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Komentar

UVOD: Po relativné stabilnim obdobi piichdzi v posledni dvou desetiletich rychly vyvoj
diagnostickych a molekularnich postupti v détské onkologii. Zvlasté 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 tdchto 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
zkouméany v publikovanych pracich. Na Klinice détské onkologie Lékaiské fakulty
Masarykovy univerzity a Fakultni nemocnice Brno bylo v letech 2000-2020 vice projektt,
které se zabyvaly uvedenymi tématy. Pokryvaji spektrum metronomické antiangiogenni
terapie, pouziti tyrozinkindzovych inhibitort v novych indikacich, somatobunécnou terapii
autolognimi dendritickymi buitkami, diagnostiky a terapie invazivnich myko6z 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. Zavedend antiangiogenni metronomicka terapie ma piinos pro pacienty
s vysoce rizikovymi nadory, personalizace 1écby vedla i k neofekdavanym kurativnim
vysledklim, které nebylo mozZné o€ekavat pii pouziti konvencni 1écby. 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 1écebnych postupit mimo
klinickd hodnoceni. Rozvoj somatobunétné terapie je spojen s novymi technologickymi
postupy vyroby dendritické vakciny a se standardizaci priibéhu 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 pfispivaji k dalSimu rozvoji této slibné lécebné metody. Participace na projektech
mezinarodnich akademickych klinickych studii diagnostiky a 1é€by sarkomli meékkych tkani
vedly k velmi cennym vysledkiim ve form¢ standardizace doporucenych lécebnych postupt

u téchto diagnoz, k prokézani u¢innosti udrzovaci 1écby u rabdomyosarkomu jako prvni takovy



dikaz u solidnich tumort, knové stratifikaci 1é€by u alveolarnich rabdomyosarkomu
s postizenim lymfatickych uzlin a k dosud nejlepsim 1é¢ebnym vysledktim u extrakranialnich

malignich rabdoidnich tumort.

ZAVER: V publikovanych pracich jsou shrnuty recentni vysledky rozvoje diagnostickych
metod a [é¢by u malignit détského vEku se zaméfenim na vysoce rizikové pacienty bez moznosti
konvencni 1é¢by 1 standardizace 1éCebnych postupii u invazivnich myko6z a sarkomi 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 Ié€ebné postupy u vysoce rizikovych malignit
détského véku

1.1 Uvod

Lécebné vysledky jsou u malignit détského veku jako celku velmi dobré. Kurativni
postupy vedou k trvalému vyléceni u vice nez 80 % détskych pacientil, byt za cenu jisté miry
pozdnich nasledkt, které si s sebou pacienti do Zivota odnasi. Existuji ovSem velké rozdily
v preziti malignity mezi jednotlivymi diagnostickymi skupinami, které pii celkovém hodnoceni
malignit détského veéku jako celku nejsou, z diivodu rozdilné incidence, na prvni pohled patrné:
ve skupiné akutnich lymfoblastickych leukémii, Wilmsovych nddord, germindlnich nadort,
nizce rizikovych sarkomi se GspéSnost 1écby blizi 90 %. Naopak gliomy mozkového kmene,
glioblastomy, metastatické sarkomy skeletu a mékkych tkani nebo relabované Burkittovy
lymfomy jsou léCitelné v malém procentu piipadi s medidnem pteziti do Sesti mésicii. Prave
tato skupina malignit je pfedmétem zajmu inovativnich 1é€ebnych postupti. V poslednich letech
vyznamnym zpusobem pokrocCilo poznani biologie naddorovych onemocnéni, které vedlo k
identifikaci charakteristickych znakt (,,hallmarks®) nadort, poskytujicich nadorové bunce a
tkani ristovou vyhodu. Tyto aberace se v poslednich letech snazime 1é¢ebné ovliviiovat, a to
tak, Ze peclivé vySetfenym pacientim je nabizena terapie na zdklad¢é ptitomnosti ¢i

nepiitomnosti ur¢itych aberaci ¢i biomarkeri.

1.2 Personalizovana onkologie

Zakladni premisou personalizované onkologie je, Ze kazdy nador je biologicky unikatni a v ¢ase
se miize 1 velmi vyznamné méenit. Mnozstvi poznatkli o biologii nadord, jejich genetickém
pozadi, imunologickych aspektech jejich vzniku a moZnostech terapie rychle narGsta. Je
pravdépodobné, Ze tradi¢ni velké, tisicihlavé randomizované prospektivni studie budou casto
obsoletni diive, nez budou samy dokonceny. Toto je v ptipade 1é€by sarkomi zndmo u mnoha
»hadéjnych* kindzovych inhibitori, jako napf. recentné u olaratumabu. Klasicka paradigmata
klinického vyzkumu v onkologii za¢inaji respektovat realitu, dokumentovanou obrovskou

genetickou a epigenetickou heterogenitou morfologicky podobné vypadajicich procest. Tyto
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informace diive nebyly k dispozici. Dnes reflektujeme individudlni variabilitu hostitele, tedy
nositele nddorového onemocnéni, a tim potfebu indikovat pacientovi v podstaté ,,lécbu na
miru“, nez abychom se drzeli piekonané¢ho pfistupu ,,one size fits all“ a monoterapii.
Jednozna¢nym divodem je snaha podavat spravné Iéky ve spravnych kombinacich, ve spravny
Cas a spravnému pacientovi. Tato strategie se musi opirat o komplexni biologickou analyzu
nadorové tkdn€, musi byt doplnéna o detailni informace o hostiteli, napt. o genotypizaci
a fenotypizaci enzymd, ale také o mikrobiomu pacienta, ktery se zda byt velmi dilezity napf.
pro odpovéd pacientli na protinadorovou imunoterapii. Vysledky fady studii naznacuji, ze
cilen¢ — ,targeted* — terapie 1épe funguji na ¢asné faze nadorového onemocnéni, jak ukazuje
priklad obrovské efektivity inhibitorti ber/abl u nové diagnostikované chronické myeloidni
leukémie. A tim je vysoka pravdépodobnost selhani identické terapie, pokud je u stejné nemoci
podavana v pozdnich fazich. I pies tuto zkuSenost je v oblasti solidnich nadorti déti i dospélych
cilend 1écba pacientim casto nabizena az v pozdnich, pokro€ilych fazich onemocnéni, a
vétsSinou je piinos takové terapie velmi problematicky, ne-li viibec zadny. Imunoterapie, na
rozdil od cilené terapie, mize byt efektivni i u nékterych pacientti s pokro¢ilym onemocnénim,

tedy Casto s vyS$i mutacni nalozi.

Dalsi velmi problematickou oblasti je také davkovani a na¢asovani podani cilenych 1€ka. V fadé
ptipadut se firmy stale drzi konceptu maximalné tolerované davky, i kdyz napt. davka potfebna
k zastaveni fosforylace pfislusné signalni dréhy je mnohdy jen zlomkem davky cytotoxické.
Prili§ vysoka davka pak vede k vyznamné toxicité novych 1€ki, 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-
ozogamycinu, ktery se testoval jiZ na pfelomu tisicileti, a po dlouhé pfetrZce se vraci na scénu
jen ve vyznamné redukovanych, a tedy lépe tolerovanych davkach. Darwinistické vniméni
procest resistence je sice v medicing 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 sou¢asné i pacientovi) vyhodu
zvazovat a realizovat 1écbu alesponi jeden tah kuptedu. Zajimavym konceptem by zde mohlo
byt naptiklad vyuziti tzv. ,liquid biopsies, kdy je moZno pomoci sekvenovani nové generace
detekovat cirkulujici nadorovou DNA, a takto dfive detekovat objeveni se nové, resistentni
mutace ¢i klonalni evoluce — a tedy néstup resistence k podavané terapii. Identifikace klinicky

relevantnich informaci pomoci sofistikovanych molekularné genetickych metod (napt. NGS,
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vcetné ,,ultra deep* sekvenovani) z periferni krve ¢i mozkomiSniho moku miize v ne€kterych
ptipadech nahradit rizikové, ¢i tfeba zcela nedostupné biopsie z nddorové tkdn¢ a mlize pomoci

ve sledovani i klonélni evoluce zpocatku minoritnich klonii v priitbéhu casu.

1.3 Klinicka hodnoceni novych l1é€iv v détské onkologii

Filozofie pfistupu k inovativnim lé¢ebnym postuptim jsou prakticky dvé. Na jedné strané
klasicky model monoterapie novym lécivem s vyhodnocenim preklinickych experimentd, poté
klinickych fazi I-III s vyhodnocenim toxicity, popisem farmakologickych vlastnosti
a lécebnych odpovédi. 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 uc¢innost 1écby monoterapii. 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. Zatimco v pocatcich klinické onkologie bylo toto testovani zakladem kurativnich
postupt s pouzitim cytostatické 1écby, ktera v détské onkologii zistava nadale dominantni
a vedla k prikopnickym pracim, na jejichz zédkladé byla chemoterapie v klinické onkologii
vybudovéna i pro malignity dospélého véku, v posledni dekadé€ je patrny posun opaénym
smérem, kdy zkuSenosti u malignit dospe€lého veéku jsou rychle pfenaSeny do onkologie détskeé.
Ptikladem jsou rychle rostouci zkusSenosti s imunoterapii ,,check-point* inhibitory, u nichz se
velmi rychle rozsifuji indikace u nadori typickych pro dospély vék, ale velmi pomalu se
ziskavaji zkuSenosti u naddorG détského véku. Jednou z mdla vyjimek je pouziti principu
CAR-T bunécné terapie, ktera vznikla jako vysledek akademického vyzkumu v Détské
nemocnici ve Filadelfii ve Spojenych statech americkych. Metodologie popula¢niho testovani
je postavena na klasické statistické analyze. Druhym pfistupem je kombinované 1é¢ba, kdy je
pfedmétem zkoumdni ucinnost dosavadnich postupli s pfidanim nového lé€iva. V détské
onkologii probihd v poslednich letech testovani velkého poctu tyrozinkinazovych inhibitord,
které jsou pridany ke stavajici chemoterapii. Tento postup vede ziidka k uspéchu, nebot’ je
zatizen znacnou toxicitou. To je z vétsi ¢asti dano nastavenim chemoterapeutickych 1é¢ebnych
schémat, tedy poddvanim maximaln¢ tolerovanych davek, kdy pfidani dalSiho 1éciva, 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-of-1 trial“ metodologie analyzy, ktera pocita s historii
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1é¢by pacienta jako s hodnocenou proménnou, a je mozné diky ni zjistit, zda ma pouziti lécebné
intervence piinos pro jednotlivého pacienta, na rozdil od populacnich analyz, které¢ urcuji

benefit pro skupinu pacienti.

1.4 Nové metody ziskavani dat v personalizované onkologii

Vyznamnym faktorem, ktery komplikuje dal§i zlepSovani 1éCebnych vysledki v détské
onkologii, je orientace vétSiny klinickych studii na samotné 1é¢ivo, predevSim s cilem jeho
registrace, coz je pochopitelné u farmaceutickych spolecnosti, ale mén¢ to jiz reflektuje
opravnéné zajmy konkrétniho pacienta. Pacient je tak hledan pro potieby studie, a daleko méné
Casto mifi studie ¢i 1é¢iva za pacientem. Prave zlepSeni pteziti, nejen 1é€ebnych odpovédi, bude
vyzadovat mnohem vét§i dynamic¢nost a modulace 1é¢by podle ménici se biologie nadoru,
optimaln¢ jesté pred prirozenym nastupem resistence. To vSak bude samoziejmé vyzadovat
také zméeny soucasného regulacniho kontextu a charakteru klinickych studii smérem k tzv. ,,N-
of-1 trials*. Pfi této metodologii, na rozdil od stdvajiciho populaéniho piistupu, je kazdy pacient
sdm sob¢ opakované v case kontrolou, jako naptiklad pfi sledovani krevniho tlaku u
individualniho pacienta (,,single patient trials*). Na stejném principu je zaloZena i tvorba
individualniho biologického profilu (pasu) u vrcholovych sportovci. 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 pfeziti u pacienta na personalizované 1écbé vyznamné delsi
nebo srovnatelné a s lepsi kvalitou Zivota neZ pii predchozim pouZiti standardni (populacni)
1é¢by, pak to Ize povazovat za podporu takového pfistupu. Je nutno zduraznit, Ze zde neni
hlavnim testovanym ptredmétem urcity 1€k, ale hlavnim testovanym prvkem je pravé pfistup.
Tedy to, zda komplexni molekulérni charakterizace naddoru a jeho hostitele, a v ptipad¢ potieby
1 opakovana, je tou spravnou cestou. Tento piistup vSak zatim jen obtizn¢ hleda uplatnéni
v ramci dosud velmi rigidné nastavenych systémt regulaci a thrad 1é¢ivych ptipravka, tak aby
systém, ktery byl historicky nastaven s cilem ochrafiovat pacienty, nebyl dnes spiSe piekazkou,

bréanici efektivni terapii respektujici individualitu pacienta a jeho nemoci.

Dalsi moznosti, jak zlepSit Sanci pacientl dostat se ke spravné 1écbé, je veétsi vyuzivani
klinickych a laboratornich dat generovanych v redlném klinickém provozu. V ramci klinickych

studii je 1éceno méné nez 5 % onkologicky nemocnych, tedy je zde obrovska populace pacientt,
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ktefi do klinickych studii zatazovani nejsou. Obrovskou, a dosud jen méalo vyuzivanou
prilezitosti je vyuzit riizné, ale dobfe a fadné vedené registry, které mohou poskytovat nesmirné
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

pacientl, kde klasické randomizované studie nejsou realné.

Zcela zésadni jsou v této souvislosti dostate¢né spolehlivé biomarkery, které¢ by mély zahrnovat
optimélné multiomicky pfistup. Ani tehdy, kdy nenachazime cilitelnou mutaci na trovni DNA,
to neznamena, ze zadna genova aktivace ptitomna neni. Napiiklad gliomy jsou velmi nachylné
k reaktivaci vyvojovych signalnich drah i bez mutaci na irovni DNA. Stejné tak, imunitni Gnik
nadoru (,,immune evasion) a angiogenese nenastava na urovni DNA, a tedy biomarkery
opirajici se vyhradné o aberace na urovni DNA, vcetn¢ stavajicich komeréné dostupnych

panell, zde mohou selhavat.

Je proto zapotiebi zvazovat inkorporaci biomarkeri na urovnich RNA, proteind, jejich
fosforylace, vCetné stanoveni mutani ndloze a muta¢niho podpisu nadoru (,,mutational
signature®), a to vSe v kontextu velmi peclivé zhodnocené¢ho nadorového mikroprostiedi

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

Postupem casu a se ziskdvanim relevantnich diikazii se z inovativnich 1écebnych piistupi
stavaji standardni 1é€by. NiZe je diskutovan potencial jednotlivych 1é€ebnych modalit, z nichz
nékteré jiz miZzeme v dospé€lé onkologii povaZovat za dnes standardni, nicméné data pro jejich
pouziti v détské onkologii chybi, jsou limitovand nebo nekonkluzivni. Ve svétle vySe
uvedeného se ¢eka na nové metodologické piistupy u ,,ultra orphan diseases™ a pomalu se

ukazujici ditkazy i v malych souborech fazi I a II klinickych hodnoceni.

1.5 ,,Drug repurposing*

Princip zndmy také jako ,,drug repositioning®. Jde o nalezeni nové indikace k podani 1éciva,
které bylo piivodné schvaleno k pouziti u jiného onemocnéni. V klinické onkologii je jednim
z nejznaméjsich valproova kyselina, valproat uzivany 50 let jako antiepileptikum. Byla zjisténa
jeho schopnost inhibice histondeacetylaz, coz ovlivituje expresi genti ovliviiujicich bunéény

cyklus, diferenciaci a apoptdzu i protinddorovou imunitu. Na jedné strané je z in- vitro studii
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znam, ze valproat na bunécné urovni indukuje diferenciaci T-regulacnich lymfocytt, které maji
imunosupresivni ucinek, vyuzitelny napft. pfi autoimunitnich onemocnénich, na druhou stranu
existuje klinickd evidence o jeho G¢inku na remodelaci chromatinu. Valproova kyselina pfimo
inhibuje histondeacetylazy (HDACs). Histony jsou v soucasnosti povazovany z dulezité aktéry
epigenetické regulace prostfednictvim kovalentnich modifickaci na jejich N-terminélnich
koncich, které jsou na povrchu nukleosomu, coz jim umoziuje 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 piistup
k transkripnim faktorim a regulacnim proteiniim, které modifikuji proces aktivace nebo
deaktivace gentli, aniz by byl zménén genotyp. Valproat indukuje epigenetickou inhibici
HDAC S, ¢imz ptispiva k vyssi acetylaci histon H2, H3 a H4, které modifikuji expresi gent
asociovanych s apoptézou, bunénym cyklem, bunécnou diferenciaci a protinddorovou
obranou. Metabolomicky efekt valproatu byl prokédzdn u AML, kdy jeho podani s nizce
davkovanou chemoterapii antimetabolity vedl ke zméné metaboliti aminokyselin a mastnych
kyselin v séru. Recentné jsou publikovany prace, které prokazuji, Ze podani valproatu je také
spojeno se stimulaci mechanismli bunééné¢ imunity podminéné protilditkami, tzv. ADCP
a ADCC mechanismy. Toho lze vyuzit pfi konkomitantim podavani s cilenymi protilatkami

jako je anti HER-2 trastuzumab, anti VEGF bevacizumab a dalsi.

1.6 Leécebné modality

1.6.1 Tyrozinkinazové inhibitory

Tyrozinkindzové inhibitory (TKI) blokuji signalni drahu, ktera je aktivovana pomoci ptislusné
fosforylované tyrozinkindzy. U nckterych malignich onemocnéni je pfitomen fuzni gen
podminujici patogenezi nemoci a jeho produkt ve formé konstitutivné aktivované tyrozininazy

je na inhibitor citlivy.

Skupina 1é¢iv tyrozinkindzovych inhibitort je Siroce pouzivana v dospé€lé onkologii. Jejich
uvedeni do praxe znamenalo znacny piinos pro kvalitu zivota pacienti. Diive pouzivana

paliativni chemoterapeutickd intraven6zni 1écba, kterd znamenala ¢etné komplikace a nutnost
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hospitalizaci, doprovdzena zna¢nou morbiditou, byla vystfiddna velmi dobfe tolerovanou
peroralni 1é¢bou. 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 mens$i. Pokud se snimi setkdme, tak nejvice
u hematologickych malignit s definovanymi fiznimi geny. Limitem TKI je v prubé¢hu 1écby
vznikajici rezistence a je nutné jednotlivé TKI meénit za preparaty dalSich generaci. U solidnich
nadort détského veku byl v roce 2001 prvnim FDA schvalenym preparatem imatinib mesylat
jako ucinny u gastrointestindlniho stromalniho nddoru (GIST), nasledovaly sunitinib
aregorafenib vroce 2013. U refrakternich sarkomi existuje terapeutickd indikace pro
pazopanib, ktery prodlouzil dobu do progrese o 3—4 mésice, objektivni radiologickou odpovéd’
je mozné ¢ekat pouze ve 4 % ptipadld. Pokud pacient na 1écbu odpovi, je medidn odpovédi 9

mésicu.

Velkou pozornost zasluhuje davkovani TKI. Zatimco standardné je k ddvkovani ptistupovano
se stejnou filozofii jako u chemoterapie, tj. v klinickych hodnocenich byla testovana maximaln¢
tolerovana davka 1é¢iva, v poslednich letech ptibyvaji dikazy, ze snizena davka léCiva az na
50 % 1 méné je stejné efektivni pro udrZeni v indukci navozené remise. V roce 2018 byl tento
pfistup matematicky modelovan na zéklad¢ dat ze dvou klinickych studii faze III u CML.
Vroce 2020 byl tento pfistup validovan u skupiny pacienti s CML, ktefi byli 1éCeni
redukovanymi dadvkami TKI (o padesat a vice procent) a méli dobrou odpoveéd’, a u nichz takové
snizeni davky nevedlo ke zhorSeni doby remise bez 1écby ve srovnani s pacienty uZivajicimi
standardni davky TKI. Toto zjiSténi ma velky potencial v kombinované 1é€bé TKI a je nutné je
validovat 1 u jinych onemocnéni. V détské onkologii otevira tento piistup potencial, ktery zatim
neni zkouman, resp. pretrvavd dogma podavani MTD. Na zdkladé vysledki vysoké
konkomitantni toxicity chemoterapie a standardnich davek TKI neni toto dogma udrzZitelné

a bude nutné ovéfovat tyto kombinace i v nizSich davkach.

1.6.2 Check-point inhibitory

Nédorova imunosuprese hraje jednu z kli€ovych roli v multifaktoriadlni patogenezi malignity.
Urcujici pro rezistenci nddoru k IéCbé je nejen samotnd nédorovd bunka, ale komplex

mechanizmil, kterymi nador unikd z kontroly imunitniho systému hostitele. Maligni nador
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a nadorové mikroprostiedi, jako heterogenni smés rtiznych bunéénych populaci a nadorem
produkovanych imunsupresivnich cytokint, jsou cilem inhibitord drah CTLA-4 a PD-1. Check-
point inhibitory jsou pouzivany od bifezna 2011, kdy byl k pouziti schvalen preparat ipilimumab
pro lécbu metastatického melanomu. O rozvoji této formy imunoterapie svéd¢i mnozstvi praci,

které jsou dohledatelné v PubMed Central — https://www.ncbi.nim.nih.gov/pmc/ — kdy heslo

»ipilimumab* je nalezeno v 17658 ptipadech (19. prosince 2020). Pfi patrani po kombinaci

»ipilimumab® a ,,child* bylo nalezeno 669 ¢lankd.

Teoretickym vychodiskem 1€¢by check-point inhibitory je exprese CTLA-4 nebo PD-1 a PD-
L1 antigent v malignim nddoru. PD-L1 exprese byla nalezena u rtiznych typt détskych nadort
—u Hodgkinovych lymfomt, difusniho velkobunééného B-bunééného lymfomu nebo gliomd.
U maligniho melanomu existuje korelace mezi Gi€innosti monoterapii blokadou PD-1 nebo PD-
L1 a vysokou muta¢ni ndlozi (TMB-H). Kombinovana terapie anti CTLA-4/anti PD-1/anti PD-

L1 protilatkami je u¢inna, aniz by nutné korelovala s vy$i TMB-H jako u monoterapie.
Pembrolizumab

Pembrolizumab je monoklonalni protilatka proti PD-1. U dospélych je schvalena k pouziti ve
20 indikacich a stale pfibyvaji dal§i. U déti byla zkoumana v monoterapii u pokrocilych
sarkoml mékkych tkani a skeletu, prokdzala objektivni odpovéd’ u 18 % sarkomi mé&kkych
tkani a 5 % sarkomi skeletu. V soucasnosti je u déti schvaleno pouziti pouze u refrakterniho

Hodgkinova lymfomu po tfech nebo vice liniich pfedchozi 1écby.
Ipilimumab

Humanizovana monoklonalni IgG1 protilatka proti CTLA-4. Klinicka G€innost byla potvrzena
u pokroc¢ilého maligniho melanomu s jednoletym celkovym ptezitim 45,6 %. U déti nad

dvanact let je jeji pouziti schvéaleno od roku 2017 ve stejné indikaci jako u dospélych.

1.6.3 Jin¢ protilatkové imunoterapie

Blinatumomab — bispecifické protilatka proti znaku CD19, ktery je exprimovan prakticky na
vSech B-bunécnych akutnich lymfoblastickych leukemiich a lymfomech. FDA schvaleni pro
1é¢bu relabovanych nebo refrakternih ALL ziskal v r. 2016.
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Dinutuximab je chimérickd humanizovana protildtka proti glykolipidu GD2, ktery je
exprimovan na vétSin€ neuroblastomtll a na nékterych dalSich embryondlnich nadorech, jako
rabdomyosarkoma a Ewingliv sarkom, pak i u osteosarkomti nebo nékterych gliomt. U
neuroblastomu prokéazala kombinace dinutuximabu s GM-CSF a IL-2 ptfidana ke standardni
1é¢bé isotretinoinem lepsi dvouleté pieziti bez udalosti i celkové pieziti. Tato registracni studie

COG vedla ke schvaleni pouziti dinutuximabu v roce 2016.

1.6.4 Bunécné terapie

Tisagenlecleucel

Jde o chiméricky antigen receptor (CAR)-T bunécnou terapii, kterd vyuziva autologni
pacientské T-lymfocyty, které jsou geneticky modifikovany ve vazebné extracelularni antigen
rozpoznavajici doméné k cilené vazbé na CD19 antigen. Zpétné podani pacientovi vede k in-
vivo tisicindsobné expanzi této T-lymfocytarni populace s naslednou perzistenci po dobu
n¢kolika mésict. V pilotni studii faze I/I1 byla podana dvéma pacientim, v naslednych studiich
s n¢kolika desitkami pacientli vedla 1écba k celkové odpovédi a plilro¢nimu preziti bez udalosti
u piiblizné€ 70 % pacientli. VSichni pacienti, ktefi na 1é¢bu odpoveédéli, méli toxicity souvisejici
s uvolnénim cytokini a B-bunécnou aplazii, pfi které¢ je nutnd IgG substituce. Regulacni

autority schvalily tuto 1é€bu v roce 2017.
Protinadorové vakciny

Rozvoj protinadorovych vakcin je patrny na vice urovnich. Technologie ptipravy je Siroka, od
bunéénych vakcin, které obsahuji nadorové lyzaty, pies vakciny pouZzivajici specifické
nadorové peptidy jako cil indukované simulace dendritickych bunék, po ty, které pracuji
s induktorem imunitni odpovédi DNA nebo RNA nddoru nebo vakciny vyuzivajici virového

vektoru.

Ptekvapivé dobré jsou vysledky kombinace nizko davkovaného cyklofosfamidu a alogenni
nadorové vakciny v kombinaci s GM-CSF u relabovanych neuroblastomi. Jiny pfistup zvolili
vyzkumnici na University of Florida u vysoce malignich gliomi, kdy kombinuji dendritické
buiiky s alogenni gliomovou RNA spolu s aplikaci GM-CSF, ve druhém kroku je pacientovi
podana infuse tumor-specifickych T-lymfocytl. Tato studie byla zah4jena v roce 2017 a zatim

nejsou znamy vysledky.
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U medulloblastomi a vysoce malignich gliomii je pouzivana peptidova vakcina derivovana
z CMYV, ktery je znam jako spousté¢ onkogeneze u nékterych glioma. U dospélych pacientli

vedla k vyznamnému prodlouzeni pteziti 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
pusobi pfimo cytotoxicky protinddoroveé nebo nepiimo stimuluji protinddorovou imunitu. Ve
fazi 1 klinického zkouseni byla prokazéana bezpecnost pouziti modifikovanych virti herpes
simplex a vakcinie u extrakranidlnich nadort détského veku, 1 kdyz pii podané davce nebyla
pozorovana objektivni odpovéd’. Jedinou FDA schvalenou 1é¢bou na bazi virové terapie je
talimogene laherparepvec (T-VEC), atenuovany herpesvirus typu 1 exprimujici gen pro lidsky
GM-CSF v indikaci pokrocilého melanomu. V kombinaci s pembrolizumabem prokazal

vysoky potencial pro dosazeni 1écebné odpovédi u pokrocilého melanomu

NK bunky

Narozdil od T-lymfocyti nepotiebuji NK buniky (lymfocyty) predchozi stimulaci nadorem, aby
byly aktivni. Jejich Uc¢inek je pfimo cytotoxicky a indukuje u nadorové buiky apoptozu.
Aktivace NK bun¢k v nadorovém mikroprostiedi se zdd byt podminkou pro migraci
dendritickych bun¢k a T-lymfocyti do nddoru. Mohou byt separovany z periferni krve,
pupecnikové krve, a v pfipadé¢ nutnosti pocetné expandovany ex-vivo. Jejich pouZiti je
bezpecné a dobie tolerované. Protinddorova ucinnost 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
vici imunosupresivnimu piisobeni cytokind. CAR-NK manipulované anti CD19 bunky

vykazuji vysokou protinadorovou aktivitu proti B bunéc¢nym leukemiim.

Velky potencial NK bunécné terapie je v kombinaci jednotlivych typl imunoterapie.
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1.6.6 Antiangiogenni strategie

Klicovym medidtorem angiogeneze je VEGF. Existuji cetné anti VEGF protilatky nebo
tyrozinkinazové inhibitory, které jsou pouzivany v klinické praxi. Jejich kombinace
s imunoterapii je atraktivnim pfistupem, protoze blokada VEGEF ipilimumabem vede
k synergistickému efektu u pacientll s metastatickym melanomem. V preklinickém modelu
xenograftu neuroblastomu byl prokazan synergisticky efekt pii kombinaci anti VEGF protilatky
bevacizumabu a anti GD-2 CAR-T bunék. I nizké davky bevacizumabu v této kombinaci vedly

k efektu, ktery byl v monoterapii zanedbatelny.

Antiangiogenni 1écba vede k vétsi infiltraci a aktivaci imunokompetentnich dendritickych

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

1.7 Inovativni lé€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 zahdjena prace na realizaci klinického hodnoceni KDO DC
1311s ndzvem ,,Kombinovana protinadorova terapie s ex vivo manipulovanymi dendritickymi
buikami produkujicimi interleukin-12 u détskych, adolescentnich a mladych dospélych
pacientll s progredujicimi, relabujicimi nebo primarné metastatickymi malignitami vysokého
rizika®, EudraCT No. 2014-003388-39. Vychazela z predchozi zkuSenosti vyzkumného tymu
ACIU LF MU s vyrobou nadorového lyzatu pro ptipravu autologni vakciny z dendritickych
bunék u dospélych pacientil s rendlnim 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 nadboru pacientti vedlo k zastaveni
grantové podpory. OvSem vyznamné technologické pokroky a nastaveni kvality vyroby diky
tomuto nedokonfenému projektu umoZznilo planovani a realizaci studie u détskych
onkologickych pacientl. Nabor pacientd byl v projektu KDO DC 1311 dostatecny.
Vyhodnoceni jednotlivych cili doposud probiha. Publikované prace reflektuji vysledky

primarnich cilii studie. Vedle prokdzani bezpecnosti vyroby vakciny je podstatné zjisténi o
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vyvolani méfitelné imunitni odpovédi, coz miize slouzit jako biomarker pro budouci vyvoj

vakciny.

Analyza klinické Gi¢innost je planovéana na rok 2021, aby tak bylo mozné vyhodnotit sekundarni

cile vyzkumu s adekvatnim ¢asovym odstupem.

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 podepséni informovaného souhlasu
je prvnim krokem k vyrobé vakciny odebrani nadorové tkané. Ve vétSin¢ piipadi jde
o 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 tkan€ na vyrobu léCiva somatobunécné terapie podléha zakonnym pozadavkim na
zachazeni s lidskymi tkdnémi a buitkami, 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 naddorova tkan je zpracovana v €istych prostorach ACIU
na formu nadorového lyzéatu. Tento lyzat je uschovan k dalSimu pouziti a zaroven probiha
kontrola mikrobiologické ¢istoty. Druhou fazi vyroby je odbér autolognich monocytt pacienta.
Tento odbér probihd po zavedeni centralniho venosniho katetru na separatoru. Cilem separace
je odb&r minimalné 0,5 x 10° monocytli. Takto odebrané monocyty jsou dale ve vyrobé
zpracovavany s nadorovym lyzatem, cilem je indukce reaktivity monocytii derivovanych

dendritickych buné¢k proti nadoru, mechanisticky proti nddorovym neoantigentim.

Dosavadni zji$téni v publikované praci (pfiloha €. 1) se zabyva vyrobnim procesem dendritické
vakciny. Identifikovali jsme 1é€ebné postupy pied odbérem autolognich monocytt, které vedou
k horS§i vytéZnosti vakciny a hor$i maturaci dendritickych bunék a produkci IL-12. Nastavené
parametry kontroly kvality pak nedovoli takovou vakcinu podat pacientovi. Chemoterapeutika
cyklofosfamid a topotecan a tyrozinkindzovy inhibitor pazopanib vedou k poruse diferenciace
a poté inadekvatnim imunostimulacnim vlastnostem dendritickych bunc¢k. Kombinace
temozolomidu a irinotecanu sice dovoli diferenciaci monocyta, ale vysledné dendritické bunky
nemaji adekvatni imunostimulac¢ni vlastnosti. Tato zjiSténi vedla ke zménam v logistice
separace monocytll v ndvaznosti na druh podané 1écby. Od listopadu 2017 byla zavedena
pravidla odstupu separace monocytli od podané 1é¢by. Tyrozinkinazové inhibitory musely byt
vysazeny s odstupem zavisejicim na jejich biologickém polocasu: 1€¢iva s kratkym polocasem,

3—14 hodin, nejméné 2 dny pted leukaferézou (axitinib, dabrafenib, dasatinib, ibrutinib,
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idelalisib, nintedanib, ruxolitinib, trametinib), 1éCiva se stfednim poloc¢asem, 15-35 hodin,
nejméné¢ 7 dni pred leukaferézou (alectinib, bosutinib, lapatinib, lenvatinib, nilotinib,
osimertinib, pazopanib, ponatinib, regorafenib a mTOR inhibitor everolimus) a IéCiva
s dlouhym polo¢asem, 36—60 hodin, nejmén¢ 12 dni ptfed leukaferézou (afatinib, ceritinib,
erlotinib, gefitinib, imatinib, cabozantinib, crizotinib, sorafenib, sunitinib, vemurafenib
a mTOR inhibitor temsirolimus). Myelopoetické ristové faktory byly vysazeny nejméné 7 dni
pred leukaferézou. Nasledné se podafilo zrychlit proces mikrobiologické kontroly kvality
lyzatu a v soucasnosti je mozné po n€kolika dnech od odbéru nadorové tkané provést i odbér
monocyti. Témito postupy se miizeme vyhnout negativnim vlivim podévané protinadorové

1é¢by na monocyty pacienta. Efektivita vyroby vakciny se tim vyznamné¢ zlepsila.

Druha publikovana prace (pfiloha €. 2) se zabyva vlivem vakcinace dendritickymi butikami na
imunologické parametry pacientii se sarkomy a popisuje jeden piipad ilustrujici validitu
namétenych parametri na klinickém pribéhu nemoci. Kvantitativni parametry imunity byly
hodnoceny pii kazdém podéni protinddorové vakciny. Navic bylo provedeno funkéni testovani
odpovédi pacientovych T-lymfocytl na autologni nadorovy lyzat v tzv. auto-MLR reakci.
V préci je uveden piipad pacienta s diagndzou metastaticky relabujici Ewingtiv sarkom. Pacient
prod¢lal dva relapsy onemocnéni a bylo mu podano 19 davek vakciny po prvnim relapsu, spolu
s konkomitantni onkologickou 1é¢bou bylo dosazeno parcialni remise. Opétovna revakcinace
po druhém relapsu vedla ke stimulaci preexistujici odpovédi na nddorové antigeny a T-bunécna
reaktivita (méfeno auto-MLR reakci) perzistovala i po piedchozi vakcin€ a byla zvySena po
revakcinaci. Tato zjiSténi predstavuji zésadni vhled do imunologickych mechanismi

vyvolanych dendritickou vakcinou a jsou zakladem pro dalsi vyvoj této lIécebné metody.

1.7.2 Personalizovana lé¢ba

Vyuziti personalizované 1écby je publikovano ve dvou pracich. Prvni z nich ukazuje vyuziti
molekularni diagnostiky u pacientti s Burkittovym lymfomem (pfiloha €. 3). VySetfeni pomoci
celoexomového sekvenovani nadorové tkdné, vySetfeni transkriptomu a aktivity tyrozinkinaz
vede k identifikaci pacientll, jejichz nador je cilitelny v soucasnosti dostupnymi lé¢ivy. V praci
jsou popsany nalezy u tfi pacientl, jejichz nddory 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 zdkladé¢ molekularniho profilu
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germinalni mutace PI3K-delta, transkriptromikou zjisténé expresi HR23B, ktera je prediktorem
ucinnosti HDACs, byla pacientovi poddna 1éc¢ba PI3K inhibitorem idelalisibem spolu
s ibrutinibem a valprodtem, na zéklad¢ exprese PD-1 v nadorové tkani byl pfidan nivolumab
a personalizovand dendriticka vakcina. Tato kombinovana lécba vedla u pacienta k navozeni
a udrzeni kompletni remise, ktera byla v dob¢ publikace nejdelsi z jeho tii intervall pieziti bez
progrese. Jiny pacient doséhl remise na zdklad¢ indikace imunoterapie nivolumabem ,,off-

label* pii vysoké mutacni ndlozi TMB-H 31 mutaci/Mb.

V druhé praci 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 vysledkd, které
zavisi na pouzitych algoritmech analyz a laboratornich metoddch. Prace pfispivad svymi
vysledky k aktudlni diskusi o zavedeni harmonizované metodiky testovani pro pouziti
v klinickych hodnocenich, coz je dulezit¢ ke srovnatelné interpretaci vysledkil 1écby

,»checkpoint inhibitory. Jejich ucinnost je v silné korelaci s muta¢ni nalozi nddoru.

Ptehledova prace na téma personalizované mediciny byla publikovana ve spolupraci s fadou
zahrani¢nich spolupracovnikli (pfiloha ¢. 5). Zabyva se tématem zmény paradigmatu
v onkologii s posunem k precizni a personalizované medicin€. Pfedpokladem k efektivnimu
vyuziti stavajicich 1é¢iv v jinych nez schvalenych indikacich (,,drug repurposing‘‘) nebo novych
1é¢iv pouzitych bez ohledu na tkdnovou diagnozu (agnosticky ptistup) je pfijeti principu ,,N-
of-1 trials®, ktery se zasadné lisi od typického klinického zkouSeni ve fazich I-III. Tento novy
piistup vychdzi zrychle se rozvijejicich poznatkli nadorové biologie a postupuje diive
nevidanou rychlosti, se kterou se 1é¢ivo miize k pacientovi dostat. Klasické paradigma zkouSeni
nového 1éciva u tkanové definované skupiny pacientli nezohlediiuje individualni nadorovou
biologii a biomarkery a ztidka vede k tispéchu. Nové paradigma konceptu klinickych hodnoceni
naopak postupuje cestou definovani biomarkert, cili terapie a zkouméni Gc¢innosti 1é¢iva na
takto definované skupiné pacientli, mnohdy bez ohledu na histologii. Metodologicky tento
pfistup vyuzivda nové matematické modelovani a je natolik komplexni, Ze neni v silach
,,b€Zného* klinika pochopit vSechny jeho detaily. Zcela nezbytnym se stava multidisciplinarni
piistup k diagnostice a ndvrhu 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
veEtsi €1 mensi mife zakomponuji do 1€€by prvni linie genomické a biologické informace a vedou

k individualizaci 1é¢by. Mnohdy je kontraproduktivni podavat monoterapii cilenym lé¢ivem
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bez znalosti tkanové biologie nadoru (nepersonalizované cilend terapie, ,,non-personalized
targeted therapy®) a recentné se objevuji dikazy, ze takovy pfistup miize 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 1éCebné odpovedi.

1.7.3 Antiangiogenni a metronomicka 1écba

Lécba byla sloZzena z kombinované antiangiogenni strategie COMBAT (,,combined oral
maintenance biodifferentiating and antiangiogenic therapy*). V této strategii je pouzivano vice
antiangiogennich a imunomodulaénich prvka podédvanych 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 1écby. NejvétSimi benefity jsou ambulantni poddvani
umoznujici bézné denni aktivity a absence toxicit, které by vyzadovaly hospitalizace. Pacienti
na této 16cbeé bézné chodi do skoly. Benefitem je také udrzeni celkového stavu pacienta, méieno

Lanského nebo Karnofského $kalou.

Prvni generace protokoli COMBAT byla slozena znizko davkovaného vepesidu
a temozolomidu, celexocibu a biodiferenciacni cis-retinové kyseliny poddvané po dobu
jednoho roku v jedendctitydennich cyklech 1€cby. Na souboru 22 pacientl z jednoho centra
autofi publikovali benefit pro pacienta ve form¢ stabilizace onemocnéni (ptiloha €. 6). Toxicita
této kombinace se tykala pfedevSim cis-retinové kyseliny ve formé¢ cheilitid u 7 pacienti,
hematologicka toxicita stupné 3 se vyskytla u jednoho pacienta. Pfi zaznamenani takové
toxicity byla v dal§im cyklu redukovana davka chemoterapeutika. Ze 14 déti s progredujicim
onemocnénim, u kterych bylo mozné hodnotit 1é€ebnou odpovéd’, byla zaznamenéana u 6 déti,

u 3 pak stabilizace nemoci, odpovidajici celkovému benefitu pro pacienty 64 %.

V dalsi préci byla publikovana zkuSenost s protokolem COMBAT jak na KDO FN Brno, tak
v zahrani¢i na spolupracujicich pracovistich v KoSicich na Slovensku a v Marseille ve Francii
(ptiloha €. 7). Zménou oproti ptivodni verzi protokolu bylo pfidani fenofibratu a vitaminu D do
metronomického schématu a prodlouZeni doby 1é¢by na dva roky, vznikl protokol COMBAT
II. Verze pro mékkotkanové sarkomy se nazyvala COMBAT IIS, ve kterém byl etoposid
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s temodalem nahrazen nizce davkovanym cyklofosfamidem, a byl pfidan intravenozné
vinorelbin. Pacienti vysokého rizika a bez moznosti kurativni 1é¢by byly do této studie zatazeni
od roku 2004 do roku 2010. Celkov¢ se 1écby zucastnilo 74 pacientd. Klinicky benefit pro
pacienta byl zaznamenan ve 40 % ptipadi. Toxicita [é€by byla podobnd, jak bylo publikovéano

v predchozi praci, zaznamenany byly predevsim cheilitidy a zvySené hodnoty jaternich testi.

V dalsi verzi protokolu COMBAT III byla cis-retinova kyselina nahrazena bevacizumabem,

anti VEGF protilatkou podavanou ve dvoutydennich intervalech.

S nastupem tyrozinkindzovych inhibitorti a rozvojem méteni aktivity tyrozinkindz nebo MAP
kinaz byla do schématu COMBAT zakomponovana i tato 1é¢ba-COMBAT III modif. Dulezita
je titrace davek 1éciv tak, aby nedochéazelo k neutropeniim vyzadujicim pteruseni 1écby nebo
k dalsim komplikacim, které vyzaduji hospitalizaci. Data o tc¢innosti jsou aktualné
zpracovavana, do doby psani tohoto textu je zpracovana kohorta pacientd se sarkomy. Ramcové
lze fict, Ze 1écba COMBAT III modif. vede k prodlouZeni doby pfeziti u vysoce rizikovych
sarkomut. Konkomitance nizce davkované chemoterapie se zakomponovanim intravendzniho
vinblastinu s antiangiogennim uUc¢inkem a tyrozinkinazovych inhibitorG je dobfe snasena.

Vyhodnoceni efektivity u dalsich diagnostickych skupin je v planu.

1.7.4 Tyrozinkindzové inhibitory

Velka c¢ast klinického vyzkumu efektivity tyrozinkindzovych inhibitorit u solidnich nadort
probihd bez znalosti aktivace pfislusnych kindz v nadoru jednotlivého pacienta, tedy tzv.
nepersonalizovany cileny ptistup. Vhodnéj$i se zda byt ptistup, kdy je jako biomarker métena
bud’ exprese tyrozinkindzy pomoci imunohistochemického histopatologického vysetfeni, nebo
nékterd z molekuldrnich metod pro urceni aktivity piislusné tyrozinkinazy, napf. aktivacni
mutace v kodujicich exomech nebo na urovni funkce proteinu podle miry jeho fosforylace

(aktivovany stav).

Samostatné podani monoterapie tyrozinkinazovym inhibitorem je pfedmétem publikované
prace (piiloha ¢. 8). Pojednavd o novorozenci, u kterého byly nalezeny mnohocetné
mekkotkanové, organové a kostni 1éze diagnostikované jako infantilni myofibromatdza.
Konvencni 1écba byla zatizena vysokou toxicitou s nutnosti modifikace davek chemoterapie.

Lécebnad odpoveéd — parcialni remise po této 1écbe vydrzela pouze tfi mésice. VySetfenim
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nadorové biologie byla zjiSténa vysoka konstitutivni aktivita (fosforylace) tyrozinkinazy
PDGFR. Dalsim vySetfenim jsme zjistili nalez aktiva¢ni mutace v kddujicim genu PDGFRB.
Tato zjisténi vedla k podani personalizované cilené 1&¢by (,,personalized targeted therapy*)
s excelentnim vysledkem, kdy v fadu tydnii doslo k regresi myofibromatézy a i nékolik let od
zahdjeni 1écby pacient pokraCuje v terapii; byt s nutnosti redukce davek tyrozinkindzového
inhibitoru a s n¢kolika infekénimi komplikacemi a jednou symptomatickou hypoglykemii
s nutnosti hospitalizace. Evolu¢ni vyvoj onemocnéni vedl pii redukci davek k nekolika
relapstim, které ovSem béhem cCasu vyhasinaly, pfi zachovani alespoii malé davky
tyrozinkinazového inhibitoru. Zajimavosti bylo, ze pacientova 8letd sestra méla v anamnéze
spontanné regredované nebioptované 1éze 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
stejna jako u chlapce a stejné tak bylo velmi rychle dosazeno terapeutického uspéchu
s tyrozinkindzovym inhibitorem sunitinibem. Tato préce ilustruje, jak velkym benefitem je pro
pacienta personalizovana cilena 1écba. V piipad¢ nalezu aktiva¢ni mutace je mozné podani

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

Z tkéné nadoru pacienta popsaného v predchozim ptipadé¢ byla vytvoiena bunééna linie, u které
byla zkoumana fosforylace tyrozinkinaz a citlivost na rtizné tyrozinkinazové inhibitory (piiloha
¢. 9). V praci bylo experimentalné potvrzeno, ze 1 bunécné linie derivované z nadoru si udrzuji
vysokou miru fosforylace rliznych tyrozinkinaz, nejvice pak PDGFRP podminénou mutaci
v genu PDGFRB. Inhibi¢ni efekt sunitinibu byl zaznamenan pii koncentracich, které jsou
v klinické praxi dosazitelné¢. Fosforylace PDGFR nebyla podminéna jenom ptitomnosti
aktivacni mutace, ale v nepfitomnosti séra v kultivaénim médiu doslo ke sniZeni exprese genu
pro kinazu TGFA, nezménila se exprese EGFR a PDGFRB, a ptekvapivé doslo ke zvySeni
exprese genu PDGFRA. Jde pravdépodobné o adaptacni autokrinni mechanismus pro preziti
buniky pfi nedostatku Zivin. Potencialné je tento mechanismus vyuzitelny pifi kombinované

terapii v klinické praxi.

Ptipadem tuspéSného poziti tyrozinkindzového inhibioru v monoterapii je pfipad batolete
s vzacnym onemocnénim ,,fibrodysplasia progressiva ossificans®, FOP (pfiloha ¢. 10).
Dvacetimési¢ni divenka pfisla k 1ékafi s loZziskovymi zarudnutimi, otoky krku, axily a jugula,
nckteré znich po prvotnim zarudnuti spontanné mizely, jiné se objevovaly, 1éze vedly
k omezeni mobility krku a pletence horni koncetiny. Histologické vySetieni popsalo infantilni
(lipo)fibromatozu mékkych tkéani, pii stagingu byly objeveny dalsi asymptomatické 1éze na

hrudniku a zadech. Byla =zahijena 1écba standardni nizkodavkovanou chemoterapii
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methotrexate/vinblastin. Po Ctyfech tydnech ovSem doSlo k progresi 1ézi a objevovani se
novych, ve velmi rychlém sledu (v fadu hodin) doprovédzenych teplotou. Kortikoidy vedly
k omezeni téchto vzplanuti. VySetfeni biologické aktivity nddoru odhalilo vysokou miru
fosforylace PDGFRP. Divce byla poddna lécba sunitinibem, ktery cili na tuto kinézu,
v kombinaci s nizkodavkovanym vinblastinem a celecoxibem. Na této 1écb¢ doslo ke zmenSeni
1ézi, omezeni frekvence a intenzity vzplanuti a ke zpomaleni progrese omezeni hybnosti. Pti
vySetieni celoexomovym sekvenovanim byla odhalena patogenni mutce v AVCR1 genu, ktera
je patognomonicka pro onemocnéni FOP, ¢imz zménila histopatologickou diagnozu. Divka je
na této 1éCbe jiz Ctyfi roky, behem kterych je schopna s omezenim mobility krku a hornich
koncetin béznych dennich Cinnost. V tomto pfipadé nejde o cilenou 1écbu, mechanismem
ucinku je inhibice prozanétlivych cytokini a proliferativnich kaskad vcetné PDGFR a,
PDGFR, c-kit, HIFla a dalSich. Tato kazuistika ilustruje, jak metody molekularni genetiky
piispivaji ke spravné diagnostice ultravzacnych onemocnéni, kterym FOP je, a jak ,,off-label*
pouziti 1é¢iva vede k 1écebnému efektu. V dob¢ zahéjeni 1écby byla divka nejmladsi pacientkou
v dohledatelné anglickojazyéné literatuie, ktera tyrozinkinazovy inhibitor v této indikaci

dostala.

1.7.5 Rekurentni laryngealni papilomatosa

Rekurentni papilomatosa hrtanu je onemocnéni podminéné lidskym papilomavirem (HPV).
Vyskytuje se ve vSech v€kovych kategoriich. Cesta transmise viru je genitalni. Vzacné se
objevuje u malych déti. V piipadé, Ze jde o onemocnéni refrakterni na chirurgickou 1ébu
a opakované recidivuje, jde o devastujici onemocnéni, které pacientim nedovoli zapojeni do
bézného Zivota. Pacienti trpi opakovanymi ztratami hlasu, nekonstantni barvou a znénim hlasu

a vedou k psychosocialni izolaci v kolektivu.

Do 1é¢by rekurentni laryngealni papilomatosy bylo zavedeno vice lokéalnich nebo systémovych
piistupti, ale zaddny znich nedosihl velké efektivity. Inovativni pfistup 1éCby tohoto
onemocnéni je publikovan v praci, kde je ukazana efektivita pouZiti ockovani pro HPV (ptiloha
¢. 11). Dvoulety chlapec, jehoZz matka neméla Zadné zndmky HPV, postupné zacal mit
chraplavy hlas a pii vySetfeni ORL specialistou byla diagnostikovana laryngealni papilomatosa.
Béhem nasledujicich dvou let bylo provedeno Sest lokaln€ chirurgickych zékrokt. Tato lokalni

1é¢ba vedla k doCasnym ulevam. Pomoci PCR byla v papilomu detekovéna genotypicka
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pritomnost HPV-11. U chlapce nebyla detekovana zadna porucha imunity. Bylo proto
uvazovano o navozeni imunity proti HPV-11 po oc¢kovani, ktera by zajistila dlouhodobéjsi efekt
nez lokalni nebo toxické systémové 1é¢by. Vzhledem k etiopatogenezi byla pouzita specificka
vakcina cilena proti vice genotypim HPV, mezi nimi HPV-11. Protilatkova odpovéd’ byla
dostatecna a u chlapce doslo k vytvoteni protilatkové imunity. Po o¢kovani nedoslo k dalsi
recidivé papilomatosy po dobu 17 mésict (v dobé psani ¢lanku), coz byl do té doby nejdelsi
zaznamenany interval bez nemoci, hlas se chlapci udrzel ve fyziologickych mezich tont.
V dobé publikace Slo o ,,off label* pouziti a fakticky o ,,drug repurposing pouziti 1éCiva
schvaleného pro jiné indikace. Tato prace ma velky cita¢ni ohlas a vakcinace proti HPV je

v soucasnosti akceptovana jako 1é¢ebna metoda a strategie pro toto onemocnéni.

1.8 Souhrn

Inovativni 1é¢ebné postupy imunoterapie, personalizované 1écby, antiangiogeni metronomické
terapie, tyrozinkindzovych inhibitorii a vakcinaci byly dokumentovéany ptiloZzenymi pracemi.
V klinické praxi vedly k rozsifeni moznosti 1é¢by malignich i jinych onemocnéni, jako
rekurentni laryngealni papilomotosa nebo ,,fibrodysplasia ossificans progresiva®“. U malignit
Slo v nékterych ptipadech o kurativni piistup u do t¢ doby beznadéjnych pfipadl, jinym
pacientim dokézala inovativni 1écba alespon udrzet celkové uspokojivy stav po delsi obdobi,
a to bez nutnosti hospitalizaci nebo nezadoucich u¢inkl, a vyznamné tak pfispéla ke kvalité

Zivota pacienttl.
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2 Antimykoticka Ié¢ba u imunokompromitovanych pacientt

2.1 Uvod

Mykotické infekce jsou zédvaznou komplikaci u pacientil 1é¢enych pro maligni onemocnéni,
predevsim hematoonkologické. V dospélé onkologii se 1ze s mykotickou infekci setkat vzacné.
U hematoonkologickych pacientii nebo détskych onkologickych pacientli s vyssi intenzitu
chemoterapie je Cetnost mykotickych onemocnéni vyssi. Nejrizikovéjsi jsou pacienti s akutni
myeloblastovou leukemii a pacienti po alogenni transplantaci kostni dfen¢ s kombinovanou

imunosupresi a s nemoci §tépu proti hostiteli (GvHD).

Historicky je prvnim velmi u¢innym antimykotikem amphotericin B. Byl Siroce pouzivanym
pripravkem desitky let jako zlaty standard antimykotické 1€cby. Jde o makrocyklické polyenové
protiplisiové antibiotikum produkované bakterii Streptomyces nodosum. V dob¢ jeho objeveni
v 1. 1959 Slo o zivot zachraiujici 1€k, k jeho pouZzivani nebyla nutnd Z4dn4 randomizovana
studie. Naopak, dlouhd 1éta byl pouzivan jako komparator nové registrovanych a objevovanych
antimykotik, jak echinokandint, tak azold, v pozd¢jsim obdobi pak byly stejné vyuzivany jeho
lipidové formy. Velkou nevyhodou konvenéniho amphotericinu B je nefrotoxicita, ktera byla
limitujici pro dlouhodobé podavani. Proto byly na trh uvedeny lipidové formy, které maji mensi
afinitu k cholesterolu membran na lidskych buiikdch a zarovenn maji zachovanu afinitu
k ergosterolu membran hub. Na trh byly uvedeny tfi formy — liposomalni forma (Ambisom),
lipidovy komplex (Abelcet) a koloidni disperze (Amphocil). VSechny tfi maji dobrou rendlni
toleranci, kterda umoznuje dlouhodobé podéavani. Spektrum Gc€innosti amphotericinu B sahd od
candid, kryptokok, blastomycet pies aspergillus spp. az po mukormycety. Z vlastni praxe
autora je mozné podavani téchto lipidovych forem vyjimecné i nékolik mésict bez signifikantni

toxicity, jako u pacientl s invazivni aspergilozou mozku.

V poslednich dvou desetiletich byla ke klinickému pouziti vyvinuta echinkandinova a nova
azolovd antimykotika. Jejich zavedeni do praxe znamenalo rozSifeni spektra Ucinnych
antimykotik. U aspergilézy byl nastaven novy standard terapie voriconazolem, v piipadé
candidovych infekei je lékem volby echinokandin. Velkym piinosem je mensi nebo Zadna
rendlni toxicita, maléd hepatalni toxicita a u azoli moZnost peroralni formy. V praxi se uplatituji
jak v 1lécbé mykoz, tak v profylaxi. Profylaktické podavani azoll je standardem u vysoce

rizikovych hematoonkologickych diagno6z jak u dospélych, tak u déti.
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V Ceské a Slovenské republice je etablovana sit’ spolupracujicich hematoonkologickych center.
Jejich spoluprace je v oblasti antiinfekéni 1é€by, koordinace 1é¢ebnych postupti a spole¢nych
databazi mykotickych onemocnéni provadéna v rdmcei 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 spolecnych diagnostickych a 1é¢ebnych
protokolti, organizovani klinickych a experimentalnich studii, zavadéni novych poznatkt do
diagnostiky a 1écby, navazani kooperace se zahrani¢nimi subjekty a rozsifovani poznatkii i mezi
laickou vefejnost (osvétova ¢innost). Zameéteni tedy pokryva celé spektrum hematoonkologické

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

Autoti z KDO FN Brno se podileli na definovani doporucenych postupti 1écby invazivnich
mykéz, které byly publikovany v Ceskych casopisech. Predstavuji souhrn do té doby
rozttisténych casopiseckych praci, klinickych studii a vysledkl kooperativnich mezinarodnich

skupin a navazuji na podobna usili, ktera byla vyvinuta v zahranici.

2.2 Komentaf k publikovanym pracim

Mnozstvi dat o G€innosti 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 esofageédlni kandidozy u déti od 2 do 18 let
(ptiloha ¢. 12). Na KDO probihala dvé diagnoza specificka KH. Prvni zkoumajici voriconazol
u invazivni aspergilézy (IA), NCTO00836875, druhé v indikaci invazivni kandidézy
a esofagedlni candidozy (IC/EC), NCT01092832. Obé KH byla multicentrickd, sponzorovana
farmaceutickou firmou Pfizer, probihala v 16 centrech v Evropg, Asii a Severni Americe
v letech 2009-2013. Davkovani voriconazolu bylo nastaveno podle v t¢ dob€ novych znalosti
o farmakokinetice, kdy u pacientli 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 4 12 hodin, v ptipad¢ esofagealni
kandidozy byla davka 4 mgkg. Bylo moZno davku modifikovat podle dosaZenych
plazmatickych hladin voriconazolu. Do studie IA bylo zafazeno 31 pacientti, do studie IC/EC
bylo zafazeno 24 pacientii. Median doby podavani antimykotika byl ve skupin¢ 1A 41 dni, u
skupiny IC/EC 14 dni. Tolerance lécby byla dobra. Celkova lé¢ebna odpoveéd byla
zaznamenana u 78 % pacientl s IA ve véku 12—18 let, u mladsich pacientti byla Gi¢innost horsi

— 40 %, ale miiZe jit o zkresleni vlivem malého vzorku, hodnocenych pacientti bylo pouze pét.
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Celkova ucinnost u IA byla 64,3 %. Profil toxicity byl podobny jako u dospélych, nicméné
u mladsich déti byla zaznamenana Castéj$i hepatotoxicita, ale nikoliv zvySeni jejiho stupné.
Uginnost 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 rozdili mezi vékovymi skupinami je limitovana
malou velikosti studované populace a faktem, ze se jednalo o ,,open-label* nekomparativni
design studie. Celkové 1ze shrnout, Ze profil Gi€innosti a toxicity voriconazolu se v uvedenych
indikacich pro détskou populaci nelisi od dat ziskanych diive u dospélych pacientti, a dovoluje

indikaci tohoto azolu v dané vékové skuping.

O retrospektivnim vyzkumu 1é¢by invazivni aspergilézy u hematoonkologickych pacientii
v Ceské a Slovenské Republice v letech 2005-2009 pojednava prace publikovana v r. 2012
(ptiloha ¢. 13). Data byla ziskéna v rdmeci projektu CELL. Autofi popisuji diagnostiku a 1écbu
u 176 ptipadi IA. U 15,3 % byla diagnostikovana prokazana IA, u 84,7% pravdépodobna IA,
definice vychdzely z EORST/MSG kritérii pro IA zroku 2002. Kompletni nebo parcialni
1écebné odpovedi bylo dosazeno u 53,2 % pacient. Dllezitym zjisténim je fakt, Ze pouze
53,7 % pacient mélo na diagnostickych CT vySettenich 1éze povaZzované za typické pro plicni
IA dle EORTC/MSG 2008 kritérii. Nalez na CT je vyznamné ovlivnén pfitomnosti nebo
absenci neutrofilnich segmentl. Vliv 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 zji$ténim v této praci je role testovani galaktomananu jak v séru, tak
v tekutin€ z bronchoalveolarni lavaze, ktery byl pozitivni v 79,1 % resp. 78,8 % ptipadi, tyto
pozitivity ptispé€ly k diagnostice [A. U Ctvrtiny pacientil (26,3 %) byla IA Ié¢ena dvojkombinaci
antimykotik, nejcastéji voriconazolu a capfunginu, ovSem bez korelace s lé€ebnym efektem.
V soucasné dob¢é se za standardni postup povazuje monoterapie voriconazolem nebo

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

V prvnim ptipadé byl pacientce s aspergilozou mozku behem indukéni lécby akutni
lymfoblastické leukémie podavan lipidovy komplex ampfotericinu B (,,amphotericin B lipid
complex‘; ABCD) spolu s lokalni 1é¢bou konvenénim amfotericinem B a chirurgickou resekci
rezidudlniho aspergilomu (pfiloha ¢. 14). Divka toto onemocnéni, fatilni az v 80 % piipada,
zvladla a stejné tak uspésné ukoncila 1é¢bu zakladniho onemocnéni. Kumulativni ddvka ABCD
byla 2,3 g/kg a nevedla k nefrotoxicité, coz je mozné povazovat za uspéch adekvatni hydratacni

1é¢by s peclivou korekcei ionogramu, predevs§im hypokalemii.
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Druhym ptipadem je sterkoralni kandidova peritonitida u chlapce s nehodgkinskym lymfomem,
opet béhem indukéni 1écby (ptiloha €. 15). S obtizemi 1é¢end mykédza byla zvladnuta
s konkomitantnim podanim vyzkumné terapie anti HSP-90 protildtkou efungumab v ramci
firemniho programu. Chlapec svou mykoézu zvladnul a je vyléCen i ze své malignity.
Publikované prace s efungumabem referuji v den 10 terapie kandozy v 84 % ptipadl zlepSeni
ptiznakt s pfiddnim efungumabu, versus 48 % u pacientll s monoterapii amfotericinem B bez
efungumabu, stejn¢ tak byla mensi i mortalita den 3 s pfidanym efungumabem 4 %, verus 18
% bez efungumabu. Latka efungmab nakonec nesplnila kritéria schvaleni trzni autorizace pro
obavy z fluktuace krevniho tlaku a syndromu uvolnéni cytokinii a neni k pouziti schvalena

regulatory.

2.3 Souhrn

Participace v multicentrickych a mezinarodnich projektech diagnostiky a 1é¢by invazivnich
mykéz je pro pacienty pifinosem v podobé pouziti standardizovaného postupu diagnostiky
a 1écby. V ptipadé selhani standardni 1éCby je pouziti inovativniho postupu plné indikovano.
Vytvoteni jednotnych postupii 1é€by u imunokompromitovanych pacienti ve formé

doporucenych postuptl je ptinosem 1 pro spolupracujici obory.
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3 Leécba sarkomt mékkych tkani détského véku

3.1 Uvod

V dospélé populaci predstavuji sarkomy mékkych tkani (STS) pfiblizné 1 % vSech nddorovych
onemocnéni. U populace déti a mladych dospélych do 20 let jsou relativné Castéjsi a predstavuji
7 % vSech 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*).

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 sarkomi v adolescentnim véku. NejcastéjsSim STS
u kojencli je infantilni fibrosarkom, u starSich déti a adolescentii jsou nejcastéjsi
synovialosarkom, dermatofibrosarcoma protuberans, maligni nador pochev perifernich nervii
(MPNST) a maligni fibrozni histiocytom. Predominance je mirné vyssi u muzského pohlavi
v poméru 1,2 : 1. Vyznamnym faktorem pro vznik STS je nékterd z genetickych predispozici,
jako Li-Fraumeni syndrom — az 10 % ze vSech STS, germinalni mutace RB genu. Familiarni
adenomatosni polypdza je v 25 % ptipadl spojend s agresivni fibromatdézou. Neurofibromatoza
typu 1 ma riziko vzniku MPNST mezi 6 a 13 %. Mutace v SMARCBI genu je ¢asto spojena

s extrarendlnim malignim rhabdoidnim tumorem.

Jako sekundarni malignity jsou sarkomy mekkych tkani 1 kosti zndmy v dospélé populaci po
radioterapii. Pfi dlouhodobém sledovani pacientt 1é€enych pro nador v détstvi bylo zjiSténo, Ze
riziko vzniku sarkomu jako sekunddrni malignity je 9x vyssi nez v bézné populaci. NejveétSim
rizikem jsou pfedchozi 1éc¢ba pro sarkom, anamnéza jiného sekundarniho nadoru a radioterapie,
nebo vysoké davkovani antracyklini ¢i alkylancii. Z dalSich rizikovych faktorti vnéjSiho
prosttedi pro vznik angiosarkomu jater je znama ptedchozi expozice vinylchloridu

(u dospélych), chronicky lymfedém predisponuje ke vzniku lymfangiosarkomu.
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Vysetteni nadorové tkané, grading, staging

Samoziejmosti pti biopsii pii podezieni na sarkom v détském veéku je uchovani biologického
materidlu pro dalsi diagnosticka vySetfeni. Material se odesila na cytogenetické vySetieni, vice
alikvotl je zamrazeno v tekutém dusiku, uchovévaji se otisky tkan¢ pro potteby FISH analyzy,
pfi dostate¢ném mnoZzstvi materidlu je odeslan jeho vzorek ke kultivaci bunécnych linii. Takto
odebrany material umoziuje ve slozitych ptipadech efektivni diagnostiku pomoci molekulérné
genetickych metod, které dokazi specifikovat mutace, disrupce a amplifikace genli nebo pomoci
RT-PCR detekovat specifické translokace. Staging STS u déti je tradicn¢ definovan
chirurgicko-patologickou klasifikaci IRS.

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

IRS skupina Definice
I Nédor resekovan kompletné mikroskopicky
(RO)

Nédor resekovan makroskopicky —

Ila S mikroskopickym reziduem (R1) a bez
postizeni lymfatickych uzlin

iy Pozitivni lymfatické uzliny kompletn&
resekovany

Ilc

Pozitivni lymfatické uzliny kompletné

resekovany a distalni uzlina mikroskopicky

pozitivni
11 Néador s makroskopickym reziduem
K] po biopsii (R2)
IIIb nebo parcialni resekci nad 50 % (R2)

Metastazy ptitomny, nebo postizeny
v nadregionalni lymfatické uzliny
Maligni vypotek nebo implanta¢ni

metastazy
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Diagnéza STS se opird o probatorni excizi, u mensi ¢asti pacientil 1ze provést adekvatni resekci
mensich a povrchové ulozenych tumort. V zasadé nevhodna je tenkojehlova biopsie. Mnozstvi
materidlu takto odebraného je Casto limitované, mnohdy nereprezentativni a pro potieby

precizni molekularné biologické diagnostiky nedostacujici.

3.3 Lokalni kontrola

Obecny pristup k terapii STS v détstvi je podobny jako u dospélych, s nékterymi vékovymi
specifiky. Tak, jak se lisi histologické spektrum STS mezi dospélou a détskou populaci, 1isi se
1 piistupy k 1écb&. Chovani nékterych STS je v obou populacich podobné, u jinych, jako
napiiklad u infantilniho fibrosarkomu, je diametraln¢ odliSné. Zda prob&hne lokalni kontrola
chirurgicky, nebo radioterapii, zavisi na misté vzniku tumoru a véku pacienta — htife se dosahne
radikéIniho zachovného zékroku pfi mensim mnozstvi okolnich zdravych tkani, a ten mtze ve
nez u dospélych. Davky zéateni efektivni v 1é€bé STS zastavuji dalsi riist ozatenych zdravych

tkani, které jsou poté hypotrofické.

Prvni dilezitym 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 adjuvantni radioterapii ke sniZeni
rizika lokalni recidivy po marginalni resekci. Pacientim s primarné neresekabilnim tumorem
nebo metastdzami pii diagndze je nutné nabidnout kombinaci chemoterapie a radioterapie,
pfipadné novych lécebnych postupil, at’ jiz v rdmci paliativni 1écby, nebo v soucasné dobé

rychle se rozvijejicimi moZnostmi cilené 1écby.

Radikality resekce jako u dospélych neni mozné zpravidla v koncetinovych lokalizacich
dosahnout s pozadovanou hranici 2 cm zdravé tkan¢é. Miniméalnim poZadavkem je odstranéni
nadorové pseudokapsuly, jinak lze ¢ekat vysokou miru lokalnich recidiv, zvlast¢ u STS bez
prokazané chemosenzitivity. Naopak u chemosenzitivnich STS je marginalni resekce ptipustna,

preziti je u radikaln€ a neradikalné resekovanych STS srovnatelné.

PostiZeni lymfatickych uzlin neni obecné u NRSTS casté, na rozdil od rabdomyosarkom1l.
U vybranych vysoce malignich nadorii jako synovialosarkom, angiosarkom, svétlobunécny

sarkom nebo extraskeletalni Ewingiiv sarkom muiZe byt postizeni lymfatickych uzlin az v 15 %
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piipadii. Néktera centra doporucuji ve spornych ptipadech biopsii sentinelové uzliny. Nalez

pozitivity vede k indikaci resekce a radioterapie.

Ptiblizn€ 20 % pacientli se STS ma metastatickou nemoc. Predominantnim organem metastaz
jsou plice. Pokud je mozna resekce vSech plicnich metastdz, méla by byt provedena.
Dlouhodobého pieziti dosahuje pouze 10 % téchto pacientli, ovS§em znacné se li§i mezi

jednotlivymi typy STS, rabdomyosarkomy maji lepsi prognozu nez jiné subtypy.

3.4 Systémova lécba

Systémova 1écba patii do 1é€ebného postupu u chemosenzitivni choroby. Blize je uvedena

u jednotlivych histologickych podtypti nize.

3.5 Sarkomy mékkych tkani typické pro déti a adolescenty a jejich 1écba

3.5.1 Rabdomyosarkom (RMS)

Jde o nejcastéjsi STS u déti a adolescentl s podilem pies 40 %, incidence je 4,3 piipadu
v populaci 1 milionu do véku 20 let. Témét dvé tietiny piipadt jsou diagnostikovany u déti do
5 let. Vyristaji prakticky v kterékoliv lokalizaci, 1 kdyz 1ze pozorovat seskupeni do nékolika
skupin. Napfiklad lokalizace hlava a krk je typicka pro pacienty do 8 let véku. RMS orbity je
zpravidla embryonalniho typu s velmi dobrou prognézou. Koncetinové nadory jsou typické pro
adolescenty, pfevazuji u nich alveolarni subtypy. Etiologie je podobna jako u vSech STS.
V rodindch déti se sarkomem (dv¢ tietiny z nich byly RMS) a anamnézou spontdnniho abortu
a umrtim ditéte do jednoho roku véku byla zjiSténa v jedné tfetin€ ptipadl n¢kterd z forem Li-
-Fraumeniho syndromu. V souladu s moznymi interakcemi mezi genetickou predispozici a
vlivy vné&jSiho prostiedi je zajimavé pozorovani aZ trojndsobné vySsiho rizika RMS pro dité
matky, ktera rok ptfed jeho narozenim uzivala marihuanu, totéz plati pro otce ditéte. Uzivani

kokainu bylo spojeno s pétindsobnym rizikem.

Charakteristické pro RMS jsou genetické zmény. U 70 % ptipadl alveolarniho subtypu
(ARMS) nalézame typickou translokaci t(2;13)(q35;q14) nebo t(1;13)(p36;q14) vedouci ke
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vzniku fazniho genu PAX3-FOXO1 nebo PAX7-FOXO1. Produkty téchto fiznich genti spolu
se ztratou funkce lokusu CDKN2 vedou k abnormalni aktivaci transkripce vedouci k findlnimu
malignimu fenotypu. Podili na tom i inhibice drah RB a p53 gent, amplifikace genu MYCN
azvySend exprese receptorové tyrozinkinazy C-MET. Druhy subtyp RMS nazyvany
embryondlni (ERMS) ma typicky ztratu heterozygozity lokusu 11pl5 se ztratou maternalni
alely. Na tomto lokusu je gen IGF-2, ktery koduje ristovy faktor. Ten se pravdépodobné podili
na patogenezi ERMS. Patognomonicka je exprese proteint z rodiny MyoD, které se nevyskytuji
v jinych nez mezenchymalnich liniich uréenych k myogenni diferenciaci. Mutace v genu
MyoDl1 je spojena s extrémné $patnou prognézou i u lokalizované nemoci. Casté jsou mutace
N-RAS a K-RAS onkogent, které jsou u RMS vekové zavislé. Prvni se vyskytuje

u novorozencti, druhd ma maximum vyskytu kolem 14. roku véku.

Témet 40 % RMS vyrista v oblasti hlavy a krku. Dilezita pro prognozu je tzv. parameningealni
lokalizace — baze lebni, nosni a paranasalni dutiny, fossa pterygopalatina/infratemporalis,
nosohlatan a stfedni ucho. V téchto lokalizacich je vysoké riziko lokalni recidivy a je
indikovana radioterapie. Naopak v orbit¢ nebo v jinych lokalitach hlavy a krku, tzv. non-
parameningealnich, je mozné radioterapii vynechat z lé€ebného postupu bez vétSich rizik
a s celkovym prezitim az 95 % pacientll. Dalsi typickou lokalizaci jsou genitalie a vyvodné
cesty mocové — trigonum mocového méchyie, déloha nebo pochva u divek nebo nadvarle
aprostata u hochii. Koncetinové RMS jsou casto spojené s postizenim regionalnich
lymfatickych uzlin a maji tendenci riist podél fascii. PostiZzeni trupu je rizikové pro lokalni
recidivy. Obtizné a pozd€ jsou diagnostikovany RMS v télnich dutinach nitrohrudi nebo
v panvi. Rychle rostouci nador v fadu tydnti vede k dusnosti a je zachycen na prostém RTG
snimku. Pomaleji rostouci nddor miliZze vyplnit cely hemithorax bez dechové tisné, respiracné
kompenzacni mechanismy dokaZzi distress eliminovat, a pacient pak pfichazi s nadorem v celém
hemithoraxu s metastdzami na pleufe nebo s malignim vypotkem. Z organovych lokalizaci
dosahuji RMS Zlucového traktu zpravidla intraparenchymatdzné v jatrech obrovskych rozméra,
ale maji vybornou prognézu s dobrou senzitivitou na chemoterapii a bez nutnosti velkych

chirurgickych vykont. Diivod této biologické vlastnosti znadm neni.
Lécba rhabdomyosarkomu

Rabdomyosarkom je chemosenzitivni malignita. Kombinovana 1écba chirurgickd, radioterapii
a chemoterapii je standardem. Intenzita chemoterapie a vybér cytostatik zavisi na klinickém
stadiu. Pomérné slozity systém stagingu pocita s parametry, které stratifikuji pacienty
s lokoregionalnim onemocnénim do Sesti rizikovych skupin, z nichz kazda vyzaduje jinou
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intenzitu terapie. Pfiznivymi faktory jsou vék pod 10 let, velikost nddoru méné nez 5 cm,
lokalizace jind nez parameningeélni, koncetinovd a trup, histologie jind nez alveoldrni.
U choroby metastatické se také vyskytuji faktory, které stratifikuji pacienta do skupiny
s relativné pfiznivou pfiblizné 40% progndzou pro vyléceni. Jsou to v€k pacienta do 9 let,
s nejvyse jednou metastatickou lokalizaci (napt. plice) a bez postizeni skeletu nebo kostni

diené.

Chemoterapeuticka schémata jsou postavena na vinkristinu a actinomycinu D samotnych
u pacientii nizkého rizika. Pacienti stfedniho rizika jsou IéCeni také vinkristinem
s aktinomycinem D a s pfiddnim alkylancia, v Severni Americe cyklofosfamidem (VAC),
v Evrop¢ ifosfamidem (IVA). Role antracyklinu je historicky potvrzena jako efektivni, nicméné
nevede ke zlepSeni 1é¢ebnych vysledkd, jak bylo prokazano v randomizované studii u vysoce
rizikovych rabdomyosarkomtl. Vzhledem ke kardidlni toxicité¢ se u lokoregiondlni choroby
nepouzivd. Doxorubicin je vyhrazen pro 1é¢bu metastatické nemoci v kombinaci
s cyklofosfamidem a vinkristinem (VDC) nebo jako ¢tytkombinace ifosfamid, vinkristin,
aktinomycin D, doxorubicin (IVADo). Dalsi efektivni kombinaci 1é¢iv pouZzivanych v terapii

metastatické nemoci jsou ifosfamid a etoposid (IE) a vinkristin s irinotekanem (VI).

Nacasovani chemoterapie zalezi na typu chirurgického vykonu pii diagnéze. Témét polovina
pacientl spada do skupiny s neoadjuvantni 1écbou. Chemosenzitivni nador je jednak s vyhodou
objemov¢ redukovan, prikaz chemosenzitivity je biologicky ovéfeny benefit adjuvantni 1écby
v trvani az pal roku. Délka adjuvantni 1éCby je ve vSech pifipadech minimalné 6 cykli
opakovanych po tfech tydnech. Recentni vysledky randomizované studie s udrzovaci terapii
vinorelbinem a nizkoddvkovanym cyklofosfamidem (denné 25 mg/m? télesného povrchu
peroralné) podavanymi pul roku prokazaly zlepSeni pfeziti u vysoce rizikovych pacientll, s
dosud nejlepsim pétiletym celkovym piezitim 86,5 %. Pacienti s postizenim lymfatickych uzlin
a pozitivitou fuzniho genu PAX3-FOXOI1 nebo PAX7-FOXOI1 maji prognézu srovnatelnou
s metastatickou chorobou s pétiletym piezitim bez udalosti 43 % oproti pacientim s N1
chorobou bez pozitivity fizniho genu. Tito pacienti budou v dalsi studii 1éceni pomoci delsi

udrzovaci terapie.

Relapsy rabdomyosarkomu jsou léCitelné pfiblizn€ u tfetiny pacienti. Opét zdleZi na
prognostickych faktorech a moZnostech lokalni 1écby. Tam, kde byla pfi primérni diagnoze
provedena zachovna operace, je u relapsu indikovana ztratova nebo mutilujici, pokud vede
k remisi. Radikalita je opravnéna 1 u radioterapeutickych schémat. LéCebné rezimy

chemoterapie reflektuji pfedchozi linii. Vedle vySe zminénych rezimi je efektivni také
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kombinace vinorelbinu s blokovym cyklofosfamidem (1,2 g/m?). Kombinace VI s temodalem
(VIT) zlepSuje celkové preziti u refrakternich a relabovanych RMS o pfiblizné ¢tyfi mésice
(10,3 vs. 14,5). 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
ameéli by byt 1éCeni individualizované na zaklad¢ vysledkii analyzy nadorového exomu,
transkriptomu a profilu aktivity drah proteinkindz a MAP kindz, metyla¢niho profilu a mutaéni

naloze nadoru.
Vybrané non-rhabdomyosarkomy mékkych tkani u déti a adolescent

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. LéCebny
pristup tomu odpovidd, mnohdy neexistuji zadné udaje o 1é¢b¢ srovnatelné s popula¢nimi
randomizovanymi studiemi, jako u ¢etnéjSich diagnoz. Lécba je postavena na historické empirii
a publikovanych souborech pacientil s n€kolika desitkami, vzacné stovkami piipadii, soubory
jsou heterogenni. Spole¢nym jmenovatelem jsou genetické abnormity a vyuziti cilenych 1é€iv.
I 1é¢ebna doporuceni je nutno touto optikou vnimat jako dosud nejlepsi mozné standardy péce,
véetné precizni diagnostiky a individualizované 1écby. Alespon Casteéné davaji pacientim
s témito nadory Sanci na del$i preziti ptipadné kurativni 1é€bu multikindzové inhibitory cilené
na geneticky podminéné zmény ve fuznich genech nebo receptorovych tyrozinkinazach nebo
MAP kinazach. Ty, pokud jsou v nadoru potvrzeny, byvaji dobfe zaméfitelné a vedou
k dlouhodobé stabilizaci nebo 1 remisi onemocnéni, jako napiiklad u NTRK fuzi v ptipadé
infantilniho fibrosarkomu nebo ALK nebo PDGFRB mutovanych inflamatornich

myofibroblastickych tumorech nebo agresivnich fibromatézach.

3.5.2 Infantilni fibrosarkom

Vyskytuje se vyhradn€ u pacientli mladsich ¢tyt let, 60 % z nich je diagnostikovano do tfetiho

meésice Zivota, aZ polovina vznika in utero a je vrozena.

Pro infantilni fibrosarkom (IFS) je charakteristickd translokace t(12;15)(p13;25), kterou
vznikne fizni transkript ETV6-NTRK3 (stejnd fuze je u vrozeného nadoru ledviny,

mesoblastického nefromu). Tato fuze ovSem neni stoprocentné urcujici, né€které IFS ji nemaji.
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Naopak mtize v patogenezi hrat roli i jiny mechanizmus. Byly nalezeny zvySené aktivace

receptorovych tyrozin kinaz P13-Akt, MAPK a SRC bez uvedené fuze.

Histopatologicky jde o vietenobunécny vysoce bunéény nador s castymi mitdzami, mohou byt
pritomny okrsky nekrdz, zvysend vaskularita je v okrscich podobnych hemangiopericytomu.
Pivod je pravdépodobné v primitivni mezenchymalni vietenobunécné bunce, jde

o prekurzorovou buiniku fibroblastické/myofibroblastické bunécné linie.

Klinicky nélez je ve dvou tfetinach ptipadii mékkotkanovy tumor na koncetin¢, méné ¢asto na
trupu, krku nebo na kalveé, vzacné je postizeni organové. Nador obvykle roste rychle do
relativné velkych rozmért, dvé tfetiny pacientli maji nador vétsi nez 5 cm. Metastaticky

potencial IFS je nepatrny.

Metodou 1écby je v pripad¢ resekabilnich IFS chirurgicka resekce, pokud v planovaném
rozsahu nepovede k mutilujicimu vysledku. Akceptovatelnd je i marginalni resekce bez
adjuvantni 1écby. Vzhledem k relativni velikosti a lokalizaci nddoru to neni vzdy mozné.
Mnohem pfijatelnéjs$i z hlediska funkénich nasledkii 1é€¢by je neoadjuvantni chemoterapie.
Nejvétsi publikované série pacientd s IFS shodné uvadi velmi dobrou 1éc¢ebnou odpovéd kolem

70 % na kombinaci vinkristin a actinomycin D.

Pouze piiblizn€ cCtvrtina pacienti je timto postupem indikovdna k primarni resekci.
Intenzifikace 1é€by o alkylans cyklofosfamid nebo ifosfamid je zpravidla vynucena pfii
stabilnim nebo progredujicim nalezu u neresekabilnich nddort. Radioterapie neni vzhledem

k véku pacientl indikovana. Celkové tiileté pieziti dosahuje 93 %.

Recentni prace ukazuji, Ze elektivni inhibitor TRK kindz larotrectinib prokazal aktivitu
u pacientil s fuzi nékterého z genit NTRK 1-3. U pacientl s pokro¢ilym nebo metastatickym
a relabovanym nebo refrakternim sarkomem s touto genovou fuzi je objektivni radiologicka
odpovéd’ dosazitelna monoterapii timto inhibitorem v 93 % piipadd, coz jako recentni poznatek

povede k dalsi eliminaci intenzity chemoterapie, zv1asté alkylancii.

3.5.3 Inflamatorni myofibroblasticky tumor (IMT)

Popisovan je také jako zanétlivy pseudotumor nebo zanétlivy (inflamatorni) fibrosarkom. Jde
o intermediarni nador s lokaln¢ agresivnim rastem. Vékovy vrchol incidence je kolem deviti

let. Mlze se vyskytnout v mékkych tkanich 1 organech, v plicich i dutiné btisni. Typicky je
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nespecifickymi ptiznaky doprovazeny indolentni rtist bud’ v hrudniku, nebo v retroperitoneu.
Diagnodza je uvedena dramatickym nalezem na zobrazovacich metodach (obr. 1). Az tfetina
pacientli ma paraneoplastické projevy, jako zvySenou sedimentaci erytrocytil, teploty,

trombocytdzu, anemii, polyklonalni hypergamaglobulinemii.

Pfesna patogeneze neni znama. Prilezitostné se uvadi riist 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 bunéénému fibrohistiocytomu nebo
hypocelularnimu desmoidnimu néadoru. Vzicné muze byt pfitomna 1 kulatobunécna

komponenta.

Imunohistochemicky je u 50 % piipadi pozitivni tyrozinkindza ALK. Podkladem pozitivity je
prestavba genu ALK s fuznimi partnery. Pacienti s takovou piestavbou odpovidaji na 1écbu
ALK inhibitorem crizotinibem. Naopak druhd polovina pacienti, ALK negativnich (podle
imunohistochemie), ma agresivnéjsi pribéh nemoci. Recentné bylo zjiSténo, ze tyto ALK
negativni nddory maji ALK fuzi s fadou dalSich gent. Vysledkem je konstitutivni aktivace

fazniho transkriptu s potencialem terapeutického efektu jinymi inhibitory tyrozinkinaz.

Klinicky pribéh onemocnéni je variabilni, od benigniho po multifokalni nebo infiltrativni
nadory s tendenci k relapstim. Velikost nadoru s klinickym chovanim nekoreluje. Hor$i priibéh
je popisovan u nadoril vyristajicich z mezenteria nebo u aneuploidnich a s cytologickymi

atypiemi.

Lécba IMT neni vzhledem k variabilnimu klinickému chovani jednotnd. Resekce, pokud je
mozna, je metodou volby. Vzacné jsou popisovany 1 odpovédi na nesteroidni antiflogistika.
U relapst nebo inoperabilnich nadort je indikovana radioterapie nebo chemoterapie Sirokého
spektra, od nizce davkované po alkylans a/nebo antracyklin obsahujici reZimy s variabilnimi

lécebnymi vysledky.

Nové jsou indikovany tyrozinkindzové inhibitory korelujici s fuznim stavem genu ALK a jeho
partnery, pokud je pfitomna konstitutivni aktivace vysledné tyrozinkindzy citlivé na podany
inhibitor. Pacienti, ktefi takto definovany cil nemaji, a i ptes veSkeré 1écebné Usili progreduji,

by méli byt 1éceni individualizovanymi piistupy.
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3.5.4 Synovialosarkom

Synovialosarkom je u déti a adolescentii nejcastéjsim NRSTS, predstavuje 7,7 % vSech STS.
Charakteristicka je translokace t(X;18)(ql1; Xpl1) s vyslednou fazi genu SS18 a SSX1 nebo
SSX2 vzacné 1 SSX4. Synovialosarkom nejcastéji vznika na dolnich koncetinach (ptiblizné 60
%) a na hornich koncetinach (pfiblizné¢ 20 %). Jde o chemosenzitivni naddor. Lécbou volby je
chirurgie, pfipadné radioterapie u marginaln¢ resekovanych nadord. Nadory do 5 cm maji
vybornou prognozu i bez systémové 1éCby, pokud jsou kompletné resekovany. Metastazovani
je v téchto ptipadech vzacné. Pacienti s nadory vétSimi nez 5 cm maji benefit ze systémové
1écby kombinaci doxorubicinu a ifosfamidu. Neoadjuvantni 1écba je vyhodna i jako in vivo

debulking pted zachovnou operaci.

3.5.5 Alveolarni sarkom mékkych tkani

Jde o nador s maximem vyskytu ve tieti dekadé Zivota. U déti ma maximum vyskytu do péti let
zivota. Typicky je nalez nebalancované translokace der(17)t(X;17)(p11;q25) s vyslednym
vznikem fuzniho genu APSL-TFE3, ktery piisobi jako aberantni transkrip¢ni faktor, aktivujici
drahu MET kinazy. Potencialné terapeuticky vyznamna je role TFE3 v indukci
imunosupresivniho nadorového mikroprostfedi, s moZznosti regulace T-efektorovymi a T-
-regulatornimi lymfocyty. Priabéh byva zpravidla indolentni. Nador je chemorezistentni
a lécbou volby je chirurgie, pfipadné s adjuvantni radioterapii. Pacienti s lokalizovanou
a resekovanou nemoci prezivaji v pfiblizné¢ 70 % ptipadl. Dlouhodobé pteziti pacientd
s metastazami je priblizné 10 %. Cilena 1é€iva jako sunitinib, pazopanib, crizotinib vedou ke
stabilizaci choroby u vétSiny MET pozitivnich nadori. Jednoro¢ni celkové preziti v sérii

pacientll 1éCenych pro pokrocilou nebo metastatickou nemoc crizotinibem bylo 97,4 %.

3.5.6 Svétlobunécny sarkom

Je popisovan u déti mezi 2. a 20. rokem veéku, maximum vyskytu je u mladych dospélych.
Typicka je v 90 % detekovana translokace t(12;22)(q13;q12) s vyslednym fiznim genem EWS-
-ATFI1. Ta vede k aktivaci MET kindzy. Vyrustd v okoli §lach a aponeurdz, histologicky obraz
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je podobny koznimu melanomu. Tendence k Sifeni do lymfatickych uzlin vede k nutnosti
sentinelové biopsie. Principy terapie jsou chirurgické s moznym podilem chemoterapie jako
predoperacni 1é€by. Pieziti pacientti 1écenych MET inhibitorem crizitinibem bylo podobné jako
u neselektované skupiny se STS léCenych doxorubicinem. Vhodny je tento piistup u MET

pozitivnich nadort u pacientd s premorbidni kardiomyopatii.

3.5.7 Desmoplasticky kulatobunéény nador

Vysoce agresivni naddor vyskytujici se v télnich dutinach u adolescentit a mladych dospélych se
specifickou translokaci t(11;22)(q13;q12) s fiznim genem EWS-WTI. VétSina pacienti ma
nador v bfisni dutin€ nebo v panvi, Casto s infiltraci orgdnti nebo implanta¢nimi metastazami.
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 preziti v péti letech ptiblizn€ 57 %.

3.5.8 Extrakranialni maligni rhabdoidni tumor

Jde o vysoce agresivni naddor détského véku, maximum vyskytu je do dvou let. Typicka je
pfestavba SMARCBI1 genu. Lécba je multimodalni. Tendence k ¢asnému metastazovani je
vysokd. Systémova lécba chemoterapii je efektivni u resekovatelnych lokoregionalnich
onemocnéni, je kombinovana bloky VDC a cyklofosfamid s karboplatinou a etoposidem
(CyCE). Ctyileté preziti je piiblizné 40 % u nemetastatické choroby. Metastazy znamenaji

velmi Spatnou progndzu s dvouletym piezitim 13 %. Rizikovy je veék do 1,5 roku.

3.5.9 Epiteloidni sarkom

Ze vSech STS u déti pfedstavuje epiteloidni sarkom 2 %. Vyskytuje se s maximem kolem 30.
roku zivota, ale je popséan i u kojenci a starSich déti. Typicka je genetickéd aberace — disrupce

SMARCBI genu (diive popisovany jako INI1). Histogeneze je nejasna. Vyskytuje se ve dvou
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formach — tzv. distalni typ, zpravidla jako kozni nebo podkozni 1éze, Sifici se podél aponeurdz
a fascii nebo perineuralné a perivaskularné; mize byt zaménén s granulomatdéznim procesem
jiné etiologie, a tzv. konvencni (proximalni) typ se znaky podobnymi malignimu rhabdoidnimu
tumoru vcetné¢ disrupce SMARCBI genu. Ma tendenci metastazovat do regiondlnich
lymfatickych uzlin, také do plic. Lécba je chirurgickd, s adjuvantni radioterapii v ptipadé
marginalni resekce. Chemoterapie neprokazala benefit, i kdyz mtize vést ke stabilizaci nemoci.
Kinazové inhibitory dosud neprokazaly reprodukovatelny benefit v 1ébé této nemoci.

Anekdoticky je uvadén benefit eribulinu s minimem nezadoucich G¢inka.

3.6 Mezinarodni kooperativni skupina EpSSG

Mezinarodni spoluprace v oblasti 1é¢by sarkomti 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 narodnich skupin z prakticky celé Evropy, Izraele, Brazilie, Argentiny a nové
Australie, doslo v roce 2003 ke sjednoceni diagnostickych a 1écebnych postupti pod nove
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.

V ramci EpSSG probiha spoluprace i v Ceské republice. Od roku 2005 byla provedena dvé
rozsahléa akademicka klinickd hodnoceni. Lé¢ba rabdomyosakromi u déti — studie EpSSG RMS
2005 a lécba non-rabdomyosarkomtl 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

velka publikacéni aktivita.

Studie EpSSG se z pocatku potykaly s rozsahlymi administrativnimi problémy, které vyplyvaly
znov¢ 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, kterd by

uvedenou regulaci uvedla do praxe. Konkrétné v zemich s organizacni participaci narodnich
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skupin onkologie (v Némecku — GPOH, Deutsche Krebshilfe, v Italit — AIEOP, ve Francii
— SIOP, ve skandindvskych zemich — SSG nebo ve Spojeném kralovstvi — Cancer Research
UK) byla aplikace uvedené legislativy podpofena moznostmi jiz zavedenych sekretariati,
kontaktt, 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 ptimo 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 typti 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, Spanélsko, Svycarsko). Obsahovala dvé randomizaéni otazky.
Prvni byla role doxorubicinu u vysoce rizikovych pacientll. Ve studii nebyl prokazan vliv na
pteziti bez udélosti a na celkové preziti pro tuto skupinu pacientl. Tim se doxorubicin vytadil
z 1écby lokoregiondlnich rabdoymyosarkomii a déale neni v této indikaci pouzivan. V Evropé
zustava soucasti terapeutickych schémat pro metastatické rabdomyosarkomy a nékteré non-

rabdomyosarkomy. Druhou otazkou byla role udrzovaci chemoterapie.

3.7 Komentat k publikovanym pracim

3.7.1 Udrzovaci terapie u rabdomyosarkomu

V randomizované ¢asti RMS 2005 byli do ramene s udrZovaci chemoterapii zafazeni 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 nepiiznivé lokalizaci a v€ku nad 10 let
nebo velikosti tumoru 5 cm, nebo embryondlni rabdomyosarkom s uzlinovym postiZenim

(ptiloha &. 16).

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

vstupni kritéria zafazeni do randomizované cCasti studie. Celkové byl randomizovano 371
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pacientl, z nichz 185 1é¢bu ukoncilo v kompletni remisi po intenzivni chemoterapii sestavajici
z deviti MTD blokd, a u 182 1écba 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 zaznamendna ve 24 % pfiipadd, 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
pacientl byl v dobé analyzy 60,3 mésicti. Vysledky analyzy pieziti ukazaly, ze pacient
s udrzovaci chemoterapii méli pieziti bez onemocnéni 77,6 %, pacienti bez udrzovaci
chemoterapie 69,8 % (HR 0,68, p = 0,061), celkové pétileté preziti 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 néadort poprvé, kdy byl prokdzan piinos pro celkové pfeziti u nového
chemoterapeutického schématu. Je mozné, ze udrzovaci chemoterapie ma vliv na pfeziti
1 v ptipadé, Ze pacient bude mit v budoucnu relaps rabdomyosarkomu. V analyzované populaci
byl u pacientt s relapsem po udrzovaci terapii zjiStén relaps o 3 mésice pozd¢€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
pozdéji u téch pacientl, kteti udrzovaci chemterapii méli. Pozorovanym efektem je v této studii
mensi riziko lokoregionalnich relapst neZ metastatickych. Lokoregionalni relapsy jsou hlavni
pfic¢inou selhani 1écby a mortality. UdrZzovaci chemoterapie je vyznamnym prvkem 1é¢by u
détskych akutnich lymfoblastickych leukémii. U solidnich tumort je tato studie prvni, ktera
prokézala jeji efekt. Davka cyklofosfamidu je relativné nizka, 25 mg/m? télesného povrchu. I
pfesto je nutné dalsi sledovani pacientll k vylouceni pozdni toxicity, predev§im ve formé
poskozeni gonad, zndmého u blokove podadvaného cyklofosfamidu a ifosfamidu a sekundéarnich

malignit.

3.7.2 Prognosticky vliv genové fuze u alveolarnich rabdomyosarkomil s postizenim
regionalnich lymfatickych uzlin

Soucasti vySetieni nadorové tkané bylo v randomizované ¢asti studie EpSSG RMS2005

1 vySetfeni stavu fuznich genti typickych pro alveolarni rabdomyosarkom (ARMS) PAX3-
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-FOXO1 nebo PAX7-FOXO1 a ur€eni jejich prognostické hodnoty (pfiloha €. 17). U 70 %
alveolarnich rabdomyosarkomil je jedna z téchto fuzi pfitomna. Predpoklada se jeji horsi

prognosticky vliv na preziti.

Cilem této casti studie bylo zjistit, zda ma stav fuznich genl vliv na parametry pfeziti pii
prospektivnim sledovani. Lécba sestdvala zpodani 9 bloki MTD chemoterapie
ifosfamid/vinkrisitn/actinomycin D a v prvnich C¢tyfech blocich byla intenzifikovéna
o doxorubicin. Lokoregionalni Ié¢ba byla podana 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). Nasledovala udrzovaci chemoterapie vinorelbin a nizkodavkovany cyklofosfamid.
Molekularn¢ biologickd analyza byla provadéna v kazdé z participujicich zemi. Jako flze
pozitivni byly oznac¢eny nadory s FISH nebo RT-PCR prokazanou pozitivitou v PAX3-FOXO1
nebo PAX7-FOXOI.

Do kohorty ARMS/N1 bylo zatazeno 103 pacientdl, z nichZ u 85 byla analyza provedena.
FOXO1 disrupce byla detekovana u 56 pacientti, u 28 byla negativni a u 1 pacienta byl vzorek
neadekvatni pro analyzu. Medidn sledovani pacientti byl 64,9 mésict. Pétileté preziti bez
udalosti bylo lepsi ve skupiné pacientii bez ptitomnosti disrupce FOXO1 genu, 74,4 %,
u pacientl s pozitivni disrupci FOXO1 genu bylo 43 %. Pé&tileté celkové preziti bylo v téchto
skupinach 74,7 % a 43,5 %. Pfi multivariantni analyze je pfitomnost FOXO1 disrupce
negativnim prognostickych faktorem. V univariantni analyze byly jako neptiznivé prognostické
faktory identifikovany nepfiznivd lokalizace primarniho nddoru (tj. jind 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 1€cb¢ 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. Lokoregiondlni relapsy byly zaznamenany ve 42 % ptipadii vSech udalosti.
Lokoregiondlni staging by mél zahrnovat 1 ,,vmezetené* uzlinové oblasti, idedlné vysetfené
pomoci FDG-PET, tak aby v ptipadé pozitivit mohl byt proveden odbér k vysetfeni 1 téchto
uzlin (napf. na pfedlokti, a nejen v kubité v ptipadé nadoru na ruce) a tim aplikovana

radioterapie na celou postiZzenou skupinu lymfatickych uzlin.

Pro dalsi generaci diagnostickych postupli je doporuceno vySetfeni 1 na jiné fuzni partnery

u genu PAX3 pomoci FISH ke zjisténi jeho disrupce. Praktickym vystupem této studie je
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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.

3.7.3 Strategie léCby infantilnich fibrosarkomi.

Jednim z témat v 1éCebném protokolu EpSSG NRSTS 2005 byla strategie 1écby infantilnich
fibrosarkomtl (ptiloha ¢. 18). Tyto nddory se vyskytuji v ¢asném veku, jde o nejéastéji se
vyskytujici nador mékkych tkéni ve véku do jednoho roku, charakteristickd je u nich
translokace ETV6-NTRK3, vyskytujici se u vétSiny piipadi. Cilem projektu bylo prospektivné

vyhodnotit konzervativni strategii 1écby.

Od tijna 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 neptijatelnému efektu. Pokud
byl pooperacni vysledek IRS I nebo II (RO nebo R1 resekce), byli pacienti dale sledovani.
Neoadjuvatni chemoterapie byla podana pacientim jako vinkristin a aktinomycin D, kromé
pacient mladSich 3 mésicli, u kterych byla zvolena strategie ,,wait and watch®, protoZe

1 spontanni regrese jsou mozné.

Do studie bylo zatazeno 50 pacientd, z toho 19 pacientti ve skupiné IRS I-IT a 31 pacientd ve
skupiné IRS III. Chemoterapie byla podéna 27 pacientlim s medidnem trvani 1écby 4,14 mésice,
u 4 pacientil byla zvolena vyckavaci strategie. Cekovée byla provedena resekce u 40 pacientli
(80 %), z toho 19 jich mélo resekci samotnou, 21 s chemoterapii, ti1 vykony byly mutilujici.
V dobé analyzy bylo 35 pacientii v prvni kompletni remisi, 7 pacienti ve druhé kompletni
remisi, 2 pacienti s rezidualnim nalezem, 3 zemfeli a 3 byli ztraceni pro dalsi sledovéni. Jedno
chemoterapii byla 62,9 %. Adherence k protokoldrnim doporuc¢enim byla velmi dobré, protoze
94,7 % pacientti ve skupiné€ IRS I-1I bylo inicialné 1éceno operacnim zékrokem a 93,3 % dostalo
chemoterapii vinkristin a aktinomycin D. Tim bylo prakticky dosaZeno standardizace terapie

infantilnich fibrosarkomt v centrech napti¢ Evropou. Diagnosticky byla fize ETV6-NTRK3
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vySettena u 87,2 % pacientil. Dfive v nékterych ptipadech v prvni linii pouzivané
chemoterapeutické rezimy s alkylanciem nebo antracyklinem mohou byt na zaklad¢ této studie
opustény, coz vede k vyznamné mensi zatézi pacientll s ohledem na akutni i pozdni nasledky

1é¢by.

3.7.4 Lécba malignich rhabdoidnich tumort

Dalsim projektem v ramci EpSSG NRSTS 2005 protokolu byla 1é¢by malignich rhabdoidnich
tumort (pfiloha €. 19). Extrakranialni maligni rhabdoidni tumory jsou velmi agresivni
malignita, s nizkou incidenci 0,6 ptipadl na milion déti, letalita je vysoka s piezitim do 33 %
a posledni dekady nedoslo k jakémukoliv zlepSeni ve vysledcich pieziti. Do studie byli zatazeni
pacienti, ktefi méli histopatologickou diagnézu podpoienou bud’ imunohistochemicky
negativitou barveni INI1 nebo deleci SMARCBI1 genu. Plan 1é¢by byla 30tydenni intenzivni
chemoterapie spolu s radioterapii na misto primarniho tumoru nebo metastaz, bez ohledu na

chirurgickou radikalitu.

Od prosince 2005 do ¢ervna 2014 bylo do studie zafazeno 110 pacientti, z nich 10 nebylo dale
analyzovano pro non-adherenci doporuceného postupu, bud diagnostického, nebo
terapeutického. Median veéku byl 1,4 roku, vétSina ze 77 pacientl méla lokoregionalni nemoc,
13 pacientli melo nador vrozeny (diagnostikovan do 4 tydni véku). Kompletni resekce v prvni
dobé byla provedena u pouze 8 pacientli, 54 pacientii nedostalo radioterapii, ztoho 39
progredovalo dfive, nez dospéli k doporucenému terminu radioterapie, a 15 z divodu

rozhodnuti 1ékate pro velmi nizky vék (do 1 roku). Median sledovani pacientt byl 44,6 mésicu.

Pro celou kohortu bylo zjiSténo ttileté preziti bez udalosti 32,3 % a celkové pieziti 38,4 %. Pro
pacienty s lokoregionalni nemoci bylo ctyfleté celkové pieziti 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 %. Vyznamnég horsi pfeziti méli pacienti diagnostikovani do jednoho
roku Zivota, jejich Ctyfleté preziti bylo 21,1 %. Inicialni chirurgicka resekce nebyla spojena

s vyhodou pro pieziti oproti pacientiim s dosazenim chirurgické remise pozd¢ji béhem 1€cby.
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Ve srovnani s diive publikovanymi sériemi bylo v EpSSG skupiné vice pacienti
s extrarenalnimi nadory, povazovanymi za prognosticky horsi. I piesto bylo dosazeno lepSich

nez diive publikovanych vysledki pieziti.

V soucasné dobé je k dispozici cilené 1éCivo 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
SMARCBI1 a SMARCA4 mutovanych nador dochazi v chromatin remodelujicim komplexu
SWI/SWF, ktery je epigenetickym tumor supresorovym komplexem, k vychyleni rovnovahy
diferenciace a proliferace buniky, coz vede k tumorigenezi mediované komplexem PCR2.
Inhibice podjednotky EZH2 tazemetostatem vede k navozeni ptvodné vychyleného
rovnovazného stavu mezi diferenciaci a proliferaci. Klinickd aktivita tazemetostatu byla
potvrzena u celého spektra nadorti, u nichz je EZH2 aktivita zvySena — nehodgkinskych
lymfom, synovialniho sarkomu, mesotheliomu a INI1 negativnich nadorti. Klinické pouziti je
od 1éta 2020 schvaleno FDA pro pacienty s epiteloidnim sarkomem a folikuldrnim lymfomem
s mutaci v EZH2 genu. Pro détské pacienty je mozné podéani v rdmci firemniho ,,early access*
programu, do kterého jsou na KDO FN Brno zatazeni pacienti s INI1 negativnimi nadory bez

moznosti prioritni 1éCby.

3.8 Souhrn

Lécba sarkoml mékkych 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 ptfikladem, Ze zafazeni pacienta do multicentrické studie
vede klepSim lécebnym vysledkim pii adekvatni adherenci k doporu¢enym postuptim
a generuje nové léebné postupy rychle uvadéné do klinické praxe. Spolu s inovativnimi
lécebnymi postupy a pfistupem k firemnim programim a klinickym hodnocenim miize
pacientovi nabidnout maximum mozného v piipadé refrakternich a relabujicich nadort, a to

s realnou vyhlidkou na 1é¢ebny tspéch.
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4 Seznam zkratek

ABCD amphotericin B lipid complex; lipidovy komplex amfotericinu B

ADCC antibody-dependent cell-mediated cytotoxicity

ADCP antibody-dependent cellular phagocytosis

AML akutni myeloidni leukemie

ARMS alveolar rhabdomyosarcoma;alveolarni rabdomyosarkom

CAR chimeric antigen receptor; chimericky antigenni receptor

CELL Czech Leukemia Study Group for Life; Ceské leukemicka skupina - pro Zivot

COMBAT  combined oral maintenance biodifferentiating and antiangiogenic therapy;

kombinovana peroralni udrzovaci biodiferenciacni a antiangiogenni terapie

COX-2 cyklooxygenaza -2

CML chronicka myeloidni leukémie

CMV cytomegalovirus

CRISPR clustered regularly interspaced short palindromic repeats
HDACs histone deacetylase inhibitors

HPV human papiloma virus; lidsky papilomavirus

FDA food and drug administration

FOP fibrodysplasia ossificans progressiva

GIST gastrointestinal stromal tumor; gastrointestindlni stromalni nador
IA invazivni aspergil6za

IC invazivni kandid6za

IFS infantilni fibrosarkom

IMT inflamatorni myofibroblasticky tumor

ITCC innovative therapies in children with cancer
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IRS

KH

MDSC

MPNST

MTD

NRSTS

RMS

STS

TKI

TMB-H

intergroup rhabdomyosarcoma studies

klinické hodnoceni

myeloid-derived supressor cells

malignant peripheral nerve sheet tumour

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

soft tissue sarcoma; sarkom mékkych tkani

tyrozinkindzovy inhibitor

tumour mutation burden-high; vysoka mutacni naloz
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Neuroblastoma Pediatric Patients:
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Monocyte Harvest Impairs the
Immunostimulatory and
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and Manufacturing Process Outcome
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" Department of Pharmacology, Faculty of Medicine, Masaryk University, Brno, Czechia, 2 Department of Pediatric Oncology,
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University Hospital and Medical Faculty, Masaryk University, Brno, Czechia, ° Transfusion and Tissue Department, University
Hospital Brno, Brno, Czechia

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

Frontiers in Oncology | www.frontiersin.org

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

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 wg/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 WL 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 pL 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 pL/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 coefficient. 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
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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.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
manuscript/Supplementary Files.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics Committee, University Hospital Brno.
Written informed consent to participate in this study was
provided by the participants’ legal guardian/next of kin.

AUTHOR CONTRIBUTIONS

EH contributed to the trial design, contributed to the study
design, participated in clinical data acquisition and analysis,
contributed to Supplementary Material preparation, and drafted
the manuscript. KP supervised IMP manufacture, contributed
to laboratory data acquisition and analysis, contributed to data
interpretation, and drafted the manuscript. DC participated
in clinical data acquisition, contributed to Supplementary
Material preparation, and revised the manuscript. IS performed
statistical analysis, contributed to figure preparation and data
interpretation, and drafted the manuscript. PMu contributed to
the trial design, performed patient enrollment and treatment,
contributed to data interpretation, and drafted the manuscript.
PMa contributed to the trial design, participated in patient
treatment, and drafted the manuscript. LFe contributed
to laboratory data acquisition and analysis, contributed
to Supplementary Material preparation, and drafted the
manuscript. JM contributed to the trial design and drafted the
manuscript. L] participated in IMP manufacturing and revised
the manuscript. LSe contributed to IMP manufacturing—
monocyte harvest and drafted the manuscript. RP contributed
to IMP manufacturing—starting material harvest and revised
the manuscript. LFl contributed to IMP manufacturing—
certification and revised the manuscript. LSo contributed to
the trial design and revised the manuscript. RD, ]S, and DV
contributed to the trial design, contributed to data interpretation,
and revised the manuscript. LZ-D conceived the study design,
designed and supervised laboratory data acquisition and analysis,
contributed to data analysis and interpretation, and drafted and
finalized the manuscript.

Frontiers in Oncology | www.frontiersin.org

13

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

FUNDING

This work was supported by the Czech Ministry of Education,
Youth and Sport via Large infrastructure CZECRIN
(LM2015090) and RECAMO (LO1413), by the European
Regional Development Fund—project CZECRIN_4PATIENTY
(Reg. No. CZ.02.1.01/0.0/0.0/16_013/0001826), and by the Czech
Ministry of Health via DRO 00209805.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fonc.
2019.01034/full#supplementary-material

Supplementary Figure 1 | Decision tree for DC-IMP manufacturing workflow
including in-process and quality controls.

Supplementary Figure 2 | Number of anti-cancer therapy lines preceding
monocyte harvest were compared based on QC parameters: (A) DC yield, and

REFERENCES

1. Oberlin O, Rey A, Lyden E, Bisogno G, Stevens MC, Meyer WH, et al.
Prognostic factors in metastatic rhabdomyosarcomas: results of a pooled
analysis from United States and European cooperative groups. J Clin Oncol.
(2008) 26:2384-9. doi: 10.1200/JCO.2007.14.7207

2. Pappo AS, Anderson JR, Crist WM, Wharam MD, Breitfeld PP,
Hawkins D, et al. Survival after relapse in children and adolescents with
rhabdomyosarcoma: a report from the Intergroup Rhabdomyosarcoma Study
Group. J Clin Oncol. (1999) 17:3487-93. doi: 10.1200/JC0O.1999.17.11.3487

3. Sharp SE, Trout AT, Weiss BD, Gelfand MJ. MIBG in neuroblastoma
diagnostic imaging and therapy. Radiographics. (2016) 36:258-78.
doi: 10.1148/rg.2016150099

4. Zapletalova D, Andre N, Deak L, Kyr M, Bajciova V, Mudry P, et al.
Metronomic chemotherapy with the COMBAT regimen in advanced
pediatric malignancies: a multicenter experience. Oncology. (2012) 82:249-60.
doi: 10.1159/000336483

5. Berthold F, Homberg M, Proleskovskaya I, Mazanek P, Belogurova M, Ernst
A, et al. Metronomic therapy has low toxicity and is as effective as current
standard treatment for recurrent high-risk neuroblastoma. Pediatr Hematol
Oncol. (2017) 34:308-19. doi: 10.1080/08880018.2017.1373314

6. Krishnadas DK, Shusterman S, Bai E Diller L, Sullivan JE, Cheerva AC,
et al. A phase I trial combining decitabine/dendritic cell vaccine targeting
MAGE-A1, MAGE-A3 and NY-ESO-1 for children with relapsed or therapy-
refractory neuroblastoma and sarcoma. Cancer Immunol Immunother. (2015)
64:1251-60. doi: 10.1007/500262-015-1731-3

7. Merchant MS, Bernstein D, Amoako M, Baird K, Fleisher TA,
Morre M, et al. Adjuvant immunotherapy to improve outcome in
high-risk pediatric sarcomas. Clin Cancer Res. (2016) 22:3182-91.
doi: 10.1158/1078-0432.CCR-15-2550

8. Klement GL, Arkun K, Valik D, Roffidal T, Hashemi A, Klement C, et al.
Future paradigms for precision oncology. Oncotarget. (2016) 7:46813-31.
doi: 10.18632/oncotarget.9488

9. Rossi M, Young JW. Human dendritic cells: potent antigen-presenting cells at

the crossroads of innate and adaptive immunity. J Immunol. (2005) 175:1373-

81. doi: 10.4049/jimmunol.175.3.1373

Hoffman R, Benz EJ Jr, Shattil S, Furie B, Cohen H. Hematology: Basic

Principles and Practice. Churchill Livingstone (2005).

Jakubzick CV, Randolph GJ, Henson PM. Monocyte differentiation

and antigen-presenting functions. Nat Rev Immunol. (2017) 17:349-62.

doi: 10.1038/nri.2017.28

10.

11.

post-thaw: (B) viability, (C) DC phenotype on day 0: CD14, CD197, CD80, CD86,
CD83 and on day 2: MHC II, CD80, CD86, 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.

Supplementary Figure 3 | Manufacturing subgroup from monocytes harvested
after MTD-based therapy potentially interfering with monocyte biology and
manufacturing subgroup from monocytes from untreated patients or after
non-interfering treatment compared based on QC parameters: (A) DC yield, and
post-thaw: (B) viability, (C) DC phenotype on day 0: CD14, CD197, CD80, CD86,
CD83 and on day 2: MHC Il, CD80, CD86, 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.

Supplementary Table 1 | Monocyte biology-interfering medications.

Supplementary Table 2 | Study patient characteristics, disease course, and
therapy.

Supplementary Table 3 | Source data: CBC parameters, manufacturing details,
and QC parameters.

Supplementary Material 1 | html. Interactive—medications 60 days prior to
monocyte harvest.

. Boyette LB, Macedo C, Hadi K, Elinoff BD, Walters JT, Ramaswami B,
et al. Phenotype, function, and differentiation potential of human monocyte
subsets. PLoS ONE. (2017) 12:e0176460. doi: 10.1371/journal.pone.0176460

. Patel AA, Zhang Y, Fullerton JN, Boelen L, Rongvaux A, Maini AA, et al.
The fate and lifespan of human monocyte subsets in steady state and systemic
inflammation. J Exp Med. (2017) 214:1913-23. doi: 10.1084/jem.20170355

. Sampath P, Moideen K, Ranganathan UD, Bethunaickan R. Monocyte subsets:
phenotypes and function in tuberculosis infection. Front Immunol. (2018)
9:1726. doi: 10.3389/fimmu.2018.01726

. Zhou JX, Feng LJ, Zhang X. Risk of severe hematologic toxicities
in cancer patients treated with PARP inhibitors: a meta-analysis of
randomized controlled trials. Drug Des Devel Ther. (2017) 11:3009-17.
doi: 10.2147/DDDT.S147726

. Rusten LS, Lyman SD, Veiby OP, Jacobsen SE. The FLT3 ligand is a direct and
potent stimulator of the growth of primitive and committed human CD34+
bone marrow progenitor cells in vitro. Blood. (1996) 87:1317-25.

. Kao J, Timmins J, Ozao-Choy J, Packer S. Effects of combined sunitinib and
extracranial stereotactic radiotherapy on bone marrow hematopoiesis. Oncol
Lett. (2016) 12:2139-44. doi: 10.3892/01.2016.4851

. Briegert M, Kaina B. Human monocytes, but not dendritic cells derived from
them, are defective in base excision repair and hypersensitive to methylating
agents. Cancer Res. (2007) 67:26-31. doi: 10.1158/0008-5472.CAN-06-3712

. Bauer M, Goldstein M, Heylmann D, Kaina B. Human monocytes undergo

excessive apoptosis following temozolomide activating the ATM/ATR

pathway while dendritic cells and macrophages are resistant. PLoS ONE.

(2012) 7:¢39956. doi: 10.1371/journal.pone.0039956

Dijkgraaf EM, Heusinkveld M, Tummers B, Vogelpoel LT, Goedemans R, Jha

V, et al. Chemotherapy alters monocyte differentiation to favor generation of

cancer-supporting M2 macrophages in the tumor microenvironment. Cancer

Res. (2013) 73:2480-92. doi: 10.1158/0008-5472.CAN-12-3542

Hu J, Kinn J, Zirakzadeh AA, Sherif A, Norstedt G, Wikstrom AC, et al. The

effects of chemotherapeutic drugs on human monocyte-derived dendritic cell

differentiation and antigen presentation. Clin Exp Immunol. (2013) 172:490-

9. doi: 10.1111/cei.12060

R Core Team. R: A Language and Environment for Statistical Computing. R

Foundation for Statistical Computing, Vienna (2019).

. Ge C, Li R, Song H, Geng T, Yang J, Tan Q, et al. Phase I clinical trial of

a novel autologous modified-DC vaccine in patients with resected NSCLC.

BMC Cancer. (2017) 17:884. doi: 10.1186/s12885-017-3859-3

Rodriguez ], Castanon E, Perez-Gracia JL, Rodriguez I, Viudez A, Alfaro

C, et al. A randomized phase II clinical trial of dendritic cell vaccination

20.

21.

22.

24.

Frontiers in Oncology | www.frontiersin.org

14

October 2019 | Volume 9 | Article 1034


https://www.frontiersin.org/articles/10.3389/fonc.2019.01034/full#supplementary-material
https://doi.org/10.1200/JCO.2007.14.7207
https://doi.org/10.1200/JCO.1999.17.11.3487
https://doi.org/10.1148/rg.2016150099
https://doi.org/10.1159/000336483
https://doi.org/10.1080/08880018.2017.1373314
https://doi.org/10.1007/s00262-015-1731-3
https://doi.org/10.1158/1078-0432.CCR-15-2550
https://doi.org/10.18632/oncotarget.9488
https://doi.org/10.4049/jimmunol.175.3.1373
https://doi.org/10.1038/nri.2017.28
https://doi.org/10.1371/journal.pone.0176460
https://doi.org/10.1084/jem.20170355
https://doi.org/10.3389/fimmu.2018.01726
https://doi.org/10.2147/DDDT.S147726
https://doi.org/10.3892/ol.2016.4851
https://doi.org/10.1158/0008-5472.CAN-06-3712
https://doi.org/10.1371/journal.pone.0039956
https://doi.org/10.1158/0008-5472.CAN-12-3542
https://doi.org/10.1111/cei.12060
https://doi.org/10.1186/s12885-017-3859-3
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

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

following complete resection of colon cancer liver metastasis. ] Immunother
Cancer. (2018) 6:96. doi: 10.1186/s40425-018-0405-z

Repnik U, Knezevic M, Jeras M. Simple and cost-effective isolation of
monocytes from buffy coats. J Immunol Methods. (2003) 278:283-92.
doi: 10.1016/S0022-1759(03)00231-X

Dohnal AM, Graffi S, Witt V, Eichstill C, Wagner D, Ul-Haq S,
et al. Comparative evaluation of techniques for the manufacturing of
dendritic cell-based cancer vaccines. J Cell Mol Med. (2009) 13:125-35.
doi: 10.1111/j.1582-4934.2008.00304.x

Zdrazilova Dubska L, Fedorova L, Pilatova K, Mudry P, Hlavackova
E, Matoulkova E, et al. TKI pazopanib impaires immunostimulatory
properties of monocytes: implication for monocyte-derived DC-
based anti-cancer vaccine preparation. Ann Oncol. (2016) 27:18P.
doi: 10.1093/annonc/mdw525.18

Trojandt S, Knies D, Pektor S, Ritz S, Mailander V, Grabbe S, et al. The
chemotherapeutic agent topotecan differentially modulates the phenotype and
function of dendritic cells. Cancer Immunol Immunother. (2013) 62:1315-26.
doi: 10.1007/s00262-013-1431-9

Cai W, Maldonado NV, Cui W, Harutyunyan N, Ji L, Sposto R, et al. Activity
of irinotecan and temozolomide in the presence of O6-methylguanine-
DNA methyltransferase inhibition in neuroblastoma pre-clinical models. Br
J Cancer. (2010) 103:1369-79. doi: 10.1038/sj.bjc.6605927

Seitz M, Zwicker M, Loetscher P. Effects of methotrexate
on differentiation of monocytes and production of cytokine
inhibitors by  monocytes.  Arthritis  Rheum.  (1998)  41:2032-

8. doi: 10.1002/1529-0131(199811)41:11<2032::AID-ART19>3.0.CO;2-]
Cutolo M, Sulli A, Craviotto C, Felli L, Pizzorni C, Seriolo B, et al.
Antiproliferative-antiinflammatory effects of methotrexate and
hormones on cultured differentiating myeloid monocytic cells (THP-
1). Ann N Y Acad Sci. (2002) 966:232-7. doi: 10.1111/j.1749-6632.2002.
tb04220.x

Moller B, Kukoc-Zivojnov N, Okamgba S, Kessler U, Puccetti E,
Ottmann OG, et al. Folinic acid antagonizes methotrexate-induced
differentiation of monocyte progenitors. Rheumatol Int. (2002) 22:60-7.
doi: 10.1007/500296-002-0188-9

Perpetuo IP, Caetano-Lopes J, Rodrigues AM, Campanilho-Marques R, Ponte
C, Canhao H, et al. Methotrexate and low-dose prednisolone downregulate
osteoclast function by decreasing receptor activator of nuclear factor-
kappabeta expression in monocytes from patients with early rheumatoid
arthritis. RMD Open. (2017) 3:e000365. doi: 10.1136/rmdopen-2016-
000365

Manz MG, Boettcher S. Emergency granulopoiesis. Nat Rev Immunol. (2014)
14:302-14. doi: 10.1038/nri3660

Pilatova K, Bencsikova B, Demlova R, Valik D, Zdrazilova-Dubska
L. Myeloid-derived suppressor cells (MDSCs) in patients with solid

sex

36.

38.

39.

40.

41.

42.

tumors: considerations for granulocyte colony-stimulating factor treatment.
Cancer Immunol Immunother. (2018) 67:1919-29. doi: 10.1007/s00262-018-
2166-4

Hartung T, Docke WD, Gantner E Krieger G, Sauer A, Stevens P, et al. Effect
of granulocyte colony-stimulating factor treatment on ex vivo blood cytokine
response in human volunteers. Blood. (1995) 85:2482-9.

. Mielcarek M, Graf L, Johnson G, Torok-Storb B. Production of interleukin-

10 by granulocyte colony-stimulating factor-mobilized blood products: a
mechanism for monocyte-mediated suppression of T-cell proliferation. Blood.
(1998) 92:215-22.

Boneberg EM, Hareng L, Gantner F, Wendel A, Hartung T. Human
monocytes express functional receptors for granulocyte colony-stimulating
factor that mediate suppression of monokines and interferon-gamma. Blood.
(2000) 95:270-6.

Saito M, Kiyokawa N, Taguchi T, Suzuki K, Sekino T, Mimori K, et al.
Granulocyte colony-stimulating factor directly affects human monocytes
and modulates cytokine secretion. Exp Hematol. (2002) 30:1115-23.
doi: 10.1016/S0301-472X(02)00889-5

Hori S, Heike Y, Takei M, Maruyama M, Inoue Y, Lee J], et al. Freeze-thawing
procedures have no influence on the phenotypic and functional development
of dendritic cells generated from peripheral blood CD14+ monocytes. |
Immunother. (2004) 27:27-35. doi: 10.1097/00002371-200401000-00003
Ghanekar SA, Bhatia S, Ruitenberg JJ, Dela Rosa C, Disis ML, Maino VC,
et al. Phenotype and in vitro function of mature MDDC generated from
cryopreserved PBMC of cancer patients are equivalent to those from healthy
donors. ] Immune Based Ther Vaccines. (2007) 5:7. doi: 10.1186/1476-8518-5-7
Silveira GE Wowk PE, Machado AM, Duarte Dos Santos CN, Bordignon J.
Immature dendritic cells generated from cryopreserved human monocytes
show impaired ability to respond to LPS and to induce allogeneic lymphocyte
proliferation. PLoS ONE. (2013) 8:e71291. doi: 10.1371/journal.pone.0071291

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Hlavackova, Pilatova, Cerna, Selingerova, Mudry, Mazanek,
Fedorova, Merhautova, Jureckova, Semerad, Pacasova, Flajsarova, Souckova,
Demlova, Sterba, Valik and Zdrazilova-Dubska. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Oncology | www.frontiersin.org

15

October 2019 | Volume 9 | Article 1034


https://doi.org/10.1186/s40425-018-0405-z
https://doi.org/10.1016/S0022-1759(03)00231-X
https://doi.org/10.1111/j.1582-4934.2008.00304.x
https://doi.org/10.1093/annonc/mdw525.18
https://doi.org/10.1007/s00262-013-1431-9
https://doi.org/10.1038/sj.bjc.6605927
https://doi.org/10.1002/1529-0131(199811)41:11<2032::AID-ART19>3.0.CO;2-J
https://doi.org/10.1111/j.1749-6632.2002.tb04220.x
https://doi.org/10.1007/s00296-002-0188-9
https://doi.org/10.1136/rmdopen-2016-000365
https://doi.org/10.1038/nri3660
https://doi.org/10.1007/s00262-018-2166-4
https://doi.org/10.1016/S0301-472X(02)00889-5
https://doi.org/10.1097/00002371-200401000-00003
https://doi.org/10.1186/1476-8518-5-7
https://doi.org/10.1371/journal.pone.0071291
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

l\' frontiers
in Oncology

CLINICAL TRIAL
published: 14 November 2019
doi: 10.3389/fonc.2019.01169

OPEN ACCESS

Edited by:

Andrew Zloza,

Rush University Medical Center,
United States

Reviewed by:

Pierpaolo Correale,

Azienda Ospedaliera
‘Bianchi-Melacrino-Morelli’, Italy
Simone Anfossi,

University of Texas MD Anderson
Cancer Center, United States
Praveen Bommareddy,

Rutgers, The State University of New
Jersey, United States

*Correspondence:
Lenka Zdrazilova-Dubska
dubska@mou.cz

Specialty section:

This article was submitted to
Cancer Molecular Targets and
Therapeutics,

a section of the journal
Frontiers in Oncology

Received: 18 June 2019
Accepted: 18 October 2019
Published: 14 November 2019

Citation:

Fedorova L, Mudry R, Pilatova K,
Selingerova I, Merhautova J, Rehak Z,
Valik D, Hlavackova E, Cerna D,
Faberova L, Mazanek F, Pavelka Z,
Demlova R, Sterba J and
Zdrazilova-Dubska L (2019)
Assessment of Immune Response
Following Dendritic Cell-Based
Immunotherapy in Pediatric Patients
With Relapsing Sarcoma.

Front. Oncol. 9:1169.

doi: 10.3389/fonc.2019.01169

Check for
updates

Assessment of Immune Response
Following Dendritic Cell-Based
Immunotherapy in Pediatric Patients
With Relapsing Sarcoma

Lenka Fedorova >3, Peter Mudry*, Katerina Pilatova 23, Iveta Selingerova?,

Jana Merhautova’, Zdenek Rehak?°, Dalibor Valik %3, Eva Hlavackova®*, Dasa Cerna*,
Lucie Faberova*“, Pavel Mazanek*, Zdenek Pavelka“, Regina Demlova™?,

Jaroslav Sterba*® and Lenka Zdrazilova-Dubska %%

" Department of Pharmacology, Faculty of Medicine, Masaryk University, Brno, Czechia, 2 Department of Laboratory
Medicine, Masaryk Memorial Cancer Institute, Brno, Czechia, ° Regional Centre for Applied Molecular Oncology, Masaryk
Memorial Cancer Institute, Brno, Czechia, * Department of Pediatric Oncology, University Hospital and Faculty of Medicine,
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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
4.6
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+ CDI16+ 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, y3 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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—e— bas —e— d1 —e— d3 —— d6
KDO-0101 KDO-0102 KDO-0114
CR-CR-CR gfcps+ PD-SD-PD gfcps+ PD-NN-PD gfcps+
ALC NKT-like ALC NKT-like ALC NKT-like
NLR GD-T NLR GD-T GD-T
M-MDSC NK M-MDSC NK NK
Treg Act CD8+ Treg Act CD8+ Treg Act CD8+
KDO-0118 KDO-0119 KDO-0124
PR-PD-SD g¢cpgs NN-SD-SD g cpss PD-PD-PD g cpgs
ALC NKT-like ALC NKT-like ALC NKT-like
NLR GD-T NLR GD-T NLR GD-T
M-MDSC NK M-MDSC NK M-MDSC NK
Treg Act CD8+ Treg Act CD8+ Treg Act CD8+
KDO-0131 KDO-0133 KDO-0139
NN-NN-NN £ cpss+ PD-NN Ef CD8+ SD-SD-PD ¢ pgs
ALC NKT-like ALC NKT-like ALC NKT-like
NLR GD-T NLR GD-T NLR GD-T
M-MDSC ‘ NK M-MDSC NK M-MDSC NK
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. Our 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.

100.0 1 &
L]
50.0 ?
2C.D ___________________________________________________ R S R e i T
L L
- 10.07 .
s b * ®
E . : @ L] 0® s s ® - -
5.0 ot | o
o9 L]
o® on o 2 ~ b %
TS ae
o‘ ® L] . ,‘0 =
-— . L . e °
° ®
&o & . < * e®
L 3
1004
0.54
L ]
L T T T T T T T T T T
g
- + g T E g = @ &
& = = = 2 4] = @ 2
0 P~ a = [} = = = 0
£ & = E @ [} o L) £ & o E
» ] @ $ o] = = = = = E =
o ] =] c - o o = e =] P
7 = £ S 2 = 3 = =
o T 5 et g 2 5 [ g
Diagnosis

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 ? 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 407 571 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).



Cancers 2020, 12, 230

10 of 14

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
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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
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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
patient . 7T analysis of targets
NN Histology and ~ /
proteomic analysis /
/

//

Target activation Recommendation for
evaluation pathway-based molecularly-
targeted therapy
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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 BRAFYSF 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
chemotherapy, makes an already maximally toxic regimen
lethal. As a result, the benefit of any tumor response will
be concealed by these increased toxicities, and no overall
survival benefit will be seen.[66] An example of this is
the case of combining bevacizumab with standard MTD
chemotherapy. While the RIBBON2 trial showed an
improved progression-free survival compared to patients
treated only with chemotherapy alone [PPS 7.2 months
in the experimental group compared to 5.1 months
in the chemotherapy only arm (p - .0072)]. The 10%
improvement in overall survival rate was not statistically
significant.[67] Based on this finding, the US Food and
Drug Administration (FDA) revoked the approval of
bevacizumab as a first line treatment for breast cancer,
even though the majority of women had responded, and
some remain well controlled on the drug to date.

The concept of “metronomic chemotherapy” was
initially introduced in the year 2000,[29, 68, 69] and
constituted a marked departure from the classic model
of maximum tolerated dose (MTD) strategy. It emerged
in the face of early clinical and pre-clinical evidence
supporting its ability to suppress tumor growth even in
cases where the cancer cell was resistant to the MTD
of the used chemotherapeutic agent.[29, 68, 70, 71]
Unfortunately, the concepts were poorly understood
and underused. It has gained momentum however and
at present it is being adopted with increasing frequency
around the world,[72-74] and the website www.
clinicaltrials.org now lists over 150 trials that use the word
“metronomic” in their title. The mechanism of action of
metronomic chemotherapy has been subject to excellent
recent reviews,[75] and its value to implementation of
precision medicine well documented.[22] To summarize
briefly, because of the side effects induced by maximally
dosed chemotherapy, the duration of the therapy has to be
limited and breaks for bone marrow recovery incorporated.
Furthermore, because conventional chemotherapy targets
only proliferating malignant cells, a large portion of
malignant cells is not affected. Only once these cells are
re-engaged in the cell cycle process cytotoxic drugs are

able to corrode them. Metronomic therapy implies that
the use of low, continuous doses of chemotherapy in
combination with biologic response modifiers not only
avoid toxic side effects, but also preferentially target the
host biological responses such as stromal induction,[76]
angiogenesis,[68, 77, 78] immune surveillance,[75, 79,
80] and inflammation.[76] Angiogenesis and inflammation
represent a physiological repair mechanisms hijacked by
the proliferating tumor and actively contributing to tumor
cell re-growth. The enormous success in the treatment of
pediatric acute lymphoblastic leukemia, is at least partially
due to the one and a half year long maintenance low dose
metronomic chemotherapy.

Thus, it should be stated that in cases where up-
front eradication of the cancer is not possible with MTDs,
the MTD-induced up regulation of host inflammatory
responses, rather than defending us from cancer,
contributes to subsequent cancer progression. Because
MTD chemotherapy kills only chemo-sensitive cells with
each cycle, the chance of selection of a chemotherapy
resistant subpopulation and recurrence is very high.

Metronomic chemotherapy, with its goal of long-
term “tumor control”, lower toxicity, and prevention of
tumor progression (rather than immediate reduction in
tumor size), may represent a more realistic strategy for
cancer therapy. This is especially true for cancers not
amenable to upfront cancer eradication. While slower
in its onset of action (see Figure 3), metronomic dosing
has demonstrated better long term tumor control, even
for cancers rendered resistant to the same drug under
MTD,[29, 68, 78] because the low-dose chemotherapy
approach avoids selection of a resistant cancer cell
population.

A very strong argument for the use of a metronomic
chemotherapeutic backbone in combination with targeted
therapies is the risk of metastatic growth.[81, 82] This
risk of exacerbating metastases has however, only been
documented with single agent therapy and only in pre-
clinical murine models. It remains theoretical in clinical
practice where it is usually prevented by the synergistic
action of biologic agents and low dose chemotherapy.
The same is true for avoiding emergence of therapeutic
resistance with targeted agents alone.[57]

A POTENTIAL SOLUTION

In the coming decade(s) a background for the
combination therapies will be applied for any patients with
chemotherapy resistant cancer or for patients with very
poor prognosis. As much information as possible should
be gathered about the patient’s tumor molecular signature,
about the host specific germline gene alterations, and about
the host phenotype as soon as possible, so as to avoid
unnecessary toxicities and delays with standard therapies
whenever success cannot be reasonable expectation. The
hope is that data from each of these cases will be collected
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and each of the individual outcomes will inform any future
therapeutic decision.

CASE 1

A previously healthy 11 year old girl with
neurofibromatosis type 1 was diagnosed in 2011 with a
large right parietal glioblastoma multiforme following an
episode of left sided weakness. She was found to have
a hemorrhagic stroke, and despite a partial resection of
the tumor, her hemiparesis never resolved. She was
started on COG ACNS0822, randomized to Arm A, and
she completed the 6 weeks of radiation and vorinostat. In
November 2011 she started maintenance chemotherapy
with Avastin 10mg/kg Day 1 and 14/ Temozolomide
200mg/m2 Days 1-5 for 28 day cycle. She completed 11
out of 12 cycles before coming off protocol for disease
progression in October 2012.

She was started on melatonin, metformin,
cyclophosphamide and erlotinib based on a proteomic
analysis done at Texas Children’s. She progressed again
within 2 months with leptomeningeal spread to the
spine, and was changed to VP-16, vincristine, crizotinib,
erlotinib, vorinostat. The regimen resulted in unacceptable
toxicities with myelosupression, severe mucositis, and
QTc prolongation with cardiac compromise.

She was taken off any disease directed therapy in
March 2013 and referred to us for molecular analysis
and individualized therapy. The characteristics of the
tumor at diagnosis showed activation of a number of
pathways associated with cancer growth and progression.
The findings and initial pathology are summarized in
Figure 4. The genomic analysis revealed NF1 R1968%*,

Tumor size

BRCA1 N1355fs*10, CDK4 amplification, TP53 R175H,
SOX2 amplification. Because loss of neurofibromin
function leads to increase in signaling through the Ras-
Raf-MAPK and mTOR pathways, [83] she was started
on sirolimus 2mg daily and sorafenib to inhibit growth
factors downstream from these pathways in addition to
metronomic (50 mg/m2) etoposide daily. She remained
stable on this regimen until December 2015 (3 years)
when she had a radiological progression.

She underwent an excisional biopsy and the
molecular analysis of this relapse was consistent with
a radiologically, histologically and genetically more
aggressive phenotype (Figure 4). In addition to the original
gene alterations, she now had BRCAZ2 splice site 67+1G >
A, ERBB3 S1074N, TSCI splice site 364-1G > A, GLI1
amplification, STAG2 Q1167*. Her therapy was therefore
changed to everolimus (Ras-Raf-MAPK and mTOR
pathways), ceritinib (GLI1/sonic Hedgehog pathway), and
trametinib on a metronomic chemotherapy backbone of
temozolomide 25 mg/m2, and remains stable.

The case provides a good illustration about the need
for multi-agent therapy based on molecular signature.
It also stresses the need to consider re-biopsy with
relapse as the eco-evolutionary forces within the tumor
microenvironment may cause therapeutic resistance and
escape from tumor dormancy.[84]

CASE 2

A 7-y old previously healthy boy with no family
history of cancer was diagnosed with stage III abdominal
Burkitt lymphoma in December 2014. He was initially
treated standard BFM B-NHL 04 therapy, which

Standard (MTD)
chemotherapy

Metronomic
chemotherapy

Dx 6 mo 1yr

Figure 3: Comparison of Metronomic and Standard dose strategies. The onset of action of metronomic chemotherapy is
slower, but because of its ability to suppress biological processes such as angiogenesis or inflammation which are often “hijacked” by the
tumor for growth, and because it avoids selection of the resistant population of cells, its effects are more sustained. However if comparison
of these two therapies is made before 6 months, the wrong conclusion about the effectiveness of metronomic chemotherapy may be made.

www.impactjournals.com/oncotarget

Oncotarget



included a single initial dose of 375mg/m2 Rituximab
followed with 5 cycles of BNHL 04 chemotherapy
consisting of dexamethasone, methotrexate, ifosfamide,
cyclophosfamide, cytarabine, etoposide, doxorubicine,
vincristine as well as intrathecal therapy. After 2 cycles,
he had a very good partial response reaching < 5% of
the initial tumor volume. An episode of the intestinal
obstruction in February 2015 led to excision, and the
histology confirmed sclerosing mesenteritis, without
histological or rtPCR evidence of lymphoma (the original
tissue was positive for cMYC translocation). The FDG
PET was borderline positive, but this was thought to be
due to inflammation.

Unfortunately the child was found to have an
isolated radiological progression in the same region in
which the intestinal obstruction had occurred two months
after completing chemotherapy. The biopsy in June 2015
confirmed relapsed Burkitt lymphoma, this time with
marked areas of sclerosing mesenteritis and mesenteric
panniculitis. Mutational analysis of PI3K delta subunit
proved germinal mutation/variant outside the classical
Activated PI3K-delta syndrome (APDS) 1 or 2 variants.
The mutational activation was confirmed by testing
the patient’s T- lymphocytes, and the S6 (Ser235/236)
phosphorylation was found to be 33 fold that of a healthy
control.

While undergoing the genomic testing, the boy was
started on retrieval therapy with ibrutinib, obinutuzumab
and ICE chemotherapy. Unfortunately, after a transient
response and disease stabilization, he had an early
progression following the first cycle. Based on the finding
of germline mutation in PI3K delta subunit, he got 2
weeks of idelalisib (a phosphoinositide 3-kinase inhibitor,
which blocks P1103, the delta isoform of the enzyme
phosphoinositide 3-kinase). The single agent therapy led
to normalization of the S6 (Ser235/236) phosphorylation
in patients peripheral T lymphocytes, but he had further
disease progression. It was only when the combination of
high dose cytarabine/ etoposide (CyVe) with idelalisib and
obinutuzumab was used that the disease was stabilized.
A biopsy on 9/2015 showed a CD20 positive tumor, with
high degree of proliferation and strong expression of PD-
1L.

The second biopsy was analyzed using Affy
GeneChip ST 1.0 and the whole transcriptome analysis
confirmed increased levels of PI3K and revealed
additional HR23B. Because HR23B can be used as a good
predictor of response to HDAC inhibitors, valproic acid
was being considered. Additional tumor specific (somatic)
gene alterations in R273C and p53 were also shown.

The child, who had continued on oral ibrutinib +
idelalisib and low dose cyclophosphamide since 9/2015,
received palliative 21Gy local radiation. In 10/2015, based
on the second biopsy findings, the nivolumab, a human
IgG4 anti-PD-1 monoclonal antibody, and valproic acid,
and HDAC inhibitor, were added. As of March 2016 the

boy is doing very well. He has had partial response of
the single residual abdominal tumor disease, and remains
clinically well with Lansky score 100 and OS > 15 months.
He comes to clinic biweekly for nivolumab infusions and
assessments, but remains outpatient otherwise. He started
his personalized therapy after his second relapse, and this
3rd EFS (7 months) is already the longest EFS, compared
to 6 months post his initial standard BFM protocol and
just 1 month post ibrutinib, obinutuzumab and ICE
chemotherapy.

The case may illustrate a new variant of Activated
PI3K-delta syndrome (APDS). At least at present the
disease is not tested for and generally not recognized
in children with Burkitt’s lymphoma. Even if this child
had a family history supporting testing for the autosomal
dominant form of APDS, he would not have been found.
Yet, he had an atypical germinal mutation in the gene that
leads to lymphoid hyperplasia, and increases the risk of
malignant transformation to B-cell lymphoma. The p1103
protein is a crucial subunit of the PI3K enzyme, and
regulates activation of proliferative pathways in B-cells.
As such, unless this constitutional activation can be
blocked, it will be unlikely that 5 cycles of conventional
chemotherapy could successfully prevent a relapse. It
may be prudent, in cases where a mutational activation
of an important proliferative pathway is found, to use
maintenance biological therapy. This could be similar to
the 2 years maintenance therapy used in childhood Acute
Lymphoblastic Leukemia, which has cure rates of about
90%. It is our hope that this case illustrates a potential
for keeping even children with poor prognosis due to
genetically complex cancers at home. While not able to
eradicate the cancer or it causative mutation, we may be
able to keep them well, in school and active by prescribing
a combination of low-dose metronomic chemotherapy, an
immune checkpoint inhibitor, and a direct inhibitor of the
activated pathway(s).

SUMMARY

Many oncologists treating recurrent, chemotherapy
resistant or poor prognosis cancers have begun re-
purposing anti-inflammatory agents or immune
modulators. Similarly, many oncologist use direct
anticancer agents in an off-label setting to target specific
genomic mutations regardless of the cancer subtype. An
equal number of oncologists however, due to the time
required for researching the vast amount of molecular
information, continue treating children with conventional
therapies. But for those cancers where the present
chemotherapeutic, surgical and radiation strategies fail
— the option of targeted strategies should be strongly
considered.

The difficulty is that physicians using targeted
therapies today do so without the benefit of computational
infrastructure. While we use complex sociotechnical
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NF1 R1968* NF1 R1968* Genomics

BRCA1 N1355fs*10 BRCA1 N1355fs*10

CDK4 amplification CDK4 amplification

TP53 R175H TP53 R175H

SOX2 amplification BRCA2 splice site 67+1G>A

ERBB3 S1074N

TSC1 splice site 364-1G>A
GLI1 amplification

STAG2 Q1167*

Figure 4: Histology of case 1, glioblastoma progression. The original right temporal mass resected in 2011 showed glial neoplasm
with vascular proliferation, necrosis, mitosis, and numerous pleomorphic cells, including rare giant cells. At this time, there was strong and
diffuse immunopositivity for GFAP, and markedly elevated Ki-67 proliferative index, consistent with Glioblastoma WHO grade IV/IV. The
original lesion regressed after the initial targeted therapy with sirolimus, sorafenib and metronomic VP16, but relapsed with a new extra
axial lesion. The relapsed tissue in 2015 showed glial neoplasm with numerous tumor giant cell and atypical mitoe. The tumor cells were
immunonegative for NEU-N, IDH-1(R132H) and BRAFv600E, but the molecular signature had obviously evolved, adding further genomic
alterations. At this time, the tumor was negative for GFAP, and the ganglional component was no longer present. Both the 2011 and 2015
specimens had shown increased lymphocytic component and myxoid background, along with tumor giant cells, but the number of giant
cells was increased significantly in the 2015 specimen.
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systems to manage nuclear plants and airports, we have
not developed similar systems for the analysis and
application of omics information. We need an efficient
complex sociotechnical system that would allow us to
analyze a molecular signature of the patient’s cancer in
minutes and select the appropriate molecular agent(s) in
time for effective therapy.

We also need to abandon the present model of
drug development. The present process often takes
decades for each of the new therapeutic agents. Millions
are spent testing each of the agents in individual Phase
I-1V trials before its introduction to the clinic resulting
in cost-prohibitive therapies. Most importantly however,
thousands of patient lives are lost as we struggle to
determine whether an agent “is clinically active” in
the incorrectly designed clinical trials. A wealth of
bioinformatics resources exists that can help narrow
the choice of therapeutic combinations from the wide
selection of already available molecular agents, and
provide a treatment for a wide range of difficult to treat
cancers TODAY.
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Summary

Background: To outline an outpatient-based treatment
for children with relapsed solid tumors, who already
have been extensively pretreated, we defined a 4-drug
protocol named COMBAT (combined oral maintenance
biodifferentiating and antiangiogenic therapy). Using this
protocol, we performed a pilot study to determine its fea-
sibility in children with relapsed and/or high-risk pedi-
atric solid tumors. Patients and Methods: 22 children re-
ceived the COMBAT protocol. Treatment consisted of
daily celecoxib administration along with daily 13-cis-
retinoic acid (2 weeks on / 2 weeks off) and cycles of
metronomic temozolomide (90 mg/m? for 42 days) and
low-dose etoposide (21 days). The treatment was sched-
uled for a period of 1 year. Results: 9 of the 14 patients
assessable for response demonstrated evidence of treat-
ment benefit manifested as prolonged disease stabiliza-
tion or response. The protocol medication was well toler-
ated with very good compliance. Only minimal side ef-
fects where observed which responded to dose modifi-
cation or local therapy. Conclusions: The COMBAT
regimen is well tolerated by patients with intensive prior
therapy including myeloablative regimens. Favorable re-
sponses observed in this cohort of patients support the
further exploration of this and/or similar strategies in the
treatment of pediatric solid tumors.
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Zusammenfassung

Hintergrund: Mit dem Ziel der Etablierung einer ambu-
lanten Behandlungsstrategie fiir intensiv vorbehandelte
Kinder mit refraktaren soliden Tumoren wurde ein 4 Me-
dikamente umfassendes Therapieprotokoll, genannt
COMBAT (combined oral maintenance biodifferentiating
and antiangiogenic therapy), erstellt. Im Rahmen einer
Pilotstudie wurde die Anwendbarkeit der Therapie bei
Kindern mit soliden Tumoren, die refraktir und/oder mit
einem hohen Risiko verbundenen sind, durchgefiihrt. Pa-
tienten und Methoden: 22 Kinder wurden nach dem
COMBAT-Protokoll behandelt. Die Therapie bestand aus
téglichen Gaben von Celecoxib und 13-cis-Retinoinsaure
(2 Wochen Behandlung /2 Wochen Pause) sowie Be-
handlungszyklen mit metronomischem Temozolomid
(90 mg/m? fiir 42 Tage) und niedrig dosiertem Etoposid
(21 Tage). Die Behandlung erfolgte iiber einen Zeitraum
von 1 Jahr. Ergebnisse: 9 der 14 beziiglich des Anspre-
chens beurteilbaren Patienten zeigten einen Behand-
lungsvorteil (ldngere Krankheitsstabilisation oder An-
sprechen). Alle Medikamente waren gut vertraglich, und
die Patientencompliance war gut. Die beobachteten
Nebenwirkungen waren minimal und konnten durch Do-
sismodifikationen oder lokale Behandlung behoben wer-
den. Schlussfolgerungen: Das COMBAT-Regime ist fiir in-
tensiv vorbehandelte Patienten auch nach myeloablati-
ver Therapie gut vertraglich. Das in dieser Studie beob-
achtete positive Ansprechen unterstiitzt die weitere
Untersuchung dieses und/oder dhnlicher Behandlungs-
strategien fiir solide Tumoren bei Kindern.
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Introduction

The outcome of children with metastatic sarcomas, relapsed
brain tumors and other high-risk refractory and/or relapsed
malignancies remains poor despite the introduction of dose-
intensified chemotherapy, high-dose chemotherapy and sever-
al novel therapeutic approaches, such as monoclonal antibod-
ies and kinase inhibitors [1]. Therefore, treatment strategies
which act on multiple levels including tumor cells but also the
stromal milieu may be of clinical benefit [2-6]. One such strat-
egy is the combination of cell cycle/apoptosis-inducing
topomerase II inhibitors with differentiating and anti-angjo-
genic agents. Angiogenesis and neovascularization are re-
quired to promote and sustain malignant tumor growth [2, 3].
Angiogenic cytokines produced by tumor and stromal cells
stimulate surrounding endothelial cells to proliferate locally
and attract endothelial precursors from the bone marrow.
Within the tumor stroma, these processes integrate towards
formation of primitive (neo)vascular structures [7] that subse-
quently contribute to local tumor expansion and metastasis.
Disruption of angiogenic signals may therefore lead to sup-
pression of tumor growth. Inhibitors of cyclooxygenase-2
(Cox-2 inhibitors) are an example of such antiangiogenic
agents [8]. In primary tumors, experimental evidence exists
that cyclooxygenase-2 inhibition is a potent mechanism to re-
duce angiogenesis [9]. Traditional anti-angiogenic therapy is
based on the inhibition of the angiogenic cascade, including
angiogenic factor receptor binding, signal transduction, migra-
tion of proliferating endothelial cells and formation of vascu-
lar lumina [2, 3]. The mode of action of continuous low-dose
(metronomic) chemotherapy is explained by the interference
of these agents with cycling and proliferating endothelial cells
in the process of tumor angiogenesis [10, 11].

Evidence supporting the effectiveness of retinoids against cen-
tral nervous system (CNS) tumor cell lines [12-17] has been
published. Retinoids not only inhibit cell growth but can also
induce apoptosis. Observation by Olson et al. [18] showed in-
creased apoptosis in medulloblastoma/primitive neuroecto-
dermal tumor (PNET) cells treated with 13-cis-retinoic acid.
Caspase activation and induction of apoptosis have been
demonstrated in vitro in glioma cell lines treated with synthet-
ic retinoids [19]. Preclinical data have been published showing
that, in vitro, cells derived from Ewing’s sarcoma with the
characteristic somatic rearrangement between the genes EWS
and FLI 1 can be induced to differentiate toward a neuronal
phenotype by exposure to agents such as dibutyryl cyclic
adenosine monophosphate (db cAMP) or retinoic acid. [20].
Similar data exist for other sarcomas [21-24].

Improved survival with acceptable toxicity was found for the
maximum tolerated dose of 160 mg/m?day of oral 13-cis-
retinoic acid (isotretinoin) given for 14 days, followed by a 14-
day resting period in children with neuroblastoma treated
after autologous bone marrow transplant [25, 26]. No signifi-
cant responses were: reported in patients with bulky disease
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neuroblastoma in an earlier phase II study on the use of
13-cis-retinoic acid in recurrent neuroblastoma [27]. However,
in a study by Yung et al. [28], 7% partial responses, 16%
minor responses and 30% stable disease were observed
among 43 adults with recurrent malignant glioma treated for
more than 4 weeks with 60-100 mg/m?day of 13-cis-retinoic
acid, suggesting some degree of activity of 13-cis-retinoic acid
against high-grade gliomas even in patients with bulky disease.
Similar supportive data was provided in another trial [29], and
combination trials combining 13-cis-retinoic acid with temo-
zolomide in adults have been reported [30, 31].

In an attempt to set up an outpatient-based and oral treatment
for children with relapsed solid tumors who already had ex-
tensive prior chemotherapy, we developed a 4-drug protocol
named COMBAT (combined oral maintenance biodifferenti-
ating and antiangiogenic therapy), containing celecoxib, temo-
zolomide, etoposide and 13-cis-retinoic acid. The dosage was
set to a low-dose range so that therapy could be maintained
for a prolonged period of time. The treatment was originally
intended as palliative treatment for children where no higher
priority treatment was available. However, encouraged by the
observed responses, we subsequently offered this treatment to
children with high-risk solid tumors after completion of the
standard treatment. For reporting, we set 2 disease strata:
i) COMBAT as palliative treatment for children with measur-
able, resistant, progressive .and/or relapsed disease, and ii)
COMBAT as maintenance therapy for children with no mea-
surable disease but with high-risk solid tumors, who where in
first or second complete remission but had a very low proba-
bility of maintaining a long-term disease-free status because of
the biological character, or the extent of the malignancy. Here,
we present results of our pilot study.

Patients and Methods

Study Design and Therapy Administration

The COMBAT study was reviewed by the Institutional Review Board.
The treatment consisted of 4 cycles of combined oral therapy as outlined
in figure 1. Each cycle lasted for 11 weeks (77 days) so that the total treat-
ment duration was planned for approximately 1 year. Each cycle com-
menced if the absolute neutrophil count (ANC) was > 750/ul and the un-
supported platelet count was > 75,000/ul. There was a 2-week gap be-
tween cycles. Drug dosing and treatment schedule are based on previous-
ly published treatments for children with high-risk neuroblastoma [32],
sarcomas and brain tumors [22, 30, 31, 33-35]. No further dose escalation
has been planned for this group of patients. The safety of COMBAT
administration was ensured by the following algorithm. If 2 or 3 of the
first 3 patients experienced dose-limiting toxicity, the dose was then con-
sidered too high. If 1 of the first 3 patients experienced dose-limiting toxi-
city, then 3 additional patients were enrolled. If, after enrollment of 6 pa-
tients, only 1 experienced dose-limiting toxicity, 2 more patients were en-
rolled. If 2 or more patients experienced dose-limiting toxicity, then the
dose would be regarded higher than the maximum tolerated dose. Dose-
limiting toxicity was defined as any grade 4 non-hematological toxicity,
any grade 4 hematological toxicity or any grade 3 non-hematological tox-
icity that did not resolve within 7 days. Toxicities were graded according
to the National Cancer Institute Common Toxicity Criteria (NCI-CTC),
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Fig. 1. Combined oral maintenance biodifferentiating and antiangioge-
nic therapy (COMBAT) - treatment plan.

version 2 {hrfp.'//cfep.cance.':gov{fbrms/CTCv20_4-30-992.pdf), except for
cheilitis which was graded according to the Common Terminology Crite-
ria for Adverse Events (CTCAE), version 3 (httpfictep.cancer.govi/forms/
CTCAEv3.pdf). Non-hematological dose-limiting toxicity was defined as
any grade 3 or grade 4 non-hematological toxicity. Hematological dose-
limiting toxicity was defined as grade 4 neutropenia lasting over 7 days, or
grade 4 anemia or trombocytopenia requiring transfusion support. During
COMBAT therapy, all patients had regular physical examinations and
complete blood counts, and assessments of hepatic and renal function was
carried out every 2 weeks. Imaging studies to evaluate the disease status
were performed at the end of the 2nd and 4th therapy cycle and/or as clin-
ically indicated. No other anticancer and/or immunomodulating therapy
was used during and 4 weeks after COMBAT therapy, but patients did
receive antibiotics, blood products and supportive care as clinically indi-
cated. Antiemetics were not administered unless patients experienced
nausea and/or vomiting in the course of the treatment. Patients were con-
sidered assessable for toxicity if they completed at least 1 therapy cycle
(77 days).

Eligibility Criteria

Eligible patients were children who had either a relapsed or primarily
treatment-resistant solid tumor or a newly diagnosed and high-risk solid
tumor for which no higher priority treatment was available (table 1). For
relapsed patients, only the COMBAT regimen was used. For children with
newly diagnosed tumors, the COMBAT regimen was used as maintenance
therapy after completion of standard adjuvant chemotherapy. Other eligi-
bility criteria included life expectancy of more than 6 weeks, Karnofski/
Lansky score > 50, adequate bone marrow function (ANC > 750/mm?,
platelets > 75,000/mm?3), adequate hepatic function (alanine aminotrans-
ferase < 2 times normal) and normal renal function (plasma creatinine
and/or glomerular filtration rate). Ineligibility/exclusion criteria were as
follows: history of peptic ulcer disease or significant gastrointestinal hem-
orrhage, history of deep venous thrombosis, hemophilia, von Willebrand’s
discase, other clinically significant bleeding disorder, aspirin allergy, preg-
nancy. An informed consent was obtained from a parent or guardian of
each patient. Between November 2004 and November 2005, 22 children
were recruited. Age at entry ranged from 3 years and 2 months to 19 years
and 10 months with a median age of 11 years and 5 months.

Evaluation of Response

In this study, we used the Response Evaluation Criteria in Solid Tumors
from the NCI [36] with the exception of CNS tumor evaluation. For this
purpose, only lesions of 1 cm or larger were seen to constitute measurable
disease, and a total of 5 such lesions per organ (10 lesions in total) were
selected as target lesions. Measurable response was coded as follows: i)
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complete response (CR) — complete disappearance of disease accordi
to magnetic resonance imaging (MRI)/computed tomography (CT):

partial response (PR) — more than 30% reduction of the longest diamet
iii) stable disease (SD) - neither CR, PR nor progressive disease (PD):

PD: >20% increase in the longest diameter of the target lesion.

For CNS tumors, CR was defined as complete clearing of radiograpl
disease for at least 4 weeks. PR was defined as requiring a more than 50
decrease in the sum of the products of all two-dimensional masses for
minimum of 4 weeks. PD was defined as an increase of more that 25%
the size of a measurable lesion on imaging studies, or new lesions «
CT/MRI in a patient who has previously attained response. SD was ¢
fined as failure to fulfill the criteria for either CR, PR or PD. The ter
very good partial remission (VGPR) was used for children with neur
blastoma as defined by the International Neuroblastoma Staging Systc
(INSS) [37].

Results

Toxicity

Oral medication was generally well tolerated with minim
toxicity and very good compliance. No unexpected toxiciti
and/or pseudotumor cerebri was observed in this study. Te
mination of COMBAT therapy due to toxicity was not nece
sary, and all patients recruited were assessable for toxicit
Grade 4 hematological toxicity was noted in 1 child with pr
gressive, metastatic neuroblastoma with massive bone ma
row involvement and in another heavily pretreated child wit
relapsed medulloblastoma. Non-hematological grade 3 or
toxicity included only grade 3 cheilitis which occurred |
7 children. The dose of temozolomide was reduced by 20% i
1 child and by 40% in another due to poor tolerance reportc
as general weakness and loss of appetite, which resolved aftc
dose reduction. Local therapies were sufficient in managil
cheilitis in all but 1 child where the dose of 13-cis-retino
acid was reduced to two thirds of the scheduled dose. Tl
worst drug-related toxicities across all COMBAT courses a
shown in table 2.

Antitumor Activity

All 14 children with progressive diseases were assessable f.
response. Diagnosis, age, sex, response data and curre:
follow-up data, as of 1st March 2006, are summarized in tl
table 1. The overall response rate was 64% (9 out of 14), wi
2CR,2 VGPR, 2 PR and 3 SD. 35% of the patients with P
(5 out of 14) received less than the prescribed 12 months -
therapy due to disease progression and all ultimately dic
64% (9 out of 14) of assessable patients with PD and all 8 ch
dren with high-risk disease continue to be progression-frc
The median follow-up is 10.5 months (mean 9.8, range 5-1
for the PD group and 7 months (mean 8.25, range 6-15) f:
the high-risk CR group. 3 out of 4 children with neurobl:
toma showed objective responses with 2 VGPR. With oth.
solid tumors, a second CR lasting more than 11 months w:
achieved in an adolescent patient with relapsed thoracic m
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Table 2. Worst drug-related toxicities

reported among 22 patients evaluable for Toxicity criteria® Thukity s
toxicity across all courses None 1 2 3 4 Unknown

Hemoglobin 0 2 13 7 0 0
WBC 0 4l 8 9 2 0
ANC 0 3 10 7l 2 0
Platelets 0 5 7 8 2 0
Febrile neutropenia,

sepsis, septic shock 20 0 2 0 0
Other infections 16 3 3 0 0 0
Neurotoxicity 16 3 3 0 0
Hypokalemia 17 4 1 0 0 0
Hyponatremia 16 2 4 0 0 0
Hyperglycemia 7 1 0 0 0 0
ALT 6 5 6 5] 0 0
Bilirubin 18 3 1 0 0 0
Nausea 15 4 3 0 0 0
Vomiting 18 3 1 0 0 0
Diarrhea 20 2 0 0 0 0
Constipation 17 4 1 0 0 0
Stomatitis 15 5 2 0 0 0
Cheilitis® 0 2 13 7 NA 0
PTT 19 2 1 0 0 0
PT (as INR) 18 2 2 0 0 0

2Common Toxicity Criteria, version 2.0, NCL

®Common Terminology Criteria for Adverse Events (CTCAE), version 3.0.

WBC = White blood cell count; ANC = absolute neutrophil count; ALT = alanine aminotransferase:
PTT = partial thromboplastin time; PT = prothrombin time; INR = international normalized ratio:

NA = not applicable.

lignant fibrous histiocytoma as well as in a child with relapsed
M2 medulloblastoma lasting more than 13 months. A further
3 patients with PD showed SD for more than 5 months, with
clinical improvement in all 3 patients.

Discussion

Tumor growth and progression are angiogenesis-dependent.
Preclinical studies and clinical data from small series and case
reports have shown that well-tolerated continuous low-dose
(metronomic) chemotherapy can exert significant antiangio-
genic effects per se and hence a greater antitumor activity
than conventional chemotherapy with high, spaced-out bolus
doses [2, 8, 10, 11). Taking into account heterogeneity and the
complexity of the angiogenesis process resulting from a dy-
namic balance between proangiogenic and antiangiogenic fac-
tors and the fact that different tumor cells can upregulate dif-
ferent inducers and/or downregulate different inhibitors,
drugs given in combination rather than as single-agent treat-
ment are of greater potential. This is supported by preclinical
data [38], and by short-lasting or no responses achieved with
single-agent treatment, such as etoposide [39]. The COMBAT
protocol was primarily intended for patients with relapsed
brain tumors and neuroblastomas where some level of evi-
dence for single COMBAT components can be found in the
literature. Evidence for the use of these components is not
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that strong in other malignancies, but given the fact that no
other higher priority treatment was available, we decided to
also offer this treatment to patients with other solid tumors in
the palliative setting. We demonstrated the feasibility of ad-
ministering combined oral maintenance biodifferentiating and
antiangiogenic therapy in children with either relapsed and re-
fractory or high-risk solid tumors. The to date only similar
study in children was published recently by Kieran et al. [40].
This study, which used 4 orally administered drugs, 2 of which
were identical with the COMBAT regimen (celecoxib and
etoposide alongside thalidomide and cyclophosphamide), es-
sentially achieved identical conclusions as we have reported.
The etoposide dose in our protocol is only the half the dose
used by Kieran [40]. When combining drugs for the COMBAT
regimen, several factors were considered, such as possibility of
oral administration, different mechanisms of action, non-over-
lapping toxicity and availability of preclinical and human clin-
ical data demonstrating activity in cancer.

The COMBAT protocol proved to be well tolerated by pa-
tients with intensive prior pretreatment including myeloabla-
tive regimens. No non-hematological dose-limiting toxicity ac-
cording to CTC occurred in this study. Cheilitis grade 3 ac-
cording to CTCAE was the only grade 3 non-hematological
toxicity recorded. Except for 1 child, local treatment was suffi-
cient in all patients. Toxicities described here are similar to the
observed toxicity profiles for drugs used in similar clinical sit-
uations as single agents or as 2-drug combination, or in similar
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clinical trials [40-43]. However, doses of oral etoposide and
13-cis-retinoic acid were lower in our study compared to oth-
ers, whereby the reason for the etoposide dose reduction was
mainly the decreased risk of secondary malignancies [42, 43].

The overall response rate of 65% including 2 CR, 2 VGPR, 2
PR and 3 SD is encouraging and rather unexpected for exten-

sively pretreated children. However, there only has been a

short follow-up interval so far. In 3 children, the duration of

response achieved with the COMBAT protocol was longer
than that achieved with the previous chemotherapy using
maximum tolerated doses. Responses seen in our study fulfill
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Abstract

Background: The outcome of children with refractory/re-
lapsed malignancies remains poor and novel therapies are
urgently required. One of the promising approaches is met-
ronomic chemotherapy. We present the clinical results of 74
children with advanced solid tumors treated according to
treatment recommendation with data registry in three Euro-
pean pediatric centers. Methods: COMBAT (Combined Oral
Metronomic Biodifferentiating Antiangiogenic Treatment)
included low-dose daily temozolomide, etoposide, celecox-
ib, vitamin D, fenofibrate and retinoic acid. From 2004 to
2010, 74 children were enrolled. Results: The 2-year overall
survival (OS) was 43.1% (median 15.4, range 1.3-69.9 months).
Of the 74 patients, 50 patients (68%) died and 24 are alive:
6 (8%) with progressive disease, 7 (9%) with stable disease/
partial response and 11 (15%) in complete response. Median
time to response was 6 months. Of 62 patients with initially

measurable disease, 25 (40%) had radiological response or
stable disease. Fourteen of 25 showing clinical benefit re-
sponded within the first 6 months. The treatment was well
tolerated on an outpatient basis. Regarding non-hemato-
logical toxicity of grade =2, hepatotoxicity of grade 3 oc-
curred in 8 children and grade 3 cheilitis in 16 children. Con-
clusion: COMBAT is a feasible and effective treatment option
for patients with relapsing/refractory malignancies. The
treatment is well tolerated with a low acute toxicity profile.
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Introduction

Despite substantial improvement in the treatment of
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metastatic sarcomas, relapsed brain tumors and other
high-risk refractory and/or relapsed malignancies, re-
mains poor [1]. Therapy intensification beyond the stan-
dard maximum-tolerated doses (MTD) through the dose
escalation approach has not yielded substantial evidence
of improved therapeutic response and survival. Only in
a subset of patients, such as high-risk neuroblastomas,
high-dose therapies have been associated with improved
outcome [2]. The introduction of novel therapies, such as
monoclonal antibodies, tyrosine kinase inhibitors or oth-
er ‘targeted’ therapies, have, as of yet, not reached the ex-
pected therapeutic benefit [1, 3, 4]. At present, these nov-
el treatment approaches still continue to be associated
with limited efficacy and sometimes, but less frequently,
with significant toxicities [5, 6]. Novel therapeutic ap-
proaches for direct application are therefore urgently
needed to improve the bleak outcome of these patients.
As of today, a number of therapeutic agents with previ-
ously unexplored potential are readily available [7].

The term metronomic chemotherapy (MC) was first
coined by Hanahan (8] in 2000 and was defined as fre-
quentadministration of cytotoxic drugs at doses below the
MTD but without prolonged drug-free periods. Low-dose
metronomic scheduling of drugs previously used for their
Cytotoxicity [9, 10] has shown an effect in reducing neoan-
giogenesis necessary for tumor growth and metastasis thus
being able to induce tumor dormancy. In contrast to stan-
dard-dose chemotherapeutic regimens based on MTD
with periods for recovery, MC targets mainly endothelial
and other cells within the tumor microenvi ronment.
These normal host cells of the tumor microenvironment
can still be responsive to chemotherapeutic agents, and
even very low doses appear to provide effective control of
tumor growth with minimal toxicity [7, 9, 10].

The results of metronomic studies showed that this
treatment is feasible with surprisingly promising results
in some children [11-16]. The MC philosophy and drug
usage in pediatric oncology have been reviewed recently
[4]. In 2006, we published our first experience with low-
dose MC using a protocol named COMBAT (Combined
Oral Maintenance Biodifferentiating and Antiangiogen-
ic Therapy), where we summarized our clinical results on
22 heavily pretreated children with relapsed solid tumors
[11]. In this protocol, named COMBAT I, we used cele-
coxib at 200 mg/m?, etoposide at 25 mg/m?, temozolo-
mide at 60 mg/m? and isotretinoin at 100 mg/m?. Nine of
14 children (64%) with progressive disease (PD) achieved
clinical response. Oral medication was well tolerated
with minimal toxicity. Encouraged by these results, we
decided to continue the same strategy using modified
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versions named COMBAT I and COMBAT II1. Here, we
report on our experience with the use of COMBAT I-111
in 74 children with relapsed malignancies treated at three
pediatric cancer centers in Europe, for whom the com-
plete data set was available,

Patients and Methods

Patients and Treatment

During the period from December 2004 to September 2010, 74
pediatric patients from three centers ( Brno, Czech Republic;
Kosice, Slovakia, and Marseille, France), for whom no other high-
er-priority treatment was available, received MC according to the
COMBAT protocol. In accordance with the guidelines of the par-
ticipating institutions, informed consent was obtained from their
parents or legal guardians. COMBAT was offered to 83 patients;
80 consented and 74 patients were available for evaluation with
complete datasets. The Institutional Review Board of the Univer-
sity Hospital Brno approved this study as treatment recommenda-
tion with data registry.

Seventy-four patients received 77 complete treatments of
COMBAT L IT or I1L; 3 of them were re-challenged with a higher-
level protocol.

Eligibility Criteria

— Patients with progressive, relapsed solid tumors

— Patients with documented viable persistent tumors after com-
pletion of the original, planned protocol treatment

- Patients at high risk for relapse in whom the 2nd and higher
complete response (CR) was achieved by local treatments (sur-
gery or radiotherapy) with/without chemotherapy

~ Patients with very high probability of relapse or progression
received COMBAT as maintenance after the 1st CR

~ Life expectancy of >6 weeks

~ Karnofsky/Lansky score >50

= Adequate bone marrow function (ANC >750/mm?/platelets
>75,000/mm?)

- Adequate hepatic function (alanine aminotransferase <2
times normal)

- Normal renal function (plasma creatinine and/or glomerular
filtration rate)

Treatment Details

Duration of COMBAT I treatment was 1 year; patients receiv-
ing the COMBAT II or ITI protocol were offered 2 years of chemo-
therapy in total. Each year consisted of 4 cycles lasting 78 days
each. The COMBAT II protocol contained two strata — the first
for soft tissue sarcomas and Ewing sarcomas using the EpSSG
(European Soft Tissue Sarcoma Study Group) backbone [16] re-
ferred to as COMBAT IIS and the second stratum for all other
tumor types based on our original COMBAT I (fig. 1-5).

The differences between the COMBAT II and the COMBAT I
scheme were:
(1) Longer duration of chemotherapy exposure (2 years of chemo-

therapy in total) is based on available published literature [17-

19] suggesting clinical benefit of longer chemotherapy dura-

tion while respecting acceptable cumulative doses of alkylat-

ing agents and etoposide.

Zapletalova et al.
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Agent Dose Route Schedule Cycle length
Celecoxib (Celebrex?) 200 mg/m?/day p.o. divided b.id. days 1-77
Etoposide (VePesid®, Lastet®) 25 mg/m?%/day p.o.in the a.m. days 1-21 11 weeks
Temozolomide (Temodal®) 60 mg/m?/day p.o.in the a.m. days 36-77 (77 days)
Isotretinoin (Roaccutane®) 100 mg/m?%/day p.o.divided b.i.d. days 1-14, 29-42, 57-70
Fig. 1. Protocol COMBAT 1.
COMBAT Il year 1
Celecoxib p.o. 400 mg/m?/day ]
Day 1-78
Etoposide p.o. 25 mg/m?/day = |
Day 1-35
Temozolomide p.o. 30 mg/m2/day [ Carl]
Day 36-77
Fenofibrate p.o. 100 mg/m2/day [E ]
Day 1-78
Cholecalciferol 300 kU/m?/day
Ll Ygay —HH———————
g‘;;"“f;s Meantof sRpuimieky & 15 22 29 36 43 S0 57 64 71 78
COMBAT cycles should be given at 1-day intervals only, or on
hematological recovery to absolute neutrophil count (ANC) 20.75
X 10%/1; platelets >75 x 10%/1, but no longer than after 1 week.
Fig. 2. Protocol COMBAT II year 1.

Day 1-78

Day 1

Day 1-78

Cholecalciferol 300 kU/m2/day

] Il Il Il L L 1 1l H
wtaminm(\rigantom.soouzmz;dayT S TR (R W ey .

COMBAT IIS year 1
Celecoxib p.o. 400 mg/m2/day ==
Day 1-78
Vinorelbine p.o. 60 mg/m2/day
Day 1,8, 15, 29, 36, 43, 57, 64, 71 l ¢ l l 'I' l l l l
Cyclophosphamide p.o. 30 mg/m¥/day | |
Day 1-77
Cis-retinoic acid p.o. 100 mg/m2/day === | B I ]
Day 1-14, 29-42, 57-70
Fenofibrate p.o. 100 mg/m?/day [ =]

8 15 22 29 36 43 50 57 64 71 78

COMBAT cycles should be given at 1-day intervals only, or on
hematological recovery to absolute neutrophil count (ANC) 20.75
% 10%/1; platelets 275 x 10%I, but no longer than after 1 week.

Fig. 3. Protocol COMBAT IIS year 1.
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Fig. 4. Protocol COMBAT II year 2,

Celecoxib p.o. 400 mg/m2/day [ =]
Cyclophosphamide p.o. 30 mg/m2/day [
Roaccutane p.o. 100 mag/m2/day
Day 1-14, 29-42,57-70

Fenofibrate p.o. 100 mg/m2/day = |

Cholecalciferol 300 kU/m2/day

L I | |
Vitamin D3 (Vigantol) 1,500 U/m2/day SR SR TR e e S Sl

COMBAT Il year 2

—
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Fig. 5. Protocol COMBAT III year 1.

Celecoxib p.o. 400 mg/m2/day

[ |

Day 1-78

Etoposide p.o. 25 mg/m2/day [ ==

Day 1-35

Temozolomide p.o. 30 mag/m2/day [ ]

Day 36-77

Fenofibrate p.o. 100 mg/m2/day C

Day 1-78

Cholecalciferol p.o. 300 kU/m2/day U

Day 1

Vitamin D3 (Vigantol) p.o. 1,500 U/m2/day

Day 1-78

Avastin i.v. 10 mg/kg every 14 days + + ; # ; +
— T i T | T ' f —1

COMBAT Ill year 1

1 8 15 22 29 36 43 50 57 64 7 78

(2) Addition of fenofibrate is based on the recent publications
about its anti-angiogenic and other anti-cancer properties [20,
21]. Fenofibrate is a synthetic ligand for the nuclear receptor
peroxisome proliferator-activated receptor (PPAR)a. It is
commonly used for the treatment of hyperlipidemia due to its
strong lipid-lowering properties. PPARa is not only expressed
in tumor cells but also in endothelial and inflammatory cells,
and it can also display anticancer properties [20, 21].

(3) Supplementation with vitamin D; is based on adult epidemio-
logical data demonstrating that deficiency in this vitamin may
be related to an increased incidence and decreased survival of
various cancer types [22].

(4) In the non-sarcomatous stratu m, we continued using the same
cytostatic drugs (etoposide/temozolomide), but we lowered
the dose of temozolomide to one half of the previous dose to
avoid hematological toxicity, bearing the risks of a cumulative
dose in mind. Tieq depletion induced by a decreased dose of

252 Oncology 2012;82:249-260

metronomic temozolomide in a rat model of glioma further

supported the dose reduction | 23].

(5) We did not use isotretinoin in this stratum during the 1st year
of treatment because of its cutaneous toxicity.

In COMBAT I1S, we offered the patients with soft tissue and
Ewing sarcomas the same backbone (vinorelbine + cyclophos-
phamide) as in the recent EpSSG protocol based on a report by
Casanova et al. [16], together with COX-2 inhibitors, fenofi-
brate, vitamin D and retinoic acid. This approach may enable
the comparison of chemotherapy alone in EpSSG and COMBAT
IIS.

Treatment schemes were used sequentially, reflecting the de-
velopment of treatment protocols over time. We report on 22 pa-
tients treated with the original COMBAT I (also reported for a
shorter follow-up [11]) and on 52 newly enrolled patients.

Patients progressing on COMBAT 1I and patients newly en-
rolled from August 2009 were offered the COMBAT 11 protocol

Zapletalova et al.
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(i.e. COMBAT I1I) combined with bevacizumab (Avastin; 10 mg/
kg i.v. every 2 weeks), a newly available anti-angiogenic drug [17].
After 1 year of COMBAT III, patients received the same drug
combination as in COMBAT II for 1 year (2nd year). Isotretinoin
was reinstituted during the 2nd year of treatment. Patients were
subjected to local therapy, either surgery or radiotherapy, based
on individual patient and clinical assessment.

Our general strategy was rather to reduce chemotherapy doses

if needed (to decrease toxicity, for example) to avoid chemothera-
py discontinuation.

Evaluation of Response and Toxicity

We used RECIST (Response Evaluation Criteria in Solid Tu-
mors) from the National Cancer Institute (table 1) except for CNS
tumors. For CNS tumors, only lesions =1 cm were set as measur-
able disease, and a total of 5 such lesions per organ (10 lesions in
total) were selected as target lesions (table 2).

The term ‘very good partial response (PR)’ was used for chil-
dren with neuroblastoma defined by the International Neuroblas-
toma Staging System. Toxicities were graded according to the Na-
tional Cancer Institute (NCI) Common Toxicity Criteria (CTC),
version 2; only cheilitis was evaluated according to CTCAE (Com-
mon Terminology Criteria for Adverse Events), version 3.

During COMBAT therapy, all patients had regular physical
examinations and complete blood cell counts, and assessments of
hepatic and renal function were carried out every 2 weeks. Imag-
ing studies to evaluate disease status were performed every 2 cy-
cles or as clinically indicated. Clinical benefit was defined by the
number of patients who achieved CR, PR or stable disease (SD) 6
months after starting COMBAT treatment.

The Institutional Review Board of the University Hospital
Brno approved this study.

Statistics

Summary statistics was used for sample description. Survival
times were computed based on Kaplan-Meier estimates of sur-
vival function. Differences in survival times were tested using ei-
ther the log-rank test for two-group comparisons or a generalized
version of Gehan’s generalized Wilcoxon test for multiple-group
comparisons. Allanalyses were done using Statistica for Windows
9. Due to the relatively short follow-up time, 2-year survival pro-
portions were given. For event-free survival analyses, the first
signs of progression or death were considered an event. « < 0.05
was the level indicating statistical significance.

Results

Patient Characteristics

There were slightly more males (47 males, 64%) than
females in the total group of 74 children. Mean age was 10
years (SD 6.8 years), varying between 0.9 and 32.4 years.
COMBAT I was administered to 28 patients, COMBAT II
to 44 patients, and the 5 patients who had a long enough
follow-up for evaluation received COMBAT I11 (tables 3, 4).

A substantially heterogeneous and mostly heavily pre-
treated patient population was descriptively divided into

Metronomic Therapy for Advanced
Pediatric Malignancies

Table 1. RECIST

CR - complete disappearance of disease according to MRI/CT
PR = >30% reduction in the longest diameter

SD ~ neither CR, PR nor PD

PD

~ >20% increase in the longest diameter of the target lesion

Table 2. Response evaluation criteria in CNS tumors

CR - complete clearing of radiographic disease for at least 4 weeks
PR = >50% decrease in the sum of the products of all two-
dimensional masses for a minimum of 4 weeks

neither CR, PR nor PD

>25% increase in the size of a measurable lesion on imaging
studies or new lesions on CT/MRI

SD
PD

three different histogenetic groups (low-grade tumors,

LG, non-sarcomatous embryonal tumors, EN, and other

high-grade tumors, HG) to enable statistical evaluation.

The patient characteristics are reported in table 3.

Most of the patients entered the study with PD or re-
lapsed disease (43 patients, 56%). Fifteen children had a
PR (19%), 4 patients SD (5%) and 15 patients were in CR
(19%). Nine of them were in =2nd CR induced by local
treatments.

Patients with a 1st CR were:
~ Patients with slowly responding metastatic medullo-

blastoma (MBL)

~ Patients with poor histological response to neoadju-
vant treatment and major dose reductions and delays
due to treatment-related toxicities (n = 2: 1 with HG
osteosarcoma and 1 with Ewing sarcoma)

- Patients with metastatic alveolar rhabdomyosarcoma
(n = 3) who did not tolerate standard MTD-based reg-
imens were offered MC as maintenance treatment
Sixty-two patients (81%) had measurable disease. Lo-

cal treatment (surgery/radiotherapy) was used in 12 pa-

tients before and during COMBAT treatment. Median
follow-up lasted 14.3 months (range: 1.3-64 months).

Treatment Outcome

The 2-year OS in the 74 patients was 43.1% (median:
15.4 months; fig. 6). Of 62 patients with initially measur-
able disease, 25 patients improved; those who were pro-
gressing did not worsen during the entire follow-up pe-
riod (40%). Clinical benefit (defined by the number of
patients with measurable disease who achieved CR, PR or
SD 6 months after starting COMBAT) was 23%. Addi-

Oncology 2012;82:249-260 253



Table 3. Patient characteristics at baseline

Diagnostic group n Age, years Males  Previous therapy Disease status prior to COMBAT
SR o Bl omd - PRISD  PD
SCT CHT
EN MBL 13 9.9%5.80 9(69) 12 0 13 5 3
Neuroblastoma 11 6.6+6.23 7 (64) 6 0 9 B 0 11
Other embryonal,
non-sarcomatous 9 6.4%562 6 (67) 5 1 7 0 4 5
HG Sarcoma 17 141+ 466 7 (41) 8 2 13 8 3 6
Other 18 10.2£5.80 13 (72) 1 9 12 2 7 9
LG 9 10.2*x11.16 8(89) 1 3 5 0 2 7

HDT = High-dose therapy; RT = radiotherapy; CHT = chemotherapy.

Table 4. Patient response to metronomic chemotherapy

Diagnostic group n Median Events
survival deaths
months n (%)

EN MBL 13 40.8 9 (69)

Neuroblastoma 11 21,7 10 (91)

Other embryonal,

non-sarcomatous 9 307 8 (88)
HG Sarcoma 17 35.2 13 (76)

Other 18 60.9 11 (61)
LG 9 - 1(11)

tional 9 patients responded after the first 6 months of
COMBAT treatment. No statistically significant effect of
gender/age on patient outcome was evident. However, LG
patients lived significantly longer (p = 0.004) than HG
patients (fig. 7). There was no difference documented for
embryonal tumors compared to other, non-embryonal
HG (fig. 7). Similarly, patients without PD at baseline sur-
vived significantly longer (p = 0.011). Regarding survival,
three clearly distinctive (p < 0.001) groups of patients
were obtained: LG patients and HG patients (including
embryonal tumors) without and with PD with 2-year OS
amounting to 88.9, 53.8 and 22.2%, respectively (fig. 7).
Addition of concomitant local therapy (e.g. surgery/
radiotherapy) in addition to the above-described COM.-
BAT regimens had no statistically significant effect on OS

254 Oncology 2012;82:249-260

or event-free survival, but the sample size may have been
too small to detect an effect (fig. 8). Considering the
COMBAT regimens, outcome was superior in patients
treated with the newer COMBAT regimens (Il or II; p <
0.005). However, the follow-up of patients on COMBAT
IIL is still quite short compared with the original cohort
on COMBAT L.

Of the entire cohort (74 children), 50 patients (68%)
died during the follow-up and 24 survived: 6 (8%) PD pa-
tients, 7 (9%) PR/SD patients and 11 (15%) CR patients.
Median time to response (CR/ PR) in patients with mea-
surable disease was 6 months.

Detailed data analysis, including radiological imag-
ing, was available for 12 children with MBL/primitive
neuroectodermal tumor (PNET) who had relapsed fol-
lowing high-dose therapy with stem cell support; they
represented the cohort of MBL/PNET patients with the
worst prognosis. Two-year OS in these COMBAT-treated
patients was 33%, including 2 long-term survivors (64
and 54 months). Nine patients were evaluated for the pat-
tern of their 2nd progression after/during COMBAT
treatment. Two of these 9 patients started COMBAT dur-
ing their 2nd CR after surgery and also relapsed during
MC with measurable parenchymal lesions and lepto-
meningeal disease,

Two other patients had measurable parenchymal le-
sions at MC initiation without cytological CSF involve-
ment or documented leptomeningeal disease on MRI.
One of them is a long-term survivor. The remaining 5
out of 9 patients with 2nd progression had evidence of
leptomeningeal disease while entering COMBAT. Three
continued to progress despite COMBAT and 2 achieved

Zapletalova et al.
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CR. One of the patients in CR following COMBAT later
developed PD shortly after the planned withdrawal of
COMBAT, and the other developed secondary acute my-
eloid leukemia (AML) following intensive chemotherapy
and lives after unrelated bone marrow transplantation in
CR of either MBL or AML [18].

Metronomic Therapy for Advanced
Pediatric Malignancies

Of 12 patients with progressive neuroblastoma, only
2 experienced durable responses: 1 PR in a patient with
progression-free survival (PES) for 63 months and 1 with
2nd very good PR at the last 12-month follow-up. The re-
maining 9 patients showed temporary responses or dis-
ease stabilization (8 of 9), with marked reduction in the
size of the soft tissue mass. However, further progression
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Fig.9. Comparison of the COMBAT regimen with historical con-
trol group treated with MTD-based chemotherapy. COMBAT
n = 18, non-COMBAT n = 30. Time to progression in COMBAT:
18.1 months. Time to progression in a control group: 11.7 months
(p = 0.015). Median OS COMBAT: 15.4 months. Median OS in
control group: 3.9 months (p = 0.001).

occurred despite COMBAT especially in children with
bone marrow involvement, or after previous therapeutic
MIBG, with a median time to death of 7.2 months only
for those 9 who progressed.

Similarly, for patients with relapsed or progressive HG
sarcomas, COMBAT did not induce any long-term re-

256 Oncology 2012;82:249-260

Of interest, in 2 patients with metastatic HG sarcomas
(Ewing sarcoma and alveolar rhabdomyosarcoma pro-
gressing on COMBAT III), durable responses were in-
duced by MC combined with mTOR inhibitors.

Eight of 9 children with progressive LG (LG glioma,
LGG, giant bone cell tumors with lung metastases and
LG sarcomas) responded to therapy, only 1 of 10 died
from tumor progression, the remaining children are alive
with a median PFS of 33 months, and duration of clinical
benefit after MC is longer compared to previous treat-
ments. Moreover, 2 patients with progressive lung metas-
tases of the giant cell tumor of bone experienced pro-
longed disease stabilization on MC (PES for 34 and 15
months, respectively).
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Table 5. Worst degree of COMBAT-
courses (NCI-CTC, version 2.0)

related toxicity reported among 74 patients evaluable for toxicity across all

Toxicity None 1 2 3 4 Unknown
Hemoglobin 0 22 31 19 2 0
WBC 0 16 28 23 7 0
ANC 0 15 29 21 9 0
Platelets 0 11 32 22 9 0
Febrile neutropenia/sepsis/septic shock 70 0 0 4 0 0
Other infections 54 11 9 0 0 0
Neurotoxicity 58 9 7 0 0 0
Hypokalemia 61 7 6 0 0 0
Hyponatremia 64 6 4 0 0 0 .
Hyperglycemia 59 9 6 0 0 0
ALT 24 32 12 6 0 0
Bilirubin 22 33 11 8 0 0
Nausea 41 21 12 0 0 0
Vomiting 54 13 7 0 0 0
Diarrhea 64 10 0 0 0 0
Constipation 55 11 8 0 0 0
Stomatitis 57 12 5 0 0 0
Cheilitis (CTCAE, version 3.0) 3 22 33 16 NA NA
Partial thromboplastin time 56 11 7 0 0 0
Prothrombin time (as INR) 49 14 11 0 0 0
Hypertriglyceridemia 23 26 19 6 0 0

Three children with hepatocellular carcinoma, 2 after
marginal resection and 1 after complete resection, re-
mained free of disease with follow-ups of 36, 13 and 13
months, respectively. Patients were not included in statis-
tical analysis because their treatment was started after
achieving 1st CR by surgery.

Toxicity Profile

COMBAT-related toxicities observed during the
treatment courses are listed in table 5. The overall treat-
ment tolerance was very good; treatment was adminis-
tered on an outpatient basis, and there was no treatment-
related death or grade 111/IV non-hematological toxicity
except for skin or hepatic toxicity. Other observed tox-
icities were rather attributable to disease progression (for
example seizures in progressive supratentorial PNET)
than to MC,

Regarding non-hematological toxicity, only 8 children
(11%) showed hepatic toxicity grade 3. The only other
grade 3 non-hematological toxicity was cheilitis in 16
children (22%) during cis-retinoic acid treatment. One
patient with early progressing metastatic MBL treated
with myeloablative thiotepa-based chemotherapy, autol-
ogous stem cell transplant (SCT) and COMBAT as main-

Metronomic Therapy for Advanced
Pediatric Malignancies

tenance developed secondary AML 2 years after autolo-
gous SCT and 1 year after MC cessation. He underwent
successful allogeneic bone marrow transplantation, and
CR was obtained to both MBL and secondary AML, too.

Discussion

Our results are in line with previous reports showing
some degree of response to MC in children with refrac-
tory or relapsing disease combined with a very favorable
toxicity profile. In this study, the response rates varied
with tumor type and even within the same histology
based on different parameters. For instance, children
with neuroblastoma showing slow progression on MIBG
or slowly raising catecholamines (mainly soft tissue can-
cer) benefited from COMBAT, while rapidly progressing
tumors, especially those with bone marrow involvement,
did not. However, for responding neuroblastoma pa-
tients, the COMBAT regimen could serve as an effective,
bridging cytoreductive regimen with low toxicity profile,
enabling thus second high-dose therapy, another type of
consolidation or therapy continuation. Interestingly, LG
benefited most from MC; therefore, metronomic ap-
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proaches for those tumors probably deserve further clin-
ical assessment.

We still do not know which patients are the best can-
didates for low-dose MC. Clearly, patients with galloping,
progressive high-grade tumors such as relapsed neuro-
blastoma following high-dose therapy (especially with
bone marrow involvement) are not the best candidates for
MC because of tumor aggressiveness. The nature of the
treatment, i.e. the induction of dormancy via inhibition
of the inflammatory and pro-angiogenic stromal re-
sponse by the metronomic scheduling, may be precluding
the use of this therapy in aggressive disease, although re-
sponses were observed in atypical teratoid rhabdoid tu-
mor or MBL with both a metronomic regimen similar to
COMBAT [14] and a multi-targeted multidrug MC regi-
men [17]. Usually, best results with MC lead to stable dis-
ease [11, 14, 15, 19] very likely through ‘maintenance or
re-induction of dormancy’ [4, 19] or alternatively by fur-
ther slowing down a slowly advancing tumor. Contrary
to the commonly held beliefs, the tumors that are most
responsive to anti-angiogenic therapy usually grow slow-
ly like LGG or desmoid tumors [24].

The question of whether MC may be used as main-
tenance therapy in selected very-high-risk subsets, or
whether it should be used for overt relapses, seems to be
answered by the finding that 10 of 11 children with re-
lapsed neuroblastoma continued to progress following
the institution of COMBAT. In contrast, children with
slowly growing tumors such as LGG, giant cell tumor of
bone or slowly progressing neuroblastomas benefited
clinically. Similarly, when retinoic acid or anti-GD2 anti-
bodies are used as maintenance treatment, they contrib-
uted to treatment success while their efficacy in overt re-
lapse is much less apparent (27, 28]. Furthermore, MC
might be considered an attractive option for lower-in-
come countries or in centers with limited access to ‘mod-
ern or innovative’ therapies [25, 26].

For patients with giant cell of bone and progressive
lung metastases, one may consider the recently registered
denosumab as higher-priority treatment; however, deno-
sumab use for this condition is still off-label in many
countries thus rendering MC still worth to consider.

The other unresolved issue is the accurate endpoint of
MCin clinical trials. Prolonged time intervals to response
and the very good quality of life in MC-treated patients
support the quite new idea of ‘living with the tumor’ [19,
29]. Dealing with tumors like with any other chronic dis-
ease introduces a new kind of problem - is stabilization
of disease enough for the patient and, consequently, can
this be considered as one of the possible endpoints of MC?

258 Oncology 2012;82:249-260

We believe that the answer to this clinically important
question is yes.

Considering specific diagnoses, it seems that patients
with hepatocellular carcinoma after surgery may benefit
from MC as the usual long-term OS is only about 25%. LG
patients progressing on standard chemotherapy protocols
may also benefit from MC. While analyzing MBL/PNET
patients, the leptomeningeal pattern of progression on
COMBAT in our series may raise the question of how to
better address leptomeningeal disease, possibly combin-
ing intrathecal chemotherapy with MC for relapsed em-
bryonal CNS tumors in pediatric patients [17, 30].

In the palliative setting, it is sometimes very difficult
to stop seemingly or truly effective treatments, especially
when parents or the patient himself prefer to stay on at
least some form of antineoplastic treatment. Since COM-
BAT is given on an outpatient basis with minimal acute
toxicity, which thus preserves a high quality of life, only
few patients are willing to discontinue therapy and re-
evaluate. According to published results, time to response
in adult trials or case reports is several months, but pedi-
atric data on this topic are mostly lacking [31, 32]. Our
data suggest that some patients might benefit from pro-
longed therapy, which is supported by the results on our
LG patients (sarcomas and LGG) or a previously pub-
lished case with MBL, in whom best response lasted over
600 days and progression advanced shortly after MC
withdrawal [18].

Statistical consideration in pediatric metronomic
studies is also very complex, because the population con-
sists of already heavily pretreated children with different
types of solid tumors and a large array of different thera-
pies. Itis extremely difficult to conduct randomized trials
in this group of desperate patients being at very high risk
of relapse or progression. MC duration also remains em-
pirical, keeping in mind individual tolerance, efficacy
and cumulative doses. One possible way to assess the role
of MC could be comparisons with large historical control
groups [34, 35], as presented here for HG sarcoma pa-
tients (fig. 9). We are aware of the bias associated with
historical control, but this strategy may nevertheless be
useful to gain the first insight into clinical activity. An-
other possible way could be to use TTP, i.e. comparing
TTP while the patient is receiving the therapy immedi-
ately before the treatment of interest versus T'TP while the
patient is under experimental treatment [33, 35].

A methodological challenge also relies in the fact that,
as mentioned earlier for neuroblastoma, a treatment ap-
plied as a salvage treatment might exert different effects
as a maintenance treatment and vice versa. This question

Zapletalova et al.
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is being tested within a randomized study with the use of
the navelbine-low-dose cyclophosphamide combination
16] in high-grade rhabdomyosarcoma by the Interna-
tional Society of Pediatric Oncology group.

Conclusions

As illustrated by our experience with COMBAT, MC
delivered promising results in pediatric oncology. The
existence of children living with some of the most debili-
tating diseases who may turn to long-term survivors
when treated with COMBAT combined with the appear-
ance of late responses paves the way for a switch in the
intend of treatment from palliative only to rather cura-
tive, at least in some patients. Alternatively, introducing
MC at earlier phases of antitumor treatment may allow
further exploitation of the potential of low-dose MC, for

However, many questions still remain: What are the
indications? How to find out accurate dosing and combi-
nations of drugs? What are the relevant endpoints and
biomarkers for these studies? How long should we treat
patients? Apparently, a ‘one COMBAT fits all’ scheme will
not be clinically useful in general. To find answers and
cooperate at the international level, a metronomic net-
work was established and two metronomic therapy meet-
ings took place in Brno (2008) and Marseille (2010) [34].
The goal of the network is to attract clinical interest and

facilitate further disease-oriented metronomic therapy-
based clinical research [34].
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instance as maintenance therapy.
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Abstract

Background: Infantile myofibromatosis belongs to a family of soft tissue tumors. The majority of these tumors have
benign behavior but resistant and malignant courses are known, namely in tumors with visceral involvement. The
standard of care is surgical resection. Observations suggest that low dose chemotherapy is beneficial. The treatment
of resistant or relapsed patients with multifocal disease remains challenging. Patients that harbor an actionable
mutation in the kinase domain are potential subjects for targeted tyrosine kinase inhibitor therapy.

Case presentation: An infant boy with inborn generalized infantile myofibromatosis that included bone,
intracranial, soft tissue and visceral involvement was treated according to recent recommendations with low dose
chemotherapy. The presence of a partial but temporary response led to a second line of treatment with six cycles
of chemotherapy, which achieved a partial response again but was followed by severe toxicity. The generalized
progression of the disease was observed later. Genetic analyses were performed and revealed a PDGFRB gene c.
1681C>A missense heterozygous germline mutation, high PDGFRB phosphokinase activity within the tumor and
the heterozygous germline Slavic Nijmegen breakage syndrome 657del5 mutation in the NBN gene. Targeted
treatment with sunitinib, the PDGFRP inhibitor, plus low dose vinblastine led to an unexpected and durable
response without toxicities or limitations to daily life activities. The presence of the Slavic NBN gene mutation
limited standard chemotherapy dosing due to severe toxicities. Sister of the patient suffred from skull base tumor
with same genotype and histology. The same targeted therapy led to similar quick and durable response.
Conclusion: Progressive and resistant incurable infantile myofibromatosis can be successfully treated with the new
approach described herein. Detailed insights into the biology of the patient’s tumor and genome are necessary to
understand the mechanisms of activity of less toxic and effective drugs except for up to date population-based
chemotherapy regimens.

Keywords: Infantile myofibromatosis, Tyrosine kinase inhibitor, PDGFR, Chemotherapy, Theranostics, Case report
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Background

The family of fibroblastic-myofibroblastic tumors con-
sists of more than 30 distinguished entities, such as
inflammatory myofibroblastic tumor (IMT), aggressive
fibromatosis and infantile myofibromatosis (IM). These
tumors have uncertain biologic behaviors that range
from low grade, locally aggressive and rarely metastasiz-
ing to a highly aggressive course that eventually evolves
to a true high-grade sarcoma after recurrences. IM is a
rare tumor that affects infants with a median age of
3 months; approximately 100 solitary lesion cases have
been published in the literature during the past decade
[1]. Soft tissue lesions of IM can arise at any time during
life and, intriguingly, can regress spontaneously. How-
ever, visceral lesions are associated with high morbidity
and mortality. The standard of care is the surgical resection
of a single lesion. Multiple lesions and surgically unresect-
able lesions could be treated with anti-inflammatory drugs,
interferon alpha, or distinct chemotherapeutic regimens
that are based on low dose metronomic or maximum toler-
ated doses (MTD) of chemotherapeutics, such as the vinca
alkaloids vincristine, vinorelbine and vinblastine; the alkylat-
ing agents cyclophosphamide and ifosfamide; or others,
such as actinomycine D, doxorubicin or methotrexate
[2—4]. The results of such treatments are under in-
vestigation in ongoing observational clinical trials of
cooperative groups, such as European Soft Tissue
Sarcoma Study Group (EpSSG) or Children’s Oncol-
ogy Group (COG). Several studies of desmoid-type
fibromatosis with response rates of 33-49% were
reviewed elsewhere [4]. Nevertheless, the treatment of
resistant patients, particularly those with visceral in-
volvement, remains challenging.

For patients with progressive disease after MTD based
chemotherapy, there are no established standards of
care, and these patients are, thus, subjected to experi-
mental treatments. One of the most promising agents
with proven activity for IMT is the ALK tyrosine kinase
inhibitor crizotinib [5]. Patients with ALK rearrange-
ment are reportedly rapidly responding to crizotinib, but
those without the detected fusion are not [5]. A recent
work by Lovly et al. on IMTs revealed multiple fusion
partners of ALK, and newly reported ROS1 and
PDGERp fusions with projected TKI sensitivity were
demonstrated in a patient with an ROS1 fusion [6].
Similar to IMTs, IMs may harbor missense mutations in
the PDGFRP kinase that constitutively alter PDGFR
activity. Moreover, in several families, the c.1681C>T
(p.Arg561Cys) mutation in the PDGFRB gene was found
to cause familial infantile myofibromatosis [7]. A phase
II study of sunitinib in 19 patients with aggressive fibro-
matosis has been published and described a 26.3% over-
all response, but the analysis of the kinase pathway was
lacking [8]. A case report of aggressive fibromatosis that
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favored the PDGERP inhibitor sunitinib against imatinib
was published that described a good response with
sunitinib which was interrupted after 13 months and
substituted by imatinib. But reactivation of painful
lesions occurred within several days and re-growth of
aggressive fibromatosis led to successful re-treatment
with sunitinib [9].

Herein, we report the case of a patient with refractory
multiple infantile myofibromatosis who was confirmed
to harbor the PDGFRB germline mutation and who
responded well to treatment with the PDGEFRp tyrosine
kinase inhibitor sunitinib.

Case presentation

The newborn boy with microtia and meatal atresia and
with family history of two spontaneous missed abortions
and myofibroblastic lesions with spontaneous regression
in his older sister and father, was diagnosed with gener-
alized myofibromatosis that affected the calva and radius
bones, the spleen and subcutaneous tissue of face, the
head, inguina and arm. Histopathology, with regard to
the family history, revealed the presence of infantile
familial myofibromatosis. Immunohistochemistry (ICH)
and FISH did not reveal any pathological staining for
ALK. The patient was treated according to the EpSSG
2005 observational trial recommendation with the metro-
nomic vinblastine/methotrexate combination, which was
expected to be less toxic than MTD based regimens.
Despite this, severe neutropenia had been observed; there-
fore, a dose reduction was necessary down to 10%/30% of
the original doses of vinblastine/methotrexate, respect-
ively. The therapy was stopped after 8 weeks due to clearly
progressive disease in the soft tissues and in the spleen
and with the appearance of new FDG PET positive lesions
in the bones. Thereafter, the standard MTD based therapy
with vincristine/actinomycine D/cyclophosphamide — the
“VAC” regimen with doses based on body weight (vincris-
tine 0.05 mg/kg, actinomycine D 0.05 mg/kg, cyclophos-
phamide 50 mg/kg) had been initiated. Such treatment
after the second course (the first course was given with a
75% reduction of cyclophosphamide) had led to severe
febrile neutropenia, gastrointestinal toxicity with gastric
palsy, subileus and bilateral bronchopneumonia. However,
a reassessment after those 2 cycles revealed a partial
response. Due to the previous toxicity, we decided to
substitute vincristine with vinblastine at 10% of the
recommended dose and cyclophosphamide at 75% of the
recommended dose. The patient received the treatment
without dose limiting toxicities up to six cycles and
continued to respond. The patient was still in partial
remission according to CT and MRI images and the FDG
PET of the remaining measurable lesions was negative.
Unfortunately, the first follow-up re-assessment con-
firmed the presence of progressive disease just 3 months
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after the last chemotherapy dose and several new lesions
were detected in the humerus, head, lungs and skin, and
all were FDG-PET positive.

A new biopsy was carried out to obtain tumor tissue
for phosphoproteomic analysis of the new lesion. The
Human Phospho-RTK Array Kit was used to determine
the relative levels of tyrosine phosphorylation of 49
different RTKs. The analysis was performed as previously
described [10]. In addition to the antibodies (spotted in
duplicate) against individual RTKs, each membrane
contained three positive reference double spots and one
negative control that was also spotted in duplicate and
contained phosphate-buffered saline only. Furthermore,
we also performed the following negative control experi-
ment in each run: the membrane treated with lysis buffer
only (without protein lysate) to ensure the specificity of
the spotted antibodies. In such a design, a healthy control
sample is not necessary for the determination of the RTK
phosphorylation profile of the examined tumor tissue
[11-13]. The phosphorylation profile of receptor tyrosine
kinases showed that PDGEFRp kinase exhibited the highest
level of activity and less intense positivity was observed for
EGEFR, M-SCFR, Axl and PDGFR« (Fig. 1). Targeted DNA
analysis of the PDGFERB gene and next generation sequen-
cing (NGS) were performed on genomic DNA from per-
ipheral blood samples. We performed Sanger sequencing
of the two PDGFRB regions to detect the presence of the
c.1978C>A (p.Pro660Thr) and c¢.1681C>T (p.Arg561Cys)
mutations [6] and uncovered a germ-line heterozygous
c.1681C>A missense mutation that had previously been
shown to be an IM causing mutation [14, 15]. To obtain
the complex picture of the genetic background of the case
we performed DNA analysis from peripheral blood with
the Illumina TruSight Cancer panel, which enabled the
sequencing of the hotspots in 94 predisposition can-
cer genes, according to the standard Illumina protocol
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(Ilumina Inc., USA) and identified the heterozygous
Slavic mutation 657del5 in the NBN gene of the NBS.

In the meantime, and based on parental request, the
patient was observed for the next 4 months. He was
doing very well clinically, with a Lansky performance
status of 90% and with respect to his treatment history
with toxicities after chemotherapy; we did not initiate
another chemotherapy regimen but were awaiting the
results of genetic analyses, which have revealed potential
therapeutic targets. Further follow-up confirmed that the
disease continued to progress; several new lesions were
detected within the head and the left orbit, a new one
was detected in the spine, and the spleen lesion had
increased in size.

Due to clear clinical and radiologic progression and
new molecular genetic findings, and with respect to the
history of the disease, we initiated the single agent off
label treatment with sunitinib 12.5 mg once a day. This
dose corresponded to 2/3 of the recommended adult
dose. An unexpected and dramatic reduction of the
palpable soft tissue and bony lesions on the head was
observed during the 4 weeks of treatment with the single
agent sunitinib. An MR scan confirmed the regression of
intracranial and intraorbital lesions as well (Figs. 2, 3
and 4). However, this dosing schedule led to grade 3-4
neutropenia, and the drug was stopped for 4 days. After
only 4 days, we could observe the reactivation of the
skin and soft tissue lesions; therefore, the sunitinib was
given at the same dose every other day. Reactivated
reddish swollen and painful sentinel lesions responded
again to lower doses of sunitinib, but three more weeks
of reduced doses of the single agent sunitinib did not
lead to any further regression of the regressed but still
palpable skin lesions. A low dose of vinblastine was
added to the sunitinib. The starting vinblastine dose was
2 mg/m? however, based on the further hematological
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sunitinib treatment. b Day + 56 of sunitinib. ¢ Day + 156 of sunitinib

Fig. 2 MRI Frontal view (seq. eFLAIR_long_TR_CLEAR). Two lesions of the left orbit and the skull in the fronto-parietal region (bars). a Before

toxicity, the dose was tapered down to a 0.4 mg/m?* dose
once weekly.

An unexpected toxicity of sunitinib occurred after 4
months of treatment when accidental hypoglycemia led to
a coma and the patient had to be admitted for glycemia
corrections. Thereafter, the parents were educated on regu-
lar feeding before sunitinib administration. Further episodes
of hypoglycemia were not noted. The patient remained on
the treatment paradigm with a marked continuing response
with no disease activity 1 year after the initiation of the
treatment and without any dose limiting toxicities.

Interestingly, the 8 year old sister of the patient, who
had a history of spontaneous regression of subcutaneous
lesions, suffered from the symptomatic re-activation of
the disease when the patient was receiving treatment.
She presented with tumor size of 29 x 24 x 16 mm on
the skull base with night pain. Histopathological and
detailed mutation analyses found the same IM histopath-
ology and the same genotype in the PDGFB and NBN
genes. As with the index case, the sister is doing well on
sunitinib and vinblastine treatment and has exhibited a
rapid response. The nigh pain relieved after 2 weeks on
sunitinib + vinblastine. Initial tumor volume shrinked by
44% after 97 days of combined treatment without any
adverse events requiring reduction of doses. Timeline of
both cases is shown on Additional file 1.

Discussion and conclusions

Despite the finding that the patient exhibited a partial
response to systemic VAC treatment, the disease con-
tinued to progress; moreover, the patient experienced
severe, life threatening dose-limiting toxicities.

Inflammatory myofibroblastic tumors that harbor an
ALK/ROS1 or PDGFR kinase fusion are potentially target-
able with TKIs due to the presence of a constitutively active
kinase domain that drives cellular proliferation [6, 16]. A
response to the ALK inhibitor crizotinib is reported in
tumors that harbor any of the ALK kinase fusions. Patients
with IMT and ALK negative rearrangements are unlikely to
respond to such targeted treatment.

PDGFRB mutations are reported to be involved in the
pathogenesis of infantile myofibromatosis in a proposed
autosomal dominant pattern with incomplete penetrance
and variable expressivity [7]. The missense PDGFRB
¢.1681C>T (R681C) mutation is located in exon 12 and
is predicted to decrease the autoinhibition of the JM
domain (an autoinhibitory domain that masks the cata-
lytic cleft when the receptor is not bound by its ligand)
at baseline, which leads to increased kinase firing and
promotes the formation of myofibromas in tissues with
high PDGFRp signaling activity. More recently, it was
demonstrated in a cell culture model that the R561C
mutation activates signaling pathways that are normally

Fig. 3 MRI Axial view (seq. esTTW_3S_FFE post-contrast). Intracranial lesions of the right temporal and right parieto-occipital regions (bars).
a Before sunitinib treatment. b Day + 56 of sunitinib. ¢ Day + 156 of sunitinib
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sunitinib. ¢ Day + 156 of sunitinib

Fig. 4 MRI Sagittal view (seq. esTTW_3S_FFE post-contrast). Frontal and parieto-occipital lesion (bars). a Before sunitinib treatment. b Day + 56 of

activated by the stimulated wild-type PDGFRp receptor
in the absence of PDGF [14]. PDGEFR is the immediate
NOTCHS3 target gene [17]. If these two signaling path-
ways are linked and the IM disease-causing mutations in
either PDGFRB or NOTCH3 are demonstrated to be
activating, theoretically, the inhibition of PDGFRB or
NOTCH3 would result in a targeted therapeutic strategy
[7]. Our case report shows the clinical efficacy of such
an approach. Targeted therapy against altered PDGFR[}
with a TKIs inhibitor can overcome tumor growth and
can lead to tumor shrinkage. Compared to the toxicity
of conventional chemotherapy, treatment with sunitinib
was tolerated well except for the occurrence of asymptom-
atic granulocytopenia and one episode of symptomatic
hypoglycemia. However, the cessation of the drug lead to
increased tumor activity and a decreased drug dose of the
single agent sunitinib led to a stable disease only.

The analysis of tumor tissue or a patient’s samples and
the use of a subsequent results driven treatment provide
a new opportunity for personalized medicine as opposed
to a population based study. Such treatments are sup-
ported by new insights into the molecular pathology of
rare diseases, such as IM. A similar strategy would at
least justify the off-label use of new drugs when the indi-
vidual tumor biology and data about the safety of such
drugs is well defined. TKIs could be an example, as these
drugs are not available to orphan disease patients
because of the absence of appropriate clinical trials. The
careful management and regular observation of the
patient is mandatory, however, in situations where stand-
ard approaches are either exploited or ineffective or
absent, the prudent use of targeted agents based on the
mechanism of action might lead to impressive results.

The rapid tumor re-growth that occurred when the
patient was off of the sunitinib during the induction
treatment indicates that metronomic dosing should be
maintained at a lower dose with limited toxicity rather
than being interrupted. The successful use of low dose
vinblastine that is described here, together with the use
of sunitinib at a dose of approximately 1/3 of the usually
recommended dose per kg or m* in adults, could be at
least in part explained by the fact that targeted agents

could act as biology response modifiers and lower doses
of biological agents and chemotherapy could be nontoxic
and advantageous [18, 19]. This theory is supported by
our observation of the clear disease progression when
sunitinib therapy was interrupted. Regular observa-
tions of the patient and preemptive measures such as
the after-feeding dosing of sunitinib should be consid-
ered during treatment.

The finding of the Slavic mutation of the NBS was noted
as accidental during NGS sequencing and the relevance
for the disease course is unknown. The toxicity of chemo-
therapy might be at least in part conditioned by the NBS
mutation As known, the intensity of chemotherapy in
NBS patients must be adapted to individual risk factors
and tolerance. The use of radiomimetics, alkylating agents,
and epipodophyllotoxins should be avoided, and the dose
of methotrexate should be limited [20].

However, the overall duration of such clinically effect-
ive treatment remains speculative, especially in patients
with germline mutations. Different approaches that con-
sider cancer to be a chronic disease, such as diabetes,
should be considered in instances in which pathogenic
germline mutations are in place. Should such targeted
agents be maintained for a very long time, e.g., main-
tenance therapies in childhood acute leukemia, where
other mechanisms of action, not only the cytostatic
effect are in place? [21]. Should some pulses of targeted
agents be considered?

These are only a few of the new questions that arose
by the increased availability of diagnostic methods, such
as NGS and functional proteomics.

The patients with an orphan disease like IM could
benefit from detailed insights into the biology of their
tumor and genome. Such approach is necessary to bet-
ter understand the molecular pattern of disease and
mechanisms of action of less toxic and effective drugs
except for up to date population-based chemotherapy
regimens. Morover, an unexpected finding of germline
mutation can be important for treatment decisions.
Progressive and resistant incurable infantile myofi-
bromatosis can be successfully treated with the new
approach described herein.
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Additional file 1: Timeline. This file shows timeline of both described
cases. (PDF 466 kb)
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Abstract: Infantile myofibromatosis represents one of the most common proliferative fibrous tumors
of infancy and childhood. More effective treatment is needed for drug-resistant patients, and targeted
therapy using specific protein kinase inhibitors could be a promising strategy. To date, several studies
have confirmed a connection between the p.R561C mutation in gene encoding platelet-derived growth
factor receptor beta (PDGFR-beta) and the development of infantile myofibromatosis. This study
aimed to analyze the phosphorylation of important kinases in the NSTS-47 cell line derived from a
tumor of a boy with infantile myofibromatosis who harbored the p.R561C mutation in PDGFR-beta.
The second aim of this study was to investigate the effects of selected protein kinase inhibitors on
cell signaling and the proliferative activity of NSTS-47 cells. We confirmed that this tumor cell line
showed very high phosphorylation levels of PDGFR-beta, extracellular signal-regulated kinases
(ERK) 1/2 and several other protein kinases. We also observed that PDGFR-beta phosphorylation in
tumor cells is reduced by the receptor tyrosine kinase inhibitor sunitinib. In contrast, MAPK/ERK
kinases (MEK) 1/2 and ERK1/2 kinases remained constitutively phosphorylated after treatment with
sunitinib and other relevant protein kinase inhibitors. Our study showed that sunitinib is a very
promising agent that affects the proliferation of tumor cells with a p.R561C mutation in PDGFR-beta.

Keywords: infantile myofibromatosis; receptor tyrosine kinases; platelet-derived growth factor
receptor; protein kinase inhibitors; sunitinib; erlotinib; FR180204; U0126; targeted therapy

1. Introduction

Infantile myofibromatosis (IM; [MIM#228550]) is a disorder of mesenchymal proliferation
characterized by the development of nonmetastatic tumors [1] that present as firm, flesh-colored to
purple nodules usually located in the skin, subcutaneous tissues, bone, muscle or visceral organs [2,3].
This disease was described under different names, the name “infantile myofibromatosis” was first
used in 1981 [4]. Although rare, with an incidence of 1 in 400,000 children, IM represents the most
common proliferative fibrous tumor of infancy [5,6]. Myofibromas are usually present at birth or
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develop shortly thereafter, and almost 90% of the tumors are diagnosed before the age of two years,
with a median age of three months [6-8]. A male predominance has been reported, and the ratio of
male to female patients varies from 1.5:1 to 1.8:1 [5].

IM clinically presents in three main forms: (1) Solitary, (2) multicentric without visceral involvement,
and (3) multicentric with visceral involvement [6]. The prognosis is excellent in solitary or multicentric
nonvisceral forms with a possibility of spontaneous regression of the lesions but is poor when detected
in the viscera [9]. Surgical excision of a single lesion is the standard of care [8]. Multiple lesions or
surgically unresectable lesions are treated using various therapeutics, such as anti-inflammatory drugs,
interferon-alpha, vinblastine, vincristine, dactinomycin, cyclophosphamide and methotrexate [6,8].

The molecular pathogenesis of IM is not completely understood. Familial forms exhibiting
autosomal dominant and recessive transmission have been reported over the past two decades [10].
In 2013, several point mutations in the platelet-derived growth factor receptor beta (PDGFR-beta)
gene (PDGFRB) were identified to be associated with familial IM. A study of nine unrelated families
diagnosed with IM revealed two disease-causing mutations in PDGFRB: ¢.1978C>A (p.P660T) and
c.1681C>T (p.R561C) [1]. Interestingly, one family did not have either of these PDGFRB mutations,
but all affected individuals had a ¢.4556T>C (p.L1519P) mutation in NOTCH3. The germline mutation
¢.1681C>T (p.R561C) in PDGFRB was also detected in 11 individuals with familial IM [7]. In addition,
one individual harbored a ¢.1998C>A (p.N666K) somatic mutation. Very recently, a novel PDGFRB
mutation (c.1679C>T; p.P560L) was identified in a 3-generation family with multicentric IM [11].

Platelet-derived growth factors (PDGFs) and PDGF receptors (PDGFRs) have important functions
in the regulation of cell growth and survival [12]. The PDGF family consists of four structurally related
single polypeptide units that constitute five functional homo- or heterodimers: PDGF-AA, PDGF-BB,
PDGF-AB, PDGF-CC, and PDGE-DD [13]. PDGFs act via two receptor tyrosine kinases (RTKs),
PDGFR-alpha and PDGFR-beta [14]. Both receptors can activate many major signal transduction
pathways, including the Ras/MAPK, PI3K/ Akt and phospholipase C-gamma pathways [15].

Moreover, other genes were associated with IM etiology, which demonstrates the possible genetic
heterogeneity of this disease. As mentioned above, a connection between a ¢.4556T>C (p.L1519P)
mutation in NOTCH3 and IM was described in one study [1]. Human cells express four different
Notch receptors, Notch 14, each encoded by a different gene [16]. The expression of PDGFRB can be
regulated by Notch activity, as PDGFR-beta expression can be robustly upregulated by Notch 1 and
Notch 3 signaling [17]. Another example is a ¢.511G>C (p.V171L) mutation in the potential tumor
suppressor NDRG4 that was associated with IM in one case [18]. In the same year, it was demonstrated
that the ¢.1276G>A (p.V426M) mutation in PTPRG (protein tyrosine phosphatase, receptor type G)
was able to substantially influence the penetrance of a ¢.1681C>T (p.R561C) mutation in PDGFRB [19].
PTPRG encodes an enzyme that could dephosphorylate PDGFR-beta and thus reduce PDGFR-beta
activity [19,20].

A recent work revealed that two IM-associated mutations in PDGFRB, ¢.1681C>T (p.R561C)
and c.1998C>A (p.N666K), constitutively activate PDGFR-beta and can induce cancer development
in vivo [21]. The same study showed that cells harboring p.R561C and p.N666K mutations are sensitive
to specific tyrosine kinase inhibitors, which were able to decrease PDGFR-beta phosphorylation and
downstream signaling. These results suggested that blocking PDGFR-beta activity would offer a
therapeutic option for IM treatment. Indeed, in a recently published study, targeted treatment with
sunitinib and low-dose vinblastine led to a robust response in a child with refractory multiple IM and
a c.1681C>T (p.R561C) mutation in PDGFRB [8].

In this work, we demonstrate for the first time the efficacy of sunitinib, erlotinib, U0126
and FR180204 on the cell line harboring a ¢.1681C>T (p.R561C) PDGFRB mutation found in
patients with IM. Sunitinib is known as an inhibitor of several kinases, including PDGFR-beta [22],
erlotinib is an inhibitor of epidermal growth factor receptor (EGFR) [23], U0126 inhibits MEK1/2
phosphorylation [24], and FR180204 inhibits ERK1/2 phosphorylation. These inhibitors were chosen
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on the basis of our previous findings [8] as well as on the results of subsequent phosphoprotein
profiling of the NSTS-47 cell line.

2. Results

2.1. Germline Mutations in PDGFRB Were Identified in Both Children, and the Same Mutation in PDGFRB
Was Confirmed in NSTS-47 Cells

Genetic analyses revealed that both siblings harbor a heterozygous germline ¢.1681C>T (p.R561C)
mutation in the PDGFRB gene (Table 1). It was also confirmed that NSTS-47 cell line harbors the same
heterozygous germline mutation ¢.1681C>T (p.R561C) in PDGFRB.

Table 1. Germline mutations identified in patients.

Gender Age PDGFRB Mutation
Male 3.5 months c.1681C>T (p.R561C)
Female 8 years c.1681C>T (p.R561C)

2.2. PDGFR-Beta, EGFR and ERK1/2 Kinases Are Highly Phosphorylated in Cells Harboring ¢.1681C>T
(p.R561C) Mutation in PDGFRB

Given that both siblings and NSTS-47 cells harbor the ¢.1681C>T (p.R561C) mutation in PDGFRB
and that PDGFR-beta c.1681C>T (p.R561C) mutants are constitutively phosphorylated and can activate
various signaling pathways [21], we assessed the phosphorylation level of 49 RTKs and 26 other
signaling proteins in tumor samples as well as in NSTS-47 cells. NSTS-47 cells were harvested,
and phosphorylation levels were analyzed after cultivation for 24 h in Dulbecco’s modified Eagle’s
medium (DMEM) without fetal calf serum (FCS) to eliminate the effects of various serum growth
factors on the phosphorylation of the studied proteins. The screening of all 75 proteins showed
that PDGFR-beta, EGFR (Figure 1) and ERK1/2 (Figure 2) kinases exhibited very high levels of
phosphorylation in all samples. High levels of phosphorylation were also observed for ROR2,
AXL (Figure 1), HSP27 and p38-gamma (Figure 2). These results confirmed that some kinases (namely,
PDGEFR-beta, EGFR and ERK1/2) were constitutively activated, as the high phosphorylation levels
of these proteins were easily detectable in both tumor samples and in NSTS-47 cells after cultivation
under serum-free conditions for 24 h.
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Figure 1. Phospho-receptor tyrosine kinases (RTK) array analysis. The relative phosphorylation of
49 RTKSs was analyzed in tumor tissue obtained from the boy when he was 3.5 months old (Tumor
sample 1), in the NSTS-47 cell line (derived from a tumor tissue of the boy obtained when he was 1 year
and 7 months old) and in the tumor tissue of his 8-year-old sister (Tumor sample 2). platelet-derived
growth factor receptor beta (PDGFR-beta) and epidermal growth factor receptor (EGFR) exhibited high
levels of phosphorylation in all cases. Phosphorylation in NSTS-47 cells was measured after 24 h of
serum-free cultivation. The array images captured using X-ray film are shown for each sample, and the
five most phosphorylated receptor tyrosine kinases (RTKs) are marked. The upper part of the figure
(Tumor sample 1) was already published in our previous case report [8] under the Creative Commons
Attribution 4.0 International License.
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Phospho-mitogen-activated protein kinase (MAPK) array analysis. The relative

phosphorylation of 26 signaling proteins, including 9 MAPKSs, was detected in tumor tissue obtained
from the boy when he was 3.5 months old (Tumor sample 1), in the NSTS-47 cell line (derived from
a tumor tissue of the boy obtained when he was 1 year and 7 months old) and in the tumor tissue of

his 8-year-old sister (Tumor sample 2). ERK1/2 exhibited high levels of phosphorylation in all cases.

Phosphorylation levels in NSTS-47 cells was measured after 24 h of serum-free cultivation. The array

images captured using X-ray film are shown for each sample, and the five most phosphorylated

proteins are marked.
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2.3. NSTS-47 Cells Are Sensitive to Sunitinib and Erlotinib

It was confirmed that cells with the mutation c.1681C>T (p.R561C) in PDGFRB are sensitive
to the tyrosine kinase inhibitors imatinib, nilotinib and ponatinib [21]. Given the phosphorylation
profile in the NSTS-47 cell line, whether specific tyrosine kinase inhibitors could affect the proliferation
of this cell line was assessed. NSTS-47 cells were first treated with sunitinib. Sunitinib was chosen
for several reasons: (1) The NSTS-47 cell line harbors a ¢.1681C>T (p.R561C) mutation in PDGFRB,
and PDGFR-beta was substantially phosphorylated in these cells; (2) sunitinib treatment inhibits
PDGEFR-beta phosphorylation [25]; and (3) sunitinib was successfully used to treat the boy with IM
whose tumor tissue was used to generate the NSTS-47 cell line [8].

Cells were treated for six days with various concentrations of sunitinib, and after incubation,
the proliferative activity was determined using the MTT assay. At sunitinib concentrations of 50 and
100 nM, which can be achieved in the plasma of children treated with sunitinib [26], the proliferative
activity of NSTS-47 cells was significantly decreased (Figure 3A). In addition, 50 nM and 100 nM
sunitinib decreased the proliferative activity of NSTS-47 cells to 75% and 73%, respectively, after
six days.

To verify whether the observed effect of sunitinib is robust, NSTS-47 cells were cultivated with
sunitinib in medium supplemented with PDGF-BB. A significant decrease in proliferative activity was
observed after sunitinib treatment even when the cells grew in medium supplemented with PDGF-BB
at a high concentration of 10 ng/mL (Figure 3B). In some experiments, the cultivation medium was
changed every 24 h, and new medium with fresh inhibitor and fresh PDGF-BB was added (at medium
changes) to prevent the potential degradation of sunitinib and PDGF-BB (Figure 3C).
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Figure 3. Proliferative activity of NSTS-47 cells after various experimental treatments. Proliferative
activity was measured using an MTT assay after 6 days of incubation. The data represent the mean
=+ SD. Experiments were repeated three times in hexaplicate (A,D-H) or in triplicate (B,C). * p < 0.05
indicates a significant difference compared to control cells. (A) Sunitinib significantly decreased the
proliferative activity of NSTS-47 cells. (B) NSTS-47 cells were sensitive to sunitinib, and this effect
was not influenced by the presence of PDGF-BB at a high concentration (10 ng/mL). (C) Medium
containing inhibitor and PDGF-BB was changed every 24 h during cultivation, which had no significant
effect on the efficacy of the inhibitor. (D) NSTS-47 cells were also sensitive to erlotinib, as this inhibitor
significantly affected cell proliferation. (E) No significant effect was observed after U0126 treatment.
(F) FR180204 also did not significantly affect proliferative activity. (G) The combination of erlotinib and
sunitinib significantly decreased the proliferative activity of NSTS-47 cells. (H) The combination of
U0126 and FR180204 did not have a significant effect on NSTS-47 cell proliferation.
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Next, NSTS-47 cells were treated with erlotinib, U0126 and FR180204. These three inhibitors were
chosen based on EGFR and ERK1/2 phosphorylation in NSTS-47 cells (Figures 1 and 2). The ability of
the combination of sunitinib and erlotinib to block both highly phosphorylated RTKs was tested, and a
combination of U0126 and FR180204 was used to block the MEK/ERK signaling pathway.

At an erlotinib concentration of 1 uM, which can be achieved in the plasma of children treated
with erlotinib [27], the proliferative activity of the NSTS-47 cell line was significantly decreased to
75% after 6 days of cultivation (Figure 3D). In contrast, NSTS-47 cells were not sensitive to U0126 and
FR180204 because treatment of the NSTS-47 cell line with these inhibitors did not induce a significant
decrease in proliferative activity (Figure 3E,F).

The combination of erlotinib and sunitinib also significantly decreased the proliferative activity
of NSTS-47 cells (Figure 3G), but the effect of this combined treatment was similar to the effects
of sunitinib or erlotinib alone. For instance, 100 nM sunitinib and 100 nM erlotinib decreased the
proliferative activity to 70% (Figure 3G), but 100 nM sunitinib alone decreased the proliferative activity
to 73% (Figure 3A). Another example is the combination of 1 uM erlotinib and 1 uM sunitinib; this
treatment decreased the proliferative activity to 61% (Figure 3G), but 1 uM erlotinib alone decreased
the proliferative activity to 75% (Figure 3D), and 1 uM sunitinib decreased the proliferative activity to
76% after six days (Figure 3A). Therefore, the combination of sunitinib and erlotinib did not have a
significant additional effect on the reduction of NSTS-47 cell proliferation. In addition, the combination
of U0126 and FR180204 did not show any significant effect on proliferative activity (Figure 3H).

Taken together, our results demonstrate that sunitinib and erlotinib can significantly decrease the
proliferative activity of NSTS-47 cells, which harbor a ¢.1681C>T (p.R561C) mutation in PDGFRB, at
concentrations that are achievable for these inhibitors in children plasma. However, the combination of
sunitinib and erlotinib did not show an additional significant effect on cell proliferation. The inhibitors
FR180204 and U0126 also did not have a significant effect on NSTS-47 cell proliferation.

2.4. PDGFR-Beta and EGFR Exhibited Ligand-Dependent Tyrosine Phosphorylation

Considering that only some kinase inhibitors significantly decreased the proliferative activity
of the NSTS-47 cell line, detailed analyses of target kinases that should be affected by previously
used inhibitors were performed using Western blotting. First, it was observed that the constitutively
phosphorylated receptors PDGFR-beta and EGFR in NSTS-47 cells can respond to their ligands:
Our results show that phosphorylation of both receptors was considerably increased in response to
PDGEF-BB or EGF (Figure 4A,B). Cell populations were serum starved for 24 h and then stimulated
for 15, 30 or 60 min using two different concentrations of PDGF-BB or EGF. The cells that were
serum starved for only 24 h and cells that were cultivated with FCS were used as negative
controls. Receptor phosphorylation was significantly increased after 15 min, and then decreased
in a time-dependent manner. Surprisingly, serum-starved cells that were not stimulated with PDGF-BB
or EGF also exhibited an increase in receptor phosphorylation, in comparison to serum-cultivated cells.
These experiments demonstrated that both receptors were functional and were able to activate
downstream signaling molecules.
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Figure 4. Analysis of protein phosphorylation. (A) PDGFR-beta phosphorylation is increased in
response to PDGF-BB. Cells were stimulated for 15, 30 or 60 min using two different concentrations
(10 ng/mL and 30 ng/mL) of PDGF-BB. (B) EGFR phosphorylation is increased in response to
epidermal growth factor (EGF). Cells were stimulated for 15, 30 or 60 min using two different
concentrations (40 ng/mL and 100 ng/mL) of EGF. (C) Sunitinib was able to decrease PDGFR-beta and
Akt phosphorylation but not MEK1/2 and ERK1/2 phosphorylation. (D) Erlotinib decreased EGFR and
Akt phosphorylation but had no effect on MEK1/2 and ERK1/2 phosphorylation. (E) U0126 treatment
did not decrease MEK1/2 phosphorylation. (F) FR180204 treatment did not cause any changes in
ERK1/2 phosphorylation. (G) The combination of sunitinib and erlotinib decreased PDGFR-beta,
EGEFR and Akt phosphorylation, but MEK1/2 and ERK1/2 phosphorylation was not affected.

2.5. Detailed Analysis of Signaling Pathways Revealed Constitutive Phosphorylation of MEK1/2 and

ERK1/2 Proteins

In the next step, we analyzed the phosphorylation of PDGFR-beta, EGFR and downstream
kinases, which can be activated by these RTKs after treatment with kinase inhibitors. In all experiments,
cells were cultivated for 24 h in medium containing an inhibitor but not FCS. After 24 h, some cells
were stimulated with PDGF-BB or/and EGF for 15 min to observe the effects of inhibitors on
ligand-stimulated cells. Cells that were serum starved for only 24 h, and cells that were cultivated with

FCS were used as negative controls.

Sunitinib alone decreased the phosphorylation of PDGFR-beta (Figure 4C). Akt phosphorylation
was also decreased after sunitinib treatment, but a substantial decrease in MEK1/2 and ERK1/2
phosphorylation was not observed. Erlotinib decreased the phosphorylation of EGFR, but only at
higher concentrations, and Akt phosphorylation was also slightly decreased (Figure 4D). No effect
of erlotinib on MEK1/2 and ERK1/2 phosphorylation was observed. Surprisingly, U0126 did not
decrease the phosphorylation of MEK1/2 (Figure 4E). Similarly, FR180204 treatment had no effect on
ERK1/2 phosphorylation (Figure 4F). As expected, the combination of sunitinib and erlotinib markedly
decreased the phosphorylation of PDGFR-beta, EGFR and Akt, but no effect was observed on MEK1/2
and ERK1/2 phosphorylation (Figure 4G).



Int. J. Mol. Sci. 2018, 19, 2599 10 of 16

Altogether, sunitinib and erlotinib showed inhibitory effects on RTKs and Akt. Interestingly,
no substantial changes in MEK1/2 and ERK1/2 phosphorylation were observed after treatment with
any inhibitor.

2.6. Serum Starvation of NSTS-47 Cells Induces an Increase in PDGFA Expression

In some cases, our data indicated higher phosphorylation of PDGFR-beta and EGFR in
serum-starved cells than in cells cultivated in DMEM supplemented with FCS (Figure 4A,B). Therefore,
the expression of selected EGFR and PDGFR-beta ligands was measured to investigate whether there
is a possible autocrine PDGF/PDGEFR or EGF (TGF-alpha)/EGFR signaling loop that could contribute
to the higher phosphorylation of RTKs. Expression of EGF, PDGFA, PDGFB and TGFA was analyzed
under normal serum conditions (DMEM supplemented with 20% FCS) and under serum starvation
conditions using qPCR. Substantial differences were observed in the transcriptional response of
serum-starved cells (Figure 5). qPCR analyses also showed increased levels of PDGFA expression,
while EGF and PDGFB mRNA levels were not significantly influenced by serum starvation, and TGFA
expression was considerably decreased.

Serum starvation - 24h
300-

*

2004 3 DMEM +20% FCS
* @8 DMEM

100+

Relative gene expression [%]

EGF PDGFA PDGFB TGFA

Figure 5. Effect of serum starvation on EGF, PDGFA, PDGFB and TGFA expression in the NSTS-47
cell line. Cells were cultivated in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
20% FCS or in DMEM without FCS. After 24 h, cells were harvested, and the expression of selected
genes was analyzed using qPCR. The results represent the mean + SD of nine (six in case of PDGFB)
independent experiments. * p < 0.05 indicates statistically significant differences.

3. Discussion

IM is a rare disorder of mesenchymal proliferation that is characterized by the development
of nonmetastatic tumors [1]. Several studies have confirmed that specific point mutations in the
PDGFRB gene are involved in the pathogenesis of IM [1,7,11]. However, mutations in the PDGFRB
gene presumably show incomplete penetrance and variable expressivity, and other genes may be
involved in the pathogenesis of IM [1,18,19].

The main goal of this study was to analyze the effects of various protein kinase inhibitors (PKIs)
on the NSTS-47 cell line, which harbors the IM-associated ¢.1681C>T (p.R561C) mutation in PDGFRB.
The results showed that sunitinib, a potent inhibitor of PDGFR-beta phosphorylation, can significantly
decrease the proliferation of NSTS-47 cells.

Previously published results [21] show that PDGFR-beta p.R561C mutant cells have constitutively
phosphorylated PDGFR-beta and are able to induce the phosphorylation of ERK1/2, PLC-gamma,
STAT3, STAT5 and Akt in the absence of PDGF. These results are in accordance with our observations.
We found that PDGFR-beta and ERK1/2 kinases were highly phosphorylated in both s and even in
NSTS-47 cells that were serum starved for 24 h. We also detected increased phosphorylation of Akt2 in
Tumor Sample 1.

The same study that revealed a role for the p.R561C mutation in PDGFR-beta [21] showed
that imatinib, nilotinib, and ponatinib can decrease PDGFR-beta phosphorylation and inhibit cell
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proliferation. We studied the effects of sunitinib, a multi-tyrosine kinase inhibitor that is able to target
PDGFR-beta. Sunitinib was chosen because siblings from whom tumor tissue samples were obtained
responded very well to treatment with this inhibitor [8]. Sunitinib alone significantly decreased the
proliferative activity of the NSTS-47 cell line, and this finding could explain the response of the siblings
to the targeted therapy.

Western blot analyses showed that sunitinib is able to decrease the phosphorylation of mutant
PDGFR-beta even in the presence of high PDGF-BB levels and can also decrease the phosphorylation of Akt.
Because activated Akt is a well-established survival factor [28], these effects of sunitinib on PDGFR-beta
and Akt phosphorylation can explain why sunitinib reduced the proliferative activity of NSTS-47 cells.

A similar inhibitory effect was observed for EGFR and erlotinib (the inhibitor of EGFR
phosphorylation). Erlotinib also decreased NSTS-47 cell proliferation, and Western blot analysis
showed that it was able to decrease EGFR and Akt phosphorylation. However, neither sunitinib nor
erlotinib inhibited the phosphorylation of the corresponding receptor completely, and some receptor
molecules remained phosphorylated even when high doses of those inhibitors were used.

Surprisingly, phosphorylation of MEK1/2 and ERK1/2 proteins was not significantly influenced
by any inhibitor. This observation could explain why sunitinib and erlotinib incompletely decreased
proliferative activity and why U0126 and FR180204 did not influence proliferative activity. MEK1/2
and ERK1/2 belong to the Ras/MAPK signaling cascade, which transmits signals from receptors
and participate in regulating the cell cycle, apoptosis and differentiation [29]. All tyrosine kinase
inhibitors have been previously shown to be able to simultaneously decrease PDGFR-beta and
ERK1/2 phosphorylation, which resulted in the inhibition of proliferative activity [21]. In NSTS-47
cells, sunitinib and erlotinib decreased the phosphorylation of PDGFR-beta, EGFR and Akt, but for
yet unknown reasons, MEK1/2 and ERK1/2 kinases remained phosphorylated at levels that were
comparable with those detected in untreated cells.

Interestingly, incomplete penetrance of the ¢.1681C>T (p.R561C) mutation was found in a family
with two children suffering from IM [19]. Genetic analyses revealed a c.1681C>T (p.R561C) mutation
in PDGFRB in both siblings and, surprisingly, also in their healthy mother. However, both siblings
had inherited a heterozygous ¢.1276G>A (p.V426M) mutation in PTPRG from their healthy father.
The PTPRG gene encodes a protein called receptor-type tyrosine-protein phosphatase gamma that
can dephosphorylate PDGFR-beta [19,20]. Therefore, the mutation in PTPRG could probably decrease
the efficiency of the phosphatase to dephosphorylate its substrates and thus positively influence the
phosphorylation of PDGFR-beta and the penetrance of mutant PDGFRB [19].

Finally, our analyses of gene expression showed that the phosphorylation status of PDGFRs
in NSTS-47 cells was not influenced by only mutations in PDGFR-beta. We analyzed the gene
expression levels of EGF, PDGFA, PDGFB and TGFA in NSTS-47 cells that were serum starved for 24 h.
The expression of TGFA decreased, but no difference was observed in the expression of EGF and PDGFB;
however, PDGFA gene expression was significantly increased. The increase in PDGFA expression was
unexpected and could result in the stimulation of cells via an autocrine mechanism, an increase in
PDGEFR-alpha phosphorylation and improved survival of NSTS-47 cells in the absence of serum.

4. Materials and Methods

4.1. Tumor Samples

Two tumor samples and one tumor-derived cell line were used in this study. Tumor Sample 1 was
obtained from a 3.5-month-old infant boy suffering from inborn generalized IM, and Tumor Sample 2
was obtained from his 8-year-old sister who was suffering from a skull base tumor and had a history
of spontaneous regression of subcutaneous lesions. The Research Ethics Committee of the School
of Medicine (Masaryk University, Brno, Czech Republic) approved the study protocol, and written
informed consent was obtained from legal guardians of the siblings. A case report concerning these
siblings was published recently [8].
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4.2. Cell Line and Cell Culture

The NSTS-47 cell line was established in our laboratory with the procedure previously
described [30]. A tumor sample was obtained from the same boy mentioned in the previous paragraph
during curative surgical procedure when he was 1 year and 7 months old. Cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 20% fetal calf serum (FCS), 2 mM
glutamine, 100 IU/mL penicillin and 100 ug/mL streptomycin (all purchased from GE Healthcare
Europe GmbH, Freiburg, Germany). The cell line was maintained under standard conditions at 37 °C
in a humidified atmosphere containing 5% CO, and subcultured one or two times per week. Cells
from passage number 8 to 19 were used for experiments.

4.3. Genetic Analyses

The mutation in PDGFRB was identified by Sanger sequencing using an ABI 3130 Genetic
Analyzer (Applied Biosystems, Foster City, CA, USA) and confirmed by whole exome sequencing
(WES). In all cases, WES was performed using the TruSeq Exome Kit, NextSeq® 500/550 Mid Output
Kit v2 and NextSeq 500 (all Illumina, San Diego, CA, USA).

4.4. Chemicals

Sunitinib, erlotinib, U0126 (all purchased from Cell Signaling Technology, Danvers, MA, USA) and
FR180204 (Sigma-Aldrich, St. Louis, MO, USA) were prepared as a 20 mM stock solution in dimethyl
sulfoxide (DMSO) and stored at —20 °C. PDGE-BB (Cell Signaling Technology) was prepared at a
concentration of 100 pug/mL in 20 mM citric acid (pH 3.0) supplemented with 0.8% BSA (bovine serum
albumin) and stored at 4 °C. EGF (Sigma-Aldrich) was prepared at a concentration of 100 ug/mL
in 10 mM HCI and stored at 4 °C. For the determination of proliferative activity, concentrations of
protein kinase inhibitors (PKls) ranging from 0.001 to 10 uM and PDGF-BB concentrations of 0.25 and
10 ng/mL were tested. For Western blot analyses, PKI concentrations ranging from 0.05 to 10 uM,
PDGEF-BB concentrations of 10 and 30 ng/mL and EGF concentrations of 40 and 100 ng/mL were used.

4.5. Phospho-RTK and Phospho-MAPK Array Analysis

The relative phosphorylation levels of 49 RTKs were analyzed using the Human Phospho-RTK
Array kit (R&D Systems, Minneapolis, MN, USA), and the relative phosphorylation levels of 26
proteins, including 9 MAPKSs, were determined using the Human Phospho-MAPK Array kit (R&D
Systems) according to the manufacturer’s protocol. The levels of phosphorylation were quantified
using Image] software [31] and normalized to control spots and the background. The analysis was
performed as described in previous studies [8,32].

4.6. MTT Assay

The MTT assay was used to determine the proliferative activity of the NSTS-47 cell line. A total
of 103 cells were seeded in 200 uL of culture medium into each well of 96-well microplates, and cells
were allowed to adhere overnight. The next day, the medium was carefully removed, and fresh
medium containing various concentrations of chemicals described above or control medium was
added. The microplates were incubated under standard conditions. To evaluate changes in cell
proliferation, the medium was removed and replaced with 200 uL of fresh DMEM containing
3-(4-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) at a concentration of 0.5 mg per
mL. The microplates were then incubated at 37 °C for 3.5 h. The medium was carefully removed, and
the formazan crystals were dissolved in 200 pL of DMSO. The absorbance was measured at 570 nm
using a Sunrise Absorbance Reader (Tecan, Mannedorf, Switzerland), with a reference absorbance at
620 nm.
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4.7. Western Blotting and Immunodetection

Whole-cell extracts were loaded onto 10% polyacrylamide gels, electrophoresed, and blotted on
polyvinylidene difluoride membranes (Bio-Rad Laboratories, Munich, Germany). The membranes
were blocked with 5% nonfat dry milk in phosphate buffered saline (PBS) containing 0.1% Tween-20
and incubated overnight with the corresponding primary antibody. The primary and secondary
antibodies used in this study are shown in Table 2. Membranes were incubated with corresponding
secondary antibodies for 1 h. ECL-Plus detection was performed according to the manufacturer’s
instructions (GE Healthcare, Little Chalfont, UK).

Table 2. Primary and secondary antibodies.

Primary Antibodies

Antigen Manufacturer Catalog No. Dilution

Beta-actin Sigma-Aldrich Ab5441 1:20,000
Akt (pan) Cell Signaling Technology 4691 1:1000
Phospho-Akt (Ser473) Cell Signaling Technology 4060 1:2000
ERK1/2 Cell Signaling Technology 4695 1:1000
Phospho-ERK1/2 (Thr202/Tyr204) Cell Signaling Technology 4370 1:2000
MEK1/2 Cell Signaling Technology 9122 1:1000
Phospho-MEK1/2 (Ser217/221) Cell Signaling Technology 9121 1:1000
EGFR Cell Signaling Technology 2646 1:1000
Phospho-EGFR (Tyr1068) Cell Signaling Technology 2236 1:1000
PDGFR-beta Cell Signaling Technology 3169 1:1000
Phospho-PDGFR-beta (Tyr751) Cell Signaling Technology 4549 1:1000

Secondary antibodies
Specificity Conjugate Manufacturer Catalog No. Dilution
Anti-Mouse IgG horseradish peroxidase  Cell Signaling Technology 7076 1:2000-1:20,000

Anti-Rabbit IgG horseradish peroxidase  Cell Signaling Technology 7074 1:2000

4.8. RI-gPCR

The relative expression levels of selected genes were studied using RT-qPCR. Total RNA was
extracted using the GenElute™ Mammalian Total RNA Miniprep kit (Sigma-Aldrich), and RNA
concentration and purity were determined spectrophotometrically. For all samples, equal amounts
of RNA were reverse transcribed into cDNA using M-MLV reverse transcriptase (Top-Bio, Prague,
Czech Republic). RT-qPCR was carried out in 10 pL reaction volumes using the KAPA SYBR® FAST
qPCR Kit (Kapa Biosystems, Wilmington, MA, USA) and analyzed using the 7500 Fast Real-Time
PCR System and 7500 Software v. 2.0.6 (both Life Technologies, Carlsbad, CA, USA). Changes in the
transcript levels were determined using the 2722¢T method [33]. The housekeeping gene HSP90AB1
was used as an endogenous reference control. The primers used in this study are listed in Table 3.

Table 3. Primers.

Gene Gene Symbol Primer Sequence

F: 5-AGGATTGACACAGAAGGAACCAA-3
R: 5'-ACATACTCTCTCTTGCCTTGACC-3'

F: 5-CGCATGAAGGAGACACAGAA-3
R: 5-TCCCATCAAATTCCTTGAGC-3'

F: 5-TCCGTAGGGAGTGAGGATTCTTT-3

Epidermal growth factor EGF

Heat shock protein 90 alpha family class B member 1 ~ HSP90AB1

Platelet derived growth factor subunit A PDGFA R: 5'-GGCTTCTTCCTGACGTATTCCA-
. . F: 5-GATCCGCTCCTTTGATGATCTCC-3'
Platelet derived growth factor subunit B PDGFB R: 5-ATCTCGATCTTTCTCACCTGGAC-3'
LBl _3/
Transforming growth factor alpha TGFA F: 5 TGCCACTCAGAAACAGTGGTC-S

R: 5-AGTCCGTCTCTTTGCAGTTCTT-3'

F, forward primer; R, reverse primer.
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4.9. Statistical Analysis

Quantitative data are shown as the mean =+ standard deviation (SD). Data from MTT assays were
analyzed using one-way ANOVA followed by Dunnett’s test; p < 0.05 was considered statistically
significant. The qPCR data were analyzed using the Mann-Whitney test (two-tailed); p < 0.05 was
considered statistically significant.

5. Conclusions

To conclude, our work demonstrated that tumor cells with the c.1681C>T (p.R561C) mutation
in PDGFRB show high levels of PDGFR-beta and ERK1/2 phosphorylation. Furthermore, our data
support the use of specific tyrosine kinase inhibitors targeting PDGFR-beta phosphorylation as a
treatment suitable for IM. This is the first study to show that sunitinib is able to reduce the proliferative
activity of IM cells with a ¢.1681C>T (p.R561C) mutation in vitro.
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Abbreviations

DMEM Dulbecco’s modified Eagle’s medium
DMSO dimethyl sulfoxide

EGFR epidermal growth factor receptor

ERK extracellular signal-regulated kinase
FCS fetal calf serum

M infantile myofibromatosis

MAPK mitogen-activated protein kinase

MEK MAPK/ERK kinase

MTT 3-(4-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
PDGFR platelet-derived growth factor receptor
PKIs protein kinase inhibitors

RTKSs receptor tyrosine kinases

TGFA transforming growth factor alpha

WES whole exome sequencing
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Letter to Editor: F.S. Kaplan, et al., Early clinical observations on the use of imatinibmesylate in L)

FOP: A report of seven cases, Bone (2017)

We read with great interest the article published by F.S. Kaplan
ct al. Early clinical observations on the use of imatinibmesylate in FOP:
A report of seven cases, Bone (2017). Following this [1] we would like
to present a case report of one our patient with FOP successfully re-
sponding to sunitinib.

The twenty months old girl was admitted with soft tissue swelling of
back part of the neck, right axilla and jugulum. Lesions were reddish,
warm and some of them melted away, however causing limited mobi-
lity of the neck and upper limbs. First local histopathology revealed
infantile (lipo)fibromatosis with low mitotic activity. Staging showed
multiple lesions of the neck, chest and back and the patient was referred
to us. Rebiopsy of lesions in order to provide fresh tissue to target the
treatment of suspected soft tissue neoplasm showed similar histo-
pathology findings, with negativity of both NOTCH and PDGFRB gene
mutations. The patient started therapy for infantile myofibromatosis
with low dose vinblastine and methotrexate. After four weeks of
treatment we observed clinical progression with rapid appearance
(within hours) of new lesions, compatible with flair-up behavior and
fever. One dose of methylprednisolon resulted into partial regression of
flair-ups but no efficacy to tumors was observed. Phospoproteomics
showed high levels of PDGFRB phosphorylation [2] transcriptome
showed overexpression of NTRK 2 and 3, however no NTRK gene fu-
sions were found. After discussion with parents combination of low
dose of vinblastine plus anti PDGFRB drug sunitinib in initial dose
0.5 mg/kg/day plus celecoxibe as a COX-2 inhibitor was started. After
1 month dose of sunitinib was escalated to 0.65 mg/kg/day. The whole
exome sequencing revealed pathogenic R206H mutation in AVCR1
gene, which confirmed diagnosis of FOP. Sunitinib continued as
0.65 mg/kg/every other day. Active lesions slowly regressed and flair-
ups almost completely ceased.

At the time of writing of this report, only rare and compared to
pretreatment period very mild flair-ups with no progressive motion loss
are observed. The patient is on treatment for almost two ycars. During
the treatment we did not observe any other grade III and higher side
effects except for one uneventful episode of febrile neutropenia.

This case report underlines challenges with ultra-orphan discase like
FOP from diagnosis when such children are often referred to oncologist

e
e

for off label treatment. Our patient is the youngest child treated with
tyrosine-kinase inhibitor for management of FOP in the English litera-
ture. Inhibition of up-regulated PDGFRa, PDGFRB, c-kit, HIFlalfa and
other proinflammatory and proliferative pathways by sunitinib or im-
atinib seems worth to be considered in early phases of FOP having in
mind nontrivial toxicity of experimental treatment with palovarotene
[3] as well.
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Recurrent laryngeal papillomatosis: successful
treatment with human papillomavirus vaccination

Peter Mudry,! Martin Vavrina,! Pavel Mazanek,” Michaela Machalova,2 Jiri Litzman, ®

Jaroslav Sterba'4

ABSTRACT

The authors describe the case of a 5-year-old girl with
recurrent laryngeal papillomatosis (RLP) due to human
papillomavirus (HPV) type 11, who required frequent sur-
gical treatment. Complete recovery occurred after HPY
vaccination (Gardasil). Confirmed remission of RLP has
continued during the 17 months of follow-up since vac-
cination. The authors conclude that HPV vaccination may
represent a new therapeutic option in this situation.

CASE REPORT

The index case was born at term following an
uncomplicated labour. Her mother had no clinical
signs of human papillomavirus (HPV) infection.
Psychomotor development was normal and the
child had occasional mild upper respiratory tract
infections. At the age of 2 years she gradually
developed a hoarse voice and was referred to the
local hospital. After ear-nose-throat (ENT) clini-
cal examination and direct optical laryngoscopy,
the patient was diagnosed with laryngeal papil-
lomatosis and surgical laser ablation of papillomas
was performed. Subsequent histological examina-
tion of tissue showed papillary structures covered
by acanthotic squamous epithelium with mixed
inflammatory cells in stroma. Final pathological
diagnosis was squamous papilloma with mild
dysplasia.

The patient was frequently seen by an ENT spe-
cialist during follow-up. Within 2 years of diag-
nosis there were six relapses with development
of papillomas necessitating surgical treatment.
These interventions were performed using laser
ablation. Intervals between treatments shortened
so that the shortest disease-free period was only
3 weeks. The last surgical excision was performed
using surgical pliers under microscope control.

DNA from a biopsied specimen was isolated by
means of a QlAamp DNA Mini Kit (tissue pro-
tocol) according to the manufacturer’s handbook
(QIAGEN, Hilden, Germany). Extracted DNA
was amplified in a PTC 200 PCR thermocycler
(M] Research, Waltham, Massachusetts, USA). As
an internal control, a 110 bp long fragment of the
human B-globin gene was amplified using PC03/
PCO4 primers. Positive B-globin amplification
showed that the sample contained enough DNA
and that no PCR inhibitors were present. HPV
DNA was detected by PCR using GP5+/GP6+
primers specific for the L1 region. Genotyping
was performed by reverse line blot hybridisation
(RLB), which permits the detection of 37 HPV
types in a single assay.! Genotyping in our case
showed HPV type 11.

Immunological tests found no defects in
humoral or cellular immunity. ELISA was used to
test for anti-HPV antibodies using virus-like par-
ticles composed of capsid antigen L1 produced in
a baculovirus expressing system in insect cells. No
antibodies were found against HPV types 6, 11, 16,
18, 31 or 33. All HPV diagnostic procedures were
undertaken in the National Reference Laboratory
for Human Papillomavirus in The Institute of
Hematology and Blood Transfusion, Prague.

The progressive course of the patient’s disease
led us to consider stimulating an immune response
to HPV-11 as this might have a better chance of
achieving long term remission compared to stan-
dard adjuvant treatments (such as cidofovir). We
chose vaccination using a commercially approved
vaccine with anti HPV-11 activity (GARDASIL,
Merck, New Jersey, USA; regional brand name
SILGARD in the Czech Republic). We used a
three-dose schedule of vaccination (at 0, 2 and 6
months), with the first dose given 1 month after
the last surgical excision.

The overall clinical picture and the course of
disease changed markedly after vaccination.
Since administration of the first vaccine dose, the
patient has not experienced any episodes of voice
hoarsening and repeated laryngoscopic examina-
tions have found no recurrent papillomas. Two
months after the third (and last) vaccination we
checked anti-HPV antibodies and detected anti
HFV-6 and anti HPV-11 antibodies in plasma.

Subsequent immune status study showed
increased levels of IgM antibodies (1.88 g/l; refer-
ence range 0.4-1.6 g/l) and normal absolute CD3+
(8.04x10%1; range 0.7-4.2), CD4+ (1.9x10%/1; range
0.3-2.0) and CD8+ (0.93x10%1; range 0.3-1.8) T
cell counts. At the time of writing, our patient has
had no evidence of papillomatosis for 17 months.
This is her longest disease-free period and her
voice has regained normal physiological tone.

DISCUSSION

Recurrent laryngeal papillomatosis (RLP) in chil-
dren is a rare, chronic and potentially devastat-
ing disease significantly affecting quality of life.
Disappointing treatment results with laser surgery
are not uncommon and encourage exploration of
new therapeutic options. For decades non-specific
immunotherapy with interferon o has been one of
the few options. However, treatment with inter-
feron o has a risk of lesion relapse after discon-
tinuation of treatment. Furthermore, interferon
treatment also has significant systemic toxicities.?
Some evidence of the efficacy of antiviral agents
as adjuvant agents in the management of RLP in
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Case report

children and/or adults has been also published.? ¢ Adjuvant
intralesional treatment with bevacizumab showed some effi-
cacy in prolonging the time between treatments and therefore
reducing the number of treatments per year in children with
severe RLP. All described options have limited efficacy or
significant toxicities and/or need surgical intervention.

Recent research has described the central importance of the
CD4 T cell population in the control of HPV infection.6 We
were aware that treatment with HPV vaccine may not lead
to a cellular immune response as most reports describe the
vaccine as producing serum neutralising antibody to HPV
major capside protein L1. Given the absence of anti HPV-11
antibodies in our patient, we decided to try to improve her
HPV-11 antibody production and also to stimulate T cell-
dependent specific anti-HPV immunity. Our evaluation of
Immune response after vaccination was limited to only gen-
eral humoral and cell immunity together with evaluation of
specific anti-HPV antibodies. Of course, this does not provide
any proof of anti-HPV T cell activity. Moreover, a different
surgical technique was used during the last intervention, so
we do not know for definite which action was curative for
this child.

Previously published case reports described stabilisation of
RLP with small residual papilloma after HPV vaccination in a
2-year-old boy and in an adult.”  As in these published cases,
we also observed a fundamental change in disease course after
vaccination with HPV vaccine, but in contrast to them, our
patient was in RLP remission after the last surgical excision.
To our knowledge, this disease remission lasting 17 months
after HPV vaccination is the longest reported in the literature
to date.

20f2

We demonstrated that vaccination using an off-label indica-
tion for analready approved drug can induce prolonged clinical
remission of this otherwise devastating condition: Obviously,
more extensive multicentre studies are needed to fully assess
the potential benefit of this therapeutic approach.” ? While we
await these studies, a centralised international database of
similar cases would be a good first step towards understand-
ing and monitoring this condition. -
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ORIGINAL STUDIES

Safety, Efficacy, and Exposure—Response of Voriconazole
in Pediatric Patients With Invasive Aspergillosis, Invasive
Candidiasis or Esophageal Candidiasis

Judith M. Martin, MD,* Mercedes Macias-Parra, MD, T Peter Mudry, MD,} Umberto Conte, PharmD,§
Jean L. Yan, MS, 9 Ping Liu, PhD,|/| M. Rita Capparella, PharmD,** and Jalal A. Aram, MD7¥

Background: Data on safety and efficacy of voriconazole for invasive
aspergillosis (IA) and invasive candidiasis/esophageal candidiasis (IC/EC)
in pediatric patients are limited.

Methods: Patients aged 2—<18 years with IA and IC/EC were enrolled in 2
prospective open-label, non-comparative studies of voriconazole. Patients fol-
lowed dosing regimens based on age, weight and indication, with adjustments
permitted. Treatment duration was 612 weeks for IA patients, 214 days after
last positive Candida culture for IC patients and >7 days after signs/symptoms
resolution for EC patients. Primary analysis for both the studies was safety and
tolerability of voriconazole. Secondary end points included global response
success at week 6 and end of treatment (EOT), all-causality mortality and time
to death. Voriconazole exposure—response relationship was explored.
Results: Of 53 voriconazole-treated pediatric patients (31 1A; 22 IC/EC),
14 had proven/probable 1A, 7 had confirmed IC and 10 had confirmed EC.
Treatment-related hepatic and visual adverse events, respectively, were
reported in 22.6% and 16.1% of 1A patients, and 22.7% and 27.3% of IC/EC
patients. All-causality mortality in IA patients was 14.3% at week 6; no deaths
were attributed to voriconazole. No deaths were reported for IC/EC patients.
Global response success rate was 64.3% (week 6 and EOT) in IA patients and
76.5% (EOT) in IC/EC patients. There was no association between voricona-
zole exposure and efficacy; however, a slight positive association between
voriconazole exposure and hepatic adverse events was established.
Conclusions: Safety and efficacy outcomes in pediatric patients with IA
and IC/EC were consistent with previous findings in adult patients.

Key Words: voriconazole, aspergillosis, candidiasis, pediatric, exposure—
response

(Pediatr Infect Dis J 2017;36:el1—e13)

Aspergillus and Candida species are the predominant causes of
invasive fungal infection in pediatric patients.! The incidence
of invasive fungal infection has increased substantially in recent
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years, largely because of the increasing number of children at risk
of acquiring these infections.'

Invasive aspergillosis (IA) is observed in children with com-
promised phagocytic function,>* as well as in patients with hema-
tologic malignancies and specific immunosuppression, and recipi-
ents of allogeneic stem cell and solid organ transplants.* Although
the lungs are the most common infection site,* the central nervous
system, cardiovascular system and other tissues may be infected
because of hematogenous dissemination in severely immuno-
compromised patients.’ Invasive candidiasis (IC) may present as
catheter-associated candidemia, single-organ candidiasis or dis-
seminated candidiasis, with or without candidemia.® Risk factors
for IC include intensive care unit admission, neutropenia, malig-
nant diseases’ and congenital immunologic deficiencies.®

Voriconazole is a broad-spectrum triazole with activity
against a wide range of yeasts and filamentous fungi. It is a sub-
strate and inhibitor of the cytochrome P450 (CYP) isoenzymes
CYP2C19, CYP2C9 and CYP3A4. Voriconazole exhibits non-
linear pharmacokinetics because of saturation of its metabolism;
inter-individual variability in exposure is high.”!'" In healthy
adults, it has been demonstrated that CYP2C19 genotyping sta-
tus, gender and age are key factors, which contribute to this vari-
ability.'? In healthy adults, poor metabolizers of CYP2C19 have,
on average, approximately 2—4-fold higher voriconazole levels
than their homozygous extensive metabolizers and heterozygous
extensive metabolizers counterparts, respectively, independ-
ent of ethnicity.'>!> However, exposure of voriconazole varies
widely within each genotype and overlaps considerably across
genotypes.'? Therefore, no dose adjustment based on CYP2C19
genotyping status is warranted in the current product label for
voriconazole.

Although efficacy has been demonstrated in adults with [A,
IC and esophageal candidiasis (EC),'*'¢ published data on vori-
conazole use in children are limited.!*!'"-?* Given the potentially
life-threatening nature of invasive fungal infection, data on efficacy,
safety and dosing of voriconazole in children will be of value to
the medical community. Here, we evaluated safety, efficacy and
exposure—response of voriconazole for the treatment of [A, IC and
EC in pediatric patients using the recently revised dosing regimens
in 2 prospective, open-label, noncomparative studies.

MATERIALS AND METHODS

Study A1501080 evaluated pediatric patients with [A
(vori-IA study; NCTO00836875), whereas Study A1501085
evaluated pediatric patients with IC/EC (vori-IC/EC study;
NCT01092832). Both studies were conducted in compliance
with the Declaration of Helsinki and International Conference
on Harmonisation Good Clinical Practice Guidelines and were
approved by the appropriate individual Institutional Review
Boards for each study site. Investigators obtained written,
informed consent from legally acceptable representatives and
patient assent, where applicable.
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Study Design and Treatment

The vori-IA and vori-IC/EC studies were prospective, open-
label, noncomparative phase 3 studies. The vori-IA study was con-
ducted at 16 centers (Asia, Europe and North America) from 2009
to 2013; the vori-IC/EC study was conducted at 11 centers (Asia,
Europe, North America) from 2010 to 2013.

In both studies, patients followed recently revised dosing
regimens based on age, weight and indication (Table 1). These ini-
tial dosing regimens were based on an integrated population phar-
macokinetic analysis of voriconazole data from children, adoles-
cents and adults.?! Patients initiated treatment with intravenous (IV)
voriconazole and continued IV therapy until clinical improvement
was observed. Treatment for A and IC started with loading doses
of 9mg/kg every 12 hours (q12h) for the first 24 hours for chil-
dren (aged 2—<12 years) and young adolescents (aged 12—14 years,
weighing <50kg), followed by maintenance doses of 8 mg/kg q12h.
For all other adolescents (aged 12—<18 years, excluding 12—14-year
olds weighing <50kg), the loading doses were 6 mg/kg q12h for the
first 24 hours followed by maintenance doses of 4mg/kg q12 h. Chil-
dren with EC did not receive loading doses of [V voriconazole. Dos-
age for children (aged 2—<12 years) and young adolescents (aged
12—-14 years, weighing <50kg) began with 4mg/kg q12h. Dosage
for all other adolescents (aged 12—<18 years, excluding 12—14 year-
olds weighing <50kg) began with 3mg/kg q12h.

Patients could switch to oral voriconazole after 1 week (vori-
IA) or 5 days (vori-IC/EC) of IV therapy. In the vori-IA study, patients
received voriconazole for 26 weeks, up to a maximum of 12 weeks. A
minimum treatment duration of 6 weeks was chosen based on recent
clinical observations that this duration is sufficient to evaluate clinical
efficacy in patients receiving therapy for IA.*? Duration of treatment
was based on clinical improvement and improvement in radiologic
findings. In the vori-IC/EC study, patients received voriconazole for
2>14 days after the last positive Candida culture from a normally ster-
ile site (for IC) or =7 days after the resolution of clinical signs/symp-
toms (for EC), up to a maximum of 42 days. Patients had to return for
the 1-month follow-up visit after end of treatment (EOT).

Dose Adjustments

Dose adjustments were made based on clinical response, toler-
ability or voriconazole plasma trough concentrations (C__ ; collected
before dosing on third day or later of IV therapy or after switching to
oral therapy, as well as after each dose adjustment). Although no defin-

itive relationship between voriconazole exposure and response has

been established, provisional cut-off values of C_ were used to inform
dose adjustment. It is of note that children have less accumulation in
response to a given dose of voriconazole than adults because of their
faster metabolism of voriconazole; as detailed in an earlier analysis, to
achieve the same total exposure [ie, area under the curve from 0 to 12h
(AUC, ,,)], the corresponding C . in children is expected to be lower
than that in adults.”® Therefore, the minimum of target voriconazole
C ., in children in this study was lower than that used in adults.

For all treatments, the dose could be reduced by 1 mg/kg
steps (or 50mg steps if 350 mg oral dose was used) if it exceeded 6
pg/mL. If C . was too high (eg, >10 pg/mL), the investigator could
reduce the dose by >1 mg/kg or 50mg, as needed and temporary
discontinuation of dosing (eg, 24-hour washout) was allowed to
avoid further accumulation of voriconazole in the body.

For IA and IC treatment, the dose could be increased in 1 mg/kg
stepsif C . was <0.5 pg/mL during IV therapy or increased in I mg/kg
or S0mg steps if C ;. was <0.2 pg/mL during step-down oral therapy.
For EC treatment, the dose could be increased in 1 mg/kg or 50mg steps
if C . was <0.2 pg/mL during IV or oral therapy. Close monitoring of
adverse events (AEs) was implemented when the dose was increased.

To make voriconazole concentration data available to the
investigators within 72 hours of receiving samples, trough plasma
samples (approximately 1 mL) were analyzed at designated refer-
ence laboratories or locally.

CYP2C19 Genotyping

Buccal swab samples were collected for CYP2C19 genotyp-
ing and analyzed at Pfizer Pharmacogenomics Laboratory (Groton,
CT) using a published method.*

Patients
Inclusion Criteria

In the vori-IA study, eligible patients were aged 2—<18 years,
immunocompromised with a clinically compatible illness and had
proven, probable or possible IA based on European Organization for
Research and Treatment of Cancer/Mycoses Study Group consen-
sus definitions.” Patients enrolled with possible IA were assessed
again to determine whether they had proven or probable IA based on
tests done within 7 days of the first dose of study drug. Patients with
rare molds (eg, Scedosporium or Fusarium species) were also eligi-
ble. In the vori-IC/EC study, eligible patients were aged 2—<18 years
with confirmed IC/EC. Invasive candidiasis diagnosis was based
on growth of Candida species or mycologic evidence indicative

TABLE 1. Initial Voriconazole Dosing Scheme by Age, Weight and Indication
Loading Dose Maintenance Dose
Switched to Oral
v v Voriconazole
Children (aged 2-<12 yr) and
young adolescents (aged
12-14 yr weighing <50kg)
IA/IC 9Img/kg q12h 8mg/kgql2h  9mg/kg q12h
for first 24 h (maximum dose 350 mg)
EC - 4mg/kg ql2h  9mg/kg q12h
(maximum dose 350 mg)
Adolescents (aged 12—<18 yr)
excluding those aged
12-14 yr weighing <50 kg
IA/IC 6mg/kg q12h 4mg/kgql2h  200mg ql12 h*
for first 24 h
EC - 3mg/kgql2h 200mgql2h

*At the investigator’s discretion, an oral dose of 300mg q12h may be used in adolescents with IA.
EC indicates esophageal candidiasis; IA, invasive aspergillosis; IC, invasive candidiasis; IV, intravenous; q12h, every 12 hours.
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of Candida species and later confirmed as Candida species from a
specimen obtained from a sterile site within 7 days (primary ther-
apy) or 14 days (salvage therapy) of first voriconazole dose. Patients
with clinical and/or radiologic findings consistent with disseminated
disease and a positive Candida culture from a normally sterile site
within previous 2 weeks of diagnosis were also eligible. Esophageal
candidiasis diagnosis was based on the presence of clinical symp-
toms/lesions consistent with EC, or positive microscopy and/or
mycologic culture for Candida species from brush/tissue biopsy of
esophageal lesions within 7 days of enrollment.

Exclusion Criteria

The vori-IA study excluded patients with sarcoidosis, asper-
gilloma, allergic bronchopulmonary aspergillosis or chronic 1A
with the duration of symptoms or radiologic findings for >4 weeks
before entry. Patients who received previous treatment or prophy-
laxis with systemic agents against Aspergillus species or systemic
antifungal treatment for the current episode of IA or rare molds
for >96 hours were also excluded. Patients were excluded from the
vori-IC/EC study (for primary therapy) if they required treatment
with another systemic antifungal agent or had >48 hours of antifun-
gal therapy before first voriconazole dose.

Safety

In both studies, the primary end point was safety and tolerability
of voriconazole, as determined by the rate of AEs and treatment discon-
tinuations because of AEs. Adverse events were monitored by the study
investigators from screening until the 1-month follow-up visit after EOT
and were recorded and coded using the Medical Dictionary for Regula-
tory Activities (MedDRA, v16.0). Investigators assessed the causality of
all AEs. An investigator’s causality assessment was the determination of
whether there was a reasonable possibility that the study drug caused or
contributed to the AE. A serious adverse event (SAE) was defined as any
untoward medical occurrence at any dose that resulted in death, was life-
threatening (immediate risk of death), required inpatient hospitalization
or prolonged hospitalization, resulted in significant or permanent dis-
ability/incapacity (substantial disruption of the ability to perform normal
life functions) or resulted in congenital abnormality/birth defect.

Visual assessments were performed at baseline, and at weeks 1,
2,4, 6 and 12 or EOT. In children aged >3 years, visual symptoms were
assessed primarily by a visual questionnaire, by the Hardy—Rand-Rittler
color vision test and by acuity and fixation indices of the Early Treatment
Diabetic Retinopathy Study chart, used at the investigator’s discretion.
Patients with treatment-emergent visual AEs underwent ophthalmic
fundoscopy, and all findings were recorded. Children aged <3 years had
visual fixation assessed by the investigators. Liver function tests were
monitored weekly up to week 6, at week 12 and at the 1-month follow-
up visit. All clinically significant hepatic and other laboratory abnor-
malities were reported as AEs or SAEs, as appropriate. Potential Hy’s
Law cases were reported as SAEs and were defined as patients who had
aspartate aminotransferase (AST) or alanine aminotransferase (ALT)
and total bilirubin baseline values within the normal range who, follow-
ing treatment, presented with AST or ALT 3 x the upper limit of normal
(ULN) concurrent with a total bilirubin 2 x ULN with no evidence of
hemolysis and alkaline phosphatase 2 x ULN. Alternatively, if patients
with pre-existing ALT, AST, or total bilirubin values above the ULN,
then presented with AST or ALT 2 x baseline values and 3 x ULN or
8 x ULN (whichever was smaller) or total bilirubin increased by 1 x
ULN or >3 x ULN (whichever was smaller), this was also considered
a serious hepatic AE.

Efficacy

Efficacy assessments were secondary end points and
included global response (success rate) at week 6 (vori-IA) and
EOT (vori-IA and vori-IC/EC), all-causality mortality, and time

© 2016 Wolters Kluwer Health, Inc. All rights reserved.

to death. In the vori-IA study, successful global response was
defined as clinical resolution or improvement of signs/symp-
toms plus complete/partial resolution of radiologic findings. In
the vori-IC/EC study, successful global response was defined as
clinical cure/improvement plus confirmed/presumed microbio-
logic eradication.

Exposure-Response Analyses

Voriconazole concentration data from 48 patients (96 obser-
vations) were analyzed using a nonlinear mixed-effects model
using NONMEM system (version 7.2). Individual exposure param-
eters [area under the curve from 0 to 12 hours (AUC, ) and C | ]
were estimated based on the final pharmacokinetic model. Rela-
tionships between voriconazole exposures and key safety (hepatic,
visual, psychiatric, skin and subcutaneous tissue AEs) and efficacy
(global response at EOT) end points were assessed by graphical
examination or using a logistic regression model (NONMEM).
The model selection was based on goodness-of-fit criteria, which
included basic diagnostic plots, precision of parameter estimates
and the objective function value. The graphic processing of the data
and NONMEM output was performed with R (version 2.12.2).

As there could be multiple AE observations per patient, both
single-panel (without counting the frequency of AE occurrence in each
patient) and multiple-panel (includes all AE observations) analysis
approaches were utilized for hepatic and visual AE analysis, including
both all-causality and treatment-related events. As there were only a
few psychiatric disorders and skin and soft tissue disorders reported,
a simple descriptive check was performed for these 2 types of AEs.

The following hepatic AE terms were included in the analysis:
ALT increased or abnormal, AST increased or abnormal, y-glutamyl
transferase increased or abnormal, bilirubin increased, hyperbili-
rubinemia, transaminases increased, liver function tests abnormal,
gallbladder disorder, hepatosplenomegaly, jaundice cholestatic, liver
disorder and drug-induced liver injury. The following visual AE
terms were included in the analysis: abnormal sensation in the eye,
asthenopia, chromatopsia, diplopia, photophobia, visual impairment,
vision blurred and visual acuity reduced. There were 5 all-causality
psychiatric disorders: insomnia (n = 2), depression, affect lability, and
intentional self-injury. There were 6 treatment-related skin and subcu-
taneous tissue disorders: dermatitis exfoliative, rash maculopapular,
skin burning sensation, skin lesion and rash (n = 2).

Statistical Analyses

The safety population comprised all patients who received
21 voriconazole dose. The modified intent-to-treat population for
efficacy evaluation comprised all patients with proven/probable IA,
microbiologically confirmed IC, presumed EC (patients with neu-
tropenia, thrombocytopenia or advanced HIV/AIDS concurrent with
oral candidiasis) or microbiologically confirmed EC who received
21 voriconazole dose. Safety and efficacy data for both the studies
were descriptive in nature; thus, no statistical testing was performed.

RESULTS

Patient Disposition and Baseline Demographics

Vori-IA Study

Thirty-one patients received voriconazole, of whom 16
completed the treatment and 25 completed the study (ie, returned
for 1-month follow-up visit; patients who did not return for the
1-month follow-up visit were considered to have discontinued the
study; Fig. 1). Patient demographics are presented in Table 2. Most
patients (82.8%) had a recent history of neutropenia, and 17.2%
were recipients of hematopoietic stem cell transplants (allogeneic:
13.8%, autologous: 3.4%). Median (range) duration of IV treatment
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Vori-IA Study Vori-IC/EC Study
Enrolled Enrolled
(n=31) (n=24)
. Lack of
Sufety booulation: D notmeet | Efficacy MITT Safety bopulation: microbiological Efficacy MITT
ey pf);u aen prove.rt1 o p;ro |: © d population® atety p?;; ation —) | confirmation of —)| population®
(h=31) criteria for (n=14) (h=22) candida infection (n=17)
(n=17) (n=5)
Discontinued treatment® (n=15) Discontinued treatment® (n=9)
Patient died (n=5) Related to voriconazole (n=3)
Related to voriconazole (n=1) AE (n=3)
Insufficient clinical response (n=1) Not related to voriconazole (n=2)
Not related to voriconazole (n=9) AE (n=1)
AE (n=1) Medication error (n=1)
No longer willing to participate (n=1) Relationship to study drug not defined (n=4)
Other (n=7) Protocol violation (n=1)
Other (n=3)
Completed treatment Completed treatment
(n=16) (n=13)

FIGURE 1. Patient disposition. All patients who received >1 voriconazole dose. PAll patients with proven/probable IA,
microbiologically confirmed IC, presumed EC or microbiologically confirmed EC who received >1 voriconazole dose.
Patients who discontinued study treatment for any reason were not considered to have completed treatment. AE indicates
adverse event; EC, esophageal candidiasis; IA, invasive aspergillosis; IC, invasive candidiasis; MITT, modified intent-to-treat.

TABLE 2. Patient Demographic Characteristics in the Vori-IA and Vori-IC/EC Studies

(Safety Population)

Vori-IA Study

Vori-IC/EC Study

2—<12Yr 12-<18 Yr Overall 2-<12Yr 12—<18 Yr Overall
(n=11) (n = 20) (n=31) (n=14) (n=28) (n =22)
Age in yr, mean (SD) 7.9(2.3) 14.1(1.7) 11.9 (3.5) 6.8 (2.9) 14.4 (1.7) 9.5 (4.5)
Sex, n (%)
Female 4(36.4) 11 (55.0) 15 (48.4) 8(57.1) 6 (75.0) 14 (63.6)
Male 7(63.6) 9 (45.0) 16 (51.6) 6 (42.9) 2 (25.0) 8(36.4)
Race, n (%)
White 3(27.3) 8(40.0) 11 (35.5) 5(35.7) 5 (62.5) 10 (45.5)
Black - 1(5.0) 1(3.2) - - -
Asian 8 (72.7) 10 (50.0) 18 (58.1) 5(35.7) 1(12.5) 6(27.3)
Other - 1(5.0) 1(3.2) 4 (28.6) 2 (25.0) 6(27.3)
Weight in kg, mean (SD) 26.7 (9.7) 50.1(15.3) 41.7(17.6) 23.9(11.1) 54.6 (19.7)  35.1(20.8)
Host factors for IA, n (%)
Recent history of neutropenia 9(81.8) 15 (83.3)* 24 (82.8)F - - -
Hematopoietic stem cell 2(18.2) 3(16.7)* 5(17.2)F - - -
transplant
Allogeneic 2(18.2) 2 (11.1)* 4 (13.8)F - - -
Autologous - 1(5.6)* 1.1 - - -
Risk factors for IC/EC, n (%)
Broad-spectrum antibiotics - - - 12 (85.7) 7(87.5) 19 (86.4)
Chemotherapy - - - 12 (85.7) 7 (87.5) 19 (86.4)
Neutropenia - - - 10 (71.4) 8(100.0)  18(81.8)
Central venous catheter - - - 11 (78.6) 6 (75.0) 17 (77.3)
Duration of IV treatment in 8.0 (3-33) 8.5 (5-22) 8.0(3-33) 6.5(2-24) 8.0(5-17) 7.0 (2-24)
days, median (range)
Duration of oral treatment in 55.0 (2-78)  59.5(8-81) 59.5(2-81) 15.0(3-37) 5.0 (2-8) 9.0 (2-37)
days, median (range)
Duration of total treatment in ~ 37.0 (3-85) 43.5(5-90) 41.0(3-90) 16.5(2-42) 14.0 (6-17) 14.0(2-42)

days, median (range)

*n = 18; host factor case report form pages were not completed for 2 patients.
Fn = 29; host factor case report form pages were not completed for 2 patients.
EC indicates esophageal candidiasis; IA, invasive aspergillosis; IC, invasive candidiasis; IV, intravenous; SD, standard deviation.
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(n=231), oral treatment (n = 22) and total treatment was 8.0 (3—33)
days, 59.5 (2-81) days and 41.0 (3-90) days, respectively. Eleven
patients (35.5%) required dose reduction, and 3 patients (9.7%) had
a dose increase.

Of 31 enrolled patients, 14 were diagnosed with proven/
probable IA and 17 were diagnosed with possible IA. Baseline
characteristics for those patients with proven/probable IA are pre-
sented in Table 3. All patients had a blood and lymphatic system dis-
order. Metabolism and nutrition disorders, neoplasms, gastrointestinal
disorders and infections were common. The lungs were a site of infec-
tion in all patients. All identified pathogens were Aspergillus species.

Vori-IC/EC Study

Twenty-two patients received voriconazole, of whom 13 com-
pleted the treatment and 21 completed the study. Patient demograph-
ics are presented in Table 2. Most patients had a recent history of

TABLE 3. Patient Baseline Characteristics in the
Vori-IA Study (MITT Population)

Vori-IA Study

2-<12Y¥Yr 12-<18 Yr Overall
(n=5) (n=9) (n=14)
Most common (occurring in >5
patients) medical conditions
by SOC, n (%)
Blood and lymphatic system 5(100.0) 9(100.0) 14 (100.0)
disorders
Metabolism and nutrition 3(60.00 7(77.8) 10(714)
disorders
Neoplasms (benign, malignant, 3(60.0) 7(77.8) 10(71.4)
and unspecified)
Gastrointestinal disorders 3(60.00 6(66.7) 9 (64.3)
Infections 4(80.0) 5(55.6) 9(64.3)
General disorders and admin- 1(20.0) 6 (66.7) 7(50.0)
istration site conditions
Renal and urinary disorders 1(20.0) 4(44.4) 5(35.7)
EORTC criteria for IA, n (%)
Proven 2(40.0) 6(66.7) 8(57.1)
Probable 3(60.0) 3(33.3) 6(42.9)
Host factors, n (%)
Recent history of neutropenia 3 (60.0) 7 (87.5)* 10 (76.9)F
Hematopoietic stem cell 1(20.00 2(25.00* 3(23.1)F
transplant
Autologous 0(0.0) 1(12.5*  1(7.D%
Allogeneic 1(20.0) 1(12.5*% 2(15.4)F
Myeloablative 1(20.0)0 2(25.00* 3(23.1F
Corticosteroid therapy 1(20.0) 1(12.5*% 2(15.4)F
Other T-cell 0 2(25.00  2(15.4)F
immunosuppressants
Site of infection, n (%)%
Lung 5(100.0) 9(100.0) 14 (100.0)
Sinus - 2(22.2) 2(14.3)
Other 2 (40.0) - 2(14.3)
Baseline pathogen, n (%)§
Aspergillus species 3(60.00 7(77.8) 10(714)
(unidentified)
Aspergillus flavus - 1(11.1) 1(7.1)
Aspergillus fumigates - 2(22.2) 2(14.3)

*n = 8. In 1 patient, the host factor case report form was not completed as the
patient’s medical condition (suspected congenital cystic adenomatoid malformation)
was not prespecified; the patient was included in the efficacy (MITT) population based
on recent lung lobectomy, lung tissue biopsy positive for Aspergillus species, positive
serum galactomannan and pleural effusion.

n =13.

FPatients could have multiple sites at baseline.

§Four patients did not have Aspergillus species isolated but were included in the
efficacy (MITT) population based on the following: 3 patients had a positive serum
galactomannan, 1 patient had sputum gram-stain sample positive for hyphae.

EORTC indicates European Organisation for Research and Treatment of Cancer;
IA, invasive aspergillosis; MITT, modified intent-to-treat; SOC, system organ class.

© 2016 Wolters Kluwer Health, Inc. All rights reserved.

broad-spectrum antibiotic therapy (86.4%), chemotherapy (86.4%),
neutropenia (81.8%) and central venous catheter use (77.3%).
Median (range) duration of IV treatment (n = 22), oral treatment
(n=13) and total treatment was 7.0 (2-24) days, 9.0 (2-37) days and
14.0 (2-42) days, respectively. Three patients (13.6%) required dose
reduction, and 3 patients (13.6%) had a dose increase.

TABLE 4. Patient Baseline Characteristics in the
Vori-IC/EC Study (MITT Population)

Vori-IC/EC Study

2-<12Y¥Yr 12-<18 Yr Overall

(n=9) n=8 (=17
Most common (occurring in =5
patients) medical conditions
by SOC, n (%)

Neoplasms (benign, malignant 8 (88.9) 7(87.5) 15(88.2)

and unspecified)

Blood and lymphatic system 6(66.7) 8(100.0) 14 (82.4)

disorders

Infections 6(66.7) 6(75.00 12(70.6)

Metabolism and nutrition 5(55.6) 5(62.5) 10(58.8)

disorders

Gastrointestinal disorders 3(33.3) 4(20.0) 7(41.2)

General disorders and 3(33.3) 3(37.5) 6(35.3)

administration site
conditions

Nervous system disorders 1(11.1) 5(62.5) 6 (35.3)

Psychiatric disorders - 5(62.5) 5(29.4)

Respiratory, thoracic, and 1(11.1) 4(20.0) 5(29.4)

mediastinal disorders
Fungal diagnosis, n (%)

IC 7(77.8) - 7(41.2)
Primary therapy 5 (55.6) - 5(29.4)
Salvage therapy 2(22.2) - 2(11.8)

EC 2(22.2) 8(100.0) 10 (58.8)
Primary therapy 2(22.2) 6(75.0) 8(47.1)
Salvage therapy - 2 (25.0) 2(11.8)

Candida risk factors, n (%)

Chemotherapy 7(77.8) 7(87.5) 14(82.4)

Use of broad-spectrum 7(77.8) 7(87.5) 14(82.4)
antibiotics

Neutropenia 5(55.6) 8(100.0) 13(76.5)

Use of central venous catheter 7(77.8) 6(75.0) 13(76.5)

Clinical sepsis 5(55.6) 5(62.5) 10(58.8)

Immunosuppressive therapy 5(55.6) 5(62.5) 10(58.8)

Mucosal colonization 5(55.6) 5(62.5) 10(58.8)

Use of systemic corticosteroids/ 6 (66.7) 3 (37.5) 9 (52.9)
other immunosuppressive
drugs

Multifocal colonization 2(22.2) 3(37.5) 5(29.4)

Total parenteral nutrition 3(33.3) 2(25.0) 5(2.4)

Length of ICU stay >4 d,n (%) 2(22.2) 2(25.0) 4(23.5)

Surgery 3(33.3) - 3(17.6)

Abdominal surgery 2(22.2) - 2(11.8)

Other 1(11.1) - 1(5.9)

Site of infection, n (%)*

Esophagus 2(22.2) 8(100.0) 10 (58.8)

Oropharynx 3(33.3) 5(62.5) 8(47.1)

Blood 7(77.8) - 7 (41.2)

Catheter 2(22.2) - 2(11.8)

Left eye 1(11.1) - 1(5.9)

Lung 1(11.1) - 1(5.9)

Right eye 1(11.1) - 1(5.9)

Skin (unspecified) 1(11.1) - 1(5.9)

Baseline pathogen, n (%)t

Candida albicans 4(44.4) 8(100.0) 12(70.6)

Candida tropicalis 3(33.3) - 3(17.6)

Candida glabrata 1(11.1) - 1(5.9)

Candida parapsilosis 1(11.1n - 1(5.9)

*Patients could have multiple sites at baseline.

fPatients could have multiple organisms at baseline.

EC indicates esophageal candidiasis; IC, invasive candidiasis; ICU, intensive care
unit; MITT, modified intent-to-treat; SOC, system organ class.
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Of 22 enrolled patients, 7 had confirmed IC and 10 had con-
firmed EC (the remaining 5 enrolled patients lacked microbiologic
confirmation of Candida), with baseline characteristics presented
in Table 4. The most common medical conditions were neoplasms,
blood and lymphatic system disorders, infections and metabolism
and nutrition disorders. The esophagus, oropharynx and blood were
the most common sites of infection, and infection was related to
central venous catheter use in 2 patients (data not shown). Most
patients had infection caused by Candida albicans.

Safety

Vori-IA Study

A safety summary is presented in Table 5. Sixteen of 31
patients experienced 35 treatment-related AEs, most commonly
blurred vision (n = 3) and photophobia, increased ALT, abnormal
liver function test and transaminases increased (n = 2 each). Most
treatment-related AEs were mild or moderate in severity. Treatment-
related hepatic AEs were experienced by 7 patients (22.6%), and
except for 1 patient with severe drug-induced liver injury (discussed
below), all were mild or moderate in severity. Treatment-related

visual AEs were reported by 5 patients (16.1%) and were mild in
severity. Four patients (12.9%) reported treatment-related skin AEs
[exfoliative dermatitis (n = 1), maculopapular rash (n = 1), skin burn-
ing sensation (n = 1) and skin lesion (n = 1)], which were all mild in
severity, and only 1 patient reported any psychiatric treatment-related
AE (insomnia; data not shown). Serious adverse events were expe-
rienced by 15 of 31 patients. Two SAEs were considered treatment
related. Specifically, an 11-year-old girl experienced acute renal fail-
ure on day 34. The patient also received concomitant treatment with
other medications, including ganciclovir (days 7-36) and vancomycin
(days 28-29), while receiving treatment with the study drug. On day
32, the patient switched from IV to oral voriconazole and continued
treatment for an additional 5 days. The patient died on day 38 due to
sepsis. A case of drug-induced liver injury leading to discontinuation
was reported on day 40 in a 14-year-old boy; this patient’s underlying
medical conditions at baseline included acute lymphocytic leukemia
relapse, febrile neutropenia, herpes zoster oticus, hyperbilirubinemia,
hypocalcemia, hypokalemia, hypomagnesemia, mucosal inflamma-
tion, pancytopenia, pneumonia, renal tubular disorder, rhinitis, sinus-
itis and thrombophlebitis. On day 40, the patient was hospitalized

TABLE 5. Summary of Safety Data From the Vori-IA Study

Vori-IA Study

2-<12Y¥Yr (n=11)

12-<18 Yr (n = 20) Overall* (n = 31)

All- Treatment- All- Treatment- All- Treatment-
Causality  Related  Causality  Related  Causality = Related
AEs, n 86 7 195 28 281 35
Patients with AEs, n (%) 11(100.0)  5(45.5) 19(95.00 11(55.0) 30(96.8) 16 (51.6)
Hepatic AEs, n (%) - - 8(40.0) 7 (63.6) 8(25.8) 7(22.6)
ALT increased - - 2(10.0) 2(10.0) 2(6.5) 2(6.5)
Liver function test abnormal - - 2(10.0) 2(10.0) 2 (6.5) 2(6.5)
Transaminases increased - - 2(10.0) 2(10.0) 2(6.5) 2(6.5)
AST increased - - 1(5.0) 1(5.0) 1(3.2) 1(3.2)
Blood bilirubin increased - - 1(5.0) 1(5.0) 1(3.2) 1(3.2)
Drug-induced liver injury - - 1(5.0) 1(5.0) 1(3.2) 1(3.2)
Jaundice cholestatic - - 1(5.0) - 1(3.2) -
Visual AEs, n (%) 3(27.3) 1(9.1) 6 (30.0) 4(20.0) 9 (29.0) 5(16.1)
Vision blurred - - 3(15.0) 3(15.0) 3(9.7) 3(9.7)
Visual impairment - - 2(5.0) 1(5.0) 2(6.5) 1(3.2)
Photophobia 1(9.1) 1(9.1) 1(5.0) 1(5.0) 2(6.5) 2(6.5)
Conjunctivitis - - 2(10.0) - 2 (6.5) -
Abnormal sensation in the eye - - 1(5.0) 1(5.0) 1(3.2) 1(3.2)
Asthenopia - - 1(5.0) 1(5.0) 1(3.2) 1(3.2)
Chromatopsia - - 1(5.0) 1(5.0) 1(3.2) 1(3.2)
Diplopia - - 1(5.0) 1(5.0) 1(3.2) 1(3.2)
Cataract - - 1(5.0) - 1(3.2) -
Conjunctival hemorrhages 1(9.1) - - - 1(3.2) -
Dry eye 1(9.1) - - - 1(3.2) -
Eye discharge 1(9.1) - - - 1(3.2) -
Eye irritation - - 1(5.0) - 1(3.2) -
Eye pain - - 1(5.0) - 1(3.2) -
SAEs, n (%) 6 (54.5) 1(9.1) 9 (45.0) 1(5.0) 15 (48.4) 2(6.5)
Treatment discontinuation, n (%) 6 (54.5) 1(9.1) 9 (45.0) - 15(48.4) 1(3.2)
AEs 1(9.1) - - - 1(3.2) -
Insufficient clinical response 1(9.1) 1(9.1) - - 1(3.2) 1(3.2)
No longer willing to participate - - 1(5.0) - 1(3.2) -
Patient died 3(27.3) - 2(10.0) - 5(16.1) -
Other 1(9.DF - 6 (30.0)% - 7(22.6) -
Study discontinuation, n (%) 3(27.3) - 3(15.0) - 6(19.4) -
Patient died 3(27.3) - 2(10.0) - 5(16.1) -
No longer willing to participate - - 1(5.0) - 1(3.2) -

*All patients received at least 1 dose of voriconazole. In the vori-IA study the median (range) duration of IV treatment (n = 31), oral
treatment (n = 22) and total treatment was 8.0 (3-33) days, 59.5 (2-81) days and 41.0 (3-90) days, respectively.

FVisual testing was not completed at screening and day 7.

iAddition of another antifungal medication for additional coverage based on computed tomography findings and continued positive
galactomannan with increasing titers (n = 1); IA not approved (n = 1); no proven or probable IA (n = 1); IA not identified, relapsing of
lymphoma (n = 1); no longer possible IA (proven Candida tropicalis infection; n = 1); patient diagnosed with bacterial lung infection.

AE indicates adverse event; ALT, alanine aminotransferase; AST, aspartate aminotransferase; IA, invasive aspergillosis; SAE, severe

adverse event.
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TABLE 6. Summary of Safety Data from the Vori-IC/EC Study (Safety Population)

Vori-IC/EC Study

2-<12Yr (n = 14) 12—<18Yr (n=8) Overall* (n = 22)
All- Treatment- All- Treatment- All- Treatment-
Causality Related Causality Related Causality Related
AEs, n 78 13 35 5 113 18
Patients with AEs, n (%) 13 (92.9) 8(57.1) 6 (75.0) 3(37.5) 19(86.4) 11(50.0)
Hepatic AEs, n (%) 6 (42.9) 5(35.7) 1(12.5) - 7(31.8) 5(22.7)
ALT abnormal 3(21.4) 1(7.1) - - 2(9.1) 1(4.5)
ALT increased 1(7.1) 1(7.1) - - 1(4.5) 1(4.5)
AST abnormal 1(7.1) 1(7.1) - - 1(4.5) 1(4.5)
AST increased 1(7.1) 1(7.1) - - 1(4.5) 1(4.5)
GGT abnormal 2(14.3) 1(7.1) - - 2(9.1) 1(4.5)
Hepatic enzyme increased 1(7.1) 1(7.1) - - 1(4.5) 1(4.5)
Hyperbilirubinemia 1(7.1) 1(7.1) - - 1(4.5) 1(4.5)
Liver disorder 1(7.1) 1(7.1) - - 1(4.5) 1(4.5)
Blood ALP abnormal 1(7.1) - - - 1(4.5) -
Gallbladder disorder 1(7.1) - - - 1(4.5) -
GGT increased - - 1(12.5) - 1(4.5) -
Hepatosplenomegaly 1(7.1) - - - 1(4.5) -
Jaundice 1(7.1) - - - 1(4.5) -
Visual AEs, n (%) 6 (42.9) 3(21.4) 3(37.5) 3(37.5) 9 (40.9) 6(27.3)
Photophobia 2 (14.3) 2(14.3) 1(12.5) 1(12.5) 3(13.6) 3(13.6)
Conjunctivitis 1(7.1) 1(7.1) - - 1(4.5) 1(4.5)
Eye pruritus - - 1(12.5) 1(12.5) 1(4.5) 1(4.5)
Retinal disorder - - 1(12.5) 1(12.5) 1(4.5) 1(4.5)
Amaurosis 1(7.1) - - - 1(4.5) -
Corneal opacity 1(7.1) - - - 1(4.5) -
Eyelid disorder 1(7.1) - - - 1(4.5) -
Visual acuity reduced 1(7.1) - - - 1(4.5) -
SAEs, n (%) 2 (14.3) - 1(12.5) 1(12.5) 3(13.6) 1(4.5)
Treatment discontinuation, n (%) 7 (50.0) 2(14.3) 2(25.0) 1(12.5) 9(40.9) 3(13.6)
AEs 2(14.3) 2(14.3) 2 (25.0) 1(12.5) 4(18.2) 3(13.6)
Medication error 1(7.1) - - - 1(4.5) -
Protocol violation 1(7.1) - - - 1(4.5) -
Other 3(21.4)F - - - 3(13.6) -
Study discontinuation, n (%) 1(7.1) - - - 1(4.5) -
Lack of confirmation of 1(7.1) - - - 1(4.5) -

Candida infection

*All patients received at least one dose of voriconazole. In the vori-IC/EC study, the median (range) duration of IV treatment
(n = 22), oral treatment (n = 13), and total treatment was 7.0 (2-24) days, 9.0 (2-37) days, and 14.0 (2-42) days, respectively.

FLack of confirmation of Candida infection.

AE indicates adverse events; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; EC,
esophageal candidiasis; GGT, y-glutamyl transferase; IC, invasive candidiasis; IV, intravenous; SAE, severe adverse event.
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FIGURE 2. Global response success rates at EOT
in patients with IA and IC/EC (MITT population).
EC indicates esophageal candidiasis; EOT, end of
treatment; IA, invasive aspergillosis; IC, invasive
candidiasis; MITT, modified intent-to-treat.
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for severe muscle weakness and fever. At that time, the patient’s
blood bilirubin was 6.4mg/dL, AST 694 IU/L and ALT 684 IU/L.
The patient was also diagnosed with steroid-related muscle weakness
and parainfluenza type 1 bronchitis. The patient completed voricona-
zole therapy for the treatment of IA on day 40. Liver function tests
returned to normal on day 64 (24 days after last voriconazole dose).
Fifteen patients discontinued treatment. Only 1 patient (7-year-
old male) discontinued treatment because of an AE; this patient discon-
tinued on day 3 because of an SAE of sepsis (unrelated to voriconazole)
and recovered by day 9. One treatment discontinuation was considered
to be treatment related (insufficient clinical response); 6 patients were
subsequently discontinued from the study for other reasons.

Vori-IC/EC Study

A safety summary is presented in Table 6. Eleven of 22 patients
experienced 18 treatment-related AEs, most commonly photophobia
(n=3). Most treatment-related AEs were mild or moderate. Treatment-
related hepatic AEs were reported in 5 patients (22.7%) and were

mild or moderate in severity except for 1 case of severe liver disor-
der. Treatment-related visual AEs were reported by 6 patients (27.3%)
and were mild or moderate in severity. Only 2 patients (9.1%) reported
any treatment-related skin AEs [rash (=2); data not shown], which
were both mild in severity; no psychiatric treatment-related AEs were
observed. Serious adverse events were experienced by 3 of 22 patients;
1 SAE (EC patient), recorded as progression of suspected splenic can-
didiasis later confirmed by biopsy, was considered treatment related.
Splenic candidiasis progressed to the kidneys and eye, despite systemic
voriconazole treatment. Subsequent use of lipid amphotericin B and
micafungin treatment did not lead to improvement; however, neutrophil
reconstitution in addition to micafungin and posaconazole treatment led
to remission on day 390 (373 days after last voriconazole dose).

Nine patients discontinued the treatment. Four patients dis-
continued the treatment because of AEs and, of these, 3 discontinued
because of treatment-related AEs. Specifically, a 9-year-old female
with IC (salvage) and medical history of pancreatic tumor, hyperbili-
rubinemia and heart failure permanently discontinued treatment on
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TABLE 7. Summary of Estimated Voriconazole Exposures in Pediatric Patients Based on Final

Pharmacokinetic Model

Voriconazole AUC ,, (ng-h/mL) Voriconazole C ; (ug/mL)
Children (n = 21)
Regimen 8mg/kg IV ql2h 9mg/kg oral q12 h* 8mg/kg IVql2h  9mg/kg oral q12 h*
Geometric mean (CV%) 49.63 (57) 46.86 (60) 2.65 (77) 3.56 (64)
Median (range) 51.54 (20.67-171.08) 45.66 (19.84-170.76)  2.95 (0.69-12.67)  3.48 (1.39-13.86)

Young adolescents aged 12-14 yr
weighing <50kg (n = 10)

Regimen 8mg/kg IV ql2h 9mg/kg oral q12 h* 8mg/kg IVql2h  9mg/kg oral q12 h*
Geometric mean (CV%) 54.91 (40) 50.57 (43) 3.0 (52) 3.86 (46)
Median (range) 68.24 (20.35-85.79)  62.02 (19.54-82.44) 4.19 (0.66-5.61) 4.84 (1.36-6.51)

All other adolescents (n = 17)
Regimen
Geometric mean (CV%)
Median (range)

4mg/kg IV ql2h
37.28 (59)
33.78 (17.7-110.05)

200mg oral q12 h

25.07 (8.89-79.36)

4mg/kg IV ql2h
2.18 (75)
1.97 (0.76-8.27)

200mg oral q12 h
2.15 (67)
1.94 (0.65-6.46)

27.72 (65)

*Maximum oral dose was not to exceed 350mg q12h.
AUC, _, indicates area under the curve from 0 to12 hours; C

‘min’
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minimum plasma concentration (trough); CV%, coefficient of variation in percentage.
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adverse event; AUC  ,,, area under the curve from 0 to
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day 12 after developing moderate hyperbilirubinemia, which resolved
on day 17. A 5-year-old male with EC and medical history of acute
lymphocytic leukemia, chemotherapy-related anemia, antithrombin
III deficiency and hepatomegaly permanently discontinued the treat-
ment on day 23 after developing severe liver disorder. On day 23,
blood bilirubin was 2.1 mg/dL, AST 661.2 TU/L and ALT 282 TU/L.
The event resolved by day 27 (4 days after last voriconazole dose).
Concomitant medications taken within 2 weeks of the event of severe
liver disorder included cytarabine, cyclophosphamide, pegaspargase,
methotrexate and tioguanine. A 12-year-old girl with EC perma-
nently discontinued the treatment on day 17 after developing severe

© 2016 Wolters Kluwer Health, Inc. All rights reserved.

progression of suspected splenic candidiasis as described above. One
patient lost to follow-up was discontinued from the study.

Efficacy
Vori-IA Study

The week 6 global success rate in patients with proven/
probable IA (n = 14) was 64.3% [95% confidence interval (CI):
35.1-87.2] and was sustained at EOT. Success rates were numeri-
cally greater for adolescents aged 12—<18 years [77.8% (95% CI:
40.0-97.2)] versus children aged 2—<12 years [40.0% (95% CI:
5.3-85.3)]. EOT global response failures included an observed
failure in 1 patient, indeterminate result in 1 patient and missing
data in 3 patients. Four deaths due to septic shock (n = 3) and
ruptured mycotic aneurysm (n = 1) were reported before week 6
(up to day 63), and 1 death due to acute lymphocytic leukemia was
reported on day 75. There were 2 deaths in modified intent-to-treat
patients aged <12 years; none were attributed to voriconazole. One
patient died on day 30 and the other died on day 38.

Vori-IC/EC Study

EOT global success rate in patients with [C/EC (n = 17) was
76.5% (95% CI: 50.1-93.2). EOT global success rates were 88.9%
(95% CI: 51.7-99.7) for patients aged 2—<12 years and 62.5% (24.5,
91.5) for those aged 12—<18 years. Global response for IC patients
(n = 7) included success in 6 patients and indeterminate result in 1
patient. Global response for EC patients (n = 10) included success in
7 patients, failure in 1 patient and indeterminate results in 2 patients.
Two EC patients with a successful EOT global response had recur-
rence of EC (14 and 16 days after last voriconazole dose). One EC
patient with a successful EOT global response developed suspected
splenic candidiasis during therapy. EOT global response success
rates by therapy and baseline pathogen are presented in Figure 2. No
patients died by the 1-month follow-up visit.

Exposure-Response Analyses

For all age groups, a 2-compartment pharmacokinetic model
with first-order absorption and linear elimination reasonably described
voriconazole data, with the caveat of some underestimation of high
concentrations, as shown in the basic diagnostic plots (Fig. 3). These
plots showed that the data points were generally distributed symmetri-
cally across the line of identity or line of unity, although many data
points appeared to be widely spread, and several higher concentration
data points were skewed from the line of identity or unity. This is not
unexpected given the sparse data from phase 3 studies.

The equations for the final pharmacokinetic model are
presented below, and interindividual variability was estimated for
clearance only, given the limited concentration data.

CL =6, (WT/70)""
V,=6,,WT/70
V,=6,,WT/70
0=6,(WT/70)
logit(F1)=6,,

k, =6,

Rate =6

rate

0.75

CL indicates linear clearance; V, central volume of distribution;
V., peripheral volume of distribution; O, intercompartmental
clearance; F'1, oral bioavailability; k, first-order absorption rate
constant; rate, infusion rate used to estimate voriconazole concen-
tration from prior treatment; and 60, estimate of fixed effects in
NONMEM.
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At matching doses, voriconazole exposures in children and
young adolescents with low body weight were comparable with
those in heavier or older adolescents, given the large interindivid-
ual variability (Table 7). Although average voriconazole exposures
tended to be greater in CYP2C19 poor metabolizers (n = 3) and
heterozygous extensive metabolizers (n = 12) than homozygous
extensive metabolizers (n = 17), substantial overlap in exposure
distributions was seen across groups because of large interindi-
vidual variability (data on file; 16 patients did not have genotyping
information available).

An association between increased voriconazole exposures
(AUC, |, and C ) and treatment-related hepatic AEs was estab-
lished (Fig. 4A). For all-causality hepatic AEs, the association was
only related to voriconazole AUC, |, butnot C . (Fig.4B). The wide
95% Cls for the population predictions of probability of hepatic AE
occurrence as a function of voriconazole exposure reflect the large
uncertainty of the prediction (Fig. 4A and B). Note that this posi-
tive association was identified only when multiple-panel data (all
AE occurrences) were analyzed. When single-panel data (without
counting AE frequency in each patient) were analyzed, this positive
association diminished for both treatment-related and all-causality
hepatic AEs. No associations between voriconazole exposures and
visual AEs, psychiatric or skin and subcutaneous tissue disorders
were identified.

Given the limited sample size and high success rate, no asso-
ciation between voriconazole exposures and efficacy was estab-
lished for IA and EC patients (Fig. SA and B). All patients with IC
for whom exposure data were available (n = 6) had global success
at EOT; the exposure—response analysis was not performed because
of the lack of failure cases. The average voriconazole AUC |, in IC
patients ranged from 27.2 to 62 pug-h/mL, and average C_, ranged
from 1.09 to 4.32 pg/mL.

DISCUSSION

These data suggest that voriconazole is generally effec-
tive in pediatric patients with IA and IC/EC, with a favorable
risk—benefit balance. Overall, the safety of voriconazole in this
small number of pediatric patients was similar to the known
safety profile in adults. Pediatric patients had a numerically
greater frequency of hepatic-related AEs associated with liver
enzyme elevations; however, the nature and severity of hepatic
AE:s in the pediatric population was similar to that seen in adults.
Hepatic AEs (all-causality and treatment related) in the vori-
IA study only occurred in patients aged 12—<18 years, whereas
most hepatic AEs in the vori-IC/EC study occurred in patients
aged 2—<12 years. Because visual disturbances are known side
effects of voriconazole use in adults, visual symptoms were
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closely monitored throughout these studies. However, whether
the tests used accurately assess visual AEs in children is unclear.
It may be the case that children are unable to accurately report
visual symptoms using these tests, instead, any visual distur-
bances manifest themselves as atypical behaviors. Of note, we
did attempt to assess behavioral change in patients by adminis-
tering the visual questionnaire, but no clear pattern of change
was observed.

End of treatment global success rate in pediatric patients
with TA was 64.3% (n = 9/14), similar to that seen in the adult
therapeutic TA study (52.8%; n = 76/144) at 12 weeks.'® In addi-
tion, EOT global success rates in pediatric patients with IC and
EC were 85.7% (n = 6/7) and 70.0% (n = 7/10; indeterminate: n =
2/10), respectively, and comparable with those reported in the adult
therapeutic studies for IC (65.3%; n = 162/248) and EC (98.3%; n
= 113/115)."1° In the IA study, the success rate was numerically
greater in patients aged 12—<18 years (77.8%) than in patients aged
2—<12 years (40.0%). In the IC/EC study, the reverse was true with
greater success rate in patients aged 2—<12 years (88.9%) than in
patients aged 12—<18 years (62.5%). However, any interpretation
of these data is limited by the small subgroup sample sizes and by
the open-label, non-comparative design of the presented studies.
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Compared with the previously developed pharmacokinetic
model for immunocompromised pediatric patients,?! this model
was simplified by removing the nonlinear component of clearance,
without substantial degradation of model performance. The model
fit voriconazole trough concentrations well although the absorp-
tion phase was poorly estimated, which was not unexpected as
limited concentration data were available (particularly at absorp-
tion phase). On the basis of the totality of the model performance
metrics, the simplified model was deemed acceptable to provide
individual voriconazole exposure estimates.

Typical voriconazole clearance in these pediatric patients
was greater than that in adults with A (7.79 versus 5.30L/h/70kg,
respectively).?* Estimated oral bioavailability in pediatric patients
was greater than that reported previously for immunocompromised
pediatric patients and adults with IA (85% versus 64%, respec-
tively).?'?* The oral bioavailability of voriconazole in healthy adults
has been estimated to be greater than 90%.'>* The large inter-
individual variability in oral bioavailability and voriconazole expo-
sure seen in these patients may be because of them receiving many
concomitant medications and having various serious underlying
conditions, which could affect the oral absorption and disposition
processes and could not be easily delineated.
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FIGURE 6. Comparison of estimated steady-state voriconazole AUC, ,, and C_, by age group at matching IV and oral
doses in patients with IA. Horizontal center line represents the median; box represents the interquartile distance; whiskers
represent <1.5 x interquartile range; outliers are represented by open circles beyond whiskers. Intravenous regimen: 8 mg/
kg q12h for children (aged 2—<12 years) and young adolescents (aged 12-14 years weighing <50kg); 4 mg/kg q12h for all
other adolescents and adults with IA. Oral regimen: 9mg/kg (max 350mg) q12h for children (aged 2-<12 years) and young
adolescents (aged 12-14 years weighing <50kg); 200mg q12h for all other adolescents and adults with IA. Note that data
from adults with 1A at 300mg oral q12h are also included here and denoted as “Adults with 1A 300”. This figure was created
for easy comparison across different age groups. AUC_ ,, indicates area under the curve from 0 to 12h; C_, , minimum

plasma concentration (trough); IA, invasive aspergillosis; 1V, intravenous; q12h, every 12h. "
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The current analysis is consistent with previous findings in
adults with IA where CYP2C19 genotyping status did not have a
clinically relevant effect on voriconazole exposure.”* A recently
published article concluded that a CYP2C19 genotype-directed
dosing algorithm (ie, 5, 6 or 7mg/kg q12h stratified by CYP2C19
status) allowed pediatric patients (n = 20) to reach target voricona-
zole concentration significantly sooner than pediatric patients with
a standard dosing regimen (5mg/kg q12h, n = 25).%¢ Of note, the
doses evaluated in that publication are lower than those investigated
in our studies. It is possible that the use of lower doses in these pedi-
atric patients might be an important factor in the delay of reaching
target concentration, in addition to the CYP2C19 polymorphism.
CYP2C19 is known to be the major pathway for voriconazole
metabolism, but notably other pathways, such as CYP3A4 and
CYP2C9, are also involved and consequently CYP2C19 genotype
alone does not explain the variability in voriconazole exposure. The
impact of genotype on voriconazole exposure can be influenced by
a patient’s demographic characteristics, underlying disease and
concomitant medications. Hence, voriconazole dose adjustment
solely based on CYP2C19 genotype is not currently recommended.

Approximately 42% of pediatric patients received omepra-
zole or esomeprazole (CYP2C19 inhibitors known to increase vori-
conazole exposure in healthy subjects?’). Although no trend was
identified in our assessment, the impact of these concomitant medi-
cations on voriconazole exposure cannot be ruled out. Similarly,
approximately 30% of adults with IA for comparison also received
concomitant omeprazole or esomeprazole.?* At matching IV doses,
average exposure values and distributions were similar in these
pediatric patients and adult patients with IA (Fig. 6). At match-
ing oral doses, average exposures in pediatric patients were greater
than that in adult patients with IA; however, substantial overlap
in exposure distributions was observed between groups (Fig. 6).
Considering that treatment is being provided for potentially life-
threatening infections, it is preferred to start with a dose with rela-
tively high exposure to ensure sufficient coverage and then reduce
to lower doses if needed.

Although an association between increased voriconazole
exposure and hepatic AEs was established (with multiple-panel
data only), voriconazole concentrations could not be used to accu-
rately predict hepatic AE occurrence given the large uncertainty
of prediction (Fig. 4A and B). Note that the multiple-panel data
analysis may have overestimated the AE occurrence probability, as
a patient with multiple AEs would be counted several times.

The lack of association of voriconazole exposure with
efficacy and other safety end points may be because of an insuf-
ficient sample size. These findings are consistent with what
has previously been reported in adult patients with IA.** These
patients typically had multiple comorbidities and received
multiple medications. In addition, treatment effect is just one of
the contributing factors leading to successful clinical outcomes
for life-threatening fungal infections. Patients’ underlying condi-
tions and ability to respond to the treatment are also important
factors influencing the clinical outcomes. No consensus regard-
ing correlations of voriconazole exposure with clinical outcomes
and treatment-related toxicity has been established because of
the complexity of fungal infections in the clinical setting, despite
substantial efforts to do s0.1%%37 Therefore, the clinical response
and tolerability of individual patients should continue to be the
primary consideration for dose adjustment, and voriconazole
C . (if available) should be considered as a secondary marker
for the purpose of dose adjustment.

In our studies, most pediatric patients (64%; n = 34) did
not require dose adjustments; 26% (n = 14) had dose reductions
and 11% (n = 6) had dose escalations. One patient had dose

el2 | www.pidj.com

reduction and dose escalation during the treatment period. Among
them, 9 patients had dose reductions because of high voriconazole
concentrations, whereas 3 had dose escalations because of low
concentrations based on predefined provisional instructions. Dose
adjustment with 1 mg/kg (50 mg oral) was sufficient for all but 3
patients with IA, indicating that slight adjustment of the initial
dose was generally adequate. Taken together, the proposed dosing
regimens were deemed acceptable as the initial recommendation
for pediatric patients.

ACKNOWLEDGMENTS

Editorial support was provided by Karen Irving of Complete
Medical Communications and was funded by Pfizer Inc.

REFERENCES

1. Brissaud O, Guichoux J, Harambat J, Tandonnet O, Zaoutis T. Invasive fun-
gal disease in PICU: epidemiology and risk factors. Ann Intensive Care.
2012;2:6.

2. Gallin JI, Zarember K. Lessons about the pathogenesis and management of
aspergillosis from studies in chronic granulomatous disease. Trans Am Clin
Climatol Assoc. 2007;118:175-185.

3. Segal BH, DeCarlo ES, Kwon-Chung KJ, Malech HL, Gallin JI, Holland
SM. Aspergillus nidulans infection in chronic granulomatous disease.
Medicine (Baltimore). 1998;77:345-354.

4. Burgos A, Zaoutis TE, Dvorak CC, et al. Pediatric invasive aspergillosis: a
multicenter retrospective analysis of 139 contemporary cases. Pediatrics.
2008;121:e1286-e1294.

5. Walsh TJ, Anaissie EJ, Denning DW, et al. Treatment of aspergillosis: clini-
cal practice guidelines of the Infectious Diseases Society of America. Clin
Infect Dis. 2008;46:327-360.

6. Roilides E. Invasive candidiasis in neonates and children. Early Hum Dev.
2011;87(suppl 1):S75-S76.

7. Evans SE. Coping with Candida infections. Proc Am Thorac Soc.
2010;7:197-203.

8. Antachopoulos C, Walsh TJ, Roilides E. Fungal infections in primary immu-
nodeficiencies. Eur J Pediatr. 2007;166:1099-1117.

9. Pascual A, Calandra T, Bolay S, Buclin T, Bille J, Marchetti O. Voriconazole
therapeutic drug monitoring in patients with invasive mycoses improves
efficacy and safety outcomes. Clin Infect Dis. 2008;46:201-211.

10. Neely M, Rushing T, Kovacs A, Jelliffe R, Hoffman J. Voriconazole
pharmacokinetics and pharmacodynamics in children. Clin Infect Dis.
2010;50:27-36.

11. Soler-Palacin P, Frick MA, Martin-Nalda A, et al. Voriconazole drug
monitoring in the management of invasive fungal infection in immuno-
compromised children: a prospective study. J Antimicrob Chemother.
2012;67:700-706.

12. Theuretzbacher U, Ihle F, Derendorf H. Pharmacokinetic/pharmacodynamic
profile of voriconazole. Clin Pharmacokinet. 2006;45:649—663.

13. Myrand SP, Sekiguchi K, Man MZ, et al. Pharmacokinetics/genotype asso-
ciations for major cytochrome P450 enzymes in native and first- and third-
generation Japanese populations: comparison with Korean, Chinese, and
Caucasian populations. Clin Pharmacol Ther. 2008;84:347-361.

14. Ally R, Schiirmann D, Kreisel W, et al. A randomized, double-blind, double-
dummy, multicenter trial of voriconazole and fluconazole in the treatment
of esophageal candidiasis in immunocompromised patients. Clin Infect Dis.
2001;33:1447-1454.

15. Herbrecht R, Denning DW, Patterson TF, et al. Voriconazole versus ampho-
tericin B for primary therapy of invasive aspergillosis. N Engl J Med.
2002;347:408-415.

16. Kullberg BJ, Sobel JD, Ruhnke M, et al. Voriconazole versus a regimen of
ampbhotericin B followed by fluconazole for candidaemia in non-neutropenic
patients: a randomised non-inferiority trial. Lancet. 2005;366:1435-1442.

17. Walsh TJ, Driscoll T, Milligan PA, et al. Pharmacokinetics, safety, and
tolerability of voriconazole in immunocompromised children. Antimicrob
Agents Chemother. 2010;54:4116-4123.

18. Mandhaniya S, Swaroop C, Thulkar S, et al. Oral voriconazole versus intra-
venous low dose amphotericin B for primary antifungal prophylaxis in pedi-
atric acute leukemia induction: a prospective, randomized, clinical study. J
Pediatr Hematol Oncol. 2011;33:¢333—¢341.

© 2016 Wolters Kluwer Health, Inc. All rights reserved.

Copyright © 2016 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



The Pediatric Infectious Disease Journal ® Volume 36, Number 1, January 2017

Voriconazole Use in Pediatric Patients

20.

21.

22.

23.

24.

25.

26.

27.

. Walsh TJ, Lutsar I, Driscoll T, et al. Voriconazole in the treatment of asper-

gillosis, scedosporiosis and other invasive fungal infections in children.
Pediatr Infect Dis J. 2002;21:240-248.

Driscoll TA, Yu LC, Frangoul H, et al. Comparison of pharmacokinetics
and safety of voriconazole intravenous-to-oral switch in immunocom-
promised children and healthy adults. Antimicrob Agents Chemother.
2011;55:5770-5779.

Friberg LE, Ravva P, Karlsson MO, et al. Integrated population pharma-
cokinetic analysis of voriconazole in children, adolescents, and adults.
Antimicrob Agents Chemother. 2012;56:3032-3042.

Marr KA, Schlamm HT, Herbrecht R, et al. Combination antifungal therapy for
invasive aspergillosis: a randomized trial. Ann Intern Med. 2015;162:81-89.

De Pauw B, Walsh TJ, Donnelly JP, et al. Revised definitions of invasive
fungal disease from the European Organization for Research and Treatment
of Cancer/Invasive Fungal Infections Cooperative Group and the National
Institute of Allergy and Infectious Diseases Mycoses Study Group (EORTC/
MSG) Consensus Group. Clin Infect Dis. 2008;46:1813—1821.

Liu P, Mould DR. Population pharmacokinetic analysis of voriconazole
and anidulafungin in adult patients with invasive aspergillosis. Antimicrob
Agents Chemother. 2014;58:4718-4726.

Purkins L, Wood N, Ghahramani P, Greenhalgh K, Allen MJ, Kleinermans
D. Pharmacokinetics and safety of voriconazole following intravenous- to
oral-dose escalation regimens. Antimicrob Agents Chemother. 2002;46:
2546-2553.

Teusink A, Vinks A, Zhang K, et al. Genotype-directed dosing leads
to optimized voriconazole levels in pediatric patients receiving hemat-
opoietic stem cell transplantation. Biol Blood Marrow Transplant.
2016;22:482-486.

Wood N, Tan K, Purkins L, et al. Effect of omeprazole on the steady-
state pharmacokinetics of voriconazole. Br J Clin Pharmacol. 2003;
56(suppl 1):56-61.

© 2016 Wolters Kluwer Health, Inc. All rights reserved.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Chu HY, Jain R, Xie H, Pottinger P, Fredricks DN. Voriconazole therapeutic
drug monitoring: retrospective cohort study of the relationship to clinical
outcomes and adverse events. BMC Infect Dis. 2013;13:105.

Dolton MJ, Ray JE, Chen SC, Ng K, Pont LG, McLachlan AJ. Multicenter
study of voriconazole pharmacokinetics and therapeutic drug monitoring.
Antimicrob Agents Chemother. 2012;56:4793-4799.

Liu P, Mould DR. Population pharmacokinetic-pharmacodynamic analysis
of voriconazole and anidulafungin in adult patients with invasive aspergil-
losis. Antimicrob Agents Chemother. 2014;58:4727-4736.

Lutsar I, Hodges MR, Tomaszewski K, Troke PE, Wood ND. Safety of vori-
conazole and dose individualization. Clin Infect Dis. 2003;36:1087-1088.

Park WB, Kim NH, Kim KH, et al. The effect of therapeutic drug monitor-
ing on safety and efficacy of voriconazole in invasive fungal infections: a
randomized controlled trial. Clin Infect Dis. 2012;55:1080—1087.

Racil Z, Winterova J, Kouba M, et al. Monitoring trough voriconazole
plasma concentrations in haematological patients: real life multicentre expe-
rience. Mycoses. 2012;55:483-492.

Tan K, Brayshaw N, Tomaszewski K, Troke P, Wood N. Investigation of
the potential relationships between plasma voriconazole concentrations and
visual adverse events or liver function test abnormalities. J Clin Pharmacol.
2006;46:235-243.

Trifilio S, Singhal S, Williams S, et al. Breakthrough fungal infections after
allogeneic hematopoietic stem cell transplantation in patients on prophylac-
tic voriconazole. Bone Marrow Transplant. 2007;40:451-456.

Troke PF, Hockey HP, Hope WW. Observational study of the clinical
efficacy of voriconazole and its relationship to plasma concentrations in
patients. Antimicrob Agents Chemother. 2011;55:4782-4788.

Ueda K, Nannya Y, Kumano K, et al. Monitoring trough concentration
of voriconazole is important to ensure successful antifungal therapy and

to avoid hepatic damage in patients with hematological disorders. Int J
Hematol. 2009;89:592—-599.

www.pidj.com | el3

Copyright © 2016 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



International Journal of Infectious Diseases 17 (2013) e101-e109

journal homepage: www.elsevier.com/locate/ijid

Contents lists available at SciVerse ScienceDirect

International Journal of Infectious Diseases

&t

INTERNATIONAL SOCIETY
[FOR INFECTIOUS DISEASES”
|

Invasive aspergillosis in patients with hematological malignancies in the Czech
and Slovak republics: Fungal InfectioN Database (FIND) analysis, 2005-2009

Zdenek Racil *P*, Barbora Weinbergerova ?, Iva Kocmanova €, Jan Muzik ¢, Michal Kouba ¢, Lubos Drgona
Lucia Masarovaf, Tomas Guman 8, Elena Tothova 8, Kristina Forsterova", Jan Haber h Barbora Ziakova',
Eva Bojtarova', Jan Vydra’, Peter Mudry ¥, Renata Foralova X, Daniela Sejnova', Nada Mallatova ™,

Vit Kandrnal ¢, Petr Cetkovsky €, Jiri Mayer P

@ Department of Internal Medicine - Hematology and Oncology, Masaryk University and University Hospital Brno, Brno, Czech Republic
Y CEITEC - Central European Institute of Technology, Masaryk University Brno, Brno, Czech Republic

€ Department of Microbiology, University Hospital Brno, Brno, Czech Republic

9 Institute of Biostatistics and Analyses at the Faculty of Medicine and the Faculty of Science of the Masaryk University, Brno, Czech Republic
€ Institute of Hematology and Blood Transfusion, Prague, Czech Republic

fSecond Department of Oncology, Comenius University and National Cancer Institute, Bratislava, Slovakia

& Department of Hematology and Onco-hematology, Louis Pasteur University Hospital, Kosice, Slovakia

" Department of Hemato-oncology, General Faculty Hospital, Prague, Czech Republic

I Department of Hematology and Transfusiology, St. Cyril and Methodius Hospital — University Hospital Bratislava, Bratislava, Slovakia
I Department of Hematology, University Hospital Kralovske Vinohrady, Prague, Czech Republic

K Department of Pediatric Oncology, Masaryk University and University Hospital Brno, Brno, Czech Republic

! Department of Pediatric Hematology and Oncology, Pediatric University Hospital Bratislava, Bratislava, Slovakia

™ Laboratory of Parasitology and Mycology, Ceske Budejovice Hospital, Ceske Budejovice, Czech Republic

ARTICLE INFO

Article history:

Received 9 June 2012

Received in revised form 21 August 2012
Accepted 2 September 2012

Corresponding Editor: Meinolf Karthaus,
Munich, Germany

Keywords:

Invasive aspergillosis
Hematological malignancy
Diagnosis

Antifungal treatment

SUMMARY

Objectives: To evaluate risk factors, diagnostic procedures, and treatment outcomes of invasive
aspergillosis (IA) in patients with hematological malignancies.
Methods: A retrospective analysis of data from proven/probable IA cases that occurred from 2005 to
2009 at 10 hematology centers was performed.
Results: We identified 176 IA cases that mainly occurred in patients with acute leukemias (58.5%),
mostly those on induction/re-induction treatments (39.8%). Prolonged neutropenia was the most
frequent risk factor for IA (61.4%). The lungs were the most frequently affected site (93.8%) and computed
tomography detected abnormalities in all episodes; however, only 53.7% of patients had findings
suggestive of IA. Galactomannan (GM) detection in serum or bronchoalveolar lavage fluid (positive in
79.1% and 78.8% of episodes, respectively) played a crucial role in IA diagnosis. Neutrophil count and
antifungal prophylaxis did not influence the GM positivity rate, but empirical therapy decreased this rate
(in serum). Of the IA cases, 53.2% responded to initial antifungal therapy. The combination of
voriconazole and echinocandin, even as initial or salvage therapy, did not perform better than
voriconazole monotherapy (p = 0.924 for initial therapy and p = 0.205 for salvage therapy). Neutrophil
recovery had a significant role in the response to initial (but not salvage) antifungal therapy.
Conclusions: Our retrospective analysis identified key diagnostic and treatment characteristics, and this
understanding could improve the management of hematological malignancy patients with IA.

© 2012 Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.

1. Introduction

Invasive fungal diseases (IFD) are an important cause of
morbidity and mortality in patients with hematological diseases.!*?
The epidemiology of IFD in this group of severely immunocom-
promised patients has changed substantially during the last two

* Corresponding author. Tel.: +420 602 564011.
E-mail address: zracil@fnbrno.cz (Z. Racil).

decades, with invasive aspergillosis (IA) being a predominant
infection.! The incidence of this infection can vary and is mainly
based on the underlying hematological malignancy; it can reach up
to 10% among patients undergoing treatment for acute leukemia or
allogeneic hematopoietic stem cell transplantation (HSCT).?
However, there have been several key advancements over the
past decade that have significantly improved not only the
diagnosis (widespread availability of high-resolution computed
tomography (HRCT) and non-culture based diagnostic tools, such
as the detection of galactomannan (GM)), but also treatment

1201-9712/$36.00 - see front matter © 2012 Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
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options (availability of new antifungal drugs, e.g., voriconazole and
echinocandins) of IA. These events have led to the recently
reported improvement in the prognosis of patients with this life-
threatening infection.>*> Moreover, several observational regis-
tries in Europe, as well as worldwide, have been created with the
goal of collecting real world data regarding incidence, risk factors,
and treatment outcomes of patients with IA.!24-6

In this multicenter study, we report data from IA episodes that
occurred in patients with hematological malignancies. These data
were retrospectively collected from the Fungal InfectioN Database
(FIND), which holds data from almost all hematology centers in the
Czech and Slovak republics. The aim of this study was to analyze
the risk factors, diagnostic procedures, and treatment outcomes
from the largest cohort of IA episodes in Central Europe published
to date.

2. Methods
2.1. Design

Thirteen hematology centers in the Czech and Slovak republics
participate in the FIND project. The database consists of
retrospectively collected data of proven and probable IA cases
that occurred between 2001 and 2009, as well as a prospective
collection of cases from 2010 onwards.

This study was conducted by performing an analysis of proven
and probable IA cases that occurred between January 1, 2005 and
December 31, 2009, which had been retrospectively entered as
electronic case report forms by 10 of 13 participating centers
(seven adult and three pediatric centers). The distribution of
episodes during this time period was not uniform and was mainly
dependent on the extension of non-culture-based diagnostic
techniques (e.g., GM detection) among centers. Therefore, the
number of episodes in individual time intervals does not reflect the
real incidence of infection. Forty-one percent of cases entered into
the database and analyzed occurred between 2005 and 2007, 59%
between 2008 and 2009.

2.2. Case identification

Cases were identified in participating centers by reviewing the
patient charts as well as laboratory, microbiology, and imaging
results. Pathology reports from autopsies were also used. All
identified episodes of IA during the observation period were
included in the database.

The variables collected in the electronic case report forms
included the subject’'s demographic characteristics, underlying
hematological malignancy and treatment, clinical signs and
symptoms, and the results of microbiological and histological
investigations, as well as results of imaging studies, information
regarding the use of mold-active antifungal prophylaxis and
empirical antifungal treatment, targeted antifungal treatment and
outcomes, neutrophil counts at the time of diagnosis as well as
before and after each antifungal treatment, and finally patient
survival. Due to the retrospective design of this study, a patient’s
informed consent was not required. The Institutional Review Board
of the University Hospital Brno approved this study.

2.3. Definitions

Episodes of IA were defined according to the 2002 European
Organisation for Research and Treatment of Cancer and Mycosis
Study Group (EORTC/MSG) criteria.” The day of diagnosis was
defined as the day when criteria for proven or probable IA were
fulfilled. Empirical antifungal therapy was defined as the
administration of systemic antifungal treatment in patients with

persistent fever only, or in patients who did not fulfill criteria for
proven or probable IFD at the time of treatment initiation. Targeted
antifungal therapy was started when patients fulfilled criteria for
proven or probable IA. The overall outcome of therapy, as well as
the outcome of each line of antifungal treatment, was classified
according to published EORTC/MSG recommendations.® The effect
of therapy was evaluated only if the targeted antifungal therapy
lasted at least 5 days. An independent, blinded evaluation of all the
entered data was performed by a review board at the main study
center, with special consideration to the fulfillment of EORTC/MSG
criteria for the diagnosis of proven or probable IA, as well as
treatment outcome.

2.4. Statistical analysis

Frequency tables and standard descriptive statistics were used
for summation of the patient characteristics. Proportions were
compared with the maximum-likelihood Chi-square test or
Fisher's exact test. Continuous variables were compared with
the Mann-Whitney or Kruskal-Wallis analysis of variance

Table 1
Baseline characteristics

Patients
No. of patients 176
Age, years, median (range) 56 (3-77)
Sex, male/female, n (%) 104 (59.1%)/
72 (40.9%)

Patient’s disease at baseline, n (%)

AML +MDS 73 (41.5%)
ALL 30 (17.0%)
NHL+HL 27 (15.3%)
CLL 20 (11.4%)
MM 12 (6.8%)
CML+CMPD 4(2.3%)
Other 10 (5.7%)

Anticancer therapy during/before IA, n (%)
Induction/reinduction therapy of acute leukemia
Allogeneic HSCT

70 (39.8%)
30 (17.0%)

Autologous HSCT 17 (9.7%)
Other 52 (29.5%)
None 7 (4.0%)

Presence of risk factors for development of 1A, n (%)
Neutropenia <0.5 x 10%/1 for >10 days
Administration of corticosteroids for >21 days
Pulmonary/respiratory tract disease in anamnesis

108 (61.4%)
50 (28.4%)
22 (12.5%)

(COPD, etc.)

GVHD 20 (11.4%)

Other risk factors 41 (23.3%)
Number of risk factors present at diagnosis, n (%)

0 29 (16.5%)

1 79 (44.9%)

2 44 (25.0%)

>3 24 (13.6%)
IA episodes

No. of episodes 176
Certainty of diagnosis according to EORTC/MSG 2002 criteria, n (%)

Proven IA 27 (15.3%)

Probable 1A 149 (84.7%)
Site of infection, n (%)

Lung 165 (93.8%)

Sinuses 1(0.6%)

Disseminated 7 (4.0%)

Other 3(1.7%)

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CLL, chronic
lymphocytic leukemia; CML, chronic myeloid leukemia; CMPD, chronic myelopro-
liferative disease; COPD, chronic obstructive pulmonary disease; EORTC/MSG,
European Organisation for Research and Treatment of Cancer/Mycoses Study
Group; GVHD, graft-versus-host disease; HL, Hodgkin lymphoma; HSCT, hemato-
poietic stem cell transplantation; IA, invasive aspergillosis; MDS, myelodysplastic
syndrome; MM, multiple myeloma; NHL, non-Hodgkin lymphoma.
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(ANOVA) test, as appropriate. The probabilities of overall survival
were estimated using the Kaplan-Meier method, and a comparison
of survival in the groups of patients was performed using a log-
rank test. The point estimates were supplied with 95% confidence
intervals (CI). A level of statistical significance o = 0.05 was used in
all analyses. For the analysis of the role of neutrophil count at the
defined time points in the efficacy of antifungal treatment, patients
were divided into three groups: those with a neutrophil count
<0.1, 0.1-1.0, and >1.0 x 10%/1. Analyses were performed using
statistical software SPSS 12.0.2 for Windows (SPSS Inc., 2003) and
STATISTICA 9.0.1 for Windows (StatSoft, Inc. 2010).

3. Results
3.1. Characteristics of patients and episodes of 1A

During the study period (2005-2009), 176 episodes of IA
occurring in 176 patients were identified: 27 (15.3%) proven and
149 (84.7%) probable. Patient characteristics are shown in Table 1.
Acute leukemias represented the majority of the underlying
hematological diseases (58.5%), and induction or re-induction
treatment for acute leukemia (but not allogeneic HSCT) repre-
sented the most frequent anticancer treatment (39.8%). Therefore,
patients with active acute leukemia during the first induction or
salvage therapy represented the typical population of hemato-
logical malignancy patients with the highest risk of IA. Based on
these data, it is not surprising that the most common classical risk
factor identified in 61.4% of IA episodes was profound and

Table 2

prolonged neutropenia (Table 1). The lung was the most
commonly affected site (93.8%), with 21 (12.0%) proven and
144 (81.8%) probable episodes. In addition, disseminated and
isolated extrapulmonary infections were rare (4.0% and 2.3%,
respectively).

3.2. Signs of infection

Out of the 176 patients with IA, 136 (77.3%) had fever at the
time of diagnosis, with a median duration of 6 days before
diagnosis (range 0-53 days before diagnosis; interquartile range
(IQR) 3-11 days before diagnosis). Moreover, 54.0% of patients
with IA fulfilled criteria for persistent fever despite the adminis-
tration of broad-spectrum antibiotics for 5 days. Out of
165 patients with invasive pulmonary aspergillosis (IPA), 125
(75.8%) exhibited at least one sign that was suggestive of
pulmonary disease, which developed within a median of 5 days
before diagnosis (range 0-35 days; IQR 2-9 days). The spectrum of
these signs is shown in Table 2.

3.3. Diagnostic procedures

3.3.1. Imaging studies

A chest X-ray was performed at the time of diagnosis in 152/165
(92.1%) patients with IPA. However, abnormalities were only
identified in 73.0% of those patients. Moreover, the most
commonly observed abnormality was a non-specific infiltrate
(44.7%) (Table 2). In contrast, chest HRCT, which was performed

Clinical manifestations and results of diagnostic tests at the time of diagnosis of invasive aspergillosis

Clinical manifestations at the time of diagnosis, all patients (N=176), n (%)
Fever >38.0°C
Fever not responding to 5 days of antibiotics
Presence of organ-specific clinical symptoms
Clinical signs in patients with IPA (n=165), n (%)
Any symptom
Cough
Dyspnea
Chest pain
Hemoptysis
Other
Chest X-ray abnormality in patients with IPA (n=152),% n (%)
Any abnormality
Non-specific infiltrate(s)
Nodule(s)
Interstitial process
Pleural effusion
Cavitation(s)
Other
Chest high-resolution CT abnormality in patients with IPA (n=149),2 n (%)
Any abnormality
Predominant abnormality
Non-specific infiltrate(s)
Halo sign
Macronodule(s) >1 cm
Cavitation
Micronodule(s) <1 cm
Pleural effusion
Air crescent sign
Laboratory test results at the time of diagnosis, all patients, n (%)

Serum galactomannan positive (consecutive index of positivity >0.5) (n=172)*

Serum (1—3)-B-p-glucan positive (single value >80 pg/ml) (n=44)*
Mycological examination, microscopy positive (all materials) (n=71)?
Mycological examination, culture positive (all materials) (n=81)?
Histology positive (all materials) (n=12)*

BAL fluid examination in patients with IPA, n (%)
Mycological examination, microscopy positive (n=49)?
Mycological examination, culture positive (n=48)?
BAL fluid galactomannan positive (index of positivity >0.5) (n=66)*

136 (77.3%)
95 (54.0%)
134 (76.1%)
125 (75.8%)
9 (41.8%)
7 (22.4%)
1(6.7%)
2 (1.2%)
6 (3.6%)

111 (73.0%)
8 (44.7%)
6 (23.7%)
(0. 7/)
(0.
(0.
(2.

5(10.2%)
9 (18.8%)
52 (78.8%)

BAL, bronchoalveolar lavage; CT, computed tomography; IPA, invasive pulmonary aspergillosis.

¢ Calculated only for patients for whom the test was performed.
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in 149/165 (90.3%) patients with IPA at the time of diagnosis
(2005-2007, 87.8% vs. 2008-2009, 90.2%, p = 0.620), detected an
abnormality in all of these patients. Interestingly, the most
frequently observed abnormality on these early HRCT scans was a
non-specific infiltrate (46.3%). Signs that are more specific for IFD,
such as a halo sign, nodules, or cavitations, were seen substan-
tially less frequently (Table 2). There was no statistically
significant difference in the frequency of individual abnormalities
on HRCT scans between patients with neutropenia (neutrophils
<1.0 x 10%/1) and those without (p = 0.378).

3.3.2. Non-culture diagnostic techniques—serum

The GM test was performed at all centers for screening (2-3
times per week) in high-risk patients (e.g., patients receiving
induction for acute leukemia or undergoing allogeneic HSCT)
and on request in all other patients with abnormalities on
imaging studies. GM assessment of at least two serum samples
was performed in 172/176 (97.7%) patients with IA (2005-2007,
95.9% vs. 2008-2009, 99.0%, p = 0.176). Using the criterion of an
index of positivity >0.5 from two consecutive serum samples as
a positive test result, we found the test positive in 79.1% of
tested episodes (Table 2), and a positive result of the GM assay
(consecutive positivity) preceded the final diagnosis of IA by a
median of 2 days (range 0-34 days; IQR 1-4 days). The rate of
positive test results was not influenced by the neutrophil count
at the time of diagnosis (p = 0.426) or by the administration of
mold-active antifungal prophylaxis (p=0.854). In contrast,
empirical antifungal therapy using a mold-active antifungal
drug at the time of diagnosis of IA significantly decreased the
proportion of positive GM test results in serum compared to
patients not receiving the treatment (67% vs. 88%, respectively;
p=0.001). The median serum GM index of positivity level at the
time of IA diagnosis was 1.28 (range 0.11-11.46). The detection
of 1—-3--p-glucan (BG) was available at only one center, and
therefore the test was performed in only 44/176 (25.0%)
patients. A positive test result (BG concentration >80 pg/ml
from a single serum sample as the cut-off) was recorded in 81.8%
of these patients (Table 2).

3.3.3. Mycological examination

Histological examination, microscopic evaluation, and cultures
of any relevant clinical specimens were performed in 12/176
(6.8%), 71/176 (40.3%), and 81/176 (46.0%) patients with IA,
respectively. However, with the exception of the histological
examination, which was positive in 66.7% of a very limited number
of samples obtained by biopsy, the rate of positive results of the
other two conventional techniques was very low (12.7% and 29.6%,
respectively) (Table 2).

Aspergillus fumigatus represented 19/24 (79.2%) identified
isolates, followed by Aspergillus flavus 1/24 (4.2%), Aspergillus niger
1/24 (4.2%), Aspergillus terreus 1/24 (4.2%), and other Aspergillus
species 2/24 (8.3%).

3.3.4. Bronchoalveolar lavage (BAL) fluid analysis

Since IPA predominated in our patient group, BAL fluid was the
most frequent mycologically evaluated material (Table 2).
However, conventional mycological techniques with a very low
frequency of positive results (10.2% microscopy and 18.8% culture)
did not contribute substantially to the diagnosis of IPA in this
group of patients. In contrast, the GM assay was positive in 52 out
of 66 (78.8%) obtained BAL fluids using a cut-off value of 0.5. The
rate of GM assay positivity in BAL fluid was not influenced by
neutrophil count (p = 0.580) or the administration of mold-active
antifungal prophylaxis (p =0.147), and in contrast to serum was
not influenced by empirical antifungal therapy (76% vs. 81%;
p=0.607).

3.4. Prophylaxis and empirical treatment

Of the 176 patients with IA, 44 (25.0%) had received mold-active
antifungal prophylaxis, with a median treatment time of 24 days
(range 4-227 days; IQR 16-42 days) (Table 3). More than half of
these episodes developed under prophylaxis treatment with
itraconazole (25/44, 56.8%); however, itraconazole was also the
most frequently used anti-mold prophylaxis at the time our study
was performed. Moreover, the azole plasma concentration before
breakthrough infection was only available in two patients.

At the time of diagnosis of 1A, 76/176 (43.2%) patients had
already received mold-active empirical antifungal treatment, and
the most frequently used was conventional amphotericin B (30.3%
of empirically treated patients) (Table 3). The length of empirical
treatment before the definitive diagnosis of IA was short (median 6
days, range 2-44 days, IQR 4-11 days). Therefore, this relatively
high number of empirically treated patients reflects the suspicions
of the clinician to IFD and early administration of systemic
antifungals, rather than a high number of breakthrough IFD cases
during prolonged antifungal therapy.

3.5. Antifungal therapy

Targeted antifungal therapy for proven and probable IA was
administered in 156/176 (88.6%) patients. In addition, 71 (40.3%)
patients received only one line of therapy, 61 (34.7%) patients
received treatment with a second-line therapy for toxicity or
failure of the previous therapy, and 24 (13.6%) patients received
more than two lines of antifungal therapy. Neither the spectrum of
antifungal drugs nor their combinations used for the treatment of
IA differed between the two observed periods (p = 0.252, p = 0.229,
and p=0.622, for first line, second line, and further lines,
respectively).

A complete or partial response to treatment was achieved in
83/156 (53.2%) patients treated with first-line therapy (median
length of first-line therapy 15 days, range 5-139 days, IQR 10-
25 days). There was no substantial difference in the response
rate between the two most frequently used approaches:
voriconazole monotherapy and a combination of voriconazole
and echinocandin (61.9% vs. 61.0%, respectively; p=0.924)
(Table 4). Forty (25.6%) of the 156 patients treated with first-
line therapy received salvage therapy for failure of this
treatment (median duration 19 days, range 5-159 days, IQR
10-32 days). Although the number of these patients was limited,
the combination of voriconazole and echinocandin did not
provide a better therapeutic outcome in this setting compared to
voriconazole monotherapy (p = 0.205) (Table 4).

Table 3
Antifungal prophylaxis and empirical antifungal therapy

Anti-mold prophylaxis at the time of IA diagnosis

Present 44 (25.0%)
Antifungal drug used?®
Itraconazole 25 (56.8%)
Voriconazole 7 (15.9%)
Posaconazole 6 (13.6%)
Conventional amphotericin B 4 (9.1%)
Echinocandin 2 (4.5%)

Anti-mold empirical antifungal therapy at the time of IA diagnosis

Present 76 (43.2%)
Antifungal drug used?®
Conventional amphotericin B 23 (30.3%)
Lipid formulation of amphotericin B 20 (26.3%)
Voriconazole 13 (17.1%)
Echinocandin 12 (15.8%)
Other 9 (11.8%)

IA, invasive aspergillosis.
@ Percentage calculated from patients receiving treatment.
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Table 4
Targeted antifungal therapy—efficacy of first-line and salvage therapy

Treatment response

n Complete or Stable disease Progression Not known
partial response

First-line therapy 156 83 (53.2%) 20 (12.8%) 53 (34.0%) -
Voriconazole 63 39 (61.9%) 8 (12.7%) 16 (25.4%) -
Combination of echinocandin +voriconazole 11 25 (61.0%) 3 (7.3%) 13 (31.7%) -
Conventional AMB 13 4 (30.8%) 3(23.1%) 6 (46.2%) -

Lipid formulation of AMB 13 7 (53.8%) 1(7.7%) 5(38.5%) -
Echinocandin 9 2 (22.2%) - 7 (77.8%) -
Other 17 6 (35.3%) 5 (29.4%) 6 (35.3%) -

Salvage therapy 40 15 (37.5%) 7 (17.5%) 17 (42.5%) 1(2.5%)
Voriconazole 9 2 (22.2%) 3 (33.3%) 3 (33.3%) 1(11.1%)
Combination of echinocandin +voriconazole 7 4 (57.1%) 2 (28.6%) 1(14.3%) -

Lipid formulation of AMB 3 1(33.3%) 1(33.3%) 1(33.3%) -

Other 21 8 (38.1%) 1 (4.8%) 12 (57.1%) -

AMB, amphotericin B.

To shorten the period of neutropenia, 97/176 (55.1%) patients
received granulocyte colony stimulating factors. Granulocyte
transfusions were not used. Of the 176 patients, 10 (5.7%)
underwent surgery in addition to chemotherapy.

At the end of all targeted treatment approaches efficacy was
evaluated. The median length of treatment was 32.5 days (range 5-
148 days, IQR 17-66 days), and 105 out of 156 (67.3%) patients
responded; however, 50/156 (32.1%) patients failed and one
patient was not evaluable. Secondary prophylaxis (mostly with
voriconazole) was used in 71/176 (40.3%) patients with a
median length of treatment of 48 days (range 10-512 days; IQR
21-78 days).

3.6. The role of neutrophils in the efficacy of antifungal treatment

There was no statistically significant difference in the percent-
age of patients with a successful treatment outcome (complete and
partial response) at the end of all antifungal therapies based on
neutrophil count at the start of antifungal treatment (p = 0.423).
This lack of difference was also found when the role of neutrophils
at the start of the first treatment and salvage therapy and the
treatment outcome at the end of these therapies was evaluated
separately (Table 5).

In contrast, there was a statistically significant increase in the
percentage of patients who successfully responded (complete and
partial response) at the end of all antifungal therapies with
increasing neutrophil counts at the end of antifungal treatment
(p < 0.001) (Table 5). A substantially higher response rate was
identified in patients with neutrophil counts >1.0 x 10%/1 at the

Table 5

end of the first-line treatment compared to patients with
neutrophil counts of 0.1-1.0 (p =0.007) and <0.1 (p < 0.001) x
10°/1. However, we did not find a role of neutrophil counts at the
end of salvage therapy in patients receiving this treatment
(p=0.432) (Table 5).

Finally, the change in neutrophil count during IA therapy and
treatment outcome was analyzed. During first-line treatment,
patients with a successful treatment outcome (complete and
partial response of IA) had a significant increase in neutrophil
count (p<0.001 and p=0.003, respectively). Moreover, the
median neutrophil count in patients with a complete or partial
response increased during the treatment from neutropenic range
(<1.0 x 10%1) to non-neutropenic range (Figure 1A). In contrast,
patients with treatment failure were persistently neutropenic
(progression of IA) or did not reveal any significant increase in their
neutrophil count during therapy (stable IA) (Figure 1A). A similar
analysis was performed for patients receiving salvage therapy, and
no significant increase in neutrophil count was observed in any
treatment outcome group (Figure 1B); however, the number of
patients was limited.

3.7. Survival

The median survival in our patient group was 28.1 (95% CI 15.6-
40.7) weeks. The 3- and 12-month overall survival (OS) was 57.8%
(95% CI 50.5-65.1%) and 43.0% (95% CI 35.4-50.5%), respectively.
OS follows survival attributed to IA (0S;s), thus IA was the
predominant cause of death during the first 3 months after
diagnosis, while other causes (mainly underlying diseases) were

The role of neutrophil count at the start and at the end of antifungal therapy in treatment outcome

Patients with successful treatment outcome (complete or partial response) at the end of therapy (%)*

Neutrophils Neutrophils Neutrophils p-Value®
<0.1x10%]1 0.1-1.0 x 10°/1 >1.0x10°/1
Neutrophil count at the start of:
Any therapy (n=143) 63.8% 76.7% 70.5% 0.423
First-line therapy (n=144) 50.7% 53.3% 64.4% 0.341
Salvage therapy© (n=30) 37.5% 66.7% 25.0% 0.195
Neutrophil count at the end of:
All therapies (n=128) 21.1% 50.0% 80.9% <0.001
First-line therapy (n=129) 16.7% 35.0% 68.2% <0.001
Salvage therapy© (n=32) 20.0% 57.1% 40.0% 0.432

¢ The treatment outcome was evaluated at the end of therapy given in the raw (i.e., the end of all received therapies, the end of first-line therapy, or the end of salvage

therapy, respectively).

b Maximum-likelihood Chi-square test, difference between all three groups according to neutrophil count.

¢ Salvage was defined as treatment after failure of first-line therapy.
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Figure 1. Change in neutrophil count during (A) first-line and (B) salvage therapy of invasive aspergillosis (CR, complete response; PR, partial response; SD, stable disease).

predominantly responsible for death in patients who survived
longer than 3 months (Figure 2A). Patients with probable IA had
significantly better OS as well as survival attributed to IA (OS;a)
(Figure 2B). OS as well as OSja did not differ between cases
diagnosed during 2005-2007 compared to more recent episodes
(2008-2009) (OS: p=0.173, 63.4% (95% CI 52.4-74.4%) vs. 52.7%
(95% Cl 42.9-62.4%) at 3 months, respectively; OS;a: p = 0.366,
70.7% (95% CI 60.1-81.3%) vs. 60.8% (95% CI 51.0-70.6%) at
3 months, respectively).

4. Discussion

This is the largest multicenter study published to date that has
analyzed episodes of IA in hematological malignancy patients from
Central Europe. FIND is a network of hematology centers that
gather and share information to improve our understanding of
epidemiology, diagnostics, therapy, and the outcome of IFD in

hematological malignancy patients from the Czech and Slovak
republics.

Our analysis confirmed several published and generally
accepted facts in the view of risk factors, diagnostics, and
treatment of this infection among patients with hematological
malignancies.>*6-°-16

The significance of our study clearly lies in several unique
findings, which should be noted. First, although we have shown the
importance of using early lung HRCT for the diagnosis of
pulmonary abnormalities (all patients with IPA had some
detectable abnormality), only 53.7% had findings that were
described as ‘specific’ for invasive mold infection based on
EORTC/MSG 2008 criteria.!” Therefore, half of our IPA patients
had non-specific infiltrates on early HRCT scans, of which the
performance was generally driven by persistent fever or GM
results. Recent studies have shown that the neutrophil count plays
a role in the pattern of findings on imaging studies.!"'® However,
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Figure 2. Overall survival and survival attributed to invasive aspergillosis (IA) for (A) all patients and (B) based on the probability of IA diagnosis.

this does not explain our results. In the study by Nicolle et al.,* the
patient population and percentage of patients with prolonged
neutropenia was similar to our observations in this analysis.
However, the authors of that study found a ‘halo sign’ in 81% of the
patients, whereas only 26.8% of patients had the sign in our study.
On the other hand, a recent study by Lortholary et al.® examining a
mixed patient population with 77.6% of patients suffering from a
hematological malignancy found nodules in the majority of
patients (81.3%) with IPA. However, nodules were again rarely
found in our study (16.8%). Moreover, we did not observe any
significant difference in the frequency of individual abnormalities,
including the frequency of non-specific infiltrates in patients with

and without neutropenia. Therefore, despite the multicenter
approach whereby CT evaluations were performed by local
radiologists, one of the explanations for the significant proportion
of non-specific findings could be the promptitude of HRCT usage in
patients with persistent fever or GM positivity, which has been
seen in the last few years due to better availability of this
technique. The median time from an HRCT scan to diagnosis of IA in
our study was 0 days. Thus, in daily clinical practice where early CT
scans are commonly performed and non-specific infiltrates are
more frequently seen, mycological examination of these non-
specific lesions for a differential diagnosis becomes very impor-
tant. This finding was very recently supported by others.'92°
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Our study also demonstrated the essential role of GM testing for
the diagnosis of IA.2! Since the vast majority of cases represented
probable IA and the sensitivity of culture and/or cytology was very
limited, the diagnosis of probable IA was typically made using a
combination of pulmonary abnormalities on lung HRCT and
positivity of a GM assay with serum and/or BAL fluid. In addition,
the high rate of positive results of the GM assay in serum (79.1%)
and BAL fluid (78.8%) was similar or higher than in a recently
published series of hematological patients.*522

This multicenter study also found that the routine use of regular
and frequent (2-3/week) GM screening is widely used at all
hematology centers in both countries and seems common in the
countries of Europe,*® but is less frequent or limited in others
countries,® including the USA.? Therefore, GM screening was often
used in place of invasive procedures for the differential diagnosis of
pulmonary infiltrates. In a study by Perkhofer et al.® conducted in
Austria, 34% of the patients with invasive mold infections had a
biopsy performed, whereas only 9.6% of the patients in our study
required a biopsy for final diagnosis. The authors of that study
recommend performing biopsies in these patients due to the high
frequency of invasive zygomycosis. However, the high rate of
positive results of the GM assay (serum and/or BAL) in our study
could limit biopsies to only GM-negative infiltrates that are very
likely to be of IFD origin. Another reason for performing a biopsy
given by Perkhofer et al. is the requirement for culture verification
of the infection due to the high frequency of A. terreus cases;
A. terreus is resistant to amphotericin B.%?3 However, in our study,
A. fumigatus was still the predominant species, and non-fumigatus
Aspergillus species were very rare, with A. terreus isolated in only
one case from our large multicenter series. Finally, the importance
of GM detection for the diagnosis of IA in daily clinical practice was
demonstrated based on the investigator’s questionnaire, which is
part of our database (data not shown). In 60.2% of IA episodes,
investigators subjectively marked the GM assay result as the
criterion on which the IA diagnosis was mainly based, followed by
HRCT in 18.8% of episodes and histology in 10.2% of episodes.
However, when discussing GM assay results, the possible
limitation of the test (extensively reviewed in the last European
Conference on Infections in Leukemia (ECIL-3) recommenda-
tions?*) given by the risk of lower sensitivity (e.g., caused by
administration of mold-active antifungal drugs) or by false-
positive results must always be taken into account.

Regardless of recently published and generally accepted
guidelines,?®> 26.3% of patients with IA in our database received
a combination antifungal treatment, which was mainly a
combination of voriconazole and echinocandin, as an initial
therapy of IA. This finding, which has also been reported in other
registries,>?% reflects the real-life situation, where the treating
physician intends to maximize the efficacy of antifungal treatment
in this group of highly immunocompromised and frequently
critically ill patients, not only at the time when the initial
treatment fails, but ideally at the start of therapy. However,
regardless of promising results from in vitro*’?® and animal
studies,?® there is limited evidence for such an approach in the
salvage setting,3%3! and more in the initial treatment>2>3 of IA in
the literature. Although our study was retrospective and not
randomized, we did not find any difference in the efficacy of
voriconazole monotherapy compared to the combination of this
azole with echinocandin when used as an initial or salvage therapy.
The number of patients with neutropenia (<1.0 x 10%/1) and the
length of therapy were not different between treatment groups.
However, we did not collect information about performance status,
and therefore we cannot exclude the possibility that patients with
a severe clinical condition did not preferentially receive a
combination therapy, at least during the initial treatment.
Therefore, in order to finally resolve this issue, we should await

the results of randomized studies comparing both of these
approaches that are currently being conducted.

Finally, even with the availability of new antifungal therapies, a
large number of patients still fail. Therefore, the actual immuno-
deficiency status of each patient will play a crucial role in the
treatment outcome. Although neutropenia was the most frequent
risk factor found for the development of IA, the neutrophil level, in
addition to the antifungal therapy used for treatment, would have
an impact on patient prognosis.>* Cordonnier et al. found no
impact of neutropenia on patient prognosis at the time of IA
diagnosis.>> Similarly, in our analysis we did not find any
significant role of neutrophil count at the start of antifungal
therapy on the efficacy of antifungal treatment (primary as well as
salvage). However, similar to data presented by Pagano et al.?
which showed that acute myeloid leukemia patients with IA had a
higher response rate when they had neutropenic recovery, we
found a statistically significant increase in the response rate when
the neutrophil count measured at the end of antifungal therapy
had increased, regardless of the antifungal drug used for treatment.
However, our sub-analysis found this crucial role of neutrophil
count at the end of treatment was significant for primary therapy,
but was not significant for salvage treatment, which was most
likely due to the limited number of patients undergoing salvage
therapy. An increase in neutrophil count greater than 1.0 x 10°/
during initial therapy was related to a complete and partial
response, while patients with progression remained neutropenic.
However, we found that the outcome of therapy in patients
receiving a second-line treatment may be dependent on factors
other than the development of neutrophil count during or at the
end of therapy, such as the presence of graft-versus-host disease,
persistent corticosteroid use, or hepatic insufficiency.>*

In conclusion, IA is a life-threatening condition and the most
frequent IFD in patients with hematological malignancies that
requires rapid and specific diagnostics. Lung HRCT with high
sensitivity allows for the detection of pulmonary abnormalities;
however, these scans are often very non-specific. Therefore, the
combination of HRCT with routine and regular screening of GM in
serum and/or BAL fluid provides a better differential and rapid
diagnosis of IA in this group of immunocompromised patients.
While we do not have data that clearly support the benefit of
combination antifungal treatment, we have clearly shown that the
development of neutrophil count during IA treatment will be a key
factor that will determine the treatment response regardless of the
antifungal drug or strategy used.
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an aspergillus brain abscess. The patient was treated with combined antifungal therapy using
amphotericin B local instillation, prolonged systemic amphotericin B colloidal dispersion along
with vinca alkaloids-containing chemotherapy, followed by neurosurgical débridement and oral
voriconazole in the setting of ongoing antileukemic maintenance chemotherapy. Her ALL remains
now in complete remission 30 months from diagnosis, with no evidence of fungal infection.

Keywords acute leukemia, CNS aspergillosis, liver failure, treatment

Invasive aspergillosis remains an increasingly common complication in
severely immunocompromised patients [1, 2]. Mortality rate for patients
with CNS involvement reaches over 90% despite multimodal therapy [3, 4].
As a result, only a few sporadic cases have been reported in the literature.
Even though recent reports suggest improved outcome for patients treated
with voriconazole [5], optimal treatment for invasive aspergillosis remains
elusive [6] and pediatric dosing of voriconazole is still being worked out [7].

Here we report on a girl who experienced successful eradication of an
aspergillus brain abscess following protracted combined antifungal therapy
and MRI-guided and open neurosurgical interventions in the setting of on-
going intensive antileukemic chemotherapy.

CASE REPORT

A normally developing, charming girl, attending senior high school,
was known since age 12 years to have slightly elevated total bilirubin (up to
40 pumol/L) and borderline transaminases with no clinical symptoms. No
special investigations had been performed for that condition. Her other
history was uneventful. Being 16 years old, she had received hepatitis B
vaccination. One week following her second Engerix B dose she was diag-
nosed with B precursor cell acute lymphoblastic leukemia (ALL), with total
bilirubin 125 pmol/L, ALT 16 ukat/L, AST 13.7 ukat/L. Her cerebrospinal
fluid was clear of any blasts or signs of inflammation. Molecular and
cytogenetic analysis identified complex chromosomal changes as adverse
prognostic factor [8].

She was put on treatment according to I-BFM ALL 2002 protocol, which
is modified original ALL BFM protocol [9]. The patient experienced rapid
blast cell clearance, reaching hematological complete remission (CR) on
day 15, with significant drop of bilirubin and ALT levels to less than 1/3
of initial values. While in hematological CR, she started therapy with re-
combinant erythropoietin beta. After day 25 of the protocol, her condition
began to deteriorate again. Total bilirubin rose to 528 umol/L, conjugated
488 umol/L, and chemotherapy had to be interrupted on day 30. The ra-
dionuclide hepatobiliary iminodiacetic acid (HIDA) scan revealed primary
liver impairment, with functional loss of 70%. She was put on ICU and
complex supportive therapy (including the maximum allowable dose of N-
acetylcysteine—300 mg/kg/day) led to gradual improved of her condition,
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allowing chemotherapy to be continued after 12 days. At the end ofinduction
therapy she developed second episode of febrile neutropenia, with severe
mucositis, and striking, painful severe Peripheral neuropathy (both mucos;-
tis and neuropathia National Cancer Institute-Common Toxicity Criteria
grade 4). No infectious agent was identified in blood and surveillance cul-

tibiotic therapy called for addition of conventional amphotericin B, at the
dose 0.8 mg/kg/ day. Within 2 days on conventional amphotericin B therapy
there was a drop in her CRP levels, and the pattern of fever was improved
with less common fever spikes. .

At this time we observe barefaced, gross, frontal behavior, followed by
qualitative and quantitative changes in her consciousness, CT and MRI re-
vealed a Space-occupying lesion in her frontal lobes, crossing the midline,
44 x 36 x 38 mm, reaching lateral ventricles, with postcontrast ring enhance-
ment. CSF examination did not help in differential diagnosis. Empirical ther-
apy with amphotericin B colloidal dispersion (ABCD) was initiated at a dose
of 6 mg/kg/day [9]. Neurosurgeons considered primary open surgery to be
too risky, so following 12 days of such therapy, an MRI-guided stereotactic
biopsy was carried out. Histopatology with Gimori methamine silver (GMS)
stain showed septated hyphae with sharp angles, consistent with Aspergillus

local instillation of cAmpho B intracavitary, 10 mg/dose q8h, for 10 days was
added. Local treatment was well tolerated, with no serious or attributable
adverse events. Liver biopsy was performed during the same procedure and
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FIGURE 2 Bilirubin, ALT and AST time profiles during treatment course.

revealed chronic, active steatohepatitis, with no evidence of fungal infection
and did not help to identify the cause of liver failure. An attempt to add
voriconazole to the treatment scheme led to significant drop of renal clear-
ance and rise of ALT, AST, and bilirubin levels, with return to baseline levels
after voriconazole withdrawal. Thus, ABCD was continued daily until day
100 and then on every other day for almost 1 year, with daily administration
during febrile neutropenia episodes. Chemotherapy was restarted after 42
days of delay during induction. Serial brain MRI showed significant healing
and continuing regression of the abscess cavity, despite ongoing intensive
chemotherapy courses.

Nine months after the brain lesion diagnosis she underwent successful
open neurosurgical removal of the residual lesion. Histhopathology con-
firmed chronic mycotic abscess: fragmented and partially lysed septated hy-
phae, with sharp angles, were present centrally, surrounded by demarcating
granulomatous resorptive reaction. No fruiting bodies were present. There
was gliosis and macrophages filled with debris at the periphery. Because of
the fragmentation and lysis of the hyphae, absence of fruiting bodies, and
the intensity of the resorptive reaction, the overall downward trend in the
biokinetics of the mycosis was obvious. Antimycotic treatment with ABCD was
discontinued 3 months after open neurosurgery. During maintenance oral
chemotherapy patient developed 3 episodes of febrile neutropenia (fever
of unknown origin), where only the empirical addition of voriconazole has
led to defervescence of fever. Her leukemia remains in remission 30 months
from diagnosis and she has no evidence of residual aspergillosis. She is
attending high school. Her bilirubin levels are about 20-25 wmol/L, with
transaminases, urea, and creatinine levels within normal limits. Total cumu-
lative dose of ABCD was 2.3 g/kg and voriconazole 0.9 g/kg. The course of
the disease, including lab parameters and treatment given, is summarized in
Figure 2.
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DISCUSSION

Brain abscess due to invasive Aspergillus spp. is a rare and devastating in-
fection and successful treatment of pediatric patients has been infrequently
described in literature [10]. Major risk factor for invasive aspergillosis is
persistent and profound neutropenia, typically encountered in children
receiving intensive cytotoxic chemotherapy for leukemias, lymphomas,
and bone marrow transplantation. Disseminated aspergillosis in granulocy-
topenic and corticosteroid-treated patients is usually an ominous complica-
tion of pulmonary infection. The CNS is the most common target organ of
hematogenous disseminated aspergillosis. Manifestations of CNS aspergillo-
sis include focal seizures, hemiparesis, and cranial nerve palsies [11]. How-
ever, evidence of coexisting lung infection was documented only in 30-48%
cases of aspergillus cerebral abscess [4]. In our patient there was no radi-
ological or microbiological evidence (from tracheal secretion) supporting
the diagnosis of pulmonary aspergillosis. Open lung biopsy, or bronchoalve-
olar lavage would have probably solved the question, but in the absence of
radiological pulmonary lesion it would not change the treatment, so those
investigations were not performed.

The prognosis of aspergillus cerebral abscess is generally poor, regardless
of therapy [3, 4]. In selected cases success was attributed to prolonged anti-
fungal therapy using adequate drug dosing [3, 12]. Recent reports suggest
improved survival with voriconazole [5].

Voriconazole isa new triazole with broad-spectrum activity against various
yeasts and molds, including aspergillus species. Its ability to treat invasive
aspergillosis and reduce associated mortality has been demonstrated in large
randomized trials [13-15].

However, the need to continue antileukemic therapy with vinca alka-
loids, especially in the setting of a child with liver failure, made the choice
more complicated, as voriconazole inhibits the cytochrome P450 isoenzymes
CY3A4, CYP2C9, and CYP2C19, hence a high risk of potentially serious drug

. interactions [16].

Another issue is that pediatric dosing of voriconazole still being worked
out [7]. However, optimal dosing of amphotericin B lipid formulations
(mainly amphotericin B lipid complex and amphotericin B colloid disper-
sion) remains a matter of ongoing studies as well [9, 17, 18]. As liposomal
amphotericin B (AmBisome) is not licensed in The Czech Republic, and
taking into consideration preexisting liver impairment, expected duration
of the treatment, and size of the particle, ABCD was chosen as agent of
choice.

Regarding etiology of the acute liver failure, we can only speculate, as
even the open biopsy failed to bring the diagnostic clue. Asymptomatic hered-
itary lesions (e.g., Gilbert syndrome) might be considered, together with
leukemic liver infiltration and superposition of hepatotoxic chemotherapy.
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As the galactomannan detection and DNA sequence detection became
available for her only during the ongoing treatment, results are not discussed
here.

Recent studies firmly establish erythropoietin (EPO) as a multifunc-
tional molecule, with neuroprotective properties [19]. The extent of EPO
contribution to excellent neurological and neurocognitive recovery of our
patient remains speculative.

We believe that clinical, radiological, and histological picture in our pa-
tient was most consistent with presumptive Aspergillus spp. infection. Other
fungal organisms may also invade the body, but Aspergillus spp. are the only
nonyeast, nonzygomycete that grow in deep tissue. Its characteristic brush-
like appearance, together with nonsegmental elongated conidiophores, or
stock, as well as the clinical response to amphotericin B distinguishes it from
other species such as Penicillium. Although we were unable to culture As-
pergillus spp. (which is common phenomenon in Aspergillus infection), the
histological findings in our patient are very unlikely to represent any other
fungal species.

What we can learn the following from this case:

1. Life-threatening fungal infection may occur early during induction treat-
ment. MR-guided biopsy of suspected brain lesion may provide accurate
tissue diagnosis and is feasible even in sick leukemia patients during re-

mission induction and allows for intralesional local instillation of drugs
needed.

2. Prolonged combined or sequential antifungal therapy is feasible in the
setting of ongoing curative antileukemic treatment complicated with
acute, fulminant, liver failure.

3. Renal toxicity of long-term amphotericin B lipid formulations together
with vigorous hydration is clinically acceptable and allows for prolonged,

effective antifungal therapy, even together with nephrotoxic chemother-
apy and antibiotics.
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Summary: Invasive fungal infections are serious complications of
cancer therapy. We present a case report of a 12-year-old boy diag-
nosed with abdominal non-Hodgkin lymphoma and fecal and
Candida peritonitis during induction chemotherapy. The invasive
mycosis was managed using a combined approach of systemic
antifungal agents including efungumab and surgical interventions.
Efungumab, a recombinant antibody that inhibits extracellular
heat shock protein 90, was used in combination with amphotericin B
colloid dispersion after the failure of standard approaches.

Key Words: Candida peritonitis, child cancer, efungumab
(J Pediatr Hematol Oncol 2010;32:128-130)

Invasive fungal infections (IFIs) are significant cause
of morbidity and mortality in immunocompromised
patients. The incidence of IFIs in the population of hemato-
logy and oncology patients is increasing, even in non-
transplant setting. For example, an 11-year review of over
1000 patients treated at a single hospital in the US showed a
linear increase in IFI incidence from 2.9% in 1996 to 7.8%
in 2001.! Candida and Aspergillus strains continue to be
the main sources of infection, but an increase in IFIs caused
by zygomycetes has been observed.? The most important
risk factors for invasive candidiasis (IC) include hemato-
logic malignancy, treatment with steroids and glyco-
peptides, prolonged neutropenia, graft-versus host disease,
and hyperglycemia. Early and reliable diagnosis remains a
problem for all TFTs.

Despite the use of aggressive systemic antifungal
treatment, the mortality rate in patients with IC is signifi-
cant. A systematic review of case-control studies reported
mortality rates attributable to candidaemia ranging from
5% in a US intensive care unit to 71% in liver-transplant
recipients.’ Liposomal amphotericin B and caspofungin
remain the gold standard for empirical therapy of neutro-
penic patients,*”’ but azole antifungals (fluconazole and
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itraconazole) or other echocandines are frequently used
in confirmed cases of patients with candidiasis where
in-vitro sensitivity was detected.® However, intensive anti-
fungal therapy may interfere significantly with anti-tumor
treatment, which may lead to treatment interruption
and an increased risk of cancer recurrence. Efungumab is
a recombinant human antibody against heat-shock protein

90 (HSP90).° It has demonstrated significant efficacy

against IC in combination with liposomal amphotericin B
therapy.10

In the following case report, we present our experi-
ence with life threatening Candida peritonitis in a child
with abdominal non-Hodgkin lymphoma achieving clinical
control only after initiating efungumab.

CASE REPORT

At the April 2006, after several weeks of digestive problems,
a 12-year-old male patient with mild anemia (hemoglobin, 9.3
g/dL), white blood cell count of 12 x 10%/uL, and platelet count of
453 x 103/uL, was diagnosed with a bulky abdominal tumor
infiltrating intestinal loops and the mesentery (Fig. 1).

Abdominal surgery showed unresectable tumor and mesen-
terial lymph node biopsy revealed non-Hodgkin diffuse large B-cell
lymphoma. Iliac crest bone marrow biopsy showed no lymphoma
cells and cerebrospinal fluid was free of blasts as well. As radiologic
studies (including positron emission tomography) did not find any
other lymphoma location, the mass in abdomen was the only
diseased site (stage III).

Treatment was started with oral dexamethasone 10 mg/m?/d
for 10 days, low-dose cyclophosphamide 200 mg/m2/d for 2 days,
and a single shot of intrathecal cytarabine 30 mg+ methotrexate
12mg in accordance with the pre-phase of the Non-Hodgkin
Lymphoma Berlin-Frankfurt-Munchen 95 Protocol'! (May 2, 2006

FIGURE 1. Tumor growing among intestinal loops (computed
tomography scan).
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Successful Treatment of Severe Candida Peritonitis

TABLE 1. Time Graph (Weekly) of Clinical and Laboratory Events
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ABCD indicates amphotericin B colloid dispersion; C. albi.
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; CRP, C-reactive protein; PO, orally.

to May 12, 2009). The patient’s condition began to deteriorate and
we could not proceed with further chemotherapy. Radiography
ruled out lymphoma progression and suggested multiple perfora-
tions of the intestine. Emergency surgical revision of the abdominal
cavity led to suture of the 2 perforations on the terminal ileum and
the installation of drain due to stercoral peritonitis.

Antibiotics (meropenem, vancomycin, and metronidazole
at standard recommended doses) were given in combination. After
a short period of improvement, the patient’s condition deteriorated
again. Cultures from the abdominal drain were positive for
Candida albicans, and serum levels of mannan and antimannan
were elevated (Table 1). Despite systemic anifungals including
amphotericin B colloid dispersion (ABCD) empirically, followed
by caspofungin+fluconazole after cultures came positive for
Candida species, the patient’s overall condition continued to
deteriorate. Surgical revision of the distal ileum found other
spontaneous multiple perforations there, this time with numerous
intra-abdominal abscesses. The resected terminal ileum showed
diffuse fungal peritoneal abscesses with the evidence of nonbranch-
ing pseudohyphae and Candida blastocysts in each of biopsy sites
and no lymphoma infiltrates-present.

The abscess cavity in the pelvis was also washed out with
fluconazole solution (100 mg twice a day). Karnofsky performance
status of our patient was not more than 20% to 30% with
continuing deterioration. We then ceased caspofungin treatment
and administered efungumab 1mgfkg twice daily for 10 days in
combination with ABCD, as the standard antimycotic therapy was
felt to be a failure. The fever gradually subsided and after 5 days of
efungumab and ABCD combination therapy, culture samples of
Candida were negative and the levels of mannan and antimannan
in the serum had declined (Table 1). Progressive clinical improve-
ment could be seen from day 2 of efungumab treatment, and
gastrointestinal function improved markedly—body weight decline
ceased.

The patient was discharged from hospital 4 weeks after the
efungumab commencement with oral fluconazole maintenance
therapy. Follow-up cultures confirmed complete clearance of
Candida. Complete remission of the abdominal non-Hodgkin

© 2010 Lippincott Williams & Wilkins

lymphoma was achieved within the BFM 95 pre-phase treatment
only and despite the 27 weeks of gap, when no chemotherapy
was given. On October 2, 2006, we started with single course
of R-COP (according to Children’s Oncology Group protocol
ANHL0221), consisting of rituximab 375 mg/m? intravenously (IV)
on days 1 to 3, cyclophosphamide 600mg/m? IV on day 1, and
prednisone 1mg/kg orally on days 1 to 5. We continued with
reduced and modified protocol NHL-BFM 04, R2 (2 x A4 and
2 x B4). Modified course A4: dexamethasone 10mg/m? on days 1
to 5, vincristine 1.5mg/m? on day 1, methotrexate 2 g/m> during
24 hours infusion (originally 1 g/m? during 4 h infusion), ifosfamide
400mg/m? on days 1 to 5 (50% reduction), cytarabin (ARA-C)
150mg/m? IV on day 4 and 5 not given, and etoposide (VP-16)
100mg/m? IV days 4 and 5 not given as well. Inthrathecal
installation of 12mg of methotrexate + cytarabin 30 mg + predni-
solone 10mg on day 2.

Modified course B4: doses for dexamethasone, vincristine,
methotrexate, and intrathecal chemotherapy in doses copying
modified course A4, cyclophosphamide 200 mg/m? IV on days 1 to
5 and doxorubicine 25mg/m? IV on days 4 to 5. A year later
(October 2007), we did not find any evidence of-tumor recurrence — —
or reactivation of mycosis and maintenance antimycotic therapy

*(oral fluconazole) was discontinued. At the last follow-up (event

free survival 40 mo), the patient’s Karnofsky performance status was
100% and there was no evidence of either lymphoma or mycosis.

DISCUSSION

Our patient presented with a combination of IFI
risk factors: hematologic malignancy, chemotherapy, ste-
roid treatment, and previous exposure to broad-spectrum
of antibjotics. The localization of lymphoma infiltrates
contributed to the malfunction of intestine and fungal
colonization. Subsequent perforations of affected terminal
ileum with diffuse stercoral and candidal peritonitis colored
the clinical picture into severe, life-threatening situa-
tion, which was not successfully managed with standard
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antimycotic therapy and repeated surgical interventions.
Addition of efungumab to ABCD induced an apparent and
sustained improvement of the patient’s clinical condition
and did not worsen the toxicity profile of ABCD.

Efungumab is a recombinant polyhistidine-tagged
human monoclonal antibody fragment with specificity for
yeast HSP90 (NKILKVIRKNIVKK epitope of HSP90),
expressed by transformed Escherichia coli bacteria. Efun-
gumab was derived from HSP90 antibody cDNA from
patients recently recovered from IC and was developed for
treatment of systemic candidiasis. It consists of the antigen-
binding variable domains of antibody heavy and light-
chains linked and do not have an Fc component. In a
double-blind, randomized study, efungumab in combina-
tion with liposomal amphotericin B therapy demonstrated
significantly greater efficacy against IC than liposomal
amphotericin B monotherapy, and was well tolerated,!0
Our experience of using efungumab in a child with NHL
and severe invasive candidiasis is very favorable. This case
suggests that efungumab may be successfully used when the
course of treatment is complicated and the response to
standard therapy is unsatisfactory.

A possible additional antitumor effect of efungumab
observed has been reported in a group of female breast
cancer patients treated with efungumab for mycosis (NeuTec
Pharma Ltd, data on file, clinical trial NCTO00217815) (http://
www.clinicaltrial.gov/ct2/show/results/NCT00217815). In our
particular experience, remission of the lymphoma sustained
even if chemotherapy course was disrupted for critical 27
weeks after very short and mild, nonaggressive pre-phase.
Beside expected infectious activation of the immune system,
we speculate that a possible antitumoral effect of efungu-
mab could have played the role. Patient is in remission for
40 months.

Fungal (Candida) peritonitis is relatively rare; how-
ever, it should be considered as a differential diagnosis in
patients presenting with risk factors for IFI, especially when
they are colonized by Candida. HSP90 either alone or in
combination with other antifungals may be an attractive
adjunct to study for antifungal therapy in children with
cancer.
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Vinorelbine and continuous low-dose cyclophosphamide as
maintenance chemotherapy in patients with high-risk
rhabdomyosarcoma (RMS 2005): a multicentre, open-label,
randomised, phase 3 trial

Gianni Bisogno, Gian Luca De Salvo, Christophe Bergeron, Soledad Gallego Melcdn, Johannes H Merks, Anna Kelsey, Helene Martelli,
Veronique Minard-Colin, Daniel Orbach, Heidi Glosli, Julia Chisholm, Michela Casanova, llaria Zanetti, Christine Devalck, Myriam Ben-Arush,
Peter Mudry, Sima Ferman, Meriel Jenney*, Andrea Ferrari*, for the European paediatric Soft tissue sarcoma Study Group

Summary
Background For more than three decades, standard treatment for rhabdomyosarcoma in Europe has included
6 months of chemotherapy. The European paediatric Soft tissue sarcoma Study Group (EpSSG) aimed to investigate

whether prolonging treatment with maintenance chemotherapy would improve survival in patients with high.risk
rhabdomyosarcoma.

Methods RMS 2005 was a multicentre, open-label, randomised, controlled, phase 3 trial done at 102 hospitals in
14 countries. We included patients aged 6 months to 21 years with rhabdomyosarcoma who were considered to be at
high risk of relapse: those with non-metastatic incompletely resected embryonal rhabdomyosarcoma occurring at
unfavourable sites with unfavourable age (=10 years) or tumour size (>5 cm), or both; those with any non-metastatic
rhabdomyosarcoma with nodal involvement; and those with non-metastatic alveolar rhabdomyosarcoma but without
nodal involvement. Patients in remission after standard treatment (nine cycles of ifosfamide, vincristine, dactinomycin
with or without doxorubicin, and surgery or radiotherapy, or both) were randomly assigned (1:1) to stop treatment or
continue maintenance chemotherapy (six cycles of intravenous vinorelbine 25 mg/m2 on days 1, 8, and 15, and daily
oral cyclophosphamide 25 mg/m?, on days 1-28). Randomisation was done by use of a web-based system and was
stratified (block size of four) by enrolling country and risk subgroup. Neither investigators nor patients were masked
to treatment allocation. The primary outcome was disease-free survival in the intention-to-treat population. Secondary
outcomes were overall survival and toxicity. This trial is registered with EudraCT, number 2005-000217-35, and
ClinicalTrials.gov, number NCT00339118, and follow-up is ongoing.

Findings Between April 20, 2006, and Dec 21, 2016, 371 patients were enrolled and randomly assigned to the
two groups: 186 to stop treatment and 185 to receive maintenance chemotherapy. Median follow-up was 60-3 months
(IQR 32.4-89-4). In the intention-to-treat population, 5-year disease-free survival was 77-6% (95% CI 70-6-83-2)
with maintenance chemotherapy versus 69-8% (62-2-76-2) without maintenance chemotherapy (hazard ratio [HR]
0-68 [95% CI 0-45-1-02]; p=0-061), and 5-year overall survival was 86-5% (95% CI 80-2-90-9) with maintenance
chemotherapy versus 73 -7% (65-8-80-1) without (HR 0-52 [95% CI 0-32-0-86]; p=0-0097). Toxicity was manageable
in patients who received maintenance chemotherapy: 136 (75%) of 181 patients had grade 3—4 leucopenia, 148 (82%)
had grade 34 neutropenia, 19 (10%) had anaemia, two (1%) had thrombocytopenia, and 56 (31%) had an infection.
One (1%) patient had a grade 4 non-haematological toxicity (neurotoxicity). Two treatment-related serious adverse
events occurred: one case of inappropriate antidiuretic hormone secretion and one of a severe steppage gait with limb
pain, both of which resolved.

Interpretation Adding maintenance chemotherapy seems to improve survival for patients with high-risk
rhabdomyosarcoma. This approach will be the new standard of care for patients with high-risk rhabdomyosarcoma in
future EpSSG trials.

Funding Fondazione Citta della Speranza, Association Léon Berard Enfant Cancéreux, Clinical Research Hospital
Program (French Ministry of Health), and Cancer Research UK.

Copyright © 2019 Elsevier Ltd. All rights reserved.

Introduction

Rhabdomyosarcoma is the most common soft tissue
sarcoma in children and young adults. This form of
cancer is nonetheless rare, with an annual incidence of

four cases per million in individuals aged 0~19 years and
approximately 400 new cases each year in Europe!
Although rhabdomyosarcoma is regarded as a tumour
typical of paediatric age (with highest incidence before
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Research in context

Evidence before this study

We searched PubMed for all randomised trials published in
English between Jan 1, 1980, and Dec 1, 2018, involving
patients with rhabdomyosarcoma. We also searched for
published papers with the search terms "rhabdomyosarcoma”
and "maintenance”. We did not find any randomised trials
investigating the role of maintenance chemotherapy or the
duration of chemotherapy in rhabdomyosarcoma.

One non-randomised trial suggested that oral maintenance
chemotherapy is better than intravenous high-dose
chemotherapy in patients with metastatic rhabdomyosarcoma.

Added value of this study
To our knowledge, this study is the first randomised trial to
show some improvement in survival with maintenance

age 6 years), around 40% of all cases occur in adults.?
This aggressive tumour is thought to derive from
primitive mesenchymal cells committed to developing
into striated muscles, but an origin from endothelial
progenitors has also been suggested.’

Two main histotypes exist: the embryonal subtype,
which accounts for approximately 80% of all paediatric
rhabdomyosarcomas, and the more aggressive alveolar
subtype, which comprises 15-20% of cases and is
characterised by a chromosomal translocation involving
the fusion of the transcription factor genes FOXO1 and
either PAX3 or PAX7.

Survival of patients with non-metastatic rhabdo-
myosarcoma is around 70% with the risk-adapted
multimodal treatment strategy. This strategy has been
refined since the 1970s as a result of several studies
coordinated by international cooperative groups, the
largest being the Children’s Oncology Group (COG) in
the USA and the more recently founded European
paediatric Soft tissue sarcoma Study Group (EpSSG).*
These groups have adopted an alkylating agent
(ie, cyclophosphamide or ifosfamide) combined with
vincristine and dactinomycin, administered every
3 weeks for 6-10 months,* as the standard chemotherapy
regimen for patients with non-metastatic rhabdo-
myosarcoma. In a series of randomised trials done in
the past five decades, attempts to intensify this
chemotherapy regimen have not been successful in
improving outcomes. ™ These trials have shown that
most patients with rhabdomyosarcoma achieve complete
remission by the end of their treatment, which also
includes surgery, radiotherapy, or both. However, the
fact that up to one in three patients relapses within
5-9 months after the end of treatment™ suggests that
minimal residual active disease is escaping detection
through existing radiological methods and is resistant to
standard treatment, and thus remains an obstacle to
improving survival outcomes. This obstacle might be

www.thelancet.com/oncology Vol 20 November 2019

chemotherapy (six cycles of intravenous vinorelbine 25 mg/m*
on days 1, 8, and 15, and daily oral cyclophosphamide

25 mg/m® on days 1-28) for patients with rhabdomyosarcoma.
Maintenance chemotherapy administered to patients with
high-risk rhabdomyosarcoma in complete remission after
standard chemotherapy improved overall survival and was well
tolerated. However, the improvement in disease-free survival
was not significant.

Implications of all the available evidence

Maintenance chemotherapy improves survival for patients
with high-risk rhabdomyosarcoma and will be further
investigated in future European paediatric Soft tissue
sarcoma Study Group (EpSSG) trials as the new standard of
care for this subgroup.

overcome by introducing new, more effective drugs or
adopting new strategies, or through a combination of
these approaches.

When the RMS 2005 trial was planned, evidence was
available to suggest that vinorelbine is an effective drug
against relapsing rhabdomyosarcoma.* Some initial
claims had also been made that maintenance chemo-
therapy might be effective against rhabdomyosarcoma.®
After a pilot study confirmed the effectiveness of
vinorelbine combined with low-dose continuous cyclo-
phosphamide,” the EpSSG included this novel regimen
in the RMS 2005 study and aimed to investigate whether
prolonging treatment with a less intensive but continuous
chemotherapy regimen could improve outcomes in
patients with high-risk rhabdomyosarcoma.

Methods

Study design and participants

RMS 2005 was an investigator-initiated, prospective,
international, phase 3, randomised, controlled, open-
label trial done at 102 hospitals in 14 countries (Argentina,
Belgium, Brazil, Czech Republic, France, Ireland, Israel,
Italy, Norway, Switzerland, Slovenia, Spain, the
Netherlands, and the UK; appendix p 1).

After undergoing diagnostic work-up, each patient was
assigned to a specific risk group based on six prognostic
factors according to the EpSSG stratification system
(appendix p 7). The high-risk group comprised patients
with non-metastatic, incompletely resected, embryonal
rhabdomyosarcoma occurring at unfavourable sites, age
10 years or older or with a tumour size larger than 5 cm,
or both; those with any non-metastatic embryonal
rhabdomyosarcoma with nodal involvement; or those
with any non-metastatic alveolar rhabdomyosarcoma
without nodal involvement. Patients in the low-risk,
standard-risk, and very-high-risk groups were not eligible
for this study and were treated according to specific
recommendations included in the RMS 2005 study.
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Patients in the high-risk group were eligible for
enrolment into two consecutive independent randomised
trials to investigate the benefit of early dose intensification
with doxorubicin and the value of maintenance chemo-
therapy for patients in complete remission after standard
therapy. The results of the first trial have been reported
elsewhere.” Patients were considered for the second trial
independently of whether or not they were included in
the first trial. The first trial was closed on Dec 17, 2013.
After this date, patients were eligible for enrolment into
the second trial only.

Eligibility criteria were age older than 6 months at the
time of randomisation to younger than 21 years at the
time of diagnosis, a pathologically confirmed diagnosis of
rhabdomyosarcoma, no evidence of metastatic lesions at
the time of diagnosis, no previous illness preventing
treatment, no previous malignancies, and no severe
vincristine-related neuropathy. Patients also had to be in
complete remission or with minimal abnormalities on
imaging studies at the end of the standard treatment.
These minimal radiological abnormalities were defined as
residual signs compatible with fibrosis (which would not
have prompted the clinician responsible for the patient to
defer stopping treatment). No central radiological review
was in place. Patients had to be randomly assigned within
8 weeks after the end of standard treatment, which was
defined as the last day of the ninth chemotherapy cycle,
the date of surgery, or the date of the end of radiotherapy if
done after the ninth cycle of chemotherapy.

Histopathological material had to be available for
central diagnostic review, although risk grouping
and randomisation were based on local assessments.
Molecular confirmation of the presence of a PAX-FOXO1
translocation was recommended but not mandatory for
alveolar subtyping, and was not always done. Patients
were removed from the study only if they withdrew
consent or did not comply with study procedures.

The trial was designed and overseen by a trial
management committee. An independent data monitor-
ing committee reviewed safety and efficacy during the
trial. The study was done in accordance with the
Declaration of Helsinki and good clinical practice
guidelines. All participating centres were required to
obtain written approval from their local authorities and
ethical committees, as well as written informed consent
from patients or their parents or legal guardians.

Randomisation and masking

Eligible patients were randomly assigned (1:1) to stop
treatment or continue with maintenance chemotherapy.
Randomisation was done with a web-based system
provided by CINECA (Bologna, Italy), a non-profit, inter-
university consortium. Patients were stratified in a block
size of four by enrolling country and high-risk subgroup
(E, F,and G, as described in the EpSSG risk classification,
appendix p 7). Neither investigators nor patients were
masked to treatment allocation.

Procedures

The diagnostic work-up comprised CT or MRI scans, or
both, of the primary tumour, chest CT scan, radionuclide
bone scan, bone marrow aspirates, and biopsy.
18F-fluorodeoxyglucose PET was optional. Primary
tumour resection was recommended only if a complete
resection was considered feasible without harming the
patient; otherwise, a biopsy was obtained to establish the
diagnosis.

Patients received nine cycles of the IVA chemotherapy
regimen: ifosfamide 3 g/m2 given as a 3 h intravenous
infusion with mesna (3 g/m?) and hydration on days 1
and 2; vincristine 1- 5 mg/m? given as a single intravenous
injection, weekly during the first 7 weeks then only
on day 1 of each cycle (maximum dose 2 mg); and
dactinomycin 1-5 mg/m? on day 1 given as a single
intravenous injection (maximum dose 2 mg). From
Oct 1, 2005, to Dec 17, 2013, patients were invited to
participate in the randomised trial comparing standard
IVA with IVADo (IVA plus doxorubicin 30 mg/m? on
days 1 and 2 in the initial four cycles of chemotherapy).”
After the trial closed on Dec 17, 2013, the trial management
committee recommended treating patients with high-risk
rhabdomyosarcoma with nine cycles of IVA (ie, the
standard treatment). Local treatment of the primary
tumour—including surgery, radiotherapy, or both—was
planned after assessing tumour response at week 9, and
was implemented at week 13. When a residual mass was
identified, surgical resection was encouraged if free
margins were achievable without organ or functional
impairment. Marginal resection at sites where complete
resection was deemed unfeasible was acceptable,
provided it was always followed by radiotherapy.

Radiotherapy was the only possible local treatment for
patients not able to undergo to secondary surgery
because of the tumour’s location (eg, parameningeal
rhabdomyosarcoma). Radiotherapy doses varied from
41:4 Gy to 50-4 Gy, depending on tumour histology,
response to chemotherapy, and surgical outcome. A
boost of 5-4 Gy to the residual tumour was recommended
for large tumours responding poorly to chemotherapy.

After the ninth cycle of chemotherapy, a full assessment
of the tumour was done and patients meeting eligibility
criteria were invited to participate in the maintenance
chemotherapy trial. Patients were randomly assigned
(1:1) to either stop treatment or continue with six 4-week
cycles of intravenous vinorelbine 25 mg/m? on
days 1, 8, and 15 and oral cyclophosphamide 25 mg/m?
per day given continuously for 24 weeks. This treatment
was given on an outpatient basis. In the event of neutro-
penia (<1x10° neutrophils per L) or thrombocytopenia
(<80x 109 platelets per L), or both, during the maintenance
therapy phase, cyclophosphamide was stopped until the
cell counts recovered, and the third dose of vinorelbine in
the subsequent course also withheld if necessary.

If further haematological toxicity occurred, the dose of
vinorelbine was reduced to 66% of the full dose on
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670 patients with high-risk rhabdomyosarcoma
assessed for eligibility

299 excluded
- 145 did not meet inclusion criteria®
120 declined to participate

34 other reasonst

h 4

| 371 enrolled and randomly assigned

v

‘ | 186 assigned to stop treatment |-

1did not stop treatment
- (complete remission uncertain) ==

185 stopped treatment

54 events (42 deaths)

37 locoregional relapse
_— 6 locoregional and metastatic relapse ..
10 metastatic relapse i

1secondary tumourt

h 4

186 included in intention-to-treat population and e
185 in per-protacol population

v

J 185 assigned to maintenance chemotherapy | It

3 did not start maintenance
—»  chemotherapy because of parents’
refusal after randomisation

4
182 started maintenance chemotherapy |

16 discontinued treatment
7 parents’ refusal
_— & recurrence of disease .
3 toxicity

40 events (24 deaths)

26 locoregional relapse
| 3 locoregional and metastatic relapse |-~}
10 metastatic relapse

1 suicide

h 4

185 included in intention-to-treat papulation and
182 in per-protocol population

Figure 1: Trial profile

*Nine patients were aged older than 21 years at diagnosis, 81 were not in complete remission at the end of standard treat ment, 18 had vincristine neuropathy, and in
37 the interval between the end of treatment and the evaluation for the second randomisation was longer than 8 weeks. 127 exclusions were due to the physician's
decision, one due to the patient’s condition, and six due to organisational reasons. $High-grade glioma.

days 1 and 8 (and the third dose omitted), to minimise
interruptions in treatment.

Adverse events were monitored at least weekly, and
were assessed according to National Cancer Institute
Common Toxicity Criteria, version 3. All patients were
monitored for possible tumour relapse with CT or MRI
scans every 3 months during the first year, every 4 months
during the second and third year, and yearly in the fourth
and fifth year.

Outcomes

The primary outcome was disease-free survival, which
was assessed by the investigator at each centre and not
centrally reviewed, and was defined as the time from
randomisation to tumour relapse or death from any
cause or time of the latest follow-up in patients without
an event. Secondary outcomes were overall survival,
measured as the time from randomisation to death from

www.thelancet.com/oncology Vol 20 November 2019

any cause, or time to the latest follow-up in patients
without an event, and toxicity. Median follow-up time is
reported for patients who were alive at the time of data
cutoff.

Statistical analysis

The trial was originally designed to enrol 388 patients
and observe 200 events to detect an absolute increase in
3-year disease-free survival from 55% in patients
who stopped treatment to 67% in those receiving
maintenance chemotherapy. This difference would
correspond to a relative reduction in the proportion of
relapse of 33% in the maintenance treatment group,
with 80% statistical power and an alpha of 5% (two-sided
log-rank test). The sample size was calculated for a three-
step, group sequential design (two interim analyses plus
the final analysis) with an O’Brien-Fleming efficacy
boundary and the Harrington-Fleming-O’Brien process
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Stop Maintenance
treatment chemotherapy
group (n=186) group (n=185)
Age at diagnosis, years
=1 year 2 {1%) 11(6%)
>1-9 years 143 (77%) 136 (74%)
10-17 years 36 (19%) 34 (18%)
=18 years 5(3%) 4(2%)
Sex
Ferale 82 (44%) 80 (43%)
Male 104 (56%) 105 (57%)
Histology of rhabdomyosarcoma
Alveolar 62 (33%) 61(33%)
Botryoid 5(3%) 11(6%)
Embryonal 113 (61%) 109 (59%)
Not otherwise specified 4(2%) 2(1%)
Spindle cells or leiomiomatous 2(1%) 2(1%)
Pathology
Favourable 120 (65%) 122 (66%)
Unfavourable 66 (35%) 63 (34%)
Presence of FOX0 and PAX3 or PAX7 translocation
No 85 (46%) 102 (55%)
Yes 41 (22%) 43(23%)
Investigation not done 60 (32%) 40 (22%)
Post-surgical tumour staging (IRS)
Group I* 5(3%) 5(3%)
Group ll 20 (11%) 21(11%) |
Group Il 161 (86%) 159 (86%) |
Primary tumour invasiveness '
Ti: localised to the organ or tissue of 88 (47%) 72(39%)
origin |
T2: extending beyond the tissue or 97 (52%) 108 (58%) |
organ of origin |
Tx: insufficient information about 1(1%) 5(3%) {
the primary tumour |
(Table 1 continues in next column) |
—di - 1

of repeated testing of the alternative hypothesis at an
alpha level of 0-005 for futility monitoring. Since the
number of patients enrolled and the number of events
were lower than planned, on Dec 1, 2011, the independent
data monitoring committee recommended re-estimating
the sample size and extending the recruitment period,
reducing the hazard ratio to be detected to 0.5, and
increasing the statistical power to 87%. Based on these
assumptions, a new sample size of 370 patients and
79 events, and an interim analysis after observing 50% of
the events was planned. At the time of the planned
interim analysis in December, 2012, the independent
data monitoring committee recommended continuing
randomisation as planned. Accrual of patients ended on
Dec 21, 2016, and data collected up to Nov 2, 2017, were
analysed. The baseline characteristics of the treatment
groups were compared with the y2 test. Survival
probabilities were estimated according to the intention-
to-treat principle (ie, including patients in the group to

Stop Maintenance
treatment chemotherapy
group (n=186) group (n=185)

(Continued from previous column)

Tumour size

s5cm 61 (33%) 52 (28%)

=5cm 125 (67%) 130 (70%)

Not evaluable 3(2%)

Regional lymph node involvement

NO: no evidence of lymph node 154 (83%) 148 (Bow)

involvement

N1: evidence of regional lymph node 29 (16%) 31(17%)

involvement

Nx: no information about lymph 3(2%) 6(3%)

node involvement

Site of origin of primary tumour

Orbit 7 (4%) 5(3%)

Head and neck non-paramenigeal 11 {6%) 14 (8%)

Parameningeal 56 (30%) 64 (35%)

Bladder prostate 25(13%) 27 (15%)

Genitourinary non-bladder prostate 5(3%) 7 (4%)

Extremities 36 (19%) 27 (15%)

Other sites 46 (25 %) 41(22%)

Subgroup risk

E 91 (49%) 91 (49%)

£ 29 (16%) 31 (17%)

G 66 (35%) 63 (34%)
Data are n (%). IRS=Intergroup Rhabdomyosarcoma Studies. *All IRS group |
patients had alveolar histology.

Table 1: Clinical characteristics of randomised patients by treatment
group

which they were assigned, whether or not they actually
received the allocated treatment), by use of the
Kaplan-Meier method and the two-sided stratified log-
rank test, adjusting for the stratification factors at
randomisation to compare the treatment groups at a
significance level of 5%. A sensitivity analysis was done
for the primary and secondary outcomes in the per-
protocol population (ie, eligible patients who received
the allocated treatment). 5-year disease-free survival and
overall survival were reported with 95% Cls, calculated
with Greenwood’'s method. Hazard ratios (HRs) were
estimated with Cox’s regression models, adjusted for
stratification factors at randomisation, and 95% CIs
were calculated according to Wald’s method. The pro-
portional hazards assumption was assessed with the
score test based on scaled Schoenfeld residuals and was
met (p=0-0793). Cox's regression models for disease-
free survival and overall survival were estimated to
examine possible interactions between treatment
efficacy and clinical subgroups. For post-hoc subgroup
analyses, no adjustments were made for multiplicity and
so these analyses should be interpreted as only being
descriptive. Patients who received at least one dose of
study treatment were included in the safety analysis,
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and toxicities were analysed according to the actual
treatment received. All analyses were done with SAS,
version 9.4.

This trial is registered with EUDRACT, number
2005-000217-35, and  ClinicalTrials.gov, number
NCT00339118.

Role of the funding source

EpSSG designed and coordinated the trial. The funders
had no role in the design of the study, data collection,
data analysis, data interpretation, or writing of the report.
GB, 1Z, and GLDS had full access to the raw data and had
final responsibility for the decision to submit for
publication, on behalf of the EpSSG board members.

Results

Between April 20, 2006, and Dec 21, 2016, 670 patients
with characteristics of high-risk rhabdomyosarcoma
were assessed for eligibility and 371 eligible patients were
randomly assigned: 186 (50%) to stop treatment and
185 (50%) to receive maintenance chemotherapy
(figure 1). One patient continued with maintenance
chemotherapy despite being randomly assigned to stop
treatment because their physician was uncertain as to
whether the patient’s tumour was in complete remission.
Three children randomly assigned to the maintenance
treatment group did not start the treatment because of
parental refusal afterwards. All four patients were
included in the intention-to-treat analysis but were
excluded from the per-protocol analysis. Central
diagnostic review was done in 282 (76%) patients:
146 (79%) of those who stopped the treatment and
136 (74%) of those who received maintenance chemo-
therapy. Clinical characteristics of patients were well
balanced between the two groups (table 1) and were
similar to those of non-randomised patients (appendix
P 9). The interval from the end of treatment to random-
isation was reasonable and similar in the two groups:
median 29 days (IQR 17-42) in the group that stopped
treatment and 31 days (22-44) in the group that received
maintenance chemotherapy.

The treatment received before randomisation was
similar in the two groups: 227 (61%) patients received
IVA (120 in the maintenance chemotherapy group and
107 in the stop treatment group), and 144 (39%) received
IVADo (65 in the maintenance chemotherapy group and
79 in the stop treatment group). More patients received
IVA than IVADo because this was the regimen
recommended after the first trial was closed on
Dec 17, 2013. Complete data about treatment adherence
and toxicity were available for 181 (99%) of the 183 patients
who started maintenance chemotherapy (since we did a
per-protocol analysis of toxicity, we included one patient
who was randomly assigned to stop treatment but
received maintenance chemotherapy), which was com-
pleted by 165 (90%) of 183 patients. The median time
from randomisation to the end of maintenance
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Figure 2: Kaplan-Meier estimates of disease-free survival (A) and overall survival (B)

HR=hazard ratio.

chemotherapy was 5-75 months (IQR 5-45-5-98). Treat-
ment was interrupted at the request of parents in
seven children, because of disease recurrence in six,
and because of toxicity in three (neurotoxicity in two
[one grade 2 and one grade 3] and bone infection in one
[grade 3]). 144 (80%) of 181 patients had at least one cycle
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Stop Maintenance
treatment chemotherapy
group (n=186) group (n=185)

Data are nor n (%). *Died by suicide. tDied after second tumour (high-grade
glioma). One patient who died from a surgical complication and one who died
from H1N1 influenza are not reported here because these were not the first events,

Table 2: First events by randomised group

All events 54 40 |
Local relapse or regional lymph node 37 (69%) 26(65%)

relapse

Local or regional lymph node relapse 6 (11%) 3 (8%)

and metastasis

Metastases 10 (19%) 10 (25%)

Death 1* (2%) 1t (3%)

Nausea or vomiting 34 (19%) 1(1%)

Gastrointestinal 41(23%) 9 (5%)

Allergy 4(2%)
Dermatological 7 (4%) 1(1%)
Otherf 37 (20%) 1(1%)%

Data are n (%), Toxicity data were only available for 181 patients. *Bone infection
in one patient and pulmonary infection in two patients, {5teppage gait with limb
pain that completely resolved after 1 month. $Hypokalemia.

Table 3: Adverse events reported in 181 patients during maintenance
chemotherapy

Grade1-2  Grade3 Grade 4
Haematological toxicity
Anaemia 128 (71%) 16 (9%) 3(2%)
Leucopenia 26 (14%) 86 (48%)  50(28%)
Neutropenia 16 (9%) 66 (37%)  82(45%)
Thrombocytopenia 28 (16%) 1(1%) 1{1%)
Non-haematological toxicity
Cardiac 1(1%) -
| Infection 33(18%) 56 (31%)
| Fever and neutropenia 4(2%) 44 (24%)
Fever without neutropenia 26 (14%) 9 (5%) |
Other infection 3(2%) 3*(2%) “ |
Nephrotoxicity 14 (8%) 1(1%)
Neurology 21(12%) 2 (1%) 1(1%)t

modification: drug doses were reduced in accordance
with the recommendations of the protocol to deal with
neutropenia or thrombocytopenia in 74 (51%) patients;
reduced because of toxicity in 63 (44%), and reduced for
other reasons in seven (5%; appendix p 11).

At the time of data cutoff, the median follow-up
for patients who were still alive was 60-3 months
(IQR 32-4-89-4), so the 5-year results are reported here.
In the intention-to-treat population, 5-year disease-free
survival was 77-6% (95% CI 70-6-83 - 2) for patients who
received maintenance chemotherapy versus 69-8%
(62-2-76-2) for patients who stopped treatment
(HR 0-68 [95% CI 0:45-1-02]; p=0-061). 5-year overall
survival was 86-5% (95% CI 80-2-90.9) for patients
who received maintenance chemotherapy versus 73-7%

(65-8-80-1) for patients who stopped treatment
(HR 0-52 [95% CI 0-32-0-86]; p=0-0097; figure 2).
367 patients met the criteria for the per-protocol analysis.
S-year disease-free survival was 69-6% (95% CI
62:0-76-0) in the group given no further treatment and
77-8% (70-8-83-4) in the group given maintenance
chemotherapy (HR 0-67 [95% CI 0-44-1.01); p=0-053).
5-year overall survival was 73-5% (95% CI 65-6-79-9) in
the group given no further treatment and 86-3%
(79-9-90-8) in the group given maintenance chemo-
therapy (HR 0-53 [95% CI 0-32-0-87]; p=0-011).

94 (25%) of 371 patients had a relapse event, with local
and metastatic relapses similarly distributed in the two
groups (table 2). The median time to relapse calculated
from the randomisation date to the event was 6.9 months
(IQR 3.0-16-1) in the group given no further treatment
and 10-1 months (6-9-15-4) in the maintenance
chemotherapy group.

66 (189%) patients died: 42 (23%) of 186 in the group
given no further treatment and 24 (13%) of 185 in the
maintenance therapy group. All deaths were related to
tumour relapse except for two patients in the group given
no further treatment (one from a surgical complication
after a local relapse and one from suicide), and two in the
maintenance chemotherapy group (an infection with
HIN1 influenza after metastasis to the lung in one
patient and high-grade glioma occurring as a second
tumour 69-7 months after rhabdomyosarcoma in the
other patient).

A post-hoc exploratory subgroup analysis, taking into
account clinical variables known to be of prognostic
value—such as age at diagnosis, histological subtype,
primary tumour invasiveness, nodal involvement,
tumour size and site, and Intergroup Rhabdomyosarcoma
Studies group—showed no differences in any subgroup
of patients between the two groups (appendix p 12).

The randomised comparison between the IVA and the
IVADo regimens, which was part of the RMS 2005 study,
did not differ significantly in terms of disease-free survival
and overall survival between the two groups.” In a post-hoc
analysis, a possible interaction between the initial standard
chemotherapy (IVA or IVADo) and any subsequent
maintenance chemotherapy was ruled out with Cox’s
regression models, for both disease-free survival (p=0-54)
and overall survival (p=0-84; appendix p 13).

In view of the greater difference between the two groups
in overall survival than in disease-free survival, a post-hoc
analysis was done on the distribution of the characteristics
that might have a prognostic effect for patients with a
relapse: all variables were found to be well balanced
between the two groups (appendix p 14). We noted a
difference among countries in the number of patients
considered in complete remission at the end of standard
treatment and therefore eligible for the randomised
study (appendix page 8). This difference was more
evident in countries that enrolled a small number of
patients.
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Toxicity data are summarised in table 3. Grade 4
neutropenia was the most common adverse event,
occurring in 82 (45%) patients, and grade 3 infection was
reported in 56 (31%). 136 (75%) of 181 patients had
grade 3—4 leucopenia, 148 (82%) had grade 3—4
neutropenia, 19 (10%) had anaemia, and two (1%) had
thrombocytopenia. One patient (1%) had grade 4 non-
haematological toxicity (neurotoxicity). Two treatment-
related serious adverse events occurred: one patient had
inappropriate antidiuretic hormone secretion and the
other had a severe steppage gait with limb pain. Both
events were resolved but maintenance treatment was
permanently discontinued in the patient who had
inappropriate antidiuretic hormone secretion,

Discussion

The results of this international randomised trial show
that maintenance chemotherapy with vinorelbine and
low-dose oral cyclophosphamide after standard treatment
improves overall survival of patients with high-risk,
non-metastatic rhabdomyosarcoma. In three decades of
international cooperative trials,*" this randomised study
is, to the best of our knowledge, the first to show a
survival benefit related to an experimental chemotherapy
regimen.

The improvement in overall survival was significant
and clinically important, whereas the improvement in
disease-free survival—the primary endpoint—was not.
However, in the per-protocol analysis (in which only a
few patients were excluded in comparison with the
intention-to-treat analysis) both disease-free and overall
survival were significantly improved with maintenance
chemotherapy, thus lending support to the activity of this
regimen. Whether or not post-relapse treatment had any
effect on survival could not be verified, because patients
received different types of chemotherapy, with or with-
out radiotherapy or surgery, or both. Previous studies
identified factors that predict survival after relapse™ and
these factors were well balanced in our study population.
Maintenance chemotherapy might have led to selection
of patients in some way (eg, outcomes after late relapses
are reported to be better, and in our cohort the median
time to an event was 3 months later in patients randomly
assigned to maintenance chemotherapy than in those
assigned to stop treatment). Finally, the effectiveness of
maintenance chemotherapy in the experimental group is
also supported by the results of the per-protocol analysis,
which show a significant improvement in disease-free
survival in patients who received further treatment.

We were unable to identify subgroups of patients in
whom maintenance chemotherapy was more effective
and we ruled out any possible influence of previous
treatments.

A limitation of the study was the high proportion of
potentially eligible patients who were not randomly
assigned, mainly because of parents’ refusal. However,
not including these patients is unlikely to have influenced

www.thelancet.com/oncology Vol 20 November 2019

the results substantially because the characteristics of
non-randomised patients were similar to those of
randomised patients. The inability to achieve complete
tumour remission at the end of standard treatment,
based on radiology investigations, was another reason for
exclusion of several patients from this study. No central
radiological review was in place but national coordinators
were available to discuss difficult cases. We found some
differences among countries in the number of patients
not considered in complete remission, but randomisation
was stratified by enrolling countries, thus preventing
possible bias.

When the EpSSG RMS 2005 protocol was developed,
the idea of a possible effect of maintenance therapy was
based on sparse clinical evidence. The use of low-dose
chemotherapy to maintain remission is a key concept in
paediatric acute lymphoblastic leukaemia,” but such a
strategy has been rarely investigated in solid tumours. In
paediatric soft tissue sarcomas, the German Cooperative
Group used oral maintenance chemotherapy (trofos-
famide plus etoposide or idarubicin) as an alternative to
high-dose chemotherapy with stem-cell rescue after
standard therapy in children with metastatic disease.
Although the study had some major limitations (ie, it
was not randomised and the treatment was chosen at the
discretion of the physician), it did suggest a promising
role for maintenance chemotherapy.”

When the EpSSG RMS 2005 trial was developed,
the activity of vinorelbine as a single agent in rhab-
domyosarcoma had been documented in a single study,*
which was subsequently supported by a second study
showing 36% of patients achieving a response in
relapsing rhabdomyosarcoma.® Cyclophosphamide had
already been used successfully at low doses (2-5 mg/kg
per day for up to 2 years).” A potentially anti-angiogenic
and immunomodulatory effect has been suggested for
both vinca alkaloids and continuous low-dose cyclo-
phosphamide.”* Additionally, these two drugs were not
part of the initial chemotherapy regimen adopted in the
RMS 2005 study, making chemoresistance issues less
likely. All these reasons made this combination ideal as a
maintenance therapy in the RMS 2005 trial. Moreover,
before starting the trial, the new combination was tested
in a pilot study, which showed that it was well tolerated
and active.* This result was later confirmed by a larger
phase 2 study.®

Our trial shows the feasibility of delivering this drug
combination after standard chemotherapy. More than
90% of patients completed the treatment, although
80% required drug dose modification according to the
protocol guidelines to avoid excessive myelosuppression.
Although administration of cyclophosphamide should
not increase the risk related to the cumulative doses of
ifosfamide previously administered, the risk of long-
term toxicity remains to be established, particularly the
possibility of an increased risk of gonadal damage and
secondary malignancies.
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The observed improvement in overall survival could be
explained in many ways. Prolonging chemotherapy
might have improved survival in children with a small
amount of residual disease remaining at the end of
standard treatment. The optimal duration of chemo-
therapy for rhabdomyosarcoma has yet to be established.
The duration has gradually decreased over the years,
without apparently impairing the results of treatment.
For example, treatment duration was reduced from
2yearsto 1year from the IRS-I study to the IRS-1V study, ™
and most patients receive 42 weeks of treatment in
contemporary COG protocols. In Italian studies,
treatment duration was reduced from 52 weeks or
78 weeks (depending on the risk group) in the first study
to 22-37 weeks in the second, and 25 weeks in the third,
without jeopardising patient outcomes.” However, the
results of a retrospective analysis on extremity rhab-
domyosarcoma, pooling data from US and European
protocols, showed an improved outcome for patients
treated with longer periods of chemotherapy compared
with those who received a shorter duration of treatment.”
Other differences in treatment strategies used by the
various cooperative groups might, however, also account
for these results.

An alternative hypothesis to explain the improved
outcome for patients treated with maintenance therapy
might be the effectiveness of the drugs involved
(ie, vinorelbine and low-dose cyclophosphamide). In
previous studies, the proportion of patients achieving a
response to single-agent vinorelbine was similar to those
achieving a response to vinorelbine combined with low-
dose cyclophosphamide,*** o the additive effect of the
combination is unclear. But fully assessing the relative
contribution of each drug by comparing the results of
different studies is difficult. That said, the combined
regimen might have killed any residual tumour cells
resistant to the drugs administered during the standard
treatment. This benefit seemed to be more evident in
preventing locoregional rather than metastatic events.
Since locoregional relapse is the most frequent cause of
treatment failure and death, the effect of maintenance
treatment might have been more evident in this group of
patients.

When the RMS 2005 trial was started, the possibility of
adding the effect of a metronomic approach to the effect
of conventional chemotherapy was appealing. The
prolonged exposure of tumour cells to chemotherapy,
together with possible anti-angiogenic and immuno-
modulatory effects, are reportedly behind the mechanism
of action of drugs given continuously at low doses.*

Finally, the effectiveness of maintenance chemotherapy
could also relate to the compound effect of a longer
period of chemotherapy and the efficacy of the drugs
used in the maintenance phase.

In the RMS 2005 trial, the role of maintenance
chemotherapy was investigated in patients with high-risk
disease (according to the EpSSG definition) with no

evidence of an active residual tumour at the end of
standard treatment. Although additional maintenance
chemotherapy might not be considered necessary in
patients with low-risk or standard-risk rhabdomyo-
sarcoma, which has an excellent prognosis with standard
treatment, this new strategy might be of benefit for
children at higher risk of failure (ie, those with metastatic
disease at diagnosis).

Maintenance chemotherapy was designed by taking
into account the overall structure of the RMS 2005 trial
and we do not know whether or not this strategy could be
adopted for patients treated according to other protocols
with a longer treatment duration (eg, COG protocols).
This strategy might lead to an overall treatment duration
that is less acceptable to patients and additional concerns
about long-term toxicity. One option is to consider main-
tenance therapy in lieu of several more intense cycles of
chemotherapy, to minimise toxicity while maintaining
outcomes,

The role of maintenance therapy in the treatment of
rhabdomyosarcoma, and possibly of other paediatric
solid tumours, needs to be better elucidated. Further
studies have been planned by the EpSSG to investigate
the effectiveness of this strategy in patients with
metastatic disease, whose prognosis is still largely
unsatisfactory. The possible benefit of a longer duration
of the maintenance phase will also be addressed in a
randomised trial. Different drug combinations could also
be investigated, and the mechanism of action behind the
effect of maintenance therapies needs to be better
understood.

In conclusion, this study showed that maintenance
treatment with vinorelbine and low-dose oral cyclo-
phosphamide for patients with high-risk rhabdo-
myosarcoma in complete remission after standard
treatment improves overall survival and is safe and well
tolerated. This approach has now been adopted by the
EpSSG as the new standard of care for patients with
high-risk rhabdomyosarcoma.
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Fusion Status in Patients With Lymph Node-Positive (N1)
Alveolar Rhabdomyosarcoma Is a Powerful Predictor of
Prognosis: Experience of the European Paediatric Soft Tissue
Sarcoma Study Group (EpSSG)
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BACKGROUND: Alveolar rhabdomyosarcoma (aRMS) with lymph node involvement (N1 classification) accounts for up to 10% of all
cases of RMS. The prognosis is poor, and is comparable to that of distant metastatic disease. In the European Paediatric Soft Tissue
Sarcoma Study Group (EpSSG) RMS2005 protocol, patients with a histologic diagnosis of aRMS/N1 received intensified chemother-
apy with systematic locoregional treatment. METHODS: Patients with aRMS/N1 were enrolled prospectively after primary surgery/
biopsy and fusion status was assessed in tumor samples. All patients received 9 cycles of induction chemotherapy and 6 months of
maintenance therapy. Local treatment included radiotherapy to the primary site and lymph nodes with or without secondary surgical
resection. RESULTS: A total of 103 patients were enrolled. The clinical characteristics of the patients were predominantly unfavorable:
90% had macroscopic residual disease after initial surgery/biopsy, 63% had locally invasive tumors, 77% had a tumor measuring
>5cm, and 81% had disease at unfavorable sites. Fusion genes involving forkhead box protein O1 (FOXOT) were detected in 56 of 84
patients. Events occurred in 52 patients: 43 developed disease recurrence, 7 had disease that was refractory to treatment, and 2
patients developed second neoplasms. On univariate analysis, unfavorable disease site, tumor invasiveness, Intergroup Rhabdomyo-
sarcoma Study group lll, and fusion-positive status correlated with worse prognosis. The 5-year event-free survival rate of patients
with fusion-positive tumors was 43% compared with 74% in patients with fusion-negative tumors (P =.01). On multivariate analysis,
fusion positivity and tumor invasiveness proved to be unfavorable prognostic markers. CONCLUSIONS: Fusion status and tumor inva-
siveness appear to have a strong impact on prognosis in patients with aRMS/N1. Fusion status will be used to stratify these patients
in the next EpSSG RMS study, and treatment will be intensified in patients with fusion-positive tumors. Cancer 2018;124:3201-9.
© 2018 American Cancer Society

KEYWORDS: alveolar rhabdomyosarcoma, lymph node involvement, paired box (PAX)-forkhead box protein O1 (FOXOT) fusion, prog-
nostic factors, rhabdomyosarcoma.

INTRODUCTION

Rhabdomyosarcoma (RMS) is one of the most frequent extracranial solid tumors diagnosed in children and the most
common form of soft-tissue sarcoma diagnosed in children and young adults." The prognosis of patients with localized
RMS has improved considerably over time thanks to numerous clinical trials conducted by collaborative groups working
in North America (Children’s Oncology Group [COG]) and Europe (International Society of Pediatric Oncology
[SIOP] Malignant Mesenchymal Tumor Group [MMT], Italian Soft Tissue Sarcoma Committee [STSC], and German
Cooperative Soft Tissue Sarcoma Study Group [CWS]). The presence of disseminated disease at the time of diagnosis is
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the most powerful prognostic factor in RMS. Although
the probability of cure in pediatric patients with localized
disease is >70%, the prognosis of those with distant meta-
static disease remains poor.”® In patients with localized
disease, clinical and tumor characteristics have been used
to classify RMS into different risk categories and to deter-
mine treatment intensity. Unfavorable characteristics
include alveolar histology, invasive tumor (T2 classifica-
tion), tumor location, lymph node involvement, tumor

711 and constitute

size >5 cm, and patient age >10 years
the basis for the risk stratification system used in the
recent European Paediatric Soft Tissue Sarcoma Study
Group (EpSSG) RMS2005 study. Previous experience
has suggested that patients with alveolar RMS (aRMS)
and regional lymph node involvement represent a group
with a particularly poor prognosis.""

Approximately 70% of patients with aRMS present
with the fusion genes paired box 3 (PAX3)-forkhead box
protein O1 (FOXOI) or paired box 7 (PAX7)-FOXOI as a
consequence of the reciprocal chromosomal translocations
t(2;13)(q35;q14) or t(1;13)(p36;q14).12 Recent data have
suggested that the PAX3/7-FOXOI fusion genes have prog-
nostic significance.'®'* This observational study reports on
the results obtained in this very high-risk population, and
focuses on the prognostic role of fusion gene status.

MATERIALS AND METHODS

Patients

The RMS2005 protocol was initiated in October 2005
and opened in 14 countries. Eligibility criteria for inclu-
sion in the RMS2005 protocol were age >6 months to
<21 years, a pathologically proven diagnosis of RMS, no
evidence of distant metastatic lesions, tumor previously
untreated except for primary surgery, no preexisting ill-
ness preventing treatment, no previous malignant tumors,
and an interval between diagnostic surgery and treatment
of <8 weeks. Patients with localized aRMS and regional
lymph node involvement (N1
assigned to the very high-risk group according to the

classification) were

EpSSG stratification system. This group is the focus of
the current analysis, with particular attention to the group
of patients who underwent molecular analysis of PAX3/7-
FOXOlI fusions. Only patients enrolled before December
31, 2013 were included in this analysis to ensure an ade-
quate follow-up. The cutoff date for the analysis was April
4,2017.

Staging
Disease was staged according to the TNM classification
and the Intergroup Rhabdomyosarcoma Study Group

3202

(IRS) postsurgical grouping system.'”> Regional lymph
node involvement was indicated as NO or N1 and distant
metastases at the time of onset as MO or M1 based on his-
tologic or clinical/radiologic assessments.

Tumor location was considered favorable if arising
from the orbit, genitourinary region other than the blad-
der or prostate (ie, paratesticular and vagina/uterus), and
nonparameningeal head and neck, and was considered
unfavorable when arising from any other site.

Regional lymph nodes were defined as those appro-
priate to the site of the primary tumor. Any evidence of
distant lymph node involvement other than these was
considered metastasis and patients were treated according
to the protocol for those with metastatic disease at the
time of diagnosis. Surgical exploration of regional lymph
nodes was mandatory in cases of RMS arising in the limbs.
In tumors originating in other locations, regional lymph
node involvement was determined clinically and by imag-
ing, including magnetic resonance imaging and/or posi-
tron emission tomography (PET)-computed tomography
scan. In doubtful cases, a lymph node biopsy was recom-
mended. Systematic sentinel lymph node examination
was suggested but implemented only at a small number of
centers.

Treatment
Patients received intensified initial chemotherapy and
additional maintenance chemotherapy with systematic
local treatment to the primary and lymph node sites.
Induction chemotherapy comprised 4 cycles of 21 days
each of ifosfamide at a dose of 3 g/m* on days 1 to 2 with
mesna; vincristine at a dose of 1.5 mg/m2 (maximum,
2 mg) on days 1, 8, and 15 in the first 2 cycles and day 1
in cycles 3 and 4; actinomycin D at a dose of 1.5 mg/m?
(maximum, 2 mg) on day 1; and doxorubicin at a dose of
30 mg/m” on days 1 to 2 (IVADo) followed by 5 cycles of
21 days each of ifosfamide at a dose of 3 g/m” on days 1
to 2 with mesna, vincristine at a dose of 1.5 mg/m2 on
day 1, and actinomycin D at a dose of 1.5 mg/m? on day 1
(IVA) and 6 cycles of 28 days each of maintenance chemo-
therapy comprising continuous daily oral cyclophospha-
mide at a dose of 25 mg/m” and intravenous vinorelbine
ata dose of 25 mg/m” on days 1, 8, and 15 of each cycle.'®
Local treatment after the initial 4 cycles of IVADo
(week 13) included delayed (secondary) surgery to remove
macroscopic residual tumor and radiotherapy (RT).
External beam RT was scheduled to be given to the pri-
mary tumor area and the affected lymph node region.
Doses varied according to chemotherapy response and
surgical results and were administered in 1.8-gray (Gy)
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daily fractions. The total dose to the primary tumor in
postsurgical IRS group II and group III padients with
complete remission after secondary surgery was 41.4 Gy.
For patients in IRS group IIT with incomplete secondary
resection or when secondary surgery was not feasible, the
total dose was 50.4 Gy with an optional additional boost
of 5.4 Gy in 3 fractions for large tumors with poor
responses to chemotherapy. RT to the involved lymph
nodes was recommended at a dose of 41.4 Gy regardless
of surgical resection. Treatment was delivered with mega-
voltage photons at 1 fraction per day for 5 days per week.

Response was evaluated after initial chemotherapy
(week 9) and at the end of treatment by 3-dimensional
volumetric assessment using the formula: tumor volume
(em®) =0.52 X length (cm) X width (cm) X thickness
(cm). Responses were defined as complete response (clini-
cally or histologically confirmed complete disappearance
of disease), partial response (at least a two-thirds reduction
in tumor volume), minor response (a reduction in tumor
volume greater than one-third but less than two-thirds),
stable disease (a modification in tumor volume of less
than one-third), and progressive disease (an increase in
tumor size >30% or the detection of new lesions).

The site of first disease recurrence was defined as
local if the tumor recurred at the site of primary disease,
lymph node if regional lymph nodes were involved,
locoregional in cases of local and lymph node disease
recurrence, distant in cases with the appearance of meta-
static disease, and combined when locoregional plus meta-
static disease recurrence were evident.

Pathology and Biology

Histologic analysis was performed locally at participating
EpSSG centers using routine hematoxylin and eosin stain-
ing. Following protocol guidelines, a panel of appointed
pathologists reviewed 2 to 12 tumor slides from each
patient and confirmed the diagnosis of aBRMS.

The molecular characterization of aRMS was part of
several translational studies to be implemented in the
RMS2005 protocol. The analysis was strongly recom-
mended and should be conducted at a single laboratory
for each participating national group. However, fusion
status data were not available for the entire population
because of a shortage of suitable or fresh biologic material.
Molecular analysis of the PAX3/7-FOXO1 fusion was per-
formed by fluorescent in situ hybridization (FISH) in par-
affin blocks and/or by reverse transcriptase-polymerase
chain reaction (RT-PCR) in frozen tissue. Interphase and
metaphase FISH studies for RMS translocations were per-
formed using chromosome 13 cosmids flanking the
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FOXO1 gene using a commercial break-apart probe as
described.'? RNA from snap-frozen tumor was assayed by
single-round RT-PCR using the primer pairs and condi-
tions as described.'” Only samples with a sufficient num-
ber of tumor cells (>50%) were considered for the
analysis. Alternative PAX3 fusions with partners other
than FOXOI were not analyzed. Samples with FOXO1
gene disruption (ie, positive PAX3-FOXOI, PAX7-
FOXO1, or FOXO1 with an unknown gene partner) were
considered fusion status positive.

Statistical Analysis

Data were collected via a Web-based system and analyzed
at Veneto Oncologic Institute (Padova, Italy). Continu-
ous variables were summarized with the median, mini-
mum, and maximum, whereas categorical variables were
reported as counts and percentages.

Survival was calculated from the date of diagnosis to
the time of the event or last follow-up. Tumor progres-
sion, disease recurrence, occurrence of a second malig-
nancy, or death due to any cause were considered for
event-free survival (EFS). Overall survival (OS) was mea-
sured from the date of diagnosis to the date of death from
any cause. Patients who still were alive at the end of the
study were censored at the date of the last observation.

Survival probability was computed using the
Kaplan-Meier method and heterogeneity in survival
among strata of selected variables was assessed with the
log-rank test. The 5-year EFS and OS rates of the patient
subgroup with available molecular data were reported
along with their 95% confidence intervals (95% Cls),
computed using the Greenwood formula.

The Cox proportional hazards regression method
was used to ascertain whether fusion-positive status may
have prognostic significance in this cohort of patients. A
stepwise variable selection procedure was applied to the
covariates with a P value > .25 in the univariate analysis.
Hazard ratios (HRs) with 95% Cls according to the Wald
method were reported for independent selected variables.
All data analyses were performed using the SAS statistical
package (release 9.4; SAS Institute Inc, Cary, North
Carolina).

Ethics

The EpSSG RMS2005 treatment protocol was submitted
to the institutional and national review boards of each par-
ticipating country for review and approval before the
enrollment of patients. Written informed consent for par-
ticipation was obtained from patients, parents, or legal
guardians in all cases. The study was conducted in
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TABLE 1. Clinical Characteristics of Patients With aRMS and Lymph Node Involvement (N1 Classification)

Molecular Biology Not

Molecular Biology

Performed N=18 Performed N=85 Total N=103
Characteristic No. of Patients % No. of Patients % No. of Patients % P
Age at diagnosis
<10y 5 27.8 47 55.2 52 50.5 .0339
>10y 13 72.2 38 44.8 51 49.5
Sex
Female 6 33.3 35 41.2 M 39.8 .5369
Male 12 66.7 50 58.8 62 60.2
Postsurgical IRS group
] 1 5.6 9 10.6 10 9.7 5124
] 17 94.4 76 89.4 93 90.3
Tumor invasiveness
(T classification)
T 5 27.8 33 38.8 38 36.9 3776
T2 13 72.2 52 61.2 65 63.1
Tumor size
a: <5cm 3 16.7 20 23.5 23 22.3 0.7224
b: >5cm 15 83.3 64 75.3 79 76.7
x: Not evaluable - - 1 1.2 1 1.0
Site of origin of primary tumor
Favorable site 1 5.6 19 22.4 20 19.4 0.1017
Unfavorable site 17 94.4 66 77.6 83 80.6
Fusion status
PAX3-FOXO1 positive - - 31 36.5 31 30.1
PAX7-FOXO1 positive - - 8 9.4 8 7.8
FOXO1 positive - - 17 20.0 17 16.5
FOXO1 negative - - 28 32.9 28 27.2
Sample inadequate - - 1 1.2 1 0.9
Not analyzed 18 100.0 - - 18 17.5

Abbreviations: aRMS, alveolar rhabdomyosarcoma; FOXO1, forkhead box protein O1; IRS, Intergroup Rhabdomyosarcoma Study; PAX3, paired box 3; PAX7,

paired box 7.

accordance with the Declaration of Helsinki and the
Good Clinical Practice guidelines (European Union Drug
Regulating Authorities Clinical Trials EUDRACT No.
2005-000217-35).

RESULTS
Patient and Tumor Characteristics
From December 2005 to December 2013, a total of 103
patients with aRMS/N1 were included, accounting for
8.1% of all patients (1272 patients) enrolled in the
EpSSG RMS2005 protocol. PAX3/7-FOXO1 fusion was
analyzed in 85 patients (82.5%). FOXO! gene disruption
was detected by FISH or RT-PCR in 56 patients, 31 of
whom had PAX3-FOXOI1, 8 of whom had PAX7-
FOXO1, and 17 of whom were FOXOI positive with an
unknown gene partner. Twenty-eight patients had fusion-
negative tumors and 1 sample was inadequate for analysis.
Molecular study was not performed in 18 patients.

The dlinical characteristics of the entire cohort (Table
1) demonstrated a predominance of unfavorable prognostic
factors: 90% of patients had IRS group III tumors, 81% of

tumors were located at unfavorable sites, 77% of tumors
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measured > 5 cm, invasive (classified as T2) tumors repre-
sented approximately 63% of all cases, and approximately
50% of patients were aged >10 years. No significant differ-
ences wete found with regard to the prognostic factors con-
sidered in the current study between patients with or
without biologic data, with the exception of the predomi-
nance of age >10 years in the group without molecular study
(P=.0339). For this reason, inferential statistical analyses
were performed in patients with available biological data.

Treatment
Chemotherapy

Of the 103 enrolled patients, 73 received chemotherapy
as per protocol and 30 received treatment with modifica-
tions. Of these 30 patients, 19 had interrupted chemo-
therapy before completing treatment (18 because of
progressive disease or disease recurrence and the parents
of 1 patient refused to continue treatment) and in 11
patients chemotherapy was modified because of (CTCAE
v4.03) toxicity in 2 patients (septic shock and hemor-
rhagic cystitis, respectively), a lack of tumor response in
2 patients, and by the attending physician’s decision in
7 patients. All patients presented with at least 1 episode of
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TABLE 2. Association Between Potential Prognostic Factors and Outcome in Patients With Fusion Status

Analyzed
EFS (O]
No. of Patients Failed 5-Year (95% Cl) P Failed 5-Year (95% ClI) P
Age
<10y 47 18 60.4 (44.7-73.0) .0596 16 60.6 (43.4-74.0) .0797
>10y 37 22 44.0 (27.3-59.5) 19 47.9 (30.2-63.6)
Tumor size
<5cm 20 7 64.3 (39.3-81.2) .3475 7 59.8 (32.9-78.8) .6395
>5cm 63 33 49.9 (36.8-61.6) 28 52.8 (38.6-65.1)
Tumor invasiveness
(T classification)
T 33 10 67.3 (47.3-81.1) .0137 7 71.5 (48.6-85.5) .0040
T2 51 30 44.8 (30.8-57.8) 28 45.2 (30.8-58.5)
Fusion status
Positive 56 33 43.0 (29.5-55.7) .0101 28 45.5 (30.8-59.2) .0548
Negative 28 7 74.4 (53.6-87.0) 7 73.7 (52.4-86.6)
IRS group
Il 9 1 88.9 (43.3-98.4) .0367 1 87.5 (38.7-98.1) .0533
1 75 39 49.0 (37.0-60.0) 34 51.0 (38.1-62.6)
Site of primary tumor
Favorable site 19 4 75.7 (46.9-90.3) .0177 3 81.2 (51.9-93.6) .0293
Unfavorable site 65 36 46.9 (34.2-58.5) 32 48.2 (34.7-60.4)

Abbreviations: 95% Cl, 95% confidence interval; EFS, event-free survival; IRS, Intergroup Rhabdomyosarcoma Study; OS, overall survival.

grade 3 to 4 hematologic toxicity. The most frequent non-
hematologic toxicity was gastrointestinal (mucositis) and
neurologic (peripheral neuropathy and ileus) (see Sup-
porting Table 1).

Surgery

Ten patients (10%) underwent primary surgery: 6 in IRS
group IIb (primary complete resection without micro-
scopic residual disease and lymph node involvement) and
4 in IRS group Ilc (primary complete resection with
microscopic residual disease and lymph node involve-
ment). A total of 48 patients underwent secondary surgery
(resection of the primary tumor in 29 patients, combined
resection of the tumor and lymph nodes in 15 patients [1
bilateral lymphadenectomy, 7 unilateral lymphadenecto-
mies, and 7 biopsies], and surgery to the lymph nodes
alone in 4 patients [2 biopsies and 2 unilateral lymphade-
nectomies]). Among the 44 patients who underwent
delayed surgical resection of the primary tumor, complete
local resection (R0) was performed in 29 patients, with
microscopic residual disease (R1) noted in 8 patients,
macroscopic residual disease (R2) noted in 4 patients, and
no residual tcumor noted in 3 patients.

Radiotherapy

Overall, 92 of 103 patients (89.3%) were irradiated. RT
was not administered because of progressive disease in 4
patients, amputation in 2 patients, parental refusal in 2
patients, and physician decision in 3 patients. Eight
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patients received irradiation to the primary tumor area
alone, 81 to the primary tumor and lymph nodes, and 3
to lymph nodes alone (2 patients after limb amputation
and 1 with a completely resected primary tumor at the
time of diagnosis). The median dose to the primary tumor
for the overall population was 50.4 Gy (range, 36.0-59.4
Gy) and that to the lymph nodes was 41.4 Gy (range,
24.0-54.4 Gy). Fifteen of 103 patients were aged <3
years: 11 received RT and 4 did not receive RT because of
parent refusal in 1 patient, physician decision in 1 patient,
and tumor progression before the initiation of RT in 2
patients.

Outcome

With a median follow-up of 64.9 months (range, 19.8-
116.3 months), 52 patients developed an event and 47
died of disease. Seven patients had refractory disease (no
response or disease progression at week 9) and presented
with early disease progression (median time to disease
progression of 6.2 months [range, 2.1-9.7 months]), 2
patients developed secondary neoplasms, and 43 patients
developed disease recurrence. The site of the first recur-
rence was local in 10 patients, lymph node in 6 patients,
and locoregional in 2 patients. Seventeen patients had dis-
tant disease recurrence and 8 patients had combined dis-
ease recurrence. Local and locoregional events (18 of 43
patients) accounted for approximately 42% of the cases of
disease recurrence and lymph node recurrences were pre-
sent in 13 patients as the first event (33%). The median
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Figure 1. Kaplan-Meier curves representing 5-year event-free
survival (EFS) by fusion status. The EFS rate for patients with
fusion-positive tumors was 43% compared with 74.4% for
those with fusion-negative tumors (P =.01).

time from diagnosis to disease recurrence was 16.4
months (range, 2.1-63.5 months). At the time of last
follow-up, among the 5 patients surviving tumor recur-
rence, 3 were alive with disease and 2 were in complete
response after second-line chemotherapy and RT. The 5-
year EFS rate for the entire population was 50.1% (95%
CI, 39.8%-59.5%) and the 5-year OS rate was 50.6%
(95% CI, 39.7%-60.5%). The median time from first
event to death was 8.8 months (range, 0-41.0 months). In
the univariate analysis performed in the group of patients
for whom fusion status data were available (Table 2), the
following factors were found to be associated with an
increased risk of disease recurrence or death: unfavorable
primary site, invasive tumor (T2 classification), the pres-
ence of the FOXOI translocation, and classification into
IRS group III. Significant variables (< .25) emerged
from univariate analysis (patient age at the time of diagno-
sis, primary tumor site, tumor invasiveness, fusion status,
and IRS group) and were included in the Cox model.
Only fusion gene status and tumor invasiveness remained
as independent prognostic factors for the risk of disease
recurrence. Fusion-positive aRMS was associated with
EES with an HR of 2.6 (95% ClI, 1.1-5.9; P = .0226) and
tumor invasiveness (T2 classification) was associated with
an HR of 2.2 (95% CI, 1.1-4.6; P = .0296). Fusion gene
status and tumor invasiveness also remained as indepen-
dent prognostic factors for the risk of death with an HR
associated with fusion-positive tumors of 2.5 (95% CI,
1.1-5.6; P=.0300) and an HR related to tumor invasive-
ness (T2 classification) of 2.2 (95% CI, 1.1-4.6;
P =.0298). The 5-year EFS rate in patients with fusion-
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Figure 2. Kaplan-Meier curves representing 5-year overall sur-
vival (OS) by fusion status. The OS rate for patients with
fusion-positive tumors was 45.5% compared with 74.7% for
those with fusion-negative tumors (P =.05).

positive tumors was 43.0% (29.6%-55.7%) compared
with 74.4% (53.6%-86.9%) in those with fusion-negative
tumors (P=.0101) (Fig. 1). The 5-year OS rate for
patients with fusion-positive tumors was 45.5% (95% CI,
30.8%-59.2%) compared with 74.7% (95% CI, 52.4-
86.6) for patients with fusion-negative tumors (P=
.0548) (Fig. 2).

DISCUSSION

The results of the current study provide evidence of the
prognostic impact of fusion status and tumor invasiveness
in patients with aRMS and lymph node involvement.
Results from previous European and North American
cooperative studies have demonstrated very poor survival
in patients with aRMS and lymph node involvement,
who account for up to 10% of all patients with RMS. In
the CWS/RMS86 study, the 3-year EFS rate was 28%
and the OS rate was 29%.'® Results in the SIOP experi-
ence were only slightly better, with a 5-year EFS rate of
39% in the SIOP MMT84 stucly,19 which is comparable
to that of stage IV disease.

The impact of lymph node involvement on progno-
sis in patients with RMS remains a matter of controversy.
Rodary et al*® evaluated a cohort of 951 international
patients with nonmetastatic RMS and identified tumor
invasiveness, tumor size, primary tumor site, and N1 dis-
ease as prognostic factors. Similarly, in their analysis of
patients with nonmetastatic RMS enrolled in American
IRS protocols, Meza et al'® demonstrated that only stage
of disease and IRS group were significantly associated
with EFS for the majority of patients with aRMS. How-
ever, for patients in group IIT with aBRMS, N1 disease was
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associated with poorer EFS and OS. These observations
influenced the development of the current EpSSG treat-
ment protocol, which assigned patients with aRMS of
N1, but not embryonal N1 RMS, to the very high-risk
group, for whom a more intensive treatment was
recommended.”'

Rodeberg et al** investigated the contribution of
regional lymph node disease to the prognosis of patients
enrolled in the IRS-1V study. They included 125 patients
with localized RMS and lymph node involvement.
Patients with alveolar histology and positive lymph nodes
were found to have significantly worse 5-year failure-free
survival compared with those with alveolar histology with-
out lymph node involvement (43% and 73%, respec-
tively). Moreover, in patients with alveolar histology and
N1 disease, outcomes were more similar to those of
patients with solitary metastatic disease compared with
patients with NO disease. These results are consistent with
the results of the current study. The main difference
between the aforementioned study and the current report
is that the former included both alveolar and embryonal
tumors with lymph node involvement; however, as in the
current study, patients with tumors located at unfavorable
sites, those with disease at advanced stages, and those with
large and invasive tumors were predominant. All these
characteristics have been associated with an increased risk
of distant metastatic disease.”>?>** Conversely, involve-
ment of regional lymph nodes in patients with embryonal
tumors did not prove to have any negative effect on out-

12 or in the more

come in the study by Rodeberg et a
recent report by Rogers et al.”> This could be due at least
in part to the intensified treatment with RT and chemo-
therapy administered, suggesting that patients with lymph
node-positive embryonal tumors can attain equivalent
outcomes when given intensified treatment. To the best
of our knowledge, the overall outcome of the current
study cohort was better than the historical series reported
to date. The reasons for the apparent improvement in out-
come among these patients could be due in part to better
risk stratification, more adequate treatment with intensi-
fied chemotherapy, systematic local treatment, and
improvements in supportive care.

In the current study, a significant number of patients
had tumors that did not respond to initial chemotherapy
and these individuals presented with progressive disease
shortly after diagnosis, thereby representing 14% of those
patients who developed disease recurrence. A recent report
from Vaarwerk et al*® demonstrated the lack of correla-
tion between early radiologic response and outcome in
patients enrolled in the MMT95 protocol, even though
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patients with progressive disease were excluded from the
analysis. It must be emphasized that the patients with pro-
gressive disease in the current study failed to respond to
further treatment and the chance of cure after disease
recurrence was very low (5% of the entire cohort), which
suggests that patients with refractory disease or disease
recurrence could be offered experimental therapy imme-
diately after tumor events. Nevertheless, even with the
implementation of combined local therapy with delayed
surgery and systematic RT to the primary tumor site and
lymph nodes in the current study protocol, locoregional
disease recurrences were frequent and accounted for
approximately 42% of the initial events. Furthermore,
lymph node failures occurred in approximately 33% of
the disease recurrences. Some authors have recommend
that the in-transit lymphatics be imaged at the time of
diagnosis.”” The involvement of in-transit lymph nodes
could be better assessed by performing systematic
(FDG)
tomography-computed tomography at the time of diag-

['®F) fludeoxyglucose positron  emission
nosis, a procedure that was not performed routinely in the
cohort of patients in the current study. Moreover, the
question of whether in-transit lymph nodes should be
irradiated routinely remains unsolved, given the risk of
significant toxicity associated with extensive irradiation in
pediatric patients.”®*’

In the current series, we identified some variables
found to have prognostic significance on univariate analy-
sis (unfavorable site of tumor origin, tumor invasiveness,
FOXOLI fusion, and IRS group III). However, on muld-
variate analysis, only tumor invasiveness and the presence
of a characteristic fusion gene associated with aRMS
resulted in independent predictors of disease recurrence
or death. This is consistent with several studies that corre-
lated the presence of a fusion gene with poorer outcome;
however, to the best of our knowledge, the real contribu-
tion of the presence of PAX3/7-FOXO1 fusions to the out-
come of aRMS remains to be elucidated.’®?* In the
current series, approximately 66% of tumors were fusion
positive. These figures are lower than the rate of 70% to
75% reported in the literature, which could be due in part
to the fact that fusions involving PAX3 with partners other
than FOXO1I were missed in the current analysis.”> We
will attempt to avoid these false-negative results in the
future EpSSG protocol: in an alveolar tumor that is nega-
tive for PAX3/7-FOXOI by RT-PCR and for FOXOI
rearrangement by FISH, additional FISH assessments for
the disruption of PAX3 will be made.

In the current study, fusion status appeared to iden-
tify the “real” very high-risk population, thereby
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highlighting the importance of performing biologic stud-
ies in all patients. We did not attempt to analyze outcome
according to the type of fusion because of the limited
number of patients with the PAX7-FOXOI fusion.

Survival in this newly defined very high-risk group is
comparable to results observed in patients with metastatic
aRMS treated in the high-risk COG studies D9802 and
ARSTO0431.>* In those studies, fusion status was not
found to be an independent prognostic factor, despite bet-
ter EFS noted in patients with fusion-negative aRMS.
Poorer outcomes for patients with metastatic disease in
the COG report were most closely related to other clinical
risk factors, including age, primary tumor site, and num-
ber of metastatic sites.

The clinical implications of the current study will
include a new stratification for patients with aRMS/N1
disease according to fusion status in the future EpSSG
RMS study. Patients with fusion-negative N1 tumors will
be treated with a strategy similar to that for those with
eRMS/N1 disease, with no reduction in treatment inten-
sity. Patients with fusion-positive N1 disease will be
treated in the same group as patients with metastatic
tumors. For patients with refractory disease or disease
recurrence, the EpSSG is working to establish an effective,
innovative strategy for the study of new agents and the
inclusion of patients in phase 1 and 2 clinical trials.
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Abstract  Background: Infantile fibrosarcoma (IFS) is a very rare disease occurring in young
infants characterised by a high local aggressiveness but overall with a favourable survival. To
try to reduce the total burden of therapy, the European pediatric Soft tissue sarcoma Study
Group has developed conservative therapeutic recommendations according to initial resect-
ability.

Material and methods: Between 2005 and 2012, children with localised IFS were prospectively
registered. Initial surgery was suggested only if possible without mutilation. Patients with
initial complete (IRS-group I/R0) or microscopic incomplete (group II/R1) resection had no
further therapy. Patients with initial inoperable tumour (group III/R2) received first-line
vincristine-actinomycin-D chemotherapy (VA). Delayed conservative surgery was planned af-
ter tumour reduction. Aggressive local therapy (mutilating surgery or external radiotherapy)
was discouraged.

Results: A total of 50 infants (median age 1.4 months), were included in the study. ETV6-
NTRK3 transcript was present in 87.2% of patients where investigation was performed. Ac-
cording to initial surgery, 11 patients were classified as group I, 8 as group II and 31 as group
II1. VA chemotherapy was first delivered to 25 children with IRS-III/R2 and one with IRS-11/
R1 disease. Response rate to VA was 68.0%. Mutilating surgery was only performed in three
cases. After a median follow-up of 4.7 years (range 1.9—9.0), 3-year event-free survival and
overall survival were respectively 84.0% (95% confidence interval [CI] 70.5—91.7) and 94.0%
(95% CI 82.5-98.0).

Conclusions: Conservative therapy is possible in IFS as only three children required mutilating
surgery, and alkylating or anthracycline based chemotherapy was avoided in 71.0% of patients
needing chemotherapy. VA regimen should be first line therapy in order to reduce long term

effects.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Although infantile fibrosarcoma (IFS) is a rare tumour,
it is the commonest soft tissue sarcoma in children less
than 1 year of age. IFS is currently classified as a soft
tissue tumour of intermediate malignancy characterised
by a quite specific t(12;15)(p13;q25) translocation cod-
ing for a ETV6-NTRK3 gene fusion [1-3]. It arises
below the age of 2—5 years with survival rates between
80 and 100% [1.,4,5]. It often presents with initial rapid
growth, sometimes with indolent evolution and meta-
static spread is uncommon (1—13%). Local recurrence
may occur after initial conservative surgery (17—43%),
the latter being the mainstay of treatment, aiming for a
conservative resection. However, IFS may present with
locally advanced disease and surgery maybe mutilating
or cause functional damage [4,5]. Since IFS is a che-
mosensitive tumour, chemotherapy may play a major
role in the treatment strategy [1,6,7]. Recently, the VA
regimen (vincristine-actinomycin-D), has confirmed its
efficacy and allows important tumour reduction [1]. The
International Society of Pediatric Oncology—Malignant
Mesenchymal Tumour Committee and the Associazione
Italiana Ematologia Oncologia Pediatrica—Soft Tissue
Sarcoma Committee (previously called the Italian
Cooperative Group) founded the European-paediatric-
Soft-tissue-Sarcoma-Study Group (EpSSG) in 2005.
The group developed treatment guidelines for IFS, with

the major goal to make uniform the treatment of IFS
patients across Europe, according to a conservative
approach based on non-mutilating surgery and
alkylating-anthracycline-free chemotherapy (EpSSG
non-rhabdomyosarcoma soft tissue sarcomas [NRSTS]
2005 study — European Union Drug Regulating Au-
thorities Clinical Trial No. 2005-001139-31) This present
paper reports the results of a prospective cohort of IFS
patients treated between 2005 and 2012 aiming to pro-
pose a conservative strategy in this disease.

2. Patients and methods
2.1. Study population

All infants aged from birth to 24 months with localised
IFS were prospectively registered in the EpSSG data-
base using a web-based system, from October 2005 to
30th June 2012. Patients were classified according spe-
cific tumour sites [8]. Clinical staging was defined ac-
cording to the tumour node metastases system: T1 or T2
according to the invasion of contiguous organs; NO/N1,
and MO/M1 according to the presence of lymph node or
distant metastases [8]. Lymph node involvement was
evaluated clinically or by imaging and confirmed when
necessary by cytological or histological biopsy. The
status of resection margins was classified according to
the UICC-R classification and the Intergroup
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Rhabdomyosarcoma Staging (IRS) system which is
generally used for primary surgery in paediatric rhab-
domyosarcomas [9]. UICC-R RO or IRS group I
correspond to complete tumour resection with histo-
logically free margins, UICC-R R1 or IRS II correspond
to macroscopic resection, but invaded margins on his-
tology, UICC-R R2 or IRS III correspond to macro-
scopic residual tumour after surgery (III b) or biopsy
(IIT a). Patients with metastatic tumours were excluded
from the analysis.

Cytogenetic and molecular evaluation to identify the
presence of ETV6-NTRK3 transcript derived by the
specific translocation by FISH and RT-PCR were rec-
ommended to confirm the diagnosis [10]. Where there
was doubt, tumours were prospectively reviewed at the
time of diagnosis by national and/or international panel
of pathologists [11,12]. Exclusion criteria were: histo-
logical review did not confirm IFS diagnosis (n = 3);
tumours negative for the ETV6-NTRK3 transcript or
not tested in the absence of pathologic panel review
(n = 4) (Fig. 1). Institutional ethics board approval was
obtained for all participating centres according to the
rules established in Europe. Written consent for treat-
ment and the use of data were obtained from parents or
guardians according to local research ethics
requirements.

2.2. Treatment

Primary surgery after initial biopsy was recommended
only when en bloc resection, removing the tumour
through normal tissue with clear margins, might be
achieved without significant long-term functional or
cosmetic impairment. In the other cases, a biopsy was
required followed by chemotherapy and, if necessary,

‘ Population registered

Population selected

57 patients
( 50 patients

delayed surgery. No adjuvant chemotherapy was rec-
ommended if resection was complete or microscopically-
incomplete (IRS group-I/R0 or II/R1). The VA regimen
was the treatment of choice in patients with unresectable
disease (IRS group III/R2), with the exception of pa-
tients with congenital tumours (age <3 months at
diagnosis), for which an optional ‘wait and see’ strategy
was considered to evaluate the possibility of sponta-
neous regression or time to facilitate subsequent surgery.
VA chemotherapy was continued, in a responsive
tumour, until tumour resectability was possible. If the
tumour shrinkage was not sufficient to permit conser-
vative surgery, ifosfamide (IVA regimen) or cyclophos-
phamide (VAC regimen) was added (Fig. 2). Where
there was no response to VA, or tumour progression,
ifosfamide-doxorubicin (ID) chemotherapy was recom-
mended. Mutilating surgery and external radiotherapy
was strongly discouraged.

Additional dose reductions were applied for infants
<8 kg and <6 months (30% reduction), and for new-
borns <5 kg and <3 months (50%). Moreover, the
initial doses were delivered at 50%, progressively
increasing to 75% and 100% to verify overall tolerance
in infants, with specific attention to neurologic and he-
patic toxicity, particularly constipation and veno-
occlusive disease (VOD). No alkylating agent was
administered before 1 month and no anthracycline
before 3 months of age.

2.3. Response assessment

In patients with measurable disease, response to
chemotherapy was assessed after three cycles of
chemotherapy by assessment of radiologically-identified
tumour volume reduction: i.e. complete response (CR)

Not included
- No IFS after review: 3pts
- Absence of ETV6-NTRK3/absence review: 4 pts

IRS I/RO

IRS II/R1

IRS III/R2

11 patients 8 patients 31 patients
5 e n . 3 : = Secondary surgery: 19 patients
l Immediate re-excision: No adjuvant therapy: 7 patients Chemotherapy: Radiotherapy: 1 patient
3 patients Adjuvant chemotherapy: 1 patient i i .
B I_ ? - B P 4 pa(ients A pat_lems No further local treatment: 7 patients
| | | |
Progressive disease: 2 patients Progressive disease: 5 patients
No event: Local relapse: 1 patient Absence of regression: 1 patient Metastatic relapse: 1 patient
11 patients No event: 7 patients No event: 1 patient Toxic death: 1 patient
No event: 20 patients
I 0 i i
1st Complete Remission: | | 1st Complete Remission: 7 patients | | stable disease: 1 patient || 1st Complete Remission: 20 patients
11 patients 2nd Complete Remission: 1 patient 2nd Complete R 3 pati 2nd Comp ission: 3 patients
Alive on therapy: 1 patient
Dead of disease: 2 patients
Dead of toxicity: 1 patient

Fig. 1. Patient’s charts. Abbreviations: IFS, infantile fibrosarcoma; IRS-I/R0, complete exeresis; IRS-II/R1, microscopic residue;

IRS-III/R2, macroscopic residue; pts, patients.
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VA regimen (Vincristine + Actinomycin-D)
VVVYV VVVYV VVVYV
A A A A A A
Week 1 10 13 16 ..
Cyclen® 1 4 6...
VAC regimen (Vincristine + Actinomycin-D+ Cyclophophamide)
Vv Vv A\ \% v \% A% \%
A A A A
C C C C
Week 1 4 7 10
Cyclen® 1 4.
IVA regimen (Vincristine + Actinomycin-D-+ Ifosfamide)
\Y% \Y% \% \'% \Y% \% \Y% \Y%
A A A A
I I I I
Week 1 4 7 10
Cyclen® 1 4..

Fig. 2. Chemotherapy schedules. Chemotherapy dosages: Vincristine and actinomycin-D: 50 pg/kg/injection; if age >12 months and weight
>10 kg: 1.5 mg/m?. Endoxan®-cyclophosphamide: 50 mg/kg; if age >12 months and weight >10 kg: 1.5 g/m?. Holoxan®-ifosfamide:
100 mg/kg x 2 d for patients >3 months and 5—10 kg; of age >12 months and weight >10 kg: 3 g/m? x 2 d. See text for further reductions

in young children.

= complete disappearance of visible tumour with no
residual disease; major partial response (PR >2/3)
= volume response 66—99%; minor PR (<2/3) = vo-
lume response 34—65%; stable disease (SD) < 33%
reduction in tumour volume; progressive disease (PD)
= more than 40% increase in the sum of the volumes of
all measurable lesions, or the appearance of new lesions
[13]. Response rate to specific regimen of chemotherapy
was considered as follows: (CR+ PR >2/3+ PR <2/3).

2.4. Statistical methods

Data were analysed by the International Data Center
(Istituto Oncologico Veneto I.R.C.C.S., Padua; Italy),

considering information within the Remote Data Entry
system as at May 2015. Outcome was defined as overall
survival (OS) and event-free survival (EFS). The defi-
nition of OS was measured from the date of diagnosis
to death from any cause. Events were defined for EFS
as progression during chemotherapy, relapse after CR
or death from any cause. Local control was defined as
disappearance of all radiological signs of disease at the
site of the primary or stable residual radiographic
images for at least 6 months after completion of
treatment. Survival curves were calculated by the
Kaplan-Meier method [14]. The 3-year EFS and OS
were reported along with their 95% confidence in-
tervals (CI).
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3. Results

A total of 50 cases with a diagnosis of IFS and age <2
years were considered during the study period. They
represent 6.5% of all registered patients with
NRSTS and 30.1% of those aged less than 2 years
included in the NRSTS EpSSG database. Four older
patients (>2 years) were registered during the same time
in this database but their tumours did not manifest the
specific transcript and were not included in the analysis.
Overall clinical characteristics of the population are
indicated in Table 1. Most tumours were not associated
with specific congenital abnormalities (95.9%). Median
age at diagnosis was 1.43 months (range: 0.03—18.73).
The diagnosis was made before birth or during the first
month of life for 40.0% of the patients and in 68.0% of

Table 1
Clinical characteristics of the population.
Number of %
patients
n =50
Age at diagnosis (months)
<1 20 40.0
1-3 14 28.0
4-12 12 24.0
>12 4 8.0
Congenital abnormalities associated
Yes 2 4.0
Ductus arteriosus persistens 1 50.0
Occipital haemangioma 1 50.0
No 47 94.0
Missing data 1 2.0
Gender
Female 18 36.0
Male 32 64.0
Post-surgical tumour staging (IRS)
Group I (R0O) 11 22.0
Group II (R1) 8 16.0
Group III a (biopsy) (R2) 27 54.0
Group III b (incomplete surgery) (R2) 4 8.0
Primary tumour invasiveness (T)
T1 — Localised to the organ 33 66.0
or tissue of origin
T2 — Extending beyond the 17 34.0
tissue or organ of origin
Tumour size
a:<5 cm 23 46.0
b:>5 cm 27 54.0
Regional lymph node involvement
NO-No evidence of lymph 50 100
node involvement
Site of origin of primary tumour
Extremities 27 54.0
Axial sites 14 28.0
Abdomen 7
Paraspinal 2
Retroperitoneal 2
Thorax 2
Trunk 1
Non-parameningeal head and neck 4 8.0
Parameningeal 3 6.0
Genito-urinary non Bladder Prostate 2 4.0
Kidney 2

the cases before the age of 3 months (so called
‘congenital forms’). Tumours occurred mainly in the
limbs (54.0%), with more than half >5 cm at diagnosis
and none had lymph node spread. Histological local
diagnosis was confirmed by national and/or interna-
tional histology review in 39 and 15 cases respectively.
The identification of ETV6-NTRK3 transcript was
tested in 39/50 patients: FISH showed the presence of
the fusion gene in 9/11 samples, RT-PCR was positive in
19/21 samples, and both tests were positive in 6/7
additional patients. All cases without histology review
harboured the ETV6-NTRK3 translocation. In sum-
mary, the characteristic biological translocation was
identified in 87.2% of tumours.

3.1. Treatment according to IRS group

According to initial surgery, eleven patients were clas-
sified as IRS-group I/RO, eight as IRS-group II/R1,
thirty one as IRS-group III/R2, four after resection with
macroscopic residual tumour and twenty seven after
biopsy (Fig. 1).

IRS I-II-group (n = 19): three out of 19 patients un-
derwent primary re-excision of the tumour. No adjuvant
chemotherapy was given according to the guideline
recommendations in all but one case (a ruptured atyp-
ical hypercellular mesoblastic nephroma primary, IRS-
group II/R1) that received 6 months of VA (treating
physician’s  decision) with additional vincristine-
cyclophosphamide for 2 months due to mild hepatic
toxicity. Surgery comprised of wide tumour excision (18
cases), associated with a partial colectomy (three cases)
or unilateral nephrectomy (two cases) and a limited
chest wall excision (one case). One local relapse occurred
in this group: a 17-d-old baby with a right wrist IFS who
suffered a local relapse 2.5 months after microscopic
incomplete surgery and then underwent radical surgery.
He remains in 2nd CR 4 years after diagnosis. All 19
patients were alive in remission at the time of the
analysis.

IRS III-group (n = 31): Chemotherapy was adminis-
tered to 27 patients for a median duration of 4.14
months (range: 0.46—12.06). The remaining four had a
‘wait and see’ strategy. Overall 25 patients started
chemotherapy according to the protocol with VA
regimen for 14 d to 12 months, median 4.14 months. Six
patients then switched chemotherapy to IVA (three
cases), VAC (two cases), or ID regimen (one case) either
due to SD or PD (three cases), to facilitate surgery (two
cases) or for a life threatening scenario (one case).
Finally, one patient received the IVA regimen due to an
initially incorrect diagnosis and another one received
VAC by physician preference due to rapid growth of the
tumour after diagnosis.

A wait and see approach was used for four IRS
group-III/R2 patients. Among them, three patients
needed delayed VA chemotherapy from 2—4 months
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after diagnosis, all with response (1 CR, 2 PR>2/3) and
are alive in remission at the end of follow up. One is
alive with a residual mass after spontaneous tumour
reduction (Table 2).

The overall response rate to chemotherapy was 62.9%
(17/27 evaluable patients) and 68.0% specifically to VA
regimen (17/25 cases). Tolerance of chemotherapy was
manageable overall but seven cases had specific grade
III-IV toxicity: three reversible VOD, one peripheral
neurotoxicity with ptosis, one haematological grade IV
neutropenia with grade III anaemia, one haemorrhage
in the tumour during progression. A 1-month old pa-
tient received by error an overdose (100 fold) of
actinomycin-D and died despite supportive care.

Delayed tumour surgery was performed after a me-
dian of 4.9 months (range: 1.2—20.5) from diagnosis in
19 cases, with a wide excision in 13 patients including a
conservative parotidectomy (one case), a limited peri-
neal excision (one case), and nephrectomy with adre-
nalectomy (one case). Limb amputation was performed
for two children and an exenteration in one patient.
Overall, resection was complete in 14 cases, with
microscopic residual in four cases and a macroscopically
incomplete resection in one patient. No further surgery
was done for 11 IRS-ITI/R2 patients. In seven cases, this
was due to physician’s decision (despite a residual im-
ages following chemotherapy in four cases; after an
initial wait and see strategy in three cases), after histo-
logical remission of a residual mass confirmed by biopsy
(two cases), and a clinical complete remission after
chemotherapy (one case).

3.2. Total burden of therapy

Among the 50 cases, 40 (80.0%) had tumour surgery:
resection alone in 19 cases and associated with chemo-
therapy in 21 cases. Surgery was mostly conservative (37
cases) whereas three needed mutilating surgery. Only

Table 2
IRS III/R2 patients with a ‘wait and see’ strategy.

one patient with a progressive orbital parameningeal
IFS despite VA than VAC regimens received proton
radiotherapy at 54 Gy after an orbital exenteration. Two
other patients had limb amputation (finger, hand).
Overall, among the 47 survivors, chemotherapy was
delivered in 29 cases (61.7%) and comprised a VA
regimen alone (22 cases), with additional alkylating
agents (six cases) and/or anthracycline drug (one case).

3.3. Congenital cases

Among the 34 infants with congenital IFS, 59.0% were
discovered antenatally or before 1 month of age. The
site was the limbs (47.1%), ‘other’ sites (35.3%), head-
and-neck (11.8%) and genito-urinary (5.9%).

3.4. Outcome

At the time of analysis, 35 patients are in first complete
remission (CR), one is alive after 1st line chemotherapy;
one is alive with a residual mass after therapy, seven are
in 2nd or greater CR off therapy, three have died and
three are lost to follow-up in CR (Fig. 1). Ten patients
had a tumour event, nine initially classified as IRS group
III/R2 and one as IRS group II/R1: seven tumours
progressed, one patient experienced a metastatic relapse,
one had a local relapse and one patient died due to
toxicity. Among the 10 cases with tumour events, eight
had tumours with ETV6-NTRK3 transcript, one
without and in one case the analysis had not been per-
formed. Tumour progression occurred in two cases after
a wait and see strategy (Table 2), after VAC-IVA/ID
regimens (two cases with refractory disease responsible
for patients’ death), and after the VA regimen (three
cases were treated with VAC and surgery, surgery alone
and ID regimen, and are in subsequent CR). One patient
developed lung metastases 2.5 years after a head and
neck tumour initially unresponsive to VA but

Patient no 1 Patient no 2 Patient no 3 Patient no 4

Age at diagnosis 10d 41d 68 d 11 months

ETV6-NTRKS3 transcript ~ Presence Presence Presence Presence

Site of primary tumour Foot Shoulder Retroperitoneal Tight

Invasiveness Tl T2 T1 T1

Tumour size <5cm >5cm >5cm <5 cm

Time from diagnosis to 4 months — 3 months 2 months

start of CT

Reason for treatment Progressive disease - Progressive disease Absence of regression

Therapy CT (VA regimen - CT (VA regimen CT (VA regimen for 5 months) +
for 5 months) for 3 months) HCR after delayed surgery

Status Alive in CR off therapy  Alive with tumour Alive in CR off therapy  Alive in 1st CR off therapy

decreased
from diagnosis
Time from diagnosis to
last FUP

5 years and 7 months

2 years and 11 months

3 years 7 years and 10 months

Abbreviations: CT chemotherapy, HCR histologic complete response; CR complete remission; VA vincristine-actinomycin-D, FUP follow-up.
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responding to subsequent ID chemotherapy, (allowing a
R1 resection). At the time of the report, this patient was
alive in secondary remission after second-line chemo-
therapy and pulmonary metastasectomy. One patient
died due to an overdosage of chemotherapy. Two pa-
tients died from disease. The three patients that received
mutilating surgery are alive and in continuing complete
remission off therapy. After a median follow-up of 4.7
years (range 1.9—9.0), 3-year EFS and OS were respec-
tively 84.0% (95% CI 70.5-91.7) and 94.0% (95% CI
82.5-98.0) (Fig. 3).

4. Discussion

This study demonstrates that a conservative treatment
approach is feasible in young children with IFS without
jeopardising survival. Despite many having large tu-
mours at diagnosis, mutilating surgery was only
required in three cases and alkylating-anthracycline-free
chemotherapy sufficient to achieve cure in 74.2% of
patients requiring chemotherapy. Our experience also
confirms that prospective multi-institutional trials are
possible even in very rare tumours in children at an
European level [15]. The very good compliance with
treatment guidelines within the different European
countries involved, e.g. 94.7% of IRS I-1I group patients
were treated with surgery alone, and 93.3% of IRS
group III patients received the VA regimen as first line
therapy as recommended, shows that the goal to stan-
dardise the IFS treatment was achieved.

This series confirms some of the general clinical
characteristics of IFS as a rare disease occurring in very
young patients (median age 1.43 months), predomi-
nantly in males (64.0%), and mainly in limbs (54.0%)
[16,17]. According to some authors, IFS can be either a
histological or a biological defined entity [4,11,18]. This
series reported that the ETV6-NTRK3 fusion gene
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Fig. 3. Event-free survival and overall of the entire population.
Abbreviations: OS, overall survival; EFS, event-free survival.

documented by FISH or RT-PCR was present in 87.2%
of the patients with IFS where the investigation was
performed. This is a helpful tool where there is patho-
logical difficulty in confirming the diagnosis of IFS [10].
Nevertheless, it is important to note that the ETV6-
NTRK3 fusion gene is not totally specific to IFS. It
has been described in congenital hypercellular meso-
blastic nephroma, mammary analogue secretory carci-
noma of salivary glands and of the breast, and in some
leukaemias [19]. The definition of the ‘infantile’ nature
of fibrosarcoma is not precise in the literature and an
age limit up to 2 years is used by most authors
[16,17,20,21]. Even if some rare series consider patients
with IFS up to 3 years, we focused on the population of
very young children (<2 years of age at diagnosis) for
whom the consequences of treatment (chemotherapy,
radical surgery and radiotherapy) are a major factor
guiding treatment decisions, and also to be consistent
with other analyses [1,6,22].

Other studies previously reported the very good OS
of children with IFS, and emphasised the challenge of
tumour resectability without anatomical or functional
damage. Even if surgery should still be seen as the
cornerstone of therapy in this tumour, our experience
highlighted that the use of chemotherapy may also play
a critical role in large diffuse inoperable tumours. Initial
grossly tumour resection (IRS-I/II-R0/1) was only
possible in 38.0% of patients but tumour shrinkage
achieved with chemotherapy in the majority of initially
unresected tumours allowed a secondary conservative
surgical approach in the majority. It is clear, however,
that postoperative chemotherapy is not necessary after a
delayed complete macroscopic tumour resection (IRSI/
I1-R0O/1) or total necrosis. Similarly, adjuvant chemo-
therapy was unnecessary for IRS group I/R0O patients
but also for IRS group II/R1. In this cohort, only one
local recurrence occurred out of 19 patients, and was
successfully treated with further surgery. Nevertheless,
the overall consensus should be to try to avoid incom-
plete surgery with macroscopic residue.

The VA regimen, a combination that does not
contain alkylating agents or anthracyclines, appears to
be very active in IFS. Acute toxicity was not negligible
but despite three mild episodes of VOD and one toxic
death (associated with a dose error) we believe that VA
is more advantageous compared with VAC chemo-
therapy (cyclophosphamide) or anthracycline contain-
ing regimens, as it reduces the gonadal and mutagenic
toxicity of cyclophosphamide/ifosfamide and the car-
diac toxicity of anthracyclines in very young children,
previously used in up to 53—87% of all patients
[6,20,23,24]. The optimal duration of preoperative
chemotherapy was not defined in our protocol and still
needs to be clarified.

Previously it was unclear whether it is possible to
avoid delayed surgery in IRS-group III/R2 patients,
after successful use of neoadjuvant chemotherapy with
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radiological complete remission. In our experience,
35.4% (11/31) of IRS-III/R2 patients did not need
delayed resection due to a radiologic CR or VGPR after
neoadjuvant chemotherapy, and we therefore recom-
mend this approach.

The possibility of spontaneous regression in IFS has
already been reported [25—27]. The observation that one
patient in our series showed a spontaneous tumour
shrinkage supports a ‘wait and see’ strategy especially in
very young patients, i.e. patients <3 months with a non-
resectable primary in a non-threatening situation, in
whom tolerance to chemotherapy may be poor. This
approach may be extended to older infants, if strict
follow-up could be ensured. If progression does occur,
then neoadjuvant chemotherapy with VA should be
started.

The small number of relapses in our cohort does not
allow further analysis of prognostic factors and subse-
quent risk-stratification. A recent epidemiological
retrospective study among a large cohort of 224 children
<2 years with IFS did not show any significant survival
difference according to various risk factors such as
margin status, nodal involvement, tumour size or
treatment modalities [17].

In conclusion, this study highlights the importance of
paediatric international cooperation in developing pro-
spective studies for very rare childhood tumours. Due to
the rarity of this tumour all medical decisions should be
shared through multidisciplinary discussions at a
regional, national or international level [15]. This should
allow a conservative treatment approach where feasible
in young children with IFS without jeopardising
survival.
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Cyclophosphamide, carboplatin, and etoposide (Cy*CE) was given at weeks 4, 7, 16, 19, and
25. Radiotherapy was recommended for all primary tumour sites and all sites of metastatic
disease.

Results: Forty-three patients completed the protocol treatment. Median follow-up for alive
patients of the complete cohort was 44.6 months (range 11.5—84.6). For the whole cohort,
the 3-year event-free survival (EFS) was 32.3% (95% confidence interval [CI] 23.2—41.6%) with
a 3-year overall survival (OS) of 38.4% (95% CI 28.8—47.9%). For localised disease, the 4-year
EFS was 39.3% (95% CI 28.2—50.1%) with a 4-year OS of 40.1% (95% CI 28.4—51.5%). For
metastatic disease, the 2-year EFS was 8.7% (95% CI 1.5—24.2%) with a 2-year OS of 13.0%
(95% CI 3.3—29.7%). Multivariable analysis disclosed that all patients <1 year of age were
associated with at higher risk of death (hazard ratio [HR]: 2.6; 95% CI 1.0—6.8;
p-value = 0.0094). Risk of death was also related with gender in metastatic patients (HR
for males: 2.9, 95% CI 1.0—8.0; p-value = 0.0077).

Conclusions: The EpSSG NRSTS 2005 protocol of intensive therapy can be delivered to extra-
cranial MRT patients, with a possible improvement in outcome. The outcome, however, re-

mains poor for patients who progress or with metastatic disease.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Extracranial MRT tumours are rare and often occur in
infants with an age standardised incidence ratio of 0.6
per million children in the United Kingdom (UK), 61%
of cases in the first of year of life [1]. The vast majority
contain a somatic bi-allelic inactivating mutation in the
SMARCBI gene, which is part of the chromatin
remodelling complex SW1/SWF, important in cell cycle
control, and functions as a classic tumour suppressor
gene [2]. MRT are often described as lethal, with little
evidence of improved survival in recent years. In the UK
population-based National Registry of Childhood Tu-
mours during 1993 to 2010, the 1-year overall survival
(OS) was only 31% [1]. This poor survival is also re-
flected in the National Wilms> Tumour Study (NWTYS)
series, and in the United States, Surveillance Epidemi-
ology and End Results (SEER) programme, OS, at 4
years was 23.3% and 33.0%, respectively [3,4]. Given the
rarity of extracranial MRT, there is no standard thera-
peutic pathway, and there has been no randomised or
prospective trials examining the role of chemotherapy
combinations or, indeed, the addition of new agents.
Instead, there have been small retrospective series pub-
lished either from single institutions or larger series of
MRT at single anatomical sites from other site-specific
studies, such as NWTS [3,5]. Despite the challenging
nature of this tumour and its treatment, two case reports
including two and one patients, respectively, with met-
astatic renal MRT are often cited in view of their suc-
cessful outcome [6,7]. Based on these reports, the
European Paediatric Soft Tissue Sarcoma Study Group
(EpSSG) conducted a multinational prospective study of
registered cases of extracranial MRT to test an intensive
multimodal approach of treatment for children with
newly diagnosed extracranial MRT.

2. Methods
2.1. Patients and study design

One hundred patients with a diagnosis of MRT at an
extracranial site were registered on the EpSSG Non-
Rhabdomyosarcoma Soft Tissue Sarcoma 2005 Study
(NRSTS 2005). This was a prospective observational
study for all NRSTS patients, with recommended
treatment for MRT. The study was conducted in
accordance with the Declaration of Helsinki and the
Good Clinical Practice guidelines. Informed written
consent was obtained for all patients/parents. The study
was managed via a Web-based system provided by
CINECA, an Inter-University Computing Consortium
(Casalecchio, Italy).

2.2. Pathological analysis

National and international review by the pathology
panel of the histological diagnosis was advised but not
considered mandatory. Patients were included if their
local histological diagnosis of MRT was supported by
immunohistochemistry demonstrating loss of nuclear
expression of INI-1 (BAF47 antibody) and/or molecular
testing demonstrated deletion of the SMARCBI gene
[2]. Additional national and/or an international review
by the EpSSG panel of pathologists were performed in
64 of the cases.

2.3. Staging and surgery

Following staging investigations, including either
computed tomography (CT) or magnetic resonance
imaging (MRI) of the primary site, CT scan chest, MR/
CT scan of brain, and for some bone scan and bone
marrow assessment, it was recommended for all patients
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to undergo surgical resection of primary tumour but if
deemed unresectable, biopsy only. The Intergroup
Rhabdomyosarcoma Study (IRS) and TNM post-
surgical staging was used [8]. Complete resection with
no microscopic disease was R0, with microscopic disease
was R1, and macroscopic disease was R2.

2.4. Chemotherapy

Following initial surgery or biopsy, the recommended
chemotherapy was given over 30 weeks as follows:
vincristine,  cyclophosphamide, and doxorubicin
(VDCy) at weeks 1, 10, 13, 22, and 28; vincristine was
also given alone on weeks 2, 3, 11, 12, 14, 15, 23, 24, 29,
and 30; cyclophosphamide, carboplatin, and etoposide
(Cy*CE) given at weeks 4, 7, 16, 19, and 25 (see
Appendix | for full dose and schedule plan). Dosages
were adapted to infant weight and progressively
increased. No details about doses of chemotherapy were
collected, but data were available on whether treatment
was received and if completed.

2.5. Radiotherapy

Radiotherapy was recommended for all primary tumour
sites and all sites of metastatic disease, either following
up-front surgery at week 2 or following delayed surgery
at week 14. The chemotherapy schedule allowed
concomitant radiotherapy. The dose up to a maximum
of 50.4 Gy, treatment volume, and fractionation
depended on the site of the primary tumour, degree of
resection, site, and type of metastases (Appendix 2 for
full details).

2.6. Toxicity and disease evaluation

Severe toxicity and serious adverse events were recorded
on the end of treatment form but as a registry this was
not graded according to the National Cancer Institute
Common Toxicity Criteria.

If no signs of tumour progression were present, a
formal tumour revaluation was advised at the end of
treatment in patients without measurable disease
and after 12 weeks of chemotherapy in patients with
measurable disease, including those patients with
metastases.

2.7. Statistical analyses

Data were collected via a web-based system and ana-
lysed at Istituto Oncologico Veneto (Padua, Italy)
considering information reported up to 27th May 2015.
Continuous variables were summarised with median,
minimum and maximum, and categorical variables were
reported as counts and percentages. Survival time was
calculated from the date of diagnosis to the time of event
or last follow-up. Tumour progression, relapse or death

due to any causes were considered for event-free survival
(EFS). OS was measured from the date of diagnosis to
death for any reason. Patients still alive at the end of the
study were censored at the date of last observation.
The survival probability was computed by means of the
Kaplan—Meier method and heterogeneity in survival
among strata of selected variables was assessed through
the log-rank test. The 3-year EFS and OS (4-year EFS
for localized tumours) were reported along with their
95% confidence intervals (CIs). To investigate the
impact of the variables gender, age category (<1 year;
>1 year), tumour size (<5 cm; >5 cm), primary site
(favourable: orbit, head and neck non-parameningeal,
genitourinary non-bladder—prostate; unfavourable:
parameningeal, bladder-prostate, extremities, “other”;
according to rhabdomyosarcoma classification, IRS
group and initial surgery (performed; not performed) on
EFS for localized patients and OS for localized and
metastatic patients, survival multivariable analysis were
conducted using the Cox proportional hazard regression
method [8]. A stepwise variable selection procedure was
applied to the covariates with a p-value of at least 0.05
at univariate analysis. Hazard ratios (HRs) with their
95% CI calculated according to the Wald method was
reported for significant variables. To check the propor-
tional hazards assumption, a score process (which is a
transformed partial sum process of the martingale re-
siduals) was compared with the simulated processes
under the null hypothesis that the proportional hazards
assumption holds [14]. All data analyses were performed
using the SAS statistical package (SAS, release 9.4; SAS
Institute Inc, Cary, NC).

3. Results
3.1. Patients

Between December 2005 and June 2014, 110 patients
were enrolled on the study but 10 were excluded due
to adherence to other protocols (3), immunohisto-
chemistry and molecular data missing (1), histological
diagnosis after pathology review was not MRT (2) or
immunohistochemistry did not demonstrate loss of nu-
clear expression of INI-1, and/or molecular testing did
not demonstrate deletion of the SMARCB gene (4),
leaving in total 100 eligible patients. There was an even
distribution between the sexes, 49 female and 51 male.
The median age at diagnosis was 1.4 years (range 3
d—10.9 years) with 41 patients <1 year of age. The
majority (56 patients) were between 2 and 9 years (39
patients between the ages 1 and 3 years) and only 3 were
older than 10 years. Patient staging data and site and
size of primary tumour are listed in Table 1. The ma-
jority in the series had localised disease (77 patients) and
of those 19 (25%) had surgical resection up front. The
primary site of the tumour was across multiple
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Table 1
Clinical characteristics.
Localised Metastatic Total Total %
patients, patients,
N=77 N=23
Age (years) at diagnosis
Median (min—max) 1.51 0.60 1.38
(0.01— (0.01— (0.01—
10.93) 0.60) 10.93)
<1 29 12 41
>1 48 11 59
Gender
Female 35 14 49
Male 42 9 51
Post-surgical tumour staging (IRS)
Group 1 7 - 7
Group 11 12 - 12
Group III 58 - 58
Group IV - 23 23
Primary tumour Invasiveness (T)
TO0—no detectable - 1 1
T1—localized to the organ 34 6 40
or tissue of origin
T2—extending beyond the 42 14 56
tissue or organ of origin
Tx—insufficient 1 2 3
information about the
primary tumour
Tumour size
a: <5cm 19 3 22
b: >5 cm 56 19 75
X: not evaluable 2 1 3
Regional lymph node involvement
NO—No evidence of 67 10 77
lymph node involvement
N1—Evidence of regional 9 11 20
lymph node involvement
Nx—No information on 1 2 3
lymph node involvement
Site of origin of primary tumour
Orbit 1 — 1
Head neck 12 - 12
Parameningeal 7 - 7
Bladder-prostate 4 — 4
Genitourinary non- 11 7 18
Bladder—prostate
Kidney 10 7 94
Uterus 1 - 5
Extremities 8 6 14
Otbher sites 34 10 44
Abdomen 2 - 2
Liver 10 5 15
Paraspinal 13 1 14
Pelvis 1 — 1
Perineum 1 - 1
Retroperitoneal — 2 2
Thorax 6 2 8
Trunk 1 — 1
Number of metastatic sites”
1 - 9 39
2 — 8 35
3 - 3 13
4 — 3 13

IRS, Intergroup Rhabdomyosarcoma Study; max, maximum; min,
minimum.
& Percentage computed considering metastatic patients only.

anatomical sites, the commonest site in this series was
“other” sites (44 patients) followed by genitourinary
non-bladder—prostate (18 cases).

Twenty-three patients had distant metastases. The
majority (17 patients) had metastases to the lung: four
patients lung alone and 13 with other metastases. Two
cases had brain tumour metastases. Thirteen patients
had congenital MRT as defined by diagnosis within the
first 4 weeks of birth. Five of them (39%) had metastatic
disease, with the majority having tumours greater than 5
centimetres (62%). Primary sites were multiple but the
largest group was “other”—paraspinal, thorax, retro-
peritoneal or liver. One case had brain tumour
metastases.

3.2. Treatment and toxicity

Forty-three patients completed the protocol treatment
in a median period of 84 months (minimum
6.5—maximum 13.0) of chemotherapy. Fifty-five pa-
tients discontinued chemotherapy due to toxicity (3),
early progressive disease (49) between 3 d and 10.9
months or physician’s choice (3). One patient did not
receive any treatment due to death before starting
treatment and for one patient no treatment data are
available. There were dose adjustments due to delays in
starting the next course of chemotherapy or mucositis in
10 patients. The most frequent reported toxicities
included bone marrow suppression, febrile neutropenia,
infection, mucositis, anorexia, and electrolyte distur-
bances. In those who completed all courses of chemo-
therapy, there were no permanent toxicities, such as
renal impairment, and there were no toxic deaths. All
those younger than 12 months were able to receive
chemotherapy except one patient who died before the
start of treatment. They were no more likely to have
toxicities than older patients but had doses of chemo-
therapy adjusted for their age and weight.

Fifty-four patients from the whole cohort did not
receive radiotherapy, 39 had progressive disease during
first-line treatment prior to the planned radiotherapy,
whereas in 15 patients, no radiotherapy was delivered by
physicians choice probably due to the very young age of
the patient. One patient developed radiation colitis but
there were no other radiation-recorded toxicities. For
the localised patients, 25 progressed before planned
radiotherapy with only 37 of the remaining 52 patients
receiving radiotherapy.

Up-front complete surgical resection of the primary
tumour was performed in 8 (RO resection), including 1
metastatic patient, and in 12 patients R1 resection. In
73, only a surgical/trucut biopsy or lymph node explo-
ration was performed at diagnosis (53 localised and 20
metastatic patients). For the remaining seven patients,
macroscopic tumour was present after surgical resection
of primary tumour (five localised and two metastatic
patients). Thirty-nine patients had second surgery, for
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26 after 3—4 cycles of chemotherapy, for § after 5—8
cycles and for 3 at another time. Additional surgeries
were necessary for two patients. This resulted in a 17
with a RO resection including 1 with a liver transplant,
R1 resection in 13, and macroscopic residual tumour in
8. In one case, no tumour was found.

3.3. Outcome data

Median follow-up for alive patients of the complete
cohort was 44.6 months (range 11.5—84.6), for localized
patients was 49.8 months (range 11.5—84.6), whereas for
metastatic patients was 32.1 months (range 14.9—38.8).
Sixty-seven patients developed an event (46 in localized
and 21 metastatic patients) and subsequently 65 died (45
in localized and 20 metastatic patients). Median time to
progression was 5.0 months (minimum 3 d, maximum
31.5 months), for localised patients 7.5 months
(1.4—31.5) and for metastatic patients 2.7 months (3
d—14.9 months). In the total cohort, 35 were alive at the
time of this analysis.

For the whole cohort, the 3-year EFS was 32.3%
(95% CI 23.2—41.6%) with a 3-year OS of 38.4% (95%
CI 28.8—47.9%; Fig. 1A and B). For localized disease,
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the 4-year EFS was 39.3% (95% CI 28.2—50.1%) with a
4-year OS of 40.1% (95% CI 28.4—51.5%; Fig. 1C and
D). For metastatic disease, the 2-year EFS was 8.7%
(95% CI 1.5—24.2%) with a 2-year OS of 13.0% (95% CI
3.3-29.7%; Fig. 1C and D). For IRS III discase,
achieving a complete response (CR) at any time
point occurred in 30 patients leading to a statistically
significant (p<0.0001) survival advantage with a 4-year
EFS of 66.3% (95% CI 46.5—80.3%) and 4-year OS of
66.8% (95% CI 44.6—81.7%) compared with no CR in 28
patients with a 4-year EFS of 4.8% (95% CI 0.4—18.9%)
and 4-year OS of 4.8% (95% CI 0.4—18.9%)).

3.4. Prognostic factors

Table 2 lists the estimated EFS and OS for the patient’s
clinical characteristics in those with localized tumours.
On univariate analysis, patient age only significantly
influenced the EFS and OS, with those <1 year of age
having a significantly worse outcome, with a 4-year EFS
of 17.2% (95% C1 6.3—32.7%) and an HR of 2.9 (95% CI
1.6—5.3) and a 4-year OS of 20.1% (95% CI 7.9—36.3%)
with an HR of 2.7 (95% CI 1.5—5.0). Table 3 lists the
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Fig. 1. Survival analysis of whole cohort, localised and metastatic extracranial MRT. (A) Event-free survival and (B) overall survival of
100 patients with extracranial MRT registered on EpSSG NRSTS 2005. (C) Event-free survival and (B) overall survival of localised and

metastatic patients separately.
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Table 2

Estimated EFS and OS for localised patients (univariate analysis).

B. Brennan et al. | European Journal of Cancer 60 (2016) 69—82

Characteristics N No. events 1-Year EFS 4-Year EFS p-Value No. I-Year OS 4-Year OS p-Value
EFS (95% CI) (95% CI) events OS (95% CI) (95% CI)

IRS group 0.2961 0.3234
I 7 2 85.7 (33.4—97.8) 68.6 (21.3-91.2) 2 85.7 (33.4—97.8) 68.6 (21.3-91.2)

11 12 8 41.7 (15.2—66.5) 33.3 (10.3—58.8) 8 75.0 (40.8—92.2) 41.7 (15.2—66.5)
11 58 36 44.8 (31.8—57.0) 36.9 (24.4—49.4) 35 53.4 (39.9—65.2) 35.9 (22.7-49.3)

Age at diagnosis (years) 0.0002 0.0005
<l year 29 24 24.1 (10.7-40.5) 17.2 (6.3—32.7) 23 34.5 (18.2—51.4) 20.1 (7.9-36.3)
>1 year 48 22 62.4 (47.2—74.4) 52.8 (37.5—66.1) 22 75.0 (60.2—85.0) 52.1 (35.7—66.2)

Gender 0.6600 0.6288
Male 42 23 45.0 (29.6—59.2) 45.0 (29.6—59.2) 23 61.8 (45.4—74.6) 45.6 (29.5—-60.4)

Female 35 23 51.4 (34.0—66.4) 33.3 (18.3—49.1) 22 57.1 (39.3=71.5) 33.4 (17.4-50.3)

T 0.2193 0.1196
TO-TI 34 17 55.7 (37.6—70.5) 49.3 (31.6—64.8) 16 64.6 (46.1-78.1) 52.4 (32.7—-68.9)

T2 42 28 42.8 (27.8—57.0) 32.6 (19.0—47.0) 28 57.1 (40.9-70.4) 31.9 (18.2—46.5)

Size® (cm) 0.6555 0.6671
<5 19 10 52.6 (28.7-71.9) 47.4 (24.4—67.3) 10 63.2 (37.9-80.4) 47.4 (24.4—67.3)
>5 56 34 48.1 (34.5-60.4) 37.4 (24.4—50.3) 33 60.6 (46.6—72.0) 38.0 (24.0—51.9)

Site 0.2765 0.3525
Favourable 24 12 57.8 (35.7-74.7) 48.9 (27.8—67.0) 12 75.0 (52.6—87.9) 52.3 (30.4—70.2)
Unfavourable 53 34 43.3 (29.9—-56.1) 35.5 (22.8—48.3) 33 52.8 (38.6—65.1) 35.5(22.3—48.9)

Initial surgery 0.7451 0.8096
No 49 29 44.9 (30.7—-58.1) 40.2 (26.4—53.7) 28 55.1 (40.2—67.7) 39.7 (24.9-54.1)

Yes 28 17 53.3(33.5—69.7) 37.2 (19.4-55.1) 17 67.7 (47.0-81.7) 40.0 (21.5-57.9)

CI, confidence interval; EFS, event-free survival; IRS, Intergroup Rhabdomyosarcoma Study; OS, overall survival.

% The sum does not add up to the total because of missing values.

metastatic patients. Patients <1 year of age had the
worst prognosis, as well as male patients. Multivariable
analysis disclosed that all patients <1 year were associ-
ated with at higher risk of death (HR: 2.6; 95%
CI 1.0—6.8; p-value = 0.0094). Risk of death was also
related with gender in metastatic patients (HR for males:
2.9, 95% CI 1.0—8.0; p-value = 0.0077)

Table 3

Estimated OS for metastatic patients (univariate analysis).

Characteristic N No. l-year OS p-Value

events  (95% CI)

Age at diagnosis (years) 0.0094
<1 year 12 12 0
>1 year 11 8 27.3 (6.5-53.9)

Gender 0.0077
Male 9 9 0
Female 14 11 21.4 (5.2—44.8)

T 0.3709
TO0-TI 7 7 0
T2 14 11 21.4 (5.2—44.8)

Size" 0.1913
<5cm 3 2 33.3(9.0-77.4)
>5 cm 19 17 10.5 (1.8—28.4)

Site 0.6406
Favourable 7 7 0
Unfavourable 16 13 18.8 (4.6—40.2)

Initial surgery 0.4330
No 19 17 10.5 (1.8—28.4)
Yes 4 3 25.0 (8.9—66.5)

CI, confidence interval; OS, overall survival.
# The sum does not add up to the total because of missing values.

4. Discussion

Our results demonstrate that in this first large prospec-
tive study of extracranial MRT treated in multiple Eu-
ropean countries for what is a very rare soft tissue
sarcoma, intensive therapy can be delivered to a very
young paediatric population of patients, with possibly
an improvement in outcome, be it in comparison with
historical series. Furthermore, a substantial proportion
of the patients in this EpSSG protocol had an extra-
renal tumour site, which confers a poorer prognosis [1].
The outcome remains poor for the majority of patients
in this series, in particular patients with metastatic dis-
ease and those who progressed, who universally had a
fatal outcome.

In the NWTS series of renal MRT, over a much
longer historical period between 1969 and 2002, OS at
4-year was 23.2% [3]. This compares to, perhaps, our
superior results with an OS of 38.4%, and perhaps, it is
significant in terms of a better outcome, as the NWTS
series only contained patients with a renal primary,
thought to have a better outcome, maybe in part
because a larger proportion can have up-front resection
of the primary tumour. In our series, it is noteworthy
that only 24% had up-front surgery with no survival
advantage, and with surgery following chemotherapy
73% were in CR. CR, by either surgery or chemotherapy
in IRS III patients, had a survival advantage but also
reflects those patients who had not progressed before
delayed local control and, therefore, must be read
with caution. The role of a CR maybe important for
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long-term survival as suggested in previous small series
[11]. The small numbers with a concomitant CNS pri-
mary compared to the NWTS series reflect selection of
these patients into CNS protocols rather than our study
[3]. The small numbers also makes it hard to comment
on therapy, but at present most will receive similar
intensive chemotherapy, surgical resection if possible
plus or minus radiation.

We showed that age continues to be an important
prognostic factor and remains the only factor in
multivariable analysis for OS in localised patients and
univariate analysis for metastatic patients. The impor-
tance of age, in particular the negative effect of
younger age on outcome, confirms the findings in the
NWTS series [3], the SEER database series [4], and the
UK population-based registry [1]. Uniquely, we ana-
lysed the congenital cases separately (13 cases) with 12
events (all died) and a median time to event of 3.1
months (3—11.7 d). It might be expected that these cases
had a germline mutation of the SMARCBI gene,
thought to confer a poorer prognosis, but our data are
incomplete [12]. Their outcome may also question the
role of intensive therapy in congenital cases or, indeed,
in the very young cohort. For parents, however, offering
palliative therapy as the first line of treatment may not
be acceptable.

Progression on treatment remains an important
finding, 49.5% progressed on treatment, which was an
important factor for those subjects not receiving the
recommended protocol radiotherapy. Of course, age of
the patient may also be a further factor for no radio-
therapy as in the 15 patients with physicians choice for
no radiotherapy, 14 were younger than 2 years.

The role of radiotherapy as an important factor
affecting outcome could not be shown in our series,
confounded by the number who progressed prior to
delivering radiotherapy and the reluctance to give
radiotherapy to very young children especially in infants
or with a planned delay. This echoes the findings of the
NWTS series, as the possible benefit of radiotherapy
again was difficult to define, and also confounded by the
patient’s age [3]. Radiotherapy tended to be given to
those with a higher clinical stage and in an older age
group, who received a higher dose. This is in contrast,
however, to the SEER database series [4]. In particular
where the use of radiotherapy remained a significant
predictor of survival (p = 0.0006). Radiotherapy was
only used in 35% of patients in total, but there was no
significant difference in its use at the different primary
tumour sites (p = 0.90). Less was used, however, in
those younger than 3 years.

For localised disease, stage was not an important
predictor of outcome but a statistically significant dif-
ference in EFS and OS is evident comparing localised
with metastatic patients (p-value for log-rank test
<0.0001 in EFS and OS). In both the NWTS series and
the SEER database series, stage also determined

outcome, with a 41.8% 4-year OS for stage I to II tu-
mours compared with 15.9% in those with stage III, IV,
or V disease in NWTS, and in for the SEER database
series in a multivariable model applied only to children
and adolescents with extracranial MRT, tumour stage
remains a significant predictor of survival (p = 0.00014)
[3,4].

Like any discussion comparing historical series, the
staging systems used, the patient selection and the
numbers at each anatomical site are not directly com-
parable and, hence, cannot replace a randomised study.
The lack of prospective historical series in MRT at all
sites hampers this further. Extracranial MRT continue
to be aggressive tumours with poor survival. The young
age at presentation often limits the ability to deliver
multimodal therapy, in particular radiotherapy, which
seems to be important. Further research needs to allow
better understanding of MRT biology and the role of
the SMARCBI gene in MRT development. The later
information could also determine better and more tar-
gets for therapy. A recent eloquent study in the mo-
lecular subgroups of primary brain atypical teratoid
rhabdoid tumours, biologically the same tumour,
allowed further stratification of these tumours for
future biologically based trials [10]. Our results may
allow us to use this protocol as a standard chemo-
therapy backbone in order to add small molecule in-
hibitors against what we currently know are targets.
Recent data on EHZ2 inhibitors is promising as an
epigenetic regulator and should be in phase I studies
shortly in children [13]. We may need to take a leap of
faith based on cell line data and pre-clinical mouse
models to put these agents into phase III clinical trials
while not having data from phase II trials in MRT, as it
is so rare, but at least toxicity data from phase I studies
in paediatric tumours. We will not improve the outcome
with this protocol which is already at maximal tolerance
but we may alter how we deliver conventional chemo-
therapy as successfully demonstrated in the Ewings
sarcoma study of interval compressed chemo-
therapy—AEWSO0031 [9], with new targeted agents, to
be given in combination, in a multiple arm randomised
study using an innovative statistical plan for rare
cancers.
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Appendix 1. Chemotherapy schedule and drug doses for

rhabdoid tumours registered on the EpSSG NRSTS 2005
study

Chemotherapy schedule

Week number

1 2 3 4 5 6 17 8§ 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
vV VvV V vV vV vV vV VvV V vV VvV V v VvV V
D Cy* Cy* D D Cy* Cy* D Cy* D
Cy C C Cy Cy C C Cy C Cy

E E E E E
A% Vincristine 0.025 mg/kg/d i.v. x 1 as bolus for infants <12 months

0.05 mg/kg/d i.v. x 1 as bolus for children 12 months to 3 years
1.5 mg/m2/d x 1 as bolus for children >3-year old
D Doxorubicin 1.25 mg/kg/d i.v. x 2 d over 15 min for infants <12 months
37.5 mg/m?d i.v. x 2 d over 15 min for children >12 months
Cy Cyclophosphamide 40 mg/kg/d i.v. x 1 d over 1 h for infants <12 months 1200 mg/m*d i.v. x 1 d over 1 h for children >12 months
Cy*  Cyclophosphamide  14.7 mg/kg/d i.v. over 1 h x 5 d for infants <12 months
440 mg/mz/d i.v. over 1 h x 5 d for children >12 months
C Carboplatin See nomogram in protocol
E Etoposide 3.3 mg/kg/d i.v. over 1 h x 5 d for infants <12 months
100 mg/m?d i.v. over 1 h x 5 d for children >12 months

Administration schedule for cycles VDCy weeks 1, 10, 13, 22 and 28

Drug Route Dose Week (s) Day(s)
Vincristine i.v. over 1 min 0.025 mg/kg/d for infants <12 months 1,2, 3,10, 11, 12, 13, 14, 1
0.05 mg/kg/d for children 12 mo. to 3 years 15, 22, 23, 24, 28, 29, 30
1.5 mg/mz/d for children >3-year old
Doxorubicin i.v. over 15 min 1.25 mg/kg/d for infants <12 months 1, 10, 13, 22, 28 1-2

37.5 mg/m?d for children >12 months
Consideration for the use of a cardioprotective agent.
Individual groups may prefer to infuse over 1 h.
Cyclophosphamide with iv.over 1 h 40 mg/kg/d for infants <12 months 1200 mg/m?/d for 1, 10, 13, 22, 28 1
MESNA hydration® children >12 months

2 MESNA and hydration guidelines: MESNA 1440/m?/dose (48 mg/kg/dose for infants <12 months old) should be added to the hydration
(2000 ml/m?/16 h) of 0.45% saline/2.5% dextrose and run for 3 h pre- and with cyclophosphamide and at least 12 h post-cyclophosphamide—total
16 h. Urine output at least 3 ml/kg/h.

Administration schedule for cycles Cy*CE weeks 4, 7, 16, 19, and 25

Drug Route Dose Week Day(s)
Cyclophosphamide with iv.over 1 h 14.7 mg/kg/d for infants <12 months 4,7, 16, 19, 25 1-5
MESNA hydration 440 mg/m?/d for children >12 months
Carboplatin iv.over 1 h GFR Dose 4,7, 16,19, 25 1
>150 ml/min/1.73 m? 560 mg/m? (18 mg/kg for infants)
100—150 ml/min/1.73 m? 500 mg/m? (16.6 mg/kg for infants)
75—99 ml/min/1.73 m? 370 mg/m? (12.3 mg/kg for infants)
50—74 ml/min/1.73 m? 290 mg/m? (9.7 mg/kg for infants)
<49 ml/min/1.73 m? Discuss with study coordinators
Etoposide iv.over 1 h 3.3 mg/kg/d for infants <12 months 4,7, 16,19, 25 1-5

100 mg/m?/d for children >12 months

Hydration: prehydrate with 0.45% saline/2.5% dextrose at 125 ml/m%h for 2 h. Then continue at 125 ml/m*h for 2 h following completion che-
motherapy—total fluids 500 ml/ m? with 530 mg/m? of MESNA added.
i.v., intravenous; MESNA, 2-mercaptoethane sulfonate sodium.
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Appendix 2. Radiotherapy guidance for the rhabdoid
tumours registered on the EpSSG NRSTS 2005

Renal rhabdoid tumours

Indications for post-operative flank radiotherapy
e Stage [-III renal rhabdoid tumour (19.8 Gy in 11 fractions
of 1.8 Gy over 15 d for patients > 12 months; 10.5 Gy in 7
fractions of 1.5 Gy over 9 d for patients < 12 months)

Indications for whole-abdominal and pelvic radiotherapy
e Stage III with cytology positive ascites
e Pre-operative intraperitoneal rupture
e Diffuse operative spill and peritoneal seeding (19.5 Gy in 13
fractions of 1.5 Gy over 17 d for patients > 12 months;
10.5 Gy in 7 fractions of 1.5 Gy over 9 d in the case of infants)

Indications for pulmonary radiotherapy
e Lung metastases (15 Gy with lung correction in 10 fractions
of 1.5 Gy over 12—14 d for patients > 12 months; 10.5 Gy
in 7 fractions of 1.5 Gy over 9 d for patients < 12 months)

Indications for liver radiotherapy
e Liver metastases (19.8 Gy in 11 fractions of 1.8 Gy for
patients > 12 months; 15 Gy in 10 fractions of 1.5 Gy for
patients < 12 months.)

Indications for whole-brain radiotherapy
e Brain metastases (21.6 Gy in 12 fractions of 1.8 Gy) +
boost of 10.6 Gy

Indications for bone metastases radiotherapy
e None metastases (25.2 Gy in 14 fractions of 1.8 Gy)

Timing of radiation therapy

All radiation therapy should begin as soon as it is
logistically possible concurrent with the initiation of
chemotherapy after surgery which is either up front or
after 12 weeks of chemotherapy.

Equipment

All patients will be treated with megavoltage equipment
(4—20 MYV linear accelerator. The use of colbalt-60
equipment is not acceptable for radical therapy.)

Treatment planning

All patients should have a planning CT scan to enable
three-dimensional conformal planning, generation of
dose volume histograms for organs at risk, and lung
correction where necessary. The dose is prescribed ac-
cording to international commission on radiation units
and measurements (ICRU) 50.

Fractionation

Treatment is given with conventional fractionation,
treating all fields each day, with one treatment daily, 5

d a week. The fraction size should be 1.8 Gy except with
large fields (whole-abdominal and pelvic radiotherapy,
and whole-lung irradiation) and in infants. Once treat-
ment is started, there will be no interruptions in treat-
ment unless absolutely necessary. It is not necessary to
suspend treatment because of uncomplicated myelo-
suppression, supportive care should be given for neu-
tropenia and thrombocytopaenia according to local
protocols. Haemoglobin levels should be maintained at
12 g/dl or above during the time of radiotherapy.

» » » Compensation for treatment breaks

Standard fractionation is one treatment per day, 5 d each
week. If a treatment interruption is unavoidable, this
should be compensated for. Ideally, two fractions per day
with a minimum interfraction interval of 6 h should be
given to enable treatment to be completed within the same
overall time as was originally intended. If this is not
possible, for example in the case of a child requiring
general anaesthesia, one or two additional fractions
should be given according to the Children’s Oncology
Group (COG) guidelines below.

Or as per COG protocol

The total number of fractions or total radiotherapy dose
to be delivered according to the duration of in-
terruptions is indicated below:

Patients prescribed 10.8 Gy

Timing Fxsize # Fx  Total dose (Gy)
Normal and/or up to 3-d split 1.8 6 10.8

4- to 7-d split 1.8 7 12.6

>7-d split 1.8 8 14.4

Patients prescribed 19.8 Gy

Timing Fxsize # Fx  Total dose (Gy)
Normal and/or up to 3-d split 1.8 11 19.8

4- to 7-d split 1.8 12 21.6

>7-d split 1.8 13 234

Target volume definition for primary tumour

e The target volume is chosen according to the initial tumour
volume (gross tumour volume [GTV]). The pre-therapeutic
CT is usually the optimal imaging study.

e The clinical target volume (CTV) is defined as the GTV +
1 cm extended medially (and superiorly and inferiorly as
appropriate) to encompass vertebral bodies in their entirety.

e The planning target volume (PTV) is defined as the CTV +
1 cm unless departmental quality control data indicate that
a different margin is appropriate.

Flank irradiation

The GTV is determined by the pre-operative CT scan
and it is defined as the outline of the kidney with the
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associated tumour. The PTV should not extend more
than 2 cm beyond the defined GTV, except where
necessary to allow the superior and inferior field borders
to lie within an intervertebral space, and the medial
border to fully encompass the entire vertebral width
without significantly overlapping the contralateral kid-
ney. In patients where the tumour prior to resection
bulged into the contra lateral flank without tumour in-
vasion into the contra lateral kidney, it is not necessary
for the CTV to encompass the medial extent of the
GTV, and so the PTV can lie so that the full vertebral
width is covered without overlap of the contralateral
kidney. In most patients, the superior border of the ra-
diation therapy field will be well below the diaphrag-
matic dome. The radiation therapy field should not be
extended to the dome of the diaphragm unless there is
tumour extension to that height. When there are positive
lymph nodes that have been surgically removed, the
entire length of the para-aortic chain of lymph nodes
should be included in the radiotherapy field. An ante-
roposterior parallel-opposed (AP-PA) technique is rec-
ommended for flank irradiation. The borders of the
radiation fields should be placed so that the PTV is
encompassed by the 95% isodose. The flank irradiation
dose is 19.5 Gy in 13 fractions of 1.5 Gy over 17 d for
those 12 months or older, and 10.5 Gy in 7 fractions of
1.5 Gy over 9 d in the case of infants. Dose volume
histograms should be performed for liver and the
remaining kidney to ensure that the doses to these or-
gans at risk are kept within tolerance levels. At least two
thirds of the remaining kidney should not receive a dose
greater than 14.4 Gy, and at least half the liver should
not receive a dose greater than 19.8 Gy.

Whole-abdominal and pelvic irradiation

For whole-abdominal and pelvic radiotherapy, the
CTV will be the entire peritoneal cavity that extends
from the dome of the diaphragm superiorly to the pelvic
diaphragm inferiorly and laterally from the right to the
left lateral abdominal wall. The superior border of the
whole-abdominal and pelvic field will be placed
approximately 1 cm above the dome of the diaphragm.
The inferior border of the field will be placed at the
bottom of the obturator foramen. The lateral borders of
the field will be placed approximately 1 cm beyond the
lateral abdominal wall. The femoral heads should be
shielded during radiotherapy. An AP-PA is recom-
mended for whole-abdominal and pelvic irradiation. The
dose/fractionation schedule for whole-abdominal and
pelvic radiotherapy is 19.5 Gy in 13 fractions of 1.5 Gy
over 17 d for those 12 months or older. For these pa-
tients, the remaining kidney should be shielded to limit
the dose to 14.4 Gy. In the case of infants, the whole-
abdominal and pelvic dose is 10.5 Gy in 7 fractions of
1.5 Gy over 9 d. This treatment should be CT planned to
allow dose volume histograms to be generated for

organs at risk. This is especially important if a second
phase of treatment to boost the dose to macroscopic
residual disease is being contemplated (Section 9.1.8).

Boost for gross residual disease

Patients with gross residual disease after surgery may
receive a second phase of treatment after flank or whole-
abdominal and pelvic radiotherapy. This requires indi-
vidualised consideration. Depending on factors such as
the volume which would require treatment, and the age of
the patient, a lower dose may be deemed safer, or the
boost may be omitted. The GTV will be defined on the
post-operative planning CT scan used for planning
the first phase of treatment. The CTV will usually be the
same as the GTV, but may be extended to ensure uniform
irradiation of vertebral bodies. The PTV will be the CTV
+ 1 cm unless departmental quality control data indicate
that a different margin is appropriate. The organs at risk
will already have been delineated on the planning CT
scan. Fields will be shaped with multileaf collimator
(MLC) or customised blocks to conform to the PTV. The
most appropriate field arrangement will be selected by the
clinician taking into account the composite dose volume
histograms for phase 1 and phase II combined, with
respect to coverage of the PTV and the dose constraints to
organs at risk as stated in Section 9.1.6. The dose will
usually be 10.8 Gy in six fractions of 1.8 Gy over 8 d, but
10.5 Gy in seven fractions over 9 d may be more appro-
priate in infants or if the volume is large.

Whole-lung irradiation

Both lungs are irradiated regardless of the number and
location of the metastases. Treatment should be CT
planned with patient lying supine with the arms to the
side, slightly away from the body. The CTV includes the
entire lungs, mediastinum and the pleural recesses. The
CTV to PTV margin should take account of respiratory
movement and is likely to be about 1 cm superiorly and
laterally and 2 cm inferiorly. AP-PA and posterior
parallel-opposed field will be used such that the PTV is
encompassed with the 95% isodose. CT planning will
take into account and correct the increased transmission
through lung tissue. The inferior border of the field
should lie in an intervertebral space, often below L1. The
shoulder joints should be protected by MLC or cerro-
bend shielding. The whole-lung irradiation (WLI) dose/
fractionation schedule for those aged 12 months or over
is 15 Gy with lung correction in 10 fractions of 1.5 Gy
over 12—14 d. For infants, it is 10.5 Gy in seven fractions
of 1.5 Gy over 9 d. If patients require both whole-lung
and infra-diaphragmatic irradiation, then both fields
should be treated simultaneously whenever possible. As
the volumes for WLI often abut or overlap with the
volumes for flank or whole-abdominal and pelvic
radiotherapy, the contiguous areas should be treated in
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the first instance as a single volume with a single pair of
appropriately shaped AP-PA and posterior parallel-
opposed fields. For such a large volume, a fraction size
of 1.5 Gy will be used. The fields will be reduced in size
(off the lungs) after 10 fractions (15 Gy) to cover only the
infra diaphragmatic volume. If the WLI volume and the
flank volume appear well separated, they may be treated
simultaneously as two separate areas, but great care must
be taken when planning to ensure an adequate gap so
that there is no overlap. Similarly, if WLI and infra-
diaphragmatic radiotherapy are given at different times,
care must be taken to ensure that there is no overlap.

Localized foci of lung disease persisting 2 weeks after
the delivery of WLI may either be excised or given an
additional 7.5 Gy in five fractions. The volume of the
lungs included in this boost irradiation field should be
<30% in order to limit the acute and long-term pul-
monary complications that could result from higher
doses of irradiation.

Liver irradiation

The entire liver is included in the irradiation portal only if
the liver is diffusely involved (19.8 Gy in 11 fractions of
1.8 Gy.) In infants the dose/fractionation schedule should
be 15 Gy in 10 fractions of 1.5 Gy. If the entire liver vol-
ume is not involved, then only the metastases with a
margin of 2 cmis irradiated. Additional boost irradiation
doses of 5.4 to 10.8 Gy may be administered to limited
volumes (<75% of the entire liver) at the discretion of the
clinical oncologist. While irradiating the liver, the dose to
the upper pole of the remaining kidney should be moni-
tored. A posterior kidney block may be inserted in order
to limit the remaining kidney to <14.4 Gy. An AP-PA
technique is recommended for liver irradiation.

Brain irradiation

In patients with brain metastases, the whole brain is
included in the irradiation field to a dose of 21.6 Gy in
12 fractions of 1.8 Gy. A boost of at least 10.8 Gy is
required to site of metastases. In patients with <3 cir-
cumscribed lesions especially in patients younger than 3
years, a limited volume (tumour or tumour bed only
with 0—1 cm margin) boost dose of 10.8 Gy in 6 frac-
tions using intensity-modulated radiation therapy
(IMRT) or sterotactic radiotherapy may be adminis-
tered after whole-brain irradiation to 21.6 Gy.

A lateral parallel-opposed technique (right and left
lateral) is recommended for whole-brain irradiation.

Bone irradiation

In patients with bone metastases, the GTV is the lesion as
shown on appropriate imaging, which may include skel-
etal scintiography, plain radiographs MRI and CT. The
clinical target volume will usually include a margin of

apparently healthy bone up to 2 cm. A narrower margin
may be appropriate where the metastasis is close to the
edge of the bone. Irradiation of the epiphyses should be
avoided where possible to diminish late effects. An
appropriate margin should be added for the PTV, taking
into account the technique of immobilisation used. The
entire bone need not be irradiated. An AP-PA technique is
usually recommended for bone irradiation, depending on
the anatomical site. The bone irradiation dose is 25.2 Gy in
14 fractions of 1.8 Gy, but may be modified if appropriate.

Lymph node irradiation

Lymph nodes with metastatic tumour that have not been
surgically removed should receive radiation therapy.
Groups of lymph nodes which were involved at presen-
tation should be irradiated in their entirety. The GTV will
be the nodal area including any residual mass after
chemotherapy as defined on the planning CT scan. The
CTV will usually be a 1 cm margin around the GTV.
The margin for PTV definition will depend on immobili-
sation and individual departmental data. If vertebrae are
to be irradiated, the whole vertebral body shall be
included in the fields. For mediastinal and abdominal
nodes, a parallel-opposed field arrangement usually
gives best coverage of the PTV. Where possible, nodal
areas will be treated in continuity with the primary
tumour site or other metastatic sites requiring irradiation.
The dose will usually be 19.8 Gy in 11 fractions of 1.8 Gy.

Target dose

The daily dose to ICRU prescription points shall be
1.8 Gy, except in younger children (e.g. <3 years) or
when large volumes (e.g. whole lung or whole abdomen
and pelvis) are to be treated.

Extrarenal non-CNS rhabdoid tumour

All patients should have a consultation by a radiation
oncologist at the time of study entry so that the radia-
tion oncologist can assist in providing appropriate
staging/grouping of the patient and review the adequacy
of the initial diagnostic imaging studies for subsequent
local control treatment with RT.

Extrarenal non-CNS rhabdoid tumours

Gross total resection with no residual
disease (microscopic negative margins)
(group I)

Gross total resection with microscopic
residual disease (microscopic positive
margins) (group II)

Biopsy only or gross residual disease
(group III)

36 Gy in 20 fractions

45 Gy in 25 fractions

50.4 Gy in 28 fractions

These total doses and fractionation schedules may need to be modified
taking into account factors including the age of the child, the volume
requiring irradiation, critical normal structures and co-morbidity.
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Equipment

Treatment will usually be with x-ray photons of
4—20 MV from a linear accelerator. The use of cobalt
teletherapy is not acceptable.

In some circumstances, the use of electrons may
result in a more favourable dose distribution.

Similarly, interstitial or intacavitary brachytherapy
may be preferable in certain circumstances, such as
with tumours at gynaecological, extremity and some
non-parameningeal head and neck primary sites.
Brachytherapy should not be used without careful
discussion and is only appropriate in specialised treat-
ment centres.

Proton therapy is permitted in this study in speci-
alised treatment centres.

Protocol target volumes
Three-dimensional treatment planning 1is strongly
encouraged for patients treated on this study.

All treatment planning, regardless of whether it is
standard or three-dimensional conformal/IMRT, will be
based upon the following target definitions. Treatment
will be prescribed to the PTV, which will be derived
from the GTV and CTV as follows:

GTV

The GTYV is defined as the pre-treatment visible and/or
palpable disease defined by physical examination,
operative surgical findings, computer tomography, or
magnetic resonance imaging. The T; MR image with
contrast is usually optimal imaging study. In special
circumstances, changes can be made in this definition
based upon the post-operative geometry of the target
volume. In patients who have undergone primary sur-
gical tumour resection, the entire surgical scar should be
included in the GTV. However, in general, the GTV
does not change based on any surgical resection or
chemotherapy response.

CTV

For all Clinical Groups, the CTV is defined as the
GTV + 1.5 cm (but not extending outside of the
patient). For some sites, the definition of the CTV
is modified to account for specific anatomic barriers
to tumour spread. The CTV will always include the
entire draining lymph nodes chain if the regional
nodes are clinically or pathologically involved with
tumour. Patients with gross residual disease and pri-
mary sites in the head and neck and vulva/uterus who
do not undergo second look operations may have sec-
ond CTV and PTV defined for a cone down boost.
The patients will receive a total dose of 50.4 Gy given to
the PTV.

PTV
For all Clinical Groups, the PTV is defined as the
CTV plus an institution specific margin to account for
day-to-day setup variation related to the ability to
immobilise the patient and physiological motion of the
CTV.

Planning organ-at-risk volume

Planning organ-at-risk volumes (PRV) will be defined
for each organ at risk defined in Section 14, Radio-
therapy Guidelines, and for any other organ that the
treating clinical oncologist wishes to limit to a specific
dose. The PRV is defined as the volume of the organ at
risk plus a margin to account for that organ’s positional
uncertainty.

Special modifications of GTV and CTYV for certain sites
>Orbit:.. For orbit primaries, the CTV will not extend
outside the bony orbit, providing there is no bone
erosion of the orbit.

>Thorax:. Tumours which have displaced a significant
amount of lung parenchyma which has subsequently
returned to normal anatomic position following surgical
debulking will have the GTV defined as the pre-
operative tumour volume excluding the intra-thoracic
tumour which was debulked. However, all areas of pre-
operative involvement of the pleura will be included in
the GTV.

> Bladderlprostate, perineum, pelvis, biliary tree and
abdomen:. Tumours which have displaced a significant
amount of bowel which has subsequently returned to
normal anatomic position following surgical debulking
will have the GTV defined as the pre-operative
tumour volume excluding the intra-abdominal or
intra-pelvic tumour which was debulked. However, all
areas of pre-operative involvement of the peritoneum or
mesentery, and the site of origin, will be included in
the GTV.

Timing of radiotherapy:. All patients who require radia-
tion therapy shall begin treatment concurrent with
the initiation of chemotherapy after surgery. If surgery
is performed up front, radiation therapy should begin
as close to the beginning of chemotherapy as possible.
If surgery is delayed, radiation therapy should begin
after recovery from surgery when chemotherapy is
reinitiated. Chemotherapy will be given concurrent with
radiotherapy. The regimen is designed so that doxoru-
bicin is avoided during the six weeks following
irradiation.

Prescribed dose and fractionation

The total radiotherapy dose for the various clinical
groups are indicated in the table below:
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Gross total resection with no residual
disease (negative margins) (Group I)

Gross total resection with microscopic
residual disease (positive margins)
(Group II)

Biopsy only or gross residual disease
(Group III)

36 Gy in 20 fractions

45 Gy in 25 fractions

50.4 Gy in 28 fractions

same as, or less than, those used in the previous IRS
studies and have not been associated with excessive
toxicity when used with chemotherapy.

Normal tissue tolerance

All radiation should be given at 1.8 Gy per fraction with one fraction
given per day. Five fractions should be given per week.

Interruptions

Patients requiring an interruption in radiotherapy
(i.e. for low counts, infection, toxicity) will receive a
modification in the schedule as shown in the tables
below

Patients prescribed 36 Gy (Gp 1)

Timing Fx size (Gy) # Fx Total Total time
Dose (Gy)

Normal and/or up 1.8 20 36 4—6 Weeks
to 2-week split

2- to 3-week split 1.8 21 37.8 6—7 Weeks

>3-week split 1.8 22 39.6 >7 Weeks

Patients prescribed 45.00 Gy (Gp 1II)

Timing Fx size (Gy) # Fx Total Total time

dose (Gy)

Normal and/or up 1.8 25 45 5—7 Weeks
to 2-week split

2- to 3-week split 1.8 26 46.8 7—8.4 Weeks

>3-week split 1.8 27 48.6 >8.4 Weeks

Patients prescribed 50.40 Gy (Gp III)

Timing Fx size (Gy) # Fx Total Total time

dose (Gy)

Normal and/or up 1.8 28 50.4 5.4—7.3 Weeks
to 2-week split

2- to 3-week split 1.8 29 52.2 7.4—8.4 Weeks

>3-week split 1.8 30 54.0 >8.4 Weeks

Normal tissue sparing

It is important to protect normal vital structures
whenever possible. Such shielding must be weighed
against the possibility of under treatment of known
tumour-bearing tissue.

The recommended upper dose limits for different
organs are shown in the table below. These limits are the

Organ Dose limit (Gy)

Optic nerve and chiasm 50

Lacrimal gland 414

Small bowel 45.0

Spinal cord 45.0

Lung (when >'; but <, of total lung volume 18.0
is in the PTV)

Lung (when > of total lung volume is in 15.0
the PTV)

Whole kidney 19.8

Whole liver" 234

# Tolerance for partial liver radiation: when two third of the liver
volume is included in the initial radiation port and more than one third
of the liver requires a boost beyond the maximum whole liver dose
(23.4), the total dose to the boost volume may be limited to a
maximum of 30 Gy. The boost volume should not exceed two third of
the total liver volume.
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