotné, zastené proti nAdorovému antigenu

Humoralni + Konjugované s radioizotopovym nuklidem nebo toxinem
« Bispecifické protilatky vazajici se na nadorovoutkwa zarové na T- lymfocyt
TIL Lymfocyty infiltrujici nador se vyizoluji z nAdorexvivo se namnoZzi a podaji #&pacientovi
Nadorové specifické T-lymfocyty Pacientovy lymfocyty sex vivoinkubuji s DC prezentujicimi nadorovy antigen, maii se a podaji Zppacientovi
Bunééna
Geneticky modifikované Do T-lymfocyti se vnese gen pro TCR, ktery je specificky proonédy antigen, takto modifikované T-lymfocyty es
T-lymfocyty vivo namnoZzi a podaji Zppacientovi
LAK bu iiky Pacientovy T- a NK hiky se namnoZéx vivoa vrati se z§t pacientovi
IMUNOTERAPIE AKTIVNI
Peptidové a proteinové vakciny Peptidové segmenty nebo proteiny odvozené od naélbooantigenu nesouci T- a/nebo B-epitop
DNA vakciny Plazmidova DNA kédujici nadorovy antigen nebo jéast
_ Do virového, bakterialniho, kvasinkového nebo me#ho genomu je vnesen gen pro nadorovy antigengen prg
Specifickd | Rekombinantni vakciny imunostimul&ni faktor
e Dendritické buriky - izolované z pacienta, inkubované s nadorovynganemdi s lyzatem nadorovych bgk
Bun&&né vakeiny nebo transfekované s RNA nesouci nadorovy antgergalsi geny
« Bunééné nadorové vakciny- inaktivované nebo lyzované autologni nebo alof@adorové biiky, zpravidla
modifikované vnesenim genu pro imunostindaiafaktor
Rekombinantni cytokiny IFN-a, IL-2, GM-CSF, IL-12 aj. podané intratumordinebo intravendzn
N Bakterialni extrakty Mycobacterium bovis, Corynebacterium paryuristeria monocytogenes.
Nespecificka

Chemoterapie a radioterapie

V suboptimalnich davkach, které nemaji cytotoxicki®, imunomodukni efekt

Imunomodulaéni latky

Levamisol, imiquimod aj.
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Pfi pasivni imunoterapii jsou pacientovi podavany kamenty imunitniho
systému, jako jsou protilatkyi aktivované lymfocyty, které majitppno pisobit proti
nadorovym biikam, nezavisle na stavu imunitniho systému paciahtdinické praxi se
uplatiuji hlavre monoklonalni protilatky, které dokéazou nadorovéikyu opsonizovat,
indukovat protilatkami  zprogdkovanou bwtnou imunitu (ADCC), aktivovat
komplement a/nebo donesou k nadoroviicbu&ivo nebo radioizotop, které blau zabiji.

V piipact expanze T-bu¥k ex vivoa jejich reimplantace jde origlad personalizované
mediciny, ktera je technicky velice ndna a nakladna. To zatim limituje jeji SirSi pouZiti
v Klinické praxi.

Cilem aktivni imunoterapie je zmobilizovat vlastprotinadorové mechanizmy
imunitniho systému. K tomutocélu se pouZzivajiizné typy vakcin. Zkousi se peptidové
nebo proteinové vakciny, DNA vakciny a rekombinartrove a bakterialni vakciny. Déale
se pro¥iuji burééné vakciny zaloZzené na dendritickychik@ch opracovanych tak, aby
prezentovaly nadorové antigeny a &mé vakciny zaloZzené na nadorovychnlach,
zpravidla geneticky modifikovanych.

Imunitni systém se dafipaktivni imunoterapii povzbudit také nespecifickpmoci
rekombinantnich cytokin nebo bakterialnich extrakt Posledni dobou se zkouma
imunomodulé&ni inek chemoterapeutik v ultra nizkych davkach (1/%/20 maximalni
tolerované davky MTD), které nemaji cytotoxickyydastaticky efekt (Shuriet al, 2012).
Prokazalo se, Zze zvysuji maturaci DC a prezentggenu tmito buikami. V nadorovych
bunkach mohou vyvolat expresi protéinkteré se &astni zpracovani antigéra jejich
vystaveni progednictvim molekul MHC na povrchu Bky, ¢imz se tyto biikky stanou
snazSim te&em pro CTL. Kromd toho rektera cytostatika jako je napcyklofosfamid
dokazou redukovat populaci Treg (Kanesi@l, 2009;Emens, 2010).

Ucginky aktivni imunoterapie by ahy byt dlouhodobé. V idealnimifpact by msl byt
pacient vyléen a chra#én tak ged relapsem choroby. Dosavadni vysledky imunoterapi
v klinickych studiich jsou povzbudivé, i kdyZz proa nejsou dostate¢ vymluvné. U
znaneécasti pacient byla po vakcinaci prokazana specificka &tma odpo¥d’, ktera vSak
neznamenala vzdy zlepSeni klinického stéivprodlouzZeni doby feziti. Trvalé remise se
poddilo dosahnout jen u po¥fmé¢ malé ¢asti pacient. Pozornost imunoterapie se
v poslednich letech zacilila na prolomeni obranngachaniznd nadoru, coz by o
zvySit €innost imunoterapeutickych vakcin. Jdiegevsim o eliminaci Treg a MDSC,

dysfunkenich a supresorovych APC. Zda se bjmé, Ze k dosazeni vyni pacienta je
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treba kombinovat &kolik |é¢ebnych strategii a) zredukovat nadorovou masu Hpgi
imunitni systém pacienta c) zacilit terapii na sgprové buétné populace d) pomoci
imunoterapie dosahnout vgkEni MRD (Melief, 2008;Mellmaret al, 2011). Sotasné
piistupy k I€bé nadoii jsou znazorény na Obrazku 3.

Obrazek 3. L&ba nadoi

NADOR
KLASICKA U?,\}/SNP(?T'SEE,J\F,;T' KONVENCNI
NADOROVA TERAPIE + IMUNOTERAPIE
Eliminace Treg bunék
deplece (Denileukin diftitox, anti-CD25, Cy)
inhibice migrace bunék do nadoru (CCL22) v
h 4 inhibice diferenciace a signalizace (FOXP3)

L o — Antigen-specifické vakcin
Odstranéni nadoru Blokovani supresivnich molekul Bungéné \‘/)akciny L
Radioterapie na APC (B7-H1=PD-L1, B7-H4) Dendritické buiiky
Chemoterapie na T-lymf. (CTLA-4, PD-1, TIM-3, LAG-3) O
Anti-angiogenni lééba rozpustnych molekul (TGF-B, IL-10, VEGF, COX2, o p o YA

IDO, arginaza aj.) Podani cytokint

Aktivace signalnich molekul
na APC (TLR, CD40)
na T-lymf. Ox40, 4-1BB

Hypometyla¢ni agens
(decitabine,azacytidine)

Chemoimunomodulace
(paclitaxel, doxorubicin aj.)

.

» KOMBINOVANA TERAPIE <

Prevzato a upraveno (Zou, 2006)

2.6 Genova terapie

Genovou terapii rozumime vneseni genetického nddiefDNA nebo RNA), ktery
ma |&ebny &inek, do buky. Buika bul’ ziska uéitou funkci, nebo je jeji patogenni
funkce potlgena. Tato metoda byla prim@&ruréena k I€bé monogennich vrozenych
nemoci, ale Siroké poleipobnosti nasla v onkologii. V tomto kontextu jeumasnahou
genové terapie kil piimo znEit nadorovou biikku, nebo pozrnit buiky imunitniho
systému, tak aby byly efektig$i v protinadorové odp@di. Geneticky material iZeme
vnasSet bd’ pfimo do nadoru, nebo do kiknizolovanych z pacienta, které jsou mu po

genetické modifikaci aplikovany #p Do genové terapie nadorjsou fazeny DNA
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vakciny, geneticky modifikované viroveé, bakterialmistlinné a buktné vakciny, pokud
jsou pouzivany k terapeutickyntalim.

Pro genos genetického materialu, tzv. transfekci, sezpdu vektofi, které
zaji¥uji jeho expresi v cilové liige. RenaSeny gen, tzv. transgen, se doékuostava
pomoci fyzikalnich, chemickych nebo biologickychtote Mezi fyzikalni metody p#t
metoda mikroinjekce, elektroporace, tetovani, bakéd metoda pomoci genové pistole a
jiné. Negastji pouzivanymi chemickymi metodami transfekce jskaicium-fosfatova
precipitace, lipofekce a kationické polymery. Negrise vSak v dosavadnich klinickych
studiich uplatnily biologické metody, které vyuZiviee vstupu do biiky virové vektory
upravené tak, aby nebyly schopné se replikovatyagnkud mozno malo imunogenni. Jde
hlavré o vektory odvozené od retrowjradenovifi, adeno-asociovanych via virni herpes
simplex. Nadje jsou vkladany do geneticky upravenych onkolyfak vira, které jsou
replikatné kompetentni, ale mnozi se jen anebedpost® v nadorovych bikach, které
tim zabiji (Eager & Nemunaitis, 2011).

Modifikace nadorovych buwk se provadi (a) vnesenim fumkch tumor
supresorovych génjako je p53, coz Zsobuje ztratu maligniho fenotypu, (b) inhibici
funkce aktivovaného onkogenu (pomoci antisens@wligleotidi, ribozymi nebo siRNA)
(c) vnesenim sebevrazednych gegmag. geni pro herpesvirovou tymidinkindzu nebo
bakterialni cytozindeaminazu) a apoptickych igéd) vnesenim gen které ¢ini buiky
vnimawjSimi k chemoterapii a radioterapii (€) vneseninumomodul&nich ger, které
napomahaji rozpoznani nadorovénky imunitnim systémem (cytokiny, kostimuafd
molekuly) (f) vnesenim gén které inhibuji angiogenezi (angiostatin, endasigScanlon,
2004), (Vonka 2010, http://www.zdn.cz/clanek/poatiyralni-medicina/genova-terapie-
nadoru-451654).

Vakciny zaloZzené na dendritickych iéch, transfekovanych DNA nebo RNA
nesouci gen pro nadorovy antigen, stimulujirégbrotinddorovou odp@éd’ (Boudreauet
al, 2011;Frankenberger & Schendel, 2012). Jejich mogenita niZze byt také zvySena
vnesenim genu pro cytokiny, chemokiny, které ponigmatovani DC do lymfatickych
uzlin, nebo genu pro kostimulai a adhezivni molekuly (Chezt al, 2010).

V souwasnosti se &nuje velka pozornost genové modifikaci T-lymfagyvnesenim
genu pro Zadouci TCR nebo genu pro tzv. chimerielogptor pro antigen (CAR), ktery
rozpoznava specificky nadorovy antigen. Genetickydifitkované T-lymfocyty se pak
pomnoziin vitro a podaji zpt pacientovi, u 8hoz se podileji na cytotoxické protinadorové
odpowdi (Jeneet al, 2010).
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2.7 Burééné vakciny odvozené od nadorovych buk

Jelikoz nadorové hiky nebyvaji dostat#¢ imunogenni, ¥tSinou se pro vakcinaci
geneticky upravuji vnesenim genu, jehoZ produktim#nostimul&ni inky. Nejast;ji
se butky modifikuji pomoci gefh pro cytokiny a kostimukmi molekuly (gehled
(Parmianiet al, 2000)). Vyhodou busgnych vakcin je, Ze nevyzaduji znalost nadoroveho
antigenu pro stimulaci protinadorovych imunitnickakci. Zarove dovoluji vyvolat
imunitu proti celému komplexu antigigncoz je jejich velika vyhoda oproti peptidovym,
rekombinantnim a DNA vakcinam. Ty jsou cileny profifedpokladanému
imunodominantnimu nadorovému antigenu nebo jehtoeypi Nadorové hiky ale mizou
pod imunitnim tlakem snizit nebo ztratit expresnélao antigenu a tak uniknout Gtoku
antigen-specifickych CTL (Pawelec, 2004).

V humanni medicihjsou vyvijené bugné vakciny bd’ autologni, tj. pipravené
piimo z vlastnich nadorovych btlknpacienta nebo alogenni, coz jsou lidské nadolioie
odvozené od jinych pacientse stejnym typem nadoru. Pacientovi se aplikigowané
nebo v inaktivovaném stavu, a to &&d nebo o3itné cytostatiky. Takto upravenénlby
nejsou schopné proliferace, ale po podani pacierd&tivuji buiky jeho imunitniho
systému.

Nevyhodou bu&inych autolognich vakcin je slozitostigravy. Odvodit z nadoru
linii kontinudlng rostoucich bukk je ¢asow i finanéné nar@&né a ne vzdy se to pada
V sowasnosti se uednostiuji spiSe alogenni baéné vakciny. Hprava takovych vakcin
se da lépe standardizovat a je to relatilavny a kontrolovatelny proces. Kr@énoho je
zdroj burgk vicemér neomezeny a kdykoliv dostupny. Alogenni vakcinaku$emusi byt
vhodna a dinna pro kazdého pacienta se stejnym typem nagwaipZze jeho nadorové
bunky mazou mit odliSné sloZzeni nadorovych antigedednou z moznosti, jak problém
vyiesSit, by byla vakcina sloZzena &olika nadorovych linii se vzajeminse liSicim
antigennim repertoarem. &hym rizikem bugénych vakcin je mozZnost navozeni
autoimunitnich reakci.

Bunééné vakciny byly testovany naianych mySich modelech. Z valnétsiny
byly buiky upraveny vnesenim plazmidu nesouciho gen piktery z nasledujicich
cytokina: IL-2, IL-4, IL-6, IL-7, IL-10, IL-12, G-CSF, GM-GF, FLT3 ligand, IFNa a
IFN-y (ptehled (Allioneet al, 1994;Mach & Dranoff, 2000;Dranoff, 2004)).

21



V nasi laborath byly v neddvné minulosti zkouSeny kgné vakciny na mySim
modelu s bitkkami transformovanymi virem HPV-16asté&né ve spolupraci se skupinou
Prof. Bubenika z Ustavu molekularni genetiky AV ¢Boeret al 1999;Indrovaet al,
2002;Bubeniket al, 2003;Mikyskovaet al, 2004;Indrovaet al, 2006;Mikyskovaet al,
2011;Jinocket al, 2003;Rittichet al, 2005) a na modelu mysich kntransformovanych
fuznim genem bcr-abl (Sobotkowd al 2004;Petrackovat al, 2009;Sobotkoveaet al,
2009). Vysledky &chto experimentalnich studii ukazaly, Zeékteré nadorove hiky
exprimujici IL-2, 1L-12 nebo GM-CSF ztratily zcelaebo ¢ast&éné swij onkogenni
potencial, i sowasném zvySeni imunogenniho potencialu.

Vakciny tvadené nemodifikovanymi nadorovymi f#ikami se podavaly &Sinou
spolu s oslabenymlycobacterium bovigBacillus Calmette-Guerin - BCG). BCG aktivuje
TLR na dendritickych bitkach a podporuje odp&¥ typu Thl (pehled (Copieret al,
2007;Leet al, 2010;Parmianét al, 2011)). Modifikované buftné vakciny se v klinickych
studiich zkouSely hlavnv |&bé¢ melanomu, nadoru prostaty, ledvin a slinivkyitdm
nejvice klinickych studii bylo provedeno s anymi vakcinami produkujicimi GM-CSF.
Prehled klinickych studii, ve kterych byly pouzity dibkované nadorové hiky, je
v tabulce 2.

Ve své praci jsem se zafila na cytokiny IL-2, IL-12 a GM-CSF. St¢oou

informaci o pouzitidchto cytokiri pri imunoterapii uvadim v nasledujicim textu.
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Tabulka 2. Behled klinickych studii s modifikovanymi nadorovyminkami

Transgen Typ nadoru Vakcina Reference
melanom autoloani (Soifferet al, 1998;Changt al, 2000;Soiffer
9| et al, 2003;Luiteret al, 2005)
autologni | (Simonst al, 1999)
karcinom prostaty (Simonset al, 2006;Smalkt al, 2007;Higano
alogenni | et al, 2008;Urbaet al, 2008;van den Eertwegh
et al, 2012)
nemalobug¢ny plicni autoloani (Salgiaet al, 2003), mix s alogenni vakcinou
karcinom 9 (Nemunaitiset al, 2006)
S nador slinivky alogenni (Jaffest al, 2001;Laherwet al, 2008)
nador ledvin autologni| (Simoms al, 1997;Taniet al, 2004)
autologni | (Hoet al, 2009;Borrelloet al, 2009)
leukémie
alogenni (Smittet al, 2010)
néador prsu alogenni (Emeesal, 2009)
GM-CSF + . .
CDS0 nador prsu alogenni (Doé al, 2003)
autologni | (Schreibest al, 1999;Palmeet al, 1999)
melanom
alogenni (Arienteet al, 1996;Belliet al, 1997)
IL-2 autologni | (Bowmaret al, 1998a)
neuroblastom
alogenni (Bowmaet al, 1998b)
kolorektalni karcinom alogenni (Sobetlal, 1999)
IL-2 + CD80 nador ledvin alogenni (Buchnet al, 2010)
IL-2 + IFN-y nador prostaty alogenni (Bridtt al, 2007)
IL-4 melanom alogenni (Ariengt al, 1999)
IL-6 melanom alogenni (Nawrockt al, 2000)
IL-7 melanom autologni| (Mollezt al, 1998)
IL-12 melanom autologni| (Sugt al, 1998)
.| (Abdel-Wahatet al, 1997;Nemunaitiet al,
IFN-y melanom autologni 1998)
nador ledvin autologni| (Fishma al, 2008)
B7.1 nemalobugény plicni
cny p alogenni (Raeet al, 2004)

karcinom
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2.7.11L-2

IL-2 je produkovan hlawh Thl-buikami. Je #dstovym faktorem pro T-hiky
stimulované antigenem, takze v jehiitgmnosti dojde k jejich klonalni expanzi. Jeho
protinadorovy efekt je zaloZzen na indukci prolilsgaT a NK bugtk, ale indukuje i
proliferaci B-burk.

IL-2 je schvélen jako kBvo pro pacienty s poktdym melanomem a renalnim
karcinomem (Rosenbergt al, 1994;Tsaoet al 2004). Davaji se ho pam¢ vysoké
davky, které sebou nesou i nezadouci toxiakéky. Lépe tolerované nizsi davky IL-2 ale
nemaji velky léebny efekt (Berinstein, 2007;Yoshimatbal, 2009).

Gen pro IL-2 byl také jednim z prvnich cytokinovygéni, které se vpravovaly do
nadorovych buék pii piipraw bungénych vakcin. Vysledky byly velmi variabilni.
V nekterych experimentalnich modelech se p@ddavyvolat systémovou imunitni
odpowd proti jinak velmi malo imunogennim nadorovyminkém, pokud po genove
modifikaci exprimovaly IL-2 (Fearonet al 1990;Ley et al 1991;Bubeniket al
1999;Indrovaet al, 2002;Bubeniket al, 2003;Mikyskovaet al, 2004). Na mySim modelu
MC38 byly zkouSeny dendritické bikly geneticky modifikované tak, aby exprimovaly IL-
2. Po jejich podani doSlo k oddaleni vzniku na&dar prodlouzila se dobarewiti
(Rossowskaet al, 2011). Nadorové hiky exprimujici lidsky IL-2 se Usf$re testovaly na
CB-17/SCID mysSich s hepatocelularnim karcinomemi @uwal, 1997;Heet al, 2000). U
pacienti s karcinomem prostaty byla zkouSena alogennédminvakcina exprimujici IL-2
a IFNy. Vakcina byla dole snaSena, w@asti pacient doslo k poklesu nadorového
prostatického antigenu (PSA) (Briéit al, 2007). Farzaneh a kol. prowdidpokusy s
modifikovanymi buikami AML, do nichZ je vnesen gen pro IL-2 a gen Bib1, ktery jim
chybi k tomu, aby mohly pinit roli APC. Argumentdvim, Ze IL-2 podporuje odpe@d’
CTL a také aktivuje anergické T-lymfocyty (Chat al, 2005).In vitro dokazali jak
aktivaci NK burtk tak i CD8+buwk, které napadaji nemodifikované iy AML
(Hardwick et al, 2010). V khu je klinicka studie s nadory hlavy a krkuj gteré je do
nadoru vpravovan ve vazima kationické lipidy plazmid s genem pro IL-2 (@éy et al,
2005). IL-2 je posledni dobou pouzivan v imunotérapiSe jako adjuvans (Baeit al,
2011;Ellebaelet al, 2012).

Krom¢ Zadoucich protinadorovycleiaka mize IL-2 zasahnout do imunologickych

déju i negativie. Podporuje proliferaci Treg a indukuje apoptézalymh T-lymfocyfi
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zprostedkovanou Fas receptorem. V posledni &dgeé IL-2 zmiiovan v souvislosti

s navozenim tolerance u nemoci jako je diabetes alygie (Malek & Pugliese, 2011).
Proto se zé&ala zkoumat léba nadolt pomoci cytokif IL-7, IL-15 a IL-21, které sdileji

s IL-2 imunostimulani schopnosti, ale nepodileji se negativia regulaci protinadorové
imunity (O'Sheaet al, 2002).

2.7.21L-12

IL-12 pati mezi prozastlivé heterodimerické cytokiny. Sklada se z podmel
p40 a p35. Je produkovan hl&APC jako odpo¥d’ na stimulaci antigenem. Receptor pro
IL-12 maji T, NK a NKT-butky, IL-12 indukuje jejich proliferaci a produkci tokinu.
Nizkou hladinu receptérpro IL-12 maji i monocyty, makrofagy a DC.

IL-12 je dilezitym cytokinem protinadorové obrany, protoZzeukdje odpo¥d’
Thl a NK bugk. Ty pak produkuji IFNy ktery jednak Fmo pisobi inhibéné na
nadorové biky, jednak zvySuje expresi MHC a adhezivnich moleka APC a dale
inhibuje angiogenezi tim, Ze vyvolava produkci cbhiimu CXCL10. IL-12 také inhibuje
VEGF a rgkteré MMP. Pouziti IL-12 v k&¢ nadofi miZze mit ale vedlejSi toxické&iinky
zpiusobené extréntrvelkym mnozstvim indukovaného IFNpirehled (Trinchieri, 2003)).

Na mySich naddorovych modelech bylo prokazanotefapeuticky podany IL-12
inhibuje tist nddot a indukuje jejich regresi (Brunad al, 1993;Trinchieri, 2003;Indrova
et al, 2006;Nemeckovat al, 2003).

Pokud se vSak zkoumala aktivita rekombinantnihd2Lra pacientech se solidnim
nadorem nebo hematologickou malignitou, efektilétédy byla minimalni (Del Vecchiet
al, 2007). Dale byly testovany autologni genetickydifikované fibroblasty a nadorove
buinky exprimujici IL-12 a DNA vakcina kodujici IL-12ebo rekombinantni virus
exprimujici IL-12, které byly aplikovany do nadopacienti s pokr@ilym melanomem
(Sunet al, 1998;Kanget al, 2001;Heinzerlinget al, 2005;Triozziet al, 2005;Daudet al,
2008). Po podankthto vakcin doslo k lokalni infiltraci imunitnimiubkami do nadoru a
k dlouhodobé buttné protinadoroveé odpedi.

IL-12 byl také pouzit k modifikaci dendritickych bek, u kterych se tim zvysSila
schopnost migrace do lymfatickych uzlin a prezemtaédorového antigenu (Jinushi &
Tahara, 2009). Podanim takto upravenych dendrititklyurek do mista nadoru doSlo

v mySim modelu k redukci nddorové masy a k delSpiezivani zuiat (Tatsumiet al,
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2007). Klinicka studie s modifikovanymi dendritiaky buikami produkujicimi IL-12 byla
provedena na pacientech s gastrointestnalnim nadérykterych pacient doSlo ke

zvySeni buacné i protilatkové protinadorové odpimi (Mazzoliniet al, 2005).

2.7.3 GM-CSF

GM-CSF je produkovan aktivovanymi T lymfocyty, makagy, endotelidlnimi
butkami a stromalnimi hikami kostni dens. Je nezbytnym prolifetaim a
diferencignim faktorem buék myeloidni fady (Berinstein, 2007). GM-CSF se proto
pouziva po chemoterapii nebo po transplantaci kaeme k navraceni hladiny neutraiil
na pivodni hodnoty.

GM-CSF podporuje bustnou i protilatkovou imunitni odp@d’. Ma schopnost
rekrutovat dendritické hiky, vyvolat jejich maturaci a zesilovat na nich esg MHC Il
molekul, kostimulanich a adheznich molekul. GM-CSF aktivuje cytotkgic schopnost
burgk imunitniho systému a zvySuje ADCCi¢hled (Jinushet al, 2008)). Je prokazané,
Ze po podani GM-CSF ve foemrekombinantniho proteinu nebo produkovaného
modifikovanymi nadorovymi htkami se v mist vakcinace zvySuje mnozZstvi
dendritickych bugk, které jsou sto lépe zpracovat nadorové antig@hgberet al
2003;Zareiet al, 2009;Leet al, 2010). Jako adjuvangipécbeé nadoti se GM-CSF zkousel
v nékolika klinickych studiich, které zaznamenaly pagteni pezivani pacieiit (prehled
(Cruz-Merinoet al, 2008)).

Kdyz se zkouSely na mySich kigné vakciny exprimujicitizné cytokiny, nejlépe
fungoval prd¢ GM-CSF, ktery dokézal vyvolat silnou, dlouhodobapecifickou
protinadorovou odpasd’. (Dranoffet al, 1993;Dranoff, 2002).

Na zaklad vysledki na mySich modelech se iné GM-CSF-vakciny (GVAX)
zataly zkouSet v klinickych studiich na pacientech etastatickym melanomem,
nemalobugcnym plicnim karcinomem, s nadory ledvin a slinivkys leukémii (Tabulka
2). Jako vakciny byly uzity jednak autologni naderduiky transdukované retrovirovym
nebo adenovirovym vektorem nesoucim gen pro GM-@Sfednak standardizované
alogenni nadorové linie se stabilni expresi GM-CERISi variantou byla sés
autolognich nadorovych bék s buikami K562 exprimujicimi GM-CSF. U leukemickych
pacienti byla kombinovana buna vakcina s alogenni transplantaci kostand(piehled
(Eager & Nemunaitis, 2005;Gupta & Emens, 2010)). w&ch &chto studiich byla
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prokdzana lokélni infiltrace dendritickymi fkami, granulocyty, makrofagy a T-
lymfocyty. U rekterych pacient se objevila infiltrace eosinofily odpovidajici kea
piecitlivélosti opozéného typu (DTH) (Jinushi & Tahara, 2009). Imunopéeabyla dobe
tolerovana, byla prokazana jak T-kina, tak i protilatkova odped’.

Vakcina nazvana Sipuleucel-T je schvalena pkdbuépacieni s metastatickym
karcinomem prostaty. Jde o autologni dendritick&kipupacienta, které jsou inkubovany
s fuznim proteinem slozenym z PSA a GM-CSF. SiméeT vyznama zvySuje celkove
piezivani pacierit(Kantoff et al, 2010).

V klinické studii faze Il na pacientech s karcinemm prostaty se gekargé ukazalo,
Ze u pacierit Iécenych docetaxelem a vakcinami GVAX doSlo ke zvygaogresi nadoru
a mortali® ve srovnani s pacientydenymi jen docetaxelem. Podobné negativni vysledky
ziskali i Morton a kol. u pacieit s melanomem (Fariegt al, 2009). To vedlo
k prehodnoceni pouZziti GVAX vakcin a nutnosti v§itiv molekularni mechanizmy, které
ktomu vedly. Uvazuje se o tom, ze ve studii sikeammem prostaty se uplatnil
imunosupresivni efekt seasré podavaného docetaxelu. Nabizeji se i dalSi stlesvi. Ri
pouziti GM-CSF v jakékoliv poda@bje treba brat v Gvahu, Zedbe mit i negativni roli
v protinadorové odpadi. Takova situace nastava, kdyz je tohoto cytokimarganizmu
nadn&rné mnozstvi, zvlaSpokud jde o jeho chronickou produkci. GM-CSF pa#tukuje
rast populace MDSC, angiogenezi a expresi MFG-ES8 k(nfalt globule factor EB8).
Molekula MFG-E8 indukuje Treg, kteréiaou snizit dinnost GVAX vakcin (Serafinet
al, 2004;Jinushét al, 2007). Nekteré naddorové hiky dokonce spontagnprodukuji GM-
CSF vyuzivajice&chto jeho vlastnosti (Jinushi & Tahara, 2009;Matteal, 1994;Langet
al, 1994;Pisat al, 1992;Sawyerst al, 1992).

Souwasné podavani anti-CTLA4 protilatek a GVAX vakciry&@lo protinadorovou
odpowd u pacieni s melanomem a nadorem prostaty (Hedial, 2003;Quezadat al,
2006;van den Eertweght al, 2012) a v mySim melanomovém systému (van Ed¢ad,
2001). NovjSi studie kombinuji vakcinu GVAX simunomodétémi davkami
cyklofosfamidu (Laherwet al, 2008) nebo cyklofosfamidu a doxorubicinu (Emensal,
2009).

2.8 Charakteristika chronické myeloidni leukémie (®/L)

CML je zhoubné hematologické oneméoi které vznika transformaci kmenoveé

hematopoetické hiky a jeji klonalni expanzi. Charakteristickou gésteiu mutaci CML
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je reciproka translokace mezi chromozémy 9 a 22 vzaiku tzv. filadelfského
chromozému a fazniho genu bcr-abl (Obrazek 4). éadista zlomu v genu pro bcr
vznikaji mizné dlouhé produkty BCR-ABL o0 molekulové hmotnosti 1200 a 230 kDa.

Obrazek 4. Vznik filadelfského chromozému
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Prevzato z (Frazeet al, 2007)

NejcastjSimi formami fazniho genu jsou b3a2 a b2a2 (podi&jSi nomenklatury
elda2 a el3a2), které generuji BCR-ABL o hmotriziddi kDa. V mist spoje vznika nova
aminokyselina a vytvd se tak unikatni sekvence, ktera se nevyskytuyjddném jiném
proteinu. BCR-ABL hraje ktiovou roli v patogenezi nemoci. Ma podstatzvySenou
tyrozinkinazovou aktivitu ve srovnani s produktenostponkogenu abl. Svymupobenim
na signalni drahy Zigzobuje jejich deregulaci, coz vede k malignimu avianky. Ten se
projevi snizenou adhezivitou kikam stromatu kostni idrg, zvySenou mitotickou

aktivitou a zvySenou odolnostiigi apoptdze.
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Klinicky pribéh nemoci se da roztit do tti stadii: chronické faze, akcelerované faze
a blastické krize. U &tSiny pacieni se nemoc zjisti dhem chronické faze, kterduxe
trvat rekolik let. Jeji klinické piznaky jsou méaviditelné. Typickymi projevy jsou Unava,
leukocytdza, bazofilie, krvacivost, mirna anémiebfsbrilie a splenomegalie. Nadorové
leukocyty maiji vyzrélejSi charakter, a alesgasté&né si zachovavaji funkci. Blaste jen
mizivé procento. Dsledkem dalSich chromozomalnich i genovych mutacis&vaji
nadorové biky agresivijSimi. Dochazi k akcelerované fazi nemoci trvajigkolik
meésial az rok. Bhem tohoto obdobi se zintenzivni vSechny uveddimngky. Procento
blasti mezi leukocyty se vyraznzvySuje, ubyva normadn fungujicich leukocyt.
Koneinym stadiem je blasticka krize podobna akutni leuikéktera trva jen &kolik tydna
¢i mesial. Nel&ena choroba kath smrti. Smrticimi komplikacemi jsou obvykle krvagi
piihody a nezvladnutelné infekce.

CML je jednou zetyi zakladnich forem leukémii. Incidence CML je 1ippdy na
100 000 obyvatel za rok, coz odpovida 15% pagieetmocnych leukémii. Vyskytuje se
spiSe u dosyych, primérny wk pacient je 45-55 let. NepatinvysSi jsou procenta

nemocnych muznez Zzen (Mauro & Druker, 2001).

2.9 L&ba CML

V sowasné dob jedinou l€bou CML, ktera vede k Uplnému vyEni pacienta, je
alogenni transplantace kostnieds. Stale je ale spojena s vysokou morbiditou a
mortalitou, zgsobenymi toxicitou fedtransplantmiho rezimu a reakci &u proti
hostiteli (GvHD). Neni tak vhodna aniigtupna pro kazdéeho pacienta.

CML byla v minulosti Iéena fiznymi latkami ¥etrg busulfanu, hydroxyurey a
interferonu a (IFN-a), které dokazaly zmirnit symptomy nemoci a prodlbwobu
preZivani pacienta.

Dramaticky obrat v l&¢ nastal vroce 2001 zavedenim cileného terapeutika
imatinib mesylatu (IM = Gleevec, Glivec, STI 571)e to inhibitor BCR-ABL
tyrozinkinazy. Blokuje jeji vazebné misto pro ATP zabrauje tak vzniku aktivni
konformace enzymu. Je péme¢ vysoce specificky, ddke tolerovany a vysocecimny.
Uspssnost léby se diky IM velmi zlepSila, zvl@Spokud byl podan v chronické fazi
nemoci. Kompletni cytogenetické odgodv bylo dosazeno u 90 % paciéntpetileté

piezivani bez rozvoje onemadgn vykazovalo 84 % pacieit(Druker et al, 2006).
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Nicmére pacienti musi tento |ék brat pravidéla bez pestavky, protoZze IM nemoc
nevyl&i, pouze zabraije jeji manifestaci. Easti pacient prestane po déité doke lécba
IM zabirat. Moznych ficin rezistence je dkolik. Nejcasgji dochazi k bodovym mutacim
v ATP-vazebném mistBCR-ABL tyrozinkinazy, které zabfaji vazk® IM a/nebo dojde
k amplifikaci genu bcr-abl a k zmnoZeni jeho pradukkroms toho IM neni schopen
zasadhnout leukemické kmenovénky, které neproliferuji a jsou k tyrozinkindzovym
inhibitoram (TKI) rezistentni (Corbiret al, 2011;Hamiltonet al, 2012). Ze zmignych
davodi byly navrZzeny inhibitory tyrozinkindz druhé gensgamezi 8z pati nilotinib a
dasatinib. Nilotinib také blokuje vazebné misto AP, ale vazba je mnohem sijéi nez
u IM, coZz zvySuje jeho dinnost i @ mutacich v tomto migt Dasatinib interaguje jak
s aktivni, tak i s neaktivni formou tyrozinkindzyeaschopen se vazat nené konformace
BCR-ABL. Dokaze potlat i leukemické biiky rezistentni k IM. Neni ale jiz tak
specificky a Iéba mize mit vice vedlejSichifznaki (Quintas-Cardamat al, 2007).
Kromé¢ TKI se stale jest uplatiuje I&ba pomoci IFNa, ktery ma antiproliferéni a

imunomodulé&ni (Einek. Obréazek 5ighledr znazotiuje mozné cile imunoterapie CML.

Obrazek 5. Signalni drahy ovlitmé BCR-ABL a mozna terapeutika CML
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2.10 Imunoterapie CML

Vzhledem k tomu, Ze krointransplantace kostnitel® se dodnes nenaslacihé
CML, ktera by chorobu uptn vylécila, hledaji se dalSi mozZnétigtupy k I€be této
choroby. Diky velkym pokrokm v molekularni biologii, genové terapii a imundiog
nadofi se oteviraji nové moznosticldy CML pomoci imunoterapie.

Sama skuimost, Ze alogenni transplantace dokaze CML&tylge dikazem, Ze
dostateéne silna protinddorova T-butina odpo¥d’ dokaze zlikvidovat leukemické biay.
Ze stejného dlvodu zabird i transflze darcovskych lymfdcypri relapsech po
transplantaci. Chronickd faze CML nabizi dosiaye ¢asovy prostor pro
imunoterapeutickou u a I&€ba IM pitom zajifuje redukci naddorové masy hikn To
znamena, Ze ubude hiky které je teba zniit, a které mohou ,bojovat® s imunitnim
systémem progednictvim svych imunosupresivnich mechanizidyhodou je, Ze krev i
lymfa, ve které leukemické Bly cirkuluji, je dolie pristupna biikam imunitniho
systému (Vonka, 2010).

Zpocdtku byl vyvoj vakcin zagien na fuzni protein BCR-ABL, ktery se
v normalnich biikdch nevyskytuje, zejména na spoj mezi BCR a ABlurskatni
aminokyselinovou sekvenci.i€tl rékolika lety se ale ukazalo, Ze fuzni spoj nenese
imunodominantni epitop a imunita protimu nestai k vyvolani dostainé protinadorové
odpowdi (Grunebactet al, 2006).

Nyni se pozornost upina na antigeny asociovarék&mii (LAA) jako jsou WT1,
hTERT, PRAME, proteindza 3 (PR3), RHAMM/CD168, MARP%urvivin, G250 a dalsi.
(Schmitt et al, 2006;Smahel, 2011) Imunogenni potencé@hto LAA byl potvrzen u
pacienti identifikaci specifickych aktivovanych T-lymfodytZadny z &chto LAA nebyl
ale nalezen u vSech CML paciéra pacienti se navzajem liSi v jejich expresi. Eoto
vyplyva, Ze ped zahgjenim imunoterapie by bylo vysocelaé znat antigenni strukturu
leukemickych bu#k pacienta a podle toho vybrat odpovidajici typomak, ve které by
byly zastoupeny pacientovy leukemické antigeny.j&d dlouhodobym zasrem nasi
pracovni skupiny.

Zajimaveé je zji&ni ziskané v pibe¢hu I&by CML pomoci IM. Ri ni dochazi ke
vzniku velmi silné imunitni reakce proti autologniradorovym bitkam. Imunita ma vSak
kratkou dobu trvani a po dosazeni remise &phizi (Chenet al, 2008b). Tento jev vedl
k vypracovani matematického modeluilmthu a l€by nemoci, ktery predikuje, Ze pokud
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by se vakcina podala v dgbkdy pacientovi koluje wte urité mnozstvi nadorovych
burek, je velka Sance k jeho vyéni (Kimet al, 2008).

VétSina dosud navrzenych a zkouSenych vakcin protiLGila zaloZzena na
peptidech odvozenych z fuzni zony BCR-ABL. Pro lep8unogennost byly ¢které
peptidy optimalizovany tak, aby se zlepSila jejicdizba na HLA molekuly. Dale byly
zkouSeny dendritické tiky a peptidy odvozené od WT-1 a PR3 a HSP 70. Riuni¢cna
vakcina proti CML, kterd byla testovana v klinick&udii, byla gipravena z geneticky
modifikované nadorové linie bdk K562 produkujici GM-CSF (Smitket al, 2010).
Prehled dosud provedenych klinickych studii s vakeinproti CML je uveden v tabulce
3. VSechny vakciny byly déb snasSené, po aplikacétginy z nich doslo ke specifické
imunologické odpo&di a ke snizeni mnozstvi transkriptu bcr-abl akterych pacierit i
ke klinickému zlepSeni. Kroénodpowdi CD8+ lymfocyti byla pozorovana i odpéd
lymfocytt CD4+. DalSi preklinické studie se z&tmji na kombinaci vakciny s blokaci
VEGF-drahy nebo s podanim hypometylech agens (Kihslinger & Godley, 2007;Kessler
et al, 2007).

Slabiny dosud provedenych Kklinickych studii jsodom, zZe byly zalozeny na
malém pdétu pacient, jednotlivé studie se liSily jak pouzitou vakcindak i protokolem
vakcinace, a nebyly dvoiitslepé. Zarouve se zda, ze kritéria, podle kterych se Kklinické
studie imunoterapii hodnoti, by pebovala upravit a sjednotit. Do budoucna fieb&a
pokratovat v dalSich dadle navrZzenych preklinickych a klinickych studiichy@maz’ovat
vysledky, které dovoli (a) zmapovat podréprexpresi LAA antige@ u jednotlivych
pacientt a (b) ukit povahu imunitni odpasdi proti nim a (c) definovat protinddorové
mechanizmy. Vysledky umoZzni podragi charakterizaci imunologického profilu
jednotlivych paciernit, podle kterého se pak navrhne vhodna vakcindeZié bude i

natasovani vakcinace tak, aby jefirinost byla co nejvyssi.
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Tabulka 3. Fehled dosavadnich imunoterapeutickych vakcin @ntL

podle (Vonka, 2010) a (Pinilla-Ibarz & Quintas-Canaa, 2009)

Pocet pacienti,

Vakcina Adjuvans piedchozf Iéba Vysledky Reference
Smeés peptidi fazni zény BCR-ABL, 0s-21 12 potvrzena dobra snasenlivost a imunologicka odgiov (Pinilla-Ibarzet al,
nativni i optimalizované peptidy (IFN-a,HU) 3 pacienti kompletni cytogeneticka odpdv 2000)
Smés peptidia z fazni zény BCR- i 14 . . . .
ABL QS-21 (IMLIFN-a) 5 pacient kompletni cytogeneticka remise (Catheztral, 2004)
Smés peptida z fazni zény BCR- Qs-21 16 i AML a MDS 10 pacieni cytogeneticka odp@d’, z toho 5Spaciefitkompletni (Bocchiaet al, 2005)
ABL GM-CSF (IM,IFN-0a) cytogeneticka remise, z toho 3 pacienti RT-PCR traga
Smés peptidia z fazni zény BCR- GM-CSF 13 imunologicka odpo&d’,
ABL, optimalizované montanide (M) 3 pacienti dosahli RT-PCR negativity (Maslaket al, 2008)
Smés peptidi z fuzni zony BCR- GM-CSF, 10 . . ; .
ABL (nativni a optimalizované) montanide (Im) 6 pacient molekularni odposd (Jainet al, 2009)
Smés peptidi z fuzni zony BCR- PADRE 19 S _ ; . ; .
ABL GM-CSE (M) 14 pacieni imunitni odpo¥d’, molekularni odposd (Rojaset al, 2007)
Autologni peptidovy komplex HSP- ) 20 . Lz . . .
70 izolovany z leukocyl (IM) 13 pacieni cytogeneticka nebo molekularni odgdvpacient (Li et al, 2005)
. Ly 3 e . , (Takahashet al,
Autologni dendritické buiiky (IFN-,HU) vsichni imunologicka odpad 2003)
Autologni dendritické buiiky BCG 3 vSichni imunologicka odpad (Ossenkoppelet al,
(IFN-a, AraC, HU) 2003)
Autologni dendritické buriky - 10 4 pacienti cytogenetickd odp&l, imunologicka odposd’ (Westermanret al,
(IFN-0,HU,IM) ' 2007)
Alogenni bunééna vakcina ) 34 doslo k redukci masy malignich btky molekularni odposd® (Smithet al, 2010)
K562/GM-CSF (M) 5 pacient trvald RT-PCR negativita
. GM-CSF . . . , - ) .
Peptidy WT-1 a PR3 montanide 9 (jen 1 CML) imunologicka odp@d’, molekularni odposd (Rezvaniet al, 2008)

QS-21 Quillaja saponaria, HU hydroxyurea, AraC iténe, AML acute myeloid leukemia, MDS myelodyspiesyndrom
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3. VYSLEDKY
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3.1 Isolation and properties of gene-modified mousiecr-abl-transformed

cells expressing various immunostimulatory factors

Autori: Martina Petrékova, Eva Sobotkova, Martina DuSkova, Pavel JinmdWadimir
Vonka

Vydano v ¢asopise:Neoplasma 2009; 56(3): 194-201; IF 1,179

Cil prace: Ziskat geneticky modifikované bky B210 se stabilni expresi cytokinlL-2,
IL-12 nebo GM-CSF

Vysledky préace:

1) Byla vybrana a optimalizovana transfek metoda vhodna pro lymfoblastoidni typ
burgk.

2) Opakovanymi pasazemi ¥ippmnosti BrdU byly ziskany hiky B210cTK, z nichz
byl vybran nejvice patogenni klon B210cTd{-2 pro genovou modifikaci.

3) Bunky B210cTK/cl-2 byly transfekovany plazmidy nesouci gen pytokin IL-2,
IL-12 nebo GM-CSF a pro HSV TK.

4) Transdukované Hhiky byly izolovany v médiu s HAT. Izolované sublinie
produkovaly pislusny cytokin.

5) Modifikované butky byly citlivé ke GCV, nély neznénénou expresi proteinu
BCR-ABL a molekul MHC | a MHC Il a stabithexprimovaly gislusny cytokin.

6) Pokusy na mysSich ukézaly, Ze vSechny &uog sublinie exprimujici cytokiny
ztratily onkogenni potencidl.

Podil na praci: zavedeni a asfeni metody transfekce lymfoblastoidnich Bkinselekce
transdukovanych bgk a jejich klonovani, vySe&gni testy ELISA, western blot, fiokova

cytometrie, sepisovani prace

35



194

NEOPLASMA 56, 3, 2009

Isolation and properties of gene-modified mouse bcr-abl-transformed cells
expressing various immunostimulatory factors

M. PETRACKOVA, E. SOBOTKOVA, M. DUSKOVA, P. JINOCH, V. VONKA"

Department of Experimental Virology, Institute of Hematology and Blood Transfusion, U Nemocnice 1, Prague, Czech Republic, e-mail:

Viadimir.Vonka@uhkt.cz

Received September 11, 2008

B210 cells are murine (BALB/c) cells transformed by bcr-abl fusion gene. After intravenous administration they are
capable of inducing leukaemia—like disease in syngeneic mice. From these cells a thymidine—kinase less subline was derived.
It was significantly less pathogenic than the parental cells. However, a highly pathogenic clone denoted B210cTK"/cl-2 was
isolated from its population. As determined by Western blotting, these cells produced more p210°=® protein than the
parental B210 cells. To successfully transfect these cells a modified electroporation method was introduced. Bicistronic
plasmids carrying gene for herpes simplex thymidine kinase (HSV TK) and the gene for either granulocyte-monocyte
colony stimulation factor (GM-CSF), interleukin-2 (IL-2) or interleukin 12 (IL-12) were used for the transfection experiments.
Gradually, cell lines producing these cytokines were isolated in media supplemented with hypoxantin, aminopterin and
thymidine (HAT). All of them were highly sensitive to ganciclovir in vitro confirming that the cells produced HSV TK. The
genetic modification of B210cTK-/cl-2 was associated neither with the alteration of p210°**! production nor with any changes
in expression of MHC class I molecules. From populations of each of the three lines several cell clones were isolated and
tested for the production of the respective cytokines. The original uncloned population and several clones differing in the
cytokine production were administered intravenously into mice. All animals survived without symptoms of the disease

suggesting that the gene-modification was associated with the loss of pathogenicity.

Key words: CML, Bcr-Abl, HSV TK, cytokines, gene-modified tumour cells, pathogenicity

Chronic myeloid leukaemia (CML) is a malignant disease
of the hematopoietic stem cells. The neoplastic cells are char-
acterized by the Philadelphia (Ph+) chromosome, which
results from the reciprocal translocation between the chro-
mosomes 9 and 22. As a consequence, the bcr-abl fusion gene
develops. Its product, most frequently the p210**! protein,
has a high tyrosine-kinase activity surpassing markedly that
exhibited by the wild ABL protein [1, 2]. It is generally ac-
cepted that the fusion protein produced plays a key role in the
pathogenesis of CML. The recently introduced imatinib-
mesylate, a potent inhibitor of the p210°™**-associated
tyrosine—kinase activity, has made a considerable progress in
the therapy of CML [3, 4]. Still, in the past few years there
has nevertheless been an increasing interest in developing
immunotherapeutic means for treatment of CML. It has been
demonstrated that peptides derived from the fusion zone and

* Corresponding author

covering the fusion point are capable of inducing specific
immune responses in CML patients [5, 6] and studies in mouse
experimental systems indicated that it is possible to induce
immunity against the challenge with the syngeneic, highly
oncogenic bcr-abl-transformed cells [7-9]. In our laboratory
a project aiming to develop therapeutic vaccines against the
leukaemia-like disease induced in mice by bcr-abl-trans-
formed cells is under way. One of the strategies which we are
trying to employ for this purpose is the development of cell-
based vaccines expressing a variety of cytokines known to
act as enhancers of anti-tumor immunity [10, 11].

Materials and methods

Cell lines and media. Ba-p210 (B210) cells are bcr-abl-trans-
formed mouse (Balb/c) cells derived by Daley and Baltimore
[12] and have been kindly provided to us by G.Q.Daley (White-
head Institute, Cambridge Center, MA). Their in vitro and in
vivo properties were described in more detail elsewhere [13,
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14]. In brief, they induce leukaemia-like disease in mice after
intravenous administration. One TID,  corresponds to approxi-
mately 10* cells. Thymidine-kinase (TK)-less cells B210TK-
were derived in our laboratory after repeated passages of B210
cells at gradually increasing concentrations of 5-bromo-2-
deoxyuridine (BrdU) (Sigma-Aldrich corp., St. Louis, MO).
Cells were cultivated in RPMI 1640 medium (Sigma-Aldrich
Corp., St. Louis, MO) supplemented with 10% heat-inactivated
FCS (PAA Laboratories, Linz, Austria), 4 mM glutamine, peni-
cillin (100 U/ml) and streptomycin (100 pg/ml) at 37°C in 5%
CO, atmosphere. In the case of B210/TK" the medium was
supplemented with BrdU (100 pg/ml). For the selection of cells
successfully transfected with herpes simplex virus thymidine
kinase (HSV TK) carried by bicistronic plasmids (see below),
the RPMI was supplemented with hypoxantin, aminopterin and
thymidine (HAT) (HAT Supplement, Gibco, Invitrogen,
Carlsbad, CA). 293T cells (kindly provided by J. Kleinschmidt,
DKFZ, Heidelberg, Germany) were used as a negative control
in Western blotting. Their propagation was the same as in pre-
vious experiments [15].

Plasmids. The construction of plasmid carrying HSV TK (de-
noted pTR-IRES TK) [16] and bicistronic plasmids carrying the
genes for HSV TK and either granulocyte-macrophage colony
stimulation factor (GM-CSF) (denoted pTR-GM-CSF-IRES-TK)
or interleukin 2 (IL-2), (denoted pTR-IL-2-IRES-TK) has been
described [15]. The bicistronic pTR-IL-12-IRES-TK plasmid
which carries the HSV TK gene and also the gene for mouse
interleukin 12 (IL-12) was constructed (Fig. 1). The cDNAs of
p40 (1008 bp) and p35 (648 bp) subunits of IL-12 were ampli-
fied using PCR, subcloned and sequenced. In the second step
genes coding for the p35 and p40 subunits were linked up with
the 24 base pair long sequence encoding a cleavage site for the
cell endoprotease furin (Gly-Gly-Arg-Gly-Arg-Arg-Gly-Gly),
[17]. With the use of Xbal and HindIII restriction enzymes the
IL-12 fused gene was inserted into pTR-IRES-TK. Plasmid ex-
pressing green fluorescent protein (GFP), denoted pTR-UF2 [18]
was used for monitoring transfection efficiency. Plasmids were
propagated in E.coli DH5-ou (Gibco, Invitrogen, Carlsbad, CA)
and purified using Maxi Prep DNA isolation Qiagen kit (Qiagen,
Hilden, Germany).

Electroporation. Electroporation was performed using
Gene Pulser Electroporation system (Bio-Rad, Hercules, CA).
Originally, counts of 5x10° cells suspended in 500 ul of
electroporation medium composed of HeBS (0.75 mM
NaZHPO " 5 mM KCl, 140 mM NaCl, 6mM glucose, 25SmM
Hepes, pH 7.05), were placed in 0.4 cm gap cuvette (Bio-
Rad, Hercules, CA) and 15 pg of plasmid DNA was added.
Electroporation was performed at room temperature (RT)
exposing the cells to 250V, 975 uF. The cells were allowed to
remain in the electroporation buffer for 10 min, and were then
transferred onto tissue culture dishes with 4 ml of media. Af-
ter 48 hrs of cultivation the cells were spun down and
resuspended in the selection media. To optimise the proce-
dure the experimental conditions were gradually modified (see
the Results section) with the use of pTR-UF2 plasmid carry-

IGIy-GIy-Arg-GIy—Arg-A#g—GIy-GIy l

5.0 kbp

Figure 1. Recombinant plasmid carrying HSV TK and mouse IL-12
genes. It contains the adenovirus-associated virus type 2 (AAV-2) inverted
terminal repeats (ITR), the cytomegalovirus immediate early promoter
(CMV), mIL-12 gene consisting of p35 and p40 subunits linked with
24 bp sequence containing furin cleavage site, poliovirus type 2 internal
ribosomal entry site sequence (IRES), herpes simplex virus thymidine
kinase gene (HSV TK) and the bovine growth hormone polyadenylation
signal (pA)

ing the gene for GFP. The cells transfected with pTR-UF2
plasmid were monitored under fluorescent microscope 24 hrs
after electroporation. Subsequently, the transfection efficiency
was determined by flow cytometric analysis of GFP expres-
sion using Flow Cytometer EPICS XL (Beckman Coulter, Inc.,
Fullerton, CA). Counts of 5 x 10° cells were washed with PBS,
resuspended in 0.5 ml PBS, and 10 ug/ml propidiumiodide
(PI) was added immediately before the flow cytometric analy-
sis. Living cells were gated and evaluated for GFP expression
using WinMDI (version 2.8) software.

GCV sensitivity assay. Counts of 5 x 10* cells/well were
seeded in 2 ml cultivation media with and without 40 uM
GCV (Cymevene, Roche, Basel, Switzerland) and either HAT
in 24-well plates. After 5-day cultivation cells were counted
using the trypan blue exclusion.

Measurement of cytokine production. Counts of 5 x 10°
cells were seeded in 3 ml medium in 6-cm culture dishes.
The concentration of cytokine, viz mouse GM-CSF, IL2 or
IL12, in culture supernatants was measured after 24 hours
with the BD OptEIA™ Set Mouse GM-CSF or Mouse 1L-2
or Mouse IL-12 (p70) (BD Biosciences, San Diego, CA) fol-
lowing the manufacturer’s instructions. Cells were counted
using the trypan blue exclusion test. The production level was
calculated according to the formula: C/N (where C is the to-
tal amount of cytokine in culture medium and N is the final
viable cells count) and was expressed in ng/10° cells/24 hrs.

Western blotting. Cells were lysed in a lysis buffer (4%SDS,
20% glycerol, 10% mercaptoethanol, 2 mM/l EDTA, 100 mM/
1 Tris-HCI (pH 8.0)) and after adding bromphenol blue they
were boiled for 3 minutes. Lysates of 5 x 10* cells were sepa-
rated by 7% SDS-PAGE electrophoresis. The protein’s pattern
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Figure 2. Pathogenicity for mice of B210 cells and its B210/TK" subline

was electroblotted onto nitrocellulose membrane. Any remain-
ing binding sites were blocked in 10% skimmed milk at room
temperature for 1 hour. The membrane was then incubated
with mouse monoclonal anti-c-ABL antibody (Ab-3, Oncogene
Research Products, Boston, MA). The incubation was pro-
vided under constant agitation at room temperature for 1 hour
and then at 4°C overnight. The membrane was then washed
with 0.1% Tween in PBS for 3 x 10 minutes and treated for
1 hour with peroxidase-labelled secondary anti-mouse anti-
body (Amersham Biosciences, Little Chalfont, UK). The blot
was again washed for 3 x 10 minutes. Immunocomplexes were
visualized using the ECL plus system (Amersham Biosciences,
Little Chalfont, UK).

Flow cytometry for determination of MHC class I and I1
expression. Counts of 0.5 x 10° cells were washed twice with
PBS. Detection of MHC class I molecules was performed af-
ter 30 min incubation at 4°C (i) with FITC-conjugated
anti-mouse either H-2K‘D?monoclonal antibody (Cedarlane,
Hornby, Ontario, Canada) or isotype control antibody (Sigma,
St. Louis, MO), (ii) with phycoerythrin (PE)-conjugated ei-
ther anti-mouse H-2L? monoclonal antibody (Cedarlane,
Hornby, Ontario, Canada) or with isotype control antibody
(Cedarlane, Hornby, Ontario, Canada), and (iii) with FITC-

Table 1. Pathogenicity of cell clones derived from B210cTK- cells

No. of mice with leukaemia/
No. of mice inoculated”

0/4
3/3
2/4
3/3
3/3
3/3
2/3
2/3

Clone number

Nl N N S S

—_ =
- o

Dninety days after inoculation

conjugated anti-mouse either I-A? monoclonal antibody
(Cedarlane, Hornby, Ontario, Canada) or isotype control an-
tibody (Sigma, St. Louis, MO).

Cell cloning. To isolate cell clones from the transduced
cells, fresh cultivation medium was mixed with the spent
medium, at a ratio 2:1. Spent medium was obtained from the
culture of the particular transfected cell type at its growing
phase. Before being mixed with the fresh medium, the spent
medium was filtered through 0.22um-Syringe-Filter (TPP,
Trasadingen, Switzerland). To isolate cell clones, the trans-
fected cells were diluted to obtain a final concentration of
0.3-cell/0.2 ml. The suspension in 0.2 volumes was distrib-
uted into 96-well plate (TPP, Trasadingen, Switzerland). Four
hours after seeding all wells were carefully checked for the
presence of cells and those containing only one cell were la-
belled. After approximately 14-day incubation the suspensions
from these wells were sucked away and transferred into big-
ger plates. The cell lines derived were kept frozen in liquid
nitrogen until being used.

Animals and oncogenicity assay . Six to 8 week-old fe-
male BALB/c mice were obtained from Charles Rivers,
Germany. All experiments were carried out in accordance
with the Guidelines for Animal Experimentation valid in
the Czech Republic. For oncogenicity tests, cells were
washed three times with PBS. If not indicated otherwise,
counts of 10°in 0.2ml volumes of PBS were injected intra-
venously. Starting one week later, mice were monitored
for the symptoms of the disease at least twice a week for
up to 100 days.

Statistical analysis. For analysis of the growth curves of
the tumours, the two-way analysis of variance was used. Cal-
culations were done using Prism Software Version 3.0
(Graph-Pad Software, San Diego, CA).

Results

Derivation and pathogenicity of cTK cells. B210 cells were
passaged for a prolonged period of time at a gradually increas-
ing concentration of BrdU. Finally, a cell line growing well
in the presence of 100 pg of BrdU but incapable of replicat-
ing in the HAT media was isolated. The cell line was labelled
B210cTK". To determine its pathogenicity, two different doses
(10° and 10° of these cells were tested in parallel with the
parental cells. The results are shown in Figure 2. It can be
seen that nearly all mice inoculated with the cTK" cells devel-
oped the disease; however, their survival was considerably
prolonged (p<0.01). This indicated that the loss of cTK, but
possibly other mutations which might have been induced by
BrdU, resulted in decreasing the virulence of the cells. To
obtain more information on the composition of the B210cTK"
cell population, we isolated 11 clones and tested 8 of them for
leukemogenic potency. The counts of 10 cells were adminis-
tered i.v. The results are shown in Table 1. A marked variation
in pathogenicity was apparent. While clone 1-derived cells
did not induce disease in any of the mice inoculated, four
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other cell lines induced lethal leukaemia in all animals. The
earliest onset of the deadly disease was observed in those in-
oculated with clone 2-cells.All animals died before day 49,
while in the case of clones 4, 7 and 9 the last animal died on
day 87, 72 and 87, respectively. Since one of the main aims in
this study was to find out the impact of cytokine production
on the pathogenicity of the gene-modified cells (see below),
we selected clone-2 derived cells denoted B210cTK"/cl-2 for
further experiments. A large frozen stock of these cells was
prepared and in subsequent experiments always the third pas-
sage of the thawed cells was used.

Transfection of B210 cells. Our initial attempts to trans-
duce B210 cells using calcium-phosphate precipitation,
metafectene (Biontex, Planegg, Germany) or transferin-
polyethylenimine (Bender MedSystems, Burlingame, CA)
failed. However, the subsequent tests indicated that using
electroporation might solve the problem. Our efforts were
aimed at optimising the condition of electroporation, i.e. to
achieve sufficient percentage of transfected cells and to pre-
serve their survival within acceptable limits. Multiple
experiments were performed using pTR-UF2 plasmid car-
rying the gene for GFP. The efficacy of transfection was
monitored by both fluorescent microscopy and flow
cytometry. The highest expression of GFP was demonstrated
24 hours after electroporation. Later on, by changing the
conditions of electroporation by substituting RPMI 1640
medium for the original elctroporation buffer and exposing
the cells to 280-300V and 1050 uF we increased the trans-
fection efficiency up to 16-18% of the surviving cells. The
lower capacitance than 1050 uF decreased the transfection
efficiency. Higher concentration of plasmid DNA (up to
30 ug) increased the number of GFP-positive cells without
producing any dramatic impact on cell survival. The main
results are summarized in Tables 2A and 2B. Thus, the opti-
mum condition for electroporation in the present system
appeared to be to use RPMI medium and to expose the cells
to 280V and 1050 uF at room temperature.

Generation of gene modified B210 cells and their sensitiv-
ity to GCV. Based on these results we tried to prepare the
cytokine producing B210 sublines. The B210cTK/cl-2 cells
were separately transfected with pTR-GM-CSF-IRES-TK,
pTR-IL-2-IRES-TK, pTR-IL-12-IRES-TK or pTR-IRES-TK
plasmid, or mock transfected. The transfected cultures were
kept in regular cultivation media for 48 hrs and then they were
transferred into media containing HAT. Within three weeks
marked cell proliferation was detected in all transfected cell
cultures, whereas no cells survived in the mock-transfected
cultures. To make certain that the cell lines isolated were not
revertants to the cTK* phenotype but real transductants we
tested their sensitivity to GCV. At a variance with the paren-
tal cells all the transfected cell lines were highly sensitive to
GCV, which confirmed the production of HSV TK (results
not shown). The transduced cells were labelled B210/2/GM-
CSF, B210/2/1L-2, B210/2/IL-12 and B210/2/HSVTK,
respectively.

210KD —s |

Figure 3. Production of p210>~*' in B210 cells and their gene-modified
sublines as determined by Western blotting. Anti-c-ABL monoclonal
antibody was used. Lane 1: 293T cells (negative control); lane 2: B210
(positive control); lane 3: B210cTK"/cl-2; lane 4: B210/2/GM-CSF; lane
5: B210/2/TL-2; lane 6: B210/2/IL-12 and lane 7: B210/2/HSVTK. Each
sample was a lysate from 5 x 10* cells.

Cytokine production by gene modified B210 cells. The cell
lines were then tested for the cytokine production in ELISA.
The B210cTK/cl-2 and B210/2/HSVTK served as negative
controls. The cell lines B210/2/GM-CSF, B210/2/IL-2, and
B210/2/1L-12 were confirmed as the producers of the respec-
tive cytokines forming 30 ng/10%cells/24 hrs of GM-CSF, 8 ng/
106cells/24 hrs of IL-2 and 160 ng/10°cells/24 hrs of IL-12,
respectively.

Immunoblotting detection of the p210*~* protein. The
Western blotting test with lysates of parental B210 cells
and all the cell lines derived was made to check the ex-
pression of p210°r®! protein using mouse monoclonal
anti-c-abl antibody. The results are shown at Fig. 3. As
evident, both the B210cTK /cl-2 cells and all four trans-
duced cells derived from them produced approximately the
same amount of the p210*~*! protein, this indicating that
the production of the cytokines or HSV TK was not asso-
ciated with an alteration of p210**! protein production.
However, it is noteworthy that the production of this pro-

Table 2. Influence of varying conditions of electroporation on the
expression of green fluorescent protein (GFP) and cell survival

A

El. medium U (V) ¢ (UF)  Temperature % Cell survival % GFP+
HeBS 250 1050 RT 35 6
PBS 250 1050 RT 30 3
RPMI 250 1050 RT 57 9
HeBS 250 1050 0°C 40 1,2
PBS 250 1050 0°C 28 1
RPMI 250 1050 0°C 45 3,1

B

El. medium U (V) ¢ (UF)  Temperature % Cell survival % GFP+
RPMI 220 1050 RT 76 3
RPMI 240 1050 RT 62 8
RPMI 250 1050 RT 57 9,6
RPMI 260 1050 RT 60 11
RPMI 280 1050 RT 58 16
RPMI 300 1050 RT 42 18

El. Medium: electroporation medium used, U: voltage, c: capacitance, %
Cell survival: percentage of living cells after 24 hrs, %GFP+: percentage of
GFP positive cells among living cells after 24 hrs
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Figure 4. Cytokine production by clones derived from the respective B210 gene-modified cells.
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Figure 5. Production of the respective cytokines by the selected cloned cell lines in the course of passages in vitro. The following clones were
selected: (A) B210/2/GM-CSF/cl-1; (B) B210/2/IL-2/cl-21; (C) B210/IL-12/cl-3

tein by all these cells was considerably higher than in the
case of the parental B210 cells used as positive control.
Similar results were obtained in all three repeated tests
using two different sest of cell lysates.

Isolation of clones of the gene-modified cells and their ef-
ficacy as cytokine producers. From the cultures transfected
with plasmids carrying the genes for GM-CSF, IL-2 and IL-
12 cell clones were isolated and tested for the respective
transduced gene products. The results are summarized in Fig.
4. It can bee seen that the production of the cytokines by indi-

vidual clones markedly differed. The best producers were
cultivated in the HAT medium up to fifteen passages, three
times a week, and the production of the respective cytokines
was measured by ELISA test. It may be seen in Fig. 5 that in
the course of passaging the production of the cytokines did
not dramatically change.

Determination of MHC class I and II expression of B210
derived cell clones. We also examined parental B210cTK/cl-
2 and the derived cell lines for MHC class I and MHC class II
expression. As shown elsewhere [13], MHC class I molecules
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Figure 6. Flow cytometric analysis of MHC class I (H-2K‘ and H-2L¢) and MHC class II (I-A%) expression on gene-modified B210 cells:(A) B210cTK-
/cl-2; (B) B210/2/GM-CSF/cl-1; (C) B210/2/IL-2/cl-21; (D) B210/2/IL-12/cl-3. Empty histograms represent cells incubated with isotype control
antibodies; filled histograms represent cells incubated with specific antibodies.

in B210 cells tend to be strongly downregulated. Data shown
in Fig. 6 provide evidence that this property remained un-
changed in all the transduced sublines tested.

Pathogenicity of the gene-modified cells for mice. To ex-
amine the influence of the cytokine production on the
virulence of the respective cell lines, mice were inoculated

with both the uncloned cell populations and with selected
cloned sublines expressing either IL-2 or IL-12. In all instances
109 cells were administered i.v. The summary of the experi-
ments is in Table 3. It can be seen that none of the cells
expressing either GM-CSF or IL-2 or IL-12 was pathogenic
for mice. On the other hand, the control cell line expressing
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Table 3. Pathogenicity of the gene-modified cells for mice

Cell line No.of mice with leukemia/
No.of mice inoculated"”
B210 4/4
B210c¢TK- 3/4
B210cTK" /cl-2 3/3
B210/2/HSV TK 3/4
B210/2/GM-CSF 0/4
B210/2/IL-12 0/4
B210/2/1L-2 0/4
B210/2/1L-12/c1-2 0/3
B210/2/1L-12/c1-3 0/3
B210/2/1L-12/c1-4 0/3
B210/2/1L-12/cl1-5 0/3
B210/2/1L-2/c1-19 0/3
B210/2/1L-2/c1-20 0/3
B210/2/1L-2/c1-21 0/3

D)In al instances 10° cells were administered intravenously

only HSV-TK induced deadly disease in 3 out of the 4 ani-
mals inoculated.

Discussion

In the present experiments the preparation of cytokine-pro-
ducing ber-abl-transformed cells was undertaken with the use
of a system that had proved efficient in our previous experi-
ments. This approach is based on the isolation of cTK-less cells
and on making the use of bicistronic plasmids that carried to-
gether with the gene of interest also the HSV TK gene [15, 16]
for transfection. To derive B210cTK™ was not an easy task. For
some reason it took about half a year of continuous propagat-
ing these cells at gradually increasing concentrations of BrdU,
before cells growing at the 100 ug of this drug were isolated.
These cells were less pathogenic than the parental cells. Clonal
analysis revealed that the B210cTK" population was composed
of cells mutually markedly differing in their pathogenicity for
mice. Since we wanted to determine the impact of the produc-
tion of selected cytokines on the pathogenicity of the transduced
cells, we selected for the transfection experiments a clone of
B210cTK cells with the highest leukemogenic activity. Our at-
tempts to use for transfection of the B210 cell progenies the
techniques, which in our hands had been highly efficient for
transfection of epithelial or fibroblastic cells [15, 19, 20], failed
completely. However, we were quite successful when using
electroporation technique. The optimal conditions for the trans-
duction were defined using a plasmid that carried the gene for
GFP. The highest transfection efficiency as well as the best cell
survival was achieved with serum-free RPMI medium being
used as the electroporation buffer. The transduced cells were
producing reasonable amounts of the respective cytokines. The
p210** production by all transduced cells was approximately
the same as detected in the B210cTK/cl-2 cells from which
they were derived. Surprisingly, it was more efficient than by
the parental B210 cells. At this writing, no reasonable explana-

tion can be offered for this observation. We can only speculate
that this phenomenon seen in repeated tests might be associ-
ated with mutations induced in the course of prolonged
cultivation of the B210 cells in the presence of BrdU. On the
other hand, the transduced cells did not differ from the parental
cells in the expression of MHC class I and II molecules. Still,
clonal analysis of the population of the transduced cells dem-
onstrated a quite extensive inhomogeneity of the respective cell
populations: the cell clones isolated differed widely in the pro-
duction of all three cytokines. The cytokine production was
apparently a stable property of the clones in the course of re-
peated passages in vitro. Since it was difficult to examine all
the derived cell lines for their pathogenicity in mice, in addi-
tion to the uncloned populations we tested only several clones
derived from B210/2/IL-2 and B210/2/IL-12 cells, which dif-
fered in cytokine production. All three cell lines were free of
leukemogenic activity and also none of the cell clones tested
was pathogenic, this suggesting that in none of them the pro-
duction of the respective cytokine was below the critical level.
Experiments are under way to further clarify this point. On the
other hand, cells expressing HSV TK were capable of inducing
leukaemia in mice, this indicating that the expression of this
enzyme did not play any major role in the loss of pathogenicity
observed in the case of cytokine-producing cell lines. The suc-
cessful “attenuation” of the B210cTK"/cl-2 cells provided us
with a means useable as live vaccines in the therapy of experi-
mental disease induced in mice by bcr-abl-transformed cells.
Experiments are under way in which the potency of these vac-
cines for both prophylactic and therapeutic purposes is tested.

The research work was supported by the Internal Grant Agency
of the Ministry of Health, Czech Republic, grant No. NR-9037-3,
and by the Research Project MZOUHKT2005.
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Abstract. For our experiments we selected two oncogenic,
ber-abl-transformed mouse cell lines, viz. B210 and 12B1.
Both cell types are capable of inducing leukemia-like disease
in syngeneic BALB/c mice after intravenous inoculation.
12B1 cells can moreover form solid tumors after sub-
cutaneous injection. Since immunotherapy would expectedly
be most effective in animals in which the tumor mass had been
reduced by other therapeutic means, we attempted to develop
a combined therapeutic system for suppressing tumor
growth. In the present study, mice inoculated with the
aggressive 12B1 cells were treated with imatinib mesylate
(IM), mouse interferon o (IFNa) and cyclophosphamide (Cy)
in combination with genetically modified tumor cells
engineered to produce various cytokines. These cell vaccines
had been derived from B210 cells. Therapy with IM or IFNa
alone or cell immunotherapy alone resulted in partial
suppression of tumor growth. Of the different therapeutic
regimens tested, a combination of repeated doses of IM,
IFNa and cell vaccines with one relatively high dose of Cy
(200 mg/kg) was the most effective, resulting in tumor-free
survival of a large portion of mice. The spleens, livers and
bone marrows of the successfully treated animals were tested
for the presence of bcr-abl-positive cells by means of RT-
PCR technique. Results were negative, this suggesting that
the animals had been cleared of residual disease.

Introduction

Chronic myeloid leukemia (CML) is a lethal disease of blood
stem cells. In the pathogenesis of this disease, the key role is
played by the bcr-abl fusion gene, which originates from a
translocation between chromosomes 9 and 22. The product of
the fusion gene exists in three forms, viz. p210be-al, p]9Qber-abl
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or p230bera! Of these, p210°e-2! is the most common. The
bcr-abl fusion protein has a markedly increased activity of
tyrosine-kinase (TyKi), which is coded for by the SH1 domain
of the abl gene. It is generally accepted that this activity is
responsible for both the cell transformation and the
maintenance of the transformation state (1,2).

Targeting the TyKi activity of bcr-abl appears to be a
highly attractive therapeutic strategy (3). Imatinib mesylate
(IM), one of the 2-phenylaminopyrimidine derivatives, is a
direct inhibitor of the TyKi activity of the BCR-ABL fusion
protein (4-6). IM competitively inhibits the interaction of
these proteins with adenosine triphosphate (ATP) (7) which is
necessary for TyKi activity. IM inhibits the growth of bcr-abl-
positive cells both in vivo and in vitro (8-10) and is capable of
inducing long-term remissions and prolonging the life of CML
patients considerably (11-13). In the treatment of chronic
phase CML, IM has provided much better hematological and
cytogenetic responses than INFa (14), which until recently
was widely used for CML treatment. Already the early studies
in mouse model systems also proved a high efficacy of IM,
viz. retardation of the growth of tumors induced by bcr-abl-
transformed cells (4,9,15). In the past few years several
mechanisms of resistance to IM have been recognized
(13,15-17). Furthermore, in spite of its high specificity and
low toxicity, some dose-dependent side effects of IM have
been reported (12,18). Quite recently impairment of
proliferation and function of CD4+*CD25* cells (19) and a
strong, though transient anti-leukemia immune reaction (20)
have been observed in IM-treated patients. On the basis of
the experience with this drug, combination of IM with other
antileukemic agents has been proposed and examined.
Burchert ef al (21) have reported that the concurrent or
sequential combinatory therapy with IFNa and IM, taking
advantage of their different effector mechanisms, has been
more effective in the treatment of CML than any current
monotherapy. Also our results (Sobotkova et al, unpublished
data) indicated that a combination of IM with INFa was more
effective in suppressing leukemia-like disease induced by the
bcr-abl-transformed Ba-P210 (B210) cells developed by
Daley and Baltimore (22) than its treatment with either of
these substances alone (23). A combination of IM with INFa
and other substances in vitro has resulted in additive or
synergistic antiproliferative effects, with bcr-abl-positive cell
lines having been used (24-26). For example, Kano et al (25)
have shown some synergistic in vitro cytotoxic effects of IM
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and recombinant IFNa and an additive effect of 4-hydro-
peroxy-cyclophosphamide [the active form of cyclophos-
phamide (Cy)]. Because of the immunomodulatory activity of
Cy (27-30) one could expect additional beneficial in vivo
effects of this drug if used either alone or in combination
with the above drugs and/or with experimental vaccines.

In the study reported below, the therapy of disease induced
in mice by bcr-abl-transformed cells was attempted with IM,
INFa and Cy, applied either alone or in various combinations
and in combination with vaccines based on another syngeneic
bcr-abl-transformed cell line that had been engineered to
produce either interleukin-2 (IL-2) or interleukin-12 (IL-12)
or the granulocyte-monocyte colony-stimulating factor
(GM-CSF). To be able to easily reveal possible synergistic
effects, we employed suboptimal treatment regimens with IM
and INFa.

Materials and methods

Cell lines and media. Two BALB/c mouse cell lines
transformed by the bcr-abl gene (b3a2) and expressing
p210Pa! protein were used. 12B1 cells were obtained through
the courtesy of E. Katsanis (University of Arizona, Tuscon,
AZ, USA). They had been derived by transformation of
primary bone marrow cells with a retrovirus-derived vector
carrying the bcr-abl fusion gene (31). Ba-P210 (B210) cells
were kindly provided by G.Q. Daley (Whitehead Institute of
Biochemical Research, Cambridge, MA, USA). They had been
derived from interleukin 3 (IL-3)-dependent Ba/F3 cells (22).
Their transduction by the bcr-abl gene carried by a retroviral
vector had made them IL-3-independent. We described the
basic in vitro and in vivo characteristics of these two cell
lines in more detail elsewhere (10,32). In brief, both express
approximately the same amounts of the p210b-®! protein but
differ in MHC class I expression (it is down-regulated in
B210 cells) and in oncogenic potential. While B210 induce
leukemia-like disease at doses exceeding 5x10* cells only after
intravenous (i.v.) inoculation, 12B1 induce leukemia at doses
<102 cells after i.v. inoculation and, in addition, induce solid
tumors after subcutaneous (s.c.) inoculation of doses equal to
or >103 cells. These tumors exhibit a high metastatic activity
to spleen, liver and bone marrow. Both cell lines are highly
susceptible to IM in vitro. After i.v. inoculation of 5x10° B210
cells, the animals develop leukemia in the course of the third
week. After s.c. inoculation of 5.10° 12B1 cells, animals form
rapidly growing solid tumors that appear after 12-14-day
incubation. Bcer-abl-negative HL-60 cells were used as a
negative control in PCR (see below). All cell lines were
passaged in RPMI-1640 medium (Sigma-Aldrich Corp., St.
Louis, MO, USA) supplemented with 10% FCS (PAA Labs.,
Linz, Austria), 2 mmol/l glutamine and antibiotics. In the case
of 12B1 cells, the medium was furthermore enriched with 1
mmol/l sodium pyruvate and 50 gmol/l 2-mercaptoethanol.

Cell vaccines. After repeated passages of B210 cells in the
presence of increasing concentrations of 5-bromo-2'-
deoxyuridine (BUDR), a thymidine-kinase-less (TK-) subline
was isolated. These cells, designated B210TK"/cl-2, grew well
in the presence of 100 xg BUDR, but did not grow in medium
supplemented with hypoxanthine, aminopterin and thymidine
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(HAT media Supplement, Invitrogen, Carlsbad, CA, USA)
and were oncogenic for mice after i.v. inoculation. After
transfection with bicistronic plasmids carrying genes for
herpes simplex virus TK (HSV TK) and for various cytokines,
genetically modified cell lines were isolated in HAT media.
The construction of these plasmids was described previously
(33). In addition to HSV TK, the gene-modified cells
expressed IL-2 (B210/IL-2, IL-2 production 46.5 ng/10%/24 h),
IL-12 (B210/IL-12, IL-12 production 130 ng/10%/24 h) or
GM-CSF (B210/GM-CSF, GM-CSF production 40 ng/10%/24 h).
In vitro, all three cell lines were highly sensitive to
ganciclovir, this confirming HSV TK production, and were
non-oncogenic after i.v. inoculation (Petrackova et al,
unpublished data).

Animals used and tumor induction. Seven- to 8-week old
BALB/c female mice were used in all experiments. They had
been obtained from Charles Rivers, Germany. The mice were
inoculated s.c. with 5x103 12B1 cells in 0.2 ml PBS. In
therapeutic experiments, 10® B210/IL-2, B210/IL-12 or
B210/GM-CSF cells in 0.2 ml PBS were repeatedly injected
intraperitoneally (i.p.) (see the Results section). The animals
were inspected for tumor development at least twice a week
and tumor size was measured with a caliper. Animals carrying
tumors exceeding 20 mm in their longest diameter were
humanely sacrificed. All animal studies were done in
accordance with the Guidelines for Animal Experimentation
valid in the Czech Republic.

Reagents. Imatinib mesylate (IM, STI571, Glivec) was a
generous gift from Novartis (Basel, Switzerland). It was
dissolved in distilled water (1 mg/ml), sterilized by filtration
through a Millipore filter, distributed into vials and kept at
-20°C until use. It was inoculated i.p., one dose (50 mg/kg)
per day, five times a week for one or two weeks, starting on
day 3 or 10 after the s.c. inoculation of 12B1 cells.
Cyclophosphamide (Cy) (Farmos, Finland) was given in a
single i.p. dose, 200 mg/kg, on day 3 after inoculation of 12B1
cells. Recombinant mouse interferon o (INFa) (Calbiochem,
Merk Biosciences, Darmstadt, Germany) was administered
starting on day 3 or day 10, one dose (1000 IU) per day, five
times a week, for one or two weeks.

PCR used for detection of bcr-abl-positive cells in animal
tissues.

Sampling. Livers and spleens were taken from a portion of
the mice surviving the treatment without tumor development
and from some tumor-bearing animals. The tissues were
immediately frozen in liquid nitrogen and stored at -70°C until
examination. Bone marrow was also sampled from some
animals. It was obtained by irrigating tight bone with 1 ml of
sterile PBS. Cells were counted with a haemocytometer. RNA
extraction (see below) was done immediately after collection
of cells. Similarly treated organs from diseased animals served
as positive controls.

RNA extraction. Prior to RNA extraction, the samples (250 mg
of thawed liver or spleen tissue, or 4-10x10° bone marrow
cells) were homogenized with a TH 220 hand-held
homogenizer with disposable tips (Cole Parmer, IL, USA) in
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1 ml RTL (a guanidium thiocyanate containing buffer provided
by the producer) and supplemented with B-merkapto-ethanol
provided in the Qiagen RNeasy mini kit (Qiagen, Hilden,
Germany). Total RNA was isolated by means of the Qiagen
RNeasy mini kit with On-Column DNase digestion using an
RNase-free DNase set, in accordance with the manufacturer's
protocol (Qiagen). The concentration of RNA was measured
with a UV spectrometer (BioMate 3, Thermo Fisher Scientific,
Inc., USA) and the quality of RNA was checked on agarose
gel. Prior to reverse transcription, any possibly remaining
DNA was removed by treating 2 yg amounts of the RNA
extracts with 1 U/ug of DNase I (Roche Diagnostics GmbH,
Mannheim, Germany) at 37°C for 30 min in a total volume of
20 ul. The enzyme was subsequently inactivated by incubation
at 65°C for 10 min. RNA samples were stored at -70°C until
their examination.

Reverse transcription. DNase-treated RNA (2 ug) was
reverse transcribed using an oligo (dT),s primer, 50 U MMLV
reverse transcriptase (Promega, Madison, WI, USA) and 20 U
Rnasin (Promega) in a total volume of 20 ul. After an initial
denaturation of RNA at 70°C for 10 min, the master mix was
placed on ice and the sample was incubated at 37°C for 60 min.

PCR. The quality of cDNA was assessed by PCR with
primers specific for the house-keeping B-actin gene (forward
5'CCACTGGGACGACATGGAGAAGATS3'; reverse 5'CAT
GGCTGGGGTGTTGAAGGTC3'"), which amplify the 166-bp-
long fragment. The expression of the bcr-abl gene was
monitored by means of nested PCR with a set of external
primers that amplify the 327-bp-long fragment (forward
5'TTCAGAAGCTTCTCCCTG3'; reverse S'"CTCCACTGGC
CACAAAAT3') and a set of internal primers that amplify the
245-bp-long fragment from the b3a2 spliced gene (forward
5'GTGAAACTCCAGACTGTC3'; reverse S'CAACGAAAA
GGTTGGGGT3"). Fifty microlitres of the first reaction
mixture contained 5 pM/ul of each primer, 1.5 mM MgCl,,
2 mM dNTPs, 0.5 U of Taq polymerase (Fermentas, Vilnius,
Lithuania) and 1X PCR buffer with (NH,),SO, (Fermentas).
For the second PCR, 1 ul of 10-fold diluted PCR product of
the first reaction was used. Initial denaturation at 94°C for
5 min was followed by 35 cycles, each consisting of 1 min at
94°C, 90 sec at 57°C, 90 sec at 72°C and a final extension at
72°C for 7 min. The reaction mixture and cycling conditions
for the second PCR were the same as for the first one. As a
positive control, RNA extracted from B210 cells, and as a
negative control, RNA extracted from HL60 cells, was used.

Statistical analysis. Tumor development was analyzed in
2x2 contingency tables by the two-tailed Fisher's exact test.
For analysis of the growth curves of the tumors, the two-way
analysis of variance was used. Calculations were done using
the Prism Software Version 3.0 (Graph-Pad Software, San
Diego, CA). A difference between groups was considered
significant at p<0.05.

Results

Effects of Cy, IM and IFNa on the growth of 12BI-induced
tumors. Animals inoculated s.c. in the right back with
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Figure 1. Effect of Cy, IM and IFNa on the growth of tumors induced by
12B1 cells. (a) tumor development, (b) tumor growth. The measurement of
tumor size was terminated when it reached or just exceeded 20 mm in its
longest diameter. Arrows indicate the days after 12B1 cell inoculation when
the drugs were administered.

5x10° 12B1 cells were treated with Cy (200 mg/kg) alone or in
combination with either IM (50 mg/kg/day) or INFa (1000 U/
day). Cy was administered in a single dose on day 3, while the
other substances were given once a day for 5 or 10 days
starting on day 3 or day 10, after the cell administration. The
results of a representative experiment are shown in Fig. 1. It is
evident from Fig. 1a that although nearly all mice developed
tumors before the end of the observation period, Cy given
alone or in combination with either IM or INFa induced a
considerable delay in their appearance. This delay was
statistically significant (p<0.02) in all the combinations tested
except that in which INFa was given on days 3-7. Fig. 1b
shows that tumors grew at a much slower rate in mice treated
with the drug combinations, more so in those treated with Cy
in combination with IM (p<0.001) than with INFa (non-
significant) for the early or late treatment and p<0.01 for the
early+late treatment. Furthermore, treatment with the Cy plus
IM combination was significantly more efficient than treatment
with Cy alone (p<0.01). Similar results were obtained in
repeated experiments.

Effect of cell vaccines producing IL-2, IL-12 or GM-CSF on
the growth of 12BI-induced tumors. Animals inoculated s.c.
with 5x103 12B1 cells on day O were repeatedly i.p. injected
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Table I. Presence of ber-abl-positive cells in treated and untreated mice inoculated with 12B1 cells.

12B1 cells Therapy Tumor present Day of sampling? Bone marrow Spleen Liver
iv. - + 12 2/2° 2/2 2/2
- + 18 NT® 2/2 2/2
s.C. - + 15 NT 3/3 3/3
s.C. Cy+IFNa+B210/1L-2 - 124 0/4 0/4 0/4
s.C. Cy+IM+B210/IL-2 - 123 072 02 072
s.C. Cy+B210/IL-12 - 123 0/1 0/1 0/1
s.C. Cy+IFNa+B210/GM-CSF - 123 0/1 0/1 0/1

aNumber of positive animals/number tested in RT-PCR. PAfter 12B1 cell inoculation. °Not tested.
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Figure 2. Effect of live B210 cell-based vaccines expressing different
cytokines on the growth of tumors induced by 12B1 cells. Arrows indicate
the days after 12B1 inoculation when the vaccines were administered.

with B210-cell vaccines producing IL-2, IL-12 or GM-CSF
(10° cells per dose). The vaccines were given on days 0, 3, 7
and 10. It is evident from Fig. 2 that the therapy did not
prevent tumor development, but it significantly postponed the
appearance of tumors as compared with control animals
(p<0.01 in the case of all three vaccines). The tumors grew at
a somewhat slower rate in animals injected with either the IL-2
or IL-12-producing cells than in those injected with GM-
CSF-producing cells; however, 1 of the 6 animals in the latter
group survived without tumor formation.

Effect of cell-vaccine therapy combined with Cy, IM and IFNa
administration on the growth of tumors induced by 12B1 cells.
Having obtained some basic information as to the effectiveness
of the drugs tested and evidence that the cell-based vaccines
can produce some, though a limited effect on 12B1 tumor
formation, we decided to combine the two approaches. In the
ensuing experiment the cell vaccines were administered in the
same way as previously. A single dose of Cy was i.p. injected
on day 3, either alone or in combination with the repeated
administration of IM and/or IFNa. The latter substances were
injected on days 3 to 7 and 10 to 14. The amount of each drug
per dose was the same as in the preceding experiments. Results
are shown in Fig. 3.

It can be seen that the administration of Cy alone resulted
in a significant postponement of tumor appearance (p<0.05),
but did not prevent tumor formation in any of the animals. A
similar effect was observed in animals treated with mixtures
of Cy and either IM or INFa or both. Animals which received
Cy and any one of the three vaccines also responded similarly.
However, when the combined Cy+cell-vaccine treatment was
supplemented with either IM or INFa in the case of the
B210/IL-2 vaccine (Fig. 3a and b), or with INFa in the case of
the B210/IL-12 vaccine (Fig. 3c and d), tumors appeared later
and grew slower (p<0.001) than in the non-vaccine-treated
animals. Most importantly, some animals did not develop
tumors at all. This was most frequent in those treated with the
B210/IL-2 vaccine. Two of the 6 mice which, in addition to
the Cy+cell vaccine, also received IM, and 4 of the 6 animals
which received INFa in addition to the Cy+vaccine, remained
tumor-free until the end of the observation period. The
protective effects of the B210/IL-2 and B210/IL-12 vaccines
administered in the above combinations were significantly
higher than in the groups treated with Cy alone (p<0.01,
<0.001 and <0.02, respectively). On the other hand, no
beneficial effects of the B210/GM-CSF vaccine were apparent
(Fig. 3e and 1).

The vaccine treated mice surviving tumor-free for four
months were tested for the presence of bcr-abl transcripts in
cells obtained at autopsy from their livers, spleens and bone
marrows. The results presented in Table I testify to the absence
of leukemic cells in all of the surviving animals. On the other
hand, both control animals with 12B1-induced tumors
possessed bcr-abl-positive cells in the organs tested, this
indicating a high propensity for metastizing of these tumors.

Discussion

The recently enhanced interest in the combination of chemo-
and immunotherapy of CML is paralleled by an increased
interest in suitable animal models, in which specific immune
responses to ber-abl-positive cells can be studied much more
easily than in human patients. In the study reported herein, we
used 12B1 mouse cells, which carry the bcr-abl gene and
express the p210P-a! protein and the drugs most widely used
for the treatment of human CML, i.e. IM (now) and INFa (until
recently). The treatment regimen with these substances was
intentionally suboptimal, because we expected that under these
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indicate time after 12B1 cell inoculation when the drugs and the vaccines were administered.

conditions any possibly synergistic effects would be more
evident. These drugs were supplemented with Cy and with
specific vaccines based on heterologous but syngeneic B210
cells, which also express the p210°®! protein and, in addition,
several immunostimulatory factors known from many previous
studies to enhance anti-tumor reactions.

In agreement with our previous results obtained with B210
cells (Sobotkova et al, unpublished data) and with results
obtained in patients with CML (21,34-36), combinations of
two or more of the above-mentioned drugs increased their
effectiveness in the treatment of tumors induced by 12B1 cells.
The mutual interactions of these substances are not quite
clear at this writing. While the mechanism of action of IM is
understood well, this is not so with the other two agents used.

It is believed that the beneficial effects of INFa in the treatment
of CML are mediated by both its immunomodulatory and
antiproliferative effects (37-39). Similar effects can be
expected in the case of Cy. Although this substance has been
extensively used as a cytostatic drug in cancer treatment, recent
evidence has made it clear that it suppresses regularory T
cells (28,30,40,41) and may have some other beneficial
immunomodulatory effects (42-44). In those experiments
lower doses of Cy (28) than in our present undertaking have
been used. Thus it is likely that the antiproliferative effect
of the substance played a major role in our system. This
conjecture of ours is further supported by our earlier
observation that a reduction of the Cy dose markedly decreased
its effects (unpublished data).
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The vaccines used in our present study were prepared with
B210 cells transformed by the bcr-abl fusion gene and
expressing the p210b-! protein. Gene-modified cells
expressing I[L-2, IL-12 or GM-CSF were employed. Since they
were free of oncogenic potential (Petrackova er al, unpublished
data), they were used for therapeutic vaccination as live cells.
In the therapeutic regimen chosen, none of the vaccines was
capable of completely suppressing tumor development.
However, all three delayed tumor formation significantly.
Hoping that the concurrent administration of the chemo- and
immunotherapy would result in a synergistic effect, we
combined the two therapeutic modes. The combination was
indeed more effective than the drug therapy alone. The
effects were most conspicuous with the B210/IL-2 vaccine
and weakest with the B210/GM-CSF vaccine. Some of the
animals treated with the vaccine-drug combinations survived
without developing tumors. The livers, spleens and bone
marrows of these animals were checked by RT-PCR for the
presence of bcr-abl-transcripts. The results were negative,
which indicated that these animals were free of ber-abl-positive
cells and could thus be considered free of residual disease.

Presumably, the different ‘therapeutic’ activities of the
vaccines were a consequence of the biological activities
inherent in the cytokines tested and they seem to be in line
with the experience of other investigators as well as with our
earlier observations in another system (45). Still, it is possible
that also the amount of the cytokine produced played a
role. Since live cells were used for the vaccination in our
experiments, they continued to replicate in vivo for some time,
with the replication rate, though limited, most likely varying
between the cell lines tested and thus producing varying
amounts of the immunizing antigens as well as of the
cytokines. Experiments are under way in which cell vaccines
derived from clones differing markedly in the production of
GM-CSF are being tested.

At this writing, it is not understood which tumor-cell
antigens are involved in establishing immunity to the highly
aggressive 12B1 cells. Although we originally speculated that
the new epitope carried by the fusion zone of the p210Qber-a!
protein might mainly be involved, and in fact quite convincing
evidence obtained in another laboratory (46-49) strongly
indicated that this was the case, the results we obtained with a
variety of genetic vaccines based on the fusion zone have not
yet confirmed this (unpublished data). On the other hand, we
have obtained evidence that other regions of the p21(Qber-ab!
protein are able to induce protection against 12B1 cells
(unpublished data). Furthermore, other antigens present in
leukemic cells might also be involved. It has been reported
that WT1 and proteinase 3 (Pr-3) are overexpressed in human
leukemic cells and that it is possible to induce a beneficial
immune reactivity in patients or experimental animals by
peptide-based or other types of vaccines (50-53). Our
attempts to demonstrate the presence of either WT1 or Pr-3
by using monoclonal antibodies against their mouse
analogues have failed (unpublished data). However, it is
conceivable that other proteins involved in the p210Qber-ab!
activities or in the transformation procedure itself are
overexpressed in either cell line and act as immunogens.
Experiments aiming to identify at least some of the proteins
involved are underway.

SOBOTKOVA et al: THERAPY OF bcr-abl-INDUCED TUMORS

To summarize, combination of chemotherapy and
immunotherapy with vaccines based on gene-modified cells
expressing IL-2 or IL-12 prevented development of tumors in
a significant portion of mice inoculated with the highly
aggressive p210b-® _positive 12B1 cells.
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Cile préce: Ziskat a otestovat geneticky modifikovanéiky 12B1 se stabilni expresi
cytokinu IL-2 nebo GM-CSF

Vysledky prace:

1) Model s butkami 12B1 cTK- a selaékim médiem HAT selhal, takZze byl zvolen
systém selekce transdukovanych duna zéklad rezistence k blasticidinu.

2) Byly pripraveny plazmidy pBSC/IL-2-Bsr a pBSC/GM-Bsr, i&ebsahuji gen pro
dany cytokin a gen pro rezistenci k blasticidinu.

3) Buiiky 12B1 byly elektroporovany s vySe uvedenymi playma transdukované
buiky byly selektovany v médiu s blasticidinem. Pildase ziskat &kolik klona
burgek 12B1 stabilg exprimujicich IL-2 a GM-CSF. Klony se vzajetiiSily
intenzitou produkce cytokin U vSech zkouSenych klanbyla zjiS€na podobna
exprese proteinu BCR-ABL.

4) Pri testovani patogenity vybranych kibise ukézalo, Ze klon exprimujici IL-2 ma
oproti matéskym buikam nizSi onkogenni potencial. Kultury odvozenéadant
nebo z orgai leukemickych mysi rostly viftomnosti blasticidinu ke a ngly
velmi nizkou produkci IL-2, ktera se zvedla az pgkalika pasazich v médiu
s blasticidinem. Vysledky tak ukéazaly malou genetic stabilitu &chto burk in
Vivo.

5) Klon 12B1 exprimujici velké mnozstvi GM-CSF neztratij onkogenni potencial
a u inokulovanych mysi doSlo k organovému poSkozéiltury izolované
z nadoti vykazovaly stej vysokou expresi GM-CSF jakaiyodni inokulované
buiky a byly rezistentni k blasticidinu. Tyto itky byly in vivo geneticky stabilni.
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Zadnou protekci protielenzi butkami 12B1.
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transdukovanych bwk a jejich klonovani, ELISA testy, western blotape se zvaty,

vyhodnoceni mysich pokiissepisovani prace
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Abstract. The highly oncogenic ber-abl-transformed mouse
(Balb/c) 12B1 cells were transfected with plasmids carrying
genes for either mouse interleukin-2 (IL-2) or the mouse
granulocyte-macrophage colony-stimulating factor (GM-CSF)
and the gene for blasticidine resistance. From the transduced
cells several clones widely differing in the production of either
cytokine were isolated. For further experiments, clones with
the highest secretion of the cytokines were selected. When
administered subcutaneously to mice, the IL-2-secreting cell
line was approximately hundred times less pathogenic than
the parental cells. A portion of animals developed small,
spontaneously regressing tumours and most of them became
resistant to challenge with the parental cells. Cell popula-
tions from either solid tumours or from organs infiltrated
by the tumour cells predominantly consisted of cells which
did not produce IL-2 and had lost resistance to blasticidine.
This indicated that the IL-2 secreting cells were genetically
unstable in the course of their propagation in vivo. On the
other hand, the GM-CSF-secreting cells were more pathogenic
than the parental cells, induced extensive organ damage and
remained genetically stable in the course of their growth
in vivo. The pathogenicity of different GM-CSF secreting
clones directly depended on the magnitude of production of
this cytokine. When used in the form of inactivated vaccines,
the GM-CSF-secreting cells were more immunogenic than
the IL-2-secreting cells. In comparative experiments, similar
results were obtained with GM-CSF- and IL-2-secreting cells
derived from B210 cells, another ber-abl transformed cell line.
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Introduction

Numerous studies have shown that cellular vaccines engi-
neered to secrete various immunostimulatory cytokines
are capable of surpassing the poor immunogenicity of most
tumour-associated antigens and can generate a potent, specific
and long-lasting anti-cancer immunity. Thus, the use of gene-
engineered whole-cell vaccines is gradually developing into
a promising approach in immunotherapy. Their augmented
immunogenicity is apparently due to local coupling of cyto-
kine production and antigen presentation. The lack of serious
untoward reactions, as well as the fact that the host is exposed
to the whole spectrum of antigens, this securing the involve-
ment of the immunologically most important ones, provides
further support for this concept.

Of the immunostimulatory cytokines, attention has
especially been paid to interleukin-2 (IL-2) and the granulo-
cyte-macrophage colony-stimulating factor (GM-CSF). IL-2
secreting cellular vaccines have repeatedly been used with
partial success in both preclinical and clinical studies (1-14).
GM-CSF secreted by gene-engineered tumour cells has been
found to be the most potent stimulatory factor among the ten
cytokines tested (15) and it has since become the most frequently
used cytokine in the construction of cell-based cancer vaccines.
GM-CSF secreting vaccines have been used in numerous
preclinical and clinical studies, for reviews see (16-18).

Although most clinical studies have dealt with solid tumours,
there seems to be a growing interest in utilizing gene-modified
cells for the treatment of chronic myeloid leukaemia (CML)
and other haematological malignancies. Both autologous
and allogenic cell vaccines are under consideration (17,19).
Favourable results have been obtained in postremission
acute myeloid leukaemia patients with a vaccine composed
of a mixture of autologous cells and K562 cells, i.e. a cell
line derived from a CML patient, which were engineered to
secrete GM-CSF (20). Encouraging results have been shown
in lethally irradiated GM-CSF-secreting autologous cells for
the treatment of acute myeloid leukaemia and myelodysplasia
patients who had received allogenic stem cell transplantations
(21). Quite recently, it was further shown in a preclinical
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model that the administration of a GM-CSF-secreting myeloid
leukaemia cellular vaccine prior to autologous bone marrow
transplantation significantly prolonged the survival of mice
(22). Recently, also a therapeutic vaccine based on GM-CSF-
secreting K562 cells was successfully used for the treatment of
CML patients (23).

In the past few years we tried to obtain some more informa-
tion on immune reactions to ber-abl-transformed cells in the
murine system. The key element of these studies was the devel-
opment of a variety of vaccines aimed at inducing protection
against challenge with these cells (24,25) and at testing their
immunotherapeutic potential (13). In the previous paper of ours
(26), we showed that bcr-abl-transformed mouse (Balb/c) B210
cells, which had been gene-modified by transfection of mouse
genes for IL-2, IL-12 or GM-CSF immunostimulatory factors,
had lost their capability of inducing leukaemia in syngeneic
animals. It was of interest to determine how a similar genetic
modification would influence the pathogenicity and immuno-
genicity of another mouse (Balb/c) ber-abl-transformed cell
line, namely 12B1 cells, which are more oncogenic than the
B210 cells after intravenous administration and, in addition,
form solid lymphoma-like tumours after subcutaneous (s.c.)
administration.

In this study we explored the properties of 12B1 cells
expressing murine IL-2 and GM-CSF proteins. We also tested
their immunogenic potency and compared it with that induced
by similarly modified B210 cells.

Materials and methods

Cell lines and media. 12B1 is a murine leukaemia cell line
derived by the transformation of Balb/c bone marrow cells
with a retrovirus-derived vector carrying the human bcr-abl
(b3a2) fusion gene (27). The 12B1 cells were kindly provided
by Dr E. Katsanis (University of Arizona, Tuscon, AZ).
Their in vitro and in vivo properties have been described in
more detail elsewhere (28,29). They have the phenotype of
early pre-B cells, are CD19 positive and induce leukaemia-
like disease in mice after intravenous administration. In our
hands, 1 TIDs, corresponds to approximately 10? cells. After
s.c. inoculation 12B1 cells induce solid tumours, with 1 TIDs,
corresponding to approximately 10?4 cell. The cells were culti-
vated in RPMI-1640 medium (Sigma-Aldrich Corp., St. Louis,
MO) supplemented with 10% heat-inactivated fetal calf serum
(FCS) (PAA Laboratories, Linz, Austria), 4 mM glutamine,
1 mM sodium pyruvate, 50 M 2-mercaptoethanol, penicillin
(100 U/ml) and streptomycin (100 pg/ml), at 37°C in 5% CO,
atmosphere. For the selection of cells successfully transduced
with plasmids (see below), the medium was supplemented
with blasticidine (25 pg/ml) (InvivoGen, San Diego, CA). To
obtain cTK-less cells, we cultivated 12B1 cells in RPMI-1640
medium with a gradually increasing concentration of
5-bromo-2-deoxyuridine (BrdU) (Sigma-Aldrich). The 12B1
TK-less cells grew well at a concentration of 100 yg BrdU/ml.
The derivation and properties of IL-2- and GM-CSF-secreting
B210 cells, designated B210/2/IL-2/cl-21 (producing 30 ng
of the cytokine per 10° cells/24 h) and B210/2/GM-CSF/cl-1
(producing 40 ng of the cytokine per 10° cells/24 h) have been
described elsewhere (26). These cells were derived from clone
no. 2 isolated from the population of B210 TK-less cells, which
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was the most pathogenic of the TK-less clones tested. B210/2
will be referred to as parental cells. All of the B210 derived
cells were passaged in RPMI supplemented with 10% FCS
and enriched with hypoxanthin-aminopterin-thymidine
(HAT) (HAT Supplement, Gibco, Invitrogen, Carlsbad, CA).
The cells were kept in liquid nitrogen. In all experiments the
third passage of rethawed cells was used. 293T cells (kindly
provided by Dr J. Kleinschmidt, DKFZ, Heidelberg, Germany)
were used as a negative control in Western blotting. Their
propagation was the same as in previous experiments (8).

Plasmids. Plasmids pBSC/IL-2 (30) and pBSC/GM-CSF were
used. Both plasmids were constructed and kindly provided by
Dr M. Smahel (Institute of Hematology and Blood Transfusion,
Prague). The latter plasmid was constructed using pPBKGM
(31). From this plasmid, cDNA of mouse GM-CSF was cut out
and ligated into the pBSC plasmid (Dr M. Smahel, unpublished
data). Plasmids pBSC/IL-2 and pBSC/GM-CSF were linearized
with Sacll restriction enzyme (New England Biolabs, Beverley,
MA). The resulting ends were treated with T4-DNA poly-
merase (Promega, Madison, WI) and Norl restriction enzyme
(New England Biolabs) creating one blunt and one Nofl end.
To supplement the plasmids with a gene for a selection marker,
we isolated a fragment from pBLAST42mAngio (InvivoGen,
San Diego, CA) containing the SV40 promoter, the gene for
blasticidine resistance (BsrS2) and the poly A end. First we
linearized the plasmid with BsrGI restriction enzyme (New
England Biolabs). The ends were treated with Klenow fragment
(New England Biolabs) and then with Nofl restriction enzyme
(New England Biolabs) to produce one blunt and one Notl
overlapping end. This fragment was then ligated into linearized
pBSC/IL-2 and pBSC/GM-CSF plasmids. The new constructs
were denoted pBSC/IL-2-Bsr and pBSC/GM-Bsr, respectively.
The plasmid pTR-UF2 (32) carrying gene for green fluorescent
protein (GFP) was used for monitoring the transfection effi-
ciency. Plasmids were propagated in Escherichia coli DH5-a
strain (Gibco) and purified using the Maxi Prep DNA Isolation
Qiagen kit (Qiagen, Hilden, Germany). For the experiment
with 12B1 TK-less cells, we used bicistronic plasmids pTR-
GM-CSF-IRES-TK and pTR-IL2-IRES-TK (8).

Electroporation. Before electroporation, plasmids pBSC/
GM-Bsr and pBSC/IL-2-Bsr were linearized with Kpnl
enzyme (New England Biolabs). Plasmids pTR-UF2,
pTR-GM-CSF-IRES-TK and pTR-IL-2-IRES-TK were used
in non-linearized form. Electroporation was performed using
the Gene Pulser Electroporation system (Bio-Rad, Hercules,
CA) as described previously (26). Electroporation was
carried out at room temperature exposing the cells to 280 V,
1050 uF. The cells were then transferred into tissue culture
dishes containing 4 ml of regular cultivation media. After
48 h cultivation the cells were spun down and resuspended
in the respective RPMI-1640 medium. Cells transfected with
pBSC/GM-Bsr and pBSC/IL-2-Bsr were cultivated in media
supplemented with 25 pg/ml of blasticidine, those transfected
with the HSV TK gene-carrying plasmids in media with HAT
and those transfected with pTR-UF2 in regular media. The
transfection efficiency was determined by flow cytometric
analysis of GFP expression in 12B1 cells transfected with
plasmid pTR-UF2 24 h after electroporation.
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Cell cloning. To isolate cell clones from transduced cells, fresh
cultivation medium was mixed with conditioned medium, at
a 4:1 ratio. The conditioned medium was obtained from the
culture of the particular transfected cells at its logarithmic
growth phase. Before mixing it with the fresh medium, the
conditioned medium was filtered through a 0.22 mm-Syringe-
Filter (TPP, Trasadingen, Switzerland). To isolate cell clones,
transfected cells were diluted to the final concentration of
0.3 cell/0.2 ml and distributed in 0.2 ml aliquots into a 96-well
plate (TPP). Four h after seeding, all wells were carefully
checked for the presence of cells and those containing only
one cell were marked. After about 14 day incubation the cell
suspensions from these wells were transferred into bigger
plates. Again, the cell lines derived were kept frozen in liquid
nitrogen until being used and the third passage of rethawed
cells was used.

Animal experiments. Six to 8 weeks old female Balb/c mice
were obtained from Charles Rivers, Germany. All experiments
were carried out in accordance with the Guidelines for Animal
Experimentation valid in the Czech Republic. For oncogenicity
tests and for challenge, cells were washed 3 times with PBS
and the appropriate counts of cells in 0.2 ml of PBS were
injected s.c. When applied as vaccines in immunization/chal-
lenge experiments, the cells were inactivated using y-radiation
(100 Gy) (IBL 437C irradiator-'*’Cs-irradiation source, CIS
Bio International, Gif-Sur-Yvette Cedex, France), washed
3 times in PBS, and injected in 0.2 ml of PBS intraperitoneally.
Gene-modified B210 cells, which had lost their pathogenicity
for mice, were used as live vaccines. In both cases two doses
of 3x10° cells were administered at a two-week interval, and
2 weeks later the animals were challenged with 5x10° parental
12B1 cells. Mice were monitored 3 times a week for up to
90 days. When tumours reached the size of 400 mm?, the
mice were humanely sacrificed. Mice which did not develop
a tumour and manifested symptoms of leukaemia-like disease
were sacrificed when impaired vitality, limited mobility, bris-
tled hair and/or hind-leg paresis were observed.

Generation of cell cultures from tumours or organs infiltrated
by tumour cells. Tumours or selected organs were excised
from the mice under sterile conditions. They were mechani-
cally disrupted in small volumes of complete RPMI medium
to produce cell suspensions, filtered through a cell strainer
and centrifuged. The cell pellets were resuspended in regular
media and cultivated. Third passage cultures were split into
media with or without blasticidine. Their growth activity and
cytokine production (see below) were monitored.

RT-PCR. To detect bcr-abl-expressing cells RT-PCR was
performed as described previously (12), except that the concen-
tration of RNA was determined with Nanodrop (Nanodrop
Technologies, Wilmington, DE). Spleens, livers and bone
marrows were tested.

Measurement of cytokine production. Concentrations of
cytokines in cell culture media were measured by ELISA
using the BD OptEIA™ set mouse GM-CSF or mouse IL-2
kits (BD Biosciences, San Diego, CA), following the manu-
facturer's instructions. Counts of 1x10° cells were seeded in
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Figure 1. Cytokine production by cell clones derived from 12B1 cells
transduced by plasmids carrying genes for (A) mouse IL-2 and (B) mouse
GM-CSF. The data are from 3 independent experiments.

3 ml medium in 6-cm culture dishes. After 24 h cells were
counted and spun down and the supernates were tested for
the content of the cytokines. Cell viability was determined
using the trypan blue exclusion test. The production level was
calculated according to the formula: C/N (where C is the total
amount of cytokine in culture medium and N is the final viable
cell count) and was expressed in ng/10° cells/24 h.

Western blotting. Cell lysates were prepared and Western blot-
ting with anti-c-ABL monoclonal antibody (Ab-3, Oncogene
Research Products, Boston, MA) was performed as described
previously (26). Then the membrane was washed 2 times in
PBS with 0.1% Tween and reprobed with anti-f-tubulin mono-
clonal antibody (Sigma-Aldrich, Steinheim, Germany).

Flow cytometry. Flow cytometry for monitoring GFP-expres-
sing cells was performed on the Beckman Coulter EPICS XL.
For analysis of the results WinMDI 2.8 software was used.

Statistical analysis. For analysis of survival the log-rank
test and for the analysis of tumour growth two-way ANOVA
test were used. Calculations were done using Prism software
version 5.0 (Graph-Pad Software, San Diego, CA).

Results

Isolation of genetically modified 12BI cells.Originally, we tried
to isolate gene-modified 12B1 cells similarly to that performed
in B210 cells (26). Thus, our plan was to isolate TK-less cells by
repeated passages in the presence of increasing concentrations
of BrdU, transfect them with plasmids carrying genes for the
respective cytokines and HSV TK and select the transduced
cells in HAT media. These early experiments confronted us
with two unexpected outcomes. First, when compared with
the isolation of B210 TK-less cells, which involved many
passages requiring more than 6 months, the isolation of 12B1
TK-less cells, i.e. cells growing well in the presence of 100 ug
BrdU, was easily achieved in a few weeks. Second, when
these cells were transfected with plasmids carrying the HSV
TK gene, cells growing in HAT media were selected readily;
however, cells growing well in the same media also appeared
in cultures of mock-transfected cells. Apparently, revertants
to the TK* phenotype were present in the populations of the
putative TK-less 12B1 cells. Both observations, i.e. easy isola-
tion of TK-less cells and their rapid reversion, demonstrated a
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Figure 2. Stability of expression of the respective cytokines in the course of passages in vitro either in the presence or absence of blasticidine. Clones (A) 12B1/

GM-CSF/cl-1, (B) 12B1/GM-CSF/cl-5 and (C) 12B1/IL-2/cl-15 were tested.

genetic instability of the 12B1 cells and suggested that another
approach had to be used for the isolation of the gene-modified
cells.

For this purpose we constructed plasmids carrying either
the IL-2 or the GM-CSF gene and the blasticidine resistance
gene, as described in Materials and methods. Cells were
transfected by electroporation; the efficiency was determined
by flow cytometry measuring GFP-positive 12B1 cells after
transfection with the pTR-UF2 plasmid. In repeated tests, 12
to 18% of live cells were GFP+. A total of 24 clones and a
total of 12 clones were isolated from the populations of the
IL-2-transfected and GM-CSF-transfected cells, respectively,
growing in blasticidine containing selective media. Seven
clones of pBSC/IL-2-Bsr-transfected cells and 8 clones of
pBSC/GM-Bsr-transfected cells were tested for the production
of the respective cytokines. The production was expressed in
ng/10° cells/24 h. As indicated in Fig. 1, all of the GM-CSF-
transfected clones produced the cytokine but only 5 out of 7
IL-2-transfected clones were positive. Furthermore, individual
clones markedly differed in the magnitude of production.

For subsequent experiments we selected clone no. 15 for
IL-2-secreting cells, designated 12B1/IL-2/cl-15, and clones
no. 5 and no. 1 for the GM-CSF-secreting cells, designated
12B1/GM-CSF/cl-5 and 12B1/GM-CSF/cl-1. Before their
inoculation into animals, we determined the stability of the
cytokine production in vitro by passaging these cells in the
presence or absence of blasticidine. The results are summarized
in Fig. 2. It is evident that the extent of production remained
unaltered in both the selective and non-selective media, this
proving the in vitro genetic stability of the transduced cell
lines and also the lack of influence of the product of the blasti-
cidine resistance gene on the growth of the transduced cells in
the non-selective medium.

Western blotting. The results of Western blotting are shown in
Fig. 3. They indicate that there were no marked differences in
the expression of ber-abl protein among the cell lines tested.

Pathogenicity of transduced cells. Groups of mice were
inoculated s.c. with 10°-10° of the gene-modified cells. Mice
inoculated with 10° and 10* of the parental 12B1 cells served
as controls. The results are summarized in Fig. 4. All mice
inoculated with 10% 12B1/IL-2/cl-15 cells died before day 45.
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Figure 3. Production of ber-abl protein by 12B1 cells and their gene-modified
cell lines, as determined by Western blot analysis. Protein lysates were
separated in 7% gel, transferred onto PVDF membrane and treated with
anti-c-ABL monoclonal antibody to detect p210°™** protein (A). The same
membrane was reprobed with anti--tubulin monoclonal antibody (B). B210
cells served as a positive and 293T cells as a negative control.

It may be of interest that all animals in this group developed
small subcutaneous tumours, which regressed by day 25
and later on all of them died of leukaemia. Their death was
markedly delayed when compared with mice, which had
been inoculated with parental 12B1 cells in doses 100 and
1000 times lower. Without exception animals inoculated with
the parental cells developed rapidly growing subcutaneous
tumours. Mice inoculated with 10° 12B1/IL-2/cl-15 cells also
developed small subcutaneous tumours, which regressed by
day 21. One mouse developed a big tumour later on and the
other two mice survived. All animals inoculated with the 10*
and 10° TL-2-secreting cells remained healthy throughout the
observation period, this indicating that the secretion of IL-2
was associated with attenuation of the cells. The surviving
animals were challenged on day 79 with 10° 12B1 cells, i.e.
with approximately 300 TIDy,, given s.c. Four of 7 mice
inoculated survived this indicating that the inoculation of a
rather small amount of 12B1/IL-2/cl-15 cells was capable of
eliciting protection against challenge with a high dose of the
parental cells in the majority of animals. After additional
75 days, the survivors were rechallenged with the same dose of
12B1 cells. Three of 4 mice remained healthy and were free of
ber-abl-positive cells in their bone marrow, liver and spleen, as
demonstrated by RT-PCR (results not shown). Similar results
were obtained in the repeated experiment, in which 9 out of
10 surviving animals remained healthy after challenge given
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Figure 4. Pathogenicity of 12B1-derived cell lines designated 12B1/IL-2/cl-15 and 12B1/GM-CSF/cl-5 and parental 12B1 cells. Mice were inoculated s.c. with:

(A) 10°, (B) 10%, (C) 10* and (D) 10° cells.

on day 75. On the other hand, all animals inoculated with
12B1/GM-CSF/cl-5 cells developed tumours similar to
those induced by the control parental 12B1 cells. In addi-
tion, these animals had bristled hair and showed a loss of
weight, and their autopsy revealed extensive organ damage

never seen in mice inoculated with the parental 12B1 cells
(33). Similar results were obtained in repeated experiments.
The induction of tumours by the gene-modified cells
provided us with a possibility to test the genetic stability of
the cells under investigation in vivo. Several tumours that

Table I. Cytokine production of the cell suspensions derived from mice inoculated with 12B1/IL-2/cl-15 and with 12B1/GM-CSF/

cl-5 cells.
Cells inoculated Mouse no. Day of autopsy Source of cells Passage Production of cytokine®
12B1/IL-2/cl-15 1 38 Tumour 3 0.6
2+3 BI° 40
2 44 Spleen 3 0.7
2+4 BI 50
Liver 2 05
2+4 BI 20
Blood 2 2.7
2+4 BI 18
3 49 Tumour 4 0
2+6 BI 25
12B1/GM-CSF/cl-5 4 19 Tumour 3 127
2+4 BI 115
5 23 Tumour 3 120
2+4 Bl 111

“Production of cytokine is expressed in ng/10° cells/24 h; **BI” indicates passages carried out in the presence of blasticidine.
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Figure 5. Pathogenicity of 12B1-derived cell lines differing in the produc-
tion of GM-CSF; 12B1/GM-CSF/cl-5: 110 ng/10° cells/24 h; 12B1/GM-CSF/
cl-11: 50 ng /10° cels/24 h; 12B1/GM-CSF/cl-1: 3 ng/10°cells/24 h. Mice were
inoculated s.c. with (A) 10° and (B) 10° cells.

had developed in mice after the administration of the gene-
modified cells were surgically removed, and cell suspensions
were mechanically prepared. In one animal inoculated with
12B1/IL-2/cl-15 cells, which did not develop a solid tumour
but leukaemia, cell cultures were prepared from its liver,
spleen and blood. Cells were cultivated in parallel in media
either containing or not-containing blasticidine. The data
shown in Table I demonstrate marked differences between
the cells derived from the 12B1/IL-2/cl-15 and the 12B1/
GM-CSF/cl-5 inoculated mice. Initially, 12B1/IL-2/cl-15
derived cells grew poorly in the presence of blasticidine
and produced low amounts of IL-2 both in the presence and
absence of the antibiotic. However, after a few passages in its
presence, blasticidine-resistant cells were readily selected and
they proved to be efficient producers of the cytokine. These
findings demonstrate the instability of 12B1/IL-2/cl-15 cells
in vivo. Clearly, the cell populations of the tumour cells and
the populations of cells infiltrating various organs were not
homogeneous, being composed of a great majority of cells in
which the two transgenes were not expressed, either owing
to their loss or silencing, and a minority of transduced cells.
The results obtained with cells derived from 12B1/GM-CSF/
cl-5 induced tumours were dramatically different. From the
very beginning, the cells grew very well in the presence of
blasticidine and already the first passage cells secreted high
amounts of GM-CSF, comparable with its production by the
cells inoculated.

To examine the relationship between GM-CSF production
and cell pathogenicity, we tested, in parallel, three GM-CSF-
secreting cell clones markedly differing in the production of
the cytokine. In addition to 12B1/GM-CSF/cl-5, producing
110 ng GM-CSF/10° cells/24 h, clones denoted 12B1/GM-CSF/
cl-11 producing 50 ng/10° cells/24 h and 12B1/GM-CSF/cl-1
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Figure 6. Survival of and cytokine production by irradiated (100 Gy) 12B1/
IL-2/cl-15 cells. The total of 3x10° of irradiated cells was placed in cultiva-
tion media. At 24 h intervals the cell suspension was spun down, (A) the
viability of the cells and (B) the cytokine contents in the supernates were
determined and the cells were resuspended in fresh media. The data originate
from 3 independent experiments.

producing only 3 ng/10° cells/24 h of the cytokine, were tested.
The results are shown in Fig. 5. While at a dose of 10° cells
all animals except those inoculated with the lowest cytokine
producer, i.e. 12B1/GM-CSF/cl-1 cells, died of leukaemia
before their tumour reached the critical size justifying eutha-
nasia, a more pronounced difference became apparent after the
administration of 10* cells. The most efficient producer of the
cytokine, 12B1/GM-CSF/cl-5 cells, was the most pathogenic,
causing death of the animals more rapidly than the parental
12B1 cells or clones producing lesser amounts of the cytokine.
Clearly 12B1/GM-CSF/cl-1 cells, with the lowest production
of GM-CSF, were the least pathogenic. These observations
suggested a relationship between GM-CSF production and
pathogenicity. It may be of interest that mice, which survived
both the high and the low cell dose administered, were free of
ber-abl-expressing cells, as determined by RT-PCR, at the end
of the observation period (data not shown).

Efficacy of irradiated gene-modified cells in immunization/
challenge experiments. Next, the efficacy of irradiated gene-
modified 12B1 cells as tumour vaccines was investigated.
Since we realized that the vaccine efficacy would depend on
the ability of the irradiated cells to secrete the cytokine, before
using them as vaccines we tested the viability of the irradi-
ated cells by the trypan blue exclusion test and their capability
of secreting the respective cytokine. As shown in Fig. 6, the
irradiated 12B1/IL-2/cl-15 cells were dead within 48 h. After
an initial increase, the cytokine production rapidly dropped in
parallel with their dying and virtually stopped after 48 h. The
same phenomenon was observed in all cell lines tested irre-
spective of whether they secreted IL-2 or GM-CSF. Irradiated
12B1/GM-CSF/cl-5 cells, 12B1/IL-2/cl-15 cells and the parental
12B1 cells (3x10%mouse) were injected intraperitoneally twice
at a 2-week interval and challenged as described in Materials
and methods. As shown in Fig. 7A, all animals vaccinated
with irradiated 12B1/GM-CSF/cl-5 cells remained tumour-free
throughout the observation period, whereas 2 out of 6 mice
vaccinated with irradiated 12B1/IL-2/cl-15 developed tumours
before day 24 after challenge. Vaccination with irradiated
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Figure 7. Immunogenicity of irradiated 12B1/GM-CSF/cl-5, 12B1/IL-2/cl-15
and parental 12B1 cells. Mice were immunized i.p. with two doses of 3x10°
cells in 2-week interval. Two weeks after the second dose the animals were
challenged s.c. with 5x10° parental 12B1 cells and monitored for (A) survival
and (B) tumour growth. Graph (B) represents mean tumour size + SEM.
Statistics: Survival: 12B1/GM-CSF/cl-5 vs. 12B1 or PBS p< 0.01; 12B1/IL-2/
cl-15 vs. PBS p < 0.01; 12B1 vs. PBS p< 0.02, the other differences are NS.
Tumour growth: The growth trends of all the groups are mutually different with
high significance (p<0.001). The experiment was repeated with similar results.

parental cells was even less effective: 4 out of 5 mice developed
tumours before day 40. As indicated in Fig. 7B, the tumours in
immunized mice grew more slowly than in the non-immunized
animals. Surviving animals were rechallenged on day 78 with
5x10% of parental 12B1 cells. All 6 mice vaccinated with
12B1/GM-CSF/cl-5 cells remained healthy for the subsequent
60 days. Bone marrows, livers and spleens from these animals
were checked for the presence of ber-abl-expressing cells by
RT-PCR, with negative results (data not shown). Similar effects
of vaccination were observed in a repeated test. In this experi-
ment 12B1/GM-CSF/cl-1-based vaccine was also used. This
vaccine was less potent in inducing protective immunity than
the vaccine prepared from the high-producer cells but more
potent than those prepared from the parental cells or 12B1/
IL-2/cl-15 cells (data not shown).

Since also B210 cells secreting IL-2 and GM-CSF were
available, it was of interest to compare the immunogenicity
of these cells with their 12B1-derived counterparts. As these
cells had completely lost their pathogenicity for mice (26),
they were administered in the form of live vaccines, using the
same immunization schedule as in the case of gene-engineered
12B1 cells. As challenge, parental 12B1 cells were used. The
results are shown in Fig. 8. In general, the immunization effect
of B210-based vaccines was less potent than in the case of
vaccines based on the homologous, gene-engineered 12B1
cells. However, it was clear again that the GM-CSF-secreting
cells were a more potent immunogen that the IL-2-secreting
cells. The latter cells failed to induce any protection. Similar
results were obtained in a repeated test.
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Figure 8. Immunogenicity of live B210/2/GM-CSF/cl-1, B210/2/IL-2/cl-21
and parental B210/2 cells. Mice were immunized in 2-week interval with
3x10° cells i.p.. Two weeks after the second immunization animals were
challenged s.c. with 5x10° parental 12B1 cells and monitored for (A) survival
and (B) tumour growth. Graph (B) represents mean tumour size + SEM.
Statistics: Survival: B210/2/GM-CSF/cl-1 vs. B210/2/IL-2/cl-21 p<0.05; the
other differences were NS. Tumour growth: B210/2/GM-CSF/cl-1 vs. B210/2
or B210/2/IL-2/cl-21 p<0.001, B210/2/GM-CSF/cl-1 vs. PBS p<0.01, the
other differences are NS. The experiment was repeated with similar results.

Discussion

One of the main present trends in the immunotherapy of cancer
is based on the assumption that gene-engineered tumour cells
secreting immunostimulatory cytokines might be effective
in the therapy of cancer. In the recent past, employing the
ber-abl-transformed B210 TK-less cells and HSV TK as the
selection gene, we derived several gene-modified cell lines
producing IL-2, IL-12 or GM-CSF. Invariably, these cells
had lost their pathogenicity for mice (26). Possibly even more
important were some additional observations which indicated
that (i) the administration of these cells resulted in a postpone-
ment of tumour formation in mice which had been inoculated
with the highly aggressive sister mouse cell line, 12B1, and (ii)
the administration of these cells prevented tumour develop-
ment in a substantial proportion of 12Bl-inoculated animals,
if combined with cyclophosphamide plus imatinib mesylate
and/or interferon a given in doses which per se were incapable
of suppressing tumour development (13). In this respect, the
IL-2-secreting cells were the most effective. Although both
B210 and 12B1 produce comparable amounts of the p210bera!
protein, they differ in a number of other characteristics (28,29;
Krmencikovd et al, unpublished). Therefore, it was of interest
to examine the properties of similarly gene-engineered 12B1
cells. In the present study we report on the properties of 12B1
cells transduced to secrete IL-2 and GM-CSF. Clearly, these
cell lines differed considerably from similarly transduced
B210 cells. First, another system had to be employed for
their derivation. Since the 12B1 TK-less cells proved to be
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genetically unstable, and thus not suitable for the isolation of
the transduced cells, plasmids with the HSV TK gene were
replaced with plasmids carrying the blasticidine resistance
gene for the selection of transduced cells. Second, the trans-
duced cells had not lost their pathogenicity for mice. Still, the
12B1-1L-2-secreting cells were clearly less oncogenic than
the parental cells. In a significant proportion of animals the
small subcutaneous tumours which had developed, regressed
spontaneously and these animals became resistant to chal-
lenge with the parental 12B1 cells. Third, the analysis of the
tumour cell populations demonstrated a genetic instability of
the 12B1-IL-2 cells in vivo, this contrasting with the previously
detected genetic stability of the transduced cells in the course
of multiple tissue culture passages. In an in vitro analysis of
the tumour cell populations, the in vivo instability manifested
itself both by a decreased production of the cytokine and
increased sensitivity to blasticidine. However, cultivation of
these cells in the presence of blasticidine resulted in a rapid
selection of the transduced IL-2 producing cells from the
tumour cell population. These observations suggested that the
cells in which the transgenes had either been lost or silenced
had a selective advantage for in vivo growth over those
preserving the transduced phenotype. Fourth, the behaviour
of the GM-CSF-expressing sublines was very different. These
results suggested that, at variance with IL-2-secreting cells,
the GM-CSF-secreting cells had a selective advantage in vivo.
Their capability of forming subcutaneous tumours was not
diminished, and, in addition, the disease induced by these cells
was clearly more severe than that induced by the parental cells.
Data were obtained suggesting that this extra-pathogenicity
depended on the amount of the GM-CSF produced. Subsequent
experiments indicated that the growth of the 12B1/GM-CSF/
cl-5 cells in vivo was associated with extensive damage to
several organs. These pathological findings are described and
discussed separately (33).

Finally, in the present series of experiments, we tested the
ability of these cells, used in the form of irradiated vaccines,
to induce immunity against challenge with the parental cells.
While in some other systems the secretion of the cytokines
monitored was not compromised by lethal irradiation (34,35)
and was reported to continue for up to 5 (31) or even 12 days
(36), we observed a quick shut-off of their production in our
system. In spite of the apparently short-time secretion in vivo,
vaccines based on our gene-engineered cells were clearly
more immunogenic than the parental cells. The GM-CSF
secreting vaccine proved to be a more potent immunogen than
the IL-2 secreting vaccine, which was in agreement with the
evidence obtained in other systems in the past (15). Again,
there was a relationship between the amount of GM-CSF
produced and the immunization effect: the vaccine based
on the low-producer 12B1/GM-CSF/cl-1 cells was somewhat
less effective than that based on the high producer 12B1/
GM-CSF/cl-5 cells, this underscoring the key role of the
cytokine in eliciting the anti-tumour immunity. These data
clearly indicated that the high-producer cells, absolutely
unsuitable for use as live vaccines, are preferable for the
development of inactivated vaccines. In this respect it was of
interest to test the efficacy of the similarly engineered B210
cells which, because of complete loss of pathogenicity, could
be employed as live attenuated vaccines. In the present study
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we used them for immunization against the heterologous 12B1
cells. Although one could conjecture that the live vaccines
would be more immunogenic than the inactivated ones, the
opposite was true, this most likely expressing the difference
in the antigenic make-up of B210 and 12Bl1 cells, but also the
lower production of the cytokines, though it was in the case
of GM-CSF still above the critical level (37). The protection
induced by the B210-GM-CSF-secreting cells was incom-
plete and none was detected when IL-2-secreting cells were
used for immunization. This finding was in contrast with the
results obtained when using the same cell lines as therapeutic
vaccines. In those experiments, in which the same lines of
transduced cells were employed, IL-2-secreting cells acted as
a more potent immunogen than the GM-CSF secreting tumour
cells (13). Those data may indicate that the quite common
trend to gene-engineered therapeutic cancer vaccines to secrete
GM-CSF does not need to have general validity. They suggest
that the preferences for optimal cytokine treatment may differ
owing to a variety factors related to the magnitude of the
cytokine secretion, specificities of the various tumour systems
but also whether live or non-viable cell vaccines are employed.
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Abstract. Granulocyte-macrophage colony stimulating factor
(GM-CSF) is considered to be the most effective immuno-
stimulating factor for the construction of gene-engineered
anti-cancer vaccines. In some tumour cells, this type of genetic
modification has resulted in the loss of the oncogenic potential.
This was not the case with ber-abl-transformed mouse 12B1
cells. A cell line, designated 12B1/GM-CSF/cl-5 producing
more than 100 ng/10° cells/24 h, displayed higher pathogenicity
than the parental, non-transduced cells. Although the tumours
induced by the parental 12B1 cells and 12B1/GM-CSF/
cl-5 cells appeared nearly at the same time and then grew at
an approximately equal rate, the latter mice were in a much
poorer clinical condition. In these animals the growth of the
tumours was associated with gradually increasing blood levels
of GM-CSF. In both groups of animals splenomegaly was
observed; it was much more pronounced in the case of 12B1/
GM-CSF/cl-5-inoculated animals. While in the case of animals
inoculated with the parental cells the splenomegaly was prob-
ably mainly due to infiltration with tumour cells, in the animals
inoculated with the GM-CSF-secreting cells splenomegaly and
derangement of parenchymal organs, such as lungs, liver and
kidneys, were more complex, including congestion and infiltra-
tion with hemopoietic cells, predominantly immature cells of
myeloid lineage. The most conspicuous of these changes was
the hyperaemia of the lungs. No such alterations were seen
in animals inoculated with the parental cells. On the other
hand, the contents of T regulatory cells were comparable in
both groups and they increased in parallel at the end of the
observation period. When GM-CSF neutralizing antibody was
administered to animals inoculated with the 12B1/GM-CSF/
cl-5 cells, the pathological changes observed within the organs
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were suppressed, this proving that the overproduced GM-CSF
and not any other substance, played the key role in their induc-
tion.

Introduction

The granulocyte-macrophage colony stimulating factor
(GM-CSF) is a cytokine with pleiotropic effects on the immune
system, capable of eliciting well co-ordinated cellular and
humoral immune responses. It plays roles both in the priming
and effector phases of the immune response. Since the demon-
stration that among tumour cells genetically engineered to
express different cytokines those secreting GM-CSF are the
most immunogenic (1,2), tumour cell vaccines secreting this
cytokine have run into the focus of interest. During the latest
decade, inactivated GM-CSF secreting cancer vaccines have
been used in numerous preclinical and clinical studies (reviewed
in refs. 2-5).

However, several reports have suggested that GM-CSF is a
dual-role player: it may either augment the anti-cancer response
or suppress it. This apparently depends on the magnitude of
its production. Convincing evidence has been obtained that
the levels of GM-CSF exceeding a certain upper limit recruit
myeloid-derived suppressor cells (MDSC) that facilitate
tumour progression by suppressing both innate and adaptive
immune reactions (reviewed in refs. 6-8) and by displaying
proangiogenic activity (9). Furthermore, GM-CSF induces
the expression of milk fat globule EGF-8 (MFG-ES8), which
suppresses anti-tumour immune reactions through a variety
of mechanisms including the expansion of T regulatory cells
(Tregs) (10,11), and which has recently also been shown to
promote the oncogenic potential of at least some cancer cells
by stimulating their proliferation (12). Also some other studies
have demonstrated that high GM-CSF production may have
harmful consequences. It has been reported that an overexpres-
sion of GM-CSF in the lungs of rats resulted in pulmonary
fibrosis (13). Transgenic mice with constitutive overproduction
of GM-CSF exhibited damage to several organs, including
eye, skeletal muscles and lungs, in which alveolar proteinosis
and accumulation of lymphocytes in the peribronchial area
were observed (14). In a more recent study with transgenic
animals, the GM-CSF gene equipped with the promoter and
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flanking sequences of the human CRP gene was used (15).
Hepatosplenomegaly with increased extramedullar haemato-
poiesis and high numbers of activated monocytes in the blood of
the animals was observed; however, no changes in the lungs or
kidneys were reported. The subsequent administration of LPS
resulted in an extreme increase of circulating GM-CSF levels
and rapid death of the animals owing to an endotoxic shock.
Similar was the outcome of an experiment in which animals
were injected intravenously with a high dose of recombinant
adenovirus encoding murine GM-CSF (16). Adenoviruses are
known to infect hepatocytes after intravenous inoculation.
The inoculation of the recombinant adenovirus resulted in a
transitory appearance of GM-CSF blood levels, hepatospleno-
megaly and a massive accumulation of mononuclear cells in
the liver. The administration of LPS on day 7 was followed
by severe liver damage characterized by massive haemorrhagic
injury and extensive apoptosis of hepatocytes associated with
a marked increase of alanine aminotransferase (ALT). The
authors concluded that the augmented susceptibility to LPS
was a consequence of the accumulation of mononuclear cells in
the liver. All animals died within 24 h after its administration.
Damage to other organs was not reported.

Recently, we reported on some properties of the mouse
ber-abl-transformed, GM-CSF-secreting 12B1 cells (17). These
cells not only retained their oncogenic potential, but also were
apparently more pathogenic than the parental cells. Autopsy
revealed alterations of a variety of organs. In the present
report we describe the pathological changes induced by the
12B1/GM-CSF-secreting cells in individual organs and their
development.

Materials and methods

Cell lines and media. 12B1 is a murine leukaemia cell line
derived by the transformation of Balb/c bone marrow cells
with a retrovirus-derived vector carrying the human bcr-abl
(b3a2) fusion gene; the 12B1 cells are of early B cell lineage
(18). They were kindly provided to us by E. Katsanis (University
of Arizona, Tuscon, AZ). In vitro and in vivo properties of the
12B1 cells were described in more detail elsewhere (19,20).
More recent data indicate that they differ from the other ber-abl-
transformed mouse cell lines in a number of other properties
(Krmencikova et al, unpublished). They express CD19 but are
considerably bigger than the mature B-lymphocytes and have
large segmented nuclei. These properties were utilized for
identification of the tumour cells in the splenocyte population
(see below). When administered intravenously, they induce
acute leukaemia-like disease, with 1 TIDj, corresponding to
approximately 107 cells. After subcutaneous inoculation, 12B1
cells induce solid tumours, with 1 TIDs, corresponding to
approximately 1024 cells. Cells were cultivated in RPMI-1640
medium (Sigma-Aldrich Corp., St. Louis, MO) supplemented
with 10% heat-inactivated FCS (PAA Laboratories, Linz,
Austria), 4 mM glutamine, 1 mM sodium pyruvate, 50 M
2-mercaptoethanol, penicillin (100 U/ml) and streptomycin
(100 pug/ml) at 37°C in 5% CO, atmosphere. 12B1/GM-CSF/
cl-5 cells producing about 110 ng of GM-CSF/10° cells /24 h,
were isolated after electroporation with a plasmid carrying
the genes for mouse GM-CSF and blasticidine resistance, as
described (17). They were grown in medium supplemented
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with blasticidine (25 pg/ml) (InvivoGen, San Diego, CA). In all
experiments the third passage derived from a large frozen stock
was used. For animal experiments, the cells were washed three
times with PBS and the appropriate counts of cells in 0.2 ml of
PBS were injected subcutaneously.

Animal experiments. Six to eight-weeks old female Balb/c mice
were obtained from Charles Rivers, Germany. All experiments
were carried out in accordance with the Guidelines for Animal
Experimentation valid in the Czech Republic. The 12B1 and
12B1/GM-CSF/cl-5 cells were washed three times with PBS and,
if not indicated otherwise, counts of 5x10° in 0.2 ml volumes of
PBS were injected subcutaneously. The mice were monitored for
symptoms of the disease and were sacrificed humanely. Blood
samples were collected for determining the GM-CSF levels in
the sera. At autopsy, several organs were taken for histopatho-
logical and immunohistochemical investigation. Mice were
followed for up to 18 days.

To neutralize GM-CSF in inoculated mice, a monoclonal
anti-mouse GM-CSF antibody (MP122E9, 0.5 mg/ml, R&D
Systems, Minneapolis, MN, USA) was used. Mice inoculated
subcutaneously with 5x10° 12B1/GM-CSF/cl-5 cells were
divided into two groups, each group containing 3 animals. One
group was treated with anti-GM-CSF antibody, while the other
one remained untreated. Each animal in the first group received
100 pg of anti-GM-CSF antibody on day 0 (i.e. simultaneously
with cell administration) and 200 ug on day 5. A third group of
animal received only the antibody and no cells. The antibody
was administered intraperitoneally. This experiment was termi-
nated on day 14.

Histology. Organs for histopathological investigation were fixed
in 10% buffered formalin (in PBS). Paraffin-embedded samples
were sliced using a microtome (Leova), to 3 to 5 #m thick slices.
After paraffin wash out, they were stained with hematoxylin
and eosin (H&E) (Dako, Denmark). The preparations derived
from the kidneys were also stained with trichrome (Mallory
Trichrome kit, Bamed, Czech Republic).

Immunohistochemistry. Sections of deparaffinised samples
were incubated with rabbit anti-human ABLI1 polyclonal anti-
body (pTyr272) (LifeSpan, Biosciences, Spain) diluted (1:50)
for 1 h. This antibody reacts with human but not with murine
abl protein. Samples were washed with PBS, incubated with
histidine (EXBIO, Czech Republic) for 30 min and subsequently
treated with the Universal Immuno-Enzyme Polymer reagent
Histofine (Nichrei Biosciences, Tokyo, Japan) following the
manufacturer's instructions. DAB+ substrate chromogen (Dako)
was used for visualization. Finally, cells were stained with
hematoxylin-eosin (Dako).

Generation of cell cultures from tumours and organs infiltrated
by tumour cells. Tumours and selected organs were removed
from the mice under sterile conditions. They were mechani-
cally disrupted in small volumes of complete RPMI medium
to produce cell suspensions, which were filtered through a cell
strainer and centrifuged. The cell pellets were resuspended and
cultivated in regular media. Third passage of cell cultures was
split into media with and without blasticidine. Growth activity
and cytokine production were monitored.
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Measurement of cytokine production in sera and cell cultures.
Sera from the inoculated animals were stored at -20°C until
investigation. Counts of 1x10° cells from cell cultures were
seeded in 3 ml medium. After 24 h they were spun down. The
supernates were stored at- 20°C until investigation. The concen-
tration of GM-CSF in sera and media was determined by ELISA
kit (BD OptEIA™ Set Mouse GM-CSF, BD Biosciences, San
Diego, CA) according to the manufacturer's instructions.

Flow cytometry. Single-cell suspensions of splenocytes were
prepared by mechanical disruption in a small volume of RPMI
and filtration through a cell strainer. Red blood cells were
removed by 5-min treatment with ACK lysing buffer (0.15 M
NH,CI, 10 mM KHCO;, 0.1 mM EDTA) at room temperature.
The cells were spun down and washed with RPMI + 2% FCS.
Then 1x10° cells were incubated with 0.125 pg of rat anti-mouse-
CD16/32 (BD Pharmingen, San Diego, CA) to block the Fc
receptor and washed with FACS buffer (PBS, 2% FCS, 0.09%
sodium azid). For cell phenotype characterization, the following
antibodies were used: FITC-Gr-1 (eBioscience, San Diego, CA),
PE-CD11b (BD Pharmingen), FITC-CD4 (BD Pharmingen),
PE-Cy5-CD25, PE-CD19 (US Biologicals, Swampscott, MA)
and PE-FoxP3 (eBioscience). The cells were incubated with
cell-surface reacting antibodies for 30 min on ice in the dark.
Then the cells were washed, fixed and permeabilized with
BD Cytofix/Cytoperm Fixation/Permeabilization kit (BD
Biosciences) according to the manufacturer's instructions. For
the determination of Treg cells, the permeabilized cells, already
labelled with CD4 and CD25 antibodies, were incubated 30 min
with the PE-FoxP3 antibody. Flow cytometry was performed
using Beckman Coulter EPICS XL. For analysis of the results
FlowJo 7.6 software was used.

Results

Pathological changes in mice inoculated with 12B1/GM-CSF/
cl-5 cells. Mice inoculated subcutaneously with the 12B1/
GM-CSF/cl-5 cells and the parental 12B1 cells were followed
for the development of tumours and pathological changes in
various organs. Two mice from the 12B1/GM-CSF/cl-5-inocu-
lated group and two mice from the 12B1-inoculated group were
sacrificed at 2-day and 4-day intervals, respectively. In general,
starting with day 6, mice which had received the 12B1/GM-CSF/
cl-5 cells were in much poorer state than the 12B1-inoculated
mice. They had bristled hair and exhibited weight loss. In these
animals, macroscopic pathological changes were apparent at
autopsy already on day 8. i.e. 4 days prior to the appearance of
tumours. Among these, splenomegaly (Fig. 1A-c) and extensive
foci of congestion of lungs (Fig. 1B-c) dominated. Such changes
in lungs were not seen in animals inoculated with the parental
12B1 cells (Fig. 1B-b).

Tumour formation. Tumours were palpable from day 10 to 12
after cell inoculation in both groups and tumour growth did not
significantly differ between mice inoculated with the parental
12B1 and the 12B1/GM-CSF/cl-5 cells (Fig. 2). Histologically,
tumours in both groups were characterized by poorly differen-
tiated cells with frequent mitoses. At the end of the observation
period, a difference was encountered. While tumours induced
by the 12B1/GM-CSF/cl-5 cells remained vital, extensive foci
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Figure 1. Spleens and lungs of mice inoculated with 12B1 and 12B1/GM-CSF/
cl-5 cells: differences in size and appearance. (A) Spleen (a) healthy mouse, (b)
mouse inoculated with parental 12B1 cells, (c) mouse inoculated with 12B1/
GM-CSF/cl-5 cells. (B) Lung (a) healthy control mouse, (b) mouse inoculated

with parental 12B1 cells, (c) mouse inoculated with 12B1/GM-CSF/cl-5 cells.
Focuses of congestion are apparent (arrows). Day 18.
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Figure 2. Tumour growth in mice inoculated with 12B1 and 12B1/GM/cl-5
cells. Mice were inoculated subcutaneously with 5x10° cells. Tumour growth
was monitored at two-day intervals. All animals eventually developed tumours.

of necrosis were seen in tumours induced by the parental cells
(results not shown).

Serum levels of GM-CSF and its production by tumour-
derived cell cultures. The production of GM-CSF in sera of the
inoculated animals was measured by ELISA. Throughout the
observation period, GM-CSF was undetectable in sera of mice
inoculated with parental 12B1 cells and in control healthy mice.
In mice inoculated with 12B1/GM-CSF/cl-5 cells, the level of
GM-CSF in serum started to increase on day 8 and reached its
peak, i.e. 280 ng/ml, on day 16 (Fig. 3). Spleens and tumours of
mice from this group of animals were taken on days 16 and 18.
Their portions were mechanically homogenized and the cells
were cultivated in vitro in complete RPMI medium either with
or without blasticidine. The cells grew very well in both media.
After three passages, we collected the media and tested them
in ELISA for the contents of GM-CSF. Cells derived from the
spleens produced 83+12 ng/10° cells/24 h and cells derived from
tumours produced 92+16 ng/10° cells/24 h, indicating that the
ability of the cells to secrete the cytokine remained essentially
unchanged in the course of their growth in vivo.

Changes in spleens and composition of splenocyte populations.
In both groups of inoculated animals marked splenomegaly was
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Figure 3. GM-CSF levels in sera of mice inoculated with 12B1/GM-CSF/cl-5
cells as determined by ELISA. Sera from two animals sacrificed on the days
indicated were pooled. GM-CSF levels were undetectable in sera from healthy
mice or mice inoculated with parental 12B1 cells.

observed from day 8. The presence of GM-CSF in the blood of
mice that had received the 12B1/GM-CSF/cl-5 cells correlated
with their spleen enlargement. By the end of the observation
period, the size of the spleens showed a nearly 20-fold increase
over the spleens of healthy animals and it also considerably
surpassed the size of spleens of animals inoculated with the
parental 12B1 cells. Spleens from the latter animals showed
approximately only a 6-fold increase over spleen size of healthy
animals.

Results of the analysis of the splenocyte populations
are shown in Figs. 4 and 5. As indicated in Fig. 4A and B in
mice inoculated with GM-CSF producing cells there was a
gradual increase of CD11b* cells. From day 6, the population
of Gr1*CD11b" started to expand. Between day 2 and 18 their
content increased from 2 to 21% and of Gr1'CD11b* cells from
2 to 34% of spleen cells. In the case of spleen cells from mice
inoculated with parental 12B1, only a mild increase of cells
with these markers was observed on day 16 and 18, respec-
tively. By the end of the observation period the Gr1*CD11b*
cells represented only 3.9% of spleen cells and the population
of Gr1"CD11b* cells increased to 5.4%. On the other hand, there
was little difference between the two groups of animals in the
percentage of CD4*CD25"FoxP3* regulatory cells (Treg) within
the CD4* population. Until day 16 similarly low percentages of
Tregs were detected in both groups and their relative count did
not differ from Treg counts in healthy animals. Only on day
18, i.e. at the end of the observation period, there was a marked
but similar increase in Tregs in both parental 12Bl1-inoculated
and 12B1/GM-CSF/cl-5-inoculated animals (Fig. 4C). To get
basic information on the rate of infiltration of the spleens by the
tumour cells, at the end of the observation period the spleno-
cytes were also tested for their presence. The results are shown
in Fig. 5. They suggest that the spleens of the two groups of
animals were infiltrated with tumour cells to a different degree.
On day 18 tumour cells represented 40% of the cells isolated
from the spleens of mice inoculated with the parental cells but
only 5% of cells isolated from the spleens of mice inoculated
with 12B1/GM-CSF/cl-5 cells. To further confirm these data
the spleens were investigated immunohistochemically making
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Figure 4. Presence of CD11b* cells and Treg cells in spleens of mice inocu-
lated with 12B1 and 12B1/GM-CSF/cl-5 cells as determined by FACS. (A)
Grl*CDI11b* cells, (B) GrI'CDI11b* cells, (C) CD4*CD25*FoxP3* cells within
CD4*Tcell subset. Day 18.

use of an antibody reactive with human but not murine abl
protein. The results are shown in Fig. 6. No reactive cells were
detected in spleens of healthy animals. They were much more
frequent in mice inoculated with parental cells than in those
which received GM-CSF-producing cells.

Histological investigation of the spleens disclosed normal
white and red pulp without marked congestion in animals
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Figure 5. Presence of tumour cells in spleens from mice inoculated with 12B1 and 12B1/GM-CSF/cl-5 cells as determined by FACS at the end of the observation
period. The results are presented as density plots. B-lymphocytes are gated in quadrant 1 (Q1) and tumour cells in quadrant 2 (Q2) on the basis of side scatter and
CD19 positivity. (A) Healthy control mouse, (B) mouse inoculated with parental 12B1 cells, (C) mouse inoculated with 12B1/GM-CSF/cl-5 cells. Day 18.
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Figure 6. Immunohistochemical investigation of spleens of mice inoculated with 12B1 and 12B1/GM-CSF/cl-5 cells. For detection of tumour cells carrying human
ber-abl gene, rabbit antibody reactive with human but not with murine abl protein was employed. Histofine Universal Immuno-enzyme Polymer Reagent and DAB
substrate chromogen were used for visualization. (A) Healthy control mouse, (B) mouse inoculated with 12B1 cells, (C) reduced number of positive tumour cells

in mouse inoculated with 12B1/GM-CSF/cl-5 cells. Day 18.

inoculated with the parental 12B1 (Fig. 7A-a). On the contrary,
the spleens of 12B1/GM-CSF/cl-5-inoculated animals exhibited
marked changes in their structure. The red pulp was congested,
expanded and largely replaced the white pulp, and extramed-
ullary haematopoiesis became much more apparent. Multiple
megakaryocytes were detected (Fig. 7A-b and c).

Changes in lungs. From day 10, marked alterations were
observed in the lungs of mice inoculated with 12B1/GM-CSF/
cl-5 cells. As already mentioned, macroscopical inspec-
tion revealed focuses of congestion already at the autopsy.
Histological examination of lungs of mice inoculated with the
parental 12B1 cells did not reveal any structural changes of the
lung parenchyma (Fig. 7B-a). On the other hand, the lungs in
12B1/GM-CSF/cl-5-inoculated mice displayed morphological
alterations. Interalveolar septa were extended due to conges-
tion and infiltration with immature hematopoietic cells was
apparent. Focal collapse and pneumorrhagia were also present
(Fig. 7B-b and c).

Changes in livers. In mice inoculated with 12B1/GM-CSF/cl-5
cells, hepatomegaly accompanied with irregular hemorrhagic
foci and other changes was observed. On the other hand, the
structure of liver in animals inoculated with the parental 12B1
cells remained unaffected (Fig. 7C-a). Fig. 7C-b and c shows

the liver of an animal inoculated with 12B1/GM-CSF/cl-5 cells.
In the latter, prominent congestion and focal haemorrhage were
found. Apart from focal infiltrates of tumour cells, massive
infiltration of liver parenchyma with hematopoietic cells resem-
bling a myeloproliferative syndrome was also present. Reactive
changes of hepatocytes manifested themselves by a variability of
the size of the nuclei and binuclear hepatocytes were observed.

Changes in kidneys. Kidneys of animals inoculated with the
parental cells were free of any marked pathological changes
(Fig. 7D-a). At the autopsy, the first changes of kidneys in
animals inoculated with the 12B1/GM-CSF/cl-5 cells were
observed on day 12. They were characterized by congestion
and focal haemorrhages and progressed until the end of the
observation period. Histological examination discovered
congestion, higher cellularity of glomeruli and focal infiltrates
with haematopoietic cells, predominantly of immature myeloid
lineage (Fig. 7D-b). Proximal tubuli displayed massive depo-
sition of hyaline droplets as revealed by trichrome staining
(Fig. 7D-c).

Neutralization of GM-CSF by specific anti-GM-CSF antibody.
To prove that the pathological changes had been induced by
overexpressed GM-CSF, the GM-CSF-neutralization test was
performed as described in the Materials and methods. Lungs
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Figure 7. Histological investigation of various organs. (A) (a) Spleen of a mouse inoculated with parental 12B1 cells (H&E, 100x). (b) Spleen of a mouse inoculated
with 12B1/GM-CSF/cl-5 cells (H&E, 100x). Congestion, extensive foci of extramedullary hematopoiesis, reduction of white pulp. (c) Spleen of a mouse inoculated
with 12B1/GM-CSF/cl-5 cells (H&E, 400x). Detail of extramedullary hematopoiesis with megakaryocytes and immature myeloid cells. Day 16. (B) (a) Lung of a
mouse inoculated with parental 12B1 cells (H&E,100x). (b) Lung of a mouse inoculated with 12B1/GM-CSF/cl-5 cells (H&E, 100x). Focal collapse of parenchyma
with pneumorrhagia. (c) Lung of a mouse inoculated with 12B1/GM-CSF/cl-5 cells (H&E, 400x). Immature myeloid cells within the lung parenchyma, focal
pneumorrhagia. Day 16. (C) (a) Liver of a mouse inoculated with parental 12B1 cells (H&E, 100x). (b) Liver of a mouse inoculated with 12B1/GM-CSF/cl-5 cells
(H&E, 100x). Small focal infiltrates of tumour cells and extramedullary hematopoiesis. (c) Liver of a mouse inoculated with 12B1/GM-CSF/cl-5 cells (H&E,
400x). Extramedullary hematopoiesis within liver parenchyma, reactive changes of hepatocytes and immature myeloid cells in sinusoids. Day 16. (D) (a) Kidney
of a mouse inoculated with parental 12B1 cells. (b) Kidney of a mouse inoculated with 12B1/GM-CSF/cl-5 cells (H&E, 100x). Congestion, higher cellularity of
glomeruli. (c) Kidney of a mouse inoculated with 12B1/GM-CSF/cl-5 cells (Mallory trichrome, 400x). Numerous hyaline droplets within epithelia of proximal
tubules, focal interstitial infiltrates of immature myeloid cells. Day 12.

Figure 8. Lungs of mice inoculated with 12B1/GM-CSF/cl-5 cells: neutralization effect of antibody against mouse GM-CSF. (A) Lung of a mouse which did not
receive the cells but was inoculated with GM-CSF-neutralizing antibody. (B) Lung of a mouse inoculated with 12B1/GM-CSF/cl-5 cells. (C) Lung of a mouse
inoculated with 12B1/GM-CSF/cl-5 cells and treated with GM-CSF-neutralizing antibody. Day 16.
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of mice treated and non-treated with the GM-CSF antibody are
shown in Fig. 8. Both of these animals possessed tumours of
approximately the same size (8 mm in their longest diameter) at
the time of autopsy. It is evident that the haemorrhagic changes
characteristic for the 12B1/GM-CSF/cl-5-inoculated animals
were essentially suppressed by the administration of the anti-
body. The extent of organ injury was also markedly reduced in
spleens, livers and kidneys (data not shown). The findings were
similar in all three animals which had been antibody-treated
and in all three animals which had not been treated with the
antibody. No pathological changes were detected in animals
which had received only the antibody.

Discussion

We recently observed that, contrary to our expectation, the
mouse bcer-abl-transformed 12B1 cells gene-engineered to
secrete high amounts of GM-CSF did not lose their oncogenic
potential, but in fact were more pathogenic than the parental
cells (17). The pathogenicity of the GM-CSF-secreting cells
was dependent on the amount of the cytokine produced, this
suggesting that the cytokine itself might be responsible for the
additional detrimental effects.

Although harmful effects of high doses of GM-CSF have
repeatedly been reported, to the best of our knowledge no study
describing them in various organs in some detail has been
published until now. Since GM-CSF is the most frequently
used cytokine for the preparation of vaccines based on inac-
tivated gene-engineered tumour cells, we considered it useful
to investigate its putative adverse effects more closely. For this
purpose we employed the high producer cell clone designated
12B1/GM-CSF/cl-5 and compared its pathogenicity with the
parental 12B1 cells. The ability of these two cell lines to induce
subcutaneous tumours did not differ substantially, but there
were marked differences in the clinical picture. However, other
differences were also evident. The sera of animals inoculated
with the GM-CSF-secreting cells, but not of those inoculated
with the parental cells, contained detectable amounts of
GM-CSF and its levels increased in parallel with the growth of
the tumours and gradual spleen enlargement. The cell cultures
derived from the tumours or organs infiltrated with tumour
cells produced approximately the same amount of cytokine as
did the cells which had been inoculated. Since this suggested
that the production of the cytokine was unaltered during the
growth of the cells in vivo, one has to assume that a tumour
sized 1 cm? produced up to 100 ug of the cytokine per day.
In animals inoculated with the gene-modified cells, but not in
those inoculated with the parental cells, marked adverse effects
on a variety of organs were detected. Possibly the most striking
was the damage to lungs which even macroscopically exhibited
strong congestion and focal bleeding. Histological investigation
revealed complex changes characterized by congestion and
thickening of interalveolar septa, focal collapse and pneumor-
rhagia. Thus, our findings differ from those reported by Metcalf
et al (14). The difference may be associated with the lower levels
of GM-CSF achieved in these authors' transgenic animals and
also with the fact that macrophages and not rapidly replicating
tumour cells were the major producer of the cytokine in their
system. We also found prominent alterations of the spleens.
Splenomegaly was detected in animals inoculated with both
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the parental and the GM-CSF-secreting cells; however, it
was much more pronounced in the latter animals. In animals
inoculated with the gene-modified but not in those inoculated
with the parental cells, a gradual replacement of white pulp by
the red pulp and a very extensive congestion associated with
a substantially increased extramedullary haematopoiesis were
seen. Originally, we had thought that the splenomegaly was due
to the infiltration with tumour cells. However, this did not
appear to be the case. As indicated by both FACS analysis
and immunohistochemistry, tumour cells represented only
a small fraction of splenocytes in animals inoculated with
the GM-CSF secreting cells. The splenomegaly in animals
inoculated with the parental cells was possibly largely due to
the infiltration of this organ by tumour cells. An additional
observation dealt with the different presence of immature
myeloid cells among the splenocytes of the two groups of
animals. It is known that GM-CSF can elicit a heterogeneous
population of immature myeloid cells, designated MDSC,
characterized by the Gr1*CD11b* phenotype, the products
of which impair immune responses. MDSC were much more
frequent in animals inoculated with the GM-CSF-secreting cells
which is in agreement with the earlier observations (10,21). Also
the GrI"CD11b* cells, representing a mixture of other immature
myeloid cells were much more frequent in animals inoculated
with the 12B1/GM-CSF/cl-5 cells than in animals inoculated
with the parental cells. On the other hand, no marked differ-
ence was observed in the relative contents of Treg cells. This
seems to be at variance with some earlier observations which
have indicated that GM-CSF can support the expansion of Treg
cells (22,23), though our present observation may be obscured
to a certain degree by the different sizes of the spleens. Other
organs displaying pathological changes in the 12B1/GM-CSF/
cl-5-inoculated animals were the livers and the kidneys. In both
of them congestion and focal haemorrhages were observed.
Extramedullary haematopoiesis was detected in the liver. In
the kidneys massive deposits of hyaline droplets within the
proximal tubuli epithelia were seen. As far as we are aware,
damage to kidneys in animals overexpressing GM-CSF has not
previously been reported.

Thus, the direct adverse effect of the megadoses of GM-CSF,
which were active in our experiments, apparently overshadowed
the immunosuppressive activity of this cytokine, although one
of the mechanisms responsible for the immunosuppression, i.e.
the recruitment of MDSC, was also operative and most likely
contributed to the pathological changes described. MDSC could
also contribute to the effective vascularization of the tumours
induced by the GM-CSF-secreting cells. At variance with the
advanced tumours induced by the parental cells they were
without necrotic foci.

Although the present results strongly suggested that overpro-
duced GM-CSF was closely related to the pathological changes
described in this report, there was a theoretical possibility that
some other factor produced by the gene-engineered cells was
involved. Therefore, we checked whether the development of
the pathological changes could be suppressed by the adminis-
tration of GM-CSF-neutralizing antibody to mice inoculated
by the 12B1/GM-CSF/cl-5 cells. As the chief indicator of the
antibody effect the extensive bleeding into lungs seen in these
animals was chosen. The administration of the antibody nearly
completely suppressed it and protective effects could also be
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seen in other organs monitored. This proved beyond reasonable
doubt that GM-CSF was responsible for at least a great majority
of the organ damage observed. Sublata causa, tollitur effectus.

Definitely, the present findings should not discourage those
involved in the development of vaccines secreting GM-CSF,
because the use of live vaccines for the immunotherapy of cancer
patients is not under serious consideration. Still, the present
data may invite some caution when planning the immunization
schemes and when using recombinant GM-CSF along with other
vaccines.

To summarize, in our experiments we observed substantial
alterations of lungs, spleens, kidneys and livers caused by a high
amount of GM-CSF secreted by the tumour cells. We demon-
strated that the pathological changes observed were induced by
this cytokine and were not due to some unintentional changes
in the biology of the cells that might have been caused by their
transduction or subsequent selection and cultivation.
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4. DISKUZE

Tato dizertani prace je zagtena na fipravu modifikovanych buftnych vakcin
proti mySim buiikdm transformovanym genem bcr-abl, ktery hrajecokdou roli
v patogenezi lidské CML. Imunogenni potencial vakisiem se snazila zvySit vnesenim
genmi pro cytokin IL-2, GM-CSF, eventualnIL-12. Toto a@ekavani se potvrdilo
v provedenych experimentech. $ésti fedlozené prace je popis toxického efektu GM-
CSF, ktery jsem pozorovala po podani zivychdut?B1 produkujicich tento cytokin.

4.1 Buiky B210 a 12B1 jako leukemicky model

Pokud chceme studovat jakékoliv onemanina hledat nové &&bné pistupy, je
nezbytné zé&ét s pokusy na experimentalnich iadich modelech. &Sinou vyhovuji
k tomuto &elu laboratorni mySi imbrednich linii, které maginhozygotni genotyp. Jelikoz
v prirodk neexistuje u mysSi onemaamn CML, je mySi model CML zaloZen na mysSich
bunkach, do kterych je arteficialnvioZzen lidsky fuzni gen bcr-abl. Bky tim ziskaji
onkogenni potencial a u mysi vyvolaji nemoc podobiaské leukémii.

Jak butky B210 tak buiky 12B1, které jsem pouzila ve svych pokusech, byly
transformovany pomoci retrovirového vektoru nesooclidsky gen pro BCR-ABL.
Retrovirovy vektor byl v fipact burék 12B1 vnasenifimo do bugk z kostni derg mysi
BALB/c, zatimco btiky B210 vznikly vnesenim retrovirového vektoru dankné linie
BA/F3. Tato linie byla odvozena z btk kostni dens mySi BALB/c a je zavisla na
piitomnosti IL-3 v fistovém meédiu (Palacios & Steinmetz, 1985). Transdukratily
buiky tuto cytokinovou zavislost. @kburg¢éné linie vyvolavaji u mysi po intraven6znim
podani nemoc podobnou akutni leukémii. Klinicky m®jevuje hepatosplenomegalii,
zdurenim uzlin, nahrbenim, zjeZenim srsti a dktarych zvfat dojde k paréze zadnich
korcetin. Hi intravendznim podani jsou tky 12B1 giblizn¢ 100x onkogenjSi nez
buiky B210. Pokud jsou hiky B210 podany subkutasnnemoc nevyvolaji, zatimco po
stejné aplikaci butk 12B1 se vytvti v mis€ vpichu nador charakteru lymfomu.

Obk¢ burgené linie maji lymfoidni charakter, B210 jsou chdeaskzovany jako pro-
B a 12B1 jako pre-B lymfocyty. Biky B210 jsoun vitro MHC | negativni, zatimco 12B1
buiky jsou MHC | pozitivni.

40



Z obou bugcnych linii jsme se rozhodli fjpravit burééné linie, které by
exprimovaly vybrané cytokiny, a sledovat jejich ogknni a imunogenni potenciél.ca4
jsme s modifikaci butk B210.

4.2 Transfekce burgk B210 a 12B1

Nejprve bylo teba zvolit vhodnou transféki metodu. Obvyklé transféki
postupy, jako je kalciumfosfatova precipitace néipofekce, které se na naSem élkdehi
GspsSre pouzivaly pro genové modifikace epitelidlni¢hfibroblastovych buik, byly
ne&inné. O lymfoidnich bbkach je znamo, Ze jsou obt&riransfekovatelné, a ze
z nevirovych metod je relati¢nicinna elektroporace. Abych zjistila podminkyi kterych
je elektroporace v naSem systémiinga, transfekovala jsem fiky B210 plazmidem
pTR-UF2, ktery nese gen pro zeleny fluoreskujiotgin (GFP). Transfekované iiky se
pak daji rozpoznat pod mikroskopem, protoze v paaeficim ultrafialovem sile sviti
zelert. Pomoci pitokové cytometrie se dargsré zmefit, jaké procento butk bylo
aspesre transfekovano. GFP-pozitivni tky B210 a 12B1 jsme #iili po 24 hodinéch,
protoZe po 48 hodinach bylo pomoci propidiumioditiiekovano velké mnozstvi GFP+
mrtvych burk. Vyswtlujeme si to tim, Ze silnd exprese GFP je proadyp burgk
toxicka.

Nejwinngjsi transfekce byla provéda @i pokojové teplot, nagti 280V a
kapacitanci 105@iF, v bezsérovém RPMI médiu. Zghto podminek bylo po 24 hodinach
GFP-pozitivnich okolo 16-18% b#k Zpasob transfekce bwk B210 a vysledné
podminky elektroporace, ke kterym jsem doSla samfimaliza&nich pokud, se podobaji
podminkam, které zvolila skupina G. Q. Daleyhaaksfekci BA/F3 bugk, od kterych
byly odvozeny biiky B210, a to elektroporacitip250 V a 960uF (Klucheret al, 1998).
Pro transfekci butk 12B1 jsem také zkusilatkolik raiznych podminek elektroporacej p
nichz jsem vychazela zedchozich experimeintPoddilo se dosahnout podobnéidnosti
transfekce jako u bwk B210 @i nastaveni 250 V a 1050F a @i uziti RPMI bez FCS
jako elektroporéniho média. Jei¢ba zdraznit, Ze Usgsnost transfekce je zavisla na
velikosti plazmidu, jehaistot a forn®, ale i na kondici transfekovanych kkna jejich
»ochott” k transfekci. U busk B210 jsem pouzila plazmid v cirkularni fokra podéilo se
mi izolovat stabilg transfekované biky. Buiky 12B1 byly nejprve také transfekovany

cirkularnim plazmidem. Ale po zamrazeni a rozmraZemek produkce testovanych
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cytokini podstats klesla. Abychom réli vétSi Sanci ziskat stabirtransfekované hiky
12B1, pouzity plazmid jsem linearizovala. Poltase pak ziskat klony, u kterych jsem
nezaznamenala propad produkce cytbkami po zamrazeni a rozmrazeni, ani po jejich
delSi kultivaci. Winnost elektroporace jsem vzdy kontrolovala pardleiransfekci

plazmidu pTR-UF2 a gfenim GFP-pozitivnich bu pritokovou cytometrii.

4.3 Selekni model transfekovanych burk

UZ v minulosti se v naSi labordtanoji kolegové zabyvali fipravou bugénych
vakcin, hlavé na papilomavirovém modelu. Pouzivalii pom systém sebevrazednych
geri, ve kterém krom genu pro imunostimutai faktor vnesli do butk s nefunkni
tymidinkindzou (cTK-) i gen pro herpesvirovou tynmkindzu (HSV TK). Diky produktu
tohoto genu mohli jednak selektovat transfekovamiky a jednak fi pokusechin vivo
cilerg zabijet naddorovée hiky podanim antivirotika gancikloviru, analogu tynmd
(Vonkaet al, 1998;Janouskowet al, 2003;Jinoclet al, 2003).

Pro vyuZiti obdobného modelu v systému dutransformovanych fuznim genem
bcr-abl bylo nejdive nutné vypstovat buiky deficientni v produkci buftné
tymidinkindzy. Toho se docililo opakovanym pasafzoraburék v postupg se zvysujici
koncentraci bromdeoxyuridinu (BrdU). Takto byly et palrocnim snazeni odvozeny
bunky B210cTK, které se dote mnozily v gitomnosti 100pug BrdU/ml a nerostly
v médiu s hypoxantinem-aminopterinem-tymidinem (HABuiky B210cTK vykazovaly
niz8i onkogenni potencial nezitky matéské. Proto byly biiky klonovany a vybrané
klony byly testovany na onkogenitu. Klon B210cidk2, ktery n&l nejvyssSi onkogenni
potencial, byl vybran pro nasledné genetické mkdde. Pro transfekci bek B210cTK
/cl-2 jsem pouZila bicistronické plazmidy pTR-ILRES-TK, pTR-IL-12-IRES-TK a
pTR-GM-CSF-IRES-TK, kteréijpravili v nasi laboratih O. Janouskova a P. Jinoch. Tyto
plazmidy obsahuji gen pro HSV TK, za nimZ nasledRfES sekvence a gen pro cytokin
IL-2, IL-12 nebo GM-CSF. Po transfekci hikntémito plazmidy jsem bitky nasadila do
RPMI média. Po 48 hodinach jsem jim médium ¥yita za RPMI obsahujici HAT, ktery
zaji¥uje selekci transformait Jako kontrolu selekce jsem pouzila tzv. mock
transfekované hiky, které byly elektroporovany v n#fomnosti plazmidu. Bhem

dvoutydenni kultivace transfekovanych Bkin v selekKnim médiu se namnozily
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modifikované biiky, zatimco kultura mock-transfekovanych Bkinv seleknim médiu
hynula.

Kultivace burk 12B1 v médiu s BrdU byla neéekavar® snadna, v koncentraci
100 pg/ml se mnozily bilkky uz po rkolika tydnech pas&zovani. Tyto itky jsem
elektroporovala a nasadila do seleiho média s HAT. Posléze se ale ukazalo, zénv n
rostou i buiky z mock-transfekce. Biky 12B1cTK- byly Zejm¢ geneticky nestabilni a
v burg¢né populaci se objevovalo mnoho revertant cTK+4kdlinnost transfekce byla
relativré nizka a seleki systém selhal, bylo petba zvolit jinéreSeni modifikace bk
12B1.

Pouzila jsem plazmidy pBSC/IL-2 a pBSC/GM-CSF, é&tdwonstruoval v nasi
laboratdi M. Smahel. Tyto plazmidy v3ak nemaji vhodny markwo selekci v
eukaryotickych biikach. K tomuto &elu se hodil gen pro rezistenci na blasticidin rkte
jsem izolovala z plazmidu pBLAST42mAngio (InvivoGQenUpravené plazmidy, ve
kterych ma gen pro blasticidinovou rezistenci i gen cytokin vlastni promotor, byly
ozn&eny jako pBSC/IL-2-Bsr a pBSC/GM-Bsr. Expresi obgeni jsem zkontrolovala
ve snadno transfekovatelnych fkdch 293T, a to kultivaci transfekovanych &kin
v médiu s blasticidinem a testem ELISA.iBy 12B1 jsem ped transfekci otestovala na
jejich citlivost k blasticidinu. K selekci jsem zhla koncentraci 25 pug/ml, které
netransfekované liky spolehliv zabiji.

Transfekované hiky vytvorily po dvou azitech tydnech selekce dostate velkou
populaci vhodnou k zamraZeni, k testovdmvitro a ke klonovani. Klonovani probihalo
tak, Ze jsem hiky na‘edila do koncentrace 0,3 iky/0,2 ml RPMI s HATem (B210) nebo
v RPMI s blasticidinem (12B1) a rozpipetovala jecdmu 96-jamkovych destk. U obou
linii se ukazalo, Ze takové pi@tkEni buikam neswdci a klony se mi neddo ziskat.
Abych buikam imitovala prosedi s vySSi koncentraci biky obohatila jsem médium ke
klonovani o kondiciované médiunspgentmédium), odebrané v logaritmické fafistu
danych transfekovanych btk V takto upraveném médiu se péittajak u burek B210,
tak u burk 12B1 odvodit linie pochazejici z jednénly.

4.4 Charakteristika modifikovanych bunék B210

Ziskané modifikované hiky B210/2/I1L-2, B210/2/IL-12 a B210/2/GM-CSF byly
citivé na GCV, coz dokazovalo expresi funk HSV TK. Produkci cytokifi jsem
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testovala jak po zamraZzeni a rozmrazeni, tak itulkghu dlouhodobého pasazovani
vitro. Jevila se jako stabilni. VSechnif tinie exprimovaly podobné mnozstvi proteinu
BCR-ABL. Zajimalo nas také, zda modifikaci kkmedoslo ke ziné v expresi MHC | a
MHC Il. Ukazalo se, Ze vSechny ziskané linie stgako matéské buiky nevytvdi in
vitro prokazatelné mnozstwdhto molekul.

Na mySich se testovala patogenita modifikovanychébwa rekolik jejich klona
s fiznou expresi cytokin Buiky se aplikovaly mysim intravenéziv davce 18 ktera v
piipadt nemodifikovanych matskych bugk B210, stejs jako v gipact klonu B210cTK
/cl-2, vyvolala u vSech mysi fatélni leukémii. MySokulované modifikovanymi hikami
zustaly ve vSechifpadech zdravé. Z toho vyvozuiji, Ze produkce cytbkiyla dostaténa
k vyvolani imunitni odpo&di a zabraani vyvoje leukémie. Z mysi, které dostalynky
exprimujici jen HSV TK, onemo¢ty 3 ze 4. To napovida, Ze exprese HSV TK nehrala
Zadnou zésadni rolifpztrat onkogenniho potencialu modifikovanych bln

Jelikoz byly modifikované hiky B210 nepatogenni, dalSi série pakusyla
zaloZena na pouzitéthto burk jako zivych vakcin. V pokusech byly k vyvolaninmeci
pouzity buiky 12B1, protoZze hiky B210, pokud se podaji jinak nez intravenfjzn
nevyvolaji nemoc a navodi velmi silnou protekcitpiotravendznicelenzi homolognimi
bunkami. Efekt modifikovanych butk B210 by pak nemohl byt na takovémto modelu
sledovan, kdezto po podani agresjgich bugk 12B1 by byl patrny. Préelenz se biky
12B1 podavaly subkutaanV misg vpichu se posléze vytyib nador. Ten se dal snadno
mgétit, takZe jsme mohli hodnotit dobu objeveni nadgebp fist a gezivani mysi.

Modifikované butky B210 byly nejprve testovany v profylaktickém osgdani
pokusu. Mysi byly imunizovany dvakrat v dvoutydemnintervalu davkou 3 x fobunsk
intraperitonedlss a po dvou tydnech dostaly jakelen? davku 5 x TObursk 12B1.
VétSina mysi nebyla ochréna a vytvéila nador. Nejlépe dopadla skupina mysi, ktera
byla vakcinovana hikami B210/2/GM-CSF. D¥ z psti mySi Zistaly zdravé a u ostatnich
mysSi byl ve srovnani s kontrolnimi 2afy pozorovan vyznangrpomalejSi @ist nadoi.

Vakciny byly dale testovany v terapeutickém uspdni pokusu. Pokud byly
podany v davce fOix za sebou vden 0, 3, 7 a 10, doslo po subkutamoedani buek
12B1 vden 0 kstatisticky vyznamnému oddaleni ygvoadot. Nadory u zuiat
vakcinovanych bikami B210/2/IL-2 a B210/2/1L-12 se vyvijely stéjnNadory u mysi
vakcinovanych bikami B210/2/GM-CSF rostly o&o rychleji, ale v této skupérzistala

jedna ze Sesti mySi zdrava.
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Vysledky byly povzbudivé, ale bylo jasné, Ze k wg@ei mysi jeiteba kombinovat
vice l&ebnych postup V nasledujicich experimentech byly mySim podamnyebné
vakciny v kombinaci s cyklofosfamidem (Cy), IM a & IFN-a , a tov suboptimalnich
davkach. Jak jsmefpdpokladali, samotna chemoterapeutiké-N-a, a’ jednotliv nebo
ve vzajemné kombinaci pozdrzela vyvoj nddaale mysi nevylé&la. Povzbudi¥jSi byly
vysledky kombinace antileukemickych ¢ie¢ s vakcinami. NejlepSich vysledlkbylo
dosaZzeno kombinaci b&kB210/2/IL-2 a Cy s IFNx. V této skupig jen dw& ze Sesti mySi
vytvorily nadory a ty se objevily opoZdé a rostly pomaleji. Podoknse vyvijel fist
nadofi u mysi, kterym byly aplikovany iy B210/2/IL-2 a Cy s IM, i kdyZz se nadory
vytvorily u ¢tyi ze Sesti mySi. Naproti tomu vakciny B210/2/1L-1B210/2/GM-CSF byly
podstaté mére u¢inné. Stoji za zminku, Ze podobna chemo-imunoterbpia v minulosti
zkoumana na mysim modelu s nkami transformovanymi HPV-16. Byla takéingjsi
nez podani samotné vakciny nebo samotnych chempetdit (Sobotkovat al, 2004).

Synergicky efekt kombinace antileukemickychive jako je IM, IFN-a a dalSi, byl
jiz opakovag popsén, nap (Thiesinget al, 2000;Kanoet al, 2001;Marleyet al, 2002).
Mechanizmus &nku IM je znam, gkteré prace ale upozasji na jeho mozné
imunosupresivni &inky na T-buiky, makrofagy a DC (Wolfet al, 2007;Dietzet al,
2004;Seggewisset al 2005;Cwynarskiet al, 2004). IFNe ma imunomodukni a
antiprolifer&ni inek. Podporuje diferenciaci monoayta dendritické hitky, aktivaci T-
lymfocytd a makrofag a cytotoxicitu NK bugk. RovreéZ indukuje apoptozu nadorovych
burgk, inhibuje angiogenezi a nuti dormantni leukemiditd@enové bitkky k aktivaci
burg¢ného cyklu (de Castret al, 2003;Burchert & Neubauer, 2005YeBtoze I1ékendislo
jedna jsou u CML tyrozinkinazové inhibitory, IF-se znovu dostava do centra
pozornosti a uvaZzuje se o pouziti kombinace TKI FN-bi (Kiladjian et al,
2011;Simonssoret al, 2011), O cyklofosfamidu se vi, Ze inhibuje sujumeis aktivitu
populace Treg buk. V nizkych davkach napomaha odpdvThl-lymfocyii a aktivaci,
maturaci a sekreci cytokindendritickych bugk a zvySuje expresi interferbntypu 1
dulezitych pro imunologickou pa&i (Wadaet al, 2009;Emens, 2010). V naSerfigac
byla davka cyklofosfamidu vysSi nez imunomoduia tudiz se pravgodobré uplatnil
hlavre jeho cytostaticky efekt. KazdopadmiZzeme konstatovat, Zze kombinace vakcinace
s Cy, IM a IFNa méla v naSich pokusech synergickginek.

Asi by bylo zajimavé provést obdobné pokusy sengie] burecnymi vakcinami,

ale inaktivovanymi oz@nim. Akoliv v nékterych leukemickych mySich modelech se

45



imunita podéla navodit jen po podani Zivych vakcin (Nakazekal 1998), uvadi se, Ze
oz&ené buky vysilaji apoptické signaly nebezfpetakze jsowitelngjSi pro APC biiky a

tudiz i imunogengsi (Simmonset al, 2007).

4.5 Charakteristika modifikovanych bunék 12B1

Podob# jako v gipads bungk B210, také u butk 12B1 jsem se pokusiladitr vliv
genové modifikace na onkogenni potencialdkuz kloni burék 12B1 exprimujicich IL-2
jsem pro dalSi pokusy zvolila klon s nejvyssi piaduozn&eny jako 12B1/IL-2/cl-15.
Z klona burgk exprimujicich GM-CSF jsem vybral# klony liSici se vyznamhprodukci
cytokinu. U vSechéchto klomi byla nandfena stabilni produkcefigluSného cytokinu i
béhem dlouhodobého pasazovamvitro. V porovnéni s matskymi buikami se produkce
proteinu BCR-ABL nijak vyraz&neliSila.

Na rozdil od modifikovanych bk B210, obdob& modifikované biky 12B1
neztratily swij onkogenni potencial. Nicméru burék 12B1/IL-2/cl-15 byl vyraza nizSi
nez u matiskych burk. To se projevilo zvlastpo inokulaci relativd malych davek
burgk. Po davkach 10a 1¢ nemodifikovanych matskych buwk vSechny mysi
onemocgly, zatimco po inokulaci stejného mnoZzstvi modifisoych bugk zastaly
v8echny mysi zdravé. Zajimavé bylo, e po aplike@i a 10 bunsk 12B1/IL-2/cl-15
dochazelo k vytvieni malych naddr; které ale do 25. dne vymizely &t§ina mysi
zentela pozdji na leukémii. To nazraje, Ze vedle kvantitativnich zm doSlo i ke
kvalitativni zméné¢ onkogenniho potencialu. MysSi, kteréfi ptestech onkogenniho
potencialu buék 12B1/IL-2/cl-15 neonemocity, byly celenzovany velmi vysokou
davkou busk 12B1 a vice jak polovina jichigtala zdrava. To $€d¢i o imunogennim
potencialu bugk 12B1/IL-2/cl-15. Navic se ukézalo, Ze populacedukultivovanych
z nadoti nebo z orgahinfiltrovanych leukemickymi bikami jsou nehomogenni. V médiu
s blasticidinem rostly zgatku Spatd a celkova produkce IL-2 byla nizkad ve srovnani
s nagkovanymi butkami. AZ po ®rkolika pasézich viftomnosti blasticidinu se
vyselektovaly biiky exprimujici IL-2 a jeho produkce se stala srdeireou
s inokulovanymi biikami. Pravdpodobré se objevily revertantni llty, kterym ztratasi
umi¢eni transgenu pro blasticidinovou rezistenci a lafa fistovou vyhodu.

Ani buiky 12B1 exprimujici GM-CSF neztratily onkogenni grotial. Ten zavisel
na mfe jejich produkce GM-CSF. Klon 12B1/GM-CSF/cl-1 emzSi produkci 3
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ng/10bb/24 hod byl jak v davce 10tak i v davce 1D mérs onkogenni ne? mateké
buiiky. Klon 12B1/GM-CSF/cl-11 s produkci 50 ng?hB/24 hod byl v davce 2@iiblizng
stejrt onkogenni jako matské buiky 12B1, ale v davce fQuz dw ze i mysi Zistaly
zdravé. Nejvice patogenni se jevil klon 12B1/GM-G&$Eb s produkci GM-CSF 110
ng/10bb/24 hod. Akoliv se mysim natkovanym &mito buikami vytvaily nadory ve
stejnou dobu jako po inokulaci me&kych burk, zvirata byla v daleko horSi kondici.
Byla najezena, ménpohybliva, ztracela na vaze &laiadu organovych poskozeni (viz
kapitola 4.6).

Jelikoz jsme modifikované, ale onkogenninky 12B1 gipravovali pro @ely
burg¢nych vakcin, byloteba je ped aplikaci zwiatim inaktivovat. Zvolili jsme gama-
z&eni o sile 100 Gy. O¥énim ztrati buky proliferatni aktivitu, WtSina z nich #stane
v G2/M fazi bur¢ného cyklu, ale neztrati schopnost exprimovat vileseansgen. Uvadi
se, Ze oz&né nadorové hiky exprimuji vice transgenu nezitky neozdéené (Simoveaet
al, 1998;Vereecquet al, 2003;Berezhnot al, 2008). Chila jsem o¥fit, zda v naSich
buinkach také doslo ke zvySeni produkce daného cytokimbledem k tomu, Ze lilky po
oz&eni velmi rychle umiraly,ékko se produkce cytokinu vztahovala na mnozstvikun
které byly schopné jej produkovat. Zjistila jserajrZ vitro bylo po 24 hod Zivych jen 30%
burgk a po 48 hod uz jen 5%. Qe&aé bulky v mist inokulace jsme nezkoumali. Pokud
piedpokladame podobny ikh jejich Zivotnostiin vivo jako in vitro, dochazi v mist
vakcinace k vyznan#gi produkci cytokinu jen prvnich 48 hod, coz jengon¢ kratka
doba. Pro srovnéni, osmné K562 biikky transdukované genem GM-CSF produkuji po
oz&eni 100 Gy cytokin po dobu 10 dni, jejich Zivotngsttaké 10 dni (Borrell@t al,
1999). Dranoff a spol. pozorovali produkci GM-CBFvitro u oz&enych melanomovych
burek B16F10 7 dni (Dranofét al, 1993). V mist vakcinace oz&nymi buikami B16F10
byla detekovana zvySena hladina GM-CSF i 21 dnigjioh aplikaci (Simmonst al,
2007). Uvadi se, Ze pro vyvolani nadorové imundioimaci biikkami exprimujicimi GM-
CSF je u mysi poeba uvolnit 35 — 300 ng GM-CSFFbb/24 hod (Dranoffet al
1993;Serafiniet al 2004). Vakcina fipravena z 3 x 1®z&enych buik 12B1/GM-
CSF/cl-5 produkovalan vitro v pribéhu prvnich 24 hod kolem 300 ng GM-CSF, coz je
v udadvaném limitu.

V profylaktickém usptadani pokusu jsme mySim nejprve podali 2x
v dvoutydennim intervalu ogéné modifikované i nemodifikované iiky 12B1 v davce
3x1 a po dalsich dvou tydnech jsme m§sienZovali davkou 5 x E@natéskych burk
12B1. Nejlépe mySi ochranila vakcina z Bkinl2B1/GM-CSF/cl-5, klonem s nejvysSi
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produkci cytokinu. VSechny mySiugtaly bez nadoru a zdravé, a to i pa@etenzi
provedené 78. den. Po aplikaci vakciny ziemgich matiskych bugk 12B1 jedna z {i
mySi @gezila a nadory rostly oproti kontrole @éao pomaleji. B opakovani pokusu jsme
pouzili pro vakcinaci i klon 12B1/GM-CSF/cl-1 s kau produkci GM-CSF. Po vakcinaci
témito buikami prezily étyti ze Sesti mySi a dwna mySim rostly nadory pomaleji nez u
kontrolnich neimunizovanych mysi a mySi imunizova@nyozd&enymi matéskymi
bunkami. Vakcina tak neochranila vSechnartatd, ale byla &nnéjSi nez vakcina
z matéskych buk nebo busk 12B1/IL-2/cl-15.

Modifikované butky 12B1 jsme zkouSeli i v terapeutickém usmani. Vysledky
nejsou uvedeny v Zzadném ilpZenychclanki, protoze byly velmi heterogenni. Geéé
modifikované i nemodifikované liky 12B1 jsme podali mySim intraperitoneddavce
3x1( v den 0, 3, 7 a 10. V den 0 jsme zatoeplikovali my$im subkutarkbx10® bursk
12B1. V prvnim pokusuistalo vSech 6 mysSi vakcinovanych inaktivovanymikami
12B1/IL-2/cl-15 zdravych. MySi neonemagiyn ani po ré&elenzi 65. den. To byl velmi
povzbuzujici vysledek, ktery se nam ale, bohuzepoddilo zopakovat. @vody nizké
reprodukovatelnosti se nam zatim negddabjasnit.

Pripravu vakcin z modifikovanych bék 12B1 jsme standardizovali, alé¢egto
dochazelo po ozéni k utité variabilit v prezivani busk a v jejich cytokinové produkci.
Oz&ené buky 12B1 nely kratkou dobu Zivotnosti, nicménexprese cytokinu stda
k tomu, aby se projevily rozdily ve vakcinaci nenfitdvanymi a modifikovanymi

burikami.

4.6 Efekt nadprodukce GM-CSF po podani bugk 12B1/GM-CSF/cl-5

mySim

Kdyz jsme testovali patogenitu modifikovanych Bkril2B1, pozorovali jsme u
mysSi inokulovanych hitkami 12B1/GM-CSF/cl-5 vyraznhorSi zdravotni stav a posléze
jsme u nich detekovatietnd a rozsahla orgadnova poskozeni.

Jelikoz GM-CSF se v dnesni medicimyuziva pro pipravu bugénych vakcin,
rozhodli jsme se blize charakterizovat patologizk®ny vyvolané biikami produkujicimi
tento cytokin a jejich vyvoj v zavislosti na hladioytokinu v krvi.

Jedné skupihmysi byly aplikovany biky 12B1/GM-CSF/cl-5 a druhé maské
buinky 12B1. D¥ mysSi ze skupin se pak odebiraly ve dvoudennim ngpimlennim
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intervalu pro histologické a imunologické vyi&eati. V obou skupinach secady objevovat
nadory kolem 10. dne a rostly st&jnychle i v nasledujicich dnech. Mysi inokulované
bunkami 12B1/GM-CSF/cl-5 zamly byt uz od 8. dne jezaté a apatické &abaztracet na
vaze. Jestpred objevenim se nadoru u nich byly pitvé pozorovany organové zmy a
detekovana zvySena hladina GM-CSF v krvi.

Kiivka hladiny GM-CSF v krvi ia exponencialni charakter se svym maximem
v 16. den. Tuto #vku kopirovala i kKivka zwtSeni slezin a nastu MDSC bunk
v populaci splenocyit Slezina se #hem osmnacti dnz\tSila skoro 20x, zatimco slezina
mysSi inokulovanych matskymi buikami 12B1se zitSila jen 6x. Z¢¥tSeni sleziny u mysi
inokulovanych bitkami 12B1/GM-CSF/cl-5 bylo Zisobeno hlavé infiltraci nezralymi
myeloidnimi butkami. Cervena pulpa nahradila bilou pulpu a dochézelo ¥ silné
extramedularni hematopoézeie® 50% splenocyt mélo na zaér pokusu znak
myeloidnich busk CD11b+, 30% bylo CD11b+Gr-1+, coz jsou markerySioli MDSC.
Sleziny byly infiltrovany také nadorovymi bhkami, ty ale tvaily v zawru pokusu jen 5%
burgé¢cné populace. Sleziny mysi inokulovanychnkami 12B1 obsahovaly na konci
pokusu 40% nadorovych bén a Zadné napadné 2ny v jejich strukturach jsme
nepozorovali. Jejich 2¢Seni tudiz vysstlujeme infiltraci nddorovymi bikami.

Jednim z mechanisimkterym MDSC potléuji imunitni odpo¥d’, je indukce Treg.
Nekolik praci poukazuje na souvislost mezi vysokowndentraci GM-CSF a nistem
Treg (Vasuet al, 2003;Bhattacharyat al, 2011). Pedpokladali jsme proto, Ze v naSem
systému také dojde k podobnému jevu, a Ze se Zey&®g hladinou GM-CSF poroste i
jejich populace. To se nam nepotvrdilo. ZvySenigligenfocyt ve slezig se projevilo az
18. den a doSlo kému jak u mysSi inokulovanych 12B1/GM-CSF/cl-5, takuimysi
inokulovanych matiskymi buikami. Nicmér je treba si ugdomit, Ze pitomnost Treg
lymfocyta jsme vyjadili jejich procentuelnim zastoupenim v populaci esmcyf.
Vzhledem k rozdilnym velikostem slezin jich v ahgoich p&tech bylo ¥tSi mnoZstvi u
mysSi inokulovanych 12B1/GM-CSF/cl-5. Korelace mbladinou GM-CSF a MDSC, ale
ne mezi GM-CSF a Treg, byla také zjish u mysi, kterym byly aplikovany azheée
melanomové nadorové tky s vysokou expresi GM-CSF (1500 a 6000 ng/24 .hedjvic
MDSC bylo detekovano ve slezinach 3. den po inakuburek a bylo jich az 20%
(Serafiniet al, 2004).

Nadory mysSi z butk sekretujicich GM-CSF byly velmi did vaskularizované na
rozdil od nadar vyvolanych matiskymi buikami 12B1, ve kterych byla nalezena

nekrotickd loziska. Jednim z moznych Wteni je aktivace endotelialnich btk
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prostednictvim receptoru pro GM-CSF d@ignbeni MDSC, které podporuji angiogenezi
(Murdochet al, 2008).

Markantni poSkozeni bylo nalezeno u plic. DoSlaektdukci intraalveolarnich sept
a k pekrveni s ohnisky krvaceni. Mezi dalSimi poSkozengrgany byly jatra a ledviny.
Oba organy byly fekrvené s hemoragickymi lozisky. V jatrech bylarpatextramedularni
hematopoéza, v ledvinach byly pozorovany hyalinapky v epiteliich proximalnich
tubula. VySe popsané z&ny v plicich, jatrech a ledvinach nebyly pozorovamymysi
ockovanych matiskymi buikami.

Patologické zrmny u transgennich mysi s indukovanou nadprodukci-GB#F
popsali Burke a spol. (Burket al, 2004). Uvadji ubytek sval, masivig zvétSenou slezinu
s prevladajicicervenou pulpou a 2¥8ena jatra s extramedularni hematopoézou. PoZorova
téz, Ze mysim se \Wnoich bulbech akumulovaly makrofagy, coz vedlo agéjikh slepot.

O poskozeni plic a ledvin se ale ne#tnji. S GM-CSF-transgennimi mySmi pracovala i
Metcalfova skupina (Metcalét al, 1998). Samice gty v séru 4 - 16 ng GM-CSF/ml.
Zminéni autdi analyzovali intraabdominalni b&mou populaci a zjistili, Ze&Sinu burgk
tvorily makrofagy. EBhem 2-3 nisiai také pozorovali destrukci retiny a jeji infiltraci
makrofagy, mistni z&ty ve svalech a bulky na peritoneu a péea ve siné¢ mocoveho
mechyre. MySi také ztracely na vaze a ¢kterych se objevila slabost az paralyza zadnich
koncetin. Metcalf i Burke tak popisuji spiSe ,chronickotravu cytokinem GM-CSF*,
kterou sledovali &olik mésiai. V naSem pokusu Slo spi$ o ,akutni otravu cytakihe
komplikovanou iistem zhoubného nadoru, dikgmuz mysi nefezily ani i tydny po
aplikaci burk.

Abychom se feswdcili, Ze poSkozeni orgdnbylo zpisobené vysokou koncentraci
GM-CSF v organizmu, provedli jsme pokus s neutadfizmi protilatkami proti GM-CSF.
MySim jsme aplikovali bdi jen protilatky, nebo protilatky a kky 12B1/GM-CSF/cl-5 a
nebo jen bitkky 12B1/GM-CSF/cl-5. Organové zmy jsme porovnavali u mysi, které
mely zhruba stejnou velikost nadoru. Bylo patrnéyéeskupig mysi, kterym byly kroré
burgk aplikovany i neutralizéni protilatky, je daleko menSi rozsah poskozenickhSe
zkoumanych orgdnnez u mysi, které dostaly jentity. Samotné neutralizai protilatky
nently Zadné dinky na strukturu zkoumanych orgarPro dokumentacgchto rozditi ve
stupni poskozeni orgarjsme pouZzili histologické preparéty plic.

Lze tedy shrnout, Ze pokud je hladina GM-CSF zrgSekalr# a pechodg, hraje

tento cytokin nezastupitelnou roli v indukci imumibdpowdi. FiliSné mnozstvi GM-CSF
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ma vSak imunosupresivnéinek a pokud je mu organizmus vystaven delSi dobytekin

pusobi systémay miZe vyvolat rozsahlé organové poskozeni.

Jsem si ¥doma toho, Ze naS experimentalni mysi systéntdst&né napodobuje
CML u lidi. Je zaloZzen na lymfoblastoidnich flkach, které se objevuji hla¥n
v terminalnim stadiu nemoci nebo u padesakutni lymfoblastoidni leukémii pozitivnich
na bcr-abl. Bylo by zajimavé vyzkouSet podobny expentalni systém zaloZeny na
buinkach transformovanych bcr-abl s myeloidnim fenotyp8uiky myeloidnitady maji
na rozdil od lymfoidnich buk receptor pro GM-CSF, coz by mohlo mit dopad na
onkogenni i imunogenni potencial knexprimujicich GM-CSF. Ovlivna vysledky
nasich experimefit soudim, Ze buftné vakciny odvozené od leukemickych &kn
produkujicich IL-2 by mohly byt vhodné k imunoteiiapML.

Domnivam se, Ze v budoucnosti bude vhodné nadaiikmvat nami fipravené
bung¢né vakciny s chemoterapii a/nebo se substanceené gbtlé&uji Gcinek produki, o
kterych se vi, Ze {sobi imunosupresi¥na proangiogenh V naSi laboratth se jiz
provedly gredk®zné experimenty s 1-methyltryptofanem, inhibitorB»®, a se substanci
nor-NOHA, inhibitorem arginazy, a vysledky jsou pbudivé. Utité by se milo
vyzkouSet sotasné podani vakcin a monoklonalnich protilateko jsou anti-CTLA-4
nebo anti-CD25. Zarowe je tieba monitorovat imunologické reakce iz¥j
imunosupresivni bugné populace a molekuly.

Souasré by mélo probihat i roz&ovani znalosti o povaze imunitnich reakci u
pacienti s CML (Cheret al, 2008a;Zamarron & Chen, 2011;Rohatral, 2010;Humlovaet
al, 2010;Kreutzmaret al, 2011) a se vtomto kontextu podrébnkoumat leukemické
kmenové biiky (Gerberet al, 2011;Corbinet al, 2011;Hamiltoret al, 2012). | na naSem
odcEleni probihaji projekty za#tiené timto sirem. Kazda no¥ ziskana informace e
zmenit pohled na imunoterapii CML a posunout ji 0 kisidqredu.
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5. ZAVER

Imunoterapii v CML se v poslednich letecBnuje velkd pozornost. K vakcinaci se
pouziva kombinace peptidodvozenych od proteinu BCR-ABL, peptidy odvozer® o
LAA jako jsou WT1 a PR3, autologni dendritickénky a alogenni buitna vakcina
exprimujici GM-CSF.

PredloZzena prace seé¢mwuje gipraw experimentalnich bwinych vakcin proti
CML zaloZenych na genévmodifikovanych mySich hikach. Vakciny byly odvozeny od
burek B210 a 12B1, transformovanych genem bcr-abl. fjech transfekci byla
optimalizovdna metoda elektroporace. Z transfekgetanburgk byly odvozeny klony
exprimujici stabild raizné mnoZstvi daného cytokinu a pro néasledné pokykyvybrany
pievazre klony s nejvyssi produkci.

Vnesenim genu pro GM-CSF nebo IL-Zipadré IL-12, se podaélo zvysit
imunogenni potencial bgk B210 a 12B1. Modifikované liky B210 produkujici IL-2,
GM-CSF nebo IL-12 byly neonkogenni a v pokusechmydich se pouZivaly jako Zivé
vakciny. Buiky 12B1 produkujici IL-2 rly onkogenni potencial vyragmizsi nez biky
matdské. Pokud po jejich inokulaci mys onemé&annebo ndla nador, nadorove kiy
tvorily heterogenni populaci, jejiz velk@st ztratila schopnost produkce IL-2 a rezistenci
k blasticidinu. Buky 12B1 produkujici vysoké mnoZzstvi GM-CSF bylyjsteonkogenni
jako buiky matégské a po subkutannim podani se u vSech mysi vyvinatiory. Se
ZvétSujicim se nadorem se vyznatrmevySovala i hladina GM-CSF v organizmu ieteé.
To vedlo jednak k fatalnimu poSkozenileFitych orgaf (nejvice sleziny, plic, jater a
ledvin), a jednak ke zmnozZeni MDSC. Vzhledem k paéni onkogennosti se btimé
vakciny odvozené od bgk 12B1 pouZzivaly oz&né.

Pro oboje biiky platilo, Ze v terapeutickém us@alani pokus nejlépe dinkovaly
buinky exprimujici IL-2 a v profylaktickém uspaédani buky exprimujici GM-CSF.
LepSich terapeutickych vysledlls buikami B210 bylo dosaZendigkombinaci bugcnych
vakcin produkujicich IL-2 s chemoterapii. To jsoadiiné vysledky, zvla&S kdyz si
uvédomime, Ze na mySich se nemoc vyvolangkbmi 12B1 projevuje formou, ktera je
typicka pro termindalni fazi nemocifipniz je manévrovaci prostor pro jakoukolivhé

velmi omezeny.
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