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I. Uvod

Akutni lymfoblasticka leukémie v détském véku

Akutni leukémie jsou nejCast€jSim nadorovym onemocnénim détského véku, piicemz
piiblizné 80% détskych leukémii tvoii akutni lymfoblasticka leukémie (ALL) s n€kterymi
podtypy specifickymi pro détsky vék a jinym biologickym chovanim nezZ je ALL u dospélych.
Akutni lymfoblastickou leukémii roéné onemocni v Ceské republice piiblizné 65 déti
s typickou vékovou distribuci. Vrchol vyskytu je zaznamendvan ve vekové skupiné
ptredskolnich déti. Ve skuteénosti neni ALL jedno homogenni onemocnéni, ale spiSe souhrn
relativné presné imunofenotypové a genotypové charakterizovanych podskupin. Tyto
podskupiny se 1iSi typickym vékem pi1 néstupu nemoci, odpovédi na 1écbu a pochopitelné i

progndzou [1].

Klinické a genetické prognostické skupiny

PrestoZze se u ALL relativné Casto vyskytuji 1 jiné genetické defekty (napt. delece nebo
bodové mutace), typicky je vyskyt zasadnich chromozomadlnich aberaci: zmén v ploidii
(Castéji hyperdiploidie nez hypodiploidie) a zejména casty vyskyt urCitych nendhodnych
translokaci. Tyto zmény jsou klonéalni, coz leukémie odliSuje od epitelidlnich nadort
(karcinomtl), u kterych nachdzime zna¢nou Kkaryotypovou diverzitu zpisobenou
chromozomalni nestabilitou nddorovych bunék [2] . Pro chromozomalni translokace u ALL je
dale typické 1 to, Ze se jednéd vétSinou o reciproké nebo balancované zmény a Ze jednotlivé
aberace jsou spjaty s uritymi biologickymi subtypy ALL. NejCastéji zachycované translokace

u détskych ALL jsou shrnuty v Tabulce 1.



Tabulka 1: Nejcastéji zachycované translokace u détskych ALL

chromozomalni aberace molekularni zména a jeji efekt frekvence vyskytu
t(12;21)(p13;922) TEL/AMLI, hybridni transkripéni faktor — 20-24%
t(1:19)(q23;p13) E2A/PBX1, hybridni transkripéni faktor 5%
1(9,22)(q34;p11) BCR/ABL, aktivovana kinza Abl <5%
translokace se zlomy v 11q23 MLL/AF4 a dal$i, zména funkce genu <5%

(az 75% kojeneckych ALL)

dellq; t(1;14)(p32;q11) SIL/TAL,dysregulovany transkripcni faktor
25% T-prekurzorovych ALL

Mechanismus vzniku translokaci je v hrubych rysech znam nebo alespoil predikovan.
V predilekénich mistech dochdzi ke zlomim dvojtetézcové DNA, které jsou opraveny
homolognim nebo nehomolognim rekombina¢nim mechanismem, pfipadné jejich kombinaci.
Mezi mista, ve kterych zlomy a fize vznikaji, patti cilova mista V(D)J rekombinace, enzymu
topoizomerazy Il a lokusy DNA citlivé k pisobeni apoptotickych endonukleaz. Experimenty
in vitro prokézaly, Ze vznik urlitych typt translokaci lze navodit pomoci apoptogenni
stimulace [2].

Geny, které se nalézaji v mistech zlomu, maji za fyziologickych okolnosti rizné funkce a
z jejich naruSeni potom vychazeji patologické zmény vedouci k leukemogenezi. Jak vidime
v Tabulce 1, nejcastéj$i aberace u ALL vedou ke vzniku hybridnich transkripénich faktort
(MLL/AF4, TEL/AMLI1, E2A/PBX1); vyjimkou je fizni gen BCR/ABL, ktery dava vznik

trvale aktivované kinaze. Hybridni transkripéni faktory zplsobuji poruchy transkripce dal$ich



genl, zasadnich pro proliferaci a diferenciaci hemopoetickych bunék. Experimenty na
transgennich zviratech dokazuji, Ze vneseni genu pro hybridni transkripéni faktor nebo
aktivovanou kinazu vede ke vzniku hematologické malignity, velmi podobné specifickému
subtypu leukémie spojené s danou aberaci. Tyto modely soucasné ukazuji, Ze mistem zasahu
(a tedy vzniku translokace in vivo) jsou pravdépodobn€ kmenové buriky rtzného stupné
diferenciace. V pripadé fuze BCR/ABL, kterou nachazime kromé ALL piedev$im u chronické
myeloidni 1 akutni myeloidni leukémie, se ziejmé€ jednd o relativné nezraly spoleény
myeloidné-lymfoidni progenitor. Stejn€ tomu bude v pifipadé translokaci postihujicich gen
MLL, které se také vyskytuji u myeloidnich a hybridnich leukemii. Prestavby TEL/AMLI1 a
E2A/PBX1 vznikaji ve zralej$im, lymfoidn€ orientovaném prekurzoru. Pro vznik ALL u déti
plati vicezasahova teorie vzniku maligniho onemocnéni. Prvnim zdsahem je podle soucasné
uznavané hypotézy chromozomalni translokaci indukovany vznik hybridniho genu, ktery
vede kdiferenciaéni zastavé a vzniku ,preleukemického® klonu. Druhy zasah potom
zplisobuje proliferac¢ni vyhodu klonu a vede jiz pfimo k malignizaci [3]. Zatim je malo znamo
o povaze druhého zasahu a jeho ¢asovani. U TEL/AMLI pozitivnich ALL by timto zadsahem
mohla byt delece druhé, netranslokované alely genu TEL, ktera je nalézana ve vysokém
procentu TEL/AML1 pozitivnich leukemii. Kumulace ptipadii tohoto subtypu do batoleciho a
predskolniho obdobi napovida, kdy by mohlo k druhému zasahu dochazet. U dalich typt
ALL by tuto roli mohla sehrat napt. mutace kindzového genu Flt-3. Je v8ak zrejmé, Ze napt. u
leukemii charakterizovanych pfestavbami genu MLL, které jsou typické pro kojence, dochazi
k obéma zasahiim kratce po sobé nebo sam hybridni transkripéni faktor stimuluje dalsi
zmeény, vedouci ptfimo k malignizaci. Tuto teorit potvrzuje i to, Ze hybridni gen MLL/AF4 se

nenaléza v pupecnikovych krvich zdravych novorozenct [4, 5].



Prognosticky vyznam translokaci u détskych ALL

Translokace u détskych ALIL nemaji vyznam pouze biologicky, tedy pro poznani
etipatogeneze nemoci. Jsou dilezité¢ i z praktického lécebného hlediska jako prediktory
prognoézy jednotlivych subtypid. Z retrospektivnich studii dnes vime, Ze napt. hybridni gen
MLL/AF4 je spojen s extrémné $patnymi lécebnymi vysledky u kojeneckych ALL. Proto jsou
v soucasné dobé testovany nové lé€ebné protokoly zamétené na kojenecké leukémie, véetné
pouziti novych lé€ebnych postupti. V rdmci mezinarodniho projektu Interfant je tak do stadia
klinickych zkouSek zavadén inhibitor kindzy Flt-3. Podobné je tomu v pripadé¢ BCR/ABL
pozitivnich ALL, které se Cast&ji vyskytuji u starSich déti a adolescenti. I tu téchto pacienti se
dnes testuje pouziti nové generace protinadorovych 1€kl — tzv. cilenych terapeutik, konkrétné
inhbitoru aktivované kinazy Abl. Prognostickd vaha translokace t(1;19) zavisi zfejmé¢ na typu
pouzitého lé&ebného protokolu, v protokolech pouzivanych v Ceské republice je neutralni.
Stale je diskutovan prognosticky vyznam hybridniho genu TEL/AMLI1. PfestoZe i u tohoto
subtypu se vyskytuji relapsy nemoci (zejména pozdni), prognéza déti s TEL/AMLI1 pozitivni
leukemii je nadprimérné dobra [6, 7, 8, 9]. Vyborné jsou i lééebné vysledky déti
s hyperdiploidnim obsahem DNA v leukemickych burnikach, zatimco 1idké pripady
hypodiploidnich ALL maji velmi $patnou prognoézu [1].

Zatim neni jasné, co odde€luje vramci jednotlivych subtypt déti, které zistanou v prvni
kompletni remisi nemoci, od téch, u kterych dojde k relapsu. Hladina minimalni rezidualni
nemoci, kterd je dobrym ukazatelem citlivosti leukemickych bun€k na chemoterapii a
prediktorem relapsu, je pouze zastupnym znakem [10, 11, 12]. Rozhodujici roli budou zfejmé
hrat dalsi, pridatné genetické aberace, které v ramci jednotlivych subtypi ALL ovliviuji

biologické vlastnosti leukemickych bunék.



Minimalni rezidudlni nemoc

Pres zpresnovani stratifikace pacientli do jednotlivych rizikovych skupin pomoci klinickych a
genetickych znakll nebylo doneddvna mozné individualné hodnotit odpoveéd’ na 1é¢bu a s vetsi
presnosti predikovat riziko relapsu onemocnéni. Minimalni rezidualni nemoc (MRN) je
definovana jako stav, kdy b&€Znymi cytologickymi metodami detekujeme méné€ nez 5%
malignich bunek v kostni dieni. V této situaci hovofime o kompletni hematologické remisi,
presto mize mit pacient v téle az 10'" malignich bunék. Toto mnozstvi je nadéle obrovské a
proto jsou od pocatku 90.let ve vétSi mire rozvijeny techniky, které detekuji tuto
submikroskopickou hladinu leukémie. K detekci MRN se pouzivaly rizné metody: klasicka
cytogenetika, FISH (fluorescen¢ni in situ hybridizace), ,,Southern blot®, imunofenotypizace a
metody zalozené na PCR. Nevyhodou vétSiny uvedenych metod je nedostateéna senzitivita a
specifita a €asto i naro€nost metody. Z téchto diivodl se v poslednich letech pro rutinni
sledovani MRN pouzivd pouze imunofenotypizace a metody zalozené na PCR. Pii
imunofenotypizaci se vyuziva vicebarevnd pratokové cytometrie (nejcastéji tii nebo
Ctyfbarevnd), leukemické bunky jsou detekovany na zaklad€ pritomnosti aberantnich
antigenll, asynchronni exprese nebo atypického mnozstvi exprese antigend nebo jejich
kombinaci [42-46]. Problémem detekce MRN pomoci priitokové cytometrie mize byt posun
v imunofenotypu pii relapsu onemocnéni [47, 48]. Citlivost imunofenotypizace pomoci
prutokové cytometrie se liSi podle kombinace pouzitych antigenli a pohybuje v fadu 10° az
107 (tzn. jedna leukemicka buiika mezi 10° aZ 10° nemalignich bungk).

Metody PCR detekce MRN jsou zaloZeny na amplifikaci ur€itych usekd nukleovych kyselin,
které jsou specifické pro leukemické bunky. Avsak klasicka kvalitativni ,,end-point* PCR
neumoziuje skute¢nou kvantifikaci MRN. Proto se od poloviny 90. let rychle rozvijeji dalsi
PCR metody a v poslednich letech se jiz standardn¢ pouziva kvantitativni PCR v redlném Case

(RQ-PCR). Tato metoda umoziiuje presnou kvantifikaci mnozstvi nukleovych kyselin pfimo



v prubéhu exponencialni faze PCR [49-56]. Jako cilové sekvence specifické pro leukemické
buiiky se vyuzivaji bud’ oblasti zlomu specifickych chromozomadlnich translokaci nebo
pfestavby imunoreceptorovych gend.

Detekce MRN pomoci kvantifikace urcitého fuzniho transkriptu (napt. TEL/AMLI) je
metodicky jednodussi v tom, Ze jednou zavedeny systém RT-RQ-PCR je jiZ pouZitelny pro
kteréhokoliv pacienta s TEL/AMLI1 pozitivni ALL. Na druhou stranu vyzaduje izolaci RNA,
kterd je citlivéj$i na transport a uchovani nez DNA. V nasi praci jsme pouzivali druhou
metodiku tzn. kvantifikaci MRN pomoci prestaveb imunoreceptorovych gent. Tato metodika
se opird o fakt, Ze lymfocyty v pribéhu svého vyvoje prestavuji imunoreceptorové geny. Jako
imunoreceptorové geny jsou oznacovany geny kodujici t€zké a lehké ret€ézce imunoglobulini
(IgH a Igl) a geny kodujici T-bunéény receptor (TCR). U ¢lovéka se geny kodujici [gH, TCR
alfa a TCR delta nachazeji na 14.chromozomu (IgH 14q32, TCR alfa/delta 14ql1), geny
kodujici Igl kappa na 2.chromozému (2p12), geny kédujici Igl lambda na 22.chromozému
(22q11) a geny kodujici TCR beta a TCR gamma na 7.chromozému (TCR beta 7q35, TCR
gamma 7pl4-15) [57-59]. Jednotlivé geny koédujici imunoreceptory se skladaji z V (Variable),
J (Joining) a C (Constant) segmentl. U genll kodujicich IgH, TCR beta a TCR delta jsou mezi
segmenty V a J vlozeny jest¢ D (Diversity) segmenty [57, 59-63]. Pti vyvoji lymfocyti
dochazi k preskupeni V(D) a J segmentl na urovni DNA, po prepisu do RNA dojde
k vysttizeni nekddujiciho useku mezi preskupenymi V(D)J segmenty a C segmentem, ¢imz
vznikd mRNA kodujici imunoreceptorovy fetézec. Pri prestavbe V(D)J segmentl dochazi
k nahodné deleci nukleotidii na pfilehlych koncich spojujicich se segmentt, vzniku tzv. P
(palindromatickych) nukleotidli a k vlozeni ndhodnych nukleotidG plisobenim terminalni
deoxyribonukleotidyl transferazy. Takto diky ndhodnému vlozeni a deleci nukleotida v oblasti

V(D)J spojeni vznika DNA sekvence, ktera je unikatni pro kazdy lymfocyt, resp. klon z ngj



vychazejici. Kvantifikace MRN pomoci prestaveb imunoreceptorovych genli je podrobné

popsana v kapitole Metody.

Pracovni skupina ESG-MRD-ALL, kontroly kvality

Vzhledem k rozSifovani klinického vyuziti MRN se stale zvySuji naroky na reprodukovatelnost a
porovnatelnost vysledki jednotlivych laboratori. Z tohoto diivodu byla ustavena pracovni skupina
ESG-MRD-ALL (European Study Group on Minimal Residual Disease in Acute Lymphoblastic
Leukemia), ktera sdruzuje 30 evropskych i mimoevropskych laboratofi z 15 zemi. Skupina organizuje
pravidelna pracovni setkani a dvakrat ro€n€ i laboratorni kontroly kvality s naslednym vyhodnocenim
vysledka. Usili této skupiny, jejiz soucasti je i nase laboratof, pfispélo vyznamnou mérou k ujednoceni

pojmu a reprodukovatelnosti vysledkii detekce MRN u ALL.

Diagnostika détské ALL

Pres pokrok v molekularné genetické diagnostice détskych leukémii jsou divodem
k vySetfovani ditéte jeho klinické obtiZe. Klinické projevy ALL u déti jsou €asto nespecifické,
mezi obvyklé ptiznaky patii teploty, nechutenstvi, unava a bledost. U ¢&asti déti nachazime
kozni a slizniéni krvaceni, zvétSeni lymfatickych uzlin a hepatosplenomegalii. Ptiblizné
tretina déti si stéZuje na bolesti kosti a kloubd hlavné dolnich koncetin, malé déti casto zcela
prestavaji chodit. V krevnim obraze obvykle nachazime rizné tézkou anémii a
trombocytopenii, avSak ani po€etné normalni nebo jen lehce subnormalni hodnoty nevylucuji
diagnézu ALL. Leukocyty mohou byt snizeny aZ do hodnot téZké leukopenie nebo naopak
zvySeny s obrazem hyperleukocytézy. V diferencialnim rozpoctu leukocytd mizeme nachazet
nezralé blasty mezi normalnimi zralymi elementy bilé fady.

Pfi podezieni na akutni leukémii je nutné komplexni vySetieni na specializovaném pracovisti
détské hematologie, kde se provadi vysetieni kostni dfené. ALL je definovéana nalezem > 25%

lymfoblasti v aspiratu kostni dfené¢. Kromé morfologického a cytochemického vySetfeni
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aspiratu kostni dfen€ je nedilnou soucasti diagnézy 1 vysetfeni imunofenotypu. Imunofenotyp
zatadi ALL k fadé B nebo T-lymfocytarni a urci stadium prekurzoru, ze kterého pochazi klon
leukemickych bunék. U déti se nejcasteji vyskytuje ALL z nezralych B-prekurzora (80%),
méng Casto z prekurzor a zralych T-lymfocytd (15%) a vyjimec¢né€ ze zralych B-lymfocytd
(2%) nebo z velmi nezralych prekurzord pred vyvojem lymfatické fady (hybridni leukémie).
Samoziejmosti je 1 vySetieni cytogenetické, které ur¢i karyotyp leukemického klonu a
molekularné genetické vySetieni, které zjiStuje nejéastéjSi fuzni geny ptitomné u détskych
ALL. PH diagnoze téZz hodnotime postiZzeni jinych organii, velikost hepatosplenomegalie,
piitomnost zvétsenych lymfatickych uzlin a tumoru mediastina a infiltraci testes u chlapcu.
Nedilnou soucasti diagnostického vysetieni je 1 vySetfeni mozkomiSniho moku k odhaleni
leukemické infiltrace, pii pozitivnim ndlezu zafazujeme v pribéhu léCby intenzivngjsi
intrathekalni chemoterapie a radioterapii na neurokranium v terapeutickych davkéach.

VSechny tyto informace o subtypu leukémie spole¢né s dalsi faktory jako je ve€k pacienta,
inicidlni leukocytoza a odpovéd’ na lécbu zaradi pacienta do urcité rizikové skupiny v rdmci
1é¢ebného protokolu. Odpovéd’ na 1é¢bu je hodnocena jako redukce blasti v periferni krvi po
tydnu podavani prednisonu a jedné intrathekdalni aplikaci methotrexatu a déle jako redukce
blastli v kostni dieni v poloving a na konci mési¢ni indukéni chemoterapie. Podle viech téchto
faktordi 1ze rozdélit pacienty do tii rizikovych skupin, nejlepsi progndézu maji déti mezi 1-6
lety, sinicialni leukocytézou pod 20x10”/1, bez nepfiznivych chromozomalnich zmén a
s dobrou odpovédi na terapii. Skupinu vysokého rizika tvoii pacienti se $patnou odpovédi na
terapie a/nebo s nepiiznivymi chromozomélnimi aberacemi jako je¢ BCR/ABL nebo
MLL/AF4 piestavba. Nejvetsi skupinu tzv. stiedniho rizika tvori déti stars$i 6 let a/nebo déti
s vyS88i inicidlni leukocytézou. Nejhorsi progndézu maji kojenci, zvlast€¢ pod 6 mésicd, u
kterych ¢asto nachazime ptestavby MLL genu a vyznamnou hyperleukocytéozu. Jednotlivé

rizikové skupiny se vzhledem k prognoze 1i8i i v intenzité 1é¢by.
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Lécba détské ALL

Historie 1é¢by détské ALL je historii jednoho z nejvétSich lécebnych tspéchl v hematologii a
onkologii viibec. Jesté pocatkem Sedesatych let minulého stoleti byla kurabilita détské ALL
prakticky nulova. Na prelomu 20. a 21. stoleti jiZ ma dite, které onemocni touto chorobou a je
léCeno podle moderniho 1écebného protokolu, Sanci na Uplné vyléceni az 80%. [13, 14, 15,
16]

V Ceské republice jsou jiz mnoho let pouZivany némecké protokoly tzv. BFM (Berlin-
Frankfurt-Miinster), které maji jedny znejlepSich vysledkd ve svéteé. Lécba se sklada
z n¢kolika zakladnich ¢asti. Prvni je tzv. indukce v trvani 1 mésice, kterd slouzi k navozeni
remise onemocnéni, tato faze zahrnuje prednison, vinkristin, daunorubicin a l-asparaginasu.
Lécba pokracuje konsolidaéni fazi, kdy je podavan cytosinarabinosid, merkaptopurin,
cyklofosfamid a vysokoddvkovany methotrexat a piiblizné za 6 mésicti od zahajeni terapie
nasleduje pozdni intenzifikace, kdy je zopakovana obdoba indukéni faze. Nedilnou soucasti
terapie je 1 intrathekalni podavani methotrexatu k prevenci a 1é¢beé leukemické infiltrace
mozku, pro nékteré rizikové pacienty je zafazeno 1 ozafovani neurokrania. Po skondeni
intenzivni chemoterapie nasleduje udrZovaci 1écba merkaptopurinem a methotrexatem do
celkové délky terapie 2 roky. Transplantace kostni dfené v prvni remisi ALL je vyuZivana
pouze pro presn¢ definovanou skupinu déti s velmi vysoce rizikovou ALL. Aktualné
pouzivanym protokolem pro déti s ALL v Ceské republice je protokol ALL IC BFM 2002.
Pro skupinu déti pod 1 rok, vzhledem k odliSnému typu ALL (velmi nezralé prekurzory
s prestavbou MLL genu) a velmi Spatné odpovédi na standardni chemoterapie, je pouZivan
mezinarodni protokol Interfant, ktery v sobé spojuje lécebné prvky z terapie jak akutni
lymfoblastické, tak 1 akutni myeloidni leukémie. Predbézné vysledky po nékolika letech

pouzivani tohoto protokolu se jevi velmi nadéjné.
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Dalsi specifickou skupinou jsou pacienti s BCR/ABL pozitivni ALL, pro které je nove
pouzivan mezinarodni protokol EsPhALL (European intergroup study on post-induction
treatment of Ph positive ALL). Tento protokol spole¢né s kombinovanou intenzivni
chemoterapii ve snaze o zlepSeni prognozy tohoto neptiznivého typu ALL zarazuje 1€k nové
generace, kterym je specificky inhibitor patologické BCR/ABL tyrosinkindzy — imatinib

mesylat.

Relaps ALL

Pies veskerou snahu nadale zlstava nej€ast€jSi pri¢inou neuspéchu 1é€by ALL relaps
onemocnéni, ktery prodélava 20-25% déti. Z hlediska dalsi prognézy je velmi dulezita doba
od diagndzy a misto, kde relaps vznika. Nejhorsi prognézu maji velmi €asné relapsy v kostni
dreni, kter¢ vznikaji do 18 meésicti od diagndézy. Relativneé nejlepsi prognézu maji pozdni
relapsy mimodreniové, které vznikaji v centralnim nervovém systému nebo u chlapct v testes.
Lécba relapst je opét protokolarni, v soutasné dobé je v Ceské republice pouZivan protokol
ALL REZ BFM 2002. Lécba je rozdélena do 3 rizikovych skupin, pro skupinu s nejnizsim
rizikem (S1) je zafazena pouze intenzivni chemoterapie systémem vysokodavkovanych bloki
s 2-3 tydennimi pauzami, pro skupiny s nejvysSim rizikem (S3-4) je intenzivni chemoterapie
zakonfena transplantaci hematopoetickych kmenovych bunék od HILA-identického
sourozence ¢i od nepfibuzného darce. Skupina s intermedianni prognézou (S2) je
stratifikovana k transplantaci nebo pouze k chemoterapii podle odpovédi na 1é€bu métené
hladinou minimalni rezidualni nemoci po prvnich dvou blocich indukéni chemoterapie. Pies

veskerou snahu jsou vysledky 1é¢by relapsu vyznamné hor$i nez vysledky primarni ALL.
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Transplantace hematopoetickych kmenovych bunék, adoptivni imunoterapie

Transplantace hematopoetickych kmenovych bunék je vzhledem ke své naro€nosti a toxicité
vyhrazena u détské ALL pro pomérné uzkou skupinu pacientt, u kterych selhava lécba
vysokodéavkovanou chemoterapii. Jedna se o skupinu pacientli s velmi vysoce rizikovou ALL
v l.kompletni remisi a dale velkou c¢ast pacientd s relapsem ALL. Koneény vysledek
transplantace ovliviiuje celé fada faktort: darce (pfibuzny vs. neptibuzny, HLLA shoda vs.
neshoda, vék, virologicky status), pouzity §tép (kostni dreri vs. periferni kmenové buiiky vs.
pupecnikova krev), typ predtransplantaéni piipravy, typ prevence reakce Stépu proti hostiteli
(GVHD) a v neposledni fadée i stav pacienta pfed transplantaci. TéZzka GVHD ohroZuje Zivot
pacienta po transplantaci, naopak snaha o jeji maximalni potlaceni eliminuje velmi podstatny
imunologicky efekt Stépu proti leukémii (GvL). Proto existuje neustala snaha o fizenou
“primérenou” formu GVHD, kterd by zajistila GvL efekt, ale pacienta neohrozila. Moznosti,
které¢ v soucasné dobé¢ existuji jsou pomeémeé omezené, jednd se na prvnim misté o nastaveni
miry prevence GVHD v casném peritransplantaénim obdobi riznou kombinaci a davkou
nejcastji cyklosporinu A (CsA), antithymocytdrniho globulinu (ATG) a methotrexatu (MTX)
v zavislosti na typu darce a riziku potransplantaéniho relapsu. Dale se jedna o casné
potransplantaéni vysazovani imunosupresivni lé¢by. Jednou z moZnosti, kterd je u ALL
diskutabilni je i podani infuze darcovskych lymfocytt k indukci GVHD a tedy 1 GvL efektu
at’ jiz preventivné ¢i v pripad¢ detekovaného hrozivciho relapsu na trovni MRN. Vsechny

tyto metody se shrnuji pod pojem adoptivni imunoterapie.
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I1. Metody
Detekce minimalni rezidudlni nemoci u akutni lymfoblastické leukémie pomoci kvantifikace

prestaveb genll pro imunoglobuliny a T-bunééné receptory

Detekce a vybér Ig/TCR cilii

Leukemicky klon ma uniformni vlastnosti a odrdZi stddium, ve kterém dos$lo k maligni
transformaci. Pokud tato transformace postihne lymfoidni prekurzor, ktery jiZ zahajil proces
V-(D)-J rekombinace, maji vSechny jeho dcerinné burnky stejné sekvence prechodovych
oblasti podjednotek antigenovych receptorti, ktera jsou pak individualné specifické pro
leukemicky klon daného pacienta. Mezi nejcastéji detekované klonalni prestavby u leukémii
z B fady patii prestavby tézkych fetézcli imunoglobulind, které 1ze detekovat u vice nez 95%
détskych ALL z B fady. VétsSinu z nich tvori kompletni V-D-J prestavby, u 20% lze nalézt
nekompletni D-J piestavby [17]. Nekteré zahrani¢ni skupiny doporu€uji tento cil spise
vynechavat z diivodu €asté oligoklonality a relativni nestability [18, 19, 20]. NaSe zkuSenost
stémito cili je ale velmi dobra, protoze diky dlouhym piechodovym oblastem umoZiuji
dosahovat vysokou specifitu RQ-PCR. Namisto prestaveb IgH je doporucovano vyuziti
delecnich prestaveb lehkého fetézce kappa (IgK), které se detekuje u piiblizné 50% détskych
ALL [21]. Tyto pfestavby byvaji povazovany za stabilni, protoze piedstavuji kone¢né stddium
bez moznosti dalSich presunil. Tzv. kappa deleting element (KDE) se zde piestavuje bud’ k
segmentim Vk nebo k RSS sekvenci mezi segmenty Jk a Ck, ¢imZz eliminuje za
fyziologickych okolnosti neproduktivni piestavbu lehkého fetézce kappa a umozni zacatek
rekombinace fetézce lambda. I u téchto prestaveb umoziuje pfitomnost deleci nukleotidi na
koncich genovych segmentl spolu svmezefenymi N nukleotidy navrzeni specifickych

primert, kratka prechodova oblast je v§ak €astou pficinou malé specifity RQ-PCR systému.
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U T-ALL je mozZno sledovat piestavby T bunééného receptoru gama (TCRG), delta (TCRD) a
beta (TCRB), prestavby podjednotek alfa se pro pfilisnou slozitost tohoto vySetfeni rutinné
neprovadéji. U leukémii z T fady se diky obdobné metodice spolu s prestavbami TCR ¢asto
vySetiuje zaroven fuzni gen SIL/TALI1. Zvlastnim fenoménem u leukémii je tzv. liniova
promiskuita, tento pojem vyjadiuje prestavovani geni pro receptory T lymfocyti u ALL z B
fady (TCRG, TCRB a nekompletni pfestavby TCRD) a naopak vyskyt nekompletnich
prestaveb IgH u T-ALL. Tento jev ndm umoziiuje rozSifeni spektra sledovanych prestaveb.

V roce 1999 byl publikovan laboratorni skupinou BIOMED-1 standardizovany postup pro
detekei nejCastéjsich prestaveb imunoreceptorovych genti u ALL (IgH, IgK, TCRG, TCRD)
[22, 23]. V roce 2003 byl tento soubor rozsiren skupinou BIOMED-2 na celkem 107 primerQ
v 18 multiplexnich reakcich, jejichz kombinaci je jiZ moZzno teoreticky detekovat vSechny
klonalni B-lymfoproliferace a to i malignit s vysokym zastoupenim somatickych hypermutaci.
Totéz plati diky zahrnuti TCR beta (TCRB) 1 pro klonalni T buné¢né populace [24]. V nasi
laboratofi pouzivame 18 jednotlivych PCR reakei u malignit z B fady (IgH, IgK, TCRG,
nekompletni TCRD) a 12 reakci u T-ALL (TCRG, kompletni i nekompletni TCRD,
SIL/TALT1), viz Ptiloha 1 a 2. Teprve kdyZ nenajdeme vhodné cile pomoci tohoto zakladniho

panelu, provadime detekci nekompletnich prestaveb IgH a prestaveb TCRB.

Urceni klonality

Po ziskani PCR produkti je nezbytné odlisit klony s identickymi pfechodovymi oblastmi od
polyklonalnich lymfoidnich bun¢k. Vzhledem k malym rozdilim v délce téchto oblasti neni
mozné na klasickém agar6zovém gelu uréit, zda jde o smés rizn¢ dlouhych produkti nebo o
jediny produkt. K uréeni klonality jsou tak doporucovany dvé techniky: analyza
heteroduplexi nebo GeneScanning (analyza pomoci kapilarni elektroforézy). Analyza

heteroduplexti se provadi na 6-8% polyakrylamidovém gelu po denaturaci produktd PCR (5
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minut pii 95°C) nasledované rychlou renaturaci (1 hodina p#i 4°C). Homoduplexy vytvorené
z monoklonalnich produktd diky stejné rychlosti migrace v gelu vytvofi jediny pruh,
heteroduplexy vzniklé nahodnym spojenim polyklonalnich produkti migruji pomaleji a
vytvoii neostre ohranic¢eny Siroky pruh (,,smear). Lze také dobte odlisit produkty biklonalni
a oligoklonalni [25]. GeneScanning odlisi denaturované produkty PCR s velkym rozliSenim
pouze podle délky. Jde o metodu relativné rychlou a jednoduchou, nevyhodou zistava potieba
zna¢eni PCR primerdi fluorochromem a nemoZnost odlisit stejné dlouhé, ale sekvenéné
odlisné produkty PCR (napt. biklonalni) [24]. V na$i laboratofi pouzivame k urceni klonality
analyzu heteroduplexti. Na obr.1 je piiklad analyzy heteroduplextd na polyakrylamidovém
gelu konkrétniho pacienta. Vhodné monoklonalni prouzky sterilné vyfizneme, eluujeme ve
vodé, reamplifikujeme pomoci stejné sady primerd. Ziskané produkty pak precistime a
sekvenujeme na pristroji ABI PRISM 310 Genetic Analyzer (APPLIED BIOSYSTEMS,

Foster City, CA, USA).

Obr. 1 : Vysledek analyzy heteroduplexti na polyakrylamidovém gelu z diagnostického

vzorku pacienta s ALL. Oznaceny jsou monoklonalni prestavby.

500 bp

400 bp,

+ REH VH3 - JH
Dd2 - Dd3
Vkll - KDE
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NavrZeni klondlné specifickych primerii a optimalizace RO-PCR
Ziskané sekvence piechodovych V-(D)-J oblasti 1ze vyhodnocovat pomoci databazi volné

piistupnych na internetu (napf. http://www.ncbi.nlm.nih.gov/igblast, http://www.dnaplot.de,

http://imgt.cines.fr/textes/IMGTrepertoire). K popisu sekvenci a navrzeni klonaln€

specifickych primert pouzivame software VECTOR NTI 8 Suite (INFORMAX, Bethesda,
MD, USA). Primery navrhujeme tak, aby je bylo mozné pouzit v RQ-PCR s hydrolyza¢ni
sondou a reverznim primerem, které jsou umistény v konsensus oblasti dané ptestavby [26,
27,28, 29, 30]. Existuji uréitd zakladni pravidla pro tvorbu specifickych primert, ale neméné
dilezita je 1 zkuSenost. Je vyhodné navrhnout pro kazdy systém minimaln€ dva primery
zasahuyjici do rtznych oblasti prechodové V-(D)-J sekvence, protoze rozdily v dosazené
senzitivit¢ a specifit¢ PCR byvaji vyrazné. Pro kvantifikaci pouzivdme v nasi laboratofi
ptistroje PCR ABI PRISM 7700 (APPLIED BIOSYSTEMS, Foster City, CA, USA) a iCycler
iQ™ (BIO-RAD, Hercules, CA, USA). Pro tvorbu standardni k¥ivky je doporuceno fedit
DNA z diagnostického vzorku pacienta do ,negativni DNA ziskané od zdravych darct
(,,buffy coat*). Pii méfeni standardné pouzivame fedéni 10" az 107 po jednotlivych fadech.
Abychom mohli pozdg&ji presné stanovit hladinu MRN, musime stanovit koncentraci DNA
diagnostického a vSech dalSich vzorki pacienta pomoci kvantifikace kontrolniho genu.
Vétsina laboratoii pouziva k tomuto ucelu albumin [31]. Pfi optimalizaci RQ-PCR se pomoci
zmén teplot faze annealingu, pomé&ru koncentrace primert a zmén koncentrace Mg”* snazime
docilit co nejvyssi specifity a senzitivity konkrétniho systému. Podle pravidel ESG-MRD-
ALL je pozadovan pro kazdého pacienta minimalné jeden systém s citlivosti 10, vzdy je ale
lepsi sledovat MRN pomoci dvou nezévislych cilt, protoZze v uritém procentu piipadi muze
dochéazet ke klonalni evoluci v pribéhu vyvoje choroby s nasledkem ztraty daného cile a
moznou faleSnou negativitou [32, 33]. Velkym problémem je v pfipadé gend pro

imunoreceptory pozadi zdravych lymfocytt, coZ plati zvlaste€ u systémui s men$im mnozstvim
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rekombinovatelnych genovych segmenti a tedy smenSim poftem ndhodne€ vzniklych
kombinaci. Jedna se zejména o TCRG, TCRD a delece IgK. AvSak v ptipad€ kratkych N-
segmentd nebo nevhodné navrzenych primertl mize dojit k nespecifickému nasedani primert
na DNA ,zdravych®“ lymfocyti v kterémkoliv systému. Aby se co nejucinngji zabranilo
vzniku falesn€ pozitivniho vysledku pouziva se jako negativni kontrola DNA z , buffy coatu®
smichana od co nejvétsiho poctu zdravych darct (minimalni doporuceny pocet je S, vétSina
laboratofi v¢etn€ na$i pouzivd smés kontrolni DNA od 10 darct), vSe se provadi nejméné
v Sesti replikatech. Timto se pomérn€ komplikuji definice pojmil senzitivita a specifita a
samotné stanoveni vlastni hladiny MRN. Pro spradvnou interpretaci vysledki bylo nutné
zavést pojem rozmezi kvantifikovatelnosti (quantitative range, QR) a zavést nékolik dalSich
pravidel. Podrobn¢ jsou vSechna nyni platna doporuceni shrnuta v ¢lanku publikovaném nasi
laboratoti [34]. Na pravidelnych schuzkach skupiny ESG-MRD-ALL jsou pravidla pro
interpretaci vysledkl neustale upfesnovana, zvlast€ proto, ze vysledky vySetfeni MRN se jiZ
pouZzivaji v n¢kterych protokolech v klinickych aplikacich. Napf. pti pouziti této metody pro
urceni skupiny pacientli vhodnych k snizeni intenzity 1é¢by (protokol ALL BFM 2000) je
nutné vyhnout se faleSné negativité. Naopak pfi indikaci zasahi, které se snazi odvratit napf.
hrozici potransplantaéni relaps onemocnéni je nezbytnd obezietnost vzhledem k moZné
faleSné pozitivit€. Opatrn€ je tieba pristupovat 1 k hodnoceni dynamiky MRN vzhledem
k technickym limitim metody PCR: je-li rozdil Ct (,crossing point™, cyklus ve kterém
fluorescence prekro¢i hodnotu pozadi) mezi duplikaty pacienta >1.0, bude vysledna hodnota
koncentrace templatu ve vzorku kolisat o 100% a vice. Hodnotit tedy dynamiku MRN mezi
dvéma vzorky v tomto rozmezi hladin MRN je zavadgjici. Za urCitych okolnosti mize napf.
zména hladiny MRN z kvantifikovatelného rozmezi do oblasti vyjadiené pouze jako
»pozitivita® znamenat pouze horsi technickou kvalitu konkrétniho RQ-PCR a nikoliv

skute¢ny pokles nadorové zatéze.
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IIL. Vysledky

Minimalni rezidudlni nemoc u déti s relapsem ALL

V roce 2002 jsme se v celé Ceské republice zapojili do prvniho protokolu pro 1é&bu relapsu
détské ALL, ktery pfimo integruje pouzivani hladiny MRN jako hledisko dalsi stratifikace
1é€by. Jedna se o protokol ALL REZ BFM 2002, ktery vznikl v Némecku. V ramci tohoto
protokolu se pouziva celosvétové uznavané rozdéleni relapsi do 3 zakladnich skupin, zde
oznacované jako S1, S2, S3-4. Pomérné komplikovana kritéria zatazeni do jednotlivych

skupin shrnuje Tabulka 2.

Tabulka 2: Definice rizikovych skupin relapstt ALL (S1 az S4)

Imunofenotyp: non - T Imunofenotyp: (pre-) T
Lokalizace | Extramedularni Kombinovany Drertiovy | Extrameduldri Kombinovany Drenovy
Doba izolovany izolovany izolovany izolovany
Velmi S2 S4 S4 S2 S4 S4
casny
Casny S2 S2 S3 S2 S4 S4
Pozdni S1 S2 S2 S1 S4 S4

Lécebna strategie zahrnuje pro S1 skupinu pouze chemoterapii, pro skupinu S3-4 je
vysokodavkovana chemoterapie zakon€ena alogenni transplantaci kostni diené od sourozence
nebo alternativniho darce. AvSak nejvétsi ¢ast pacientii spada do skupiny S2. Zde je otazkou,
zda zatéZovat pacienty riziky spojenymi s transplantaci, ¢i a pro které z nich je l1é¢ba pouze
chemoterapii dostate€na [35]. Ur€itou odpoveéd’ dala retrospektivni studie MRN po indukéni
chemoterapii pro tuto skupinu na pfedchozim protokolu ALL REZ BFM 96-97, jak ukazuje
obr.2, kde je jasné patrny rozdil v pfezivani mezi pacienty MRN pozitivnimi a negativnimi

[36].
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Obr. 2: EFS a OS podle hladiny MRN po 2. bloku chemoterapie ve skupin¢ S2 na
protokolu ALL-REZ BFM 95/96 (vyhodnoceno k 8/01)
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Na zakladé této studie bylo pro skupinu S2 zavzato do protokolu ALL REZ BFM 2002
rozhodnuti o alogenni transplantaci od alternativniho darce, které se opira o hladinu MRN.
Jako hranice mezi dvéma skupinami byla uréena hladina MRN > 107 po 2 blocich indukéni
chemoterapie. Zakladni principy 1é¢ebného protokolu ALL REZ BFM 2002 jsou shrnuty v

Priloze 3.

Monitorovani MRN v priibéhu chemoterapie a indikace k alogenni transplantaci

hematopoetickych kmenovych bunék u déti s relapsem ALL

Celkem jsme v Ceské republice od &ervence 2002, kdy bylo zahéjeno pouzivani nového
lé€ebného protokolu, zaradili do studie 39 pacientl s 1.relapsem ALL do 18 let bez predchozi
transplantace. Do S1 skupiny byli zafazeni 3 pacienti (7.7%), do S2 skupiny 27 pacientd
(69.3%) a 9 pacientd do S3-4 ( 23%). Z 27 pacienti S2 skupiny bylo 13 stratifikovdno pro

dalsi 1é€bu (chemoterapie vs. transplantace) podle hladiny MRN po 2 blocich indukéni
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chemoterapie. Ostatni pacienti z S2 skupiny byli indikovéni k transplantaci z jinych divodu
bez ohledu na MRN (pacienti s HLA-identickym sourozencem, pacienti s Ph pozitivni ALL,
pacienti zatfazeni do zvlaStniho protokolu autologni transplantace pro vysocerizikové CNS
relapsy). Z téchto 13 pacient(l, jsme neziskali u | pacienta dostate¢ny vzorek kostni dien¢ z
diagnézy relapsu, vySetfeno tedy bylo 12 pacientl, u vSech jsme byli schopni detekovat
hladinu MRN. Pfi¢em? 5 pacientii spadalo do skupiny s MRN> 10 a 7 pacientt do skupiny
s MRN méné nez 10°. V pribéhu 1€¢by relapsu byly vySetiovany vSechny dostupné vzorky
kostni dfen¢ pacientl, tyto vysledky vSak nebyly dostupné pro klinické vyuziti. Souhrn ndmi

vySetfenych 13 pacientl ukazuje Tabulka 3.

Tabulka 3: Pacienti s S2 relapsem stratifikovani k chemoterapii vs. transplantaci na zakladé
MRN

Pacient | Podtyp Pocet | Hladina MRN | HSCT | Poznamky
¢. ALL IRG | po indukéni v CR2
cild | terapii
1 TEL/AMLI |2 3.39E10-4, Ne prodélal 2.relaps
1.39 E10-4
2 TEL/AMLI | 1 neg. Ne Zije v CR2
3 BCP 1 neg. Ne Zije v CR2
4 TEL/AMLI | 1 3.25E10-2 Ano Zije v CR2 po HSCT
5 BCP 1 1.69E10-1 Ne netransplantovan v CR2
(rodice odmitli),
prodélal 2.relaps, HSCT v CR3
6 BCP 2 1.12E10-1, Ne prodélal 2.relaps pred HSCT
1.48E10-1 transplantovan v PR3
7 TEL/AMLI | 1 9.54E10-4 Ano zije v CR2 po HSCT
8 BCP 2 4.26E10-4, Ne zije v CR2
3.06E10-4
9 BCP 2 neg., neg. Ne Zije v CR2
10 BCP 2 8.84E10-1, Ano zije v CR2 po HSCT
6.6 E10-1
11 BCP 2 1.05E10-4 Ne Zije v CR2
4.56E10-5
12 BCP 2 2.61E10-4 Ne zije v CR2
1.34E10-4
13 BCP - nelze Ne zije v CR2
malo materialu
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Na zakladé pomalejsi clearance hladiny MRN po indukéni chemoterapii jsme tedy primo
indikovaly 5 déti k nepiibuzenské transplantaci kostni dfené. U pacienta €.5 rodiCe
transplantaci odmitli, proto byla dokoncena lé¢ba pouze chemoterapii. Tento pacient nasledné
prodé€lal relaps onemocnéni a byl po dosazeni 3.kompletni remise transplantovan. Pacient ¢.6
prodelal 2. velmi €asny drenovy relaps ALL na intenzivni chemoterapii pted planovanou
transplantaci. Po zméné chemoterapie dosahl parcialni remise s vymizenim blasti v KD,
avsak bez obnovy krvetvorby a v této fazi byl transplantovan. U vSech transplantovanych
pacientll byla nasledné monitorovana MRN 1 po alogenni transplantaci.

Celkové predb€zné 1é€ebné vysledky nového protokolu predstavuji vyrazny posun v 1¢Ebé
déti srelapsem ALL, ktery je kromé zlepSeni podplrné péce a zkuSenosti, zpisoben i
odliSnym sloZenim jednotlivych skupin ve smyslu sniZzeni poctu téch nejrizikovéjsich a
nejhiite ovlivnitelnych relapst oproti predchozimu protokolu. Celkem dosahlo v nasi skupiné
39 pacientti 2.kompletni remise (CR2) 36 pacientl (92.3%), 1 pacient zemiel v indukéni fazi
1é¢by na sepsi a encefalopatii, 2 pacienti byli hodnoceni jako non-respondefi. V celé skupiné
prodé€lalo 9 pacienti 2.relaps a 3 déti zemfely v remisi onemocnéni na potransplanta¢ni
komplikace. Celkem Zije 31 déti (25xCR2, 5xCR3 a 1xCR4). Celkové preziti bez udalosti

(EFS) je pti dobé¢ sledovani 4-48 mésict (medidn 32 mésicll) 64 %, jak ukazuje obr. 3.

Obr. 3: Protokol ALL REZ BFM 2002 — Ceska republika, celkovy EFS
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Ve shodé se zahrani¢nimi zkusenostmi zustava nadale neuspokojivy osud pacientli ve skuping
S3-4, vsoucasné dob€ jsou pro tuto skupinu pacienti planovéany nékteré experimentalni
léCebné studie. Naopak muizeme potvrdit velmi dobrou prognézu pacienti S1 skupiny.
V nejvétsi S2 skupiné pacientt se ocekava zlepSeni vysledkl diky zatazeni stratifikace dle
MRN, tuto hypotézu bude mozné potvrdit az z vét§im casovym odstupem. Na obr. 4 jsou

patrné vyrazné€ odli$né vysledky 1éCby jednotlivych rizikovych skupin relapsi ALL.

Obr. 4: Protokol ALL REZ BFM 2002 — Ceska republika EFS dle rizikovych skupin
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Minimalni rezidualni nemoc pted a po alogenni transplantaci hematopoetickych kmenovych

bunék

Jak je znamo z né€kolika retrospektivnich studii, je hladina MRN tésné pred alogenni HSCT
dileZitym nezavislym prognostickym znakem u détskych pacientti s ALL [37, 38, 39, 40].
Pacienti, ktefi vstupuji do predtransplantacni pripravy s vysokou hladinou MRN maji
signifikantn€ horsi prognézu diky vysokému riziku potransplanta¢niho relapsu. Pouze velmi
mala ¢ast pacientll s potransplantaénim relapsem ma Sanci na vyléceni diky 2. transplantaci v
kombinaci s chemoterapii a imunoterapii. VSechna tato lécba je zatiZena vysokou morbiditou
a velmi Spatnym preZitim. Vzhledem k relativné malym poctim détskych pacientd s ALL,
ktefi podstupuji transplantaci hematopoetickych kmenovych bunék byla zaloZena
mezinarodni skupina (pre BMT MRD study group), ktera zahajila prospektivni monitorovani
détskych pacientti s ALL pred a po transplantaci. Tato skupina zahrnuje laboratote a détska
transplanta¢ni centra v Holandsku, Velké Britanii, Némecku, Dansku a Ceské republice.

Nyni prezentujeme data, ktera shrnuji monitorovani MRN u vSech détskych pacientt s ALL
nasledn& transplantovanych v Ceské republice od srpna 2000 do &ervence 2004 na
Transplanta¢ni jednotce I1.détské kliniky a nasledné Kliniky détské hematologie a onkologie,
Fakultni nemocnice v Motole v Praze, kteti byly sledovani v Laboratoti molekularni genetiky
pii stejné instituci. Individudlni monitorovani MRN bylo vyuzivdno pro rychlou indikaci
adoptivni imunoterapie (vysazeni imunosuprese, infuze darcovskych lymfocytt) v pfipadech

hroziciho potransplantaéniho relapsu.
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Monitorovani MRN u déti po alogenni transplantaci hematopoetickych kmenovych bunék

Od srpna 2000 do €ervence 2004 jsme do nasi studie zahrnuli 34 détskych pacientli ve véku

1.1 — 19 let, kteri byli transplantovani v naSem centru (Tabulka 4).

Tabulka 4: Transplantovani pacienti s ALL

C. VEK/ Podtyp ALL Remise Predtransplantaéni Darce Stupent
pohlavi piiprava (HLA shoda) GVHD
1 |11/m T-ALL CR1 CTO 12 Gy, VP16 |MSD IT1., cGVHD
2 |12/m |TEL/AMLI PR3 CTO 12 Gy, VP16 |[MSD IT.
3 |10/m | TEL/AMLI1 CR3 CTO UD (10/10) IL.
14.4Gy,VP16
4 8/m |T-ALL CR1 CTO 12 Gy, VP16 |[MSD IT
5 7/m | T-ALL CR2 CTO 14.4, CPH UCB (5/6) I1.
6 |15/m |[MLL/AF4 CR1 CTO 12 Gy, VP16 | MSD I, cGVHD
7 |10/m |TEL/AMLI CR2 CTO 12 Gy, VP16 | MSD I1.
8 |10/m |BCR/ABL CR1 CTO 12 Gy, VP16 |UD (10/10) I1.
9 |11/m |BCR/ABL CR2 CTO 12 Gy, VP16 |UD (10/10) -
10 |15/z |BCR/ABL CR2 CTO 12 Gy, VP16 |UD (9/10) -
11 |12/m |BCR/ABL CR1 CTO 14.4Gy, CPH |UD (9/10) -
12 {19/m |BCP CR3 CTO 12 Gy, VP16 |UD (10/10) I1.
13 |16/m |BCP CR2 CTO 12 Gy, VP16 |UD (10/10) IT.
14 |10/m | TEL/AMLI1 CR2 CTO 12 Gy, VP16 |UD (7/10) II.
15 |8/2 |TEL/AMLI1 CR2 CTO 12 Gy, VP16 |MSD -
16 |7/2 |TEL/AMLI1 CR2 CTO 12 Gy, VP16 | MSD I1.
17 |3/m |T-ALL CR1 CTO 12 Gy, VP16 | MSD II.
18 |10/2 |BCR/ABL CR2 CTO 12 Gy, VP16 |UD (10/10) -
19 |2/m |MLL piestavba |CR2 BuCy, VP16 UD (10/10) -
20 |8/m |BCR/ABL CR2 CTO 12 Gy, VP16 |UD (9/10) I1.
21 |8/m |BCP CR2 CTO 12 Gy, VP16 |UD (9/10) IT.
22 |1/z | T-ALL CR1 BuCy, VP16 UD (10/10) I1.
(MLL prestavba)
23 |8/m |T-ALL CR1 CTO 12 Gy, VP16 | MFD (10/10) |II.
24 110/z | TEL/AMLI CR2 CTO 12 Gy, VP16 |UD (9/10) IL.
25 |6/m |BCP PR3 CTO 12 Gy, VP16 |UD (10/10) I1.
26 |2/m |MLL/AF6 CR2 BuCy, Mel MSD I1.
27 [12/m |BCR/ABL CR1 CTO 12 Gy, VP16 | UD (8/10) I1.
28 |9m |BCP CR2 CTO 12 Gy, VP16 | UD (9/10) IV.
29 |5/m |BCR/ABL CR1 CTO 12 Gy, VP16 |UD (10/10) IT.
30 |8/m |TEL/AMLI CR2 CTO 12 Gy, VP16 | UD (10/10) I1.
31 [12/m |BCP PR3 CTO 12 Gy, VP16 |UD (10/10)  |IL.
32 |16/m | BCP PR3 CTO 12 Gy, VP16 |UD (10/10) |-
33 |9/m |BCP CR2 CTO 12 Gy, VP16 |MSD I1.
34 |17/z |BCR/ABL CR1 CTO 12 Gy, VP16 |UD (7/10) II.
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U vSech pacientll jsme vySetfovali vzorky kostni dfeng z primarni diagnézy a relapsu z
divodu ovéreni stability klonu. Dale jsme vySetiovali vzorek kostni dien¢ pred zahajenim
predtransplantaéni ptipravy a pravidelné po transplantaci: den +28, +60, +100, +180 a pozdgji
9, 12, 18 a 24 mésicd, pokud byly dostupné. U déti s velmi vysokym rizikem relapsu jsme
navic monitorovali MRN v periferni krvi kazdy mésic v prvnich Sesti mésicich po
transplantaci a pozdé€ji kazdé 3 mesice. V nasi sledované skupiné bylo 28 déti s B-
prekurzorovou ALL a 6 déti s T-ALL. Celkem bylo 11 déti transplantovano v 1.kompletni
remisi (CR1); vSechny pro vysoce rizikovou ALL (T-ALL a prednison poor response (4),
BCR-ABL pozitivni (5), MLL prestavba (2));, 19 déti bylo transplantovano v 2. nebo dalsi
kompletni remisi, 4 déti byly transplantovany v parcialni remisi bez zvySené¢ho poctu blastli v
kostni dreni, avSak bez regenerace normalni hematopoézi. Darcem hematopoetickych
kmenovych bunék byl v 10 pripadech HLA-identicky sourozenec, ve 22 pripadech
neptibuzny darce z registru s rtiznou mirou shody HLA (od 7 do 10/10 antigent na trovni
high resolution PCR), 1 pacient byl transplantovan neptibuznou pupecnikovou krvi z registru
a 1 pacient od fenotypicky identické matky.

U vétsiny transplantaci (n=30) jsme pouzili velmi podobnou predtransplantacni piipravu
zaloZenou na celotélovém ozateni (CTO) v davce 12 nebo 14,4 Gy a etoposid 60mg/m2, v
ptipad¢ pupecnikové transplantace byla na zékladé protokolu pouZita priprava celotélovym
ozéafenim (CTO) a cyklosfamidem 2x60mg/kg; u 3 déti transplantovanych ve véku pod 2 roky
jsme pouzili pfipravu zaloZenou na busulfanu (2x busulfan, cyklofosfamid a melfalan, 1x
busulfan, cyklofosfamid a etoposid). U vétSiny nepiibuznych transplantaci (n=19) jsme
podavali antithymocytarni globulin v davce 10mg/kg po dobu 4 dni.

Jako prevence reakce §tépu proti hostiteli (graft versus host disease — GVHD) byl pouzit
intravenozni CsA v davce 3mg/kg, pokud byl darcem HLA-identicky sourozenec a

kombinace CsA 5Smg/kg a methotrexatu (MTX) podavaného den +1, 3 a 6 u neptibuznych
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darcd, vzdy s prechodem na p.o. CsA v odpovidajicich davkach v obdobi obnoveného
peroralniho ptijmu pacientd. Od unora 2003 jsme zac€ali pouZzivat protokol redukované GVHD
profylaxe s cilenou davkou CsA s pozadovanou sérovou hladinou 80- 130 ug/l (metoda
FPIA). Pouze v jednom pripadé transplantace pupecnikovou krvi jsme pouzili v prevenci
GVHD kombinaci CsA a methylprednisolonu dle doporuceni protokolu. Incidence akutni
GVHD byla v nasi skupin€ pomérné€ nizka, 1 dit¢ vyvinulo akutni GVHD grade I, u 24 déti
jsme diagnostikovali akutni GVHD grade II a 7 déti neprodélalo zadnou akutni GVHD.
Zaznamenali jsme pouze 2 ptipady t€zké akutni GVHD (1x grade III, 1x grade IV). Ptiloha 4
shrnuje definice jednotlivych stupni GVHD.

Hladiny MRN byly kvantitativn€ sledovany pomoci detekce prestaveb imunoreceptorovych
genl vySe popsanou metodikou. Z celkem 34 pacientdi jsme byli schopni vyhodnotit hladinu
MRN pred transplantaci pomoci Ig/TCR priestaveb u 22 z nich, ve 2 ptipadech nebyl
predtransplantacni vzorek dostupny z divodu tézké aplazie kostni dfené, ve 4 pripadech jsme
nenalezli zadny cil a 6 pacienti bylo monitorovano pouze prostrednictvim specifického
fazniho genu (BCR/ABL, TEL/AMLI1, MLL/AF4) pomoci dvoukolové RT-PCR nebo
kvantitativni PCR. VSech 22 pacientd bylo pravidelné monitorovdno pomoci Ig/TCR
piestaveb (2 cile u 13 pacientil, 1 cil u 9 pacientt), s citlivosti miniméalné 10 pro 1 cil u
kazdého pacienta. Jedinou vyjimkou byl pacient ¢.12, u kterého byl nalezen pouze 1 cil s
citlivosti 107, Vétsina neuspéSnych detekci spadd do prvniho obdobi kvantitativniho
monitorovani MRN, s pribyvajici zkuSenosti se naSe vysledky zlepSovali, avSak vzdy ziistane
malé skupina pacientd, u kterych nelze MRN pomoci Ig/TCR piestaveb monitorovat.

Podle hladiny MRN v kostni dfeni pfed zahajenim predtransplantaéni ptipravy jsme rozdélili
pacienty do 2 skupin (Tabulka 5), prvni skupina (MRN pozitivni) zahrnuje pacienty s
hladinou MRN detekovatelnou v ramci kvatitativniho rozmezi metody, coZ znamena vice nez

10 nebo 10 podle citlivosti jednotlivého cile. Druha skupina (MRN negativni) zahrnuje
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paciety s nedetekovatelnou hladinou MRN pred transplantaci nebo s velmi nizkou hladinou

pod kvantitativnim rozmezim.

Tabulka 5: Hladiny MRN v kostni dfeni pred zahajenim ptedtransplantaéni pfipravy a preZiti

pacienti
Pacient | Podtyp ALL |Pocet |Hladina MRN Relaps | Poznamky |
¢. IRG po
cila HSCT
R TEL-AMLI1 |1 1.47E10-4 Ano Zemtel v remisi
(systémova mykdza, tezka
indukovand GVHD po DLI)
8 BCR-ABL |2 5.3E10-2,9.2E10-2 | Ano Zemfel v remisi
(systémova mykoza)
9 BCR-ABL |2 negat., 1.3E10-4 Ano Zemfel na progresi nemoci
(pt1 1éEbE relapsu)
10 BCR-ABL |1 1.2E10-3 Ano Zemfel na progresi nemoci
11 BCR-ABL |2 23E10-4, 6.2E10-4 | Ano Zemrel v remisi
(systémova mykdza, tézka
‘ indukovand GVHD po DLI)
13 BCP 1 2.8E10-2 Ne Zemiel na multiorganové selhéani
pti G-sepsi den+66
22 T-ALL 1 6.4E10-3 Ano Zije v CR po 2.HSCT
Prestavba
MLL
1 T ]2 negat., negat. Ne Zije v CR
4 T 1 pozit.(pod Ne Zije v CR
kvantitativnim
rozmezim)
12 BCP 1 negat. Ne Zije v CR
15 TEL-AML1 |2 negat., negat. Ne Zije v CR
16 BCP 1 neg. Ne Zije v CR
17 T-ALL 2 negat., negat. Ne Zije v CR
18 BCR-ABL |2 negat., negat. Ne Zije v CR
20 BCR-ABL |1 negat. Ne Zije v CR
21 BCP 2 pozit.(pod Ne Zije v CR
kvantitativnim
rozmezim)
23 T-ALL 2 negat., negat. Ne Zije v CR
24 TEL-AML! |1 negat. Ne Zije v CR
26 MLL-AF6 |2 negat., negat. Ne Zije v CR
|27 BCR-ABL |2 negat., negat. Ne Zije v CR
29 BCR-ABL |2 negat., negat. Ne Zije v CR
31 BCP 2 negat., negat. Ne Zije v CR
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MRN pozitivni skupina predstavuje 7 pacientt (¢. 2, 8, 9, 10, 11, 13 a 22). Jeden z nich
zemfel Casn€ na potransplantaéni komplikace (den+66 — multiorganové selhani pti Gram
negativni sepsi), 6 déti prodélalo hematologicky relaps, ackoliv vSichni dosdhli ptechodné
potransplantacni negativity. U 5 z nich jsme zaznamenali minimalné€ 1 pozitivni vzorek a u 3
pacientd jsme méli i dostatek €asu odvrétit hrozici relaps, avSak navzdory veSkeré snaze,
v§ichni tito pacienti nakonec relabovali. Doba od prvni MRN pozitivity po transplantaci do
hematologického relapsu byla 0-486 dni (0,30,36, 330, 365 a 486 dni).

Lécba potransplantaéniho relapsu byla velmi riiznorodd, v jednom ptipadé (pacientka ¢€.10)
jsme po dohod€ s rodi¢i neindikovali Zadnou dalsi 1é¢bu tohoto velmi agresivniho 2.relapsu
BCR/ABL pozitivni ALL. Pacient ¢. 2 prodélal relaps relativn€ pozdné (den+480), byl to
pacient TEL/AMLI1 pozitivni transplantovany v CR3. Pouzili jsme lécbu redukovanou
indukéni chemoterapii (prednison, vinkristin, asparaginaza, daunorubicin) a po mésici
chemoterapie jsme podali infuzi darcovskych lymfocytd v davee 1x10%kg CD3+bunék.
Pacient dosahl molekularné genetické remise onemocnéni, avSak vyvinul téZkou sekundarni
jaterni GVHD grade IV (jaterni) s minimalni odpovédi na kombinovanou imunosupresivni
terapii a zemfel na systémovou infekci Candida crusei 4 mésice po diagnoze relapsu v
molekularné genetické remisi ALL.

Potransplanta¢ni hematologicky relaps pacienta ¢.11 (1.relaps BCR/ABL pozitivni ALL) jsme
l6¢ili vysazenim imunosuprese a podanim infuze darcovskych lymfocyti v dévee 1x10%kg
CD3+ bun€ék se soufasnym podavanim imatinitib mesylatu, specifického inhibitoru
BCR/ABL kinazy. Pacient dosdhl molekularné genetické remise po 2 mésicich 1é¢by, av§ak
také vyvinul t€Zkou sekundarni GVHD grade IV (stfevni a jaterni) a zemrtel na nasledky
systémové aspergilozy den+226 po transplantaci.

U pacienta €. 8 jsme diky intenzivnimu monitorovani MRN detekovali prudky nartst hladiny

den +180 (5x107) a situaci jsme uzavieli jako molekularng geneticky relaps. Tento pacient
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byl jiz preventivné lé¢en od dne+80 imatinib mesylatem, proto jsme mu navic podali DLI v
davee 5.7x10%kg CD3+ bungk a zvysili davku imatinib mesylatu. Pacient doséhl molekularng
genetické remise bez manifestace sekundarni GVHD. Po 6 mésicich trvajici molekularné
genetickeé remise jsme prerusili podavani imatinib mesylatu, které bylo nasledovano rychlym
vzestupem hladiny MRN. Proto jsme znovu zah4jili podavani tohoto 1éku a soucasné jsme
podali 2.davku DLI. Prestoze hladina MRN docasné klesla (méfeno v periferni krvi),
nasledoval opakovany vzestup. Pokusili jsme se proto k 1éEbé pridat interferon alfa s
vyznamnou hematologickou toxicitou a bez efektu na hladinu MRN. Den+645 po
transplantaci jsme podali 3.DLI pro trvale nartstajici hladinu MRN, ani timto zdsahem jsme
neindukovali sekundarni GVHD. Den+660 jsme diagnostikovali hematologicky relaps.
Prabéh hladin MRN ve vztahu k 1é€ebnym z&sahiim shrnuje obr. 5. Tento pacient byl po
hematologickém relapsu lécen chemoterapii s naslednymi DLI a planovali jsme provedeni
2 transplantace, avSak pacient zemfel na multiorganové selhani pfi gram negativni sepsi v
obdobi t¢Zké aplazie kostni diené.

Obr. 5.: Pacient €.8 - pritb¢h hladin MRN v kostni dfeni a 1é¢ebné zasahy
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U pacienta €.9 jsme detekovali molekularné geneticky relaps den+360, hladina MRN v tomto
obdobi stoupla z negativity do pozitivity na hlading 10™, pacient byl 1é€en pro limitovanou

chronickou GVHD kombinovanou imunosupresi. Proto jsme ukon¢ili imunosupresivni terapii
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a zah4jili podavani imatinib mesylatu. Pacient manifestoval sekundérni kozni GVHD grade II,
ktera byla Iécena pouze lokalnimi kortikosteroidy a dosahl molekuldrné genetické remise. Po
6 mésicich jsme ukoncili podavani imatinib mesyldtu a za dalSich 6 mésict jsme detekovali
opétovny vzestup MRN pozitivity v kostni dieni a sou€asné jsme diagnostikovali infiltraci
lymfoblasty v mozkomiSnim moku. Zahgjili jsme léébu kombinaci nizkodavkované
systémové chemoterapie, intenzivni intrathekalni 1écby a imatinib mesylatu. Planovali jsme
podéni DLI, av8ak pacient zemfiel 3 tydny po pfijeti na nezvladnutelnou progresi leukémie v
CNS.

U posledniho pacienta z této skupiny, pacientky €. 22, jsme detekovali prvni MRN pozitivitu
60 dni po transplantaci, z tohoto diivodu jsme rychle zacali sniZovat imunosupresivni terapii
(kortikosteroidy, CsA), kterou jsme ukoncili den+90, v tomto obdobi byl také detekovan
smiSeny chimerismus (10% autologni hematopoezi). Pacientka vyvinula kozni GVHD grade
I], lé¢enou nejprve kortikoidy 1mg/kg, pfi minimalni odpovédi byl znovu pfidan CsA. Po |
mésici 1€¢by jsme dosahli dobré odpovédi kozni GVHD, proto mohla byt imunosuprese
redukovana a nasledné ukonena den+135. Den+155 jsme podali 1.davku DLI (1x 10°
CD3+/kg), béhem nasledujicich 2 mésicli jsme nezaznamenali Zadnou GVHD, byl detekovan
pouze darcovsky chimerismus a pacientka se stala MRN negativni den+180. Od 11 mésice po
transplantaci jsme opét detekovali naristajici MRN pozitivitu, proto jsme podali 2 davky DLI
(1x10" CD3+/kg, 1x10® CD3+/kg) v intervalu 5 tydnu bez vyvolani sekundarni GVHD. V
dob¢ podani posledni davky DLI, byl opé€t detekovan i smiSeny chimerismus a po 2 tydnech
jsme diagnostikovali hematologicky relaps ALL (13 mésici po HSCT). Pacientka dosahla
2.kompletni remise po vysokodavkované chemoterapii a soucasn¢ i molekuldrné genetické
negativity pred 2.alogenni transplantaci. V soucasné dobé€ je po transplantaci, v dobrém
klinickém stavu a v molekularné genetické remisi onemocnéni. Priibéh hladin MRN shrnuje

obr. 6.
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Obr.6.: Pacientka ¢.22 - pribéh hladin MRN v kostni dfeni a [éCebné zasahy
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Skupina MRN negativnich pacientd zahrnuje 15 déti (¢. 1, 4, 12, 15, 16, 17, 18, 20, 21, 23,
24, 26, 27, 29 a 31), vSichni Ziji v hematologické remisi s dobou sledovani 8-53 mésica
(median 20 mésicd). Pouze u tfi déti z této skupiny jsme detekovali jakoukoliv MRN
pozitivitu po transplantaci, ve dvou ptipadech (pacient ¢. 18 a 23) to byla pouze tranzientni
pozitivita pod kvantitativnim rozmezim metody, ve tfetim pfipadé (pacient ¢. 26) jsme
detekovali opakovanou hladinu MRN kolem 10™. Tento pacient je po 2 davkach DLI bez
projevit GVHD a s trvajici nizkou intermitentni MRN pozitivitou.

Preziti bez udalosti (EFS) a celkové preziti (OS) skupiny MRN negativnich pacientl je
signifikantné lepsi neZ skupiny pacientil s pozitivni MRN pted alogenni transplantaci (Obr.7).

Obr. 7:
Preziti bez udalosti (EFS) podle hladin MRN pifed HSCT (log rank test p= 0.002)
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Diskuze

Detekce hladiny MRN se stava nedilnou soucasti 1écby détskych pacientd s ALL pfed a po
alogenni transplantaci. Na zékladé naSich vysledkl, navzdory relativné malym poctim
pacienti, muzeme piesvédCivé prokazat velmi uzkou korelaci mezi predtransplantacni
hladinou MRN a rizikem potransplantacniho relapsu. Pfes nesporny pokrok v lécbé déti s
ALL, zastavaji vysledky lécby relapsu v potransplantaénim obdobi velmi Spatné. Mozné
feSeni tohoto problému se tak ubird dvéma zakladnimi sméry. Prvni jsou zmény v
transplantacnich postupech ve smyslu redukce prevence GVHD u vysocerizikovych pacienti
a soucasné rychld detekce hroziciho relapsu s vyuZitim metod adoptivni imunoterapie
(vysazeni imunosuprese, infize darcovskych lymfocyti). AvSak vSechny tyto postupy jsou
velmi riskantni u jizo vyznamné predléCenych pacientli vzhledem k riziku rozvoje tézké
GVHD s néaslednymi komplikace zvlasté ve smyslu bakteridlnich a mykotickych infekci. tato
rizika miZzeme demonstrovat na ptikladu nasich dvou pacienti, ktefi zemfeli na systémovou
mykotickou infekei pfi nezvladatelné tézké sekundarni GVHD po DLI. Aékoliv jsme schopni
dosahnout pomoci adoptivni imunoterapie molekularné genetické remisi ALL, nezaznamenali
Jjsme zadné dlouhodobéjsi preziti bez hematologického relapsu v pripadé jasné detekované
nartstajici MRN pozitivity.

Druhou moznosti je usili o maximdlni mozné predtransplantacni snizeni hladiny MRN
(monoklonélni protilatky, specifické inhibitory kindz) kombinované s béznym typem lécby by
mohly prispét k lepsim vysledkiim. V soucasné dobé je v mezinarodnim méfitku planovano
nékolik prospektivnich studii zamétrenych na tuto problematickou skupinu pacientii s vysokou

hladinou MRN pred alogenni trasplantaci.
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IV. Zavér

Piestoze vysledky 1é¢by détské ALL predstavuji jeden z nejvétSich uspéchi onkologie, nadéle
zustava nezanedbatelna skupina pacientll s velmi Spatnou prognoézou. Rozvoj a zavadéni
metod kvantitativniho monitorovani MRN do klinické praxe je velkym pfinosem, nebot
umoziuje odhalit na individuélni Urovni pacienty, jejichZ nemoc Spatné¢ odpovida na terapii
mnohem piesnéji nez dosud pouzivané metody. V ¢asti pripadl jsou to pacienti se zndmymi
genetickymi faktory (napt. pfitomnost fiznich geni BCR/ABL nebo MLL/AF4, ptitomnost
hypodiploidie), ale uritou skupinu tvori i pacienti, jejichZ predpoklad $patné citlivosti na
chemoterapii bychom dosud pouZivanymi klinickymi a laboratornimi postupy neodhalili.
Vlastnosti leukemickych bunék té€chto pacienti mlzeme pak podrobit podrobnéjSimu
zkoumani, miZeme odhalovat dalsi pridatné genetické faktory, které se podili na nepriznivém
chovani leukemické bunky. Tento postup ndm pak umozni pochopit vice o leukemogenezi
obecné. V neposledni fadé¢ vysledky monitorovani MRN slouZi jiz ke kazdodenni klinické
praxi. Prvni klinické pouziti bylo zaznamenano prave u pacienti po transplantaci. Vzhledem k
nespornym vyhodam, které¢ detekce MRN piinasi, dochazi v soucasné dob€ k rychlému
zavadéni MRN do béZnych lé¢ebnych protokold. Existuji jiz 1é€ebné protokoly, které piimo
zohledriuji hladiny MRN pro stratifikaci pacientt, jak pro 1é€bu inicialni ALL, tak pro lé¢bu
relapsu ALL. Zda se, Ze diky t€émto postuplim jsme schopni dobre odhalit pacienty nelécitelné
béznou chemoterapii vcéetné velmi agresivnich 1é¢ebnych protokold. A to je okamzik, kdy
prichazi dalsi tikol: najit Sanci na vyléceni pro tyto pacienty. Uréitou nadgji skryva tzv. cilend
lécba (inhibitory kindz, monoklonalni protilatky atd.), které mohou v kombinaci se standardni
terapii, jak ukazuji nékteré studie, prinést dalSi zlepSeni [éCebnych vysledkid. Vysledky
vysetieni MRN nam tedy mimo jiné umoznuji zacilit tyto nové 1éCebné postupy na jasné

definované skupiny pacientil, kterym mohou pfinést uzitek.
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Pouzité zkratky:

ALL
ATG
BCP-ALL
BFM
BMT
BuCy
cGVHD
CPH
CR
CsA
CTO
DLI
DNA
EFS

ESG-MRD-ALL

EsPhALL

HLA
HSCT
GVHD

GvL

akutni lymfoblasticka leukémie
antithymocytarni globulin

B cell precursor acute lymphoblastic leukemia
Berlin-Frankfurt-Miinster

bone marrow transplantation
busulphan, cyclophosphamide
chronic graft versus host disease
cyclophosphamide

complete remission

cyklosporin A

celotélove ozafeni

donor lymphocyte infusion
deoxyribonucleotid acid

event free survival

European Study Group on Minimal Residual Disease in Acute
Lymphoblastic Leukemia

European intergroup study on post-induction treatment of Ph
positive ALL

human leukocyte antigen
hematopoetic stem cell transplantation
graft versus host disease

graft versus leukemia

36



IgH
IgK
IRG
KD
KDE
Mel
MFD
MRD
MRN
MSD
MTX
OS
PCR
PR
QR
RQ-PCR
RT-PCR
TCR
TCRA
TCRB
TCRG

TCRD

immunoglobulin heavy chain

lehky retézec imunoglobulinii kappa
immune receptor gene

kostni dreni

kappa deleting element

melphalan

matched family donor

minimal residual disease

minimalni rezidualni nemoc

matched sibling donor

methotrexat

overall survival

polymerase chain reaction

parcialni remise

quantitative range

real time quantitative polymerase chain reaction
reverse transcription polymerase chain reaction
T cell receptor

alfa podjednotka T-bunécného receptoru
beta podjednotka T-bunétného receptoru
gamma podjednotka T-bunééného receptoru

delta podjednotka T-bunécného receptoru
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UCB umbilical cord blood
UD unrelated donor

VP16 etoposid
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Ptilohy:

Ptiloha 1.: Zakladni panel primert pouzivany pro detekci prestaveb IgH/TCR gent pouzivany

pro B-prekurzorové ALL

Igd  VHI/7-JHcons
VH2 -JHcons
VH3 -JHcons
VH4/6- JHcons
VHS5 - JHcons
IgK Vkl -KDE
VkII -KDE
VKIII - KDE
VkIV -KDE
Intron - KDE
TCRD DD2 -DD3
vD2 -DD3
TCRG VGI -JGI1.1/2.1
VGI -JG1.3/23
VGII -JGI1.1/2.1
VGII -JG1.3/2.3
VGIV -JGI.1/2.1

VGIV -JG1.3/23
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Priloha 2.: Zéakladni panel primeri pouzivany pro detekci prestaveb IgH/TCR gent pro T-
ALL

TCRD DD2 -DD3
DD2 -JDI1
VD2 -DD3
VD1 -JDI1
VD2 -JDI

VD3 -1DI1

TCRG VGI -JG1.1/2.1
VGI -JG1.3/2.3
VGII -JG1.3/2.3
VGIII-JG1.3/2.3

VGIV-IG1.3/2.3

SIL/TAL1  Sildb-5"-talldb1-3"

Sildb-5"-tall1db2-3"
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Pfiloha 3: Schéma protokolu ALL REZ BFM 2002

Therapieubersicht ALL - REZ BFM 2002

Woche 1 2 3 4 5 6 7 8 91611 12 13 14 1516 17 18 19 20 21 22 23 24 25 26 27 28 29

Lweiy

Protl-IDA |

3 ® Ry D, —
S1g@@l!wl +]

s Afﬂ <.Pmm -IDA j . . @ign m

Prot i - IDA

$3/4 A @(. Ea
ﬂ'gl T y } }s1) {(82)

D12/D24, 12/24 Monate Dauertherapie; ®, Randomisierung; ©), Stratifizierung; V, VP16-Reinduktionspulse; § , lokale Strahlentherapie:
¥ , KMP-Zeitpunkt fiir die Postremissions-Strafifizierung in $2; SZT, Stammzelitransplantation; KMP, Knochenmarkpunktion; MRD,
minimal residual disease; Chemotherapiebltcke: F1, 2, R2, R1, Protokoll IIIDA.
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Ptiloha 4: Akutni GVHD

Staging akutni GVHD podle organovych systému

Stage Kaze Jatra (bilirubin) Streva

+ rash do 25% téla 1-3 mg/dl prijmy nad 10ml/kg/den
++ rash 25-50% téla 3-6 mg/dl nad 15 ml/kg/den
+++ generalizovana erytrodermie 6-15 mg/dl nad 20 ml/kg/den

nebo kiete nebo

pritomnost krve
nebo ileus

++++ generalizovana erytrodermie nad 15mg/dl pritomnost 2 kritérii

s tvorbou bul a deskvamaci pro stage +++

Grading akutni GVHD

Grade Kbze Jatra Streva

0 0 0 0

I + nebo++ 0 0

II +++ nebo + nebo +

I11 0 az+++ nebot++az+++ nebo++ az +++

v ++++ nebo++++ nebo++++
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Priloha 5:

L.Sramkova, K. Muzikova, E. Fronkova, O. Krejci, P. Sedlacek, R. Formankova,
E.Mejstrikova, J.Stary, J. Trka
Detectable minimal residual disease before allogeneic hematopoietic stem cell transplantation

predicts extremely poor prognosis in children with acute lymphoblastic leukemia
Pediatr Blood Cancer. 2006 Mar 6
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Detectable Minimal Residual Disease Before Allogeneic
Hematopoietic Stem Cell Transplantation Predicts Extremely
Poor Prognosis in Children With Acute Lymphoblastic Leukemia

Lucie Sramkova, mp,"? Katerina Muzikova, 8c,'? Eva Fronkova, mp,"? Ondrej Krejci, mp, etp, "2
Petr Sedlacek, mp, php,”> Renata Formankova, mp, php,” Ester Mejstrikova, mp,"* Jan Stary, mp, php,” and
Jan Trka, mp, phn'-**, for the Czech Pediatric Hematology Group (CPH)

Background. The level of minimal residual disease (MRD) prior to
allogeneic hematopoietic stem cell transplantation (HSCT) has been
shown to be an independent prognostic factor for outcome of
pediatric patients with high-risk acute lymphoblastic leukemia (ALL).
Retrospective studies which used (semi-) quantitation of clone-
specific immunoglobulin/T-cell receptor (lg/TCR) rearrangements
have documented the feasibility and practicality of this technique.
This approach has also been disputed due to the occurrence of clonal
evolution and generally high MRD levels prior to HSCT. Procedure.
In our prospective study, MRD before and after HSCT was monitored
using quantitative real-time PCR in a cohort of 36 children with ALL
consecutively transplanted in our center between VIII/2000 and VII/
2004. Results. In 25 of 36 patients, MRD level prior HSCT was
assessed. Seventeen patients were classified as MRD-negative and
eight were MRD-positive up to 9 x 102 In MRD-positive subgroup,

Key words: acute lymphoblastic leukemia; childhood; hematopoietic stem cell transplantation; immunoglobulin and T-cell
receptor gene rearrangements; minimal residual disease

seven events (six relapses) occurred post-transplant in striking
contrast to only one relapse in MRD-negative subgroup (event-free
survival (EFS) log-rank P <0.0001). MRD proved to be the only
significant prognostic factor in a multivariate analysis (P < 0.0001).
Adoptive immunotherapy including donor lymphocyte infusions in
patients with adverse dynamics of MRD after HSCT had only limited
and/or temporary effect. Clonal evolution did not present a problem
precluding MRD monitoring in any of patients suffering a post-
transplant relapse. Conclusions. We show that MRD quantitation
using clonal Ig/TCR rearrangements successfully assesses the risk in
pediatric ALL patients undergoing allogeneic HSCT. As our ability to
respond to detectable MRD levels after HSCT is very limited,
alternative strategies for MRD-positive patients prior HSCT are
necessary. Pediatr Blood Cancer 2006;00:1-8.

© 2006 Wiley-Liss, Inc.

INTRODUCTION

Despite the overall improvement in the chemotherapy-
based front-line treatment of the childhood acute lympho-
blastic leukemia (ALL), the hematopoietic stem cell
transplantation (HSCT) remains an important treatment
option for the patients with resistant, very high-risk, and/or
relapsed disease. However, the curative effect of allogeneic
HSCT is hampered by a relapse occurrence that represents a
major cause of the HSCT failure. Already in 1998, Knechtli
et al. showed that the level of minimal residual disease
(MRD) prior HSCT represents an important prognostic factor
[1]. They used a semi-quantitative approach for the detection
of immunoreceptor gene—immunoglobulin and T-cell
receptor genes (Ig/TCR) rearrangements. In their cohort,
all children entering the pre-transplant conditioning with a
high-level MRD suffered a post-transplant event and children
with low-level MRD had significantly poorer outcome
compared to MRD-negative subgroup. Similar data were
obtained in the subsequent studies, partly using the new
technique of real-time quantitative PCR (RQ-PCR) [2,3].

When this quantitative technique for MRD detection
was completely introduced and progressively standardized,
the intenational Pre-BMT MRD Study Group (part of
the European Study Group on Minimal Residual Disease in
ALL—ESG-MRD-ALL) [4] retrospectively analyzed the
pre-transplant MRD levels and the post-transplant outcome
in a cohort of 140 pediatric ALL patients [5]. MRD proved to
© 2006 Wiley-Liss, Inc.

DOI 10.1002/pbe.20794

Published online 00 Month 2006 in Wiley InterScience
(www.interscience.wiley.com)

be a highly significant (P < 0.001) independent factor to
influence event-free survival (EFS) of this group. High MRD
burden, together with a shorter duration of the first complete
remission (CR), MLL gene rearrangements, and pro-B
immunophenotype proved to be the only negative risk
factors.

This large multicenter, retrospective study was recently
disputed by Imashuku et al. [6]. Their analysis, based on a
group of 95 transplanted patients (age <20 years), showed no
correlation between the pre-transplant MRD burden and
the post-transplant relapse. Imashuku and colleagues made a
couple of rather surprising observations: first, they found
96% of their patients to be MRD-positive prior HSCT.
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Second, their ability to predict the relapse after HSCT was
hampered by the clonal evolution of Ig/TCR rearrangements.
Eleven of 14 patients having relapse after HSCT showed a
totally different rearrangement pattern at relapse when
compared to the initial screening. This is in striking contrast
to previously published data that show more than 95% of
relapsed patients have preserved rearrangements allowing
the MRD follow-up [7]. On the basis of their results,
Imashuku et al. dispute the practicality of the Ig/TCR-based
approach.

Here, we present a series of 36 pediatric ALL patients who
consecutively underwent allogeneic HSCT using unmanipu-
lated grafts at our institution. In 25 of them, we were able to
assess MRD level prior and after the transplant using RQ-
PCR-based detection of Ig/TCR rearrangements. We show
that detectable MRD before HSCT is a very strong negative

TABLE 1. Transplanted Patients With ALL

prognostic factor and that the clonal evolution of the Ig/TCR
rearrangements does not hamper the relapse prediction.
Therefore, our study clearly demonstrates for one thing the
feasibility of the method and for another a very strong clinical
value of this approach for the identification of patients at the
risk of relapse after allogeneic HSCT.

MATERIALS AND METHODS
Patients and Treatment

Between August 2000 and September 2004, 36 con-
secutive pediatric patients (age 1.1-19 years) with ALL
indicated to HSCT were enrolled to our study (Table I). This
cohort comprised all such pediatric patients from the Czech
Republic in the given period of time and all transplants were

Donor GVHD Follow-up
No. Age/sex  Immunophenotype Fusion gene Remission Conditioning (HLA match) grade (months)
I 1l/m T-ALL Not detected CR1 TBI 12 Gy, VP16 MSD III, cGVHD 6l
2 12/m pro-B ETV6/RUNXI1 PR3 TBI 12 Gy, VP16 MSD o 15*
3 10/m cALL ETV6/RUNXI CR3 TBI 14.4 Gy,VPI6  UD (10/10) n 55
4  8/m T-ALL Not detected CR1 TBI 12 Gy, VP16 MSD I 52
5 7/m T-ALL Not detected CR2 TBI 144, Cy UCB (5/6) )| 4%
6 15/m pro-B MLL/AF4 CR1 TBI 12 Gy, VP16 MSD I, cGVHD 46
7  10/m cALL ETV6/RUNX1 CR2 TBI 12 Gy, VP16 MSD 1 44
§ 10/m AHL/cALL BCR/ABL CR1 TBI 12 Gy, VP16 uD (10/10) 1 21*
9 1l/m cALL BCR/ABL CR2 TBI 12 Gy, VP16 UD (10/10) — 24%
10 15/ praeB/cALL BCR/ABL CR2 TBI 12 Gy, VP16 UD (9/10) — 6*
11 12/m pracB/cALL BCR/ABL CR1 TBI 14.4 Gy, Cy UD (9/10) - 4*
12 19m pracB/cALL Not detected CR3 TBI 12 Gy, VP16 UuD (10/10) 38
13 16/m cALL Not detected CR2 TBI 12 Gy, VP16 UD (10/10) o
14  10/m cALL ETV6/RUNX1 CR2 TBI 12 Gy, VP16 UD (7/10) 9*
15 8/if cALL ETV6/RUNX1 CR2 TBI 12 Gy, VP16 MSD — 32
16 7/ cALL Not detected CR2 TBI 12 Gy, VP16 MSD 32
17 3/m T-ALL Not detected CR1 TBI 12 Gy, VP16 MSD n 31
18 10/ cALL BCR/ABL CR2 TBI 12 Gy, VP16 UD (10/10) — 30
19  2/m pro-B MLL rearrangement CR2 BuCy, VP16 UD (10/10) —_ 0*
20 8m AHL/pro-B BCR/ABL : CR2 TBI 12 Gy, VP16 UD (9/10) | 26
2t 8m cALL Not detected CR2 TBI 12 Gy, VP16 UD (9/10) I 26
22 1/t T-ALL Not detected CRI1 BuCy, VP16 UD (10/10) 11 12*
23 8/m T-ALL SIL/TAL1 CRI TBI 12 Gy, VP16  MFD (10/10) I 23
2410/ cALL/pro-B ETV6/RUNX1 CR2 TBI 12 Gy, VP16 UD (9/10) | 22
25  6/m cALL Not detected PR3 TBI 12 Gy, VP16 UD (10/10) 11 19
26 2m pro-B MLL/AF9 CR2 BuCy, Mel MSD 1 18
27 12m cALL BCR/ABL CR1 TBI 12 Gy, VP16 UD (8/10) 1 18
28 9/m pracB Not detected CR2 TBI 12 Gy, VP16 UD (9/10) v 1*
29  5/m cALL BCR/ABL CR1 TBI 12 Gy, VP16 UD (10/10) n 17
30 8m cALL ETV6/RUNXI CR2 TBI 12 Gy, VP16 UD (10/10) II 17
31 12/m pro-B/cALL Not detected PR3 TBI 12 Gy, VP16 UD (10/10) 1 16
32 16/m praeB Not detected PR3 TBI 12 Gy, VP16 UD (10/10) - 1*
33 9m cALL Not detected CR2 TBI 12 Gy, VP16 MSD I 15
34 1 AHL BCR/ABL CRI TBI 12 Gy, VP16 UD (7/10) 11 14
35 TUm cALL/praeB ETV6/RUNXI CR3 TBI 12 Gy, VP16 UD (9/10) 1 12
36  14/m cALL BCR/ABL CR1 TBI 12 Gy, VP16 UD (10/10) — 10*

Bu, busulphan; Cy, cyclophosphamide; Mel, melphalan; VP16, vepesid; CR, complete remission; PR, partial remission; TBI, total body irradiation;
MSD, matched sibling donor; UD, unrelated donor; UCB, unrelated cord blood; MFD, matched family donor; GVHD, graft-versus-host disease;

c¢GVHD, chronic graft-versus-host disease,
*— time to event.
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performed at our institution. The group of patients consisted
of 30 children with B-cell precursor (BCP) ALL and
6 children with T-cell ALL. Twelve children were trans-
planted in the first CR, all of them due to high-risk ALL
(T-ALL and prednisone poor response (4), BCR—ABL-positive
(7), MLL rearranged (1)); 20 children were transplanted in
the second or higher remission; and 4 children in partial
remission (without increased number of blast cells in the
bone marrow but without recovery of hematopoiesis).
Donors of hematopoietic stem cells were HLA-identical
siblings in 10 cases, unrelated donor from BMT registries
with variable rate of HLA match (from 7 to 10/10 antigen
match on high resolution PCR level) in 24 cases; one patient
was transplanted using unrelated cord blood and one patient
from phenotypically identical mother.

In the majority of transplants (n =32), we used a similar
pre-transplant conditioning regimen based on the total body
irradiation (TBI) in the dose 12 or 14.4 Gy and etoposide
60 mgfmz, in the cord blood transplantation TBI plus
cyclophosphamide 2 x 60 mg/kg. In three children under
2 years of age a busulphan-based conditioning (2x
busulphan, cyclophosphamide, and melphalan, 1x busul-
phan, cyclophosphamide, and etoposide) was used. In the
majority of unrelated donor transplants (n=19) we used
rabbit antithymocytic globulin (ATG, Fresenius) at 10 mg/kg
for 4 days.

Graft-versus-host disease (GVHD) prophylaxis consisted
of intravenous (i.v.) cyclosporin A (CsA) in the dose 3 mg/kg/
day in HLA-identical sibling donors and using the combina-
tion of CsA 5 mg/kg/day and methotrexate (MTX)
administered days +1, +3, and +6 in unrelated donor
transplants, always with transition to oral CsA in the
adequate dosage. Since February 2003, we started reduced
GVHD prophylaxis according to ALL SCT-BFM 2002
protocol where only targeted dose of CsA with required
serum levels between 80 and 130 pg/l (Fluorescence
Polarization Immunoassay method) was given. Only in one
case (the cord blood transplant) the combination of CsA and
methylprednisolone was used. Incidence of acute GVHD was
low in our group with 1 child developing acute GVHD
Grade I, 24 children experiencing acute GVHD Grade II, and
7 children having no acute GVHD. We have registered only
two cases of acute GVHD Grade IMI-IV. Follow-up of
the whole group ranges from 12 to 61 months with median
26 months after HSCT.

MRD Assessment

For the MRD assessment we examined BM samples from
both diagnosis and relapse, 1 week before the start of the pre-
transplant conditioning and then after HSCT, on a regular
basis: days +28, +60, +100, +180, and later 9, 12, 18, and
24 months after HSCT (or more frequently in MRD-positive
patients when adoptive immunotherapy was considered).
In children with a very high-risk of relapse, additional

Pediatr Blood Cancer DOI 10.1002/pbc
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peripheral blood (PB) samples were taken every month
during first 6 months after HSCT and every 3 months later on.
Mononuclear cells from the diagnostic or relapse
BM samples were isolated by Ficoll-Paque (density
1.077 g/ml, Pharmacia, Uppsala, Sweden) density centrifu-
gation. Follow-up BM or PB samples were processed by
erythrocyte lysis.

Genomic DNA was isolated by QlAamp®™ DNA Blood
Mini Kit (QIAGEN GmbH, Hilden, Germany). DNA was
stored at —20°C before processing. Primers and protocols for
immunoglobulin heavy chain (IGH), immunoglobulin light
chain kappa (IGK), T-cell receptor gamma (TCRG), T-cell
receptor delta (TCRD) gene rearrangements, and TALI
deletions detection were described previously [8,9]. Clon-
ality of PCR products was confirmed by the heteroduplex
analysis [10]. Monoclonal PCR products were cut from the
gel, reamplified with the same set of primers, and purified by
QIAquick PCR Purification Kit (QIAGEN). Sequencing was
performed in the ABI PRISM® 310 Genetic Analyzer with
BigDye™ Primer v3.0 Sequencing Kit (Applied Biosys-
tems, Foster City, CA). Variable (V), diversity (D), and
joining (J) regions of the immunoreceptor gene were
identified by comparison with sequences in GenBank
using the Im Muno Gene Tics (IMGT) Database (http://
imgt.cines.fr, IMGT, European Bioinformatics Institute,
Montepellier, France) and the IGBlast search (http://
www.ncbi.nlm.nih.gov/igblast/, National Center for Bio-
technology Information, Bethesda, MD).

Patient-specific forward primers for RQ-PCR were
designed using the VECTOR NTI 8 Suite Software
(Informax, Bethesda, MD). Family-specific reverse primers
and probes for IGH, IGK, TCRD, and TCRG were described
previously [11-14]. Ig/TCR RQ-PCR was performed in the
iCycler IQTM Real-Time PCR Detection System (BIO-
RAD, Hercules, CA) and in the ABI PRISM® 7700 Real-
Time PCR System (Applied Biosystems). Standard curves
were prepared by diluting the diagnostic (HSCT in CR1) or
relapse DNA samples in polyclonal DNA from healthy
donors. The albumin gene was used to normalize the DNA
concentration and quality [15]. The ESG-MRD-ALL
criteria for RQ-PCR sensitivity and quantitative range (QR)
interpretation were used [4]. In six patients who suffered
from relapse after HSCT, BM samples were re-analyzed for
the presence of clonal Ig/TCR rearrangements to evaluate the
extent of clonal evolution.

RESULTS
Feasibility of the Approach

We were able to evaluate MRD level prior HSCT using Ig/
TCR rearrangements in 25 of 36 patients. In two cases, the
pre-transplant sample was not available due to severe bone
marrow aplasia, and in nine cases we did not find a target with
adequate sensitivity and specificity. All 25 patients were
regularly monitored using Ig/TCR rearrangements (two
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targets in 14 patients, one target in 9). At least one target with
sensitivity 10 “ was available for all but one patient (No. 12),
where only one target with sensitivity 10~ was found.

Clonal Evolution of Ig/TCR Rearrangements

In our cohort, clonal evolution did not preclude MRD
monitoring in any of the patients. All post-transplant relapse
samples when compared to the diagnosis/first relapse speci-
men showed at least one stable Ig/TCR rearrangement.

MRD Level Prior HSCT Predicts
Post-transplant Outcome

According to MRD level in BM prior the conditioning
regimen we divided our patients into two groups (Table II).
The first group (MRD-positive) consisted of patients with
MRD detectable within the QR of the method. The second
group (MRD-negative) included patients with undetectable
or very low MRD positivity (below the QR; n = 2) prior to the
transplant.

The MRD-positive subgroup consisted of eight patients
(Nos. 2, 8,9, 10, 11, 13, 22, and 35). One of them died due
to post-transplant complications (day + 66—multiorgan
failure after gram-negative sepsis), six children experienced
a hematological relapse, although all of them achieved

transient post-transplant MRD negativity, and one is alive in
continuous hematological remission. However, the latter
patient (No. 35) suffered from molecular genetic relapse and
was treated with the adoptive immunotherapy with a follow-
up of 12 months.

The group of MRD-negative patients included 17 children
(Nos. 1,4,12,15,16,17, 18, 20, 21, 23, 24, 26, 27, 29, 30,31,
and 36), all of whom are alive except one and in complete
hematological remission with a follow-up of 16—61 months
(median 26 months). One patient of this group (No. 36)
suffered a relapse 10 months after HSCT. Interestingly,
although MRD-negative by Ig/TCR approach, BCR/ABL
fusion gene reverse-transcriptase PCR analysis prior HSCT
showed borderline positivity (data not shown).

EFS analysis clearly supports the hypothesis that MRD
positivity prior transplant is a significant adverse prognostic
factor (log-rank P < 0.0001; Fig. 1). Further division into the
subgroups with high MRD positivity (>10">; n =4) and low
MRD positivity (>107* and <10~%; n =4) did not show any
effect, evidently due to a low number of patients and a high
frequency of events (data not shown). Multivariate analysis
(including also sex, age at diagnosis, first CR duration, type
of donor, and fusion gene—BCR/ABL, MLL/AF4, and ETV6/
RUNX I—presence) identified pre-transplant MRD as the
only significant risk factor (P < 0.0001).

TABLE IL. MRD Levels in the Bone Marrow Before Conditioning and Survival of the Patients

Number of Relapse
Patient no.  ALL subtype  Ig/TCR targets MRD level after HSCT Comments
2 ETV6/RUNX1 1 147 x 107* Yes Died in remission (systemic fungal infection,
severe induced GVHD after DLI)
8 BCR/ABL 2 53x107%,9.2x 1072 Yes Died in remission (systemic fungal infection)
9 BCR/ABL 2 Negative, 1.3 x 107* Yes Died in progression of disease
(on treatment of relapse)
10 BCR/ABL 1 1.2x 1073 Yes Died in progression of disease
11 BCR/ABL 2 23x 1074, 62x 107 Yes Died in remission (systemic fungal infection,
severe induced GVHD after DLI)
13 BCP I 2.8x 1072 No Died due to multiorgan failure in gram-negative
sepsis day + 66
22 T-ALL i 6.4 x 1072 Yes Alive in CR2; after 2nd HSCT
35 ETV6/RUNXI 2 4.1x107%35x107* No Alive in CCR
I T 2 Negative, negative No Alive in CCR
4 T 1 Positive (below QR) No Alive in CCR
12 BCP 1 Negative No Alive in CCR
15 ETV6/RUNXI 2 Negative, negative No Alive in CCR
16 BCP 1 Negative No Alive in CCR
17 T-ALL 2 Negative, negative No Alive in CCR
18 BCR/ABL 2 Negative, negative No Alive in CCR
20 BCR/ABL 1 Negative No Alive in CCR
21 BCP 2 Positive (below QR) No Alive in CCR
23 T-ALL 2 Negative, negative No Alive in CCR
24 ETV6/RUNX1 1 Negative No Alive in CCR
26 MLL/AF9 2 Negative, negative No Alive in CCR
27 BCR/ABL 2 Negative, negative No Alive in CCR
29 BCR/ABL 2 Negative, negative No Alive in CCR
30 ETV6/RUNX1 2 Negative, negative No Alive in CCR
3 BCP 2 Negative, negative No Alive in CCR
36 BCR-ABL 1 Negative Yes Died, systemic fungal infection

Pediatr Blood Cancer DOI 10.1002/pbc
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Fig. 2. Disease?course and MRD follow-up in Patients 8 and 22,
#: Disease progression after HSCT in BCR/ABL-positive patient (No. 8)
was only temporarily retarded by imatinib treatment and DLI
Squares = Ig rearrangement target (No. 1); riangles = Ig rearrangement
target (No. 2) (full symbols=BM samples; open symbols =PB
samples); black arrows =DLI; IM =imatinib mesylate; R = relapse;
T=allogeneic HSCT. b: Pre-transplant MRD status determines post-
transplant course of the disease in T-ALL infant patient. Squares =TCR
delta incomplete rearrangement target (full symbols = BM samples;
open symbols = PB samples).

Pediatr Blood Cancer DOI 10.1002/pbc

MRD in Children With ALL Undergoing HSCT 5

MRD Monitoring and Treatment
Strategies After HSCT

Post-transplant MRD dynamics was monitored in all
patients with detectable targets. In the group of pre-transplant
MRD-positive patients, five displayed minimally one MRD-
positive sample before the emergence of relapse. In three
patients, there was a time-frame for an attempt to avert the
relapse manifestation, but despite our effort all three patients
subsequently relapsed. Period from the first MRD positivity
after transplantation to the diagnosis of hematological
relapse was 0—486 days (0, 30, 36, 330, 365, and 486 days).
Treatment of post-transplant hematological relapse was
heterogeneous and it is summarized in Table III.

DISCUSSION

Detection of MRD levels has already become an integral
part of treatment of childhood ALL patients including those
undergoing HSCT. Ongoing front-line treatment trials, based
on previous retrospective studies [ 16,17], aim to demonstrate
the benefit of MRD-based stratification in the prospective
setting. Retrospective single- and multicenter analyses of
MRD in transplanted pediatric ALL children showed clearly
the significant impact of pre-transplant MRD on outcome
[1-3,5]. Imashuku et al. questioned these data, showing a
surprisingly high proportion of MRD-positive patients at
the start of a conditioning regimen (96%) and strikingly
high frequency of the clonal evolution hampering MRD
detection itself [6]. Although they did not use an up-to-date
methodology (specific probe hybridization was employed
instead of RQ-PCR) and a full spectum of Ig/TCR
rearrangements, their results cast doubt upon the practicality
of the whole approach.

In this study, we concentrated on Ig/TCR quantitation
only, despite the fact that significant proportion of patients
bear the fusion genes (BCR/ABL, ETV6/RUNXI, MLL/AF4,
MLI/AF6) as potential targets for MRD detection as well. As
already mentioned, the clonal Ig/TCR quantitation metho-
dology has been increasingly standardized throughout the
last years within the ESG-MRD-ALL. This standardization
process and also newly developed interpretation criteria
improved significantly its clinical value. When properly
applied, this method provides a reliable, clinically useful
tool, as it was proved by numerous international quality
controls [4]. However, this is not the case for the quantitative
analysis of the fusion genes expression in pediatric ALL. We
have recently shown a very good correlation between ETV6/
RUNX1 transcript levels and Ig/TCR quantitation but in the
cohort that consisted dominantly from the front-line treated
patients [18]. In the current study, we observed a minor
but significant discrepancy between BCR/ABL and Ig/TCR
MRD levels in Patient 36. He displayed borderline positivity
in nested qualitative PCR for BCR/ABL prior to the
transplant and he was the only patient in the Ig/TCR MRD-
negative subgroup who developed relapse after HSCT.
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three doses of DLI imatinib

D+90

36
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Our prospective single-center study clearly documents the
feasibility and applicability of the Ig/TCR quantitation
technique of MRD detection in the transplant setting. The
efficacy of this approach, in terms of the identification of at
least one target with adequate specificity and sensitivity per
patient, increased steadily throughout the study: it was 61%
in the first half of the cohort and 80% in the latter. Our results
are in agreement with the previously published data [1-
3,5,19] and in striking contrast to the study by Imashuku et al.
[6]. Both survival and multivariate analyses demonstrate the
significance of MRD level before HSCT. Patients who enter
the transplant conditioning phase of treatment with MRD
level higher than 10™* are at high-risk of post-transplant
relapse.

Treatment of these relapses has been very disappointing so
far. Three different approaches may lead to a potential
solution of this problem: (1) reduction of the malignant clone
prior to the transplant using intensified or additional
treatment, (2) modification of the HSCT procedure, and (3)
post-transplant treatment modifications based on the close
follow-up of MRD levels. Pre-transplant treatment intensi-
fication is complicated by the fact that vast majority of
patients have been heavily pre-treated. The idea of employ-
ment of some drugs that are not normally used in the front-
line treatment failed to show a significant effect. Potentially,
introduction of new agents (e.g., kinase inhibitors, mono-
clonal antibodies, new antimetabolites, such as clofarabine)
might be an option [20]. However, no convincing data are
available thus far.

Modification of transplant procedure based on MRD
positivity prior to HSCT aims for the reduction of GVHD
prophylaxis, thus boosting the graft-versus-leukemia effect.
Removing ATG, targeted dose of CsA and rapid immuno-
suppression tapering may lead to this effect. Although partly
encouraging, results of an ongoing Dutch study have thus far
been inconclusive [19]. In some patients in our cohort, we
used targeted dose of CsA. In patients younger than 16 years
of age transplanted from matched sibling, we did not use
MTX in GVHD prophylaxis and in some patients trans-
planted from well-matched unrelated donor even ATG was
omitted. Due to the small numbers and heterogeneity of
patients with ALL, it is difficult to prove any noticeable effect
of this strategy in terms of relapse prevention. We should be
cautious as this strategy may significantly increase the risk of
transplant-related morbidity and mortality without clear
evidence of efficacy.

Adoptive immunotherapy after the transplantation was
generally not successful in our cohort. In our hands,
interventions, such as early and rapid discontinuation of
immunosuppression, infusion of DLI in 4-6 weeks interval,
and/or use of imatinib mesylate in BCR/ABL-positive ALL
were not sufficient enough to prevent onset of relapse.
Application of these approaches in patients with imminent
relapse have led to extended remission but often at a price of
severe, uncontrolled GVHD, and life-threatening invasive



fungal infections. Moreover, no permanent effect was seen in
our group of patients. Heavily pre-treated patients bearing a
chemoresistant leukemia have an extreme morbidity and
mortality. Therefore, an early initiation of adoptive therapy
might at least postpone, if not prevent, relapse, and facilitate
further efficacious chemotherapy; if subsequent remission is
reached, these patients should be indicated for re-transplan-
tation. A second HSCT may be curative in such settings, Our
results demonstrate that the possibilities of treatment of the
post-transplant relapse are extremely limited. Introduction of
new treatment modalities is desirable for the patients with
molecular genetic relapse after HSCT. These should include
not only those mentioned above (kinase inhibitors, mono-
clonal antibodies, new antimetabolites) but also the inhibi-
tors of enzymes controlling epigenetic modifications,
specifically DNA methyltransferases and histone deacety-
lases [21].

In our study, we demonstrate feasibility of MRD
quantitation using clonal Ig/TCR rearrangements as an
approach for the pre-transplant risk assessment in pediatric
ALL patients undergoing allogeneic HSCT. We show that,
although, we are able to identify the patients in an almost
certain risk of relapse, our ability to respond and to avert an
impending relapse is very limited. In spite of the use of
currently available set of treatment approaches after HSCT,
we failed to permanently avert a predicted relapse. The
change of the approach to MRD-positive patients prior
to HSCT is necessary because of very questionable benefit
of HSCT in these children. We are confident that all
efforts should be aimed to better control pre-transplant
MRD levels.
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Abstract

TEL/AMLI fusion gene is present in 20-25% of childhood acute lymphoblastic leukaemias. In order to unravel at which stage of B-cell
precursor development the fusion is originated, we analysed frequency and pattern of immunoreceptor (immunoglobulin and T-cell receptor)
gene rearrangements in 47 TEL/AML1-positive and 43 TEL/AMLI-negative cases of the same CD10+ immunophenotype. Moreover, we
compared corresponding immunoreceptor gene rearrangements in 11 cases of TEL/AMLI1-positive leukaemia at diagnosis and relapse. More
mature immunogenotype of TEL/AMLI1-positive cases and changes in 37% of rearrangements between diagnosis and relapse suggest that in

© 2004 Elsevier Ltd. All rights reserved.

most cases the TEL/AML1 fusion is formed during immunoreceptor gene rearrangement process.

Keywords: Acute lymphoblastic leukaemia; TEL/AML1; Immunoglobulin; T-cell receptor; Rearrangement; Relapse

1. Introduction

Leukaemias with TEL/AML1 (ETV6/RUNX1) fusion
gene (resulting from #(12; 21) translocation) form the most
common genetically defined subgroup of childhood acute
lymphoblastic leukaemia (ALL) with 20-25% of all cases
[1]. This subgroup is relatively homogeneous and a signifi-
cant part of its characteristics regarding biological and clini-
cal features, behaviour, prognosis and also aetiology has been
revealed. However, a number of questions still remain unan-
swered. One of these questions concerns the timing of ini-
tiating event of the leukaemic process. It is believed that
the fusion of TEL and AML1 genes is the first or initiat-
ing hit in these leukaemias. [t has been shown that this hit

* Corresponding author. Tel.: +420 22443 6580; fax: +420 22443 6521.
E-mail address: jan.zuna@lfmotol.cuni.cz (J. Zuna).

0145-2126/% — see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/).leukres.2004.11.007

occurs already during prenatal development in most cases
[2-4] and recent data suggest that it does not necessarily lead
to overt leukaemia [5]. However, it is still not clear at which
stage of B-cell precursor (BCP) development this fusion takes
place.

In our study we compare the number and pattern of
immunoglobulin (Ig) and T-cell receptor (TCR) gene rear-
rangements at initial diagnosis in the groups of TEL/AMLI-
positive and -negative patients diagnosed with ALL of the
same CDI0+ immunophenotype and, moreover, we com-
pare Ig/TCR rearrangements at diagnosis and relapse of the
TEL/AML1-positive leukaemia. In discussion, we offer sce-
narios that are compatible with our own data as well as
the other data published so far—particularly, we analyse
hypotheses conceming the question in the background of
Ig/TCR rearrangements and TEL/AML]1 fusion relationship:
which comes first?
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2. Materials and methods
2.1. Immunoreceptor gene rearrangements analysis

We examined pattern of Ig/TCR gene rearrangements in
bone marrow samples of ALL patients using the set of 18 re-
actions covering the vast majority (>90%) of Ig-heavy chain
(IgH), Ig-kappa (Igk), TCR-delta (TCR$) and TCR-gamma
(TCRy) rearrangements in B-cell precursor ALL (IgH:
VHV/7-JHcons, VH2-JHcons, VH3—JHcons, VH4-JHcons,
VH5-JHcons; Igk: VkI-Kde, V«Il-Kde, VkIII-Kde,
VkIV—Kde, intron RSS—Kde; TCRS: V§2-D53, D52-Da3;
TCRy: Vyl-yl.1/2.1, VyI-Jyl1.3/2.3, VylI-Jyl.1/2.1,
Vyll-Jy1.3/2.3, VyIV-Jyl.1/2.1, VyIV-Jy1.3/2.3). Se-
quences of primers and PCR conditions were specified else-
where [6,7]. To reliably distinguish clonal PCR products from
polyclonal we performed heteroduplex analysis of fragments
using polyacrylamide gel. Clonal PCR products were excised
and purified using QIAquick gel extraction kits (QIAGEN,
Valencia, CA). Purified PCR fragments were sequenced di-
rectly on ABI PRISM® 310 capillary sequencer using Big
Dye Terminator Chemistry (Applied Biosystems, Foster City,
CA). Variable (V), diversity (D) and joining (J) regions of
immunoreceptor genes were identified by comparison with
sequences in GeneBank using the ImMunoGeneTics (IMGT)
Database (http:/imgt.cines.fr, IMGT, European Bioinfor-
matics Institute, Montepellier, France) and the IGBlast search
(http://www.ncbi.nim.nih.gov/igblast/, National Center for
Biotechnology Information, Bethesda, MD).

2.2. Patients

All patients included in this study were treated in one of
the Czech Paediatric Haematology Working Group (CPH)
centres according to Berlin—Frankfurt-Munster (BFM) ALL
protocols. Informed consent was obtained from patients or
their guardians. We compared the number and pattern of
1g/TCR rearrangements at initial diagnosis in the groups of 47
TEL/AMLI1-positive and 43 TEL/AML l-negative patients
diagnosed with ALL of the same CD10+ immunophenotype
(TEL/AMLI1-positive: common ALL »n=30, prae-B ALL
n=17; TEL/AML I-negative: common ALL n=27, prae-B
ALL n=16) and of the same age at presentation. More-
over, we examined lg/TCR rearrangements in correspond-
ing diagnostic and relapse samples of 11 patients diagnosed
with relapsed TEL/AMLI-positive ALL. The TEL/AMLI
status was determined using reverse transcriptase (RT)-PCR
method as described elsewhere [1].

2.3. Cell cycle analysis

CycleTESTt PLUS DNA Reagent Kit (Becton Dickinson
Immunocytometry Systems, CA, USA) was used for analy-
sis of nuclear DNA from cell suspension according to the
manufacturer’s instructions. The distribution of cell cycle
phases was analysed with CELLQuest (Becton Dickinson)

and ModFit (Verity House, Topsham, ME, USA) software
applications.

2.4. Statistical analysis

Fisher’s exact test and Mann—Whitney test were used for
statistical analysis.

3. Results

3.1. Ig/TCR rearrangements in TEL/AMLI+ and
TEL/AMLI-ALL

The results of this analysis are summarised in Table I.
The number of patients with at least one detectable clonal
(i.e. only mono- or bi-clonal/allelic) rearrangement is com-
parable within both selected cohorts (94% versus 95% for
TEL/AML1-positive and TEL/AMLI-negative groups, re-
spectively; p= 1.0). However, we found a significantly higher
total number of clonal rearrangements in the TEL/AMLI-
positive patients (p=0.0006). The most significant differ-
ence between the two groups was identified in Igk segment
(72% versus 26%; p<0.0001) and also the TCRy rearrange-
ments were significantly more frequent in the TEL/AMLI1-
positive group (81% versus 56%; p=0.0128). The frequency
of clonal TCRS and IgH rearrangements did not differ sig-
nificantly in the TEL/AML 1-positive compared to -negative
patients (53% versus 56%; p=0.8349 and 79% versus 65%;
p=0.1658, respectively).

3.2. Ig/TCR rearrangements al diagnosis and relapse

Summary of Ig/TCR rearrangements found in diagnostic
and corresponding relapse samples of 11 patients with re-
lapsed TEL/AML 1-positive ALL is shown in Table 2, In four
patients the pattern of rearrangements was the same at diagno-
sis and relapse (2, 3, 4 and 5 rearrangements, respectively).
In five patients we found loss of some markers at relapse,

Table 1
Number of patients with clonal (mono- or bi-clonal/allelic) rearrangements
IgH*  Igk® TCR3" TCRy* =1P Overall®
TEL/AMLI+ 79% 2% 53% 81% 94% 186
(n=47) (37/47) (34/47)  (25/47) (3B/AT) (44/47) (A.0/pt)
TEL/AML1- 65% 26% 56% 56% 95% 116
(n=43) (28/43) (11/43)  (24/43) (24/43) (41/43) (2.7/pt)
p 0.17¢  <0.0001¢ 0.83¢  0.0128¢ .04 0.0006°
® Number of patients with at least one clonal (mono- or bi-clonal/allelic)
rearrangement of particular gene.

b Number of patients with at least one clonal rearrangement,

¢ Total number of clonal rearrangements within the group (number of
rearrangements per patient).

4 Statistical significance (p) calculated using Fisher’s exact test.

¢ Statistical significance (p) calculated using Mann—Whitney test.
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Table 2
Immunoreceptor gene rearrangements of 11 TEL/AML1-positive patients at
diagnosis and relapse
Patient Immunoreceptor gene rearrangements
Diagnosis Relapse
| VH4/JH =
VHS5/JH VH5/JH
VkI/Kde VkI/Kde
Vgl/lgl.3-2.3 Vgl/Jgl.3-2.3
Vell/jgl.3-23 Vgligl.3-2.3
2 VkI/Kde VkI/Kde
- RSS/Kde
Vd2/Dd3 Vd2/Dd3

Vgliigl.3-2.3 (1)

VH3/JH
VkIV/Kde
RSS/Kde
Vd2/Dd3
Vel/lgl.3-2.3 (1)
Vel/igl.3-2.3 (2)

VH3-33/DH3-10/1H6
VHA/TH
VHS5-51/DH3-10/JH6 (1)
VKII/Kde

Va2/Dd3

Vgl/igl.3-2.3

VkI/Kde
RSS/Kde
Vd2/Dd3
Vgliigl.3-2.3
Vell/igl.3-2.3

VH3/JH
VKIII/Kde
Vel/igl.3-2.3

VkLKde
VkIl/Kde
Vd2/Dd3
Vgl/igl.3-23
Vell/igl.3-2.3

VH2/TH
Vglfigl.3-2.3
Velligl.3-2.3

VH2/IH
VglV/igl.1-2.)

VH3/JH
RSS/Kde
Vd2/Dd3
Vel/igl 3-2.3

VH2/JH
VH3/JH
VkI/Kde
VkIVKde
Vellgl.3-2.3

Velligl3-23 (2)

RSS/Kde
Vellgl.3-23 (1)
Vglligl.3-23(2)

VH3-38/DH3-10/JH6

VHS5-51/DH3-10/JH6 (2)
VKII/Kde
Vd2/Dd3

VkI/Kde
RSS/Kde
Vd2/Dd3
Vgl/igi.3-2.3

Vgliigl.3-2.3
VKIVKde

Vglilgl.3-2.3

VH2/JH
Vgl/igl.3-2.3
Vgll/igl.3-2.3

VH2/JH
VelViigl.1-2.1

VH3/JH
RSS/Kde
Vd2/Dd3
Vglilgl.3-2.3

VH2/JH
VH3/JH
VKUK de
VKII/Kde
Vgliigl.3-2.3

but at least one dominant rearrangement was maintained be-
tween the diagnosis and relapse in all of these children. In the
remaining two patients the changes were more complex. Pa-
tient number two had clonal rearrangements in V52-D33,
VkI-Kde and VyI-Jy1.3/2.3 systems at diagnosis. At re-
lapse, in addition to identical V82-D®83 and VkI-Kde, she
gained RSS—K de rearrangement and the V-yl-Jy1.3/2.3 rear-
rangement showed a different sequence. Unfortunately, the
limited amount of diagnostic DNA material did not allow us
to backtrack the latter clones back to diagnosis. The diagnos-
tic sample of the patient number 4 was positive in systems
VH3-JH6, VH4-JH4, VH5-JH6, V52-D3a3, VkIl-Kde and
Vyl-Jy1.3/2.3. At relapse the VH4-JH4 and VyI-Jy1.3/2.3
rearrangements were lost and the VH3-JH6 and VH5-TH6
rearrangements showed change of the VH segment with
DH-JH sequence maintained. This change is likely to be
caused by a clonal evolution of the rearrangement between
diagnosis and relapse. Altogether, in our cohort of 11 pa-
tients with relapsed TEL/AML1-positive ALL we detected
47 Ig/TCR rearrangements at diagnosis and 36 rearrange-
ments at relapse. We found 37% of Ig/TCR rearrangements
to be changed between the two time points.

3.3. Cell ¢cycle analysis of TEL/AML1-positive and
-negative patients

In 59 cases (34 TEL/AMLI1-positive and 25 TEL/AML1-
negative) we were able to evaluate a cell cycle of the
leukaemic population analysing the DNA content using pro-
pidium iodide. The proportion of the cells in GO—G1 phase
was identical in both groups (median 92% (71-97%) and
median 91% (76-96%) for the TEL/AMLI-positive and -
negative patients, respectively; non-significant).

4. Discussion

In normal B- and T-lymphoid precursors the rearrange-
ment process begins with IgH and TCRS genes, respec-
tively, followed by TCRy (T-lymphocytes) and finally Igk
(B-lymphocytes) in more advanced stages of differentiation
[8]. It has been shown recently that TCR rearrangements
typical for BCP-leukaemic cells are present also in normal
B-cell precursors [9]. Therefore, the presence of TCR re-
arrangements in BCP-ALLs probably reflects physiological
situation and also the physiological order of recombination
is preserved in childhood BCP leukaemias [10]. The higher
overall number of clonal Ig/TCR rearrangements and par-
ticularly the predominance in the Igk and TCRYy loci thus
indicates more mature immunogenotype of the TEL/AMLI1-
positive ALL compared to other childhood leukaemias of the
same immunophenotype. In the traditional view, age at di-
agnosis of ALL could possibly be a factor influencing the
relative immunogenotypic maturity of the leukaemic blasts.
However, age at presentation did not differ significantly be-
tween our groups (TEL/AML1-positive: median 53 months
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(15-167 months); TEL/AML1-negative: median 65 months
(4-218 months); p=0.47). To further eliminate any possible
bias caused by the different presentation age we performed
also an age-matched analysis of the two groups. We were able
to select 33 patients from each group and made TEL/AMLI1-
positive versus TEL/AML1-negative pairs with age at diag-
nosis differing by fewer than six months within each pair. The
analysis revealed similar result with significant difference
between the positive and negative groups in the overall fre-
quency of rearrangements (p=0.0089) and frequency of Igk
(p=0.0002) and TCRy (p=0.0332) rearrangements. Again,
the number of patients with at least one rearrangement as
well as frequency of TCR® and IgH rearrangements showed
no statistically significant difference (p=0.24, p=0.45 and
p=0.57, respectively). Comparable results were recently
obtained in a similar study performed by Hubner et al.
[11].

If we want to disclose the reason why the TEL/AML]1-
positive leukaemias have significantly more mature im-
munogenotype compared to others the key question—in
our opinion—is whether Ig/TCR rearrangement precedes
TEL/AMLI fusion or vice versa. There are three conceiv-
able scenarios: (1) TEL fuses to AMLI before the initiation
of Ig/TCR rearrangements; (2) TEL fuses to AMLI1 after
the Ig/TCR rearrangements are completed; (3) TEL fuses
to AML1 during the Ig/TCR rearrangement process. Let us
analyse the three possible situations in the light of the pre-
sented data and also with respect to other recently published
studies briefly summarised below,

TEL/AMLI fusion often arises pre-natally—the patient-
specific intronic fusion of the two genes can be “backtracked”
to the patient’s newborn DNA material [4], However, the fu-
sion itself does not necessarily lead to leukaemia (approxi-
mately 1% of cord blood samples taken from healthy new-
borns harbour the TEL/AML 1-positive cells [5] and our un-
published data). A subsequent, postnatal hit (silencing of the
non-translocated TEL seems to be the most probable candi-
date [5,12,13]) is needed to trigger an overt leukaemia—it is
usually diagnosed in the pre-school age but the pre-leukaemic
phase can span more than 10 years [3]. The Ig/TCR gene
rearrangements specific for the leukaemic clone can also
be detected in the patient’s newborn DNA material in both
TEL/AML1-positive and -negative cases [14]. Twins with
concordant TEL/AML 1-positive leukaemia shared an iden-
tical genomic TEL/AMLI fusion sequence as well as an
identical Ig rearrangement, but another rearrangement of Ig
gene was detected only in one twin [2]. Among TEL/AMLI1-
positive relapses (recalculated from Refs. [12,15] and our
presented data), 25/26 patients with relapsed TEL/AMLI-
positive leukaemia retained at least one dominant clonal im-
munoreceptor gene rearrangement between the diagnosis and
relapse; in the last case the rearrangements dominant at re-
lapse were present at original diagnosis at the level of 10~
(~1 positive cell among 10.000 negative cells). In total, about
55% of rearrangements were maintained without change; all
rearrangements were identical between diagnosis and relapse

in 11/26 patients. Even in cases with different TEL deletion
at relapse compared to original diagnosis (such relapses are
believed to originate from pre-leukaemic clone by an inde-
pendent second hit (TEL deletion)) the Ig/TCR rearrange-
ments are maintained [12,13]. Peham etal. [ 15] used minimal
residual disease monitoring techniques and they found “ex-
clusive” relapse rearrangements back at original diagnosis in
all relapsed TEL/AML 1-positive patients (albeit at different
levels). The results suggest that some clonal proliferation oc-
curs already during the pre-leukaemic phase and implies that
the pre-leukaemic population is clonal with respect to the
TEL/AMLI fusion but in terms of Ig/TCR rearrangements it
is, in fact, a mixture of differently related subclones.
Possible scenarios of the TEL/AML1 and Ig/TCR rear-
rangements timing (schematically illustrated in Fig. 1):

4.1. TEL/AMLI precedes Ig/TCR rearrangement

In case TEL/AML1 fusion is the first event, the chimaeric
product itself would then stimulate the formation of mature
Ig/TCR rearrangements from the fully germline configura-
tion. Several mechanisms could be envisaged including a cell
cycle retardation in the TEL/AML1-positive cells [11]. How-
ever, there are facts questioning this scenario. As TEL/AMLI
is a leukaemia-specific fusion gene we can assume prolifer-
ation of the positive cell before the Ig/TCR genes start to
rearrange. If the Ig/TCR rearrangement process begins after
the first cell division of the TEL/AML1-positive cell with
Ig/TCR genes in germline configuration, we would find dif-
ferent TEL/AML 1-positive subclones completely unrelated
in terms of Ig/TCR. This would lead to a polyclonal patiern of
rearrangements within the (prae-)leukaemic population. The
importunate questions are:

e Why the second hit strikes the cells with the same rear-
rangement in case of concordant leukaemia in twins diag-
nosed at the age of 3 and 4 [2]?

e Why are the cells with a specific 1g/TCR rearrangement,
which will be a clonal marker of fully leukaemic cells
several years later, present in the newborn material already
as a relatively large clone [14]?

e Why the subsequent hit turning the pre-leukaemic cell to
the leukaemic one occurs in the precursor with the same
Ig/TCR rearrangement even in the cases of “relapse” trig-
gered by an independent TEL deletion [12,13]?

Taken together we presume this first scenario applies
seldom—if ever—for TEL/AML 1-positive leukaemias.

We also tried to confirm the theory of the cell cycle re-
tardation in TEL/AML 1-positive ALL suggested previously
[11].In case TEL/AML] fusion leads to a retardation of a cell
cycle one would expect a higher number of cells in the GO-G 1
phase. However, the proportion of these cells was identical in
both (TEL/AML 1+ and —) groups. Thus, if the TEL/AML1
fusion causes a cell cycle retardation this effect might be
noticeable only in pre-leukaemic cells, but it is definitely
abolished in the leukaemic blasts. Moreover, to our knowl-



¥, variable; D, diversity; J, joining regions of immunoreceptor genes.

edge, the assumption of the TEL/AML]1 blocking the G1 to
§ progression is not supported by direct experimental data.

4.2. Ig/TCR rearrangement precedes TEL/AMLI

This scenario presumes TEL/AMLI1 fusion occurs when
the Ig/TCR genes are already rearranged. If the Ig/TCR re-
arrangement process were already definitively finished at
the time of TEL/AML1 fusion, then all TEL/AML 1-positive
cells would keep the same Ig/TCR pattern. It is not the case
for the majority of patients as demonstrated by the differ-
‘ences between the diagnostic and relapse samples and by
the oligoclonality in about 20% of diagnostic samples [11].
Also the spectrum of the rearrangements in the TEL/AMLI -
positive patients showing some non-physiological features
[11] suggests that at least some [g/TCR rearrangements may
be completed or changed after the malignant turn of the cell.
F'However, in cases of TEL/AML1-positive ALL with fully
Jidentical Ig/TCR pattern at all examined time points this sce-
nario cannot be ruled out. The “mature” origin of the progen-
itor originally affected by the TEL/AMLI1 fusion might also
contribute to the superior treatment results of this subgroup
of childhood ALL.

43. TEL/AMLI arises during the Ig/TCR rearrangement
When TEL/AMLI fusion is formed some Ig/TCR rear-

rangements are already made and others are yet to be fin-
ished. Generally, we have three time points where analysis
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Fig. 1. The three possible scenarios of TEL/AML] and Ig/TCR rearrangements relationship as described in the text. (1) TEL fuses to AML1 before the
Ig/TCR rearrangements are initiated. TEL/AML stimulates/allows the Ig/TCR rearrangement machinery to finish all rearrangements. (2) TEL fuses to AML1
after the [g/TCR rearrangements are finished (=TEL/AML1 fusion is originated in a relatively mature precursor). (3) TEL fuses to AMLI during the Ig/TCR
rarrangement process; some [g/TCR genes are already rearranged. TEL/AML] then stimulates/allows the cell to finish the rest. More comments in the text.

of TEL/AMLI and Ig/TCR can be done—birth (indirectly
in twin studies or directly using backtracking on Guthrie
cards), diagnosis and relapse—and at least two of them can
be compared in more than 30 cases described to date. All but
one of these cases have at least one dominant Ig/TCR rear-
rangement maintained but many rearrangements are changed
during the evolution process. This makes this scenario the
most plausible from our point of view. It is probably impos-
sible to prove whether the more mature pattern of Ig/TCR
rearrangements in TEL/AML1-positive ALL is rather due
to more mature progenitor originally affected by the fusion
(with most of the rearrangements already finished) or whether
it is a function of the TEL/AMLI protein that, somehow,
stimulates the activity of the rearrangement machinery. We
believe that combination of both might be responsible for
the resultant picture. Only fragments of data are available
at the moment to support any of the hypotheses. From the
raw data obtained by expression profiling of childhood ALL
[16] (http://www.stjuderesearch.org/data/ALLI), we recalcu-
lated that the expression of the RAGI gene is significantly
higher in the TEL/AML1-positive ALL compared to other
subtypes; in the analysis based on 79 TEL/AML1-positive
and 205 TEL/AMLI1-negative B-cell precursor childhood
ALL cases the difference reached statistically extremely sig-
nificant value (p<0.0001). Also the expression of RAG?2 is
increased inTEL/AML |-positive cases but not to such extent
(»=0.0024 and p=0.24, according to probe set used). This
supports the theory that the fusion gene has some secondary
impact on the Ig/TCR rearrangements. Despite the fact that
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the process is certainly more complex, we might speculate
that as there is no difference in the frequency of IgH and
TCRS rearrangements between the TEL/AML1-positive and
-negative cases, the fusion of TEL and AML1 genes takes
place in the B-cell precursor that already finished the rear-
rangement process of these genes. Increased RAG activity
in the TEL/AML1-positive cases could then stimulate rear-
rangements of Igk and TCRry. This would fit with the data
we present here and with the third scenario proposed in the
discussion.

In our study, we provide resuits of two different analyses
concerning immunoreceptor gene rearrangements in the large
group of TEL/AMLI1-positive childhood ALLs. We show
that TEL/AML 1-positive leukaemias have more mature pat-
tern of immunoreceptor gene rearrangements compared to
the negative cases. Our results as well as other recent data
allow us to analyse detailed scenarios on the timing of the
origin of TEL/AMLI1 fusion with respect to the Ig/TCR re-
arrangements. The third scenario proposed in this study fits
best with the data from the analysis of the [g/TCR rearrange-
ments in twins, in the Guthrie cards and in the TEL/AMLI1-
positive ALL at diagnosis and relapse. We believe this sce-
nario is applicable to the majority of TEL/AML1-positive
cases. However, we feel that much additional work must be
done before this “which comes first” problem is definitively
solved.
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Relapse of leukemia remains the major cause of treatment
failure in allogeneic hematopoietic stem cell transplantation
(HSCT) in children. In a prospective study we used frequent
manitoring of hematopoietic chimerism (HC)'2 to identify
patients with a high risk of post-transplant relapse and thus
indicated for adoptive immunotherapy (Al).>¢ Between January
1997 and June 2001 we performed a total of 54 unmanipulat-
ed allogeneic HSCT from HLA-identical siblings (28) or matched
unrelated dorors (26) in 50 consecutive children with hemato-
logic malignancies in the University Hospital Motol, Prague.
Fifty-two evaluable follow-ups from forty-eight patients at a
median age of 10 years (2-18 years) with acute lymphoblastic
leukemia (ALL; 18/17), acute myelogenous leukemia (AML;
17/14), chronic myelogenous leukemia (CML; 8), myelo-
dysplastic syndrome (MDS; 6) and juvenile myelomonccytic
feukemia (JMML; 3) were included in this prospective chimerism
study. Written informed consent was obtained from the parents.
We analyzed HC in peripheral blood samples using polymerase
chain reaction of variable number of tandem repeats (ApoBII,

--- AFS(cC)
~-=  RFS (rMC)
s RFS (MC)
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Figure 1. Kaplan-Meler estimates of relapse-free survival for
the CC and the MC groups. Forty-four patients were evalu-
able for RFS. RFS for the CC group was 20/22, whilst that
for the MC group was 11/22. RFS for the MC group was
7/9 as compared to 4/13 for that in the MC group.

Col2A1, YNZ22, D1S80, HVR-Ig, TPO) with a maximum sensi-
tivity of 0.5%.” Peripheral blood samples were taken weekly
from day +8 until day +100, then once a month during the first
year following HSCT and thereafter according to clinical and
laboratory outcome.! Complete donor chimerism (CC), charac-
terized by the disappearance of recipient cells until day +28 and
sustained emergence of donor cells was documented in 29/52
follow-ups. Mixed chimerism (MC), characterized by the re-
emergence or persistence of recipient cells after day -+28, was
found in 23/52 follow-ups. Transient MC (trMC) was seen in 9
follow-ups and increasing MC (inMC) in 14 follow-ups. Con-
sidering the transplant-related mortality until day +100, 44
follow-ups were evaluable for relapse-free survival (RFS). At a
median follow-up of 16.5 months RFS for the CC group was
20/22, while that for the MC group was 11/22. RFS for the tMC
group was 7/9 as compared to 4/13 for the inMC group (Figure
1). Two patients with CC (1 ALL, T AML) relapsed after trans-
plantation without prior detection of MC; in both extra-
medullary relapse occurred.

Al was used in the prevention and treatment of post-trans-
plant relapse in 13 patients/14 follow-ups (ALL 4, AML 5, CML
3. IMML 1/2). Treatment was started on the basis of inMC (9),
in molecular relapse® (1) or in hematologic relapse (3/4). With-
drawal of post-transplant immunosuppression (IS) was per-
formed in 11 patients, 5 patients with no or only transient
response to withdrawal of IS received second-line therapy b
donor lymphocyte infusion (DLI). In 3 follow-ups without 1S,
DLI was applied as a front-line therapy.* Doses of CD3+ cells var-
ied between 1 105and 2.4 10%kg body weight according to
type of donor and indication for DLI. Complete response to Al,
defined as sustained recurrence of CC and continuous complete
remission (CCR), was documented in 6/14 follow-ups (second
post-transplant relapse in a patient with JMML, 3/3 patients
with CML, and in only 2/9 patients with acute leukemia) at a
median follow-up of 28 months {range 6 to 46 months), One
patient with ALL achieved CC but died soon after of severe

raft-versus-host disease (GVHD). Only temporary responses
transient decrease or disappearance of MC) were seen in 3 fol-
fow-ups (2 AML, 1 JMML) with subsequent hematologic relapse
8, 9 and 20 months after the initiation of Al. No response to Al
was seen in 4 follow-ups (2 ALL, 2 AML). Overall survival of the
patients treated with Al was 8/13 (ALL 1/4, AML 3/5, CML 3/3,
JMML 1/1). Out of 3 patients/4 follow-ups treated in hemato-
logic relapse only 1 (JMML) is alive in CCR. Pre-emptive Al was
perfarmed in 10 patients. Initial response was documented in
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8/10 children with recurrence of CC in 6 of them. In 2 children,
a significant long-term decrease of MC was documented and
Al probably postponed hematologic relapse. This allowed us to
perform a second transplantation in both patients.? Secondary
GVHD grade I-1Il was seen in 5/14 follow-ups and was fatal in
one patient.

We confirmed that patients with increasing MC have a sig-
nificantly higher risk of hematologic relapse.! Continuous CC
together with tMC usually proved to be a good prognostic fac-
tor, but in our experience had limited value in predicting
extramedullary relapse. Detection of HC is a simple, reliable and
rapid method and when performed frequently, allows us to
identify patients indicated for Al. A graft-versus-leukemia effect
of Al in our small cohort was evident in patients with CML and
JMML, was less effective in patients with AML, and was ques-
tionable in patients with ALL, We speculate that in patients
with acute leukemia Al methods are more effective when ini-
tiated early before full leukemia recurrence.
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Inversion of intron 1 of the factor Vill gene for direct
molecular diagnesis of hemophilia A

An intron 1 inversion of the factor VIl gene has been
recently described as a consequence of an intrachromoso-
mal recombination involving a 1041bp specific duplicon
inside and outside the gene. We investigated the intron 1
inversion in a cohort of 201 Spanish hemophilia A (HA)
families. The inversion was detected in 4 families with
severely affected cases of HA and no inhibitor history. The
freq of the inversion among cases of severe HA cases
was 5% iéﬂg}, confirming that this inversion is a recurrent
mutational event.

Haematologica 2003;88:118-120
(http://www.haemalologica.org/2003_01/88118.htm)

The most frequent mutation in severe hemophilia A patients
is an inversion of intron 22 of the factor VIl gene, described
8 years after the cloning of the gene.'? In 1996 an inversion
breaking intron 1 was detected in two hemophilic monozy-

tic twins.? This was originally regarded as a rare event, but

years later, the same group in the United Kingdom reported
that this inversion was a recurrent event in patients with
hemophilia A (HA).* A 1041-base pair sequence (int1h-1) of
the intron 1 was found to be duplicated (int1h-2) and orient-
ed in the opposite direction 140 kb outside the gene between
the C6.1A and VBP1 genes. This inversion arises from a recorn-
bination event between the two homologous sequences int1h-
1 and int1h-2 (Figure 1).

One hundred and eighty-five unrelated HA patients and 16
mothers of deceased hemophiliacs, in whom inversion of
intron 22 had been excluded, were investigated for the pres-
ence of inversion of intron 1. Qut of 201 cases, 79 had severe
disease, 53 had moderate disease and the remaining 69 had a
mild phenotype. For inversion analysis, two polymerase chain
reactions (PCR) were performed as previously described* with
slight modifications. In the first reaction, primers specific for
int1h-1 {9F, 9cR) plus the primer int1h-2F were used in an
amplification reaction that yielded a 1908 bp product from nor-
mal DNA and a 1323 bp product if the inversion was present
{Figures 1 and 2). In the second reaction, primers specific for
intth-2 (int1h -2F, intTh —2R) plus the primer 9F yielded a
1191 bp product from nermal DNA and a 1776 bp product in
the presence of an inversion, assuming that the interchange is
reciprocal. The pattern of the carriers had both bands (Figure 2).
For haplotype analysis, four intragenic (Intron 13 CA repeat,
Bell intron 18 and Intron 22 CA repeat by PCR and Kpnl/Xbal
intron 22 by Southern blot) and two extragenic (DXS52 by PCR
and DX13 by Southern blot) markers were used as previously
described.>8
. The test was positive in 3 out of 185 HA patients and in one
out of the 16 HA mothers. The overall frequency of intron 1
inversion in all hemaphiliacs without intron 22 inversion was
4/201 (2%). The calculated frequency was 5% (4/79) when
considering only severe cases. Three were familial cases and in
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Je fiizni gen TEL/AML1 vhodnym znakem

pro sledovani rezidualni nemoci u déti s akutni

lymfoblastickou leukemii?
Madzo J.0 2, Muzikova K.l, Fronkova E.l, Sramkova L.l, Zemanova L.l, Zuna J.l,
Stary J.%, Trka J.1*
" CLIP — Childhood Leukaemia Investlgatlon Prague, Klinika détské hematologie a onkologie,

2 Ustav fyziologie, UK 2. LF, Praha, ° Klinika détské hematologie a onkologie, UK 2. LF a FN
v Motole, Praha, * koresponduya autor

Souhrn

Za standardni postup pfi sledovdani minimalni rezidudlni nemoci u détskych akutnich lymfoblastickych
leukemii se v souéasné dobé povazuje kvantitativni detekce klonalné specifickych prestaveb imunore-
ceptorovych genu (receptora T bunék a imunoglobulina). Optimalizace detekce dvou vyse uvedenych
nezavislych prestaveb s citlivosti alespon jedné maligni buiiky mezi desetitisicem normalnich bunék
se viak nezdari u vSech pacientii. Fuzni gen TEL/AMLI1 je nejéastéjsi chromozomalni aberaci u détskych
akutnich lymfoblastickych leukemii a naléza se u vice nez 20 % pacienti. Srovnani hladin rezidualni
nemoci paralelné vysetrenych pomoci kvantitativni polymerdazové retézové reakce na transkript
TEL/AMLI1 a na piestavby imunoreceptorovych genti ve 41 vzorku ukazalo celkové velmi dobrou
korelaci s pouhymi dvéma vyjimkami (R = 0,847). Kvantitativni detekce transkriptu TEL/AMLI tedy
muze poslouzit jako alternativni cil pro sledovani MRN u pacientti s TEL/AMLI1 pozitivni leukemii
s nedostatkem citlivych standardnich znakt - pfestaveb imunoreceptorovych geni. Mezi 52 pacienty
s vysetienou hladinou rezidualni nemoci na konci indukce detekovatelné TEL/AMLI1 pozitivni bunky
jednoznaéné oddélily pacienty se Spatnou progndézou (preziti bez relapsu = 50 %; 7 relapsti ze 14 déti)
od déti s vybornou Sanci na preziti (preziti bez relapsu = 92 %; 3 déti z 38; p = 0,0007). Detekovatelné
TEL/AMLI1 pozitivni bunky na konci indukce tedy predpovidaji s vysokou pravdépodobnosti relaps,
i kdyz se vyskytne az 57 mésicu od diagnédzy.
Kli¢ova slova: détska akutni lymfoblastickd leukemie, TEL/AML1, kvantitativni PCR, minimalni rezi-
dualni nemoc

o

Summary

Madzo J., Muzikova K., Fronkova E., Sramkova L., Zemanova L., Zuna J., Sta-
ry J., Trka J.: Is TEL/AMLI1 fusion gene appropriate marker for minimal residual disease
monitoring in children with acute lymphoblastic leukaemia?

Currently the quantitative detection of clonal-specific rearrangements of immunoreceptor genes (T-cell
receptors and immunoglobulins) is considered to be the standard approach in minimal residual disease
(MRD) monitoring in childheood acute lymphoblastic leukaemia. However, optimisation of two inde-
pendent rearrangements with sensitivity of at least one malignant cell among 10 000 normal cells is not
successful in all patients. TEL/AMLI1 fusion gene is the most common chromosomal aberration in
childhood acute lymphoblastic leukaemia and is present in more than 20% of patients. Comparison of
residual disease levels examined simultaneously by quantitative polymerase chain reaction on
TEL/AMLI1 transcript and on immunoreceptor gene rearrangements in 41 samples showed very good
overall correlation with only two exceptions (R®=0,847). Thus, quantitative detection of TEL/AML1
transcript can serve as an alternative target for MRD monitoring in patients with TEL/AML1-positive
leukaemia and a lack of sensitive standard markers - immunoreceptor gene rearrangements. Among
52 patients with residual disease level tested at the end of induction therapy, the presence of TEL/AML1-
positive cells reliably separated patients with poor prognosis (relapse free survival = 50%, 7 relapses in
14 patients) from children with excellent outcome (relapse free survival = 92%, 3 relapses in 38 patients,
p=0,0007). Detectable TEL/AML1-positive cells at the end of induction therapy thus predict relapse with
a high probability even though the relapse occurs 57 months from the original diagnosis.

Key words: childhood acute lymphoblastic leukemia, TEL/AMLI1, quantitative PCR, minimal residual
disease

Trans. Hemat. dnes, 10, 2004, No. 4, p. 137-142.
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Minimalni rezidudlni nemoc (MRN) je definovana
jako subklinicka droven leukemie, kdy v prabéhu te-
rapie jiz maligni blasty nejsou béznymi cytologickymi
metodami detekovatelné a jejich zastoupeni v kostni
dfeni se pohybuje pod 5 %. V této situaci hovofime
o kompletni hematologické remisi, avsak pacient
miiZe mit i za tohoto stavu v téle az 10° malignich
elementt (1). Pravé tyto prezivajici nddorové bunky,
které lééb& unikly, mohou pozdé&ji zphsobit relaps
leukemie. Na velkych souborech pacientt s akutni
lymfoblastickou leukemii (ALL) bylo dokazéno, Ze
rychlost ,¢isténi“ kostni dfené od malignich bunék je
nezavislym prognostickym ukazatelem (2, 3). Tento
fakt vedl k tomu, ze v fadé lé¢ebnych protokold (mimo
jiné i v protokolech nejvétsi evropské skupiny BFM)
je dnes vygetfeni MRN jednim ze zdkladnich kritérii
pro stratifikaci pacientd do rizikovych skupin. Kon-
krétné v protokolech BFM jsou po inicidlnim rozdéle-
ni do skupin se standardnim, sttednim a vysokym
rizikem (podle véku, leukocytézy a pFitomnosti chro-
mozomadlnich aberaci) pacienti s detekovatelnymi
hladinami MRN (210", t;j. nejméné jedna leukemick4
buiika mezi 10* mononuklearnimi buitkami kostni
drené a/nebo periferni krve) pferazovani podle presné
stanovenych kritérii do skupiny s vy$8im rizikem re-
lapsu a tedy intenzivnéjsi terapii.

Nejcastéji pouzivana metodika ke sledovani MRN
vyuziva kvantitativni detekce klonalné-specifickych
prestaveb gend pro imunoglobuliny (Ig) a T-bunééné
receptory (TCR) na DNA irovni. Z divodu moznych
zmén prestaveb v prubéhu terapie vyzaduji kritéria
vySetFovani pacientl sou¢asné monitorovani alespon
dvou riiznych prestaveb Ig/TCR s citlivosti 21074
Soucfasné moderni zpusoby kvantifikace MRN jsou
zaloZeny na metodé kvantitativni polymerazové ieté-
zové reakce v redlném Case (RQ-PCR).

Alternativnim klondlné-specifickym cilem pro sle-
dovani MRN u détskych ALL jsou fuzni geny vzniklé
z chromozomalnich translokaci. Nejvyznamnéjsi z to-
hoto pohledu je zfejmé fuzni gen TEL/AML1
(ETV6/RUNX1) vznikajici jako produkt translokace
t(12;21)(p13;q22), nebot se nachazi az u ¢tvrtiny
viech détskych ALL (4). Jeho detekce je zalozena na
kvantifikaci mRNA, nemonitoruje tedy pfimo mnoz-
stvi leukemickych bunék, ale hladinu exprese genu.
Jejim zakladem jsou rovnéz PCR techniky, aviak pro
nutnost prepisu informace z RNA hovoiime o kvanti-
tativni reverzné-transkriptazové PCR v realném ¢ase
(RQ-RT-PCR).

Zatimco vyhodou klasické metody pomoci Ig/TCR
prestaveb je pouziti DNA (snadnéj$i izolace nukleové
kyseliny, nezavislost na stavu exprese v leukemic-
kych bunkéch), nevyhody jsou ve znaéné pracnosti
postupu. Jen dvodni screening zahrnuje podle dopo-
ruceni skupiny BIOMED-1 celkem 18 PCR systémi
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pro detekei prestaveb Ig a TCR u ALL z B fady a na-
vic kazdy pacient vyzaduje optimalizaci dvou systémui
s jedine¢nymi pacient-specifickymi primery. Alterna-
tivni postup je jednodussi v tom, Ze jednou zavedeny
systém na kvantifikaci hladiny TEL/AML1 je beze
zmény pouzitelny pro v8echny pacienty s touto abera-
ci. Na druhé strané vyzaduje izolaci RNA z pa-
cientského materialu a jeho vysledky mohou byt teo-
reticky vice ovlivnény kvalitou vzorku, ¢asem mezi
odebranim a zpracovanim krve ¢i kostni diené a také
tim, jak je exprese TEL/AML1 mRNA ovlivnéna sou-
¢asné probihajici antileukemickou terapii.

V nasi studii jsme se pokusili srovnat hodnoty MRN
pacientd s TEL/AMLI1 pozitivni leukemii ziskané obé-
ma popsanymi metodami a ovérit pouzitelnost obou
metod v klinické praxi. Za tim ucelem jsme museli
také vysettit, jak je exprese fuzniho genu TEIL/AML1
ovlivnéna ¢asem mezi odbérem a zpracovanim vzorku
a také jaky vliv na ni md probihajici terapie.

Material a metodika

Pacienti a vzorky

Do studie bylo zahrnuto 8 détskych pacienti s ALL
pozitivni na fizni gen TEL/AMLI, od kterych byly
k dispozici vzorky kostni dfené z diagnézy a z daléiho
pribéhu 16é¢by. Sest pacientt prodélalo S2 relaps, dva
jsou stdle v prvni remisi onemocnéni. Celkové byl
vySetien 41 vzorek. Vzorky byly ziskdny s pisemnym
souhlasem pacienta éi jejich zakonnych zastupcu.
Déti byly 1ééeny podle protokoli ALL-BFM 95 a ALL
IC-BFM 2002.

Izolace jadernych | mononukledrnich bunék

Buiiky byly z kostni diené / periferni krve izolovany
pomoci centrifugace na hmotnostnim gradientu (Fi-
coll Paque, PHARMACIA, Uppsala, Sweden) nebo
osmotickou lyzou. Pocet zivych bunék pro experimen-
ty byl politdn ve svételném mikroskopu pomoci try-
panové modfi.

Extrakce RNA a pFiprava cDNA

RNA byla extrahovdna pomoci upravené jednokro-
kové metody Chomczynskiho & Sacchi (5). Integrita
a mnozstvi izolované RNA byly ovéfeny pomoci aga-
rozové elektroforézy. Pro pfipravu komplementarni
DNA (cDNA) byly pouzity nahodné hexamery a re-
verzni transkriptdza MMLV (INVITROGEN, Carls-
bad, CA, USA) a byl zachovan postup podle navodu
vyrobce.

Amplifikace TEL/AMLI1 ¢cDNA (RT-PCR)

Klasicka dvoukolovd PCR detekce transkriptu
TEL/AML1 byla provadéna podle postupu popsaného
diive (4). Citlivost metody dosahovala 10* az 107
(jedna TEL/AML1 pozitivni buiitka mezi 10 000 az



100 tisici ostatnimi jadernymi bunkami kostni die-
né), jak bylo ovéfeno pomoci diluéni rady.

Kvantitation{ detekce TEL/AMLI ¢cDNA
(RQ-RT-PCR)

Amplifikaéni systém TEL/AMLI1 zahrnuje exon 5
genu TEL az exon 3 genu AML1. Primery a sondy
byly pFipraveny ve spolupraci s firmou TIB Molbiol
(Berlin, SRN). Hybridizaéni sondy byly znaéené na
piilehlych koncich fluorescenénimi barvami 3’-fluo-
resceinem a 5-LC Red 640, ke kvantitativni detekeci
byl pouzit piistroj pro ,real-time* PCR LightCycler
(ROCHE DIAGNOSTICS GmbH, Mannheim, SRN).
Exprese TEL/AMLI1 byla normalizovana viéi expresi
kontrolntho genu pro beta-2-mikroglobulin (B2M)
z ddvodu odstranéni variaci koncentrace jednotlivych
vzork. Oba amplifikaéni systémy jiz byly popsany
v predchozich studiich (6). Vechny vzorky byly ana-
lyzovdny v duplikétech.

Extrakce DNA

DNA byla extrahovana pomoci QlAamp DNA Blood
Mini kitu (QIAGEN, Hilden, SRN) a jeji mnozstvi
a ¢istota ovéfeny na spektrofotometru.

Detekee Ig | TCR prestaveb

Detekce prestaveb Ig/TCR byla provedena pomoci
PCR, jak bylo popséno drive (7). Ke screeningu pie-
staveb Ig a TCR gent v diagnostickém materidlu bylo
vyuzito 18 rdznych PCR systému s ,konsensus“ pri-
mery pro jednotlivé rodiny a podrodiny genovych seg-
menta V (variable), D (diverse) a J (join) (8, 9). PCR
reakce byla provedena u vdech systému shodnym tep-
lotnim profilem: 2 min. pri 94 °C; 35 cykla: 45 s pri
92 °C, 456 s pii 60 °C a 45 s pri 72 °C; a zavéreéna
elongace 10 min. p¥i 72 °C. Piftomnost piestavby se
nasledné orientacné detekovala pomoci horizontdlni
gelové elektroforézy.

Analyza heteroduplext

V pripadé pozitivity screeningu na piestavby IRG
byla uréena monoklonalita/biklonalita (resp. oligoklo-
nalita) tohoto signalu pomoci analyzy heteroduplexu
v polyakrylamidovém gelu.

Produkt PCR byl nejprve denaturovan pri 95 °C/
/b min. a pak rychle zchlazen na teplotu 4 C/60 min.,
¢imz byla umoznéna zpétna renaturace a f{ormace
homo- respektive heteroduplexii. Detekce homo- a he-
teroduplexd byla provadéna v 8 % nedenaturujicim
polyakrylamidovém gelu pti 4 °C a konstantnim na-
péti 10 mA béhem 24 hodin. Gel byl po elektroforéze
obarven ethidium-bromidem a vizualizovan pomoci
dokumentaéniho systému GEL DOC (BIO-RAD, Her-
cules, CA, USA).

Analyza sekvenci
Po heteroduplexni analyze byly sterilné vytiznuty
pozitivni prouzky odpovidajici monoklondlnim pre-

stavbam, DNA byla cluovina z gelu a eludt byl na-
stedné reamplifikovan. Produkt byl separovan v aga-
r6zové elektroforéze a precistén pomoci QIAquick
PCR Purification kitu (QIAGEN, Hilden, SRN).

DNA byla sekvenovana pomoci kapilarni elektrofo-
rézy ABI PRISM® 310 Genetic Analyzer (APPLIED
BIOSYSTEMS, Foster City, CA, USA). Ziskané sck-
vence byly analyzovany pomoci softwaru CHROMAS
1.5 (TECHNELYSIUM, Queensland, Australia),
VECTOR NTI 8 Suite (INFORMAX, Bethesda, MD,
USA) a softwaru BLAST (NCBI, Bethesda, MD,
USA).

IRG RQ-PCR

Kvantitativni detekce klondlné specilické prestav-
by byla provedena pomoci specifického PCR systému.
Forward primer pro kazdy systém byl vytvoien jako
alelo-specificky oligonukleotid (ASO), podle sekvence
Ig nebo TCR prestavby, na specifickém dseku piecho-
du genovych segment: VDJ, VD nebo VJ — v zdvis-
losti na pouzitém systému. Primer byl navrhnut tak,
aby ho bylo mozno pouzit v RQ-PCR s hydrolyzacni
sondou a reverznim primerem umistnénymi v kon-
sensus oblasti. Cilem bylo nalézt u kazdého pacienta
v oplimalnim pripad¢ dva cile pro sledovini MRN.
Kazdy systém byl optimalizovan samostatné tak, aby
dosahl detekéni citlivost alespon 10™. Kvantitativni
detekee klonalné specifickych prestaveb IRG byly pro-
vedeny s pouzitim piistroje pro ,real-time* PCR ABI
PRISM 7700 (APPLIED BIOSYSTEMS, Foster City,
CA, USA)nebo iCycleriQ"™ (BIO-RAD, Hercules, CA,
USA) v triplikatech.

Stanoveni exprese TEL/AMLI po cylostatické lgébé

TEL/AML1 pozitivni REH bunééna linie byla kulti-
vovdna v Roswell Park Memorial Institute (RPMI)
mediu 1640 s 10 % fetdlniho hovéziho séra a 2mM
L-glutaminem. Bunky byly oSetieny cytostatikem L-
Asparagindza (Kidrolase; RHONE-POULENC, Bel-
lon, Francie) v logaritmicky naiedénych koncentra-
cich: 0,4 U/ml, 4,0 U/ml, 40,0 U/ml, a 400,0 U/ml.
Nasledné po 24 a 48 hodinach kultivace byly bunky
sklizeny a byla z nich extrahovana cclkova RNA
a kvantifikovana normalizovana expresc TEL/AML1
fuzniho genu. Experimenty byly provedeny v triplika-
tech.

Vysledky

Stabilita transkriptu TEL/AMLI v ¢use

Simulovali jsme transport vzorku TEL/AMLI pozi-
tivni ALL. Pri pokojové teploté jsme odebirali ze vzor-
ku TEL/AML1 pozitivni kostni diené identicky alik-
vot (10 miliond bunék) a zpracovali ho standardnim
zpusobem. Pomoc{ RQ-RT-PCR jsme hodnotili celkové
mnozstvi mRNA ve vzorku (pomoci kvantifikace vnit-
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fniho standardu tzv. housekeeping genu, v nasem
ptipadé genu pro B2M), mnoiZstvi transkriptu
TEL/AML1 a zménu jejich vzajemného poméru
(TEL/AMLI1N). Prokézali jsme, Ze v prubé&hu prvnich
24 hodin po odbéru kolisa exprese TEL/AMLI1 i B2M
v rémci jednoho fddu, po 30 hodinach dochdzi v obou
hodnotdch k vyraznéjsimu poklesu. Normalizovana
TEL/AMLI1N je vBak stabilni v ¢ase po dobu nejméné
78 hodin od odbéru vzorku do jeho zpracovéni.

Stabilita exprese TEL /AMLI po lé¢bé cytostatiky

Abychom ovéfili, zda chemoterapie ovliviiuje expre-
si hybridniho genu TEL/AMLI1, simulovali jsme in
vitro 1écbu malignich bunék nesoucich gen
TEL/AML] pomoci cytostatika L-asparagindzy, ktera
je dutlezitou komponentou protileukemické 1écby.
Do bunééné kultury TEL/AML1 pozitivni leukemické
linie REH jsme priddvali L-asparagindzu v rostouci
koncentraci (0,4 — 400 U/ml) a mérili normalizovanou
expresi TEL/AML1 (TEL/AMLIN). Zjistili jsme, Ze
u bunék, které lécbu cytostatikem prezily, se
TEL/AMLI1N nezménila (obr. 1). Tento vysledek po-
tvrzuje, Ze kvantitativni detekce transkriptu
TEL/AML1 v prib&hu terapie skuteéné monitoruje
pocet rezidudlnich bunék.
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Obr. 1. Normalizovand exprese hybridnfho genu TEL/AML1
se signifikantné neméni ani po relativné vysokych ddvkach
L-asparagindzy v porovndni s kontrolou.
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Detekovatelné TEL/AMLI pozitivni buriky na konci
indukéni lééby predpovidaji relaps leukemie

Meli jsme k dispozici celkem 52 vzorky déti
s TEL/AML]1 pozitivni ALL lééenych podle protokolu
ALL-BFM 95, odebranych na konci indukéni éasti
lé¢by (den +33). Mezi 52 pacienty s vySetfenou hladi-
nou rezidudlni nemoci na konci indukce detekovatel-
né TEL/AML1 pozitivni buriky jednoznaéné oddélily
pacienty se §patnou prognézou (preziti bez relapsu =
50 %; 7 relapst ze 14 déti) od déti s vybornou §anci na
preziti (preziti bez relapsu = 92 %; 3 déti z 38; p =
0,0007) (obr. 2). Medidn sledovani souboru je 62 mé-
sicd, relapsy se objevily 12-58 mésict od diagnézy
nemoci. Kvantitativni analyza hladin MRN nepfine-
sla signifikantni vysledek, relapsy byly distribuovdny
prakticky rovnomérné ve skupiné s vy$si hiladinou
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Obr. 2. Analyza 52 pacienttt s TEI/JAMLI1 pozitivn{ ALL uka-
zuje prognosticky vyznam detekovatelné MRN na konci induk¢-
ni 1éeby. PreZiti bez relapsu (Disease Free Survival — DFS) je
vysoce signifikantné hor&i ve skupiné 14 pacientt s detekova-
telnou MRN: 7 z nich jiZ prodélalo relaps.

MRN (10%-10%; 4 relapsy ze 7 pacientit) a nizsi hla-
dinou MRN (<10%; 3 relapsy ze 7 déti). Ani interval
mezi diagnézou nemoci a relapsem se u téchto skupin
signifikantné neligil (32-43 mésice versus 12-57 mé-
sic; 29-58 mésich pro déti bez detekovatelné MRN).

Srovndni hladin MRN podle RQ-PCR a RQ-RT-PCR

Porovnali jsme vysledky analyzy MRN podle dvou
metod u celkem 41 vzorku od 8 pacientti s TEL/AML1
pozitivni ALL. Vzorky pochdzely od pacienta sledova-
nych pro relaps ALL (n = 6) a od pacienti stan-
dardniho rizika lééenych podle nového protokolu
ALL-IC 2002 (n = 2). Vsechny vzorky byly vysetfeny
v kazdém z porovnavanych bodu individualné urde-
nou a optimalizovanou IRG RQ-PCR s citlivosti ales-
poii 1:10°%. P&t pacientt mélo dva cile, t¥i paci‘enti byli
vy§etireni pomoci jednoho cile. Pouzili jsme 8x prestav-
bu Ig-kappa, 1x prestavbu IgH, 2x TCRdelta a 2x
TCRgamma. Soucéasné jsme vSechny vzorky analyzo-
vali pomocijednotné metodiky pro RQ-RT-PCR detek-
ci transkriptu TEL/AML1.
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Obr. 3. Graf ukazuje velmi dobrou korelaci dvou nezévislych
metod pro zjisovani MRN na celkem 41 vzorku (R*=0,847). Dva
oznacené body ukazuji odbéry, ve kterych IRG RQ-PCR deteku-
je vyznamné vyssi hladiny MRN nez TEL/AML1 RQ-RT-PCR.



V 17 pripadech obé metody prokdzaly negativni
vysledek, tj. nedetekovatelnou hladinu MRN, 22 vzor-
ki bylo pozitivnich obéma metodami a korelovaly
v rozmezi mendim nez jeden #dd, ve dvou pripadech
RQ-RT-PCR podhodnotila hladinu MRN urcéenou pod-
le prestaveb IRG o vice nez jeden tad (obr. 3). Celkova
korelace obou méreni byla velmi dobra (R2 =0,847).

Diskuse

Kvantitativni metodika sledovani MRN u détskych
ALL pomoci RQ-PCR zaméfené na piestavby IRG je
velmi spolehlivym, mezindrodné standardizovanym
postupem. Bohuzel se jednd o metodu mimoiadné
pracnou, ¢asové naro¢nou a drahou. Je to dano zejmé-
na tim, Zze prestoze je diky designu systéma IRG
RQ-PCR mozné pouzival pouze oniezeny pocet {luo-
rescenéné znacenych sond pro viechny pacienty, pro
kazdého z nich je tfeba navrhnout a optimalizovat
individudlni primery na zakladé sckvence jeduotli-
vych ptestaveb. Navic se ne vidy podaii nalézt dosta-
teéné citlivy cil, at uz pro nedostatek klonalné speci-
fickych prestaveb nebo pro nemoZnost navrhnout,
piipadné optimalizovat dostatecné specifickou a pii-
tom senzitivni RQ-PCR (napt. pro nedostatek vloze-
nych N nukleotida u prestaveb TCRgamma). Pouziti
kvantitativni detekce mnozstvi transkriptu casto se
vyskytujictho hybridniho genu (jakym je u détskych
ALL gen TEL/AML1) se proto jevi pro svou relativni
jednoduchost (stejny systém pro véechny TEL/AML1
pozitivni{ pacienty) jako zajimava alternativa.

Rozsiteni tohoto systému do klinického pouziti do-
sud brdni obava, zda je skutetné hladina exprese
mRNA shodnd u viech pacientt a zda s¢ neméni
v pribéhu terapie (10). Aby tyto potencidlni namitky
mohly byt vyvraceny, bylo ticha provést nékolik in
vitro experimenti a predev§im ptimé porovnani obou
vy$e zminénych metod. Dulezitym piredpokladem
kvantitativniho hodnoceni mnozstvi transkriptu
TEL/AMLL1 je vybér vhodného kontrolniho (,houseke-
eping®) genu. Ten se pouzivd jako interni standard
mnozstvi mRNA, ke kterému se vztahuje pocet kopif
TEL/AML1 mRNA. Rychlost degradace mRNA kon-
trolniho a cilového genu by méla byt stejna nebo velmi
blizkd, aby v dob¢ mezi odhérem vzorku a jeho zpra-
covanim (izolaci mRNA) nedoslo k ovlivnéni pomcéru
cilového a kontrolniho genu a tim k arteficidlnimu
nadhodnoceni nebo podhodnoceni vysledné hladiny
MRN. Podle literarnich dadajui jsme zvolili gen B2M,
jiné skupiny pouzily napt. gen ABL (10, 11). Nase
experimenty prokdzaly, ze vvchlost odhouravani
transkriptt B2M a TEI/AMLI je takrka identicka
v prabéhu 78 hodin od odbéru vzorku kostni diené
a zaruCuje tedy neménnost normalizované exprese
TEL/AMIL In. Nieméné jiz po uplynuti 24 hodin docha-
zi k signilikantnimu poklesu mnozstvi obou mRNA.

Prestoze jejich vzajemmny pomér neni ovlivnén, ztrala
absolutniho mnozstvi transkripta maze vést k ome-
zeni citlivosti a k falegné negativnim vysledkum. Vzo-
rok kostnf drend nebo krve by tedy mél byt zpracovan
pro ucely monitorovdini MRN nejpozdéji do jednoho
dne po odebrani. V podminkich Ceské republiky je
mozno tento pozadavelk splnit a naprostda vétSina
vzorkll v nasi retropospektivni studii hyla zpracovana
Ltimto zpusobem.

Zajimavym zjisténim je, ze cylostatickd lécha (tie-
baze se jedna pouze o monoterapii L-asparagindzou)
v in vitro experimentu neovliviuje hladinu exprese
TEL/AML1. Tento vysledek napovida, ze kvantita-
tivni detekce transkriptu TEL/AML1 urcuje skutec-
nou hladinu MRN v ruznych fazich Iéchy, bez ohledu
na prodélanou chemoterapii.

Prediktivni hodnota kvantitativni detekee trans-
kriptu TEL/AML1 pro relaps détské AlLL byla dosud
v literature dolozena pouze nadi skupinou (6). V roz-
sitené analyze, klerd je soucdsti této prdcee. dokazaje-
me, ze detekovatelnd hladina TEI/AML L mRNA na
konci indukee je vyznainnym rizikovym prognostic-
kym faktorem pro relaps leukemie. Stejnc¢ jako v pri-
padé vyuziti IRG RQ-PCR nachizime pacienty, ktefi
méli v den skonceni indukce nedetekovatelnou MRN
a presto u nich doslo k relapsu. 7 toho je ziejmdé, 7¢
i niz§i hodnoty MRN (pod hranici detekéni citlivosti
vsech dnes pouzivanych metod) mohou vést k relapsu.
Relativné omezeny pocet pacientu s naslednym relap-
sem v nadi studii (dany celkove dobrou prognozoa Leto
genotypové skupiny détskych ALL) nedovoluje uréit,
zda vyse hladiny MRN rozhoduje o vysivizika relapsu
¢i okamzika jeho nastopu.

Samotné srovnani dvou metodik detekce MRN vy-
zniva veelku priznivé pro TEL/AMILIT ]{Q»RT—I%CR.
Jednd se dosud o nejvelai publikovany soubor para-
lelne vysetienych vzorka TEL/AMLL pozitivni ALL.
i ve srovindni s jedinou dalsi vyznamnejsi publikova-
nou praci (10). Velmi blizk:i detekent citlivost obou
postupt (rovnd ncbo lepsi 1:307h umoznuje primé
porovnani. Vybornd korclace ve vzarcich pod timto
detekénim prahem (celkem 1711 v odberech s pozitiv-
nimi hodnotami (celkem 22) dokladid praktickou apli-
kovatelnost TEL/AMLIT RQ-RT-PCR. Umysiné byl
pro analyzu vybrani piedevéim pacienti s relapsem
ALL, u kterych je v obdobi pred a/nebo po relapsu
vOLET pravdepodobnost zachytu leukemickyeh hanck.
a Lak bylo zaruceno sroviiivani hladin MRN v pozi-
tivnich hodnotéach. Oba nekorelujici vzorky maji velmi
vysokou hladinu MRN podle TRG RQ-1’CR. Prestoze
nage in vitro experimenty tviz vyser prokazuji opak,
mohlo v téchto vzorcich dojit k ovlivnéni exprese genu
TEL/AMLI, degradaci mRNA zpusohendé transpor-
tem ¢ Lechnicke chybe, Podstatne je, ze prestoze
rozdil v hladindch MRN prevysil akceeptovatelny je-
den tad, i TEL/AML1 RQ-RT-PCR potyvrdilo pritom-
nost MRN. Souc¢asné vysledky porovnani téchto dvou
nezavislych metod detekee MRN prokazuji, 7e je z kli-
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nického hlediska nespravné pfeceniovat dynamiku
MRN v uzkém detekénim rozpéti.

Celkové nase vysledky dokazuji, ze v pfipadé nedo-
statku (druhého) dostatec¢né citlivého markeru na
tdrovni DNA je mozno pro sledovani MRN pouzit kvan-
titativni detekei transkriptu TEL/AML1. Jevsak tie-
ba prisné dodrzovat vegkera technicka opatfeni, poéi-
naje co nejkratdi dobou od odbéru po zpracovani
vzorku a% po uZivani adekvatniho kontrolniho genu
a multiplikat v kvantitativni PCR.
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