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Komentar

UVOD: Po relativné stabilnim obdobi ptichazi v poslednich dvou desetiletich rychly vyvoj
diagnostickych a molekuladrnich postupti v détské onkologii. Zv1asté je tento vyvoj patrny
jednak na implementaci molekularn¢ genetickych metod do klinické praxe, a také na

dostupnosti novych 1é¢iv na jinych principech nez dosud standardni chemoterapie.

CILE: Cilem prace je podat piehled ve vyvoji téchto metod za posledni dvé desetileti a popsat

na komentovaném souboru praci jejich pfinos pro klinickou praxi.

SOUBOR PACIENTU A METODY: Inovativni 1é&ebné postupy, diagnostika a terapie
invazivnich myko6z a 1é€ba sarkomli mékkych tkani jsou tfi oblasti, které byly extenzivné
zkoumdany v publikovanych pracich. Na Klinice détské onkologie Lékatské fakulty
Masarykovy univerzity a Fakultni nemocnice Brno bylo v letech 2000-2020 vice projektu,
které se zabyvaly uvedenymi tématy. Pokryvaji spektrum metronomické antiangiogenni
terapie, pouZiti tyrozinkindzovych inhibitord v novych indikacich, somatobunécnou terapii
autolognimi dendritickymi bunkami, diagnostiky a terapie invazivnich mykoéz a diagnostické a

terapeutické postupy u sarkomti mékkych tkani u déti.

VYSLEDKY: Mnoh4 1é¢iva v kategorii inovativnich postupti byla pouzita zcela poprvé, resp.
S nejlepsim publikovanym vysledkem, jako napt. vakcinace proti HPV z indikace rekurentni
laryngealni papilomatdzy nebo 1é€¢ba infantilni myofibromat6zy u pacienta s germinalni mutaci
PDGFRB genu. Zavedena antiangiogenni metronomicka terapie ma piinos pro pacienty
svysoce rizikovymi nadory, personalizace 1écby vedla 1 k neocekdvanym kurativnim
vysledkim, které nebylo mozné o€ekavat pii pouziti konvencni lécby. Participace na projektech
diagnostiky a 1é¢by invazivnich mykéz vedla ke kvalitni péci o tyto pacienty, jak je
dokumentovano i v publikovanych pracich, i za pouZiti inovativnich 1é€ebnych postupit mimo

klinickd hodnoceni. Rozvoj somatobunétné terapie je spojen s novymi technologickymi



postupy vyroby dendritické vakciny a se standardizaci pritbéhu klinickych hodnoceni tohoto
typu, ve formé protokolu KDO DC1311, dosud jediného provedeného u déti do 18 let v Ceské
republice. Nové poznatky, které jsou timto klinickym hodnocenim ziskany, jsou inovativni
a prispivaji  k dalSimu rozvoji této slibné lécebné metody. Participace na projektech
mezinarodnich akademickych klinickych studii diagnostiky a 1écby sarkom mékkych tkani
vedly k velmi cennym vysledkim ve formé standardizace doporucenych 1ééebnych postupt
u téchto diagnoz, k prokazani u¢innosti udrzovaci 1é¢by u rabdomyosarkomu jako prvni takovy
dikaz u solidnich tumorl, knové stratifikaci 1é€by u alveolarnich rabdomyosarkomu
S postizenim lymfatickych uzlin a k dosud nejlepsim 1é¢ebnym vysledkiim u extrakranialnich

malignich rabdoidnich tumort.

ZAVER: V publikovanych pracich jsou shrnuty recentni vysledky rozvoje diagnostickych
metod a 1écby u malignit détského ve€ku se zaméfenim na vysoce rizikové pacienty bez moznosti
konvencni 1é¢by i standardizace 1é¢ebnych postupti u invazivnich mykoéz a sarkomtt mékkych
tkani pfi participaci v mezinarodnich multicentrickych prospektivnich akademickych

klinickych hodnocenich.



Commentary

INTRODUCTION: A quite standard treatments known two decades ago were followed by
rapid progress in molecular diagnostics and treatment possibilities in paediatric oncology.
New moleculal biology methods and new treatments based mainly on theranostics principles

are used in daily practice.

OBJECTIVES: The aim of this work is to review how far the paediatric oncology was
updated during last two decades and to show this framework in commentary of published

papers.

PATIENTS AND METHODS: Innovative therapies, diagnostics and treatment of invasive
fungal infections and treatment of soft tissue sarcomas are areas covered by published articles.
There are a lot of projects on Paediatric Oncology Department of School of Medicine
Masaryk University and University Hospital Brno during period 2000-2020, which cover
topics as metronomic antiangiogenic therapy, tyrosinkinase inhibitors in new therapeutic
indications, cell therapies with autologous dendritic cells, new therapeutic strategies of
invasive fungal infections and diagnostics and therapeutic approaches in soft tissue sarcomas

in children.

RESULTS: Many of innovative therapies were used for first time ever or with the best results
published. This is the case of human papillomavirus vaccination against recurrent laryngeal
papillomatosis or successful management of infantile myofibromatosis in patients with
germline mutation of PDGFRB gene with tyrosinkinase inhibitor. Introduced antiangiogenic
metronomic therapy is successfully used in patients with high risk tumours. Personalised
therapies were administered to patients with sometimes surprising results even curative which
were not anticipated with conventional approach. Setting quality of diagnostic and therapeutic
tools in patients with invasive fungal infections was substantial for good treatment results and
was accompanied by novel therapies used off-label and off-clinical trial as published. New
cell therapy with dendritic cells was introduced and this accelerated rapid biotechnology

development and proper academic trial administration in era of new and tight law regulations.



KDO DC 1311 trial is the only open for children in the Czech Republic, this trial is still
active. It generated some new knowledges on monocyte response to anticancer therapies or
host immune response against cancer which are used in clinical practice and support further
development of such promising method. Multicentric prospective international clinical trials
on diagnostics and treatment of soft tissue sarcomas were essential for generating of
standardized therapy across Europe, new treatments such as maintenance chemotherapy in
rhabdomyosarcoma which is the first robust evidence about its efficacy in solid tumours, new
treatment stratification in alveolar rhabdomyosarcomas with regional nodal involvement and

improvement treatment of highly aggressive malignant rhabdoid tumours.

CONCLUSIONS: Recent progress in diagnostics and therapies in childhood malignancies are
described in published articles with focus to high risk patients without possibility of
conventional treatment and to standardization of treatment of invasive fungal diseases and
soft tissue sarcomas while participating in international multicentric prospective academic

driven clinical trials.



1 Inovativni léCebné postupy u vysoce rizikovych malignit
détského véku

1.1 Uvod

Lécebné vysledky jsou u malignit détského véku jako celku velmi dobré. Kurativni
postupy vedou K trvalému vyléceni u vice nez 80 % détskych pacienttl, byt’ za cenu jisté miry
pozdnich nasledkd, které si s sebou pacienti do zivota odnasi. Existuji ovSem velké rozdily
Vv preziti malignity mezi jednotlivymi diagnostickymi skupinami, které pti celkovém hodnoceni
malignit détského véku jako celku nejsou, z divodu rozdilné incidence, na prvni pohled patrné:
ve skupiné akutnich lymfoblastickych leukémii, Wilmsovych nddord, germindlnich nadort,
nizce rizikovych sarkomu se uspésnost 1é€by blizi 90 %. Naopak gliomy mozkového kmene,
glioblastomy, metastatické sarkomy skeletu a mékkych tkani nebo relabované Burkittovy
lymfomy jsou 1é€itelné v malém procentu piipadi s medianem pieziti do Sesti mésict (Oberlin
et al. 2008), (Pappo et al. 1999), (Sharp et al. 2016), (Polaskova et al. 2020). Pravé tato skupina
malignit je pfedmétem z4jmu inovativnich lé€ebnych postupi. V poslednich letech vyznamnym
zpusobem pokroc¢ilo poznani biologie naddorovych onemocnéni, které vedlo k identifikaci
charakteristickych znaku (,,hallmarks) nadort, poskytujicich nadorové buiice a tkani ristovou
vyhodu (Hanahan a Weinberg 2011). Tyto aberace se v poslednich letech snazime 1é¢ebné
ovlivitovat, a to tak, Ze peClivé vySetfenym pacientim je nabizena terapie na zakladé

pritomnosti ¢i neptitomnosti urcitych aberaci ¢i biomarkert.

1.2 Personalizovana onkologie

Zakladni premisou personalizované onkologie je, ze kazdy nador je biologicky unikatni a v ¢ase
se muze i velmi vyznamné meénit. Mnozstvi poznatkli o biologii nddort, jejich genetickém
pozadi, imunologickych aspektech jejich vzniku a moZnostech terapie rychle narista. Je
pravdépodobné, Ze tradi¢ni velké, tisicihlavé randomizované prospektivni studie budou casto

obsoletni diive, neZ budou samy dokonceny. Toto je v ptipad¢ 1é€by sarkoml zndmo u mnoha
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,nadéjnych® kinazovych inhibitord, jako napf. recentné u olaratumabu(Tap et al. 2020).
Klasicka paradigmata klinického vyzkumu v onkologii zacinaji respektovat realitu,
dokumentovanou obrovskou genetickou a epigenetickou heterogenitou morfologicky podobné
vypadajicich procesu (Egas-Bejar et al. 2014). Tyto informace diive nebyly k dispozici. Dnes
reflektujeme individualni variabilitu hostitele, tedy nositele nadorového onemocnéni, a tim
potiebu indikovat pacientovi v podstate ,,Jécbu na miru“, nez abychom se drzeli pfekonaného
pristupu ,,one size fits all“ a monoterapii (Subbiah 2023). Jednozna¢nym divodem je snaha
podavat spravné 1éky ve spravnych kombinacich, ve spravny ¢as a spravnému pacientovi, jak
ukazuje piiklad détskych AML (Cuglievan a Subbiah 2025). Tato strategie se musi opirat o
komplexni biologickou analyzu nadorové tkan¢, musi byt doplnéna o detailni informace o
hostiteli, napf. 0 genotypizaci a fenotypizaci enzymu, ale také o mikrobiomu pacienta, ktery se
zda byt velmi dulezity napt. pro odpovéd’ pacientii na protinadorovou imunoterapii (Routy et
al. 2018). Vysledky tady studii naznacuji, ze cilené — , targeted” — terapie 1épe funguji na casné
faze nadorového onemocnéni, jak ukazuje ptiklad obrovské efektivity inhibitorti ber/abl u nove
diagnostikované chronické myeloidni leukémie. A tim je vysoka pravdépodobnost selhani
identické terapie, pokud je u stejné nemoci podavana v pozdnich fazich. I ptes tuto zkuSenost
je v oblasti solidnich nadorti déti 1 dosp€lych cilend 1écba pacientim casto nabizena az v
pozdnich, pokroc€ilych fazich onemocnéni, a vétSinou je pfinos takové terapie velmi
problematicky, ne-li viibec Zadny. Imunoterapie, na rozdil od cilené terapie, mize byt efektivni
i u nékterych pacientd s pokro¢ilym onemocnénim, tedy ¢asto s vy$§i mutacni nalozi (Kim et
al. 2021).

Dalsi velmi problematickou oblasti je také davkovani a na¢asovani podani cilenych 1ékt. V fadé
piipadl se firmy stale drZi konceptu maximalné tolerované davky, i kdyZ napt. davka potfebna
k zastaveni fosforylace pfislusné signalni drahy je mnohdy jen zlomkem davky cytotoxické.
Prili§ vysoka davka pak vede k vyznamné toxicité novych 1€k, zejména pokud jsou
kombinovany se standardni chemoterapii. Nevhodné davkovani pak mutze vést k tomu, Ze
potencialné efektivni terapie se pak fadu let nepouziva, a k renesanci dojde az po snizeni
podavanych davek. Ptikladem zde muze byt velmi komplikovany piibéh gemtuzumab-
0zogamycinu, ktery se testoval jiz na pfelomu tisicileti, a po dlouhé pfetrZce se vraci na scénu
jen ve vyznamné redukovanych, a tedy lépe tolerovanych davkach (Lambert et al. 2019).
Darwinistické vnimani procest resistence je sice v mediciné teoreticky akceptovano, ale v
realné klinické onkologické praxi neni reflektovano prakticky viibec. Soucasnd praxe podavani

stejné terapie az do jasné klinické ¢i radiologické progrese onemocnéni bere onkologovi (a
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soucasn¢ 1 pacientovi) vyhodu zvazovat a realizovat léCbu alesponn jeden tah kuptedu.
Zajimavym konceptem by zde mohlo byt napiiklad vyuziti tzv. ,liquid biopsies®, kdy je mozno
pomoci sekvenovani nové generace detekovat cirkulujici nddorovou DNA, a takto diive
detekovat objeveni se nové, resistentni mutace ¢i klondlni evoluce — a tedy nastup resistence k
podavané terapii (Boukovala et al. 2024). Identifikace klinicky relevantnich informaci pomoci
sofistikovanych molekularné genetickych metod (napf. NGS, v¢etné ,,ultra deep* sekvenovani)
z periferni krve ¢i mozkomisniho moku muze v nékterych ptipadech nahradit rizikové, ¢i tfeba
zcela nedostupné biopsie z nadorové tkan¢ a muze pomoci ve sledovani i klonalni evoluce

zpocatku minoritnich klona v prabéhu casu.

1.3 Klinicka hodnoceni novych 1é¢iv v détské onkologii

Filozofie pfistupu k inovativnim lé€ebnym postuplim jsou prakticky dvé. Na jedné strané
klasicky model monoterapie novym lé€ivem s vyhodnocenim preklinickych experimentt, poté
klinickych fazi I-Ill s vyhodnocenim toxicity, popisem farmakologickych vlastnosti
a 1écebnych odpoveédi. Takto nastavené testovani je vhodné pro onemocnéni s vyssi incidenci
nebo z velkého poctu center, kdy je mozné béhem relativné kratké doby vyhodnotit na
reprezentativnim vzorku pacientd u¢innost 1écby monoterapii (Skipper et al. 1970). V détské
onkologii je toto testovani v prvnich fazich doménou velkych nadnarodnich kooperativnich
skupin center détské onkologie, nejvétsi z nich jsou severoamericka Children’s Oncology
Group nebo evropské ITCC (Pennesi et al. 2023). Zatimco v pocatcich klinické onkologie bylo
toto testovani zakladem kurativnich postupli s pouZitim cytostatické 1écby, kterd v détské
onkologii zlistava nadale dominantni a vedla k prukopnickym pracim, na jejichz zakladé byla
chemoterapie v klinické onkologii vybudovana i pro malignity dospélého véku, v posledni
dekadg je patrny posun opaénym smérem, kdy zkuSenosti u malignit dosp&lého véku jsou rychle
pfenaSeny do onkologie détské. Ptikladem jsou rychle rostouci zkuSenosti s imunoterapii
,»check-point* inhibitory, u nichZ se velmi rychle rozsitfuji indikace u nadorii typickych pro
dospély vek, ale velmi pomalu se ziskavaji zkusenosti u nadort détského véku. Jednou z mala
vyjimek je pouziti principu CAR-T bunécné terapie, ktera vznikla jako vysledek akademického
vyzkumu v Détské nemocnici ve Filadelfii ve Spojenych statech americkych (Lee et al. 2015).
Metodologie populaéniho testovani je postavena na klasické statistické analyze. Druhym
piistupem je kombinovana 1é¢ba, kdy je pfedmétem zkoumani Gcinnost dosavadnich postupt

s pfidanim nového 1é¢iva. V détské onkologii probihd v poslednich letech testovani velkého
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poctu tyrozinkinazovych inhibitori, které jsou ptidany ke stavajici chemoterapii. Tento postup
vede ziidka k Gispéchu, nebot’ je zatiZzen zna¢nou toxicitou (Afranie-Sakyi a Klement 2015). To
je z vétsi casti dano nastavenim chemoterapeutickych 1é¢ebnych schémat, tedy podavanim
maximaln¢ tolerovanych davek, kdy piidani dal$iho 1é¢iva, byt s odliSnym mechanismem
ucinku, jiz nardzi na toleranci organismu a neni mozné konkomitantn¢ takovou lécbu
kombinovat. Legitimni pfistup je u vzacnych onemocnéni a kombinované terapie pouziti tzv.
,»N-0f-1 trial“ metodologie analyzy, ktera pocita s historii 1écby pacienta jako s hodnocenou
proménnou, a je mozné diky ni zjistit, zda ma pouziti 1é¢ebné intervence piinos pro jednotlivého
pacienta, na rozdil od popula¢nich analyz, které ur¢uji benefit pro skupinu pacienta (Kyr et al.

2021).

1.4 Nové metody ziskavani dat v personalizované onkologii

Vyznamnym faktorem, ktery komplikuje dal§i zlepSovani lécebnych vysledkii v détské
onkologii, je orientace vétSiny klinickych studii na samotné 1é¢ivo, piedevsim s cilem jeho
registrace, coz je pochopitelné u farmaceutickych spolecnosti, ale méné to jiz reflektuje
opravnéné zajmy konkrétniho pacienta. Pacient je tak hledan pro potieby studie, a daleko méné
Casto mifi studie ¢i IéCiva za pacientem. Prave zlepSeni preziti, nejen 1éCebnych odpovédi, bude
vyzadovat mnohem vét§i dynamicnost a modulace 1é€by podle ménici se biologie nadoru,
optimalné jesté pied pfirozenym nastupem rezistence (Schwaederle et al. 2015). To vsak bude
samoziejm¢ vyzadovat také zmeény soucasného regula¢niho kontextu a charakteru klinickych
studii smérem k tzv. ,,N-of-1 trials* (Howard et al. 2018). Pii této metodologii, na rozdil od
stavajiciho populac¢niho piistupu, je kazdy pacient sam sob& opakované v ¢ase kontrolou, jako
naptiklad pii sledovani krevniho tlaku u individualniho pacienta (,,single patient trials*) (Day
etal. 2018). Na stejném principu je zaloZena i tvorba individualniho biologického profilu (pasu)
u vrcholovych sportovet (Sottas a Vernec 2012). Populaci je tedy jeden jediny pacient a vzorek
pro analyzy se sklada z opakovanych méfeni efektu rizné 1écby u téhoz pacienta. Jsou-li doba
do progrese ¢i pteziti u pacienta na personalizované 1€cb¢ vyznamné delsi nebo srovnatelné a s
lepsi kvalitou zivota nez pii pfedchozim pouziti standardni (popula¢ni) 1é€by, pak to Ize
povazovat za podporu takového piistupu (Guyatt et al. 1990). Je nutno zduraznit, Ze zde neni
hlavnim testovanym ptredmétem urcity 1€k, ale hlavnim testovanym prvkem je pravé ptistup.

Tedy to, zda komplexni molekuldrni charakterizace naddoru a jeho hostitele, a v ptipadé potieby
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1 opakovana, je tou spravnou cestou. Tento pfistup vSak zatim jen obtizn¢ hledd uplatnéni
v ramci dosud velmi rigidn€ nastavenych systému regulaci a thrad 1é¢ivych ptipravkd, tak aby
systém, ktery byl historicky nastaven s cilem ochranovat pacienty, nebyl dnes spise piekazkou,

branici efektivni terapii respektujici individualitu pacienta a jeho nemoci.

Dalsi moznosti, jak zlepSit Sanci pacientli dostat se ke spravné 1écbé, je veétsi vyuzivani
klinickych a laboratornich dat generovanych v redlném klinickém provozu. V ramci klinickych
studii je léCeno priblizne€ 7 % onkologicky nemocnych, tedy je zde obrovska populace pacientt,
kteti do klinickych studii zafazovani nejsou (Unger et al. 2024). Obrovskou, a dosud jen malo
vyuzivanou piilezitosti je vyuzit rizné, ale dobfe a fadné vedené registry, které mohou
poskytovat nesmirn¢ cenné informace. Tyto registry je pak tfeba mozno pouzit jako kontrolni
ramena pro ,single arm studies®, testujici nové postupy na malych a biologicky dobie
definovanych skupinach pacienti, kde klasické randomizované studie nejsou realné (Gliklich
etal. [b.r.]).

Zcela zasadni jsou v této souvislosti dostatecné spolehlivé biomarkery, které by mély zahrnovat
optimaln¢ multiomicky ptistup. Ani tehdy, kdy nenachazime cilitelnou mutaci na irovni DNA,
to neznamend, Ze Zadna genova aktivace pfitomna neni. Napiiklad gliomy jsou velmi nachylné
k reaktivaci vyvojovych signalnich drah i bez mutaci na tirovni DNA (Mehta a Lo Cascio 2018).
Stejné tak, imunitni tnik nadoru (,,immune evasion®) a angiogenese nenastava na urovni DNA,
a tedy biomarkery opirajici se vyhradn¢ o aberace na trovni DNA, v¢etné stavajicich komeréné

dostupnych panelii, zde mohou selhavat (Galassi et al. 2024).

Je proto zapotiebi zvaZovat inkorporaci biomarkerti na uUrovnich RNA, proteint, jejich
fosforylace, vcetné stanoveni mutacni naloze a mutacniho podpisu nadoru (,,mutational
signature®), a to vSe v kontextu velmi peclivé zhodnoceného nadorového mikroprostiedi

a cirkulujicich biomarkert, jako napt. T-regula¢nich lymfocyti.

Postupem casu a se ziskdvanim relevantnich dikaz se z inovativnich lé¢ebnych ptistupt
stavaji standardni 1écby. Nize je diskutovan potencial jednotlivych 1écebnych modalit, z nichz
nékteré jiz miZzeme v dospé€lé onkologii povazovat za dnes standardni, nicméné data pro jejich
pouziti v détské onkologii chybi, jsou limitovana nebo nekonkluzivni. Ve svétle vyse

uvedeného se ¢eka na nové metodologické piistupy u ,,ultra orphan diseases® a pomalu se
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ukazujici diikazy i v malych souborech fazi I a Il klinickych hodnoceni (Kyr et al. 2019) (Guyatt
et al. 1990), (Lillie et al. 2011).

1.5 ,,Drug repurposing*

Princip znamy také jako ,,drug repositioning*. Jde o nalezeni nové indikace k podani 1éCiva,
které bylo ptivodné schvaleno k pouziti u jiného onemocnéni. V klinické onkologii je jednim
z nejznamgjsich valproova kyselina, valproat uzivany 50 let jako antiepileptikum. Byla zjisténa
jeho schopnost inhibice histondeacetylaz, coz ovliviiuje expresi genti ovliviiujicich bunéény
cyklus, diferenciaci a apoptozu i protinadorovou imunitu. Na jedné strané je z in- vitro studii
znam, ze valproat na bunécné trovni indukuje diferenciaci T-regulacnich lymfocytl, které maji
imunosupresivni ucinek, vyuzitelny napt. pfi autoimunitnich onemocnénich, na druhou stranu
existuje klinicka evidence o jeho ucinku na remodelaci chromatinu (Soria-Castro et al. 2019).
Valproova kyselina pfimo inhibuje histondeacetylazy (HDACs). Histony jsou v soucasnosti
povazovany z dilezité aktéry epigenetické regulace prostfednictvim kovalentnich modifickaci
na jejich N-terminalnich koncich, které jsou na povrchu nukleosomu, coz jim umozZiuje
interagovat s jadernymi transkripénimi faktory. Tento fenomén se jmenuje ,histonovy kod*
(angl.“histone code®) a jde o modifikace jednoho nebo vice histont tak, aby byl umoznén nebo
naopak odmitnut ptistup K transkripénim faktorim a regulaénim proteintim, které modifikuji
proces aktivace nebo deaktivace gent, aniz by byl zménén genotyp (Feher 2017). Valproat
indukuje epigenetickou inhibici HDACsS, ¢imz prispiva k vyssi acetylaci histonti H2, H3 a H4,
které modifikuji expresi genli asociovanych s apoptézou, bunécnym cyklem, bunéénou
diferenciaci a protinadorovou obranou (Mello 2021). Metabolomicky efekt valproatu byl
prokazan u AML, kdy jeho podani s nizce davkovanou chemoterapii antimetabolity vedl ke
zméné metaboliti aminokyselin a mastnych kyselin v séru (Bruserud et al. 2021). Recentné
jsou publikovany prace, které prokazuji, ze podani valproatu je také spojeno se stimulaci
mechanismi bunééné imunity podminéné protilatkami, tzv. ADCP a ADCC mechanismy
(Laengle et al. 2020). Toho Ize vyuzit pti konkomitantim podavani s cilenymi protilatkami jako

je anti HER-2 trastuzumab, anti VEGF bevacizumab a dalsi.
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1.6 Lécebné modality

1.6.1 Tyrozinkinazové inhibitory

Tyrozinkindzové inhibitory (TKI) blokuji signalni drahu, ktera je aktivovana pomoci pfislusné
fosforylované tyrozinkinazy. U nékterych malignich onemocnéni je piitomen fuzni gen
podminujici patogenezi nemoci a jeho produkt ve formé konstitutivné aktivované tyrozikinazy

je na inhibitor citlivy.

Skupina 1é¢iv tyrozinkindzovych inhibitorl je Siroce pouZivana v dosp€lé onkologii. Jejich
uvedeni do praxe znamenalo znacny pifinos pro kvalitu zivota pacientd. Diive pouzivana
paliativni chemoterapeutickd intraven6zni 1écba, ktera znamenala cetné komplikace a nutnost
hospitalizaci, doprovazena znacnou morbiditou, byla vystfidana velmi dobie tolerovanou
peroralni lécbou. V dospélé hematoonkologii znamenala prilom, kdy se z diive nezvladatelné
choroby — napt. CML — stala chronickd nemoc pod kontrolou TKI s relativné dobrou kvalitou

Zivota.

V détské onkologii je rozSifeni TKI mensi. Pokud se snimi setkame, tak nejvice
u hematologickych malignit s definovanymi fiznimi geny. Limitem TKI je v prib&hu 1é¢by
vznikajici rezistence a je nutné jednotlivé TKI ménit za preparaty dalSich generaci. U solidnich
nadortt détského veéku byla prokazana efektivita imatinib mesylatu u gastrointestinalniho
stromalniho nadoru (GIST), nasledovaly sunitinib a regorafenib (Cohen et al. 2009; Demetri et
al. 2006; Anon. 2013). U refrakternich sarkomu existuje terapeuticka indikace pro pazopanib,
ktery prodlouzil dobu do progrese o 3—4 mésice, objektivni radiologickou odpovéd’ je mozné
¢ekat pouze ve 4 % ptipadi. Pokud pacient na 1é¢bu odpovi, je median odpovédi 9 mésicu (Van

Der Graaf et al. 2012).

Velkou pozornost zasluhuje davkovani TKI. Zatimco standardné je k davkovani pfistupovano
se stejnou filozofii jako u chemoterapie, tj. v klinickych hodnocenich byla testovana maximalné
tolerovand davka léciva, v poslednich letech ptibyvaji dikazy, Ze sniZzena davka 1éciva az na
50 % i méné je stejné efektivni pro udrzZeni v indukci navozené remise. V roce 2018 byl tento
piistup matematicky modelovan na zakladé¢ dat ze dvou klinickych studii faze III u CML
(Fassoni et al. 2018). V roce 2020 byl tento pristup validovan u skupiny pacienti S CML, ktefi
byli 1éceni redukovanymi davkami TKI (o padesat a vice procent) a méli dobrou odpoveéd’, a u

nichz takové snizeni davky nevedlo ke zhorSeni doby remise bez 1é¢by ve srovnani s pacienty
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uzivajicimi standardni davky TKI (Hochhaus et al. 2020). Toto zjisténi ma velky potencial
vV kombinované 1é¢bé TKI a je nutné je validovat i u jinych onemocnéni. V détské onkologii
otevird tento pfistup potencidl, ktery zatim neni zkouman, resp. pretrvavd dogma podavani
MTD. Na zéklad¢ vysledkt vysoké konkomitantni toxicity chemoterapie a standardnich davek
TKI neni toto dogma udrzitelné a bude nutné ovéfovat tyto kombinace i v nizSich davkach

(Chen et al. 2017).

1.6.2 Check-point inhibitory

Nédorova imunosuprese hraje jednu z kli€ovych roli v multifaktoridlni patogenezi malignity.
Urcujici pro rezistenci nadoru k 1écb€ je nejen samotnd nadorovad builka, ale komplex
mechanizmi, kterymi nador unikd z kontroly imunitniho systému hostitele. Maligni nador
a nadorové mikroprostiedi, jako heterogenni smés rtiznych bunéénych populaci a nddorem
produkovanych imunsupresivnich cytokint, jsou cilem inhibitorid drah CTLA-4 a PD-1. Check-
point inhibitory jsou pouzivany od biezna 2011, kdy byl k pouziti schvalen preparat ipilimumab

pro 1ébu metastatického melanomu (https://news.bms.com/news/details/2011/FDA-

Approves-YERVOY -ipilimumab-for-the-Treatment-of-Patients-with-Newly-Diagnosed-or-

Previously-Treated-Unresectable-or-Metastatic-Melanoma-the-Deadliest-Form-of-Skin-

Cancer/default.aspx) . O rozvoji této formy imunoterapie svéd¢i mnozstvi praci, které jsou

dohledatelné v PubMed Central — https://www.ncbi.nlm.nih.gov/pmc/ — kdy heslo ,,ipilimumab*

je nalezeno v 17658 ptipadech, pii patrani po kombinaci ,,ipilimumab“ a ,,child* bylo nalezeno
669 ¢lankl,oboji 19. prosince 2020. O &tyfi roky pozdéji to je jiz 46544 resp. 2361 ptipada
(29.1.2025).

Teoretickym vychodiskem 1é¢by check-point inhibitory je exprese CTLA-4 nebo PD-1 a PD-
L1 antigentl v malignim nadoru. PD-L1 exprese byla nalezena u riznych typt détskych nadort
— U Hodgkinovych lymfomt, difusniho velkobunééného B-bunééného lymfomu nebo gliomd.
U maligniho melanomu existuje korelace mezi u¢innosti monoterapii blokadou PD-1 nebo PD-
L1 a vysokou mutac¢ni nalozi (TMB-H) (Andrews et al. 2024). Kombinovana terapie anti
CTLA-4/anti PD-1/anti PD-L1 protilatkami je u¢inna, aniz by nutné korelovala s vysi TMB-H
jako u monoterapie (Huang a Zappasodi 2022).

Pembrolizumab
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Pembrolizumab je monoklonalni protilatka proti PD-1. U dospélych je schvalena k pouziti ve
22 indikacich astale ptibyvaji dalsi. U déti byla zkoumana v monoterapii u pokrocilych
sarkomit m&kkych tkani a skeletu, prokazala objektivni odpovéd’ u 18 % sarkomii mékkych
tkani a 5 % sarkomu skeletu (Tawbi et al. 2017). V soucasnosti je vV Evropé u déti schvaleno
pouziti pouze u refrakterniho nebo relabovaného Hodgkinova lymfomu po dvou nebo vice

liniich pfedchozi 1é¢by a u maligniho melanomu.
Ipilimumab

Je humanizovana monoklonalni IgG1 protilatka proti CTLA-4. Klinicka ucinnost byla
potvrzena u pokroc¢ilého maligniho melanomu s jednoletym celkovym prezitim 45,6 % (Hodi
etal. 2010). U déti nad dvanact let je jeji pouziti schvaleno od roku 2017 ve stejné indikaci jako

u dospélych.

1.6.3 Jiné protilatkové imunoterapie

Blinatumomab — bispecificka protilatka proti znaku CD19, ktery je exprimovan prakticky na
vSech B-bunécnych akutnich lymfoblastickych leukemiich a lymfomech. FDA schvaleni pro
lécbu relabovanych nebo refrakternich ALL bez bcer/abl pozitivity ziskal 30.8.2016.

Dinutuximab je chimérickd humanizovana protilatka proti glykolipidu GD2, ktery je
exprimovan na vét§iné neuroblastomt a na nékterych dal$ich embryonalnich nadorech, jako
rabdomyosarkoma a Ewingtiv sarkom, pak i u osteosarkomu nebo nékterych gliomt (Nazha et
al. 2020). U neuroblastomu prokazala kombinace dinutuximabu s GM-CSF a IL-2 pfidana ke
standardni 1é¢bé¢ isotretinoinem lepsi dvouleté pieziti bez udalosti i celkové preziti (Yu et al.

2010). Tato registra¢ni studie COG vedla ke schvaleni pouziti dinutuximabu v roce 2016.

1.6.4 Bunécné terapie

Tisagenlecleucel

Jde o chiméricky antigen receptor (CAR)-T buné¢nou terapii, ktera vyuziva autologni
pacientovy T-lymfocyty, které jsou geneticky modifikovany ve vazebné extracelularni antigen

rozpoznavajici doméné k cilené vazbé na CD19 antigen. Zpétné podani pacientovi vede k in-
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Vivo tisicinasobné expanzi této T-lymfocytarni populace s naslednou perzistenci po dobu
n¢kolika mésict. V pilotni studii faze I/II byla podana dvéma pacientim, v néslednych studiich
s nékolika desitkami pacientil vedla 1é¢ba k celkové odpovédi a pilro¢nimu pieziti bez udalosti
u ptiblizné 70 % pacientt (Maude et al. 2018). VSichni pacienti, ktefi na 1é¢bu odpoveédéli, méli
toxicity souvisejici s uvolnénim cytokini a B-bunécnou aplazii, pii které je nutna IgG
substituce. Regulaéni autority schvalily tuto 1é€bu v roce 2017 (https://www.fda.gov/news-
events/press-announcements/fda-approval-brings-first-gene-therapy-united-states™).

Protinadorové vakciny

Rozvoj protinadorovych vakcin je patrny na vice urovnich. Technologie pfipravy je $iroka, od
bunéénych vakcin, které obsahuji nddorové lyzaty, pies vakciny pouzivajici specifické
nadorové peptidy jako cil indukované simulace dendritickych bunék, po ty, které pracuji
s induktorem imunitni odpovédi DNA nebo RNA néadoru nebo vakciny vyuzivajici virového

vektoru.

Piekvapivé dobré jsou vysledky kombinace nizko davkovaného cyklofosfamidu a alogenni
nadorové vakciny v kombinaci s GM-CSF u relabovanych neuroblastomt (Veltman et al.
2010). Jiny piistup zvolili vyzkumnici na University of Florida u vysoce malignich gliomi, kdy
kombinuji dendritické buniky s alogenni gliomovou RNA spolu s aplikaci GM-CSF, ve druhém
kroku je pacientovi podana infuse tumor-specifickych T-lymfocytl. Tato studie byla zahajena
v roce 2017 a zatim nejsou znamy vysledky (Yan et al. 2020).

U medulloblastomil a vysoce malignich gliomil je pouzivana peptidova vakcina derivovana
z CMV, ktery je znam jako spousté¢ onkogeneze u nékterych gliomu (Landi et al. 2020). U

dospélych pacientli vedla k vyznamnému prodlouZeni pieziti bez udélosti i celkového preziti.

1.6.5 Neschvalené terapie ve fazi klinického vyvoje

Onkolytické viry

Jde o bud’ nepatogenni ,,wild type* viry nebo atenuované geneticky modifikované viry, které
plsobi piimo cytotoxicky protinddorové nebo nepiimo stimuluji protinddorovou imunitu. Ve
fazi I klinického zkouSeni byla prokazana bezpecnost pouziti modifikovanych vira herpes
simplex a vakcinie u extrakranialnich nadort détského véku, i kdyz pii podané davce nebyla

pozorovana objektivni odpovéd’ (Ma et al. 2018). Jedinou FDA schvalenou 1é¢bou na bazi
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virové terapie je talimogene laherparepvec (T-VEC), atenuovany herpesvirus typu 1
exprimujici gen  pro  lidsky GM-CSF vindikaci  pokroc¢ilého  melanomu
(https://www.cancer.gov/news-events/cancer-currents-blog/2015/t-vec-melanoma).

V kombinaci s pembrolizumabem prokazal vysoky potencial pro dosazeni 1é¢ebné odpovédi u

pokrocilého melanomu, to se ale ve studii faze III nepotvrdilo (Chesney et al. 2023).

NK bunky

Narozdil od T-lymfocytii nepotfebuji NK buniky (lymfocyty) predchozi stimulaci nadorem, aby
byly aktivni. Jejich uc€inek je pfimo cytotoxicky a indukuje u nddorové bunky apoptdzu.
Aktivace NK bun¢k v naddorovém mikroprostiedi se zdd byt podminkou pro migraci
dendritickych bun¢k a T-lymfocyti do nddoru. Mohou byt separovany z periferni krve,
pupecnikové krve, a Vv pfipadé nutnosti pocetné expandovany ex-vivo. Jejich pouziti je
bezpe¢né a dobie tolerované. Protinadorova u¢innost je ovSem limitovana pravdépodobné

supresivnim efektem nadorového mikroprostiedi.

Hlavnimi imunosupresivnimi faktory v nadorovém mikroprostiedi jsou transforming growth
factor beta (TGFp), indoleamine 2,3-dioxygenase (IDO) a IL-10. Existuji postupy genového
inzenyrstvi, které pomoci technologie CRISPR dokazou indukovat vétsi odolnost NK bunck
vaci imunosupresivnimu pusobeni cytokinti. CAR-NK manipulované anti CD19 buiky

vykazuji vysokou protinadorovou aktivitu proti B bunéénym malignitam (Liu et al. 2020).
Velky potencial NK bunécné terapie je v kombinaci jednotlivych typd imunoterapie.

1.6.6 Antiangiogenni Strategie

Klicovym mediatorem angiogeneze je VEGF. Existuji ¢etné anti VEGF protilatky nebo
tyrozinkinazové inhibitory, které jsou pouZzivany v klinické praxi. Jejich kombinace
S imunoterapii je atraktivnim pfistupem, protoze blokdda VEGF s ipilimumabem vede
k synergistickému efektu u pacienti s metastatickym melanomem (Hodi et al. 2014).
V preklinickém modelu xenograftu neuroblastomu byl prokazan synergisticky efekt pii
kombinaci anti VEGF protilatky bevacizumabu a anti GD-2 CAR-T bun¢k. | nizké davky
bevacizumabu v této kombinaci vedly k efektu, ktery byl v monoterapii zanedbatelny (Bocca
et al. 2018).
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Antiangiogenni 1éCba vede k vétSi infiltraci a aktivaci imunokompetentnich dendritickych

bun¢k do nadoru, spolu s redukei imunosupresivnich MDSC.

1.7 Inovativni 1é€ebné postupy na Klinice détské onkologie LF MU a FN Brno

1.7.1 Imunoterapie dendritickou vakcinou

V roce 2013 byla na KDO FN Brno zahajena prace na realizaci klinického hodnoceni KDO DC
1311s nazvem ,,Kombinovana protinadorova terapie s ex vivo manipulovanymi dendritickymi
buitkami produkujicimi interleukin-12 u détskych, adolescentnich a mladych dospélych
pacientil s progredujicimi, relabujicimi nebo primarn¢ metastatickymi malignitami vysokého
rizika“, EudraCT No. 2014-003388-39. Vychazela z ptedchozi zkusenosti vyzkumného tymu
ACIU LF MU s vyrobou nadorového lyzatu pro ptipravu autologni vakciny z dendritickych
bunék u dospélych pacientil s renalnim karcinomem. Tento projekt, pivodné planovany v jiném
slozeni feSitell, nebyl dokonceny pro legislativni a technologické zmény — nutné pro legalni
a spravnou klinickou praxi respektujici postupy. Zpozdéni v naboru pacientl vedlo k zastaveni
grantové podpory. OvSem vyznamné technologické pokroky a nastaveni kvality vyroby diky
tomuto nedokonfenému projektu umoznilo planovani a realizaci studie u détskych
onkologickych pacientli. Nabor pacientdt byl v projektu KDO DC 1311 dostatecny.
Vyhodnoceni jednotlivych cild doposud probiha. Publikované prace reflektuji vysledky
primarnich cili studie. Vedle prokdzani bezpecnosti vyroby vakciny je podstatné zjisténi o
vyvolani méfitelné imunitni odpovédi, coz mize slouzit jako biomarker pro budouci vyvoj

vakciny.

Proces vyroby vakciny za¢ina identifikaci pacienta vysokého rizika, jehoZ Sance na preziti jsou
méné nez 30 % ve 3 letech od diagndzy nebo relapsu. Po podepsani informovaného souhlasu
je prvnim krokem k vyrobé vakciny odebrani nadorové tkané. Ve vétSin€é piipadi jde
0 diagnostickou nebo terapeutickou indikaci opera¢niho vykonu, a nejedna se tedy o indikaci
z diivodu inovativni terapie, ale naopak odbér na vyrobu vakciny je spojen s témito indikacemi.
Odbér tkdn€ na vyrobu léciva somatobunétné terapie podléhd zdkonnym pozadavkiim na
zachazeni s lidskymi tkdnémi a buiikami, proto je nutné splnit ptisna kritéria kvality a ptislusné
odbérové misto musi mit povoleni statnich autorit. Toto povoleni ma v soucasné dobé¢ (r. 2020)

Fakultni nemocnice Brno. Odebrana nadorova tkan je zpracovana v Cistych prostorach ACIU
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na formu nadorového lyzatu. Tento lyzat je uschovan k dalSimu pouziti a zaroven probiha
kontrola mikrobiologické Cistoty. Druhou fazi vyroby je odbér autolognich monocytt pacienta.
Tento odbér probihd po zavedeni centralniho venosniho katetru na separatoru. Cilem separace
je odbér minimalné 0,5 x 10° monocytii. Takto odebrané monocyty jsou dale ve vyrobé
zpracovavany S nadorovym lyzatem, cilem je indukce reaktivity monocytii derivovanych

dendritickych bunék proti nddoru, mechanisticky proti nddorovym neoantigentim.

Dosavadni zji$téni v publikované praci (pfiloha ¢. 1) se zabyva vyrobnim procesem dendritické
vakciny. Identifikovali jsme 1é¢ebné postupy pied odbérem autolognich monocyti, které vedou
k horsi vytéznosti vakciny a horsi maturaci dendritickych buné€k a produkci IL-12. Nastavené
parametry kontroly kvality pak nedovoli takovou vakcinu podat pacientovi. Chemoterapeutika
cyklofosfamid a topotecan a tyrozinkinazovy inhibitor pazopanib vedou k poruse diferenciace
a poté inadekvatnim imunostimula¢nim vlastnostem dendritickych bunék. Kombinace
temozolomidu a irinotecanu sice dovoli diferenciaci monocytd, ale vysledné dendritické bunky
nemaji adekvatni imunostimulacni vlastnosti (Hlavackova et al. 2019). Tato zjisténi vedla ke
zménam V logistice separace monocyti v navaznosti na druh podané 1é¢by. Od listopadu 2017
byla zavedena pravidla odstupu separace monocytd od podané 1écby. Tyrozinkinazové
inhibitory musely byt vysazeny s odstupem zéavisejicim na jejich biologickém polocasu: 1é¢iva
s kratkym poloc¢asem, 3-14 hodin, nejméné 2 dny pted leukaferézou (axitinib, dabrafenib,
dasatinib, ibrutinib, idelalisib, nintedanib, ruxolitinib, trametinib), léCiva se stfednim
poloc¢asem, 15-35 hodin, nejméné 7 dni pied leukaferézou (alectinib, bosutinib, lapatinib,
lenvatinib, nilotinib, osimertinib, pazopanib, ponatinib, regorafenib a mTOR inhibitor
everolimus) a lé¢iva s dlouhym polocasem, 36-60 hodin, nejméné 12 dni pied leukaferézou
(afatinib, ceritinib, erlotinib, gefitinib, imatinib, cabozantinib, crizotinib, sorafenib, sunitinib,
vemurafenib a mTOR inhibitor temsirolimus). Myelopoetické rastové faktory byly vysazeny
nejméné 7 dni pred leukaferézou. Nasledn€¢ se podatilo zrychlit proces mikrobiologické
kontroly kvality lyzatu a v soucasnosti je mozné po nékolika dnech od odbéru nadorové tkané
provést i odbér monocytii. Témito postupy se miizeme vyhnout negativnim vliviim podavané
protinadorové 1écby na monocyty pacienta. Efektivita vyroby vakciny se tim vyznamné

zlepsila.

Druha publikovana prace (pfiloha €. 2) se zabyva vlivem vakcinace dendritickymi bunikami na

imunologické parametry pacienti se sarkomy a popisuje jeden ptipad ilustrujici validitu
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namétenych parametri na klinickém pribéhu nemoci. Kvantitativni parametry imunity byly
hodnoceny pii kazdém podéni protinddorové vakciny. Navic bylo provedeno funkéni testovani
odpovédi pacientovych T-lymfocyti na autologni nadorovy lyzat v tzv. auto-MLR reakci.
V praci je uveden piipad pacienta s diagnézou metastaticky relabujici Ewingtiv sarkom. Pacient
prodélal dva relapsy onemocnéni a bylo mu podano 19 davek vakciny po prvnim relapsu, spolu
s konkomitantni onkologickou 1éEbou bylo dosazeno parcidlni remise. Opétovna revakcinace
po druhém relapsu vedla ke stimulaci preexistujici odpovédi na nadorové antigeny a T-bunécna
reaktivita (méfeno auto-MLR reakci) perzistovala i po pfedchozi vakciné a byla zvySena po
revakcinaci (Fedorova et al. 2019). Tato zjisténi predstavuji zasadni vhled do imunologickych
mechanismi vyvolanych dendritickou vakcinou a jsou zakladem pro dalsi vyvoj této 1é¢ebné

metody.

Publikace z roku 2024 shrnuje klinicky dosazené parametry celkového pieziti a preziti bez
udalosti a prokazuje piinos kombinované 1é¢by dendritickou vakcinou pro prodlouzeni preziti
u vysoce rizikovych pacientli a poukazuje na synergisticky efekt dendritické vakciny s

metronomickou chemoterapii a ,,immune checkpoint® blokadou (piiloha ¢. 21)(Kyr et al. 2024).

1.7.2 Personalizovana 1é¢ba

Vyuziti personalizované 1é¢by je publikovano ve dvou pracich. Prvni z nich ukazuje vyuziti
molekularni diagnostiky u pacientd s Burkittovym lymfomem (pfiloha €. 3). VySetieni pomoci
celoexomového sekvenovani nadorové tkang, vySetieni transkriptomu a aktivity tyrozinkinaz
vede Kk identifikaci pacientu, jejichz nador je cilitelny v soucasnosti dostupnymi 1é¢ivy. V praci
jsou popsany nalezy u tii pacientd, jejichZz nadory s totoznou histologii maji zcela rozdilné
biologické profily méfené uvedenymi metodami. Ukazuje se, Ze klondlni evoluce vedla u
jednoho pacienta k TP53 mutaci a k chemorezistenci. Na zakladé molekularniho profilu
germinalni mutace PI3K-delta, transkriptromikou zjisténé expresi HR23B, ktera je prediktorem
uc¢innosti HDACs, byla pacientovi podana 1é¢ba PI3K inhibitorem idelalisibem spolu
S ibrutinibem a valproatem, na zékladé exprese PD-1 v nadorové tkani byl pfidan nivolumab
a personalizovana dendritickd vakcina. Tato kombinovana 1écba vedla u pacienta k navozeni
a udrzeni kompletni remise, kterd byla v dob¢ publikace nejdelsi z jeho tii intervalii pfeZiti bez
progrese. Jiny pacient dosahl remise na zaklad¢ indikace imunoterapie nivolumabem ,,off-

label* pfi vysoké muta¢ni nalozi TMB-H 31 mutaci/Mb (Polaskova et al. 2020).
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V druhé préaci se autofi zabyvaji mutacni ndlozi u 106 pacientd s 28 riiznymi histologickymi
diagn6zami (ptiloha €. 4). Jde o metodickou praci srovnavajici vySetfeni mutacni ndloze pomoci
dvou riznych metod — celoexomového sekvenovani a standardizovaného panelu vysetieni
mutacni naloze, FoundationOne Heme. Byla nalezena vyznamna variabilita vysledkt, které
zavisi na pouzitych algoritmech analyz a laboratornich metodach. Prace piispiva svymi
vysledky k aktudlni diskusi o zavedeni harmonizované metodiky testovani pro pouziti
Vv klinickych hodnocenich, coz je dulezit¢ ke srovnatelné interpretaci vysledkii 1écby
,,checkpoint* inhibitory. Jejich G¢innost je v silné korelaci s muta¢ni nalozi nadoru (Noskova

et al. 2020).

Ptehledova prace na téma personalizované mediciny byla publikovana ve spolupraci s fadou
zahrani¢nich spolupracovnik (pfiloha ¢. 5) (Klement et al. 2016). Zabyva se tématem zmény
paradigmatu v onkologii s posunem K precizni a personalizované mediciné. Piedpokladem
k efektivnimu vyuziti stavajicich 1éCiv v jinych nez schvalenych indikacich (,,drug
repurposing“) nebo novych 1é¢iv pouzitych bez ohledu na tkanovou diagnoézu (agnosticky
ptistup) je pfijeti principu ,,N-of-1 trials“, ktery se zasadné 1isi od typického klinického
zkouSeni ve fazich I-IIl. Tento novy pfistup vychéazi zrychle se rozvijejicich poznatkl
nadorové biologie a postupuje diive nevidanou rychlosti, se kterou se 1é¢ivo muze k pacientovi
dostat. Klasické paradigma zkousSeni nového 1é¢iva u tkanové definované skupiny pacienti
nezohledniuje individudlni nadorovou biologii a biomarkery a ziidka vede k Gspéchu. Nové
paradigma konceptu klinickych hodnoceni naopak postupuje cestou definovani biomarkert,
cila terapie a zkoumani ucinnosti 1é¢iva na takto definované skupiné pacientli, mnohdy bez
ohledu na histologii. Metodologicky tento pfistup vyuziva nové matematické modelovani a je
natolik komplexni, Ze neni v silach ,,bézného* klinika pochopit vSechny jeho detaily. Zcela
nezbytnym se stdva multidisciplinarni pfistup k diagnostice a navrhu terapie, kdy ¢im dal vétsi
vliv v rozhodovani o 1é¢ebném postupu maji molekularni biolog a klinicky farmakolog. Nové
jsou také kombinované 1écby, které ve vétsi ¢i mensi mife zakomponuji do 1écby prvni linie
genomické a biologické informace avedou K individualizaci 1é¢by. Mnohdy je
kontraproduktivni podédvat monoterapii cilenym lécivem bez znalosti tkadfiové biologie nadoru
(nepersonalizované cilena terapie, ,,non-personalized targeted therapy*) a recentné se objevuji
dukazy, ze takovy ptistup mtize vést k hor§im vysledkiim nez klasické cytotoxicka terapie. Také
kombinace maximalné tolerovanych davek chemoterapie s pfidanym cilenym lécivem je

zpravidla kontraproduktivni, S vyssi toxicitou a bez lepsi 1é€ebné odpovédi.
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1.7.3 Antiangiogenni a metronomicka 1écba

Lécba byla sloZzena z kombinované antiangiogenni strategic COMBAT (,,combined oral
maintenance biodifferentiating and antiangiogenic therapy®). V této strategii je pouzivano vice
antiangiogennich a imunomodulac¢nich prvkii poddvanych metronomicky v nizké dévce trvale
po dobu nékolika let — nizko davkovany cyklofosfamid, temozolomid, topotecan nebo vepesid,
vinka alkaloid vinblastin nebo vinorelbin, COX-2 inhibitor celecoxib a variabilné
hypolipidemikum fenofibrat, antiangiogenni bevacizumab a dalsi. Komentované publikace na
toto téma popisuji dobrou toleranci 1é¢by. Nejvétsimi benefity jsou ambulantni podavani
umoziujici béZzné denni aktivity a absence toxicit, které by vyzadovaly hospitalizace. Pacienti
na této 1€cbeé bézné chodi do skoly. Benefitem je také udrzeni celkového stavu pacienta, méeno

Lanského nebo Karnofského $kalou.

Prvni generace protokoli COMBAT byla slozena znizko davkovaného vepesidu
a temozolomidu, celexocibu a biodiferenciacni cis-retinové kyseliny podavané po dobu
jednoho roku v jedenactitydennich cyklech 1é¢by. Na souboru 22 pacient z jednoho centra
autofi publikovali benefit pro pacienta ve form¢ stabilizace onemocnéni (piiloha ¢. 6) (Sterba
et al. 2006). Toxicita této kombinace se tykala predevSim cis-retinové kyseliny ve formé
cheilitid u 7 pacientd, hematologickd toxicita stupné 3 se vyskytla u jednoho pacienta. Pfti
zaznamenani takové toxicity byla v dal$im cyklu redukovéna ddvka chemoterapeutika. Ze 14
déti s progredujicim onemocnénim, u kterych bylo mozné hodnotit 1écebnou odpovéd’, byla
zaznamenana u 6 déti, u 3 pak stabilizace nemoci, odpovidajici celkovému benefitu pro

pacienty 64 %.

V dalsi praci byla publikovana zku$enost s protokolem COMBAT jak na KDO FN Brno, tak
Vv zahrani¢i na spolupracujicich pracovistich v Kosicich na Slovensku a v Marseille ve Francii
(ptiloha ¢. 7) (Zapletalova et al. 2012). Zménou oproti puvodni verzi protokolu bylo piidani
fenofibratu a vitaminu D do metronomického schématu a prodlouZeni doby lécby na dva roky,
vznikl protokol COMBAT IlI. Verze pro mekkotkanové sarkomy se nazyvala COMBAT IIS,
ve kterém byl etoposid s temodalem nahrazen nizce davkovanym cyklofosfamidem, a byl
ptidan intraven6zné vinorelbin. Pacienti vysokého rizika a bez moznosti kurativni 1é¢by byly
do této studie zatazeni od roku 2004 do roku 2010. Celkové se 1écby zucastnilo 74 pacienti.
Klinicky benefit pro pacienta byl zaznamenan ve 40 % ptipadl. Toxicita 1écby byla podobna,
jak bylo publikovano v ptedchozi praci, zaznamenany byly pfedev§im cheilitidy a zvysené
hodnoty jaternich testu.
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V dalsi verzi protokolu COMBAT Il byla cis-retinova kyselina nahrazena bevacizumabem,

anti VEGF protilatkou podavanou ve dvoutydennich intervalech.

S nastupem tyrozinkindzovych inhibitorti a rozvojem méfeni aktivity tyrozinkindz nebo MAP
kinaz byla do schématu COMBAT zakomponovana i tato 1é¢ba-COMBAT 11l modif. Dilezita
je titrace davek 1éciv tak, aby nedochazelo k neutropeniim vyzadujicim preruseni 1é¢by nebo
k dalsim komplikacim, které vyzaduji hospitalizaci. Data o 0¢innosti jsou aktualné
zpracovavana, do doby psani tohoto textu je zpracovana kohorta pacientt se sarkomy. Ramcové
1ze tict, ze 1écba COMBAT III modif. vede k prodlouzeni doby pieziti u vysoce rizikovych
sarkoml. Konkomitance nizce davkované chemoterapie se zakomponovanim intravenézniho
vinblastinu s antiangiogennim u¢inkem a tyrozinkinazovych inhibitorti je dobie snasena.

Vyhodnoceni efektivity u dalSich diagnostickych skupin je v planu.

1.7.4 Tyrozinkindzové inhibitory

Velké c¢ast klinického vyzkumu efektivity tyrozinkindzovych inhibitord u solidnich nadort
probihd bez znalosti aktivace piislusnych kinaz v nadoru jednotlivého pacienta, tedy tzv.
nepersonalizovany cileny piistup. Vhodnéjsi se zdéa byt ptistup, kdy je jako biomarker méfena
bud’ exprese tyrozinkinazy pomoci imunohistochemického histopatologického vysetieni, nebo
néktera z molekularnich metod pro urceni aktivity pfislusné tyrozinkinazy, napf. aktivacni
mutace v kodujicich exomech nebo na trovni funkce proteinu podle miry jeho fosforylace

(aktivovany stav).

Samostatné podani monoterapie tyrozinkindzovym inhibitorem je pfedmétem publikované
prace (ptiloha ¢. 8) (Mudry et al. 2017). Pojednava o novorozenci, u kterého byly nalezeny
mnohocetné mekkotkanové, organové a kostni léze diagnostikované jako infantilni
myofibromatoza. Konvencni 1é€ba byla zatizena vysokou toxicitou s nutnosti modifikace davek
chemoterapie. Léebna odpoveéd” — parcialni remise po této 1é¢bé vydrzela pouze tfi mésice.
Vysetfenim nadorové biologie byla zjisténa vysoka konstitutivni aktivita (fosforylace)
tyrozinkinazy PDGFRp. DalSim vySetfenim jsme zjistili nalez aktiva¢ni mutace v kddujicim
genu PDGFRB. Tato zjisténi vedla k podani personalizované cilené¢ 1é¢by (,,personalized
targeted therapy*) s excelentnim vysledkem, kdy v fadu tydnii doslo k regresi myofibromatozy
a 1 nekolik let od zahajeni 1écby pacient pokracuje v terapii; byt s nutnosti redukce davek

tyrozinkinazového inhibitoru a s nékolika infek¢nimi komplikacemi a jednou symptomatickou
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hypoglykemii s nutnosti hospitalizace. Evolu¢ni vyvoj onemocnéni vedl pii redukci davek
k nékolika relapsiim, které ovSem béhem ¢asu vyhasinaly, pfi zachovani alespon malé davky
tyrozinkinazového inhibitoru. Zajimavosti bylo, Ze pacientova 8letd sestra méla v anamnéze
spontann¢ regredované nebioptované 1€ze a v dob¢ 1écby chlapce u ni doslo k novému vzplanuti
choroby s relativné velkym loZiskem na bazi lebni s velkymi bolestmi. Biologie nadoru byla
stejnd jako u chlapce a stejn¢ tak bylo velmi rychle dosazeno terapeutického uspéchu
s tyrozinkindzovym inhibitorem sunitinibem. Tato prace ilustruje, jak velkym benefitem je pro
pacienta personalizovana cilend 1écba. V piipadé nédlezu aktiva¢ni mutace je mozné podani

inhibitoru v monoterapii s velmi dobrym vysledkem 1é¢by, jak je v praci dokumentovano.

Z tkan¢ nadoru pacienta popsaného v predchozim piipadé€ byla vytvofena bunécna linie, u které
byla zkoumana fosforylace tyrozinkinaz a citlivost na rizné tyrozinkinazové inhibitory (ptiloha
¢.9) (Sramek et al. 2018). V praci bylo experimentalné potvrzeno, Ze i bunééné linie derivované
Z nadoru si udrzuji vysokou miru fosforylace riznych tyrozinkinaz, nejvice pak PDGFRf
podminénou mutaci v genu PDGFRB. Inhibi¢ni efekt sunitinibu byl zaznamenan pfi
koncentracich, které jsou v klinické praxi dosaZitelné. Fosforylace PDGFR nebyla podminéna
jenom piitomnosti aktivaéni mutace, ale v nepfitomnosti séra v kultivatnim médiu doslo ke
snizeni exprese genu pro kinazu TGFA, nezménila se exprese EGFR a PDGFRB, a piekvapivé
doslo ke zvySeni exprese genu PDGFRA. Jde pravdépodobné o adaptacni autokrinni
mechanismus pro preziti buiky pii nedostatku zivin. Potencidlné je tento mechanismus

vyuzitelny pii kombinované terapii v klinické praxi.

Ptipadem uspésného poziti tyrozinkinazového inhibioru v monoterapii je piipad batolete
S vzacnym onemocnénim ,fibrodysplasia progressiva ossificans®, FOP (ptiloha ¢. 10)
(Rohleder et al. 2018). Dvacetimési¢ni divenka pfisla k 1ékafi s loziskovymi zarudnutimi, otoky
krku, axily a jugula, n€které z nich po prvotnim zarudnuti spontdnn¢ mizely, jiné se objevovaly,
1éze vedly k omezeni mobility krku a pletence horni konéetiny. Histologické vysetfeni popsalo
infantilni (lipo)fibromatézu mékkych tkani, pfi stagingu byly objeveny dalsi asymptomatické
léze na hrudniku a zadech. Byla zahdjena 1écba standardni nizkodavkovanou chemoterapii
methotrexate/vinblastin. Po ¢tyfech tydnech ovSem doslo k progresi 1ézi a objevovani se
novych, ve velmi rychlém sledu (v fadu hodin) doprovazenych teplotou. Kortikoidy vedly
k omezeni téchto vzplanuti. Vysetfeni biologické aktivity nadoru odhalilo vysokou miru
fosforylace PDGFRp. Divce byla podana 1écba sunitinibem, ktery cili na tuto kinazu,
v kombinaci s nizkodavkovanym vinblastinem a celecoxibem. Na této 1é¢bé doslo ke zmenSeni

1ézi, omezeni frekvence a intenzity vzplanuti a ke zpomaleni progrese omezeni hybnosti. Pfi
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vysetieni celoexomovym sekvenovanim byla odhalena patogenni mutce v AVCR1 genu, kterd
je patognomonicka pro onemocnéni FOP, ¢imZ zmé¢nila histopatologickou diagnézu. Divka je
na této 1é¢be jiz Ctyfi roky, béhem kterych je schopna s omezenim mobility krku a hornich
koncetin béznych dennich ¢innost. V tomto piipad¢ nejde o cilenou 1écbu, mechanismem
ucinku je inhibice prozanétlivych cytokini a proliferativnich kaskad vcetné PDGFR a,
PDGFR, c-kit, HIF1a a dalSich. Tato kazuistika ilustruje, jak metody molekularni genetiky
prispivaji ke spravné diagnostice ultravzacnych onemocnéni, kterym FOP je, a jak ,,off-label*
pouziti [éCiva vede k 1écebnému efektu. V dob¢ zahajeni 1éCby byla divka nejmladsi pacientkou
V dohledatelné anglickojazycné literatufe, ktera tyrozinkinadzovy inhibitor v této indikaci

dostala.

1.7.5 Rekurentni laryngealni papilomatosa

Rekurentni papilomatosa hrtanu je onemocnéni podminéné lidskym papilomavirem (HPV).
Vyskytuje se ve vSech vékovych kategoriich. Cesta transmise viru je genitdlni. Vzacné se
objevuje u malych déti. V ptipadé, Zze jde o onemocnéni refrakterni na chirurgickou lécbu
a opakovan¢ recidivuje, jde o devastujici onemocnéni, které pacientim nedovoli zapojeni do
béZného Zivota. Pacienti trpi opakovanymi ztratami hlasu, nekonstantni barvou a znénim hlasu

a vedou Kk psychosocialni izolaci v kolektivu.

Do 1é¢by rekurentni laryngealni papilomatosy bylo zavedeno vice lokalnich nebo systémovych
pfistupt, ale Zadny znich nedoséhl velké efektivity. Inovativni piistup lécby tohoto
onemocnéni je publikovan v praci, kde je ukazana efektivita pouziti ockovani pro HPV (piiloha
¢. 11) (Mudry et al. 2011). Dvoulety chlapec, jehoz matka neméla zadné znamky HPV,
postupné zacal mit chraplavy hlas a pifi vySetfeni ORL specialistou byla diagnostikovana
laryngeédlni papilomatosa. Béhem nésledujicich dvou let bylo provedeno Sest lokalné
chirurgickych zakroka. Tato lokalni 1écba vedla k do€asnym ulevam. Pomoci PCR byla v
papilomu detekovana genotypicka pfitomnost HPV-11. U chlapce nebyla detekovana zadna
porucha imunity. Bylo proto uvazovano o navozeni imunity proti HPV-11 po oc¢kovani, ktera
by zajistila dlouhodobégjsi efekt nez lokalni nebo toxické systémové 1éEby. Vzhledem
k etiopatogenezi byla pouzita specificka vakcina cilena proti vice genotypim HPV, mezi nimi
HPV-11. Protilatkova odpoveéd’ byla dostatecna a u chlapce doslo k vytvoteni protilatkové

imunity. Po ockovani nedoslo k dalsi recidivé papilomatosy po dobu 17 mésict (v dob¢& psani
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¢lanku), coz byl do té¢ doby nejdelsi zaznamenany interval bez nemoci, hlas se chlapci udrzel
ve fyziologickych mezich toni. V dob¢ publikace §lo o ,,off label” pouziti a fakticky o ,,drug
repurposing® pouziti 1é¢iva schvaleného pro jiné indikace. Tato prace ma velky citacni ohlas a
vakcinace proti HPV je v soucasnosti akceptovana jako 1é¢ebna metoda a strategie pro toto

onemocnéni.

1.7.6 Agnostické protinadorova 1écba

Jde o postup, kdy je 1écba uréena genetickym nebo molekuldrnim nalezem bez ohledu na typ
nadoru. Dosavadni paradigma klinické onkologie hovofilo o klasifikaci histologické. S nalezem
molekularné genetickych zmén v rdmci jednotlivych histologickych typid nadoru dochdzi
k dramatické zméné nadorovych klasifikaci, typicky u medulloblastomu nebo ependymomd na
zékladé metylac¢niho profilovani. U nadort se stejnym typem genové zmény — mutace (,,gain
of function®) nebo genové fuze Ize nové indikovat cilenou 1é¢bu. Prvnim pifipadem shvélené
agnostické 1écby byl pembrolizum,ab pro nadolry s vysokou mikrosatelitni instabilitou (MSI-

H) a ,,mismatch repair” deficitem (AMMR) (Subbiah et al. 2024)

U nemalignich onemocnéni jsme se spoluautory zjist'ovali pfitomnost mutaci v genech TEK2
a PI3CA u vaskularnich malformaci. Ty mohou pacienta prakticky invalidizovat a vyznamné
mu zhorsit kvalitu Zivota. Zjisténé mutace jsme pak korelovali s klinickou odpovédi na
alpelisib. Lécivo je schvalené v indikaci PIK3CA mutovany karcinom prsu. Pfi pouZiti ,,off-
label* jsme zaznamenali vyznamné zlepSeni jak laboratornich parametrii onemocnéni (pokles
D-dimerti), objektivni odpovéd’ na zobrazovacich metodach 1 klinickou ulevu od bolesti nebo

otoku. (pfiloha ¢. 20) (Sterba et al. 2023).

1.8 Souhrn

Inovativni 1é¢ebné postupy imunoterapie, personalizované 1écby, antiangiogeni metronomické
terapie, tyrozinkinazovych inhibitorti a vakcinaci byly dokumentovany ptilozenymi pracemi.
V klinické praxi vedly krozSifeni moznosti 1écby malignich i1 jinych onemocnéni, jako
rekurentni laryngealni papilomotosa nebo ,,fibrodysplasia ossificans progresiva®“. U malignit

Slo v n€kterych piipadech o kurativni pfistup u do té doby beznadéjnych piipadl, jinym
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pacientim dokazala inovativni 1é¢ba alespon udrzet celkove uspokojivy stav po delsi obdobi,
a to bez nutnosti hospitalizaci nebo nezadoucich ucinkt, a vyznamné tak ptispéla ke kvalité

Zivota pacientd.

2 Antimykoticka 1é¢ba u imunokompromitovanych pacientti

2.1 Uvod

Mykotické infekce jsou zavaznou komplikaci u pacientli 1é¢enych pro maligni onemocnéni,
predev§im hematoonkologické. V dospélé onkologii se 1ze s mykotickou infekci setkat vzacné.
U hematoonkologickych pacientii nebo détskych onkologickych pacientd s vysSsi intenzitu
chemoterapie je ¢etnost mykotickych onemocnéni vyssi. Nejrizikovejsi jsou pacienti s akutni
myeloblastovou leukemii a pacienti po alogenni transplantaci kostni difen¢ s kombinovanou

imunosupresi a S nemoci Stépu proti hostiteli (GvHD) (Busca et al. 2016).

Historicky je prvnim velmi G¢innym antimykotikem amphotericin B. Byl Siroce pouZivanym
ptipravkem desitky let jako zlaty standard antimykotické 1é€by. Jde o makrocyklické polyenové
protiplisnové antibiotikum produkované bakterii Streptomyces nodosum (Donovick et al. 1955).
V dobé jeho prvniho pouziti v r. 1959 Slo o Zivot zachranujici 1€k, k jeho pouZivani nebyla
nutnd zZadna randomizovana studie. Naopak, dlouhd 1éta byl pouzivan jako komparator nové
registrovanych a objevovanych antimykotik, jak echinokandint, tak azoll, v pozdéj$im obdobi
pak byly stejn¢ vyuzivany jeho lipidové formy. Velkou nevyhodou konvenéniho amphotericinu
B je nefrotoxicita, ktera byla limitujici pro dlouhodobé podavani (Bes et al. 2014). Proto byly
na trh uvedeny lipidové formy, které maji mensi afinitu k cholesterolu membran na lidskych
bunikach a zaroven maji zachovanu afinitu k ergosterolu membran hub. Na trh byly uvedeny tfi
formy — liposomalni forma (Ambisom), lipidovy komplex (Abelcet) a koloidni disperze
(Amphocil) (Tiphine et al. 1999; Moen et al. 2009). Vsechny tfi maji dobrou renalni toleranci,
kterd umoznuje dlouhodobé podévani. Spektrum u¢innosti amphotericinu B saha od candid,

kryptokokt, blastomycet pies aspergillus spp. az po mukormycety. Z vlastni praxe autora je
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mozné podavani téchto lipidovych forem vyjimecné i nékolik mésict bez signifikantni toxicity,

jako u pacientt s invazivni aspergilozou mozku (Sterba et al. 2005).

V poslednich dvou desetiletich byla ke klinickému pouziti vyvinuta echinkandinova a nova
azolova antimykotika. Jejich zavedeni do praxe znamenalo rozSifeni spektra U¢innych
antimykotik. U aspergilézy byl nastaven novy standard terapie voriconazolem, v piipadé
candidovych infekci je Iékem volby echinokandin. Velkym piinosem je mensi nebo zadna
renalni toxicita, mala hepatalni toxicita a u azoli moznost peroralni formy. V praxi se uplatiuji
jak v 1écbé mykoz, tak v profylaxi. Profylaktické podavani azoll je standardem u vysoce

rizikovych hematoonkologickych diagnoz jak u dospélych, tak u déti (Maertens et al. 2018).

V Ceské a Slovenské republice je etablovana sit’ spolupracujicich hematoonkologickych center.
Jejich spoluprace je v oblasti antiinfekéni 1é€by, koordinace 1é¢ebnych postupti a spolecnych
databazi mykotickych onemocnéni provadéna v ramcei skupiny CELL — Czech Leukemia Study
Group for Life, formalné€ jde o obcanské sdruzeni. Klinika détské onkologie FN Brno je jednim
ze spolupracujicich center. Cili sdruZeni jsou tvorba spoleénych diagnostickych a lé¢ebnych
protokolti, organizovani klinickych a experimentalnich studii, zavadéni novych poznatkti do
diagnostiky a 1é¢by, navazani kooperace se zahrani¢nimi subjekty a rozsifovani poznatki i mezi
laickou vetejnost (osvetova ¢innost). Zaméteni tedy pokryva celé spektrum hematoonkologické

problematiky, nejen diagnostiku a 1é¢bu myko6z u imunokompromitovanych pacientt.

Autofi z KDO FN Brno se podileli na definovani doporucenych postupii 1écby invazivnich
mykoz, které byly publikovany v Ceskych casopisech (Racil et al. 2008; Haber et al. 2008).
Predstavuji souhrn do té doby roztfisténych casopiseckych praci, klinickych studii a vysledka
kooperativnich mezinarodnich skupin a navazuji na podobna usili, ktera byla vyvinuta

V zahrani¢i.

2.2 Komentaf k publikovanym pracim

Mnozstvi dat o ucinnosti a efektivité voriconazolu u déti je limitované. Pro rozsifeni indikace
voriconazolu na détskou populaci byla provedeno klinické hodnoceni (KH) voriconazolu
U invazivni aspergilozy, invazivni kandidozy a esofagealni kandidozy u déti od 2 do 18 let
(ptiloha ¢. 12) (Martin et al. 2017). Na KDO probihala dvé diagnoza specificka KH. Prvni

zkoumajici voriconazol u invazivni aspergilozy (IA), NCT00836875, druhé v indikaci
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invazivni kandidozy a esofagedlni candidozy (IC/EC), NCT01092832. Obé KH byla
multicentrickd, sponzorovana farmaceutickou firmou Pfizer, probihala v 16 centrech v Evropé,
Asii a Severni Americe v letech 2009-2013. Davkovani voriconazolu bylo nastaveno podle v té
dobé& novych znalosti o farmakokinetice, kdy u pacienti do 12 let nebo 12—14 let s hmotnosti
pod 50 kg byla startovaci davka 9 mg/kg 4 12 hodin prvni den, poté 8 mg/kg a 12 hodin,
Vv ptipadé esofagealni kandidézy byla davka 4 mg/kg. Bylo mozno davku modifikovat podle
dosazenych plazmatickych hladin voriconazolu. Do studie IA bylo zatazeno 31 pacienti, do
studie IC/EC bylo zatazeno 24 pacienti. Median doby podéavani antimykotika byl ve skupiné
IA 41 dni, u skupiny IC/EC 14 dni. Tolerance 1écby byla dobra. Celkova 1é¢ebna odpoveéd byla
zaznamenana u 78 % pacientil s IA ve véku 12-18 let, u mladsich pacienti byla uc¢innost horsi
— 40 %, ale muze jit o zkresleni vlivem malého vzorku, hodnocenych pacientd bylo pouze pét.
Celkova tcinnost u IA byla 64,3 %. Profil toxicity byl podobny jako u dospélych, nicméné
u mlad$ich déti byla zaznamenana castéjsi hepatotoxicita, ale nikoliv zvyseni jejiho stupné.
Utinnost ve skupiné pacientt s IC/EC byla lepsi ve vékové skupiné 2—12 let, 88,9 %, u starich
byla 62,5 %, celkové 76,5 %. Interpretce téchto rozdilii mezi vékovymi skupinami je limitovana
malou velikosti studované populace a faktem, Ze se jednalo o ,,open-label* nekomparativni
design studie. Celkové lze shrnout, ze profil Gi¢innosti a toxicity voriconazolu se v uvedenych
indikacich pro détskou populaci nelisi od dat ziskanych dtive u dospélych pacientd, a dovoluje

indikaci tohoto azolu v dané vékové skuping.

O retrospektivnim vyzkumu léc¢by invazivni aspergilézy u hematoonkologickych pacientl
v Ceské a Slovenské Republice v letech 2005-2009 pojednava prace publikovana v r. 2012
(ptiloha ¢. 13) (Racil et al. 2013). Data byla ziskana v ramci projektu CELL. Autofi popisuji
diagnostiku a 1é€bu u 176 ptipadi [A. U 15,3 % byla diagnostikovana prokazana IA, u 84,7%
pravdépodobna IA, definice vychazely z EORST/MSG kritérii pro IA z roku 2002. Kompletni
nebo parcidlni 1é¢ebné odpoveédi bylo dosazeno u 53,2 % pacienti. Dilezitym zjisténim je fakt,
ze pouze 53,7 % pacient mélo na diagnostickych CT vySetienich 1éze povazované za typické
pro plicni IA dle EORTC/MSG 2008 kritérii. Nalez na CT je vyznamné ovlivnén pfitomnosti
nebo absenci neutrofilnich segmentti. V1iv v tomto zjiSténi mohl mit i fakt, Ze v dobé studie se
do praxe dostavaly HRCT pfistroje, a diagnostické protokoly se tak liSily od ptedchozich CT
technik. Vyznamnym zjisténim v této praci je role testovani galaktomananu jak v séru, tak
Vv tekutin€ z bronchoalveolarni lavaze, ktery byl pozitivni v 79,1 % resp. 78,8 % piipadu, tyto
pozitivity prispély k diagnostice IA. U ¢tvrtiny pacienti (26,3 %) byla IA 1é¢ena dvojkombinaci

antimykotik, nejcastéji voriconazolu a capfunginu, ov§em bez korelace s 1écebnym efektem.
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V soucasné¢ dobé se za standardni postup povazuje monoterapie voriconazolem nebo

posaconazolem nebo isavconazolem, které maji schvaleni EMA v této indikaci.
Velkym uspéchem byla 1écba dvou invazivnich myké6z publikovanych jako kazuistiky.

V prvnim pfipadé byla pacientce s aspergilozou mozku béhem indukéni 1éEby akutni
lymfoblastické leukémie podavana koloidni disperze ampfotericinu B (,,amphotericin B coloid
disperzion“ ABCD) spolu s lokalni 1é¢bou konvenénim amfotericinem B a chirurgickou resekci
rezidualniho aspergilomu (pfiloha ¢. 14) (Sterba et al. 2005). Divka toto onemocnéni, fatalni az
v 80 % pripadl, zvladla a stejné tak uspéSné¢ ukoncila 1é¢bu zékladniho onemocnéni.
Kumulativni davka ABCD byla 2,3 g/kg a nevedla k nefrotoxicité, coz je mozné povazovat za

uspéch adekvatni hydratacni 1écby s peclivou korekci ionogramu, pfedev§im hypokalemii.

Druhym piipadem je sterkoralni kandidova peritonitida u chlapce s nehodgkinskym lymfomem,
opét béhem indukéni 1é¢by (piiloha ¢. 15) (Krenova et al. 2010). S obtizemi 1é¢ena mykoza
byla zvladnuta s konkomitantnim podanim vyzkumné terapie anti HSP-90 protilatkou
efungumab v ramci firemniho programu. Chlapec svou mykézu zvladnul a je vylécen i ze své
malignity. Publikované prace s efungumabem referuji v den 10 terapie kandozy v 84 % ptipadu
zlepSeni ptiznakl s pfidanim efungumabu, versus 48 % u pacientll s monoterapii amfotericinem
B bez efungumabu, stejné tak byla mensi i mortalita den 3 s pfidanym efungumabem 4 %, verus
18 % bez efungumabu. Latka efungumab nakonec nesplnila kritéria schvaleni trzni autorizace
pro obavy z fluktuace krevniho tlaku a syndromu uvolnéni cytokinti a neni k pouziti schvalena

regulatory(Committee for Medicinal Products for Human Use (CHMP) (Bugli et al. 2013).

2.3 Souhrn

Participace v multicentrickych a mezinarodnich projektech diagnostiky a 1é¢by invazivnich
mykoz je pro pacienty piinosem v podobé pouziti standardizovaného postupu diagnostiky
a lécby. V pripad¢ selhani standardni 1écby je pouziti inovativniho postupu plné indikovano.
Vytvoteni jednotnych postupi 1écby u imunokompromitovanych pacienti ve formé

doporucenych postupti je piinosem 1 pro spolupracujici obory.
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3 Lécba sarkomu mékkych tkani détského véku

3.1 Uvod

V dospélé populaci predstavuji sarkomy mékkych tkani (STS) ptiblizn€ 1 % vSech nadorovych
onemocnéni (Burningham et al. 2012). U populace déti a mladych dospélych do 20 let jsou
relativné Castéj$i a predstavuji 7 % vsSech nddorovych onemocnéni, z toho polovina jsou
rabdomyosarkomy (RMS). Ostatni nadory této velmi heterogenni skupiny jsou nazyvany non-
rabdomyosarkomy mékkych tkani (NRSTS, z angl. ,,non-rhabdomyosarcoma soft tissue
sarcomas‘). VétSina z nich patiéi mezi ultravzacna onemocnéni s incidenci < 1 na 1 milion

obyvatel (Stacchiotti et al. 2021).

3.2 Epidemiologie a etiologie

Epidemiologické rozlozeni STS ve véku do 20 let je velmi pestré. Ve véku do 5 let dominuji
rabdomyosarkomy s podilem 60 %, naopak mezi 15. a 19. rokem je jejich podil 23 %. Naopak,
NRSTS predstavuji vice nez 75 % ze vSech sarkomil v adolescentnim véku. Nej€astéj$im STS
u kojencli je infantilni fibrosarkom, u starSich déti a adolescentli jsou nejcCastéjsi
synovialosarkom, dermatofibrosarcoma protuberans, maligni nddor pochev perifernich nervii
(MPNST) a maligni fibrozni histiocytom. Predominance je mirn€ vyssi u muzského pohlavi
v poméru 1,2 : 1 (Gurney JG et al. 1999). Vyznamnym faktorem pro vznik STS je néktera z
genetickych predispozici, jako Li-Fraumeni syndrom — az 10 % ze vSech STS nebo germinalni
mutace RB genu (Malkin et al. 1990). Familiarni adenomatosni polyp6za je v 25 % piipada
spojena s agresivni fibromatozou (Nieuwenhuis et al. 2011). Neurofibromatéza typu 1 ma riziko
vzniku MPNST pfiblizné 15 % (Landry et al. 2021). Desmoidni tumory jsou ptitomny u 4-20%
pacientli s Gardnerovym syndromem (Gurbuz et al. 1994).Mutace v SMARCBI1 genu je ¢asto

spojena s extrarenalnim malignim rhabdoidnim tumorem (Brennan et al. 2013).

Jako sekundérni malignity jsou sarkomy mekkych tkani i kosti zndmy v dospélé populaci po
radioterapii. Pfi dlouhodobém sledovani pacientt 1é€enych pro nador v détstvi bylo zjisténo, ze
riziko vzniku sarkomu jako sekundarni malignity je 9x vys§i nez v bézné populaci (Henderson

et al. 2007). Nejveétsim rizikem jsou piedchozi 1écba pro sarkom, anamnéza jiného
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sekundarniho nadoru a radioterapie, nebo vysoké davkovani antracyklini ¢i alkylancii. Z
dal$ich rizikovych faktort vnéjsiho prostiedi pro vznik angiosarkomu jater je znama predchozi
expozice vinylchloridu (u dospélych) (Barsouk et al. 2021). Chronicky lymfedém predisponuje
ke vzniku lymfangiosarkomu a toi kongenitalniho (Dubin 1974).

Vysetteni nadorové tkang, grading, staging

Samoziejmosti pii biopsii pii podezieni na sarkom v détském véku je uchovani biologického
materialu pro dalsi diagnosticka vySetfeni (Chisholm et al. 2024). Material se odesila na
cytogenetické vysetieni, vice alikvotil je zamrazeno v tekutém dusiku, uchovavaji se otisky
tkane pro potieby FISH analyzy, pti dostate¢ném mnozstvi materialu je odeslan jeho vzorek ke
kultivaci bunéénych linii. Takto odebrany material umoziuje ve slozitych pfipadech efektivni
diagnostiku pomoci molekularné genetickych metod, které dokazi specifikovat mutace,
disrupce a amplifikace genti nebo pomoci RT-PCR detekovat specifické translokace. Staging
STS u déti je tradicné definovan chirurgicko-patologickou klasifikaci IRS, vychazejici
z Intergroup RhabdomyoSarcoma Group studii, IRSG (Raney et al. 2001).

Tabulka 1: Staging détskych sarkomii mékkych tkani podle chirurgicko-patologicka klasifikace
IRS

IRS skupina Definice

I Nédor resekovan kompletné mikroskopicky
(RO), bez postizeni spadovych lymfatickych

uzlin

Nédor resekovan makroskopicky —

Ila S mikroskopickym reziduem (R1) a bez
postiZeni spadovych lymfatickych uzlin
b Pozitivni spadové lymfatické uzliny
kompletné resekovany

lic Pozitivni spadové lymfatické uzliny
kompletné resekovany a nejvzdalené;si

uzlina mikroskopicky pozitivni

35



i Nédor s makroskopickym reziduem
Ila po biopsii (R2)
b nebo parcialni resekci nad 50 % (R2)

Metastazy pritomny, nebo postizeny
vV nadregionalni lymfatické uzliny
Maligni vypotek nebo implantacni

metastazy

Diagnoza STS se opird o probatorni excizi, u mensi ¢asti pacientl Ize provést adekvéatni resekci
mensSich a povrchové ulozenych tumort. V zasad€ nevhodna je tenkojehlova biopsie. Mnozstvi
materialu takto odebraného je Casto limitované, mnohdy nereprezentativni a pro potieby
precizni molekularné biologické diagnostiky nedostacujici. Biopsie tlustou jehloou jsou naopak
ve zkusenych rukou ptinosné (Welker et al. 2000) (Kiefer et al. 2022).

3.3 Lokalni kontrola

Obecny pfistup k terapii STS v détstvi je podobny jako u dospélych, s né€kterymi v€kovymi
specifiky. Tak, jak se lisi histologické spektrum STS mezi dospélou a détskou populaci, lisi se
1 pristupy k 1écbé. Chovani nekterych STS je v obou populacich podobné, u jinych, jako
naptiklad u infantilniho fibrosarkomu, je diametralné odlisné. Zda probéhne lokalni kontrola
chirurgicky, nebo radioterapii, zavisi na misté vzniku tumoru a véku pacienta — hiife se dosahne
radikalniho zachovného zakroku pti mensim mnozstvi okolnich zdravych tkani, a ten miize ve
nez u dospélych. Davky zateni efektivni v 1é€bé STS zastavuji dalsi riist ozatenych zdravych
tkani, které jsou poté hypotrofické a vedou k paresam, vaskulitidam, frakturam a sekundarnim

malignitam (Paulino 2004).

Prvni diilezitym rozhodnutim po diagnéze STS je, jak dosahnout lokalni kontroly. Kdykoliv je
to bez mutilace mozné, ma byt provedena chirurgicka resekce. Pokud nelze lokélni kontroly
dosahnout pii akceptovatelné morbidité, je mozné zvazit predoperacni nebo pooperacni
radioterapii ke sniZeni rizika lokalni recidivy po marginalni resekci (O’Sullivan et al.

2002)(Noeuveglise et al. 2024; Haas et al. 2016). Pacientim s primarné neresekabilnim

36



tumorem nebo metastdizami pii diagndze je nutné nabidnout kombinaci chemoterapie a
radioterapie, pfipadné novych léCebnych postupt, at’ jiz v ramci paliativni 1écby, nebo v

soucasné dobé rychle se rozvijejicimi moznostmi cilené 1éCby.

Radikality resekce jako u dospélych neni mozné zpravidla u déti v koncetinovych lokalizacich
dosdhnout s pozadovanou hranici 2 cm zdravé tkané. Minimalnim pozadavkem je odstranéni
nadorové pseudokapsuly a okraj zdravé tkané 2-5mm, jinak Ize ¢ekat vysokou miru lokélnich
recidiv, zvlasté u STS bez prokazané chemosenzitivity (Novais et al. 2010; Bilgeri et al. 2020).
Naopak u chemosenzitivnich STS je marginalni resekce ptipustna, pieziti je u radikaln¢ a

neradikalné resekovanych STS srovnatelné (Dagan et al. 2012; Kim et al. 2008) .

Postizeni lymfatickych uzlin neni obecné u NRSTS casté, na rozdil od rabdomyosarkomi,
vyskytuje se u 4-5.3% pacientti (Alvarez et al. 2023; Jacobs et al. 2018). U n¢kterych vysoce
malignich nadorti jako rabdomyosarkom, svétlobunéény sarkom, epiteloidni sarkom a
myxoidni a kulatobnunéény liposarkom @ze byt postizeni lymfatickych uzlin u dospoélych
pacienti v 19-55 % piipadu (Jacobs et al. 2018). Neéktera centra doporucuji ve spornych

ptipadech biopsii sentinelové uzliny. Nalez pozitivity vede k indikaci resekce a radioterapie.

Ptiblizné 20 % pacientli se STS ma metastatickou nemoc. Predominantnim orgdnem metastaz
jsou plice (Gonzalez et al. 2023). Pokud je mozna resekce vSech plicnich metastaz, méla by byt
provedena. Dlouhodobého preziti dosahuje pouze 10 % téchto pacientli, ovS§em znacn¢ se lisi
mezi jednotlivymi typy STS, rabdomyosarkomy maji lepS§i progndézu nez jiné subtypy
(Billingsley et al. 1999).

3.4 Systémova lécba

Systémova 1é¢ba patii do 1é¢ebného postupu u chemosenzitivni choroby (Ferrari et al. 2021).

Blize je uvedena u jednotlivych histologickych podtypi nize.

3.5 Sarkomy mékkych tkani typické pro déti a adolescenty a jejich 1écba
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3.5.1 Rabdomyosarkom (RMS)

Jde o nejcastéjsi STS u déti a adolescentll s podilem pies 40 %, incidence je 4,3 ptipadu
v populaci 1 milionu do véku 20 let. Téméf dvé tietiny piipadu jsou diagnostikovany u déti do
5 let (Gurney JG et al. 1999). Vyristaji prakticky v kterékoliv lokalizaci, i kdyz lze pozorovat
seskupeni do nékolika skupin. Naptiklad lokalizace hlava a krk se vyskytuje ve 40% a véku do
8 let (Oberlin et al. 2012; Radzikowska et al. 2016). RMS orbity je zpravidla embryonalniho
typu s velmi dobrou progndzou (Jurdy et al. 2013). Koncetinové nadory jsou typické pro
adolescenty, pievazuji u nich alveolarni subtypy (Oberlin et al. 2015; Welmant et al. 2021).
Etiologie je podobna jako u vSech STS. V rodinach déti se sarkomem (dv¢ tfetiny z nich byly
RMS) a anamnézou spontanniho abortu a umrtim ditéte do jednoho roku véku byla zjisténa v
jedné tietiné piipadi néktera z forem Li--Fraumeniho syndromu (Hartley et al. 1994). V
souladu s moznymi interakcemi mezi genetickou predispozici a vlivy vnéjsiho prostiedi je
zajimavé pozorovani az trojnasobné vyssiho rizika RMS pro dité matky, ktera rok pfed jeho
narozenim uzivala marihuanu, totéz plati pro otce ditéte. Uzivani kokainu bylo spojeno s

pétinasobnym rizikem (Grufferman et al. 1993).

Charakteristické pro RMS jsou genetické zmény. U 70 % piipadi alveolarniho subtypu
(ARMS) nalézame typickou translokaci t(2;13)(q35;q14) nebo t(1;13)(p36;q14) vedouci ke
vzniku fuzniho genu PAX3-FOXO1 nebo PAX7-FOXO1 (Turc-Carel et al. 1986; Shapiro et
al. 1993). Produkty téchto fuznich gent spolu se ztratou funkce lokusu CDKN2 vedou k
abnormalni aktivaci transkripce vedouci k finalnimu malignimu fenotypu (lolascon et al. 1996).
Podili na tom i inhibice drah RB a p53 gent, amplifikace genu MYCN a zvySena exprese
receptorové tyrozinkinazy C-MET (Chen et al. 2007). Druhy subtyp RMS nazyvany
embryonalni (ERMS) ma typicky ztratu heterozygozity lokusu 11pl5 se ztratou maternalni
alely. Na tomto lokusu je gen IGF-2, ktery koduje rastovy faktor. Ten se pravdépodobné podili
na patogenezi ERMS (Feinberg 1993). Patognomonicka je exprese proteint z rodiny MyoD,
které se nevyskytuji v jinych nez mezenchymalnich liniich uréenych k myogenni diferenciaci.
Mutace v genu MyoD1 je spojend s extrémné Spatnou progndzou i u lokalizované nemoci
(Ahmed et al. 2021; Di Carlo et al. 2023). Casté jsou mutace N-RAS a K-RAS onkogent, které
jsou u RMS veékové zavislé (Pulciani et al. 1982; Chardin et al. 1985). Prvni se vyskytuje

U novorozenct, druhd ma maximum vyskytu kolem 14. roku veku (Shern et al. 2021).

Témeét 40 % RMS vyriista v oblasti hlavy a krku. Dllezita pro prognozu je tzv. parameningealni

lokalizace — baze lebni, nosni a paranasalni dutiny, fossa pterygopalatina/infratemporalis,
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nosohltan a stfedni ucho. V téchto lokalizacich je vysokeé riziko lokalni recidivy a je indikovéana
radioterapie. Naopak v orbit¢ nebo v jinych lokalitich hlavy a krku, tzv. non-
parameningealnich, je mozné radioterapii vynechat z 1éCebného postupu bez vétSich rizik
a s celkovym piezitim az 95 % pacientl. Dalsi typickou lokalizaci jsou genitalie a vyvodné
cesty mocCové — trigonum mocového méchyte, déloha nebo pochva u divek nebo nadvarle
aprostata u hochli. Koncetinové RMS jsou casto spojené s postizenim regiondlnich
lymfatickych uzlin a maji tendenci rist podél fascii. Postizeni trupu je rizikové pro lokalni
recidivy. Obtizné a pozdé jsou diagnostikovany RMS v télnich dutinadch nitrohrudi nebo
V panvi. Rychle rostouci naddor v fadu tydnti vede k dusnosti a je zachycen na prostém RTG
snimku. Pomaleji rostouci nddor muze vyplnit cely hemithorax bez dechové tisn¢, respiracné
kompenzacni mechanismy dokazi distress eliminovat, a pacient pak ptichazi s nadorem v celém
hemithoraxu s metastdzami na pleufe nebo s malignim vypotkem. Z organovych lokalizaci
dosahuji RMS zluc¢ového traktu zpravidla intraparenchymatézné v jatrech obrovskych rozmért.
Tumory mensi nez Scm maji vybornou prognézu s dobrou senzitivitou na chemoterapii, celkové

5 leté preziti dosahuje 85% (Guérin et al. 2019). Dlivod této biologické vlastnosti znam neni.
Lécba rhabdomyosarkomu

Rabdomyosarkom je chemosenzitivni malignita. Kombinovana 1écba chirurgicka, radioterapii
a chemoterapii je standardem. Intenzita chemoterapie a vybér cytostatik zavisi na klinickém
stadiu. Pomé&mé slozity systém stagingu pocitd s parametry, které stratifikuji pacienty
s nemetastatickym onemocnénim do Sesti rizikovych skupin, z nichz kazda vyzaduje jinou
intenzitu terapie. Ptiznivymi faktory jsou v€k pod 10 let, velikost nadoru méné nez 5 cm,
lokalizace jind nez parameningeélni, koncetinovd a trup, histologie jind neZ alveolarni.
U choroby metastatické se také vyskytuji faktory, které stratifikuji pacienta do skupiny
s relativné piiznivou piiblizné 40% prognozou pro vyléceni. Jsou to v€k pacienta do 9 let,
S nejvysSe jednou metastatickou lokalizaci (napf. plice) a bez postiZzeni skeletu nebo kostni

dfené.

Chemoterapeuticka schémata jsou postavena na vinkristinu a actinomycinu D samotnych
U pacientli nizkého rizika. Pacienti stfedniho rizika jsou léCeni také vinkristinem
s aktinomycinem D a s pfidanim alkylancia, v Severni Americe cyklofosfamidem (VAC),
v Evrop¢ ifosfamidem (IVA). Role antracyklinu je historicky potvrzena jako efektivni, nicméné
nevede ke zlepSeni 1écebnych vysledk, jak bylo prokdzano v randomizované studii u vysoce
rizikovych rabdomyosarkomt (Bisogno et al. 2018). Vzhledem ke kardialni toxicité se u

nemetastatické choroby nepouziva. Doxorubicin je vyhrazen pro 1é€bu metastatické nemoci v
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kombinaci s cyklofosfamidem a vinkristinem (VDC) nebo jako ¢tyfkombinace ifosfamid,
vinkristin, aktinomycin D, doxorubicin (IVADo). Dalsi efektivni kombinaci 1é¢iv pouzivanych

v terapii metastatické nemoci jsou ifosfamid a etoposid (IE) a vinkristin s irinotekanem (V1).

Nacasovani chemoterapie zalezi na typu chirurgického vykonu pii diagnéze. Témét polovina
pacienttl spada do skupiny s neoadjuvantni 1é¢bou. Chemosenzitivni nador je jednak s vyhodou
objemov¢ redukovan, prikaz chemosenzitivity je biologicky ovéteny benefit adjuvantni 1éCby
v trvani az pul roku. Délka adjuvantni 1écby je ve vSech pfipadech minimalné¢ 6 cykla
opakovanych po tfech tydnech. Recentni vysledky randomizované studie s udrzovaci terapii
vinorelbinem a nizkodavkovanym cyklofosfamidem (denné 25 mg/m? télesného povrchu
peroraln¢) podavanymi pul roku prokazaly zlepSeni pteziti u vysoce rizikovych pacientti, S
dosud nejlepsim pétiletym celkovym piezitim 85 % (Bisogno et al. 2023). Pacienti s postiZzenim
lymfatickych uzlin a pozitivitou fuzniho genu PAX3-FOXO1l nebo PAX7-FOXOI1 maji
prognozu srovnatelnou s metastatickou chorobou s pétiletym prezitim bez udalosti 43 % oproti
pacientiim s N1 chorobou bez pozitivity fizniho genu. Tito pacienti budou v dalsi evropské

studii 1éCeni pomoci delsi udrzovaci terapie.

Relapsy rabdomyosarkomu jsou Iléitelné pfiblizné u tfetiny pacienti. Opét zalezi na
prognostickych faktorech a moznostech lokélni 1écby. Tam, kde byla pfi primarni diagndze
provedena zachovnd operace, je u relapsu indikovana ztratova nebo mutilujici, pokud vede
k remisi. Radikalita je opravnéna i u radioterapeutickych schémat. Lécebné rezimy
chemoterapie reflektuji predchozi linii. Vedle vySe zminénych reZzimi je efektivni také
kombinace vinorelbinu s blokovym cyklofosfamidem (1,2 g/m?). Kombinace
Vinkristin+lrinotecan s temodalem (VIT) zlepSuje celkové pieziti u refrakternich a
relabovanych RMS o piiblizné ¢tyii mésice (10,3 vs. 14,5) (Defachelles et al. 2021). Pacienti s
refrakternim nebo ¢asné po 1é¢bé prvni linie relabujicim RMS a pacienti s metastatickou
progresi maji velmi malou Sanci na dosaZeni dlouhodobého pieziti a méli by byt léceni
individualizované na zaklad¢ vysledkt analyzy nadorového exomu, transkriptomu a profilu
aktivity drah proteinkindz a MAP kinaz, metylacniho profilu a muta¢ni néloze nadoru a

testovani senzitivity 1é¢iv (Acanda De La Rocha et al. 2021).
Vybrané non-rhabdomyosarkomy mekkych tkani u déti a adolescentti

Vsechny nize uvedené nadory maji incidenci spliiujici kritérium vzacného nebo ultra vzacného
onemocnéni s prevalenci mensi nez 1 ptipad v populaci 2 tisice, resp. 50 tisic obyvatel (Harari

a Humbert 2020). Lécebny ptistup tomu odpovida, mnohdy neexistuji zadné udaje o 1écbé
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srovnatelné s popula¢nimi randomizovanymi studiemi, jako u Cetn¢jSich diagnoz. Lécba je
postavena na historické empirii a publikovanych souborech pacientli s n¢kolika desitkami,
vzacné stovkami pfipadi, soubory jsou heterogenni. SpoleCnym jmenovatelem jsou genetické
abnormity a vyuziti cilenych 1é¢iv. I 1écebnd doporuceni je nutno touto optikou vnimat jako
dosud nejlepsi mozné standardy péce, véetné precizni diagnostiky a individualizované 1éCby.
Alespon Castecné davaji pacientim s témito nadory Sanci na delsi preziti ptipadné kurativni
1é¢bu multikindzové inhibitory cilené na geneticky podminéné zmény ve fuznich genech nebo
receptorovych tyrozinkinazach nebo MAP kindzach (Fuchs et al. 2023). Ty, pokud jsou v
nadoru potvrzeny, byvaji dobfe zaméftitelné a vedou k dlouhodobé stabilizaci nebo 1 remisi
onemocnéni, jako naptiklad u NTRK fuzi v ptipad¢ infantilniho fibrosarkomu nebo ALK nebo
PDGFRB mutovanych inflamatornich myofibroblastickych tumorech nebo agresivnich

fibromatozach.

3.5.2 Infantilni fibrosarkom

Vyskytuje se vyhradné u pacientti mladsich ctyt let, 60 % z nich je diagnostikovano do tietiho

mésice zivota, az polovina vznika in utero a je vrozena.

Pro infantilni fibrosarkom (IFS) je charakteristicka translokace t(12;15)(p13;25), kterou
vznikne fazni transkript ETV6-NTRK3 (stejna fhze je u vrozeného nadoru ledviny,
mesoblastického nefromu) (Knezevich et al. 1998; Rubin et al. 1998). Tato flize ovSem neni
stoprocentné urcujici, nc¢které IFS ji nemaji. Naopak mize v patogenezi hrat roli 1 jiny
mechanizmus. Byly nalezeny zvysené aktivace receptorovych tyrozin kinaz PI13-Akt, MAPK a

SRC bez uvedené fuze.

Histopatologicky jde o vietenobunécny vysoce bunéény nador s astymi mitd6zami, mohou byt
pritomny okrsky nekrdz, zvySena vaskularita je v okrscich podobnych hemangiopericytomu.
Pivod je pravdépodobné v primitivni mezenchymalni vietenobunééné bunce, jde

0 prekurzorovou buniku fibroblastické/myofibroblastické bunécné linie.

Klinicky nélez je ve dvou tietinach pfipadii mékkotkanovy tumor na konceting, méné Casto na
trupu, krku nebo na kalve, vzacné je postizeni orgdnové. Nador obvykle roste rychle do
relativné velkych rozmért, dvé tfetiny pacientli maji nador vétSi nez 5 cm. Metastaticky

potencial IFS je nepatrny.
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Metodou 1écby je v piipadé resekabilnich IFS chirurgicka resekce, pokud v planovaném
rozsahu nepovede k mutilujicimu vysledku. Akceptovatelnd je i margindlni resekce bez
adjuvantni 1écby. Vzhledem k relativni velikosti a lokalizaci nadoru to neni vzdy mozné.
Mnohem pfijatelnéjsi z hlediska funkcnich nasledkt 1écby je neoadjuvantni chemoterapie.
Nejvetsi publikované série pacientii s IFS shodné uvadi velmi dobrou 1écebnou odpovéd’ kolem

70 % na kombinaci vinkristin a actinomycin D (Orbach et al. 2016).

Pouze pfiblizné cCtvrtina pacientii je timto postupem indikovana k priméarni resekci.
Intenzifikace 1écby o alkylans cyklofosfamid nebo ifosfamid je zpravidla vynucena pfi
stabilnim nebo progredujicim nalezu u neresekabilnich naddort. Radioterapie neni vzhledem

k véku pacientti indikovana. Celkové tfileté preziti dosahuje 94 % (Orbach et al. 2016).

Recentni prace ukazuji, ze elektivni inhibitor TRK kinaz larotrectinib prokéazal aktivitu
U pacientl s fuzi nékteré¢ho z genlit NTRK 1-3. U pacientii s pokro¢ilym nebo metastatickym
a relabovanym nebo refrakternim sarkomem s touto genovou fuzi je objektivni radiologicka
odpovéd’ dosazitelnd monoterapii timto inhibitorem v 93 % ptipadu, coz jako recentni poznatek

povede k dalsi eliminaci intenzity chemoterapie, zvlasté alkylancii (Orbach et al. 2024).

3.5.3 Inflamatorni myofibroblasticky tumor (IMT)

Popisovan je také jako zanétlivy pseudotumor nebo zanétlivy (inflamatorni) fibrosarkom. Jde
o intermediarni nador s lokaln€ agresivnim rlstem a nizkym metastatickym potencidlem
(Gleason a Hornick 2008). Vékovy vrchol incidence je kolem deviti let. Mize se vyskytnout v
mékkych tkanich 1 organech, v plicich 1 dutiné bfiSni. Typicky je nespecifickymi ptiznaky
doprovéazeny indolentni rst bud’ v hrudniku, nebo v retroperitoneu. Diagnéza je uvedena
dramatickym nalezem na zobrazovacich metodach. Az tfetina pacientli ma paraneoplastické
projevy, jako zvySenou sedimentaci erytrocytd, teploty, trombocytdzu, anemii, polyklondlni

hypergamaglobulinemii (Coffin et al. 2007).

Pfesné patogeneze neni znama. PtileZitostné se uvadi rist po operaci nebo zranéni. Histologicky
se sklada z myofibroblastli a zanétlivé infiltrace. Pomér téchto slozek je proménlivy a pohybuje
se od obrazu fasciitidy k obrazu podobnému bunécnému fibrohistiocytomu nebo
hypocelularnimu desmoidnimu nédoru. Vzicné miZze byt pfitomna 1 kulatobunétna

komponenta.
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Imunohistochemicky je u 50 % ptipadii pozitivni tyrozinkindza ALK. Podkladem pozitivity je
prestavba genu ALK s flznimi partnery. Dal§i genové abnormity zahrnuji geny ROSI,
PDGFRp, NTRK3 a RET (Antonescu et al. 2015). Pacienti s takovou piestavbou odpovidaji na
1é¢bu ALK inhibitorem crizotinibem (Theilen et al. 2018; Casanova et al. 2020).

Klinicky pribéh onemocnéni je variabilni, od benigniho po multifokalni nebo infiltrativni
nadory s tendenci k relapsim. Velikost nddoru s klinickym chovanim nekoreluje. Horsi prab¢h
je popisovan u nadorii vyrustajicich z mezenteria nebo u aneuploidnich a s cytologickymi

atypiemi.

Lécba IMT neni vzhledem k variabilnimu klinickému chovéni jednotnéd. Resekce, pokud je
moznd, je metodou volby. Vzéicné jsou popisovany i odpoveédi na nesteroidni antiflogistika.
U relapst nebo inoperabilnich nadori je indikovana radioterapie nebo chemoterapie Sirokého
spektra, od nizce davkované po alkylans a/nebo antracyklin obsahujici rezimy s variabilnimi

1é¢ebnymi vysledky(Casanova et al. 2020).

Nov¢ jsou indikovany tyrozinkinadzové inhibitory korelujici s fiznim stavem genu ALK a jeho
partnery, pokud je pfitomna konstitutivni aktivace vysledné tyrozinkinazy citlivé na podany
inhibitor (Butrynski et al. 2010). Pacienti, ktefi takto definovany cil nemaji, a i pies veskeré

1écebné usili progreduji, by méli byt 1é¢eni individualizovanymi ptistupy.

3.5.4 Synovialosarkom

Synovialosarkom je u déti a adolescentl nejcastéjSim NRSTS, predstavuje 7,7 % vSech STS.
Charakteristicka je translokace t(X;18)(ql1; Xpl1) s vyslednou fizi genu SS18 a SSX1 nebo
SSX2 vzacné i SSX4 (Crew et al. 1995; Skytting et al. 1999). Synovialosarkom nejcastéji
vznikd na dolnich koncetinach (piiblizné 60 %) a na hornich koncetinach (pfiblizn¢ 20 %). Jde
o chemosenzitivni nador. Lécbou volby je chirurgie, pfipadné radioterapie u marginalné
resekovanych nadort. Prospektivni multicentricka studie prokézala velmi dobré celkové 5 leté
preziti u déti a adolescenti 80% (Okcu et al. 2003). Nadory do 5 cm maji vybornou prognozu i
bez systémové 1écby, pokud jsou kompletné resekovany (Ferrari et al. 2017). Metastazovani je

v téchto pfipadech vzacné. Pacienti s nadory vétSimi nez 5 cm maji benefit ze systémové 1écby
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kombinaci doxorubicinu a ifosfamidu. Neoadjuvantni 1é¢ba je vyhodna i jako in vivo debulking

pted zadchovnou operaci.

3.5.5 Alveoléarni sarkom mékkych tkani

Jde o nador vyskytujici se u adolescentli a mladych dospélych, 72% je diagnostikovano do 30
let (Wang et al. 2016). Typicky je nalez nebalancované translokace der(17)t(X;17)(p11;q25) s
vyslednym vznikem fuzniho genu ASPCSR1-TFE3, ktery piisobi jako aberantni transkripcni
faktor, aktivujici drahu MET kinazy (Tsuda et al. 2007). Prubéh byva zpravidla indolentni.
Nédor je chemorezistentni a lé€bou volby je chirurgie, pfipadné s adjuvantni radioterapii.
Pacienti s lokalizovanou a resekovanou nemoci piezivaji v ptiblizné 70 % ptipadi. Dlouhodobé
preziti pacientll s metastazami je piiblizné 10 %. Cilend lé¢iva jako sunitinib, pazopanib,
crizotinib vedou ke stabilizaci choroby u vétsiny MET pozitivnich nadort (Kim et al. 2019;
Fujiwara et al. 2023). Jednoleté celkové pieziti v sérii pacientll 1é¢enych pro pokrocilou nebo
metastatickou nemoc crizotinibpem bylo 97,4 % (Schoffski et al. 2018). Atezolizumab,
protilatka anti PD-L1 vede u pokrocilé nemoci k odpovédi u 37% pacientd s medianem trvani

24,7 mésice (Chen et al. 2023).

3.5.6 Svétlobunéény sarkom

Je popisovan u déti mezi 2. a 20. rokem véku, maximum vyskytu je u mladych dospélych.
Typicka je v 90 % detekovana translokace t(12;22)(q13;q12) s vyslednym fiznim genem EWS-
-ATF1. Ta vede k aktivaci MET kinazy (Panagopoulos et al. 2002). Vyrusta v okoli §lach a
aponeur6z, histologicky obraz je podobny koznimu melanomu. Tendence k Sifeni do
lymfatickych uzlin vede k nutnosti sentinelové biopsie a jeji vysledek je dobrym prediktorem
preziti s lep$i prognézou pii negativité¢ (Van Akkooi et al. 2006). Principy terapie jsou
chirurgické s moznym podilem chemoterapie jako ptedoperacni 1€cby. Preziti pacientl
lécenych MET inhibitorem crizitinibem bylo podobné jako u neselektované skupiny se STS
lé¢enych doxorubicinem (Schoffski et al. 2017). Vhodny je tento ptistup u MET pozitivnich

nadoril u pacientli s premorbidni kardiomyopatii.
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3.5.7 Desmoplasticky kulatobunéény nador

Vysoce agresivni nador vyskytujici se v t€lnich dutinich u adolescentli a mladych dospélych se
specifickou translokaci t(11;22)(q13;q12) s fuznim genem EWS-WTI1. VétSina pacienti ma
nador v bfisni dutiné nebo v panvi, Casto s infiltraci organi nebo implantaénimi metastdzami.
Volenou lé¢ebnou metodou je multimodalni chemoterapie. Resekce viceloziskovych nadort
zpravidla neni mozna. Chemoterapie vede k prodlouzeni doby do progrese. I ptes intenzivni
1écbu je pétileté preziti priblizné 15 %, lepsi Sance maji déti s extraabdomindlni chorobou.
Pokud je dosaZeno remise, je Sance na preZziti v péti letech ptiblizné 57 %. (Honor¢ et al. 2019).
Jsouudaje o efektivité cilenych terapii, publikované kazuistiky hovofi o stabilizaci nemoci nebo
parcialnich remisich pfi inhibici PDGFR, drahy PIBK/AKT/MTOR, VEGF, IGF-1, c-MET a
androgenni blokady (Bexelius et al. 2020).

3.5.8 Extrakranidlni maligni rhabdoidni tumor

Jde o vysoce agresivni nador détského véku, maximum vyskytu je do dvou let. Typicka je
prestavba SMARCBI1 genu. Lécba je multimodalni. Tendence k casnému metastazovani je
vysokd. Systémova lécba chemoterapii je efektivni u resekovatelnych lokalizovanych
onemocnéni, je kombinovana bloky VDC a cyklofosfamid s karboplatinou a etoposidem
(CyCE). Ctyfleté preziti je piiblizné 40 % u nemetastatické choroby. Metastazy znamenaji
velmi Spatnou prognozu s dvouletym piezitim 13 %. Rizikovy je v€k v dobé diagndzy do 1,5

roku (Brennan et al. 2013).

3.5.9 Epiteloidni sarkom

Ze vSech STS u déti predstavuje epiteloidni sarkom 2 %. Vyskytuje se s maximem kolem 30.
roku zivota, ale je popsan i u kojenci a starSich déti. Typicka je geneticka aberace — disrupce
SMARCBI genu (dfive popisovany jako INI1) (Czarnecka et al. 2020). Histogeneze je nejasna.
Vyskytuje se ve dvou formach — tzv. distalni typ, zpravidla jako kozni nebo podkozni léze,
Sifici se podél aponeurdz a fascii nebo perineurdlné a perivaskularng; mize byt zaménén s

granulomatéoznim procesem jiné etiologie, a tzv. konvenéni (proximdlni) typ se znaky
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podobnymi malignimu rhabdoidnimu tumoru vcetné disrupce SMARCBI1 genu. Méa tendenci
metastazovat do regiondlnich lymfatickych uzlin, také do plic. Lécba je chirurgickd, s
adjuvantni radioterapii v ptipad¢ marginalni resekce. Chemoterapie vedla K parcialni remisi u
50% pacientt, celkové preziti bylo u nizce rizikovych pacientl 86,4%, pacienti s pokrocilou
nemoci jsou nevyléCitelni (Spunt et al. 2019). Byly zaznamenany odpovédi na pazopanib
(Irimura et al. 2015; Touati et al. 2018) a kombinaci sunitinib s nivolumabem(Broto et al. 2019).

Anekdoticky je uvadén benefit eribulinu s minimem nezadoucich aéinku (Iwai et al. 2018).

3.6 Mezinarodni kooperativni skupina EpSSG

Mezinarodni spoluprace v oblasti 1écby sarkomli mékkych tkani détského veéku probihd od
asné éry détské onkologie. V némecky mluvicich zemich, Svédsku a Polsku je etablovana
skupina Coperative Weichteilsarkom Studiengruppe der GPOH (CWS). Uzka spoluprace
probihala od 70. let minulého stoleti mezi partnery z Italie, Velké Britanie a Francie a poloZila
zaklad kooperativni skupiny The International Society of Paediatric Oncology (SIOP), ktera
dala zaklad studiim Malignant Mesenchymal Tumors (MMT). Postupnou konvergenci
jednotlivych néarodnich skupin z prakticky celé Evropy, Izracle, Brazilie, Argentiny a nové
Australie, doslo v roce 2003 ke sjednoceni diagnostickych a 1écebnych postupti pod nové
zalozenou kooperativni skupinou European Pediatric Soft Tissue Sarcoma Study Group

(EpSSG, viz https://www.epssgassociation.it/en/). Némecky mluvici zemé si ponechaly

organizaci v ramci CWS, coz se zménilo az v roce 2024, od kdy EpSSG zahrnuje i tyto zemé.

V ramci EpSSG probiha spoluprace i v Ceské republice. Od roku 2005 byla provedena dvé
rozsahla akademicka klinicka hodnoceni. Lécba rabdomyosakromii u déti — studie EpSSG RMS
2005 a 1écba non-rabdomyosarkomt u déti — EpSSG NRSTS 2005. Z obou téchto studii jsou
vystupem dosud nejlepsi 1é¢ebné vysledky ve srovnani s historickymi daty a na to navazujici

velkd publikacéni aktivita.

Studie EpSSG se z pocatku potykaly s rozsahlymi administrativnimi problémy, které vyplyvaly
z nové zavedené regulace klinickych hodnoceni: Clinical trials — Directive 2001/20/EC. Ta
klade velké naroky na zodpovédnosti, pojisténi, schvalovani a povolovani a realizaci klinickych
studii. Problémem byla do té doby v Ceské republice neexistujici infrastruktura, ktera by
uvedenou regulaci uvedla do praxe. Konkrétné v zemich s organizacni participaci narodnich
skupin onkologie (v Némecku — GPOH, Deutsche Krebshilfe, v Italii — AIEOP, ve Francii
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— SIOP, ve skandinavskych zemich — SSG nebo ve Spojeném kralovstvi — Cancer Research
UK) byla aplikace uvedené legislativy podpofena moznostmi jiz zavedenych sekretariati,
kontaktd, finanéni a pravni podpory. V Ceské republice podobna organizaéni struktura nebyla
k dispozici. Studie EpSSG byly v Ceské republice v zaGatcich podporovany v ramci Nadaéniho
fondu détské onkologie Krtek, ktery je personalné spojen pfimo s Klinikou détské onkologie
FN Brno a diky kterému se podafilo tato klinicka hodnoceni Gspé$né€ zorganizovat a provést.
V roce 2020 je jiz podpora pro organizaci téchto typt akademickych studii zahrnuta ve vladnim

programu Ministerstva zdravotnictvi Ceské republiky.

Studie EpSSG RMS 2005 byla akademickd, multicentricka, mezinarodni, ,,open label®,
prospektivni randomizovana klinickd studie provadéna ve 102 centrech ve 14 zemich
(Argentina, Belgie, Brazilie, Ceska republika, Francie, Irsko, Italie, Izrael, Nizozemi, Norsko,
Slovinsko, Spojené kralovstvi, Spané&lsko, Svycarsko). Obsahovala dvé randomizaéni otazky.
Prvni byla role doxorubicinu u vysoce rizikovych pacienti. Ve studii nebyl prokazan vliv na
pieziti bez udalosti a na celkové preziti pro tuto skupinu pacientt (Bisogno et al. 2018). Tim se
doxorubicin vytadil z 1é¢by nemetastatickych rabdoymyosarkomi a dale neni v této indikaci
pouzivan. V Evropé zistava doxorubicin soucasti terapeutickych schémat pro metastatické
rabdomyosarkomy a nékteré non-rabdomyosarkomy. Druhou otazkou byla role udrzovaci

chemoterapie, podrobnéji jsou vysledky diskutovany nize.

3.7 Komentar k publikovanym pracim

3.7.1 Udrzovaci terapie u rabdomyosarkomu

V randomizované ¢asti RMS 2005 byli do ramene s udrZovaci chemoterapii zatfazeni pacienti,
ktefi dosdhli indukéni lécbou kompletni remise, a jejich vstupni charakteristiky byly
nemetastaticky rabdomyosarkom bud’ alveolarni histologie bez postizeni lymfatickych uzlin,
nebo embryonalni histologie po nekompletni resekci v neptiznivé lokalizaci a v€ku nad 10 let
nebo velikosti tumoru 5 cm, nebo embryondlni rabdomyosarkom s uzlinovym postiZenim

(ptiloha ¢. 16) (Bisogno et al. 2019).

V obdobi 20. 4. 2006 az 20. 12. 2016 bylo screenovano 670 pacientd, z nichz 299 nesplnilo

vstupni kritéria zafazeni do randomizované cCasti studie. Celkové byl randomizovano 371
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pacienttl, z nichz 185 1é¢bu ukoncilo v kompletni remisi po intenzivni chemoterapii sestavajici
z deviti MTD blokii, a u 182 1éc¢ba pokracovala ve formé nizkoddvkované chemoterapie
cyklofosfamid p.o. a vinorelbin i.v. Kritéria modifikace 1é¢by obsahovala podminky redukce
1é¢iv tak, aby nedochazelo k neutropeniim S absolutnim poc¢tem neutrofilti pod 1 000/ul. I ptes
takto nastavena kritéria byla teplota v neutropenii zaznamenana ve 24 % pftipadd, non-
neutropenicka infekce v 5 % piipadii. Po téchto epizodach byla chemoterapie redukovana tak,
aby nezpusobovala dal$i neutropenii, radé€ji, nez aby byla zcela vysazena. Median sledovani
pacienti byl v dobé analyzy 60,3 mésicti. Vysledky analyzy pieziti ukazaly, ze pacient
S udrzovaci chemoterapii méli pfeziti bez onemocnéni 77,6 %, pacienti bez udrZovaci
chemoterapie 69,8 % (HR 0,68, p = 0,061), celkové pétileté pieziti bylo 86,5 % pro pacienty
s udrzovaci chemoterapii a 73,7 % bez udrzovaci chemoterapie (HR 0,52, p = 0,0097).

Toto zjisténi je po tfech dekadach kooperativnich projekti v oblasti détské onkologie
u solidnich nadortt poprvé, kdy byl prokazan piinos pro celkové pieziti u nového
chemoterapeutického schématu. Je mozné, ze udrzovaci chemoterapie ma vliv na pfeziti
i V ptipadé, ze pacient bude mit v budoucnu relaps rabdomyosarkomu. V analyzované populaci
byl u pacientti s relapsem po udrzovaci terapii zjiStén relaps o 3 mésice pozdé€ji nez u pacientl
bez udrzovaci chemoterapie. Mechanismem ucinku této udrzovaci chemoterapie by mohl byt
antiangiogenni a imunomodulaéni efekt, coz by mohlo vysvétlit, pro¢ je relaps zaznamenan
pozdé&ji u téch pacientu, kteti udrzovaci chemterapii méli. Pozorovanym efektem je v této studii
1é€by a mortality. Udrzovaci chemoterapie je vyznamnym prvkem 1é¢by u détskych akutnich
lymfoblastickych leukémii. U solidnich tumort je tato studie prvni, ktera prokazala jeji efekt.
Davka cyklofosfamidu je relativné nizka, 25 mg/m? télesného povrchu. I presto je nutné dalsi
sledovani pacientli k vylouceni pozdni toxicity, pfedevs§im ve formé poskozeni gonad, znamého

u blokové podavaného cyklofosfamidu a ifosfamidu a sekundarnich malignit.

3.7.2 Prognosticky vliv genové fize u alveolarnich rabdomyosarkomt s postizenim
regionalnich lymfatickych uzlin

Soucasti vysetfeni nadorové tkdné bylo v randomizované ¢asti studie EpSSG RMS2005
I vySetieni stavu fuznich gena typickych pro alveolarni rabdomyosarkom (ARMS) PAX3-
-FOXO1 nebo PAX7-FOXOI1 a uréeni jejich prognostické hodnoty (piiloha ¢. 17) (Gallego et
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al. 2018). U 70 % alveolarnich rabdomyosarkomu je jedna z téchto fuzi ptitomna. Pfedpoklada

se jeji horsi prognosticky vliv na preziti.

Cilem této casti studie bylo zjistit, zda ma stav fuznich gena vliv na parametry pieziti pfi
prospektivnim sledovani. Lécba sestavala zpodani 9 bloki MTD chemoterapie
ifosfamid/vinkristin/actinomycin D a v prvnich &tyfech blocich byla intenzifikovana
0 doxorubicin. Lokaln¢ byla 1écba realizovdna po ¢tvrtém bloku chemoterapie a sestavala
Z odlozené chirurgické resekce a radioterapie jak na misto primarniho nadoru, tak na postizené
lymfatické uzliny, bez ohledu na radikalitu resekce (s vyjimkou ztratovych koncetinovych
vykontl). Nésledovala udrzovaci chemoterapie vinorelbin a nizkodavkovany cyklofosfamid.
Molekularn¢€ biologickd analyza byla provadéna v kazdé z participujicich zemi. Jako flze
pozitivni byly oznaceny nadory s FISH nebo RT-PCR prokézanou pozitivitou v PAX3-FOXO1
nebo PAX7-FOXOL1.

Do kohorty ARMS/N1 bylo zatazeno 103 pacientil, z nichZ u 85 byla analyza provedena.
FOXOL1 disrupce byla detekovana u 56 pacientl, u 28 byla negativni a u 1 pacienta byl vzorek
neadekvatni pro analyzu. Mediadn sledovani pacientii byl 64,9 mésict. Pétileté preziti bez
udalosti bylo lepsi ve skupiné pacientd bez pfitomnosti disrupce FOXO1 genu, 74,4 %,
U pacientl s pozitivni disrupci FOXO1 genu bylo 43 %. Pétileté celkové preziti bylo v téchto
skupinach 74,7 % a 43,5 %. Pfi multivariantni analyze je ptfitomnost FOXO1 disrupce
negativnim prognostickych faktorem. V univariantni analyze byly jako nepfiznivé prognostické
faktory 1identifikovany nepfiznivd lokalizace primarniho nadoru (tj. jina neZ orbita,
neparameningealni hlava a krk, vagina, uterus, paratestikularni), invazivita primarniho nadoru
(T2), ptitomnost FOXO1 translokace a klinické stadium IRS III. Z analyzy pteziti vyplyva, Ze
pacienti, ktefi progredovali po 1é€bé prvni linie, méli Sanci na pieZiti pouze 5 %, a proto je
legitimni témto pacientim nabizet inovativni nebo experimentalni 1é¢bu prakticky ihned v dobé
relapsu. Lokalni relapsy byly zaznamendny ve 42 % piipadl vSech udalosti. Staging by m¢l
zahrnovat i,,vmezefené* uzlinové oblasti, idealn¢ vySetfené pomoci FDG-PET, tak aby
Vv ptipad€ pozitivit mohl byt proveden odbér k vySetfeni i téchto uzlin (napt. na predlokti, a
nejen v kubité v ptipad¢é nadoru na ruce) a tim aplikovana radioterapie na celou postiZzenou

skupinu lymfatickych uzlin.

Pro dalsi generaci diagnostickych postupl je doporuceno vysSetfeni i na jiné flzni partnery
u genu PAX3 pomoci FISH ke zjisténi jeho disrupce. Praktickym vystupem této studie je
budouci zafazeni pacienti s ARMS a N1 postizenim do stejné rizikové skupiny jako

metastatické rabdomyosarkomy, a tim intenzifikovat 1é¢bu s Sanci na zlepSeni pieziti.
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3.7.3 Strategie lécby infantilnich fibrosarkomd.

Jednim z témat v 1ééebném protokolu EpSSG NRSTS 2005 byla strategie 1é¢by infantilnich
fibrosarkomu (pfiloha ¢. 18) (Orbach et al. 2016). Tyto nadory se vyskytuji v ¢asném véku, jde
o nejcastéji se vyskytujici nador mékkych tkani ve véku do jednoho roku, charakteristickd je u
nich translokace ETV6-NTRK3, vyskytujici se u vétSiny piipadd. Cilem projektu bylo

prospektivné vyhodnotit konzervativni strategii 1€Cby.

Od fijna 2005 do Cervna 2012 byli do studie prospektivné zatazeni pacienti z EpSSG center,
staging byl proveden podle TNM a IRS klasifikace. Zatazeni byli pacienti s ndlezem ETV6-
-NTRK3 fize nebo snegativni fuzi, ale konfirmovanou histopatologickou diagnoézou

s centralnim mezinarodnim ¢tenim.

Lécba byla doporucena chirurgickou resekcei v ptipadé, Ze bylo mozné ocekavat ¢isté resekéni
okraje a chirurgicky zakrok nevedl k mutilaci nebo kosmeticky nepfijatelnému efektu. Pokud
byl pooperacni vysledek IRS I nebo II (RO nebo R1 resekce), byli pacienti dale sledovani.
Neoadjuvatni chemoterapie byla poddna pacientim jako vinkristin a aktinomycin D, krom¢é
pacient mladsSich 3 mésict, u kterych byla zvolena strategie ,,wait and watch®, protoze

I spontanni regrese jsou mozné.

Do studie bylo zatazeno 50 pacientd, z toho 19 pacientl ve skupiné IRS I-II a 31 pacientii ve
skupiné IRS III. Chemoterapie byla podéna 27 pacientim s medidnem trvani 1écby 4,14 mé&sice,
u 4 pacientii byla zvolena vyckavaci strategie. Cekove byla provedena resekce u 40 pacientl
(80 %), z toho 19 jich m¢lo resekci samotnou, 21 s chemoterapii, téi vykony byly mutilujici.
V dob¢ analyzy bylo 35 pacientll v prvni kompletni remisi, 7 pacientd ve druhé kompletni
remisi, 2 pacienti s rezidualnim nalezem, 3 zemfeli a 3 byli ztraceni pro dalsi sledovani. Jedno
chemoterapii byla 62,9 %. Adherence k protokolarnim doporu¢enim byla velmi dobra, protoze
94,7 % pacientl ve skuping IRS I-1I bylo inicialné 1é¢eno operacnim zdkrokem a 93,3 % dostalo
chemoterapii vinkristin a aktinomycin D. Tim bylo prakticky dosazeno standardizace terapie
infantilnich fibrosarkomti v centrech napii¢ Evropou. Diagnosticky byla fize ETV6-NTRK3
vySetitena u 87,2 % pacientd. Dfive v nékterych piipadech v prvni linii pouZivané

chemoterapeutické rezimy s alkylanciem nebo antracyklinem mohou byt na zéklad¢ této studie
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opustény, coz vede k vyznamné mensi zatézi pacientii S ohledem na akutni 1 pozdni nésledky

1écby.

3.7.4 Lécba malignich rhabdoidnich tumorii

Dalsim projektem v ramci EpSSG NRSTS 2005 protokolu byla 1é¢by malignich rhabdoidnich
tumoru (ptiloha ¢. 19) (Brennan et al. 2016). Extrakranialni maligni rhabdoidni tumory jsou
velmi agresivni malignita, s nizkou incidenci 0,6 pfipadi na milion déti, letalita je vysoka
s prezitim do 33 % a posledni dekédy nedoslo k jakémukoliv zlepSeni ve vysledcich pteziti. Do
studie byli zafazeni pacienti, ktefi méli histopatologickou diagnézu podpotenou bud’
imunohistochemicky negativitou barveni INI1 nebo deleci SMARCBI genu. Plan 1é¢by byla
30tydenni intenzivni chemoterapie spolu s radioterapii na misto primarniho tumoru nebo

metastdz, bez ohledu na chirurgickou radikalitu.

Od prosince 2005 do ¢ervna 2014 bylo do studie zafazeno 110 pacientt, z nich 10 nebylo dale
analyzovano pro non-adherenci doporuceného postupu, bud diagnostického, nebo
terapeutického. Median véku byl 1,4 roku, vétSina ze 77 pacientii méla lokalizovanou nemoc,
13 pacienti mélo nador vrozeny (diagnostikovan do 4 tydnti véku). Kompletni resekce v prvni
dobé byla provedena u pouze 8 pacientd, 54 pacienti nedostalo radioterapii, z toho 39
progredovalo diive, nez dospé€li k doporu¢enému terminu radioterapie, a 15 z davodu

rozhodnuti 1€kate pro velmi nizky veék (do 1 roku). Median sledovani pacientl byl 44,6 mésici.

Pro celou kohortu bylo zjisténo tiileté preziti bez udalosti 32,3 % a celkové pieziti 38,4 %. Pro
pacienty s nemetastatickou nemoci bylo Ctyfleté celkové preziti 40,1 %, pro metastatickou
chorobu bylo dvouleté celkové preziti 13 %. Pacienti se stagingem IRS II méli identifikovan
jako vyznamny prognosticky faktor pro pieZiti dosazeni kompletni remise s Ctyfletym
celkovym prezitim 66,3 %. Vyznamné horsi pieziti méli pacienti diagnostikovani do jednoho
roku zivota, jejich Ctyfleté preziti bylo 21,1 %. Inicialni chirurgicka resekce nebyla spojena

s vyhodou pro pfeziti oproti pacientiim s dosaZzenim chirurgické remise pozdéji béhem 1écby.

Ve srovnani sdiive publikovanymi sériemi bylo v EpSSG skupiné vice pacientil
S extrarenalnimi nadory, povazovanymi za prognosticky horsi. I pfesto bylo dosazeno lepSich

nez diive publikovanych vysledki pieziti.
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V soucasné dobé¢ je Kk dispozici cilené 1é¢ivo tazemetostat, ktery je efektivnim inhibitorem
EZH2 metyltransferazy. Ta je vyznamnou Katalytickou podjednotkou komplexu PRC2,
mediatoru trimetylace H3K27, ktery je vyznamny hracem v onkogenni transformaci. V piipadé
SMARCB1 a SMARCA4 mutovanych nadori dochazi v chromatin remodelujicim komplexu
SWI/SWF, ktery je epigenetickym tumor supresorovym komplexem, k vychyleni rovnovahy
diferenciace a proliferace buiiky, coz vede k tumorigenezi mediované komplexem PCR2.
Inhibice podjednotky EZH2 tazemetostatem vede knavozeni puvodné vychyleného
rovnovazného stavu mezi diferenciaci a proliferaci. Klinicka aktivita tazemetostatu byla
potvrzena u celého spektra nadorti, u nichz je EZH2 aktivita zvySena — nehodgkinskych
lymfom, synovialniho sarkomu, mesotheliomu a INI1 negativnich nadort. Klinické pouziti je
od 1éta 2020 schvaleno FDA pro pacienty s epiteloidnim sarkomem a folikuldrnim lymfomem
s mutaci v EZH2 genu (Anon. 2020). Pro détské pacienty je mozné podani v ramci firemniho
»early access® programu, do kterého jsou na KDO FN Brno zafazeni pacienti s INI1

negativnimi nadory bez moznosti prioritni 1écby.

3.8 Souhrn

Lécba sarkomi mekkych tkani déti a adolescentl je komplexi a vyzaduje multidisciplinarni
pfistup. Nové poznatky z randomizovanych prospektivnich studii, na kterych se pracovisté
KDO LF MU a FN Brno podili, jsou ptikladem, Ze zatfazeni pacienta do multicentrické studie
vede klepsim léCebnym vysledkim pii adekvatni adherenci k doporu¢enym postupiim
a generuje noveé lécebné postupy rychle uvadéné do klinické praxe. Spolu s inovativnimi
lécebnymi postupy a piistupem k firemnim programim a klinickym hodnocenim mtiZe
pacientovi nabidnout maximum mozného v pfipadé refrakternich a relabujicich nadort, a to

s redlnou vyhlidkou na lé¢ebny uspech.

4 Seznam zkratek
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ABCD

ADCC

ADCP

AML

ARMS

CAR

CELL

COMBAT

COX-2

CML

CMV

CRISPR

FDA

FOP

GIST

HDACs

HPV

IFS

IMT

ITCC

IRS

KH

amphotericin B colloid dispersion; koloidni disperze amfotericinu B
antibody-dependent cell-mediated cytotoxicity

antibody-dependent cellular phagocytosis

akutni myeloidni leukemie

alveolar rhabdomyosarcoma;alveolarni rabdomyosarkom

chimeric antigen receptor; chimericky antigenni receptor

Czech Leukemia Study Group for Life; Ceska leukemické skupina - pro Zivot

combined oral maintenance biodifferentiating and antiangiogenic therapy;

kombinovana peroralni udrzovaci biodiferenciacni a antiangiogenni terapie
cyklooxygenaza -2

chronicka myeloidni leukémie

cytomegalovirus

clustered regularly interspaced short palindromic repeats

food and drug administration

fibrodysplasia ossificans progressiva

gastrointestinal stromal tumor; gastrointestinalni stroméalni nador
histone deacetylase inhibitors

human papiloma virus; lidsky papilomavirus

invazivni aspergildza

invazivni kandidéza

infantilni fibrosarkom

inflamatorni myofibroblasticky tumor

innovative therapies in children with cancer

intergroup rhabdomyosarcoma studies

klinické hodnoceni
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MDSC

MPNST

MTD

NRSTS

PD-L1

RMS

STS

TKI

TMB-H

myeloid-derived supressor cells

malignant peripheral nerve sheet tumour

maximum tolerated dose; maximalné tolerovana davka
non-rhabdomyosarcoma of soft tissue; non-rabdomyosarkom mékkych tkani
programmed death ligand 1

rhabdomyosarcoma; rabdomyosarkom

soft tissue sarcoma; sarkom mékkych tkéani

tyrozinkindzovy inhibitor

tumour mutation burden-high; vysoka muta¢ni naloz
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Despite efforts to develop novel treatment strategies, refractory and relapsing
sarcoma, and high-risk neuroblastoma continue to have poor prognoses and limited
overall survival. Monocyte-derived dendritic cell (DC)-based anti-cancer immunotherapy
represents a promising treatment modality in these neoplasias. A DC-based anti-cancer
vaccine was evaluated for safety in an academic phase-I/Il clinical trial for children,
adolescents, and young adults with progressive, recurrent, or primarily metastatic
high-risk tumors, mainly sarcomas and neuroblastomas. The DC vaccine was loaded
with self-tumor antigens obtained from patient tumor tissue. DC vaccine quality was
assessed in terms of DC vyield, viability, immunophenotype, production of IL-12 and
IL-10, and stimulation of allogenic donor T-cells and autologous T-cells in allo-MLR
and auto-MLR, respectively. Here, we show that the outcome of the manufacture of
DC-based vaccine is highly variable in terms of both DC yield and DC immunostimulatory
properties. In 30% of cases, manufacturing resulted in a product that failed to meet
medicinal product specifications and therefore was not released for administration to a
patient. Focusing on the isolation of monocytes and the pharmacotherapy preceding
monocyte harvest, we show that isolation of monocytes by elutriation is not superior to
adherence on plastic in terms of DC vyield, viability, or immunostimulatory capacity. Trial
patients having undergone monocyte-interfering pharmacotherapy prior to monocyte
harvest was associated with an impaired DC-based immunotherapy product outcome.
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Certain combinations of anti-cancer treatment resulted in a similar pattern of inadequate
DC parameters, namely, a combination of temozolomide with irinotecan was associated
with DCs showing poor maturation and decreased immunostimulatory features, and
a combination of pazopanib, topotecan, and MTD-based cyclophosphamide was
associated with poor monocyte differentiation and decreased DC immunostimulatory
parameters. Searching for a surrogate marker predicting an adverse outcome of DC
manufacture in the peripheral blood complete blood count prior to monocyte harvest,
we observed an association between an increased number of immature granulocytes in
peripheral blood and decreased potency of the DC-based product as quantified by allo-
MLR. We conclude that the DC-manufacturing yield and the immunostimulatory quality
of anti-cancer DC-based vaccines generated from the monocytes of patients were not
influenced by the monocyte isolation modality but were detrimentally affected by the
specific combination of anti-cancer agents used prior to monocyte harvest.

Keywords: dendritic cells, anti-cancer medications, sarcoma, neuroblastoma, cell-based medicinal products,
investigator-initiated clinical trial, manufacturing outcome variability

INTRODUCTION

Several progressive and relapsing malignancies in pediatric
patients have dismal life prognosis. Refractory neuroblastoma
and refractory or metastatic sarcoma have an especially poor
prognosis, with no consistently curative treatments available.
Oberlin et al. (1) published a meta-analysis of North American
and European studies on primary metastatic sarcomas and well-
defined risk factors that—where two or more are present at
presentation—distribute patients into a subgroup with only a
14% event-free and overall survival probability at 3 years from
diagnosis. Patients over 10 years of age with limb primary
or “other site” primary tumors with the alveolar subtype
of rhabdomyosarcoma, bone marrow or bone involvements,
and more than three metastatic sites are defined as having
markers for a worse prognosis (1). Similar results were
published in a study of relapsed rhabdomyosarsomas, with
the prognosis for survival being < 10% at 5 years (2). In
high-risk neuroblastoma, survival after relapse is poor, and
the usual life expectancy is < 6 months. Based on our
experience, patients with neuroblastomas with a high MIBG
score after induction therapy have very poor 2-year survival (3).
High-risk rhabdomyosarcomas are treated according to several
globally accepted protocols with a combination of chemotherapy,
surgery, and radiotherapy. Chemotherapy regimens consist
of the alkylating agent ifosfamide or cyclophosphamide and
vinca alkaloids combined with either etoposide or doxorubicin
and actinomycin D. The cytotoxic chemotherapy regimens
for relapsed and refractory neuroblastoma typically use a
combination of camptothecins, topotecan, and irinotecan with
agents such as cyclophosphamide and temozolomide, and
achieve objective tumor responses but poor long-term outcomes.
For such poor-prognosis patients, treatments with innovative
and metronomic therapies (e.g., COMBAT, METRO) (4, 5),
cell-based immunotherapies (6, 7), and novel molecularly
targeted agents (8) are justified and are also effective in

many cases, although their long-term effect has yet to
be demonstrated.

DCs are essential antigen-presenting cells for the initiation,
maintenance, and regulation of immune response (9). Active
cancer immunotherapy directs the immune system to attack
tumor cells by targeting tumor-associated antigens. We
manufacture a fully personalized monocyte-derived dendritic
cell-based vaccine that was evaluated in the investigator-
initiated clinical trial “Combined antitumor therapy with ex
vivo manipulated dendritic cells producing interleukin-12
in children, adolescents, and young adults with progressive,
recurrent, or primarily metastatic high-risk tumors” (EudraCT
number 2014-003388-39). The primary endpoint of the trial was
an assessment of safety by analysis of the frequency of occurrence
of AESI (adverse events of special interest). Vaccines that meet
quality control (QC) requirements are registered for use and
applied intradermally every 2—-4 weeks for up to 35 doses.

Dendritic  cell-based medical products are mostly
manufactured through derivation from monocytes. Autologous
monocytes are readily accessible and can be obtained from
peripheral blood in sufficient amounts to prepare 107-108
DCs. Monocytes arise from hematological precursors in bone
marrow, with a maturation time of 50-60h (10), and enter
the bloodstream for several days until their recruitment into
tissues, where they possess the property to mature into tissue
macrophages (11). Specifically, the classical CD14++ CD16-
subpopulation representing 80-95% of circulating monocytes
has a 1-day lifespan in circulation, the intermediate CD14+
CD16+ subpopulation (2-8% of circulating monocytes) has
a 4-day lifespan, and the non-classical CD14+ CD16++
subpopulation (2-11% of circulating monocytes) has a 7-day
lifespan in circulation (12-14). Monocyte count and function
are influenced by various anti-cancer agents. Nevertheless,
the published data on the impact of particular anti-cancer
agents on the development and function of monocytes are
scarce in comparison with those on hematologic toxicity
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toward neutrophils and lymphocytes. As most anti-cancer
agents target DNA, they interfere with dividing cells including
hematopoetic cells. Also, tyrosine kinase inhibitors (regorafenib,
sunitinib, sorafenib) are associated with adverse events including
hematological toxicities (15). Regorafenib hematological toxicity
has been explained by the TK inhibition of FMS like tyrosine
kinase 3 (FLT-3) and stem cell factor (c-KIT ligand), which
represent hematopoietic growth receptors (15, 16). Reduction in
the circulating monocyte count after sunitinib has been shown
(17). Monocytes are also highly sensitive to the methylating
agent temozolomide (TMZ) (18, 19). Cisplatin and carboplatin
have been shown to alter monocyte differentiation to favor the
generation of IL-10-producing M2 macrophages (20).

Various chemotherapeutics affect cell differentiation and the
antigen presentation of DCs when treated in vitro during the
differentiation process (21). Data are lacking on the potential
in vivo impact of hematotoxic agents on the properties of
medicinal products from monocyte-derived DCs. During the
manufacture of DC-based anti-cancer immunotherapy under
stringent GMP-compliant conditions, we experienced highly
variable final product parameters in terms of both DC yield
and immunostimulatory properties, and we hypothesized that
hematotoxic anti-cancer therapy preceding monocyte harvest
may influence the quality of DC-based medicinal products.
The issue of the effect of pharmacotherapy on the quality of
human monocyte-derived DCs cannot be reliably assessed in
mimicked conditions by in vitro pretreatment of monocytes by
anti-cancer agents. Thus, data addressing this issue can only be
gathered retrospectively from real-life clinical conditions, such
as our clinical trial, though with a limited number of patients
included. Here, the Phase-I/II clinical trial protocol designed for
heavily pre-treated cancer patients with heterogenic anti-cancer
therapeutic protocols allows us to observe and analyze the effect
of pharmacotherapy on the quality and presumably also on the
anti-cancer action of ex vivo-manufactured DCs.

Therefore, our primary aims were to analyze the impact of (i)
cytotoxic and targeted anti-cancer therapy preceding monocyte
harvest and (ii) variability in the complete blood count on the
quality of DC-based anti-cancer immunotherapy in high-risk
sarcoma and neuroblastoma patients, representing the two main
diagnoses in the DC clinical trial. A secondary aim was to
reveal whether monocyte isolation by elutriation is superior to
the isolation of monocytes through their adherence to plastic
cultivation flasks.

METHODS

Patients and Clinical Trial

Clinical Trial Eligibility and Allowed Medication

Patient eligibility/inclusion criteria for the clinical trial included
being 1-25 years old male/female with histologically confirmed
refractory, relapsing, or primarily metastatic high-risk tumors
and having a performance status (Karnofsky or Lansky score)
> 50 and a life expectancy of longer than 10 weeks. Patients
had to be clinically eligible for the surgical procedure to
harvest tumor tissue for histological verification and tumor
antigen extraction. Female patients had to have had a negative

pregnancy test. All patients had to have adequate bone marrow,
kidney, liver, and heart function, defined as absolute neutrophil
count (ANC) > 0.75 x 10°/L, thrombocytes > 75 x 10°/L,
hemoglobin 80 g/L, estimated glomerular filtration rate (eGFR)
> 70 mL/min/1.73 m?, serum creatinine < 1.5-fold the upper
limit for the appropriate age, bilirubin < 1.5-fold the upper
limit for the appropriate age, AST and ALT < 2.5-fold the
upper limit for the appropriate age, ejection fraction > 50%, and
fractional shortening > 27% as assessed by echocardiography.
In the case of bone marrow infiltration, the allowable ANC
was > 0.5 x 10°/L and blood platelets 40 x 10°/L. In
case of liver metastases, AST and ALT had to be < 5-
fold the upper limit for the appropriate age. The exclusion
criteria were as follows: seropositivity to HIV1,2, Treponema
pallidum, hepatitis B or C, known hypersensitivity to the study
medication, autoimmune disease that was not adequately treated,
uncontrolled psychiatric disease, or uncontrolled hypertension
defined as systolic and diastolic blood pressure over the 95th
percentile for the appropriate age and height (patients < 17
years old) or > 160/90 mmHg or diastolic blood pressure > 90
mmHg (patients > 17 years old). Patients previously treated with
dendritic cells or participating in another clinical trial during
the 30 days before enrollment were not eligible to enter this
clinical trial.

The allowed medication prior to monocyte harvest
(leukapheresis) was as follows: metronomic chemotherapy,
immune checkpoint inhibitors, and anti-CD20 antibodies
were allowed as concomitant medication for any time before
leukapheresis. Monoclonal antibodies (except anti-CD20),
high-dose chemotherapy, and high-dose corticoids had to have
been withdrawn at least 3 weeks prior to leukapheresis with
the exception of corticoid treatment of brain edema, which
was allowed. Since November 2017, an amendment has been
made to the procedure for monocyte harvest, and tyrosine kinase
inhibitors have to be withdrawn according to their half-life: drugs
with a short half-life of 3-14 h must be withdrawn at least 2 days
before leukapheresis (axitinib, dabrafenib, dasatinib, ibrutinib,
idelalisib, nintedanib, ruxolitinib, and trametinib), drugs with a
medium half-life of 15-35h at least 7 days before leukapheresis
(alectinib, bosutinib, lapatinib, lenvatinib, nilotinib, osimertinib,
pazopanib, ponatinib, regorafenib, and non-TKI everolimus),
and drugs with a long half-life of 36-60h at least 12 days before
leukapheresis (afatinib, ceritinib, erlotinib, gefitinib, imatinib,
cabozantinib, crizotinib, sorafenib, sunitinib, vemurafenib, and
non-TKI temsirolimus). Myelopoietic growth factors have to be
withdrawn at least 7 days before leukapheresis/monocyte harvest.

Evaluation of Preceding and Concomitant Therapy

A precise analysis was performed of preceding and/or
concomitant therapy 60 days before monocyte harvest for clinical
trial subjects with neuroblastoma and sarcoma diagnoses. Data
were mined from the clinical trial electronic case report form
and the subjects’ medical records. We particularly focused on
therapeutic agents with a potential impact on the generation of
DCs from monocytes and on DC immunostimulatory properties.
These agents and the reports on their role in monocyte biology
are summarized in Supplementary Table 1.
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DC Manufacture and Quality Control
Dendritic cell vaccine manufacture encompassed two phases—
(i) preparation of tumor lysate as a source of the patient’s tumor
antigens and (ii) preparation of monocyte-derived DCs and their
loading with tumor lysate. Quality control tests evaluated safety
(negativity for pathogens), identity (cell immunophenotype),
viability, and functions (cytokine production, stimulation of T-
cells). The flow and decision tree of the manufacturing process is
shown in Supplementary Figure 1.

Self-Tumor Antigen Extraction

Tumor lysate was prepared from the tumor tissue obtained from
the patient during curative surgery or extended biopsy. In Clean
Rooms, necrotic areas and connective tissue were removed from
the tumor tissue with a surgical scalpel, keeping the specimen
immersed in buffered solution. The remaining tissue was sliced
into fragments of about 0.5 mm with a scalpel and forceps and
then further crushed with the back of a syringe. Each suspension
of tumor fragments and cells in HBSS was lysed through repeated
(5 times) freezing in liquid nitrogen and thawing at 37°C. The
crude tumor lysate was centrifuged at 450 g/7 min/4°C to remove
particulate components. The tumor lysate was released for DC
manufacture if the following criteria were met: (i) presence of
viable tumor cells reported by a histopathologist, (ii) protein
concentration, and (iii) microbiological sterility.

Peripheral Mononuclear Cell Collection

Monocytes were harvested as part of the mononuclear white
blood cell (WBC) fraction. Mononuclear cells were collected
from the peripheral blood of the patient using the Terumo
BCT Spectra Optia Apheresis System. For collection, we used
either an intermittent or continuous leukapheresis system. Due
to its superior collection efficacy and easier procedure settings,
we have preferred the continuous leukapheresis system since
April 2018. A citrate dextrose solution, solution A (ACD-A),
was used as an anticoagulant. In patients with a body weight
of < 20kg, anticoagulation with heparin was used to prevent
citrate toxicity. The requirement for the minimal WBC count
was 3 x 10°/L before the initiation of leukapheresis. To prevent
risk of bleeding or ischemic complications during and after the
procedure, hemoglobin of at least 80 g/L and platelets of at least
30 x 10°/L were required. In case of a patient with a body
weight of < 20 kg, the leukapheresis set was pre-filled with donor
erythrocytes. The aim of the leukapheresis was to obtain 60-
80 mL of concentrate of mononuclear cells with a content of at
least 0.5 x 10° monocytes. Subsequent addition of 5% human
albumin to the minimum required volume of 80 mL for further
processing was allowed.

DC Manufacture in Clean Rooms

The numbers of WBCs, B-cells and T-cells, monocytes, and
granulocytes in the leukapheretic product were evaluated using
a hematology analyzer (XT-4000i, Sysmex) and flow cytometer
(FC-500, Beckman Coulter) with staining for CD3 (clone
UCHT1, Beckman Coulter) and CD19 (clone J3-119, Beckman
Coulter). Monocytes for DC manufacture were separated from
the leukapheresis product by either elutriation or adherence

to a plastic surface. During elutriation (using an Elutra cell
separator, Gambro BCT), blood cells were separated on the
basis of sedimentation velocity into six fractions, where the
last fraction rich in monocytes was used for DC manufacture.
Contaminating cells after elutriation were mainly granulocytes
with similar sedimentation velocity to monocytes. Five hundred
million monocytes adhered for 2-4h in three 175-cm? tissue
culture flasks with 35 mL of CellGenix® GMP DC Medium at
37°C/5% CO, and were then washed with HBSS and processed
further. Monocytes seeded from the elutriation product or
attached by plastic adherence were then cultivated in three 175-
cm? tissue culture flasks with 70 mL of CellGenix® GMP DC
medium supplemented with GM-CSF (1000 U/mL, CellGenix®)
and IL-4 (320 U/mL, CellGenix®) at 37°C/5% CO,/6 days.
On day 3, a fresh 70mL of medium supplemented with the
same concentration of GM-CSF and IL-4 was added to the
culture. On day 6, immature DCs were exposed to autologous
tumor lysate antigens (10 pg/mL) with added keyhole limpet
haemocyanin (KLH, 1pg/mL), IL-4 (320 U/mL), and GM-
CSF (1000 U/mL) at 37°C/5% CO,/for 1.5-2 h. Maturation was
induced by lipopolysaccharide (200 U/mL) and interferon-y
(50 ng/mL) for an additional 6 h at 37°C/5% CO,. Finally, cells
were collected using accutase (Accutase®, Corning), counted in
a Biirker cell chamber and frozen in aliquots of 2 x 10° DCs in
100 pL of freezing medium CryoStor® CS2 at -80°C. All doses
of the DC-based investigational medical product (IMP) named
“MyDendrix®” were stored at -150°C until administration to
the patient.

Quality Control of DC-Based Investigational
Medicinal Product

DC characteristics were evaluated as a part of the quality control
process of IMP from an aliquot of manufactured DC from
each batch. The cryotube with DC was removed from a deep
freezing box (-150°C) into a laminar flow box, quickly and
gently thawed in hand while avoiding shaking, 1 mL of cold (2-
8°C) DC medium (CellGenix® GMP-grade) was slowly added
to the thawed DCs, and the DC suspension was transferred
into 2mL of cold DC medium. The DC suspension was
handled at room temperature and processed immediately. DCs
(8 x 10° cells) were seeded into 1 well of a 6-well culture
plate for sensitive adherent cells (Sarstedt, TC Plate 6-well,
Cell+, growth area 8.87 cm?) and cultured in 3mL of DC
medium for 2 days (37°C/5% CO,) to obtain (i) medium
containing cytokines produced by DCs during cultivation and
(ii) mature DCs for phenotypic evaluation after 2 days of post-
thaw cultivation. A 0.5mL volume of medium containing DC-
produced cytokines was collected after 23-25 h upon DC seeding
and was centrifuged (10 min/410 g/4°C), and the supernatant was
stored at -25°C for no longer than 30 days prior to analysis. For
immunophenotypic evaluation of mature DCs, both detached
and adherent DCs were harvested 47-49 h after DC seeding. The
culture medium was collected and pooled with DCs harvested
by accutase (0.5 mL/well 8.87 cm?/37°C) and centrifuged (5
min/410 g/20°C). The pellet was resuspended in 800 wL HBSS
with 0.25% human albumin (Grifols) and processed immediately
for immunophenotypic evaluation. Viability quantification was
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performed by propidium iodide (PI) exclusion assay. Briefly,
10° DCs were stained with 10 pwL of 1% PI in HBSS followed
by immediate flow cytometric (Cytomics FC500) analysis of PI-
positive events (= non-viable cells). The immunophenotype of
DCs was evaluated in post-thaw DCs and in post-cultivation
mature DCs. For the detection of each surface molecule, 0.5
x 10° DCs were incubated for 20 min in the dark with the
following antibodies: CD80-PC7 (clone MAB104, 10 pL), CD83-
FITC (clone HBI15e, 10 pL), CD86-PE (clone HA5.2B7, 10
L), CD197-PE (clone G043H7, 10 pL), HLA-DR-PC5 (clone
Immu357, 10 pL), CD14-PE (clone RMO52, 10 L), or isotype
controls IgG-PC5 (clone 679.1Mc7, 10 pL), IgG-PC7 (clone
679.1Mc7, 10 pL), IgG2a-FITC (clone 7T4-1F5, 10 pL), or
IgG2a-PE (7T4-1F5, 10 pL), all from Beckman Coulter. Flow
cytometric analysis was performed using a Cytomics FC500 with
CXP software by manual gating on individual parameters, and
the discrimination by appropriate isotype control was used to
gate and quantify positive events. The concentrations of IL-12
and IL-10 in the DC culture medium were measured by flow
cytometric bead assay (BD Biosciences) using internal quality
controls (Quantikine® Immunoassay Control Group 1, R&D
Systems). Absolute production of IL-12 or IL-10 per 10° DC and
the IL-12/IL-10 ratio were calculated. The allogenic (allo) and
autologous (auto) stimulatory properties of DCs were examined
by mixed lymphocyte reaction (MLR). In allo-MLR, the target
cells were the peripheral blood mononuclear cells (PBMCs)
obtained from pooled buffy coats from healthy donors. In auto-
MLR, the target cells were the patients lymphocytes separated
by centrifugation in a density gradient using Histopaque-1077
(SigmaAldrich, density 1,077 g/mL) from the leukapheresis
product obtained for DC manufacture. These pre-vaccination
lymphocytes were cryopreserved using CryoStor CS5 medium
(BioLife solutions) at -150°C and thawed prior to auto-MLR
seeding. A sample of 107 target lymphocytes were stained with
250 pL 10 M carboxyfluorescein succidimidyl ester (CFSE,
SigmaAldrich) and seeded into a sterile 96-well culture plate
(Sarstedt, TC Plate 96-well, Suspension, F) at 10° cells/well in
200 pL of complete X-vivo 10 medium (Lonza) containing
5% inactivated human male AB serum (SigmaAldrich) for
the following: (i) 10* DC/well in 10:1 target:effector MLR,
(ii) positive control (PC) with phytohemagglutinin (PHA,
SigmaAldrich) at a final concentration of 10pg/mL, or (iii)
negative control (NC) with complete X-vivo medium only. MLR
experiments were seeded in triplicate and cultured for 6 days at
37°C/5% CO,. 2 x 10* cells from each well were stained with
CD3-PC7 (clone UCHTI, 10 wL/test, Beckmann Coulter) for
flow cytometric detection of CFSE fluorescence on CD3+ T cells.
Discrimination for dividing cells was set up using NC. T-cell
proliferation was calculated as follows: [(average % of dividing
T-cells in 10:1 MLR) - (average % of dividing T-cells in NC)]
x 100/[(average % of dividing T-cells in PC) - (average % of
dividing T-cells in NC)].

Statistical Analysis

The Spearman correlation coefficient with a significance test
was used to measure the strength of the relationship between
patient CBC prior to leukapheresis, the parameters of the

leukapheresis product, the DC yield, and the quality control
parameters. Differences in parameter values between groups
were assessed by the non-parametric Mann-Whitney or Kruskal-
Wallis test. Hierarchical clustering analyses were performed
using the complete linkage method with the distance based on
the Spearman correlation coeflicient. The Spearman correlation
distance was used for clustering of batches, and the absolute
Spearman correlation distance was used for clustering DC
parameters. For clustering analyses, DC parameters were
centered and scaled (Z-score of parameters). P < 0.05 were
considered statistically significant. All statistical analyses were
performed with R 3.5.3 software (22).

RESULTS

Clinical Trial Accrual and Course

As of May 2019, 47 subjects were enrolled in the clinical trial, and
the manufacturing process of DC-based vaccine was performed
in 31 cases. Of these 31, the most common diagnoses were
sarcoma, with 19 cases (61%), and high-risk neuroblastoma, with
4 cases (Table 1). In this group of 23 patients, we performed
analysis of the manufacturing issues presented here. Sarcomas
were specifically: seven Ewing sarcomas (36% of sarcoma pts),
five (26%) osteosarcoma, two (11%) alveolar rhabdomyosarcoma,
two (11%) embryonal rhabdomyosarcoma, and three (16%)
synovial sarcoma (Table 1). The median enrollment age of the
clinical trial was 14 years; 15 years for sarcoma patients and 5
years for neuroblastoma patients (Table 1). All 23 study subjects,
i.e,, 19 with sarcoma and four with neuroblastoma, underwent
initial surgery to obtain tumor tissue for the tumor lysate-
manufacturing process, and tumor lysates were manufactured
without any tumor antigen extraction failure. Monocyte harvest
and the subsequent manufacturing of DC-based IMP were
performed for all 23 subjects. Out of the 23, 16 DC-based
IMPs successfully passed through the manufacturing process
and met the quality control criteria for administration to the
patients. DC-based IMPs from seven subjects (six sarcoma,
one neuroblastoma) were not manufactured or failed to pass
quality control due to inadequate immunostimulatory properties
(Table 1). The basic patient characteristics are described in
Table 1, and the detailed clinical course is summarized in
Supplementary Table 2.

Dendritic Cell Manufacturing, Its Yield, and
DC Quality Including Immunostimulatory

Properties

We achieved DC yields ranging from 0 to 43.6%, with a mean
of 17.2% and an s.d. of 12.7% in this specific cohort. A DC
yield equal to 0 represented a manufacturing process that was
unsuccessful, with all DCs detached from the flasks. The quality
control parameters involved microbial sterility and Mycoplasma
spp. negativity, the viability and phenotype of thawed DCs,
the phenotype of thawed DCs after 2-day cultivation, the
production of IL-12 and IL-10 during 24-h cultivation of thawed
DCs, and 6-day allo-MLR and auto-MLR. All batches of DCs
fulfilled the microbiological criteria of QC and the criteria
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TABLE 1 | DC-based vaccine-manufacturing outcome, basic patient characteristics, therapy preceding monocyte harvest.

Primary diagnosis

Date of study enroliment/Age in
years at study enroliment/Pt No

Treatment line prior to monocyte

harvest/Treatment and its duration/Date of

DC-based vaccine-
manufacturing

monocyte harvest outcome
EWING SARCOMA
Ewing sarcoma of the mandible 09/2015; 2nd; Passed QC
14, VCR/Irino + pazopanib, 09/2015-04/2016;
KDO-0101 01/2016
Localized Ewing sarcoma of the left femur ~ 02/2016; 3rd,; Did not pass QC
12; ARSTO8P1 + sunitinib, 03/2016-06/2016;
KDO-0109 03/2016
Localized Ewing sarcoma of the left distal ~ 02/2016; 2nd; Did not pass QC
humerus 12; AEWS1031 + pazopanib, 02/2016-08/2016;
KDO-0111 05/2016
Localized Ewing sarcoma of the spine 08/2016; 2nd; Passed QC
C5-Th2, extradural, and intraspinal 24; AEWS1031, 08/2016-02/2017, 2 cycles VTC, 2 cycles
involvement KDO-0118 VCR/Irino;
01/2017
Ewing sarcoma of the pelvis 12/2016; 1st; Did not pass QC
14; Euro Ewing 2008, 11/2016-05/2017;
KDO-0121 06/2017
Ewing sarcoma of the left proximal tibia 12/2016; 2nd; Did not pass QC
15; VTC cycles, 01/2017-05/2017;
KDO-0122 03/2017
Localized Ewing sarcoma of the left tibia 08/2018; 2nd; Did not pass QC
22; 2x TMZ/Irino, 08/2018-10/2018; 10/2018
KDO-0144
OSTEOSARCOMA
Localized high-grade osteosarcoma of the  09/2015; 4th; Passed QC
right distal femur 10; VCR/Irino + pazopanib;
KDO-0102 12/2015
High grade osteoblastic osteosarcoma of ~ 10/2016; Ist; Not manufactured
the left distal femur 8; AOST 0331, 10/2016-07/2017;
KDO-0120 03/2017
Localized osteoblastic osteosarcoma of 01/2017; 3rd; Passed QC
the right proximal tibia 18; AOST 1321 + VBL + CPM, 02/2017-10/2017;
KDO-0124 3/2017
Localized osteosarcoma of the right 02/2018; 2nd; Passed QC
proximal femur 25; COMBAT lll, 04/2018-12/2018;
KDO-0133 04/2018
High-grade osteoblastic osteosarcoma of ~ 05/2018; 2nd; AOSTO331 - cycle IE 07/2018; Passed QC
the left distal femur 22; 09/2018
KDO-0139
ALVEOLAR RHABDOMYOSARCOMA
Alveolar rhabdomyosarcoma of the right 10/2015; 2nd; Passed QC
calf 14; ARST 0921 + TEM, 11/2015-01/2016;
KDO-0103 12/2015
Alveolar rhabomyosarcoma, primum 10/2016; 1st; Passed QC
ignotum 12; ARSTO8P1 + TEM, 10/2016-05/2018;
KDO-0119 04/2017
EMBRYONAL RHABDOMYOSARCOMA
Embryonal rhabomyosarcoma of the pelvis  09/2017; 1st; EpSSG RMS 2005, 09/2017-06/2018; Passed QC
18; 01/2017
KDO-0131
Localized embryonal rhabomyosarcoma of = 07/2018; 3rd; Passed QC
the pelvis 15; - rEECur - Topo/CYC, 08/2018-12/2018;
KDO-0143 09/2018
(Continued)
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TABLE 1 | Continued

Primary diagnosis Date of study enroliment/Age in

years at study enroliment/Pt No

DC-based vaccine-
manufacturing

Treatment line prior to monocyte
harvest/Treatment and its duration/Date of

monocyte harvest outcome
SYNOVIALOSARCOMA
Synovial sarcoma of the left thigh 04/2016; 1st followed by COMBAT IIl 05/2015-12/2016; Passed QC
14; 12/2016
KDO-0114
Localized synovial sarcoma of the neck 04/2018; 2nd; Passed QC
17; Modified COMBAT |l from 04/2018 + pazopanib from
KDO-0137 08/2018;
06/2018
Localized synovial sarcoma of the left calf ~ 06/2018; 2nd; Passed QC
21; COMBAT Il modified, 08/2018-02/2019;
KDO-0141 10/2018
NEUROBLASTOMA
Neuroblastoma in the retroperitoneum 04/2016; 2nd; Passed QC
12; METRO-NB2012, 05/2016-10/2016;
KDO-0115 07/2016
High-risk neuroblastoma in the left 02/2018; 1st followed by dinutuximab + retinoic acid, Passed QC
glandula suprarenalis 4, 11/2018-02/2019;
KDO-0135 02/2019
Neuroblastoma in the right 07/2018; 2nd; Did not pass QC
retroperitoneum 3; ANBL 1221 - 3 cycles TMZ/Irino + dinutuximab,
KDO-0142 08/2018-11/2018;
08/2018
Neuroblastoma in the right glandula 10/2018; 4th; METRO-NB2012, 05/2017-12/2018; Passed QC
suprarenalis 6; 11/2018
KDO-0147

CPM, cyclophosphamide; Irino, irinotecan;, TEM, temsirolimus; TMZ, temozolomide; Topo, topotecan; VBL, vinblastine; VVCR, vincristine; IE, ifosfamide etoposid;, VTC,
vincristine, topotecan, cyclophosphamide; Pt. No., patient number; QC, quality control. Chemotherapy protocols: AEWS1031 (Ewing sarcoma)—vincristine, doxorubcin,
cyclophosphamide, ifosfamide, etoposide; AOST0331 (osteosarcoma)—cisplatin, doxorubicine, methotrexate; AOST1321 (osteosarcoma)—denosumab; ARST0921 (refractory
or relapsed rhabdomyosarcoma)—bevacizumab, vinorelbine, cyclophosphamide and temsirolimus; ARST1321 (non-rhabdomyosarcoma soft tissue sarcomas)—ifosfamide,
doxorubicin, pazopanib; COMBAT Il (metronomic)— celecoxib, etoposide, temozolomide, fenofibrate, ergocalciferol, bevacizumab, vinorelbine, cis-retinoic acid; EpSSG RMS 2005
(rhabdomyosarcoma)—ifosfamide, vincristine, actinomycin, doxorubicin; Euro Ewing (Ewing sarcoma)—vincristine, ifosfamide, doxorubicin, etoposide, actinomycin, cyclophosphamide;
METRO-NBL2012 (metronomic treatment for neuroblastoma)—etoposide, celecoxib, propranolol, cyclophosphamide, vinblastine; rEECur protocol (relapsed soft tissue sarcoma)—
topotecan, cyclophosphamide, irinotecan, temozolomide. Details on anti-cancer therapy dosing are summarized in Supplementary Table 2.

of viability, ranging from 85 to 100% with a mean of 95%.
Their variability in phenotype and immunostimulatory property
is shown in Supplementary Table 3. The mean phenotype of
the manufactured DCs immediately after thawing for selected
parameters was as follows: CD8019 (range: 2-86%), CD86 91%
(76-100%), CD83 21% (0-86%), CD14 20% (1-69%), and CD197
90% (73-99%). The mean phenotype of thawed DCs after 2-
day cultivation for selected parameters was as follows: CD80
77% (range: 25-97%), CD86 99% (95-100%), CD83 61% (12—
89%), and MHC II 93% (63-100%). Mean cytokine production
was as follows: IL-12 8,327 pg/10°® DC (range: 9-80,824 pg/10°
DC), IL-10 280 pg/10° DC (6-1,731 pg/10° DC), and IL-12/IL-
10 ratio 35 (1-246). The mean in vitro proliferation of T-cells
stimulated by manufactured DCs was 67% (29-98%) in allo-MLR
and 9% (—3-37%) in auto-MLR. Due to inappropriate results for
the immunostimulatory parameters of QC (phenotype, cytokine
production, MLR), six out of 22 (27%) of the manufactured
batches of DCs were not released for use in the clinical trial. The
parameter values of the manufactured batches of DCs are shown
in Supplementary Table 3.

Isolation of Monocytes by Adherence vs. Elutriation
and Its Impact on Manufacturing Process Yield and
the Immunostimulatory Parameters of DCs

Isolation of monocytes for DC manufacture was performed by
elutriation in 14 cases and by plastic adherence in nine (39%)
cases based on the real-world situation. Until March 2017, we
performed elutriation of the leukapheresis product in all cases (11
cases: KDO-0101,-0102,-0103,-0109, -0111, -0114, -0115, -0118,
-0120, -0122, -0124). Between April and September 2018, we
performed elutriation in cases KDO-0121, -0137, and -0139, and
adherence to plastic in cases KDO-0133, -0142, and -0144 due
to there being > 10% neutrophils in the leukapheresis product
or technical issues with the Elutra device for KDO-0119 and
-0131. After October 2018, we isolated monocytes exclusively by
adherence to the plastic surface in all cases: KDO-0135, -0141,
-0144, and -0147.

Addressing the issue of whether the elutriation process is
superior to adherence to plastic retrospectively, we compared
the proportions of batches passing QC and their DC yield
and phenotypic and immunostimulatory properties under the
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two methods. Adherence to plastic resulted in two (22%)
batches not being released, and elutriation resulted in five (36%)
batches not being released (four did not pass QC and one was
not manufactured). The OR (odds ratio) for passing QC in
the plastic-adherence modality was 1.94 (95% CI: 0.29-13.19).
The DC yield, viability, phenotype, and immunostimulatory
properties (IL-12, IL-10, the IL-12/IL-10 ratio, allo-MLR, auto-
MLR) in adherence to plastic vs. elutriation are summarized
in Figure 1. A statistically significant difference was observed
between QC results and monocyte isolation modality for the
following post-thaw parameters (i) DC expression of CD86
on day 0 that was higher in the manufacturing process with
plastic adherence, and (ii) borderline significant expression of
CD14 on day 0 that was higher with elutriation. The values
of both parameters were in favor of adherence to plastic. It is
of note here that the subgroup with isolation of monocytes by
the adherence to plastic was not biased by including a higher
proportion of cases without potentially monocyte-interfering
pharmacotherapy (“m” vs. “0” as described later; p = 0.643).
Thus, we conclude that the isolation of monocytes by adherence

to plastic is comparable to a manufacturing process with
monocyte elutriation.

Parameters of CBC Prior to Monocyte Harvest, and
Parameters of the Leukapheresis Product and Their
Impact on Manufacturing Process Yield and the
Immunostimulatory Properties of DCs

With the aim of identifying the CBC parameters (shown for
each batch in Supplementary Table 3) associated with adequate
DC characteristics and thus predicting whether the DC-
manufacturing process would pass QC, we analyzed CBC prior
to monocyte harvest in the context of batches that fail to pass QC
and DC yield, phenotype, and immunostimulatory properties.
The presence of immature granulocytes in CBC was associated
with unsuccessful manufacturing (p = 0.046). DC yield was not
associated with any single parameter of CBC. Expression of CD14
on manufactured cells was negatively correlated with relative
lymphocyte count in CBC (p = 0.001) (Figure 2). The level of
allogenic MLR was negatively associated with both the presence
of immature granulocytes (p = 0.010) and NRBC (p = 0.018)
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FIGURE 1 | Comparison of two monocyte isolation modalities with respect to dendritic cell (DC) production. Elutriation (white box plots) and adherence to plastic (gray
box plots) were compared based on QC parameters: (A) DC yield, and post-thaw: (B) viability, (C) DC phenotype on day 0: CD14, CD197, CD80, CD86, and CD83
and on day 2: MHC Il, CD80, CD86, and CD83, and immunostimulatory properties presented by (D) IL-12 production, IL-10 production, and IL-12/IL-10 production
ratio, (E) allo-MLR and auto-MLR. Median values are shown for each parameter for each monocyte isolation modality. Black dots show QC results of manufactured
DCs that passed quality control, and red dots show results of manufactured DCs that did not pass quality control.
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FIGURE 2 | Association of patient CBC prior to monocyte harvest and parameters of leukapheresis product with DC yield and quality control. Red color represents a
positive correlation and blue color a negative correlation; strength of relationship is represented by size of square and intensity of color—larger squares with intense
color have a stronger association; *p < 0.05, “*p < 0.01, **p < 0.001.

in pre-leukapheresis CBC (Figure 2). The level of autologous
MLR was positively associated with absolute leukocyte count (p
= 0.016) (Figure 2). Similarly, a high proportion of monocytes
(p < 0.001) and low proportion of T-cells (p = 0.001) in the
leukapheresis product were associated with increased expression
of CD14 on manufactured cells (Figure 2). A high proportion
of monocytes in the leukapheresis product was associated with
increased production of IL-10 by manufactured cells (p =
0.027) (Figure 2).

Therapy Preceding and/or Concomitant With
Monocyte Harvest and Its Association With
Manufacturing Process Yield and the
Immunostimulatory Properties of DCs

The patient history of anti-cancer treatment and the outcome
of DC manufacture were evaluated for an association between
DC parameters and lines of therapy classified as Ist, 2nd,
and 3rd or subsequent lines that were followed by monocyte

harvest for DCs. The history of anti-cancer treatment had
no observed impact on the quality of manufactured DCs
(Supplementary Figure 2). Pharmacotherapeutics 60 days prior
to and/or concomitant to monocyte harvest were classified
into two groups and designated as follows n =
17) for administration of therapy potentially interfering with
monocyte viability and/or differentiation, namely TKI, mTOR
inhibitors, chemotherapy in cell biology-interfering doses, i.e.,
MTD-based dose, anti-RANKL mAb, retinoic acid, and/or G-
CSF (Supplementary Table 1) < 60 days prior to monocyte
harvest, (ii) “0” (n = 6) for metronomic therapy/chemotherapy
or no potentially monocyte-interfering therapy concomitantly or
< 60 days prior to monocyte harvest. All batches from the “0”
category passed QC, whereas seven out of 17 (41%) monocyte-
derived DCs from the “m” category failed to be released for
patient administration. The OR for passing QC in category “0”
was 9.3 (95% CI: 0.5-191). DC yield, DC immunophenotype on
day 0 and day 2, and production of IL-10 did not differ between

() “m”
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FIGURE 3 | Treatment prior to monocyte harvest and immunostimulatory properties of manufactured DCs. Manufacturing subgroup from monocytes harvested after
MTD-based therapy potentially interfering with monocyte biology (listed in Supplementary Table 1; “m” treatment, gray box plots) and manufacturing subgroup from
monocytes from untreated patients or after non-interfering treatment (“0” treatment, white box plots) were compared based on QC parameters: (A) IL-12 production,
(B) IL-12/IL-10 production ratio, (C) allo-MLR and (D) auto-MLR. Median values are shown for each parameter for each treatment subgroup. Black dots show QC
results of manufactured DCs that passed quality control, and red dots show results of manufactured DCs that did not pass quality control.
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the “0” and “m” categories (Supplementary Figure 3). Median
IL-12 production was 2,424 pg/10® DCs in the “0” category and
743 pg/10° DCs in category “m” (p = 0.083). The median IL-
12/IL-10 ratio was 71 in the “0” category and 9 in the “m”
category (p = 0.002). The median T-cell proliferation in allo-
MLR was 86% in the “0” category and 63% in the “m” category
(p = 0.027), and the in auto-MLR was 12% in the category “0”
and 5% in category “m” (p = 0.036) (Figure 3).

In the analyzed study cohort, therapeutic regimens were
heterogenic, with patients often treated with a combination
of various compounds prior to monocyte harvest, and thus
further categorization into single agent-defined subgroups
and their analysis were impossible. Therefore, we performed
cluster analysis of DC parameters in the context of therapy
prior to monocyte harvest (Figure4). Here we observed a
cluster defined mainly by a superior IL-12/IL-10 ratio but
low DC yield comprising batches KDO-0133 without any
anti-cancer treatment, KDO-0137 treated with metronomic
modified COMBAT with celecoxib, fenofibrate, low-dose
cyclophosphamide, and low-dose vinblastine, and KDO-0115
treated with metronomic therapy with low-dose vinblastine,
celecoxib, low-dose cyclophosphamide, and propranolol (see
Supplementary Table 2 for details on the treatment schedule
and dosing). Furthermore, we observed a very similar pattern
in DC properties in two batches, KDO-0142 and KDO-0144,
that were manufactured from monocytes obtained from patients
treated with temozolomide and irinotecan. These batches
exhibited robust monocyte differentiation, as represented by
their low CD14 expression, but failed to produce IL-12 or an
immunostimulatory phenotype when matured, as represented
by CD80 on post-cultivation DCs on day 2, and therefore did not
meet the QC criteria. A pattern of relatively low DC yield, high
production of IL-12, and notable monocyte differentiation and
DC immunostimulatory phenotype and function was observed
for batches KDO-0147, generated from monocytes from
patients treated with celecoxib, and KDO-0141, from patients
pretreated with combined metronomic therapy with low-dose
vinblastine, low-dose etoposide, celecoxib, cholecalciferol,

and fenofibrate. Batches KDO-0103 and KDO-0122 similarly
exhibited poor yield, poor monocyte differentiation, a rather low
IL-12/IL-10 ratio, and very low immunostimulatory functions
toward donor T-cells. Monocytes from both batches were
pretreated with an MTD-based combination of topoisomerase
inhibitor and alkylating agent, with last administration from
day 21 to 17, namely etoposide and ifosfamide in KDO-0103
and topotecan and cyclophosphamide in KDO-0122. This
was followed in both cases by 9 days of administration of
G-CSF filgrastim up to 7 days prior to monocyte harvest.
High DC yield and viability but low markers of differentiation,
immunostimulatory phenotype and IL-12/IL-10 ratio were
similarly observed for batches KDO-0111 and KDO-0109 treated
with topotecan, cyclophosphamide, and pazopanib. Based on
features such as good DC vyield and viability but low monocyte
differentiation and a below-average IL-12/IL-10 ratio, these
two batches clustered with KDO-0139 (treated with etoposide,
ifosfamide, and filgrastim), KDO-0121 (etoposide, ifosfamide,
and filgrastim), KDO-0118 (irinotecan and sunitinib), and
KDO-0119 (cyclophosphamide, temsirolimus, and filgrastim).
Notably, monocytes affected by retinoic acid (KDO-0135)
or anti-RANKL denosumab (KDO-0124) produced DCs of
average quality. In summary, monocyte-interfering MTD-based
treatment of the clinical trial patients prior to monocyte harvest
was associated with an impaired DC-based immunotherapy
manufacturing process outcome. Certain combinations of
anti-cancer treatments elicited a similar pattern of inadequate
DC parameters. Namely, a combination of temozolomide
and irinotecan was associated with poor DC maturation
and immunostimulatory features, and a combination of
pazopanib, topotecan, and MTD-based cyclophosphamide
was associated with poor DC differentiation maturation and
immunostimulatory parameters.

DISCUSSION

Here we show that despite strict adherence to the validated
manufacturing protocol, the outcome of the manufacture of
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FIGURE 4 | Cluster analysis of DC parameters in the context of therapy prior to monocyte harvest. The heatmap on the right shows the immunostimulatory properties
of manufactured DCs centered and scaled in the column direction (Z-score of parameters). Clusters are based on correlations. For clustering of DC parameters, but
not batches, an equal meaning to positive and negative correlations was considered,
clustered together. The left panel shows the treatment administered within 60 days of monocyte harvest. The day of the mononuclear harvest was set as day 0. An
interactive version of the left panel with a detailed description of treatment including dosing is provided in Supplementary Material 1. Metronomic doses of
chemotherapeutic drugs and supportive therapy such as vitamins and probiotics are not shown here but are summarized in Supplementary Table 2. Batches that
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the medicinal product with monocyte-derived DCs is highly
variable in terms of both DC yield and immunostimulatory
properties. Moreover, in 30% of cases, manufacture of DC-
based immunotherapy for advanced sarcoma and high-risk
neuroblastoma patients resulted in a product that did not meet
the specifications for the medicinal product and therefore was not
released for application. This product failure rate was higher than
in published studies (23, 24). Thus, in an attempt to improve the
manufacturing process, to predict DC-manufacturing outcome,
and, subsequently, to avoid laborious and costly DC manufacture
that would not meet QC specifications, we addressed key
variables in the manufacturing process. Namely, we focused
on the issues of (i) monocyte isolation from the mononuclear
leukapheresis product, (ii) parameters of the patients CBC
prior to monocyte harvest and parameters of the leukapheresis
product, and (iii) anti-cancer therapy preceding monocyte
harvest that may interfere with the ability of monocytes to
differentiate into immunostimulatory DCs.

Regarding the method of monocyte isolation, we assessed
whether monocyte extraction by a simple method of adherence
to a plastic surface is comparable to the elaborate method of
elutriation. During elutriation, monocytes can be contaminated
with granulocytes with a similar sedimentation velocity to
monocytes. Based on this observation, we validated the
DC-manufacturing process with isolation of monocytes by
adherence to plastic (25) to avoid contaminants that may
interfere with DC differentiation by altering the levels of
pro-differentiation cytokines and/or the formation of a
suppressing microenvironment through generating decay
products during cultivation. By comparative analysis of DC yield
and immunostimulatory properties from the manufacturing
processes of isolation of monocytes by elutriation vs. adherence
to plastic, we conclude that the adherence method is comparable
to the elutriation method. The method of adherence to plastic is
simple in terms of the equipment, material, and manufacturing
steps required and therefore is less costly, less prone to errors,
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and more GMP-friendly than the elutriation process. In healthy
adult volunteers, monocyte-derived DC yield with monocyte
elutriation has been shown to be superior to adherence to
plastic (26); this was not observed under our manufacturing
conditions of heavily pretreated pediatric sarcoma and
neuroblastoma patients.

With regards to the pharmacotherapy preceding monocyte
harvest, we observed that therapy with agents interfering with
the biology of monocytes 60 days prior to monocyte harvest
was associated with reduced production of IL-12 and deficient
functional immunostimulatory properties of the manufactured
DC-based vaccine and subsequently often resulted in QC failure.
It is of note here that failures in DC production occurred
more often prior to the implementation of stricter criteria for
non-allowed pharmacotherapy preceding monocyte harvest.
Specifically, we observed impaired monocyte differentiation
and, subsequently, inadequate immunostimulatory features
in monocytes pretreated with a combination of an MTD-
based dose of the alkylating agent cyclophosphamide,
topoisomerase I inhibitor topotecan, and TKI pazopanib.
We have previously shown that TKI pazopanib in vitro impairs
the immunostimulatory properties of monocytes, including
up-regulation of the immunoinhibitory surface molecule ILT-3
and decreased capability to up-regulate MHC II in response to
LPS (27). Interestingly, however, pretreatment of monocytes in
vivo with pazopanib without any other immediate treatment
(KDO-0101) did not result in attenuated DC vaccine quality.
Topotecan has been shown to partially activate monocyte-
derived DCs but to prevent the full maturation of DCs
stimulated with a cocktail of proinflammatory mediators (28). A
different pattern was observed for DCs from cases treated with a
combination of the alkylating agent temozolomide (TMZ) and
the topoisomerase I inhibitor irinotecan (iri), and we observed
monocyte differentiation but not DC immunostimulatory
properties, resulting in a medicinal product that did not pass
QC and was not administered. It is of note that one case was
a sarcoma and one a neuroblastoma patient. Moreover, we
also observed a similar pattern of poor DC parameters in a
case of synovialosarcoma with TMZ/iri therapy in a cohort
of patients outside this clinical trial. It has been shown that
monocytes are particularly sensitive to the methylating agent
temozolomide, undergoing apoptosis, while monocyte-derived
DCs and macrophages are resistant to TMZ (19). Briegert and
Kaina and Bauer et al. showed that monocytes accumulated
single-strand DNA breaks due to failure of the re-ligation step
in base excision repair and showed a lack of DNA repair protein
expression (18, 19). Following TMZ treatment, monocytes
demonstrated an unbalanced expression of DNA repair proteins,
impairing base excision repair and the accumulation of double-
stranded breaks (18, 19). In vitro studies of TMZ/iri cytotoxicity
to neuroblastoma cells have revealed single- or double-stranded
DNA damage to be mostly due to SN-38 (the active metabolite of
irinotecan) and to be further enhanced through the addition of
TMZ (29). Thus, we hypothesize that DNA damage caused by the
combination of irinotecan and TMZ in the context of particular
hypersensitivity of monocytes to temozolomide may underlie
the unfavorable effect of anti-cancer therapy with TMZ/iri on

the monocyte-derived immunostimulatory DC-manufacturing
process. Monocytes from a patient treated with methotrexate,
doxorubicin, and cisplatin failed to produce viable dendritic cells,
but monocytes from another patient treated with methotrexate
did not fail to produce DC vaccine. Methotrexate has reportedly
inducedl] apoptosis, reduced viability, induced differentiation,
and reduced inflammatory properties of monocytes (30-33),
and we may speculate, although based on anecdotal observation,
that if combined with cisplatin, thereby shifting monocyte
differentiation into an immunosuppressive phenotype (20),
methotrexate may result in failure of monocyte-derived
DC generation.

Regarding the composition of pre-leukapheresis CBC and
the derived leukapheresis product and the outcome of DC
manufacture, we observed that three interconnected features, i.e.,
(i) a low relative lymphocyte count, (ii) a high relative neutrophil
count in CBC, and (iii) a high proportion of monocytes in the
leukapheresis product, were associated with unfavorably high
expression of CD14 on the manufactured cell product. Moreover,
the presence of an increased number of immature granulocytes
was associated with decreased potency of the DC-based product
as quantified by allo-MLR. These observations may be underlain
by emergency myelopoesis stimulated by G-CSF, which leads to
a quantitative and qualitative change in all circulating myeloid
cell types including neutrophils, monocytes, and myeloid-derived
suppressor cells (34, 35). While fostering granulocyte effector
functions, G-CSF also seems to promote immunosuppressive
and tolerogenic properties in monocytes and monocyte-derived
cells including increased production of IL-10 (36-39). In this
context, it is of note that six out of seven cases treated with G-
CSF within 60 days prior to monocyte harvest exhibited donor
T-cell stimulation below the average and that the level of T-
cell stimulation decreased with the intensity of G-CSF prior to
monocyte harvest. Although the effect of G-CSF treatment on the
DC-manufacturing process in our study cannot be dissected from
the effect of preceding chemotherapy and targeted therapy, the
tentative interpretation is that stimulation of myelopoesis with
growth factors of granulocytes may have a rather negative impact
on the outcome of the DC-based vaccine-manufacturing process.

Here, we show that treatment of patients with certain anti-
cancer agents in MTD-based doses prior to monocyte harvest
often leads to failure of manufacture of the immunostimulatory
DC-based vaccine. We propose that the optimal time for
monocyte harvest for generating DCs is prior to a cell-
interfering treatment. With respect to the DC-manufacturing
workflow, this would mean, in a majority of cancer patients,
the implementation of DC manufacture from cryopreserved
monocytes. Several studies have investigated the effect of
cryopreservation on monocyte differentiation into DCs,
but results have been conflicting. Some studies observed
cryopreservation to have no effect on monocyte-derived DC
production (40, 41). On the other hand, Silveira et al. showed
that, when compared to fresh monocytes, cryopreserved
monocytes exhibited impaired differentiation into dendritic
cells, with lower rates of maturation and cytokine production
in response to LPS and lower lymphocyte proliferation in
allo-MLR (42). Thus, the cryopreservation of monocytes for

Frontiers in Oncology | www.frontiersin.org

12

October 2019 | Volume 9 | Article 1034


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Hlavackova et al.

Chemotherapy Impairs DC Manufacturing Outcome

DC generation may decrease the quality of manufactured
DCs, and the level of this decrease needs to be specified for a
particular manufacturing protocol. In case of a minor drop in DC
maturation and immunostimulatory parameters and function
due to the cryopreservation of monocytes, this manufacturing
modality should be considered, as it would allow harvesting of
therapy-naive monocytes and avoid a potentially detrimental
effect of certain anti-cancer and supportive treatment on the
quality of DC-based anti-cancer immunotherapy.

Another issue in the context of the concurrence of anti-cancer
treatment and monocyte-derived DC manufacture is the length
of the pharmacotherapy-free period prior to monocyte harvest.
From our real-life experience gained on this study group,
we conclude that a 30-day interval without treatment is not
sufficient for the combination of temozolomide and irinotecan
to sufficiently wash out the monocyte biology-interfering effect
of this combination. However, the issue of a safe therapy-free
window is not likely to be addressable through the establishment
of a wash-out period for a particular drug. The fitness of
monocytes and their capacity to differentiate and mature into
DCs with high antigen-presenting effect is a matter of their
biological function in the context of iatrogenic affection, which
is complexly shaped by the need for immediate treatments,
their combinations, their cumulative doses, and the long-term
history of treatment. Therefore, identifying a marker revealed
from a patient’s peripheral blood that predicts the outcome of
DC-generation would help to avoid an unproductive anti-cancer
DC-manufacturing process. Here we show that a high monocyte
count in CBC is not predictive of an efficacious outcome for DC
generation. Nevertheless, we find that the presence of immature
granulocytes in CBC may predict decreased immunostimulation
elicited by DCs and, subsequently, unsuccessful preparation of
DC-based IMP. However, closer evaluation of monocyte function
prior to their collection for DC generation may be considered.
A surrogate marker for the immunostimulatory capacity of
monocytes may be evaluated in (i) their phenotype, e.g., the level
of HLA-DR or ILT-3 expression on monocytes or the proportion
of particular monocyte subsets according to CD14 and CD16
expression, or (ii) their ability to produce pro-inflammatory
cytokines upon TLR stimulation (27).

In summary, monocytes represent a key starting material
for anti-cancer DC-based vaccine manufacture. Therefore,
monocyte conditions have an impact on the manufacturing
yield, the differentiation into DCs, and the level of maturation
and subsequent immunostimulatory functions. For DC
manufacture from heavily pretreated pediatric patients with
high-risk sarcomas and neuroblastoma, we conclude that the
manufacturing yield and immunostimulatory quality of anti-
cancer DC-based vaccine generated from patient’s monocytes
were not influenced by the monocyte isolation modality but were
detrimentally affected by certain combinations of anti-cancer
agents. Thus, the combination of chemotherapy or targeted
therapy with DC-based immunotherapy needs to be scheduled
not only with respect to the likely beneficial role of anti-cancer
agents on the immunogenicity of tumor antigens for both in
vitro DC generation via induction of immunogenic cell death
and in vivo for effector response of DC-activated T-cells but

also with respect to optimal monocyte immunostimulatory
functions. Finally, these findings may also have implications
for the general pharmacology of anticancer treatment. As our
model of ex vivo-activated DC preparation generally parallels
the in vivo differentiation pathways of monocytes to the antigen-
presenting cells, we may imply that drug combinations at doses
used clinically may result in an impairment of patient DCs and
possibly immune competence in general. In conclusion, these
findings may stimulate further research on dose and mechanism-
of-action-based drug combination in patient-centered trials
to optimize the treatment modalities currently available in
clinical oncology.
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Monocyte-derived dendritic cell (DC)-based vaccines loaded with tumor self-antigens
represent a novel approach in anticancer therapy. We evaluated DC-based anticancer
immunotherapy (ITx) in an academic Phase I/Il clinical trial for children, adolescent, and
young adults with progressive, recurrent, or primarily metastatic high-risk tumors. The
primary endpoint was safety of intradermal administration of manufactured DCs. Here,
we focused on relapsing high-risk sarcoma subgroup representing a major diagnosis
in DC clinical trial. As a part of peripheral blood immunomonitoring, we evaluated
quantitative association between basic cell-based immune parameters. Furthermore,
we describe the pattern of these parameters and their time-dependent variations
during the DC vaccination in the peripheral blood immunograms. The peripheral
blood immunograms revealed distinct patterns in particular patients in the study
group. As a functional testing, we evaluated immune response of patient T-cells
to the tumor antigens presented by DCs in the autoMLR proliferation assay. This
analysis was performed with T-cells obtained prior to DC [Tx initiation and with T-cells
collected after the fifth dose of DCs, demonstrating that the anticancer DC-based
vaccine stimulates a preexisting immune response against self-tumor antigens. Finally,
we present clinical and immunological findings in a Ewing’s sarcoma patient with
an interesting clinical course. Prior to DC therapy, we observed prevailing CD8+
T-cell stimulation and low immunosuppressive monocytic myeloid-derived suppressor
cells (M-MDSC) and regulatory T-cells (Tregs). This patient was subsequently treated
with 19 doses of DCs and experienced substantial regression of metastatic lesions
after second disease relapse and was further rechallenged with DCs. In this
patient, functional ex vivo testing of autologous T-cell activation by manufactured
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Fedorova et al.

Immunomonitoring of DC-Treated Sarcoma Patients

DC medicinal product during the course of DC ITx revealed that personalized anticancer
DC-based vaccine stimulates a preexisting immune response against self-tumor
antigens and that the T-cell reactivity persisted for the period without DC treatment and
was further boosted by DC rechallenge.

Trial Registration Number: EudraCT 2014-003388-39.

Keywords: dendritic cells, anticancer immunotherapy, dendritic-cell (DC)-based vaccine, pediatric sarcoma,
academic clinical trials, immunomonitoring, personalized medicine

INTRODUCTION

Patients with relapsed or refractory Ewing’s sarcoma have a
very poor prognosis. No substantial improvement has been
achieved in the therapy of sarcoma patients in the last two
decades despite research, and long-term survival is still <25%.
Immunotherapeutic approaches including antigen-presenting
cell-based vaccines have been employed as single agent or as
part of combination strategies having been substantiated by
a report on immunogenicity of Ewing’s sarcoma with specific
translocation resulting in EWS/FLI1 fusion. Following dendritic
cell (DC) vaccine with untreated autologous lymphocytes, 39% of
patients had measurable immune response against a neopeptide
derived from the fusion gene (1). Promising results were reported
after CD25+ regulatory T-cell depletion of an autologous
lymphocyte infusion product augmented with interleukin (IL)-
7, where immune reconstitution correlated with an improved
survival of 63% in Ewing’s sarcoma and rhabdomyosarcoma
(2). Immunocompetent CD8+ T lymphocytes were observed
within the tumor microenvironment of metastases after DC
immunotherapy (ITx) but without direct cytotoxic efficacy
probably due to expression of PD-1 on lymphocytes and PD-
L1 on tumor cells (3). Such immune suppression could be
bypassed using recently developed anti-PD-1 and anti-PD-L1
agents, demonstrating improved survival in several malignancies,
including anecdotal cases of sarcomas (4, 5).

Proper antigen presentation has a key role in directing
the immune system to attack tumor cells by targeting
tumor-associated antigens. We manufacture fully personalized
monocyte-derived DC-based vaccines that are evaluated in
an academic investigator-initiated clinical trial for children,
adolescents, and young adults with progressive, recurrent,
or primarily metastatic high-risk tumors (EudraCT 2014-
003388-39). As a part of clinical and research evaluation
of patients, we performed DC characterization, peripheral
blood immunomonitoring during DC treatment, and ex vivo
assessment of T-cell cytotoxic function pre- and post-DC
treatment. During peripheral blood immunomonitoring, we
quantified circulating immune cells to evaluate both positive
and negative players in cancer surveillance and eradication. We
focused on absolute lymphocyte count (ALC) and neutrophil-
to-lymphocyte ratio (NLR). Both parameters are associated with
the number of lymphocytes as key players in the immune
response to tumors. Additionally, NLR reflects the number of
neutrophils that is a negative prognostic factor often related

to paraneoplastic immune response. The peripheral blood
lymphocyte compartment contains conventional af TCR+
T-cells, B-cells, natural killer (NK) cells, and also minor
specific effector and regulatory cell types, including regulatory
T-cells (Tregs), CD56+ CD3+ NKT-like cells (6), y3 T-
cells (7), and monocytic myeloid-derived suppressor cells (M-
MDSCs). These immune cell subsets constitute the actual clinical
immunomonitoring, and their characteristics are reviewed
in Supplementary Material 1.

This study focuses on high-risk sarcoma patients representing
a major diagnosis in this clinical trial. First, we evaluated
quantitative association between basic cell-based immune
parameters. Next, we described patterns of these parameters
and their time changes during the DC vaccination course in
the peripheral blood immunograms. As a functional testing,
we evaluated immune response of patient T-cells to the tumor
antigens presented by DCs in autoMLR proliferation assay.
This analysis was performed with T-cells obtained prior to DC
ITx initiation and with T-cells collected after administration
of the fifth dose of DCs. Finally, we presented clinical and
immunological findings from DC-based ITx after relapse in the
case of the Ewing’s sarcoma patient.

METHODS
Clinical Trial Design and Methodology
This nonrandomized, open-label, academic, investigator-

initiated, phase I/II clinical trial (EudraCT No. 2014-003388-39)
was performed at a single center in Czechia in accordance
with the principles of the Declaration of Helsinki and Good
Clinical Practice. The protocol was approved by the local ethics
committee at the site and by the designated authority of Czechia
(the State Institute for Drug Control).

Patients eligible for the clinical trial were children, adolescents,
and young adults (1-25 years old) with histologically confirmed
refractory, relapsing, or primarily metastatic high-risk tumors;
Karnofsky or Lansky score >50; life expectancy longer than 10
weeks; and adequate function of bone marrow, kidney, liver,
and heart defined as absolute neutrophil count (ANC) >0.75
x 10%/pl, thrombocytes >75 x 103/pl, hemoglobin 80 g/l,
estimated glomerular filtration rate (eGFR) >70 ml/min/1.73
m?2, serum creatinine <1.5-fold upper limit for the appropriate
age, bilirubin <1.5-fold upper limit for the appropriate age,
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AST and ALT <2.5-fold upper limit for the appropriate age,
ejection fraction >50%, and fractional shortening >27% assessed
by echocardiography. In the case of bone marrow infiltration,
ANC had to be >0.5 x 10°/pl and thrombocytes >40 x
103/pl. In the case of liver metastases, AST and ALT must
have been <5-fold upper limit for the appropriate age. Patients
must not have had severe ongoing toxicity resulting from
any previous treatment. Radiotherapy (RTx), myelosuppressive,
and immunosuppressive treatment must have been withdrawn
at least 3 weeks before tumor tissue harvesting; the only
exception is corticoid treatment of brain edema that was allowed.
Myelopoietic growth factors must have been withdrawn at
least 7 days before tumor tissue harvesting. Targeted therapy
must have been withdrawn at least 7 days for tyrosine kinase
inhibitors (TKI) or at least 3-fold half-life of the drug (upper
limit 6 weeks) before tumor tissue harvesting. The time interval
between autologous transplantation and tumor tissue harvest
must have been >12 weeks and in the case of allogeneic
transplantation >26 weeks. Patients with seropositivity to
HIV1, HIV2, Treponema pallidum, hepatitis B or C, known
hypersensitivity to the study medication, an autoimmune
disease that was not adequately treated, uncontrolled psychiatric
disease, or uncontrolled hypertension were not eligible. Allowed
medication prior to monocyte harvest (leukapheresis) was as
follows: metronomic chemotherapy (CTx), immune checkpoint
inhibitors, and anti-CD20 antibodies are allowed as concomitant
medication for any time before leukapheresis. Monoclonal
antibodies (except anti-CD20), high-dose CTx, and high-dose
corticoids must have been withdrawn at least 3 weeks prior
to leukapheresis with the exception of corticoid treatment
of brain edema, which was allowed. Since November 2017,
amendment of the procedure for monocyte harvest was made,
and TKI must have been withdrawn according to their half-
life: drugs with short half-life of 3-14h at least 2 days before
leukapheresis (axitinib, dabrafenib, dasatinib, ibrutinib, idelalisib,
nintedanib, ruxolitinib, trametinib), drugs with medium half-
life of 15-35h at least 7 days before leukapheresis [alectinib,
bosutinib, lapatinib, lenvatinib, nilotinib, osimertinib, pazopanib,
ponatinib, regorafenib, and non-tyrosine kinase inhibitor (non-
TKI) everolimus], and drugs with long half-life of 36-60h at
least 12 days before leukapheresis (afatinib, ceritinib, erlotinib,
gefitinib, imatinib, cabozantinib, crizotinib, sorafenib, sunitinib,
vemurafenib, and non-TKI temsirolimus). Myelopoietic growth
factors must have been withdrawn at least 7 days before
leukapheresis/monocyte harvest. Patients previously treated with
DCs were not allowed to enter the trial.

The primary endpoint of the trial was assessment of safety
by analysis of incidence of adverse events of special interest
(AESL ie., allergic reactions grade >3, acute or subacute
autoimmune organ toxicity symptoms manifesting up to 30 days
after administration of the vaccine, injection site reactions grade
>4, infectious complications grade >3). The secondary safety
endpoint was incidence of all adverse events assessed in relation
to type, seriousness, and causality. Secondary efficacy endpoints
were time to progression, overall survival, objective response
to treatment at 12 and 24 months, and clinical benefit rate
assessment at 6 and 12 months.

Investigational medicinal product (IMP) was administered
as an add-on therapy to standard treatment. The dose of IMP
contains 2 x 10° DCs in 100 pl of cryopreservation medium.
DC-based IMP was administered intradermally every 3 + 1
weeks, up to 35 doses, to a predefined site on the left or right arm
near the axillary lymph node. The evening before administration
and two evenings after application, topical imiquimod, toll-like
receptor (TLR)-7 agonist, was applied on the injection site as
an adjuvant. On the day of administration, the patient had to
have adequate bone marrow function (defined in the same way
as in the entry criteria described above) and was not allowed the
following therapy: more than a week systemically administered
corticosteroids except treatment for cerebral or spinal edema
(single administration of corticoids due to premedication,
treatment of allergic reaction, and substitution treatment
in secondary hypocortisolism are allowed), anticoagulants in
therapeutical dose (prophylactic doses of low-molecular-weight
heparins were allowed), erythropoietin, pegylated granulocyte-
stimulating growth factors or other growth factors except for
filgrastim, RTx to sites and regional lymph nodes, except
radiation for pain control, the interval between vaccine
application, and administration of conventional CTx must
have been more than 72 h. Complete blood count, biochemical
analysis, and immunomonitoring were performed on every
patient visit associated with administration of IMP.

DC Manufacturing and Quality Control

The DC-based vaccine, called MyDendrix, was manufactured
under GMP in Clean rooms of the Department of Pharmacology,
Faculty of Medicine, Masaryk University. Briefly, mononuclear
cells were collected by leukapheresis, and then monocytes
were separated by elutriation or adherence to a plastic
surface. Harvested monocytes were cultivated with IL-4 and
granulocyte-macrophage colony-stimulating factor (GM-CSF)
and differentiated into DC. Immature DCs were subsequently
exposed to autologous tumor lysate antigens. The preparation
of tumor lysate from the patients tumor obtained during
curative surgery or extended biopsy preceded monocyte harvest.
Maturation was induced by lipopolysaccharide and interferon-
y. Manufactured DCs were aliquoted into IMP doses, each
containing 2 x 10° DCs based on reports (8, 9), cryopreserved in
DMSO-containing medium, and stored at —150°C to —196°C.
Quality control (QC) of DC-based IMP included viability, cell
phenotype, production of IL-12 and IL-10, and stimulation
of allogeneic and autologous T-cells to reflect the level of
stimulatory properties of DCs. Details on DC-based IMP
manufacturing were described in Supplementary Material 2 (8,
10). DCs were stored frozen until the day of administration when
a DC dose was shipped on dry ice for administration to a study
patient, shortly thawed, and immediately injected intradermally
to the patient.

Ex vivo Assessment of Prevaccination and
Postvaccination T-Cells

Stimulatory properties of DCs were examined pre- and post-DC
treatment by autologous mixed lymphocyte reaction (MLR). Pre-
DC ITx lymphocytes were obtained during the manufacturing of
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DCs of from the elutriation process or adherence of leukapheresis
product obtained for separation of monocytes. The number of
T-cells in the lymphocyte-rich fraction was quantified by flow
cytometry: approximately 10> PBMCs were mixed with 10 pl of
anti-CD45-PC7 (clone J33) and anti-CD3-FITC (clone UCHT1,
both from Beckman Coulter), incubated 20 min in the dark,
and analyzed on an FC500 flow cytometer (Beckman Coulter).
PBMCs were aliquoted, cryopreserved in 1,000 pl of Cryostor
CS5 (BioLife Solutions), frozen, stored at —150°C to —196°C,
and thawed prior to auto-MLR seeding. For post-DC treatment
assay, PBMCs were obtained from peripheral blood collected
into K3EDTA tube (7 ml, Sarstedt) after application of at least
five doses of DCs. Blood was layered onto Histopaque-1077®
(Sigma-Aldrich, density 1,077 g/ml) and centrifuged (450g,
30 min, 20°C, acceleration 3, brake 3). Fractions of mononuclear
cells were collected and washed with Hank’s Balanced Salt
Solution (HBSS, Lonza). 107 PBMCs were cryopreserved in 1,000
pl Cryostor CS5 (BioLife solutions) and stored at —150°C. For
pre- and post-DC treatment autoMLR, 107 target lymphocytes
were stained with 250 pl 10 WM carboxyfluorescein succinimidyl
ester (CFSE, Sigma-Aldrich) and seeded into sterile 96-well
culture plate (Sarstedt, TC Plate 96-well, Suspension, F) at
10° cells/well in X-vivo 10 medium (Lonza) containing 5%
inactivated human male AB serum (Sigma-Aldrich) at a 1:10
effector:target ratio (10* DC/well), positive control (PC) with
phytohemagglutinin (PHA, Sigma-Aldrich) 1 mg/ml HBSS (final
concentration 10 pg/ml in MLR), or negative control (NC)
with complete X-vivo medium, final volume 200 pl/well. MLR
experiments were seeded in triplicates and cultured for 6 days at
37°C/5% CO,. Then 2 x 10* cells from each well were stained
with CD3-PC7 (clone UCHT1, 10 pl/test, Beckman Coulter)
for flow cytometric detection of CFSE fluorescence dilution on
CD3+ T-cells. Discrimination for dividing cells was set up using
the NC. T-cell proliferation was calculated as follows: [(average %
of dividing T-cells in 10:1 MLR)—(average % of dividing T-cells
in NC)] x 100/[(average % of dividing T-cells in PC)—(average
% of dividing T-cells in NC)].

The medium from autoMLR was centrifuged, and pooled
supernatant from triplicates was stored at —20°C until analysis.
The concentration of interferon-gamma (IFN-y), tumor necrosis
factor alpha (TNF-a), and IL-17A was measured using a flow
cytometric bead assay (BD Biosciences).

Peripheral Blood Immunomonitoring

Detailed peripheral blood immunomonitoring was performed
at baseline (= before DC therapy initiation) and at each DC
dose administration. The samples were collected on the day of
vaccination just before the application of the vaccine. Blood
was collected in a 7.5-ml S-Monovette® tube with K3EDTA
anticoagulant. Lymphocytes (ALC) and neutrophils (ANC) were
measured using a Sysmex XN hematology analyzer. NLR was
calculated as ANC/ALC. Immunophenotype was analyzed by
multiparameter multicolor flow cytometer and software (Navios,
Beckman Coulter). Diagnostic antibodies were purchased from
Beckman Coulter, premixed in equal amounts in five cocktails,
and stored in the dark at 2-8°C not longer than 7 days: 1/ CD14-
PE (RMO52), CD15-KrO (80H5), CD11b-APC (Bearl), CD33-
FITC (D3HL60.251), CD45-PB (J33), HLA-DR-PC5 (Immu357);

2/ CD3-FITC (UCHT1), CD4-PB (13B8.2), CD16-PC7 (3G8),
CD56-PE (NKH-1); 3/ CD3-FITC (UCHT1), CD4-PB (13B8.2),
CD27-AF750, CD45-KrO (J33), CD45RO-ECD (UCHL1), HLA-
DR-PC5 (Immu357); 4/ TCR PAN v/3-FITC (IMMU510), TCR
Vy9-PC5 (IMMU360), TCR V§2-PB (IMMU 389), CD314-APC
(ON72); 5/ CD3-FITC (UCHT1), CD4-PC7 (SFCI12T4D11),
CD25-PC5 (B1.49.9), CD127-PE (R34.34). Blood (25 pl) was
incubated with 10 pl of premixed antibody cocktail for 15min
in the dark at room temperature, hemolyzed by Versalyse®
(Beckman Coulter) for 15min and measured in five flow
cytometric assays to detect: (1) M-MDSCs detected as CD45+
CD14+ CD11b+ CD33+ HLA-DR—, and their absolute count
was calculated using the number of white blood cells (WBC)
measured by the Sysmex XN hematology analyzer; (2) NK cells
detected as CD3— CD56+ CD16+, NKT-like cells detected as
CD56+CD3+; (3) circulating effector CD8+ T-cells were defined
as CD3+4 CD8+ CD27-, activated CD8+ T-cells were defined
as CD8+ HLA-DR++; (4) yd T-cell subsets classified as 82+y9—,
324y9+, 82—y 9+, 82—y9— and evaluated for CD314; (5) Tregs
defined as CD3+ CD4+ CD25+ CD127—/low+.

18F-FDG PET/CT Scan

BE_FDG PET/CT examination was performed using the hybrid
scanner Biograph 64 HR+ (Siemens Erlangen, Germany). CT
scan was provided in low-dose CT (25 mAs eft/120 kV). The
patient had standard preparation prior to examination, including

_ | Enrolled n =47 |
é Screening failure n = 1
= Surgery not performed n = 2
= + Death before surgery n = 1
w + Perioperational complications n = 1
Tumor harvest n = 44
Tumor antigen extraction failed n = 6
o ,| No cancer cells in harvested tissue n = 1
& Monocyte harvest pending n = 2
.g Death before monocyte harvestn =5
i
5
= Monocyte harvest n = 30
£
o
= Manufacturing failed n = 2
IMP not released by QC n=5
QC of IMP pending n =1
| IMP certified for administration n = 22
Death before administration n = 1
IMP administration pending n = 2
=]
g IMP administered n = 19
®
2
T 1
Patients with Sarcoma patients n = 11
other diagnosis n = 8 IiQ
1)
0
%‘ Included into the analysis n =9
g (6 or more IMP doses administered as of the date of analysis)

FIGURE 1 | Flow diagram for DC-based immunotherapy trial and study group
definition. CONSORT flow diagram showing participant flow through each
stage of the trial [enrollment, DC-based investigational medicinal product (IMP)
manufacturing, treatment] and the analysis of sarcoma patients study group.
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restriction of physical activity for 12h, fasting for at least 6h,
capillary glycemia lower than 10 mmol/l (180 mg/dl) prior
to '8F-FDG administration and peroral hydration with 500~
1,000 ml of plain water. '8F-FDG was administered at a dose
of 262 MBq in study 7/2017 and at a dose of 260 MBq in
1/2018. After an in vivo accumulation time of 60 min, whole-body
scanning from the proximal third of thighs to the vertex of the
skull was performed in both studies. All images were iteratively
reconstructed and corrected for attenuation. '®F-FDG uptake
was assessed visually and also semi-quantitatively in the defined
region of interest with calculation of target-to-liver ratios. A
target-to-liver ratio higher than 1.0 was considered positive in all
evaluated regions.

Statistical Analysis

Spearman correlation coefficient with significance test
was used to measure the strength of the relationship
between baseline circulating immune parameters. Graphic
visualization of immunograms was performed using radar
plot. Non-parametric Wilcoxon test for paired samples
was used for analysis of pre- and post-treatment T-cell
stimulation. P-values <0.05 were considered statistically
significant. All statistical analyses were performed with R 3.5.3
software (11).

RESULTS

Clinical Trial Progress With Focus on

Sarcoma Patients

The first subject was enrolled in September 2015. As of May
2019, the clinical trial was still ongoing, but with the accrual
suspended. From the overall 47 enrolled patients, 25 (53%)
were sarcoma patients. Screening failure occurred in one subject,
and tumor harvest was not performed in two subjects. Tumor
was harvested in 44 subjects; among them, the harvested tissue
contained no cancer cells in one subject, tumor antigen extraction
failure presenting as low concentration of protein in tumor
lysate in six subjects, participation in the trial ended in five
subjects due to disease progression and/or death, monocyte
harvest has been pending in two subjects, monocyte harvest and
subsequent manufacturing of DC-based IMP was performed in
30 subjects. Of the 30, manufacturing failed in two subjects,
IMP did not pass quality control specifications in five subjects
(four of them are sarcoma patients) (10), and 22 DC-based
IMPs were released for administration to the patients. Of the
22, one subject died before IMP administration, administration
has been pending in two sarcoma patients until the completion
of high-dose CTx, and DC vaccine was administered to 19
subjects, including 11 sarcoma patients. Of these 11, nine patients
received at least six doses of DC-based IMP as of March
2019 and were analyzed in presented immunomonitoring study
(Figure 1). The age of sarcoma patients in the study group
ranged from 10 to 24 years at the DC ITx initiation (Table 1).
Stage of the disease in the study group at the DC ITx initiation
was as follows: one (11%) in complete remission, three (33%)
subjects in partial remission, one (11%) with stable disease, four
(44%) with progressive disease (Table 1). Detail clinical course

TABLE 1 | Baseline patient characteristics and peripheral blood immune cell levels at dendritic cell (DC) therapy initiation.

Baseline cell-based immune parameters at DC ITx initiation

Stage of the disease and PS at Age at DC ITx init.

DC ITx init.

Subject no./ Primary diagnosis (primary localization)

sex

Eff. CD8+ Act. CD8+ NK* NKT-like* GD %* Tregs* M-MDSC count* NLR*

ALC*

% 10%/ml Ratio

% % % % %

105/ml

0.8}
1.2
19.94

0.07
0.07
0.631

5.9
29

16, 49 29
46
1

4.6
0.5)

34.8

73.8

1.9
1.3)
0.2}

15 years
10 years

2nd CR Karnofsky 100

PD Lansky 80

KDO-0101/F  Ewing sarcoma (mandible)

1.9
2.9

215

58.9

KDO-0102/F  Osteosarcoma (right distal femur)
KDO-0114/M Synovial sarcoma (left thigh)

2.0

1.1

72.0

15 years 34.3

PD Karnofsky 80
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of disease in nine sarcoma study patients is summarized in
Supplementary Material 3.

No immune or infection-related AESIs were reported for all
15 evaluated subjects receiving DC ITx by the date of analysis.

Peripheral Blood Immunomonitoring of

DC-Treated Sarcoma Patients

First, we evaluated the possible association of cell-based immune
parameters in sarcoma patients before DC ITx and during
DC treatment, up to six doses of DCs (Figure?2). Based
on positive and negative correlations, immune parameters
clustered de facto into two groups with inverse relation; a
group consisting of ALC, proportion of effector cytotoxic T-
cells among all T-cells, proportion of CD56+ CD3+4 NKT-
like cells among lymphocytes, proportion of y8 T-cells among
lymphocytes, and an inversely correlated group with neutrophil-
to-lymphocyte ratio (NLR), proportion of regulatory T-cells
among CD4+ cells, number of M-MDSC, proportion of activated
HLA-DR+ CD8+ cells among CD8+ cells, and proportion
of CD56+ CD16+ CD3— NK cells among lymphocytes
(Figure 2).

Baseline circulating immune parameters in nine sarcoma
patients are shown in Table 1. At baseline, eight of nine patients
had lymphopenia with mean ALC of 0.81 x 10°/ml (Table 1).
An exception was patient KDO-0101 (ALC 1.9 x 10%/ml)
with Ewing’s sarcoma whose clinical course and laboratory
findings are described later. The proportion of NK cells was
low in six of nine patients (median 4.9%, min. 0.5%, max.
8.1%). The proportion of NKT-like cells among lymphocytes
was predominantly low (median 2.2%), except for expanded
NKT-like cells (14.8% of lymphocytes) in patient KDO-0131.
y8 T-cells were low in six of nine patients (median 2.9%, min.
0.6%, max. 6.0%). Based on observed positive and negative
association between particular cell-based immune markers,
we constructed peripheral blood immunograms with putative
anticancer effectors in upper part of an immunogram (namely,
total lymphocytes, effector cytotoxic T-cells, CD56+ CD3+
NKT-like cells, yd T-cells), and on the other hand, cancer-
promoting or immunosuppressive actors (namely, NLR, M-
MDSC, Tregs) and related factors (activated T-cells and NK cells)
in the lower part of an immunogram (Figure 3). In peripheral
blood immunograms, we presented baseline values of cell-based
immune markers and their level after doses 1, 3, and 6 of ITx with
DCs (Figure 3). The peripheral blood immunograms revealed
distinct patterns in particular patients in the study group. For
instance, we observed “immune-activated” pattern with patient
KDO-0101 with Ewing's sarcoma who started DC ITx in the
second complete remission, ALC was not decreased, effector
cytotoxic T-cells represented the majority of circulating T-cells,
and NLR and M-MDSC count were low. On the other hand,
case KDO-0114 with progressing synovial sarcoma appeared to
have an “immune-suppressive pattern” with high NLR, M-MDSC
count, Tregs, and low ALC, proportion of effector cytotoxic
T-cells, as well as NKT-like and y3 T-cells. Regarding time-
dependent variations over the DC vaccination course, we did not

Ef CD8+

Act CD8+

NK. n B

NKT-like & = #*
-0.2

GD-T | |«

-0.4

Treg *% *k -0.6

-0.8

FIGURE 2 | Association of circulating immune markers during the course
(from baseline to the sixth dose) of therapy with dendritic cells (DCs) in
sarcoma study group. Red—positive correlation, blue —negative correlation;
strength of relationship is represented by size of the square and intensity of the
color, larger squares with intensified color have stronger relationship; *p <
0.05, **p < 0.01, **p < 0.001; ALC, absolute lymphocyte count (10%/ml);
NLR, neutrophil-to-lymphocyte ratio; Ef CD8+, circulating effector cytotoxic
T-cells (% of CD27— of CD8+ T-cells); Act CD8+, activated cytotoxic T-cells
(% of HLA-DR+ of CD8+ T-cells); NK, circulating NK-cells (% of lymphocytes);
NKT-like, circulating NKT-like cells (% of lymphocytes); GD-T, y8 T-cells (% of
lymphocytes); Treg, regulatory T-cells (% of CD4+ T-cells); M-MDSC,
monocytic myeloid-derived supressor cells (10%/m).

observe any consistent trend in the dose-dependent change of
levels of evaluated immune system parameters.

Patient T-Cells in vitro Stimulation by DCs

Before and After DC Vaccination

The stimulation of sarcoma patient T-cells was examined by
MLR proliferation assay with DCs from manufactured IMP and
autologous T-cells obtained before DC ITx (pre-DC) and after
at least five doses of DCs (post-DC) (Figure 4). The level of auto-
MLR ranged from 0.5 to 18% (median 7.7%) with T-cells collected
before DC ITx and from 4.9 to 28.4% (median 14.6%) with T-cells
obtained after DC vaccination. Paired data with both pre-DC
and post-DC were available for five cases, and all exhibited an
increase in the T-cell stimulation after DC ITx. We observed the
lowest post-DC increase in autologous T-cell stimulation by self-
tumor antigens in cases KDO-0114, KDO-0124, and KDO-0133
who started DC treatment in disease progression. On the other
hand, the highest increase in the T-cell stimulation with post-
DC T-cells was exhibited by patient KDO-0101 who started DC
ITx in complete remission of Ewing’s sarcoma and remained at
least up to ninth dose of DCs in complete remission. This case is
described in more detail.
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Treg Act CD8+ Treg Act CD8+ Treg Act CD8+
FIGURE 3 | Peripheral blood immunograms of dendritic cell (DC)-treated sarcoma patients. Nine circulating immune parameters are radially arranged with reference
ranges shown in orange. Parameters are scaled according to numbers achieved within the entire study group of nine patients. Outer circle (OC, gray dashed)
represents the upper limit of the reference range for ALC, NK cells, NKT-like cells, GD T-cells, maximum number reached for the particular marker for Tregs, M-MDSC,
and NLR or 100% for Ef CD8+ and Act CD8+; small inner circle (IC, gray dashed) represents zero level; middle circle (MC, pacific blue dashed) represents 50% of OC
level. Particular levels are listed for each parameter as follows. ALC, absolute lymphocyte count (reference range' 10-16 years 1.4-4.2 x 106/ml, >16 years 1.2-4.1
x 10%/ml; OC: 4.2 10%/ml); NLR, neutrophil-to-lymphocyte ratio (reference range? 1-3; OC 19.9); Ef CD8+, circulating effector cytotoxic T-cells (CD27—/CD8+; % of
CD8+ T-cells) (OC: 100%); Act CD8+, activated cytotoxic T-cells (HLA-DR+/CD8+; % of CD8+ T-cells) (OC 100%), NK cells (reference range' 10-16 years 4-51%
of lymphocytes, >16 years 5-49% of lymphocytes; OC: 51% of lymphocytes); NKT-like, circulating CD3+CD56+ NKT-like cells (reference range' 10-16 years
0.64-15% of lymphocytes, >16 years 1-18% of lymphocytes, OC 18% of lymphocytes); GD-T, y$ T-cells (reference range' 10-16 years 2-17% of lymphocytes, >16
years 0.8-11% of lymphocytes; OC: 17% of lymphocytes); Treg, regulatory T-cells (reference range' 10-16 years 4-20% of CD4+ T-cells, >16 years 4-17% of CD4+
T-cells; OC: 25.3% of CD4+ T-cells); M-MDSC, monocytic myeloid-derived suppressor cells (reference range® 0-0.24 x 108/ml; OC: 0.98 x 10%/ml). Baseline levels
prior to DC [Tx initiation are shown in black and levels at doses d1, d3, d6 are shown in shades of blue. Clinical outcome is shown for each subject at DC ITx initiation,
at dose 5, at dose 9. Clinical outcome is abbreviated as follows: CR, complete response; PD, progressive disease; SD, stable disease; NN, non-CR/non-PD; NA, not
available. 'Reference range originated from Schatorje et al. (12). ?Estimated from reference ranges for relative differential cell blood count. 3Our user-defined reference
value, source group described in Pilatova et al. (13).

DC-Based Therapy After Relapse in a etoposide (15 mg/m?/day; days 1, 2, 3), 1x VAC: vincristine

(1.5 mg/m?/day; day 1), actinomycin (0.75 mg/m?/day; days 1,

Ewing’s Sarcoma Patient: Treatment

Course and Outcome

A girl, born 2001, was diagnosed with primary disseminated
EWS/FLI-1 positive Ewing sarcoma with a primary tumor in
the mandible and skull metastases in December 2011. The
patient was treated by protocol EuroEwing 2008, 6x VIDE:
vincristine (1.5 mg/m?/day; day 1), ifosfamide (3,000 mg/m?/day;
days 1, 2, 3), doxorubicin (20 mg/m?/day; days 1, 2, 3),

2), cyclophosphamide (1,500 mg/m?/day; day 1) from 12/2011

to 10/2012. Surgery was performed in June 2012 with partial
resection of primary tumor. Radical resection was not possible
due to mutilation. High-dose (HD) CTx treosulphan/melphalan
with autologous peripheral blood stem cell transplantation
(APBSC) followed in July 2012. Then, the patient underwent
RTx of the mandible and parietal bone from September 2012
to November 2012 (34 Gy + 45Gy), and CTx continued by
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FIGURE 4 | AutoMLR with patients’ pre-dendritic cell (DC) and post-DC
T-cells stimulated by DC-based investigational medicinal product (IMP). The
stimulation is expressed as the percentage of dividing autologous T-cells after
incubation with DCs. Pre-DC (blue) refers to the stimulation of patients’ T-cells
obtained prior to DC-based ITx initiation. Post-DC (red) refers to the stimulation
of patients’ T-cells obtained after the fifth dose of DC vaccine. The difference
(post-DC)—(pre-DC) is shown in gray. The shape of symbols refers to a stage
of the disease; PD, progressive disease; CR, complete remission; NN,
non-CR/non-PD; PR, partial remission; SD, stable disease. Two-digit numbers
refer to the last digits in patients’ number (e.g., 01 = KDO-0101, etc.). A pair
of pre-DC and post-DC autoMLR in the same patient is linked by a gray line.

protocol EuroEwing 2008 with 7x VAC from October 2012
to May 2013. The first complete remission was achieved and
lasted until May 2015 when the first relapse occurred in
the skull. The patient was enrolled in the DC clinical trial,
and the surgically removed tumor from the skull was used
as a source of tumor antigens. In the second-line CTx, the
patient received vincristine (1.5 mg/m?/day; 5 days block),
irinotecan (50 mg/m?/day; 5 days block), and pazopanib (200
mg/daily). Monocytes were harvested in January 2016, and
35 doses of DC-based medicinal product were manufactured.
One week after monocyte separation, palliative RTx on lesions
in the skull was started and was performed from January
2016 to February 2016 with a total dose 41 Gy. Subsequently,
after recovery from HD CTx and RTX, experimental DC-
based ITx (on a biweekly basis) with immunomodulation
via low-dose cyclophosphamide (26 mg/m?/day) started in
August 2016. The patient received 19 doses of DCs until
the second relapse in 7/2017 with multiple metastases in the
skull, pelvis (Figures 5A,B), and lesions in liver. FDG PET
positivity without CT scan correlates was noted in the spinal
column. Third-line CTx with topotecan (0.75 mg/m?; 5 days
block), cyclophosphamide (250 mg/m?; 5 days block), and
zoledronate (4 mg/4 weeks) with concomitant RTx was initiated.
Evaluation of response showed stable disease. After three cycles,
CTx was stopped due to hematological toxicity. Surprisingly,
during the subsequent 4 months without treatment, substantial
regression of metastases was noted both on PET/CT scan in
1/2018 (Figures 5C,D) and upon clinical examination of palpable

metastases. Fourth-line maintenance metronomic CTx with low-
dose vinblastine (3 mg/m?/day) and continuing zoledronate
(4 mg/dose/4 weeks) was started with rechallenge with DC-
based vaccines from the original manufacturing from March
2018 to August 2018. Unfortunately, the partial regression was
temporary, and slow continuing progressive disease led to the
death of the patient in November 2018.

DC-Based Therapy After Relapse in a
Ewing’s Sarcoma Patient: Ex vivo
Prevaccination and Postvaccination T-Cell
Response and Peripheral Blood

Immunomonitoring

Pre-DC treatment T-cell response evaluated by autoMLR as a
part of DC quality control resulted in a mean of 5% T-cell
division. Post-DC (after the fifth dose) autoMLR exhibited 28%
T-cell division (Figure 6A blue). Production of cytokines (IFN-
¥, TNE-a, IL-17A) during auto-MLR mildly increased in post-
DC compared to pre-DC evaluation (Figure 6B blue). AutoMLR
with T-cells collected before restart of DC treatment in February
2018 (after the third-line Ctx with topotecan, cyclophosphamide,
and zoledronate with RT and an additional 4 months with
no antitumor treatment) exhibited 22% T-cell division and,
upon the fifth “rechallenge” dose, 40% T-cell division was
observed (Figure 6A red). IFNy production during autoMLR
substantially increased after the fifth dose of DC rechallenge
(Figure 6B red). The variations of circulating immune markers
exhibited only minor changes at the beginning of both lines
of therapy with DCs (Figure 6C). Levels of circulating immune
markers at each dose of both lines of DC-based therapy are
shown in Supplementary Material 4. At DC rechallenge, an
increase in the proportion of circulating effector CD8+ cells
and an increase in the proportion of y§ T-cells compared to
the initiation of first-line DCs was observed (Figure 6C). In this
patient, y3 T-cells were predominantly Vy9-V82- prior to DC
ITx initiation (baseline 39%). Vy9+V32+ T-cells represented
33% of y8 T-cells, and their proportion decreased during DC
Itx, and this y8 subset was almost depleted from circulation
after third-line CTx (Figure 6D). In contrast to the Vy9+V32+
subset, Vy9-V82- T-cells were predominantly CD314(NKG2D)+
(Supplementary Material 4).

DISCUSSION

The primary endpoint of the clinical trial investigating anticancer
therapy with DCs was the evaluation of treatment safety with
interim result from 15 patients of no immune- or infection-
related adverse events. Moreover, to gain more information
from DC-treated patients, we performed immunomonitoring at
baseline and at each DC dose. Collected data will be evaluated in
the context of clinical outcomes after completion of the trial.
Here we show that an ALC was positively associated with
the proportion of effector CD8+ cytotoxic T-cells out of total
T-cells that is reflected by an inversion of the CD4:CD8 ratio
and proportion of effector cells CD8+ among total CD8+
cytotoxic T-cells. The proportion of effector CD8+ cytotoxic
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FIGURE 5 | PET/CT imaging of patient KDO-0101. (A,B) Examination of patient at second relapse in July 2017 showed '8F-FDG-positive osteolytic lesions in the
skeleton (A) sacrum, sacral base with a target-to-liver ratio of 2.74 and sacral left lateral mass with a target-to-liver ratio of 2.39 (B) mandible with a target-to-liver ratio
of 4.88. (C,D) Control "8FDG-PET/CT examination in January 2018 showed a decrease or complete diminishment of '8FDG accumulation (C) sacrum, sacral base
with a target-to-liver ratio of 0.69, and sacral lateral mass with a target-to-liver ratio of 0.66 (D) mandible with a target-to-liver ratio of 1.47.

T-cells among total T-cells was further correlated with the
proportion of NKT-like cells and yd T-cells. Both of these non-
classical lymphocyte subsets have been studied and described
for their role in cancer surveillance (6, 14, 15). On the other
hand, in the putative cancer-enhancing/immune-suppressive
cluster, we observed an association between circulating M-
MDSC and Tregs that might be explained by increase in
Tregs induced by MDSC-derived immunosuppressive cytokines
(16) as described previously in non-cancer settings (17, 18).
NLR associated with M-MDSC and Tregs, which may reflect
“emergency” myelopoiesis induced by tumor or by host-
related conditions, that promotes production of not only
classical myeloid cells such as neutrophils and monocytes
but also myeloid-derived suppressor cells (19). In line with
two inversely associated clusters of immune-based circulating
biomarkers, we have previously shown a negative correlation
between effector CD27— cytotoxic CD8+ T-cells and number
of both CD33hi PMN-MDSCs and M-MDSC in pediatric cancer
patients (19).

The current clinical trial was designed for patients with
progressive, recurrent, or primarily metastatic high-risk tumors
that are always heavily pretreated by prior multimodal anticancer
therapy. Indeed, patients with measurable disease represented
vast majority of cases enrolled to this clinical trial. Therefore, we

may expect that patients evaluated in this clinical trial exhibit
prior profound suppression of immune function. Indeed, the
majority of sarcoma patients were lymphopenic. On peripheral
blood immunograms, we showed distinct patterns of immune
parameters such as prevailing CD8+ T-cell stimulation in
patient KDO-0101 or marked immunosuppression in KDO-
0114. However, observations from immunomonitoring and
clinical course in the patient KDO-0101 are worth particular
attention. In comparison to the rest of the study group, patient
KDO-0101 exhibited a lymphocyte count within the reference
range, a high proportion of effector T-cells, and low levels
of all observed parameters associated with adverse disease
outcome, namely, Treg count, M-MDSC count, and neutrophil-
to-lymphocyte ratio. This DC-vaccinated patient experienced
substantial regression of metastatic Ewing’s sarcoma after the
second relapse. In comparison to the initial DC vaccination,
at DC rechallenge, a proportion of effector and activated
DC increased, although ALC dropped. We also observed an
increase in y8 T-cells, which may be attributable to therapy
with zoledronic acid that was part of the third-line therapy
prior to DC rechallenge. Zoledronic acid causes accumulation
of isopentenyl pyrophosphates (IPP), leading to stimulation
of yd T-cells (20). y3 T-cells responding to zoledronic acid
are Vy9+V32+ T-cells that sense IPP via V32 TCR (20).
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FIGURE 6 | Ex vivo functional and peripheral blood immunomonitoring of subject KDO-0101 during first dendritic cell (DC) immunotherapy and its rechallenge. (A)
Stimulation of T-cells by DCs, reflected by the percentage of division T-cells. (B) Production of interferon-y, tumor necrosis factor (TNF)-a, and interleukin (IL)-17A.
(A,B) Pre- and post-DC treatment T-cell response was measured i/ (blue) before start of DC administration (pre-DC) and after the fifth dose (post-DC) ii/ (red) after 4
months with no antitumor treatment, before start of DC rechallenge (pre-DC re) and after the fifth rechallenege dose (post-DC re). (C) Peripheral blood immunogram
from baseline (bas) through doses 2, 4, and 6 in the course of both DC treatment (upper) and DC rechallenge (lower). The layout of immunograms is described in
Figure 3. (D) Four subtypes of gamma-delta TCR (Vy9—-V82—, Vy9+Vs2—, Vy9+Vs2+, Vy9—-Vs2+) in the course of both DC treatment from baseline to dose 19 and
DC rechallenge from baseline to dose 10.

Interestingly, however, in this patient, we observed an increase
in number of Vy9—V32— T cells and depletion of Vy9+Vd2+
T-cells. It is of note that only in two out of nine pediatric
sarcoma patients (KDO-0118 and KDO-0139), the Vy9+V32+
subset represented a majority of circulating y8 T-cells. This is
an unexpected observation in the context of reported findings
(21) and of our observations in adult carcinoma patients (7)
and patients treated and evaluated in the DC clinical trial with
non-sarcoma cancers (data not shown).

The second relapse in subject KDO-0101 occurred during
maintenance therapy with DC ITx. The observed temporary
regression of metastases of the Ewing’s sarcoma after second
relapse may have been related to the immune response induced
by previous DC treatment. Despite stable disease on the third-
line CTx topotecan/cyclophosphamide, the patient exhibited
partial response after concomitant RTx and DC vaccination
only. Performance status of the patient was good over a long
period of time, namely, Karnofsky index over 80%, despite
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heavy metastatic involvement in skull, pelvic bones, spinal
column, and liver. Performance status declined after 1 year
of RTx, DCs ITx, and metronomic vinblastine and zoledronic
acid. This unexpected observation suggests an opportunity to
deliver such treatment to more patients. We observed substantial
enhancement of T-cell reactivity toward DC-presented tumor
antigens upon DC vaccination in patient KDO-0101 and to a
lesser extent in four other sarcoma patients vaccinated with
DCs and analyzed here. Thus, we confirmed that our anticancer
DC-based vaccine stimulates a preexisting immune response
against self-tumor antigens. Moreover, in the case of KDO-
0101, functional ex vivo testing revealed that T-cell reactivity
toward DC-presented self-tumor antigens persisted for a long
period of time without DC treatment and was further boosted
by DC rechallenge. In principle, the mechanism of action
of anticancer DCs relies on stimulation of T-cell-mediated
antitumor immune response targeting the presented cancer
neoantigens. However, to date, the majority of patients treated
with investigational DCs including the pediatric cancer patients
in this clinical trial were end-stage or advanced cancer patients
with extensive tumor mass and severely destroyed immune
system. Limited clinical response achieved by DC-based ITx
across numerous clinical trials can be attributed to both tumor-
induced immunosuppression and, in heavily pretreated patients,
also to anticancer therapy-induced immunosuppression. This
is, nevertheless, supported by limited observational experience
that enhancement of T-cell response to self-tumor antigens
was related to the stage of the disease, that is, lower in cases
with sarcomas in progression. It is thus crucial to overcome
the immunosuppressive barrier to improve the efficacy of DC-
based ITx as to have the antigen-presenting DC-based ITx
combinable with cytokines, immune adjuvants, CTx, targeted
therapy, and/or checkpoint inhibitors in order to boost T-cell
effector functions and/or inhibit immune-suppressive pathways
in the tumor mass (22). Ideally, selection of the right concomitant
treatment to be combined with DC ITx shall be personalizable to
target either particular immunosuppressive elements prevailing
or particular immune effectors deficient in a particular patient,
such as low-dose cyclophosphamide to deplete Tregs (23) or
zoledronic acid to enhance y3 T-cells (24). In this context,
immune-based biomarkers within the tumor microenvironment
(if accessible) and/or systemic from peripheral blood could be
exploited not only to provide an optimal ITx combination but
also to select patients that would benefit from DC-based ITx.
Regarding tumor-induced immunosuppression that is dependent
on the tumor volume renders DC ITx less effective in patients
with extensive tumor burden (25) and elicits higher tumor-
specific immunologic response rates in the adjuvant compared
to the metastatic setting (26). Thus, there is a rationale for the
use of DC-based ITx earlier in the course of disease when tumor
burden is still minimal; for example, in the adjuvant setting in
patients at high risk of recurrence or in patients with minimal
metastatic disease.

From our perspective beyond the study, anticancer
DC vaccination could be more effective if appropriately
personalized not only in terms of loading DC with self-
tumor antigens but also in terms of (i) selection of the

right patients that would benefit from ITx (such as patients
with tumor with high mutational load), (ii) treatment at
the right time when the disease and the level of immune
suppression is minimal, and (iii) selection of right (possibly
personalized) concomitant treatment that allows the optimal
immunostimulation and anticancer activity of effector cells.
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In order to identify reasons for treatment failures when using targeted therapies, we have
analyzed the comprehensive molecular profiles of three relapsed, poor-prognosis Burkitt
lymphoma cases. All three cases had resembling clinical presentation and histology and
all three patients relapsed, but their outcomes differed significantly. The samples of their
tumor tissue were analyzed using whole-exome sequencing, gene expression profiling,
phosphoproteomic assays, and single-cell phosphoflow cytometry. These results explain
different treatment responses of the three histologically identical but molecularly different
tumors. Our findings support a personalized approach for patient with high risk,
refractory, and rare diseases and may contribute to personalized and customized
treatment efforts for patients with limited treatment options like relapsed/refractory
Burkitt lymphoma.

SUMMARY
The main aim of this study is to analyze three relapsed Burkitt lymphoma patients
using a comprehensive molecular profiling, in order to explain their different outcomes
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and to propose a biomarker-based targeted treatment. In cases 1 and 3, the tumor
tissue and the host were analyzed prospectively and appropriate target for the treatment
was successfully implemented; however, in case 2, analyses become available only
retrospectively and his empirically based rescue treatment did not hit the right target

of his disease.

Keywords: Burkitt lymphoma, targeted therapy, precision medicine, theranostics, pediatric oncology

INTRODUCTION

Burkitt lymphoma is a highly aggressive mature B-cell lymphoma
commonly associated with translocation of MYC gene. The
disease is classified as sporadic, endemic, or immunodeficiency
related. In pediatric oncology, current standard intensive
chemotherapy with anti-CD20 antibody regimens achieve long-
term, disease-free survival in almost 95% of patients (1).
However, a subset of patients who do not respond to the
first-line chemotherapy and who experience relapse have very
poor prognosis despite high-dose chemotherapy followed by
stem cell transplantation (2). This subset of patients, for whom
further chemotherapy-based therapies are futile, is recently
often considered for therapies based on molecular analysis of
their tumor tissue. We present three cases of relapsed Burkitt
lymphoma. Cases 1 and 3 were treated with a therapy that
reflected the molecular signature of the child’s tumor, but in case
2, the therapy “missed” the target because his molecular signature
was not known at the time retrieval therapy was initiated. The
findings suggest that molecular signatures are unique, and a
tissue biomarker-based customized therapy may be the better
approach to address these poor prognosis patients than just
another biomarker agnostic randomized trial.

METHODS

A comprehensive molecular profiling consisted of whole-exome,
gene expression profiling and a profile of phosphorylated
proteins and single-cell phosphoflow cytometry of three cases
of relapsed pediatric Burkitt lymphoma searching for biological
rationale for different responses to the therapy and different
clinical outcomes.

Whole-Exome Sequencing

Whole-exome sequencing (WES) using the TruSeq DNA Exome
Kit, the NextSeq 500/550 Mid Output Kit v2.5, and a NextSeq
500 sequencing device (all Illumina, CA, USA) was done in all
three cases. Input material was 400 ng of DNA obtained from
the peripheral blood (for germline exome) and formalin-fixed,
paraffin-embedded (FFPE) tumor sample with >20% cancer cell
count measured in the surface area of tissue slides for somatic
exome. WES was done with high coverage where at least 90% of
targeted regions were covered 20 times.

Gene Expression Profiling (Transcriptome

Examination)
Gene expression profiling using the Affymetrix GeneChip
Human Gene 1.0. ST Array (Applied Biosystems, CA, USA)

was done in all three cases. Input material was 250 ng of
RNA obtained from frozen tumor tissue. Samples were prepared
using the GeneChip WT PLUS Reagent Kit (Affymetrix, CA,
USA) according to the manufacturer’s protocol. Subsequently,
chips were hybridized using the GeneChip Hybridization Oven,
washed using the GeneChip Fluidics Station, and scanned on the
GeneChip Scanner (all Affymetrix, CA, USA), and CEL files were
generated. Data were processed using R software version 3.3.3
(3). Gene expressions of 220 selected genes were subsequently
compared to accumulated normal tissue samples as described
previously (4), utilizing two comparator sets: one consisting
of 408 normal tissue samples of different diagnoses (main
general comparator) and one consisting of 5 samples of normal
germinal center B cells (complementary-specific comparator).
Samples were downloaded from Gene Expression Omnibus and
ArrayExpress databases, and names of the database samples
are listed in Supplementary Material 1. Expression data were
calculated as Robust Multichip Average (RMA) with background
correction and quantile normalization implemented in rma
function in oligo package (5). Difference of expression of each
gene was calculated as fold change (FC) from the mean of
the comparator set and tested using a two-sided one-sample
t-test, with false discovery rate (FDR) adjustment applied. An
FC value of 0.5 and more was considered important. No
specific p-value was considered limiting the discrimination of
differently expressed genes with FC > 0.5. Utilizing the general
comparator consisting of 408 samples offers highly significant
results corresponding to the power of 10 to —25 for the FDR-
adjusted p-values for most of the evaluated genes with FC of
0.5 or more, and rising to the power of 10 to —100 for the
FDR-adjusted p-values for genes with FC > 2.

RNA transcription data from the tumor tissues were analyzed
as well using Biogrid (http://thebiogrid.org), and http://www.
genome.jp/kegg/pathway.html and mathematical simulations of
protein-protein interactions as described before (6).

Profile of Phosphorylated Proteins

Human Phospho-RTK Array Kit (R&D Systems) was used to
determine the relative levels of tyrosine phosphorylation of
49 different RTKs. Human Phospho-MAPK Array Kit (R&D
Systems) was employed for the detection of phosphorylation
status of 26 MAPKSs, serine/threonine kinases, and other

signaling proteins. Both arrays were performed as previously
described (7).

Single-Cell Phosphoflow Cytometry
Peripheral blood mononuclear cells (PBMCs) were separated on
Ficoll-Paque (GE Healthcare) according to the manufacturer’s
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instructions. PBMCs were reconstituted in a culture medium
consisting of RPMI 1640 with 25 mM HEPES, L-glutamine, 100
U/ml penicillin, and 100 mg/ml streptomycin (Lonza, Basel,
Switzerland) to a final concentration of 2 million cells per
milliliter. After a 1-h rest at 37°C in a 5% CO, atmosphere,
the cells were stimulated on 96-well plate containing coated
anti-CD3 (10 pg/ml, Exbio Praha) and free costimulatory
anti-CD28/CD49d antibodies (1 pg/ml, BD Biosciences) for
5, 15, and 30 min. The cells were fixed with 4% formaldehyde
for 10min and permeabilized with ice-cold methanol for
30min. The following fluorochrome conjugates were used
for cytometric detection: phospho-Akt (Ser473)-Alexa Fluor
488, phospho-S6 (Ser235/236)-Pacific Blue (Cell Signaling
Technologies), phospho-mTOR (Ser2448)-PE (eBioscience,
Thermo Fisher), CD45-Pacific Orange, CD45RA-APC (Exbio),
CD8-PE-Cy7 (Beckman Coulter), CD4-PerCP-Cy5.5, and
CD3-APC-H7 (BD Biosciences). The samples were acquired on
Canto II flow cytometer and analyzed using FlowJo software
(BD Biosciences).

RESULTS

Case 1

A 7-year-old previously healthy boy presented with #. 4
positive abdominal stage IIT Burkitt lymphoma (St. Jude staging
system). The boy was initially treated as per the standard BFM
B-NHL Registry 2012 protocol with the addition of rituximab
according to the most recent published literature (1). He
responded well to the therapy and achieved a very good partial
response after two cycles. His clinical course was complicated
by an episode of duodenal obstruction/intussusception
requiring surgical intervention. The histology from this
resection revealed sclerosing mesenteritis with no evidence of
lymphoma, congruent with the conclusion of a study using '8F-
fluorodeoxyglucose positron emission tomography/computed
tomography (FDG PET/CT) that revealed a very small residual
tumor with only borderline FDG PET avidity. Unfortunately, the
patient had disease progression 6 weeks following the completion
of protocol therapy (and 3 months from the second surgery)
with a new lesion within the tumor resection margin and a new
mediastinal mass. A biopsy of the abdominal lesion confirmed
the recurrence of Burkitt lymphoma with persistent areas of
sclerosing mesenteritis.

As sclerosing mesenteritis has been associated in the literature
not only with B-cell lymphomas but also with activation of the
PI3K-delta pathway and immunodeficiency (8, 9), a candidate
testing for this specific mutation was performed.

In the tumor, there was proven disruption of MYCC and IgH
in 97% of cells according to fluorescence in situ hybridization
(FISH). Karyotype of the tumor showed 46 chromosomes with
complex changes. A germline variant of ¢.935C>G (p.S312C)
in the PI3K-delta subunit was found both in the child and
in the father. The patient’s older sister and mother were
negative for this variant. We tested the intracellular signaling
downstream of PI3K using flow cytometry assessment of
phosphorylation of Akt, mTOR, and S6 proteins in the patient’s
peripheral blood T-lymphocytes and detected increased basal and
T-cell receptor (TCR)-induced activation (Figure 1A). Similarly,

increased levels of PI3K were confirmed by RNA transcriptome
analysis of the tumor tissue with Affymetrix GeneChipST 1.0.
This analysis also revealed an increased expression of HR23B, a
predictor of response to histone deacetylase (HDAC) inhibitors.
Immunohistochemistry revealed a strong expression of PD-1L.
The variant p.S312C has been described previously as mutation
in brain cancer cell line and prostate cancer cell line (10) but has
been classified as benign for development of immunodeficiency
according to the ClinVar database. The allele frequency ranges
between 0.008 and 0.030 in population databases (gnomAD 0.02,
ExAc 0.0217, 1000G/ALL 0.008, 1000G/EUR 0.029) and was
found to be 0.018 in our cohort of 508 cord blood samples (not
published). Thus, this variant cannot be considered pathogenic.
However, it may predispose the PI3K pathway to be activated, if
other genetic and/or non-genetic factors are present.

Interestingly, even though the biopsy at the time of initial
diagnosis had been tested for TP53 and no alteration of the gene
was found, in the biopsy obtained from the relapse, a new TP53
R273C somatic mutation was identified in the tumor.

Retrieval therapy was administered with obinutuzumab 550
mg/m?, ibrutinib 140 mg/m?, and two cycles of ifosfamide,
carboplatin, and etoposide (ICE) chemotherapy. The patient
had further progression on this therapy, and a more molecular
biomarker-driven theranostic approach was discussed. The
therapy was changed to a single-agent window using a specific
inhibitor of PI3K idelalisib 200 mg/m?/d. In 2 weeks, we were
able to document a markedly decreased PI3K pathway activation
in the patient’s peripheral blood T-lymphocytes (Figure 1B), but
the disease was still showing further radiological progression.
Therapy with idelalisib was not discontinued, and ibrutinib
140 mg/m? daily was reintroduced. Based on the transcriptome
analysis, valproic acid for HDAC inhibition aiming for serum
levels of 80-100 pug/ml was added, and nivolumab at 3 mg/kg
every second week and metronomic cyclophosphamide at 25
mg/m?/7 days on/7 days off were introduced for immune
modulation. To support local disease management and support
the tumor antigen presentation, the patient received 21-Gy
radiation to the site of the abdominal relapse. There was evidence
of partial remission on FDG PET/CT 3 months later and stable
disease 6 months later. Due to persistence of a viable tumor on
FDG PET/CT and high toxicity of allogenic stem cell transplant
reported in nivolumab-treated patients (11), this approach
was not considered as treatment of choice. Consequently,
personalized immunotherapy with dendritic cell-based vaccine
was preferred to support the antitumor immunity, and treatment
with dendritic cells loaded with whole tumor lysate according
to phase I/II protocol (EudraCT No. 2014-003388-39) (12) was
initiated. The residual tumor resected after 11 months of such
therapy consisted of mainly necrotic tissue with lymphocytic
infiltration with no evidence of viable tumor. Considering
that the child had achieved complete remission, valproic acid,
ibrutinib, and idelalisib were gradually discontinued and the
patient is continuing to take biweekly intradermal applications
of autologous dendritic cell vaccine and nivolumab until May
2018 when all his 37 manufactured doses of dendritic cell-based
vaccine were used up.

The progression-free survival (PFS) of 46 months following a
customized, tumor tissue molecular analysis-guided regimen was
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FIGURE 1 | Phosphorylation patterns in the PI3K pathway in peripheral blood T-lymphocytes before (A) and after (B) therapy in case 1. Case 2 patient had a germline
variant of PIKBCD, which was present in the tumor as well. Peripheral blood T-lymphocytes (patient 1’s lymphocytes contained only T cells at the time of testing) were
tested for activation of the PI3K signaling pathway [reflected as a phosphorylation of Akt (Ser473), mTOR (Ser2448), and S6 ribosomal protein (Ser235/236)] before
and following therapy. (A) Patient T-lymphocytes showed increased basal phosphorylation of Akt as well as increased phosphorylation of Akt and S6 upon T-cell
receptor (TCR) stimulation before treatment compared to an independent healthy control (the result is representative of three independent tests). (B) A week following
the addition of idelalisib (a PI3K inhibitor), to the patient’s therapy, the phosphorylation of Akt, mTOR, and S6 dropped down. CD3+ T-lymphocytes are shown in basal
state (tinted histograms) and 15 min upon anti-CD3/CD28/CD49d stimulation (blank histograms). Red, patient 1; black, healthy control.

the longest PFS this child had achieved. The comparison of his  as per the ANHLO0121 protocol achieving partial response, but
earlier therapies reveals that he had achieved PFS1 6 months on  the treatment was accompanied with severe life-threatening
the initial standard BFM protocol, and PFS2 only 1 month on  toxicities. He underwent surgery to obtain specimen for
the intensive retrieval therapy using anti-CD20 (obinutuzumab),  theranostic testing; however, the amount of the tumor tissue was
ICE, and ibrutinib. His individualized therapy was outpatient  not sufficient for all molecular studies. Based on our previous
based, associated with minimal treatment-related toxicities and  success in case 1 and as bridging to high-dose chemotherapy,
allowed the child to return to school and perform all activities of  he therefore continued with ibrutinib 140 mg/m? daily, idelalisib

daily living. 100 mg/m? daily, and cyclophosphamide 1.5 mg/kg daily week
on/week off for 6 weeks. Due to toxicities of intensive therapies
Case 2 and a clinical need for further therapy as bridging to stem

A 3-year-old boy diagnosed abroad with widely disseminated  cell transplant, the targeted agents were in this case based
Burkitt lymphoma (abdomen, bone marrow, and both kidneys) =~ on our previous experience and a literature review. Despite a
was initially treated with the same standard BFM-based  high-dose carmustine, etoposide, cytarabine, melphalan (BEAM)
chemotherapy, but without rituximab. Before the completion = chemotherapy as per the AHODO121 protocol (13) and
of the fifth cycle, the patient had disease progression with a  autologous stem cell transplant being performed, he continued
biopsy-positive new lesion in the right cheek. He continued  to do poorly. The patient had disease progression 3 weeks after
with a relapse ALL protocol/ALL-REZ BFM 2002 in his BEAM conditioning and autologous stem cell transplant with
home country outside the Czech Republic. As no therapeutic ~ a new lesion in the abdomen and continued to progress with
response was achieved, he was referred to our institution for ~ massive L3 blast presence in the cerebrospinal fluid. He died due
a second opinion and management. He received two cycles  to disease progression 11 months from the initial diagnosis and 6
of R-ICE (rituximab, ifosfamide, carboplatin, etoposide) given =~ months after his first progression.
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Case 3

A 12-year-old boy was diagnosed with bulky abdominal Burkitt
lymphoma. The patient was initially treated as per the standard
BFM B-NHL Registry 2012 protocol with the addition of
rituximab, but he achieved only partial response after two cycles,
and assessment after four cycles revealed residual tumor with
still increased FDG PET avidity. Three months later, the FDG
PET/CT showed radiological progression of the primary tumor
and dissemination in the right retromandibular area and anterior
mediastinum. The relapse of Burkitt lymphoma was confirmed
by biopsy. However, WES from the relapsed tumor sample
revealed high tumor mutation burden—31 mutations/Mb;
moreover, gene expression profiling detected strong expression of
PD1, and the overall expression patterns of the case 3 were very
similar to case 2 patient with very high fibronectin expression.
First, participation in the randomized ibrutinib retrieval trial was
planned here; however, based on molecular profiling and our
previous experience from case 2, we have prioritized immune
therapy here. He achieved radiological partial remission after
third R-ICE cycle and then continued with nivolumab single
agent only. After 12 weeks of nivolumab, he achieved first
complete remission. His first PFS on standard intensive protocol
was 7 months, but the second PFS with using immunotherapy is
14 months.

Analyses

Somatic exome analysis of relapse samples revealed variants in
the TP53 gene in cases 1 and 2 (p.R273C in case 1 and p.R248L
in case 2, NM_000546). p.R273C and p.R248L in TP53 have
been previously described as loss of function mutations based on
in vitro functional analyses (14-19). Somatic exome analysis in
case 1 detected a number of variants; the selected ones are shown
in Supplementary Material 2. Germline exome analysis in case
1 also confirmed p.S312C (NM_005026) variant in the PIK3CD
gene in the heterozygous form. Somatic exomes of cases 2 and 3
revealed a number of variants; the selected ones are also available
in Supplementary Material 2.

Gene expression profiles of all three cases proved to be
very similar; the highest expressions showed genes involved in
immune system (BTK, CD79A, CD79B, and KLHL6). In cases
1 and 2, increased expression also showed genes involved in
DNA damage response (BRCA1, BRCA2, FANCA, and FANCD?2).
In case 1, CSFIR and PDGFRA genes were also found to
be increasingly expressed, while no genes coding tyrosine
kinases showed to be overexpressed in case 2. In case 3,
increased expressions showed genes involved in fibroblast growth
factor signaling. In comparison to other pediatric oncology
patients analyzed at our institute, transcriptome analysis in
cases 1 and 2 revealed significantly increased expression of the
MYC proto-oncogene.

In case 1, two samples of the tumor tissue were also analyzed
for activity of cell signaling pathways using phosphoprotein
arrays for detection of RTKs, MAPKs, serine/threonine kinases,
and other signaling protein as specified above: tumor tissue
sample after the first line of treatment (Figure 2: case 1a) and
second sample taken during the treatment of relapsed disease
(Figure 2: case 1b). Phosphorylation profiles showed high

relative activities of EGFR, PDGFRf, ROR2, CREB, ERK1/2,
and HSP27 in both samples. Furthermore, a very high level
of phosphorylation was detected for p53 protein on Ser46 in
the second sample in comparison to the first sample from this
patient. This finding is in full accordance with the previous
proapoptotic treatment including etoposide administration
(20). In case 2, nevertheless, phospho-RTK analysis (Figure 2:
case 2) revealed high phosphorylation of EGFR and PDGFR{,
and the phosphorylation profile of MAPKs, serine/threonine
kinases, and other signaling proteins showed high activities
of CREB, ERK1/2, and HSP27 in ascending order of
density value.

Serology of Epstein-Barr virus (EBV) revealed the IgG
positivity of EBV nuclear antigen (EBNA)-1 and the IgG
positivity of viral capsid antigen (VCA) as well case 1 and case 2.

DISCUSSION

The introduction of highly intensive multiagent chemotherapy
has dramatically improved the survival rates of primary
childhood Burkitt lymphoma. While the initial treatment
can have an over 90% success rate using standard intensive
chemotherapy with rituximab, the outcome of children with
relapsed Burkitt lymphoma is still very poor. The difficulties
with treating chemotherapy-resistant relapsed tumors suggest an
evolution of a more complex and more resistant disease (21), as
could be documented by a new TP53 mutation in our case 1 at
relapse, which was suggested by phosphoproteomic assay as well.
The overview of our three cases reveals children with some very
similar characteristics of their diseases, with alike pattern of cell
signaling in tumor tissue, treated with identical agents in the first
part of their relapse treatment, who experienced very dissimilar
outcomes after the first relapse. It suggests that the tumors with
similar histological features may harbor chemotherapy-resistant,
genetically and biologically distinct subclones that become more
dominant after intensive chemotherapy (21). At presentation, a
fraction of these chemotherapy-resistant subpopulations may be
small but, following intensive maximum tolerated dose-based
chemotherapy, probably increases, and the tumor residuum is
subsequently populated by resistant subclones. This evolution
was furthermore evident on the evolution of molecular findings
in the first patient and supports the need for a careful theranostic
analysis and repeated biopsies whenever clinically indicated.
Treatment of relapsed disease should be based on a detailed
molecular analysis of the most recent available sample, i.e.,
at the time of relapse or progression rather than on original
tumor biopsy only. The choice of drug combinations reflecting
a broader molecular profile was based on reports that customized
combinatorial therapies may produce more sustained responses
(22, 23). Furthermore, as many biological agents are in fact
chemotherapy sensitizers, their proper dosage should carefully
be titrated to avoid severe systemic toxicity. In case 1, we have
started with a single-agent idelalisib to target what was thought to
be the driver mutation and gradually added additional targeted
agents but at doses about 50% of those recommended in the
Summary of Product Characteristics to avoid severe toxicity.
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FIGURE 2 | The relative phosphorylation analysis of tumor tissue samples. Human Phospho-MAPK Array Kit (R&D Systems) was employed for the detection of

phosphorylation status of 49 RTKs, 26 MAPKSs, serin/threonin kinases, and other signaling proteins, which performed using phosphoprotein arrays.
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To successfully apply precision oncology principles into
clinical practice, a requisite testing for molecular targets for
each patient needs to be completed. As pointed above, while
all three patients had histologically identical disease and were
given the same combination of agents in the first- and two of
them as second-line treatments, in case 2, we did not have a
representative tumor sample timely available and his therapy was
based only on detailed literature review and not the theranostic
concept (24-26). The biology of the relapsed disease of case
3 reflected by transcriptome was similar to that of case 2, so
a different approach could be undertaken, and while reflecting
high mutational burden and increased expression of the PD-1L
detected by immunohistochemistry and transcriptome, anti-PD-
1 antibody was successfully used here.

While analyzing the transcriptomic results including
considerations of gene and network interactions using https://
string-db.org/  and  http://www.genome.jp/kegg/pathway.
html databases (6, 21), we were able to distinguish different
patterns of tumor biology among our patients. Case 1 suggested
neurotrophic receptor tyrosine kinase 1 (NTRK1) as a signaling
protein and one of the best targets. In case 2 and case 3, in
contrast, despite being clinically and histologically similar,
transcriptomic results suggest an entirely different network,
where fibronectin 1 (FN1) has a very complex downstream
impact. Because FNI1 is not a signaling protein and a druggable
target, it is likely that we missed the putatively most important
pathway in case 2. One may speculate that integrin inhibitors like
cilengitide could be a better therapeutic option here. For case 3,
FNI1 seemed to be the key molecular hub as well, and it was one
of the reasons for clinical decision to rely on tumor mutational
burden and PD-1 ligand expression and treat the patient with
immune therapies, rather than small molecules.

The localization of MYC proto-oncogene on q24 of the
human chromosome 8 and its translocation to chromosome 14
is considered pathogenic in most cases of Burkitt lymphoma.
In our cases, the RNA transcription analyses as described
above indicate the activations of different sets of genes. These
patients were almost identical in their clinical presentation,
histology, MYC status, and initial clinical response to standard
chemotherapy. Early clinical testing initiatives are beginning
to employ individual profiles/fingerprint analyses to compile
patients into histologically or biologically similar series (27),
and as these efforts continue, new clinical trial designs will
emerge (28, 29).

The research that has emerged over the last 40 years
disproves the concept that cancer is a consequence of a single
oncogenic change. It is widely accepted that an initiating
oncogenic change such as translocation involving MYC is
interpreted within the patient’s genome, and further genomic
alterations lead to the oncogenic inducers hijacking host-specific
physiological responses such as angiogenesis, inflammation, and
immune evasion. These normal physiological responses are not
detected by DNA mutational analysis because they represent
reactivation of developmentally silent pathways. We advocate
the use of combinations of biological agents addressing not

only the DNA mutations but also the normal physiological
responses of the host as they are reflected in the individual’s
molecular signature reflected on transcriptomic and proteomic
levels. In case 3, we successfully used immunotherapy reflecting
the molecular profile of the tumor. In cases 1 and 2, we
used a combination of ibrutinib (inhibitor of BCR signaling),
idelalisib (direct PI3Kdelta inhibitor), valproate (HDAC inhibitor
with potential to enhance responsiveness to immune therapies),
and nivolumab (a host immune response modulator). Both
patients were intended to receive an immune-supportive therapy
using autologous dendritic cell vaccination with non-immune-
suppressive maintenance agents such as checkpoint inhibitors,
but only case 1 patient had achieved sufficient duration of the
clinical response to live long enough to enable the preparation of
his vaccine. Unfortunately, because we did not have the benefit
of molecular information on genome or transcriptome in case 2,
the therapy could not be customized enough to provide a more
effective therapeutic combination. Our results revealing highly
phosphorylated EGFR, PDGFRB, ROR2, ERK1/2, or Hsp27 in all
samples are also in accordance with previously published findings
on Burkitt lymphoma (30, 31). Interestingly, activation of EGFR
and ERK signaling via EBV oncoprotein LMP1 was also reported
(32, 33) and our results thus concur with the latent EBV infection
as suggested by serological analysis.

One of the most interesting observations was the discordance
between laboratory and clinical responses to biomarker-
based targeted therapy in case 1. Even though there was
evidence of normalization of PI3K pathway activity, the
evidence of radiological response was significantly delayed
and gave an impression that the patient continued to
progress. As has been frequently observed with biological
therapies, the biomarker response may be more informative
and preceded in this case the radiological response. While
using biological therapies, we must allow sufficient time
to pass before the patient is evaluated using present
radiomorphological methods.

As we show, in cases where individualization of treatment
protocols can be based on the recent molecular information,
the likelihood of successful therapy may be increased, but
the use of a targeted agent without laboratory evidence of
contemporary target activation may not only lack benefit—
it may even be harmful. Similarly, while treating sepsis, we
are not using several-month-old microbiology results to guide
antimicrobial treatment. Considering that there are presently
numerous initiatives intending to study the addition of idelalisib
and/or ibrutinib to existing retrieval therapies for relapsed and
refractory mature B-cell lymphomas, it may be of value to
collect enough samples for tumor tissue analysis and enable
similar retrospective comparisons of patients who either failed
or responded to therapy. An attractive concept inspired by our
cases may be the successful sequence of different treatment
modalities, such as intensive chemotherapy to debulk the initial
tumor volume, followed by targeted biomarker-based treatment
and stimulation of autologous immune response later on to
consolidate the response.
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CONCLUSION

Precision medicine has significantly altered the practice of
clinical oncology, but no standardized approach to the choice of
these therapies exists. The three cases presented here emphasize
that despite similarities in the presentation, histology, age, tumor
site, and initial treatment response, the biology of tumors may
differ significantly between cases and may change over time. Case
2 patient had an entirely different molecular signature and thus
biology, without underlying relevant germline mutation, but such
differences in molecular profile could be appreciated in retrospect
only. We conclude that considering the dire outcomes of relapsed
Burkitt lymphoma, theranostic testing may identify the most
frequent molecular profiles that lead to therapeutic resistance and
may help to improve frontline therapies sufficiently to prevent
relapses and 1 day to replace our decade-old and toxic drugs like
anthracyclines and alkylating agents.
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Abstract: Background: Tumor mutational burden (TMB) is an emerging genomic biomarker in
cancer that has been associated with improved response to immune checkpoint inhibitors (ICIs)
in adult cancers. It was described that variability in TMB assessment is introduced by different
laboratory techniques and various settings of bioinformatic pipelines. In pediatric oncology, no
study has been published describing this variability so far. Methods: In our study, we performed
whole exome sequencing (WES, both germline and somatic) and calculated TMB in 106 patients with
high-risk/recurrent pediatric solid tumors of 28 distinct cancer types. Subsequently, we used WES data
for TMB calculation using an in silico approach simulating two The Food and Drug Administration
(FDA)-approved/authorized comprehensive genomic panels for cancer. Results: We describe a
strong correlation between WES-based and panel-based TMBs; however, we show that this high
correlation is significantly affected by inclusion of only a few hypermutated cases. In the series of
nine cases, we determined TMB in two sequentially collected tumor tissue specimens and observed
an increase in TMB along with tumor progression. Furthermore, we evaluated the extent to which
potential ICI indication could be affected by variability in techniques and bioinformatic pipelines
used for TMB assessment. We confirmed that this technological variability could significantly affect
ICI indication in pediatric cancer patients; however, this significance decreases with the increasing
cut-off values. Conclusions: For the first time in pediatric oncology, we assessed the reliability of
TMB estimation across multiple pediatric cancer types using real-life WES and in silico analysis of
two major targeted gene panels and confirmed a significant technological variability to be introduced
by different laboratory techniques and various settings of bioinformatic pipelines.
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1. Introduction

The cancer cell genome acquires genetic alterations differing from the germline of the host [1].
Somatic mutation rates can be affected by exposure to exogenous factors, such as ultraviolet light
or tobacco smoke [2], or by compounding genetic defects, such as DNA mismatch repair deficiency,
microsatellite instability, or replicative DNA polymerase mutations [1-3]. These somatic genetic
alterations induce and drive carcinogenesis. The type and the number of acquired mutations varies
among the cancer types but also among the affected individuals [4]. Some of these mutations
lead to the formation of tumor-specific neoantigens, which could be recognized by a patient’s
immune system as non-self and which are highly clinically relevant since these neoantigens can make
the cancer cells sensitive to treatment with immune checkpoint inhibitors (ICIs) against cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4), programmed cell death protein 1 (PD-1) and programmed
death-ligand 1 (PD-L1) in various cancers including melanoma [5], non-small-cell lung cancer
(NSCLCQ) [6], kidney cancer [7], bladder cancer [8] and others [9]. The genomic landscape of
smoking-induced NSCLC and UV light-induced melanoma is often characterized by a high number of
acquired alterations, while leukemias and pediatric tumors show the lowest mutations counts.

Rapidly developing genomic methods based on next-generation sequencing (NGS) simplified
the detection and quantification of these acquired changes on the level of individual cancer genomes.
Tumor mutational burden (TMB) is a quantitative measure of acquired somatic mutations in the cancer
cell genome. Initial exploratory analyses of TMB in cancer patients [10,11] were carried out using
whole exome sequencing (WES). WES is a comprehensive research tool for assessment of genomic
alterations across the entire coding region of the ~22,000 genes in the human genome, comprising
of 1-2% of the genome [3,12]. Currently, WES-derived TMB values are considered to be the gold
standard, but the high cost and long turnaround time limit routine diagnostic applicability of WES.
Therefore, targeted NGS cancer gene panels have been promoted for TMB estimation as a feasible
and cheaper alternative to WES [13]. Whereas TMB assessed by WES is typically reported as the total
number of mutations per cancer cell exome, TMB assessed by gene panel assays is usually referred
to as mutations per megabase (mut/Mb) because it differs in the number of genes and target region
size [2,3,14]. The precise calculation of TMB may, however, vary depending on the region of tumor
genome sequenced, types of mutations included, methods of subtracting germline variants and other
aspects of bioinformatic analysis pipeline of the sequencing data [3,15]. Both the FDA-approved
FoundationOne CDx (F1CDx) panel and the FDA-authorized Memorial Sloan Kettering-Integrated
Mutation Profiling of Actionable Cancer Targets (MSK-IMPACT) panel used correlation between panel-
and WES-based TMB to validate the reliability of panel based TMB estimation, and they claimed that
these panels can assess TMB accurately (R = 0.74 for FICDx and R = 0.76 for MSK-IMPACT) [2,13,16].
However, as Wu et al. [13] proposed in their recent work, the overall correlation between the panel-
and WES-based TMB could be substantially distorted by outliers (i.e., cases with relatively ultra-high
TMB within each cancer type) [13], which might lead to overestimation of the reliability of panel-based
TMB estimation. Therefore, additional studies are needed to evaluate the significance of correlation
between the WES-based and targeted panel-based TMB values.

As already mentioned, TMB is considered to be a proxy for cancer cell neo-antigenicity and
therefore could potentially serve as a predictive biomarker of therapeutic response to ICI. Several
studies, especially in NSCLC, retrospectively employed WES or larger NGS panels to determine
TMB as a potential response predictor [17-19]. Unfortunately, the definition of cut-off values to
separate “high TMB” from “low TMB” tumors is not consistent in recent NSCLC trials. For example,
in the CheckMate (CM) trials CM012 (nivolumab and ipilimumab) [20], CM227 (nivolumab and
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ipilimumab) [17] and CM026 (nivolumab only) [21] cut-points of 158 mutations, 199 mutations and 243
somatic missense mutations (number of mutations estimated from a commercial gene panel based cut
point of 10 mutations per Mbp) were used, respectively [22].

This is the first study in pediatric oncology that aims to assess the reliability of TMB estimation
using real-life WES across multiple cancer types and in silico analysis of two major gene panels, which
are widely used for routine diagnostics in clinical practice, where various settings of bioinformatic
pipeline were employed. The performance and correlation of WES and panel-based TMB assessment
methods were evaluated together with potential consequences for clinical decision making where
various cut-offs for ICI indication were used.

2. Results

2.1. Comparison of TMB between Real-Life WES and In Silico Targeted Gene Panels

We successfully performed germline and somatic WES and calculated TMB in 106 pediatric
patients of 28 distinct cancer types. We stratified patients based on their diagnosis and expressed TMB
for each group of patients as a median (min—-max) or as a concrete value in cases where there was
only one patient within a group (summarized in Table 1). WES-based TMB for each tumor is depicted
in Figure 1. The median TMB ranged widely among diagnoses, from 0.3 mutations/Mb in myeloid
sarcoma to 14.2 mutations/Mb in Burkitt lymphoma.

Table 1. Comparison of TMB determined by real-life WES and in silico targeted gene panels.

TMB TMB TMB
. . WES—M1 * . MSK—M1 * . F1CDx—M2 ** .
Diagnosis Real-Life (Min-Max) In Silico (Min-Max) In Silico (Min-Max)
(Median/Value) (Median/Value) (Median/Value)
HGG glioma
H3K27M-+ 29 (1.6-15.7) 4.7 (2.6-17.9) 45 (2.6-31)
Rhabdomyosarcoma 3.6 (1.7-6.4) 2.6 (1.7-4.3) 2.6 (0-5.2)
Ewing sarcoma 3.1 (0.2-5.1) 2.6 (0-5.1) 2.6 (0-7.8)
Ependymoma 3.1 (1.3-10.4) 1.7 (0-5.1) 3.2 (1.3-9)
Neuroblastoma 3.8 (1.6-17.2) 3.0 (0.9-7.7) 45 (1.3-15.5)
Soft tissue sarcoma 3.6 (1.7-6.7) 34 (0-6.8) 32 0-9)
Low-grade glioma 3.5 (1.6-6.8) 2.1 (0.9-4.3) 39 (1.3-5.2)
High-grade glioma
H3K27M wi 45 (1.4-269.8) 34 (0.9-294.7) 52 (1.3-410.9)
Osteosarcoma 22 (1.9-7.5) 34 (0-5.1) 52 (1.3-6.5)
Burkitt lymphoma 14.2 (6.1-100.7) 19.6 (6.8-46.1) 27.1 (6.5-89.2)
Medulloblastoma 3.8 (3.5-63.6) 34 (0.9-61.5) 39 (1.3-89.2)
Fibromatosis 6.2 (1.1-56.2) 5.1 (1.7-29) 10.3 (1.3-82.7)
Wilms tumor 3.1 (2.3-3.9) 3.4 (2.6-4.3) 2.6 (1.3-3.9)
Renal cell carcinoma 1.8 (1.5-2.1) 4.3 (2.6-6.0) 4.5 (1.3-7.8)
Adrenf)cortlcal 0.9 ) 0.9 ) 13 )
carcinoma
Plexus c.hor01deus 592 ) 26 ) 52 )
carcinoma
Hepat9cellular 36 B 0.9 B 3.9 B
carcinoma
D1ssem1r.lated 23 ) 43 } 65 )
adenocarcinoma
Famll}ar 1nfar1t1.Ie 21 ) 17 ) 0.0 )
myofibromatosis
Myeloid sarcoma 0.3 - 0.0 - 0.0 -
Undifferentiated
embryonal tumor of 3.1 - 2.6 - 2.6 -
spinal canal
Nongerminomatous
Germ Cell tumor CNS 23 ) L7 . 13 )
Epithelial
hepatoblastoma 05 ) 0.0 ) 00 )
Spindle cell 21 ) 0.9 ; 26 )

hemangioma
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Table 1. Cont.

.F}brodysplasm ) 31 _ 26 - 2.6 -
ossificans progressiva

Hepatosplenic 0.4 - 0.9 - 0.0 -
T-lymphoma

Multisystemic

Langerhans cell 3.1 - 2.6 - 3.9 -
histiocytosis

Gastrointestinal 27 - 34 - 6.5 -

stromal tumor

* M1—Method 1 for calculation of TMB excluding synonymous variants and indels; ** M2—Method 2 for calculation
of TMB including synonymous variants and indels.
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Figure 1. Tumor mutational burden (TMB) values determined in our pediatric cancer patient cohort
(WES—Method]1) stratified by cancer type. Hypothetical TMB cut-off values are shown as dashed lines
(green, TMB > 5; blue, TMB > 10, red, TMB > 20).

Furthermore, we determined, by an in silico approach, whether TMB, as measured by WES,
correlates with TMB calculated by the gene sets and bioinformatic approaches used by two commercially
available targeted gene panels. Panel-based TMB (MSK-IMPACT and F1CDx) for each group of patients
expressed as a median (min—-max) or as a concrete value in cases where there was only one patient in a
group are summarized in Table 2. We confirmed a strong Pearson correlation of the panel TMB with
the WES-based TMB characterized by R = 0.993 (F1CDx), and R = 0.974 (MSK-IMPACT), respectively
(Figure 2A,C). Correlation between MSK-IMPACT and F1CDx panels was R = 0.993 (Figure 2B).
The TMB assessment method was adapted for each panel accordingly (MSK-IMPACT—Method 1;
F1CDx—Method 2). However, when the few hypermutated cases were excluded and only samples
with TMB <10 mut/Mb were considered for analysis, the correlation decreased significantly: R = 0.514
(F1CDx), and R = 0.560 (MSK-IMPACT). Correlation between TMBs determined by the two panels
remained remarkably higher (R = 0.726).
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Table 2. Comparison of TMB determined by real-life WES and the FMI laboratory testing service

FoundationOne Heme (F1Heme).

Age at TMB T™MB Same Sample
Gender Diagnosis Diagnosis F1Heme WES—M1 * (Yes /No)P
8 Real-Life (Mut/Mb) ~ Real-Life (Mut/Mb)
F 9 Renal cell carcinoma 1.63 1.45 yes
Diffuse intrinsic
F 7 pontine glioma 2.44 1.60 yes
H3K27M+
Desmoid
M 13 fibromatosis 0.81 1.14 yes
M 6 Spindle cell 0.81 2.05 yes
hemangioma
F 14 Gastrointestinal 407 271 yes
stromal tumor
F 14 Osteosarcoma 2.44 1.91 yes
Langerhans cell
M 2 histiocytosis 2.44 3.11 yes
M 11 Wilms tumor 1.63 2.34 yes
M 11 Ewing sarcoma 1.63 2.57 yes
F 7 Ependymoma 2.44 3.48 yes
Embryonal
M 18 rhabdomyosarcoma 489 282 yes
F 14 Ewing sarcoma 1.63 3.57 yes
F 6 Wilms tumor 0.81 391 yes
F 18 Ewing sarcoma 0.81 2.97 yes
Alveolar
M 9 rhabdomyosarcoma 326 362 yes
F 5 Diffuse intrinsic 2.44 285 yes
pontine glioma
M 10 Ewing sarcoma 1.63 0.17 yes
F 1 Neuroblastoma 1.63 7.53 yes
F 10 Ewing sarcoma 7.33 4.82 yes
M 20 Glioblastoma 733 8.02
H3G34R+ ' ' yes
F 2 Neuroblastoma 5.70 6.33 yes
Embryonal
F ! rhabdomyosarcoma 163 6-39 yes
M 3 Burkitt lymphoma 10.59 6.08 yes
M 7 Burkitt lymphoma 19.55 14.18 yes
M 18 Glioblastoma 265.56 269.75 yes
F 10 Low-grade 1.63 1.83 no
astroblastoma
M 4 Adrenocortical 0.00 0.88 no
carcinoma
M 15 Hepatocellular 244 3.59 no
carcinoma
Epithelial
M 3 hepatoblastoma 244 046 no
M 5 Embryonal 6.52 3.68 no
rhabdomyosarcoma
M 3 Embryonal 4.07 571 no
rhabdomyosarcoma
F 7 Glioblastoma 0.81 4.48 no
M 1 Anaplastic 1.63 6.65 no
ependymoma
Diffuse intrinsic
F 4 pontine glioma 9.78 5.39 no

H3K27M+

* M1—Method 1 for calculation of TMB excluding synonymous variants and indels.
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Figure 2. Correlation of tumor mutational burden (TMB) determined by real-life WES and targeted
gene panels: real-life WES vs. in silico MSK-IMPACT (A), in silico FICDx vs. MSK-IMPACT (B),
real-life WES vs. in silico F1ICDx (C), real-life WES vs. real-life laboratory service F1Heme (D).

2.2. Comparison of TMB between Real-Life WES and the Foundation Medicine Inc. (FMI) Testing Service
(Subcohort of Patients)

In the subgroup of 34 patients (randomly selected from the patients where a Formalin-Fixed
Paraffin-Embedded (FFPE) block with tumor tissue was available), comparative study of real-life
WES-based TMB assessment and the FMI testing service was performed. For the WES samples,
tumor and normal tissue were each sequenced in order to distinguish germline polymorphisms
from somatic mutations. For the targeted FMI testing, no matched normal material was sequenced;
rather, genomic variants were stringently filtered to eliminate germline polymorphisms, as declared
by the vendor. For TMB determination from WES data, we used Method 1 (excluding indels and
synonymous mutations). The FMI testing services are done using Method 2 (including indels and
synonymous mutations). In nine cases, different samples from one resection or biopsy collection were
used. This is summarized in Table 2. However, the Pearson correlation between TMBs determined by
these two real-life approaches was comparable to the correlation of real-life WES and in silico F1ICDx
panel (R =0.998 vs. R = 0.993) indicating the relevance of the in silico approach for TMB assessment
comparative studies. When hypermutated cases were excluded, correlation decreased to R = 0.488
(Figure 2D), which is similar to the decrease observed in the in silico approach (R = 0.514).
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2.3. WES-Based TMB Values during Tumor Progression

In nine cases, we determined the TMB by WES in sequential tumor biopsies or tumor tissues from
surgical resection. In five cases, we used tumor tissue from a primary tumor and its relapse. In the
remaining four cases, tumor tissue was collected from two consequent local or metastatic relapses.
TMB values are summarized in Table 3. In seven out of nine cases, an increase in TMB in the second
tumor tissue was observed, with the average increase being 1.6 + 1.3 mut/Mb.

Table 3. WES-based TMB values during tumor progression in nine patient case cohorts.

Gender Dﬁg:ua);is Diagnosis Diagnosis/Relapse  Year of Biopsy (WES MF{E/)III;{eal-Li fo
F 9 Supratentorial local relapse 2016 2.31
ependymoma

local relapse 2018 3.88

F 1 Neuroblastoma metastatic relapse 2017 7.53
metastatic relapse 2018 3.17

M 11 Ewing sarcoma primary tumor 2017 2.57
local relapse 2018 4.19

M 5 DIPG primary tumor 2015 2.51
local relapse 2018 6.68

F 10 as trObLlaGs toma primary tumor 2017 1.83
local relapse 2018 3.05

M 3 hepliricl)tbhlilslfcima primary tumor 2016 0.46
local relapse 2018 2.48

F 2 Ependymoma primary tumor 2014 10.38
metastatic relapse 2018 10.53

M 18 Osteosarcoma metastatic relapse 2018 7.47
metastatic relapse 2018 8.10

M 1 In.fantlle . metastatic relapse 2015 2.08

myofibromatosis
metastatic relapse 2018 1.88

* M1—Method 1 for calculation of TMB excluding synonymous variants and indels.

2.4. Consequence of TMB Assessment Method for ICI Indication

TMB as a predictive biomarker is currently the focus of several clinical trials with ICI. We have
evaluated how the sequencing region (WES vs. the gene set used in MSK-IMPACT vs. the gene set
used in F1CDx) and method for TMB calculation affect the final TMB and potential ICI indication when
various hypothetical cut-off values are applied. Results of this analysis are summarized in Table 4.
As expected, the number of patients above a cut-off is always higher with WES-based TMB assessment
(compared to panel-based) and when TMB is assessed by Method 2 (including indels and synonymous
mutations). Number of patients above a cut-off differs significantly when low TMB cut-off value is
applied (cut-off > 5). With the increasing cut-off values, the significance of technological variability
introduced by sequencing various genome regions and different TMB calculating methods decreases.
However, even with a relatively high cut-off value (cut-off > 20), the number of pediatric patients
hypothetically indicated for ICI therapy differs between TMB groups calculated with Method 1 and
Method 2 (e.g., four vs. seven pediatric patients with WES).
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Table 4. WES-based TMB values during tumor progression in nine patient case cohorts.

TMB—M1 * TMB—M2 **
In Silico In Silico
(Number of Cases Above Cut-Off) (Number of Cases Above Cut-Off)
Cut-off for ICIs Indication (mut/Mb) >5 >10 >20 >5 >10 >20
WES 30 8 4 75 25 7
MSK-IMPACT 23 6 4 61 12 6
F1CDx 24 7 5 42 11 6

* M1—Method 1 for calculation of TMB excluding synonymous variants and indels; ** M2—Method 2 for calculation
of TMB including synonymous variants and indels; ICIs—immune checkpoint inhibitors.

3. Discussion

The predictive power of TMB as a biomarker for response to ICI is currently being investigated in
many clinical trials across various cancer types. Patients with a higher TMB are more likely to respond
to ICI in various settings, including PD-(L)1 blockade in NSCLC [10], CTLA-4 blockade in malignant
melanoma [11], and combined PD(L)-1 and CTLA-4 blockade in NSCLC [17]. Studies have shown
that TMB is to a large extent independent of the PD-L1 status and might thereby identify additional
subgroups of patients who benefit from ICI [17,20,22].

Based on these clinical observations, TMB became an emerging predictive biomarker for ICI in
various cancer types, and an urgent need occurred to answer the questions concerning the technological
aspects affecting TMB detection by WES and targeted panel sequencing to ensure implementation of
lab developed tests that guarantee optimal reference standard quality for patient stratification [19].

In initial studies, WES was widely used to determine TMB and is still considered to be the
gold standard; however, targeted sequencing panels are more readily interpretable and are a more
pragmatic and potentially cost-effective approach to TMB testing in clinical diagnostics [3]. While in
the context of clinical trial, TMB testing is mainly carried out by commercial vendors, many clinical
laboratories depending on the regulatory approval context may eventually use in-house designed
panels to determine TMB scores [22]. Endris and others have already investigated the minimum
required size of a gene panel by comprehensive in silico analyses of available WES data sets and have
shown that at least 1 Mbp of exonic and/or intronic region should be sequenced to achieve a similar
power in discriminating ICI responders from non-responders comparable to WES [19]. Furthermore,
Buchhalter at al. showed that “size does matter”, with an optimal panel size being between 1.5 and 3
Mbp, considering the benefit—cost ratio, and that the inclusion of all point mutations (instead of only
missense mutations) in the TMB calculation is possible and recommendable to enhance precision [9].

In our study, we focused on the potential technological variability introduced to TMB scoring by
the usage of various platforms and bioinformatic pipelines for their assessment in pediatric tumors.
As a reference method, we performed WES and subsequently in silico simulated two most frequently
used sequencing panels, MSK-IMPACT and F1CDx. We confirmed a strong Pearson correlation of
the panel-based TMB with the WES-based TMB; however, when the few hypermutated cases were
excluded and only samples with TMB < 10 mut/Mb were considered for analysis, the correlation
decreased significantly (Figure 2). This indicates a significant bias introduced to correlation analysis
by only a few hypermutated cases included in the study. Correlation between samples with TMB
< 10 mut/Mb was not satisfactory and probably lead to significant clinical misclassifications in the
routine diagnostic scenario based on the usage of a cut-off value in the range of 5 to 15 mut/Mb. Similar
observations were also provided by other authors describing adult tumors [9,19].

In a subgroup of patients, we performed a comparative study of real-life WES-based TMB
assessment and the FMI testing service where we observed a similar effect of the hypermutated cases
on the correlation significance. In agreement with others [9,19], we observed that the identification of
high TMB tumors can be reliably achieved by any of the tested methods (cases with ultra-hypermutated
tumors). However, the vast majority of tumors have intermediate TMB values; in these cases,
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a technological variability interferes with the reliable differentiation between TMB-high and low
tumors [9,19].

In nine cases, we determined the TMB by WES in sequential tumor biopsies or tumor tissues from
surgical resection. As expected, in seven out of nine cases, there was an increase in TMB in the second
tumor with the average increase being approx. 2 mut/Mb. Surprisingly, in two cases, we observed a
decrease in TMB, which could be explained mainly by the quality of the tumor tissue specimen and a
low content of tumor cells in the second tumor which could decrease detectable mutations used for
TMB assessment. It is important to mention that tumor content in the tissue specimens is an important
factor affecting TMB scoring and is often not considered in TMB studies.

Finally, we evaluated how the sequencing region (WES vs. the gene set used in MSK-IMPACT
vs. the gene set used in F1ICDx) and the bioinformatic pipeline used for TMB calculation affect
the final TMB and potential ICI indication when various hypothetical cut-off values are applied.
In general, as expected, the number of patients above a cut-off is always higher in WES-based TMB
assessment (compared to panel-based) and when the TMB is assessed by Method 2 (including indels
and synonymous mutations). We also found that with the increasing cut-off values, the significance
of technological variability and consequent clinical misclassification decreases. However, certain
combinations of settings of TMB assessment methods (e.g., WES-M2 vs. F1CDx-M1), compounded
by the use of a cut-off value of 10 mut/Mb, yield extremely different results. While the first approach
predicts 25 patients to be good responders to ICI, the second approach predicts only seven patients.
This indicates a potentially very strong misclassification issue for routine diagnostics. Based on the
currently available results from clinical trials, it is very difficult to judge whether TMB assessed by
Method 1 or Method 2 is a more accurate predictive biomarker of response to ICI therapy. Unfortunately,
this in silico modeling has not been performed in the context of clinical outcomes from ICI trials.

4. Materials and Methods

4.1. Patients and Biological Specimens

We reviewed tumor mutational burden (TMB) results from 106 patients with pediatric
high-risk/recurrent solid tumors (both newly diagnosed and relapsed) who had undergone laboratory
WES at Central European Institute of Technology (CEITEC, Masaryk University, Brno, Czech Republic).
Informed consent was obtained from all patients and all experiments using clinical samples were
performed in accordance with the approved international guidelines. After surgical resection of the
tumor or collection of the tumor biopsies, tissue samples were evaluated by an experienced surgical
pathologist for the tumor cell content, and only specimens with more than 20% of the tumor cells were
included. In addition, peripheral blood was collected to obtain DNA for germline WES. Number of
patients stratified according to their diagnoses and related clinical data are summarized in Table 5.
In nine cases, we collected two consequent tissue specimens (diagnosis/relapse or two relapses) and
both were used for WES and TMB assessment.

4.2. DNA Isolation

Tumor DNA was extracted from the FFPE samples or fresh frozen tissues using QITAmp DNA FFPE
Tissue Kit (Qiagen, Venlo, The Netherland) or QIAamp DNA Micro Kit (Qiagen). Germline DNA was
extracted from peripheral blood leukocytes using QlAamp DNA Micro Kit (Qiagen). The purified DNA
was quantified using Qubit 2.0 Fluorometer and NanoDrop 2000c spectrophotometer (both Thermo
Fisher Scientific, MA, USA).
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Table 5. Number of patients stratified according to their diagnoses and baseline clinical data.

Diagnosis Number of Patients  Gender Ratio (F/M) Age Median Age (Min-Max) Type of Sample Ratio (Primary Tumor/Local or Metastatic Relapse)
High-grade glioma H3K27M+ 12 8/2 9 4-20 12/0
Rhabdomyosarcoma 11 7/4 5 0-18 6/5
Ewing sarcoma 11 6/5 11 8-18 2/9
Neuroblastoma 10 6/4 2 1-8 1/9
Ependymoma 10 6/4 5.5 1-16 4/6
Non—rhz‘xbdomyosarcoma 8 2%6 12 819 0/8
soft-tissue sarcomas
High-grade glioma H3K27M wt 6 0/6 16 8-23 5/1
Low-grade glioma 6 1/5 9.5 3-19 1/5
Osteosarcoma 5 4/1 18 14-28 0/5
Burkitt lymphoma 3 0/3 7 3-12 0/3
Medulloblastoma 3 0/3 4 2-5 12
Fibromatosis 3 1/2 17 13-20 1/2
Wilms tumor 2 1/1 8.5 6-11 1/1
Renal cell carcinoma 2 1/1 135 9-18 1/0
Adrenocortical carcinoma 1 F 4 - primary tumor
Choroid plexus carcinoma 1 M 1 - primary tumor
Hepatocellular carcinoma 1 M 15 - primary tumor
Lung adenocarcinoma 1 F 15 - metastatic relapse
Familiar infantile myofibromatosis 1 M 1 - primary tumor
Myeloid sarcoma 1 F 5 - primary tumor
Undifferentiated embryonal tumor 1 M 5 .
of spinal canal i primary tumor
CNS germ cell tumor 1 M 11 - local relapse
Epithelial hepatoblastoma 1 M 3 - primary tumor
hema:;g:e(gggfﬁilioma 1 M 6 - primary vascular malformation
Fibrodysplasia .ossificans 1 F 1 B primary tumor
progressiva
Hepatosplenic T-lymphoma 1 M 17 - diagnostic aspiration/bone marrow
Multiple sy§tgm Langerhans cell 1 M 5 ) metastasis
histiocytosis
Gastrointestinal stromal tumor 1 F 14 - metastatic relapse
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4.3. Whole Exome Sequencing

Libraries for whole exome capture and sequencing were prepared using TruSeq Exome Kit
(IIumina, CA, USA) according to manufacturer’s recommendations. Quantity and quality of the
exome libraries were checked using Qubit 2.0 Fluorometer and NanoDrop 2000c spectrophotometer
(Thermo Fisher Scientific). Prepared libraries were loaded onto NextSeq 500/550 Mid Output Kit
(150 cycles) and sequenced on the NextSeq 500 instrument (both Illumina). Sequencing coverage for
both exomes was >20 x at >90% of captured regions.

4.4. Bioinformatic Analysis

Sequencing reads in FASTQ format were mapped to the human reference genome hg19 with the
BWA-MEM algorithm [23] for both the tumor and the healthy control sample. The resulting alignments
in BAM format were postprocessed with the SAMBLASTER program [24] for marking PCR duplicates.
The final alignment file of the control sample was used to assess single nucleotide variants (SNVs) and
short insertions/deletions (indels). Two variant callers were used for germline variant calling; the GATK
HaplotypeCaller [25] and VarDict [26]. Reported variants were annotated with Annovar [27] and
Oncotator [28] annotation programs. Tumor specific variants were assessed by somatic (paired; tumor
vs. control) variant calling. For this purpose, we used GATK MuTect2 (SNVs), Scalpel [29] (Indels), and
VarDict (SNVs and Indels) variant callers. The annotation of somatic variants was performed with the
addition of the COSMIC database [30]. Overview of the bioinformatic pipeline is depicted in Figure 3.

Tumor sample Normal sample
) I ) I

L Whole exome sequencing (NGS)

| |

L '
s N 'z \
Tumor Germline
exome data exome data

(FASTQ) ‘ (FASTQ)

\ . h |
Alignment to human reference genome hg19|
(BAM files)

. 1
' Somatic SNV and indel calling:
VarDict, Mutect, Scalpel

Variant annotation and filtering:
Oncotator + Annovar: Cosmic, 1000 genomes,
GnomAD, Cancer Gene Census

- N

Missense mutations and splicing mutation |

N Y

\ Total somatic Tumor Mutations

s * 3

T™MB

\

Figure 3. Workflow for tumor mutational burden (TMB) assessment by WES in this study.

4.5. Tumor Mutational Burden Estimation

An annotated list of somatic variants from the previous step was used to assess the TMB. We chose
to compare two methods of TMB estimation, both based on publicly available approaches.

Method 1 (M1)—In our laboratory, we only consider somatic single nucleotide variants (SNVs)
for TMB calculation from WES data, since indels (short insertions and deletions) tend to be called with
high false positive rates and could potentially skew the outcome. Additionally, two bases before and
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after each exon are considered as splicing mutations. Synonymous variants are filtered out, as they do
not fit the definition of TMB. Finally, variants with variant allele frequency (VAF) of less than 5% are
also filtered out. This approach is also used by MSK-IMPACT NGS panel.

Method 2 (M2)—This approach, used by the Foundation Medicine Inc. (FMI) targeted panels
(e.g., F1CDx [2] as well as F1Heme), defines TMB as the number of SNVs (including synonymous
variants) and indels in the coding regions of targeted genes. However, splicing variants are not
included. A 5% cut-off for the VAF was also applied.

For the final TMB calculation, in both methods, the sum of variants remaining after application of
the all filters, is then divided by the size (in megabases) of the target region from which the variants
have been assessed. The target regions together with their sizes are listed below.

Both methods were applied to the three target regions (as shown in Table 5):

1.  All coding sequences (whole exome; 35 Mb; using M1 for TMB calculation);

2. The coding sequences of genes analyzed by the FMI (F1CDx panel; 324 cancer-related genes;
0,8 Mbl using M2 for TMB calculation);

3. The coding sequences of genes analyzed by the Memorial Sloan Kettering Cancer Center
(MSK-IMPACT; 468 cancer-related genes; 1.22 Mb; using M1 for TMB calculation)

The coding region locations on the hg19 genome were downloaded from the UCSC web site.

4.6. Comparative Study with the Foundation Medicine Inc. (FMI) Sequencing Service

FFPE tumor tissue samples of 34 patients who were previously examined by WES in our laboratory
and were sent to the FMI for the FoundationOne Heme (F1Heme) test, which is recommended by vendor
for pediatric tumors. In the nine cases, WES was performed using fresh frozen tissue, while different
FFPE samples were sent for the F1Heme test. These specimens are indicated in the summarizing tables
(Table 3) with the TMB results.

5. Conclusions

We present a study, where, for the first time in the context of pediatric tumors, the reliability of TMB
estimation across multiple pediatric cancer types using real-life WES and in silico analysis of two major
targeted gene panels was assessed. We confirmed a significant technological variability introduced
by different laboratory technologies and various settings of bioinformatic pipelines. These results
may provide valuable information for improving the accuracy of TMB estimation based on targeted
gene panel sequencing in a diagnostic setting. Our study confirmed previous observations from adult
tumors and thus supports the incentive to establish concordance between assay platforms used across
different clinical trials in order to achieve a successful real-world implementation of TMB testing. To
this end, worldwide efforts to ensure the harmonization of TMB assessment are ongoing [31-33].
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ABSTRACT

Research has exposed cancer to be a heterogeneous disease with a high degree
of inter-tumoral and intra-tumoral variability. Individual tumors have unique profiles,
and these molecular signatures make the use of traditional histology-based treatments
problematic. The conventional diagnostic categories, while necessary for care, thwart
the use of molecular information for treatment as molecular characteristics cross
tissue types.

This is compounded by the struggle to keep abreast the scientific advances made
in all fields of science, and by the enormous challenge to organize, cross-reference,
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and apply molecular data for patient benefit. In order to supplement the site-specific,
histology-driven diagnosis with genomic, proteomic and metabolomics information,
a paradigm shift in diagnosis and treatment of patients is required.

While most physicians are open and keen to use the emerging data for therapy,
even those versed in molecular therapeutics are overwhelmed with the amount of
available data. It is not surprising that even though The Human Genome Project was
completed thirteen years ago, our patients have not benefited from the information.
Physicians cannot, and should not be asked to process the gigabytes of genomic and
proteomic information on their own in order to provide patients with safe therapies.
The following consensus summary identifies the needed for practice changes,
proposes potential solutions to the present crisis of informational overload, suggests
ways of providing physicians with the tools necessary for interpreting patient specific
molecular profiles, and facilitates the implementation of quantitative precision

medicine. It also provides two case studies where this approach has been used.

INTRODUCTION

The conventional approaches to cancer therapy have
been until very recently based on eradicating cancer cells
by three modalities - surgery, radiation and chemotherapy.
While this approach improved outcomes for children
with acute lymphoblastic leukemia where survival rose
from 20% in the 1950’s to about 95% now, it was much
less effective in solid tumors and adult leukemias. In
these more genetically complex cancers, some modest
initial improvements in survival rates were achieved,
but even those modest gains have been stagnating since
the late 90’s. Many different reasons contribute to the
treatment resistance of solid tumors and adult leukemias,
but chiefly among those are: 1. the genomic complexity
and heterogeneity of these entities, and 2. the protective
effect of the host / tumor microenvironment.[1, 2] Novel,
molecularly-based treatment modalities target not only
tumor cells, but also the tumor cell-induced changes in
the tumor microenvironment. In addition to those agents
directed against tumor cell epitopes and receptor tyrosine
kinases, there are monoclonal antibodies directed against
endothelial growth factors and receptors, inflammatory
cells and immune surveillance cells. All of those can
be combined to correct the tumor/ microenvironment
interaction, and not only sensitize to existing therapies
but to effectively target the developmental end-stage
characteristics of tumorigenesis.

The term biologic agent is therefore quite broad.
It should be considered synonymous with “biological
response modifiers”, “targeted agents” or “molecularly-
guided therapies”, as well as with other terms used
in the broader scientific literature to describe agents
that target an otherwise physiological biological
events “hijacked” by the tumor for growth benefit. The
physiological mechanisms used by tumor cells for
survival, i.e. inflammation, angiogenesis, immune system

and regenerative pathways, have not been considered as
targets in the past, even though wide-ranging spectrum of
agents exists for their modulation. They include inhibitors
of growth factor pathways, angiogenesis inhibitors,
enhancers of pro-apoptotic signals, immune response
modifiers, adhesion inhibitors, proteasome inhibitors,
signal transduction inhibitors and any other agents
targeting a defined biological process in the cancer tissues.

Unfortunately, while all these new insights
have come to the forefront of cancer science, their
implementation to clinical practice has been quite slow.
The understanding that cancer-specific biology may be less
dependent on the tissue of origin, and more dependent on
a genomic (molecular) signatures, represents a paradigm
shift in thinking. This new definition accepts cancer not
as foreign tissue, but rather as a natural consequence of
lifelong accumulation of molecular alterations, lending
credence to therapeutic approach that considers cancer
a chronic disease. Unlike the present goal of cancer
eradication in a manner similar to antibacterial therapy;
scientists now accept that cancer may be managed as a
lingering chronic illness influenced by the inflammatory,
immune and angiogenesis phenotype of the host. Scientists
continue to identify the many molecular lesions that can
lead to cancer progression and recognize that each tumor
harbors its own genomic signature.[3] The basic question
that remains to be answered is which part(s) of the
molecular signature are related to the primary oncogenic
event, and which are secondary.

The traditional picture of a linear evolution of a
cancer through clonal expansion driven by accumulation
of sequential mutations inherent to the cancer clone
has now been nuanced by the influence of tumor
microenvironment. Most cancers are a mixture of cancer
cells and normal host cells that have been recruited to the
site, or that have been induced to action by oncogenic
changes occurring in cancer cells during malignant
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transformation. In genetically complex forms of cancers,
it is difficult to define a specific “driver gene” within the
multiplicity of gene alterations, unless one can evaluate
the quorum of signals within the tumor microenvironment.
A vastly improved ability to establish the hierarchy of
genomic alterations present in the tumors of individual
patients will be needed for a correct analysis and
interpretation of biological information.

Despite the incomplete and continuously amended
molecular information, and notwithstanding the
fragmented understanding of its usefulness for effective
anti-cancer therapies, many molecularly-based therapies
have been implemented with spectacular success. Yet, as
the example of imatinib demonstrates, the deployment
of targeted therapy - from its discovery to standard of
practice clinical use - can take more than thirty years in
the present clinical climate.[4] Even in the case of CML,
a cancer with a single therapeutic target, the traditional
route to clinical implementation of bcr/abl complex
inhibitors was uncomfortably slow. The process may
be streamlined in rare diseases - the use of denosumab
(inhibitor of RANKL) for the treatment of giant cell tumor
of the bone - but the implementation of even a single agent
therapy is filled with trepidations and insurance denials.
It is therefore not surprising that for those diseases with
activation of more than one molecular pathway, the
implementation of molecularly-guided therapy remains
challenging.

Therapeutic strategies incorporating inhibition of
multiple molecular pathways will need to address the
considerable differences in tumors between individuals,
the heterogeneity within a single tumor, as well as the
differences between the primary tumor and its metastatic
lesions. Numerous and quite comprehensive catalogues
of somatic mutations obtained by comparing a patient’s
tumor DNA/RNA sequences to his/her germline DNA/
RNA]JS, 6] indicate a great deal of heterogeneity in cancer
genome evolution across different tumor types, across
individual patients with the same tumor type, and even
within a tumor.[7, 8] Considering this heterogeneity,
the present appeal of enhancing the traditional site-
and histology-specific treatment protocols with a more
personalized approach (ie. precision medicine), can be
more easily understood.

Scientists[9, 10] and leading politicians[11] have
recognized that supporting progress toward precision
medicine and increasing the use of biological therapies
holds a strong promise of not only improving health
outcomes,[12] but also of potentially improving cost
effectiveness of cancer therapies.[13] The concept of
precision medicine, as heretical as it may have initially
sounded in cancer therapy, is not foreign in medicine. We
test for antibiotic sensitivity, and we match blood for HLA
subtypes in transfusion and transplantation medicine, and
it is not surprising that our cancer patients are beginning
to demand the same.[14] Ultimately, effective, precise,

target-tailored medicines may abolish the use of old-
fashioned cytotoxic treatments, or at least eliminate
the need for maximum tolerated doses of radiation and
chemotherapy. The implementation of these new treatment
modalities will, require a number of necessary changes to
the oncological practice and research in oncology. We will
need to:

1. change clinical trial design in order to obtain
efficacy data from n - 1 trials

2. provide and interpret large data while
maintaining excellent data integrity

3. develop novel mathematical approaches
for establishing hierarchy of genomic alterations in
individual tumor samples

4. provide combination therapies based on pathway
analyses

5. avoid combinations with maximum tolerated
doses of chemotherapy: the argument for low dose
(metronomic) chemotherapy backbone

THE NEED TO CHANGE CLINICAL
TRIAL DESIGN IN ORDER TO OBTAIN
EFFICACY DATA FROM N -1 TRIALS

Medical practice is a conservative vocation, and
one of the most often repeated quotation in medical lore
is: Primum non nocere (“first do no harm”). As such, in
order to facilitate the translation of precision medicine
to practice, sufficient evidence about precision medicine
being as good or better than present therapies is requisite
for the larger scientific and medical community to use
the therapy. Unfortunately, over the last 40 years various
regulations, were instituted in order to protect the public
from unfounded claims of cure. While these were initially
created for the benefit of the patient, they have led to
a very inflexible structure of clinical trials - one that is
no longer optimal for testing of new biological agents.
Present clinical trials involve the addition of a single
new agent to standard, established, maximum tolerated
dose of therapy. To arrive at such a trial, the new agent
must first go through a dose finding (dose escalating) trial
(Phase I), which determines its maximum tolerated dose
(MTD). The need to know the MTD is based on the well
ingrained notion that the relationship between dose and
cancer cell kill is linear[15] and more must be better. The
notion, even though disavowed by the same scientist that
first introduced it[ 16, 17], continues to be very dominant
in oncology, even though some oncologists have begun
using lower doses of chemotherapy in combination with
targeted therapies.[18-21]

Once the MTD is defined in Phase I trial, the agent
is put through an early efficacy trial (Phase II), before
proceeding to a randomized, double blind, placebo-
controlled (Phase III) trial to validate its efficacy, and to
post-marketing surveillance studies (Phase IV). While
Phase I-IV trials were informative for evaluation of the
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conventional surgery/chemotherapy/radiation approach, it
is not optimal for biological agents where optimal dose
is not the MTD and where toxicities are minimal.[22]
This particular point is further discussed in section 5.1,
and represented graphically in the Figure 1. Phase I-IV
clinical trial design may not only be unsuitable for testing
biological agents, they may be detrimental to the testing of
biologically based therapies because most biologic agents
sensitize to chemotherapy and radiation, and thus heighten
the toxicity in the combination arms.[23, 24]

A body of pre-clinical and clinical evidence indeed
suggests that the relationship between the dose of a
biologic agent and its effect is NOT linear.[25, 26] It is
most commonly U-shaped. One of the earliest publications
suggesting this phenomenon showed that the effect of
interferon alpha 2B differed at low, medium and high

doses[27] (see Figure 1A). This was subsequently found
to be true for most biologic agents, especially those that
depend on receptor/ligand interaction. Once all receptors
are engaged, and the full effect achieved, any further
increase in dose leads to off-target effects rather than
further receptor inhibition. The excess of drug therefore
intensifies toxicities. For example, while the effect of TGF
betal at low doses is anti-tumorigenic, its effect at higher
levels is pro-tumorigenic, creating a U-shaped response
curve (see Figure 1B).[28] This characteristic u-shaped
response curve of biological agents, termed hormesis,[26]
further illustrates that levels and function of biological
agents influence the equipoise of several pathways, and
can be tumor suppressive or tumor promoting.

The doses of biological agents should therefore
be determined by the optimal biologically effective

§4oo- T 1501
~
= 300 *| 8
> i * b 1001
200 -
= %
o 50
g 100 4 *k  gex E
F &
01 0+

0 25 5 10 25 50

*k K*%

0 25 5 10 25 50

Mean Vessels/100x field

0 25 5 10 25 50

Daily dose of IFN-a-2a (U)

Tumor size

ISR TR SN T (NN T SN TN T (N SN SN TN W (NN SN SO SO S (N W 1

x 103

Optimum Biologically effective dose
(maximum inhibition is equal to the
dose fully inhibiting the target)

0123456789.........

[dose of biological agent]
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dose, rather than by a maximum tolerated dose, and the
Phase I/II trials are not suitable for the introduction of a
biological agent to clinic. In the case of biologic agents
more is not necessarily better, and dose escalations using
the traditional Phase I trial may not only be inappropriate,
they can be detrimental, because the effect of the
biological agent at high doses may be opposite to the
desired effect.[25, 26] The change in pharmacodynamics
of metronomically dosed vinblastine vs MTD vinblastine
provides a very good example. The dose of vinblastine
used for inhibition of angiogenesis is many folds lower
than the anti-proliferative dose of vinblastine (~6mg/m?).
[29]

The fact that Phase I trials are in general meant to
establish dose-limiting toxicities rather than offer therapy
is something most patients may not be able to appreciate
when a Phase I trial is presented to them as the “last
option”. The chance of cure or even of a positive response
is very small, especially in sifuations where the intended
target is not tested for and may not even be present. While
some early efficacy trials of targeted agents for relapsed
cancers may show some effectiveness,[30] the response is
rarely sustained.

The role of a randomized, double-blind placebo
controlled trial (RCT) is similarly questionable in an
era where precision medicine is available. An RCT is in
principle a comparison of two populations, one with and
the other without the tested agent. Its goal is to find an
agent that would be effective for the largest percentage of
the general population, rather than optimize therapy for an
individual. Because identifying the best treatment for an
individual is so fundamentally different from a treatment
that performs best at the population level, it is highly
unlikely that Phase I1I approaches will be able to capture
the outcomes of targeted therapies in precision medicine.

There is an early level of recognition of the need to
revise the present model of clinical trials. Timely changes
to clinical practice have been suggested by the recent
National Cancer Institute Precision Medicine Initiatives
for the new National Clinical Trials Network,[31] but
most molecular testing continues to be used only as means
to streamline the enrollment in clinical trials. In order to
accommodate the n = 1 trial model, early discussions
have been initiated about creation of a “cancer knowledge
network”,[10] where information from the numerous
case studies of truly individualized cancer treatments
could be shared and evaluated. A case in point is the
early effort to collect data from patients using targeted
therapies in the NCI-Molecular Analysis for Therapy
Choice (NCI-MATCH) Trial. In this trial, which opened
in August 2015, analyzes patients’ tumors to determine
whether they contain genetic abnormalities for which a
targeted drug exists (that is, “actionable mutations™) and
assigns the patient to a clinical trial based on one of the
detected abnormalities. While the trial will make some

data available, its limitation lies in its traditional trial
design. The trial suffers from two shortcomings; one, it
is likely that of the hundreds of patients tested, only very
few will find a matching clinical trial, and two, even
though the tumor tissues will be analyzed for more than
4,000 different variants across 143 genes, patients with
more than one genomic abnormality will still be enrolled
on a single agent therapy trial, ignoring the actual tumor
biology. This approach does not change the paradigm,
as it does not address the complexity of tumor biology,
heterogeneity and especially not the need for pathway
analysis in cancer therapy.

A special problem in clinical studies is the
current practice to include at first instance only relapsed
and refractory patients. As mentioned, malignant
cell proliferation is under control of the primary
oncogenic event, but secondary (acquired) changes may
independently control further malignant cell proliferation.
The chance that analysis of tumors in newly diagnosed
patients may elucidate the basic oncogenic driver(s) and
the respective pathway(s) is much more likely. In this
respect, newly diagnosed patients with cancers where the
prognosis is poor should be considered for individualized
therapies before resorting to the present standards. In
children with poor prognosis disease, a well designed
up-front window therapy, would clarify response to
biological agent(s) more clearly. Examples where these
studies should be considered are children with metastatic
sarcoma, brain tumors or neuroblastoma where up 80%
of children die despite elaborate standard chemotherapy
and radiation protocols. To identify the basic oncogenic
driver(s), all newly diagnosed malignancies would need
additional molecular analysis as mentioned below.

A POTENTIAL SOLUTION

To remedy the difficulty of collecting individual
case study data we propose formation of consortium(s) of
pediatric and adult institutions providing a standardized
approach to selection of targets aided by computer
assisted information processing and facilitated through
an online tumor board review. The outcomes of the
individual cases within the consortium(s) can then be
pooled, evaluated, and used to inform selection of targets
for future patients in real time (Figure 2). It is unlikely
that all collaborative groups will be able to use the same
tissue biomarker analysis outside a collaborative clinical
trial. Only a collaborative, synchronized evaluation can
lead to the meticulous collection and sharing of the DNA/
RNA/Protein tissue analysis, that can lead to standardized
selection of targets and therapeutic agent combinations,
and where meticulous collection of the respective
outcomes can be done.

The approach of this consortium has some
similarities to the efforts extended by the ECOG-ACRIN

www.impactjournals.com/oncotarget

46817

Oncotarget



Cancer Research Group, NMTRC, SWOG, Alliance
for Clinical Trials in Oncology, NRG Oncology Group
and the multiple sites participating in the NCI National
Clinical Trial Network for establishing the MATCH
trial. But it differs, in its use of using bio-marker driven,
molecularly-targeted metronomic combination therapy.
The consortium(s) stresses the use of a multi-target,
multi-modality approach rather than enrollment on single
agent trials. The hope is that sufficient amount of data
will be accumulated to provide the necessary evidence
to inspire other organizations to extend the examination
of tumor tissue to include genomic, proteomic and
metabolomics examination of the host as well as of the
tumor, and promote individualized cancer therapies.
Because only a very small number of patients is going to
have overlapping molecular alterations and as such require
the same combination of agents, traditional population-
based statistical approaches comparing two disparately
treated groups may not be applicable, and novel statistical
approaches using predictive models of cancer growth are
going to be needed. The data from all individual patients
treated by a precision medicine approach will be stored in
a single de-identified database to be shared not only with
the consortium members but also with other clinicians and
researchers interested in using targeted approaches.

The additional benefit of sharing information
of these N = 1 trials is going to be learning about the
changed pharmacokinetics as combinations of different
agents are being used. Pharmacokinetic studies are an
integral part of present Phasel/IV clinical trial structure.
If we remove this resource, alternative experimental
procedures that would allow for establishing clearance and
biodistribution of these biologic agents will be needed. We
will need to provide the clinicians with means to be able
to quickly identify the key factors that govern absorption,
distribution, metabolism, and excretion of the individual
biologics, [32] the pharmacogenomics, [33], as well as the
effect of using combinations of agents. Consideration will
need to be given to developing new intelligence-enabled
tools for quick dose adjustments if more than one cyp3a4
or other members of the cytochrome P450 family involved
in drug metabolism, are being used in the therapeutic
regimen.

The information collected would, in addition to
traditional outcome measures such as survival, response,
and toxicities, include information about quality of life and
health care costs. The outcome database could thus be used
to not only inform future selection of therapeutic agents
and their combinations based on response, survival and
toxicities, but also aid in formulating fiscally responsible
clinical strategies based on cost-effectiveness models.[13]

THE NEED TO PROVIDE AND
INTERPRET LARGE AMOUNTS OF DATA
WHILE MAINTAINING EXCELLENT
DATA INTEGRITY

However brilliant the physician may be, there is no
way he/she is going to remember the millions of possible
genetic variants and what each of those variants may
mean for the individual patient. Moreover, given our
continuously evolving understanding of the genomics,
proteomics, metabolomics and other characteristics of
tumor growth, it is unrealistic to expect any individual to
remain current and on top of new discoveries. Invariably,
in order for physicians to access and make use of the vast
and constantly emerging information, she/he will need to
use a variety of computational tools, and have access to
a well-maintained computational support infrastructure.
While initially, the focus of this computational
infrastructure may be on tumor genomic signatures, and
on genomic backgrounds of the hosts, it should eventually
incorporate for a true personalized medicine application
all of the patient’s medical history, family history, dietary
history, and exercise/activity information.

To implement precision medicine — and incorporate
individual differences in genomic make-up and individual
biological characteristics into treatment decisions — we
will require the development and easy access to large-
scale genomic, proteomic, biologic and health information
databases. While some protein-protein interaction (PPI)
networks are already publicly available on the Internet,

# Genomic analysis |- -
P S Computs ted complex
Referralofa | > sociotechnical systems
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NN Histology and ~ /
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/

//
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evaluation pathway-based molecularly-
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Tumor Board Review,

bio-marker driven,
molecularly targeted
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Figure 2: Pathway to combination targeted therapy
design. The ability to evaluate outcomes of combination targeted
therapies is dependent on the ability to standardize selection of
therapeutic targets and low-dose metronomic backbones. The
diagnosis of patient’s molecular profile should be based not
only on the genomic analysis of the patient’s and the patient, but
also on detecting the target proteins and their activation in the
tissues. In order to incorporate, and consolidate the vast amount
of information computer-assisted complex sociotechnical
systems need to be employed to provide tumor boards with up-
to-date information about the best molecular targets. Finally, to
continuously improve the quality of the information provided
to tumor boards, Al should be used to inform future decisions.
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they are, at least at present, mostly complex interaction
maps developed by academic biologists over the last 50
years. Of concern is that because they are maintained by
academic institutions with varied levels of funding, they
may be of varied levels of information integrity, and of
different ability to integrate emerging information or
to provide for any corrections/additions driven by new
information. Due to the clear and potentially immediate
impact precision medicine can exert on cancer therapies
much of the information in these databases are dedicated
to oncology. However, the long term goal should be to
generate a broad ranging source of information about
diseased and physiologic states that would be useable for
general medical purposes.

A POTENTIAL SOLUTION

To address the difficulty accessing, curating and
interpreting large data, a clinician-relevant computer
assisted search of available information of the publicly
available databases needs to be created. While more
information than ever is available to the clinician, the
information is not only overwhelming, it is also dispersed
across varied and copious sources, few of which are
geared to clinical applications. Automated systems that
can trawl, collect and align available relevant information
and provide assistive interpretations for clinicians would
significantly alleviate this problem. We can begin by
accessing available information in publicly available
academically or National Institute of Health curated
databases and incorporate cancer knowledge networks
as they become available. Such augmented human
intelligence can improve the ability of an institutional
tumor board to understand and interpret all of the available
gamut of molecular information and remaining current on
published medical information.

The computerized system, containing a variety of
artificial intelligence technologies can integrate a wide
variety of information and apply an “understanding”
of cancer biology in order to guide a tumor board in
designing the most effective therapy for each of its unique
patients. The system can do so by incorporating and
cross-referencing information from multiple modalities,
integrating this information in a clinical oncology
context, and providing mathematical analysis of molecular
pathways relevant to the patient’s specific (identified)
molecular changes. The information incorporated into this
stream can come not only from traditional academically
curated databases, but also from medical and popular
scientific literature sources, public media as well as health/
fitness tracking databases as recovered through social
media. The information relevant to the individual patient
can therefore superimposed onto a consolidated and highly
cross-referenced informational stream providing the safest
avenue for using the most up-to-date and continuously
extended by emerging information.

THE NEED TO DEVELOP NOVEL
MATHEMATICAL APPROACHES
FOR ESTABLISHING HIERARCHY
OF GENOMIC ALTERATIONS IN
INDIVIDUAL TUMOR SAMPLES

While the advent of genomic testing - whether by a
panel of genes or the entire genome - offers tremendous
potential in clinical decision-making. There is presently
a dearth of choices in ways to interpret and apply the
information to the clinic. Scientists and clinicians are
besieged with methods for differentiating between
driver genes and passenger genes, realizing that not all
gene alterations detected in cancer tissues are of equal
importance. The conservative approach has been to use
an expert-approved panel of candidate oncogenes and
tumor suppressor genes in clinical testing. However,
most candidate gene panels test only for gene alterations
well documented in the literature and other authoritative
sources. Those targets are ‘assumed’ by experts to be
necessary for cancer progression based on the fact
that some of these candidate genes have been around
for decades. They may be considered universal driver
genes just by virtue of our familiarity with them and
their commonness. While these candidate approaches
help alleviate the information glut, they are based on
insufficient information given our relative paucity and
incomplete knowledge about the role genetic mutations
may play in the host, in tumor specific host tissues, and/
or in cancer biology. While BRAFY®F and BRAFV6¥
mutations are established driver genes for neuroectodermal
tumors such as melanoma, the use of BRAF fusions, and
non BRAFY®E or non BRAFVY®X gene alterations in
gliomas will have to be established.[24, 34]

To use and organize the continuously emerging and
heterogeneous information being deposited into genomic
(The Cancer Genome Atlas, TCGA; Gene Expression
Omnibus, GEO; the NCI’s Database of Genomic Structural
Variation; dbVar etc), proteomic (UniProt, Swiss-Prot end
may others), and metabolomics (Kyoto Encyclopedia of
Genes and Genomes, KEGG; and other) databases, as well
as the concerted effort to identify and catalog genomic
vulnerabilities across hundreds of cancer cell lines (Broad
Institute’s Project Achilles), new computational tools for
repeated and potentially automated analysis of large data
sets need to be developed.

A POTENTIAL SOLUTION

The impetus lies in improving the ability to select
the most appropriate therapeutic target(s) for a particular
patient. This necessitates development of novel approaches
for large genomic or proteomic data analysis through
multidisciplinary collaborations between mathematicians,
physicists,  statisticians, pharmacists, physicians,
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bioinformaticians, artificial intelligence developers,
biologists and software developers. The trans disciplinary
process is mandatory in order to cover the end-to-end
process, from cancer diagnosis, to testing for genomic
alterations, to selecting appropriate targets, to analyzing
pathways involved in cancer progression, to the design
and administration of therapies. The motivation should
be improving the ability to select the most appropriate
therapeutic target(s) for a particular patient.

There are two approaches to this. The first is
more established and uses high-throughput statistical
analysis (bioinformatics) of genomic data such as mRNA
transcriptomes or RNA Seq from tumors of a population
of patients with the same disease.[35-39] This approach
provides the means to identify the most frequent genetic
alterations in a population. The alternative approach
applies novel mathematical and physical methods to
determine how the individual patient compares to the
genomic information derived from the population studies.
[40, 41] While it is expected that both approaches will
merge in the not too distant future, they remain distinct at
present and exist in two separate solitudes. Yet, in order
to base a treatment decision on the unique molecular
signature of the patient’s tumor, an a priori resolution of
the detected molecular alterations using both methods is
an absolute starting point for the process.

One previously described novel physical method
for prioritization of targets applies a thermodynamic
interpretation to gene expression, and then uses a
topological filter to identify a set of potential therapeutic
targets by their predicted effect on survival.[42, 43]
The method makes use of publically available protein-
protein interaction networks (PPI networks). These
PPIs are online repositories of interaction datasets
compiled by international teams of academicians and
researchers, and comprehensively curated into networks
akin to telecommunication or social network maps. The
thermodynamic entropy method considers these PPI
networks a closed system where all interactions tend to
equilibrium, and where entropy is a measure of the PPI
network disorder. Because degree entropy of PPI networks
for different cancers, correlates with likelihood of survival
of patients with this cancer,[43] one can calculate the
effect of eliminating a specific target (or eliminating
multiple targets). This approach has demonstrated
promising results, and points to the benefits arising from
incorporating multidisciplinary perspectives to cancer
models.

Another previously described method performs
a pan-cancer analysis of mutated networks.[44] This
unbiased and open-ended analysis had revealed 16
significantly mutated subnetworks that were not
previously thought to play significant role in cancer, and
demonstrated that rare combinations of mutations, across
multiple PPI networks may provide new insights and
new opportunities for diagnostics and therapeutics across

cancer types.

The PPI approach can be used in a number of ways.
For instance, one can overlay transcriptional data from a
single patient onto a PPI network, or a data set from The
Cancer Genome Atlas (TCGA). As an example of the later,
TCGA transcription data from a population of patients
with glioblastoma multiforme (GBM) was overlaid on
the BioGrid PPI network. The current Biogrid Index[45,
46] version 3.3.124 (http://thebiogrid.org/), holds more
than 820,000 protein interactions derived from high-
throughput datasets, individual focused experiments,
and from over 44,000 publications. The types of protein-
protein interactions include actual chemical bonding, or
temporary bonds known as secondary bonding, and the
concentration of the specific proteins dictates the degree
of interaction. If a protein is in limited supply, it is said
to have low chemical potential, and if it is abundant, it is
said to have high chemical potential. Thus, using protein
concentration, we can calculate the chemical potential
of each protein in the network (i.e. Gibbs free energy),
compute a topological measure known as filtration
threshold (an energy threshold), and “filter out” the most
energetic subnetworks from the larger network and try to
reduce complexity of these subnetworks by inhibiting each
protein in turn. Using this strategy, the “best therapeutic
targets” are those that, when inhibited, most effectively
reduce the complexity of a PPI network.

As an alternative, one can superimpose patient-
specific tumor mRNA transcription data (a surrogate for
protein concentration) onto BioGrid, calculate Gibbs free
energy for all proteins in the network, and identify those
nodes with most effect on entropy. Many of these nodes
may not have been identified in the specific tumor type.
For example, BRACAL, an accepted therapeutic target in
breast or ovarian cancer, was identified as best therapeutic
target for 41 out of 342 glioblastoma multiforme (GBM)
patients in TCGA,[47] even though the importance of its
overexpression in GBM is unknown. Similarly SIN3 was
important in 38 of the 342 GBM patients in TCGA, and
SIN3 turns out to be a member of a regulatory complex
in the biology of glioblastoma.[48] A total of 46 unique
targets were identified using GBM transcription data from
342 patients with glioma available in TCGA.

The complex sociotechnical system[49] considered
here should be designed to work with as much genetic,
proteomic and biologic information as available, and
involve as many fields of expertise as possible. It
should be noted, that even though it is being designed
for maximum efficacy in cancer (both solid tumors and
leukemias/lymphomas), it can be broadened to cardiology,
inflammatory bowel disease and other medical specialties
as genomic information in these fields emerges. It is
able to use full transcription information from the tumor
tissue; subtractive transcription information of tumor
tissue and patient normal tissue; proteomic analysis of the
same; phosphorylation maps, methylation arrays etc. At
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a minimum, it requires genetic information in the form
of gene expression (transcription) microarrays or a panel
of genes. Its strength lies in being able to continuously
incorporate new information, as well as new mathematical
and thermodynamic methods for therapeutic target
prediction.

THE NEED TO PROVIDE COMBINATION
THERAPIES BASED ON PATHWAY
ANALYSIS

Treatment decisions are, at least in present oncology
practice, made on the basis of histological diagnosis, site of
tumor origin (breast, lung, prostate etc), and the familiarity
of the oncologist with a therapeutic agent. Despite the
documented genetic and biological differences in even
histologically identical site-specific cancer types,[8]
most first line therapies do not diverge from the National
Comprehensive Cancer Network (NCCN) Guidelines
for Treatment of Cancer and national guidelines in other
countries by site. They do not incorporate RNA/DNA
sequence, transcription or protein expression information.
Despite the evidence that molecular signatures of
seemingly diverse and distinct cancers (lung squamous,
head and neck, and a subset of bladder cancers) can
coalesce into a common, site-independent molecular
subtype,[50] most patients are still treated according to
cancer site specific protocols. If considered, new treatment
modalities are used only in second or later line of therapy,
when additional molecular changes may have been added
to the cancer initiating event adding to the complexity of
controlling cancer growth.

It is encouraging, however, that more and more
oncologists are looking for safe and rational ways to
incorporate genomic and biological information into first
line therapies and individualize treatment protocols. This
is especially true for oncologists treating patients with
poor prognoses cancers such as sarcomas or brain tumors.
But the approaches differ widely. The phrase “precision
medicine” or “targeted therapies” are employed to describe
a wide range of approaches in clinical oncology such as:

1. Targeted therapies used because a specific,
single molecule is presumed to be present on the basis of
previously published data (populational approach).

2. Therapies where, based on the histology of the
tumor, a specific molecular target is looked for, identified
and, if the mutation is present, treated as part of a single
agent trial (a candidate target approach).

3. Targeted therapies that test for a panel of
candidate molecules (usually an expert established panel
of genes), but where a single target, selected either on
the basis of its availability in a clinical trial, or on the
availability of an FDA approved drug, is used (a panel of
candidate targets approach).

4. Therapies that test the entire genome or
transcriptome of the tumor and/or of the patient, but where

a single molecular target is selected and treated.

5. Therapies that test the entire transcriptome and/or
proteome and/or exome (note that the candidate approach
is a subset of the full exome), a combination of molecular
targets according to the ‘pathway activation strategy’ is
selected, and all targets contributing to tumor progression
are treated (the position of the authors).

It should be stressed, that using targeted agents
in absence of testing for molecular alterations may be
detrimental.[12] A recent comparison of outcomes of
patients treated with targeted agents without testing
the tumor tissues for targets (i.e. non-personalized
targeted therapies) was associated with significantly
poorer outcomes than even traditional cytotoxic agents
approaches.[12]. The same comprehensive analysis
of phase II, single-agent arms revealed that, across
malignancies, a personalized strategy was an independent
predictor of better outcomes and fewer toxic deaths[12]
Similarly, using strategies that do not use combination
therapies and thus do not inhibit the majority of molecular
pathways contributing to tumor progression (the single
agent approach) also provide no benefit.[51] The
SHIVA prospective randomized trial[51-53] compared
a personalized approach with conventional therapy in
relapsed refractory adult solid tumors. This was a single-
agent treatment enrolling patients on the basis of limited
molecular profiling of known targetable pathways, and
it was not surprising that there was no difference in
progression-free survival between the molecular alteration
based therapy and conventional treatment. There may be
more than one reason for the reduced efficacy of a single
agent approach. There is a high likelihood of missing
some important targets due to limited molecular profiling,
and there is a high likelihood of treatment resistance due
to alternative pathways with single agent approach. The
use of several molecularly targeted agents in combination
with low dose chemotherapy based on comprehensive
analysis of individual tumor biology is an appealing way
to counteract this type of treatment resistance.

The incorporation of tumor molecular signatures
information into clinical practice has not been easy,
and for most physicians the most acceptable manner
of using tumor molecular signature information is
to screen for commonly occurring alterations and to
enroll the patient on a clinical trial using the particular
inhibitor. While this may be a practical and rational
solution, the approach is inadequate for patients with
complex genomic signatures consisting of more than
one gene alteration. With the exception of chronic
myeloid leukemia (CML), gastrointestinal stromal tumor
(GIST), dermatofibrosarcoma protruberans (DFSP),
or other similarly rare cancers, single mutations rarely
account for the complexity of cancer biology, or for
the secondary gene activation(s) caused by alterations
within the tumor microenvironment. The protection of
cells from xenobiotic such as cytotoxic agents do not
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require a mutation, commonly an increased expression
(or activation) of molecular pathways already encoded in
the genome is sufficient for emergence of resistant clone.
As such targeting a single gene alterations is unlikely to
be effective in most tumors. As one pathway is inhibited,
an alternate pathway is activated or additional genomic
alterations are acquired.

A good example is provided in targeted treatment
of melanoma using monotherapy. Treatment with either
vemurafenib (BRAF inhibitor) or trametinib (MEK
inhibitor) alone can lead to excellent, but invariably short-
lasting responses [54, 55] due to feedback activation
of other pathways.[56-58] Because most oncogenic
changes tend to hijack physiologic host responses such
as inflammation, nullify other host defense mechanisms
such as immune surveillance, and/or re-activate dormant
developmental pathways for angiogenesis, immune
evasion, and growth — the feedback loops are endless.
Because oncogenic BRAFV®E can lead to melanoma
cancer cell immune evasion,[59] and the reversal of this
evasion by addition of PD1 or CTLA4 immunologic
therapies has been shown to provide additional benefit
to BRAF inhibition alone. The combination of immune
checkpoint inhibitors and BRAF-targeted agents
in melanoma suggests a synergistic action of these
otherwise independent therapeutic modalities,[60, 61]
and a much longer response duration. While there may
be a specific genomic signature that corresponds to
immune evasion,[62] the use of combination therapy
using inhibitors of BRAF, MEK and immune checkpoint
inhibitors has caused 2-year survival rates of patients with
metastatic melanoma to rise to 79%.[63]

A POTENTIAL SOLUTION

A potential solution to managing the information
glut and helping the oncologist to provide patients with the
right combination of targeted agents and chemotherapy,
is to enable them to use all of the available information.
While producing complete genomic, proteomic and
metabolomics datasets for each patient is not feasible at
present, it has been possible in some well-funded research
units to access the entire tumor and host transcriptomic
information. The more complete the information provided
for the analysis of the involved pathway(s), the more
complete the therapeutic coverage. Unfortunately, for
most physicians practicing clinical oncology today, the
most feasible option is using a panel of candidate genes,
because this may be covered by the patient’s insurance.
At lease in the US, clinical ‘omic’ testing is restricted to
genomic panels through CLIA certified laboratories. Even
though this approach carries the inherent risk that some
driver genes may not be identified, and thus not included
in therapy, it is a good initiating step towards the future.

The complex sociotechnical system being deployed
by the authors of this manuscript maps the available

molecular information from patients’ tumors onto an
oncology interpretation knowledge base pooled and
cross-referenced from multiple sources, and weighted in
PPI networks according to the unique composition of the
patient’s distinctive molecular signature. The combination
of genetic alterations and mutational variants are matched
to a series of filtered (see above) PPI subnetworks
corresponding to biologic pathways relevant to cancer
growth and progression, thus identifying molecular lesions
that can be targeted with therapeutic intent. This complex
sociotechnical system then searches the available literature
and other reliable resources to find therapeutic agents
targeting the identified molecular lesion(s), and minimize
the number of drugs needed to inhibit all pathways within
the identified PPI subnetwork. The system also considers
the topology and interaction of each of the identified
anomalous pathways in order to use the minimum possible
drugs, and still achieve the same therapeutic result. in
situations where specific genomic alterations may confer
an a priori resistance to a therapeutic agent,[64, 65] the
agent is eliminated.

Roughly similar to the current use of Artificial
Intelligence technologies deployed in recommending
movies on the basis of our previous choices, likes or
dislikes, one of the Al components in this system records
and documents the selection of targets, the treatment
protocols and the respective outcomes in order to inform
future therapeutic selections. More specifically, as
oncologists and other experts on the tumor board introduce
novel evidence for, or arguments against a therapeutic
choice provided by the system, the information is
recorded and used to refine future pathway analyses. The
hope is that genomic/proteomic information will become
affordable and we will include the genomic/proteomic
analysis as a standard component of the electronic medical
record. In turn, as more information from patient’s medical
record is incorporated, we will be able to consider any
co-morbid conditions of the host and filter out harmful
or ineffective drugs from the therapy recommendations
further, resulting in improvement of the safety of our
treatments.

THE NEED TO AVOID COMBINATIONS
WITH MAXIMUM TOLERATED DOSES
OF CHEMOTHERAPY: THE ARGUMENT
FOR LOW DOSE (METRONOMIC)
CHEMOTHERAPY BACKBONE

A commonly employed approach for enhancing
the ability chemotherapy to fight cancer is to use
chemotherapy in combination with a biological agent.
An assumption is made that the inhibitory effect of the
biological agent would be additive to the effect achieved
by traditional chemotherapy or radiation. However,
the use of biologic agents, especially those inhibiting
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host responses (such as angiogenesis or inflammation),
strip the anomalous cells (but also the patient’s normal
cells) of its defense mechanisms such as growth factors
and inflammatory cytokines and lead to sensitization of
all cells to DNA damaging agents such as radiation or
chemotherapy. Because most mechanisms used to protect
cells from xenobiota such as chemotherapy or radiation
tend to activate developmental pathways already encoded
in the genome, inhibition of these pathways increases
toxicities whenever standard (maximum tolerated) doses
of chemotherapy or radiation are used with biological
agents.[60]

In a standard clinical trial, where a standard arm
is compared to standard arm with the biological agent,
the approach greatly disadvantages the intervention arm.
The combination of the biologic agent and high dose
ch