Univerzita Karlova
2. |ékarska fakulta

Studijni program: Imunologie

Mgr. Iva Truxova

Imunogenni bunééna smrt a jeji vyznam pro biologii a terapii
nadorovych onemocgni

Immunogenic cell death and it's relevance for biolgy and therapy
of malignant diseases

Dizertani prace

Vedouci zawreiné prace: prof. MUDr. Radek Spisek, Ph.D.

Praha, 2018



Prohlaseni:

ProhlaSuji, Ze jsem z&re¢nou praci zpracovala samostatn Ze jsenfadre uvedla a citovala
vSechny pouzité prameny a literaturu. S&maré prohlasuji, Ze prace nebyla vyuzita k ziskani

jiného nebo stejného titulu

Souhlasim s trvalym uloZzenim elektronické verze rpéace v databazi systému
meziuniverzitniho projektu Theses.cz zalém soustavné kontroly podobnosti kvalitikéch

praci.

V Praze, 25.4.2018

IVA TRUXOVA

Podpis



Identifika éni zaznam:

Truxova, Iva.Imunogenni bufna smrt a jeji vyznam pro biologii a terapii nddeych
onemoc#ni [Immunogenic cell death and it's relevance falbgy and therapy of malignant
diseases]Praha, 2018, 168s, 6ilp, Dizertani prace (Ph.D.). Univerzita Karlova, 2. |é&ka

fakulta, Ustav imunologie. Vedouci zfteiné prace: Spisek, Radek.



Podékovani

Dékuji svému Skoliteli prof. MUDr. Radku Spiskovi, Ph za odborné vedenghem celého
doktorského studia a cennépgominky, které fispély k vypracovani této dizertai prace.
Déle bych chila podtkovat PharmDr. Jitce Palich &kove, Ph.D. za neustalou podporu,
cenné rady jak ib samotné experimentalni praci, tak psani manuskrifita za patelské
jednani. Rkuji také vSem kolegm z Ustavu imunologie 2. LF UK a FN Motol a
z vyzkumného odfleni firmy Sotio za velmi fatelské a poditné prostedi a za pomocip

feSeni projekt, které jsou sotasti této prace.

Specialni po&ovani pati celé mé rodié a @iteli za trgglivost, toleranci a neustalou snahu

m¢é motivovat a podporovat.



ABSTRAKT

Potencial nadorovych bgk stimulovat imunitni reakci zavisi ngadt faktori, z nichz
nejdilezit¢jSi je pedevSim antigenni repertoar nadorovych ékua schopnost sekretovat,
uvolhovat nebo vystavovat na b#imém povrchu molekuly asociované se stres@m
poskozenim, tzv. DAMPs v fiochu imunogennich forem b&mé smrti. Tyto molekuly
souhrng aktivuji buiky imunitniho systému, zejména dendritickénky (DCs), které
nasleds stimuluji protinadorovou imunitni reakci. V uplyigch letech bylo popsanakolik
induktori imunogenni bu&né smrti (ICD). Prispivkem mé dizerténi prace do této
problematiky byla charakterizace apoptotickych daitivovanych vysokym hydrostatickym
tlakem (HHP), ktery byl five identifikovan naSi skupinou jako induktor ICBIHP
indukuje rychlou bu&nou smrt nadorovych beghk spojenou s uvoklmim klicovych DAMPs
(zejména kalretikulinu (CRT), HSP70, HSP90, HMGB1A@P), dale charakterizovanou
nadprodukci kyslikovych radikal(ROS) zahajujici rozvoj integrovaného Bémého stresu.
Aktivace signalizani drahy zahrnujici osu ROS-PERK-etFRaspaza 2-kaspéza 8 j@lekita
pro vystaveni CRT na povrch nddorovych &um pribéhu burgéné smrti indukované HHP, a
zasadn tedy ovliviuje imunogenni potencidkdhto burkk. Vyznam konceptu ICD byl
potvrzen takén vivo. V naSi praci jsme prokézali, Zzé¢itpmnost CRT na povrchu blést
pacienfi s AML koreluje s aktivaci specifické protinAdorovinunitni odpo¥di a
signifikantre lepSi progndézou onemodm. DalSim mym fispivkem byla optimalizace
protokolu na vyrobu DC v GMP podminkach. Ziskanélegky ukazuji, Ze DC vyrobené
pomoci zkraceného (3 denniho) protokolu maji poateinou schopnost indukovat antigen-
specifické CD8 T lymfocyty jako DCs fipravené standardnbhem 5 dni. Elozené
vysledky také poukazuji na moznost zvySefindosti imunoterapie na bazi DCs pulzovanych
nadorovymi btikami inaktivovanymi HHP u slaimunogennich typ nadofi kombinaci

s vhodnou chemoterapii.



Kli¢ova slovaimunogenni bu&na smrt, DAMPSs, stres endoplazmatického retikuyaply

hydrostaticky tlak, dendritické kily, imunoterapie



ABSTRACT

Immunostimulatory potential of tumor cells depemasvarious factors, including primarily
tumor antigen repertoire and the capacity to enaltecules associated with cellular stress or
injury, so called DAMPs, during immunogenic fornfscell death. These molecules mainly
act on dendritic cells (DCs), thus activating thetitamor immune response. Several
immunogenic cell death (ICD) inducers have beencriesd in the past years. The
contribution of my PhD thesis into this topic wdee tcharacterization of the apoptotic
pathways activated by high hydrostatic pressureRHHHP induces rapid tumor cell death
accompanied by DAMP release (mainly calreticulirR{g, HSP70, HSP90, HMGB1 and
ATP) that is characterized by the overproductiorrezfctive oxygen species (ROS) causing
the establishment of integrated stress responseS-PRERK-elF2-caspase-2-caspase-8
signaling pathway plays an essential role in CRihglocation to the tumor cell surface upon
HHP treatment, thus influencing the immunogenicepbal of these cells. Moreover, the
importance of ICD concept was also confirmedivo. The results point out that the presence
of CRT on the surface of malignant blasts from ApHtients correlates with the activation of
specific antitumor immune response and improvedical outcome. Another study focuses
on the optimalization of DC manufacuring protoaolGMP conditions. Data obtained in this
project shows that DCs differentiated during 3 danes similarly potent in inducing antigen-
specific CD8 T cells as DCs produced by the standard 5 daygobt The data included in
this thesis also show that the efficacy of immueadpy based on DCs pulsed with HHP-
inactivated tumor cells for the treatment of poantynunogenic tumors can be potentiated by

combination with suitable chemotherapy.



Key words:immunogenic cell death, DAMPs, endoplasmic retiouktress, high hydrostatic

pressure, dendritic cells, immunotherapy
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1.UvoD

Ke klasickym onkologickym Eebnym postuppm — chirurgii, chemoterapii a radioterapii, se
v poslednich letechijgala také imunoterapie. Klasickéigtupy sice vedou k redukcétginy
nadorové masy, ale nejsou schopnyiztlkkmenové nadorové likky a mikrometastazy, které
dasto zgisobuji relaps onemoéni a snizuji tak &nnost I&by. Usgsnost protinadorové
terapie je kriticky zavisla na vylu vhodné kombinace a aplikace latek a modalitrékizy
krom¢ efektivni destrukce &Siny nadorovych buik, byly také schopny stimulovat imunitni
reakci proti rezidualnim nadorovym itkém. Rizné protinddorové latky a postupy se lisi
cytotoxickymi mechanismy a schopnosti modulovatriimi odpo¥d’. V sowasnosti je jiz
znamo, Ze Wité chemoterapeutické latky, fyzikalni modality akolytické viry indukuji
specificky typ buacéné smrti, ktery zvySuje imunogenni potencial nadgcb burgk. Tato
forma burcné smrti je ozngvana jako imunogenni b&ma smrt (ICD, immunogenic cell
death) a je charakterizovana vystavenim sigmé&bezp& tzv. DAMPs (damage-associated
molecular patterns) na b&mém povrchu, pagpac jejich sekreci nebo uvainim do
extracelularniho prosdi. Tyto molekuly maji potencial stimulovaegevsim biiky vrozené
imunity, coz nasledh vede k posileni adaptivni protinadorové imuniteakce spojené
s eliminaci rezidualnich nadorovych kknezistentnich na ébu a vytvdenim imunologické
pantti (Krysko et al., 2012). Tyto poznatky jsou velid&eZzité pro vyvoj protinadorovych
strategii zaloZzenych na kombinaci standardnichu tyg@by jako chemoterapie nebo
radioterapie s imunoterapeutickynfigiupy.

V prvni ¢asti prace budou shrnuty s@sné poznatky o roli bgdné smrti v aktivaci imunitni
reakce proti nadorovym kkam. Pozornost bude émovana pedevsim charakterizaci
imunogenni bugné smrti a mechanisim vedoucim k sekreci/uvaini/vystaveni DAMPSs.

Také bude diskutovan vyznagchto molekulin vivo u pacieni s nadorovym onemognim
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a vliv jednotlivych DAMPs na dendritické bkly (DCs) a jejich vyuZziti v protinddorové

terapii. Druhowast tvdi soubor publikovanych praci, kteréimpo souvisi s touto tématikou.

2. BUNECNA SMRT NADOROVYCH BUN EK A JEJi VLIV NA PROTINADOROVOU

IMUNITNI REAKCI

2.1. Hlavni typy buré¢né smrti

2.1.1. Apoptoza

Apoptoza Bzne¢ probiha za fyziologickych podminek vivo a hraje dlezitou roli [
odstraiovani starych, poskozenych nebo infikovanych&kubuikami imunitniho systému.
Ve &tSing pripadi se jedna o imunologicky tichy typ programovanédsng smrti, ktera je
charakterizovana typickymi morfologickymi 2mami jako kondenzace chromatinu
(pyknéza), Stpeni chromozomalni DNA na internukleozomalni fragtge smrs&ni
buré¢cného obsahu a tvorba apoptotickyatlisek bez rozpadu plazmatické membrany
(Garrido and Kroemer, 2004). Apoptotickeé nky jsou rychle rozpoznavany fagocyty
prostednitvim iznych tzv. .find-me“ signdl uvolovanych z umirajicich bk, které
zahrnuji napp apoptotickadiska, EMAPII (endothelial monocyte-activating ppéptide 1),
dimer ribozomalniho proteinu S19, lysofosfatidyltho(LPC), fragmenty tyrosyl tRNA
syntetazy, trombospondin 1 a dalSi (Peter et &102 Po rozpoznani profesionalnimi
fagocyty jsou pohlceny a odstiary fagocyt6zou, cozZ je umodmo piitomnosti tzv. ,eat-me*
signali na povrchu apoptotickych bék jako nap. fosfatidylserinu (PS), opsorin
modifikovaného ICAM-3 (intercellular adhesion malés-3), modifikovanych LDL (low-
density lipoproteins) protein doménou trombospondinu 1 vazajici heparin,
fosfatidyletanolaminem, fosfatidylinositolem, lalgdnem, atd. (Krysko et al.,, 2006) a

souwasnou supresi tzv. ,don’'t eat me* sighgko nap. CD47 (Gardai et al., 2005). Proces
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odstragni apoptotickych bu¥k probiha bez &Sich znamek aktivace imunitni odgov

v dasledku uvolgni protizartlivych signah (nag. TGF$1 (transforming growth factdsi),
prostaglandinu E2 (PGE2) a fakiaaktivujicich destiky) (Garg et al., 2010).

Apoptoticka bugcna smrt je indukovana éma hlavnimi signalizanimi drahami — vnini a
vngjSi. Vnejsi drdha je aktivovana interakci membraheazanych receptarsmrti z rodiny
TNF (tumor necrosis factor) s jejich ligandy. Koék® se jedna o vazby Fas (CD95)-Fas
ligand (FasL), DR (death receptor) 5-TRAIL (tumoecrosis factor-related apoptosis-
inducing ligand) a TNFR1-TN# (Locksley et al., 2001). Interakce FasL a TRAILjejgch
receptory vede k navazani adaptorové molekuly FABBs-associated death domain) na
doménu smrti v intracelularniasti receptar. FADD déle védZe pro-kaspazu 8 a cFLIP
(cellular FLICE-like inhibitory protein), coZz vedeformaci makromolekularniho komplexu
zvaného DISC (death-inducing signaling complex@rkie nutny pro autokatalytickéspeni

a aktivaci pro-kaspazy 8 a zahajeni apoptotick@adigace. Signalizai drahy spoughé
vazbou ligand na TNFR1 jsou komplex§si a mohou vést nejen k apoptdze, ale také nekréze
nebo pezivani biky (Dickens et al., 2012). Aktivni kaspaza 8iza @imo aktivovat
efektorové kaspazy 3, 6 a 7 zahajujici exekdazi apoptdzy a také &lit proapoptoticky
protein Bid, ¢imZ celd signalizace siftuje k poruSeni integrity \#8i mitochondrialni
membrany. V tomto badse signalizace i a vnitni apoptotické drahy sbihaji (Green and
Llambi, 2015). K aktivaci vnihi (mitochondrialni) drahy nedochazi jen ligaci e@or
smrti, ale také v wkledku buiéného stresuizného charakteru - nappoSkozenim DNA
genotoxickymi latkami a modalitami nebo defekty pravnych mechanismech DNA,
oxidativnim stresem nebo stresem endoplazmatickédtikula (ER) indukovanym
nahromadnim nesbalenych nebo Spatsbalenych proteiy infekci patogeny, hypoxii,
nedostatkem Zivin nebo deprivadistovych faktol (Green and Llambi, 2015). Endogenni

apoptoticka signalizace je pod kontrolou protemrodiny Bcl-2 (B-cell lymphoma-2), které
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reguluji uvolrgni specifickych faktar aktivujicich kaspazy z mitochondrii. Tato rodina
zahrnuje proteiny jak proapoptotické (haid, Bad, Bax, Bak, Puma (p53 upregulated
modulator of apoptosis), Noxa, atd.), tak antiapbpké (nap. Bcl-2, Bcl-x). Vysledna
aktivace ¢leni téchto podskupin je rozhodujici pro zahajeni apopt@®irkinshaw and
Czabotar, 2017).
Uvodni udalosti v mitochondrialni apoptotické drgeesgpeni proteinu Bid kaspazou 8.
Aktivni tBid je poté transportovan z cytoplazmy mitochondrii, kde aktivuje proteiny Bax a
Bak. Tyto proteiny po aktivaci oligomerizuji, cozede k vytvéeni pofi ve vrgjsi
mitochondrialni membrana uvolréni cytochromu ¢ do cytoplazmy (Green and Reed, 1998
V cytoplazng tvori cytochrom c spolané s Apaf-1 (apoptotic protease-activating factoal)
dATP multimerni komplex zvany apoptosom, jehoz higunkci je &peni pro-kaspazy 9 na
jeji aktivni formu (Kim et al., 2005). Kroéncytochromu c jsou z poskozenych mitochondrii
uvolhovany do cytosolu dalSi proapoptotické faktory jaBmac (second mitochondria-
derived activator of caspase) a Omi, které posimktivitu apoptosomu diky jejich
antagonistickym &nkam na inhibitory apoptozy XIAP (X-linked inhibitorfcapoptosis)
blokujicich aktivitu kaspazy 9 a efektorovych kasBaa 7 (Eckelman et al., 2006). Aktivaci
efektorovych kaspazipchazi bitka do terminalni faze apoptézy¢hem které efektorové
kaspazy &pi proteiny podilejici se na udrzeni integrity DNAhibitory endonukleaz aizné
cytoskeletélni proteiny. Tyto procesy maji za ndskerozpad jaderného obalu, fragmentaci
DNA a dalSi morfologické zemy typické pro apoptézu (Ashkenazi and Salvesei R0
Souwasné poznatky ukazuji, Zze apoptozizzeza ukitych okolnosti stimulovat
imunitni odpo¥d’. Tato forma imunogenni apoptdézy je zaviskedevSim na aktivaci
oxidativniho stresu a stresu ER. Spravna funkcej&Rezbytna pro a&tsSinu burénych
funkci, Wetré prezivani. Rzné typy stresu vedou k akumulaci Sgatsbalenych nebo

nesbalenych proteinv ER a k naruSeni jeho fyziologickych funkci. Oamormalni funkce
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ER je zavisla na indukci adaptivni odgdiznamé jako odp@d’ na nesbalené nebo Spatn
sbalené proteiny (UPR, unfolded protein responis&ya je v sa¥ich buikach aktivovana
ttemi hlavnimi senzory sidlicimi v membtaikR: IREX (inositol-requiring enzyme o),
ATF6 (activating transcription factor 6) a PERK &mou (protein kinase R (PKR)-like
endoplasmic reticulum kinase). Za fyziologickychdpdnek jsou tyto receptory udrZovany
v inaktivnim stavu vazbou na chaperonovy proteirP@G®& (glucose-regulated protein 78kDa,
jinak také BiP (binding immunoglobulin protein))aRromadni nesbalenych proteimnebo
naruseni homeostazy €aionti vER ale vede k aktivaciéthto transmembranovych
receptoé (Ma and Hendershot, 2002). Aktivovana PERK kin&zsforyluje eukaryoticky
transl&ni iniciatni faktor 2v (elF2x), ¢imZ dochazi k zastaveni syntézy proiein
zprostedkované elR2 To ale naopak umozni translaci transémipo faktoru ATF4
nezavislou na elk2 ATF4 je poté transportovan do jadra, kde indukisggskripci gei
nutnych pro obnoveni homeostazy ER (Harding et28i00). ATF6, dalSi ze senzostresu
ER, je aktivovan &penim po translokaci z ER do Golgiho aparatép&ty ATF6 reguluje
Vv jadre expresi chaperdna transkripniho faktoru XBP1 (X box-binding protein 1). Aktivn
forma XBP1 vznika po segtiu mRNA IREL., ktery umoiuje jeho translokaci do jadra, kde
indukuje transkripci gahkédujicich chaperony a faktorgastnici se degradace proteiiMa
and Hendershot, 2002). UPR signalizace je zn&narna Obr.1..

UPR ma za norméalnich okolnosti podpaieziti buiky, ale v gipad dlouhotrvajiciho
intenzivniho stresu dochazi k aktivaci proapopkgtisignalizace, ktera e, i nemusi,
vyZzadovat mechanismy zavislé na mitochondriich.ivsktle PERK/elF2/ATF4 drahy vede
k indukci exprese gén kddujicich proapoptotické proteiny jako wapCHOP (C/EBP
homologous protein). CHOP je transkimp faktor, ktery spousti transkripcékterych gef
kodujicich proteiny s proapoptotickymi funkcemi aph GADD34, DR5, TRB3 (tribbles

homolog 3), atd. a naopak inhibuje expresi antiémagkého proteinu Bcl-2 (Ma et al., 2002).
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Kromé toho fosforylace IREA indukovana stresem ER ma za nésledek vazbu adaptor
molekuly TRAF2 (tumor necrosis factor receptor-atsed factor 2) a kinazy ASK1
(apoptosis signal-regulating kinase 1) do cytogeli¢asti membrany ER. Poté dochazi
k aktivaci JNK kinazy (c-Jun N-terminal kinase).etd nasledh fosforyluje a blokuje
antiapoptickou funkci Bcl-2. JNK kinaza také fosfloje proteiny z rodiny Bcl-2 obsahuijici
BH3 (Bcl-2 homology domain 3) doménu (iiaBim), coz zvysSuje jejich proapoptoticky
potencial (Urano et al., 2000). DalSim mechanismedoucim k zahgjeni apoptotické
signalizace v ER je aktivace Bax a Bak na membr&R. Interakce &hto proteiri

s aktivovanym IRE& ma za nasledek jejich aktivaci a regulované wmliC£* z ER. C&"
ionty poté vstupuji do mitochondrii a tgwbuji depolarizaci vrii mitochondrialni
membrany, uvoléni cytochromu c, tvorbu apoptosomu a aktivaci kagpé s naslednym
zahajenim exekini faze apoptdézy (Malhotra and Kaufman, 20119hd8n stresu ER takeé
dochazi k aktivaci ¢kterych kaspaz — napkaspazy 12 imo na membrah ER. Tato

signalizace poté fite aktivovat efektorové kaspazy (Szegezdi et G032
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Obr.1. UPR signalizacelUPR je regulovana signalizaimi drdhami aktivovanymirémi
senzory stresu ER - IRE1PERK a ATF6. Za normalnich okolnosti jsou tytoegory
udrzovany v inaktivnim stavu vazbou BiP na jejismihalni domény. &em akumulace
nesbalenych proteinv ER dochazi k uvaini této vazby. IREi dimerizuje a po aktivaci
iniciuje Sepeni mMRNA kddujici XBP1, ktery funguje jako traipgki aktivator. IREZ/XBP1
draha indukuje expresi génkddujicich proteiny dastnici se v degradaci protéinv ER
(ERAD, ER-associated degradation). ATF6 je trakal@n do Golgiho aparatu, kde je S1P a
S2P protedzami odiien jeho cytoplazmaticky konec, ktery je dale parn®van do jadra.

V jadre tento fragment aktivuje transkripci gekddujicich proteiny spojené s UPR. PERK po
uvolreni BiP dimerizuje a fosforyluje ellk2 coZz vede k zastaveni iniciace translace.
Fosforylace elF2 ale paradoxd indukuje translaci mRNA pro ATF4. Aktivace
PERK/elF2/ATF4 drahy ma také za nasledek indukci expresei dg@aujicich proteiny

s antioxidativnim ¢inkem a proapoptotickymi funkcemi jako nafCHOP. Revzato z

(Malhotra and Kaufman, 2011).

2.1.2. Nekr6za/nekroptoza

Nekréza zahrnujetzné formy bugcné smrti, jejichz spolanym znakem je ztrata integrity
plazmatické membrany nasledovana u¥nlm cytoplazmatického obsahu ceirg
prozargtlivych molekul jako naph HMGB1 (high mobility group box 1), proteirteplotniho
Soku HSP (heat shock protein) 70, 90, 60, 72 a GR@®osodium uratu, adenosintrifosfatu
(ATP), IL-6, ribonukleoproteih, mMRNA, genomické DNA, IL-g, atd.. Tyto molekuly
atrahuji a aktivuji izné fagocytujici biiky, které nasledh stimuluji imunitni odpo¥d’
(Krysko et al., 2006).

Nekréza niize probihat nasledkem intenzivniho poSkozeni n@nia integritu buiky jako

je vysoka teplota, opakované zamrazeni/rozmraZesio nmechanicky stres. ¥dhto
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piipadech se jedna o pasivni proces, ktery nevyZzadjeaci utitych signaliz&nich drah.
Nekrotickd morfologie je také pozorovana v pozdai fapoptézy nebo autofagie. Tento
proces je oznavan jako sekundarni nekréza a je zavisly pouzpaiateini proapoptotické
signalizaci, resp. mechanismech vedoucich k aufofag

Nicmére nekrotickd but¢na smrt neni vzdy ndhodnym pasivnim procesem, &kee noyt
také vysledkem specifickiizené signalizani kaskady. Nejlépe charakterizovanou formou
programované nekrézy je nekréza zavisla na kindzdalpiny RIP (receptor-interacting
protein), ozn&vana také jako nekroptdéza. Mezi signaly indukujérito typ bus¢né smrti
pati proapoptotické ligandy smrti (TNE FasL a TRAIL) a patogenni komponenty (PAMPs,
pathogen-associated molecular patterns) -.nApopolysacharid (LPS), virové nukleové
kyseliny, atd., které interaguji s Toll-like recept (TLR), NOD (nucleotide-binding
oligomerization domain)-like receptory a virovymiNB receptory (Vanlangenakker et al.,
2012). Nejlépe definovanou drahou zahajujici nefatigkou signalizaci je draha aktivovana
ligaci TNFR1-TNF. Je pateba zminit, Ze odpéd’ burgk na gitomnost TNl je velmi
komplexni a mize vést jak k indukci nekroptdzy, tak apoptézy nbb®P (mitogen-activated
protein) kindzoveé signalizaci a aktivaci MB- (nuclear factorB). Indukce nekroptozyips
TNFR1 vyZaduje tvorbu cytoplazmatického multiprotiého komplexu zvaného komplex
I, ktery se sklada z FADD, kaspézy 8, cFLIP a RIPRrimarni funkci tohoto komplexu je
aktivace kaspazy 8, suprese nekropté2peitim RIPK1 a indukce apoptézy (Ashkenazi and
Salvesen, 2014). Nicmé&nza podminek, kdy dochazi kinhibici aktivity kazpa8, je
umozréna aktivace RIPK1 kindzy a jeji interakce s RIPESZ vede k tvord signaliz&niho
komplexu zvaného nekrosom. Vramci tohoto kompleRIPK1 fosforyluje RIPK3
(Ashkenazi and Salvesen, 2014, He et al., 2009),utno0zni vazbu MLKL (mixed lineage
kinase domain-like). Fosforylace MLKL RIPK3 ma zastedek jeho oligomerizaci a

translokaci do plazmatické membrany a intraceliérnmembran vazbou na specifické
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lipidy. Oligomerizace MLKL zfsobuje vznik pdr, coZ naruSuje integritu membran a
konenou fazi nekroptotického procesu (Sun et al., 2012kdyZz nejsou biochemické
udélosti, které zprostdkovavaji exekini fazi nekroptotické smrti dosud zcela znamy,
existuji poznatky, Ze vtomto procesu hraje robbdukce reaktivnich kyslikovych radikél
(ROS, reactive oxygen species) mitochondriemi, nérdllysosomalniho obsahu a peroxidace

lipida (Vanden Berghe et al., 2010).

2.1.3. Autofagie

Autofagie (rtkdy také nazyvana jako makroautofagie) je ddmy katabolicky proces
indukovany metabolickym stresem tstedku nedostatku Zivin &stovych fakto#, hypoxie,
infekce patogeny, atd.. Jeho cilem je zajistit dpsost dlezitych metabolii a také
zprostedkovat odstrami infikovanych bugk, poSkozenych organel a proteinovych agriegat
v cytoplazng. V pripact letalniho stresu, kdy tyto mechanismy néiskaobnoveni bugtnych
funkci, dochazi k indukci autofagické iné smrti (Levine and Kroemer, 2008).

Autofagie je charakterizovana masivni  vakuolizaci ytoplazmy.  Degradace
cytoplazmatického obsahu vyZaduje tvorbu Uivas dvojitou membranou, zvanych
autofagosomy. Tyto struktury obklopuji intraceluiématerial a fuzuji s lysosomy, kde jsou
cytoplazmatické komponenty ¢geny lysosomalnimi hydrolazami. Tvorba a dozravani
autofagosomu je kaskadavitregulovano proteiny asociovanymi s autofagii (ATG,
autophagy-related proteins). Signatimh draha je zahajena aktivaci tzv. preininiko
komplexu tvéeného kinazou ULK1 (Unc-51-like kinase 1), FIP200BG13. Preiniciani
komplex dale vaze a aktivuje ini¢id komplex skladajici se z beclinu 1, fosfatidybitol-3-
kindzy (PI13K) lll. ¥idy (Vps34) a protein kindzy Vps15 za vzniku fosfginositol-3-fosfatu

(PI3P) (He and Levine, 2010). Tento proces zahapgebu fagoforu vazbou ATG7, ktery
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indukuje d¥ konjuga&ni drahy nezbytné pro elongaci membrany a fersivautofagosomu
(Green and Llambi, 2015, Hanada et al., 2007).

Autofagie hraje vyznamnou roli v eliminaci htknnapadenych patogennimi mikroorganismy
imunitnim systémem a prezentaci antigema MHC (major histocompatibility complex)
molekulédch Il. ¥idy. To je umoz#éno predevsim interakci tzv. ,pattern recognition” recefpt
(PRRs) (nap TLR a NOD-like receptdr s patogennimi komponentami. Aktivace TLR4 a
TLR7 LPS nebo ssRNA vede k tveérautofagosor, indukci Myd88- a TRIF (TIR domain-
containing adapter-inducing interfer@p-dependentni signalizace zpi@stkovavajici
aktivaci NFxB a AP1 (activator protein 1) a nasledné stimulaidukce prozétilivych
cytokini (Delgado et al., 2008). 88em autofagie dochazi také k usovani HMGB1 a
sekreci ATP. Tyto molekuly maji potencial stimulowaunitni odpo¥d’ a budou podrokiii

probrany v nasledujicich kapitolach.

2.2. Koncept imunogenni buéné smrti

V minulosti byla apopt6za vnimana jako imunologicigutralni dj. Naopak na nekrézu bylo
pohlizeno jako nadj, ktery vede k indukci imunitni odpeédi. Dnes je jizZ obechpiijimano,
Ze nejen nekrotické, ale také apoptotickékyumaji potenciél stimulovat imunitni odpad.
Morfologické charakteristiky tedy nepredikuji dophdrnééné smrti na aktivaci imunitniho
systému. Bu&na smrt nadorovych bgk miZe byt imunogenni vifpad, Ze je indukovana
ur¢itymi chemoterapeutiky, fyzik&lnimi modalitami askterymi viry, které budou déle
popsany vtéto praci. Tato specificka forma regat@y buséné smrti nazvana jako
.imunogenni bud¢na smrt“ (ICD, immunogenic cell death) je v imunokmetentnich mysich
schopna aktivovat pa¥tiovou antigen-specifickou adaptivni imunitni odpdy ktera je
schopna oddalitist nddoru (Bezu et al., 2015, Krysko et al., 201@unogenni butna

smrt je ¥tSinou (ale ne vzdy) doprovazena morfologickymikantypickymi pro klasickou
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apoptézu a &které jeji charakteristiky jsou zavislé na sloZzkaahoptotického aparatu
(Panaretakis et al., 2009). Imunostintmiakapacita ICD zavisi na aktivaci drah Bamého
stresu, které se castni translokace endogennich signalebezp& na plazmatickou
membranu umirajicich bek, pogipad jejich sekrece/uvokmi do extracelularniho prasdi
(Zitvogel et al., 2010a). Tyto signaly jsou soul¥rmezna&ovany jako damage-associated
molecular patterns (DAMPSs) a mohou byt réledy do 3 kategorii: 1. DAMPs translokované
na burénou membranu (kalretikulin (CRT), proteiny teplétniSoku (heat shock) HSP70 a
HSP90) (Garg et al.,, 2010), 2. DAMPs sekretovandong@asivié uvoliované do
extracelularniho prosgdi (high mobility group box 1 (HMGB1), ATP, interbny (IFN) I.
typu (Sistigu et al., 2014), annexin A1 (ANXA1) (helli et al., 2015), kyselina rdova a
prozartlivé cytokiny zahrnujici nap IL-1p a 3. DAMPs uvalované z umirajicich
nadorovych bugk v pozdni fazi apoptézy jako degradaprodukty (DNA a RNA) (Garg et
povazovany fedevsim CRT, proteiny teplotniho Soku HSP70 a HSP®IGB1, ATP, IFN

l. typu a ANXAL, které budou popsany v nasledujapitole.

2.2.1. Hlavni DAMPs asociované s imunogenni b&nou smrti a jejich vyznam

pro aktivaci imunitniho systému
2.2.1.1. Kalretikulin

Kalretikulin (CRT) je vysoce konzervovany proteinmslekulovou hmotnosti 46 kDa
lokalizovany pevazr vIiumen ER. V ER plni zasadni funkci chaperonovédnoteinu,
reguluje C&" homeostazu a signalizaci, napomaha spravnémunslvieC molekul I. tidy,
vazlk® antigenu a stabilizaci komplexu MHC/antigen naduaém povrchu (Krysko et al.,

2012). Kalretikulin se krotER nachazi také v j&el (konkrétg v lumen jaderného obalu) a
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cytoplazng. Zatimco funkce CRT v cytoplazmjsou prozatim neznamé, hlavni funkci
jaderného CRT je regulace transportu prateifadie (jak importu, tak exportu) (Mesaeli and
Phillipson, 2004). Frakce CRT byla také nalezenglaamatické membr&nzivych burk.
Za fyziologickych podminek se povrchovy CRT vazetramsmembranove receptory (jako
nag. CD49, CD69, CD91), integriny, slozky bazalnichmiean (glykosylovany laminin) a
solubilni faktory (thrombospondin 1, komplement®ldzka C1q) a reguluje fokalni adhezi,
interakci burk s extracelularni matrix a migraci (Garg et aD1@, Truxova et al., 2017,
Krysko et al., 2012).

Dulezitym zjis€nim byl fakt, Ze CRT rize byt vystaven na b&&ny povrch wasné fazi
imunogenni apoptézy. K tomuto procesu dochaaislatiku specifickych stimilschopnych
indukovat ICD. V roce 2007 Obeid a kolegové defamoantracykliny, oxaliplatinu, UV-C a
y z&eni jako prvni induktory ICD. Nadorové iiky oSetené &mito latkami a modalitami
byly 1épe rozpoznavany a pohlcovany DCs a jejichikape vedla u imunokompetentnich
mySi ke stimulaci protektivni imunitni odp&li a redukci masy nadoru (Obeid et al., 2007a,
Obeid et al., 2007b, Panaretakis et al., 2009, i€esret al., 2010). Deplece CRT, nap
pomoci siRNA (small interfering RNA) vedla ke smiZeimunogenniho potencialu
nadorovych bukk oSetenych antracykliny a naopak exogenni aplikace rddiamtniho
CRT nebo pouziti farmakologickych latek ushagicich translokaci CRT na b&mny povrch
(nap. inhibitory protein fosfatazy 1 (PP1, protein pplatase 1)) vedlo k obnoveni
imunogenicity (Obeid et al., 2007b). Kalretikulire jproto povazovan za ktvou
determinantu imunogenni formy bigmé smrti. V kontextu imunitniho systému je CRT tiob
zndm pedevSim jako kéovy tzv. ,eat-me“ signal, ktery umagje rozpoznani a pohlceni
umirajicich busk CD91" buikami jako jsou makrofagy a DCs. To nasleduede

k prezentaci nadorovych antigencytotoxickym CD8 T lymfocytim a stimulaci

protinddorové imunitni odp&di (Gardai et al., 2005). Hong a kolegové ukazak,
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imunomodul&ni schopnost CRT leZi v jeho N-termindlni lektinal@mért, ktera s vysokou
afinitou vaze fizné glykosylované proteiny. Zajimavym zis$tm bylo, Ze rekombinantni N-
terminalni fragment CRT (39-272) je silnym induldor aktivace a maturace B lna

makrofagi a mizZe in vitro a in vivo spoustt izotypovy gesmyk B busk bez pomoci T

lymfocyta (Hong et al., 2010).

2.2.1.2. Proteiny teplotniho Soku HSP70 a HSP90

Transkrigni a translani aktivace molekularnich chapefopaticich do tidy inducibilnich
HSPs pedstavuje typickou odpéd’ na itizné druhy bu&iného stresu zahrnujicich oxidativni
stres, z#eni, chemoterapii, atd.. Tyto vysoce konzervovarodemy hraji dlezitou roli gi
skladani no¥ syntetizovanych proteina chréani bitkku pred smrti tim, Ze pomahaji znovu
skladat proteiny poSkozené udledku stresu, které jsou vipadt opstovného sbaleni do
Spatné konformace ¢gny k degradaci v proteasomu (Lanneau et al., 2G8)mco ¥tSina
HSPs #stava Bhem stresovych podminek v cytoplazmmebo organelach jako ER a
mitochondrie, #které inducibilni HSPs, meziéa pati nag. HSP70 a HSP90, jsou
translokovany na plazmatickou membranutslddku probihajici ICD aktivované rap
antracykliny, bortezomibem, atd. (Fucikova et aDl1la, Spisek et al., 2007). Zakladnim
rozdilem mezi intra a extracelularnimi HSPs jsgighepronadorové respektive protinadorové
funkce. Intracelularni HSPs se vyZna spiSe cytoprotektivnimi vlastnostmi a schophost
inhibovat apoptozu. Naopak extracelularni nebo mréming vazané HSPstsobi na nador
supresiv diky silnym imunostimulkénim vlastnostem (Tesniere et al., 2008). Povrchovy
HSP70 a HSP90 funguiji pro imunitni systém jako &igmebezp& a za utitych podminek
zvySuji imunonogenni potencial nadorovych #urHSP90, translokovany na plazmatickou
membranu myelomovych bgik béhem ICD indukované bortezomibem, se vaze na DCs, co

vede k jejich aktivaci a sekreci prozflivych cytokini (Spisek et al., 2007). Podabtaké
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HSP70 fisobi jako maturmi signal pro DCs (Singh-Jasuja et al., 2000). H8&&Zou
pouze proteiny, které p@buji zaujmout spravnou konformaci, ale mohou tak#at peptidy,
véetrg nadoro¥-specifickych antigei a antigefi asociovanych s nadorem (TAAs, tumor-
associated antigens). Komplexy HSPs s peptidy sl@ld zdroj antigei, které tak mohou
byt &inné cross-prezentovany cytotoxickym CD8 lymfocytim (Binder and Srivastava,
2005). | kdyz jsou imunostimutai inky HSPs pevazri zprostedkovany DCs, mohou tyto
molekuly interagovat také s NK (natural killer)iiami a aktivovat je. HSP70 na povrchu
nadorovych bukk je schopen selekti¢nindukovat néist cytotoxické aktivity NK bu&k in
vitro (Multhoff et al., 1997). NK biky mohou gimo rozpoznévat oligomer o velikosti 14-ti
aminokyselin (TKD) lokalizovany v C-terminalni dom#¢HSP70 vazbou na CD94 receptor
(Gastpar et al., 2004, Gross et al., 2003). HSRB@iavany s nadorovymi Bkami, & uz
prezentovany na bg&dném povrchu nebo sekretovany ptredhictvim exosotrin maze
zvySovat aktivitu NK bu#k proti riznym typim nadot in vivo (Elsner et al., 2007, Gastpar
et al., 2005). Dale bylo prokazano, Ze aktiviteejaich NK bugk proti neoplastickym
bunkam zprostdkovana TRAILem rive byt také zvySena upregulaci HSP70 (Dang et al.,
2014). V porovnani s HSP70 je toho o vztahu NKdiua HSP90 zndmo mé&nSowasné
studie ale nazriaji, Ze HSP90 hraje potenciéltaké roli v aktivaci NK bugk. Inhibitory
HSP9O0 totiz negativh reguluji cytotoxicitu NK bugk tim, Ze indukuji jejich apoptézu,
snizuji produkci cytokifi a expresi aktivenich NK receptar (Huyan et al., 2016). Tato data
souhrni ukazuji, Ze fitomnost HSPs na povrchu nadorovych dkuje dilezitym faktorem
pro zahdjeni efektivni protinddorové imunitni odgdivjak na Urovni antigen-prezentujicich

burgk (APCs, antigen-presenting cells), tak NK Bkin
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2.2.1.3. HMGB1

HMGB1 predstavuje protein vazajici chromatin, ktery se yaiofogickych podminek
vyskytuje v bugcném jade. Jeho hlavni roli v j&d je stabilizace nukleosdmoprava a
rekombinace DNA a regulace transkripce (Tang et24110). Krond toho také pini funkce
v cytosolu a v extracelularnim présdi. Extracelularni HMGB1 ma silné prozéivé ucinky
(Andersson and Tracey, 2011, Scaffidi et al., 2002% pasivé uvoliovan z poSkozenych
burck béhem fznych forem bu&né smrti zahrnujicich pozdni apoptézu,
primérni/sekundarni nekrozu, nekroptézu a autofdggilhotra and Kaufman, 2011, Fucikova
et al.,, 2011a, Garg et al., 2010, Guo et al., 20harburn et al., 2009). | kdyZ uvaini
HMGB1 zburk nepedstavuje specificky proces doprovazejici pouze ,ICylo
experimentalé dokdzano, Zze HMGB1 je dalsi édivou molekulou rozhodujici o tom, zda je
buné¢éna smrt vnimana imunitnim systémem jako imunogeBxperimentalni studie na
mySich prokazaly, Ze imunizace pomoci CT26dursetenych antracykliny s depletovanym
HMGB1 nebo s paralelni injekci bloka protilatky proti HMGB1 vedla ke snizeni
imunogenniho potencialédhto burk a schopnosti mysi odolavaistu nadoru. Eradikace
nadoru indukovana imunogenni chemoterapii (antlagykbyla zavisla na vazbHMGB1
na TLR4 na povrchu APCs (Apetoh et al., 2007b).

Z pohledu imunitniho systému, jaildzitou funkci HMGB1 zajighi optimalni prezentace
antigeri z umirajici biiky DCs (Krysko et al.,, 2012). Za zminku stoji fakie
imunomodulé&ni vlastnosti HMGBL1 zavisi na redoxnich modifikdcindukovanych biikou
samotnou nebo extracelularnim ptedim. Zatimco plka redukovany HMGB1 funguje jako
chemoatraktant a HMGB1 nesouci disulfidovou vazbdukuje produkci prozé&tiivych
cytokini, oxidace vede k inaktivackthto imunostimulénich &inka (Venereau et al., 2012,

Yang et al., 2012). Nadorové mikropriesti je vysoce variabilni, protaigtava otazkou, zda
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jsou imunostimuléni vlastnosti HMGB1 uvdlovaného Bhem ICD relevantni v nadorové

tk&niin vivo.

2.2.1.4. ATP

ATP predstavuje hoj& zastoupeny intracelularni metabolit, ktery takéjdarctilezitou roli
v autokrinni/parakrinni signalizaci regulaéznych bugénych funkci jako nap purinergni
neurotransmise, ipzivani, bu&né smrti, adheze, proliferace a diferenciace ¢kun
(Burnstock, 2007, Krysko et al., 2012). K uvétih nebo aktivni sekreci ATP dochazi také
béhem bugcné smrti indukovanétenymi stimuly jako nap mechanickym poskozenim,
poskozenim plazmatické membrany, hypoxii, @8 cytotoxickymi latkami a fyzikalnimi
modalitami. ATP je také sekretovan frstedku probihajici ICD, ale podaobjeko HMGB1
neni vyliené charakteristickym znakem pouze pro tento typené smrti (Ayna et al., 2012,
Elliott et al., 2009, Garg et al., 2012b, Martinsag, 2014). Sekrece/uvaini ATP silrg
zavisi na typu a fazi bgsné smrti a mechanismus tohoto procesu bude déetpipsan
v kapitole 2.2.3.2.. Aplikace fotodynamickeé terajgiieduktor ICD) vede u butk k aktivni
sekreci ATP Bhem pre-apoptotické faze a tato sekrece je zanslkindzach PERK a PI3K
(Garg et al., 2012b). Nadorové iy, umirajici ICD indukovanou antracykliny,
mitoxantronem a oxaliplatinou, sekretuji ATP medbarem zavislym na autofagii (Martins
et al.,, 2009, Michaud et al., 2011). Z imunologiéhlediska psobi extracelularni ATP
predevsim jako tzv. ,find-me* signal usnagici rychlé gilakani makrofad a prekurzok
DCs do mist s intenzivni b&&nou smrti (Elliott et al., 2009) atihe také regulovat fenotyp
myeloidnich budk a maturaci DCs (Kroemer et al., 2013). Jeiglmd zminit, Ze
extracelularni ATP rize byt velmi rychle hydrolyzovdano membragowazanymi

ektonukleotidazami CD39 (znama také jako NTPD1 Ilgngide triphosphate

diphosphohydrolase 1)) a CD73 (ekto-5"-nukleotijlaza imunosupresivni adenosin. To
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znamena, Ze vysoka koncentrace imunostitmileo ATP v nddorové tkani e zarove
vést k vy§Simu mnoZstvi adenosinwgetto mistech. Na rozdil od ATP, adenosin podporuje
imunosupresivni prosdi v nadoru a inhibuje tak efektivni protinddorewmunitni odpo¥d

(Beavis et al., 2012, Robson et al., 2006).

2.2.1.5. Interferony I. typu

Interferony (IFN) I. typu jsou produkovanyznymi burgénymi populacemi éhem aktivace
PRRs pevazr virovymi komponentami, ale i slozkami bakteridlmilpivodu a také
endogennimi molekulami jako cytosolickou DNA nebdracelularni DNA a RNA (Kawai
and Akira, 2010). Saiasné poznatky ukazuji, ze IFN |. typu jsou sekr@byv také
nadorovymi bitkami v souvislosti s probihajici ICD indukovanogkterymi imunogennimi
chemoterapeutiky a onkolytickymi viry. Schopnasthto induktofi vyvolat produkci IFN 1.
typu je nutna pro aktivaci bek vrozené imunity a zahdjeni adaptivni protinddéroaunitni
reakce (Donnelly et al., 2013, Sistigu et al., 201B8N. | typu se vazou na homodimerické a
heterodimerické receptory exprimovaredou imunitnich butk a maji tak velice Sirokou
imunostimul&ni aktivitu. Risobi na myeloidni hiky, nag. makrofagy, a indukuji jejich
aktivaci (Novikov et al., 2011), zvy3uji fuéiki potencial cytotoxickych CO8T lymfocyti
stimulaci cross-prezentace nadorovych anfig€fCs a upregulaci exprese perforinu a
granzymu B, podporuji migraci CDS8T lymfocyti do lymfatickych uzlin a fezivani
pamstovych burk (Zitvogel et al., 2015) a chrani CD§ lymfocyty aktivované antigenem
pied eliminaci NK biikami (Crouse et al., 2014). Interferony I. typu eddékée zvySuji
cytotoxicitu NK burgk (Guillot et al., 2005) a inhibuji supresivni fuugkregulanich T burk
(Treg) (Bacher et al., 2013). Kr@mréchto imunostimulénich efekih mohou IFN I. typu

regulovat fizné signalizéni drahy uvnit nadorovych bukk vedoucich nap k syntéze
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chemotaktického faktoru CXCL10 (chemokine (C-X-C tif)oligand 10), ktery zvySuje

atrakci efektorovych CXCR3T lymfocyti do nadoru (Sistigu et al., 2014).

2.2.1.6. Annexin Al

Vyznam ANXA1 pro imunostimukni potenciél ICD byl objeven teprve nedavno. ANXjal
za fyziologickych podminek cytosolicky protein, Ktge po oSdtni nadorovych buik in
vitro imunogenni chemoterapii (antracykliny) usefan do supernatantu. Sasna data
ukazuji, Ze ANXAL je dlezitym faktorem pro migraci DCs do mist, kde dagdhiée smirti
nadorovych bugk a pro navozeni stabilnich interakci s umirajidbuiikami. Knockout genu
kédujiciho ANXAL nebo jeho receptor na DCs (FPRdrmyl peptide receptor-1) vede
k potlateni imunitni odpo¥di proti nAdorovym bikam oSatnym antracykliny (Vacchelli et

al., 2015, Vacchelli et al., 2016).

2.2.2. Induktory imunogenni burééné smrti

V souwiasnosti existuje celégada latek a modalit, u kterych bylo prokdzano,ntiikuji ICD.
Induktory ICD jsou znéné heterogenni a 1iSi se jak biologickymi, tak
chemickymi/fyzikalnimi vlastnostmi. Tato diverzitaedla k vytvdeni Kklasifikace, ktera
piedevSim odrazi mechanismyisobeni &chto latek a modalit. Klasifikami systém di
induktory ICD do dvou skupin podle toho, zda spbwgioptézu jako ikledek pimého
pusobeni na ER (induktory IlI. typu) nebo indukuji pfizu a stres ER nezavislymi
mechanismy (induktory I. typu) (Krysko et al., 201%¢étSina z dosud popsanych induktor
ICD zpisobuje stres ER né&mo pres nejiznéjSi cytosolické proteiny, proteiny plazmatické
membrany, DNA a DNA replikai proteiny afradime je tedy do induktdrl. typu. Do této
skupiny pati zejména antracykliny (Fucikova et al., 2011a, i@l al., 2007b), mitoxantron

(Obeid et al., 2007b), cyklofosfamid (Schiavonia&t 2011), oxaliplatina (Tesniere et al.,
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2010), bortezomib (Spisek et al., 2007), bleomy@ngaut et al., 2013), UVC @azaeni
(Obeid et al., 2007a) a vysoky hydrostaticky tIle#P, high hydrostatic pressure) (Fucikova
et al., 2014). Jako induktory Il. typu jsou oza@any fotodynamicka terapie zaloZzena na
hypericinu (hyp-PDT, hypericin-based photodynarhierapy) (Garg et al., 2012b) akteré
onkolytické viry (Miyamoto et al., 2012). Mechanigspisobeni jednotlivych induktérlCD

je znazorgin na Obr.2..

a Type | ICD inducers Cytosol & %

Changes to specific
Focged = cytoplasmic proteins
P 4 effect
Bortezomib
HHP
n =
Collateral N Da v DAMPs
Anthracyclines effect gnalli 0
Mitoxantrone
Cyclophosphamide )
Oxaliplatin Apoptosis
Bleomycin
uvc
y-irradiation

b Type Il ICD inducers

DAMPs
Hyp-PDT Y Focused Da
Oncolytic viruses B ignall ’

Apoptosis

Obr.2. Mechanismy vedouci k ICD indukované indukyot. a Il. typu. a. Primarnimi cily
vetSiny induktof: ICD I. typu jsou jadro (DNA a proteinycastnici se replikace a opravy
DNA), cytoplazmatické proteiny a proteiny plazmaicmembrany. Jejich schopnost
vyvolavat budcnou smrt nebo apoptézu je dam@gevSimdmito cilenymi efekty. Tyto latky
a modality maji ale takéadu vedlejSich efektkteré mohou sekundéfindukovat stres ER a
sekreci/uvoléani/vystaveni DAMPs. b. Induktory ICD Il. typu naprimmu cile poSkozuji

ER, coZz vede kintenzivnimu stresu ER. Jak jejcomnost indukovat apoptozu, tak
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sekreci/uvoléni/vystaveni DAMPSs, je zavisla na efektech cilepyéino na ER. Revzato a

upraveno podle (Krysko et al., 2012).

2.2.2.1. Induktory I. typu

2.2.2.1.1. Antracykliny a mitoxantron

Antracykliny (doxorubicin, idarubicin a epirubicidyly poprvé popsany v roce 1963 jako
antibiotika. Diky jejich vysoké dinnosti v protinadorové terapii jsou nadale pougiv@ro
Ié¢bu fady solidnich a hematologickych nadorovych onerioicmagg. lymfoma, karcinomu
prsu, ovarii, atd.. Cytotoxickyc¢inek antracyklii a derival antrachinofi (mitoxantron) je
zprostedkovan jejich vazbou mezi pary bazi v DNA nebo RNé&zci a inhibici
topoizomerazy Il. Dochazi k zastaveni syntézy rmkjeh kyselin a replikace rychle
proliferujicich nadorovych bwk s naslednou indukci b&mné smrti (Rabbani et al., 2005).
Tento typ smrti vykazuje kibvé charakteristiky ICD jako pre-apoptotickou tlakaci CRT
na burcny povrch, vystaveni HSPs, produkci IFN I. typukreei ATP a pasivni uvobmi
HMGB1 béhem pozdni faze apoptozy (Fucikova et al., 201Xeeidet al., 2007b, Sistigu et

al., 2014).

2.2.2.1.2. Cyklofosfamid

Cyklofosfamid je alkylani oxazafosforinové cytostatikum, které je Siroceifivano v 1éb¢
solidnich n&dar a autoimunitnich onemoéni. Jeho cytostatick&d aktivita je zavisla na
poskozeni DNA alkylaci. Krotntoho ma také antiangiogenni a imunomodiiaslastnosti
(Sistigu et al., 2011). Schopnost stimulovat imuingystém je&asténé dana tim, Ze indukuje
ICD, béhem které dochézi kvystaveni CRT na damy povrch a uvoleni HMGBL1

z nadorovych butk (Bezu et al., 2015).
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2.2.2.1.3. Oxaliplatina

Oxaliplatina pat do skupiny platinovych derivéats cytostatickymi &inky. Jeji protinadorové
pusobeni bylo prokadzano radt mysSich a lidskych preklinickych modela kombinace
oxaliplatiny s 5-fluorouracilem a kyselinou folinmy byla schvalena pro terapii pokiiého
karcinomu tlustého stva (Tesniere et al., 2010). Platinové derivatyalipiatina, cisplatina,
karboplatina) interkaluji do DNA a #pobuiji jeji denaturaci a vznik DNA zlamcoz vede

k inhibici syntézy DNA/RNA a replikace a k aktivaapoptotickych signalizmich drah
(Stojanovska et al., 2015). Oxaliplatina je, nadibad cisplatiny a karboplatiny, povazovana
za efektivni induktor ICD, vedouci k sekreci/uvaifivystaveni DAMPSs z umirajicich b&kn
Bunky oSetené oxaliplatinou na svém povrchu vystavuji CRT @PHO, sekretuji ATP a
uvolhuji HMGB1 do extracelularniho prdaeti (Tesniere et al., 2010). Oxaliplatina také
zvySuje expresi MHC molekul Lfitly na nadorovych hikach, coz napomaha jejich

efektivnimu rozpoznavani a odstowani imunitnimi bitkami (Liu et al., 2010).

2.2.2.1.4. Bortezomib

Bortezomib (Velcade) byl v roce 2003 schvélen pinidké pouZiti americkym Eadem pro
kontrolu potravin a l&v (FDA, Food and Drug Administration) a je pouzivaro I&bu
mnoha@etného myelomu a lymfomu z pta&ych burk. Bortezomib inhibuje 26S
proteasom, ktovy regulator degradace intracelularnich prateia indukuje zastaveni
burgcného cyklu a fechod buik do apoptdézy (Chen et al., 2011). Byl také idékafan
jako induktor ICD a jeho imunogenni vlastnosti bypyokazany v mySich nadorovych
modelech (Schumacher et al., 2006). Poieaétnadorovych butk bortezomibem dochazi
k vystaveni HSP90 na plazmatické membr&oz nasledh vede ke kontakthdependentni
aktivaci DCs. Navzdoryétto imunostimulénim vlastnostem e bortezomib {sobit na

imunitni systém také negati@nprotoze snizuje expresi MHC molekul na DCs a\wnlje
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Zivotnost rkterych populaci imunitnich bek, nag. plazmacytoidnich DCs nebo

aktivovanych T lymfocyi (Schumacher et al., 2006).

2.2.2.1.5. Bleomycin

Bleomycin je antibioticky glykopeptid s protinadegmni vlastnostmi produkovany bakterii
Streptomyces verticillusktery je v sotiasnosti indikovan pro paliativni déu Hodgkinova
lymfomu, nadoit penisu a varlat a skvamoézniho karcinomu hlavyka kéloZniho ¢ipku a
vulvy. Nedavno bylo prokazano, ze bleomycin je gehroindukovat ICD a jeji typické znaky
jako translokaci CRT a ERp57 na ktny povrch, sekreci ATP a uvani HMGB1 a dale
stimulovat protinadorovou imunitni odpal, ktera je zavisla na CRT, CDg lymfocytech a

IFN-y (Bugaut et al., 2013).

2.2.2.1.6. Fyzikalni modality

Fyzikalni modality, spadajici do kategorie induktd€D I. tridy, zahrnuji UVC &-zé&eni a
vysoky hydrostaticky tlak (HHP).

UVC ay-zaeni obecn zpisobuje poskozeni DNA, které v zavislosti na intenaibugéném
typu vede k apoptdze nebo nekréze. Imunostitmilpotencial nadorovych bak oSetenych
UVC ary-zaenim byl prokdzam vivo v fadé mysich imunizénich experimerit (Begovic et
al., 1991, Carr-Brendel et al., 1999, Schaue et2412). Z popsanych DAMP molekul
klicovych pro koncept ICD, indukuji tyto typy ighi pre-apoptotickou translokaci CRT a
HSP70 na plazmatickou membranu a uenirHMGB1. Nadorové hitky inaktivované UVC
ay-zaenim zvy3uji maturaci DCs a stimuluji aktivaci CDBlymfocyti a produkci IFNy in
vitro ain vivo (Apetoh et al., 2007b, Obeid et al., 2007a).

Vysoky hydrostaticky tlak je &n¢ pouzivan pro sterilizaci potravin, transplaftat I&€iv.

Aplikace HHP v ramci protinadoroveé terapie byla p@ppopsana v roce 1972 (Helmstein,
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1972). Buréna smrt indukovana HHP byla vice zkoumana Udo @miph kolegy, ktié
navrhli potencialni vyuziti HHP pro vyrobu bitmych protinadorovych vakcin (Frey et al.,
2004, Korn et al., 2004). &#vch bureéné smrti zavisi na intenzitHHP. Zatimco intenzita
vrozsahu 1-100 MPa je povaZzovana za fyziologickmupisobi pouze reverzibilni
morfologické zrgny buiky, hodnoty HHP v rozmezi 150-250 MPa indukuji apap.
Nekroticka bug¢néd smrt nize byt navozena HHP o interizity$Si nez 300 MPa, v zavislosti
na burkcném typu. OSéeni burk HHP vede Kk jejich zakulaceni, zgelosmit cytoplazmy,
inhibici syntézy proteih a zpomaleni enzymatickych funkci (Weiss et al.,.1®0
V predchozich letech naSe skupina identifikovala HHEb janduktor ICD. HHP indukuje
translokaci CRT, HSP70 a HSP90 na povrch umir&jioédorovych butk, sekreci ATP a
uvolnéni HMGBL1 v pozdni fazi buftné smrti (Fucikova et al., 2014). V s@asné dob se
tato modalita vyuziva pro standardizovandipmvu imunogennich nadorovych kkna je
souwésti vyrobniho protokolu vakciny zaloZzené na DGsiprunoterapii karcinomu prostaty,
ovarii a plic, ktera je testovana v rameékalika probihajicich klinickych studii (Adkins et a
2018, Hradilova et al., 2017, Podrazil et al., 20TZetailni charakteristika ICD indukované
HHP a jeji vliv na aktivaci imunitni odpési jsou uvedeny ve dvouifpZzenych publikacich,

které jsou sotasti této prace.

2.2.2.2. Induktory II. typu

2.2.2.2.1. Fotodynamicka terapie zaloZen& na hypemu

Hyp-PDT edstavuje modalitu s cytostatickymi ¢ilky zaloZzenou na akumulaci
fotosenzitivni latky hypericinu v ER, kterd je akivana excitaci s¥lem o utité vinové
délce. Po aktivaci hypericinu dochazi v ER k maisprodukci ROS, coz ma za nasledek
intenzivni stres ER. Tyto udalosti vedou k indukarecné smrti a lokalni zatlivé reakce.

Nadorové biiky oSetené hyp-PDT vykazuji znaky ICD a jejich potencidimsilovat
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protinadorovou imunitni odp@d’ byl potvrzenin vivo na mySich modelech (Garg et al.,
2012a, Garg et al., 2012b). Mezi charakteristikgcass/ané s ICD indukovanou hyp-PDT
pati pre-apoptotické vystaveni CRT a HSP70 naébay povrch,casnd sekrece ATP a
pasivni uvolgni CRT, HSP70 a HS90 do extracelularniho geakt lthem pozdni faze

apoptézy. Interakce nadorovych kknoSetenych hyp-PDT s DCs vede k fenotypické
maturaci a funéni stimulaci DCs (zvySeni produkce 13-k oxidu dusného (NO)) (Garg et

al., 2012a, Garg et al., 2012b).

2.2.2.2.2. Onkolytickeé viry

Onkolytické viry byly v poslednich letech testovankads preklinickych model a klinickych
studii jako potencialni protinadorova terapie (Bohl., 2016a). Prvnimijpravkem na bazi
onkolytického viru, schvaleného americkou FDA pecapii nadoit (konkrétrg melanomu),
se v roce 2015 stal Talimogene laherparepvec (TIV@iSahujici geneticky modifikovany
herpes simplex virus-1 (HSV-1) (Pol et al., 2016M@rapeuticka &innost onkolytickych viit
neni zavisla pouze na lyze neoplastickych daurale také na jejich schopnosti aktivovat
adaptivni protinddorovou imunitni odpik. Onkolytické viry indukuji pevazre imunogenni
typ bureéné smrti, zahrnujici imunogenni apoptdzu, nekrGzkrmptdzu, pyroptézu nebo
autofagii, ktera je spojena se sekreci/ugnim/vystavenim DAMPs. Jak DAMPs, tak vikov
odvozené PAMPs,ipdstavuji kifové signaly pro aktivaci DCs a jinych APCs, ktesglou
ke stimulaci T lymfocyi. Mezi doposud identifikované virové induktory ICPpafi
Coxsackievirus B3 (CVB3) (Korn et al., 2004), hermmplex viry (Takasu et al., 2016),
virus Newcastleské nemoci (Koks et al., 2015), parus H1 (Moehler et al., 2003), virus
spalntek (Donnelly et al., 2013), adenoviry (Diaconu let2012), reovirus (Prestwich et al.,
2008) a virus vezikularni stomatitidy (Janelle & @014). V pfibéhu ICD indukované

onkolytickymi viry dochazi k pre-apoptotickému vggeni CRT na povrch umirajicich kiin
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(CVB3, herpes simplex viry, virus Newcastleské neimadenoviry), uvoléni HSPs (herpes
simplex viry, parvovirus H1, virus Newcastleské mei a HMGB1 (CVB3, herpes simplex
viry, virus spalniek, adenoviry, virus Newcastleské nemoci) a sek#dd® (CVB3, herpes
simplex viry, adenoviry) (Aurelian, 2016). S@sné poznatky ukazuji, Ze kombinace terapie
onkolytickymi viry a chemoterapie e zvysit imunogenni potencidl nadorovych dua
schopnost stimulovat imunitni odp&al proti rekterym typim solidnich naddr (Siurala et al.,

2015, Workenhe et al., 2013).

2.2.3. Mechanismy vedouci k sekreci/uvoémi/vystaveni DAMPs v prabéhu

imunogenni buré¢né smrti
2.2.3.1. Mechanismus translokace membranévokalizovanych DAMPs

Dosud nejlépe prozkoumanym je mechanismus vedoucdnklokaci CRT na butny
povrch. Tento fenomén probih&hem ¢asné faze apoptdzy, kdyiky jeSt nevystavuji PS
na plazmatickou membranu a nevykazujicagnmorfologie typické pro apoptotické iy.
Obecrt se darici, Ze translokace CRT na bigmy povrch vyZaduje ifitomnost ROS adast
proteini aktivovanych Bhem stresu ER, proteirapoptotického aparatu a komplexu protein
nutnych pro anterogradni transport. Kombinace kémkch proteifi nutnych pro vystaveni
CRT na plazmatickou membranu se liSi v zavisloatinduktoru, ktery ji vyvolava (Kepp et
al., 2013, Kroemer et al., 2013).

Jak uz bylo zmi&no v gredchozi kapitole, jednou ze spaigch vlastnosti induktdrICD je
schopnost indukovat stres ER. V nadorovychiagh oSaenych antracykliny, oxaliplatinou
nebo UVC z&enim dochazi krychlé indukci intenzivniho stresR Eharakterizovaného
nadprodukci ROS, zvySenim koncentracé" @acytoplaznd a aktivaci PERK kinazy, jednim

ze senzar stresu ER aktivujicim UPR (Panaretakis et al.,92®itvogel et al., 2010b).
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Aktivovand PERK kinaza nasleginfosforyluje elFz, coZ vede k zastaveni translace.
Antracykliny navic v bitkach indukuji inhibici PP1, ktera specificky defosfluje elF2., a
tim posiluji burény stres (Kepp et al., 2009). Vystaveni CRT na mphtickou membranu
indukované antracykliny nebo oxaliplatinouibe bytc¢ast&né inhibovano antioxidanty N-
acetyl-L-cysteinem (NAC) a redukovanym L-glutatheom (GSH),
knockoutem/knockdownem PERK kinazy, knock-inem elM¥@douci k jeho neschopnosti se
fosforylovat a snizenim intracelularni koncentr@#" chelat&nimi &inidly (Panaretakis et
al., 2009). Nicmeéa stres ER neni sam o sodost&ujici pro pre-apoptotickou translokaci
CRT. Intenzivni stres vede vitkAch oSdtnych antracykliny a oxaliplatinou k aktivaci
nekterych proteif regulujicich budnou smrt. Dochazi k aktivaci kaspazy 8,célié
iniciatorové kaspazy, proteolytickémw@eni BAP31 nachazejicim se v ER a konfafmia
aktivaci proapoptotickych proteinBax a Bak, které hrajitdeZitou roli v permeabilizaci
vngjSi mitochondrialni membrany. Bylo dok&zano, Ze dkout kaspazy 8, Bax a Bak a
exprese mutantniho BAP31 neschopného &at3nhhibuji translokaci CRT na plazmatickou
membranu a sniZuji imunogenicitu nadorovych dwunindukovanou antracykliny a
oxaliplatinou (Panaretakis et al., 2009). Po akiivepoptotické faze je CRT translokovan
zlumen ER na plazmatickou membranu. Tento proasnmje remodelaci aktinového
cytoskeletu, anterogradni transport CRT z ER dayiBolaparatu regulovany PI3K kinazou a
exocytozu véku obsahujicich CRT zaloZzenou na VAGZRNARE (SNAP (soluble NSF (N-
ethylmaleimide-sensitive factor) attachment prdteateptor) proteii asociovanych s &y
(nap. vesicle-associated membrane protein 1 (VAMP 18NARE nachézejicimi se na
plazmatické membré&nv lipidovych raftech (nap SNAP23/25) (Panaretakis et al., 2009).
Béhem transportu z ER na bismy povrch #stdvd CRT vazany na disulfid izomerazu
ERp57. Tato interakce je nezbytnd pro translokaBiTCindukovanou antracykliny a

oxaliplatinou, protoZe delece nebo deplece ERp&e kesnizeni CRT na povrchu umirajicich
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nadorovych buék (Panaretakis et al., 2008). To, jak je CRT v platické membran
ukotven, prozatim nebylo objasro.

| kdyZz existuje shoda, Ze transport CRT na &uog povrch je zavisly fedevSim na
proteinech dastnicich se stresu ERjepné molekularni mechanismy se mohou mezi
jednotlivymi induktory ICD liSit. To samé plati tkpro dalSi faze tohoto procesu, jako je
aktivace proapoptotickych protéina anterogradniho transportu. Zatimco aktivace PERK
kindzy je dilezita pro translokaci CRT indukovanou jak antrdioyk tak hyp-PDT,
fosforylace elFa je nepostradatelna pouze pro prvni z nich (Gam.e2012b, Obeid et al.,
2007b). Navic vystaveni CRT na kiiny povrch indukované hyp-PDT je na rozdil od
antracyklii nezavislé na zvySeni cytosolické koncentracé®Caktivaci kaspazy 8 a
nevyzaduje fitomnost ERp57 a lipidovych raft(Garg et al., 2012b, Obeid et al., 2007b).

Rozdily mezi signalizanimi drahami indukovanymi antracykliny a hyp-PDdysznazorany

na Obr.3..
Anthracycline-induced PDT-induced
Module CRT exposure CRT exposure
70/ T 1
a ER stress & pE /// / -ROS +ROS
module ® "_r_:—if”////),/ -[Ca?, T - PERK
I A Y-
@ v -P-elF2a
&d - & ca*],, T
b Apoptotic BAX Q@ _,. N —/} yy) = 0 « CASP-8 « BAX
module sk \ A A + BAP31 + BAK
o - BAX
°a (‘g’\ ROS T AP31 . BAK
c Translocation ™~ piacma membrane 48 ;‘“‘o VSNAREs «PI3K +PI3K
module i e - ER-to-Golgi transport « ER-to-Golgi transport
_ Golai ; &5 - - ERpS7
atu - % CRT/ERp57 .[_|p|d rafts

Obr.3. Signaliz&ni drahy nezbytné pro translokaci CRT na bé&fmy povrch indukovanou
antracykliny vs. Hyp-PDT.Vystaveni CRT indukované antracykliny vyZadujeaketokaci

chaperonového proteinu ERp57 nachazejiciho se aERvisi na postupné aktivaaii t
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signaliza’nich drah: (a) indukce stresu ER doprovazena zwisgmodukci ROS, zvySenim
koncentrace C& v cytoplazm, aktivaci PERK kindzy a fosforylaci elE2(b) (rast
apoptotického aparatu zahrnujici aktivaci kaspazgpeni BAP31 a aktivaci proteire Bcl-

2 rodiny Bax a Bak a (c) transport CRT na bény povrch zprogedkovany aktivaci PISK
kindzy, aktivaci molekularnich komponent anterogfd transportu z ER do Golgiho
aparatu a exocytézou zavislou na SNARE proteinelgpidovych raftech. Translokace CRT
indukovand jinymi induktory ICD je z&visla na meaisanech, které seéaste’ne, ale ne
komplet@, prekryvaji s molekularnimi kaskadami indukovanymiraoytkliny. Hyp-PDT
indukuje translokaci CRT zavislou na PERK, Bax,,BalBK a anterogradnim transportu
z ER do Golgiho aparatu, ale na rozdil od antratyklje tento proces nezavisly na
kotranslokaci ERp57, fosforylaci el&2 zvySeni cytoplazmatické koncentrace’*Ca na
pritomnosti lipidovych raft Tato pozorovani nazdaji, Ze vystaveni CRT na plazmatickou
membranu probihd diky molekuldrnim mecharimm které alespp caste’ne zavisi na

pocatecnim stimulu. Pevzato z (Kroemer et al., 2013).

V tomto roce jsme v ramci naSi vyzkumné skupinyéniokentifikovali kaspazu 2 jako jednu
z klicovych molekul dlezitych pro vystaveni CRT na povrch nadorovychduuw dasledku
oSeteni HHP (Moserova et al., 2017). Detailni mechansije popsan v ramci publikace
piiloZzené v této préci. Tyto poznatky ukazuji, Zenslakace CRT na plazmatickou membranu
je disledkem sit heterogennich signaligaich drah, z nichz gkteré jsou spokaé pro tizné
induktory ICD, jiné zavisi na kontextu a typu vyaejiciho stimulu.

Co se tyka translokace HSPs na &y povrch, nejsou mechanismy regulujici tento psoce
dohe znamy. Nicméhje pravépodobné, Ze se alespéasténe piekryvaji se signalizanimi

drdhami nezbytnymi pro vystaveni CRT na plazmaticktiembranu. Neni také znamo, zda
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frakce HSPs objevujici se na povrchunky pochazi z ER, cytoplazmy nebo z obou

kompartmeni (Spisek and Dhodapkar, 2007).

2.2.3.2. Mechanismus sekrece ATP

Mechanismus sekrece nebo uwmhATP bithem ICD sil@ zavisi na stadiu apoptdzy a typu
stresu, ktery tuto formu bg#né smrti vyvolava. Bhem pre-apoptotické nebdasre
apoptotické faze hiky aktivné sekretuji ATP. Sekrece ATP probih#zmymi mechanismy
zahrnujicimi exocytézu &t obsahujicich ATP, sekreci cytoplazmatického ATEsptzv.
mezerové spoje (gap junctions), pannexinové kaaagkreci ATP vazebnymi transportéry
(ATP-binding cassette proteiny) a purinergnimi poey (Lazarowski et al., 2011).
V pozdjSich fazich apoptézy dochazi k pasivnimu twwbni ATP z bugk poskozenych
v dasledku sekundarni nekrdzy. Nadorovéilby umirajici ICD indukovanou antracykliny,
mitoxantronem a oxaliplatinou sekretuji ATP meckamem zavislym na autofagii a
komponentach apoptotického aparatu {nakaspazy). Auth této studie ukazali, Ze
knockdown get kddujicich proteiny spojené s autofagii (ATG5/Me&lin-1) inhibujetasnou
apoptotickou sekreci ATP a vede k podai protinadorové imunitni odpé&di in vivo
(Vanden Berghe et al., 2010, Levine and Kroemed820UVC zd&eni indukuje také aktivni
sekreci ATP, ale mechanismem zavislym gaéhi a aktivaci pannexinu 1 kaspazou 3 nebo 7
a tvorlg pannexinovych kanél(Chekeni et al., 2010). Aplikace PDT vede u d&uk aktivni
sekreci ATP uz &hem pre-apoptotické faze a tato sekrece je zansslksekretorické draze jak
klasické, tak regulované PERK kinadzou a na exoey#tirostedkované PI3K kinazou. Tento
proces naopak nevyzaduje aktivaci proiddax a Bak (Garg et al., 2012b). iy infikované
onkolytickymi viry mohou sekretovat nebo uiolzat ATP fiznymi mechanismy. V zavislosti
na typu viru niZze dochazet k sekrecicasné fazi apoptézy a viichu autofagie nebo

infikovana buika uvohuje ATP pasivl béhem nekrozy nebo pyroptdézy (Guo et al., 2014).
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Razné mechanismy transportu a sekrece/WrdlnATP z bugk v zavislosti na stadiu

apoptozy jsou schématicky znazémg na Obr.4..

a Extracellular ATP —O b G*Extraceliular ATP —O c Extracellular ATP
- O ¢
© ==
p—, ~ e
et ! - .
Gé(r:f.b o Sccrctory 4 _
\ pathway s @ ey
k ampases = Passive release owing to plasma
1 } i Q/O-\' membrane permeabilization
Z, . 4
Pannexin 1- E Autophagy-
based secretion ! based
from cytosol : secretion

Obr.4. Mechanismy sekrece/uvaini ATP v zavislosti na stadiu apoptozya) Pre-
apoptotickd sekrece ATP je podeébjako pre-apoptoticka translokace CRT na &imy
povrch prevazw@ zavisla na sekretorické draze zahrnujici anterdgiatransport z ER do
Golgiho aparatu a exocytézedka obsahujicich ATP. (b)dBemcasné faze apoptozy dochazi
v zavislosti na pdéate’nim stimulu k sekreci ATP pannexinovymi kanaly (@é€ni) nebo je
sekrece ATP zprosidkovana autofagii (antracykliny, mitoxantron a lgpatina). V obou
pripadech je nutna dast kaspaz. (c) Pozdni faze apoptdézy a sekundé&kidora jsou
charakterizovany poskozenim bumé membrany, coz vede k pasivnimu ioxdni velkého
mnozstvi ATP z cytoplazmy do extracelularniho peds$t Fevzato a upraveno podle (Krysko

et al., 2012).

2.2.3.3. Mechanismus uvoléini HMGB1

Uvolnéni/sekreci HMGB1 doprovazi dvaané procesy. V néfiomnosti bus¢né smrti je
HMGB1 aktivne sekretovan imunitnimi hkikami jako nap. monocyty a makrofagy,
aktivovanymi patogennimi produkty (map.PS) nebo prozatlivymi cytokiny (nag. IL-1p,

TNF) (Malhotra and Kaufman, 2011, Garg et al., 20IDato aktivni sekrece vyzaduje
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sestaveni NLRP3 inflamasomu a aktivaci kaspazy illilgham et al., 2009). Neimunitni
buiky uvoliuji HMGB1 pasivié v disledku poSkozeni plazmatické membrany doprovéazejici
pozdni fazi imunogennich forem bigné smrti. Toto pasivni uvodni bylo popsano u pozdni
apoptézy pechazejici do sekundarni nekrézy (Fucikova et 2011a), primarni nekrézy
(Garg et al., 2010, Szegezdi et al., 2003), nebmp(Guo et al., 2014, Workenhe et al.,
2013) a autofagie (Thorburn et al., 2009).

Molekularni mechanismy umagjici pasivni uvoltini HMGB1 =z nadorovych buk
umirajicich ICD nejsou doposud znamy. Tento prateméré vyzaduje nejprve transport
HMGB1 zjadra do cytoplazmy a az poté jeho u¥nindo extracelularniho prdasdi
v dusledku ztraty integrity plazmatické membrany. Bykazano, Ze k translokaci HMGB1
z jadra do cytoplazmy tie dochazet ve stresovanych, ale stales jéstych buikach.
Vtomto kontextu mZe cytoplazmaticky HMGB1 aktivovat autofagii, prépddobré
inhibici antiautofagickych funkci p53 (Kroemer ét, 2013). Zda tento fenomén owuiivje
imunogenni potencidl HMGB1 nebylo dosud objsmn Vzhledem k tomu, Zeébem
apoptézy dochazi k zesileni vazby HMGB1 na DNA, yiehbdlouhou dobu jasné, zda
apoptotické bilky HMGB1 uvohuji. Sowasné poznatky ale ukazaly, Ze nadorovékiu
uvoliuji HMGB1 v pitibéhu pozdni apoptdzy/sekundarni nekr6zy mechanisrktamny; mize
byt zablokovan pan-kaspazovym inhibitorem z-VAD-fndoZz m& za nasledek zpéhdu
indukci sekundarni nekrozy (Bell et al., 2006).

Je poteba zminit, Ze HMGB1 aktiv¥nsekretovany imunitnimi bikami je molekulars
odlisny od HMGBL1 pasiwh uvoliovaného z nekrotickych bgk, protoZze aktivni transport

vyzaduje acetylaci na specifickych lysinovych zligtic(Palumbo et al., 2004).
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2.2.4. Prognosticky a prediktivni vyznam DAMPs u paienti s nadorovym

onemocrénim

Jak bylo uvedeno vipdchazejicich kapitolach, ICD a DAMPs s ni spojaragi dilezitou roli

v aktivaci protinddorové imunitni odpédi. Tato experimentalni data byléaepazré ziskana
in vitro na lidskych a mySich nadorovychiidch ain vivo na mySich modelech. | kdyzZ je
vétSina z dosud popsanych induktdCD pouZzivana v klinické praxi,itazy o schopnosti
téchto latek navodit ICDn vivou lidi jsou stale omezené. NejriiBi vysledky preklinickych
studii ale ukazuji, zeffitomnost proceas vedoucich k sekreci/uvaini/vystaveni DAMPs a
mira jejich exprese v nadorovych idch maji do ufité miry dopad na progndzu
onkologickych pacierit (Fucikova et al., 2015). Je peba zminit, Ze vysledky studii
hodnoticich prognostickou a prediktivni roli DAMPsu pongrné heterogenni, a obegn
tedy nelze konkrétni molekulefipuzovat pozitivni nebo negativni prognosticky vgun
Tento fakt zavisi naradk faktori, z nichZz stoji za zminku ipdevSim typ nadorového
onemocgni, stadium, |&a, bukéné a chemické sloZeni nadorového mikrogeait a
v neposledniact zpisob detekce jednotlivych DAMPs (celkova expreseiravni mRNA
(PCR) nebo proteinu (western blot, imunohistoch@nselubilni DAMPs pitomné v séru
detekované metodou ELISA a DAMPs vystavené na pvr@ddorovych buik stanovené
pomoci pfitokové cytometrie) (Fucikova et al., 2018, Fucikataal., 2015, Krysko et al.,
2012).

Prikladem nejednozraosti mize byt prognosticky vyznam CRT. Mnozstvi CRT v rmado
koreluje s protinadorovou imunitni odp@i u pacientek s ovaridlnim karcinomem (Garg et
al., 2015a), u pacieints nadorem tlustéhoiswva (Peng et al., 2010) a nemalofinym
karcinomem plic (Fucikova et al., 2016a). Vysokdprese také koreluje s lepSi prognézou
onemocgni u pacieni s neuroblastomem (Hsu et al., 2005), glioblastonfhath et al.,

2016), karcinomem tlustéhoretva (Peng et al., 2010) a nemalolinym karcinomem plic
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(Fucikova et al., 2016a). Naopak, u padiemkarcinomem Zaludku a pankreatu fégmnost
CRT korelovana se zvySenou angiogenezi, invaziatguoliferaci naddorovych btk (Chen
et al., 2009, Matsukuma et al., 2016). Podobrpacieni s lymfomem plafvych burk a
karcinomem mo&ového mEchyfe ma pitomnost CRT negativhi dopad na prognézu
onemocgni (Chao et al., 2010).

Prognosticky vyznam CRT byl hodnocen také u pagienbhematologickymi malignitami
(Fucikova et al., 2016c, Wemeau et al., 2010). dedtichto studii byla publikovana nasi
vyzkumnou skupinou a ukazuje, Zze CRftgmny na povrchu cirkulujicich malignich blast
koreluje s vySSim zastoupenim naderspecifickych T lymfocyi a NK burgk v periferni
krvi AML pacienti a sodasré umoziuje identifikovat skupinu pacieinse signifikants lepSi
prognézou (Fucikova et al., 2016c). Zajimavym &jifn bylo, Ze pitomnost CRT na
malignich blastech nezavisi na aplikované teragiiagykliny, ale je spiSeidledkem stresu
probihajiciho uvnit nadorové bikky. Exprese CRT na povrchu blastotiz koreluje

s fosforylaci elF2 a expresi &kterych gef kédujicich proteiny ziastréné v aktivaci
stresovych drah asociovanych s ER. Detailni vysieéko studie jsou uvedeny \ilpZzené
publikaci, kter4 je saiasti této prace (Fucikova et al., 2016c). VyznamT GRRo klinicky
praibéh niznych nadorovych onemogm je poté shrnut viphledovémilanku, ktery souvisi
s problematikou popsanou v této praci (Fucikoval.e2018).

Fosforylovany protein elr2(p-elFax) piedstavuje jeden z Kibvych ukazatei probihajiciho
ER stresu, ktery byl podobrako CRT identifikovan jako prognosticky faktorngkterych
nadorovych onemoe¢ni. P-elF2. nagiklad koreluje slepSi progn6ézou pacient
s nemalobu&nym karcinomem plic (Fucikova et al., 2016a, Healet 2011). U pacientek
s karcinomem prsu je naopak fosforylace elRsociovana s vySsi infiltraci nadorového
mikroprostedi regul@nimi T lymfocyty a proliferaci nadorovych b&kna nasledé s horsi

progn6zou onemoeni po zahajeni terapie antracykliny (Senovillalet2z012).
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Existuje fada studii zabyvajicich se vlivem dalSich DAMPs PdSHMGB1, ATP, IFN I.
typu) a proteifi ucastnicich se signalizace vedouci k jejich trangibkaa burénou
membranu (pafjpact uvolréni do extracelularniho prdstli) na prognézu onkologickych
pacienfi. Jak jiz bylo zmi#no, vysledky jsou nejednozitéé a silg zavisi na kontextu.
AvSak racionalni fistup v monitorovaniéthto paramefr by v budoucnu mohl napomoci
stratifikovat pacienty do rizikovych skupin a vaeim gipa€ predikovat pitbéh
onemocgni a odpo¥d’ na dostupnou &bu, pogipac vést k vyEru vhodné léebné strategie

pro skupiny paciefitz fiznou mirou rizika.

3. DENDRITICKE BU NKY A MODULACE JEJICH FUNKCE DAMP S ASOCIOVANYMI

S IMUNOGENNI BUN ECNOU SMRTI

3.1. Detekce signdl nebezpei dendritickymi bu fikami

Dendritické buiky predstavuji relativé heterogenni buwtnou populaci tzv. APCs
regulujicich jak vrozenou, tak adaptivni imunitaipowd se schopnosti stimulovat antigen-
specifické T lymfocyty. Hraji ktiovou roli v rozpoznavani DAMPs, které jsou uimlany
nebo vystavovany na povrchu umirajicich, stresosfanyebo poskozenych bdin veetrg
burgk nadorovych. Tim zaujimaji centralni pozici v tzdanger modelu” imunitni odp@di
navrzeném v roce 1994 Polly Matzingerovou, ktéika, Ze imunitni systém je schopen
rozeznat potenciathnebezpéné endogenni signaly odch neSkodnych (Matzinger, 1994).
Jak uz bylo zmigno dive, vystaveni DAMPs na povrchu kiknnebo jejich uvolani do
extracelularnino prostdi mize byt indukovano &kterymi chemoterapeutiky a jinymi
modalitami, které v hitkdch spousti ICD. Spairou vlastnosti é&chto molekul je jejich
schopnost se vazat na PRRs na povrchu DCs. Jgjchdélka interakce s receptorem a

natasovani reguluji funkce DCs jako dtapohlceni a zpracovani antigenu, maturace, cross-
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prezentace, atd. Tyto signaly rozhoduji o k¢aditmnozstvi kostimutmich signal na DCs a
tudiz ovliviuji vyslednou imunitni odpa@d” zaloZzenou na T lymfocytech (Truxova et al.,
2017).

Dendritické buiky rozpoznavaji DAMPs asociované s ICBkalika niznymi PRRs: 1. TLRs
(konkrétré TLR2 a TLR4) (Garg et al., 2012a, Garg et al., 29 1Krysko et al., 2012, van
Eden et al., 2012), 2. scavenger receptory (scaverggeptor associated with endothelial
cells (SREC-1) (Murshid et al., 2014); lectin-typeridized LDL receptor-1 (LOX-1)), 3.
receptory pro IFN I. typu (IFNARS) (Zitvogel et aR015), 4. CD14 (Asea et al., 2000), 5.
RAGE (receptor for advanced glycation end-produfksysko et al., 2012), 6. CD91 (také
znam jako low-density lipoprotein receptor-relagedtein-1 (LRP-1)) (Garg et al., 2012b), 7.
purinergnimi receptory &, a BX; (Garg et al., 2012b, Ghiringhelli et al., 20099.aFPR-1
(formyl peptide receptor-1) (Vacchelli et al.,, 2019nterakce jednotlivych DAMPs s
receptory na DCs jsou znazény na Obr.6. a dopad jednotlivych DAMPs na funkegsDe

prehledr shrnut v Tab.1..

HSPS @

‘w zralé DC
CcD91 TLR4 Prezentace antigenu a
Aktivace T lymfocyta

TLR2 ATPO

5 cD83
CD86
CD8o0
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P,Y,and P,X; CcD40

nezralé DC tox1 Q)

Pohlceni a zpracovani
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f‘ “ IFNAR
A PR \ 1
ANXA1 / ' * _.
BReCH Maturace TNF
. IL-1B
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IL-12
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type | IFNs
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Obr.6. Interakce DAMPs spojenych s ICD s receptoy DCs.

DAMPs sekretované, uvalvané nebo vystavované&tami lkthem ICD zahrnuji CRT, HSPs,
ATP, HMGB1, IFN I. typu a ANXAL. Tyto molekuly &2ou na pislusné receptory na DCs
jako CD91 (CRT a HSPs), TLR2/4 (HSPs a HMGBL1), RAGHAGB1), RBY./P,X; (ATP),
SREC-1 a LOX-1 (HSPs), IFNAR (IFN 1. typu) a FPRANXAL). Tyto interakce umagi
pohlcovani nadorovych bek a zpracovani antigenu DCs, maturaci DCs charaktetané
zvySenou expresi kostimatéch molekul CD80, CD83, CD86, HLA-DR a CD40 a o
prozéretlivych cytokim DCs. Maturované DCs tak mohou v kontextu MHC nublé&inne
prezentovat antigenycetre antigen: asociovanych s nadory T lymfaayt a indukovat
protinadorovou imunitni odp@d’. Obrazek byl pevzat a upraven podle (Truxova et al.,

2017).

Tab.1. FFehled DAMPs asociovanych s ICD a jejich dopad nakge DCs.

ICD-associated DAMPs  DC receptors Effect on DC furtons

CRT CD91 a potent "eat me" signal crucial for anti-turfimmunity;
increases susceptibility to phagocytosis by DCs

HSP70, HSP90, HSP6@D91, TLR2, TLR4, LOX-1, mediate DC maturation and activatiorf (maturation-

HSP72, GP96 SREC-1, CD14 associated molecules - CD83, CD80, CD86, CD40,
production of TNFe, IL-1f, IL-6 and IL-12); form
complexes with tumor antigens facilitating antigen
processing and presentation by DCs

ATP P2Y2 and P2X7 act as "find me" signal and enbarthe accumulation of
DCs in the tumor; causes activation of NLRP3
inflammasome leading to ILBlrelease from DCs

HMGB1 TLR2, TLR4, RAGE "antigen processing" signal aall for efficient cross-
presentation of TAAs by DCs; stimulates the productf
TNF-o0, IL-1, IL-6 and IL-8 from myeloid cells; can cause
DC maturation

type | IFNs IFNAR stimulate DC maturation, antigenrogessing and
presentation by DCs; generate DCs with cytotoxiovagti

ANXA1 FPR-1 required for DC migration toward anthyelne-treated
tumor cells and stable DC-tumor cell interactions

Prevzato a upraveno podle (Truxova et al., 2017).
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3.2. Rozpoznani a pohlceni nadorovych bk dendritickymi bu iikami

Je zndmo, Ze pohlceni apoptotickych dumesoucich PS nevede k aktivaci imunitni
odpowdi. Naproti tomu uvol#ni specifickych ,find-me* signél a vystaveni ,eat-me“
signah na povrchu buk v pribéhu ICD vede ke zvySené migraci DCs, k efeltjgimu
rozpoznavani a pohlcovanichto imunogennich bék DCs a nasledné stimulaci antigen-
specifické imunitni odpasdi. Migrace myeloidnich buk, véetrg DCs, do mist s intenzivnim
vyskytem umirajicich butk mtze byt podptena ATP, dole znamym ,find-me“ signalem.
Nadorové biiky oSetené chemoterapeutiky indukujicimi ICD sekretuji Aud’fazi, kdy se
na plazmatické membrénobjevuje PS. ATP v extracelularnim ptesti je nutné pro
navozeni efektivni protinadorové imunitni odpdv (Martins et al., 2014). Ma a kolegoveé
navic ukazali, ze antracykliny stimuluji akumula&D11¢CD116Ly6C"" DCs v nadoru
zavislou na ATP a jeho vazlma purinergni receptor,P,. Tato populace bwk byla vysoce
efektivni v prezentaci nadorovych antige@D8" T lymfocytim jakin vitro, takin vivo (Ma

et al., 2013). Saiasna data ukazuji, Ze také ANXAL jde¥itym faktorem pro migraci DCs a
pro navozeni stabilnich interakci s umirajicimikami. Knockout genu kédujiciho ANXAL
nebo jeho receptor na DCs (FPR-1) vede k petla imunitni reakce proti nadorovym
bunkam oSatnym antracykliny (Vacchelli et al., 2015). Antr&gy také mohou zvySovat
migraci myeloidnich busk véetre DCs do nadoru zavislou na produkci urokinazy, JL-8
MCP-1 (monocyte chemoattractant protein-1 a CCLZ2eifwokine (C-C motif) ligand 2)
nadorovymi bitikami (Ma et al., 2014, Niiya et al., 2003).

Pritomnost CRT na plazmatické memb¥abyla identifikovana jako hlavni biochemicky
rozdil mezi imunogenni a neimunogenni &tmou smrti. Apoptotické hiky postradajici
CRT nejsou efektivih odstraiovany fagocyty, coz napovida, Ze vystaveni CRT oxrghu
burgk je dilezitym molekularnim znakem nutnym pro fagocytoruinajicich bugk (Obeid

et al., 2007b). Kalretikulin se vaze na CD91 regcepi fagocytech,detné DCs, a indukuje
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fagocytdzu a makropinocytézu, coz stimuluje efektiodstragni CRT burgk (Gardai et al.,
2005). Interakce CD91 s CRT vede v DCs k aktiva€i-dB a produkci prozétilivych
cytokina, predevsim TNFe, IL-6, IL-1p a IL-12. Toto cytokinové pro&tdi indukované
povrchovym CRT umaiuje aktivaci Thl7 bwk vimunosupresivnim néadorovém
mikroprostedi obsahujicim TGB-(Pawaria and Binder, 2011). V nedavné studii bgloé
dokdzano, Ze vysokd exprese CRT na povrchu naddmovijurgk u pacient
s nemalobu&nym karcinomem plic koreluje svysSim gem maturovanych DCs
infiltrujicich do nadoru a s vySSim zastoupenimkifi®vych pamitovych T burk, coz
nas¥dcuje tomu, Ze CRT je schopen stimulovat protinAdowimunitni odpowd’ takéin

vivo (Fucikova et al., 2016Db).

3.3. Aktivace dendritickych bunék

V pritomnosti fiznych mikrobialnich a endogennich stitn{DAMPS) dochazi u nezralych
DCs kzahajeni procesu maturace, ktery je dopravazdolika udalostmi: 1. zrna
morfologie, 2. ztrata schopnosti fagocytovat, 3ySeni exprese kostimuaich molekul
CD80, CD86, CD40 a OX40L, 4. upregulace MHC molekultidy, 5. zvySeni produkce
cytokini a chemokifi a 6. zahajeni exprese chemokinovych recépfoag. CCR7), coz
umoziuje DCs migrovat do lymfatickych uzlin, kde preaghtantigeny T lymfocyim a
aktivuji je (Vandenberk et al., 2015).

Maturace DCs e byt indukovana HSPs, k jejichZz translokaci naébay povrch nebo
uvolréni do extracelularniho prdsti dochazi &hem ICD. Povrchovy HSP70 a HSP90 maiji
silné imunostimuléni &inky a v rekterych mySich modelech bylo prokadzano, Zze schdpnos
umirajicich nadorovych bghk stimulovat imunitni systém je zavisla p&awna €chto
molekuldch (Tesniere et al., 2008, Udono and Staxa, 1994). HSP70 a HS90 mohou

interagovat s receptory CD91, TLR2 a TLR4 na pourdCs, jejichz aktivace spousti
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signaliz&ni drahy vedouci k fenotypické a fuimkd maturaci DCs. Bylo popsano, Ze kultivace
nezralych DCs s nadorovymi tikami oSetenymi bortezomibem nesoucimi na povrchu
zvySené mnozstvi HSP90 zpi@stkovala kontaktdependentni upregulaci molekul CD80 a
CD86 na povrchu DCs (Spisek et al., 2007). HSPK6 tasobi jako maturkai signal pro
DCs a zvySuje expresi CD86 a CD40 (Singh-Jasujal.e2000). Navic vazba protdire
HSP70 rodiny na TLR2/4 a CD14 receptory spousStivakt NF«B a proteirii regulujicich
transkripci ged kodujicich interferony (IRF, interferon regulatofgctors), coz vede
k produkci prozéagtlivych cytokini jako nap. TNF-u, IL-1p, IL-6 a IL-12 (Asea et al., 2000,
Asea et al., 2002).

ATP sekretované z nadorovych Bnumirajicich ICD nefsobi jen jako ,find-me* signal
lakajici DCs do nadoru, jak bylo zméfto v gredchozi sekci, ale také unimnge diferenciaci
myeloidnich budk na DCs s prozétiivymi vlastnostmi. ATP se vaze na purinergnXpP
receptory na DCs a aktivuje NLRP3 inflamasom obgehkaspéazu 1. Aktivovana kaspaza 1
Stepi neaktivni prekurzory ILf1a IL-18 na aktivni formy, které jsou sekretovangD IL-13

je spolené s prezentaci antigenu nezbytny pro polarizaci CTD8ymfocyti produkujicich
IFN-y a pro adaptivni protinddorovou imunitni odpd(Ghiringhelli et al., 2009).

Maturace DCs rive byt také indukovana HMGB1, ktery stimuluje preciuprozartlivych
cytokind TNF-a, IL-1, IL-6 a IL-8 myeloidnimi bitkami (Chen et al., 2004).

Nadoroveé biiky umirajici ICD sekretuji IFN 1. typu vidledku aktivace TLR3 antracykliny a
tento proces je nutny pro zahajeni adaptivni inmirddpowdi (Sistigu et al., 2014). Bylo
také zjiSétno, Ze IFN I. typu mohou vazbou na IFNAR podporonatturaci DCs a jejich
kapacitu zpracovavat a prezentovat antigeny TD8ymfocytim (Zitvogel et al., 2015).
Navic nizké davky cyklofosfamidu indukuji difereaci zralych DCs z prekurzorovych hikn
sidlicich v kostni #ni in vivo a ex vivo a tyto efekty cyklofosfamidu jsou zavislé na

endogennich IFN I. typu (Schiavoni et al., 2011gjidavé je, Ze IFNe ma& schopnost
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indukovat DCs s cytotoxickymi vlastnostmi (IFN-DCs)yto specifické biiky stimuluji
nadoro¥-specifické CD8+ T lymfocyty a vykazujéast&nou fenotypickou a furdni
podobnost s NK hikami jako nap. expresi CD56, produkci IFM-a cytolytické funkce.
Cytolytické funkce dchto DCs jsou zavislé na TRAILu (Papewalis etz008).

Kyselina m@ova uvohovand z umirajicich bék béhem pozdni faze apoptdzy uie
podobré jako ATP v myeloidnich hikach aktivovat NLRP3 inflamasom vedouci k sekreci
IL-18 a IL-18 (Martinon et al., 2006). Dale bylo uk&zarke krystaly kyseliny maove
stimuluji maturaci DCs zvySenim exprese kostirdnieh molekul CD80 a CD86. Aplikace
kyseliny m@ové jako adjuvans signifikartrzvySila schopnost DCs pulzovanych nadorovym

lyzatem oddalitist nadoru (Wang et al., 2015).

3.4. Zpracovani a prezentace antigan

Pohlcené exogenni antigenyetr® TAAs jsou v DCs dale zpracovany v endosomech a
lysosomech, kde jsou&teny na peptidy, které tiiokomplexy s MHC molekulami Il.itdy
(Lennon-Dumenil et al., 2002). Exogenni antigenyhmo byt také alternatienuvolnény do
cytosolu, zpracovany proteasomem, hlavni nelysobdméoteazou, a transportovany do ER,
kde je zprosedkovana jejich vazba na MHC molekuly tidy. Tento proces prezentace
exogennich antigén na MHC molekulach |. fidy je ozn#&ovan jako cross-prezentace
(Delamarre et al., 2003). Pohlceni, zpracovani ezgmtace antigénjsou v DCs pisns
regulovany.

Jednim z kifovych proteiri regulujicich tyto dje je HMGBL1. Tento protein je uvgbvan
zjadra do extracelularnino priedi v pabéhu imunogenni apoptézy nebo sekundarni
nekrdzy a vaze se na PRRs exprimovaiegevsim APCs jako napTLR2, TLR4 a RAGE
(Apetoh et al., 2007a, Demaria et al., 2005). Pm@wy piibéh prezentace antigérDCs se

jako Klicovad ukazala interakce HMGB1 s TLR4. Ygact chybsjici TLR4 signalizace
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fagosomy fuzuji s lysosomy, dochazi k degradacigertého materialu a antigeny nemohou
byt (&inng prezentovany CD4a CD8 T lymfocytim. Mysi modely ukazaly, Ze imunizace
mySi CT26 biikami oSetenymi antracykliny s depletovanym HMGBL1 sniZilagmhost mySi
eradikovat nador a tento proces byl zavisly na ¥ad2biGB1 na TLR4 na povrchu APCs
(Apetoh et al., 2007a). Navic polymorfismus TLRAgeredouci k neschopnosti TLR4 vazat
HMGBL1 je u pacientek s karcinomem prsu asociovasnggenou kapacitou DCs prezentovat
nadorové antigeny, &asnym relapsem po terapii antracykliny a horsi péagu (Krysko et
al., 2012).

Extracelularni HSPs, uvitdvané z buék v diasledku probihajici ICD, mohou vazat nadorové
antigeny a usnaavat jejich cross-prezentaci interakciékalika receptory exprimovanymi
APCs jako nap CD91, CD14 a scavenger receptory SREC-1 a LOKdlderwood et al.,
2007). Komplexy HSPs s nadorovymi antigeny jsouoegtbvany, roz&peny a nadorové
peptidy jsou cross-prezentovany CDB lymfocytim prostednictvim MHC molekul |.ifdy
(Doody et al., 2004). K aktivaci zpracovani a cfpeszentace antigénz €chto komplex
dochéazi po vazbna TLR4 a CD14 (Asea et al., 2000, Asea et aD2P0V sowasnosti byl
také popsan mechanismus unngjici prezentaci peptidz komplexi HSPs s antigeny CD4

T lymfocytim. Tato studie ukazala, Ze komplexy HSP90-antigen jozpoznany a pohlceny
DCs prostednictvim scavenger receptoru SREC-1 adpa$té peptidy asociované s HSP90

jsou prezentovany na MHC molekulach #dy CD4™ T lymfocytim (Murshid et al., 2014).

3.5. Dendritické buiky a jejich vyuziti v protinadorové terapii

Je znamo, Ze DCs maji vyznamny vliv na onkogen@zigresi nadorovych onemasgn a
odpowd na protinadorovou terapii, coz bylo dokadzanta& preklinickych nadorovych
modefli (Ma et al., 2013, Levine and Kroemer, 2008, Stladeal., 2012, Tomihara et al.,

2010). Mnozstvi a funkce DCs v nadoru byly také ekmrany s progndézou paciént
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v Klinickych studiich (Bloy et al., 2014). V poslgith desetileti proto byloémovano znané
asili vyvoji strategii protinadorové terapie vyudjicich Sirokého imunomoduiaiho
potencialu DCs. Toto Usili bylo j&Stice podpéeno vysledky skterych klinickych studii
hodnoticich imunologické a terapeutické odfmbvpacient na imunoterapii zaloZzenou na
DCs (Bloy et al., 2014). V nasledujici kapitole budpopsany saiasné pistupy v ffipraw a

vyuziti DCs v terapii nddorovych onemaaoi.

3.5.1. RKiprava dendritickych bunék pro terapii nadorovych onemocréni a

aspekty ovliviiujici G€innost imunoterapie zaloZzené na dendritickych bitkach

Hlavnimi strategiemi v protinadorové terapii zalogena DCs jsou: 1.ifprava DCsex vivg

2. podani TAAs a jejich cileni na receptory na D@s vivo (nag. fazi TAAs

s monoklonalnimi protilatkami, polypeptidy nebo lkanydraty, které se selekt®&wazou na
receptory exprimované DCs) a Jigrava exosorin odvozenych z DCs (Galluzzi et al., 2014,
Klechevsky et al., 2010, Viaud et al., 2010). NefitergjSim postupem pro klinické vyuZiti
DCs je piprava myeloidnich DCex vivoz monocyl z periferni krve paciefit Monocyty
jsou izolovany z mononukleérnich hkikn z periferni krve (PBMCs, peripheral blood
mononuclear cells) ziskanych leukaferézou pomodieamhce na plastik, magnetickou
separaci CD14burgk nebo elutriaci vyuzivajici separa systém Elutra (Jarnjak-Jankovic et
al., 2007). Monocyty jsou poté kultivovany yitpmnosti GM-CSF a IL-4 n&astji po dobu
5-7 dni, kdy dochazi ke vzniku glrdiferencovanych nezralych DCs (Curti et al., 2004)
Autologni DCs mohou byt dalex vivo kultivovany, pulzovany nadorovymi antigeny a
maturovany. Pulzace DG vivoTAAs miZe byt provedena: 1. kokultivaci nezralych DCs
s autolognimi nadorovymi lyzaty (Chen et al., 20Randalaft et al., 2013), inaktivovanymi
nadorovymi liniemi (Fucikova et al., 2011b, Podfaai al., 2015) nebo rekombinantnimi

TAAs (Mayordomo et al., 1997), 2. transfekci DCkteey nebo RNA kddujicimi TAAs nebo
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celkovou RNA izolovanou z nadorovych kin(Garg et al., 2013, Lee et al., 2013) nebo 3.
fuzi DCs s inaktivovanymi nadorovymi fikami a vznikem tzv. dendritoim(Koido et al.,
2013). Velice dlezitym faktorem ovliviujicim &innost terapie zaloZzené na DCs je stupe
zralosti DC, protoZe jejich maturovany fenotyp |g&&vy pro indukci protinddorové imunitni
odpowdi (Czerniecki et al., 2007). Zralé DCs vyrobenéielem terapeutického podani by
mely idedlrg exprimovat CCR7 umadikijici jejich migraci do lymfatickych uzlin, ve vyké
miie exprimovat kostimutani molekuly (nap. CD80 a CD86) a produkovat IL-12p70
stimulujici CD8 T lymfocyty a cytokiny polarizujici CD4T lymfocyty na Thi typ. Dosud
testované protokoly se liSi zejména kombinaci naatiich signal vedoucich k diferenciaci
nezralych DCs na zralé. RPadu let byl standardem matand koktejl obsahujici TNFe, IL-
1B, IL-6 a PGE2 (Jonuleit et al., 1997). Takto mataree DCs ale produkovaly velmi malé
mnozstvi IL-12p70, coZz bylo danofifpmnosti PGE2 v koktejlu (Kalinski et al., 2001).
Z tohoto divodu se z&aly pouzivat alternativni kombinace matinch signél, z nichz
vétSina obsahuje PAMP nebo DAMP molekuly, které séouana PRRs jako TLRs na
povrchu DCs. Rdani agonist TLR3 (Poly (I:C)), TLR4 (LPS) nebo jeho derivat
monofosforyl lipid A (MPLA)) nebo TLR7/8 (R848) doatura&nich sn&si vedlo ke zvySeni
produkce IL-12p70 zralymi DCs (Lehner et al., 20@@pywalski et al., 2007). Bylo také
zjisttno, Ze pidani IFNy nebo kombinace vice TLR agoriisvedla k dalSimu posileni
produkce IL-12p70 DCs. Pouziti vice TLR agomittké zvySilo expresi CCR7 (Napolitani et
al., 2005).

Autologni DCs byly poprvé vyuZity pro vakcinaci pamti s malignim melanomem v roce
1995 (Nestle et al., 1998). V nasledujicich letegla imunoterapie na bazi DCs testovana i u
dalSich solidnich a hematologickych malignit zafiaich nag. karcinom Zaludku, tlustého
streva, prsu, prostaty, ovarii, plic, glioblastom affituxova et al., 2017). | kdyZé&hteré

z téchto studii zaznamenaly pozitivni klinické odpdv pacient, vzhledem k celkay
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nekonzistentnim vysledkn, zistdva klinicky efektivni imunoterapie zaloZzend n&sD
prozatim nedostizenym cilem. Tyto nejednotné vysigdou disledkem aplikace vakciny
pacienim ve fazi znané¢ pokraiilého onemoceéni, kdy v nadoru jiz existuje vysoce
imunosupresivni prosdi, které mZe inhibovat protinadorové funkce DCs. Takové DCs
ztraceji schopnost zpréstlkovat nezbytné aktigai signaly T lymfocyim (Hargadon,
2013). Souasné terapeutickéfigtupy se proto za#ji na vyvoj vhodnych strategii
kombinujicich imunoterapii zaloZzenou na DCs iap protinadorovymi cytotoxickymi
latkami nebo modalitami, jako je chemoterapie nehdioterapie. Saiasné poznatky
nazn&uji, Zze chemo a radioterapie nedisponuji jeéimgmi cytotoxickymi efekty, které
primarreé vedou k redukci nadorové masy, ale maji také imudulani vliastnosti (Menard
et al., 2008). Specifické latky a modality maji emtial selektiva eliminovat
imunosupresivni hiky jako regulani T buiky (Tregs, regulatory T cells) nebo myeloidni
supresorové hiky (MDSCs, myeloid-derived suppressor cells) (Gtghelli et al., 2007),
indukovat ICD nadorovych bgh (Fucikova et al., 2011a, Obeid et al., 2007b,aPetakis et
al., 2009, Spisek et al., 2007) a v neposledudf také mohou indukovat maturaci DCs a
zvySovat cross-prezentaci (Martin et al., 2015,xdua et al., 2017). Vyr vhodnych
terapeutickych kombinaci, které by stimulovaly ay&funkni kapacity DCs, by v budoucnu
mohl vést k dosazeni optimalnéidnosti imunoterapie zaloZzené na DCs. &t této prace
jsou d¥ studie zabyvajici se testovanim protinadorovétektafimunoterapie zaloZzené na
DCs pulzovanych nadorovymi tkiami inaktivovanymi HHP v kombinaci s chemoterapii
vivo na mySich nadorovych modelech (Mikyskova et @172 Mikyskova et al., 2016).
Kombinované fistupy I€by nadorovych onemoéni zaloZzené na spojeni imunoterapie na
bazi DCs s chemoterapii jsou poté shrnutyiehfedovémclanku, ktery Gzce souvisi s

problematikou popsanou v této praci (Truxova et2417).
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4.CIiLE PRACE

Hlavnim cilem této prace je popsat hlavni charédtiky ICD a mechanismy vedouci
k sekreci/uvolni/vystaveni DAMPs v fibéhu ICD. Také bude diskutovan vyznaschto

molekul in vivo u pacieni s nadorovym onemoénim a vliv jednotlivych DAMPs na
dendritické biiky (DCs) a jejich vyuZziti v protinadorové terapilednotlivd témata jsou

rozklena do nasledujictasti:

1. Testovani schopnosti HHP indukovat ICD lidskych avéddych linii a stanoveni
potencialu nadorovych btk oSetenych HHP aktivovat DCs a stimulovat nadarov
specifické T lymfocyty

* Hypotéza: HHP v nadorovych tkéch spousti imunogenni formu iné
smrti  spojenou s uvodmim/vystavenim DAMPs s imunostimgtdmi
vlastnostmi.

2. ldentifikace kl€ovych mechanisin vedoucich k vystaveni DAMPs, konkrét@RT,
na povrchu nadorovych békv pribéhu ICD indukované HHP

* Hypotéza: Translokace CRT na povrch nadorovychékwsetenych HHP
vyZaduje podobné gk jako translokace indukovana antracykliny nebp-hy
PDT, tzn. pedevSim aktivaci stresu ER a produkci ROS.

3. Sledovani vlivu CRT na povrchu primarnich maligniclastt na protinadorovou
imunitni odpo¥d’ in vivou pacieni s akutni myeloidni leukémii (AML)

* Hypotéza: CRT fitomny na povrchu malignich blaskoreluje se zvySenou
imunitni odpo¥di proti leukemickym antigém u pacient s AML.

4. Optimalizace protokolu pro fjpravu DCs za &elem imunoterapie nadorovych

onemocgni
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* Hypotéza: Zkraceni protokolu diferenciace DCs dilgantné neovliviiuje
jejich fenotyp a schopnost stimulovat antigen-sipe@ T lymfocyty.
5. Testovani protinadorového efektu imunoterapie ziéZzna DCs s chemoterajii
vivo na mySich nadorovych modelech (1. studie)
 Hypotéza: Kombinace imunoterapie zaloZzené na DCdzopanych
nadorovymi biikkami oSetenymi HHP s chemoterapii vede ke zvySeni
terapeutického potencialu DC vakciny v mysSich nesuslaké imunogenni
nadory.
6. Testovani protinadoroveho efektu imunoterapie zézna DCs s chemoterajmi
vivo ha mySich nadorovych modelech (2. studie)
7. Sumarizace literarnich poznatlo vyznamu CRT pro klinicky @ibéh nadorovych
onemocgni
8. Sumarizace literarnich poznéatkzabyvajicich se kombinovanymrigtupem |éby
nadorovych onemoéni zalozenym na spojeni imunoterapie na bazi DCs

s chemoterapii
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5.1. Vysoky hydrostaticky tlak indukuje imunogenni bunéénou smrt

nadorovych bungk

Nekteré cytostatické latky (antracykliny, oxaliplainbortezomib, atd.), fyzikalni modality
(radioterapie a fotodynamicka terapie) a onkolydiokiry spousti v nadorovych bkach
imunogenni formu buiEné smrti, kterd je charakterizovana sekreci/uudim/vystavenim
DAMPs z umirajicich butk. Spol€nou vlastnosti &chto molekul je schopnost aktivovat
imunitni buiky, predevSim DCs, coz vede k indukci protinadorové inmimeakce.

V této préci jsme identifikovali HHP jako dalSi figalni modalitu, kterd vyvolava ICD u
Sirokého spektra primarnich lidskych nadorovychdsua nadorovych linii. OS&ni HHP o
intenzig 150 MPa a vySSi vedlo krychlé gné smrti nddorovych bgk, translokaci
HSP70, HSP90 a CRT na kny povrch a uvoléni HMGB1 a ATP do extracelularniho
prostedi. Nadorové hiky oSetené HHP byly rychleji fagocytovany DCs v porovnani
s kontrolnimi bitkami oSetenymi UVB z&enim a tato interakce byla spojena s maturaci a
aktivaci DCs (zvySeni exprese CD83, CD86 a HLA-DRr@dukce prozattlivych cytokini
IL-6, IL-12p70 a TNFe). Takto aktivované DCs byly nasledachopné indukovat zvySenou
proliferaci a produkci IFN¢ antigen-specifickymi CD4a CD8 T lymfocyty, bez sotasné
expanze regutamich T lymfocyf..

Imunogenni vlastnosti HHP jsou v sagnosti testovany v rdmci probihajicich klinickych
studii gipravku DCVAC, imunoterapie na bazi DC, pro tergygicient s karcinomem

prostaty, ovaria a plic.

K této praci jsem fispéla nasledov& priprava nadorovych linii oS&nych HHP, nsfeni
viability a detekce DAMPs (HSP70, HSP90 a CRT) oarghu nadorovych linii oSi&tnych
HHP pomoci pitokové cytometrie, detekce HMGB1 v supernatante&tiorovych bugk

oSetenych HHP pomoci metody ELISA, analyzaltto dat.
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High hydrostatic pressure induces immunogenic

cell death in human tumor cells
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Recent studies have identified molecular events characteristic of immunogenic cell death (ICD), including surface exposure of
calreticulin (CRT), the heat shock proteins HSP70 and HSP90, the release of high-mobility group box protein 1 (HMGB1) and
the release of ATP from dying cells. We investigated the potential of high hydrostatic pressure (HHP) to induce ICD in human
tumor cells. HHP induced the rapid expression of HSP70, HSP90 and CRT on the cell surface. HHP also induced the release of
HMGB1 and ATP. The interaction of dendritic cells (DCs) with HHP-treated tumor cells led to a more rapid rate of DC phagocy-
tosis, upregulation of CD83, CD86 and HLA-DR and the release of interleukin IL-6, IL-12p70 and TNF-a.. DCs pulsed with tumor
cells killed by HHP induced high numbers of tumor-specific T cells. DCs pulsed with HHP-treated tumor cells also induced the
lowest number of regulatory T cells. In addition, we found that the key features of the endoplasmic reticulum stress-mediated
apoptotic pathway, such as reactive oxygen species production, phosphorylation of the translation initiation factor elF2a and
activation of caspase-8, were activated by HHP treatment. Therefore, HHP acts as a reliable and potent inducer of ICD in

human tumor cells.

Current anticancer treatments, including radiotherapy and
chemotherapy, disrupt the activity of tumor cells through the
selective killing or growth arrest of these cells. However, in
most (but not all) instances, chemotherapy-induced cell death
does not lead to enhanced antitumor immunity because apo-
ptosis in cancer cells is mostly a nonimmunogenic, or even tol-
erogenic, cell death process.”* In addition to the standard
treatment of metastatic disease using combinations of chemo-
therapeutics, it would be beneficial to patients with cancer to
elicit tumor-specific immunity that would control or slow the
growth of residual tumor cells.” Accumulating evidence indi-
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shock proteins, cancer immunotherapy, dendritic cells
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cates that cytostatic agents* such as anthracyclines,” oxaliplatin®
and bortezomib,” radiotherapy and photodynamic cancer ther-
apy (PDT)® can stimulate tumor cells to undergo an immuno-
genic form of apoptosis, which causes these dying tumor cells
to induce an effective antitumor immune response.’
Immunogenic cell death (ICD) involves changes in the
composition of the cell surface as well as the release of solu-
ble mediators, occurring in a defined temporal sequence.
Such signals operate on a series of receptors expressed by
dendritic cells (DCs) to stimulate the presentation of tumor
antigens to T cells. Tumor cells undergoing ICD start to
express and secrete a critical immunogenic factors, such as
damage-associated molecular patterns (DAMPs)."* Several
DAMPs have recently been identified as hallmark features of
immunogenic apoptosis, namely, several members of the heat
shock protein family, HSP70'"'* and HSP90, and calreticulin
(CRT)."*™'® Within hours after the initiation of ICD, prea-
poptotic tumor cells translocate CRT and HSPs from the
endoplasmic reticulum (ER) to the cell surface.'” CRT expo-
sure serves as an engulfment signal that targets dying tumor
cells to DCs,'®" and disruption of the plasma membrane
facilitates the release of the late apoptotic marker high-
mobility group box 1 (HMGBI1) into the extracellular
milieu.”® HMGBI can bind to several pattern recognition
receptors (PRRs), such as Toll-like receptor (TLR) 2 and 4
and the receptor of advanced glycosylation end products
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What’s new?

Effect of HHP in human tumor cells

Some cytotoxic agents used in cancer treatment activate an immunogenic form of apoptosis, which causes the dying tumor
cells to induce an effective antitumor immune response. Here, the authors find that exposure to high hydrostatic pressure
(HHP) induces bona fide immunogenic cell death in a wide range of human tumor cell lines and primary tumor cells. As HHP
treatment is relatively easily standardized under good manufacturing practices conditions, the authors initiated multiple clini-
cal trials evaluating the potential of dendritic cells loaded with HHP-treated cancer cells to induce tumor cell-specific immune

responses in patients with prostate cancer.

(RAGE).?! DCs are known to express several types of PRRs
essential for anticancer immune responses elicited by chemo-
therapy; for example, tumors that are controlled by chemo-
therapy in control mice fail to respond to chemotherapy in
mice lacking TLR4.%° Furthermore, the release of HMGB1
protein seems to be required for the optimal release and pre-
sentation of antigens from dying tumor cells, T-cell priming
by DCs** and subsequent T-cell-mediated elimination of the
tumor. Recently, ATP has been shown to be released during
the course of ICD.** Secreted ATP acts either as a “find me”
signal or as an activator of the NLRP3 inflammasome, which
leads to the subsequent activation of caspase-1 and process-
ing of prointerleukin-1f; prointerleukin-1p is then released
from the cell and plays an important role in the anticancer
immune response elicited by dying tumor cells.****

Here, we report that an additional physical modality, high
hydrostatic pressure (HHP), induces the expression on the cell
surface and the release of all of the aforementioned immuno-
genic molecules on the wide spectrum of primary human
tumor cells and human cancer cell lines (leukemia, ovarian
cancer and prostate cancer). We also compare the effect of
HHP to previous studies on anthracyclines, which are known
to induce ICD, and nonimmunogenic UV-B irradiation, which
is often used in immunotherapeutic protocols. This study iden-
tifies HHP as a reliable and potent inducer of ICD in a wide
range of human tumor cell lines and primary tumor cells.”**’

Material and Methods

Cell lines

Acute lymphoblastic leukemia (ALL) cell lines were kindly
provided by Childhood Leukemia Investigation Prague
(CLIP; REH, HLA-A2 positive). Ovarian cancer cells (OV90,
HLA-A2 positive; ATCC, Manassas, VA) and prostate cancer
cells (LNCap, HLA-A2 positive; ATCC) were also used. All
cell lines were cultured in RPMI 1640 medium (Gibco) sup-
plemented with 10% heat-inactivated fetal bovine serum
(PAA), 100 U/ml penicillin and 2 mmol/l L-glutamine.

Antibodies and reagents

Antibodies recognizing phospho-elF2ac  (Ser51), elF2a,
caspase-3, caspase-8, caspase-9 (Cell Signaling Technology,
Danvers, MA), cytochrome ¢ (BD Bioscience, Franklin Lakes,
NJ) and GAPDH (GeneTex, Irvine, CA) were used. Second-
ary anti-rabbit and anti-mouse antibodies conjugated to

horseradish peroxidase (Jackson ImmunoResearch Laborato-
ries, West Grove, PA) were also used.

The following monoclonal antibodies (mAbs) against the indi-
cated molecules were used: CD80-FITC, CD83-PE, CD86-PE-Cy5,
CD14-PE-Dy590, CD8-PE-Dy590 (Exbio, Vestec, Czech Repub-
lic), CD11c-PE, HLA-DR-Alexa700, IEN-y-FITC, CD4-PC7 (BD
Biosciences, San Diego, CA), FoxP3-Alexa488 (eBioscience),
CD25-PerCP-Cy5.5, Ki67-PE, CD28-PC7, CD62L-FITC, CD57-
APC (BioLegend), anti-HSP70 (R&D, Basel, Switzerland), anti-
HSP90 and anti-CRT (Enzo, Farmingdale, NY).

CellRox orange reagent (Invitrogen, Carlsbad, CA) was
used for the detection of reactive oxygen species (ROS) pro-
duction. The following caspase inhibitors were used: caspase-
3 (Z-DEVD-FMK), caspase-8 (Z-IETD-FMK) and caspase-9
(Z-LEHD-FMK; MBL, Wobrun, MA).

Apoptosis induction and detection

Tumor cell death was induced by UV-B light exposure, HHP
treatment and idarubicin (Fig. 2). Induction of cell death by
UV-B and anthracyclines was previously described.” Cells were
treated by HHP in the custom-made device (Resato Interna-
tional BV, Netherlands) that is located in the GMP manufactur-
ing facility. This device allows for the reliable treatment of the
tumor cells by defined levels of HHP for specified periods of
time. Cell death was assessed by annexin V/fluorescein isothio-
cyanate staining. Briefly, 2 X 10> cells per sample were col-
lected, washed in PBS, pelleted and resuspended in an
incubation buffer containing annexin V/fluorescein isothiocya-
nate antibodies (Exbio). The samples were kept in the dark and
incubated for 15 min prior to the addition of DAPI, and subse-
quent analysis was performed with a FACScan Aria (BD Bio-
science) using Flow]Jo software (Treestar, Ashland, OR).

Flow cytometric analysis of HSP70, HSP90 and CRT on the
cell surface

A total of 1 X 10° cells were plated in 12-well plates and
then UV-B irradiated or treated with HHP or idarubicin for
6, 12 or 24 hr. The cells were collected and washed twice
with PBS. The cells were then incubated for 30 min with pri-
mary antibody diluted in cold blocking buffer (2% fetal
bovine serum in PBS), followed by washing and incubation
with an Alexa 648-conjugated monoclonal secondary anti-
body in blocking solution. Each sample was then analyzed
using a FACScan Aria (BD Bioscience). Cell surface

Int. J. Cancer: 00, 00-00 (2014) © 2014 UICC
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Figure 1. Sensitivity of the T-ALL (REH), OV90 (ovarian cancer) and LNCap (prostate cancer) cell lines to different intensities of HHP. (a) The
REH, OV90 and LNCap cell lines were treated for 6, 12 or 24 hr with different levels of HHP (150, 200 and 250 MPa) and compared to idar-
ubicin and nonimmunogenic UV-B irradiation. The percentage of early (@annexin V+/DAPI-), late (annexin V+/DAPI+) apoptotic cells and
necrotic cells (@annexin V—/DAPI+) was determined by flow cytometry. (b) The kinetics of HSP70, HSP90 and calreticulin expression on the
ovarian cancer cell line (OV90) treated with six different levels of HHP (50, 150, 200, 250, 300 and 350 MPa) for 10 min. (¢) The morphol-
ogy of the OV90 and LNCap cell lines after UV-B irradiation or HHP treatment for 10 or 24 hr.
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expression of HSP70, HSP90 and CRT was analyzed on non-
permeabilized annexin V-positive/DAPI-negative cells.

Detection of HMGB1 release

REH cells, OV90 cells, LNCap cells, primary ovarian cells
and leukemic blasts were plated at 1 X 10° cells per well in 1
ml of complete medium appropriate for the cell type. After
UV-B irradiation or HHP or idarubicin treatment, superna-
tants were collected at different time points (6, 12, 24 and 48
hr). Dying tumor cells were removed by centrifugation, and
the supernatants were isolated and frozen immediately.
Quantification of HMGBI in the supernatants was assessed
using an enzyme-linked immunosorbent assay according to
the manufacturer’s instructions (IBL, Hamburg, Germany).

Immunofluorescence
For the detection of HMGBI, the cells were placed on ice,
washed twice with PBS and fixed in 0.25% paraformaldehyde
in PBS for 5 min. The cells were then washed twice in PBS,
and a primary anti-HMGBI1 antibody (Abcam, Cambridge,
MA) diluted in cold blocking buffer was added for 30 min.
After two washes in cold PBS, the cells were incubated for 30
min with the appropriate DyLight 594-conjugated secondary
antibody. The cells were fixed with 4% paraformaldehyde for
20 min, washed in PBS for 20 min and mounted on slides.
For phagocytosis, the DCs were stained with Vybrant® DiD
cell labeling solution (Invitrogen). The tumor cells were stained
with Vybrant® DiO cell labeling solution (Invitrogen) and treated
as indicated. Immature DCs (Day 5) were fed tumor cells at a
DC/tumor cell ratio of 5:1. The cells were fixed with 4% parafor-
maldehyde for 20 min, washed in PBS for 20 min and mounted
on slides with ProLong Gold antifade reagent (Invitrogen). For
the detection of ROS activity, cells were stained with CellRox
orange reagent before HHP treatment. After the treatment, cells
were washed twice with culture media and fixed in 0.25% para-
formaldehyde in PBS for 5 min and mounted on slides.

Generation of tumor-loaded DCs and induction of tumor

cell death

DCs were generated by culturing purified CD14" cells iso-
lated from bufty coats in the presence of granulocyte-macro-
phage colony-stimulating factor (Gentaur, Kampenhout,
Belgium) and interleukin IL-4 (Gentaur). The tumor cells
were treated as indicated by UV-B irradiation and HHP. The
extent of apoptosis was monitored by annexin V/DAPI stain-
ing. The cells were extensively washed prior to feeding to
DCs. Immature DCs (Day 5) were fed tumor cells at a DC/
tumor cell ratio of 5:1. In some experiments, pulsed DCs
were stimulated with 100 ng/ml of lipopolysaccharide (LPS;
Sigma-Aldrich, St. Louis, MO) for 12 hr.

Flow cytometry analysis of DCs after treatment with killed
tumor cells

The phenotype of DCs cultured with tumor cells was moni-
tored by flow cytometry. Tumor cells were treated with UV-

Effect of HHP in human tumor cells

B irradiation or HHP and then cocultured for 24 hr with
immature DCs. For some experiments, the DCs and tumor
cells were dye-labeled prior to coculture to monitor phagocy-
tosis. mAbs against the following molecules were used:
CD80-A700 (Exbio), CD83-PerCP-Cy5.5 (BioLegend, San
Diego, CA), CD86-A647 (BioLegend), CD14-PE (Exbio),
CD11¢-APC (Exbio) and HLA-DR PC7 (BD Biosciences).

The DCs were stained for 30 min at 4°C, washed twice in
PBS and analyzed using a FACScan Aria (BD Biosciences)
with FlowJo software. The DCs were gated according to the
FSC and SSC properties. The appropriate isotype controls
were included, and 50,000 viable DCs were acquired for each
experiment.

Cytokine measurements

Cytokines in the supernatants released from immature and
mature DCs were measured using a MILLIPLEX Human
Cytokine/Chemokine kit (Millipore, Billerica, MA) and ana-
lyzed with a Luminex 200 analyzer (Luminex).”® This kit is
designed for the multiplexed quantitative measurement of
multiple cytokines in a single well. Six cytokines were
detected, including IL-12p70, IL-6, IL-18, TNF-a, IL-10 and
IFN-a.

Evaluation of IFN-y-producing tumor-specific T cells
Unpulsed or tumor-loaded DCs were added to autologous T
cells at a ratio of 1:5 on Days 0 and 7 of culture. IL-2 (25-50
U/ml; PeproTech) was added every second day of culture.
The cultures were tested for the presence of tumor-specific T
cells two weeks after the last stimulation with DCs. The
induction of tumor-reactive, IFN-y-producing T cells by
tumor-loaded DCs was determined by flow cytometry. The T
cells were stained with anti-human CD8/IFN-y.

Preparation of cell extracts and Western immunoblot
analysis

Cell extracts were prepared at the indicated time points fol-
lowing UV-B irradiation and HHP treatment. After treat-
ment, the cells were washed with ice-cold PBS and lysed on
ice in RIPA buffer (10 mM Tris pH 7.5, 150 mM NaCl, 5
mM EDTA and 1% Triton X-100) with a protease inhibitor
cocktail (Roche Diagnostics) and 1 mM phenylmethylsulfonyl
fluoride. Proteins were separated by 9-15% SDS-PAGE and
transferred to nitrocellulose membranes (Bio-Rad, Hercules,
USA).

The membranes were blocked in 5% nonfat dry milk in
TBST buffer (50 mM Tris, 150 mM NaCl and 0.05% Tween
20) for 1 hr at room temperature and incubated with pri-
mary antibody overnight at 4°C. The membranes were then
washed in TBST buffer and incubated for 1 hr at room tem-
perature with horseradish peroxidase-conjugated secondary
antibodies. Detection was carried out with the enhanced
chemiluminescence detection system. Equal protein loading
was ensured with a BCA assay, verified by an analysis of
Ponceau-$ staining of the membrane and GADPH reprobing.

Int. J. Cancer: 00, 00-00 (2014) © 2014 UICC
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Cytosolic and mitochondrial fractions were prepared using
a cell fractionation kit (Abcam) according to the manufac-
turer’s instructions. We used cytosolic GAPDH as internal
loading control for the fractionation experiments. Additional
information can be found in Supplementary materials.

Results

HHP induces apoptosis and the expression of ICD markers
on cancer cells

To initially determine the ability of HHP to induce ICD,
tumor cells were treated for 10 min with a broad range of
HHP (150, 200 and 250 MPa) and repeatedly analyzed over
the course of 24 hr according to DAPI and annexin V stain-
ing (Fig. 1a). Treatment of tumor cells with HHP greater
than 150 MPa led to the apoptosis (% annexin V+ cells) of
more than 80% of cells within 12 hr, with the majority of
cells demonstrating a staining pattern typical of apoptosis
(annexin V+/DAPI—) rather than necrosis (annexin V—/
DAPI+; Fig. 1a) and morphology typical of apoptotic cells
(Fig. 1c). We also examined the kinetics of the expression of
ICD markers on tumor cells undergoing apoptosis induced
by HHP in the ovarian cancer (Fig. 1b), prostate cancer and
leukemic cell lines (data not shown). Treatment of tumor
cells with HHP greater than 150 MPa led to the significant
expression of HSP70, HSP90 and CRT. Because HHP values
above 350 MPa led to accelerated apoptosis and rapid degra-
dation of apoptotic bodies, we chose a HHP value of 250
MPa for subsequent experiments.

HHP induces the expression of HSPs and CRT on human
cancer cell lines and human primary tumor cells

After the initial examination of the presence of ICD markers
after HHP treatment, we performed an extensive analysis of
the expression of known ICD markers in tumor cell lines
(REH, LNCap and OV90) and freshly isolated primary tumor
cells (T-ALL and ovarian tumor cells). We directly compared
HHP treatment to UV-B irradiation, which does not induce
ICD, and idarubicin member of anthracyclines family, which
is known to induce immunogenic apoptosis.” Expression of
ICD markers was analyzed on apoptotic annexin V-positive/
DAPI-negative cells. HHP induced significant expression of
HSP70, HSP90 and CRT on the cell surface of all tested cell
lines and primary tumor cells (Figs. 2a and 2b). Furthermore,
the kinetics of this expression were similar to those induced
by idarubicin, with all markers expressed after 6 hr and

showing maximum induction between 12 and 24 hr after
treatment. HHP, however, induced 1.5-fold to twofold higher
expression of HSP70, HSP90 and CRT compared to idarubi-
cin (Figs. 2a and 2b). We did not observe any significant
upregulation of ICD markers on ovarian, prostate or ALL
human tumor cells after UV-B light exposure.

HHP induces the release of HMGB1 by human cancer cells
We next analyzed the release of the late-stage marker of ICD
HMGBI in the supernatants of T-ALL, ovarian and prostate
cancer cell lines and primary T-ALL and ovarian tumor cells.
Of the tested treatments, HHP and idarubicin induced signif-
icant release of HMGBI in all tested human tumor cells
(Figs. 2c and 2d). Maximal release of HMGBI nuclear protein
was detected 48 hr after the induction of tumor cell death.
The amount of HMGBI released from HHP-induced apopto-
tic cells was even greater than that detected following idaru-
bicin treatment. Furthermore, the quantity of released
HMGBI was tumor cell type-dependent, as a twofold greater
release was detected in prostate and ovarian cancer cells in
comparison to the other cell types tested. These data were
further verified by immunofluorescence microscopy, which
documented the release of HMGB1 from the nuclei to the
cytosol in ovarian cells (OV90; Fig. 2e).

HHP reduces intracellular ATP and increases extracellular
ATP levels

The extracellular release of ATP is a hallmark of ICD. There-
fore, we measured intracellular and extracellular ATP levels
in LNCap and OV90 cell lines at 1 hr (Fig. 2f), 6 hr and 12
hr (data not shown) after exposure to specific cell death
inducers. For all tested treatments (HHP, idarubicin and UV-
B), we found that the induction of cell death was accompa-
nied by a reduction in the intracellular ATP concentration
and an accumulation of extracellular ATP in different time
points (Fig. 2f). HHP (1 hr after treatment) and idarubicin (6
hr after treatment; data not shown) induced the most signifi-
cant release of ATP into the culture supernatants.

HHP treatment increases the rate of phagocytosis of killed
tumor cells by DCs

In view of the established role of CRT as a phagocytosis-
promoting signal, we first investigated the rate of phagocytosis
of HHP-treated ovarian (OV90) and prostate (LNCap) tumor
cells by DCs. HHP-treated tumor cells were phagocytosed at a

Figure 3. HHP treatment of ovarian (OV90) and prostate (LNCap) tumor cells increases the rate of phagocytosis of killed tumor cells by DCs
and induces the expression of maturation-associated molecules on DCs. (a) Percentage of phagocytosis at 24 hr following HHP treatment
compared to the control. (b) Dot plots of representative experiments are shown. Killed OV90 and LNCap cells were labeled with DiO and
cocultured with DiD-labeled immature DCs. (¢) Fluorescence microscopy analysis of the phagocytosis experiments. After 24 hr of coculture
of killed tumor cells with immature DCs, the engulfment of tumor cells was verified by fluorescence microscopy. (d) Immature DCs (Day 5)
were cultured for 24 hr with OV90 or LNCap cells killed by UV-B irradiation or HHP. After 24 hr, the expression of CD83, CD86 and HLA-DR
by DCs was analyzed by flow cytometry. The MFI and representative histograms are shown (). *p < 0.05 compared to immature DCs. (f)
Determination of cytokine concentrations in culture supernatants of DCs cultured for 24 hr with OV90 or LNCap cells treated with UV-B irra-
diation or HHP. The data show the compiled results (mean = SD) of three independent experiments. *p < 0.05 compared to untreated

cells.
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faster rate and to a greater extent than tumor cells killed by
UV-B irradiation. After 24 hr, the rate of phagocytosis of
tumor cells treated with HHP was threefold higher in compari-
son to cells killed by UV-B irradiation (Fig. 3).

Phagocytosis of HHP-treated tumor cells induces the
expression of maturation-associated molecules on DCs and
proinflammatory cytokine production

The ability of DCs to activate the immune response depends
on their maturation status and the expression of costimulatory
molecules. We analyzed the phenotype of DCs that had phago-
cytosed ovarian (OV90) or prostate (LNCap) tumor cells killed
by HHP or UV-B irradiation and found that the interaction of
DCs with HHP-treated tumor cells induced the significant
upregulation of CD83, CD86 and HLA-DR, albeit to a lesser
extent than treatment with LPS (Fig. 3d). Importantly, the abil-
ity of HHP-killed tumor cells to promote DC maturation was
abrogated when the DCs were separated from the dying tumor
cells by a transwell, suggesting the need for cell-cell contact
between the tumor cells and DCs. We next evaluated cytokine
production by activated DCs. The interaction between DCs
and HHP-treated tumor cells induced significant release of IL-
6, IL-12p70 and TNF-a compared to immature DCs and DCs
pulsed with UV-B-treated tumor cells. There was no increase
in the production of IL-10 or IFN-a by DCs pulsed with HHP-
treated tumor cells (Fig. 3).

DCs pulsed with HHP-treated tumor cells induce
tumor-specific T cells

To investigate whether tumor cells expressing ICD markers
induce antitumor immunity, we evaluated the ability of
tumor cell-loaded DCs to activate tumor cell-specific T-cell
responses. Ovarian (OV90) and prostate (LNCap) tumor cells
killed by HHP or UV-B irradiation were cocultured with
immature DCs with or without subsequent maturation with
LPS. These DCs were then used as stimulators of autologous
T cells, and the frequency of IFN-y-producing T cells was
analyzed 2 weeks later, after restimulation with tumor cell-
loaded DCs. DCs pulsed with tumor cells killed by HHP
induced a greater number of tumor-specific CD4" and
CD8" IFN-y-producing T cells compared to DCs pulsed
with UV-B light-exposed cells in all experiments (n = 5),
even in the absence of an additional maturation stimulus
(LPS; Fig. 4a). We also evaluated the proliferative capacity of
the induced antigen-specific T cells by examining Ki67
expression (Fig. 4c). Antigen-specific T cells induced by DCs
pulsed with HHP-treated tumor cells proliferated more sig-
nificantly compared to T cells induced by DCs pulsed with

UV-B-treated tumor cells. To further investigate the pheno-
type of the antigen-specific T cells, we evaluated the expres-
sion of several T-cell surface markers and found that the
interaction of autologous T cells with DCs pulsed with HHP-
treated tumor cells induced the significant upregulation of
CD28 and CD62L and the downregulation of CD57 (Fig. 4d).

In addition, we tested the frequency of regulatory T cells
(Tregs) induced in the DC and T-cell cocultures. DCs pulsed
with ovarian (OV90) or prostate (LNCap) cells killed by
HHP were less able to expand Tregs compared to both
immature DCs and LPS-activated DCs (Fig. 5a). This finding
was further confirmed using a quantitative real-time PCR-
based methylation assay, which assessed the percentage of
stable Tregs that were demethylated at the FoxP3 TSDR in
autologous T-cell suspensions (Fig. 5c¢).

Characteristics of the apoptotic pathways induced by HHP
treatment

We next investigated whether HHP, as an inducer of cell
death with immunogenic characteristics, activates analogous
apoptotic pathways similar to anthracyclines or photody-
namic therapy.'”?®> We therefore characterized key compo-
nents of the ER stress-mediated apoptotic pathway, such as
ROS production, the phosphorylation of the translation ini-
tiation factor elF2a and the activation of caspase-8. In cells
treated by HHP, we detected increased production of ROS
(Figs. 6a and 6b) that was suppressed in cells pretreated with
N-acetyl-L-cysteine or L-glutathione. In addition, we detected
an increased activity of catalase, which is preferentially used
by cells exposed to ROS, in HHP-treated cells (Fig. 6¢). Our
results indicate the rapid phosphorylation of elF2a in OV90
and LNCap cells after HHP treatment, in contrast to
untreated or UV-B-irradiated cells (Fig. 6d). We also
observed the rapid activation of caspase-3, -8 and -9 follow-
ing HHP treatment, and all detected caspases were activated
rapidly after HHP treatment (Fig. 6¢). To evaluate the impor-
tance of the individual caspases for the kinetics of HHP-
induced cell death, we tested the effect of selective caspase
inhibitors. Only a selective inhibitor of caspase-8 (Z-IETD-
FMK) significantly decreased the kinetics of apoptosis after
HHP treatment, as documented by annexin V/DAPI staining
(Fig. 6f), and the inhibition of caspase-3 (with Z-DEVD-
FMK) or caspase-9 (with Z-LEHD-FMK) did not affect the
kinetics of apoptosis. This finding documents the importance
of caspase-8 in HHP-induced apoptosis, although caspase-3
and -9 were also shown to be activated. Cells treated with
HHP had a decreased mitochondrial potential compared to
UV-B-irradiated tumor cells, and this finding also correlates

Figure 4. The induction of tumor-specific T cells by HHP-killed OV90 and LNCap cells without the need for an exogenous DC maturation stim-
ulus. (@) Monocyte-derived DCs were pulsed with OV90 or LNCap cells killed by UV-B irradiation or HHP and then used to stimulate autolo-
gous T cells for 2 weeks. The number of IFN-y-producing cells in cultures with unpulsed DCs or DCs pulsed with tumor cells was analyzed
by intracellular IFN-y staining after restimulation. The data show a summary and (b) representative staining of five independent experiments.
(0) Ki67 staining of tumor-specific T cells. (d) Evaluation of CD28, CD62L and CD57 expression by tumor-specific T cells to determine the T-
cell phenotype. The data show the compiled results of three total experiments. *p < 0.05. Representative dot plots are shown (e). [Color fig-
ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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with the rapid release of cytochrome c into the cytosol within
30 min to 1 hr after the induction of apoptosis by HHP in
both ovarian and prostate cancer cell lines (Fig. 6g).

Discussion

The textbook view of apoptosis as a nonimmunogenic event
has recently been challenged. For instance, under specific cir-
cumstances, particularly in response to chemotherapy (anthra-
cyclines,™*!'”*  oxaliplatin® or bortezomib’) or physical
treatment modalities (y-irradiation or hypericin-based photo-
dynamic therapy®®~2), cancer cells undergo cell death linked
to the release of specific molecules that subsequently initiate
tumor-specific immune responses.”*** This type of cell death
program has been termed ICD or immunogenic apoptosis.
Immunogenic apoptosis of cancer cells involves the biochemi-
cal hallmarks of “classical,” tolerogenic apoptosis, including
phosphatidylserine exposure, caspase activation and mitochon-
drial depolarization.'**> However, this type of cell death also
appears to have two other important properties: (i) surface
exposure or secretion of critical immunogenic signals known
as DAMPs and (ii) the ability to elicit a protective immune
response against tumor cells.’® Several DAMPs have recently
been identified as common and indispensable features of
immunogenic apoptosis, including surface CRT," surface

HSP90 and HSP70 and secreted ATP** and HMGB1.?” Rapid
translocation of the ER-resident chaperone protein CRT to the
cell surface of dying tumor cells was previously identified as a
molecular mechanism enhancing the phagocytosis of these
cells by DCs, as the depletion of CRT by siRNA knockdown
averted the immunogenicity of cancer cell death."” Similarly,
we published findings showing that the induction of ICD by
bortezomib correlated with expression of HSP90 on the surface
of myeloma cells, and HSP90 exposure has been shown to be
crucial for the activation of DCs, both in human and murine
cells.” Furthermore, the soluble endogenous danger signal pro-
tein HMGBI, a specific ligand of TLR4, is released from dying
tumor cells during late apoptosis,”>*' and depletion of
HMGBI from tumor cells was shown to abolish DC-mediated
presentation of tumor antigens. Recently, studies by Martins
et al** and Garg et al* led to the discovery of ATP as a solu-
ble endogenous danger signal, in which ATP is released during
immunogenic apoptosis. ATP binds with high affinity to the
purinergic receptor P2X7 and is reportedly released from
stressed and dying cells, including chemotherapy-treated can-
cer cells. Secreted ATP acts both as a homing signal and as an
activator of the NLRP3 inflammasome. In addition to chemo-
therapeutic agents, hypericin-based PDT was identified as an
additional inducer of ICD; Garg et al>>*® demonstrated that
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hypericin-based PDT initiated ICD via signaling pathways that In our study, we describe HHP as a novel modality capa-
overlap with, but are not identical to, those elicited by ble of inducing ICD in human tumor cells. The first indica-
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immunogenic apoptosis were shown by Frey et al. in mouse
models.”®™*" We therefore chose to extensively analyze the
impact of HHP treatment on dying tumor cells. We assessed
the expression of known markers of ICD (CRT, HSP70,
HSP90, HMGBI1 and ATP), the impact of HHP-killed tumor
cells on the phenotypic and functional characteristics of DCs
and the capacity of HHP-killed tumor cells to activate
tumor-specific immunity. We also analyzed the signaling
pathways activated by HHP treatment.

Our results showed that HHP treatment at a dose greater
than 150 MPa induces rapid apoptosis of cells while preserving
apoptotic bodies important for inducing ICD.”® The rapid
induction of apoptosis correlated with the rapid activation of
caspase-3, -8 and -9 within 1 hr of treatment.*? In the initial set
of experiments, we showed that, similarly to anthracyclines,
HHP induces the rapid translocation of CRT, HSP70 and
HSPI0 to the cell surface and the release of ATP and HMGB1
within 12 hr in all tested tumor cell systems (in both primary
tumor cells and tumor cell lines). The interaction of immature
monocyte-derived DCs with immunogenic HHP-killed tumor
cells led to the increased uptake of tumor cells by DCs and
induced the expression of maturation-associated markers on
DCs. The interaction between DCs and HHP-killed tumor cells
also induced the production of IL-1, IL-6, TNF-a and IL-
12p70, demonstrating that HHP-treated tumor cells provide a
potent activation stimulus to DCs. This finding is in accord-
ance with a study showing that extracellular ATP released from
immunogenic tumor cells can stimulate NLRP3-dependent IL-
1B production by DCs.** Furthermore, DCs pulsed with HHP-
treated tumor cells efficiently stimulated tumor-specific IFN-y-
producing CD28+CD62+CD57— T cells. However, HHP-
treated tumor cell-loaded DCs also induced significantly lower
numbers of CD4+CD127—CD25highFoxP3+ Tregs com-
pared to nonimmunogenic tumor cells, which may be relevant
for the design of cancer immunotherapy studies.** Moreover, a
PCR-based methylation assay that assessed the percentage of
stable Tregs demethylated at the FoxP3 TSDR found that these
induced Tregs were stable and functional.

Effect of HHP in human tumor cells

In addition to the expression of ICD markers, the release of
HMGBI and ATP and the activation of tumor-specific immu-
nity, ICD is also characterized by the activation of specific apo-
ptotic signaling pathways. The signaling pathways induced by
chemotherapeutics and hypericin-based PDT largely overlap;
however, these pathways are not identical. The production of
ROS and ER stress are essential for the activation of intracellu-
lar pathways that govern ICD. Chemotherapy-induced expres-
sion of ICD markers is dependent on PERK-mediated elF2a
phosphorylation and caspase-8-mediated activation of the
BAX and BAK proteins. In contrast, hypericin-based PDT
requires PERK, BAX and BAK for CRT translocation, whereas
phosphorylated eIlF2a and caspase-8 activation appear to be
dispensable.'”*>*> Our results show that HHP treatment
stimulated ROS production, the phosphorylation of elF2a and
the rapid activation of caspase-3, -8 and -9, although only the
specific inhibition of caspase-8 decreased the kinetics of HHP-
induced cell death. Severe ER stress induced by HHP culmi-
nated in intrinsic mitochondrial apoptosis. Further studies are
conducted to dissect and characterize the signaling pathways
triggered by HHP treatment.

In our study, we identified HHP as a reliable and potent
inducer of ICD in a wide range of human tumor cell lines and
primary tumor cells. HHP-induced tumor cell death fulfills all
currently described criteria of ICD, including the activation of
analogous intracellular signaling pathways, which is similar to
chemotherapy and hypericin-based PDT.*® HHP treatment of
tumor cells can be easily standardized and performed in GMP
conditions to allow its incorporation into manufacturing pro-
tocols for cancer immunotherapy products.”**~° We have
now initiated multiple clinical trials for prostate cancer evaluat-
ing the potential of DCs loaded with HHP-treated cancer cells
to induce tumor cell-specific immune responses and to modify
the clinical course of patients with prostate cancer.?®
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Figure 6. HHP induces the activation of key apoptotic markers in the ER stress-mediated apoptotic pathway, similar to anthracyclines
and photodynamic stress inducers. (a) Fluorescent microscopy analysis of ROS production in HHP-treated ovarian (OV90) and prostate
(LNCap) tumor cells and in the presence of ROS inhibitors N-acetyl-.-cysteine and L-glutathione by CellRox. (b) Detection of ROS produc-
tion by flow cytometry using CellRox staining of HHP-treated ovarian (OV90) and prostate (LNCap) tumor cells. (¢) Detection of catalase
activity in UV-B- or HHP-treated ovarian (OV90) and prostate (LNCap) tumor cells. The data represent the compiled results (mean = SD)
of three independent experiments. (d) The kinetics of elF2a phosphorylation were detected by Western blot analysis in tumor cells
treated with UV-B irradiation or HHP for 30 min or 1, 3 or 5 hr. The activity of elF2a was determined by a phospho-specific antibody (P-
), and then the membranes were reprobed with antibodies against total elF2a. Equal protein loading was demonstrated by GAPDH
reprobing. The data show the compiled results (mean = SD) of three independent experiments. (e) Kinetics of the activation of caspase-
3, -8 and -9 in tumor cells treated with UV-B or HHP for 30 min or 1, 3, 5 or 24 hr. The activation of caspases was determined by
Western blot analysis. Equal protein loading was demonstrated by GAPDH reprobing. (f) The effect of caspase inhibitors on the kinetics
of apoptosis. Cells were treated with specific caspase inhibitors and then treated with UV-B or HHP. The kinetics of apoptosis (at 1, 6,
12 and 24 hr) were determined according to annexin V/DAPI staining using flow cytometry. (g) Kinetics of cytoplasmic cytochrome ¢
release and the loss of mitochondrial membrane potential after UV-B or HHP treatment for 30 min or 1, 3 or 5 hr. The cytosolic and
mitochondrial extracts were prepared and analyzed by Western blot analysis with specific antibodies recognizing cytochrome ¢ and
GAPDH. The data show the compiled results (mean = SD) of three independent experiments. The decrease in mitochondrial membrane
potential after treatment of ovarian and prostate cancer cells with UV-B or HHP for 1, 7, 12 or 24 hr was evaluated by measuring the

fluorescence intensity of TMRE by flow cytometry.
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5.2. Kaspaza 2 a oxidativni stres wuji imunogenni potencial buré¢né smrti

indukované vysokym hydrostatickym tlakem

Dosud publikované studie poukazuji na jedima roli CRT v konceptu ICD. Translokace
CRT z lumen ER na bédny povrch pedchazi morfologickym projéwn apopt6zy. Rychlé
pre-apoptotické vystaveni CRT na plazmatickou mamibr je spousho rekterymi
chemoterapeutiky a fyzikalnimi modalitami (iapyp-PDT), které indukuji produkci ROS a
aktivuji stres ER. Oba tyto procesy hrajicklou roli v translokaci DAMPs na b&mny
povrch a jejich blokace vede k naruSeni imunogemmibtencialu umirajicich nadorovych
burgk.

V této praci jsme se zaffili na identifikaci signalizénich drah indukovanych HHP, které
vedou k vystaveni DAMPs na plazmatickou membréjejieh roli pro vlastni imunogenicitu
nadorové bikky. Souwasrt jsme tyto mechanismy alit porovnat sjiz znamymi
signaliz&nimi drdhami aktivovanymi imunogenni chemoteragiyp-PDT.

Z nasich vysledk vyplyva, Ze nadorové liy oSetené HHP jsou imunogennin vivo a
stimuluji imunitni odpo¥d” zaloZenou na CD4 a CD8 T lymfocytech, ktera
v imunizovanych mysSich vede ke zpomaleidtu nadoru a delSimurgZivani mysi. Dale
jsme zjistili, Zze bu&¢na smrt indukovana HHP je zavisla na nadprodukcSRAiciujici
rychly rozvoj integrovaného bgéného stresu, fosforylaci elkZPERK kinazou s naslednou
aktivaci kaspazy 2, 8 a 3. Neschopnost els@ fosforylovat, deplece PERK a kaspazy 2 nebo
8 vede u nadorovych bék oSetenych HHP k signifikantni redukci CRT vystavenéte n
burg¢ném povrchu, ale neoviije piibéh burééné smrti. Interakce DCs s nadorovymi
buikami s knockdownem kaspazy 2 ma za nésledek snizatmpnost DCs fagocytovat, coz
nazn&uje, Ze kaspaza 2 hrajeildzitou roli @i zprostedkovani interakci umirajicich

nadorovych bugk s APCs. Tato data souhghmkazuji, Ze imunogenicita b&mné smrti
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indukované HHP je zavisla na signatinadraze zahrnujici osu ROS-PERK-aiH&spaza 2-

kaspéaza 8.

K této praci jsem fispéla nasledovéx piiprava nadorovych linii oS&nych HHP, nsfeni
viability a detekce CRT na povrchu nadorovych liafetenych HHP pomoci fitokové
cytometrie, transfekce mysi nadorové linie CT26N#R knockdown kaspazy 8 a &eni
pomoci western blotu,ifprava DCs, kokultivace DCs s OV-90itkami oSetenymi HHP a
stanoveni fagocytézy pomocigpokové cytometrie a fluorescé&m mikroskopie, analyza

téchto dat a &ast na pipraw manuskriptu.
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ABSTRACT
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High hydrostatic pressure (HHP) promotes key characteristics of immunogenic cell death (ICD), in thus far
resembling immunogenic chemotherapy and ionizing irradiation. Here, we demonstrate that cancer cells
succumbing to HHP induce CD41 and CD8* T cell-dependent protective immunity in vivo. Moreover, we
show that cell death induction by HHP relies on the overproduction of reactive oxygen species (ROS),
causing rapid establishment of the integrated stress response, elF2a phosphorylation by PERK, and
sequential caspase-2, —8 and —3 activation. Non-phosphorylatable elF2«, depletion of PERK, caspase-2 or
—8 compromised calreticulin exposure by cancer cells succumbing to HHP but could not inhibit death.
Interestingly, the phagocytosis of HHP-treated malignant cells by dendritic cells was suppressed by the
knockdown of caspase-2 in the former. Thus, caspase-2 mediates a key function in the interaction
between dying cancer cells and antigen presenting cells. Our results indicate that the
ROS— PERK—elF2a— caspase-2 signaling pathway is central for the perception of HHP-driven cell death
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as immunogenic.

Introduction

Conventional anticancer treatments including chemotherapy
and radiotherapy operate by inducing widespread cancer cell
death thereby helping in “debulking” of the tumor. It has been
long hypothesized that most anticancer therapies induce poorly
immunogenic or even tolerogenic cancer cell death.' However,
accumulating evidence indicates that in response to certain
chemotherapeutics (e.g., anthracyclines, mitoxantrone, oxali-
platin, or bortezomib),>® ionizing irradiation,® oncolytic
viruses,”® and Hypericin-based photodynamic therapy (Hyp-
PDT),”® tumor cells can undergo an immunogenic form of
apoptosis called “immunogenic cell death” (ICD) inducing an
effective antitumor immune response in immunocompetent
mice compared with vaccination of immunodeficient mice.”'°
These findings demonstrate the important role of the immune
system in the efficacy of anticancer therapy.

The ICD is mediated largely by spatiotemporally defined
release or exposure of “danger signals” or damage-associated
molecular patterns (DAMPs) that can function as either adju-
vants or danger signals for the innate immune system'® leading
to the induction of host protective anticancer immunity.'"'> Sev-
eral DAMPs have recently been associated with ICD, of which
surface exposure (ecto-) of the endoplasmic reticulum
(ER)-resident chaperone calreticulin (CALR) constitutes one of
the major checkpoints determining the immunogenicity of cell

death.">'? Ecto-CALR is best characterized for its prominent
function as an “eat me” signal for CD91 positive cells (mostly
macrophages and dendritic cells) and stimulates antigen-
presenting cells, particularly DCs, to efficiently engulf dying cells,
process their antigens, and prime a specific immune response."*
Ecto-CALR’s importance for ICD is outlined by the fact that
its blockade (via CALR-neutralizing antibodies), depletion of
CALR with small interfering RNAs (siRNAs) or depletion/inhi-
bition of danger signaling pathway components mediating
ecto-CALR exposure, abolishes the immunogenicity of ICD in
multiple tumor models.*”'"'*'> CALR translocates from the
ER lumen to the cell surface after treatment with various ICD
inducers, before the cell manifests signs of programmed cell
death.'® Rapid, pre-apoptotic ecto-CALR is potently triggered
by chemotherapeutics and physicochemical modalities such as
Hyp-PDT, which induce the production of reactive oxygen spe-
cies (ROS) and ER stress response (concomitant or sequen-
tial).!” Of note, both ROS and ER stress “modules” are required
for efficient danger signaling and ICD such that the absence of
either compromises immunogenicity.”'> For instance, scaveng-
ing of ROS by antioxidants abolishes ecto-CALR induced by
anthracyclines'” and Hyp-PDT.'® Similarly, ER stress response
also plays an important role in mediating CALR exposure.
However depending on the ICD inducer, ecto-CALR mediating
signaling components can be subdivided into either “core
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components” (ie., signaling components shared by all ICD
inducers for ecto-CALR exposure) or “private components”
(ie., signaling components specific to certain ICD inducers)."
Here, in the case of chemotherapy, ER stress response consist-
ing of the ER stress sensor, PERK (protein kinase R (PKR)-like
endoplasmic reticulum kinase)-induced phosphorylation of
eukaryotic translation initiation factor, elF2c, both, playing an
important role in ecto-CALR exposure.'” Ecto-CALR exposure
in response to chemotherapy requires downstream of ER stress,
caspase-8-mediated cleavage of the ER-resident protein,
BAP31, and conformational activation of Bax and Bak."” How-
ever, the Hyp-PDT pathway differs markedly, such that only
PERK and Bax/Bak are required for ecto-CALR exposure.”
Thus, based on these observations, although PERK and Bax/
Bak represent the “core signaling components” mediating ecto-
CALR for both chemotherapy and Hyp-PDT, elF2« phosphor-
ylation, caspase-8 and BAP31 represent the “private signaling
components” only applicable to chemotherapy-induced ecto-
CALR. However, in absence of analysis for other ICD inducers,
it is not yet known whether such a subdivision of danger signal-
ing components is consistently applicable to other contexts and
whether additional as-yet-undiscovered “private signaling com-
ponents” mediating ecto-CALR, exist.'” We previously
described a novel physical modality, high hydrostatic pressure
(HHP), inducing ICD in a wide spectrum of primary human
tumor cells and human cancer cell lines.”>*" The early danger
signaling pathways activated by HHP in cancer cells are
completely unknown. Therefore, we decided to investigate the
signaling events associated with the ICD induced by HHP
treatment and compare them with known pathways triggered
by immunogenic chemotherapy or Hyp-PDT.”'?

Materials and methods
Mice

Female BALB/c and male C57BL/6 (B6) mice were obtained
from the animal facility of the Institute of Physiology (Acad-
emy of Sciences of the Czech Republic), v.v.i. Mice were used at
9-15 weeks of age and kept in the conventional animal facility
of Institute of Microbiology of ASCR, v.v.i. Mice were regularly
screened for MHV and other pathogens according to FELASA.
All experiments were approved by the Animal Welfare Com-
mittee at the Institute of Microbiology of ASCR, v.v.i.

Treatment of CT26 colon carcinoma and LL2 lung
carcinoma in vivo

BALB/c (CT26 carcinoma) or B6 (LL2 carcinoma) mice were s.c.
injected into lower left flank with 5 x 10° HHP-treated CT26 or
LL2 cells in 200 1L of PBS on days 0 and 21, respectively. Control
mice were injected with the same volume of PBS. Mice were then
s.c. injected into lower right flank with 10° live CT26 cells or LL2
cells in 100 1L of PBS on day 31. 250 ug of depleting anti-CD4™
(clone GK1.5, BioXcell) and/or anti-CD8% (clone 53-6.72, Bio-
Xcell) mAbs were injected i.p. and control mice were injected with
the same volume (250 L) of PBS. Mice surviving day 130 without
any signs of tumor were considered as long-term survivors (LTS).
Tumor size was measured every 2-4 d by caliper. A total of 10

mice per group were used in the experiments. Every experiment
was repeated twice with the similar results.

Cell lines

All cell lines were purchased from American Type Culture Col-
lection (Manassas, VA, USA). Ovarian cancer cell line OV-90
(ATCC) and mouse colon adenocarcinoma CT26 cell lines
were cultured in RPMI 1640 (Gibco) supplemented with 10%
heat-inactivated FBS (PAA), 2 mM GlutaMAX I CTS (Gibco)
and 100 U/mL penicillin + 100 pg/mL streptomycin (Gibco).
MEF-wild type (WT) and Bax '~Bak ', a kind gift of Dr. G.
Kroemer (INSERM U848, Institut Gustave Roussy, France).
MEEF cells expressing normal elF2«x (WT) or a non-phosphor-
ylable mutant heterozygously (S51A knock-in mutation) were
kindly provided by Dr. R.L. Rasor, University of Michigan.
MEF and LL2 cell lines were cultured in DMEM medium
(Sigma Aldrich) supplemented with 10% heat-inactivated FBS
(PAA), 2 mM GlutaMAX I CTS (Gibco), and 100 U/mL peni-
cillin 4+ 100 pg/mL streptomycin (Gibco).

Antibodies and reagents

Antibodies against phospho-elF2cr (Ser51), elF2«, phospho-
PERK, PERK, caspase-3, caspase-8, caspase-2, CHOP, Bax, Bak
(Cell Signaling Technology, Inc.), and GAPDH (GeneTex)
were used. Secondary anti-rabbit and anti-mouse antibodies
conjugated to horseradish peroxidase (Jackson ImmunoRe-
search Laboratories) were also used.

Anti-calreticulin antibodies were purchased from Enzo Life
Sciences and Abcam. The chicken polyclonal antibody against
calreticulin was purchased from ThermoFisher Scientific. Anti-
mouse DyLight 649- and anti-rabbit Alexa Fluor 647-conju-
gated secondary antibodies were purchased from Jackson
ImmunoResearch Laboratories, Molecular Probes, and Cell Sig-
naling, respectively. The chicken IgY isotype control antibody
was from GeneTex. Cell death was assessed by Annexin V-
PerCP-eFluor 710 (eBioscience) and DAPI (Molecular Probes)
staining. For phagocytosis, the dendritic cells and tumor cells
were stained with Vybrant® DiO and Vybrant® DiD cell label-
ing solutions (Molecular Probes), respectively.

CellRox orange reagent (Molecular Probes) was used for the
detection of ROS production. N-acetyl-L-cysteine (NAGC;
5 mM) and reduced L-glutathione (GSH; 5 mM) from Sigma
Aldrich were used as ROS inhibitors. NAC and GSH were pre-
pared at 5 mM concentration in complete media followed by
pH adjustment to pH 7.3-7.4. Idarubicin hydrochloride and
thapsigargin were from Sigma Aldrich.

Generation of shRNA stable clones of OV-90 cells

For knockdown experiments, cells were stably transfected using
Scramble sequences (SHC001V; SHC002V) or shRNA transduc-
tion particles expressing siRNA against target genes. Sequences
of the shRNAs are provided in Table S1. Transfection was per-
formed according to the manufacturer’s instructions (Mission®
pLKO.1-puro lentiviral particles, Sigma Aldrich). Cells were
seeded at 5 x 10° in 96-well plates, and infected with a



multiplicity of infection of Puromycine (1 pg/mL, Sigma
Aldrich) selected infected cells.

siRNA transfection of CT26 cells

A total of 1 x 10> OV-90 or CT26 cells per well were plated in
six-well plates and allowed to reach 50% confluence on the day
of transfection. siRNA specific for mouse PERK (ON-TARGET
plus Mouse Eif2ak3 siRNA SMART pool L-044901-00-0010),
human PERK (ON-TARGET plus Human Eif2ak3 siRNA
SMART pool L-004883-00-0010), human caspase-2 (ON-TAR-
GET plus Human CASP2 siRNA SMART pool L-003465-00-
0010, mouse caspase-8 (ON-TARGET plus Mouse Casp8
siRNA SMART pool L-043044-00-0010) and an unrelated con-
trol (ON-TARGET plus Non-targeting pool D-001810-10-05)
were purchased from Dharmacon. Cells were transfected with
siRNA at a final concentration of 25 nM using Lipofectamine®
RNAiIMAX Transfection Reagent (Invitrogen) according to the
manufacturer’s instructions. Knockdown of PERK, caspase-8,
and caspase-2 was confirmed by western blotting.

Induction of cell death

Tumor cell death was induced by UV-B (312 nm), idarubicin or
HHP. UV-B irradiated and idarubicin treated (37 uM for
human OV-90 cells and 18.5 uM for mouse MEF and CT26
cells) tumor cells were used as a negative and positive control,
respectively. Cells were treated by value of HHP 250 MPa
(OV-90 cells), 175 MPa (CT26 and LL2), and 150 MPa (MEF
and CT26 cells) for 10 min in the custom made service (Resato
International BV, Netherlands). A total of 1x10% UV-B irradi-
ated (7.6 J/cm?), idarubicin or HHP treated cells per well were
plated in 24-well plates, cultured for 1, 2, 6, and 24 h at 37 °C
under 5% CO,, and used for subsequent experiments.

Flow cytometric analysis of apoptosis and cell surface
CALR expression

Briefly, 2 x 10° cells per sample were collected and washed in
PBS. The cells were then incubated for 30 min with primary
anti-CALR antibody diluted in PBS, followed by washing and
incubation with DyLight 649- or Alexa Fluor 647-conjugated
secondary antibody. For cell death assessment, the cells were
washed with PBS and resuspended in an incubation buffer con-
taining Annexin V-PerCP-eFluor 710 (eBioscience). The samples
were kept in the dark and incubated for 15 min prior to the
addition of DAPI (Molecular Probes) and subsequent analysis
on LSRFortessa (BD Biosciences) using FlowJo software (Tree
Star). The cell surface expression of CALR was analyzed only on
non-permeabilized Annexin®/DAPI~ cells. Annexin'/DAPI*
and Annexin /DAPI™ cells were excluded from analysis.

Preparation of cell extracts and immunoblotting analysis

Cell extracts were prepared at the indicated time points follow-
ing UV-B irradiation, idarubicin, or HHP treatment. The cells
were washed with ice-cold PBS and lysed on ice in RIPA buffer
(10 mM Tris pH 7.5, 150 mM NaCl, 5 mM EDTA, and 1%
Triton X-100) with a protease inhibitor cocktail (Roche
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Diagnostics) and 1 mM PMSF (phenylmethylsulfonyl fluoride)
or in sample buffer (300 mM Tris pH 6.8, 5% SDS, 50% Glyc-
erol, 360 mM pB-Mercaptoethanol, and 0.05% Bromophenol
blue). Proteins were separated by 12% SDS-PAGE and trans-
ferred to nitrocellulose membranes (Bio-Rad).

The membranes were blocked in 5% nonfat dry milk in
TBST buffer (50 mM Tris, 150 mM NaCl, and 0.05% Tween
20) for 1 h at room temperature and incubated with primary
antibody overnight at 4 °C. Then, the membranes were washed
in TBST and incubated for 1 h at room temperature with horse-
radish peroxidase-conjugated secondary antibodies. Detection
was performed with the enhanced chemiluminescence (ECL)
detection system. Equal protein loading was ensured with a
BCA assay, verified by an analysis of Ponceau-S staining
of the membrane and GAPDH reprobing.

Generation of immature dendritic cells

Peripheral blood mononuclear cells (PBMCs) were isolated
from buffy coats of healthy donors by Ficoll-Paque PLUS gradi-
ent centrifugation (GE Healthcare) and CD14% cells were
isolated by EasySep Human CDI14 positive selection kit
(STEMCELL Technologies). CD14" cells were subsequently
cultured for 5 d in RPMI 1640 (Gibco) supplemented with 10%
heat-inactivated FBS (PAA), 2 mM GlutaMAX I CTS (Gibco),
and 100 U/mL penicillin + 100 pg/mL streptomycin (Gibco)
in the presence of GM-CSF (Gentaur) at a concentration of
500 U/mL and 20 ng/mL of IL-4 (Gentaur).

Uptake of dying tumor cells by dendritic cells

For flow cytometry analysis of phagocytosis, OV-90 cells were
harvested and labeled with Vybrant® DiD cell labeling solution
(Molecular Probes). A fraction of tumor cells was labeled with
Vybrant® Dil cell labeling solution (Molecular Probes) and
used for fluorescent microscopy analysis. Stained OV-90 cells
were treated by HHP, plated in 24-well plates at a concentra-
tion of 1 x 10° cells/mL and cultured for 6 h at 37 °C under 5%
CO, before use. To prepare UVB-irradiated cells, stained OV-
90 cells were seeded in RPMI 1640 (Gibco) supplemented with
10% heat-inactivated FBS (PAA), 2 mM GlutaMAX I CTS
(Gibco), and 100 U/mL penicillin 4+ 100 pg/mL streptomycin
(Gibco) in 24-well plates at a concentration of 1 x 10° cells/mL
and subjected to a 312 nm UV-B-irradiation for 10 min to
induce apoptosis. Cells were then incubated for 24 h at 37 °C
with 5% CO, before use. OV-90 cells treated by idarubicin
(37 uM) were also used after 24 h of culture in the presence of
chemotherapeutic agent. To determine the uptake of killed
tumor cells by dendritic cells, immature dendritic cells were
stained with Vybrant® DiO cell labeling solution (Invitrogen)
and co-cultured with OV-90 cells at a cell ratio of 5:1 in Nun-
clon U-bottom 96-well plates (Nunc) for 3 h at 37 °C under 5%
CO,. The cells were extensively washed prior to feeding to den-
dritic cells. Parallel control cultures were set up on ice to evalu-
ate the passive transfer of dye or labeled tumor fragments to
dendritic cells. The phagocytic ability of dendritic cells was
evaluated by flow cytometry and fluorescent microscopy.
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Immunofluorescence

Phagocytosis detection

A suspension of Vybrant® DiO labeled dendritic cells and
Vybrant® Dil labeled UV-B irradiated, idarubicin or HHP
treated OV-90 cells was washed in PBS and the cells were fixed
with 4% paraformaldehyde (Serva) for 20 min. After washing
with PBS, the cells were mounted on slides with ProLong Gold
antifade reagent (Molecular Probes) using StatSpin Cytofuge
(Iris Sample Processing, Westwood, MA). The slides were ana-
lyzed by a fluorescence microscope Leica DMI6000 B.

ROS detection

For the detection of ROS activity, cells were stained with CellRox
orange reagent (Molecular Probes) before HHP treatment. After
the treatment, cells were washed twice with culture medium and
fixed in 4% paraformaldehyde for 5 min and mounted on slides.

Statistical analysis

Results are shown as mean values of at least three independent
experiments and standard deviation ( £ SD) represented by
bars. The significance of differences was estimated by Student’s
unpaired or paired two-tailed ¢ test using GraphPad Prism
6 (GraphPad Software, Inc.). Values *p < 0.05, ™p < 0.01,

p < 0.001 represent the level of significance (p < 0.05 was
considered significant).

Results

HHP-treated cancer cells are immunogenic and induce
CD4" and CD8" T cell-dependent immunity in mice

To test whether HHP-treated cancer cells are immunogenic in
vivo, we have exposed CT26 and LL2 cells to 175 MPa and
used such treated cells for immunization of BALB/c and B6
mice, respectively. Mice were immunized with two doses of
HHP-treated cancer cells 3 weeks apart and immunized mice
were challenged with live tumor cells about 10 d after last
immunization (Fig. 1A). Both CT26 and LL2 tumor cells
treated with HHP elicited protective immunity in experimental
mice (Fig. 1B and D) since immunized mice showed slower
growth of tumors and shift in the survival curves
(Fig. 1C and E). The resistance to the given challenge of tumor
cells was recorded only in the CT26 model as 3 out of 10 mice
survived more than 150 d without any signs of tumor growth.
Further, we decided to investigate if the antitumor immunity
induced by HHP-treated cancer cells is T-cell-dependent and
address the importance of CD4" or CD8* T cells populations
in immunization experiments. Antitumor immunity induced
by HHP-treated CT26 cancer cells is clearly T-cell-dependent
as depletion of both CD4" and CD8™ T cells almost completely
eliminated the immunity elicited by HHP-treated CT26 cells
(Fig. 1F and G). Depletion of either CD4" or CD8* T cells
dampened the antitumor immunity to certain extend; however,
CD8" T cells seems to be more important than CD4" T cells
although both participate in antitumor immunity induced by
HHP-treated cancer cells.

ROS generation in response to HHP treatment elicits
pro-danger and pro-death signals

ROS production and ER stress have been characterized as
major proximal pre-requisites for ecto-CALR induction in
anthracyclines and Hyp-PDT-induced immunogenic apoptosis.
HHP triggered vast ROS production in human ovarian cancer
cell line (OV-90) shortly after the treatment (Fig. 2A and B).
Moreover, N-acetyl-L-cysteine (NAC) and reduced L-glutathi-
one (GSH), two well-established ROS scavengers, partly
reduced the HHP-induced ROS production (Fig. 2A and B).

HHP-treated cancer cells seemed to undergo rapid cell death
(Fig. S1A) which was largely dependent on oxidative stress
since suppression of ROS production by NAC/GSH antioxi-
dants significantly reduced cell death in this set-up (Fig. S1A).
We then decided to analyze the impact of HHP-mediated ROS
on ICD associated danger-signaling events, including the eIlF2«
phosphorylation and caspase signaling arms, which are known
to regulate the surface exposure of the major immunogenic eat-
me signal ecto-CALR."

Immunoblotting of OV-90 cell lysates collected immediately
after HHP treatment (0 h) showed an early induction of P-eIF2«
and of caspase-2 cleavage, followed by caspase-8 and —3 cleavage
2 h post-HHP. Pretreatment of OV-90 cells with the ROS scav-
engers, and especially with NAC, blunted the fast induction of
phosphorylated elF2«a and caspase-2 processing, and later cas-
pase-signaling events as well (Fig. 2C). Moreover, reduction of
ROS levels in HHP-treated cells, caused a partial but significant
reduction of ecto-CALR (Fig. 2D) (especially 2 h post-treatment).
Of note, ecto-CALR was analyzed only on DAPI™ cells (i.e., resid-
ual cells that managed to survive the HHP-insult) to exclude intra-
cellular CALR in permeabilized cells (DAPI") by flow cytometry
(Fig. S1B). These findings suggest that HHP-induced ROS produc-
tion contributes to the early induction of pro-danger signals and
the rapid evolution of cell death.

Integrated stress response participates in HHP-induced
CALR surface exposure

To further characterize the relevance of the early pro-danger
signal activated by HHP treatment, we decided to validate and
compare the results obtained in OV-90 cells in the colon carci-
noma CT26 cell line. We also compared the ICD signature eli-
cited by HHP to that of the more characterized idarubicin. We
initially focused on the role of the apical PERK-P-elF2« axis,
since P-elF2« pathway was one of the earliest signaling event
observed in HHP treated cells and PERK-P-elF2¢ is considered
an apical danger module during ICD."

Similarly to what found in OV-90 cells, in CT26 cells HHP
induced molecular signatures of ER stress and/or integrated
stress response (ISR) such as rapid PERK and elF2« phosphor-
ylation however in absence of CHOP induction (Fig. 3A).

To elucidate the role of PERK phosphorylation evoked by
HHP treatment, we performed a set of additional experiments
with OV-90 cells with shRNA-based stable knockdown of
PERK (OV-90 shPERK—we used clone 1399 in which PERK
was near-to-completely depleted (Fig. SIC). These cells had
slightly reduced capacity to phosphorylate elF2« upon UV-B,
HHP and idarubicin treatment (1-6 h post-treatment)
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Figure 1. High hydrostatic pressure (HHP)-treated cancer cells elicit T-cell-dependent antitumor immunity. BALB/c mice were s.c. injected into lower left flank with
5 x 10°% HHP-treated CT26 cells in 200 L of PBS on days 0 and 21. Control mice were injected with the same volume of PBS. Mice were than s.c. injected into lower right
flank with 10° live CT26 cells in 100 L of PBS on day 31 (A). Growth of the tumors (B) and survival of mice (C) were recorded. The same experiment was performed in
LL2 cell line growing in B6 mice (D, E). BALB/c mice s.c. injected with HHP-treated CT26 cells were also i.p. injected with either 250 g of anti-CD4™ mAb, anti-CD8" mAb
or both in 250 pL of PBS on day 28 (F, G). Significant differences are shown ("p < 0.05, ***p < 0.001).

(Fig. 3B). Moreover, knockdown of PERK reduced the cleavage
of pro-caspase-2 (Fig. 3C). On the contrary, we did not observe
any effect of caspase-2 knockdown on elF2«a phosphorylation
(Fig. 3D). These results were also confirmed in OV-90 in which
PERK or caspase-2 was depleted by using siRNAs (Fig. 3E) and
suggest that PERK activity could be upstream of pro-caspase-2
cleavage following HHP treatment.

Unlike ROS production, these molecular events (i.e., ER
stress/ISR or caspase activation) did not contribute toward
HHP-induced cell death per se since strategies that ablated

PERK or caspases (—2, —3, —8) expression (e.g., via siRNA-
mediated knockdown of gene expression or by gene deletion)
or the ability of elF2« to get phosphorylated, did not impede
HHP-induced cell death (Figs. SID-F, S2D-F, and S3A),
thereby, establishing these events as bystanders to cell death in
the current setting.

It has been previously documented by Panaretakis et al.,
that following treatment with anthracyclines, ER stress asso-
ciated events acting as bystanders to cell death (i.e., activa-
tion of the PERK-elF2e arm) mediated ecto-CALR



e12585056 (&) |.MOSEROVAETAL.

A B C
Untreated HHP HHP
untr. 0H 2H
- 4+ - + - + NAC(5mM)
- 57 kDa - pro-casp.8
2 - p41/43
£ 48 kDa -[= —=]— =— pro-casp.2
ke = = p12/14
L 35 kDa - |=  w= [ wmm| o ==| pro-casp.3
HHP+NAC HHP+GSH = | p17119
37 kDa - — — GAPDH
38 kDa - - - P-elF2a
8 25 38 kDa - [== e[ o] elF2o
5 z O
o + ¥
E
S HHP-1H

MFI CALR

+NAC
+GSH
+NAC

-
o
©
[
=
E
]

Figure 2. HHP induces the ROS production playing role in CALR surface exposure. Analysis of ROS production using CellRox orange reagent staining in HHP treated OV-90
cells in the presence or absence of N-acetyl-L-cysteine (NAC; 5 mM) and reduced L-glutathione (GSH; 5 mM) 1 h after treatment. Cells were analyzed by immunofluores-
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cence (A) and flow cytometry (B). Scale bar: 20 um. Data are presented as the

+GSH

mean + SD for three independent experiments. Significant differences are shown

(*p < 0.05). (C) Kinetics of the pro-caspase-2, —3, —8 cleavage and elF2a phosphorylation in OV-90 cells pretreated with ROS scavenger NAC after 0 and 2 h after HHP
application was analyzed by western blotting. The activity of elF2«x was determined by a phospho-specific antibody, and then the membranes were reprobed with anti-
bodies against total elF2«. Equal protein loading was demonstrated by GAPDH reprobing. Experiments were performed in triplicate. (D) CALR surface exposure in HHP
treated OV-90 cells pretreated with ROS scavengers (NAC, GSH) using flow cytometry at 1 and 2 h after treatment. Data are presented as the mean =+ SD for three inde-

pendent experiments. Significant differences are shown (“p < 0.05, “*p < 0.01).

induction."® Therefore, we decided to ascertain the impor-
tance of the above events in regulating HHP-induced ecto-
CALR. For this, we used three different types of “modified”
cancer cells, OV-90 shPERK cells, CT26 in which PERK was
depleted by transient transfection with specific siRNA
against mouse PERK (CT26 siRNA PERK) and mice embry-
onic fibroblasts (MEF) cells in which the wild-type (WT)
elF2a was replaced heterozygously with a non-phosphorylat-
able S51A mutant (MEF elF2« S51A).

Importantly, PERK knockdown reduced the early ecto-
CALR induced by HHP (especially at 1-2 h post-treatment)
(Fig. 3F). UV-B irradiation, a non-ICD inducer, did not induce
CALR and there was no significant difference between UV-B
treated OV-90 control and OV-90 shPERK cells (Fig. 3F).
These data were substantiated in CT26 siRNA PERK cells
(Fig. 3G).

We also found out that not only ROS and PERK, but also
elF2« plays a role in ecto-CALR exposure, as MEF cells in
which WT eIF2« has been replaced by the non-phosphorylable
S51A mutant (Fig. S1G) exhibited lower capacity to expose
early ecto-CALR in response to HHP (Fig. 3H).

These data together suggest that HHP elicits a high degree of
oxidative stress leading to a stress response involving ROS pro-
duction, PERK and elF2« phosphorylation which tend to be
involved in HHP-induced ecto-CALR.

Caspase-8 contributes to CALR surface exposure induced
by HHP

The pathways involved in ER stress-associated molecular
mechanisms behind pre-apoptotic ecto-CALR induction are
governed by a caspase-module involving an ER-proximal cas-
pase-8 and Bax/Bak activation."” In accordance with published
results, we next decided to assess the importance of caspase-8
in CALR induced by HHP; for which we conducted a set of
experiments on OV-90 cells with caspase-8 knockdown (OV-
90 shcaspase-8—we used clone 75 in which caspase-8 was
appreciably depleted by using shRNA; Fig. S2A) and on CT26
cells transiently transfected with specific siRNA against mouse
caspase-8 (CT26 siRNA caspase-8; Fig. S2B). We observed pro-
caspase-8 cleavage 2 h after HHP treatment (Fig. 4A). OV-90
shcaspase-8 expressing cells, upon HHP treatment, exhibited
reduced capacity to cleave pro-caspase-3 (at 1, 2, and 6 h, post-
treatment) but we observed only slight reduction in cleavage of
pro-caspase-2 1 h after HHP treatment (Fig. 4A).

Of note, caspase-8 knockdown led to a small but significant
reduction in ecto-CALR after HHP treatment (Fig. 4B) and
similar results were obtained for CT26 siRNA caspase-8
(Fig. 4C). On the other hand we did not observe any reduction
in ecto-CALR in either of these cells upon idarubicin treatment
(Fig. S2E and F).
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Figure 3. HHP induces ER stress (PERK and elF2« phosphorylation) involved in CALR surface exposure. (A) Kinetics of the PERK and elF2« phosphorylation and CHOP acti-
vation in CT26 cells 1, 2, and 6 h after HHP treatment. Thapsigargin was used as a positive control. Equal protein loading was demonstrated by GAPDH reprobing.
(B) Western blot analysis of elF2a phosphorylation kinetics in OV-90 control and OV-90 shPERK cells 1, 2, and 6 h after UV-B, HHP, and idarubicin treatment. The activity
of elF2a was determined by a phospho-specific antibody, and then the membranes were reprobed with antibody against total elF2c. Equal protein loading was demon-
strated by using GAPDH as a loading control. Experiments were performed in triplicate. (C) Western blot analysis of pro-caspase-2 cleavage in non-transfected OV-90 cells,
SCR, and shPERK cells. PERK knockdown was verified by western blotting. Equal protein loading was demonstrated by using GAPDH as loading control. (D) Western blot
analysis of elF2« phosphorylation and pro-caspase-2 cleavage in non-transfected OV-90 cells, SCR and shcaspase-2 cells 2 h after HHP treatment. Caspase-2 knockdown
was verified by western blotting. Equal protein loading was demonstrated by using GAPDH as loading control. (E) OV-90 cells were transfected with siRNA against cas-
pase-2 and PERK. Knockout was verified by western blotting. The activity of elF2« was determined by a phospho-specific antibody and the membranes were reprobed
with antibody against total elF2«. Equal protein loading was demonstrated by using GAPDH as a loading control. (F) CALR surface exposure was measured in untreated,
UV-B and HHP treated OV-90 shPERK and OV-90 control cells after 1, 2, and 6 h by flow cytometry. The data show the compiled results (mean + SD)
of three independent experiments. Significant differences are shown ("p < 0.05, “*p < 0.01). (G) Detection of surface CALR exposure in untreated, UV-B irradiated and
HHP treated CT26 control and CT26 siRNA PERK cells at 1, 2, and 6 h post-treatment using flow cytometry. The data show the compiled results (mean £ SD)
of three independent experiments. Significant differences are shown ("p < 0.05, “*p < 0.01). (H) CALR surface exposure in untreated, UV-B irradiated and HHP treated

MEF WT and elF2« S51A cells at 1, 2, and 6 h after treatment was measured by flow cytometry. Data are presented as the mean = SD for three independent experiments.
Significant differences are shown (*p < 0.05, “p < 0.01).

Next, we also decided to ascertain the role of Bax and Bak in  Bax '~/Bak '~; Fig. S3B). We found that Bax/Bak deficiency
ecto-CALR exposure induced by HHP; since downstream of did not affect CALR exposure induced by HHP (Fig. 4D). Simi-
caspase-8, Bax/Bak have been found to be crucial for anthracy- larly, knockdown of caspase-3, an executioner caspase, did not
cline-induced ecto-CALR.'>'® For addressing this, we used block the translocation of CALR to the cell surface of HHP-
MEEF cells with Bax and Bak double knockout phenotype (MEF  treated tumor cells (Fig. S2C).
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Figure 4. Caspase-8 knockdown reduces CALR exposure induced by HHP. (A) The

kinetics of pro-caspase-8, pro-caspase-3 and pro-caspase-2 cleavage in OV-90 control

and OV-90 shcaspase-8 cells 1, 2, and 6 h after UV-B, HHP, or idarubicin treatment was analyzed by western blotting. Caspase-8 knockdown was verified by western blot-
ting and equal protein loading was demonstrated by using GAPDH as a loading control. Experiments were performed in triplicate. (B) CALR surface exposure was mea-

sured in OV-90 control and OV-90 shcaspase-8 cells 1, 2, and 6 h after UV-B or

HHP treatment by flow cytometry. Data are presented as the mean £ SD for three

independent experiments. Significant differences are shown (“p < 0.05, **p < 0.01). (c) CALR surface exposure in UV-B or HHP treated CT26 control and CT26 siRNA cas-
pase-8 cells at 1, 2, and 6 h post-treatment was analyzed by flow cytometry. The data show the compiled results (mean =+ SD) of three independent experiments. Signifi-
cant differences are shown ("p < 0.05, **p < 0.01). (d) CALR surface detection in UV-B or HHP treated MEF Bax/~/Bak~~ cellsat 1,2,and 6 h post-treatment using flow

cytometry. Relevant control cells (MEF WT) were included in the experiments. Data
ences are shown (“p < 0.05, *p < 0.01).

In contrast, cells lacking Bax/Bak showed compromised
ability to expose CALR on the surface in response to idarubicin
24 h post-treatment (Fig. S3B). In the case of UV-B irradiation,
we did not observe differences in CALR expression between rel-
evant controls and MEF Bax~/~/Bak ™'~ cells (Fig. 4D).

In conclusion, HHP causes pro-caspase-8 cleavage which to
a small extent participates in ecto-CALR induction following
HHP treatment. On the other hand, surprisingly, Bax and Bak
were found to be dispensable for HHP-induced CALR
trafficking.

Caspase-2 is involved in CALR surface exposure in HHP
treated cancer cells

Recent studies have shown that cellular stress responses can
induce caspase-2 activation.”>”>* For this reason, we also investi-
gated a potential role of this caspase in HHP-induced ecto-CALR.

To confirm a role of caspase-2, a stable OV-90 clone
expressing a caspase-2 small hairpin (shRNA) in which cas-
pase-2 was significantly depleted (clone 06 in Fig. S3A) was
prepared. We observed cleavage of pro-caspase-2 in OV-90
cells 1 h after HHP treatment (Fig. 5A). Our data suggest that
caspase-2 processing could be an upstream event that precedes
caspase-8 processing.

Caspase-2 was also activated in OV-90 cells upon idarubicin
and UV-B treatment. Furthermore, OV-90 shcaspase-2 expressing
cells had reduced capacity to cleave caspase-3 (6 h) upon idarubi-
cin treatment and these cells exhibited decreased cleavage of pro-
caspase-8 (at 2 and 6 h) after UV-B irradiation (Fig. 5A).

are presented as the mean =+ SD for three independent experiments. Significant differ-

Next, we analyzed the role of caspase-2 in ecto-CALR expo-
sure induced by HHP. The involvement of caspase-2 in this
process was demonstrated by relatively lower capacity of OV-
90 shcaspase-2 cells to expose CALR in response to HHP treat-
ment (Fig. 5B). On the contrary, caspase-2 knockdown had no
effect on CALR induced by idarubicin (Fig. S3A). The kinetics
of cell death of OV-90 shcaspase-2 cells was similar to control
cells upon HHP, idarubicin and also UV-B treatment
(Fig. S3A).

Taken together, our results indicate that caspase-2 plays a
role in HHP-mediated ecto-CALR exposure.

CALR on HHP treated cells is important for phagocytosis by
dendritic cells

Considering the established role of ecto-CALR as an “eat me”
signal,”® we further investigated the possible effect of ecto-
CALR on phagocytosis of HHP treated tumor cells by dendritic
cells, an important antigen-presenting cells of the innate
immune system.”® For this purpose, we used specific antibody
to block CALR'® and we also investigated the interaction of
dendritic cells with OV-90 shPERK, shcaspase-8 and shcas-
pase-2 expressing cells which had lower capacity to expose
CALR (depending upon the signaling molecule, i.e., caspases-2
shRNA > PERK shRNA > caspases-8 shRNA) after HHP
treatment (Figs. 3F, 4B, and 5B). In general, HHP treated can-
cer cells were phagocytosed faster and to a greater extent than
tumor cells killed by UV-B or by idarubicin. After 3 h, the rate
of phagocytosis of HHP treated cancer cells was 2.5-fold higher
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Figure 5. Caspase-2 is involved in the CALR cell surface exposure induced by HHP.

(A) The kinetics of pro-caspase-8, pro-caspase-3, and pro-caspase-2 cleavage upon

UV-B, HHP, or idarubicin treatment in OV-90 control and OV-90 shcaspase-2 cells at the indicated time points (1, 2, and 6 h). Caspase-2 knockdown was verified by west-
ern blotting and equal protein loading was demonstrated by using GAPDH as a loading control. Experiments were performed in triplicate. (B) CALR surface exposure was
measured in OV-90 control and OV-90 shcaspase-2 cells 1, 2, and 6 h after UV-B or HHP treatment by flow cytometry. Data are presented as the mean =+ SD for three inde-

pendent experiments. Significant differences are shown (“p < 0.05, **p < 0.01).

compared with UV-B irradiated cells and 1.8-fold higher in
comparison to cells killed by idarubicin (Figs. 6A and B and
S4A). The analysis of the interaction of dendritic cells with
HHP treated OV-90 shPERK, shcaspase-8 and shcaspase-2 cells
revealed strong linear correlation between phagocytosis of
HHP treated tumor cells and their CALR levels 6 h after HHP
treatment (Fig. 6C). Among the modified OV-90 cells chosen
for this experiment, HHP treated OV-90 shcaspase-2 express-
ing cells were phagocytosed to a significantly lower extent com-
pared with OV-90 control cells (Fig. 6A and B). These results
correlated with the finding that, OV-90 shcaspase-2 expressing
cells had the most prominent decrease in CALR expression
compared with OV-90 control cells (2.7-fold lower MFI values
of CALR) relative to shPERK or shcaspase-8 cells (Fig. 5B).
Thus, although the depletion of caspase-2 affects ecto-CALR
exposure in both a statistically significant and biologically rele-
vant manner (as it limits uptake by DCs), the reduction of
CALR caused by PERK or caspase-8 knockdown is not biologi-
cally relevant.

When the engulfment of idarubicin treated cells was investi-
gated, we detected significantly lower rate of phagocytosis in
the case of OV-90 shPERK expressing cells (Fig. 6A and B).
This result is in the line with the fact that these cells treated by
idarubicin for 24 h had the greatest reduction of ecto-CALR
compared with OV-90 control cells (2.7-fold lower MFI values
of CALR) (data not shown). Moreover, blockade of the CALR
on HHP and also idarubicin treated tumor cells by a specific
antibody inhibited their phagocytosis by dendritic cells
(Fig. 6A and B).

Therefore, CALR is required not only for phagocytosis of
idarubicin killed tumor cells but also for phagocytosis of HHP
treated cells by dendritic cells and for HHP, this process is
strongly compromised in absence of caspase-2.

Discussion

HHP was identified as an inducer of anticancer immunity in a
wide range of human tumor cell lines and primary tumor cells
in our previous study. This physical modality was, due to its
immunogenic properties, standardized and validated for incor-
poration into manufacturing protocols for cancer immunother-
apy products.”” We have initiated multiple clinical trials for
prostate, ovarian and lung cancer evaluating the potential of
DCs loaded with HHP treated cancer cells to induce tumor
cell-specific immune responses.”*” Nevertheless, HHP-treated
cancer cells were utilized so far solely for pulsing of ex vivo cul-
tured DCs but their direct use to induce antitumor immunity
has not been validated. Here, we show in two different mouse
tumor models that HHP-treated tumor cells evoke protective
immune memory response when s.c. injected per se, i.e., with-
out any adjuvant. Since we proved that immunization with
HHP-treated tumor cells induce CD4" and CD8" T cell-
dependent immune memory, it is most likely that HHP-treated
tumor cells are immunogenic in vivo because they are effec-
tively taken up and processed by DCs. Furthermore, we have
shown that HHP-treated cancer cells also induce maturation of
DCs due to the release of “danger” signaling molecules like
HMGBI or ATP as shown in in vitro studies.”’
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Considering the importance of ecto-CALR for tumor cells
phagocytosis,” induction of tumor specific immune response
in vaccinated patients®® and patient prognosis,'> we aimed to
unravel a sequence of key events that are required (but not
necessarily sufficient) to transform cellular stress into immu-
nogenic signaling (similar to previously described anthracy-
clines and Hyp-PDT’). Therefore it was not the main aim of
the study to characterize in details the cell death mechanisms
triggered by HHP but mostly to identify the key components
responsible for ecto-CALR exposure. The ecto-CALR induc-
ing capacity of ICD inducers has been shown to depend on
the properties of ER stress and ROS production.'®***° We
observed that HHP treatment results in ROS production, a
proximal event triggering other downstream signaling path-
ways, such as ISR and cleavage of caspase-2, caspase-8, and
caspase-3. The application of various ROS scavengers sug-
gested that for HHP-induced CALR, ROS production is one
of the pre-requisites, an observation that is in line with pre-
vious studies concerning Hyp-PDT, mitoxantrone, oxalipla-
tin, UV-C or oncolytic coxsackievirus B3.”'**' However, the
suppression of ROS production was not sufficient to
completely abolish HHP-induced CALR exposure suggesting
that ROS-independent mechanisms may also participate in
this process.

The danger signaling pathways causing the translocation of
CALR to the cell surface in response to various chemotherapeu-
tic treatments or Hyp-PDT overlap, but are not identical.”"?

We showed that HHP-induced pathway leading to ecto-CALR
exposure also overlaps with those induced by chemotherapy or
Hyp-PDT but is not entirely identical to either. More specifi-
cally, HHP-mediated ROS production, possibly impinging on
ER homeostasis, further triggers early PERK activation, elF2«
phosphorylation, and caspase-2 cleavage (but not Bax/Bak),
which are important for HHP-induced danger signaling involv-
ing CALR induction.

Recent studies have shown that ROS production as well as
ER stress may*>>*** or may not>> induce caspase-2 cleavage,
depending on the context. In our context, we found that cas-
pase-2 cleavage following HHP is downstream of ROS-based
ISR. Our study also shows that compromising PERK expression
mitigates processing of caspase-2—an interesting observation
requiring further mechanistic studies. Moreover, in the current
study, we report for the first time, a role of caspase-2 in CALR
trafficking during ICD. While it is not yet clear how caspase-2
might be regulating CALR exposure, the localization of this cas-
pase in the ER/Golgi system suggests possibility of participation
in regulating trafficking mechanisms—a hypothesis that needs
verification in near future.**

It was shown that caspase-8 activation is not required for the
CALR induction by Hyp-PDT, although it is necessary for
mitoxantrone/oxaliplatin-induced CALR.”" In our study
HHP-induced CALR was found to be at least partially mediated
by caspase-8. Unfortunately, we did not observe any reduction
of CALR in either of these cells upon idarubicin treatment,



which might be due to differences in mode of action between
idarubicin and mitoxantrone which was used in previous stud-
ies,'® showing the context-dependent importance of caspase-8
for proper CALR exposure even for different anthracyclines.”"
Moreover, Bax/Bak were previously classified as “core molecu-
lar entities” participating in ICD-associated danger signaling
because of their role in both Hyp-PDT and chemotherapy-
induced CALR. However, in contrast to these results, we
observed that Bax/Bak deficiency does not affect CALR traffick-
ing induced by HHP. Thus, our results taken together with pre-
vious publications”"® clearly show that across HHP, Hyp-PDT
and immunogenic chemotherapy, PERK is apparently an
important molecular entity involved in danger signaling path-
ways in an ICD-inducer independent fashion while all the other
molecules tend to show an ICD-inducer dependent involve-
ment in CALR induction.

CALR and another “eat me” signals like translocation of
phosphatidylserine from inside the cell to the surface,
together with the downregulation of “don’t eat me” signals
such as CD47, elicit the recognition and removal of dying
cells by phagocytes, most importantly by professional phago-
cytes such as dendritic cells.”””> We have previously shown
that the interaction of immature dendritic cells with HHP
killed tumor cells led to the increased uptake of tumor cells
by dendritic cells and induced the expression of maturation-
associated markers on dendritic cells and the production of
IL-12p70 and proinflammatory cytokines, demonstrating
that HHP-treated tumor cells provide a potent activation
stimulus to dendritic cells.”® Faster phagocytosis was simi-
larly observed in this study and correlated with the rapid
induction of CALR after HHP treatment. Moreover, the
blockade of CALR by specific antibody or depletion of cas-
pase-2, an important player in CALR surface exposure, sig-
nificantly inhibited their engulfment by dendritic cells.

In conclusion, we characterized the molecular mechanism of
ecto-CALR exposure pathway induced by HHP which is more
analogous to that induced by anthracycline treatment rather
than that induced by Hyp-PDT. Moreover, we characterized a
novel role of PERK-caspase-2 axis in mediating CALR induc-
tion. Altogether, our findings reveal that the PERK-elF2«
phosphorylation-caspase-2 axis plays an important role in the
HHP-mediated CALR exposure. This kind of information
might help to prepare more efficient cancer vaccine in which
the relative expression levels of proteins required for full inacti-
vation of tumor cells and stress-elicited immunogenic signaling
can be used with respect to their prognostic and predictive
impact in cancer patient’s treatment.
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5.3. Kalretikulin p¥itomny na povrchu malignich blasti koreluje se
zvySenou protinddorovou imunitni odpowdi a lepSi prognézou pacieni

s akutni myeloidni leukémii

Smrt nadorovych buk miaze bytin vivo vnimana jako imunogenni jen pokud umirajici
nadorové bilky sekretuji/uvaiuji/vystavuji imunostimuléni signaly (DAMPs) a to

v dusledku aktivace butného stresu. Vysledky preklinickych a klinickycludii naznauiji,

Ze schopnost ICD reaktivovat protinadorovou imunitdpowd’ ma zasadni vliv naginnost
nejriznéjSich chemoterapeutik a radioterapie. Bylo prokazate mira expreseckterych
DAMPs a PRRs a také polymorfismy gekddujicich tyto molekuly mohou mit viiv na
progndzu pacieiits nadorovym onemoenim. Konkrétd mira exprese CRT nebo mnozZstvi
CRT na povrchu nadorovych btknbylo korelovano s prognézou paciént fady solidnich
nadofi (nag@. neuroblastom, nemalobtimy karcinom plic, karcinom ovarii, kolorektalni
karcinom, atd.). O poznani memse toho vi o0 mozném vlivu CRT na progn6zu padient
s hematologickymi malignitami.

Hlavnim cilem této prace bylo zjistit, zda u patiesa AML dochazi k vystaveni DAMPs,
konkrétre CRT, HSP70 a HSP9O0, na plazmatickou membranu mahdlask v zavislosti na
aplikované imunogenni chemoterapii antracyklinyda gritomnost &chto molekul koreluje

s imunitni odpowdi a progn6zou pacieint Uk4zali jsme, Ze mnoZstvi chaperonovych
proteini CRT, HSP70 a HSP90 na povrchu hiagt nezavislé na aplikované chemoterapii.
Povrchovy CRT koreluje s vy33im zastoupenim efektgrh pandtovych CD4 a CDS T
lymfocyta a NK burgk v periferni krvi. Sotasreé piitomnost CRT na blastech je asociovana
s vy8§im mnozstvim cirkulujicich T lymfodytspecifickych pro antigeny asociované
s leukémii, coz nazimje, Ze povrchovy CRT napomaha u AML pacienhiciaci
protinddorové imunitni odp@di. Fritomnost vSechit stanovovanych DAMPs na malignich

blastech je asociovana s delSi dobou do dosazdémpste ale pouze povrchovy CRT
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signifikantre koreluje s celkovou dobou fq¥iti. Kalretikulin proto pedstavuje novy
prognosticky znak u AML pacieint ktery odrazi aktivaci klinicky relevantni imunitreakce

namiené proti blagim.

K této praci jsem fispéla nasledovi&r zpracovani periferni krve paciéns AML, mgreni
viability a detekce DAMPs (HSP70, HSP90 a CRT) warphu malignich blagt pomoci
praitokové cytometrie, optimalizace detekce HSP70, HSRLRT v sérech AML pacidnt
metodou ELISA, testovani vhodnych peptidovych imibodvozenych od antigén
asociovanych s leukémii za&ealem detekce T lymfocytspecifickych pro tyto leukemické

antigeny pomoci fitokové cytometrie, €ast na pipraw obrazki a psani manuskriptu.
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Key Points

e Malignant cells from patients
with AML expose danger
signals on the plasma
membrane regardless of
chemotherapy.

* Such danger signals correlate
with markers of a clinically
relevant tumor-specific
immune response and with
improved disease outcome.

Cancer cell death can be perceived asimmunogenic by the host only when malignant cells
emit immunostimulatory signals (so-called “damage-associated molecular patterns,”
DAMPs), as they die in the context of failing adaptive responses to stress. Accumulating
preclinical and clinical evidence indicates that the capacity of immunogenic cell death to
(re-)activate an anticancer immune response is key to the success of various chemo- and
radiotherapeutic regimens. Malignant blasts from patients with acute myeloid leukemia
(AML) exposed multiple DAMPs, including calreticulin (CRT), heat-shock protein 70
(HSP70), and HSP90 on their plasma membrane irrespective of treatment. In these
patients, high levels of surface-exposed CRT correlated with an increased proportion of
natural killer cells and effector memory CD4" and CD8* T cells in the periphery. Moreover,
CRT exposure on the plasma membrane of malignant blasts positively correlated with the
frequency of circulating T cells specific for leukemia-associated antigens, indicating that
ecto-CRT favors the initiation of anticancer immunity in patients with AML. Finally,
although the levels of ecto-HSP70, ecto-HSP90, and ecto-CRT were all associated with

improved relapse-free survival, only CRT exposure significantly correlated with superior overall survival. Thus, CRT exposure
represents a novel powerful prognostic biomarker for patients with AML, reflecting the activation of a clinically relevant AML-specific
immune response. (Blood. 2016;128(26):3113-3124)

Introduction

For nearly a century, cancer has been viewed as an immunologically
silent entity that should be treated with high-dose chemotherapy or
radiation therapy, pretty much as a bacterial infection to be eradicated
with potent antibiotics." The limitations of such a view became
clear throughout the past decade, as several laboratories worldwide
demonstrated that tumors arise, become clinically manifest, and
respond to treatment in the context of a bidirectional crosstalk with
the host immune system.'* One of the mechanisms whereby neoplastic
cells succumbing to specific treatments can activate the immune system
is commonly referred to as “immunogenic cell death” (ICD).>” Thus,
malignant cells exposed to some chemotherapeutic agents like
anthracyclines, oxaliplatin and bortezomib, as well as to fractionated
radiation therapy or high hydrostatic pressures, succumb as they expose
(on their surface) or release (in the extracellular milieu) a set of

molecules that alert the immune system of incipient danger.®"!
Importantly, the emission of such danger signals, which altogether are
known as damage-associated molecular patterns (DAMPs), mechanis-
tically relies on the activation of adaptive stress responses in dying cells,
and hence, can be pharmacologically modulated.'?

ICD-relevant DAMPs encompass but are not limited to the
following'>'*: (1) the exposure of endoplasmic reticulum (ER)
chaperones like calreticulin (CALR, best known as CRT), heat shock
protein family A (Hsp70) member 1A (HSPA1A, best known as
HSP70), and heat shock protein 90 o family class A member 1
(HSP90AA1, best known as HSP90) on the plasma membrane'>1%; ?2)
the secretion of adenosine triphosphate (ATP), annexin Al (ANXAL1),
and high mobility group box 1 (HMGBI1) in the extracellular

microenvironment'”'®; and (3) the activation of autocrine/paracrine
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type Linterferon (IFN) signaling in malignant cells, eventually resulting
in the secretion of C-X-C motif chemokine ligand 10 (CXCL10)."

DAMPs mediate robust immunostimulatory effects upon interaction
with pattern recognition receptors (PRRs) expressed on myeloid or
lymphoid cells,?® including LDL receptor related protein 1 (LRP1, best
known as CD91), which binds CRT, HSP70, and HSP90; purinergic
receptor P2X7 (P2RX7) and purginergic receptor P2Y2 (P2RY2), which
bind ATP; formyl peptide receptor 1, which binds ANXA1; Toll-like
receptor 4, which binds HMGB 1; and C-X-C motif chemokine receptor 3
(CXCR3), the T-cell receptor for CXCL10."* In particular, surface-
exposed (ecto)-CRT, ecto-HSP70, and ecto-HSP90 foster the uptake of
dead cancer cells or their corpses; ATP stimulates the recruitment of
myeloid cells to the tumor microenvironment (via P2RY2) and their
activation (via P2RX7), and ANXA1 guides the homing of myeloid cells
toward dying cancer cells. HMGB1 has multipronged proinflammatory
functions, and CXCL10 favors T-cell infiltration.!

Corroborating the clinical relevance of ICD and its proper
perception, several DAMPs and DAMP-associated parameters (eg,
DAMP and PRR expression levels, genetic polymorphisms in DAMP-
or PRR-coding genes, etc) have been attributed prognostic value in
several cohorts of patients with cancer.?' In particular, CRT levels or
exposure has been shown to convey robust prognostic information
in subjects with multiple solid tumors, including neuroblastoma,
non—small cell lung carcinoma, ovarian cancer, and colorectal
carcinoma.”>*> However, little is known on the prognostic value of
CRT in patients with hematological malignancies, irrespective of
the fact that these patients often receive ICD inducers, including
anthracyclines and bortezomib. In a preliminary study, we reported that
malignant blasts from patients with acute myeloid leukemia (AML)
may expose CRT on the plasma membrane regardless of chemother-
apy,® but did not investigate the prognostic relevance of these findings.
Driven by these premises, we decided to investigate the immunological
and prognostic correlates of DAMP emission in an independent cohort
of patients with AML, finding that CRT exposure (and less so HSP70
and HSP90 exposure) on malignant blasts correlates with the activation
of tumor-targeting immune responses and improved clinical outcome.

Materials and methods

Patients and samples

Fifty patients with a confirmed diagnosis of AML who were treated at the
Institute of Hematology and Blood Transfusion of Prague, Czech Republic
between January 2013 and July 2015 were enrolled in this study. Informed
consent was obtained according to the Declaration of Helsinki, and the study was
approved by the local ethics committee. The main clinical and biological
characteristics of the patients are summarized in Table 1. Peripheral blood
samples were obtained before chemotherapy, 12 hours after the initiation of
chemotherapy, and once blood cell counts were restored after chemotherapy
(50-70 days after chemotherapy). Serum was separated and stored at —80°C, and
peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll density
centrifugation (GE Healthcare). An EasySep kit (StemCell Technologies) was
employed to separate normal PBMC from CD33™ malignant blasts.

Cell culture

Patient-derived PBMCs were cultured in RPMI 1640 medium (Life Technol-
ogies) supplemented with 10% heat-inactivated pooled human AB serum,
100 U/mL penicillin, 2 mM L-glutamine, nonessential amino acids, and sodium
pyruvate (Life Technologies). Kasumi-1 and MOLM-13 cells were maintained
in RPMI 1640 medium supplemented with 20% (Kasumi-1) and 10%
(MOLM-13) fetal bovine serum, 100 U/mL penicillin, and 2 mM L-glutamine.
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Flow cytometry

For the analysis of CRT, HSP70, or HSP90 exposure, PBMCs were labeled with
primary anti-CD45 (PerCP; BD Bioscience), anti-CD33 (PE; BD Bioscience),
and either anti-CRT (Enzo Life Sciences), anti-HSP70 (R&D Systems), or anti-
HSP90 (R&D Systems) antibodies for 20 minutes at 4°C, followed by 1 wash in
phosphate-buffered saline and incubation with an antigen-presenting cell (APC)-
conjugated secondary antibody (Jackson Immunoresearch). Kasumi-1 and
MOLM-13 cells were stained according to the same protocol in the absence of
primary anti-CD45 and anti-CD33 antibodies. In both cases, cell suspensions
were eventually costained with fluorescein isothiocyanate—conjugated annexin
V (Exbio Antibodies) plus 4’,6-diamidino-2-phenylindole (DAPI). For the
assessment of dendritic cell (DC) activation, monocyte-derived DCs pulsed with
Kasumi-1 cells succumbing to idarubicin or daunorubicin were stained with
CD86-PE-Cy5 (Exbio Antibodies) and HLA-DR-PE-Cy7 (BD Biosciences).
Flow cytometry data were acquired on an LSRFortessa Analyzer (BD) and
analyzed with the FlowJo software package (Tree Star, Inc). Ecto-CRT, ecto-
HSP70, and ecto-HSP90 were monitored on DAPI™ (living) cells, as per gold-
standard procedures.?”*®

Phagocytosis

DCs were generated by culturing purified CD14 ™" cells isolated from buffy coats
in the presence of 500 IU/mL granulocyte-macrophage colony-stimulating factor
and 248 IU/mL interleukin-4 (IL-4) (both Gentaur). On day 5, immature DCs
stained with Vybrant DiD cell labeling solution (Life Technologies) were fed
Kasumi-1 cells previously exposed to 20 wM idarubicin or 20 uM daunorubicin
for 24 hours (at a 5:1 DC/tumor cell ratio) and stained with VybrantV DiO cell
labeling solution (Life Technologies). After 24 hours at either 37°C or 4°C,
phagocytosis was analyzed by flow cytometry as the percentage of DiO " DiD*
events.

Enzyme-linked immunosorbent assay

Circulating levels of CRT, HSP70, HSP90, and HMGBI1 were assessed on
frozen sera by enzyme-linked immunosorbent assay with commercial kits (Enzo
Life Sciences or IBL), according to the manufacturer’s instructions.

Detection of antigen-specific T cells

The frequency of T cells specific for baculoviral IAP repeat containing
5 (BIRCS; best known as survivin), cyclin Bl (CCNBI), preferentially
expressed antigen in melanoma (PRAME), and Wilms tumor 1 (WT1) was
assessed by flow cytometry according to standard methods. In brief, PBMCs
were cultured for 10 days together with mixtures of overlapping pep-
tides (PepMix; JPT Peptide Technologies) spanning the whole sequence of
BIRCS5, CCNB1, PRAME, or WTT1 at a final concentration of 1 pg/mL. On
days 4 and 7, 20 UI/mL IL-2 (Gentaur) was added. On day 9, PBMCs were
restimulated with peptide mixtures, and 5 wg/mL brefeldin A (BioLegend)
was added after 4 hours of incubation. Alternatively, PBMCs were exposed
to immature DCs alone or immature DCs pulsed with (1) 25 pg/mL
polyinosinic-polycytidylic acid, (2) Kasumi-1 cells succumbing to 20 uM
idarubicin, or (3) Kasumi-1 cells succumbing to 20 wM daunorubicin, for a
total time of 14 days (restimulated twice). Eventually, PBMCs were costained
with CD3-PE-CyS5, CD4-PE-Cy7 (eBioscience), and CD8-PE-Dy590
(Exbio) conjugates plus the Aqua Blue Live/Dead cell viability dye (Life
Technologies). Thereafter, cells were fixed with fixation/permeabilization
buffer (BD Bioscience), permeabilized with permeabilization buffer (BD
Bioscience), and incubated with a fluorescein isothiocyanate—conjugated
antibody specific for IFN-y plus an APC-conjugated antibody specific for
IL-2 (both from BD Bioscience), according to the manufacturer’s instruc-
tions. Flow cytometry was performed on an LSRFortessa Analyzer (BD), and
data were analyzed with the FlowJo software package (Tree Star, Inc). Upon
exclusion of dead cells, IFN-y expression was considered to be antigen
specific if the frequency of IFN-y™ T cells detected in response to peptide
stimulation was at least twice the frequency of IFN-y* cells detected in
control conditions.
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Table 1. Clinical and biological characteristics of patients with AML

Variable Value
Sex, n (%)

Male 26 (52)

Female 24 (48)
Age at diagnosis, y (%)

<50 15 (30)

=50 35 (70)
Median, y 56
Range, y 21-69
Peripheral blood white cell count

<30000/mm?, n (%) 29 (58)

=30 000/mm?, n (%) 21 (42)

Median (10° cells/L) 23.6

Range (10° cells/L) 0.4-385

Circulating blasts, %
Median 32
Range 0-99
Bone marrow blasts, %
Median 60
Range 23-96
Diagnosis, n (%)

De novo AML 41 (82)

Secondary AML (MDS-related) 7 (14)

Secondary AML (therapy-related) 2 (4)

FAB classification, n (%)

MO 1(2)

M1 14 (28)

M2 15 (30)

M4 11 (22)

M5 5 (10)

M6 2(4)

MDS RAEB-T 2 (4)

Cytogenetic profile,” n (%)

Favorable 4 (8)

Intermediate 34 (68)

Unfavorable 8 (16)

Missing data 4(8)

Molecular features, n (%)

NPM1 mutation 19 (38)

FLT3/ITD translocation 14 (28)

MLL mutation 4(8)

RUNX1/RUNX1T1 translocation 3 (6)

CEBPA mutation 2 (4)

CBFB/MYH11 translocation 1(2)

Induction chemotherapy, n (%)

Daunorubicine 90 mg/m? 3 d + Cytarabine 35 (70)
100 mg/m? 7 d

Idarubicine 10 mg/m? 3 d + Cytarabine 14 (28)
100 mg/m? 7 d

Fludarabine 15 mg/m? + Cytarabine 500 mg/m?® 1(2)
twice-daily 4 d

Consolidation therapy, n (%)
Chemotherapy only 34 (68)
Hematopoietic stem cell transplantation 28 (56)
Treatment response, n (%)

Complete remission 38 (76)
After 1 induction cycle 29 (58)
After 2 induction cycles 9 (18)

Induction failure 11 (22)

Death in aplasia 1(2)

CBFB, core binding factor 3; CEBPA, CCAAT/enhancer-binding protein alfa; FAB,
Franco-Americano-British; FLT3, Fms-like tyrosine kinase 3; ITD, intemal tandem duplication;
MLL, mixed-ineage leukemia; MDS, myelodysplastic syndrome; MYH11, myosin heavy chain
11; NPM1, nucleophosmin 1; RAEB-T, refractory anemia with excess blasts in transformation;
RUNX1, runt-related transcription factor 1; RUNX1T1, RUNX1 translocation partner 1.

*Per Grimwade et al.*°

CRT IN CLINICALLY RELEVANT IMMUNE RESPONSES 3115

Statistical analyses

Survival analyses were performed upon patient stratification into 2 groups based
on median levels of ecto-CRT, ecto-HSP70, ecto-HSP9O0, circulating HMGBI,
or CALR messenger RNA (mRNA) levels. As an alternative, patients were
stratified based on BIRC5, BMI1 proto-oncogene, polycomb ring finger (BMI1),
CCNBJI, elastase, neutrophil expressed (ELANE), hyaluronan-mediated motility
receptor (HMMR, also known as RHAMM), MOK protein kinase (MOK, also
known as RAGEI), membrane palmitoylated protein 1 (MPPI), PRAME,
proteinase 3 (PRTN3), or WT'I expression levels. Univariate and multivariate
Cox proportional hazard analysis was performed to assess the association of
clinicopathological or immunological parameters with relapse-free (RFS) or
overall survival (OS). Fisher’s exact test, Student 7 test, Wilcoxon, and Mann-
Whitney tests were used to assess statistical significance. P values are reported
(and were considered not significant when >.05).

Additional Materials and Methods are available as supplemental in-
formation, available on the Blood Web site.

Results
AML blasts emit DAMPs regardless of chemotherapy

To expand our previous observations,”® we used flow cytometry to
investigate the exposure of CRT, HSP70, and HSP90 on the plasma
membrane of CD33 ™ malignant blasts from 50 patients with AML prior
to and after induction anthracycline-based chemotherapy (Table 1;
supplemental Figure 1). Forty-one patients with AML (82%) exhibited
>5% circulating CD45"CD33™ blasts with surface-exposed CRT
prior to the initiation of treatment, whereas PBMCs from 10 healthy
donors contained (on average) <5% ecto-CRT " cells (Figure 1A).
Of note, the percentage of living (DAPI ) blasts staining positively
for ecto-CRT was highly heterogeneous within the cohort, ranging
from 5% to 95% of the CD45"CD33" cell population (Figure 1A).
Along similar lines, the blasts of patients with AML stained positively
for ecto-HSP70 and ecto-HSP90 in a rather heterogeneous fashion,
contrasting with living (DAPI ) PBMCs from healthy donors that never
contained >5% ecto-HSP70" or ecto-HSP90" cells (Figure 1B-C).
Indeed, CRT, HSP70, and HSP90 exposure on malignant blasts
exhibited considerable mutual correlation (Figure 1D). The percentage
of living (DAPI ") ecto-CRT™, ecto-HSP70*, and ecto-HSP90™ blasts
was not influenced by disease subtype (supplemental Figure 2A-C). Of
note, IV anthracycline-based chemotherapy failed to increase the
percentage of living (DAPI ") blasts exposing CRT, HSP70, or HSP90
on their surface (Figure 1A-C), suggesting that in this specific setting
DAMP emission may reflect a treatment-independent, cancer-cell
intrinsic state of stress. No difference in the percentage of living (DAPI )
ecto-CRT " blasts was observed in patients receiving idarubicin-based vs
daunorubicin-based chemotherapy (supplemental Figure 2D). Accord-
ingly, idarubicin and daunorubicin induced comparable degrees of CRT
exposure in cultured human Kasumi-1 and MOLM-13 AML cells
(supplemental Figure 2E), resulting in comparable phagocytosis of AML
cells by cocultured myeloid cells (supplemental Figure 2F), similar
expression of activation markers by the latter (supplemental Figure 2G),
and comparable ability to drive the accumulation of IFN-y™ CD4 " or
CD8" T cells (supplemental Figure 2H-I).

Because CRT expression relies on premortem ER stress responses,’
we checked whether the mRNA levels of 3 distinct genes intimately
involved in this process,” namely, activating transcription factor 4
(ATF4), heat shock protein family A (Hsp70) member 5 (HSPAS5), and
DNA damage inducible transcript 3 (DDIT3), would correlate with
CRT exposure on malignant blasts. We observed a positive correlation
between the percentage of living (DAPI ™) ecto-CRT " blasts and ATF4,
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Figure 1. Chemotherapy-independent emission of danger signals by malignant AML blasts. (A-C) Percentage of ecto-CRT" (A), ecto-HSP70" (B), or ecto-HSP90™*
(C) CD45*CD33™ cells from 10 healthy donors (HD) or 50 patients with AML before (Prior) or after (Post) the initiation of induction chemotherapy. Median values are reported.
NS, nonsignificant. (D) Correlation between the percentage of ecto-CRT", ecto-HSP70", and ecto-HSP90" CD45"CD33" cells measured in 50 patients with AML before
induction chemotherapy. R, Pearson correlation coefficient. (E) Correlation between CALR mRNA levels and ATF4, HSP5A, or DDIT3 mRNA levels in 34 patients with AML
before induction chemotherapy. (F) Correlation between CALR mRNA levels and ATF4, HSP5A, or DDIT3 mRNA levels in 173 patients with AML from the TGCA public
database. (G) Circulating HMGBH1 levels from 10 HD or 50 patients with AML before the initiation of induction chemotherapy (Prior), 12 hours after induction chemotherapy
(Post), or at the reestablishment of normal hematopoiesis (Recovery). Median values are indicated.
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Figure 1. (Continued).

HSPAS, and DDIT3 mRNA levels (Figure 1E). To corroborate our
findings in an independent patient cohort, we retrieved normalized
ATF4, HSPAS, and DDIT3 expression levels for 173 patients with
AML from The Cancer Genome Atlas (TCGA) public database and
analyzed their correlation with CALR mRNA abundance. Also, in this
setting, ATF4, HSPAS, and DDIT3 mRNA levels exhibited a highly
significant positive correlation with CALR expression (Figure 1F),
corroborating the notion that AML blasts are subjected to high levels of
ER stress irrespective of treatment, resulting in spontaneous CRT
exposure in a majority of patients.

Next, we monitored the levels of circulating ICD-related
DAMPs (including HMGBI1, CRT, HSP70, and HSP90), in the
sera of healthy volunteers and patients with AML prior to
induction chemotherapy, 12 hours after induction chemotherapy,
and at recovery. All these circulating DAMPs were more
abundant in patients with AML before treatment than in healthy
individuals (Figure 1G; supplemental Figure 3A-C). Although
the amount of CRT and HSP70 did not change significantly
throughout the study, patients with AML exhibited a reduction in
circulating HMGB 1 (and HSP90) levels as they recovered normal
blood counts (Figure 1G; supplemental Figure 3C). This finding
may simply reflect the reduction in circulating blasts spontane-
ously releasing HMGB1 (and HSP90) imposed by chemotherapy.
Of note, we failed to identify a correlation between the percentage
of living (DAPI™) ecto-CRT ™, ecto-HSP70 ™, and ecto-HSP90 ™"
blasts and the serum concentration of CRT, HSP70, and HSP90,
respectively (supplemental Figure 3D). Moreover, disease sub-
type did not influence the circulating levels of HMGB1, CRT,
HSP70, and HSP90 (supplemental Figure 4A-D).

CRT exposure is associated with markers of a Ty1 cytotoxic
CD8™" T-cell response upon treatment

Because ecto-CRT is best known for its ability to promote the
phagocytosis of dying cancer cells by APCs and hence initiate
antitumor immunity, we set out to evaluate the expression of immune
system-related genes in normal (CD33") PBMCs from 26 patients
with AML. Patients were stratified based on the median percentage of
living (DAPI ") ecto-CRT™ blasts into a CRT™ (n = 13) and a CRT™°
(mn = 13) group. In baseline conditions (prior to induction
chemotherapy), we were unable to identify statistically significant
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differences between the expression of immune cell population-, Ty1
polarization-, T2 polarization-, CD8" T-cell cytotoxicity-, T-cell
activation-, immunosuppression-, inflammation-, and angiogenesis-
related gene clusters in CRT™ vs CRT™ patients (Figure 2A).
Conversely, upon complete remission and the recovery of normal,
nonmalignant hematopoiesis, the gene clusters related to immune cell
populations, Tyy1 polarization, CD8 " T-cell cytotoxicity, and T-cell
activation were considerably upregulated in CRT™ vs CRT™ patients
with AML (Figure 2B). The expression of gene clusters related to
Ty2 polarization, immunosuppression, inflammation, and angiogene-
sis did not differ between CRT™ and CRT™® patients with AML even
at recovery (Figure 2B). A correlation matrix was built to confirm
clustering (supplemental Figure 5). Moreover, we validated the
majority of these findings by analyzing the expression levels of
CDS8A, CD28, CXCR3, IFNG, T-box 21 (TBX21, best known as T-bet),
Fas ligand (FASLG), granulysin (GNLY), granzyme B (GZMB),
perforin 1 (PRFI), C-C motif chemokine ligand 5 (CCL5), C-C motif
chemokine receptor 4 (CCR4), CCR5, and CD40 ligand (CD40LG) by
quantitative reverse transcription polymerase chain reaction (qRT-
PCR) (Figure 2C).

To extend these findings to other genes potentially involved in
anticancer immunity, we employed the Nanostring technology to assess
the relative abundance of 770 cancer and immune system mRNAs in
the PBMCs of 6 CRT'" and 6 CRT™ patients with AML upon recovery
of normal hematopoiesis. We identified a cluster of natural killer (NK)
cell-related genes that was significantly overexpressed in CRT™ vs
CRT"™ patients (Figure 3A). We validated these results by qRT-PCR in
a larger group of patients (20 CRT™ and 20 CRT™ individuals),
confirming that several members of the CD158 gene family (namely,
KIR2DLI1, KIR2DL2, and KIR2DL3), killer cell lectin—like receptor F1
(KLRF1I), killer cell lectin—like receptor C2 (KLRC2), and natural
cytotoxicity triggering receptor 1 (NCRI, also known as NK-p46) were
significantly overexpressed in CRT™ patients with AML as compared
with their CRT™ counterparts (Figure 3B). In line with this notion,
we detected an increased percentage of CD33~CD3~CD56 " NK cells
in the blood of CRT™ vs CRT™ patients recovering normal hemato-
poiesis after chemotherapy (Figure 3C). Interestingly, the relative
abundance of CD4"* and CD8™ T cells virtually did not differ in
these 2 patient subgroups, except for a slightly higher proportion of
CD3*CD8™" T lymphocytes in CRT™ patients with AML at recovery
(Figure 3D). Conversely, CRT™ patients with AML had an increased
percentage of CD4" and CD8' T cells responding with IFN-y
production to nonspecific stimulation (with phorbol 12-myristate 13-
acetate plus ionomycin) as compared with their CRT-® counterparts,
both in baseline conditions (before induction chemotherapy) and at
recovery (Figure 3E). Moreover, whereas there was no difference in the
proportion of circulating CD45RA™CD45RO"CCR7 CD62L ™ ef-
fector memory T cells between these patient subgroups, CRT™ patients
exhibited a high frequency of CD45RA*CD45RO™CCR7 CD62L~
terminally differentiated T cells, whereas CRT™ individuals manifested
an increased abundance of CD45RA*CD45RO™CCR7*CD62L*
naive and CD45RACD45RO"CCR77CD62L" central memory
T cells (Figure 3F).

CRT exposure is associated with anticancer immune responses

Leukemia-associated antigens (LAAs) have previously been shown to
elicit tumor-specific immune responses in (at least some) patients.*® We
therefore set out to investigate the relationship between CRT exposure
and the frequency of leukemia-specific T cells in the peripheral blood of
patients with AML prior to chemotherapy and upon the restoration of
normal hematopoiesis. To this aim, we evaluated IFN-y production by
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Figure 2. Transcriptional signatures of PBMCs in patients with AML exhibiting robust vs weak CRT exposure on blasts. (A-B) Expression levels of genes from the
Human Immune Panel TagMan low-density array in PBMCs from 13 CRT™ vs 13 CRT patients with AML prior to the initiation of induction chemotherapy (A), or at recovery
of normal hematopoiesis (B). The Mann-Whitney test was employed to assess intergroup variations. (C) qRT-PCR—-assisted quantification of CD8A, CD28, CXCR3, IFNG,
IL2, IL2RA, TBX21, FASLG, GNLY, GZMB, PRF1, CCL5, CCR4, CCR4, CCR5, CD40LG expression levels in PBMCs from 13 CRT vs 13 CRT° patients with AML prior to
the initiation of induction chemotherapy, or at recovery of normal hematopoiesis. Box plots: lower quartile, median, upper quartile; whiskers, minimum value, maximum value.
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Figure 3. Transcriptional and phenotypic signatures of PBMCs in patients with AML exhibiting robust vs weak CRT exposure on blasts. (A) Nanostring-assisted
quantification of NK cell-related mRNAs in PBMCs from 6 CRT™ vs 6 CRT® patients with AML at recovery of normal hematopoiesis. The Mann-Whitney test was employed to
assess intergroup variations. (B) qRT-PCR-assisted quantification of KIR2DL1, KIR2DL2, and KIR2DL3 (cumulatively as CD158 family members), KLRF1, KLRC2, and
NCR1 in PBMCs from 20 CRT" vs 20 CRT"° patients with AML at recovery of normal hematopoiesis. Box plots: lower quartile, median, upper quartile; whiskers, minimum
value, maximum value. (C-D) Percentage of circulating CD33~CD3~CD56" NK cells (C), CD45"CD3"CD4" T cells, and CD457CD3"CD8" T cells in 13 CRT" vs 13 CRT™°
patients with AML before induction chemotherapy (Prior, D) and at reestablishment of normal hematopoiesis (Recovery, C-D). Box plots: lower quartile, median, upper
quartile; whiskers, minimum value, maximum value. (E) Percentage of IFN-y—producing cells among CD45"CD3*CD4" T cells and CD45"CD3*CD8" T cells from 13 CRTH'
vs 13 CRT patients with AML before induction chemotherapy (Prior) and at reestablishment of normal hematopoiesis (Recovery). Box plots: lower quartile, median, upper
quartile; whiskers, minimum value, maximum value. (F) Distribution of circulating CD45"CD3*CD8" T cells and CD45"CD3"CD4™ T cells in 20 CRTH vs 20 CRT® patients
with AML before (Prior) and after (Post) induction chemotherapy. Mean percentage values are depicted as pie charts. Central memory: CD45RA~CD45RO*CCR7*CD62L";
effector memory: CD45RA~CD45RO"CCR7 CD62L"; naive: CD45RA*CD45R0O CCR7"CD62L"; terminally differentiated: CD45RA*CD45RO CCR7 CD62L .
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Figure 4. Antigen-specific inmune responses in patients with AML exhibiting ecto-CRT* vs ecto-CRT ~blasts. (A-B) Representative dot plots (A) and quantitative data
(B) of IFN-y—secreting CD45"CD3*CD4" T cells and CD45"CD3*CD8" T cells from 10 HD or 15 CRT™ vs 15 CRT" patients with AML before induction chemotherapy
(Prior, B) and at reestablishment of normal hematopoiesis (Recovery, A-B), upon exposure of the corresponding PBMCs to peptide mixture spanning BIRC5, CCNB1,
PRAME, or WT1. Box plots: lower quartile, median, upper quartile; whiskers, minimum value, maximum value.
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Figure 5. Prognostic value of CRT, HSP70, and HP90 exposure in patients with AML. (A-C) RFS and OS among 50 patients with AML stratified in 2 groups based on
median percentage of circulating ecto-CRT " (A), ecto-HSP70" (B), or ecto-HSP90™ (C) blasts measured prior to induction chemotherapy. Patients at risk are reported. The
Wilcoxon test was employed to assess statistical significance. (D-E) Overall survival of 30 patients with AML from our cohort (D) and 173 patients with AML from the TCGA
public database (E) stratified in 2 groups based on median CALR mRNA levels. Patients at risk are reported.
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Table 2. Univariate Cox proportional hazards analysis

RFS 0os

Variable HR (95% CI) P HR (95% CI) P

Age 1.02 (0.99-1.05) .12 1.07 (1.02-1.13) .01*
CRT percentage 0.97 (0.95-0.99)  .006* 1.00 (0.98-1.02) 75
HSP70 percentage 0.97 (0.95-0.99) .009* 0.99c (0.97-1.01) .57
HSP90 percentage  0.97 (0.95-0.99)  .04* 1.00 (0.98-1.02) 98
HMGBH1 levels 1.00 (0.99-1.00) .50 1.00 (1.00-1.00) .76
BIRC5 1.06 (0.87-1.28) .54 1.05 (0.83-1.32) 68
BMI1 1.21 (0.89-1.64) .20 0.99 (0.68-1.45) .98
CCNB1 1.09 (0.84-1.39) .52 1.00 (0.74-1.35)  1.00
ELANE 1.03 (0.94-1.12) .53 1.01 (0.92-1.12) .78
HMMR 1.10 (0.90-1.34) .32 1.06 (0.84-1.34) 60
MOK 1.05 (0.88-1.24) .58 0.96 (0.78-1.18) .72
MPP11 0.98 (0.66-1.46) .93 0.82 (0.50-1.36) 45
PRAME 1.15 (0.99-1.34) .06 1.14 (0.95-1.36) .15
PRTN3 1.11(0.99-1.24) .07 1.06 (0.93-1.21) 37
WwT1 1.07 (0.94-1.21) 27 1.02 (0.88-1.19) .75

HR, hazard ratio.
*P < .05.

CD4" and CDS8™ T cells after exposing PBMCs from patients to
peptide mixtures spanning several domains of BIRCS, CCNBI,
PRAME and WTI1 (supplemental Figure 6A). Both prior to the
initiation of chemotherapy and at recovery, CRT™ patients with AML
exhibited moderately increased amounts of LAA-specific CD4" and
CD8™ T lymphocytes in the peripheral blood as compared with their
CRT™ counterparts (Figure 4A-B). Conversely, the percentage of
circulating CD4* and CD8™ T lymphocytes responding with TFN-y
secretion to a mixture of influenza-, cytomegalovirus-, and Epstein-
Barr virus—derived epitopes did not differ between CRT™ and CRT™
patients (supplemental Figure 6B).

ICD-associated DAMPs correlate with improved disease
outcome in patients with AML

To evaluate the prognostic impact of ecto-CRT, we investigated RFS
and OS upon stratifying the entire patient cohort based on median
percentage of living (DAPI ) ecto-CRT™ blasts into a CRTH (n = 24)
and a CRT™ (n = 26) group. Importantly, CRT™ patients exhibited a
significantly improved RFS (median: 692 vs 141 days; p = .002) and OS
(median: 665 vs 252 days; P = .033) as compared with their CRT™
counterparts (Figure SA). Using a similar median cutoff approach, we
investigated RES and OS in HSP70™ (n = 25) vs HSP70'™° (n = 25)
patients with AML, as well as in HSP90OH (n = 24) vs HSP90™ (n = 26)
individuals. We found that both HSP70"" and HSP90™ patients
exhibited an improved RFS as compared with their HSP70™ (median:
493 vs 235 days; P = .018) and HSP90™ counterparts (median: >700
vs 202 days; P = .02) (Figure 5B-C). However, neither the percentage of
living (DAPI") ecto-HSP70™ blasts nor that of living (DAPI™) ecto-
HSP90™ blasts had a significant impact on OS in this cohort, although
there was a tendency for improved OS among HSP70 patients
(Figure 5B-C). Along similar lines, the circulating levels of HMGB1
measured prior to the initiation of chemotherapy did not influence disease
outcome for these patients (supplemental Figure 7). Univariate Cox
proportional hazards analysis confirmed that reduced percentages of
living (DAPI™) ecto-CRT", ecto-HSP70™, and ecto-HSP90™ blasts
before induction chemotherapy (but not the circulating levels of HMGB1)
were all associated with an increased risk for relapse (Table 2). However,
this could not be confirmed on multivariate Cox proportional hazards
analysis (Table 3), most likely owing to the limited number of
patients.
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As compared with their CRT™ counterparts, CRT™ patients
exhibited reduced levels of multiple LAAs, including BIRCS, BMI1
proto-oncogene, polycomb ring finger, CCNB1, ELANE, HMMR,;
MOK; MPP1, PRAME, PRTN3, and WT1, in either a subsignificant or
statistically significant manner (supplemental Figure 8A). Because
LAA levels have been previously associated with improved disease
outcome in patients with AML,3"32 we tested whether this would hold
true in our cohort using the median cutoff approach. We failed to
identify prognostic value (on both RFS and OS) for the expression
levels of all the aforementioned LAAs (supplemental Figure 8B; Tables
2 and 3), suggesting that CRT exposure conveys superior prognostic
information in this setting. It remains to be determined whether the
decrease in LAA expression observed among CRT™ patients is a
consequence of ecto-CRT—driven anticancer immune responses.

Finally, driven by recent results demonstrating that increased levels of
the CALR mRNA in the tumor predict the response of patients with lung
and ovarian cancer to chemotherapy with ICD inducers,* we investigated
the prognostic value of CALR mRNA levels in our patient cohort. We
identified a trend for improved OS among patients with AML whose blasts
contained higher-than-median (as compared with lower-than-median)
CALR mRNA levels (P = .059) (Figure 5D). When we analyzed 173
patients from the TCGA database with the same median cutoff approach,
high intratumoral CALR mRNA levels were strongly associated with
improved OS (P = .0039) (Figure 5E). Unfortunately, ecto-CRT data are
not available to investigate the prognostic impact of CRT exposure in this
cohort. Taken together, these findings indicate that the spontaneous
overexpression and exposure of CRT by malignant blasts conveys robust
prognostic information for patients with AML.

Discussion

Throughout the past decade, our understanding of the mecha-
nisms underlying the recognition and elimination of dying cancer
cells by the immune system has considerably advanced.®’
Nonetheless, little is known on the prognostic value of DAMPs
and DAMP-associated processes in hematologic malignancies
like AML, irrespective of the fact that these tumors are often
treated with ICD inducers like anthracyclines and bortezomib.?'
Here, we assessed the exposure and/or release of various DAMPs
by malignant blasts in a prospective cohort of 50 patients with

Table 3. Multivariate Cox proportional hazards analysis

RFS os
Variable HR (95% ClI) P HR (95% ClI) P
Age 1.05 (1.00-1.10) .03* 1.11 (1.03-1.19) .006*
CRT percentage 0.96 (0.91-1.01) A2 1.01 (0.95-1.07) 74
HSP70 percentage 0.96 (0.90-1.03) .27 0.98 (0.90-1.06) .54
HSP90 percentage 1.04 (0.95-1.14) 40 1.00 (0.90-1.30) .86
HMGBH1 levels 1.00 (0.99-1.00) .16 1.00 (0.99-1.00) 71
BIRC5 0.40 (0.11-1.50) 18 0.66 (0.20-2.20) .50
BMI1 1.95 (0.92-4.12) .08 1.44 (0.50-4.14) .50
CCNB1 1.80 (0.38-8.59) 46 0.36 (0.04-3.08) .35
ELANE 0.88 (0.71-1.10) .28 0.92 (0.67-1.25) .58
HMMR 1.60 (0.53-4.84) 40 2.14 (0.61-7.48) .23
MOK 0.54 (0.24-1.21) 13 1.04 (0.33-3.25) .95
MPP11 0.40 (0.13-1.31) 13 0.38 (0.10-1.40) 15
PRAME 0.83 (0.58-1.20) .32 1.32 (0.88-1.98) 19
PRTN3 1.81 (1.19-2.76) .005* 1.36 (0.86-2.15) 19
WT1 1.04 (0.82-1.33) .075 1.08 (0.78-1.49) .64
*P < .05.
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AML, before and after induction chemotherapy as well as upon the
restoration of normal hematopoiesis. We found a rather heterogeneous
proportion of blasts exposing CRT, HSP70, or HSP90 in patients (but
not in healthy volunteers), regardless of chemotherapy (Figure 1). This
observation suggests that, in the majority of patients with AML,
malignant blasts experience chemotherapy-independent stress leading
to the emission of danger signals, most likely as a consequence of
malignant transformation itself (which imposes a considerable over-
load on most cellular processes, including protein synthesis and
folding).>* Accordingly, we identified a robust correlation between
CALR expression and the expression of 3 distinct genes involved in ER
stress responses (ie, ATF4, HSPAS, and DDIT3) among 174 patients
with AML from the TCGA database (Figure 1).

By combining transcriptomic studies and flow cytometry, we
demonstrated that CRT exposure on malignant blasts correlates with
the activation of a tumor-targeting Ty 1 immune response culminating
in an increase in circulating tumor-specific IFN-y-producing CD4 ™" and
CD8™ cells (Figures 2-4). These results are in line with previous
findings by us and others demonstrating that CRT exposure by neoplastic
cells is associated with increased tumor infiltration by myeloid cells and
effector memory CD8"' T cells in patients with non—small cell lung
carcinoma,” a high density of intratumoral T cells in patients with
colorectal carcinoma,?* and signs of a tumor-specific immune response in
patients with AML.?® Intriguingly, CRT exposure on malignant blasts also
correlated with elevated amounts of circulating NK cells (Figure 3),
perhaps reflecting the coexposure of HSP70 (which has previously been
involved in clinically relevant antileukemia NK-cell responses).*>=°

Importantly, exposure of CRT, HSP70, and HSP90 on malignant
blasts (which was not influenced by disease subtype) was associated with
improved RFS and decreased odds for relapse on univariate (but not
multivariate) Cox proportional hazard analysis (Figure 5; Tables 2-3).
These findings were corroborated by the association between high CALR
mRNA levels and improved OS in 173 patients with AML from the public
TCGA database (Figure 5), as well as by previous results linking CRT
expression and/or exposure on neoplastic cells with improved disease
outcome in patients with neuroblastoma, non—small cell lung carcinoma,
colorectal carcinoma, and ovarian carcinoma.”>>*** Nonetheless, some
studies that did monitor subcellular CRT localization failed to document a
positive association between total CRT expression levels and favorable
disease outcome.'®*”*® Intriguingly, we observed improved disease
outcome among CRT™ patients irrespective of the chemotherapy
employed for induction or consolidation, which included potentially
immunosuppressive purine analogs (ie, cytarabine). These findings
suggest that the chemotherapeutic regimens evaluated in this study are
compatible with the activation of a tumor-targeting immune response.

Contrary to other studies,?' circulating HMGBI levels did not
correlate with RFS or OS in our patient cohort (supplemental Figure 7),
but (1) were elevated in patients with AML as compared with healthy
volunteers, and (2) returned to baseline along with the recovery of
normal hematopoiesis (Figure 1). Thus, it is tempting to speculate that,
in our patient cohort, serum HMGB1 may simply reflect the amount of
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circulating blasts (a proportion of which spontaneously releases
HMGBI in response to stress). This hypothesis remains to be formally
addressed. Finally, we found that the expression level of multiple LAAs
previously linked to disease outcome®'*? was devoid of prognostic value
in our patients (supplemental Figure 8). Interestingly enough, however,
all LAAs studied exhibited a (statistically significant or subsignificant)
trend toward downregulation in CRT™ vs CRT™ patients (supplemental
Figure 8). Whether such a decrease is a consequence of LAA-targeting
immune responses supported by CRT exposure remains to be elucidated.
It will also be interesting to investigate whether CRT™ patients with
AML are more responsive to immunotherapy than their CRT-
counterparts, reflecting the increased immunogenicity of their blasts. If
this were indeed the case, monitoring CRT exposure on malignant blasts
could identify a subset of patients with AML that respond to some forms
of immunotherapy (knowing that AML is generally refractory to
multiple immunotherapeutics).*

Irrespective of these incognita, CRT stands out as a robust prog-
nostic biomarker in patients with AML treated with chemotherapy.
We surmise that a similar consideration may hold true for other
hematological malignancies, and we plan to test this in the near future.
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5.4. Dendritické buiky pripravené v médiu CellGro protokolem zkracené
diferenciace a aktivované Poly (I:C) za &elem imunoterapie nadorovych
onemocréni jsou porovnatelné s dendritickymi buikami p¥Fipravenymi

standardnim 5-ti dennim protokolem

Dendritické buiky pouzivané v ramci imunoterapeutickych vakcirozahych na DCs jsou
negastji diferencovany protokolem zahrnujicim kultivacionocyti v ptitomnosti I1L-4 a
GM-CSF po dobu 5-7 dni. Vyroba&chto imunoterapeutickych produkinusi probihat za
podminek spravné vyrobni praxe (GMP)iidi se protokoly schvalovanymi regaitami
institucemi. Tento proces zahrnuje validovatisté prostory, GMP material a speciln
vySkoleny persondl, coZz znamena & finarfni a casovou narénost. Z tohoto dvodu
bylo v ramci tiznych studii testovano zkraceni protokolu diferaceiDCs, které by pomohlo
zredukovat mnozstvi laboratorni prace, zvysit ekt prace Wistych prostorech a kapacitu
GMP zdizeni.

V této praci jsme hodnotili pouziti zkracené vemaSeho standardniho certifikovaného
protokolu na pipravu DCs. Porovnavali jsme DCs diferencované pbud3 dni s DCs
vyrobenymi khem 5 dni (standartni protokol) v GMP meédiu CellGkonkrét jejich
morfologii, Zivotnost, schopnost fagocytovat agejpotencial odpovidat na aktérd stimuly
(Poly (I:C) a LPS), produkovat cytokiny a indukoeaitigen-specifické T lymfocyty. V§tek
nezralych DCs, jejich Zivotnost a schopnost pohdtmadorove linie inaktivované UVB byly
v obou gipadech stejné, pouze DCs kultivované po dobu Sndlyi vétsSi velikost a byly vice
granularni. Dendritické hiky piipravené standardnim protokolem a aktivované Pb) (
exprimovaly vice CD80, CD86 a HLA-DR v porovnanDE&s vyrobenymi 3 dennim
protokolem. Nicmé# standardni a 3 denni DCs aktivované LPS byly fgnoky identické.

Produkce IL-6, TNFe, IL-12p70, IL-13 a IL-10 DCs byla obeeénvyssi, pokud byl jako
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aktivatni signal pouzit LPS a nezaznamenali jsme sigmfikiarozdily mezi 5-ti dennimi a 3
dennimi DCs. Dlezitym zjiS€nim bylo, Ze standardni DCs a DC8ppavené zkracenym
protokolem ngly porovnatelnou schopnost indukovat antigen-spe@fCDS T lymfocyty a
regul&ni T lymfocyty. Dendritické biky diferencované z monodytbéhem zkraceného 3
standardnimi DCs. Tato preklinicka data ukazuli,jaohou byt GMP protokoly profipravu

DCs pro klinické pouziti flexibils a efektivie modifikovany.
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Background: Dendritic cells (DCs) are professional antigen-presenting cells that are capable of inducing
immune responses. DC-based vaccines are normally generated using a standard 5- to 7-day protocol. To
shorten the DC-based vaccine production for use in cancer immunotherapy, we have developed a fast DC
protocol by comparing standard DCs (Day 5 DCs) and fast DCs (Day 3 DCs).

Methods: We tested the generation of Day 5 versus Day 3 DCs using CellGro media and subsequent
activation by two activation stimuli: Poly (I:C) and LPS. We evaluated DC morphology, viability, phagocyte
activity, cytokine production and ability to stimulate antigen-specific T cells.

Results: Day 5 and Day 3 DCs exhibited similar phagocytic capacity. Poly (I:C)-activated Day 5 DCs
expressed higher levels of the costimulatory and surface molecules CD80, CD86 and HLA-DR compared
to Poly (I:C)-activated Day 3 DCs. Nevertheless, LPS-activated Day 5 and Day 3 DCs were phenotypically
similar. Cytokine production was generally stronger when LPS was used as the maturation stimulus, and
there were no significant differences between Day 5 and Day 3 DCs. Importantly, Day 5 and Day 3 DCs
were able to generate comparable numbers of antigen-specific CD8" T cells. The number of Tregs induced
by Day 5 and Day 3 DCs was also comparable.

Conclusion: We identified monocyte-derived DCs generated in CellGro for 3 days and activated using Poly
(I:C) similarly potent in most functional aspects as DCs produced by the standard 5 day protocol. These

results provide the rationale for the evaluation of faster protocols for DC generation in clinical trials.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Dendritic cells (DCs) are the most potent antigen-presenting
cells in the human immune system. Due to their unique ability
to prime and stimulate both CD8* and CD4"* T cells, DCs loaded
with whole tumor cells and tumor lysates have been investigated
in a number of clinical trials for their ability to induce anti-tumor
T cell responses [1]. Encouraging immunologic and therapeutic
responses have been observed in cancer patients treated with

Abbreviations: DC, dendritic cell; APC, antigen-presenting cell; GMP, good man-
ufacturing practice; Poly (I:C), polyriboinosinic polyribocytidylic acid; TLR, toll-like
receptor; LPS, lipopolysacharide; GM-CSF, granulocyte-macrophage colony stimu-
lating factor.

* Corresponding author at: Institute of Immunology, Charles University, Second
Faculty of Medicine, V Uvalu 84, Prague 5, Czech Republic. Tel.: +420 224 435 963.
E-mail addresses: jitka.fucikova@fnmotol.cz, fucikova@sotio.com (J. Fucikova).

http://dx.doi.org/10.1016/j.imlet.2014.03.010
0165-2478/© 2014 Elsevier B.V. All rights reserved.

DC vaccines, leading to an increased interest in developing pro-
tocols for the clinical-scale production of DCs [2-6]. The most
widely used DCs for clinical trials are the myeloid DCs that are
differentiated from peripheral blood monocytes in the presence
of recombinant granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF) and interleukin 4 (IL-4). In most trials, 5- to 7-day
protocols are used to generate fully differentiated DCs [7-11].
These DCs resemble immature DCs and exhibit a high phagocytic
capacity. When they encounter proinflammatory, microbial, or T
cell-derived stimuli, Day 7 DCs become activated and upregulate
surface markers such as CD80, CD86, CD40, MHC and chemokine
receptors, such as CCR7. Therefore, mature DCs acquire the capac-
ity to migrate to the T cell areas of draining secondary lymphoid
organs, where they encounter naive T cells and induce antigen-
specific T cell responses [12,13]. It is now mandatory that DC-based
vaccine manufacturing complies with the strict guidelines of reg-
ulatory agencies for use of cellular therapy products and proceeds
according to Good Manufacturing Practices (GMPs). This process
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includes validated clean rooms, trained staff and GMP materials.
These requirements make the manufacturing of DC-based prod-
ucts laborious and costly. Therefore, to manufacture DC-based
products for cancer immunotherapy, shorter DC differentiation
protocols have been investigated to reduce the amount of lab
work, increase the turnover rate in clean boxes and increase the
capacity of GMP facilities. Several groups have established short-
term experimental protocols in which monocytes were exposed
for 2-3 days to recombinant GM-CSF and IL-4 [14-16]. In this
study, we evaluated a shortened version of our standard regula-
tory agency’s-certified protocol. We compared the generation of
Day 5 DCs versus Day 3 DCs using GMP compliant reagents, and
evaluated their morphology, viability, endocytic capacity, activa-
tion status, ability to produce cytokines and capacity to induce
antigen-specific T cells and regulatory T cells. We demonstrate
that Day 3 clinical grade monocyte-derived DCs are comparable to
standard DCs in all important functional aspects. Thus, this study
provides important preclinical data for more flexible and cost effec-
tive modifications of GMP compliant protocols for clinical grade DC
generation.

2. Materials and methods
2.1. Generation of dendritic cells

Immature monocyte-derived DCs (moDCs) were generated as
previously described [17]. Briefly, peripheral blood mononuclear
cells (PBMCs) were isolated from buffy coats of healthy HLA-A2*
or HLA-A2~ donors by Ficoll-Paque PLUS gradient centrifugation
(GE Healthcare, Uppsala, Sweden) and monocytes were isolated
by plastic adherence after 2 h of cell adhesion (75 x 106 PBMCs)
in Nunclon 75-cm? culture flasks (Nunc). To generate standard
immature Day 5 moDCs, adherent monocytes were subsequently
cultured for 5 days in serum-free CellGro DC media (CellGenix) in
the presence of GM-CSF (Gentaur) at a concentration of 500 U/ml
and 20 ng/ml of IL-4 (Gentaur). After 3 days of culture, fresh Cell-
Gro and cytokines were added to the culture flasks. After 5 days,
immature DCs were seeded in Nunclon 48-well plates (5 x 10> DCs
in 500 ul of CellGro supplemented with cytokines per well) and
activated for 24 h using Poly (I:C) (InvivoGen) at 25 pg/ml or LPS
(Sigma-Aldrich) at 1 g/ml. Alternatively, monocytes were cul-
tured for 3 days in CellGro with GM-CSF (500U/ml) and IL-4
(20 ng/ml) (immature Day 3 moDCs), followed by incubation with
the same maturation stimulus (Poly (I:C) or LPS) for 24 h. Imma-
ture and mature DCs were used for further studies. For cocultures, a
fraction of the PBMCs was cryopreserved, thawed and used for gen-
eration of DCs for restimulation. Non-adherent monocyte-depleted
PBMCs were frozen and used as lymphocytes for cocultures with
DCs.

2.2. Flow cytometry

Immature and mature Day 5 and Day 3 DCs were phenotyped
using the following monoclonal antibodies: CD80-FITC, CD86-
PE, CD83-PE-Cy5 (Beckman Coulter), CD14-PE-Dy590, CD11c-APC
(Exbio) and HLA-DR-PE-Cy7 (BD Biosciences). The cells were
stained for 20 min at 4 °C, washed twice in PBS and analyzed using
LSRFortessa (BD Biosciences) with Flow]o software (Tree Star). DCs
were gated according to their FSC and SSC properties and as CD11c¢
positive cells. Only viable DCs (DAPI negative cells) were included
in the analysis. DAPI was purchased from Invitrogen.

2.3. Cytokine measurements

Cytokines in supernatants, released from immature and mature
DCs, were measured using Milliplex Human Cytokine/Chemokine

kit (Millipore) according to the manufacturer’s instructions and
analyzed by Luminex 200 (Luminex). Six cytokines were measured
including IL-12p70, IL-6, IL-1[3, TNF-c, IL-10 and IFN-a.

2.4. Uptake of UVB-irradiated cancer cells by DCs

LNCap prostate adenocarcinoma cell line and OV-90 ovarian
cancer cell line were cultured in RPMI 1640 (Gibco) supplemented
with 10% heat-inactivated FBS (PAA), 2 mM GlutaMAX I CTS (Gibco)
and 100 U/ml penicillin + 100 pg/ml streptomycin (Gibco). For flow
cytometry analysis of phagocytosis, tumor cells were harvested
and labeled with Vybrant DiD cell labeling solution (Invitrogen).
A fraction of tumor cells were labeled with Vybrant Dil cell labeling
solution (Invitrogen) and used for fluorescent microscopy analysis.
To prepare UVB-irradiated cells, stained LNCap or OV-90 cells were
seeded in CellGro media in Nunclon 25-cm? culture flasks (Nunc)
at a concentration of 4 x 10° cells/ml and subjected to a 302 nm
UVB-irradiation for 10 min to induce apoptosis. Cells were then
incubated for 48 h at 37 °C with 5% CO, before use. To determine
the uptake of UVB-irradiation killed tumor cells by DCs, immature
Day 5 or Day 3 DCs were stained with Vybrant DiO cell labeling
solution (Invitrogen) and cocultured with LNCap or OV-90 cells at
a cell ratio of 5:1 in Nunclon U-bottom 96-well plates (Nunc) for
24 h at 37 °C with 5% CO,. Parallel control cultures were set up for
24 h on ice to evaluate the passive transfer of dye or labeled tumor
fragments to DCs. The phagocytic ability of DCs was evaluated by
flow cytometry and fluorescent microscopy.

2.5. Fluorescent microscopy

A suspension of labeled DCs and tumor cells was incubated on
cover slips for 30 min at 37 °C with 5% CO,. Then, cells were washed
in PBS, fixed with 4% paraformaldehyde for 25 min, washed twice
in PBS and mounted on slides with ProLong Gold antifade reagent
(Invitrogen).

2.6. Expansion of antigen-specific T-lymphocytes and
intracellular IFN-y staining

Immature DCs were activated for 4 h with Poly (I:C) (25 pg/ml)
or LPS (1 pg/ml). Activated DCs were then pulsed with HLA-
A2-restricted peptide from influenza MP (flu-MP) (GILGFVFTL)
(Jpt peptide technologies) at 2.4 wg/ml or with CEF peptide mix
(Jpt peptide technologies) at 2.5 pg/ml. We also pulsed DCs with
purified protein derivative of tuberculin (PPD) from Mycobac-
terium tuberculosis at 1 pg/ml, 5 wg/ml and 10 wg/ml and tetanus
toxoid at 1pg/ml. DCs were incubated with peptides and pro-
teins overnight. Non-adherent peripheral blood lymphocytes (PBL)
(2 x10° in RPMI-1640+10% AB human serum (Invitrogen)) and
the mature pulsed DCs (4 x 10% in CellGro) were cocultured at
a ratio of 5:1 in U-bottom 96-well plates for 7 days. A total
of 20U/ml of IL-2 (PeproTech) was added on days 3 and 5.
On day 7, the lymphocytes were restimulated with fresh pep-
tide or protein-loaded DCs, and the frequency of antigen-specific
CD8* and CD4" T cells was determined using intracellular stain-
ing for IFN-vy. Brefeldin A (BioLegend) was added to block the
extracellular release of IFN-y 1.5h after restimulation. After
3h of incubation with Brefeldin A, the cells were washed in
PBS, stained with anti-CD3-PerCP-Cy5.5 (eBioscience), CD4-PE-
Cy7 (eBioscience) and CD8-PE-Dy590 antibody (Exbio), fixed
using Fixation Buffer (eBioscience), permeabilized with Perme-
abilization Buffer (eBioscience) and stained using anti-IFN-y-FITC
antibody (BD Biosciences). Cells were acquired using the LSR-
Fortessa (BD Biosciences) and analyzed with Flow]o software (Tree
Star).
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2.7. Isolation of naive CD4* T cells and induction of Tregs by
activated DCs

CD4*CD25~ T cells were isolated from non-adherent periph-
eral blood lymphocytes by depleting CD25* cells using the EasySep
Human CD4*CD25Migh T cell isolation kit (STEMCELL Technologies).
The purity of the cell population was verified by flow cytometry.
Purified CD4*CD25~ T cells (2 x 10° in RPMI-1640 + 10% AB human
serum) and the mature peptide-pulsed DCs (4 x 10* in CellGro)
were cocultured at a ratio of 5:1 in U-bottom 96-well plates for
7 days. A total of 20 U/ml of IL-2 (PeproTech) was added on days 3
and 5. 0n day 7, the cells were stained with anti-CD4-PE-Cy7 (eBio-
science) and anti-CD25-PerCP-Cy5.5 antibody (BioLegend), fixed
with Fixation buffer (eBioscience), permeabilized with Permeabil-
ization Buffer (eBioscience) and stained using anti-FoxP3-Alexa
Fluor 488 antibody (eBioscience)[18]. The cells were acquired using
LSRFortessa (BD Biosciences) and analyzed with Flow]o software
(Tree Star).

2.8. Extraction of genomic DNA and quantitative real time
PCR-based methylation assay

Genomic DNA (gDNA) was isolated from a lysate of 2 x 106
autologous induced Tregs using the PureLink Genomic DNA Mini
kit (Invitrogen, Carlsbad, USA). One to 2 pg of gDNA was treated
with sodium bisulfite using the MethylCode Bisulfite Conversion kit
(Invitrogen, Carlsbad, USA). Methylated and demethylated FoxP3
TSDR sequences were amplified by Platinum Taq DNA polymerase
(Invitrogen, Carlsbad, USA) in quantitative real-time PCR amplifi-
cation assay. PCR reactions were performed using a CFX 96 cycler
(BioRad, Hercules, USA) with an appropriate cycling protocol (95 °C
for 3 min followed with 50 cycles at 95°C for 15s and 60°C for
1 min). Methylation-specific and demethylation-specific primers
and TagMan®© probes were commercially synthesized (TIB MOL-
BIOL, Berlin, Germany). Amounts of methylated and demethylated
FoxP3 TSDR DNA were estimated from calibration curves by cross-
ing points linear regression using the second derivative maximum
method. The proportion of cells with a demethylated FoxP3 TSDR
was calculated as the ratio of demethylated FoxP3 TSDR DNA
to the sum of methylated and demethylated FoxP3 TSDR DNA
[19,20].

2.9. Statistical analysis

The data were analyzed by One-Way ANOVA with Dunnett’s
multiple comparison post hoc test and Student’s unpaired two-
tailed t test using GraphPad Prism 5 (San Diego, California, USA).
The results were considered statistically significant when p <0.05.

3. Results

3.1. The yield, viability and morphology of immature Day 5 and
Day 3 DCs

We first compared the characteristics of Day 5 and Day 3 DCs
differentiated in CellGro from 75 x 106 PBMCs. There were no sig-
nificant differences detected either in the yield of immature Day
5 and Day 3 DCs (Fig. 1A) or their viability (Fig. 1B). In contrast,
FSC/SSC analysis showed that Day 5 DCs were larger in size and
more granular than Day 3 DCs (Fig. 1C).

3.2. Immunophenotype of Day 5 and Day 3 DCs following
maturation

To determine the capacity of immature Day 5 and Day 3 DCs
to be activated by Toll-like receptor ligands (Poly (I:C) or LPS),

we evaluated the expression of costimulatory molecules CD80 and
CD86, CD83 and MHC class II after 24 h incubation with matura-
tion stimuli. As a control, immature DCs were incubated for 24 h in
the presence of IL-4 and GM-CSF. The phenotype analyses revealed
that exposure of immature DCs to LPS significantly upregulated
the expression of all costimulatory molecules and HLA-DR (Fig. 2).
Additionally, the downregulation of CD14 expression was not sta-
tistically significant. We did not detect any significant differences
between LPS-activated Day 5 and Day 3 DCs in the expression of
maturation-associated molecules. Poly (I:C) induced weaker phe-
notypic maturation compared to LPS, and Poly (I:C)-activated Day 5
DCs expressed higher levels of CD80, CD86 and HLA-DR compared
to Day 3 DCs.

3.3. Cytokine production by mature Day 5 and Day 3 DCs

We measured the production of IL-12p70, IL-6, IL-1[3, TNF-c,
IFN-a and IL-10 by Poly (I:C)- or LPS-activated Day 5 and Day 3
DCs. As a control, immature DCs were incubated for 24 h in the
presence of IL-4 and GM-CSF. Cytokine production was stronger
when LPS was used as a maturation stimulus (Fig. 3). DCs activated
by LPS produced high levels of all cytokines, except for IFN-«, when
compared to immature and Poly (I:C)-activated DCs (as there was
a high variability in IL-12p70 secretion between individual donors,
difference in IL-12p70 secretion was not statistically significant),
and there were no significant differences between Day 5 and Day 3
DCs. In contrast, Poly (I:C) only induced production of IL-6 and IFN-
o.. TNF-a was only weakly secreted by Poly (I:C)-activated DCs and
at the same levels as by immature DCs. The levels of IL-13 and IL-
10 were almost undetectable. Furthermore, there was an absence
of IL-12p70 in culture supernatants from Poly (I:C)-activated DCs.
When we compared Day 5 and Day 3 Poly (I:C)-activated DCs, Day
5 DCs secreted relatively high amounts of IL-6 and IFN-a. However,
this difference was not statistically significant.

3.4. Phagocytic ability of immature Day 5 and Day 3 DCs

To assess the uptake of killed tumor cells via phagocytosis,
immature DiO labeled Day 5 and Day 3 DCs were cultured in
the presence of IL-4 and GM-CSF and incubated with DiD or Dil
labeled UVB-irradiation killed LNCap or OV-90 cells for 24h at
37°C and 5% CO,. As a control, DCs and tumor cells were incu-
bated for 24 h onice. DCs that phagocytosed killed tumor cells were
identified as DiO*DiD* double-positive cells. We did not detect
any significant differences in the uptake of UVB-irradiation killed
LNCap and OV-90 cells (Fig. 4), and immature Day 5 and Day 3
DCs showed similar phagocytic capabilities. The uptake of killed
tumor cells by immature DCs was confirmed to be an active pro-
cess, as the passive transfer of tumor fragments onto DC surfaces
on ice was minimal (<15%, data not shown). Furthermore, fluores-
cent microscopy revealed that killed LNCap and OV-90 cells, or their
fragments, were present inside the DCs, indicating that immature
Day 5 and Day 3 DCs were able to fully engulf killed tumor cells
(Fig. 4C).

3.5. Invitro capacity of mature Day 5 and Day 3 DCs to induce
antigen-specific T cells

We evaluated the capacity of mature DCs to expand influenza
MP, CEF peptide mix, PPD and tetanus toxoid-specific T cells.
Mature Day 5 and Day 3 DCs generated in CellGro media were
pulsed with antigens and used for the expansion of antigen-specific
T cells for 7 days. The frequency of IFN-y-producing T cells was
analyzed one week later, after restimulation with identical peptide
or protein-loaded DCs. As a control, lymphocytes were cocultured
with immature DCs or Poly (I:C)- or LPS-activated DCs without
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Fig. 1. Characteristics of immature Day 5 and Day 3 DCs. (A) Total number of immature Day 5 and Day 3 DCs that were generated from 75 x 105 of PBMCs in CellGro. Data
are presented as the mean =+ SD for 7 independent experiments. (B) Purity (percentage of CD11c* DCs) and viability (percentage of DAPI- cells) of immature and maturation
stimuli-activated Day 5 and Day 3 DCs. One of seven performed experiments is presented. (C) Morphology of Day 5 and Day 3 DCs. Day 5 DCs were larger in size and were

more granular compared to Day 3 DCs.

added peptides. Antigen-loaded Poly (I:C), as well as LPS-activated,
Day 3 DCs were equally effective at inducing the expansion of
antigen-specific CD8" T cells compared to Day 5 DCs (Fig. 5A and
B). The strongest response was observed when CEF peptide mix-
loaded Poly (I:C)-activated DCs were used for the stimulation of
autologous T cells. The results showed that Day 3 DCs were as
potent as Day 5 DCs in stimulating antigen-specific CD8* T cells.
There was no difference between Day 3 and Day 5 DCs regarding
to their capacity to induce expansion of influenza MP and CEF pep-
tide mix-specific CD4* T cells. However, the number of induced

peptide-specific CD4" T cells was in general low. The reason for
this is a fact that peptides used for pulsation of dendritic cells are
MHC class I-restricted and thus primarily CD8* T cell responses
can be observed. Conversely, stimulation of T cells by protein-
loaded DCs led to massive expansion of antigen-specific CD4* T cells
(especially in case of PPD protein). PPD and tetanus toxoid-loaded
LPS-activated Day 3 and Day 5 DCs were able to induce similar
numbers of antigen-specific CD4* T cells. Poly (I:C)-activated Day
3 DCs were less potent in inducing antigen-specific CD4* T cells
compared to Day 5 DCs (Fig. 5C).
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Fig. 2. The phenotype of Day 5 and Day 3 DCs activated for 24 h using LPS or Poly (I:C). The summary of six independent experiments & SD (A) and representative histograms
(B) are shown. Significant differences are shown (*Pvalue < 0.05, P value < 0.01). Gray histograms represent the expression of maturation-associated molecules on immature
DCs. MFI values below the histograms represent the expression of individual markers on mature DCs (white histograms).
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3.6. Capacity of mature Day 5 and Day 3 DCs to induce
regulatory T cells from CD4*CD25~ T cells

We tested the capacity of activated peptide-pulsed Day 5 and
Day 3 DCs to induce regulatory T cells (Tregs). Tregs induced
after 7 days of DC and T cell cocultures were determined to be
CD4*CD25MghFoxP3* T cells. In general, immature DCs generated
the highest numbers of Tregs. There was not a significant differ-
ence in the numbers of Tregs induced by DCs that were activated
by either LPS or Poly (I:C). LPS or Poly (I:C)-activated Day 3 DCs
generated slightly lower numbers of Tregs compared to LPS or Poly
(I:C)-activated Day 5 DCs (Fig. 6A and B). This finding was further
confirmed using a quantitative real-time PCR-based methylation
assay, which assessed the percentage of stable Tregs that were
demethylated at FoxP3 TSDR (Fig. 6C).

4. Discussion

The production of DCs for clinical use has to comply with the
European Medicines Agency guideline on advanced therapy medic-
inal products EC1394/2007. These guidelines include requirements
of validated clean rooms, trained staff and GMP certified materials,
which makes the manufacturing of DC-based products laborious,
time consuming and costly. Therefore, modifications of standard

protocols for DC generation are sought to reduce the amount of
lab work, increase the turnover rate in clean boxes and increase
the capacity of GMP facilities while still maintaining the functional
characteristics of generated DCs. DCs are typically differentiated
from blood monocytes for 5-7 days in the presence of GM-CSF and
IL-4 and then activated by proinflammatory or microbial stimuli
for another 1-3 days (standard DCs) [7-9,11,21]. We tested a
shorter version of the protocol for clinical grade DC differentia-
tion that is used in our laboratory for the production of DCs for
cancer immunotherapy clinical trials. Generated DCs were tested
for several criteria that reflect their function, such as upregula-
tion of maturation markers, expression of costimulatory molecules,
cytokine production, capacity to activate antigen-specific T cells
and capacity to expand regulatory T cells and these criteria were
compared to standard Day 5 DCs.

There have been many studies carried out by Dauer et al. [14]
regarding rapid generation of DCs. To test a shorter protocol for
DC generation that is compatible with clinical use, we cultured the
monocyte-derived DCs in GMP-certified CellGro DC media, and DCs
were activated using Poly (I:C) that is available in GMP quality.
We report that DCs can be differentiated from human monocytes
within 3 days of in vitro culture. Three day- and 5 day-cultivation
of adherent monocytes in CellGro media in the presence of GM-CSF
and IL-4 yielded similar numbers of viable immature DCs. Although
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FSC/SSC analysis showed that Day 5 DCs were larger in size with
higher granularity, Day 3 DCs had the same phagocytic capacity as
Day 5 DCs.

The maturation status of DCis crucial for adequate T cell recruit-
ment, activation, expansion and differentiation [22,23]. Thus, we
tested the capacity of Poly (I:C) and LPS to activate Day 5 and
Day 3 DCs. The maturation of DCs with LPS resulted in the highest

expression of maturation-associated molecules with no significant
differences between Day 5 and Day 3 DCs. Poly (1:C) induced weaker
phenotypic maturation than LPS, and Day 5 Poly (I:C)-activated DCs
expressed higher levels of CD80, CD86 and HLA-DR compared to
Day 3 DCs.

We next analyzed the production of proinflammatory cytokines
IL-12p70, IL-6, IL-1B, TNF-a, IFN-a, and anti-inflammatory
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Fig. 5. The induction of antigen-specific T cells by mature Day 5 and Day 3 DCs. DCs were activated using maturation stimuli (LPS or Poly (I:C)), pulsed with antigens
and subsequently used as stimulators for the induction of antigen-specific T cells. The frequency of antigen-specific T cells was analyzed by intracellular IFN-vy staining. A.
Induction of influenza MP, CEF peptide mix, PPD and tetanus toxoid-specific CD8* T cells. The summary (A) and representative staining (B) of seven independent experiments
are shown. C. Induction of influenza MP, CEF peptide mix, PPD and tetanus toxoid-specific CD4" T cells. The data are presented as the mean + SD (A). Significant differences
are shown ("P value < 0.05, **P value <0.01).
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are shown. The data are presented as the mean + SD (A). Significant differences are shown ('P value <0.05, **P value <0.01). (C) Columns represent proportions of Tregs

demethylated in FoxP3 TSDR.

cytokine IL-10, by activated DCs. LPS-induced production of all
cytokines tested, except IFN-a«, lacked a significant difference
between Day 5 and Day 3 DCs. In contrast, Poly (I:C) was only
able to induce the production of IL-6 and IFN-a.. DCs activated by
Poly (I:C) did not produce IL-10, an immunosuppressive cytokine,
which is known to induce tolerance by directly inhibiting the pro-
duction of IL-12 and thereby Th1 cell polarization [24,25]. [L-12

is a key cytokine for the generation of Th1 cells, CTL and anti-
tumor responses [26-31]. Moreover, IL-12 production together
with the mature state of DCs appears to correlate with thera-
peutic efficacy in clinical trials [9,32-35]. Therefore, for DC-based
immunotherapy, in cancer as well as in chronic infectious diseases,
it is crucial to generate stable mature DCs that secrete bioactive
IL-12.
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The fact that Poly (I:C) is not able to stimulate DC maturation
to the same level as LPS and that Poly (I:C)-activated DCs do not
produce any IL-12 has been described. Previously, Spisek et al. [36]
described the use of Poly (I:C) combined with TNF-« for the genera-
tion of clinical grade fully mature DCs, but this group failed to obtain
fully mature DCs with Poly (I:C) alone. Furthermore, Rouas et al.
[37] reported a lack of IL-12p70 secretion after Poly (I:C) treatment
in serum-free media. However, for DC-based immunotherapy, a
major concern is whether mature DCs are capable of secreting IL-
12p70 after in vivo administration. Rouas et al. [37] showed that
in vitro generated Poly (I:C)-activated DCs retain their capacity to
produce IL-12 after migration to the lymph nodes and upon subse-
quent contact with activated T cells. It has been shown that DC:T cell
interaction via CD40:CD40L upregulates the expression of costim-
ulatory and adhesion molecules on DCs and triggers DCs to secrete
IL-12 [38,39]. These data suggest that ligation of CD40 on DCs may
be an additional way to boost IL-12 production.

The ability to activate antigen-specific T cells is critical for the
clinical effect of DC-based vaccines [40,41]. Therefore, we used a
HLA-A2-restricted influenza MP and CEF peptide mix and proteins
PPD and tetanus toxoid as model antigens to assess the activating
potential of our generated Day 5 and Day 3 DCs. Antigen-loaded
Poly (I:C), as well as LPS-activated, Day 3 DCs acquired full T cell
stimulatory capacity and, thus, were equally effective at inducing
the expansion of antigen-specific cytotoxic CD8* T cells compared
to Day 5 DCs. CD4* T cells were massively expanded by protein-
loaded DCs. While PPD and tetanus toxoid-loaded LPS-activated
Day 3 and Day 5 DCs induced similar numbers of antigen-specific
CD4* T cells, Poly (I:C)-activated Day 3 DCs were less potent in
inducing antigen-specific CD4* T cells compared to Day 5 DCs. As
Poly (I:C)-activated Day 3 DCs express lower levels of HLA-DR (and
CD80/CD86), it may influence antigen presentation and can lead
to induction of lower numbers of antigen-specific CD4* T cells.
However, it is important that antigen-specific CD4* T cells are still
induced by Poly (I:C)-activated Day 3 DCs and the percentage is not
negligible (10-15%). Furthermore, presentation of antigens, even
complex antigens, on MHC class I in Day 3 DCs is not impaired and
Poly (I:C)-activated Day 3 DCs are able to expand antigen-specific
CD8* T cells at same numbers compared to Day 5 DCs. It is very
important fact because it is generally accepted that CD8" T cells
play a major role in tumor control [42]. Poly (I:C)- and LPS-activated
Day 3 DCs also induced slightly lower numbers of regulatory T cells
compared to Day 5 DCs.

5. Conclusions

In this study, we identified monocyte-derived clinical grade DCs
generated in accordance with the GMP standards during a 3 day
culture process, and these cells, when activated by Poly (I:C), were
comparable in most functional aspects to DCs produced by the
standard 5 day protocol. These results provide the rationale for
the testing of shorter protocols for DC generation in clinical tri-
als. The generation of DCs using shorter protocols would markedly
reduce the time, work load and costs associated with the GMP-
compliant manufacturing of DC-based cellular therapy products,
and may therefore facilitate the use of DCs in clinical trials of cellular
immunotherapy.
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5.5. Dendritické buiiky pulzované nadorovymi bunkami oSetfenymi
vysokym hydrostatickym tlakem indukuji imunitni odpovéd’ v mySich TC-1
a TRAMP-C2 nadorovych modelech a kombinace s chemoterapii na bazi

docetaxelu vede k inhibici rustu téchto nadoru

Imunoterapie nadorovych onemocnéni, pfedevs§im pokud je kombinovana s dalSimi
terapeutickymi  pristupy jako napf. chemoterapii, predstavuje atraktivni moznost
protinadorové 1é¢by. Soucasné poznatky ukazuji, Ze chemoterapie mize mit kromé ptimého
cytotoxického efektu také imunomodula¢ni vlastnosti. Synergické ptisobeni imunoterapie a
chemoterapie bylo prokdzano viadé preklinickych a klinickych studii. V piipadé
imunoterapie zalozené na DCs zavisi uc¢innost této 1écby také na optimalni metodé inaktivace
nadorovych bunék urcenych pro pulzaci DCs a na vybéru vhodnych latek indukujicich jejich
maturaci. Imunogenni potencial nédorovych bunék mize byt zvySen nckterymi
chemoterapeutiky a fyzikdlnimi modalitami vcetn¢ HHP, které indukuji specificky typ
bunééné smrti doprovazené sekreci/uvolnénim/vystavenim DAMPs. Tyto molekuly maji
schopnost modulovat aktivitu DCs, ¢ehoz muze byt vyuzito pii pfipravé DC s optimalnim
fenotypem a funkcemi v ramci imunoterapeutickych protokold.

V tomto projektu jsme testovali pouziti vakciny na bazi DCs pulzovanych nadorovymi
bunikami o$ettenymi HHP in vivo na mySich nadorovych modelech a sledovali jsme jeji
schopnost stimulovat imunitni odpovéd” a terapeuticky potenciadl v kombinaci s adekvatni
chemoterapii. Zamé&fili jsme se na imunoterapii slabé imunogennich TRAMP-C2 nadord,
mysiho modelu lidského karcinomu prostaty, u kterého se kombinace imunoterapie zaloZzené
na DCs a chemoterapie docetaxelem, nejCastéji pouzivanym chemoterapeutikem v lécbé
pokrocilého hormon-refrakterniho karcinomu prostaty, jevi jako atraktivni a potencialné

vhodna strategie. Studie byla pro porovnani doplnéna o experimenty na imunogennich TC-1
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nadorech, které predstavuji mySi model nadord asociovanych s lidskym papilomavirem 16
(HPV16) a jsou citlivé na terapii DCs v rizném experimentalnim nastaveni.

Na avod jsme dokazali, ze HHP indukuje ICD TRAMP-C2 i TC-1 nadorovych bunék.
Dochézi k translokaci HSP90 a CRT na plazmatickou membranu a uvolnéni HMGBI
Z umirajicich bunék. Imunizace mysi takto oSetfenymi nadorovymi liniemi vedla v obou
piipadech ke stimulaci imunitni odpovédi a inhibici ristu TC-1, ale ne TRAMP-C2 nadori.
Buiiky oSetten¢é HHP byly déale pouzity pro pulzaci DCs vramci piipravy vakciny.
Dendritické buiiky kultivované s nadorovymi bunikami oSetienymi HHP a aktivované CpG
exprimovaly vice molekul asociovanych s maturaci a produkovaly vy$$i mnozstvi IL-12, IL-
1B a IFN-y v porovnani s DCs pulzovanymi nadorovymi burikami oSetfenymi UVB zafenim.
Vakcinace mysi DCs pulzovanymi TC-1 a TRAMP-C2 buikami o$etfenymi HHP indukovala
cytotoxicitu splenocyt a produkci IFN-y. Kombinace takto pfipravené DC vakciny
s chemoterapii docetaxelem signifikantné inhibovala rist jak TC-1, tak TRAMP-C2 nadort.
Tyto vysledky naznacuji, ze imunoterapie na bazi DCs pulzovanych nadorovymi bunkami
inaktivovanymi HHP kombinovana s docetaxelem miize byt vhodnou strategii 1é€by slabé

imunogennich typt nadort, alesponi v ptipadé karcinomu prostaty.

K této praci jsem pfispé€la néasledovné: ptiprava nadorovych linii oSettenych HHP, méteni

viability a detekce DAMPs (HSP70, HSP90 a CRT) na povrchu nadorovych linii oSetfenych

HHP pomoci pritokové cytometrie.
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Abstract. High hydrostatic pressure (HHP) has been shown
to induce immunogenic cell death of cancer cells, facilitating
their uptake by dendritic cells (DC) and subsequent presenta-
tion of tumor antigens. In the present study, we demonstrated
immunogenicity of the HHP-treated tumor cells in mice.
HHP was able to induce immunogenic cell death of both TC-1
and TRAMP-C2 tumor cells, representing murine models
for human papilloma virus-associated tumors and prostate
cancer, respectively. HHP-treated cells induced stronger
immune responses in mice immunized with these tumor
cells, documented by higher spleen cell cytotoxicity and
increased IFNy production as compared to irradiated tumor
cells, accompanied by suppression of tumor growth in vivo
in the case of TC-1 tumors, but not TRAMP-C2 tumors.
Furthermore, HHP-treated cells were used for DC-based
vaccine antigen pulsing. DC co-cultured with HHP-treated
tumor cells and matured by a TLR 9 agonist exhibited higher
cell surface expression of maturation markers and production
of IL-12 and other cytokines, as compared to the DC pulsed
with irradiated tumor cells. Immunization with DC cell-
based vaccines pulsed with HHP-treated tumor cells induced
high immune responses, detected by increased spleen cell
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cytotoxicity and elevated IFNy production. The DC-based
vaccine pulsed with HHP-treated tumor cells combined
with docetaxel chemotherapy significantly inhibited growth
of both TC-1 and TRAMP-C2 tumors. Our results indi-
cate that DC-based vaccines pulsed with HHP-inactivated
tumor cells can be a suitable tool for chemoimmunotherapy,
particularly with regard to the findings that poorly immuno-
genic TRAMP-C2 tumors were susceptible to this treatment
modality.

Introduction

Cancer immunotherapy, especially when combined with
other therapeutic modalities such as chemotherapy, is an
attractive approach to cancer treatment. Synergistic effects
of combinations of immunotherapy and chemotherapy have
been demonstrated in a number of pre-clinical and clinical
studies (1,2).

Dendritic cells (DCs) are key players in the immune
response as they are able to capture antigens with their
pattern-recognition receptors, to process and present them to
naive T-cells, inducing their activation (3), and thus building
an essential bridge between innate and adaptive responses.
The possibility of their generation in vitro enabled their use
for immunotherapy of cancer (4), and a number of clinical
trials have been performed in the last decade (5,6). Typically,
an autologous dendritic cell-based vaccine represents in vitro
cultured dendritic cells pulsed with tumor antigens that can
be in the form of tumor cells with subsequent DC maturation.
For DC pulsing, tumor cells can be inactivated by their lysis
(ultrasonic treatment, repeated freeze-thaw), lethal irradiation
or other methods before mixing them with DC. Selection of
the optimal inactivation method can be crucial for DC vaccine
optimization, together with selection of proper maturation-
inducing agents.

Therefore, a significant effort has also been invested in
increasing the immunogenicity of dying cancer cells used
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for vaccine production. Until now several chemotherapeutic
agents [anthracyclines (7), oxaliplatin, platinum complexes (8),
bortezomib (9)] and physical modalities [UV-C, irradiation
(10), HHP] have been identified as inducers of immunogenic
cell death (ICD). ICD is characterized by the cell-surface
expression and release of damage associated molecular
patterns (DAMPs). DAMPs found to be crucial for ICD
include surface exposed chaperone protein calreticulin (CRT)
and heat shock proteins 70 (HSP70) and 90 (HSP90), actively
secreted ATP and passively released high-mobility group
box 1 protein (HMGBI). These signals can activate innate
immunity and, importantly, interact with phagocytosis-related
receptors, purinergic receptors and pattern-recognition recep-
tors expressed by DCs and thereby stimulate presentation of
tumor antigens to T cells.

High hydrostatic pressure (HHP) has been demonstrated as
a convenient tool for tumor cell inactivation preserving their
immunogenic capacity (11,12). Recently, induction of ICD
by HHP has been shown in several human tumor cell lines.
HHP-treated cells were able to induce monocyte-derived DC
maturation, and DC co-cultured with HHP-treated tumor cells
were able to induce T cell activation in vitro. These encour-
aging results suggest that HHP can be an important tool for
tumor cell inactivation before their use for DC pulsing or as
cellular vaccines (13).

Chemotherapeutic drugs affect rapidly growing cells and,
as a consequence, cause collateral damage to cells of the
immune system. In this regard, they are considered immuno-
suppressive. However, there is increasing evidence that some
cancer chemotherapies may actually aid the immunotherapy
by activating the immune system rather than suppressing it
(14,15). Chemotherapeutic drugs such as cyclophosphamide,
doxorubicin, paclitaxel or docetaxel (16) were reported to
possess immunomodulatory activities and appeared to be suit-
able for chemoimmunotherapy (17,18).

Docetaxel is a widely used chemotherapeutic drug and
represents a first-line chemotherapy for metastatic castration-
resistant prostate cancer (19,20). The autologous dendritic
cell-based vaccines areintensively studied as animmunotherapy
for prostate cancer, and the first cellular immunotherapy based
on activated peripheral blood mononuclear cells, Sipuleucel T,
has been FDA-approved (21). Collectively, combination
chemoimmunotherapy based on docetaxel combined with the
DC treatment represents an attractive modality for advanced
prostate cancer therapy.

In the present study, we investigated, using murine
tumor models, the immunogenicity of the HHP-inactivated
tumor cells in vivo and, furthermore, the possibility to
use HHP-treated tumor cells for preparation of DC-based
vaccines. We have demonstrated the therapeutic capacity
of the HHP cells-pulsed DC vaccines in combination with
docetaxel treatments to inhibit growth of the TRAMP-C2
and TC-1 murine tumors. We have focused on the immu-
notherapy of poorly immunogenic TRAMP-C2 tumors, an
animal model of prostate cancer treatment. For comparison,
the study was completed with experiments using immuno-
genic TC-1 tumors representing a murine model for human
papilloma virus 16-associated tumors, previously shown to
be sensitive to the experimental DC treatments in various
settings (22-24).
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Materials and methods

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

Tumor cell lines. The TC-1 tumor cell line (obtained from the
ATCC collection) was developed by co-transfection of murine
C57BL/6 lung cells with HPV16 E6/E7 genes and activated
(G12V) Ha-ras plasmid DNA (25). TRAMP-C2 tumor cells
(obtained from the ATCC collection), MHC class I-deficient,
were established from a heterogeneous 32-week tumor of
the transgenic adenocarcinoma mouse prostate (TRAMP)
model (26). TC-1 cells were maintained in RPMI-1640
medium (Sigma-Aldrich GmbH, Steinheim, Germany) supple-
mented with 10% FCS (PAN Biotech GmbH, Aidenbach,
Germany), 2 mM L-glutamine and antibiotics; TRAMP-C2
cells were maintained in D-MEM medium (Sigma-Aldrich)
supplemented with 5% FCS, Nu-Serum IV (5%; BD
Biosciences, Bedford, MA, USA), 0.005 mg/ml human insulin
(Sigma-Aldrich), dehydroisoandrosterone (DHEA, 10 nM;
Sigma-Aldrich) and antibiotics. Both cell lines were cultured
at 37°C in a humidified atmosphere with 5% CO, cells. In the
in vivo experiments, 5x10* TC-1 cells and 1x10° TRAMP-C2
cells were administered for the challenge. In our hands, 5x10*
TC-1 cells represent 5 TIDs, doses and 1x10° TRAMP-C2
cells represent 3 TIDs, doses.

High hydrostatic pressure and irradiation cell treatments.
Tumor cells were treated by HHP (100, 150, 175 and 200 MPa)
in the custom-made device (Resato International BV, Roden,
the Netherlands) that is located in the GMP manufacturing
facility, Sotio a.s. (Prague, Czech Republic). This device
allows reliable treatment of the tumor cells by defined levels
of HHP for specified periods of time (10 min in the case of
200 MPa) (13). Inactivation of tumor cells by irradiation
(150 Gy) was performed as previously described (22).

Dendritic cell preparation. Dendritic cells (DC) were
prepared from bone marrow precursors as described by
Indrové et al (24) and Lutz er al (27) with slight modifica-
tions (28). Briefly, the bone marrow cells were cultured for 7
days in the complete RPMI-1640 medium supplemented with
2x10° M mercaptoethanol (Calbiochem, La Jolla, CA, USA),
10 ng/ml GM-CSF and IL-4 (R&D Systems, Minneapolis,
MN, USA). On day 5, the DC were pulsed with HHP-treated
or irradiated (IR-treated) tumor cells by 48-h incubation in
the ratio of 2:1 (DC/tumor cells, 10° DC/ml). DC pulsed with
the tumor cells were treated for 24 h with unmethylated CpG
containing phosphorothioate-modified oligodeoxynucleotide
CpG 1826 (5'-TCCATGACGTTCCTGACGTT-3') (29) at a
final concentration of 5 pug/ml (Generi Biotech, Hradec
Kralové, Czech Republic), were sulfur-modified in their back-
bone (phosphorothioate) and synthesized under endotoxin-free
conditions. On day 7, non-adherent cells were harvested.
These cells, designated as DC, contained ~60-70% CD11c*
cells. For mouse immunization experiments, DC were washed
twice with PBS and injected subcutaneously (s.c.) in PBS,
300 ul/2x10° cells/mouse.
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Immunization/challenge experiments with tumor cells. Mice
were twice immunized with 5x10° irradiated tumor cells in a
three-week interval (s.c., irradiation dose was 150 Gy, HHP
dose was 200 MPa) (13,30,31). For in vivo studies, 10 days
after the second immunization, mice were challenged s.c.
with corresponding tumor cells (TC-1, 5x10*; TRAMP-C2,
1x10° cells/mouse). Mice were observed twice weekly, and
the numbers of tumor-bearing mice and the size of the tumors
were recorded. Two perpendicular diameters of the tumors
were measured with a caliper and the tumor size was expressed
as the tumor area (cm?). For in vifro analyses of the immune
response, three mice were sacrificed. Single-cell suspensions
from the spleens were prepared by homogenization through
a cell strainer (70 ym; BD Biosciences, San Jose, CA, USA).
Erythrocytes were osmotically lysed using ammonium chlo-
ride-potassium lysis buffer, the cell suspension was washed
three times in the RPMI-1640 medium and used for further
analysis by FACS, chromium release assay, ELISA (IFNy) and
ELISPOT (IFNy).

Immunization/challenge experiments with dendritic cells.
Mice were twice immunized with 2x109 cells of DC-based
vaccine in a two-week interval. For in vivo studies, 10 days
after the second immunization, mice were challenged s.c.
with corresponding tumor cells (TC-1, 5x10*; TRAMP-C2,
1x10° cells/mouse). Mice were observed twice weekly, and
the numbers of tumor-bearing mice and the size of the tumors
were recorded. Two perpendicular diameters of the tumors
were measured with a caliper and the tumor size was expressed
as the tumor area (cm?). For in vifro analyses of the immune
response, three mice were sacrificed. Single-cell suspensions
from the spleens were prepared as mentioned above and used
for further analysis by FACS, chromium release assay, ELISA
(IFNy) and ELISPOT (IFNy).

Therapeutic experiments. The therapeutic schemes were
designed for combined chemoimmunotherapy treatment
of early growing tumors. TC-1 (5x10* cells) or TRAMP-C2
(1x109 cells) tumor cells were s.c. transplanted on day 0.
Docetaxel, 30 mg/kg (Actavis, North Bruncwik, NJ, USA) was
repeatedly administered on days 7, 21 and 35 intraperitoneally
(i.p.). Dendritic cells were administered on days 14, 28 and 42
in the vicinity of the tumor cell challenge site or peritumorally
when the growing tumors appeared. Mice were observed twice
a week and the size of the tumors was recorded. Two perpen-
dicular diameters of the tumors were measured with a caliper
and the tumor size was expressed as the tumor area (cm?).

Flow cytometry. Cell surface expression of CRT, HSP9O,
MHC class I, CD54 and CD80 on the tumor cells was
analyzed by flow cytometry. Tumor cells were collected
from the cell culture 24 h after the HHP or IR treatment [10°
cells/ml/well, 12-well plate (Nunc, Roskilde, Denmark)].
Cells (5x10%/sample) were washed and labeled with primary
antibodies for 25 min at 4°C, followed by wash steps and
alternatively labeled by incubation with Alexa 647- or
DyLight 649-conjugated secondary antibody for 30 min at
4°C. Apoptotic cells were determined by Annexin V apoptosis
detection kit (eBiosciences) according to the manufacturer's
instructions. Samples were kept in the dark and 10 min before
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the analysis, Hoechst 33258 was added at a final concentration
of 2 ug/ml. Expression of cell surface molecules on the DC or
spleen cells was analyzed by flow cytometry. Cell suspensions
were washed and preincubated with anti-CD16/CD32 antibody
to minimize non-specific binding for 15 min at 4°C following
washing step and incubation with labeled primary antibody
for 30 min at 4°C. Relevant isotype controls of irrelevant
specificity were used. FACS buffer (PBS, 1% FBS, 0.1% NaNj)
was used for all washing steps and analysis. The following
antibodies were used for FACS analyses: BD: anti-MHC
class I (PE anti-H-2D® clone KH95 and PE anti-H-2K" clone
AF6-88.5), FITC anti-I-A® (A;") (AF6-120.1), PE anti-CD54
(3E2), PE anti-CD80 (16-10A1), PE anti-CD86 (GL1), PE
anti-CD274 (MIH5); BioLegend, Inc. (San Diego, CA, USA):
BV421 or APC anti-CD11c (HL3), APC-CD45 (30-F11), FITC
anti-CD8a (LY-2), BV711 anti-CD4 (RM4-5), PE anti-CD44
(IM7), PE-Cy7 CD62L (MEL-14); R&D Systems (Basel,
Switzerland): anti-HSP70 (242707); Abcam (Cambridge, UK):
anti-CRT (ab2907); Enzo Life Sciences, Inc. (Farmingdale,
NY, USA): anti-HSP90 (AC88). Secondary antibodies anti-
mouse conjugated to DyLight 649 (Jackson ImmunoResearch
Laboratories, West Grove, PA, USA) or anti-rabbit conjugated
to Alexa 647 (Cell Signaling Technology, Danvers, MA, USA)
were also used. FACS analysis was performed using an LSR II
flow cytometer (BD Biosciences) and analyzed by FlowJo
7.6.5 software.

Confocal microscopy. HHP-treated TC-1 and TRAMP-C2
cells were collected and washed twice with PBS. The cells
were then incubated for 30 min with primary anti-CRT anti-
body (FMC 75; Enzo Life Sciences) diluted in PBS, followed
by washing and incubation with the Alexa Fluor 488 goat anti-
mouse secondary antibody (Molecular Probes). Cells were
washed twice with PBS and fixed in 4% paraformaldehyde for
20 min and mounted on slides. Cells were examined under a
DMI 6000 inverted Leica TCS AOBS SP5 tandem scanning
confocal microscope with an AR (488 nm) laser and an x63 oil
immersion objective.

ELISA. For HMGBI release, supernatants from the tumor
cell culture were collected 24 h after HHP treatment (10°
cell/ml/well, 12-well plate (Nunc) and analyzed by an ELISA
kit (IBL International GmbH, Hamburg, Germany) according
to the manufacturer's instructions. For IL-1p, IL-6, IFNy and
IL-12 production, supernatants from the DC culture were
collected 24 h after the addition of CpG 1826 and analyzed
by ELISA kits (BD Biosciences) according to the manufac-
turer's instructions. For IFNy production, supernatants from
the spleen single-cell suspension were collected after 48-h
incubation [2x10° cell/ml/well, 12-well plate (Nunc)] and
analyzed by an ELISA kit (BD Biosciences) according to the
manufacturer's instructions.

ELISPOT. To determine the amount of IFNy-secreting cells, an
ELISPOT kit for detection of murine IFNy (BD Biosciences,
San Diego, CA, USA) was used. Spleen cells were cultured
for 48 h and then placed into the wells of ELISPOT plates
(concentration 5x10°, 1x10° and 5x10* cells/well) for 24 h. The
plates were then processed according to the manufacturer's
instructions (BD Biosciences). Colored spots were counted
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Figure 1. Phenotype of mouse TC-1 and TRAMP-C2 tumor cells 24 h after the treatment with HHP or IR. TC-1 and TRAMP-C2 tumor cells were treated
with 200 MPa for 10 min and compared with irradiated (150 Gy) tumor cells. (A) Annexin V/Hoechst staining made 24 h after HHP or IR treatment.
(B and C) Expression of cell surface molecules HSP90 and CRT on TC-1 or TRAMP-C2 tumor cells (presented as a fold change of mean fluorescence
intensity (MFI) or histograms with MFI). (D) Fluorescence microscopy images of HHP-treated TC-1 and TRAMP-C2 tumor cells stained for CRT expression.
(E) Release of HMGBI into the tumor cell supernatants after HHP or IR-treatment. Representative results from at least three independent experiments. ‘P<0.05
vs. untreated control, *P<0.05 vs. IR treated group, two-sided Student's t-test.

with CTL Analyzer LLC (CTL, Cleveland, OH, USA) and
analyzed using ImmunoSpot Image Analyzer software.

Chromium release microcytotoxicity assay. The cytolytic
activity of effector cells was tested in 18-h *'Cr release assay, as
previously described (32,33). Briefly, spleen cells from control
and immunized mice that served as effector cells were treated
with ammonium chloride-potassium lysing buffer (1 min)
to deplete erythrocytes. The mixtures of effector cells with
3ICr-labeled tumor targets were incubated in selected target/
effector cell ratios (1:25, 1:50, 1:100 and 1:200) in triplicate in
96-well round bottom microtiter plates (Nunc). The percentage
of specific *'Cr release was expressed according to the
formula: [cpm experimental release - cpm control release/cpm
maximum release/cpm control release] x 100.

Statistical analyses. For statistical analyses of in vitro experi-
ments, Student's t-test was used. For evaluation of in vivo
experiments, analysis of variance (ANOVA) from the NCSS,
Number Cruncher Statistical System (NCSS, LLC, Kaysville,
UT, USA) statistical package was utilized. Standard deviations
are indicated in the figures.

Results

HHP, but not IR, induces ICD markers on both TC-1 and
TRAMP-C2 tumor cells. First, we determined the ability of

HHP to induce ICD in murine TC-1 or TRAMP-C2 cells, and
then we compared the effect of HHP to the effect of irradiation
(150 Gy) that has been standardly used for treatment of cells
during preparation of DC vaccines in our previous studies (22).
Fig. 1A shows that the percentage of late apoptotic/dead tumor
cells (Annexin V*/Hoechst") after the treatment with 200 MPa
HHP was >80% within 24 h. The presence of ICD markers
HSP90 and CRT on the cell surface of the tested cells was
also significantly increased (Fig. 2B and C). Fluorescence
microscopy images of HHP-treated tumor cells stained for
CRT confirmed increased expression of CRT after HHP treat-
ment (Fig. 1D). Release of HMGBI, late-stage ICD marker, in
the supernatant was further analyzed. Fig. 1E demonstrates a
significant increase of HMGBI in the tumor cell supernatants
after HHP treatment. Induction of ICD by 200 MPa HHP
was similar both in TC-1 and TRAMP-C2 tumor cells. No
significant upregulation of ICD markers was detected after
irradiation with 150 Gy. The treatment with HHP of 200 MPa
was selected as it was the most effective in inducing apoptosis
and expression of ICD markers and simultaneously arresting
cell proliferation, as determined by colony-forming assay in
experiments, in which the effects of different doses of HHP
(100, 150, 175, 200 and 250 MPa) were compared (data not
shown).

Prophylactic immunization with HHP-treated tumor cells
induces higher immune responses in mice when compared
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Figure 2. In vitro immune response after immunization with HHP-treated or IR-treated TC-1 and TRAMP-C2 tumor cells. Mice were immunized two times
in a 3-week interval with 5x10° HHP- or IR-treated TC-1 and TRAMP-C2 tumor cells. Ten days after the last immunization, pooled splenocytes of three mice
were used for in vitro analysis. >'Cr microcytotoxicity assay of splenocytes from mice immunized with HHP or IR-treated TC-1 (A) or TRAMP-C2 tumor
cells (D). (B and E) IFNy production by splenocytes of immunized mice (ELISA). (C and F) The number of IFNy-producing cells (ELISPOT assay). Statistical
significances were determined by Student's t-test. (B) ““P<0.001 TC-1(HHP) vs. Control; “P<0.01 TC-1(IR) vs. Control; "‘P<0.05 TC-1(HHP) vs. TC-1(IR);
(C) "P<0.001 TC-1(HHP) vs. Control; TC-1(IR) vs. Control; TC-1(HHP) vs. TC-1(IR); (E) ““P<0.001 TC-1(HHP) vs. Control; “P<0.01 TC-1(IR) vs. Control;
TC-1(HHP) vs. TC-1(IR); (F) ""P<0.001 TC-1(IR) vs. Control; “P<0.01 TC-1(HHP) vs. TC-1(IR); "P<0.05 TC-1(HHP) vs. Control.

with IR-treated tumor cells both in TC-1 and TRAMP-C2
tumor models. To study the ability of HHP and IR-treated
tumor cells to induce immune response and their antitumor
potency, mice were immunized twice at a three-week interval
with 5x10° HHP- or IR-treated TC-1 or TRAMP-C2 tumor
cells. Ten days after the second immunization, mice were chal-
lenged with relevant tumor cells in doses of 5x10* TC-1 or 10°
TRAMP-C2. Three mice from each group were left without
challenge and used for parallel in vitro analyses. In vitro
analyses of the spleen effector cells prepared ten days after the
second immunization with HHP-treated TC-1 or TRAMP-C2
tumor cells showed an increased cytotoxic effect of spleen
effector cells on the corresponding targets. In the group of
mice immunized with IR-treated tumor cells, a similar but
slightly lower effect was observed (Fig. 2A and D). Despite the
fact that the analysis of the spleen effector cells after immuni-
zation with HHP-treated tumor cells showed only moderately
augmented cytotoxic effect when compared to immunization
with IR-treated tumor cells, analysis of IFNy production
revealed significant differences. Compared to the IR-treated
tumor cells, mice immunized with HHP-treated tumor cells
displayed significantly increased IFNy production by spleen
cells measured by the ELISA assay (Fig. 2B and E) and signifi-

cantly increased number of IFNy-producing cells detected
by the ELISPOT assay (Fig. 2C and F). These results were
similar in both tumor models, immunogenic TC-1 and weakly
immunogenic TRAMP-C2. However, after the challenge of
immunized mice with the corresponding tumor cells, signifi-
cant inhibition (P<0.05) of tumor growth was recorded only
in the groups of mice immunized with the HHP or IR-treated
TC-1 tumor cells and challenged with corresponding TC-1
cells (Fig. 3B). In contrast, mice immunized with HHP and
IR-treated TRAMP-C2 cells did not exhibit any inhibition
of tumor growth after the challenge with TRAMP-C2 cells
(Fig. 30).

Pulsing with HHP-treated TC-1 or TRAMP-C2 tumor
cells increased expression of maturation markers on DC
and stimulated production of cytokines characteristic for
matured DC. Next, the HHP-treated TC-1 and TRAMP-C2
cells were used for DC pulsing, and the phenotypes of
matured DC vaccines, unpulsed or pulsed with the IR-treated
tumor cells or HHP-treated tumor cells, were compared
(Fig. 4). We did not see any significant differences between
unpulsed cells and HHP-treated tumor cells-pulsed DC. In
both cases, CpG ODN1826-mediated maturation increased
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Figure 3. The effect of immunization with HHP-treated or IR-treated TC-1 and TRAMP-C2 tumor cells. Mice (10 mice per group) were two times s.c.
immunized in a 3-week interval with 5x10° HHP- or IR-treated TC-1 and TRAMP-C2 tumor cells (A). Ten days after the second immunization, mice were
challenged with 5x10*TC-1 (B) or 10° TRAMP-C2 (C) tumor cells. Tumor growth (left panel) and the percentage of tumor-free mice (Kaplan-Maier plot) (right
panel) are shown; TC-1, P<0.05 (untreated vs. HHP-treated, IR-treated). TRAMP-C2, not significant (analysis of variance). The experiments were repeated

twice with similar results.

the proportion of matured MHC class II"e"/CD86"e"
dendritic cells and increased CD80 and CD274 cell surface
expression (Fig. 4A and B). The ratio between the CD80
and CD274 cell surface expressions (demonstrated by MFI
values) was higher on matured cells compared to the imma-
ture controls (Fig. 4A). Both unpulsed cells and HHP-treated
tumor cells-pulsed matured DC produced IL-12, as well as
IL-1B, IL-6 and IFNy (Fig. 4C). HHP-treated tumor cell-
pulsed matured DC produced significantly higher amounts
of IL-12 and IFNy as compared to the unpulsed cells. No
significant differences were observed between TRAMP-C2
and TC-1 cell co-culture. On the other hand, pulsing with the
IR-treated tumor cells resulted in reduction of the proportion
of matured MHC class I1"&"/CD86"e" dendritic cells in the
DC populations, decreased the ratio between the CD80 and
CD274 cell surface expression, and also significantly inhib-
ited IL-12, IFNy and IL-1f production, as compared to both
unpulsed cells and HHP-treated tumor cell-pulsed matured
DC (Fig. 4). These results indicate that DC co-culture with
IR-treated, but not HHP-treated tumor cells, can impair DC
maturation.

Prophylactic immunization with DC-based vaccine pulsed
with HHP-treated TC-1 or TRAMP-C2 tumor cells induces
strong immune response, but inhibits growth of TC-1
tumors only. In the next series of experiments, HHP-treated
tumor cell-pulsed matured DC were investigated in vivo.
HHP-treated tumor cell-pulsed matured DC were selected for
further in vivo experiments as pulsing of DC with IR-treated
tumor cells negatively affected DC maturation in terms of
expression of costimulatory molecules and production of
selected cytokines. Mice were immunized twice in a 2-week
interval with 2x10° HHP-treated tumor cell-pulsed matured
DC. Ten days after the second immunization, mice were chal-
lenged with relevant tumor cells, in doses of 5x10* TC-1 or 10°
TRAMP-C2 tumor cells. Three mice from each group were
left without challenge and used for parallel in vitro analyses.
Both HHP-treated TRAMP-C2 and TC-1 cells pulsed DC
vaccines induced strong immune responses, as determined
by spleen cell analysis performed ten days after the second
immunization (Fig. 5). Immunization with HHP-treated TC-1
or TRAMP-C2 pulsed DC vaccines showed a significantly
increased cytotoxic effect of spleen effector cells on the
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Figure 4. Phenotype of mouse DC after the interaction with HHP- or IR-treated TC-1 or TRAMP-C2 tumor cells. DC were prepared from bone marrow precur-
sors and pulsed with HHP- or IR-treated tumor cells by 48-h incubation in the ratio of 2:1. DC pulsed with the tumor cells were then treated for 24 h with CpG
1826 and analyzed by flow cytometry. (A and B) Expression of MHC class II and costimulatory molecules (as a fold change of MFI or as a dot plot/histograms
with MFI). (C) Production of cytokines by DC culture (as a fold change relative to mature DC designated as mDC). mDC produced IL-1p in the range of

233-749 pg/ml, IFNy in the range of 299-749 pg/ml, IL-6 in the range of 18.2-49.2

ng/ml, and IL-12 in the range of 760-2235 pg/ml. Representative results from

at least four independent experiments. “P<0.05 vs. DC, *P<0.05 vs. mDC, *P<0.05 vs. DC pulsed with IR-treated tumor cells, Student's t-test.

corresponding targets (Fig. 5A). As compared with control
mice, mice immunized with both HHP-treated TRAMP-C2
and TC-1 cells pulsed DC vaccines displayed significantly
increased numbers of IFNy-producing cells detected by
ELISPOT assay (Fig. 5B) and significantly increased IFNy
production by spleen cells measured by ELISA assay (Fig. 5C).
A significant increase was also found in the percentage of
CD4*and CD8* CD44* CD62L" T lymphocytes (Fig. 5D and
E). These results were similar in both tumor models, immuno-
genic TC-1 and weakly immunogenic TRAMP-C2. Contrary
to the results in vitro, in vivo analysis showed significant inhi-
bition (P<0.05) of the tumor growth only in the group of mice
immunized with the HHP-treated TC-1 tumor cell-pulsed
matured DC and challenged with corresponding TC-1 cells
(Fig. 6B). Mice immunized with the HHP-treated TRAMP-C2
tumor cell-pulsed matured DC did not exhibit any inhibition
of tumor growth after the challenge with TRAMP-C2 cells

(Fig. 6C). In both experiments, the percentage of tumor-free
mice are shown in the right panel.

Combined chemoimmunotherapy of TC-1 and TRAMP-C?2
tumors with docetaxel and DC-based vaccine significantly
inhibits growth of subcutaneous tumors. The therapeutic
efficacy of HHP-treated tumor cell-pulsed matured DC was
then tested in the therapeutic setting when a combination of
chemotherapy and immunotherapy with DC-based vaccine
was employed. TC-1 (5x10* cells) or TRAMP-C2 (10° cells)
tumor cells were s.c. transplanted on day O and treated with
three doses of docetaxel chemotherapy in a 2-week interval.
Dendritic cells were administered at regular intervals between
the docetaxel chemotherapy. As shown in Fig. 7B, the growth
of immunogenic TC-1 tumors was significantly inhibited
by the treatment with DC alone or with the combination of
docetaxel and DC vaccine [DC/TC-1(HHP)] (P<0.05 vs.
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Figure 5. In vitro immune response after immunization with DC-based vaccines pulsed with HHP-treated TC-1 or TRAMP-C2 tumor cells. Mice were immu-
nized two times in a 2-week interval with 2x10° DC pulsed with HHP-treated TC-1 or TRAMP-C2 tumor cells. Ten days after the last immunization, pooled
splenocytes of three mice were used for in vitro analysis. *'Cr microcytotoxicity assay of splenocytes from mice immunized with HHP- and IR-treated TC-1
tumor cells or TRAMP-C2 tumor cells (A). (B) The number of IFNy-producing cells (ELISPOT assay). (C) IFNy production by splenocytes of immunized
mice (ELISA). N.D. means that IFNy production was under detection limit and for Student's t-test was considered as 0. (D) Percentage of CD44* CD62L" of
CD8* lymphocytes. (E) Percentage of CD44* CD62L" of CD4* lymphocytes. Statistical significance was determined by Student's t-test; “P<0.05 vs. control.

control). Docetaxel alone delayed the growth of tumors, but
no significant difference was evident. A representative experi-
ment of two independent ones is given in Fig. 7B. When the
incidences of tumors in mice from two performed experiments
were merged [Control 19/19, docetaxel 18/20, docetaxel + DC/
TC-1(HHP) 14/19, DC/TC-1-HHP 6/10], the only significant
difference was found between the control group and the
group of combined chemoimmunotherapy (%?; docetaxel
+DC/TC-1(HHP) vs. Control P<0.01). These results indicate
the beneficial effect of the combination of chemotherapy
with immunotherapy. The same therapeutic setting was also
used for the treatment of poorly immunogenic TRAMP-C2
tumors. As shown in Fig. 7C, monotherapies with docetaxel
alone or DC/TRAMP-C2(HHP) vaccine alone significantly
inhibited growth of TRAMP-C2 tumors. However, when these
monotherapies were combined, the therapeutic effect was even
stronger. Significant inhibition of tumor growth was found
between docetaxel alone or DC/TRAMP-C2(HHP) alone
groups and the group treated with a combination of docetaxel
and DC/TRAMP-C2(HHP) vaccine (P<0.05). The tumor-
inhibitory effect was noted as reduction of the size of growing
tumors; there was no difference between the incidences of
tumors when two independent experiments were merged

[Control 25/26, docetaxel 22/22, docetaxel + DC/TRAMP-
C2(HHP) 22/22, DC/TRAMP-C2(HHP) 21/22].

Discussion

HHP has been previously shown to induce endoplasmic
reticulum stress and consequently ICD in both murine and
human cell lineages (11,13,34). This suggests that HHP, along
with other modalities, such as irradiation, photodynamic
therapy using hypericin, hyperthermia or treatments with
selected chemotherapeutic and cytotoxic agents, can be used
for preparation of tumor cells capable of inducing effective
antitumor immunity (35). HHP could also be used for tumor
cell inactivation before their use as cellular vaccines or as
antigen donors in DC-based vaccines.

In the first part of the study, our aim was to demonstrate
the capability of HHP-treated tumor cells to induce immune
responses in mice, in comparison with irradiated tumor cells.
Lethal irradiation represents a standard procedure used for
tumor cell inactivation before their usage for immuniza-
tion or for DC pulsing, and HHP treatment can serve as an
attractive alternative for this procedure. Before performing
the in vivo experiments, we optimized the HHP treatments of
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Figure 6. The effect of immunization with DC-based vaccines pulsed with HHP-treated TC-1 or TRAMP-C2 tumor cells. Mice (8 mice per group) were two
times s.c. immunized in a 2-week interval with 2x10° DC pulsed with HHP-treated TC-1 or TRAMP-C2 tumor cells (A). Ten days after the second immu-
nization, mice were challenged with 5x10* TC-1 (B) or 1x10° TRAMP-C2 (C) tumor cells. Tumor growth (left panel) and the percentage of tumor-free mice
(Kaplan-Maier plot) (right panel) are shown; "P<0.05 vs. control (analysis of variance). The experiments were repeated twice with similar results.

TC-1 and TRAMP-C2 cell lines used for the studies and we
demonstrated, in comparative experiments, that HHP induced
higher levels of CRT and HSP90 expression on tumor cells,
as well as HMGBI production, as compared to irradiation.
The immunogenicity of irradiated and HHP-treated cells was
further monitored in vivo and we noted higher IFNy produc-
tion by spleen cells upon immunization with the HHP-treated
compared to irradiated cells. However, we did not observe
significantly higher cytotoxicity of the spleen cells from the
animals immunized with HHP-treated cells and this finding
was in agreement with the results of immunization-challenge
experiments. We did not see any significant differences
between vaccination with HHP- or IR-treated tumor cells;
both vaccinations inhibited TC-1 tumor growth, as expected
and previously observed for the animals immunized with
IR-treated cells (30,31) while the TRAMP-C2 tumor growth
was not blocked by both of the vaccination protocols. It has
been previously shown that TRAMP-C2 tumor cells are not
immunogenic, unless their immunogenicity was increased by
IFNy treatment, inducing MHC class I cell surface expres-
sion (36). Thus, it seems that HHP treatment, which induces
ICD but not MHC class I and co-stimulatory molecule cell
surface expression, does not induce protective immunity effec-

tive against TRAMP-C2 cells. It is of note that in the case of
TC-1 tumors, which are apparently more sensitive to immune
responses, effective immunity was induced by vaccination
with both irradiated and HHP-treated TC-1 cells.
Furthermore, in order to assess the suitability of HHP as
a tool for tumor cell preparation in the DC-based vaccine
preparation protocols, we prepared a DC-based vaccine
by co-culture of immature DC with HHP-treated TC-1 or
TRAMP-C2 tumor cells and subsequent DC maturation with
CpG ODN 1826. CpG ODN 1826, an agonist of Toll-like
receptor 9, is a potent maturation agent for murine DC (37),
and the capability of DC pulsed by co-cultivation with irradi-
ated tumor cells and matured by CpG ODN 1826 to inhibit
the TC-1 tumor growth has also been demonstrated in our
laboratory (38). We have compared the phenotype of matured
DC vaccines, unpulsed or pulsed with the IR- or HHP-treated
tumor cells. The results suggest that DC co-culture with
irradiated, but not HHP-treated tumor cells, interferes with
their subsequent CpG ODN-driven maturation, since the
matured DC culture of the cells pulsed with IR-treated cells
displayed lower proportion of matured DC (defined as MHC
class I1"e"/CD86"eM, and lower ratio between the expression
of positive costimulatory molecule CD80 (B7.1) vs. negative
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Figure 7. Combined chemoimmunotherapy of TC-1 or TRAMP-C2 tumors. (A) TC-1 (5x10* cells) or TRAMP-C2 (10° cells) tumor cells were s.c. transplanted
on day 0. Docetaxel (DTX) was i.p. administered in a dose of 30 ug/kg, on days 7, 21 and 35. Dendritic cells (2x10° cells) were s.c. administered peritumorally
on days 14,28 and 42. (B) Tumor growth (left panel) of TC-1 tumors and the percentage of tumor-free mice (Kaplan-Maier plot) (right panel). (C) Tumor growth
(left panel) of TRAMP-C2 tumors and the percentage of tumor-free mice (right panel) (Kaplan-Maier plot). Results are representative of two independent
experiments. “P<0.05 vs. control, *P<0.05 vs. DC/TRAMP-C2(HHP), DTX (analysis of variance).

costimulatory molecule CD274 (B7-H1). This ratio can be
considered as an important marker suggesting the DC capa-
bility to transmit positive signaling to T cells (39). Selected
cytokine expression levels, including that of IL-12, were lower
in DC pulsed with IR-treated tumor cells, as compared to the
unpulsed controls. Notably, this was not observed when the
HHP-treated tumor cells DC were compared to the unpulsed
controls. These results suggest that immature DC co-culture
with HHP-treated cells represents a convenient protocol for
the DC-based vaccine preparation and corroborates previous
findings of Fucikova et al (13).

The next step was therefore to perform in vivo experiments
and to evaluate the immunogenicity of the matured DC pulsed
with the HHP-treated tumor cells. As expected, DC vaccines
induced much higher IFNy production by spleen cells as
compared to immunization with tumor cells. This, together
with further parameters investigated in the spleens (chromium
release assay, effector memory CD4 and CD8 cell propor-
tion), suggested that DC vaccines induced strong immunity
against TC-1 or TRAMP-C2 tumors, respectively. However,
as determined in the immunization-challenge experiments,
DC vaccination in a prophylactic setting induced protection

against TC-1, but not TRAMP-C2 tumor growth. This was in
agreement with IR- and HHP-treated tumor cell immuniza-
tion, confirming different immunogenicity or sensitivity of
the TC-1 and TRAMP-C2 tumors to the immune response
induced by prophylactic immunization.

Next, we tested the vaccine efficacy in a therapeutic setting
in combination with docetaxel chemotherapy, which is clini-
cally relevant especially for prostate cancer treatment (19,20).
DC-based vaccines are in general intended to be used rather
for tumor immunotherapy in a multimodal setting than for
immunization. In our experiments, unlike in prophylactic use,
the DC treatments of both immunogenic TC-1 and poorly
immunogenic/treatable TRAMP-C2 tumors resulted in
significant inhibition of the tumor growth, albeit the effect on
the TRAMP-C2 appeared to be weaker as compared to the
TC-1 tumors. The difference was observed for the therapeutic
protocol using docetaxel and DC combination. This treat-
ment led to the highest therapeutic effect, as compared to the
chemotherapy or immunotherapy only treatments, in the case
of the TRAMP-C2 prostate cancer model. In this model, both
chemo- and immunotherapy, when used as monotherapies,
displayed only moderate antitumor effects, and additive/
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synergistic effects were observed when these treatments were
used in combination. On the contrary, synergistic effects of
the combination therapy were not seen for the TC-1 therapy.
We can speculate that TC-1 tumors are much more vulnerable
to immunotherapy, as compared to the TRAMP-C2 tumors,
and that it may be difficult to boost it. Moreover, DTX treat-
ment can increase the TRAMP-C2 tumor cell sensitivity to the
immune responses.

In conclusion, in the present study we demonstrated that
HHP-treatment induced ICD in the cells of TRAMP-C2
and TC-1 murine tumor cell lines. Furthermore, our results
show that DC-based vaccines pulsed with HHP-treated cells
is an effective instrument for immunotherapy, mainly when
combined with chemotherapy, as has been demonstrated in the
prostate cancer TRAMP-C2 model, which is poorly immuno-
genic and difficult to treat.
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5.6. Dendritické buiky pulzované nadorovymi buikami inaktivovanymi
vysokym hydrostatickym tlakem inhibuji rast nadoru prostaty v mySich

TRAMP-C2 modelech

Predchazejici prace ukazala, Ze terapie na bazi Dflzoyanych nadorovymi kikami
inaktivovanymi HHP pedstavuje slibnou strategii v chemoimunoterapickamu prostaty.
Dendritické buky (jak pulzovane, tak nepulzované) vykazovaly rgigj (Einnost jako
docetaxel vinhibici slab imunogennich TRAMP-C2 nador | kdyz kombinovana
chemoimunoterapie nefla Zadny synergicky efekt a jiz nevedla k dalSirporaaleni #istu
nadoru, tak snizena proliferace nadorovychékunyla detekovana pouze v histologickych
vzorcich odebranych z TRAMP-C2 natldécenych DCs pulzovanymi nadorovymiikami
inaktivovanymi HHP v kombinaci s docetaxelem. Paubbvysledky byly také ziskany
Vv piipadt kombinace pulzovanych DCs s dalSim Klinicky poanhim
cytostatikem, cyklofosfamidem. MySim byly DCs talplikovany az po chirurgickém
odstragni nadoti, tedy ve stavu odpovidajicim minimalni reziduaimd@moci. V tomto
nastaveni vedla aplikace vakciny zaloZzené na DCsskiZgenému vyskytu recidivy
onemocgni, a to jak v pipac imunogennich TC-1, tak slabmunogennich TRAMP-C2
naddof. Po aplikaci DCs byla také analyzovana cytotoxickiivita splenocyt ve
snaze identifikovat populaci efektorovych Bkn Tyto buiky byly definovany jako
CD4'NK1.1", coz poukazuje spide na nespecificky terapeutafkitt vakciny na bazi DCs

v tomto nastaveni.

K této praci jsem fispéla nasledov& priprava nadorovych linii oS&nych HHP, msfeni
viability a detekce DAMPs (HSP70, HSP90 a CRT) oarghu nadorovych linii oSi&tnych

HHP pomoci pitokové cytometrie.
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ABSTRACT

Dendritic cell (DC)-based vaccines pulsed with high hydrostatic pressure (HHP)-inactivated tumor cells
have recently been shown to be a promising tool for prostate cancer chemoimmunotherapy. In this study,
DC-based vaccines, both pulsed and unpulsed, were as effective as docetaxel (DTX) in reducing prostate
tumors in the orthotopic transgenic adenocarcinoma of the mouse prostate (TRAMP) model. However, we
did not observe any additive or synergic effects of chemoimmunotherapy on the tumor growth, while
only the combination of DTX and pulsed dendritic cells resulted in significantly lower proliferation high hydrostatic pressure;
detected by Ki67 staining in histological samples. The DC-based vaccine pulsed with HHP-treated tumor immunotherapy; prostate
cells was also combined with another type of cytostatic, cyclophosphamide, with similar results. In another cancer

clinically relevant setting, minimal residual tumor disease after surgery, administration of DC-based

vaccines after the surgery of poorly immunogenic transplanted TRAMP-C2, as well as in immunogenic

TC-1 tumors, reduced the growth of tumor recurrences. To identify the effector cell populations after DC

vaccine application, mice were twice immunized with both pulsed and unpulsed DC vaccine, and the

cytotoxicity of the spleen cells populations was tested. The effector cell subpopulations were defined as

CD4*" and NK1.17, which suggests rather unspecific therapeutic effects of the DC-based vaccines in our

settings. Taken together, our data demonstrate that DC-based vaccines represent a rational tool for the
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treatment of human prostate cancer.

Introduction

Prostate cancer remains the most common diagnosed non-skin
malignancy in elderly men and the second leading cause of can-
cer-related death in Western countries." Up to 40% of men
diagnosed with prostate cancer will eventually develop meta-
static disease, and although most respond to initial medical or
surgical castration, progression to castration resistance is uni-
versal.” Docetaxel (DTX), a widely used chemotherapeutic
drug, has represented the first-line chemotherapy for metastatic
castration-resistant prostate cancer since 2004.> DTX has also
been suggested to have immune enhancing properties against
tumors and was shown to antagonize myeloid-derived suppres-
sor cells (MDSCs) by their polarization toward M1 macro-
phages.* In the past few years, cancer immunotherapy has
made significant strides due to improved understanding of the
underlying principles of tumor biology and immunology.”” It
is an attractive approach to cancer treatment, especially when
combined with other therapeutic modalities such as chemo-
therapy. Synergic effects of combinations of immunotherapy
and chemotherapy have been demonstrated in several pre-clini-
cal and clinical studies.>” Dendritic cells (DCs) are key players
in the immune response as they are able to capture antigens

with their pattern-recognition receptors, to process and present
them to naive T-cells, inducing their activation,'’ and thus
building an essential bridge between innate and adaptive
responses. The possibility of their generation in vitro enabled
their use for immunotherapy of cancer,'"" and several clinical
trials have been performed in the last decade.'>'? The first cel-
lular immunotherapy based on activated peripheral blood
mononuclear cells, Sipuleucel T, has been FDA-approved.'*
Typically, an autologous dendritic cell-based vaccine represents
in vitro cultured dendritic cells loaded with tumor antigens that
can be in the form of tumor cells with subsequent DC matura-
tion. For DC pulsing, tumor cells can be inactivated by different
ways, and selection of the optimal inactivation method can be
crucial for DC vaccine optimization.'>'® High hydrostatic pres-
sure (HHP) has been demonstrated as a method for tumor cell
inactivation preserving their immunogenic capacity'’ and
HHP-treated cells were able to induce monocyte-derived DC
maturation, and DC co-cultured with HHP-treated tumor cells
were able to induce T cell activation in vitro. These results
showed HHP as a convenient tool for tumor cell inactivation
before their use for DC pulsing.'” In our previous work, we
demonstrated, using murine tumor models, that HHP was able
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to induce immunogenic cell death of both TC-1 and TRAMP-
C2 tumor cells, representing murine models for human papil-
loma virus-associated tumors and prostate cancer, respectively.
HHP-treated cells were successfully used for preparation of a
DC vaccine that is based on DC pulsed with HHP-treated
tumor cells inducing high immune responses. In combination
with docetaxel chemotherapy, these vaccines significantly
inhibited not only growth of immunogenic TC-1, but also
poorly immunogenic TRAMP-C2 tumors.'® Here, we investi-
gated the therapeutic capacity of the HHP cell-pulsed DC vac-
cines using a clinically more relevant, orthotopic model for
prostate cancer treatment, transgenic adenocarcinoma of the
mouse prostate (TRAMP) mice, males that spontaneously
develop prostate tumors following the onset of puberty."” We
have also demonstrated the DC vaccine efficacy in a previously
established therapeutic setting, minimal residual tumor disease
after surgery.”**’

Material and methods
Mice

Female heterozygous C57BL/6/TGN TRAMP mice, line PB Tag
8247NG were purchased from The Jackson Laboratory (Bar
Harbor, ME). Transgenic males for the studies were routinely
obtained as [TRAMP x C57BL/6/TGN]F1 or [TRAMP x
C57BL/6/TGN]F2 offspring. The genotypes of TRAMP mice
were confirmed by PCR-based screening using tail biopsies. We
added 0.3 ml 50 mM NaOH to the tail biopsies and incubated
them for 90 minutes at 95°C, neutralized by adding 0.4 ml Tris
buffer (pH 7.2, 20 mM) and centrifuged (4000 g, 3 min). We
prepared aliquots of the master mix (Aptamer hot start master
mix, Top-Bio) for each PCR reaction with primers specific for
the transgene (fw GCGCTGCTGACTTTCTAAACATAAG,
rev GAGCTCACGTTAAGTTTTGATGTGT), for positive con-
trol (fw CTAGGCCACAGAATTGAAAGATCT, rev GTAGG
TGGAAATTCTAGCATCATCC) and finally, we added 2.5 ul
of 10x diluted DNA in water. C57BL/6/TGN (B6) male mice,
6-8 weeks old, were obtained from AnLab Co., Prague, Czech
Republic. Experimental protocols were approved by the Institu-
tional Animal Care Committee of the Institute of Molecular
Genetics, Prague.

Tumor cell lines

The TC-1 tumor cell line (obtained from ATCC collection)
was developed by co-transfection of murine C57BL/6/TGN
lung cells with HPV16 E6/E7 genes and activated (G12V)
Ha-ras plasmid DNA.** TRAMP-C2 tumor cells (obtained
from ATCC collection), MHC class I-deficient, were estab-
lished from a heterogeneous 32-week tumor of the trans-
genic adenocarcinoma mouse prostate (TRAMP) model.*®
TC-1 cells were maintained in RPMI 1640 medium (Sigma-
Aldrich GmbH) supplemented with 10% FCS (PAN Biotech
GmbH), 2 mM L-glutamine and antibiotics; TRAMP-C2
cells were maintained in D-MEM medium (Sigma-Aldrich
GmbH) supplemented with 5% FCS, 5%Nu-Serum IV
(Corning), 0.005 mg/ml human insulin (Sigma-Aldrich
GmbH), 10 nM dehydroisoandrosterone (DHEA, Sigma-

Aldrich GmbH) and antibiotics. Both cell lines were cul-
tured at 37°C in a humidified atmosphere with 5% CO,.

High hydrostatic pressure treatment

Tumor cells were treated by 200 MPa in the custom-made
device (Resato International BV, Netherlands) that is located in
the GMP manufacturing facility, SOTIO, a.s., Prague. This
device allows reliable treatment of tumor cells by the defined
levels of HHP for specified periods of time (10 minutes in the
case of 200 MPa)."”

Dendritic cell preparation

Dendritic cells (DC) were prepared from bone marrow precursors
as described by Lutz ***” with slight modifications.”® Briefly, the
bone marrow cells were cultured for 7 d in the complete RPMI
1640 medium supplemented with 2 x 10~> M mercaptoethanol
(Calbiochem), 10 ng/ml GM-CSF and IL-4 (R&D Systems). On
day 5, the DC were pulsed with HHP-treated tumor cells by 48 h
incubation in a ratio of 2:1 (DC/tumor cells, 10° DC/ml). Some DC
were also left unpulsed. DC pulsed or unpulsed with the tumor cells
were treated for 24 h with unmethylated CpG containing phos-
phorothioate-modified oligodeoxynucleotide CpG ODN 1826 (5’-
TCCATGACGTTCCTGACGTT-3")* at a final concentration of
5 pg/ml (Generi Biotech), that were sulfur-modified in their back-
bone (phosphorothioate) and synthesized under endotoxin-free
conditions. On day 7, non-adherent cells were harvested. These
cells, designated as DC, pulsed or unpulsed, contained approxi-
mately 60-70% CD11c" cells. For mouse therapeutic experiments,
DC were washed twice with PBS and injected subcutaneously (s.c.)
in PBS, 300 121/2 x 10° cells/mouse.

Therapeutic experiments with TRAMP mice

Approximately 8-week-old male TRAMP mice were used for
the therapeutic experiments. In each experiment, 10-12 mice
per experimental group were used. Docetaxel, 30 mg/kg (Acta-
vis) was repeatedly administered on weeks 8, 10, 12 and 14
intraperitoneally (i.p.). Dendritic cells were s.c. administered
on weeks 9, 11, 13 and 15. Tumor growth was followed by pal-
pation. When the animals were 28 weeks old, the experiment
was terminated. Mice underwent autopsy, their genitourinary
tracts (GUT) were dissected and weighed, and fixed in 4% para-
formaldehyde in PBS for 24 h, then embedded and mounted for
histopathology analysis. In case of the combination experiment
where CY treatment was used, CY, 200 mg/kg (Endoxan,
Baxter Oncology GmbH) was administered ip. only once, on
week 8, and the vaccine on weeks 9, 11, 13 and 15. For evalua-
tion of this part, the values of untreated group and the group
treated with pulsed dendritic cells from DTX combination
experiment were used, as allowed by the spontaneous tumor
model.

Treatment of surgical minimal residual tumor disease

To obtain the minimal residual tumor disease after surgery, B6
mice were inoculated s.c. with TC-1 (5 x 10* cells) or TRAMP-
C2 (10° cells). After approximately 28 days, when the
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transplanted tumors reached ~5-10 mm in diameter, the
tumors were excised under i.p. anesthesia, leaving no macro-
scopically visible tumor residuum.’® The hypothetical micro-
scopic tumor residua after surgery were designated as surgical
minimal residual tumor disease. Mice were randomly divided
into 3 experimental groups. One experimental group was left
without treatment as a control group (operated-only mice).
Two groups of experimental mice were s.c. treated with DC-
based vaccines, one group with pulsed and one group with
unpulsed cells (2 x 10° cells/mouse). Vaccines were adminis-
tered on days 7 and 21 in the site of previous tumor surgery. In
one experiment, mice were also pretreated with pulsed DC vac-
cine on day -7 in case of TC-1 surgery and -21, -7 in case of
TRAMP-C2 surgery. Mice were observed twice a week and the
size of the tumors was recorded. Two perpendicular diameters
of the tumors were measured with a caliper and the tumor size
was expressed as the tumor area (cm?).

Histopathology analysis

Morphology of the therapeutic response

Semi-thin sections of 5 um were obtained from 3 different
regions of the dissected tumor and stained with hematoxylin
and eosin in an autostainer (Ventana Symphony, entana Medi-
cal Systems). Analysis for response assessed either diminished
amount tumor infiltrates in the section and/or presence of neo-
plastic cell degeneration, necrosis, or apoptotic bodies. Grading
of the response to different therapeutic regimens was done eval-
uating 3 regions: the primary neoplasm in the dorsal prostate,
the secondary infiltrate in the proximal part of the seminal vesi-
cle, and the tertiary: presence of infiltrate in the distal part of
the seminal vesicle. The scoring system used complete response
(equals 2; includes complete neoplastic cell degeneration in the
respective region), incomplete response (equals 1; partial
degeneration of the tumor) and absence (equals 0; the neo-
plasm is not affected and represents typical morphology) of the
neoplasm in any of the 3 regions evaluated, i.e. the tumor vital-
ity score. A cumulative score of minimum 0 and maximum of
6 was calculated as a sum of individual scores in every single
mouse.

Immunohistochemistry

Immunohistochemistry was performed on sections of the pri-
mary neoplasia to evaluate the Ki67 labeling index. In brief,
3 um thick sections were submitted to automated rehydration,
antigen damasking, and immune reaction in a Ventana Discov-
ery ULTRA automated slide stainer. The variable points in the
procedure are epitope retrieval for 32 min in CC1 buffer (Ven-
tana Medical Systems Tucson AZ; pH 9.0), automatic applica-
tion of anti Ki67 antibody (Clone SP6, 1:500; Thermo
Scientific) at 37 °C for 32 min. The detection was done by a sec-
ondary anti-rabbit polymer system conjugated with peroxidase
(Zytomed GmbH) after its manual application and incubation
in the stainer at 37°C for 32 min. The reaction was developed
by the amino-ethyl-carbazole ready-to-use solution (DAKO) at
37°C for 20 min. Counterstaining was performed by the autos-
tainer using Gill's hematoxylin II. All slides were consecutively
coverslipped in Ventana Symphony using its coverslipper
function.

ONCOIMMUNOLOGY €1362528-3

Immunohistochemistry evaluation and scoring

Scoring was done using quantitative and qualitative approach.
In brief, 5 individual high power fields (40fold magnification)
were analyzed for presence of Ki67-positive reaction by manual
counting of 4 different intensity levels: negative (0), weakly pos-
itive (1), moderately positive (2) and strongly positive (3) as a
normalizer the total count of the nuclei in every respective field
was counted. At least 250 cells were counted per field. The score
was calculated as a proportion of the maximum possible score
per field, meaning as sum of the individual cell numbers multi-
plied by their group intensity (n; x0, for negative cells; n, x1 for
weak positive cells; n; x2 for moderate positive and n, x3 for
strong positive cells), divided by the maximum score per field:

nl.0+n2.1+n3.2+n4.3

S =
core 2(nl,2,3,4).3

Flow cytometry

Expression of cell surface molecules on the DC was determined
by flow cytometry. The expression of CD11c, MHC class II,
and CD86 was analyzed using the following antibodies: APC
anti-CD11c¢ (HL3), FITC anti-MHCII (AF6-120.1) and PE
anti-CD86 (GL1) (RB6-8C5). The percentage of CD44" CD62
L~ of CD8" and CD4" lymphocytes in splenocytes from
immunized mice was determined by flow cytometry using the
following antibodies: PE anti-CD44 (IM7), APC-CY7 anti-
CD62L (MEL-14), PE-CF594 anti-CD8 (53-6.7), and FITC
anti-CD4 (RM4-5). Relevant unspecific isotype controls were
used. All products were purchased from BD Biosciences. FACS
analysis was performed using an LSR II flow cytometer (BD
Biosciences) and analyzed by FlowJo 7.6.5 software.

Immunization/challenge experiments with dendritic cells
Mice, 3 animals per group, were twice immunized with 2 x 10°
cells of pulsed and unpulsed DC-based vaccine in a 2-week
interval. Control mice received vehiculum only. Ten day after
the second immunization, mice were killed, single-cell suspen-
sions from the spleens were prepared and the cells were used
for further analysis by FACS, chromium release assay, and
ELISPOT.

Chromium release microcytotoxicity assay

The cytolytic activity of effector cells was tested in 18 h *>'Cr
release assay, as described earlier.”"*" Briefly, spleen cells from
control and immunized mice that served as effector cells were
treated with ammonium chloride-potassium lysing buffer (1
min) to deplete erythrocytes. The mixtures of effector cells with
relevant *'Cr-labeled tumor targets were incubated in selected
target/effector cell ratios (1:25, 1:50, 1:100, 1:200) in triplicate
in 96-well round bottom microtiter plates (Nunc). The percent-
age of specific °'Cr release was expressed according to the for-
mula: [cpm experimental release — cpm control release / cpm
maximum release /cpm control release] x 100.

For depletion of selected spleen cell subpopulations, 5 x 10
and 2.5 x 10° spleen cells/well were seeded in 96-well round
bottom microtiter plates (Nunc) and incubated for 1 h at 37°C
with 5 pg/ml of anti-CD8 (2.43), anti-CD4 (GK1.5) or anti-NK
1.1 (PK136) antibodies (EXBIO) with addition of the same
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volume of RPMI 1640 media and Baby Rabbit Complement
(Cedarlane) diluted according to the manufacturer’s instruc-
tion. After the incubation, plates were washed 2 times with
RPMI 1640 and used for the microcytotoxicity assay.

For positive selection of effector cells, CD8-positive, CD4-
positive and NKI1.1-positive cells from the spleens of immu-
nized animals were isolated using anti mouse CD8 (Ly-2) CD4
(L3T4), or CD49b (DX5) NK1.1 antibodies conjugated to mag-
netic MicroBeads (Miltenyi Biotec), in accordance with the
manufacturer’s instructions, as described previously.’>** Cell
separation was performed with the autoMACS system (Milte-
nyi Biotec). The purity of cells was verified by FACS analysis.
The percentage of CD8", CD4" and NKI1.17 cells achieved
86-91%. 5 x 10° and 2.5 x 10’ spleen cells/well were seeded in
96-well round bottom microtiter plates (Nunc) and used for
microcytotoxicity assay.

ELISPOT

To determine the amount of IFNy-secreting cells, an ELISPOT
kit for detection of murine IFNy (BD Biosciences) was used.
Spleen cells were cultured for 48 h and then placed into the
wells of ELISPOT plates (concentration 1 x 10° 5 x 10%
5 x 10° cells/well) for 24 h. The plates were then processed
according to the manufacturer’s instructions (BD Biosciences).
Colored spots were counted with CTL Analyzer LLC (CTL)
and analyzed using the InmunoSpot Image Analyzer software.

Statistical analyses

For statistical analyses of in vitro experiments, Student’s t-test
was used. For evaluation of in vivo experiments, Analysis of
Variance (ANOVA) from the NCSS, Number Cruncher

A TRAMP

o O

DTX % DC = DTX % DC 3

Statistical System (Kaysville, Utah, USA) statistical package was
used. Standard deviations are indicated in the figures.

Results

Combined chemoimmunotherapy of TRAMP mice with
docetaxel and DC-based vaccine inhibited tumor growth

The therapeutic efficacy of HHP-treated tumor cell-pulsed or
unpulsed matured DC used either as monotherapy or in combina-
tion with the DTX treatment was tested in TRAMP mice. Approxi-
mately 8-week-old male TRAMP mice were repeatedly treated
with DTX alone, antigen-pulsed or unpulsed DC-based vaccine, or
with their combination (Fig. 1A). Tumor growth was verified by
palpation and 28 weeks old mice were autopsied. The tumor devel-
opment was quantified by genitourinary tract weight evaluation, as
well as by scoring of the therapeutic response using histopathology
analysis. As can be seen in Fig. 1B, genitourinary tract weights
expressed as weight GUT per mouse body weight were significantly
decreased after the treatments with DTX or both DC pulsed with
HHP-treated tumor cells and unpulsed ("P<0.05). Combined che-
moimmunotherapy using DTX and DC vaccines also resulted in
significantly decreased GUT weights. However, we did not observe
any additive or synergic effects of the combined treatments. Thera-
peutic responses were confirmed by histopathology scoring of the
neoplasms analyzed in 3 different positions of the primary site,
proximal part of the seminal vesicle and distal part of the vesicular
gland, as described in Material and Methods. Histopathology eval-
uation showed a significantly higher therapeutic response to DC-
based vaccine, both pulsed and unpulsed, as well as to their combi-
nation with DTX (Fig. 2A). Figure 2B shows representative pictures
of scoring. The trend toward less advanced cancer was also

DTX % DC +. DTX % DC

Week 0 8 9 10

0.254

0.204

0.154

0.05q

Weight of GUT/mouse body weight

0.00

4/ —>

1 12 13 14 15 28 (autopsy)

Figure 1. Combined chemoimmunotherapy of TRAMP mice with docetaxel and DC-based vaccines. (A) Approximately 8-week-old male TRAMP mice were treated with
DTX alone (30 mg/kg), pulsed or unpulsed DC-based vaccines (2 x 10° cells/mouse), or with their combination. (B) Dotplots of GUT expressed as weight of genitourinary

tract (GUT) per mouse body weight. *P<0.05 vs. control (t-test).
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Figure 2. Histopathology analysis of TRAMP mice treated with docetaxel and DC-based vaccines. (A) Quantitative analysis of therapeutic response scoring in TRAMP mice
treated with docetaxel and DC-based vaccines. (B) Representative pictures of scoring. (C) Ki67 labeling index and representative pictures of all treated groups and

untreated control (D). *P<0.05 vs. control (t-test).

confirmed by immunochemistry focused on tumor cell prolifera-
tion. As shown in Fig. 2C, the Ki67 labeling index in the group
treated with DTX in combination with the pulsed DC vaccine was
the only significantly lower index when compared with untreated
controls. Figure 2D shows representative pictures of Ki67 staining
of the samples from all treated groups and untreated group.

Chemoimmunotherapy of TRAMP mice with
cyclophosphamide and pulsed DC-based vaccine inhibited
tumor growth

For comparison, the therapeutic efficacy of HHP-treated tumor
cell-pulsed matured DC was thereafter tested in the TRAMP
model using a combination with another cytostatic agent, cyclo-
phosphamide. Approximately 8-week-old male TRAMP mice
were treated either with CY alone using a previously optimized
therapeutic scheme,” or in combination with the pulsed DC-
based vaccine (Fig. 3A). As can be seen in Fig. 3B, after the treat-
ment with CY or pulsed DC-based vaccine, or after their combi-
nation as well, genitourinary tract weights expressed as weight of
genitourinary tract (GUT) per mouse body weight significantly
decreased ("P<0.05). Therapeutic responses were confirmed by
histopathology scoring of the neoplasms. The histopathology
evaluation surprisingly showed a significantly higher therapeutic
response in groups treated with monotherapy (both CY and
DC), while the therapeutic response score in the combination
group did not reach the statistical significance (Fig. 3C).

Immunotherapy of surgical minimal residual tumor
disease of TC-1 and TRAMP-C2 tumors with DC-based
vaccine inhibited growth of recurrent tumors

The therapeutic efficacy of HHP-treated tumor cell-pulsed or
unpulsed matured DC was then tested in the therapeutic set-
ting when immunotherapy with DC-based vaccine was used
for the treatment of surgical minimal residual tumor disease
of TC-1 and TRAMP-C2 tumors. Mice were s.c. transplanted
with TC-1 or TRAMP-C2 and underwent tumor excision
when the transplanted tumors reached ~5-10 mm in diame-
ter. The DC-based vaccine was administered one and three
weeks after the surgery. In selected experiments, mice were
pretreated with DC 7 d before surgery (or in case of
TRAMP-C2 also 21) (Fig. 4A). Figure 4B indicates that the
growth of tumor recurrences of poorly immunogenic
TRAMP-C2 tumors was inhibited by both unpulsed and
pulsed DC-based vaccines. Similar results were obtained for
the immunogenic TC-1 tumor model (*P<0.05 vs. control)
(Fig. 4C). Interestingly, the therapeutic effect of the
vaccine was abolished by DC vaccine pretreatment in both
TRAMP-C2 and TC-1 tumor models.

Analysis of splenocytes from mice immunized with pulsed
and unpulsed DC vaccines

As both pulsed and unpulsed DC-based vaccines displayed
similar anti-tumor effects, we characterized the immune
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Figure 3. Combined chemoimmunotherapy of TRAMP mice with CY and DC-based vaccines. (A) Approximately 8-week-old male TRAMP mice were treated with CY alone
(200 mg/kg), pulsed DC-based vaccine (2 x 10° cells/mouse), or with their combination. (B) Dotplots of GUT expressed as weight of genitourinary tract (GUT) per mouse
body weight. (C) Quantitative analysis of therapeutic response scoring in TRAMP mice treated with CY and DC-based vaccines. “P<0.05 vs. control (t-test).

effector cell subpopulations. Mice were twice immunized with
2 x 10° cells of DC-based vaccine, both pulsed and unpulsed
with HHP-treated TRAMP-C2 or TC-1 tumor cells, in a 2-
week interval. Ten days after the second immunization, spleen

cells were used for further analysis by FACS, chromium release
assay, and ELISPOT. In vitro analyses of the spleen effector
cells depleted with antibodies against CD8, CD4 and NK1.1
showed no difference between the groups immunized by pulsed
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Figure 4. Immmunotherapy of surgical minimal residual tumor disease of TC-1 and TRAMP-C2 tumors with DC-based vaccine. (A) Mice were inoculated s.c. with TC-1 (5 x
10* cells) or TRAMP-C2 (10° cells). When the transplanted tumors reached ~5-10 mm in diameter, the tumors were excised. DC-based vaccines (2 x 10° cells/mouse)
were administered on days 7 and 21 after surgery (left panel). In the case of pretreatment, DC-based vaccines (2 x 10° cells/mouse) were additionally administered on
days -7 (TC-1, TRAMP-C2) and -21 (TRAMP-C2) before surgery (right panel) (B) Growth of TRAMP-C2 tumor recurrences after treatment with unpulsed and pulsed DC-
based vaccine (left panel) and the growth of TRAMP-C2 tumor recurrences after pre-treatment or treatment with pulsed DC-based vaccine (right panel). (C) Growth of
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Figure 5. Analysis of splenocytes from mice immunized with pulsed and unpulsed DC-based vaccine. Mice were immunized 2 times in a 2-week interval with 2 x 10° DC
pulsed with HHP-treated TC-1 or TRAMP-C2 tumor cells. Ten days after the last immunization, pooled splenocytes of 3 mice were used for in vitro analysis. (A) 1Cr micro-
cytotoxicity assay of depleted splenocytes («CD8, «CD4, «NK1.1) from mice immunized with DC-based vaccines unpulsed or pulsed with HHP-treated TRAMP-C2 tumor
cells or (B) TC-1 tumor cells. (C) The number of IFNy-producing cells (ELISPOT assay). (D) Percentage of CD44" CD62L~ of CD8" lymphocytes or CD4* lymphocytes in
splenocytes from mice immunized with pulsed or unpulsed DC-based vaccines. “P<0.05 vs. control. Statistical significances were determined by Student’s t-test. Results

are representative of 2 independent experiments.

or unpulsed DC, suggesting induction of unspecific immune
responses. The cytotoxic effect was mediated by CD4" and
NK1.1" effector cell subpopulations (Fig. 5AB). Both mice
immunized with DC unpulsed and pulsed with HHP-treated
tumor cells (TRAMP-C2 or TC-1) displayed significantly
increased numbers of IFNy-producing cells detected by the
ELISPOT assay (Fig. 5C). On the other hand, flow cytometry
analysis of the spleen cells (Fig. 5D) revealed that the percent-
age of effector memory T cells (CD44" CD62L~ of CD8" and
CD4™" T lymphocytes) in the spleens from mice immunized
with pulsed or unpulsed DC vaccines was significantly
increased. The results obtained in immunization experiments
using the TRAMP-C2 model were comparable with the results
of experiments using the TC-1 tumor model. These results sug-
gest rather unspecific therapeutic effects of the DC-based vac-
cines in our settings, mediated by NK1.1* and CD4" spleen
cells as the effector cell population.

Discussion

We have recently demonstrated that the DC-based vaccine
loaded by co-culture with stressed, HHP-treated tumor cells
inhibited growth of both transplanted syngeneic tumors
TRAMP-C2 and the TC-1 tumors.'"® Further, we have
observed additive-synergic effects with chemotherapy in this
setting. In this study, we assessed the therapeutic capacity of
this cellular vaccine using a clinically more relevant TRAMP
transgenic murine model, which spontaneously developed

prostate tumors. Using this experimental model, the DC
vaccine was able to slow down the tumor growth when used
either as monotherapy or in combination with DTX chemo-
therapy to the same extent as DTX alone. Indeed, in all these
treatment settings, immunotherapy and chemotherapy only,
as well as combined chemoimmunotherapy, we observed
significant tumor growth inhibition when compared with the
untreated tumor-bearing animals. Similar results were
obtained when the DC vaccine treatment was combined with
another chemotherapeutic agent, CY. These results suggest
that the DC therapeutic vaccination is effective when used as
monotherapy during long-term tumor development, with an
efficacy corresponding to the effects of chemotherapy. On the
other hand, in this model we did not observe any additive of
synergic effects when combined with immunotherapy,
according to the GUT weight analysis, in contrast to the ther-
apy of small transplanted tumors. We have to consider that
the long-term development of spontaneously arisen tumors
differs from the relatively fast growth of transplanted tumors.
However, our cell proliferation analysis indicates that com-
bined DTX chemotherapy with the Ag pulsed DC vaccine can
be beneficial in the later stages of the tumor growth. So far,
only a few studies focused on the DC-based immunotherapy
have been performed in TRAMP mice. Ricupito et al. have
shown that DC pulsed with the SV40 T Ag-derived immuno-
dominant peptide Tagyp4_4;; restored immune competence
and induced tumor shrinkage in TRAMP mice that had been
previously sublethally irradiated and subjected to HSCT from
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congenic females and received donor lymphocyte infusions
from female donors presensitized against male antigens.™

Further, we compared the therapeutic effectiveness of the
DC vaccines either pulsed with the HHP-treated TRAMP-
C2 cells or unpulsed. We noticed no significant differences
in the GUT size when these 2 different vaccines were used.
As mentioned above, the only difference was seen in histo-
logical analysis focused on Ki67 positive replicating cells, in
which tumors treated with the DTX and pulsed DC combi-
nation displayed significantly lower proliferation. These
results suggest that the effective anti-tumor immune
responses elicited by the DC-based vaccination are either
unspecific, or that the specific immunity is induced by in
vivo antigen processing and presentation after DC adminis-
tration. Our analysis of the spleen cells from mice immu-
nized with pulsed or unpulsed vaccines documents that the
major effector cells belonged to the NK1.1" and CD4" pop-
ulations, and cytotoxic tests revealed non-specificity of
effector cells. Notably, tumor surveillance dependence on
NK cells in TRAMP mice has been demonstrated,” and
our data support the idea that engagement of activated NK
cells can be crucial for DC vaccine-induced antitumor
irnmunit}f.36'38

On the other hand, our data showing that the proliferation
capacity of tumor cells was lower in tumors from animals
treated with the combination of pulsed DC and chemotherapy,
compared with all other treatment combinations, indicate the
potential beneficial effect and specific immunity induction in
the long-term perspective.

However, the therapeutic potential of the Ag-unloaded DC
remains a controversial topic in tumor immunology. In our
laboratory, we have previously investigated both pulsed and
unpulsed bone marrow-derived DC prepared by the protocols
similar to that used in this study in several settings and we
found that unpulsed DC were effective in some therapeutic set-
tings,” while in immunization-challenge protocols the protec-
tive effects were seen on mice treated with pulsed DC only.*

In a second experiment focused on DC-based immunother-
apy combined with chemotherapy using TRAMP mice, we
evaluated the efficacy of the DC treatments combined with CY.
In these experiments, we used the setting in which CY that was
administered once in a dose that displayed antitumor effects in
previous experiments.’® It is noteworthy that this treatment
leads to induction of myeloid-derived suppressive cells that are
potent inhibitors of T cell and NK cell proliferation.”* This
could explain the fact that the results with CY combination
were not as convincing as those with DTX. Contrary to CY,
DTX is a chemotherapeutic that is able to efficiently inhibit
myeloid-derived suppressor cells.* The character of the tumor
microenvironment, meaning its immunosuppressive status,
might have influenced the effect of the immunotherapy used.

The effectiveness of both pulsed and unpulsed DC vaccines
observed in the TRAMP model was also demonstrated using
the clinically relevant model for therapy of minimal residual
tumor disease after surgery. The only situation in which the
vaccine did not bring any effect was the scheme in which the
vaccine was also used before surgery and this administration
abolished the effects of subsequent post-surgery vaccinations. It
corresponds with our previous results using a murine model

that the treatment before surgery with irradiated IL-2 produc-
ing tumor cells used as a cellular vaccine was without effect.*
These facts show that proper timing of DC vaccine administra-
tion (or immunotherapy in general) and surgery can be crucial
for the final therapeutic output. Notably, in humans, possible
clinical benefit has been suggested for adjuvant immunotherapy
using autologous DC loaded with autologous tumor lysate after
revision in patients with relapsed glioblastoma multiforme. *'

Collectively, our data indicate that DC-based immunother-
apy, either using DC loaded with HHP-treated tumor cells or
unpulsed DC, was effective against spontaneously developing
prostate tumors, as well as in the model for therapy of minimal
residual tumor disease. The fact that the unpulsed DC were
also effective can be advantageous and justify the therapeutic
use of dendritic cells loaded with a spectrum of antigens that
might not be overlapping with the antigens expressed in grow-
ing tumors. On the other hand, our data do not exclude the
possible superiority of DC loaded with HHP-treated tumor
cells, and their possible long-term effect has to be particularly
considered.
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5.7. Sumarizace literarnich poznatk o vyznamu CRT pro klinicky pruabéh

nadorovych onemocgni

Bunécnd smrt niZze byt v zavislosti na @atenim stimulu bd imunogenni nebo
neimunogenni. Imunogenni vlastnosti umirajiciché¢kysou gevazré zprostedkovany tzv.
DAMPs. Tyto molekuly jsou rozpoznavangznymi receptory na povrchu APCs a podporuji
prezentaci nadorovych antigem lymfocytim. Sodasné poznatky ukazuji, Zze CRT je jednou
z klicovych DAMP molekul utujicich imunogenni potencial umirajicich Bknak in vitro,
faktor asociovany s aktivaci protinddorové imunadpowdi a lepSi prognézou wkterych
typa nddorovych onemo¢ni. Hlavnim cilem tohoto fighledovéhatlanku bylo popsat rol
CRT v buré¢ném stresu zprastdkovaném ER a shrnout $asné informace o prognostické a

prediktivni roli CRT pro klinicky piibéh nddorovych onemogni.

K této praci jsem fispéla nasledov& priprava obrazk a tabulek do manuskriptugast na

revizi manuskriptu.

Vzhledem k tomu, Ze se jedna tepled literarnich poznaik neni tato publikace v dizetta

praci giloZzena.
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5.8. Sumarizace literarnich poznatk zabyvajicich se kombinovanym
pristupem I&by nadorovych onemocgni zaloZzené na spojeni imunoterapie

na bazi dendritickych bunék s chemoterapii

Dendritické buiky hraji zasadni roli v iniciaci a regulaci protittdove imunitni odpasdi a

z tohoto divodu byly intenzive testovany pro pouZziti v rdmci imunoterapie nadgobv
onemocgni. | kdyz rektere klinické studie zaznamenaly povzbudivé vylsjedbecr nejsou
tato data konzistentni. Z tohotaivibdu byly navrZzeny strategie vedouci potenciake
zvySeni Klinické dginnosti vakcin zaloZzenych na DCs. Jednou ze sifatgg mohla byt
kombinace s protinadorovymi latkami, které majiexgické funkce a tedy schopnost posilit
funkéni kapacitu DCs. Bkteré cytotoxické latky maji potencial duprimo indukovat
maturaci DCs nebo mohou DCs stimulovatiii@p prostednictvim ICD nadorovych buh.
Navic vybrana chemoterapeutika mohou narusit imumiesivni nadorové mikroprasti
selektivni depleci nebo inhibici regédch subpopulaci imunitnich b&ky jako nap. MDSCs
(myeloid-derived suppressor cells) a Tregs, cdzanvést k posileni adaptivni protinadorové
imunitni odpo¥di indukované DCs. Hlavnim cilem bylo shrnout d@sini poznatky tykajici
se schopnosti protinddorovych chemoterapeutik noaéidl fenotyp a funkce DCs a také
poskytnout pehled probihajicich klinickych studii hodnoticialnunoterapii na bazi DCs

v kombinaci s chemoterapii u onkologickych padient

Vzhledem k tomu, Ze se jedna tepled literarnich poznaik neni tato publikace v dizetta

praci giloZzena.
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6. DISKUZE A ZAV ER

Tato dizertani prace tématicky pojednava o ICD a jejim vyznaruaktivaci protinddorové
imunitni reakce. Pdadu let byla klasifikace bétiné smrti z pohledu dopadu na imunitni
systém velice zavéici. Zatimco apoptdza (definovana na zakladorfologickych znak)
byla povazovana za fyziologicky, regulovany a neiogenni dj, na nekrézu bylo pohlizeno
jako na patologickou, nekontrolovanou a imunogdonu burgéné smrti. Tento pohled je
dnes jiz zastaraly a je jasné, Zeiky umirajici regulovanou bgétinou smrti mohou také
vykazovat znaky nekrozy, existuji regulované formgkrozy @astnici se vyvoje a
remodelace tkani a apoptotické nky mohou stimulovat antigen-specifickou imunitni
odpovd’ (Galluzzi et al., 2015). Jednim #dledki této zngény konceptu je, Ze standardni
piistup (i zjiStovani, zda se jedna o ICD, se jiZz nespoléha naatogitké a biochemické
charakteristiky umirajicich bgk, ale spiSe sgiva v mySich vakcinmich experimentech
dokazujicich imunostimutai (inky ICD invivo (Kepp et al., 2014).

Imunogenicita nadorovych bék je jednim ze zakladnich redpoklad efektivni
protinadorové imunitni reakce. Jak jiz bylo opak@vamirgno v celém textu, dhem
imunogennich forem bétné smrti dochazi k vystaveni ngrgjSich DAMPs a dalSich
imunostimul&nich molekul na plazmatickou membranu nadorovycméku pogipads

k jejich sekreci nebo uvodni do extracelularniho prastdi. Tyto molekuly maji potencial
stimulovat buiky vrozené imunity jako DCs a makrofagy, coz napledidiciaci terapeuticky
relevantni adaptivni imunitni odp&di (Garg et al., 2015b). V uplynulych letech byla
objevenarada latek a modalit se schopnosti indukovat IC2n8e €chto induktot je jiz
pongrné Siroky a zahrnuje jak chemoterapeutikaktaré latky cilené protinadorové terapie,
patogeny (naip viry), tak i fyzikalni modality (viz kapitola 2.2.).

My jsme v ramci této prace identifikovali HHP jakednu z dalSich modalit indukujicich

ICD. Néadorové bilky oSetené HHP vystavuji/sekretuji/uvalji klicové imunostimuléni
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DAMPs (HSP70, HSP90, CRT, ATP a HMGB1), jsou ryckgocytovany DCs a maji
schopnost je aktivovat (upregulace exprese CD8336C® HLA-DR a zvySeni produkce
prozartlivych cytokini IL-6, IL-12p70 a TNFe). Dendritické biiky pulzované nadorovymi
buinkami oSetenymi HHP indukuji zvySenou proliferaci a produktfN-y antigen-
specifickymi CD4 a CD8 T lymfocyty. Tento koncept byl @ven takéin vivo pomoci
experimentalnich mysSich modelProtektivni imunizace mysSi pomoci nadorovych dxun
oSetenych HHP vede k aktivaci CD4a CD8 T lymfocytarni odpowdi, kterd vede ke
zpomaleni #istu nadoru a delSimurgzivani mysSi (Fucikova et al., 2014, Moserova et al
2017). Podobnén vitro a in vivo imunostimuléni efekty byly také pozorovany wipad
nadorovych bugk oSetenych dalSimi induktory ICD jako napantracykliny, mitoxantronem
(Panaretakis et al., 2009) a hyp-PDT (Garg et28112b). Vyhodou HHP je, Ze ithe byt
pouZzit pro standardizovanouipravu velkého mnozstvi imunogennich nadorovychékun
v GMP podminkach. Tato modalita je gasti vyrobniho protokolu vakciny zaloZzené na DCs
pro imunoterapii karcinomu prostaty, ovarii a plidera je testovana v ramcickolika
probihajicich klinickych studii faze Il a Ill (Paatil et al., 2015).

Zatimco mechanismy vedouci k emisi DAMPs indukovaag. antracykliny a hyp-PDT
zahrnuji pedevsim rozvoj intenzivniho b&tného stresu zavislého na produkci ROS a stresu
ER (Garg et al., 2012b, Obeid et al., 2007b), digace nezbytna pro tento proces je
v pripact HHP kompletd nezndmé. NasSim dalSim cilem proto bylo identiféosignalizani
drahy vedouci k translokaci CRT, jedné zd&liych DAMP molekul asociované s ICD, na
povrch nadorovych buk v disledku oSéeni HHP. Zjistili jsme, Ze tento proces je, poddbn
jako u antracyklif, zavisly na nadprodukci ROS, indukci stresu ERjapEho s aktivaci
PERK kinazy a fosforylaci elle2 a aktivaci kaspazy 8. Novym zgg&im bylo, Ze vystaveni
CRT na buaé¢ny povrch indukované HHP zavisi také na aktivasipéaey 2 (Moserova et al.,

2017). Redchozi studie ukazaly, Ze¢geni kaspazy 2 tike byt v zavislosti na kontextu
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indukovano v dsledku produkce ROS nebo stresem ER (Prasad €086, Upton et al.,
2008). V tuto chvili neni jasné, jak kaspaza 2 hgigutranslokaci CRT na plazmatickou
membranu, ale lokalizace této kaspazy v ER a Golgiparatu napovida, Ze by se mohla
Gcastnit mechanisthbungéného transportu.

| kdyZz existuje shoda, Ze transport CRT na &uog povrch je zavisly fedevSim na
proteinech Gastnicich se stresu ERjepné molekularni mechanismy se mohou mezi
jednotlivymi induktory ICD liSit. To samé plati tékpro dalSi faze tohoto procesu, jako je
aktivace proapoptotickych protéira anterogradniho transportu. Proto mohou byt jéidgo
molekularni determinanty ICD roZény na ty, které jsou spaieé pro vSechny ICD
induktory a ty, které jsou specifické pouze prdityrkonkrétni ICD induktor (Garg et al.,
2015b). Napiklad PERK kinaza je povazovana za nepostradatedigmaliz&ni komponentu
pro vSechny stimuly vyvolavajici ICD. Naopa&které komponenty, které jsou nezbytné pro
ICD indukovanou #kterymi latkami (nap fosforylace elF&, zvySeni cytoplazmatické
koncentrace CA nebo aktivace kaspazy 8 pro antracykliny), nerhtdi roli v indukei jinymi
latkami (Garg et al., 2012b, Obeid et al., 2007ly}o0 poznatky ukazuji, Ze translokace CRT
na plazmatickou membranu jeisledkem s heterogennich signalizaich drah, z nichz
nekteré jsou spolaé pro fizné induktory ICD, jiné zavisi na kontextu a typwelavajiciho
stimulu.

Experimentalni data charakterizujici ICD a popygji dopad na hiky imunitniho systému
byla pevazri ziskanan vitro na lidskych a mysich nadorovychiiach ain vivo na mysich
modelech. | kdyZ je &tSina z dosud popsanych induktdiCD pouzivana v klinické praxi,
dukazy o schopnostiéehto latek navodit ICOnN vivo u lidi jsou stale omezené. Vysledky
nejnowjSich preklinickych studii ukazuji, Zeckteré DAMPs a parametry asociované se
signalizaci vedouci k jejich sekreci/uvehi/vystaveni (nafp fosforylace elF&, sestih

MRNA kodujici XBP1, vysoka hladina GRP78, atd.) mohmit u onkologickych pacieint
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prognosticky nebo prediktivni vyznam (Fucikova &t 2015). Vysok& exprese celkového
CRT v malignich biikdch napiklad koreluje s lepSi prognézou paciestneuroblastomem,
glioblastomem, karcinomem plic a kolorektalnim kaoenem (Fucikova et al., 2016a, Hsu et
al., 2005, Muth et al., 2016, Peng et al., 201@ddPate mére¢ studii se zabyvalo vlivem
DAMPs transportovanych na btimou membranu vigledku proces asociovanych s ICD.
Hlavnim cilem dalSi prace proto bylo zjistit, zdapacient s AML létenych imunogenni
terapii na bazi antracyklindochazi k translokaci DAMPs, konkrét@RT, HSP70 a HSP9O,
na povrch malignich blasta zda pitomnost ¢&chto molekul koreluje s imunitni odpé&di a
prognézou &chto pacient. Ukazali jsme, Ze maligni blasty vystavuji na piatické
membrag CRT, HSP70 a HSP90 nezavisle na chemoterapii.eTpravépodobr dano
obecr vysokou mirou ER stresu v blastech, protoze mrdoZSRT na blastech AML
pacienti je asociovano se signifikartnyssi expresi ATF4, HSPAS, DDIT3, gekddujicich
proteiny zw@astréné v tomto procesu (Fucikova et al., 2016c). Poddiylo ukazano, ze
translokace CRT na povrch AML bléaskoreluje s mirou fosforylace eleZWemeau et al.,
2010) a je také usledkem aktivace mechani8mER stresu zavislych na aktivaci
transkrigniho faktoru ATF6 (Schardt et al., 2009). Zasadaji$tenim vyplyvajicim z nasi
studie bylo, Ze vy38i mnozstvi povrchového CRT tpomi koreluje s mnozstvim
cirkulujicich T lymfocyfi specifickych pro antigeny asociované s leukénoiz, maznauje, ze
povrchovy CRT napomaha iniciaci protinadorové inminiodpo¥di u AML pacient.
Pritomnost CRT na malignich blastech je navic asd@aiavs delSi dobouigriti €chto
pacienti (Fucikova et al., 2016c). V budoucnosti by bylgimavé zjistit, jestli nize mit
zvySeny imunogenni potencial blastesoucich vyssi mnozstvi CRT na povrchu také ndiv
schopnost AML paciefit Iiépe odpovidat na imunoterapii. Je ipba zminit, Ze vysledky
studii hodnoticich prognostickou a prediktivni r6IRT nejsou jednoziaé. Ztady studii

totiz vyplyva, ze pitomnost CRT je spiSe spojena s horSi prognézomoaeEni (Fucikova et
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al., 2018). U paciefts karcinomem Zaludku a pankreatu koreluje exp@R€& nagiklad se
zvySenou angiogenezi, invazivitou a proliferaci orédych bugk (Chen et al., 2009,
Matsukuma et al., 2016). Podabm pacieni s karcinomem mimvého néchyke a lymfomem
pla¥ovych burk je pfitomnost CRT asociovana s horsi prognézou onesmd¢hao et al.,
2010). Tyto vysledky odrézi intracelularni funkc®T; které jsou tlezité zejména pro
udrzeni zrychleného anabolického metabolismu nagetoburgk (Galluzzi et al., 2013) a
dale také fakt, Zze translokace CRT na plazmatickmmbranu je obeé&nasociovana se
zvySenou expresi CD47, &tivé molekuly inhibujici fagocytézu (Chao et al., 1]
Nejednoznénost dat plati také pro dalsi DAMPs (HSPs, HMGBTIPAIFN I. typu, atd.) a
parametry asociované se signalizaci vedouci khjejakreci/uvoldni/vystaveni (Fucikova et
al., 2015). Tento fakt zavisi ngadt faktoni, z nichZz stoji za zminku fedevSim typ
nadorového onemoeéni, stadium, |&a a sloZzeni nadorového mikroptesti (burcné
slozeni, imunitni infiltrat, Ftomnost imunosupresivnich populaci imunitnich dkin
cytokinové slozeni, ifitomnost zdraj energie atstovych faktoé,, hypoxie, rozdilna reakce
nadofi na stres ER, atd.). V neposledai¥ také zalezi na fgobu detekce jednotlivych
DAMPs (PCR, western blot, imunohistochemie, ELIPAitokova cytometrie, atd.) a na tom,
zda byla hodnocena celkova exprese (na urovni mR&l#o proteinu) DAMPs v nddorovych
buinkach, gitomnost solubilnich forem v séru nebo pouze frakggtavena na plazmatické
membrag v disledku proces asociovanych s ICD (Fucikova et al., 2015). Irgtakarni
funkce proteid zaazenych do kategorie DAMPs se totiz mohou od jefigtracelularnich
funkci zna&ng liSit. Jako piklad mizeme uvést intracelularni HSPs, které se Waphapise
cytoprotektivnimi vlastnostmi a schopnosti inhibbbapoptézu. Naopak extracelularni nebo
membrano¥ vazané HSPs Ggobi na nador supresivndiky silnym imunostimulénim
vlastnostem (Tesniere et al.,, 2008). Nicehdato data nazraji, Ze racionalni fistup

v monitorovani &hto paramefr by v budoucnu mohl napomoci stratifikovat pacienty
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rizikovych skupin a videalnim ffpadt predikovat pitbéch onemoc#ni a odpo¥d na
dostupnou |&bu.

Poznatky tykajici se DAMPSs, jejich dopadu nanku vrozené imunity a potencialniho
vyznamuin vivo u pacieni s nadorovym onemoénim by také mohly byt vyuZity pro design
imunoterapeutickych protokipl véetns imunoterapie na bazi DCs. Dendritickénky se od
svého objevu staly slibnym nastrojem v imunoteragidorovych onemoéni. Na rozdil od
chemoterapie nebo terapie monoklonalnimi protildikaa cytokiny, monoterapie
dendritickymi buikami WtSinou nevyvolavd zvazné toxické vedlej8inky a je pacienty
dolie snaSena. Pro zvysSeni klinickéininosti DC vakcin je proces vyroby DCs neustéle
optimalizovan a standardizovan. Velicéle¥itym aspektem ovliwjicim kvalitu DCs je
vybér vhodného zdroje antigenu, ktery je pouzit prozpal DCs vramci vyrobniho
protokolu. Jednim takovym zdrojem jsou inaktivovanélé nadorové Hiky, jejichz
imunogenicita hraje vyznamnou roli v aktivaci DCg.rack preklinickych nadorovych
model bylo ukazano, Ze metoda inaktivace nadorovychébunize zasadh ovliviiovat
schopnost imunoterapie zaloZzené na DCs stimulok@in@dorovou imunitni odp@d’ in
vivo (Vandenberk et al., 2015). Vzhledem k filaha ¢asové narénosti vyrobniho procesu
imunoterapeutického ffpravku zaloZzeného na DC jsme se v dalSi studii ¢iirma
optimalizaci zkraceného vyrobniho protokolu DCsrdRaavali jsme fenotyp a funkce DCs
diferencovanych po dobu 3 dni s DCs vyrobenymiifdestanym protokolem Bhem 5 dni
(standardni DCs) v GMP médiu CellGro. Dendritickéky mély v obou gipadech stejnou
schopnost pohlcovat nadorovénky oSetené UVB. | kdyZz vysledky ukézaly, Zze DCs
kultivované 3 dny a aktivované Poly (I:C) jsou feymicky mérg zralé (nizSi exprese CD80,
CD86 a HLA-DR) nez DCs fjpravené standardnim protokolem,élyn oba typy DCs
porovnatelnou kapacitu indukovat antigen-specifi®®®8" T lymfocyty a regulani T

lymfocyty (Truxova et al., 2014). Dendritické iiky pripravené zkracenou diferenciaci
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mohou byt pulzovany nadorovymi tikami oSetenymi HHP, pofipad jinou alternativou
indukujici ICD, maturovany a testovany pro klinickéuziti u vybranych tyfp nadorovych
onemocsini.

| kdyz nekteré klinické studie hodnotici¢innost imunoterapie na bazi DCs u padient
s nadorovym onemoénim zaznamenaly pozitivni vysledky a wt3iny pacieni byla
pozorovana protinadorova T lymfocytarni odpdy klinicky uUsgéch této Iéby je stale
povaZzovan za suboptimalni. Toake byt dano tim, Ze imunoterapie na bézi DCs byla
testovana fedevsSim u paciefitse znané pokraiilym onemocgnim a Spatnou prognézou.
V této fazi existuje v nadoru jiz vysoce imunoswgivei prostedi, které mze indukovat
dysfunkci DCs, coZ fize mit za nésledek ztratu jejich schopnosti zpedkbvat nezbytné
aktivactni signaly T lymfocyim (Carr-Brendel et al., 1999). S@asné terapeutické&igtupy se
proto zandiuji na vyvoj vhodnych strategii kombinujicich imtex@pii zaloZzenou na DCs
nag. s chemoterapii nebo radioterapii, kterfedstavuji standard débné pée. Bylo
prokazano, Ze dkterd chemoterapeutika (cyklofosfamid, doxorubigaklitaxel, docetaxel,
atd.) maji imunomodutai vlastnosti a mohly by tedy byt vhodnymi kandidgtro
chemoimunoterapii (Machiels et al., 2001). Aplikackemoterapeutickych latek e
stimulovat imunitni systémifmo 1. gechodnou depleci¢kterych subpopulaci imunitnich
burgk (Finn, 2012), 2. naruSenim imunosupresivnich raeidmi indukovanych nadorovym
mikroprostedim selektivni inhibici supresivnich imunitnichppéaci jako nap MDSCs a
Tregs (Ghiringhelli et al., 2007, Vincent et alQ1®) nebo 3. fimou stimulaci imunitnich
efektorovych buék (Zitvogel et al., 2013). V ramci dvou studii, ipdgZz vysledky jsou
souwdsti této prace, jsme testovali tento kombinovaeyapeuticky fstup u slab
imunogennich nadér u kterych samotna monoterapie DCs neni schopngtitzklinicky
pribéh onemoc#ni. Kombinace imunoterapie na bazi DCs pulzovany@ddorovymi

buinkami oSetenymi HHP s chemoterapii docetaxelem signifikanimhibovala fist slak
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imunogennich TRAMP-C2 nadiormysSiho modelu lidského karcinomu prostaty (Mikysk
et al.,, 2017, Mikyskova et al., 2016). Tyto vyslgdhkazn&uji, Ze chemoimunoterapie je
moznou strategii by u nadoi, jejichz nadorové mikropragtdi sniZuje &innost
imunoterapie.

Tato data souhrrindefinuji ICD a procesy asociované s ICD jakidedité parametry pro
aktivaci protinadorové imunitni reakce a ukazuji,ak§ procesy stoji za
vystavenim/sekreci/uvoinim DAMPs a jak tyto molekuly ovliwji imunitni odpo¥d’
zaloZzenou fedevsim na DCs. Tyto aspekty mohou mit potengidlvpad na vyuziti DCs
v protinadorové terapii a do budoucna moheéedptavovat slibny nastroj v predikciipghu

nadorovych onemoeni.
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