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Imunologicka diagnostika a monitorovani Iééebné
odpovédi u nadorovych onemocnéni krvetvorby v détském
véku

1. Uvod

Mezi zakladni podtypy malignich onemocnéni krvetvorby u déti patfi predev§im akutni
leukémie. U déti leukémie tvori nejcastejsi maligni onemocnéni. Leukémii lze definovat jako
skupinu chorob, u kterych genetické zmény v nezralé krvetvorné buiice vedou k rlstové
vyhod¢ a/nebo poruse apoptdzy. Nejcastéj$im podtypem u déti je leukémie z lymfocytarnich
prekurzori (ALL), kterd tvoil asi 77% ze vSech leukémii. Dal$i podtypy malignich
onemocnéni krvetvorby u déti jsou: akutni myeloidni leukémie (AML), ktera tvoii asi 11%,
chronickd myeloidni leukémie (2 — 3%) a myelodysplasticky syndrom (1 — 2%). Lécebny
v pribéhu 40 let, kdy na pocatku byla prakticky nulova Sance na vyléceni, se dafi v
soucasnosti vice nez 80% pacienti dlouhodobé vylécit. Jiz od po€atku lécby ALL je snaha
pacienty co nejvice stratifikovat podle miry rizika selhani lééby. AML je na rozdil od
dospélych u déti vzacna a vysledky jsou ptes podstatné agresivngjsi lé€bu oproti ALL stale
neuspokojivé. Myelodysplasticky syndrom (MDS) je v détském v€ku velmi vzicné
onemocnéni, s odliSnou biologii nemoci od dospélych a v [é€b€ u déti se uplatnuje predevSim
alogenni transplantace kostni diené (SCT). V ramci diferencialni diagnézy MDS a akutnich
leukémii je nutné zminit i aplastickou anémii, onemocnéni vznikajici na podkladé
autoimunitniho poskozeni kmenovych bunék kostni diend '. Sledovani redukce nadorové
masy (rezidualni nemoci) metodikami pfesnéjSimi a citlivejSimi, nez je klasickd opticka
protokolech. Nejcastéji pouzivanymi metodikami jsou u ALL sledovani klonalnich prestaveb
genl pro imunoglobuliny a T-buné&né receptory (Ig/TCR) pomoci kvantitativni PCR (RQ
PCR) a pratokova cytometrie. U AML lze u ¢asti pacientd pouzit pro detekci MRN flzni
geny (AMLI/ETO, PML/RARa, CBFB/MYHI1) nebo pritokovou cytometrii. Pies svoji
relativni ekonomickou nenaro¢nost a dostupnost je ale cytometrie stale metodou pouzivanou
pro MRN pomérné malo, viechny dosud publikované prace jsou bud’ omezené na jednu
instituci, ¢i jednu centralni laboratof. Jednim z diivodi je i nedostate¢na standardizace této

komplexni metodiky. V ramci svého postgradualniho studia jsem se zabyvala zapojenim
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prutokové cytometrie a jeji standardizaci v kontextu dalSich metod u hematologickych

malignit v détském véku.

1.1. Akutni lymfoblasticka leukémie

V Ceské republice onemocni ro¢né piiblizng 65-70 déti. Prognoza déti v CR je srovnatelna se
svétovymi vysledky. U naprosté vétSiny pacientti nezname pfesné etiologii nemoci, vzhledem
ke kumulaci onemocnéni u déti v predskolnim véku lze ocekavat, Ze vyznamnou ulohu
v leukemogenezi hraje postupné setkavani se sinfekcemi a ziskavani adaptivni imunity
zavislé na lymfocytech °. U mensiho poétu pacientt jsme schopni identifikovat genetickou
poruchu, ktera je spojena s vyssi incidenci ALL. Typicky se jedna o geneticky podminéné
poruchy kontroly buné¢ného cyklu (napf. Bloomuiv syndrom, ataxia teleangiectasia, Nijmegen
breakage syndrome) * ‘. ALL rovnéz mize vzniknout jako sekundarni onemocnéni po
onkologické 1€¢b&¢ pro jinou malignitu (véetné ALL) (sekundarni ALL po 1é¢bé ALL
shrnujeme v piiloze 9) > 9. Za postupnym zlepSovanim prognozy déti s ALL staly piedevsim
randomizované studie. Hlavni podil na nyné&js$i uspésnosti maji ptitom léky objevené pied
rokem 1980. V soucasnosti se postupné do 1é¢by dostavaji nova Iéciva, Casto cilené namifena
na struktury leukemickych bunék (monoklonalni protilatky, inhibitory tyrosinkinaz). Tato
léCiva v soucasnosti se ale pouzivaji u specifickych podtypi leukémie (napi. BCR/ABL

pozitivni ALL) nebo u nemoci refrakterni na klasickou 1écbu.

1.1.1. Prognostické faktory a klasifikace ALL

Morfologicka klasifikace — rozliSeni zralé a prekurzorové B ALL

Nejstarsi déleni je na .1, L2 a L3 subtyp (L1 — homogenni malé blasty, L2 - blasty rlizné
velikosti, L3 — typicka je vakuolizace s intenzivni bazofilni cytoplazmou pii barveni podle
Wright - Giemsy). Diagnosticky a Ié¢ebn€ je dulezity zejména podtyp 1.3, ktery odpovida
imunologicky zralé B leukémii (leukemizovany non hodgkinsky lymfom (NHL) Burkittova
typu s vice nez 25% infiltraci kostni dfené nebo periferni krve nddorovymi burikami). U zralé
B ALL se pouziva jina 1é¢ebna strategie oproti typické ALL, s pouzitim kratkych intenzivnich
bloki chemotcrapie, nespravné zatazeni muze vést k selhani 1écby a naslednému relapsu
onemocnéni '. Cytogeneticky asi u 85% pacientii se zralou B leukémii nachazime typickou
translokaci t(8;14)(q24:q32), u zbyvajicich pacientl nachdzime translokace t(2;8)(p11;p24) a
t(8;22)(q24;q11) %9 Translokace maji spolené to, Ze se protoonkogen MYC presouva do
oblasti genu, v&etné jejich promotori, pro téZky nebo lehké fetézce imunoglobulind.

Diagnosticky svizelny muaze byt nalez tzv. ,transitional® praeB ALL s pozitivitou
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povrchového IgM (n fetézec) '* a nékdy i s expresi jednoho z lehkych fetézci (kapa nebo
lambda), zpravidla vSak ne na v8ech blastech. Nékdy soucasné morfologicky nachézime i
vzhled ptipominajici L3. Publikovanych dat je malo, nicméné cytogeneticky nenachazime
vyse zminéné piestavby MYC protoonkogenu typické pro zralou B ALL /" .U takto
spornych piipadi je klicova informace z cytogenetického vySetfeni a pripadna lécba
onemocnéni je indikovdna podle ni. Soucasna pozitivita lehkého fetézce kapa a lambda je
zpravidla artefaktem, zplsobenym nizkou teplotou pii transportu vzorku. Diagnostické
rozpaky pii podezieni na leukémii muize rovnéZ pfinést zvySeny pocet tzv. hematogonil
v kostni dreni u pacientll s regenerujici hematopoézou (napf. pfi virovém infektu nebo po
chemoterapii), které mohou pfipominat blasty ALL. Tyto hematogony v podstaté predstavuji
zmnozené prekurzory B lymfocytll, imunofenotypizace je v té€chto situacich dokédze spravné
odligit od fenotypu leukemickych bun&k '?. Nejzralejsi stadia téchto B prekurzort (zpravidla
!

slabé CD10P a jasné CD20°%%) Ize nalézt v malém poétu i v periferni krvi '/, Gasteéné tyto

buriky odpovidaji populaci tzv. , transitional B lymfocytd *°.

1.1.1.1.  Imunologicka klasifikace ALL

Leukemické buriky jsou €aste¢né imunofenotypové podobné svym nemalignim protéjSkim,
¢astecn€ nachazime v expresi jednotlivych antigenti ¢etné asynchronie a aberace odliSujici je
od nemalignich bun€k. Klasifikaci, kterou v soucasné chvili pouzivame u détskych ALL
vychazi zupravené a aktualizované  klasifikace EGIL (European Group for the
Immunological Characterization of Acute Leukemias)’® /. Diagnosticky dalezité je rovnéz

spravné imunologickée odliseni od AML.
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1L11.1.1. ALL 7 prekurzoru B lymfocytit (BCP ALL)
B prekurzorova leukémie je dominujicim podtypem ALL jak u déti, tak i u dospélych.
Zékladni imunofenotypové rozdéleni je v tabulce 1, vlastni vysledky a podrobné&jsi rozbor

tohoto podtypu uvadim v kapitole 3.1.1.

Kategorie Kritéria Podtrida Kritéria
o 2 nebo 3 z nasledujicich: CDI9P*, | proB ALL CD10"™ CD20™*
B orekur A (intra)CD79a** a CD22°%
prekurzorov CD3"™® cALL CD10" intralgM"®
[ o intraCD3"
° K" a A" praeB ALL intralgMP*
) 2 nebo 3 z nasledujicich: CDI19%*,
(intra)CD79a a CD22P%
zrala B ) CD3™# Bez dalsi subklasifikace
o intraCD3"®
o k" nebo AP

Tabulka 1. Klasifikace ALL B Fady, adaptovand podle EGIL ', kierd je pouzivina v ramci
protokolii skupiny BFM (Berlin — Frankfurt — Miinster) pro 1écbu détské ALL.

1.1.1.1.2. ALL 7 prekurzoru T lymfocyti (T ALL)

T ALL jsou méné ¢astym podtypem, z détskych leukémii tvoii asi 10 az 15%. Casto pfi
diagndze nachazime nadorovou infiltraci thymu, vedouci k tumoru mediastina, ktery muze
zpusobovat syndrom horni duté zily, respektive dusnost na podklad¢ obstrukce dychacich cest
" Tato nadorova infiltrace v sob& odrazi normalni vyvoj T lymfocyt, ktery praveé z vetsi
¢asti probiha v thymu. Neni neobvyklé, Ze u téchto pacientl pifi prvnim kontaktu s I¢karem
nachazime jesté normalni krevni obraz a béhem kratkého intervalu dochazi k tzv. leukemizaci
do periferni krve a kostni dfen€. Hranice mezi lymfoblastickym lymfomem a ALL je tak dana
arbitrarne procentem 25% blastl v kostni dieni. Terapeuticky pristup je ale v soucasné dobé
k obéma jednotkam velmi podobny *’. Retrospektivni analyzou preziti déti diagnostikovanych
s de novo ALL mezi zafim 1996 a srpnem 2006 nevidime v CR signifikantni rozdil mezi T a
BCP ALL (obrazek 2). Postupné zlepSovani je naptiklad dokumentovano v analyze
provedené kolegy z Némecka u vysoce rizikovych T ALL, kde se mezi protokoly ALL BFM
90 a ALL BFM 95 doslo zlepsilo preziti bez udalosti v 5 letech od diagnézy o 20% ', Podle
imunofenotypu lze T ALL délit podle EGIL klasifikace 1622 na proT, praeT, intermediarni T

a zralou T (tabulka 2)*, toto &lenéni ma castecné i prognosticky vyznam.
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Obrazek. 2. Analyza preZiti déeti diagnostikovanych mezi lety 1996 az 2006. Rozdil mezi
prezitim pacientii bez uddlosti s T ALL a BCP ALL neni signifikantni (Cox-Manteltiv test).
Celkem do analyzy zahrnuto 582 pacientii (83 T ALL, 499 BCP ALL). Uddlost je definovana
Jjako relaps, sekundarni malignita nebo smrt. Median sledovani kohorty pacientii s T ALL je
3,9 let a BCP ALL 4,4 let. Pravdepodobnost preziti (pEFS) pacientit s T ALL v 5 letech je
72%+5%, s BCP ALL 75%+2,1%.

Event free survival

Kritéria Podtitda Kritéria

:
proT ALL CD2™& CD5"* CD8"®

preT ALL CD2P* a/nebo CD5P* a/nebo CD8P*

i 1arni poz
(intra)CD3™” a intermediarni T ALL CDla

CD7%?

zrala T ALL CD3* CDla"®

TCRaB™ T ALL TCRap™”

TCRy8™* T ALL TCRyS"*

Tabulka 2. Klasifikace ALL T fady, adaptovana podle EGIL ", kterd je pouzivana v ramci
protokolii skupiny BFM pro lécbu détské ALL.

T ALL lze rovnéz ¢lenit podle typu genetickych zmén (viz kapitola Genetické podtypy T
ALL) 2426 Lepsi prognodza u déti i u dospélych je spojena s podtypem intermediarni, resp.
tzv. thymic* T ALL ?” %, Srovnani preziti s pacienty s BCP ALL a rozdéleni podle zralosti T
imunofenotypu u Ceskych déti je na obrazku 2 a 3. Studie z konce 80. let v ramci studie POG
7865 a 8035 neprokazala asociaci zralosti podle imunofenotypu s prognézou, ukézala vsak,
ze pacienti s nezralou formou T ALL castéji nedosahnou kompletni remise ? Nase data

dokumentuji prognosticky vyznam zralosti T ALL (obrazek 3), i kdyz jsou omezena velikosti
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souboru. Vramei protokolt GMALL pro dospélou ALL (Neémecko) jsou je
imunofenotyp intermediarni T ALL jednim z kritérii standardniho rizika % Alternativni
imunofenotypovou klasifikaci, ktera lépe odrazi vyvoj T tady zpohledu pfestaveb T
bunécného receptoru podle naSich soucasnych znalosti, navrhla skupina pod vedenim

profesorky Macintyrové (tabulka 3) °'~7,

Podtyp TALL Exprese antigenu

nezrala T ALL Cyt-B"%, povrchova CD3"®, TCRap"® a
TCRys™®

pre-aff T ALL Cyt-B*, povrchova CD3™8, TCRaB"® a

TCRy8™®
TCR-ap T ALL povrchova CD3" TCR-ap””

TCR-yd T ALL povrchova CD3P% TCR- y3 P

Tabulka 3. Klasifikace T ALL podle Macintyrové

Skupina profesorky Macintyrové rovnéz prokazala, ze sveékem aZ do pozdni dospélosti
piibyvé nezralych T ALL a ubyva zralych prekurzorovych forem T ALL, zejména TCR-af ™.

Tento jev pravdépodobné souvisi s postupnou involuci thymu v prab&hu Zivota.
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Obrazek 3. Prognoza déti sde novoT ALL (n=80); podtypy zrald [mature] T n=33,
intermedidrni [intermediary] T n=31 a nezrald [early] T n=17 (shrnujici: praeT n=16 a pro T
n=1). Je zfetelna signifikantné horsi prognéza skupiny s nezralou T ALL (pEFS v 5 letech
44%+14%) oproti skupiné s intermediarni T ALL (Cox-Mantel, p=0.01, pEFS skupiny
s intermedidrni T v 5 letech 84%+6,6%). Rozdily mezi skupinou nezralou T a zralou T, resp.
mezi zralou a intermedidrni signifikantni nejsou (pEFS skupiny se zralou T v 5 letech
76%+7,5%).
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1.1.1.2.1. Genetické podtypy BCP ALL
NejcastéjSimi zmeénami genotypu u détskych leukémii je hyperdiploidie a pritomnost fizniho
genu TEL/AMLI. Tyto dv€ aberace jsou pfitomny celkem asi u 50% détskych BCP ALL a

095 Podle nékterych studii jsou pro dobrou prognézu

koreluji s dobrou prognozou
hyperdiploidni ALL specificky vyznamné trizomie chromozému 4, 10 a 17, coz mize byt
zohlednéno i lécebne .

Hyperdiploidii, respektive hypodiploidii l1ze kromé klasickych cytogenetickych metod rovnéz
stanovit pomoci fluorescencnich barviv, schopnych stechiometricky vazat nukleové kyseliny
(napt. propidium jodid, DAPI nebo HOECHST). ZmnozZeni DNA vyjadifujeme tzv. DNA
indexem (pomér modu GO1 faze aneuploidni populace ku modu GO1 faze euploidni kontroly).
Korelace cytometrického DNA indexu s cytogenetickym vySetienim neni stoprocentni.
Dlvodem ojedinélych diskrepanci muze byt jak horsi senzitivita cytometrického vySetfeni u
méne vyrazného zmnozeni genetického materidlu, tak 1 pomérn€ Spatnd schopnost
leukemickych bune€k proliferovat in vitro, ktera casto vede k selhani cytogenetického
vysetieni. Hodnota DNA indexu nad 1,16 a pod 1,6 koreluje s dobrou prognozou u BCP ALL
7 (obrazek 5 a 6). Naopak hypodiploidie pod 0,8 je spojena s horsi prognozou, (hypodiploidie
(<45 chromozomi) az haploidie (23 — 29 chromozomi) /. Nalez signifikantni hypodiploidie
(<44 chromozému nebo DNA index <0,81) kvalifikuje pfislusného pacienta v nekterych
lécebnych protokolech do vysokého rizika *7. U &asti pacienti dochdzi ke zdvojeni
genetického materialu ¢asti hypodiploidniho klonu a nachdzime pak soucasné jak
hypodiploidni tak hyperdiploidni klon. Ve studii Nachmana et al. se toto zdvojeni Castéji d€je
u pacientll s po¢tem chromozému 24 az 29 a méné Casto u pacientl s po¢tem chromozému 33
az 39 . Prognoza pacientll se zdvojenym hypodiploidnim klonem je stejné€ $patna jako u
pacientll bez tohoto zdvojeni. Spravna identifikace hypodiploidniho klonu je dilezita pro
spravnou stratifikaci pacienti *. Nalez velmi vysoké hyperdiploidie aZ tém&f tetraploidie je
velmi vzacna (incidence ze vSech ALL asi 1% az 2%), u BCP ALL koreluje s fiznim genem
TEL/AML1 “%. Spatna prognéza je rovnéz spojena s prestavbami genu MLL (11g23)

% u starsich déti s MLL prestavbou je zfejma nizsi

zejména u déti mladSich 1 roku
kumulativni incidence relapsii oproti kojenciim v ramci BFM protokolt *”. Negativni vliv na
prognozu ma translokace (9;22) vedouci ke vzniku fizniho genu BCR/ABL BB U dati,
narozdil od dospélych, je tento fuzni gen pomémé vzacny. PrestoZe je znakem Spatné

prognézy 1 u déti, neprojevuje se pro celkovou vzacnost vyznamne na celkové prognoze u
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ALL. U dospélych tvoii az 30% (obrazek 4) a podili se na vyznamné horsi progndéze ALL
v této veékove skuping.

Cumulative Proportion Surviving (Kaplan-Meier)
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Obrazek 5. Preziti ceskych pacienti s BCP ALL podle obsahu DNA. Kategorie jsme
definovali pomoci DNA indexu (DI). (euploidni n=307, hyperdiploidni n=112, nizce
hyperdiploidni n=35, hypodiploidni n=1, nizce hypodiploidni n=6 a témér tetraploidni n=6.
Analyza v§ech podskupin najednou potvrzuje signifikantni rozdily (p=0,017). Pro uplnost je
ukdzano preZiti bez uddlosti i u pacientu, kde pro nedostatek malterialu nebo technickou
zavadu na pristroji nebyl DNA index zméren (n=34). Rozdil mezi podskupinou euploidni a
hyperdiploidni je signifikantni (p = 0,023). Prognoza ostatnich podskupin se od euploidni
BCP ALL nelisi.
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Obrdzek 6. Prognosticky vyznam DNA indexu v kontextu TEL/AMLI genotypu. vysokd
hyperdiploidie (DNA index >1,16 a <I,6) n=112, pacienti s jakoukoli hypodiploidii n=6,
TEL/AMLI? pacienti n=141 a ostatni n=218. Rozdily jsou celkové signifikantni
(p=0,00007). Vsechny svorky zndzoriuji signifikantni rozdily mezi dvéma podtypy (p<0,01).
Z obrazku je ziejmd podobnd prognéza pacientii s TEL/AML a pacientii s vysokou
hyperdiploidii
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1.1.1.2.2. Genetické podtypy T ALL

Pro relativni vzacnost T ALL je vztah genotypu a prognozy stale ponékud méné objasnény
nez u BCP ALL. Zhruba u 5% T ALL nachazime témé&f tetraplodii, ktera nema prognosticky
vyznam. Zhruba u 50% dé&ti s T ALL nachazime rekurentni chromozomalni translokace ’. Do
vétSiny téchto translokaci je =zavzat T-bunéény receptor TCR-a/6 nebo TCR-B
s predpokladem, Ze se jedna o chybu vzniklou pfi fyziologickém prestavovani gent pro TCR.
Dalsi geny €asto zapojené do prestaveb jsou MYC, TALI1, TAL2, LYLI, bHLHBI, LMOI,
LMO2, homeoboxové geny (HOX11/TLX1, HOX11L2/TLX3 nebo HOXA cluster). Vzacnou
translokaci u T ALL, kterda demonstruje slozity vztah genotypu a fenotypu, je fuzni gen
CALM/AF10, vznikly na podkladé translokace (10;11). U T ALL se fuzni gen CALM/AF10
poji s prestavbami TCR v8 °'. Tato translokace viak zptisobuje i AML nebo napf.
histiocytarni lymfom *~.

Zhruba u poloviny pacientd sT ALL nachazime mutace v genu NOTCHI, které vedou
k upregulaci signalizaéni drahy, do niz je NOTCH]1 zapojen *. Diilezité pro terapii T ALL je,
7e existuji inhibitory této drahy (inhibitory y-sekretazy) >*.

. P . . . , “ . . 2
Nejevi se zatim jednoznacna asociace genotypovych zmén a zralosti dle imunofenotypu d

1.1.1.3.  Klinické a biologické projevy ALL pri diagnoze

Leukémie se klinicky pii diagndze nemoci projevuje predev§im priznaky ze selhani nemaligni
krvetvorby, tzv. leukemickou trias: anémii, krvacivosti, zejména na podkladé
trombocytopenie a  imunodeficitem na podkladé redukce poctu  normalnich
imunokompetentnich bunék. Jak jiZ bylo zminéno vySe, T ALL casto infiltruje thymus a
zpusobuje kompresi fyziologickych anatomickych struktur pfitomnych v mediastinu
s typickymi klinickymi dusledky (syndrom horni duté Zily, obstrukce dychacich cest apod.).
Rovnéz pii leukocytdze miZe nastat leukostaza (porucha mikrocirkulace na podklad€ zvySené
viskozity krve). Typicky u ALL dale nachazime infiltraci jater a sleziny
(hepatosplenomegalii), pfipadné lymfatickych uzlin. Dale u ¢&asti pacientll je zietelna
bolestivost kosti a subfebrilie az febrilie, ¢ast téchto pfiznakd je zplsobend i1 cytokiny, které

pravdépodobné vyplavuji jak leukemické bunky, tak i aktivované burniky imunitniho systému.

1.1.1.4. Biologické projevy ALL
Vék a leukocytéza pii diagnoze jsou jiz dlouhou dobu znamym duileZitym prognostickym
faktorem. Pomérné ¢asto jsou zmifiovana tzv. NCI (National Cancer Institute) kritéria 9.3

Podle téchto NCI kritérii standardni riziko spliiuje pacient 1 az 10 let v€ku a s inicidlni
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leukocytdzou nizsi nez 50000/uL, ostatni pacienty fadi NCI klasifikace do vysokého rizika.
Kojenci (déti mlad$i 1 roku) jsou naproti tomu velmi rizikovou skupinou ALL s asto
neptiznivou cytogenetikou a Spatnou odpoveédi na lécbu. O adolescentech je znamo, ze
CasteCné hufe odpovidaji na 1é¢bu a zejména divky trpi vyssi toxicitou 1éEby; oba tyto faktory
se podileji na hor$i prognéze déti mezi 15 az 18 lety %%, Postizeni CNS pri diagnoze ALL je
rovnéz nepiiznivym faktorem, ktery ale lze prekonat u téchto pacientl intenzivnéj$i cilenou

lé¢bou, jak chemoterapii, tak i radioterapii .

1.1.1.5. Farmakogenetika ALL

Snizena akumulace aktivnich metabolitii cytostatik v leukemické bunce, at’” uz je zplsobena
zvySenou clearence, inaktivaci ¢i jinymi divody, je spojena s horsi progndézou. Nedavno byla
publikovana rada studii zabyvajici se odliSnou expresi genu dulezitych pro metabolizaci lékii.
Soucasné podani nékterych antiepileptik (napf. fenytoin, fenobarbital nebo karbamazepin)
vyznamn€ zvySuje clearence neékterych cytostatik produkci cytochromu P-450. Polymorfismy
genll, které koduji metabolizujici enzymy, transportéry, receptory jsou zodpovédné za
vyznamné rozdily v odpovédi na jednotlivé Iéky. Tyto polymorfismy se ne vzdy odrazeji
v lé&ebnych vysledcich 7. Jedinou vyznamnou vyjimkou je vztah polymorfisml thiopurin
methyltransferdazy. Pacienti s vrozenou homozygotni ¢i heterozygotni deficienci enzymu
thiopurin methyltransferazy, ktery katalyzuje S-metylaci (inaktivaci) merkaptopurinu, maji
signifikantné vyssi riziko toxickych nezadoucich a¢inkd, na druhou stranu maji lepsi odpoved’

na lé¢bu v protokolech obsahujicich tento 1ék *.

1.1.1.6.  Princip terapie ALL

Vétsina 1€kt pouzivanych v 1é¢bé leukémii interferuje s bunéénym cyklem. Léky postihujici
syntézu DNA nazyvame antimetabolity a poSkozuji predevSim délici se bunky. Patii sem
napi. metotrexat blokujici enzym dihydrofolat reduktazu, kterd je zodpovédna za redukci
kyseliny listové na kyselinu tetrahydrolistovou, ktera hraje kli¢ovou v syntéze purini. DalSim
dulezitym antimetabolitem je cytosin arabinosid (ara-C), 6-merkaptopurin a 6-thioguanin.
Alkyla¢ni cytostatika poskozuji vice délici se bunky, narusuji ale i strukturu DNA v nedélici
se bunce (napf. odlouéeni purinovych bazi, zlomy v jednom ¢i obou vlaknech DNA). Patii
sem napf. cyklofosfamid a ifosfamid. Antracyklinova antibiotika (napi. doxorubicin a
daunorubicin) blokuji predevSim enzym topoizomerdzu II. Rostlinné alkaloidy vinkristin,
vinblastin a vinorelbin se predev§im vazi na mikrotubuly dé€liciho se vieténka. Vyznamnym

lékem v 1é¢bé ALL je asparaginaza, kterd necili na syntézu ¢i strukturu DNA, ale zplsobuje
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depleci extracelularni aminokyseliny asparaginu, co? postihuje piedev§im proteosyntézu
leukemickych bunék, které nedokazi kompenzovat  nedostatek této aminokyseliny.
Kortikoidy obecné po pasivni diftizi bunéénou membranou se vazi na specificky
kortikoidovy receptor a s nim jsou transportovany do jadra. Glukokortikoidy maji mimo jiné
vyrazny ucinek na bunky imunitniho systému zejména na lymfoidni bunky, u kterych ve
farmakologickych davkach indukuji apoptédzu.

Lécba a dodrzeni 1é€ebného schématu bez dlouhych prodlev v terapeutickém schématu je
velmi dilezitym prognostickym faktorem. Velkym zdrojem poudeni jsou studie srovnavajici
prognozu adolescent a mladych dospélych lééenych pediatrickym protokolem nebo

protokolem pro dospélé. Podle publikovanych studii je  progndza pacientd lé&enych

v

uuuuuu

pracovistich.
SouCasna lécba ALL v jednotlivych protokolech je postavena na nékolika lé¢ebnych
principech:

1) indukéni 1ééba ALL ma za cil dosdhnout kompletni remise (<5% blastd v KD a
normalné fungujici hematopoéza, redukce extrameduldrniho postizeni napf. tumoru
mediastina, sanace mozkomi$nim moku od blastd pii inicialni CNS infiltraci apod.).
Vramci indukce se zpravidla uplatiiuje kombinace kortikoidd (prednisonu nebo
dexamethasonu) s vinkristinem a dale s asparaginazou nebo antracykliny (resp.
sobéma). Vramci BFM protokolt je strategie v indukei u vSech pacientd stejna
(stejna kortikoidova predfaze s prednisonem a jednou davkou intrathekélniho
metotrexatu, pokracovani v kortikoterapii spolu s vinkristinem, asparaginazou a
daunorubicinem.

2) velmi Casné podand lééba CNS, jak prokazatelného, tak i subklinického postizeni
(napt. pomoci intrathekdln¢ podané¢ho metotrexatu)

3) konsolidace remise a reindukéni 1é¢ba v dobé, kdy pacient jiz ma dobfe fungujici
normalni krvetvorbu s cilem 1é¢it zbytky resistentnich leukemickych bunék

4) udrzovaci lé¢ba, napt. vramci BFM protokoli s perordlnim 6-merkaptopurinem a
metotrexatem. Presny mechanismus ulinku udrzovaci 1é€by neni znam, ale jeji
zkraceni napf. v prib&hu studie ALL BFM 1990 vedlo k signifikantnimu narastu
relapsi ve skupiné SR rizika # Je mozné, ze dlouhodobé podavani cytostatik po
skonéeni intensivni ¢asti 1é¢by ni¢i leukemické bunky s pomalej$im délenim. Naopak

intenzivnégjsi prvek v podobé pulst vinkristinu a dexamethasonu v priitbéhu udrzovaci
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1écby se ukazal jako neudinny v ramci soucasného typu 1écby (v protokolu ALL BFM
predchozi 1éCby.

5) ozarovani CNS je v soucasné dobé pouzivano jen u podskupiny s nejvétSim rizikem
pro CNS relaps (napt. pacienti sT ALL, vysoké riziko ALL, infiltrace CNS pii

diagnoze).
1.1.1.6.1. Odpovéd’ na lécbu ALL

1.1.1.6.1.1. Kompletni remise

Stav, kdy nachazime v kostni dfeni optickou mikroskopii méné nez 5% blasti a kdy doslo
k rekonstituci fyziologické hematopoézy a v piipadé extramedularniho postizeni (CNS,
mediastinum) je zfetelna sanace od blastu, resp. redukce tumoru mediastina na zobrazovacich
metodach o vice nez tfetinu od inicidlni velikosti, nazyvame terminem kompletni remise.
Standardné se daii kompletni remise dosahnout u vice nez 98% détskych pacientd s ALL.
Nedosazeni kompletni remise po prvnim indukénim bloku je vzacné a je spojeno s velmi
Spatnou prognozou, tito pacienti jsou vzdy fazeni do nejvyssiho rizika a v radé lécebnych
protokolt jsou indikovani k alogenni transplantaci kostni diené od pfibuzného i nepfibuzného

39,63
darce’® o 7,

1.1.1.6.1.2.  Korelace poctu blastu v den 8 v periferni krvi po kortikoidové predfazi -

prednisonova odpovéd’

Dobte znamé je hodnoceni tzv. prednisonové odpovédi, které se pouziva v protokolech
skupiny BFM. Tento parametr zavedl profesor Riehm a spociva v hodnoceni ubytku blastl
v periferni krvi po tydnu lécby prednisonem a jedné davky intrathekalniho metotrexatu 5,
Pacienti s vice nez 1000 blastd/uL v periferni krvi v den 8 maji signifikantné hor$i prognozu a
v protokolech BFM skupiny jsou fazeni do vysokého rizika. Spatna prednisonova odpovéd’
vzhledem k vysokému riziku relapsu téchto pacientd tak neukazuje jen farmakorezistenci na
prednison, ale 1 vlastné na dalSi cytostatika pouzitda nasledné vlécbé ALL. Spatna
prednisonova odpoved predikuje horsi prognozu i u nepfiznivych podskupin ALL, jakou je
napiiklad kojenecka Al.l. % nebo ALL s fiznim genem BCR/ABL . Studie Gajjara et al.
prokazala hor$i prognozu pacientll s prokazatelnymi blasty v periferni krvi po tydnu lécby

kombinaci cytostatik a kortikoidi %.
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1.1.1.6.1.3. Hodnoceni poklesu blastu v kostni dieni pred dosazenim remise

Dalsi parametry, které se bud’ pouzivaly, nebo pouzivaji v Iéfebnych protokolech (napf.
protokoly Children Cancer Group), jsou odvozené od hodnoceni odpovédi v kostni dieni pred

. > 4 . . 7
vlastnim dosazenim kompletni remise 39.69.70

1.1.1.6.1.4. Minimalni rezidualni nemoc (MRN)

Problematice MRN je vénovana kapitola ve Vysledcich a diskusi (3.2 - Lécba leukémie,

monitorovani ucinnosti [€¢by)

1.1.2. Pristup k pacientiim s relapsem ALL a k primarné vysoce rizikové
ALL

1.1.2.1.  Indikace transplantace kostni diené (SCT) u pacienta v prvni kompletni

remisi ALL

Vramei ALL je alogenni transplantace krvetvornych kmenovych bunék indikovéana u
podskupiny pacientli s velmi vysokym rizikem selhani 1é¢by s pfedpokladanym preZitim bez
udalosti nizSim nez 50%. Studie Balduzziové et al. prokdzala lep$i prognézu déti
transplantovanych od ptfibuznych shodnych darcu s velmi vysokym rizikem na rozdil od déti
légenych pouze chemoterapii 7', Velmi vysoké riziko bylo v této studii definovano jako
nedosazeni remise po indukénim bloku nebo pritomnost fizniho genu BCR/ABL nebo
MLL/AF4, Spatna odpoveéd na prednison spojena s T imunofenotypem a/nebo s leukocytézou
nad 100.10°/1. 7', Jedinou naddji pacienta s vysoce rizikovou formou AL je n&kdy
nepribuzenska transplantace kostni dien¢ s netuplnou shodou (priloha 10).

Autologni transplantace neni u ALL indikovana.

1.1.2.2.  Pristup k pacientim s fiiznim genem BCR/ABL

Prognoza téchto pacientii je velmi nepfizniva a ve vetsin€ léCebnych protokoli jsou fazeni do
vysokého rizika ¢/, V soutasné dob& lze témto pacienti pridat ke standardni chemoterapii
specifickou terapii inhibitorem BCR/ABL kinazy imatinib mesylatem (imatinib). V souCasné
dob¢ jsou dostupné na trhu i dal$i inhibitory BCR/ABL kinazy, které se testuji pro pouziti i u
déti srezistenci ¢i intoleranci imatinibu. V soucasné dobe existuje nekolik pfistupd, jak
kombinovat chemoterapii s 1é¢bou imatinibem "°. Casné podani imatinibu do indukéni 1é¢by
zvySuje signifikantn€ procento dosazenych kompletnich remisi po inicidlni 1é¢bé u dospélych
pacient(l, nicméné dopad na celkové preZiti je omezeny . PrestoZe i samotny imatinib miize

navodit remisi onemocnéni, tyto remise jsou jen doCasné a velmi rychle dochazi k rozvoji



E. Mejstrikova, strana 19

resistence na tuto 1é¢bu "/, Mechanismus vzniku resistence neni zcela objasnén, ale klicovou
roli hraji bodové mutace v tyrosinkinazové doméng, resp. ve vazebné doméné pro inhibitor
tyrosinkindzy. Tyto mutace jsou casto pfitomny v subklonu leukémie a b&hem Iécby
tyrosinkinazovym inhibitorem dochézi k jejich selektivni expanzi . Od zafi 2004 jsou déti
s nové diagnostikovanou ALL s prokdazanym fuznim genem BCR/ABL od dne 33 ptefazeny
do protokolu EsPhALL (European Intergroup Study on Post Induction Treatment of
Philadelphia Positive Acute Lymphoblastic Leukaemia with Imatinib). Pacienti s vysokym
rizikem dostavaji v protokolu EsPhALL ke standardni chemoterapii jest¢ imatinib a SCT.
Pacienti s lepSi prognozou jsou randomizovani do ramene s a bez imatinibu, a podle hladin
MRN a dostupnosti darce rovnéz SCT. I pres lé¢bu kombinaci imatinibem, chemoterapii a
SCT je progndza casti pacientd s timto fiznim genem velmi $patna. Pfic¢in selhani 1é¢by je
podavany inhibitor na podkladé¢ mutace v ABL kindzové doméne. Déle je u pokroCilych
forem CML popisovana kompenzacni hyperexprese BCR/ABL na trovni mRNA, presny
podil tohoto jevu na klinické resistenci na imatinib neni znam ’°, pravdépodobné hraje i roli
v resistenci na imatinib u Ph?”ALL. Dalsi typy resistence oznacujeme jako BCR/ABL
nezavislé, jednd se zejména o konstitutivni aktivaci kindz zrodiny SRC ’6. Postupné se
dostavaji na trh dals$i inhibitory tyrosin kinaz (napf. dasatinib, nilotinib) s v€tsi terapeutickou
schopnosti inhibovat BCR/ABL tyrosinkindzu a ptekonavat ¢ast mutaci, zpUsobujicich
resistenci na imatinib ”’. U dasatinibu na rozdil od imatinibu je navic popisovana i schopnost
pronikat hematoencefalickou bariérou do CNS pi systémovém podani ° a schopnost
inhibovat kin4zy z rodiny SRC “%. Zatim neni zcela objasnén vliv pisobeni, zd4 se Ze inhibice
SRC kindz muze vést k poruse funkce zejména T lymfocytl a vést tak k sekundarnimu
imunodeficitu. Vyzvou pro vyzkum novych inhibitord tyrosinkinaz je mutace T315I, ktera
vede k rezistenci na vSechny dosud pouzivané inhibitory (imatinib, dasatinib, nilotinib) jak u

CML tak i ALL.

1.1.2.3.  Pristup k pacientum s vysoce rizikovou T ALL

Prognozu ¢asti pacient se $patnou odpovédi na prednisonovou piedfazi a T imunofenotypem
zlepsi SCT 7. Vyvoj lé&by T ALL dobfe demonstruje nutnost stavét nové protokoly na datech
MRN. Pro relativni vzacnost T ALL srovnavala Schrauderova studie efekt SCT u pacienti
s vysoce rizikovou T ALL lécenych podle protokold ALL BFM 90 a 95. Nutno zminit, Ze
protokol ALL BFM 90 znamenal zhorseni progndzy u vsech vysoce rizikovych ALL oproti

pfedchozimu protokolu ALL BFM 86, pravdépodobné z divodu snizeni celkové davky
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alkyla¢nich cytostatik a z divodu 1é¢by kratkymi rotaénimi bloky chemoterapie po indukei 49
bez delSiho protokolu II s prolongovanym pusobenim cytostatik. Toto zhorSeni lécebnych
vysledku bylo reflektovano v protokolu ALL BFM 95, ktery pfinesl signifikantni zlepSeni
prognozy vysoce rizikové T ALL oproti predchozimu protokolu. Ze studie Willemse et al. je
ziejmé, 7e pacienti s T ALL obecné€ odpovidaji na 1é¢bu pomaleji, nicméné pacienti s T ALL,
ktefi jsou 3 mésice od zahdjeni lécby v ramci BFM protokolu MRN negativni, prakticky
nerelabuji ”’. Predb&zné vysledky z ALL-BFM 2000 protokolu, které zatim nebyly
publikovany pro kratkou dobu sledoviani celé kohorty, ukazuji, Ze negativita 3 meésice od
diagnézy znamend vybornou prognézu i u pacientll se Spatnou odpovédi na prednisonovou
predfazi. Na zakladé teéchto vysledku v soucasné dobé u téchto pacientti neni indikovana
transplantace kostni dfené v prvni remisi, shodné se postupuje i u déti v CR. Naopak pacienti
s vysokou hladinou MRN 3 mésice od diagndzy jsou ohrozeni vysokym rizikem ¢asného
relapsu a je u nich indikovana SCT 1 od neptfibuzného darce. Jesté pred SCT tito pacienti
dostanou vysoce intenzivni 1éEbu s monitorovanim MRN. Pfi nedostatecném poklesu MRN
béhem néaslednych blokli chemoterapie, kdy uz je zfejmé, ze nemoc je velmi
chemorezistentni, jsou takovi pacienti kandidaty pro zménu lécby véetné experimentalni
lécby. V soucasné dob€ se na trh dostavaji nové léky namifené nejen na Iécbu T ALL 8,
Priklady t€chto Iéku jsou nelarabin (ARA-G) a forodesin, inhibitor purin nucleosid
fosforylazy (PNP). Forodesin navodi situaci podobnou vrozenému poskozeni PNP. Mutace
genu pro PNP vedouci kjejimu vrozenému poSkozeni je pfiCinou varianty té€Zkého
kombinovaného imunodeficitu. Absence funkéni PNP vede ke zvySené apoptdze T lymfocyth
na podkladé zvySené kumulace metabolitt purint. Zajimava je mySlenka kombinovat u
refrakterni T ALL/LBL nelarabin s forodesinem, a prohloubit tak vzdjemné jejich
antileukemicky ucinek. Inhibitory gama-sekretaz nejen blokuji zvySenou aktivaci drahy
spusténé aktivaéni mutaci v proteinu NOTCH 1 (pritomno asi u 50% T ALL), ale i zatim

podle in vitro dat dokazi zvysit senzitivitu na dexamethason u T ALL buné&€nych linii 8182

1.1.2.4.  Pristup k pacientum s relapsem ALL

Prognoza relapsu ALL je zévisla na nékolika faktorech a dlouhodob¢ se dafi vylé€it priblizné
30 — 40% pacienti . Prognoza relapst je mimo jin€ zavisla na efektivit€ front line protokolt.
S vyssi efektivitou 1€cby klesa celkovy pocet relapsi a kumuluji se rizikovejsi a resistentnéjsi
pacienti. Méni se i skladba pacientl v relapsovych protokolech (zpravidla je kritériem pro
zatazeni do protokolu 1. relaps ALL po chemoterapii bez predchozi alogenni SCT) souvisejici

s rozsitujici se indikaci alogenni transplantace v 1. kompletni remisi (Ph*** ALL, jiz zminéna
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faktory pro uspéch lé¢by relapsu jsou doba od diagnozy primarniho onemocnéni (velmi éasny
méné nez 18 mésict od zahajeni [é€by, ¢asny méné nez 6 mesict od konce lécby a vice nez
18 mesict od diagnozy a pozdni vice nez 6 mésici od konce lécby) , imunofenotyp (B/T) a
misto relapsu onemocnéni (v kostni dieni nebo mimo kostni dfen (extramedularni) nebo
kombinovany). Podle téchto tii faktord vramci protokolu ALL REZ BFM 2002, podle
kterého se 1é¢i pacienti i v Ceské Republice, se pacienti rozd&luji do 4 skupin SI az S4

(rozdgleni tabulka 4).

BCP ALL | TALL

izolovany kombinovany izolovany} izolovany jakykoliv
mimodrenovy drenovy drenovy | mimodfenovy diefovy

S2 . S2
D0 i". S2
S1 S1

Tabulka 4. Prehled prognostickych podskupin relapsu ALL.

S1 skupina

Pacienti v S1 skupiné¢ splnuji kritéria pozdniho izolovaného extramedularniho relapsu B nebo
T imunofenotypu, maji nejlepsi prognézu a dosahuji preziti bez udalosti vyssi 75% bez
pouziti transplantace kostni diené.

S2 skupina

U této skupiny (zafazeni v tabulce 4) je pravdépodobnost preziti v 5 letech od relapsu asi
45%. Indikace k transplantaci kostni dien€ se v této skupiné tidi hladinou rezidualni nemoci
po dvou blocich chemoterapie. Publikace Eckertové et al. prokdzala u pacientll lé€enych
podle protokoli ALL REZ BFM 90, 95 a 96 signifikantné lepsi progndzu pacientli s hladinou
MRN niZsi nez 107 po dvou blocich chemoterapie (pravdépodobnost preziti v 6 letech od
relapsu skupiny s nizkou az negativni MRN bylo 86%, pacienti s vysokou MRN vSichni
zrelabovali) % Na zakladé studie Eckertové et al. byl designovan protokol ALL REZ BFM
2002, kde v podskupiné S2 transplantace kostni dfené je indikovéna u pacientt s hladinou
MRN >10" po dvou blocich chemoterapie.

S3/54 skupina

Do této skupiny jsou fazeni pacienti snejvice rizikovym typem relapsu ALL (zarazeni
v tabulce 4). Remise se dari dosdhnou u 80% pacientli ze skupiny S3 a asi jen u poloviny
pacienti z S4 podskupiny, median trvani remise je ale jen asi 8 mésict (S3), pripadné pouze 3
mésice (S4). Do S4 skupiny jsou fazeni pacienti s velmi ¢asnym relapsem B prekurzorové

leukémie a jakymkoli dieniovym relapsem T leukémie. U téchto déti se remise daii dosahnout
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jen asi v 50 az 60% pripadi. U téchto pacientti, pokud se podafi dosdhnout kompletni remise,

je jednoznac¢né indikovéna transplantace kostni diené.

1.2. Akutni myeloidni leukémie (AML)

AML je predeviim onemocnénim starSich dospélych. V détské populaci je incidence ptiblizné
8 x 10°. Analyza incidence AML podle véku ukazuje kumulaci pacienti do 2 let (12 x 10,
dale mirny pokles incidence do 9 let véku (3,8 x 10°) a dale kontinualni vzestup incidence
skazdym rokem véku suréitou kumulaci incidence kolem 16. roku (9 x 10°) . Vyssi
incidence AML M3 je popisovéna napf. v Italii a v Latinské Americe ** ¥, Zajimavym
zjist€nim o incidenci M3 podtypu u ceskych déti je jeji dlouhodobé vysoké (13%) zastoupeni
mezi AML, sice nedosahujici hodnot vyskytu u déti v Italii, Spanélsku ¢i Latinské Americe,
ale vyznamné vyssi nez v SRN, Skandindvii ¢i Velké Britanii (~6%) (Stary et al., publikace
v pripravé).

Vyznamnou podskupinou jsou pacienti se sekundarni AML po 1€¢b€ nddorového onemocnéni
chemoterapii nebo radioterapii, problematika se prekryva se sekundarnim MDS 5893,
Z cytostatik se na vzniku sekundarnich AML podileji nejvice inhibitory topoizomeraz a
alkylaéni cytostatika. K sekundarnim AML fadime rovnéz AML vzniklé jako komplikace u
pacientll s definovanym kongenitdlnim selhanim kostni dfené (napt. Kostmannova
agranulocytoza, Fanconiho anémie, Diamond Blackfanova anémie, Shwachman-Diamondiv
syndrom, amegakaryocytarni trombocytopénie s radioulnarni synostézou) %V Ceské
republice je kazdy rok nove diagnostikovano pfiblizne 10 - 18 déti mladSich 18 let a dale je
asi u 4 déti rocn€ diagnostikovan relaps onemocnéni. V soucasné dob€ preziva dlouhodobé
vice nez polovina déti 7, ZlepSeni prognoézy u déti bylo stejné jako u ALL dosazeno pomoci
randomizovanych studii. Za selhani 1écby jsou zodpovédné jak relapsy, tak 1 agresivné;si
biologické chovani nemoci a toxicita vlastni 1éCby, ktera je vyznamné intenzivnéjsi nez u
ALL % % Dilezité pro prognoézu pacienta je rovnez spravné zhodnoceni vSech vstupnich
vySetieni, zejména pii hrani¢nim poctu blasti a negativit¢ fiznich geni AMLI/ETO a
CBFB/MYHL11, zda se nejedna o pokrocilou formu myelodysplastického syndromu (RAEB),
u kterého je u déti jednoznacéné indikovana alogenni transplantace kostni dien€ a u kterého

100. 101~ Algoritmus pro odliseni t&chto

intenzivni lé¢ba neni zcela jednoznacné indikovana
jednotek u spornych piipadd je uveden na obrazku 7. Pii pozitivit€¢ jiz zminénych
rekurentnich genetickych abnormit AML1/ETO a CBFB/MYHI11 je pacient 1écen jako AML

pii libovolném procentu blastt v KD.
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Obrdzek 7. (pfevzato zreview Hasleho et al. '), Schéma diagnostického algoritmu

k rozliSeni AML a MDS u pacientii s hrani¢nim poctem blastii v kostni dieni. Schéma neprimo
demonstruje blizkost obou onemocnéni, zejména pri absenci typickych cytogenetickych zmén.

1.2.1. Prognostické faktory a klasifikace AML

Morfologicka klasifikace

Na rozdil od ALL, kde morfologie blastd kromé L3 podtypu prakticky nekoreluje
s imunologickym nélezem, u AML ma morfologické rozd€leni stale své vyznamné misto 103,
Nejznaméj$im a dosud pouzivanym rozdélenim je tzv. FAB klasifikace (Proposals for the
classification of the acute leukaemias. French-American-British (FAB) co-operative group)
1% Ktera hodnoti morfologickou a cytochemickou zralost leukémie (MO — s minimalni
diferenciaci, M1 — bez vyzravani, M2 — svyzravanim, M3 - promyelocytarni, M4 —
myelomonocytarni, M5 — monocytarni, M6 — erytroleukémie, M7 — megakaryoblastickd).
Podtyp M2 koreluje s ptitomnosti flizniho genu AMLI1/ETO. Podtyp M4eo koreluje s fiznim
genem CBFB/MYHI11. Podtyp M7 specificky v détském veéku nachazime u malych déti s m.
Down. U déti s AML M7 a bez Downova syndromu nej¢astéjsi strukturdlni abnormitou je
t(1;22)(p13;q13), kterd je asociovana s velmi nizkym medidnem véku (4,2 mésice) 9 M6 a
M7 u starSich déti bez m. Down se Caste¢né prekryva s problematikou pokrocilych forem
MDS ‘% U podtypu M4 a M5 casto nachazime prestavby MLL genu. Pozdé€ji FAB
klasifikace zahrnula i hodnoceni imunofenotypu 107 zejména pro definici podtypu AML M7 a
MO. Soucasna klasifikace WHO'® hodnoti nalez podle pritomnosti cytogenetickych abnormit
(t(8;21)(q22;q22) (AMLI/ETO), t(15;17)(q22;q12) (PML/RARw), inv(16) (CBFB/MYHI1),
AML s abnormitami 11g23 lokusu, komplexni karyotyp), podle morfologie (AML

s multilinearni dysplézii, rovnéz predchozi FAB kategorie jsou ponechany pro cytogeneticky
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neklasifikované AML) a podle geneze vzniku (sekundarni AML po 1é¢bé pro jiné nadorové

onemocnéni nebo po predchozim myelodysplastickém syndromu).

1.2.1.1.  Imunologicka klasifikace AML

Dosud nejrozsahlejsi studie zabyvajici se hodnocenim korelace morfologie s imunofenotypem
a prognostickym vyznamem exprese nékterych antigenti u détské AML je prace profesorky
Creutzigové z roku 1995 . Tato prace nenasla prognosticky vyznam zadného z vySetienych
antigent. Imunofenotyp koreluje dobfe se specifickymi genotypovymi podskupinami AML,

jakymi jsou napfiklad AML1/ETO, CBFB/MYHI11 a PML/RARa '*°.

1.2.1.2.  Genotypova klasifikace, epigenetické zmény u AML a jejich vyznam pro
terapii
Genotypova klasifikace v sobé odrazi heterogenitu AML. V soucasné dobé ¢asto zminovana
hypotéza detinuje tzv. leukemickou kmenovou buriku jako buiiku se schopnosti sebeobnovy.
V této leukemické kmenové bunce jsou nakumulované genetické zmény ovliviiyjici jejich
diferenciaci a proliferaci. Tyto genetické zmény podle soucasnych znalosti délime do 3
skupin / “,
a) mutace typu I indukuji proliferaci a vytvareji ristovou vyhodu proti burikdm bez
mutace (napt. FLT3/ITD, resp. FLT3 mutace, c-KIT, RAS, PTPN11, JAK?2).
b) mutace typu II blokuji myeloidni diferenciaci a davaji buitkdm schopnost sebeobnovy
(napt. AMLI1, CEBPa, WT1, PML-RARa)
¢) mutace v genech zapojenych do kontroly bunééného cyklu a apoptozy (napi. NPM1
(nukleofosmin), TPS3)
Mutace typu I a Il Casto nachazime u pacientd s AML soucasng, coz ¢aste¢né¢ podporuje
hypotézu vzniku AML pomoci dvou zasahii do genomu e
V sou€asné dobé jsou pro lé¢bu pacientd dulezité tzv. epigenetické zmény. Epigenetické
zmény jsou zmeény, které nejsou disledkem zmény sekvence DNA, ale ovliviuji regulaci
exprese genl, typicky posttransia¢ni modifikace histond, metylace cytosinovych bazi.

Acetylace histont zpravidla vede k expresi genli, deacetylace vede zpravidla k utlumeni

exprese genu.

1.2.1.2.1. AML s fuznim genem AMLI/ETO, CBFi/MYHI11 a PML/RARa
Pfitomnost fuznich gend AMLI/ETO a CBFB/MYHI1 je spojena slepSi progndzou

" y . . y " /13
onemocnéni a celkem tyto dve translokace nachazime asi u 7 az 8% déti s AML .
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Gen AML1 koduje protein CBFa2, ktery je soucasti CBF (core binding factor) heterodimeru
zodpovédného za regulaci velkého poctu gent. Soucasti CBF komplexu je rovnéz CBEFp.
Fuzni protein zptisobi §patnou funkci CBF a nepfimo tak represi velkého po&tu gent / “ Tyto
leukémie jsou n€kdy oznaCovany jako tzv. core binding factor leukémie 5 Tyto leukémie
jsou v fadé studii fazeny do lepsiho rizika a obecné se u nich neindikuje transplantace kostni
dfené v prvni kompletni remisi. U AML s fuznim genem AMLI/ETO nachdzime
imunologicky ¢asto diferenciaci leukemickych bunék, ktera koreluje s morfologickou
heterogenitou blastd, a typicky aberantni expresi CD19, nékdy nachazime 1 pozitivitu intra-
TdT a intra-CD79a. Tyto pozitivity lymfoidnich antigen mohou nékdy vést k diagnostickym

116. 117 < < , y » . » .
, ale podle naSich zkuSenosti jsou Casto ptritomny jen v mens$i subpopulaci

rozpakim
blasti a zpravidla ani nevedou k pifekroéeni AHL skore podle EGIL klasifikace.
Imunohistochemicky je ¢asto u tohoto podtypu prokazatelny B lymfoidni transkripéni faktor
PAX5 %7 AML s fiznim genem CBFB/MYHI11 typicky spadaji do morfologické
podskupiny AML M4eo, imunologicky je prokazatelna diferenciace blastl s Castou
pozitivitou aberantni CD2 a CD7, rovnéz je zfetelnd i podle imunofenotypu atypicka
eosinofilie.

Pritomnost fuzniho genu PML/RARa velmi té€sné koreluje s AML M3 podtypem a tato
leukémie je dnes léCena spolu s klasickou chemoterapii derivatem all — trans retinové kyseliny
(ATRA), ktera indukuje diferenciaci blasti /2. Imunofenotypové blasty odpovidaji ¢astecné
promyelocytim (pozitivita CD117, CD15, jasna CD33), Casté jsou aberantni exprese CD2
(predevSim u variantniho M3 podtypu) a CD19. Typicka je negativita HLA DR a CD34.

Tento podtyp AML je dnes nejlépe 1é¢itelny /%,

1.2.1.2.2. AML/MDS u pacientii s konstitutivai trizomii 21 (m. Down)

Zvlastni kapitolu predstavuje AML u pacientd s konstitutivni trizémii 21. chromozému —
s Downovym syndromem. U téchto pacienti je znama vys$i incidence leukémii zejména
AML a MDS '#. AML/MDS u pacientd s Downovym syndromem mladSich 4 let ma
charakteristicky fenotyp (AML M7) ', Pacienti s touto formou leukémie maji vybornou
prognozu, ¢asteji jsou ale ohrozeni toxicitou 1é¢by, je tedy snaha u nich lécbu redukovat 125
1261 pres redukci intenzity 1écby je prognoza téchto pacientii velmi dobra. Tyto leukémie
maji specificky imunofenotyp s kombinovanou diferenciaci do megakaryocytarni a erytroidni
linie . Typicky prokazujeme aberantni expresi CD7 a CDS56, typicky je déle pozitivni
molekula CD4 na CD33 pozitivnich blastech. Soucasti diferenciace do megakaryocytarni linie

je pozitivita trombocytarnich antigena CD41, CD42 a CD61. Pro diferenciaci do erytroidni
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linie svéd¢i pozitivita molekuly CD36 a CD71 (zpravidla s vy$si intenzitou exprese CD71 nez

P myeloidni buriky pacientl s m. Down

maji proliferujici buniky obecné). Nemaligni CD33
v regenerujici fazi kostni diené vyznamné€ exprimuji aberantni molekulu CD56 (71%+6% u
pacienti s m. Down versus 4%+1% u pacientli bez Downova syndromu a lé¢enych pro AML
128 Vysoka exprese CD56 (NCAM) korelovala v této studii s vysokou expresi genu RUNX1
12 ktery je ldkalizovany na dlouhém raménku 21. chromozomu (21q22.3). Tuto odlisnost
téchto pacienti v regeneraci kostni dfen€ v podminkach stresové hematopoézy je nutné mit na
paméti pfi hodnoceni MRN u pacientli s m. Down. Biologie AML u pacienti s m.Down

starsich 4 let se jiz podoba vice sporadické formé tohoto onemocnéni /%7

1.2.1.2.3. AML s prestavbami genu MLL (11q23)

AML s prestavbami 11g23 jsou casté spiSe u menSich déti 139 Morfologicky jsou zpravidla
klasifikovany jako podtypy M4 ¢i M5 dle FAB klasifikace, ¢ili maji naznacenou ¢i tplnou
monocytarni diferenciaci. Tomu vétSinou odpovida i imunofenotyp. Navic ¢asto aberantné
exprimuji NG2 (molekulu chondroitin sulfatu korelujici s pfestavbami MLL genu). Vztah
k prognéze je v literatufe rozporny, souc¢asny nazor je nestratifikovat tyto pacienty do horsiho
rizika jen na podkladé prestavby 11q23 '*', v nékterych studiich dokonce tato skupina méla

” 132
lepsi prognozu .

1.2.1.2.4. AML s FLT3 interni tandemovou duplikaci (ITD) nebo aktivacéni mutaci
FLT3(D835)

AML s FLT3 mutacemi odpovidaji horsi progndze a u déti jsou piitomny asi v 15% ptipadd,
s hor§i progndézou jsou spojeny predev§im mutace vedouci ke Kkonstitutivni aktivaci
signalizace spusténé pres FLT3 133134y protokolu AML BFM 2004 jsou tito pacienti fazeni

do vySsiho rizika.

1.2.1.3. Klinické a biologické projevy AML, primarné extramedularni leukémie

Mezi projevy nemoci nachazime ptiznaky zminéné u ALL, vyplyvajici jak z utlaku nemaligni
hematopoézy, tak i projevy zpusobené zmnozenim leukemickych bun€k. Obecné je AML
velmi agresivni onemocnéni vyzadujici rychlé stanoveni diagnézy a co nejcasngjsi zahdjeni
intenzivni 1é¢by. Mezi faktory ovliviwjici Casnou prognézu patii koagulopatie, zejména
diseminovana intravaskularni koagulopatie, ktera mulze byt pomémé rychle fatdlni a

leukostaza. Mezi faktory spojené s koagulopatii patfi predev§sim M3, M4, M5 podtyp,
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hyperleukocytoza a infekce ** ¥ PH diagnoze onemocnéni n€kdy nachazime extramedularni
leukemické infiltraty (kGze, CNS apod.). Vzacné jsou diagnostikovany AML s primarni
extramedularni infiltraci bez infiltrace kostni dfen& — tzv. myelosarkom '*. Nejcastéji
infiltrace postihuje kazi, prakticky ale mize byt infiltrovano jakékoli misto v téle (mékkeé
tkan€, CNS, orbita atd.). Pacienti mohou byt na rozdil od pacientl s AML primarné infiltrujici
Kostni dien zpravidla v lepsim klinickém stavu a Casto se primarn€ mysli na jiny plvod
nadoru. Interpretace biopsie muze byt nékdy obtizna, pritokova cytometrie v téchto situacich
mize vést rychle ke spravné diagndéze. U déti se Casto se nachazi myelomonocytarni
diferenciace, ze studie profesora Reinhardta a profesorky Creutzigové 73% pacientii bylo
podle FAB klasifikovano jako M5 podtyp "*> *%. Cytogeneticky, resp. molekularng geneticky
nejcast€jsi identifikovanou abnormitou byl nalez translokace t(9;11) a (8;21), vétSina pacientil
neméla ale zachycenou Zadnou odchylku v genotypu 135136 pro vzacnost myelosarkomu je
obtizné délat zaveéry o prognodze, z retrospektivnich dat se ukazovala horsi prognéza, kterad
Spatné diagndzy (napf. za zaménou za NHL) 33V soucasné dob& by méli pacienti

s myelosarkomem byt zcela l1é¢eni v rdmei AML protokold.

1.2.1.4. Farmakogenetika AML

Podobn¢ jako u ALL nachazime individualni odchylky v citlivosti leukemickych buné€k a v
toxickych uCincich na normalni tkané u jednotlivych cytostatik. Podkladem jsou
polymorfismy nejriiznéjsich genti podilejicich se mimo jiné na metabolizmu téchto latek 7.
Studie CCG prokazaly horsi vysledky 1écby u déti hispanského a ¢Cerno$ského puvodu,
pravdépodobnym podkladem je rozdilna farmakogenomika. Dosud byly publikovany spise
jednotlivé polymorfismy a jejich vztah k prognoze, napt. byl publikovan vztah ztraty funkce
glutathion S-transferazy theta 1 (GSTT1) a ¢astéjSich toxickych komplikaci a hor§im prezitim

., . . . 38-
v porovnani s pacienty s alespoi jednou funkéni alelou 138140

1.2.1.5.  Princip lé¢by AML, perspektivni nova lé¢iva

Lécba AML je velmi intenzivni a je postavena na limitovaném poctu blokd chemoterapie
s pouZitim cytosin arabinosidu a antracyklini (obrazek 8). VétSina skupin zabyvajicich se
lécbou AML v Evropé neindikuje v inicialni 1é¢bé alogenni transplantaci kostni dfené, jiné
lécebné skupiny napt. COG (Children’s Oncology Group, USA) indikuji alogenni
transplantaci v prvni remisi u vSech pacientt kromé& pacientd s nejlepsi prognozou s fliznim

genem AMLI/ETO a CBFB/MYHI11. Velkym problémem [ééby AML je velky pocet smrti
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v souvislosti s lé€bou (tzv. ,treatment related deaths™) a nabizi se hledani specifické
biologické 1é¢by s mensim poctem nezadoucich ucinki ¥, Velky pocet novych 1éku je
v souCasné dob€ vyvijen a testovan, ale jejich testovani probiha predevSim ve studiich
zahrnujici dospélé pacienty. Rozsifeni téchto Iéku do lé€ebnych protokolt pro déti je obtizné
pro celkové maly pocet pacientd. Podobné jako u ALL hraje v 1é€bé AML vyznamnou roli
lécba subklinického postizeni CNS chemoterapii, ¢ast léebnych studii u pacientl indikuje i

97. 141

radioterapii CNS (napt. protokoly BFM s vyjimkou pacientii mladSich 1 roku) . Nicméné

podobné jako u ALL je zfetelny astup od preventivniho ozatfovani CNS.

1.2.1.5.1. Lécba AML M3 s fuznim genem PML/RARa

Prikladem jiz pouzivané 1éCby se specifickym u¢inkem na myeloidni bunky je pouziti ATRy
(all trans retinoic acid) u pacientd s fuznim genem PML/RARa, které vede k diferenciaci
leukemickych bunék. V sou€asné dobé se u tohoto podtypu AML za¢iné zatim predevSim u
dospélych pouzivat oxid arsenity (As;O3) v kombinaci s ATRou '#* '*3. Probihaji studie
s indukéni 1é€bou postavenou pouze na ATre a na As;O3 s Otazka, zda je mozné u tohoto
podtypu v budoucnu dosahnout dlouhodobého vyléceni bez intenzivni chemoterapie, se
v sou€asné dob¢ resi v ramci randomizovanych studii. U déti jsou zkuSenosti s As;O3 jesté
vice limitované, v CR zatim byl lé¢en pouze jeden détsky pacient s relapsem AML M3, ktery
na této lécbe nedosahl molekularni remise a vyvinul dal$i hematologicky relaps, ktery byl

léCen intenzivni chemoterapii a alogenni transplantaci.

1.2.1.5.2. Imunoterapie AML
Molekula CD33 je exprimovana prakticky na vSech blastech u AML. Anti- CD33 [écba

s konjugovanym cytostatikem calicheamicinem gemtuzumab ozogamicin (GO) byla
plivodné designovana pro lécbu starSich pacientd s AML, netolerujicich standardni
chemoterapii. Postupné je tento 1€k pouzivan jiz v inicidlni lé¢b& v kombinaci s ostatnimi

14

cytostatiky, zatim predev§im u dospélych pacientu ¥ Jsou uZ publikovany i zkudenosti

&/** 1% tak i v kombinaci s ostatnimi cytostatiky '**. U déti

s timto lékem u déti jak jednotliv
je zatim GO spiSe vyuzivan jako zachrannd léCba pii selhani standardnich blokl
chemoterapie. Nevyhodou tohoto léku je mozna komplikace ve formé venookluzivni nemoci
(VOD) #1357 3 opozdéné rekonstituce poctu trombocytt 31 7a VOD pravdépodobné stoji
interakce GO s Kupfferovymi butikami jater, které jsou rovnéz CD33P*. Pi pouziti
analogického konjugéatu calicheamicinu s jinou protilatkou (anti-CD22) se sice opozd'uje

rekonstituce trombocytl, ale VOD zatim nebyla pozorovana. Pravdépodobné jsou i urcité
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imunopatologické mechanismy, vzhledem k publikované spésné 1é€be trombocytopénie po
GO intravenéznimi imunoglobuliny "*?. U AML M3 je rovnéz dokumentovéna i excelentni
odpovéd’ na imunoterapii pomoci jiné anti-CD33 protilatky i bez konjugovaného cytostatika
>3 Na AML blastech se dale nachazi i fada dalsich vhodnych cili pro imunoterapii (napf.
anti-CD52, anti-CD45 apod.) "**7% Dilezitou otazkou, pokud lze akceptovat hypotézu
leukemické kmenové buriky, je pritomnost cilové struktury pravé na této populaci bunék. Zda

se, ze molekula CD33 je pritomna i na populaci leukemickych kmenovych bunék 137,138

Jinym vhodnym cilem na leukemickych kmenovych buiikach se zda byt molekula CD44 /%7

1.2.1.5.3. Inhibitory kindz

ZvySena kinazova aktivita hraje vyznamnou roli v patogenezi AML (napf. signalizace ptes ¢
kit ¢i f1t3). Tuto aktivitu Ize napiiklad blokovat imatinibem nebo tzv. dudlnim inhibitorem
dasatinibem (je prokazana i u&innost u pacientt s mutaci C-KIT '*) (viz lé¢ba BCR/ABL"®
ALL) "' Jako perspektivni se jevi rovnéz inhibice flt3 pomoci napi. PKC412 /% '63, Snahou
je tyto Iéky v soucasné dobé zapojovat do standardnich lé¢ebnych protokolt, podobné jako u
PhP** ALL je dileZité i vyresit vhodné nacasovani této 1é¢by v kontextu ostatni chemoterapie
(napf. jeden lék miize fungovat jako senzitizator pro Iék druhy, v opa¢ném piipad¢ kombinace
nemusi byt vibec u¢inna, nékdy muze byt vhodngjsi Iéky davat soucasn€). Na tomto miste je
rovnéz nutné zminit blokatory farnesyl transferazy, které¢ vedou k blokade RAS signaliza¢ni

drahy.

1.2.1.5.4. Inhibitory histon deacetyldz, demetylujici ldtky, terapeutické ovlivnéni
epigenetickych zmén u leukemickych bunék

Jak jiz bylo zminéno vySe, jedna ze zmén regulujicich expresi genu je acetylace resp.
deacetylace histont. Typicky u jiz zminénych tzv.“core binding leukémii® (AML1/ETO nebo
CBFB/MYHI11) miZe 1éEba inhibitory histon deacetyliz (HDAC) podobné jako ATRA u
PML/RARGa pozitivni AML indukovat diferenciaci a apoptdzu o1, Nejznaméj$im inhibitorem
je kyselina valproova, pouzivana v humanni mediciné jako antiepileptikum, coZ vyznamné
usnadiiuje zatazeni tohoto léku do 1é&by leukémii '®’. Dalsim znamym inhibitorem HDAC je

v o 7 M O 1 /
166, 167 postupné jsou vyvijeny i nové inhibitory %,

trichostatin nebo depsipeptide
Dal$im mechanismem, kterym jsou regulovany exprese jednotlivych gent, je jiz zminéna
metylace, resp. demetylace cytozinovych bazi v promotorovych CpG oblastech. V sou€asné
dob¢ jsou dostupné Iéky, které jsou schopné demetylovat metylové skupiny na cytozinech.

Hypermetylace nebo aberantni metylace jsou ¢astou zménou u AML/MDS 169-171, Tyto Iéky
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jsou primarné urené pro lécbu MDS v dospélém veéku a patii sem napi. S-aza-2'-
deoxycytidine (decitabine) /%, Lécba vede k lepsimu vyzravani jednotlivych linii v kostni

dfeni, snizuje potrebu transfuzi a redukuje pocet infek¢énich komplikaci.

1.2.1.5.5. Novd cytostatika

vvvvvv

proto je snaha vyvijet nové analogy nukleotidi nukleovych kyselin.

2-chlorodeoxyadenosin (cladribine) podobné jako cytosin arabinosid je fosforylovan na
trifosfat a je tak inkorporovan do DNA béhem jeji syntézy, postupné vede k zastavé
bunétného déleni a k bunééné smrti. Dokaze indukovat apoptdzu u neproliferujicich bunék a
je rezistentni viiéi inaktivaci deaminaci. Je prokazana vétsi senzitivita podtypu FAB M5 /7.
V ramci protokolu AML BFM 2004 je cladribine zafazen pro lé€bu AML vysokého rizika, do
kterého jsou razeni i pacienti s AML M5 podtypem.

Clofarabine je podobn¢ jako cladribine analog nukleosidd a kombinuje farmakokinetické
vlastnosti fludarabinu a cladribinu. U pacientd s relapsem/refrakterni AML byla prokazana

jen ¢aste¢na odpovéd’ na toto cytostatikum 7.

1.2.1.5.6. Odpoved’ na lécbu AML, terapeutické ovilivnéni leukemické kmenové buriky

1.2.1.5.6.1. Odpovéd’ na lé¢bu definovana morfologicky

Na rozdil od ALL jsou pacienti s AML IéCeni podstatné agresivn€jsi chemoterapii s vyssi
toxicitou azZ umrtnosti v souvislosti s terapii. S agresivnéj$i chemoterapii souvisi i nemoznost
sledovani blizsi dynamiky poklesu leukémie, protoZe naprosta vétSina pacientd rychle upada
do aplazie (schéma lécebnych protokold BFM98 a 2004 je na obrazku 8). LéCebna stratifikace
v jednotlivych protokolech zahrnuje hodnoceni blastd po jednom az dvou blocich
chemoterapie. V protokolech BFM skupiny je pacient s cetnosti blastd >5% po 1. bloku
zatazen do vyssiho rizika /”°. Podobné jako u ALL vétina pacientii dosahne kompletni remise
po 1. indukénim bloku, vyjimkou jsou pacienti s AML M3, ktefi remise v klasickém smyslu

slova ¢asto nedosahnou, presto je prognoza obecné dobra.

1.2.1.5.6.2. Molekularné genetické a cytogenetické cile detekce MRN
Detekce minimalni rezidualni nemoci nema na rozdil od ALL obecné piijimany zlaty

standard. Jen u malé €asti pacientd lze pouzit molekularné geneticky cil (napt. AML1/ETO,

CBFP/MYHI11, PML/RARG, prestavby 1123 s identifikovanym faznim partnerem) /7%,
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Kromé pacientd s fuznim genem PML/RARa neni pfesné definovan vyznam molekularni
remise ve smyslu Upravy lécebné strategie. U pacienti se znovuobjevenou PML/RARa
pozitivitou je indikovana lé¢ba pomoci ATRy, resp. As,O3. Naopak jsou publikovany ptfipady
pacienti s n€kolikaletou pozitivitou fuznich geni AMLI/ETO nebo CBFB/MYHI1
v kompletni remisi '”’. Nejen znasich zkuSenosti spiSe tato pozitivita vedla v rizném
¢asovém intervalu k relapsu onemocnéni a dosazeni molekuldrni remise je zpravidla
podminkou vyléceni *’. Publikované prace s perzistujici pozitivitou AMLI/ETO ne vzdy
dostate¢né dlouho sledovaly pozitivni pacienty, jejichz MRN miize pretrvavat i fadu let '/ .
Zprvu slibny marker AML, gen WT-1, lze pouzit ke sledovéni jen s obtizemi — Casto je
pomérné slabé exprimovan ve srovnani s nemalignim pozadim '*'~'% Mutace v transkripénim
faktoru GATA-1 jsou typické pro myeloproliferace charakteristické pro Downliv syndrom
(TMD a AML-M?7) a lze je vyuZit jako pripadné cile pro sledovani MRN "#/% Ppro detekci
MRN lIze rovnéz u nékterych pacienti s vhodnou genetickou zménou pouzit metody

cytogenetické zejména fluorescenéni in situ hybridizaci (FISH) %/

1.2.1.5.6.3.  Princip detekce MRN cytometricky u AML

Vyvoj tyziologické myeloidni fady je podstatné méné imunologicky definovany. Zajimaji nas
pfedevSim antigeny asynchronn¢ exprimované (antigeny asociované s progenitory a antigeny
charakteristicky exprimovan€ na zralejSich myeloidnich bunkach, napt. exprese myeloidniho
antigenu CD15 na CD34" blastech), antigeny aberantné exprimované (napt. CD19, CD56,
CD7, CD2 nebo NG2) nebo hyperexprese ¢i snizend exprese antigenti oproti fyziologickym
bunkéam. Pro AML je typicka imunofenotypova heterogenita blastti a je zpravidla nutné MRN
detekovat vice kombinacemi protilatek 185189 (p¥iloha 4). Langebrake et al. rovnéz prokazala
srovnanim imunofenotypu AML u déti pti diagnoze a pfi relapsu, Ze zménu v expresi alespon
jednoho antigenu ma 88% sledovanych pacienti 90 Je tedy ziejmé, e v ramci detekce AML
je potreba hledat univerzalni odchylky leukemickych bunék od nemaligni kostni dfené bez
ohledu na inicidlni imunofenotyp pacienta. Priitokova cytometrie se na rozdil od molekularné
genetickych metod nabizi jako metodika dostupna pro prakticky vsechny pacienty. Jak u
dospélych ! tak u déti v regenerujici KD nachazime normalni prekurzorové burnky splnujici
kritéria leukemického imunofenotypu v nékterych ¢asovych bodech az v fadu procent 192
Vramci mezinarodni studie, kterou koordinovali kolegové z Némecka, jsme prokazali
prognosticky vyznam rezidualni nemoci u AML pouze v univariantnich analyzach, nikoli
v ramci multivariantni analyzy zahrnujici vSechna kritéria pouzita pro stratifikaci pacientﬁm.

Dosud publikované studie se zabyvaly sledovanim MRN pratokovou cytometrii u AML
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178 9L 193196 1 pies vzacnost AML u déti byly publikovany

pfedevsim u dospélych pacientt
studie u déti ukazujici na hor$i prognézu déti s prokazatelnou MRN podle pratokové
cytometrie 7199 Interpretaci MRN u AML komplikuji dvé okolnosti: jiz zminéna nestabilita
imunofenotypu leukemickych bunék a ,,nestandardni chovani* regenerujicich nemalignich
prekurzort, které mohou exprimovat i molekuly povazované za asynchronni ¢i aberantni.
Proto je vhodné definovat normy bud’ v jednotlivych ¢asovych bodech 192 nebo nalézt vzorce
exprese antigenl, které neprokazujeme na regenerujicich prekurzorech 200-202 - Qtudie van
Rhenen et al. se zabyvala predevsim detekci imunofenotypovych odlisnosti CD34°°“CD38"®
leukemickych bunék a CD34P“CD38"® prekurzorii. V ramei fyziologické kostni diené jsou
CD34P*CD38"® Lin"*® prekurzory povazované za nejvice kmenové a s nejvétsim potencidlem

203

repopulace Analogicky u AML je tato subpopulace blastl povaZovana za nejvice

2 5 O W 4 O e . . 7 w7 v wee
kmenovou *** ?_ Tato subpopulace muize z celé populace blastl tvofit variabilni ¢ast, Castéji

tento imunofenotyp je pfitomen u nediferencovanych AML (AML M0) 208,
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AMLBFM98

Intensification

®s

AML-BFM 2004

induktion 1 Induktion 2 Konsolidierung Intensivierung
sr| | ar haM! HAE
ADxE!
AIE? Al Erhaitungstherapie 1 Jahr
2.CDA Cytarabin i.th. '2
HR | | HAM haM HAE
Al W\ 577 bei HLAIdentischen
Geschusslerspender
'//
Kap V v v v v v
Tag1 16 21-28 42-58 88 ~112 ~140
MRD MRD MRD MRD MRD MRD* MRD*
Daku Doku Doku Doku Doku Doku
! Sondemegein fir Kinder mit beachien! 2 pei Patienien mit molekularem Marker
Z 1x AWoche 4 Wochen am Anfang der Davertherapie
® Randomisierung E Strafifizierung
A: ARA-C; Cytarabin 3 Hochdosis Cytarabin/ Efoposid-Phosphat
Dx liposomales Daunorubicin; L-ONR SR: Standardrisikogruppe
k darubicin HR: Hochrisikogruppe
E Etoposid-Phosphat MRD: Minimal residual disease
2CDA: 2-Chioro-2-desoxyadenosin KMP: Knoche nmarkpunkiion
HA: Hochdosis Cytarabin Dokt obiligatorische Dokumentation
M: Mitoxantron des Therapleelements
ha: mittelhoc hdosiertes Cytarabin
AR - 5P 2004 Version 004

Obrazek 8. Lécebny protokol AML BFM 98 a 2004 (AML BFM 98 schéma prevzato
z publikace '*', AML BFM 2004 pfevzato z protokolu). Je patrné, Ze lécha AML je jiz od
zacatku velmi intenzivni, takZe vétsina pacientii velmi rychle upadé do aplazie. Casné
hodnoceni odpovédi v den 15 slouzi jako pFidatné kritérium pro stanoveni rizika (=5% vysoké
riziko).

1.2.2. Pristup k pacientim s relapsem AML a k primarné vysoce rizikové
AML

Jak jiz bylo zminéno vySe, rizné pracovni skupiny zatrazuji alogenni SCT pro rozdilnou ast
pacientl. Obecné panuje shoda neindikovat SCT v prvni kompletni remisi u pacient
s piiznivou cytogenetikou (AMLI/ETO, CBFB/MYHI11"%%). Piistup BFM skupiny, podle

jejichz protokold se 1é&i i déti v CR, je velmi rezervovany k SCT v prvni kompletni remisi u
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de novo AML a obecné neni indikovana. V pripadé relapsu AML je SCT dileZitou 1é¢ebnou
délka prvni remise (<1 rok, >1 rok). Dalsi vyznamnou podskupinou pacientl indikovanych
k SCT jsou pacienti se sekundarni AML, jak na podkladé kongenitalniho selhani kostni dfenég,
tak v souvislosti s [éCbou pro jiné nadorové onemocnéni. Pacienti s AML vzniklou po 1é¢bé
pro jiné nadorové onemocnéni lze rozdélit na AML vzniklé po 1é¢bé inhibitory topoizomeraz,
které maji kratky odstup vzniku od této 1écby (1 az 3 roky) a typicky nesou prestavby MLL
genu, a na AML po alkylujicich cytostaticich, které vznikaji pozdé&ji (4 az 6 let po primarni
1€CbE), pro néz jsou typické zmény na 7. a 5. chromozému, faze sekundarniho MDS miize
predchazet sekundarni AML. Nova léCiva vcetné monoklonalnich protilatek jsou u déti
v porovnani s dospélymi obecné hiire dostupna. Jiz zminéna kombinovana imuno (anti-CD33,
konjugovand s calicheamicinem) a chemoterapie je u déti indikovana v pripad¢ rezistentni
nemoci nebo relapsu. V CR byla tato 1é¢ba pouzita dosud u 5 dé&ti s AML (2 pacienti
s rezistentnim relapsem, 3 pacienti s relapsem po SCT). Lécba byla uspésna u 3 pacientt a

umoznila SCT (ve 2 ptipadech §lo o retransplantaci).

2. Cile

1) Je mezi myeloidnimi antigeny exprimovanymi u ALL souvislost? Da se
predpokladat obecna pficina exprese myeloidnich antigend u ALL? Ma néktery
myeloidni antigen prognosticky vyznam u ALL? Pokud ano, je tato exprese
antigenu stabilni?

2) Jaky je prognosticky vyznam diferencia¢niho antigenu CD10 u B prekurzorové
ALL?

3) Jaky je vyznam novych kritérii definovanych podle MRN? Vyznam pritokové
cytometrie v monitorovani ¢asné 1é¢ebné odpovedi.

4) Vyznam MRN u transplantovanych déti s ALL. Ovliviiuje rekonstituce nemaligni
B tady specificitu MRN podle prestaveb imunoglobulinovych geni?

S) Zjistit ¢etnost, biologicky charakter a prognézu sekundarni ALL po 1é¢bé ALL.

6) Prognosticky vyznam 4barevné cytometrie v monitorovani MRN u déti s AML.
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3. Vysledky a Diskuse
3.1. Imunologicka diagnostika ALL
3.1.1. ALL z prekurzoru B lymfocytt (BCP ALL)

B prekurzorové ALL imunologicky ¢lenime na proB, common a praeB 3 podle exprese
antigenu CD10 a intracelularniho IgM. Funkce molekuly CD10 na leukemickych a na
fyziologickych prekurzorech neni znama. Prognosticky nepfiznivy vyznam ma piedevsim
podtyp proB ALL (CD10 negativni a intra-IgM negativni), ktery koreluje s prestavbami genu
MLL (11g23) a je casty u kojencti. Naopak v podstaté zadny prognosticky vyznam nema
klasifikace podle pozitivity intracelularniho IgM na podskupinu praeB a cALL (Obrazek 9).

Data jak z dospélych, tak 1 détskych ALL navic ukazuji, Ze ani pro korelaci s pfestavbami

genu MLL neni intracelularni exprese IgM dulezita 2" %

Cumnulalive Proportion Surviving (Haplan-Meker)
Complets - Cansared

1.00 | - _!
*L\- m— CALL |
7 oss
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0.70 |
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Obrdzek 9. Obrazek ukazuje stejné preZiti u pacientii diagnostikovanych jako cALL nebo
praeB ALL. V analyze jsou zahrnuti vSichni pacienti s nami uréenou diagnosou cALL nebo
praeB ALL v letech 1999 az 2006, n=356, p=ns.

Na obrazku 10 je znazornéna analyza BCP ALL klasifikovanych do dvou skupin podle
exprese antigenu na CD10°* (>20%) a CDI10™®, ukazujici signifikantni rozdil
v pravdépodobnosti v preziti. Exprese antigenu CD10 1 u pacientd, které hodnotime jako
pozitivai, se u jednotlivych pacienti mohou vyznamné lisit (od pozitivity hrani¢niho poctu
blastl s vétSinou blastu negativnich az po typickou hyperexpresi vSech bunek, obrazek 11).
Proto jsme se rozhodli testovat hypotézu, Zze i pacienti s cALL/praeB ALL s vyznamnym

podilem CD 10" blastt maji horsi prognozu.
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Obrazek 10. Signifikantné horsi preziti pacientii s negativitou CD10 (<20%).
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Obrazek 11. Ruzna exprese antigenu CDI10 pri diagnéze BCP ALL, obrdzek uprostied
ukazuje typického pacienta s proB subklonem a vpravo je pacientka s typickou hyperexpresi
CDI10.
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Obrazek 12. Vlevo: Rozdéleni pacienti podle hladiny exprese CDI0 (zcela CDI10+ jsou
pacienti s méné nez 20% CDI10™* blasty, proB ALL exprimuji CD10 na méné nez 20% blasti,
castecné proB exprimuji CDI0 (>20%), ale soucasné obsahuji vyznamny podil (220%)
CDI10™¢ blastu, vSichni MLL AF4"" pacienti méli expresi CDI10 nizZsi nez 20% a nejsou
zahrnuti do krivky proB. Vpravo: Stejnd analyza se spojenou skupinou proB a cdstecné proB.

Signifikantné horsi prognoza klasicky definované proB ALL, ukazovana na obrazku 10, je do
zna¢né miry dana nepiiznivou MLL/AF4°” ALL; oddélime-1i MLL/AF4*°* ALL, piestane byt

rozdil mezi proB a ostatnimi ALL vyznamny. Nami definovand podskupina ,,éasteCné proB*
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ma ale podobnou prognézu jako proB ALL (obrazek 12) Populaéni analyza tedy ukazuje, ze
vyznamna piitomnost CD10"® blastd uréuje $patnou prognézu — bez ohledu na to, zda jsou

pritomny i CD10"* buriky.

3.1.2. Aberantni exprese antigen

Jak jiz bylo zminéno v Uvodu, leukémie napodobuji svym imunofenotypem své nemaligni
protéjSky v kostni dfeni, resp. v thymu. Expresi antigenu z jiné linie,nez z které vychazeji
leukemické buiniky, oznaCujeme jako aberantni. Pfesnou pfi¢inu aberantni exprese u ALL a
AML nezname. V zasad¢ existuji 2 zakladni hypotézy:

a) aberantni exprese jsou dlsledkem deregulované exprese genu v dasledku
leukemogeneze (napf. mechanismus aberantni exprese CD2 u mikrogranulami
varianty AML) *%.

b) aberantni exprese je dlsledkem nezralosti leukemickych bun€k nebo miuze
odpovidat stadiu fyziologickych prekurzord s potencidlem diferencovat do riznych
linif *'.

Exprese myeloidnich antigent u ALL byla povazovana na zéklad¢ prvnich studii za marker
horSi prognozy. Zarovenn znamou podskupinou exprimujici myeloidni antigeny u déti s ALL

211, 212

jsou pacienti s fuznim genem TEL/AMLI asociovanym s dobrou progndzou.

Prognosticky vyznam exprese téchto antigent v jednotlivych studiich vedl v pribéhu let

el o 2022217
k protichuidnym zavérim

. Slabé misto vétSiny téchto studii bylo, Ze vSechny myeloidni
antigeny byly brany jako sobé si rovné a zpravidla pozitivita kteréhokoli antigenu pacienta
klasifikovala jako tzv. MyAg pozitivniho. V situaci, kdy nezname biologicky podklad
aberantni exprese antigenl, neni spravné je v analyzach hodnotit spole¢n€. Dalsi slabinou
nékterych studii byla analyza B a T ALL spole¢n¢ nebo kratkd doba sledovani, ktera
nezachytila pacienty s pozdnim relapsem ALL. Souhrn charakteristik jednotlivych studii je

uveden v tabulce, predlozené v ramci recenzniho fizeni k priloze 1 (tabulka na strané 81).

Vramci protokolu BFM 95 jsme prokazali signifikantn€ hor$i prognéozu BCP ALL
s aberantni expresi molekuly CD33 v priloze 1. Tuto hor$i prognézu jsme potvrdili 1
v multivariantni analyze v priloze 1. Hor$i prognézu jsme potvrdili i u pacientd lé¢enych
v dalsi studii (ALL IC BFM 2002) s krat$i dobou sledovani (BCP ALL: median 2,9 let,

minimum 0,09, maximum 4,99 let) (obrazek 13).
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Obrazek 13. Zietelné horsi preZiti bez relapsu u pacientit s BCP ALL a expresi CD33 na vice
nez 10% blastii lécenych v ramci protokolu ALL IC' BEM 2002 (Cox-Manteliv test, p=0,0204,
PRFS ve 4 letech pro CD33"® 90%43,4%, pro CD337* 77%+7,2%, pEFS ve 4 letech pro
(D33 88%+3,5%, pro CD33P* 74%+7,2% ). Vysledek nezdvisle potvrzuje nase zjisténi

v priloze 1.

3.1.3. Akutni hybridni leukémie

Leukémie se signifikantnim vzhledem blasti, jak z lymfoidni, tak i myeloidni linie, nazyvame
hybridni. Podle typu je lze ¢lenit na leukémie s primarné definovanou linii a vyznamnou
koexpresi antigenli zjiné linie, dale na leukémie sdvéma liniov€é riznymi populacemi
definované imunologicky a/nebo morfologicky, a nakonec na leukémie, které signifikantné
zméni svij fenotyp do jiné linie pied dosaZzenim kompletni remise. BCP ALL je definovana
podle adaptované EGIL klasifikace pozitivitou alespont dvou ze tii antigenid: CDI19,
(intra)CD79a a/nebo, CD22, zaroven musi byt negativni viechny tyto molekuly: intra CD3,
CD3, lehké ftetézce imunoglobulinu kapa a lambda. T ALL je definovana pozitivitou
(intra)CD3 a pozitivitou CD7. AML je definovéana splnénim alespon dvou nasledujicich
kritérii: intraMPOP%, CDI13P%, CD33"%*, CD65% a/nebo CDI1177° a soucasné uplnou
(intracelularni, prip. i povrchovou) negativitou CD3, CD79a a CD22.

Imunologicky jsou AHL s primarné definovatelnou linii a signifikantni koexpresi antigend
z jiné linie nejcastéjSim podtypem AHL a pro jeji definici Ize napf. pouzit jiz zminénou EGIL

klasifikaci '%, ve které jednotlivym antigendm je prifazeno skore podle jejich prislunosti
> ] Y g Jjep p
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k lymfoidni, resp. myeloidni linii (tabulka 5, viz téZ_priloha 12). V ptipadé prekroceni skore

nad 2 je nélez klasifikovan jako AHL.

B Fada
(intra)CD79a, intra IgM,
CD22

T Fada

(intra)CD3, TCRafB, TCRyS

myeloidni linie

intraMPO

CDI9, CDI10, CD20

CD2, CD5, CD8, CDI10

CD13, CD33, CDé65, CD117

intraTdT, CD24

intraTdT, CD7, CDla

CD14, CD15, CD64

Tabulka 5. Skore jednotlivych antigenu pro diagnostiku AHL. Splni-li blasty definici jedné
zFad ALL a soucasné prekroci myeloidni skore 2 nebo splni-li definici AML a prekroci-li
skore B nebo T Fady 2, je nalez klasifikovan jako AHL.

Pro porovnani uvadim alternativni klasifikaci AL a AHL, kterd je pouzivana v St. Jude‘s

Hospital v Memphisu (USA) a definuje jednotlivé podtypy takto 10,

a)
b)
c)
d)

b)

B-lineage My+ALL spliuji vSechna nasledujici kritéria:
Blasty jsou CD197% a (CD22°% nebo intra-CD79a"" nebo intra-IgM (u fetézec))

Blasty jsou intra-CD3"
Blasty jsou intra-MPO"®

Blasty exprimuji jeden nebo vice myeloidnich antigenti (CD13, CD15, CD33 nebo

CD65)

T-lineage My+ALL spliuji vSechna nasledujici kritéria:
Blasty jsou CD7° a intra-CD3P%

Blasty jsou CD22"®
Blasty jsou intra-MPO"®

Blasty exprimuji jeden nebo vice myeloidnich antigentt (CD13, CDI15, CD33 nebo

CD65)

Ly"” AML spliuji vechna nasledujici kritéria:

Blasty jsou intra-MPOP®* (nebo je pozitivni nespecificka esteraza u AML M5)

Blasty jsou intra-CD3"™®

Blasty jsou intra-IgM(p fetézec)"*® a neexprimuji sou¢asné CD22 a intra-CD79a

Blasty exprimuji jeden a vice z nasledujicich antigenti: CD2, CDS, CD7, CD19,

CD22, CD56 nebo intra-CD79a.

Bifenotypické leukémie spliuji jedno z nasledujicich kritérii

Myeloid/B — lineage bifenotypové leukémie koexprimuji intra-MPO a CD22 spolu

s CD19 nebo intra-CD79a.

Myeloid/T — lineage bifenotypové leukémie koexprimuji intra-MPO a intra-CD3
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c) Mixed B/T lineage bifenotypové leukémie koexprimuji intra-CD3 a intra-IgM(p

fet€zec) nebo intra-CD3 spolu s intra-CD79a.

V ramci diagnostiky povazujeme za dullezité, aby osoba hodnotici cytometricky nalez se
vyjadiila k primarni linii a které znaky hodnoti jako aberantni. EGIL ani jiné klasifikace
nejsou v soucasné dobé€ zcela vyhovujici a v druhé poloviné roku 2008 je ocekavana nova
WHO klasifikace hematologickych malignit, kde bude ¢ast vé€novana i hybridnim
leukémiim. Vét§ina doposud publikovanych studii hodnotila bud’ dospé€lé pacienty 218
nebo kohorty déti dohromady s dospélymi 209-21 pome&mé malo byl v téchto studiich
zohlednén typ 1écby a jeji vysledky na celkovou prognozu. Z naSich dat je ziejmé, Ze
pokud striktné aplikujeme EGIL klasifikaci na ¢isté pediatrickou kohortu, zdaleka
nejcast€)si podskupinou definovanou imuno-genotypové jsou pacienti s fuznim genem
TEL/AMLI1 (viz tabulka 8) vzhledem k ¢astému vyskytu tohoto podtypu, ale neni rozdil
signifikantni oproti skupin¢€ klasifikované jako non AHL. TEL/AMLI1 genotyp je znamy

212125 tato koexprese miZe vést az

svoji afinitou exprimovat myeloidni antigeny
k piekroceni AHL skore, prestoze z pohledu diagnostiky a klinického prabéhu se jinak
jedna o typické ALL (i kdyz je jejich prognoza signifikantné hors§i — obrazek 14). Podobné
jako v predchozich studiich jsme potvrdili vyssi incidenci u AHL genotypu BCR/ABL a
MLL/AF4 (tabulka 6) a s tim souvisejici celkovou horsi prognézu déti klasifikovanych
jako AHL. V analyze v rdmci jednotlivych imuno/genotypovych podskupin (obrazek 14)
prokazujeme signifikantn€¢ hor$i preziti u déti klasifikovanych jako AHL v ramci
TEL/AML1 a MLL/AF4 podskupiny. Jen pro tplnost retrospektivniho hodnoceni AHL u
déti, v uvedeném rozpéti (zaii 1996 — srpen 2006): 4 dalsi déti jsme klasifikovali jako
AHL primamé AML s lymfoidnimi znaky. VSechny 4 déti presahly AHL skore expresi T
lymfocytarnich znakl, progndza této podskupiny byla extrémné S$patna (v 1. roce od

diagnozy zil a dosud Zije pouze 1 pacient po alogenni transplantaci od HLA identického

sourozence), u zadného z téchto déti jsme neprokazali klonalni piestavby Ig/TCR.
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Non AHL P hodnota
TALL 14% n.s.
TEL/AMLI 24% n.s.
Hyperdiploidni 21% p=0,026
BCR/ABL 2,6% p=0,044
MLL/AF4 1,3% p=00098

Ostatni BCP ALL 35% n.s

Tabulka 6. Cetnost jednotlivych imunologickych a molekuldrné genetickych podskupin u
pacientii s AHL podle skore EGIL a u nehybridnich ALL. Statisticka vyznamnost rozdilu
v Cetnosti jednotlivych podskupin je hodnocena Fisherovym exaktnim testem. Cervené
znazornény signifikantni rozdily v zastoupeni AL klasifikovanych jako AHL.

h
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0o 4w, N=067 + 55 —non AHL (AML]
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07 g o7

08 Hn=28 o6 } | PR
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Obrdzek 14. Naho¥e vlevo: Krivky preziti ukazuji signifikantni rozdil (Cox-Manteluv test)
mezi skupinou AHL n=28 a non AHL n=557. NahoFe vpravo: V ramci AML nevidime
signifikantni rozdil. Dole: Pokud hodnotime preZiti v jednotlivych imuno-genotypovych
podskupindch,  signifikantni rozdil v preZiti nachdzime v podskupindch MLL/AF4 a
TEL/AMLI.
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3.1.4. Leukémie s nalezem blasta z raznych linii a liniovy pfesmyk béhem
c¢asné faze lécby pred dosazenim kompletni remise.

Presmyk z jedné linie do druhé vyzadujici reklasifikaci leukémie nebo nalez dvou oddélenych
populaci pfi diagnoze leukémie s nemoznosti nalez jednoznaéné zaradit jako lymfoidni,
respektive myeloidni leukémii, jsou obecné v 1é¢bé leukémii velmi vzéacnou situaci. Literarné
Ize najit spiSe jednotliva kasuisticka sdéleni nez epidemiologicka data. Leukémie s nalezem

222

vice rliznych populaci blastl naptiklad shrnul Weir et al “““. V jednotlivych kasuistikach je

223-225

ptesmyk z jedné€ linie do druhé popisovan napt. u ALL/AML s prestavbou MLL genu ,u

226, 227 e o
6 nebo u pacientd fiznim genem

akutnich leukémii s monozomii 7. chromozdému
BCR/ABL “%. Bierings et al. popsala ptipad pacientky s presmykem 29 7 BCP ALL béhem
indukéni 1é¢by do myelomonocytarni leukémie a v relapsu zpét do BCP ALL se stale
stejnymi klonalnimi prestavbami Ig-TCR bez prokazané ptestavby MLL genu. Pripadna
plasticita fenotypu leukemickych blastd na pocatku 1ééby by mohla zasadné ovlivnit
spolehlivost diagnostiky, zejména imunologické. Proto jsme si polozili otazku, zda
k presmyku nedochdzi Castéji nez se predpokladalo. Velkou roli v identifikaci presmyku linie
hraje Castost a precisnost sledovani dynamiky nadorové naloze pfed dosazenim kompletni
remise. Je totizZ mozné, Ze Cast pacienti nakonec dosdhne kompletni remise, a fenotypovy
presmyk leukémie prob&éhne béhem indukéni 1é¢by bez povsSimnuti. Leukemické bunky
obecné méni béhem léCby transkripci tfady gent, coz lze identifikovat jak na zékladé
expresniho profilovéani #% tak i na urovni imunofenotypovych zmén #1Cast téchto zmén
pravdépodobné ptimo zpusobuji podané 1éky 72, Typicky tyto zmény u BCP ALL postihuji
napf. tyto antigeny: pokles intenzity az vymizeni pozitivity CD10, TdT (Ize pozorovatiu T
ALL) , vzestup exprese — CD20, CD45. Zmény v expresi téchto antigent castecné kopiruji
vyzravani béhem nemaligniho vyvoje B fady #3235 Tyto zmény zpravidla nevedou ke zméné
klasifikace vlastni leukémie, jsou vsak velmi dulezité ptedevSim pro vlastni detekci a
spravnou interpretaci MRN.

V ramci protokolu ALL IC BFM 2002 bylo jednim z nejdilezitéjSich vyzkumnych cila
zodpoveédét otazku, zda €asna odpovéd’ v den 8 a den 15 ukazuje progndzu pacientti (piilohy
7 a 11). Soucasti protokolu tak byla i centralni evaluace dne 8 a dne 15 morfologicky,
imunologicky 1 molekularné geneticky. Morfologické vySetfeni bylo provadéno centralné
v Praze a v Olomouci. Celkem u 4 déti s BCP ALL (charakteristika pacientl je v tabulce 3)
s BCP ALL (3x uniformni infiltrace KD blasty, u pacienta DH signifikantni koexistence BCP

ALL blastd (57%) a myelomonocytarnich blastd (15%) jsme identifikovali vden 8
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signifikantni zménu fenotypu (pacienti PM, LD a DK) smérem k myeloidni linii (pokles B
lymfocytarnich antigent, vzestup myeloidnich antigent véetné CD33, CD14 a intracelularni
myeloperoxidazy). V pribéhu indukéni 1é€by postupné tyto burky zménily svij fenotyp
natolik, Ze v podstaté imunologicky a morfologicky vypadaly jako normalni monocyty.
V téchto bunkach jsme ale sortovanim prokazali identické klonalni pfestavby s pivodnim
lymfoidnim klonem pti diagnéze. Artefakt zplsobeny pfimési nechténych bunék jsme
vylou¢ili jednak vysokou Cetnosti leukemickych ptestaveb v ,,monocytech®, jednak vnitini
kontrolou (nemaligni T lymfocyty), ktera byla negativni. Na pocatku lécby mohou tedy
leukemické bunky dosud neobjasnénym mechanismem zménit nejen imunofenotyp, ale
dokonce 1 mikroskopicky vzhled natolik, ze pripominaji nemaligni myeloidni ¢i monocytarni
buriky. Tuto skutecnost jsme pozorovali hlavné u déti se Spatnou odpovédi na prednison.
Incidence mezi pacienty se Spatnou odpovédi na prednison a BCP ALL na protokolu ALL IC
BFM 2002 (11/2002 - 10/2007) byla 19%. Ukéazali jsme, Ze tento biologicky jev miZe byt
pricinou  rozpornych  vysledki  stanoveni procenta  blasti mezi  molekularni
genetikou, imunofenotypizaci a morfologii. VSechny pacienty s pozd€jSim piesmykem
spojovala jiz pri diagnose BCP ALL signifikantni exprese molekuly CD2, ktera jinak nepatti
mezi Casté aberantni antigeny. Pfesmyk z lymfoidni linie do myeloidni linie u ¢4sti pacientd
ukazuje dosud nedocenénou plasticitu leukemickych bunék a alespon u ¢asti téchto pacientl

ocekavame shodné dosud nepoznané genetické pozadi.
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Inicialy Imuno Identické Leukoe | Genotypové | Prednisono | Zména lé¢by po Prognéza
Ivek(r) fenotyp/ klon. yty zmény va odpovéd’ | standardnim
Morfologie | prestavby 10% protokolu ALL
Ig-TCR ve pL) lé¢by
srovnani
s leukemick
) ymi blasty
cALL (60%) | myelomono: FLT3 ITD
DH a ano delece . Relaps ALL
2 myelomono | (soucasné i o= 11923 Spatna Interfant, SCT po SET
(40%) FLT3ITD+) véetn& MLL
PM proB L1,
/5 (E!‘IIL)'E(LI\IIII- mono 4no 15 nenalezeny | Spatna Interfant, SCT CR1 2,5r
CD2
LD cALL L1
n7 u.l;ui:;m!m mono ano 6,9 nenalezeny Spatna Interfant, SCT CR 1,2r
CD2
| DK cALL L1
s .-.:hiuramm mono ano 45 nenalezeny dobra 0 CR1 8m
‘ CcD2
" CALL LI sek“AML sek AML 6m
| /16 ;'lh'c['.'!rlim ano 138 nenalezeny Spatna smrt v relapsu po dg, smrt
| | CD2 v progresi

Tabulka 7. Prehled zakladnich charakteristik pacientu s presmykem smérem k myeloidni linii
vramci protokolu ALL IC BFM 2002, pro uplnost uvedena i pacientka IS z retrospektivni
analyzy protokolu ALL BFM 95.

3.1.5. Imunologicka diagnostika terapeutickych cili na leukemické

burice. Anti-CD33 l|écba, perspektiva vyuziti dalSich monoklonalnich
protilatek v Iécbé détské ALL

Imunofenotypizace rovnéz piindsi informace o pripadnych molekularnich cilech pro
eventualni specifickou lécbu — zejména monoklonalnimi protilatkami. Vzhledem k horsi
progndze pacientli s aberantni expresi CD33, kterou jsme prokézali na kohorté pacientl
léCenych v ramci protokolu ALL BFM 95, se nabizi otazka, zda by se u této podskupiny
nedala vyuzit cilend anti-CD33 terapie (Priloha 1). Terapie humanizovanou monoklonalni
protilatkou anti-CD33 (klon hp67.6) konjugovanou s cytostatikem calicheamicinem
(gemtuzumab ozogamicin - GO) je pouZivana predevsim u dospélych pacientli s AML, kde
naprosta vétsina leukemickych bunék exprimuje molekulu CD33. Plvodné bylo IéCivo
testovano v monoterapii u pacientd netolerujicich konvenéni indukéni 1é¢bu AML (zejména
pacienti star$i 65 let s vyznamnymi komorbiditami znemoznujicimi klasickou intenzivni
chemoterapii). V soucasné dob¢ jiZ byly publikovany a probihaji dalsi studie kombinujici GO
s dal$i chemoterapii u dospélych pacienta s AML. U déti byly publikovany zkuSenosti s GO

v terapii jak u AML 6 tak i u ALL %% Studie Zwaana et al. prokazala signifikantn€ nizsi
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hodnotu L.Csy samotného calicheamicinu in vitro u pacientskych vzorkt s ALL oproti AML, u
kterych Goemansova et al. prokazala vyznamnou inter-individualni variabilitu v citlivosti na
calicheamicin *”. Zda se, ze urcitou roli v odpovédi na tento lék u AML (u ALL nebylo
dosud zkoumdno) hraji 1 polymorfismy molekuly CD33 2% Sirsimu pouziti u ALL brani
v soucasnosti omezeni na CD33P% ALL a literarné pocet publikovanych pacientll neptesahuje
maximalné n€kolik malo desitek pacientt, zpravidla s relapsem, resp. refrakterni nemoci.
NaSe zkuSenosti s lé¢bou monoklonalnimi protilatkami u ALL jsou omezené na pacienty
s refrakternim onemocnénim, resp. relapsem po SCT. U vSech pacienti prfed podanim
monoklonalni protilatky byla ovéfena pozitivita ptislusné molekuly (u vSech byla pozitivita
na hladiné nejméné 40%). Celkem byla monoklonalni protilatka v 1é¢bé ALL podana u 6
pacientl s relapsem ALL. Pacient s 2. relapsem BCP ALL a s ¢aste€nou expresi CD33 byl
léCen kombinaci anti-CD33 (GO) s chemoterapii bez efektu, pacient s refrakternim velmi
Casnym 1. relapsem praeT ALL byl Ié¢en anti-CD33 (GO) bez efektu, pacient s 1. relapsem
sekundarni AHL (proB/My+) po alogenni transplantaci dosahl kompletni remise a kompletni
darcovské krvetvorby po dvou dévkach samotné anti-CD33, dva pacienti s 1. relapsem BCP
ALL byli lé€eni kombinaci anti-CD52 (Campath) a chemoterapii pouze s ¢aste€nym efektem
bez dosaZeni molekulérni remise a pacient s 1. relapsem BCP ALL s vysokou pozitivitou
CD20 na rezidudlnich leukemickych blastech byl lécen anti-CD20 (rituximab) spolu

s chemoterapii a doséhl molekularni remise.

‘ cALL lécba casného relapsu | cALL lécba pozdniho relapsj
anti-CD§2 | anti-CD52 I

CD52™a

blasty I
neg neg

Obrazek 15. Ukdazka monitorovani lécebného efektu kombinace chemoterapie a anti-CD52
(Campath™). MRN byla detekovina pomoci kvantitativniho sledovani klondlnich prestaveb
Ig-TCR a pomoci 8-barevné pritokové cytometrie (CD58 FITC/CD66¢ PE/CDI0
ECD/CD45PerCp/CD34 APC/CD20 PB/CD38 A700). U pacienta s casnym relapsem jsme
pFi pozitivité MRN podle pritokové cytometrie pied alogenni transplantaci prokazali selekci
CDS52 negativnich blasti (ovéFeno klonem s jinym cilovym epitopem neZ md anti-CD52
v Campathu). DH2-5, Db2, Vd2, VbI- Ig/TCR jsou cile pro sledovdni MRN.



E. Mejsttikova, strana 46

V soucasné dobé se jiz do klinické praxe dostdva humanizovana anti-CD22 protilatka
konjugovana s calicheamicinem - inotuzumab ozogamicin. Prvni perspektivni vysledky jiz
byly ukazény u dospélych pacientli s lymfomy a na zvifecim modelu ALL 240,244 Perspektiva
tohoto 1éku u ALL je velika, prakticky vSechny BCP ALL tuto molekulu exprimuji. Podobny
je 1 mechanismus fungovani jako u gemtuzumab ozogamicinu, po navazani protilatky dochazi
k internalizaci komplexu, v lysozymu dojde k oddéleni cytostatika, které poskozuje DNA
cilové buikky podobnym mechanismem jako ionizujici zafeni. Toxicita jak gemtuzumab tak i
inotuzumab ozogamicinu neni zanedbatelné a nelze je ptidat navic ke standardni protokolarni
lécbe bez redukce a/nebo zmény ostatnich 1€kt a nelze tak ocekavat v dohledné dobé zapojeni
do indukéni lécby ALL, kdyz procento dosazenych kompletnich remisi v uzndvanych
léCebnych protokolech je vyssi nez 95%. Monoklonalni protilatky fungujici samostatné bez
navazan¢ho cytostatika lze zpravidla do stavajicich lécebnych protokold priddvat snadnéji
(napf. anti-CD22 epratuzumab 3 anti-CD20 rituximab, anti-CD52 campath). V soucasné
dobé protokol COG pro relaps BCP ALL pridava anti-CD22 protilatky (epratuzumab) piimo
do indukéni 1écby relapsu ALL 4 podobna strategie se v soucasné dobé zvazuje i v novém
lécebném protokolu pro recidivy détské ALL v ramci BFM skupiny. Prevazujici zkuSenosti
jsou tedy predevSim zlécby refrakterni ALL, kde jiz zpravidla testujeme efekt na
polyrezistentni leukemické buiiky. Za zminku stoji je$t€¢ obcasné pouziti monoklonélni

protilatky OKT-3 (anti-CD3) v 1é&bé refrakterniho relapsu T ALL %%

3.2. Lécba leukémie, monitorovani ucinnosti Ié¢by
3.2.1. Hodnoceni minimalni rezidualni nemoci

Zékladnimi metodikami pro sledovani MRN je kvantitativni sledovani prestaveb gent Ig/TCR
a pratokova cytometrie (detailni charakteristika metodik je rozvedena dale). Zlatym
standardem pro monitorovani ALL je v soucasnosti RQ PCR pro Ig/TCR. Rezidualni nemoc
se postupné zapojuje do lééebnych protokoli nejen détské ALL. Diky sledovani MRN
pomoci PCR je tak definovan novy pojem - molekuldrni remise. Obecné pacienti s BCP ALL,
kteri doséhnou v ramci protokold BFM molekularni remise po prvnim indukénim bloku, jsou
pacienti s velmi dobrou prognozou **. Pacienti s T ALL maji jiny charakter odpovédi, obecné
odpovidaji na 1écbu pomaleji, plati ale, Ze pacienti negativni tfi mésice od diagnozy prakticky

v 7
nerelabuji ’
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V soucasné dobé je sledovani MRN pomoci RQ PCR Ig/TCR pro fadu zejména ekonomicky
méne vyspélych zemi metodikou nedostupnou. Naproti tomu pratokova cytometrie je
roz§itena 1 vzemich shorSim ekonomickym zdzemim. Vzhledem k nedostate¢né
standardizaci cytometrie, predev§im jeji interpretace, jsou vSechny dosavadni cytometrické

. , . . . . . 247-
studie MRN omezené bud’ na jednu instituci nebo laborato 7 * 272

3.2.1.1. Imunofenotypova detekce MRN u ALL

Imunofenotyp ALL blastl odpovida vice ¢i méné imunofenotypu normalné se vyvijejicich
prekurzori. Nemaligni prot&jsky prekurzord T lymfocytd se fyziologicky vyskytuji pouze
v thymu, pro sledovani rezidualni nemoci v periferni krvi a kostni dfeni u T ALL by
teoreticky mélo stacit detekovat blasty podle imunofenotypu nezralych T prekurzori (exprese
intracelularniho TdT, negativita povrchové CD3 v ramei CD7P°“CD5P* T lymfocytd ©°7. Dale
je znama typicka hyperexprese molekuly CD99 u vyznamné &asti T ALL /. Naproti tomu
nemaligni B prekurzory jsou ve variabilnim poétu prakticky vzdy v kostni dfeni zastoupeny
B Znamy je tzv. rebound fenomén, kdy nachazime v regenerujici kostni dieni B prekurzory
napi. po chemoterapii az v desitkdch procent. Hledani rozdild v imunofenotypu blasti od
nemalignich B prekurzori je zasadni problém rezidualni nemoci u BCP ALL #’.

Pro odliSeni leukemickych B prekurzord od nemalignich prot&jski vyuzivame nékolik
typickych vlastnosti leukemickych blastt:

snizend nebo naopak zvysena exprese nekterych molekul (napf. sniZzena exprese az negativita
molekuly CD38, hyperexprese CD10, CD58)

exprese aberantnich molekul z jiné linie nez lymfoidni (napt. exprese CD66¢c, CD33, CD13,
CD15)

exprese molekul v ramci normalni hematopoézy se viubec nevyskytujici (NG2 — molekula
chondroitin sulfatu, ktera se exprimuje typicky u ALL 1 AML s pfestavbami MLL genu)
asynchronni exprese molekul (napf. intracelularni exprese TdT na CD34"¢ blastech, pozitivita
CD21 na CD34"% blastech)

Je nutné zminit i zmény imunofenotypu u détské ALL b&hem lécby. V ramci indukce ALL,
kdy vyznamnou cast terapie tvori kortikosteroidy, je casté potlaceni exprese né€kterych
molekul, které pfi diagnoze hodnotime jako hyperexprimované (napt. CD10, CD34) nebo
naopak upregulace molekul, které hodnotime pii diagndze jako sniZzen¢ exprimované (napf.
CD45) %" %2 Mezi diagnozou a relapsem Casto nachazime nestabilitu exprese aberantnich
molekul, jako je napr. CD33, CD13 a CD15 22 naopak molekula CD66c¢ ukazuje vyznamnou

252

3 Prokazali jsme ale stabilitu myeloidniho antigenu CD33 v ¢asné fazi 1é¢by <.

stabilitu 2
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V souCasné dob¢ se postupné stava dostupnd 9 a vice-barevna cytometrie (priklad na obrazku
16), umoziujici analyzu vice nez 11 parametri na jednotlivé bunce. Ocekavame s timto
pfistupem zvySeni senzitivity a specificity pratokové cytometrie zejména v ¢asovych bodech

s regeneraci v KD.
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Obrazek 16a. MRN podle pritokové cytometrie u pacienta s vysoce rizikovou B
prekurzorovou ALL 3 mésice od zahdjeni lécby. Pacient s inicialni hyperleukocytézou aZ
200000 WBC/uL, dobrou odpovédi na prednisom a vice nez 25% blastii (M3) v KD v den 15,
coz  pacienta kvalifikovalo do vysokého rizika. Analyza kombinace
CD38/CD66¢/CD10/CD19/CD45/CD34/CD38/CD20. Vsechny obrdzky jsou z gatu CDI19*
bunék. V kostni dreni jsou zfetelné jak nemaligni B prekurzory (CD66¢™ CDS58
hperexprese) D38 ), tak i leukemické burky (aberantni exprese CD66¢, hyperexprese CDSS8,
nizka az negativni CD38, vyssi intenzita CDI10 oproti nemalignim B prekurzoriim). Celkova
hladina MRN je 1,2% ze vSech jadernych bunék a tato hodnota by pacienta podle
nejnovéjSich BFM kritérii kvalifikovala pro maximalni terapii vcetné alogenni SCT i od
nepribuzného darce (pacient Zije v 1. kompletni remisi 22 mésicu od inicidalni diagnozy na
udrzovaci terapii dle protokolu ALL IC BFM 2002).
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Obrazek 16b. Vysokd hladina MRN (modre) na hladiné 5,8% s koexistenci nemaligni B Fady
(Cervené) u pacienta s PR ALL 180 dni po SCT. Po neuspésné indukcni terapii bylo remise
dosazeno az po pridani imatinibu. Pacient byl transplantovdn v molekuldrni remisi podle
prestaveb 1g/TCR (pacient cislo 36 z prilohy 5), pFesto velmi ¢asné narostla MRN a ndasledné
nemoc zrelabovala (jednd se o jediného pacienta s negativni MRN pred SCT, ktery
zrelaboval). Pacient zemrel v [éché relapsu na systéemovou mykotickou infekci. Leukemicky
puvod blastit zndzornénych na tomto obrdazku jsme overili primym sortovanim a ndslednym
ovérenim pritomnosti klonadlnich prestaveb 1g/TCR.

3.2.1.1.1. Cytometrickd rezidudlni nemoc v mezindrodni studii Mini-Mini

Jak jiz bylo zminéno, vSechny dosud publikované i aktualn¢ probihajici studie vyuzivajici
MRN pratokovou cytometrii jsou zpravidila omezeny na jednu laboratof, respektive jednu
instituci 7% % 247 425 e ziejmé, ze detekce MRN ve studii tohoto rozsahu je mozna jen
multicentricky. Pritokova cytometrie je povaZovana za metodiku obecné dostupnéjsi i
v zemich s horSim ekonomickym zazemim. Asi u 5 az 10% pacientli se nepodari zavést PCR
systém, bud’ z diivodu nenalezeni vhodnych dostate¢né specifickych a senzitivnich klonalnich
prestaveb, nebo z divodu logisticko - biologickych (nemoznost ziskat dostate¢né mnozstvi
materialu pfi diagnéze onemocnéni, nezaslani rozhodujicich vzorkid do laboratore). U téchto
pacientu logicky vznika otazka pouzitelnosti klasifikace MRN podle pritokové cytometrie.

Dosud ale nebyla publikovana jednoznacna kritéria pro hodnoceni cytometrick€é MRN.
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Vramcei studie Mini Mini jsme navrhli jednotny panel monoklonalnich protilatek s
pouzitelnosti prakticky pro vSechny pacienty s ALL. Vramci hodnoceni MRN jsme
definovali Siroké spektrum subpopulaci rémci B fady i T fady s cilem postihnout i pfipadné
imunofenotypové odchylky vzniklé jak v casné fazi lécby ! 298 v ramci B fady jsme
definovali podle pacientl z pilotni faze (déti s relapsem ALL a sledovanou MRN podle RQ
PCR a pacienti s regenerujici kostni dieni v prabéhu lé¢by a po SCT) celkem 29 subpopulaci
avramei T rady celkem 5 subpopulaci. Do studie se zapojily laboratofe z Chorvatska, Izraele,
Mad’arska a Hong Kongu. Navrhli jsme jednotné templéaty pro interpretaci dat v softwaru
Cellquest (BD San Jose) a FlowJo (TreeStar, Oregon). Lécba ALL piedstavuje komplexni
situaci, kdy v kostni dieni dochazi postupné k redukci nadorového klonu a znovuobjeveni
nemaligni hematopoézy. Oba tyto dynamické aspekty je pratokova cytometrie schopna
obsdhnout. Vzhledem k tomu, Ze podle protokolu ALL IC BFM-2002 se 1éci od fijna 2002 a
medidn sledovani celé kohorty stdle neni dostateény pro korelaci s prognozou, bylo nutné
najit v prvni fazi jiny zplsob, jak ovéfit tento zptasob hodnoceni cytometrickych dat. Jak jiz
bylo zminéno vyse, zlatym standardem v soucasn¢ dobé je detekce MRN podle RQ PCR Ig/
TCR. Podle ndhodné poloviny negativnich vzorku v dany casovy bod a podle tzv. ,.cross
lineage™ kontrol (pacienti sT ALL zméfeni kombinacemi proB fadu a naopak) jsme
definovali pozadi v kostni dieni specifické pro kazdy casovy bod zvlast. Hodnoty
subpopulaci, které presahli trojnasobek 98. percentilu subpopulaci ,,cross lineage™ kontrol a
RQ PCR negativnich vzorkd, jsme definovali jako MRN, pokud bylo vice hodnot subpopulaci
hodnoceno jako MRN, jako MRN jsme oznacili nejvyss$i z nich. Hodnoceni senzitivity a
specificity MRN podle pritokové cytometrie bylo tedy vztazeno k hladiné MRN podle RQ
PCR (priloha 11).

Zjistili jsme, ze predem definované subpopulace mohou poskytnout relevantni informaci i
v platformé 4barevné cytometrie. Jak rozvadim v pFiloze 11, standardné definované
subpopulace rozdéli vden 15 pacienty s BCP ALL (ale nikoliv sT ALL) podle
pravdépodobnosti MRN podle citlivé PCR vden 33 a vtyden 12. Tyto zavé€ry maji

bezprostiedni vyznam pro planovani dalsich 1écebnych protokoli.

3.2.1.2.  Molekularné geneticka detekce MRN u ALL
Obecné u ALL je mozné nalézt molekularné genetické cile u vétSiny pacientd (minimalné€ u
80%). Jednak vyuzivame jak prestavby gent Ig/TCR, u pacienti s pfitomnym fiznim genem

(napf. TEL/AML1 nebo BCR/ABL) lze pouzit i sledovani jejich transkriptd. VétSina
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léCebnych stratifikaci v soucasné dobé vychazi u ALL piedev§im z kvantitativniho sledovani

prestaveb Ig/TCR nebo pritokové cytometrie **7 2,

3.2.1.2.1. Sledovani MRN u ALL pomoci prestaveb imunoreceptorovych genii
(Ig/TCR)

Detekce MRN pomoci kvantifikace klonalnich prestaveb gend pro imunoglobuliny (Ig) a T-
bunécné receptory (TCR) vychazi z predpokladu, ze bunky ALL jsou malignimi prot€jsky

k . Pokud maligni zasah postihne lymfoidni prekurzor, ktery jiz

nezralych lymfoidnich buné
zahajil proces V-(D)-J rekombinace, maji vSechny jeho dcefiné bunky stejné sekvence
prechodovych oblasti podjednotek antigenovych receptort specifické pro leukemicky klon
daného pacienta. Mezi nejcastéji detekované klonalni piestavby u leukémii z B fady patii
prestavby té€zkych retézct imunoglobulint, které 1ze detekovat u vice nez 95% détskych ALL
z B tady. VétSinu z nich tvori kompletni prestavby V-D-J, v piiblizn¢ 20% lIze nalézt
nekompletni D-J prestavby. U T-ALL lze sledovat prestavby T bunééného receptoru gama
(TCRG), delta (TCRD), a beta (TCRB), prestavby podjednotky alfa se pro pfiliSnou slozitost
tohoto wvySetfeni rutinn€ nevysetiuji. Zvlastnim fenoménem u leukémii je tzv. liniova
promiskuita, ktera zpisobuje prestavovani genu pro receptory T lymfocytd u B prekurzorové
ALL (TCRG, TCRB a nekompletni prestavby TCRD) a naopak vyskyt nekompletnich
piestaveb IgH u T ALL %,

Prvnim krokem metodiky je urceni klonality prestaveb pomoci screeningového panelu, ktery
zahrnuje (podle postupu pouzivaného nasi laboratoii) 27 PCR reakei pro jednotlivé rodiny
segmentd tézkych (IGH) a lehkych (IGK) fret€ézci imunoglobulini a pro nejcastéji
piestavované segmenty TCRB, TCRG a TCRD “*'. Monoklonalni produkty PCR ovétené

201 jsou sekvenovany a na zaklad€¢ prechodovych V-(D)-J

pomoci analyzy heteroduplext
sekvenci jsou navrzeny specifické primery. Pomoci téchto primerii a fluorescenéné znacenych
sond je pak zavedeno pacient-specifické RQ-PCR 7% 62265 MRN je kvantifikovana s
pouzitim DNA z diagnostického vzorku kostni diené jako standardu. Takto je mozné v
laboratofich s dostatecnou zku$enosti zavést systém pro sledovani MRN az u 95% pacientli
s ALL, ve skutecnosti je vzdy celkova usp€Snost nakonec nizsi, vstupuje do toho Casto faktor
1 logisticky (nedostate¢né mnozstvi materialu, nedodani vzorku do laboratore apod.). Tato
univerzalnost je vSak vykoupena velkou finan¢ni, ¢asovou a metodickou naroCnosti této
metody. DalSim negativem je mozZnost nespecifického nasedani primeri na prestavéné

sekvence Ig/TCR ve zdravych lymfocytech s nebezpecim faleSné pozitivity vySetieni. Proto

byla Evropskou skupinou pro rezidualni nemoc u ALL (ESG-MRD-ALL) navrzena pravidla
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pro vyhodnocovani MRN pomoci této metody, kterd zahrnuji mimo jiné pouziti multiplikatu
DNA z lymfocytd zdravych darct jako negativni kontroly 264 prokazali jsme, ze regenerace B
fady po transplantaci kostni dfené je spojena s faleSnou pozitivitou piestaveb
imunoreceptorovych genii v cilech zahrnujici nékteré typy piestaveb tézkého i lehkého
feté€zce, pfestoze vzorky byly vyhodnoceny jako pozitivni podle kritérii ESG. Mira této
regenerace predevSim zavisi na soub&zné podavané imunosupresi: pii podani kortikoida
nachazime vyznamnou redukci B prekurzort az jejich absenci, s ¢imz je spojen vyznamné
niz8i pocet faleSnych pozitivit v systémech pro detekci MRN podle Ig/TCR prestaveb
(priloha 6).

3.2.1.2.2. Sledoviani MRN u ALL pomoci fuznich genii

U ¢&asti pacientd s ALL jsme schopni identifikovat tzv. fuzni geny. Tyto fizni geny lze
souasnymi metodikami detekovat v nékterych pripadech jak na trovni mRNA, tak i na
trovni DNA (napftiklad fizni geny zahrnujici gen MLL), nékteré fuzni geny se z technickych
diavodu detekuji pouze na RNA urovni (BCR/ABL). Prokazana je dobra korelace hladiny
transkriptu TEL/AMLI a piestaveb [g/TCR “%. TEL/AMLI se tedy nabizi jako vhodny cil pfi
nemoznosti sledovani specifickych cili podle prestaveb Ig/TCR. Dosud neni publikovéna
prace, kterd by technicky a prognosticky srovnala detekci MRN podle prestaveb Ig/TCR a
pomoci fizniho genu BCR/ABL. U korelace fuzniho genu BCR/ABL s prestavbami Ig/TCR
je tieba mit na paméti, Ze fuzni gen BCR/ABL muze byt u ALL pfitomen (podobné jako u
blastického zvratu CML) i v jinych liniich nez v lymfoidni 206-265 Nevyhodou sledovani MRN
pomoci fiznich gend na RNA trovni je moZnost kontaminace s rizikem falesné pozitivity a

dale celkove vyssi pozadavky na kvalitu a stari vzorku.

3.2.1.3. Neprimé sledovani MRN pomoci chimérismu po alogenni SCT

Pro tplnost je tieba je$té zminit sledovani pfipadnych rezidualnich leukemickych bunék
obecné u hematologickych malignit, jak akutnich, tak i chronickych, pomoci chimérismu
s pibliznou citlivosti 10, Zlatym standardem v sou¢asné dobé je sledovani pacienta a darce
pomoci specifickych STR (short tandem repeats) sekvenci 209-272 Samoziejmé signal piijemce
nemusi vzdy znamenat nutné relaps malignity. Populaci, ve které detekujeme genotyp

oo N o269
pifjemce, lze ozfejmit sortovanim “%.
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3.2.2. Lééebny protokol ALL IC-BFM 2002 pro primarni lécbu de novo
ALL

Studie ALL IC-BFM 2002 je lé¢ebny protokol, ktery byl koordinovan Ceskou republikou a
jeho vznik byl motivovan snahou zlepsit Ié¢ebné vysledky v zemich s dostateGnou zkusenosti
s protokoly BFM skupiny, ale nedostate¢né zkuSenych v monitorovani MRN. Jednim z cild
bylo srovnat stratifikaci pacientii podle klinickych a biologickych vlastnosti se stratifikaci
protokolu ALL-BFM 2000, ve kterém byli pacienti stratifikovani ptedev§im podle hladin
MRN. Zakladni schéma obou protokolii je na obrazku 17. V ALL-BFM 2000 se zasadné

zménila stratifikace, nektera klasicka kritéria, ktera se pouZzivala v pfedchazejicich lécebnych
259,273 ¢

(priloha
7). Tato kritéria byla nahrazena parametrem MRN podle prestaveb Ig/TCR ve dvou ¢asovych

protokolech, jako v€k a leukocytdza, nebyla zahrnuta do stratifikace pacientl

bodech — v den 33 a tyden 12 od diagnézy ALL. Tyto ¢asové body pro detekci MRN byly
podlozeny retrospektivni analyzou MRN publikovanou v roce 1998°%°. Pacienti s negativni
rezidualni nemoci v den 33 a v tydnu 12, s dobrou odpovédi na prednison a bez fiizniho genu
BCR/ABL a MLIL/AF4 jsou fazeni do standardniho rizika. Pacienti se §patnou odpovédi na
prednison, s prokazanym fuznim genem BCR/ABL nebo MLL/AF4, nedosazenim remise
vden 33 nebo MRN vyssi nez 107 vtyden 12 jsou fazeni do vysokého rizika. Ostatni
pacienti, véetné téch, u kterych neni mozné zavést systém na sledovani pfestaveb
imunoreceptorovych gent, jsou fazeni do stfedniho rizika. Lécebny protokol ALL IC-BFM
2002 zahrnuje zemée ze vSech kontinentd a v souc¢asné dobé bylo do tohoto protokolu od fijna
2002 zarazeno vice jak 4000 déti s noveé diagnostikovanou ALL. Zakladni otdzkou tohoto
protokolu je porovnani klasickych stratifika¢nich kritérii s novou stratifikaci zohlednujici
MRN v ramci ALL-BFM 2000. Pacienti standardniho rizika v protokolu ALL IC-BFM 2002
spliuji nasledujici kritéria: jsou mlad$i 6 let, inicialni pocet bilych krvinek je nizSi nez
20000/uL, v den 33 je dosazeno kompletni remise, v den 15 v kostni dfeni je méné nez 25%
blasti, maji dobrou odpovéd’ na prednison a nemaji prokazany fizni gen BCR/ABL ani
MLL/AF4. Pacienti vysokého rizika spliiuji alespori jednu podminku z nasledujicich: Spatna
odpovéd’ na prednison, nedosazeni kompletni remise vden 33, prokazany fuzni gen
BCR/ABL nebo MLL/AF4, vice nez 25% blasti v den 15 u pacientl jinak nespliujicich
standardni riziko. Ostatni pacienti jsou fazeni do stfedniho rizika. V ramci protokolu probihaji
dvé vyzkumné studie srovnavajici vyslednou stratifikaci v obou protokolech: studie Mini Risk
sleduje, zda pacienti standardniho rizika by splnili kritéria pro zatazeni do nizkého rizika 1

v protokolu ALL BFM 2000, studie Mini Mini (viz kapitolu 3.2.1.1.1, str. 4) teSi otazky
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detekce MRN priitokovou cytometrii. Prokazali jsme, Ze skupina standardniho rizika se lisi

273 (piiloha 7).

ALL IC-BFM 2002 :

v obou protokolech
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Obrazek 17. Schéma lécebného protokolu ALL IC-BFM 2002 a AIEOP BFM 2000.
Zdiraznény jsou casové body, v kterych byla monitorovana MRN v protokolu ALL IC BFM
2002 a v kterych casovych bodech se stratifikuje v lé¢ebném protokolu ALL BFM 2000.
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3.2.3. Detekce MRN po relapsu ALL a u pacientd indikovanych k alogenni
SCT

74 jsou viibec prvnimi, u kterych byla v Ceské

Pacienti, ktefi jsou zahrnuti v priloze 5
republice sledovana lé¢ebnd odpoveéd’ podle piestaveb imunoreceptorovych gent. Tito
pacienti predstavovali prvni kohortu pacientii pro ovéfeni senzitivity a specificity MRN podle
prutokové cytometrie, ktera byla v pilotni studii pouZivana v nasi laboratofi jiz od roku 1996.
V ramecli studie jsme prokazali, Ze negativita MRN podle ptestaveb imunoreceptorovych geni
pted SCT (vzorek odebrany tésné pred zahajenim pfipravného rezimu — tzv. ,,conditioningu*)
je podle naSich dat vyznamnym prediktorem preziti bez udalosti jak v univariantni, tak i
multivariantni analyze. Do studie byli zahrnuti pacienti jak s relapsem ALL, tak i pacienti
s vysoce rizikovou formou ALL, u kterych byla indikovana SCT v 1. kompletni remisi.

Dosud jedinou publikovanou studii o prognostickém vyznamu MRN podle pritokové
cytometrie u relapsu ALL je prace Coustan — Smith et al. ?”°. V této studii byli hodnoceni
vsichni pacienti, v€etné pacientli s extramedularnim relapsem, kteti méli vysetfenou hladinu
MRN po skonéeni indukce a méli vhodny imunofenotyp pro sledovani. Tato studie v ramci
multivariantni analyzy ukézala jako negativni prognosticky faktor relaps vznikly v prabéhu
Ié€by a MRN >0,01% na konci indukce. Tato publikace potvrzuje zkuSenost i jinych
pracovnich skupin na svete, ze ¢asny relaps v kostni dieni na 1é¢b€ je pouhou chemoterapii
prakticky nevylécitelny 27°.

U pacientdi zahmutych v élanku Sramkové et al. byla sledovana MRN rovnéz pritokovou
cytometrii, v letech 1996 az 2002 detekce byla provadéna meéfenim jedné nebo dvou
Leukemia Associated Immunophenotype) odlisujici maligni od nemalignich bunék. Tato
strategie je v detekci MRN velmi ¢asta % 277 25 Pro pokryti eventualnich
imunofenotypovych shiftd se doporucuje pouzit pro detekci MRN alespont dvé
imunofenotypové aberace 7% Rozliseni leukemickych bunék od pripadnych regenerujicich
prekurzora je postaveno na expertnim hodnoceni cytometristy. Tento piistup neumoziuje
komplexni pfistup k rezidualni nemoci pratokovou cytometrii, napf. neni mozZn€ timto
piistupem definovat, jaké populace jsou v dany Casovy bod normou a jaka hranice jejich
procentualniho zastoupeni jiz svéd¢i pro MRN. Od zaii 2002 jsme zahajili detekci MRN
vramci studie Mini Mini v protokolu ALL IC-BFM 2002 podle jednotného panelu
¢tyfbarevnych  kombinaci  zvlast pro  BCP  ALL (SYTO16/CD19/CDA45,
CD20/CD10/CD19/CD34, CD10/CD66¢/CD19/CD45, CD58/CD10/CD19/CD34) a pro T
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ALL (SYTOI16/CD19/CD45, CD99/CD7/CD5/CD3 a intra-TdT/CD7/CDS5/intra-CD3)
(priloha 11). Tyto kombinace jsme ve stejné podobé zacali pouzivat pro detekci MRN 1 u
pacientt sledovanych po relapsu ¢i po transplantaci. V podstaté nam vyse uvedené kombinace
umoziuji definovat dostate¢ny pocet imunofenotypovych aberaci vhodnych pro sledovani

MRN.

3.2.4. Detekce MRN u pacientti s AML

Detekce MRN u AML byla prvni aplikace, kde jsme zacali pouzivat 4-barevnou pritokovou
cytometrii a v ramci této studie jsme definovali fadu principi pouzitelnych i pro detekci MRN
u ALL. Cela studie probihala v ramci protokolu AML BFM 98, ktery byl koordinovana
kolegy z Minsteru. V nasi studii jsme definovali jako zékladni 2 antigeny CD34 a CD33
(,,patet (backbone)“), na nichz se detekovaly jednotlivé imunofenotypové aberace. Pro
kvantifikaci MRN z jadernych bunék jsme zavedli méfeni fluorescenéni barvicky SYTO-16,
které volné€ prochazi bunéfnou membranou a znaci nukleové kyseliny a tim pomaha
k odliseni jadernych bunék od nejaderné drti. Median vzniku relapsti u détskych AML je

102250 coz umozituje rychlé hodnoceni vlivu MRN na vysledky lécby. Detekce

okolo 1 roku
MRN probihala ve dvou ¢asové oddélenych periodach, pti€emz na pacientech z prvni kohorty
(2000 az 2001) se stanovily prahové hodnoty (,cut offy”) jednotlivych subpopulaci
v definovanych ¢asovych bodech (den 15, 21 az 28, 42 — 56, 70 az 84) pro predikci relapsu

2 Na spole¢nych datech jsme prokdzali, Ze pacienti s prokazatelnou

onemocnéni
imunologickou pfitomnosti blasti ve 3 a vice casovych bodech méli signifikantné horsi preziti
bez udalosti (p¥iloha 4) %, V ramci multivariantni analyzy jsme ale neprokdzali ptidatnou
hodnotu MRN podle pritokové cytometrie ke kritériim, ktera se pouzivala ve stratifikaci

podle protokolu AML BFM 98 /#/ /7,

4. Zaver

4.1. Myeloidni antigeny u ALL

Objevili jsme nové souvislosti mezi aberantnimi myeloidnimi antigeny a jejich vztah
k prognoze a ke genotypu (prilohy 1, 3). Objevili jsme silny prognosticky vyznam exprese
CD33 u ALL celkové 1 u dulezitych podskupin pacientd (pfiloha 1). Nase vysledky ukazuji,
7e jednotlivé myeloidni antigeny mohou byt regulovany rozdilné a Ze tedy dosavadni praxe

jejich sméSovani byla nespravna. Demonstrovali jsme nestabilitu exprese myeloidnich
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antigend zejména pii primarni 1écbé ALL (pFilohy 1, 3), pficemz nékteré antigeny (CD66c)

mayji srovnatelnou expresi pii relapsu ALL, jiné (napt. CD33) nikoliv.

4.2. Vyznam diferencia¢niho antigenu CD10

------

v ramci klasifikace B prekursorové ALL pouzita k lepsimu prognostickému rozdéleni ALL.

4.3. Minimalni rezidualni nemoc
Priatokova cytometrie pii primarni 1é€bé rozdé€li pacienty s B prekurzorovou ALL podle

hladiny MRN. Spolehlivé pouziti 4 barevné cytometrie s pfeddefinovanymi gaty je limitovano
na prvnich 15 dnii protokolu ALL-IC BIFM2002, pfi¢emz tato hodnota spolehlivé urci
zatazeni do skupin MRN méfenych PCR. Analogické vyuziti casné odpovédi na lé€bu T ALL
neni mozné pro jinou kinetiku lé¢ebné odpovédi (prilohy 7, 11).

U neptiznivych forem ALL lze cytometricky detekovat MRN i v pozdgjSich fazich lécby
(priloha 5), pravdépodobné diky mensi fenotypové plasticit¢ malignich blastli. Rekonstituce
B fady je potencidlnim zdrojem fale$nych pozitivit 1 pi1 detekci MRN pomoci prestaveb genl
Ig (pFiloha 6)

Cytometrie detekuje MRN u AML, ale neni schopna prognosticky rozdg€lit pacienty v rdmci

existyjicich rizikovych skupin (pfiloha 4).

5. Seznam zkratek

ABL gen V-abl Abelson murine leukemia viral oncogene homolog,
lokalizace 9q34.1

AEIOP Associazonie Italiana Ematologia Oncologia Pediatrica (pracovni
skupina)

AF10 gen ALLI1 fused gene from chromosome 10, lokalizace 10p12

AHL akutni hybridni leukémie

ALL akutni lymfoblasticka leukémie

AML akutni myeloidni leukémie

AML Mdeo akutni myeloidni leukémie varianta M4 s eosinofilii

AMLI1 gen Acute myeloid leukemia 1 (synonymum RUNX1 (runt-related
transcription factor 1), CBFA2 (core binding factor A2)), lokalizace
219223

ara-C cytosin arabinosid

ARA-G arabinosyl guanin

ATRA all-trans retinova kyselina (retionoic acid)

BCP B prekurzorova (B cell precursor)

BCR Breakpoint cluster region, lokalizace 22q11.2 (soucast fuzniho genu
BCR/ABL)

BFM Berlin-Frankfurt-Miinster (pracovni skupina)



E. Mejstrikova, strana 58

bHLHB1

CALM
CBF
CBFp
CCG
CD
CEBPa.
C-KIT
CNS
COG
DAPI

DNA
EFS

EGIL

ESG-MRD-ALL
EsPhALL

ETO

FAB
FLT3
FLT3/ITD
GMALL

GO
GSTT1
HDAC
HLA
HOX11
HOX11L2
Ig

ITD
JMML
L
LAIP
LMO1
LMO2
LYL1
MDS
MLL
MRN
MYC
MYH11
NCI
NG2

gen Basic helix-loop-helix domain containing, class B, 2, lokalizace
21g22.11

gen calmodulin | (phosphorylase kinase, delta), lokalizace 14q24-q31
core binding factor

gen podjednotky 3 CBF, lokalizace 16q22

Childhood Cancer Group (pracovni skupina)

cluster of differentiation (nomenklaturni systém antigentl)

gen pro CCAAT enhancer binding protein alpha, lokalizace 19q13.1
gen receptoru pro stem cell faktor, lokalizace 4q12

centralni nervovy systém

Childhood Oncology Group (pracovni skupina)

4".6 - diamidino - 2 - phenylindole, dihydrochloride (fluorescen¢ni
barvivo znacici stechiometricky DNA)

deoxyribonykleova kyselina (deoxyribonucleic acid)

preziti bez udalosti (,,udalosti* je smrt, relaps nebo sekundarni
malignita, event free survival)

European Group for the Immunological Characterization of Acute
Leukemias

European Study Group on MRD detection in ALL (pracovni skupina)
European Intergroup Study on Post Induction Treatment of Philadelphia
Positive Acute Lymphoblastic Leukaemia with Imatinib

gen Eigth twenty one (synonymum RUNXITI (runt-related
transcription factor 1; translocated to, 1 (cyclin D-related)), lokalizace
8q22

French-American-British (klasifikace leukémii)

gen FMS-like tyrosine kinase 3, lokalizace 13q12.2

interni tandemova duplikace FLT3

German Multicenter study group on Adult acute Lymphoblastic
Leukemia (pracovni skupina a protokol)

gemtuzumab ozogamicin, Mylotarg

enzym glutathion S-transferaza theta 1

histon deacetyldza (histon deacetylase)

human leucocyte antigen

rodina genit Homebox11 (TLX1,2,3)

gen Homebox11L.2, lokalizace 7p15-7p14.2

imunoglobulin

interni tandemova duplikace

juvenilni myelomonocytarni leukémie

litr

leukemia associated immunophenotype

gen (LIM domain only 1 (thombotin-like 1)), lokalizace 11pl15

gen (LIM domain only 2 (rhombotin-like 2)), lokalizace 11p13

gen Lymphoblastic leukemia derived sequence 1, lokalizace 19p13.2
myelodysplasticky syndrom

gen Myeloid/lymphoid or mixed lineage leukemia, lokalizce 1123
minimalni rezidualni nemoc

protooncogen MYC, lokalizace 8q24

gen Myosin heavy chain, lokalizace 16pl3

National Cancer Institute

molekula chondroitin sulfatu
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NHL
NOTCH1

NPM1
OKT-3
PAXS
PCR
pEFS

Ph
PML
PNP
POG
pRFS
RAEB

RAEB-t

RARa
RC

RFS
RNA

RQ PCR
SCT
STR
SYTO-16

TAL1
TAL2
TCR
TdT
TEL
TLX1
TLX3
TMD

TPs3
VOD
WT1

Non Hodginsky lymfom

gen Notch homolog 1, translocation-associated (Drosophila), lokalizace
9q34.3

gen nucleophosmin, lokalizace 5g35

klon anti-CD3 protilatky

Paired box gene 5, lokalizace 9p13

polymerazova retézovd reakce (polymerase chain reaction)
pravdépodobnost preziti bez udélosti (,,udalosti* je smrt, relaps nebo
sekundarni malignita, event free survival)

Filadelfsky (Ph chromozom na podklad¢ translokace BCR/ABL (9;22)
gen promyelocytamni leukémie

purine nucleoside fosforylaza

Pediatric Oncology Group (pracovni skupina)

pravdépodobnost preziti bez relapsu

refrakterni anémie s excesem blastl (refractory anemia with excess of
blasts)

refrakterni anémie s excesem blastd v transformaci (refractory anemia
with excess of blasts in transformation)

gen receptoru pro retinovou kyselinu alfa (retinoic acid receptor alpha)
refrakterni cytopénie

preziti bez relapsu onemocnéni (relapse free survival)

ribonukleové kyselina (ribonucleic acid)

Kvantitativni polymerazova fetézova rekace

transplantace krvetvornych bunék (stem cell transplantation)

short tandem repeats

zelené fluorescenéni barvivo znacici nukleové kyseliny a volné
prochazejici bunéénou membranou

gen T-cell acute leukemia 1, lokalizace 1p32

gen T-cell acute lymphoblastic leukemia 2, lokalizace 9931

T bunécny receptor (T cell receptor)

terminélni deoxynukleotidyl transferéza

gen Translocation ets leukemia, lokalizace 12p13.1

gen T cell leukemia, gen z rodiny homebox gent, lokalizace 10q24
gen T-cell leukemia, gen z rodiny homebox gent, lokalizace 5q35.1
tranzitorni myeloproliferativni nemoc (transitory myeloproliferative
disease)

gen proteinu p53 (o velikosti 53 kDa), lokalizace 17p13
venookluzivni nemoc (venooclusive disease)

tumor supresorovy gen Wilmsova nadoru, lokalizace 11p13
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TO THE EDITOR

There has been a controversy about the prognostic impact of
myeloid antigens (MyAgs) in ALL. The issue has now regained
significance since an anti-CD33 monoclonal antibody (mAb) is
available for clinical treatment, which is considered for AML as
well as for CD33"° ALL."™* We evaluated the prognostic impact
of MyAgs in uniformly treated patients. From 9/1996 to 10/2002,
343 children with ALL were enrolled in a Czech nationwide
study ALL-BFM95. In 327 patients (96%) immunophenotyping
and molecular genetics were performed centrally in our
reference labs. Prednisone good responders (PGR) with WBC
at diagnosis <20000/uL and age 1-5 years were assigned into
standard risk group (SRG). High RG (HRG) corresponded to
prednisone poor response (PPR) or no remission at day 33 or
BCR/ABL or MLL/AF4 fusions. The remaining patients were in
the intermediate RG (IRG). Full statistics details are in the
Supplementary Information.

Immunophenotyping was performed on bone marrow
(BM) samples at diagnosis on flow cytometry (FC} using
FACSCalibur (BD San Jose, CA, USA). Informed consent
was obtained from the patients and/or their guardians. A
standard panel of mAbs was used for FC immunodiagnostics,
including: CD13 (SJ1D1 Immunotech, only in B-cell precursor
(BCP) ALL), CD15 (MMA BD), CD33 (D3HL60.251 Immuno-
tech) and CD65 (88H7 Immunotech), unvaryingly throughout
the study.

In a multivariate analysis of BCP ALL patients (Table 1), CD33
was the only MyAg with an independent prognostic impact. A
similar analysis on T ALL (n=45) did not show a prognostic
impact of listed MyAgs, therefore, we excluded 1 ALL cases
from further analyses. Three cases (0.92%) were excluded due to
the absence of a representative leukemic population by FC and
one case was excluded since CD33 was not assessed. RFS was
significantly worse in BCP ALL (total = 278) patients with higher
CD33P% percentage (patients with higher and lower CD33
percentage: 5-year RFS 57 +6 vs 87 +3%, median follow-up 3.3
and 4.0 years, n=98 and n=180, respectively; cutoff level:
10%; Figure 1). A similar analysis with a cutoff level of 20%
would reveal significant difference (P=0.0073, not shown).
When analyzed separately by RG, this difference remains
apparent and remains significant for SRG and IRG (5-year RFS
in cases with lower and higher CD33 percentage, cutoff 10%:
SRG, 8845 vs 59+11%, n=70 and n=36, P=0.01; IRG,
92+3 vs 60+9%, n=88 and n=49, P=0.00073; HRG,
58+13 vs 38+4+16%, n=22 and n=13, P=0.076). The
difference in IRG was significant at any cutoff level from 10 to
70% (always P<0.02, data not shown). Thus, CD33 is
prognostically important especially in IRG, which is the most
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abundant RG among relapsed cases but patients at risk are
otherwise difficult to discern. The BCP ALL cases with an
intermediate percentage of CD33P° blasts (10-50%) had a
poorer outcome {5-year RFS: 61 +7.9%) than the CD33"" cases
(P=0.00043), but not different than the cascs with high
CD33" percentage (>50% blasts; P=0.32). The difference
in the EFS of cases with higher CD33P* cell frequency was less
profound (BCP ALL: P=0.0022 and P>0.05, for cutoff 10 and
20%, respectively; data not shown) compared to RFS
(P=0.00002 and P=0.0073, Figure Ta). Asignificant difference
was noted in separate analyses for PGR (total =252), TEL/
AMLTP® (total = 82) and hyperdiploid (total = 62) (P<0.00001,
P=0.0051 and P=0.019, respectively; Table 2). in PPR, we
failed to prove prognostic significance of CD33 expression
(P>0.05, data not shown).

The striking prognostic importance of CD33 contrasts with
several studies from the 1990s,"® which failed to find a different
prognosis of MyAgP®® ALL. These papers followed a period of
controversy between studies showing significantly worse prog-
nosis of MyAgP® ALL”™® or no difference.'® However, recent in
vitro data showed a higher resistance for ALL blasts with
MyAgs."! Although the aberrant MyAg expression has been
known for at least 40 years, little is known about its regulation
and cell biological relevance. The mechanisms that lead to the
coexpression of several MyAgs in some cases are obscure; it is
also not proven whether the mechanisms causing MyAg
expression are comparable in T-ALL and in BCP ALL. Therefore,
it is inappropriate to combine several MyAgs into composite
criteria or to analyze the significance of MyAgs in BCP ALL
together with T-ALL cases. A shorter follow-up is among
possible reasons for a nonsignificant outcome; analysis of our
data by the criteria used by Uckun et af* (CD33 and/or CD13 at
a 30% cutoff value) does reveal a significant difference in
outcome (5-year EFS 52+9.2 and 77+3.4%, P=0.0052,
compared to 4-year EFS 77 +4 and 76 +1.8%, n.s." in MyAgP®®
and MyAg"*# BCP ALL, respectively). The median follow-up was
3.6 and 2.7 years in this and the previous® study, respectively.
Since toxic deaths are less likely to correlate significantly with
the immunophenotype, impact on RFS should always be
analyzed. The difference in EFS may become insignificant when
smaller cohorts of patients are analyzed. Another obscuring

Table 1 Cox multivariate analysis in B-cell precursor ALL:
correlation of variables with RFS

Variables P
CD65% 0.85
CD33% 0.0020
CD13% 0.44
CD15% 0.51
WBC at diagnosis 0.84

Response to prednisone 0.079
Age at diagnosis 0.088
ber/abl or mi/af4 0.000013

The independent prognostic significance of myeloid antigens (MyAgs)
together with the protocol-defined risk criteria is assessed by the Cox's
proportional hazard regression model. All patients in whom all listed
MyAgs were investigated, n =255, are included.



E. Mejstrikova, strana 79

0.9
0.8
0.7 1
0.6 1

p=0.00002

0.5

4
-
-
4

o
-
N
w
&
o
[}
o«

IRG
SRG

g IRG
06 1 SRG pG

-

o
-
N
w
IN
o
®
~
o)

¢ 100
90 4
80 4
70 A
60
50

40 A

CD33 expression
(% CD33 positive of all blasts)

30 4
20 4

10 4

0 ;
diagnosis

day 15 day 33

figure 1 Outcome significance of CD33 in B-cell precursor (BCP)
ALL. (a) Cases with higher percentage of CD33P cells (bold black
lines) are compared to those with lower CD33"" percentage (thin gray
lines). Cutoff 10% is represented in these plots, analyses on other
ialues are described in text; all BCP ALL cases (n=278); (b) RFS in
8CP ALL split by risk groups (P-values are 0.011, 0.00073 and 0.076
ior SRG, IRG and HRG, respectively). The cutoff value and the line
wlors are identical to the panel (a). (c) Percentage of leukemic cells
expressing CD33 during the induction therapy. Cases with cytome-
rically detectable minimal residual disease were evaluated for CD33
expression. Cells were gated according to optical scatter properties
and by the expression of CD10 and CD19 in three-color flow
tytomnetric measurements.

variable is the difference in mAb clones used in the study —
various mAb clones differ in the sensitivity towards the
respective MyAgs.'? This may have influenced especially
multicentric analyses (Baruchel, personal communication).
Therefore, it is appropriate to analyze RFS of BCP and T-ALL
separately, the MyAgs should be assessed by identical mAb
clones preferably in a single laboratory and the cohort should be

Correspondence

treated by a single chemotherapy protocol. The presented
population-based analysis contains all these features.

Antigen shift represents one of the possible reasons of the
immunotherapy failure. Since the anti-CD33 immunotherapy is
a potential extension of the presented analysis, we checked for
the stability of CD33 expression at relapse. In 39 of 51 relapsed
patients, we could compare the levels of CD33 expression at
diagnosis and at relapse. In line with previous studies,'’ the
expression among relapsed patients was rather unstable (17 of
39 switched between positivity and negativity, cutoff 20%, data
not shown), and included also cases whose blasts completely
lost CD33 expression at refapse. The expression of CD13 and
CD15 was also unstable, contrasting with the stability of a MyAg
CDé66c. '

We next asked whether a substantial shift in CD33 expression
could be observed already during the induction treatment. We
selected patients whose BM specimens contained at least 50%
CD33P blasts at diagnosis. Of these, specimens were selected
with a clear minimal residual disease at days 15 and/or 33 by
FC. CD33 expression was ascertained with a three-color
combination of CD10 (ALB2), CD33 (D3HL60.251) and CD19
(14.119, all from Immunotech). Percentage of CD33P* cells was
assessed in gated cells according to optical scatter and CD10
and CD19 expression. The data show that despite fluctuations
(Figure 1c), most patients retain the high CD33 percentage
during the induction treatment {9/12 at day 15 and 7/8 at day
33). Loss of CD33 expression thus usually does not occur at an
early phase of treatment.

So far, anti-CD33 treatment in ALL has been considered only
for patients with high percentage of CD33P* blasts and no other
realistic hope for cure.'™ The minimum percentage of CD33P>
blasts suitable for anti-CD33 immunotherapy is unknown. In the
presented cohort, there are 18 patients (5.5%) who meet the
arbitrary criteria of having BCP ALL with CD33 detectable on
majority (greater than 50%) of blasts and being in IRG or
HRG. The 5-year RFS of these patients was 40+ 15% {the 5-year
RFS of the remaining patients from the same subset was 80+4%),
P=0.0011). In total, eight of these patients relapsed and
one developed a secondary AML. Three of them underwent
allogeneic BM transplantation in second or third complete
remission. Economic reckoning of anti-CD33 immunotherapy
should consider that a proportion of the patients might be
rescued from an intensive relapse treatment including BM
transplantation.

Setting the anti-CD33 immunotherapy to the induction phase
of treatment seems to overcome the issue of antigen shift
(Figure 1c). In addition, peripheral nonmalignant CD33P% cells
are reduced by the intensive initial chemotherapy. This limits
the risk of therapy failure due to peripheral consumption of the
anti-CD33 mAb'® and the effective dose may be lower. Clinical
experience is cumulating with single anti-CD33 immunotherapy
as well as in combination with chemotherapy. If the presented
results are to be taken into clinical trials, a dose escalation study
early during treatment is preferable to select a safe dose that
does not cause a significant delay in chemotherapy but
significantly reduces the leukemic clone. The fact that CD33
is not expressed on all blasts in some cases may appear a
problem for the immunotherapy since CD33™* cells may
remain unaffected. However, this is not different from the
contemporaty treatment philosophy; most single agents can kill
just a portion of the leukemic cells by themselves and the final
success is achieved by combining them. Whereas standard
chemotherapy targets mostly dividing cells, the suggested
immunotherapy would aim at cells based on partly different
characteristics.
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Table2  Incidence of CD33"% cases in ALL subtypes using two cutoff values for positivity (percent CD33"%, number of CD33™ cases/total per
subset)

CD33 at 10% P-value CD33 at 20% P-value
BCP ALL 35% (98/278) 0.0003 23% (65/278) 0.007
TALL 13% (6/45) 8.9% (4/45)
PGR (BCP ALL) 356% (89/252) NS 28% (57/252) NS
PPR (BCP ALL) 35% (9/26) 31% (8/26)
TEL/AML1+ 59% (48/82) 0.0003 40% (33/82) 0.0C01
hyperdiploid 26% (16/62) 9.7% (6/62)
BCR/ABL+ 50% (4/8) 38% (3/8)

Nonhyperdiploid, BCR/ABL, MLL/AF4, TEL/AML1 negative {(BCP ALL)

27% (28/105) 22% (23/105)

Statistics show differences in respective subgroups (chi-square).
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s Critenia for MyAg posiuvty differ, making comparisons cumbersome.
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o Asnewly added to the paper, short follow up possibly causes some of the differences (compare ref 4 and the last line)
e Important parts of survival analyses are often missing
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I THE EDITOR

fpression profiling studies have provided data on an unprece-
dented number of genes that are expressed in malignant cells.' ™
Ihe critical number of genes which can predict a particular
gnotype is a matter of discussion. Downing pointed out that as
‘w as 20 genes may be necessary for an accurate prediction of
absets and prognosis; these genes should be specifically
dudied, perhaps by methods like reverse transcription poly-
merase chain reaction (RT-PCR) or flow cytometry (FC) (Down-
ng in Carroll et al’). FC, which shows the expression of
molecules in mutual context on individual cells, appears
sptimal for such analysis.

The present study (Microarray-guided FO) is designed to
sstematically screen for genes within the existing expression
pofiling studies on childhood acute lymphoblastic leukemia
ALLL." The genes, which are identified as best correlating with
lhe pediatric ALL subgroups (E2A/PBXT, MLL, TEL/AMLT, BCR/
4BL, novel” and hyperdiploid genotypes; patients who later
elapsed and those who developed therapy-induced acute
nyeloblastic leukemia), are selected. After recalculation just
firthe B precursor ALL cases, we select the gences in which the
diference in expression is likely to be observed at the protein
lvel. Next, we select molecules with suitable cellular localiza-
lion (nonsecreted proteins) and with an available mAb.
feactivity and specificity of mAbs are tested in healthy
peripheral blood cells and/or in cell lines. The respective
nolecules are investigated by four-color FC in diagnostic bone
marrow (BM) samples. Five molecules have proceeded into this
dep (CD44, CD27, CD49f, CD247 and CD103). We present
fiere the results of CD44 and CD27 expression, which are
nvestigated in the largest cohort.

A total of 66 patients with B-cell precursor ALL and 14
patients with T lineage ALL were considered to enter CD44 and
(D27 investigation. These patients represent all Czech children
iage lower than 18 years) diagnosed with ALL between 03/2003
and 02/2004. Five patients (four B-cell precursor and one T
lneage ALL) were excluded due to low sample volume. CD44
mpression was investigated in 62 B-cell precursor ALL patients
21 TEL/AML1P®, 18 hyperdiploid, four BCR/ABLP™, two
MLLRP™ and 17 with none of the above-mentioned genotype)
and CD27 expression in 56 B-cell precursor ALL patients (21
H/AMLIP®, 15 hyperdiploid, four BCR/ABLP®*, one MLLRP®*
and 15 with none of the above-mentioned genotype). Informed
wnsent was obtained from patients and/or their guardians.
fatients were trcated according to ALLIC BFM 2002 or Interfant
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99 protocols. The presence of TEL/AML1, BCR/ABL fusion genes
and MLL gene rearrangement (MLLR) was detected by two-
round nested PCR; hyperdiploidy was assessed using DNA index
flow-cytometric measurement. CD44 and CD27 antigens were
stained with an anti-CD44 FITC and anti-CD27 FITC (BD, San
Jose, CA, USA) in four-color combinations with antigens from a
standard panel (anti-CD10 PE, anti-CD19 PC5 or PC7, anti-
CD34 APC, Immunotech, Marseille, France). Data were
acquired using a FACS Calibur flow cytometer (BD). Antigen
positivity was analyzed on gated malignant cells according to
the isotype control. To evaluate differences of expression
between the subgroups, a nonparametric Mann-Whitney test
was performed using StatView software (SAS Institute, Cary, NC,
USA).

Expression profiling found the gene for CD44 (Hermes, Pgp-1)
to be one of the best correlating with the MLL genotype and with
the subgroup of T-ALL patients who later developed hematolo-
gical relapse.’ Although MLLRP® blasts in our cohort did show
CD44 positivity, so far we have not observed a higher CD44
expression compared to other CD447% B-cell precursor ALL
cases (Figures 1a, 2a). In addition, CD44 expression significantly
correlated with higher risk T-ALL (P=0.032) (Figure 2b). This
also indicates that the current risk stratification of the T-ALL
patients within the ALL-IC BFM2002 protocol (based on age,
leukocyte count at presentation, early treatment response and
unfavorable molecular genetics, as in other major frontline
therapy protocols) corresponds to the true biological risk.
Furthermore, CD44 expression was significantly lower in TEL/
AML1P ALL (P<0.0001), which is in line with the observation
of one of the two expression profiling studies.’

The association with TEL/AML1 genotype was also found in
CD27 (TNFRSF7) gene expression,' but another expression
profiling study® showed only a correlation with BCR/ABL
genotype. We found a strong correlation of CD27 with TEL/
AMLT positivity. CD27P blasts above 30% were detected in
20/21 and 2/35 patients with TEUAML1P® and TEL/AML1"
ALL, respectively (P<0.0001) (Figure Ta). Since the opposite
correlations with TEL/AML1 were observed for CD27 and CD44,
we analyzed the composite picture of the expression of these
two molecules simultaneously (Figure 1a, b). Most cases in both
expression profiling studies and in our cytometric study can be
considered either CD44P% or CD27P%. Dual CD27P*CD44P*
blasts are typically seen in BCR/ABLP”® ALL and a subset of TEL/
AML1PO® patients exists with CD447°CD27" blasts. In our
cohort, the TEL/AMLTP®® case with 51% CD44P™ cells presented
with an unusually high blast count (peripheral leukocytosis
109 x 10° per ml) and higher percentage CD66¢P* blasts (25%)
compared to the typical TEL/AMLIP® patients® other
presentation parameters corresponded well with the genotype.

CD27 has been considered to be a general marker for memory
B-cells in humans and so far its expression in human B-cell
precursors has not been reported. Here we show that this
antigen is indeed expressed in malignant B precursors at a
protein level. Moreover, an experiment with seven-color FC on
nonmalignant BM (FACS Aria, BD, data not shown) did confirm
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Figure 1

Clustering of ALL genotypic subgroups according to CD44 and CD27 expression. (a) FC data. (b) Expression profiling data from Yeoh

et al.' Probe set numbers 40493 at (CD44) and 38578_at (CN27). (c) The TEL/AML1 predictive value of CD44 and CD27, detected by FC or in two
expression profiling studies, Comparison to the other 12623 probe sets analyzed in Yeoh et al.' Noncorrelating genes are near the hatched
diagonal. An optimal cutoff value was found for each probe set based on the best discrimination of TE/AMLTP®* from other B-precursor ALL cases
(largest distance from the noncorrelating diagonal). Circles represent individual probe sets (values corresponding to the best CD44 and CD27
probe sets are enlarged). Squares represent CD44 and CD27 from Ross et af* (probe set numbers 212063 _at for CD44 and 206150_at for CD27),
triangles show CD44 and CD27 by FC, this cohort. In expression profiling studies, the best correlating probe sets were used in both instances.

CD27P% cells in all four specimens {12+2.2% among
DAPIMSCDT9P™CD10""CD20™* cells, among these CD27°%°
cells 45+13% were CD34P”). The dynamics of CD44 expres-
sion on developing B-cells during hematopoiesis was already
reported. We are going to analyze the recombination status of Ig
genes in subpopulations of precursor B-cells with CD44 and
CD27 expression corresponding to lymphoblasts.

To compare the value of CD44 and CD27 with the other
expression profiling data for the prediction of TEL/AMLT status,
we used the same plot as described previously in the FC
metaanalyses® (Figure 1c). This format depicts graphically the
predictive value of each probe set or molecule for the TEL/AMLI1

sukemia

status. Fach probe set or molecule is separately compared to its
optimal cutoff value in all BCP ALL patients of the respective
cohort. The probe-set-specific optimal cutoff value was deter-
mined using a statistical software R (http://www.r-project.org).
The optimal cutoff value is the one that leads to the best
resolution between TEL/AMLTP® and TEL/AML1"™® subsets,
judging by the distance from a noncorrelating diagonal. The
percentage of TEL/AML1"8 patients above the cutoff value is
compared to the respective value in TEL/AMLTP* patients. The
overall predictive values for CD44 and CD27 are 93 and 95% in
FC, 82 and 91% in Yeoh,' and 90 and 90% in Ross,’
respectively. The difference in predictive values is in compli-
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uce with the fact that FC can investigate the expression of
sted molecules on pure ALL cells. We studied the other
mlecules (CD49f, CD247 and CD103) in specimens of fewer
ptients and thus it would be too early to establish their
sedictive values.

The principle that class-defining genes may be selected within
nicroarray data has been suggested previously (Downing in
Lroll et af). The results of the presented screening strategy
pove this principle. Lack of information on protein expression
wpeared to be the most limiting factor reducing the number of
undidate genes in the final FC testing. Improbability of the cell-
wund form also excluded molecules during the screening for
I - these secreted molecules may be studied by protein
tinchemistry. Although cytometric studies on molecules that
wme from a systematic screening strategy in microarrays have
it been presented yet, one new molecule (CD58) has been
stroduced into FC testing based on expression profiling.” The
uesented data not only show that information from microarrays
un be transferred to cell-based investigation by FC, but also that
lie composite microarray information can be successfully
rplaced by strong predictors like CD44 and CD27. The
mgoing project Microarray-guided FC tests whether other
molecules can be found with comparable or better predictive
wilues for ALL genotype and prognosis.
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Abstract

Background: Aberrant expression of myeloid antigens (MyAgs) on acute lymphoblastic leukemia (ALL) cells is
a well-documented phenomenon, although its regulating mechanisms are unclear. MyAgs in ALL are interpreted
e.g. as hallimarks of early differentiation stage and/or lineage indecisiveness. Granulocytic marker CDé6c —
Carcinoembryonic antigen-related cell adhesion molecule 6 (CEACAMS®) is aberrantly expressed on ALL with
strong correlation to genotype (negative in TEL/AMLI and MLL/AF4, positive in BCR/ABL and hyperdiploid
cases).

Methods: In a cohort of 365 consecutively diagnosed Czech B-precursor ALL patients, we analyze distribution
of MyAg+ cases and mutual relationship among CD13, CD 15, CD33, CD65 and CDé6c. The most frequent MyAg
(CDé6c) is studied further regarding its stability from diagnosis to relapse, prognostic significance and regulation
of surface expression. For the latter, flow cytometry, Western blot and quantitative RT-PCR on sorted cells is
used.

Results: We show CDé6c is expressed in 43% patients, which is more frequent than other MyAgs studied. In
addition, CDé6c expression negatively correlates with CD13 (p < 0.0001), CD33 (p = 0.002) and/or CD65 (p =
0.029). Our data show that different myeloid antigens often differ in biological importance, which may be
obscured by combining them into "MyAg positive ALL". We show that unlike other MyAgs, CD66c expression is
not shifted from the onset of ALL to relapse (n = 39, time to relapse 0.3-5.3 years). Although opposite has
previously been suggested, we show that CEACAM6 transcription is invariably followed by surface expression (by
quantitative RT-PCR on sorted cells) and that malignant cells containing CDééc in cytoplasm without surface
expression are not found by flow cytometry nor by Western blot in vivo. We report no prognostic significance
of CDé6c, globally or separately in genotype subsets of B-precursor ALL, nor an association with known risk
factors (n = 254).

Conclusion: In contrast to general notion we show that different MyAgs in lymphoblastic leukemia represent
different biological circumstances. We chose the most frequent and tightly genotype-associated MyAg CDééc to
show its stabile expression in patients from diagnosis to relapse, which differs from what is known on the other
MyAgs. Surface expression of CDé6c is regulated at the gene transcription level, in contrast to previous reports.
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Background

Although expression of surface markers in acute lymphob-
lastic leukemia (ALL) parallels that of normal hematopoi-
etic precursors, several markers of myeloid lineage are
found on ALL lymphoblasts. This phenomenon is referred
to as “aberrant expression“. The issue of the regulatory
mechanisms that allow it has been addressed repeatedly
throughout the recent 40 years [1,2]. Although several
hypotheses stressing either possible lineage indecisiveness
or genetic misprogramming have been raised, the phe-
nomenon is still not fully understood. We and others have
shown that the myeloid antigen CDG6c¢ is very frequently
aberrantly expressed in B-precursor ALL, however, a large
study showing its frequency in the light of other myeloid
antigens has been missing. CD66c¢ expression was found
on cases of childhood and adult ALL in strong correlation
with nonrandom genetic changes (BCR/ABL positivity [3],
hyperdiploidy and TEL/AML1 negativity [4], reviewed in
[5]):

CDG66c (CEACAMGO, previously called Nonspecific cross-
reacting antigen, NCA 90/50 and KOR-SA3544 antigen) is
a member of the carcinoembryonic antigen family. This
heavily glycosylated molecule consists of two constant Ig-
like domains and one variable Ig-like domain and it is
anchored to the membrane via its glycosylphosphatidyli-
nositol (GPI). Within the hematopoietic system, CD66¢
expression is limited to granulocytes and its precursors
[3.6], where it serves homotypic and heterotypic adhesion
[7]. Ca2+ mediated signaling [8] and is markedly upregu-
lated from intracellular stores after activation [9].

It is also found in epithelia of various organs [7]. Upregu-
lation of CDGGc is an early molecular event in transforma-
tion leading to colorectal tumors [10]. It was also
confirmed to inhibit anoikis (apoptotic response induced
in normal cells by inadequate or inappropriate adhesion
to substrate) in the in vitro model of carcinoma of colon
[11] and specific silencing of this gene led to decreased
metastatic potential in pancreatic adenocarcinoma [12].

Surprisingly, Sugita et al [13] reported intracellular pres-
ence of CDG6c in all leukemic cell lines examined, regard-
less of surface presence or absence, with a different
antigen distribution in cytoplasm that determined surface
expression. They speculated that presence of an undis-
closed transporter would target this molecule to granules
and for surface expression, whereas surface CD66c"<8 cell
lines lack this transporter. This intriguing hypothesis
prompted us to test whether transcription of CEACAMG
gene and/or intracellular CDG66c¢ expression is always fol-
lowed by surface expression.

Uniqueness of aberrant expression of CD66¢ on malig-
nant lymphoblast is exploited for diagnosis of ALL and
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follow-up of a minimal residual disease (MRD) using
flow cytometry [14,15]. To use a marker for a MRD assess-
ment a critical question must be addressed, whether the
aberrant expression is a stable property of the malignant
clone or whether it can be subject to immunophenotype
shift.

In the present study we set out to address the frequency of
CD66¢ molecule expression in childhood ALL, the regula-
tion of CD66¢ expression from gene transcription to cyto-
plasmic and surface expression, and we follow
immunophenotype stability from diagnosis to relapse.
We also discuss relevance of CD66c for prognosis
prediction.

Methods

Patients

The cohort of all Czech children (<18 years) diagnosed
with B-precursor ALL investigated in our reference labora-
tory from 1.5.1997 to 23.7.2004 was used for current
study (n = 381). Informed consent was obtained from
patients and/or their guardians. The presence of TEL/
AML1, BCR/ABL and MLL/AF4 fusion genes was detected
by two-round nested PCR, hyperdiploidy was assessed
using DNA index flow cytometric measurement as
described previously [4]. Patients' genotype and corre-
sponding surface CDGG6¢ expression is shown in Figure 1
(genotype available in 98% of patients). For intracellular
staining and FACS sorting, only samples with enough
material were selected.

Cell lines

Surface CD66¢ negative cell lines with typical transloca-
tion found in childhood ALL: TEL/AML1pos (REH) was
kindly provided by R. Pieters (University Hospital Rotter-
dam), MLL/AF4pos (RS4;11) translocation and with no
fusion (NALM-6) were obtained from German Cell Line
collection (DSMZ, Braunschweig, Germany)

Flow Cytometry

Flow cytometry immunophenotyping of bone marrow
(BM) aspirates was performed in at diagnosis and at
relapse. Routine immunophenotypic classification using
panel of monoclonal antibodies (moAbs) was performed
as described previously [4]. Briefly, BM samples were
stained with 2-, 3- and 4-color combinations of moAbs for
15 min in darkness, erythrocytes were lysed with NH,Cl-
containing lysing solution for 15 min, washed and data
were acquired using single FACS Calibur instrument
throughout the study (BD Biosciences, San Jose, CA, USA)
flow cytometer. Anti-CD66¢ (CEACAMG) moAb used in
all diagnostic and relapse measurements in this study was
clone KOR-SA3544 directly labeled to FITC (Immu-
notech, Marseille, France). Intracellular staining was per-
formed using Fix & Perm kit (Caltag, Burlingame, CA,

Page 2 of 11

(page number not for citation purposes)



E. Mejstrikova, strana 89

BMC Cancer 2005, 5:38

CDé6c %

120

100

o2 0o oS00
s o BaSe®
80 ° 2
%8" ° P
o §°° o co
60 858 8 o
: k
40 o o &
° ® e
o 8 ° e
2 o 8
: g i
0 L& 8 o i
TEL/AML1 BCR/ABL Other
Hyperdiploid MLL/AF4
Median 0.55 72 60 0.33 1.5
n 105 91 15 8 154
Figure |

Correlation of ALL genotype categories and percent-
age of CDééc positivity. Median percentage of CDé6cPos
blasts is listed below each genotype group. Data of consecu-
tive unselected patients with BCP ALL (n = 373) are shown.

USA) according to manufacturer's protocol. Acquired data
was analyzed with Cell Quest (BD Biosciences) or Flow Jo
(Tree Star, Ashland, OR, USA) software, lymphoblast gate
was drawn based on optical scatter and CD19vos blast
population was selected for further analysis.

Value of 20% was chosen as a threshold of positivity as
recommended by EGIL [16]. For robust prognostic signif-
icance testing, other threshold values were also tested as
indicated in results.

Cross-blocking of CD66c moAbs

Bone marrow samples of CDGGc positive blasts were
stained with anti-CD66¢ moAb clone 9A6 (Genovac,
Freiburg, Germany) moAb for 15 min, erythrocytes were
lysed with NH,Cl-containing lysing solution for 15 min,
washed and sample was incubated with anti-CD66¢
moAb KOR-SA3544 PE moAb conjugate.

Western blot

Samples containing 5 x 106 cells were lysed for 30 min at
4°Cin 100 pl lysis buffer containing 20 mM Tris-HCl (pH
8.2), 100 mM NaCl, 50 mM NaF, 10 mM EDTA, 10 mM

http://www .biomedcentral.com/1471-2407/5/38

pyrophosphate (Na,P,0,) and Complete Mini EDTA-Free
(protease inhibitor cocktail tablets, Roche Diagnostics,
Mannheim, Germany). Debris was sedimented by centrif-
ugation for 3 min at 13000 rpm, 0°C. Supernatants were
mixed with 100 pl 2x Laemmli's SDS-polyacrylamide gel
electrophoresis (PAGE) sample loading buffer, and
heated for 5 min at 100°C. Proteins were fractionated by
SDS-PAGE on 12.5% gels and electrophoretically trans-
ferred to PVDF membranes (Bio-Rad, Hercules, CA, LISA).
Membranes were blocked for 1 h in PBS (pH 7.4) contain-
ing 0.5% Tween-20 and 5% nonfat dried milk. Blots were
then incubated for 1 h at room temperature with anti-
KOR-SA3544 (Immunotech, Marseille, France) or anti-
beta-actin (Sigma-Aldrich, Saint Louis, MO, USA) moAbs
and then developed using goat anti-mouse 1gG (H+L)-
HRP conjugate (Bio-Rad). Immunoreactive material was
then revealed by enhanced chemiluminescence (ECL,
Amersham, Little Chalfont Buckinghamshire, UK) accord-
ing to the manufacturer's instructions.

Isolation of RNA and Real-Time Quantitative PCR analysis
(RQ-PCR)

For RQ- PCR analysis, leukemic blasts were FACS sorted
using sorting option on FACS Calibur or on FACS Aria
instrument (1.1 x 104 - 4.7 x 105 cells from one patient).
Isolation of RNA from FACS-sorted cells was performed
using Trizol-reagent (Gibco BRL, Carlsbad, CA, USA)
according to manufacturer's instructions [17]. Comple-
mentary DNA was prepared using M-MLV Reverse Tran-
scriptase (Gibco) according to manufacturer instructions.
Glycogen (Gibco) 250 ug /mL was added when initial cell
number was lower than 105. Quality of cDNA was verified
by PCR on beta-2-microglobulin (B2M) housekeeping
gene.

RQ-PCR was performed in the LightCycler™ rapid thermal
cycler system (Roche Diagnostic GmbH, Mannheim, Ger-
many), according to manufacturer's instructions, using
SYBR green intercalating dye. CEACAMG specific primers
3'-CGCCTITTGTACCAGCTGTAA and 5'-GCATGTCCCCT-
GGAAGGA designed by Baranov [18] were used for
CEACAMG amplification and B2M specific primers 3'-
GATGCTGCITACATGTCTICG 5'-CCAGCAGAGAAT-
GGAAAGTC [19]were used for total cDNA quantification.

PCR amplification was carried out in 1x reaction buffer
(20 mmol/L Tris-HCI, pH 8.4; 50 mmol/L KCl); and 2.0
mmol MgCl, containing 200 pumol/L of each dNTP, 0.2
umol/L of each primer, 5 g bovine serum albumin per
reaction, and 1 U of Platinum Tag DNA polymerase (all
from Gibco) in a final reaction volume of 20 pL. For each
PCR reaction, 2 uL of ¢cDNA template and 2 pl of SYBR
Green 5 x 104 (FMC BioProducts, Rockland, MA, USA)
fluorescent dye was included. The cycling conditions were
2.0 minutes at 95°C followed by 45 cycles of
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Table |I: Frequency of CD66c and myeloid antigen expression. Cases with >20% blasts are regarded positive, coexpression of CDé6c

and other MyAg is tested by Fisher's exact test.

Molecule No of cases (total = 365) Proportion [%]
CD66c 156 43
CD33 85 23
CDI5 72 20
CDI3 57 16
CDé65 14 3.8
CDé6¢c and CD33 21 58
CDé6é6c and CD15 30 8.2
CD66c and CD13 9 2.5

CDé6c and CD65 2 0.55

Coexpression with CD66¢

mutually exclusive p =0.002
random NS

mutually exclusive P < 0.0001
mutually exclusive p =0.02%

denaturation at 94° C for 5 seconds, annealing at 59°C for
30 seconds, and extension at 72°C for 15 seconds.
CEACAMG and B2M gene were amplified separately from
the same cDNA, and all experiments were performed in
duplicate. Melting curve analysis was performed after each
run; in case of peak melting temperature shift, PCR prod-
ucts were verified on agarose gel electrophoresis.

Normalized CEACAMG6 Expression (CEACAM6n)
Amplification and calibration curves were generated by
using affiliated software (LightCycler 3 data-analysis soft-
ware; version 3.5.28; ldaho Technology Inc., Salt Lake
City, UT, USA). A calibration curve for the B2M and
CEACAMG housekeeping gene was generated using the
series of 10x diluted cDNA from peripheral blood granu-
locytes as a standard for both reactions. Crossing point
(Cp) value was calculated with LightCycler 3 software
using second derivative maximum method. CEACAMGn
value is relative and represents a ratio of CEACAMG to
B2M (CEACAMGN = CEACAMG/ B2M). Standard cDNA
from granulocytes was assigned CEACAMG6n value of 1,
the same aliquot of granulocytes cDNA was used through-
out of study.

Statistics

Statistical evaluation was done with Statview software,
(SAS Institute Inc, NC, USA). We used Fisher's exact test,
regression coefficient, Mann-Whitney test and Logrank
(Mantel-Cox) test as described in text.

Results

Frequency of CD66c and myeloid antigen (MyAg)
expression

We selected 365 patient's samples obtained at diagnosis
of B-precursor ALL with available information on the
expression of MyAg CD13, CD15, CD33, CD65 and
CDG66c. This subcohort represents 96% of all B-precursor

ALL diagnosed in the study period. The CD66¢ molecule
was expressed on 43% cases (Table 1, cases with >20%
positive blasts were considered positive). For the fraction
of positive cells and correlation with genotype see [5], of
note, 29% of patients expressed CD66¢ on more then
50% blasts. Comparison with other MyAg showed that
CDG66¢ is more frequently expressed. Coexpression of
CDG66c with other MyAg was not a usual finding (Table 1,
Figure 2). Expression of CD13, CD33 and CD65 tended to
be non-random (mutually exclusive) with CD66¢ (Table
1). Coexpression of CD66¢ with any 2 of the other MyAg
was found in fewer than 4 cases in each combination.
Interestingly, mutual relationship of other MyAg was ran-
dom, with the exception of CD13 and CD33 coexpression
(p < 0.0001) and CD15 and CDG5 coexpression (p =
0.0002). The analysis was performed also at different cut-
off values (10, 30 and 50 %; data not shown). The same
or less significant correlations were also observed at differ-
ent cutoff values.

Cross-blocking of KOR-SA3544 clone with 9Aé clone

The moAb clone KOR-SA3544 was not included in
Human Leukocyte Differentiation Antigens workshop,
but was characterized by Sugita et al [13]. To prevent
ambiguous interpretation of our data we extended charac-
terization of KOR-SA3544 clone of CD66¢ moAb by
blocking experiments on CDG6cPos blasts. Pretreatment of
cells with workshop-typed clone 9A6 moAb completely
blocked binding of KOR-SA3544 clone in all 9 leukemic
specimens and in granulocytes (data not shown).

Cytoplasmic presence of CD66c¢ in ALL blasts

We have studied surface and cytoplasmic expression of
CDG66c in 20 ALL diagnostic samples by flow cytometry.
In contrast to findings of Sugita et al [13], we have
detected CD66c exclusively in all 8 surface positive cases.
None of the 12 surface negative cases stained in cytoplasm
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Figure 2
Graphical illustration of myeloid antigen positivity in
childhood B-precursor ALL. For each antigen, positive
cases are represented by a colored form. The areas of the
forms roughly correspond to the frequency of positive cases
(observed numbers of patients are marked in red) while the
shapes are constructed to illustrate the respective coexpres-
sions. An arbitrary cutoff value of 20% is used for all antigens.
The CDé6c¢ positivity correlates with negativity of any of the
following: CD33 (p = 0.002), CDI3 (p < 0.0001) and CD65
(p = 0.029). There was a significant correlation between
CD33 and CDI3 positivity (p < 0.0001) and between CDI5
and CDé65 positivity (p = 0.0002) whereas the positivity of no
other two antigens of the ones shown correlated significantly
with each other. Total number of B-precursor cases illus-
trated is 365.

(Figure 3). The probable cause of the opposite finding in
several cases (lower percentage after permeabilization
than on surface) is a higher background after permeabili-
zation (isotypic control mean fluorescence intensity was
4.3 + 2.0 and 9.7 + 3.7 for surface and permeabilized
staining, respectively), which covers borderline events.

Transcription of CEACAM6 gene

To extend the above findings, we used Real-Time Quanti-
tative Reverse Transcription-PCR (RQ-RT-PCR) to quanti-
tatively assess presence of specific CCACAMG6 mRNA. We
FACS-sorted CD19PosCDG66cMes or CD19PesCD66¢Pos blast
cells for RQ-RT-PCR analysis. We didn't find significant
amount of CEACAMG transcript in  surface
CD66ceslymphoblasts, whereas CD66¢Pos cells contained
CEACAMG. When CDG66c™8 and positive fraction was

http://www .biomedcentral.com/1471-2407/5/38
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Figure 3

Relationship of surface and cytoplasmic expression of
CD66c. Percentage of surface expression of CD66c in ALL
blasts is plotted against cytoplasmic expression (after cell
membrane permeabilization). Samples of 20 patients at ALL
diagnosis are shown, 12 CDééc negative and 8 CDé6c¢ posi-
tive. Regression coefficient R2 = 0.927

FACS-sorted of heterogeneous specimens (lymphoblasts
partly positive for CD66¢) the level of CEACAM6 was
observed higher in CD66c< cells and lower in CD66cPos
cells as compared to uniform populations (Figure 4). In
one specimen (ALL patient with Down syndrome),
CEACAMG wasn't increased in CD66¢Pos fraction.

Western blot

We further question the intracellular CD66¢ positivity in
surface CD66¢ negative cell lines. We performed Western
blot as described by Sugita et al. [13] on REH (TEL/
AML1pos) and RS4;11 (MLL/AF4pos) cell lines and found
no CDG66c protein (Figure 5). Furthermore we found
NALM-6 (surface CD66c™ee, no translocation) cell line
negative. Two BCR/ABL and four hyperdiploid (all surface
CDG66cros) diagnostic samples used as positive controls
were positive, with the similarly narrow band contrasting
to broad band detected in granulocytes (Figure 5), sug-
gesting different glycosylation in keeping with report by
Sugita.

Stability of surface expression from diagnosis to relapse

All relapsed patients up till 12/2003 with available infor-
mation on CDG6G6¢ expression at diagnosis and at relapse
were used to assess stability of CD66¢ expression. Com-
parison of CD66¢ expression in 39 cases of relapsed child-
hood ALL cases to their immunophenotype at diagnosis
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Transcription of CEACAMG6 versus surface CD66c expression on sorted cells. FACSsorted CDé6c surface negative
(CDé6cs) or positive (CD66cPos) ALL lymphoblasts, five patients with heterogeneous CDé6c¢ expression were sorted into
both CDé6c¢ negative and CDé6c positive fraction (lines connect sorted fractions from the same specimen). Mann-Whitney

test was used to compare groups (n = 32). CEACAMén value is normalized to beta-2-microglobulin (see Methods).
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Stability of CD66c from diagnosis to relapse. Each cir-
cle represents one patient (n = 39). Percentage of CD6é6cpos
blasts at diagnosis is plotted against percentage of CD6é6cpos
blasts at relapse. Regression line with 95% confidence R2=
0.755

(REH), MLL/AF4pos (RS4;1 1) translocation and with no fusion (NALM-6).

revealed that both negativity and positivity of this antigen
was retained from diagnosis to relapse (Figure 6; median
time to relapse 2.5y min 0.3y, max 5.3y). Although the
quantitative levels of CD66c expression differed in some
patients (median difference 0.0%, standard deviation
21%), no case of CD66¢ complete loss or gain was found
in our cohort.

Prognostic significance of CD66c expression

Only B-precursor ALL patients treated on the same ALL
BFM 95 treatment protocol [20] (n = 254) were evaluated
for prognostic impact. The prognosis did not differ for
cases with either CDG66cPos blasts exceeding either 20%
(Figure 7) or any other cutoff value tested (5%, 10% and
50%, data not shown).

Next, we asked whether CD66¢ expression correlated with
the risk factors used in ALL BFM-95 protocol for stratifica-
tion into risk groups [21]. No difference in relapse free
survival (RFS) was noted when analyzed separately for
each risk group or higher and lower initial leukocytosis
(cutoff value: 2 x 104 cells per ml), age group or response
to prednisone (groups as in Table 2).

When analyzed with respect to a genotype, we found no
prognostic value of CD66¢ in any defined group (BCR/
ABLPos, TEL/AML1Pos, hyperdiploid ALL and none of the
above-mentioned genetic changes, Figure 7 and Table 2).
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Relapse free survival of cases with CD66c ?os (blue line) or CD66ceg(red line) B-precursor ALL. Unselected con-
secutive patients treated on ALL BFM95 protocol (median follow up 3.64 years). Since surface CD66c¢ associates with geno-
type, separate analyses for distinct genotype subgroups are shown.

In contrast to the study by Hanenberg et al [22], there was
no correlation between initial leukocytosis and CDG6c in
our cohort (Table 2).

Discussion

Our data on childhood B-precursor ALL show that CD66¢
is more frequently expressed than the myeloid antigens
included in the standard immunophenotyping panels for
ALL. To our knowledge, CD66¢ is the most frequent mye-
loid marker in childhood ALL. This, together with the
tight correlations between CD66c¢ and genotype [5],
makes CDGGc¢ a pertinent object of research on aberrant
expression regulation.

In line with the data from Sugita, we confirm the specifi-
city of KOR-SA3544 clone moAb for CD66¢ by CEACAMG

mRNA detection and by cross-blocking of KOR-SA3544
binding by representative 9A6 clone, that suggests a spa-
tial proximity of the two epitopes recognized. Further-
more we show that all CD66¢Pos ALL specimens show a
similar extent of glycosylation as cell lines analyzed by
Sugita, which differs from the extent of glycosylation in
granulocytes.

Since there is a strong correlation of ALL genotype and
CDG66c expression, we hypothesized that surface CD66¢
expression would be controlled by gene transcription
rather than by targeting to surface from intracellular stores
as proposed by Sugita [13]. In accordance with this, both
intracellular staining and Western blot failed to identify
cytoplasmic CDG66c protein in any surface CD66c"¢8 cells.
Down the same line, no CEACAMG transcript was
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Table 2: Correlation between risk factors and CD66c expression. The distribution of CD66cPesand CDé6c ez cases (cutoff 20%) is
shown. In addition, no difference was observed in the RFS of the risk-defined subsets based on the CD66c expression (log-rank test p-
value > 0.05 in all analyses). Only patients treated by a single ALL BFM-95 protocol are shown here (n = 254).

All patients

Prednisone poor responder
Prednisone good responder

[nitial leukocytosis = > 20 x {0%L
Initial leukocytosis < 20 x 10%/L

TEUAMLLI

BCR/ABL

MLUAF4

Hyperdiploid

Other genotype (not TEL/AMLI, BCR/ABL, MLL/AF4 or hyperdiploidy)

Age |-5
Age >5

Standard risk group
Intermediate risk group
High risk group

detected in surface CD66c™8 lymphoblasts. Overall our
data suggest that transcription is the checkpoint that leads
to surface expression, rather then the former model,
which proposed that all malignant lymphoblasts generate
the CD66¢ molecule but only some of them target it for
the cell membrane.

Interestingly, importance of this molecule was shown in a
model of colorectal carcinoma where transfection with
CEACAMSG inhibited anoikis (10), high CEACAMG pre-
dicted high risk patients with resectable colorectal cancer
(9) and CEACAMG gene silencing decreased resistance to
anoikis in vitro leading to inhibition of metastatic ability
in mouse model (11). Although the function of
CEACAMG in ALL blasts is still unknown, this molecule's
function has been recently associated with pathogenesis
of other types of cancer in man [10-12,23,24]. Study of
anti-CEACAM6 immunotoxin-based therapy in mouse
model of pancreatic carcinoma was published recently
[25].

So far, prognostic significance of expression of myeloid
antigens CD13, CD14, CD33, CD65w, CD11b and CD15
has been studied with conflicting results (summarized in
[26]). As determined in our large cohort of patients
treated on ALL BFM 95 protocol, no prognostic signifi-
cance of CD66c¢ could be revealed in general, nor when we
analyzed separate risk groups or TEL/AML1ros, BCR/ABL-

CD#66cPos cases CDé66cmee cases p-value (chi-square)
109 145 N/A

9 12 n.s.

100 133

28 44 n.s.

8l ol

2 77 P < 0.0001
7 I

0 |

55 7

45 59

59 88 n.s.

50 57

40 58 ns.

54 72

15 15

pos, hyperdiploid and other B-precursor ALL cases sepa-
rately. Furthermore, instability of aberrant expression was
reported for most myeloid markers (CD13, CD14, CD15,
CD33 and CD65).

Stability of expression is a major concern of flow cytomet-
ric studies of MRD. In present, use of multiple CD markers
is widely recommended to prevent MRD underestimation
due to the immunophenotype shift (discussed in
[15,27]). In current study we show for the first time that
CD66c expression stays qualitatively stable from diagno-
sis to relapse in all relapsed cases studied. This finding,
together with high frequency of CD66cPos cases, supports
inclusion of CD66¢ into a moAbs panels for MRD detec-
tion in patients positive for this CD marker at diagnosis.
However, anecdotal downregulation of CD66¢ expression
during chemotherapy has been observed [15], but has not
been methodically studied yet. Any temporary downregu-
lation might lead to falsely lower values of MRD measure-
ment - thus, it would be worthwhile to disclose whether
this phenomenon occurs regularly at certain points of
chemotherapy.

Mutual exclusiveness of MyAg expression as well as differ-
ent stability of CD66¢ compared to other MyAgs [28]
challenges the general practice of prognostic evaluation of
MyAgpos ALL cases as a group [26] and favors individual
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evaluation of contribution/regulation of each MyAg for
blast cell.

Conclusion

CDG66c presents some of the tightest associations with ALL
genotype. Although our findings indicate that CD66c is
unlikely to gain a practical importance as a prognosis
predictor, there are several reasons to focus on it in diag-
nostic and MRD studies. CD66¢, apparently the most fre-
quently expressed aberrant antigen in childhood ALL, is
very useful in discriminating leukemic blasts from non-
malignant cells. Aberrant expression remains a puzzling
phenomenon that warrants further investigation. If it is
confirmed by techniques sensitive enough that the so
called "aberrant markers” are truly not expressed on any
subtle population of lymphoid precursors, there will be
an opportunity to find new targets for specific ALL therapy
(e.g. monoclonal antibodies against differently
glycosylated form of CD66c¢) that will spare the non-
leukemic precursors, thus reducing the treatment toxicity.
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Residual Disease Monitoring in Childhood Acute Myeloid
Leukemia by Multiparameter Flow Cytometry: The
MRD-AML-BFM Study Group

Claudia Langebrake, Ursula Creutzig, Michael Dworzak, Ondrej Hrusak, Ester Mejstrikova, Frank Griesinger,
Martin Zimmermann, and Dirk Reinhardt

A-B S T R A &.T

Purpose
Monitoring of residual disease (RD) by flow cytometry in childhood acute myeloid leukermia (AML)

may predict outcormne. However, the optimal time points for investigation, the best antibody
combinations, and most importantly, the clinical impact of RD analysis remain unclear.

Patients and Methods
Five hundred forty-two specimens of 150 children enrolled in the AML-Berlin-Frankfurt-Muenster

(BFM) 98 study were analyzed by four-color immunophenotyping at up to four predefined time
ooints during treatment. For each of the 12 leukemia-associated immunophenotypes and time
points, a threshold level based on a previous retrospective analysis of another cohort of children
with AML and on control bone marrows was determined.

Results
Regarding all four time points, there is a statistically significant difference in the 3-year event-free

survival (EFS) in those children presenting with immunologically detectable blasts at 3 or more
time points. The levels at bone marrow puncture (BMP) 1 and BMP2 turned out to have the most
significant predictive value for 3-year-EFS: 71% = 6% versus 48% = 9%, P qrane = -029 and
70% + 6% versus 50% * 7%, P, oqnank = -033), resulting in a more than two-fold risk of relapse.
In a multivariate analysis, using a combined risk classification based on morphologically deter-
mined blasts at BMP1 and BMP2, French-American-British classification, and cytogenetics, the
influence of immunologically determined RD was no longer statistically significant.

Conclusion
RD monitoring before second induction has the same predictive value as examining levels at four

different time points during intensive chemotherapy. Compared with commonly defined risk
factors in the AML-BFM stuocies, flow cytometry does not provide additional information for
outcorne prediction, but may be helpful to evaluate the remission status at day 28.

J Clin Oncol 24:3686-3692. © 2006 by American Society of Clinical Oncology

us' and others,”™ the vast majority of AML cases

Minimal residual disease (MRD) monitoring in
childhood and adult acute myeloid leukemia (AML)
using flow cytometry is still under discussion in
terms of the prognostic impact, the optimal time
points for analysis, and the best antibody combina-
tions. AML blast cells do not express specific anti-
gens that could serve as single and unambiguous
markers for RD in regenerating bone marrow. It is
therefore necessary to carefully characterize combi-
nations of antigens that are able to sensitively detect
residual blast cells among normal hematopoietic
cells during treatment. Another obstacle for MRD
monitoring in AML is the instability of the blast cell
antigen expression pattern. As previously shown by

undergo a shift of antigen expression pattern be-
tween diagnosis and eventual relapse. It is therefore
indispensable for MRD evaluation to monitor a
wide range of leukemia-associated immunopheno-
types (LAIP).

Until now, there are only a few reports about
the prognostic relevance of RD monitoring in pedi-
atric™® and adult””'” AML. These investigations were
based on different therapy regimens and have em-
ployed divergent technical approaches in terms of uti-
lized LATP, time points of analysis during therapy, and
the positivity thresholds used for outcome prediction.

The objective of this study was to determine the
following assessment criteria for the AML-Berlin-
Frankfurt-Muenster (BFM) treatment strategy: the

Information downloaded from www jco.org and provided by BIBLIOTHEK DER on July 31, 2006 from .

Copyright © 2006 by the American Society of Clinical Oncology. All rights reserved.
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ansitivity of specific LAIP based on a retrospective analysis of chil-
fen with AML; the appropriateness of RD assessment by imultidi-
nensional flow cytomietry for outcome prediction in children with
IML; the most predictive time point during therapy; and the
uditional value of tlow cytometric assays for outcome prediction
Jcomparison to known risk factors.

Study Design

The AML-BEM MRD study is composed of two phases. Phase A includes
e establishment and standardization of a consensus panel for four-color
amunophenotyping. The focus was to detine the sensitivity and specificity of
dfferent LAIP in normal and regenerating bone marrow specimens'' and to
dentify clinically relevant threshold-levels for each LAIP at defined time
pints during treatment in a retrospective approach. Phase B was designed to
suspectively apply these thresholds to evaluate the impact of RID monitoring
lroutcome prediction.

Patients

Phase A. - Retrospectively, 65 children with de novo AML (continuous
wmplete remission: n = 40; relapse: n = 25) and enrolled in the AML-BFM 98
Audy (Table 1) at a median follow-up of 1.5 years have been studied for the
weurrence of LAIP in regenerating bone marrow.

Phase B Children enrolled in the AML-BEM 98 study and diagnosed
frde novo AML between January 1, 2002 and July 31, 2004 were eligible for
lieprospective evaluation. Excluded were children with acute promyelocytic
tkemia (AML French-American-British [FAB| M3), with t(15;17)/PML-

Table 1. Patient Characteristics at Diagnosis for Both Parts of the Study
Phase A Phase B
(retrospactive) (prospective)
Charactenstic Mo. Yo No. Y
Age a1 diagnosis, years
Median 7.68 9.98
| Range D27 0.06-20.0
leukocytes, 1/pl
Median 15,400 12,800
Range 200-500,000 500-550.000
W8one marrow blasts, %"
Mediar 69 62
Range 18-58 15-99
Sex (male/femalel 3431 52/48 75(75 50/50
Tm
Mo 6 9 6 4
Mimz 20 31 61 41
M4mM5 22 34 62 41
M6 & 8 4 ]
M7 8 12 12 8
Other/not classifiable 4 5 3
Karyotype
Normal 20 31 24 16
118,21 5 8 7 15
i 16) 2 3 6 1"
1123 16 23 22 15
| sk group (SR/HA) 16149 33/67 48/102 32/69
Total 65 150
|
Abbreviations: FAB, French-Amencan-British; SR, standard nisk; HR, tigh risk
‘Three children presented with = 20% blasts : two children (17%
and 18%:) with M2 and 118;21) and one child with M7 (15% in the smear, no
bone marrow punch biopsy available) and myelofibrosis

W feo.0rg

Residual Disease Monitoring in Childhood AML

RARea and children with trisomy 21 because they exhibit biologically different
leukemias and receive slightly ditterent chemotherapy. Altogether, 542 sam-
ples from 150 children (Table 1) were available. This cohort is representative as
compared with the overall study collective in terms of age, sex, WBC, FAB
classification, and risk-group allocation.

From these 150 children, five children with detectable blast cells by
flow cytometry, but an antigen expression pattern that was not covered by
the LAIPs used for RID monitoring (CD33/7/117/56, CD33/56, CD7/33)
were excluded.

The standard risk group (SR) definition that is generally used for strati-
fication in the AML-BFM studies comprises FAB subtype (MI/M2+ Auer
rods, M3, Mdeo), favorable cytogenetics, and morphologically determined
bone marrow blasts of less than 5% at day 13 (not required for FAB M3)."* For
this analysis, the morphologic evaluation at day 28 of treatment (<< 5% blasts
in bone marrow) was included as an additional parameter for the SR group
(herein referred to as extended AML-BFM risk).

The date of cach bone marrow puncture was correlated to the courses of
intensive chemotherapy of the AML-BFM 98 study (Fig 1). Only specimens
that were obtained at one of the first four scheduled time points (bone marrow
puncture [BMP]1: day 15; BMP2: before second induction; BMP3: before
third therapy course; BMP4: before fourth therapy course) were included in
the study (Table 2).

Bone marrow specimens were obtained after informed consent from
each patient or each patient’s guardian. All children were treated according to
the German AML-BFM 93 study (as to the treatment schedules see Creutzig et
al'). All investigations performed had been approved hy the local ethics
committees and were in accordance with anassurance tiled with and approved
by the Department of Health and Human Services.

Diagnosis

Diagnosis and classification were established according to the criteria of
the FAB''* group by the reference laboratory of the AML-BFM studies in
Muenster and were reviewed by an expert group of independent hematolo-
gists. In addition to the Pappenheim stained bone marrow and blood
smears the following cytochemical stainings were performed: periodic acid
Schitf, myeloperoxidase, alpha-naphtyl-acetate esterase, and acid phos-
phatase. The diagnoses of M0 and M7 subtypes were always contirmed by
immunological methods.

Cytogenetic and moleculargenetic data were obtained from the reference
laboratory of the AML-BFM study (J. Harbott, Giessen, Germany).

Multiparameter Flow Cytometry

Four-color flow cytometry—according to the consensus panel of the
AML-BEM MRD study group as previously described in detail''—was per-
formed at the immunology laboratories at the University Children’s Hospital,
Muenster, Germany, the St Anna Children’s Hospital, Vienna, Austria, the

Induction 1 Induction 2 Intensification
. . 12Gy v

) Consaolidation 18 Gy

[ AlE r HAM Rand It HAE Rand (il
y Maintenance 1 year
Rand! . GESF  +[GESF ,
v v v v [ v v <
Day 1 15 21-28 42-56  70-84 112 140 360
BMP1 BMP2 BMP3 BMP4

Fig 1. Acute Myeloid Leukemia-Berlin-Frankfurt-Muenster study 98 treatment
schedule with bone rmarrow puncture (BMP) time points. AIE, Ara-C (cytarabine),
idaruticin, and etoposide; HAM, high-tose Ara-C and mitoxantrone; Al Ara-C and
idarubicin; haM, medium-high-dose Ara-C and mitoxantrone; HAE, high-dose
Ara-C and etoposide; Ara-C ith,, intrathekal Ara-C; G-CSF. granulocyte colony
stimulating factor; Rand, randomization

3687

information downloaded from www.jco.org and provided by BIBLIOTHEK DER on July 31, 2006 from .
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Table 2. Distrioution of Eligible Specimens and Time Points

Days From Start of Chemotherapy

No. of
Time Point Specimens Median Range Protaco
BMP1 87 15 13:27 15
BMP2 123 29 14-56 21-28
BMP3 120 60 31-101 42-56
BMP4 62 96 59-146 70-84

Abbreviation: BMP, bone marrow punciure.

Charles University, Prague, Czech Republic, and at the University Hospital,
Goettingen, Germany, at initial diagnosis and during intensive chemotherapy.
Anticoagulated bone marrow samples were sent to one of the laboratories by
overnight mail.

A wide antibody panel based on a CD33/CD34 backbone, indepen-
dent of the initial immunophenotype including tluorescence conjugated
mycloid markers CD13-PE (8J1D1; Immunotech, Kreteld, Gerniany),
CDI3-FITC (MMA; Becton Dickinson, Heidelberg, Germany), CD33-
PC5 (D3HL60.251; Immunotech), CD33-APC (D3HL60.251; Immuno-
tech), and HLA-DR-FITC (1.243, Becton Dickinson), lymphoid markers
CD7-PE (8HB.I; Immunotech), CDI0-FITC (ALB2; Immunotech),
CD19-FITC (J4.119; Immunotech), CD56-PE (NCAM 16.2; Becton Dick-
nson), the activation and proliferation marker CD38-PE (HB7; Becton
Dickinson) as well as the progenitor-associated markers CD34-APC
18G12; Becton Dickinson), CD34-PC7 (581; Immunotech) and CD117-
HTC (95C3; Immunotech) was applied (Table 3). Syto 16 (Molecular
Probes, Eugene, OR) was used for staining nucleated cells to exclude debris
and not completely lysed erythrocytes from analysis.

After incubating the bone marrow samples with monoclonal antibodies
for 15 minutes, erythrocytes were lysed for 7 minutes using FACS Lysing
Solution (Becton Dickinson) or Versa Lyse (Beckman Coulter, Krefeld, Ger-
many). Afterwards, the specimens were washed twice with 2 mL phosphate-
ouffered saline (BS)-bufter (pH 7.4) and centrifuged (5 minutes, 20°C, 600 g)
toremove excess antibodies and lysed RBCs, Specimens were measured using
the FACS-Calibur (Becton Dickinson) or EPICS (Beckman Coulter), analyz-
Ingat least 30,000 events. Extensive interinstrumental comparisons were per-
lormed to ensure that either site could detect similar percentages of positivity.

Data Analysis/Gating Strategy

The specimens were analyzed using the Paint-a-gate PRO-Software
[Becton Dickinson) or Cytomics RXP Software (Beckman Coulter). All data
were reviewed centrally in the imimunology laboratory of the University Chil-
dren’s Hospital Muenster, in order to warrant homogeneous data analysis and
interpretation. Residual malignant cells among normal hematopoietic cells
were identified by cluster analysis using six parameters (forward and side

Table 3. Consensus Ant 2anel Used for RD Monitoring Within the

AML M MRD Study Group
Antibody
Tute No FITC PE PCB or APC APC or PC7
| Syto 16 cD7 CD45 CD34
2 HLA-DR CD38 CD33 CD34
3 CD15 CD13 €033 Chz24
4 CcD2 CD7 CD33 CD34
5 CD15 CD117 CD33 CD34
6 CD19 CD56 CD33 CD34

Abbreviations: RD, residual disease; AML-BFM, Ac Myeloid Leukemia
Berlin-Frankfur-Muenster; MRD, minimal residual FITC, fluorescein
sothiocyanate:; PE, phycoerythrin; APC, allophycocyanin, PC5, phycoerythnin-

tyanine 5, PC7, phycoerythnin-cyanine 7.

scatter properties as well as tour antigens simultaneously). Antigen positivity
was inferred if the fluorescence intensity could be clearly separated from
negative controls (isotypic controls or negative cell populations for the exam-
ined antigen). [n a three-step analysis the residual blast cells were determined
roughly by their forward scatter/side scatter properties followed by a precise
gating according to the LAIP to be investigated (for details see Langebrake et
al'). To avoid bias, all samples were evaluated by at least two investigators.

Statistics

Event-free survival (EFS) was calculated from date of diagnosis to last
follow-up or first event (failure to achieve remission, resistant leukenua, re-
lapse, second malignancy, or death of any cause). Failure-free survival (FFS)
was calculated from date of diagnasis to last follow-up or failure (relapse,
nonresponse). Patients who did not attain a complete remission (according to
the Cancer and Leukemia Group B criteria'”) were considered failures at time
zero. Survival was calculated from date ot diagnosis to death of any cause or to
last follow-up. Univariate analysis was conducted by the Wilcoxon test for
quantitative variables and Fisher's exact test for qualitative variables. When
frequencies were sufficiently Targe, x* statistic was used. Probabilities of sur-
vival were estimated using the Kaplan-Meier method, with SEs according to
Greenwood, and were compared with the log-rank test. Cumulative incidence
functions of relapse and death in continuous complete remission were con-
structed by the method of Kalbfleisch and Prentice. Computations were per-
formed using SAS version 6.12 (SAS Iustitute Inc, Cary, NC).

. RESULTS

Definition of Cut Off Levels by Retrospective Analysis

The delermination of LAIP specificity has been described in
derail previously.'’ Tn brief, bone miarrow specimens of 39 children
with acute lymphoblastic leukemia, Ewing sarcoma, non-Hodgkin's
lymphoma, or without a malignant disease were evaluated for the
presence and amount of different LAIP. Three groups of specificity
could be defined according to the median percentage of LAIP in
regenerating bone marrow: low specificity with 1.0% or miore,
medium specificity from 0.1 to 1.0%, and high specificity with less
than 0.1%.

Based on these results, clinically prognostic relevant thresholds
for each specificity group and time points were defined by retrospec-
tively analyzing 25 children with relapse and 40 children without
relapse at a median follow-up of 1.5 years. Low specificity LAIP are
only informative at BMPI, while high and very high specificity LAIP
can be utilized for discrimination at all four time points. According to
these data, the thresholds given in Figure 2 were calculated thatare able
to unambiguously discriminate between those children who relapsed
and those children in continuous complete remission.

Serial Assessment of RD at Three or More Time
Points ldentifies Children With Poor Prognosis

Children with at least three specimens until BMP4 (n = 95) have
been evaluated to investigate the impact of serial immumologic mon-
itoring for outcome prediction. In 34 children, all measured LAIP
levels were below the threshold at each time point. In 13 children, the
measured LAIPs in atleast three specimens were above the determined
threshold. In 48 children, one or more LAIPs were above the threshold
at one or two time points (Table 4).

Using this approach, it was possible to identity a poor-risk group,
characterized by positive flow cytometric assays at three or more
consecutive time points during chemotherapy, with an EFS 0f 31% *
11% (Fig 3). However, EFS was not significantly different between
children who were negative by flow cytometry at all analyzed time

JournaL or CLINICAL ONCOLOGY
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points and those with one or two positive time points (73% * 8% v
61% *+ 7%, P = .43). Combining the good and the intermediate
group, the difference in contrast to the poor group was statistically
significant: Pypg 65% * 5% v 31% + 13%; P = .02. Shifting the cut off
levels, which were used for group allocation, did not result in a better
distinction in terms of EES (data not shown).

Single Time Point RD Assessment Before Second
Induction Is Most Informative for Outcome Prediction
When investigating the four different time points separately, we
found that only at BMP1 and BMP2, there is a statistically significant
difference between RD-positive and RD-negative children in the
3-year EFS (Fig 4, 71% = 6% v 48% % 9%: Py pank = 029 70% *

Table 4. Risk Groups and Outcome According to Residual Disease Determined in Children With Three or Mare Eligible Time Points

W, foo.org

No. of Secondary
Risk Group Time Points Patients CCH Relapse NR Death in CCR Leukemia
Good All negative 34 25 Z 0 Z 0
Intermediate 1-2 above threshold 48 30 16 1 0 i
Poor = 3 above threshold 13 4 6 3 1 0
Abbreviations: CCR, continuous complete remissian; NR, nonresponse
3689
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v 50% & 7%: Py oy panie = -033). This is also true, if only high and
tery high specificity LAIPs are regarded (70% = 6% v 37% £ 11%;
Dogrank = 031566% £ 6% v45% = 8%: Pp,y pon —.045). Similarily,
mly at BMP1 and BMP2 the RD-positive children differed signifi-
antly from the RD-negative children regarding their cumulative non-
msponse and relapse incidence: 48% = 10% v25% * 6%; P, = .02;
8% £ 7% v 25% = 6%; P, = .01 Regarding 3-year overall
srvival, only BMP2 turned out to be a statistically significant discrim-
mator (P = .036).

MRD Monitoring Has No Additional Prognostic Impact
Compared With Known Risk Factors

Using the univariate COX regression model for FFS risk assess-
nent, both BMP1 and BMP2 had statistically significant impact: RR,
135(95% CI, 1.13t04.89; P = .021) and risk ratio, 2.21 (95% CI, 1.18
04.14; P = .013), respectively.

Regarding only those children, who responded to treatment as
letermined by morphology at day 15, there is a statistically significant
lifference in 3-year EFS between MRD-negative and MRD-positive
thildren: 69% = 6% v 40% * 15% (P < .05).

A multivariate analysis controlling for AML-BFM risk classifica-
lion, including FAB subtype, cytogenetics, and morphologically deter-
mined blasts at day 15, was performed. At BMP1, both flow cytometry

and AML-BFM risk show almost the same risk ratio for FFS with
similar 95% CIs (2.09; 1.00 to 4.39; 2.06: 0.87 to 4.88). The influence of
BMP2 on the risk of failure is less than the impact of the AML-BFM
risk, however, the differences are not significant. Using an extended
risk group classification including morphologically determined blasts
at day 28 as a covariate, this turned out to have more impact on FFS
with a RR of 2.8 for both time points (Table 5).

We further analyzed, whether the inclusion of flow cytometry in
the risk group assessment could help to define more precisely risk
groups for additional treatment stratification. Therefore, the 3-year
EFS according to immunologically determined RD was calculated
separately for the SR and high-risk group. There was no difference in
both groups at BMP1 or BMP2 (Table 6).

Due to the fact that the antigen expression pattern of AML blasts
differs significantly between diagnosis and relapse' " and that no spe-
cific antigens exast which clearly can identify leukemic blasts, we have
developed an antibody panel that allows us to detect residual blast cells
independently of the initial immunophenotype. Based on a CD33/
CD34 basis, the LAIPs utilized for MRD assessment comprise the
commonly accepted antigen expression patterns in AML."*" We are
the first group applying time-dependent prognostically relevant cut
off levels that have been determined by the retrospective analysis of
children treated within the AML-BEM studies for the occurrence of 12
different LAIPs at defined time points, instead of empirically defining
cut off level.

In our international prospective study, we were able to show that
the detection of residual blast cells by flow cytometry at early time
points of follow-up (until day 84) is a significant predictor of treat-
ment outcome regarding 3-year EFS, Especially in the very early
course of therapy— before the start of the second induction, at day 28
from diagnosis—multidimensional flow cytometry can help to differ-
entiate between children with good and poor prognosis. Similar re-
sults were obtained by the exclusive analysis of LAIPs with high or very
high specificity, indicating that antigene combinations with low or
medium specificity are not relevant for RI) monitoring. Furthermore,
flow cytometry is also able to detect “minimal” RD in those children
with morphologically undetectable blasts after first induction.
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s
@ 05 [ T ——— -
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03
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0.1
Log-rank P = 029
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Fig 4. Event-free survival (3 years) at {A) bone marrow puncture (BMP) 1 and (B) BMP2 (SE, standard error probability of event-free survival)
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Table 5. Univanate and Multivanate Cox Maodels for Failure-Free Survival

Time Paint
BMP 1 BMP 2
Cox Model RA 95% CI P RR 95% Cl R
Univanate
Flow cytometry 2358 11310489 .02 221 118t04.14 .01
1| Multivar ate

1.00to 438 06 1.84 057103561 .06

087488 10 224 10110497 05

Multivanate
Flow cytornetry 1968 095t04.16 07 179 09410341 .08
Extended AML-BFM nsk 280 10510746 04 280 11510680 .02

AR

risk ratio; MRD, minimal
xemia Berlin-Frankfurt-Muenster

s. BMP, bone marrow pu
se; AML-BFM, Acute Myeloid

2

Qur results are consistent with reports on pediatric and adudt
| AML regarding the prognostic impact of immunological blast detec-
tion after first induction.™* The series of Coustan-Smith et al” com-

prises the analysis of residual blasts at the end of remission induction
therapy by defined marker combinations dependent on the initial
| immunophenotype. In the RD-negative group, their results show less
than 0.1% residual AML cells: six children (21%) relapsed, and three
children (10%) died in CR, whereas in the RD-positive group the
proportion of children who relapsed and of those in CR is equal {(both
ielipse and CCR, n = 5; 38%; death in CR, n = 3). The probability
of 2-year overall survival is statstically different, but the assimila-
tion of the two curves after that time indicates that a stable situa-
tion has not yet been achieved.
Other investigator groups found that only the monitoring at later
time points”*'” (after consolidation therapy) is significant for out-

up Stratification and Flow
Lavel at Time Points BMP1

Table 6. 3-Year EFS /
Cytometric Detarmine

yrding (o Hisk
Residual Dise
and BMP2

No. of I-Year
| Risk Group Events EFS SE P
BMP1
SH
fegative 28 4 0.86 0.07 a1
Positive 6 2 0.67 0.19
HR
Negative 36 14 0.60 0.08 16
Positive 23 13 0.43 0.10
BMP2
SR
| Negative 31 8 0.84 0.07 .66
Positive 8 2 0.75 0.15
HA
Negative 41 16 0.58 0.08 22
Positive 40 22 0.44
ons: EFS, event-free survival, BMP, bone marrow puncture; SR,

: HR, high risk.
the failure to achieve remission, resistant leukemia, relapse,
lgecond malignancy, or death of any cause.

WL je.org

Residual Disease Monitoring in Childhood AML

come prediction, which may limit the clinical usefulness of these data
for risk-adapted therapy tailoring. The most recent report by Kern et
al®! even revealed that only time points longer than 1 year after diag-
nosis were independently related to EFS and overall survival. During
this period of therapy follow-up., RD positivity may rather have rep-
resented resurgent leukemia (occult relapse) than a surrogate marker
of inittal therapy response usable for treatment stratification. The
individual differences in the kinetics of leukemic recurrences may
therefore impede a prospective application of this approach for the
carly diagnosis of relapse.

Although we could show that flow cytometry is a reliable and
objective method to detect residual blast cells in regenerating bone
marrow specimens, and that it Is therefore appropriate for outcome
prediction, we further wanted to know whether these results bear
additive values for treatment stratification as compared with conven-
tional risk factors.

Notably, the AML-BFM risk group classification'” is based on
initial cytogenetics, FAB classification, and morphologically detect-
able blast cells of more or Jess than 5% at day 15. Applying this binary
risk group classification to the children analyzed, a highly significant
ditference in terms of 3-year EFS is achieved without using immuno-
logical information: 78% * 69 versus 49% = 6% (P = .0025). When
including information on morphological blast counts from day 28
(BMP2) in addition to the conventional risk classification (ex-
tended AML-BFM risk classification), the difference in 3-year EFS
between the two risk groups even increased to 85% = 5% versus
48% = 5% (P = .0002).

The impact of flow cytometry results on FFS at either time point
was found equivalent to that of the AML-BFM risk in terms of risk
ratio and 95% Cls. When including the extended AML-BFM risk
classification in the COX-model, it turned out thatimmunological RD
as a covariate does not contribute to a better risk group separation. It
has to be mentioned that none of the recently published studies of
other groups included information of RD monitoring as compared
with morphologically determined blast cells at the analyzed time
points as part of the risk classification system. Considering our results,
this comparison has to be recoinmended in order to interpret poten-
tial additional values of tlow cytometric investigations correctly. Ap-
plying the covariates used by other groups (age at diagnosis, leukocyte
count at diagnosis, karyotype) to our data, we obtain similar signifi-
cant results for the influence of BMP1 and BMP2 on outcome. How-
ever, in our study the more sophisticated AML-BFM risk group
classification has been taken as the basis to determine the true addi-
tional value of MRD monitoring. In conclusion, for the AML-BFM
studies, risk group stratification based on FAB subtype, cytogenetics,
and morphologically determined bone marrow blasts before second
induction does not benefit from inclusion of RD data, as assessed by
nultidimensional flow cytometry.

Further investigations will focus on an improved risk group strat-
ification including blast percentage at day 28, In a prospective study,
we will evaluate whether the discrimination of blast cells and regener-
ating bone marrow cells can be improved in terms of accuracy and
objectivity by flow cytometry as compared with morphological inter-
pretatian alone.
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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, Bc,'? Eva Fronkova, mp,"? Ondrej Krejci, mp, php,"?
Petr Sedlacek, mp, php,”> Renata Formankova, mp, php,” Ester Mejstrikova, mp,"? Jan Stary, mp, PhD,>
and Jan Trka, mp, rho'?*, 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 (Ig/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 V111/2000 and VIl/
2004. Results. In 25 of 36 patients, MRD level prior HSCT was
assessed. Seventeen patients were classified as MRD-negative and

)

cight were MRD-positive up to 9 x 10 . 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
treat detectable MRD levels after HSCT is very limited, alternative
strategies for MRD-positive patients prior HSCT are necessary.
Pediatr Blood Cancer

@ 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 ettect 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 HSCTrepresents an important prognostic factor
[1]. They used a semi-quantitative approach for the detection
of 1mmunoreceptor 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-transplunt 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 international 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/pbc.20794

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.

'CLIP—Childhood Leukemia lnvestigation Prague, Prague. Czech
Republic; *Department of Pediatric Hematology and Oncology,
Charles University, 2nd Medical School and University Hospital
Motol, Prague, Czech Republic; *Department of Immunology, Charles
University, 2nd Medical School and University Hospital Motol,
Prague, Czech Republic

Grant sponsor: FNM; Grant number: 9735; Grant sponsor: MZ; Grant
number: 6929-3; Grant sponsor: GAUK; Grant number: 62/2004:
Grant sponsor: MZ; Grant number: 00064203; Grant sponsor: MSM;
Grant number: 0021620813.

*Correspondence to: Jan Trka, Department of Pediatric Hematology
and Oncology, Charles University, 2nd Medical School, V uvalu 84,
150 06—Prague 5. Czech Republic. E-mail: jan.trka@lfmotol.cuni.cz

Received 30 August 2005; Accepted 11 January 2006

ST WWILEY -
*  InterScience’



E. Mejstrikova, strana 108

2 Sramkova et al.

Second, their ability to predict the relapse after HSCT was
hampered by the clonal evolution of Ig/TCR rearrangements.
Eleven of 16 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 I. 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)
1 1l/m T-ALL Not detected CR1 TBI 12 Gy, VP16 MSD 111, cGVHD 6l
2 12m pro-B ETV6/RUNXI PR3 TBI 12 Gy, VP16 MSD 1l ] 5%
3 10/m cALL ETV6/RUNX CR3 TBI (4.4 Gy,VP16 UD (10/10) 1 55
4  8/m T-ALL Not detected CR1 TBI 12 Gy, VP16 MSD Il 52
5 7/m T-ALL Not detected CR2 TBI 14.4, Cy UCB (5/6) 11 4%
6 15/m pro-B MLL/AF4 CRI1 TBI 12 Gy, VP16 MSD I, cGVHD 46
7 10/m cALL ETV6/RUNX | CR2 TBI 12 Gy, VP16 MSD 11 44
8 10/m AHL/cALL BCR/ABL CRI1 TBI 12 Gy, VP16 UD (10/10) 11 21%
9 1l/m cALL BCR/ABL CR2 TBI 12 Gy, VP16 UD (10/10) — 24%
10 15/ pracB/cALL BCR/ABL CR2 TBI 12 Gy, VP16 UD (9/10) — 6*
I} 12/m pracB/cALL BCR/ABL CR! TBI 144 Gy, Cy UD (9/10) — 4%
12 19/m praeB/cALL Not detected CR3 TBI 12 Gy, VP16 UD (10/10) 1l 38
13 [6/m cALL Not detected CR2 TBI 12 Gy, VP16 UD (10/10) 11 Vi
14 10/m cALL ETV6/RUNXI CR2 TBI 12 Gy, VP16 ubD (7/10) Il 9%
15 8/ cALL ETV6/RUNXI CR2 TBI 12 Gy, VP16 MSD — 32
16 7/ cALL Not detected CR2 TBI 12 Gy, VP16 MSD 11 32
17 3/m T-ALL Not detected CRI TBI 12 Gy, VP16 MSD 1 31
18 10/f cALL BCR/ABL CR2 TBI 12 Gy, VP16 UD (10/10) — 30
19  2/m pro-B MLL rearrangement CR2 BuCy, VP16 uUD (10/10) — 0*
20 8/m AHL/pro-B BCR/ABL CR2 TBI 12 Gy, VPI6 UD (9/10) 11 26
21 8/m cALL Not detected CR2 TBI 12 Gy, VP16 UD (9/10) 11 26
2 U T-ALL Not detected CRI1 BuCy, VP16 UD (10/10) 1I 12%
23 8/m T-ALL SIL/TALI CRI TBI 12 Gy, VP16 MFD (10/10) 11 23
24 10/ cALL/pro-B ETV6/RUNXI CR2 TBI 12 Gy, VPI6 UD (9/10) 11 22
25 6/m cALL Not detected PR3 TBI 12 Gy, VP16 UD (10/10) II 19
26 2/m pro-B MLL/AF9 CR2 BuCy, Mel MSD I 18
27 12m cALL BCR/ABL CRI TBI 12 Gy, VP16 UD (8/10) 1l 18
28 9/m pracB Not dctected CR2 TBI 12 Gy, VP16 UD (9/10) v 1*
29 5/m cALL BCR/ABL CRI TBI 12 Gy, VP16 UD (10/10) Il 17
30 8/m cALL ETV6/RUNXI CR2 TBI 12 Gy, VP16 UD (10/10) Il 17
31 12/m pro-B/cAlL.L Not detected PR3 TBI 12 Gy, VP16 uD (10/10) 11 16
32 16/m praecB Not detected PR3 TBI 12 Gy, VP16 UD (10/10) — 1
33 9/m cALL Not detected CR2 TBI 12 Gy, VP16 MSD 11 15
34 1Tt AHL BCR/ABL CRI TBI1 12 Gy, VPI6 ubD (7/10) 11 14
35 7/m cALL/pracB L{TVO/RUNXI CR3 TBI 12 Gy, VP16 ubD (9/10) 11 12
36 14/m cALL BCR/ABL CRI 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.

*— {ime to cvent.

Pediatr Blood Cancer DOI 10.1002/pbe
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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 mg/mz, 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
busuiphan, 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 (1.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 | 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 III-1V. 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, I week before the start of the pre-
transplant conditioning and then after HSCT, on a regular
basis: days +28, +60, +100, 4+ 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
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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 QIAamp™ DNA Blood
Mint Kit (QTAGEN 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 CRI) 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 7 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 (> 107* n=4) and low
MRD positivity (>10"% and <107 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/RUNX1—presence) identified pre-transplant MRD as
the only significant risk factor (P < 0.0001).

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

Number of Relapse
Patient no. ALL subtype [g/TCR targets MRD level after HSCT Comments
2 ETV6/RUNX1 1 147 % 107 Yes Died in remission (systemic fungal infection,
severe induced GVHD after DLI)
8 BCR/ABL 2 53 % 107292 x 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 L 1.2x 1072 Yes Died in progression of disease
11 BCR/ABL 2 23x107%62x 1074 Yes Died in remission (systemic fungal infection,
severe induced GVHD after DLI)
13 BCP l 28x 1072 No Died due to multiorgan failure in gram-negative
sepsis day + 66
22 T-ALL [ 6.4x107° Yes Alive in CR2; after 2nd HSCT
35 ETV6/RUNXI 2 4.1% 107 35x10 " No Alive in CCR
I T 2 Negative, negative No Alive in CCR
4 T ! 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 | Negative No Alive in CCR
21 BCP 2 Positive (bclow QR) No Alive in CCR
23 T-ALL 2 Negative, negative No Alive in CCR
24 ETV6/RUNX | l 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/RUNXT1 2 Negative, negative No Alive in CCR
31 BCP 2 Negative, negative No Alive in CCR
36 BCR-ABL L Negative Yes Died, systemic fungal infection

Pediatr Blood Cancer DOI 10.1002/phc



E. Mejstrikova, strana 111

1 7 s d ke 2 1t k4 L3 I
MRD-negative (n=17; 1 event)
8 1
©
2
e +
3 61
[+1]
[
£ o4
[=
g
w
2
MRD-positive (n=8; 7 events)
0 1 Log-rank p<0.0001
0 10 20 30 40 50 60
Follow-up [menths]
Fig. 1. EFS in MRD-positive and MRD-negative patients. Median

follow in MRD-negative group = 25 months.

o1 T
" v X
2 |
] 01 44 L]
0,001 x| ! 4
0.000t 1 \ E
'I P
\ | . | A
000001 +—— -4 " ® n oy m o
¥ ¥ B 8§ OB P OB §oEoBoE§OEoB
o [ [ ] o ~ & i o o~ ]
2 B A s = . @ & g = O
b ] o
L]
R AN
'y
0 i .
o | ]
g !
8 i 4 | |
= 0 .
I |
= b | R L] \
0.00 \ I’! )
[\ " | .
0.0001 | 1 ‘_F e L'.
a.00001 + - &-O-T—8¢ Lt o ]
s g 2 T 8 9§ 2
§ 8 B B B B g 8 E & B B
= -] i - =] i L o o
Fig. 2. Disease course and MRD follow-up in Patients § and 22. a:

Disease progression after HSCT in BCR/ABL-positive patient (No. 8)
was only temporarily retarded by imatinib trcatment and DLIL
Squares = lg rearrangement target No. 1; triangles = Ig rearrangement
target No. 2 (full symbols=BM samples; open symbols=PB
samples); black arrows = DLI; IM =1imatinib mesylate; R =relapse;
T=allogeneic HSCT. b: Pre-transplant MRD status determines post-
transplant course of the discase in T-ALL infant patient. Squares = TCR
delta incomplete rearrangement target (full symbols =BM samples;
open symbols = PB samples).
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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 (Fig. 2). Period from the first MRD
positivity after transplantation to the diagnosis of hematolo-
gical 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 spectrum 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/RUNX1, MLL/
AF4, MLL/AF9) as potential targets for MRD detection as
well. As already mentioned, the clonal Ig/TCR quantitation
methodology has been increasingly standardized throughout
the last years within the ESG-MRD-ALL. This standardi-
zation 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
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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].

We demonstrate feasibility of MRD quantitation using
clonal Ig/TCR rearrangements as an approach for the pre-
transplant risk assessment in pediatric ALL patients under-
going 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.

Note added in proof

Patient No. 35 suffered from hematological relapse
{4 months after HSCT and died due to disease progression.
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Minimal residual disease (MRD) detection using quanti-
fcation of clone-specific Ig or TCR rearrangements
lefore and after transplantation in children with high-risk
ALL is an important predictor of outcome. The method
ud guidelines for its interpretation are very precise to
u10id both false-negative and -positive results. In a group
if 21 patients following transplantation, we observed
letectable MRD positivities in Ig/TCR-based real-time
quantitative PCR (RQ-PCR) leading to no further
progression of the disease (11 of 100 (11%) total
smples). We hypothesized that these positivities were
mostly the result of nonspecific amplification despite the
application of strict internationally agreed-upon mea-
ares. We applied two non-self-specific Ig heavy chain
isays and received a similar number of positivities (20
ind 15%). Nonspecific products amplified in these RQ-
PCR systems differed from specific products in length and
sequence. Statistical analysis proved that there was an
txeellent correlation of this phenomenon with B-cell
regeneration in BM as measured by flow cytometry and
lz light chain-x excision circle quantification. We
wnclude that although Ig/TCR quantification is a reliable
method for post transplant MRD detection, isolated
positivities in Ig-based RQ-PCR systems at the time of
intense B-cell regeneration must be viewed with caution to
w0id the wrong indication of treatment.
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B-cell reconstitution after allogeneic SCT impairs minimal residual disease

EFronkova', K Muzikova', E Mejstrikova, M Kovac, R Formankova, P Sedlacek, O Hrusak, J Stary

Department of Paediatric Haematology/Oncology, 2nd Medical School, Charles University and University Hospital Motol, Prague,

Introduction

During the past decade, minimal residual disease (MRD)
monitoring using patient-specific antigen receptor gene
rearrangements has been incorporated into major frontline
and relapse treatment protocols for childhood ALL.'*
Several groups, including ours, reported the unfavorable
prognostic significance of high MRD levels before trans-
plant in children with high-risk ALL.”>® Studies exploring
the significance of post transplant MRD were based on the
detection of mixed chimerism,”'® flow cytometry (FC),"
the fusion gene PCR in case of Ph+ ALL,'? PCR using
clone-specific Ig or TCR V- (D)-J sequences'® '® and, most
recently, real-time quantitative PCR (RQ-PCR) detection
of clonal Ig/TCR rearrangements.'” Consistently, all
studies showed that detectable MRD at any time after
SCT represents a substantial risk of post transplant relapse,
both in children and in adults. Several measures exist to
avert hematological relapse after SCT when molecular
relapse is detected. The first option is the reinforcement of
the GVL effcet by immunosuppression reduction or donor
lymphocyte infusion (DLI); the second is the application of
further cytoreductive therapy, including MoAb or specific
tyrosine kinase inhibitors, in the case of BCR/ABL-positive
ALL.'82¢ The benefit from such therapy has been described
in a small proportion of ALL patients. To date, there is no
general consent regarding the choice and timing of therapy
in case of post transplant MRD positivity.

The ESG-MRD-ALL (European Study Group on
Minimal Residual Disease in ALL) set guidelines for the
interpretation of quantitative Ig/TCR-based MRD that
include the use of polyclonal DNA from the peripheral
blood (PB) of healthy donors in multiplicate as a negative
control and a strict definition of MRD positivity.*” This
definition is even stricter when aimed at therapy intensifica-
tion (for example, DLI) to prevent false-positive results. So
far, this method has proved to be reliable, leaving the
potential nonspecific amplification in regenerating nonma-
lignant lymphocytes only a theoretical possibility.

Starting 140 days and later after SCT, we observed MRD
positivities in accordance with all ESG-MRD-ALL criteria
in patients who subsequently turned MRD-negative with-
out any antileukemic treatment and had been in complete
remission for several years after SCT. We hypothesized that
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the B-cell regeneration after SCT caused an unspecific
binding of clone-specific primers, which bypassed the
otherwise strict ESG-MRD-ALL criteria for MRD posi-
tivity. MR detection using non-self patient-specific assays
revealed false MRD positivity in a substantial portion of
post-SCT BM specimens. This false positivity was limited
to the samples containing high numbers of B-cell progeni-
tors as measured by immunophenotyping and by recently
described B-cell recombination (x deleting) excision circles
(KREC) detection. Moreover, using high-resolution capil-
lary electrophoresis and sequencing, we observed that the
size of such nonspecific RQ-PCR products differed from
the specific products. We therefore conclude that MRD
results post-SCT should be approached with extreme
caution, and offer recommendations for avoiding MRD
misinterpretation.

Patients and methods

Patients

A total of 38 children with ALL (aged I-18 years) underwent
allogeneic SCT in the Czech Republic from January 2003 to
October 2006. Of them 21 patients with B-precursor ALL
were selected for the study based on following criteria:
leukemia-free survival with a follow-up of at least 12 months
after transplant (mediun follow-up 46 months, range 17-62
months) and the availability of MRD results and residual
DNA samples from at least three (3-7) of the following time
points after SCT: days + 30, + 60, + 100, - 140, + 180,
I year, 2 years and 3 years. In total, 100 BM DNA samples
(leftover material after MRD detection) were investigated.
Washed leftover material from tubings and the transfusion
bag following the complete administration of the BM graft
was used as a control for KREC detection. Informed consent
for the use of residual material after protocol-based
examination for research purposes was obtained from
patients or their guardians.

Transplants

The patients were transplanted due to relapsed or high-risk
ALL in their first (7), second (I1) or third (3) remission.
Donors of hematopoietic stem cells were HLA-identical
siblings in 5 cases, a sibling with 9/10 HLA antigen match
in | case, and unrelated donors from BMT registries in 15
cases. BM was transplanted in ten cases, PBSC in nine
cases, umbilical cord blood (UCB) in one case and both
BM and UCB (sibling) in one case. In the majority of
transplants (n=19), we used a similar pre-transplant
conditioning regimen based on TBI at a dose of 12Gy
and etoposide 60 mg/kg, and in two children, a BU-based
conditioning (I x BU, CY and melphalan, | x BU, CY and
etoposide) was used. In the majority of unrelated donor
transplants (n=13), we used the rabbit antithymocytic
globulin (Fresenius, Bad Homburg, Germany) at a dose of
10 mg/kg for 4 days. GVHD prophylaxis consisted of CsA
in HLA-identical sibling transplants and a combination of
CsA and MTX administered on days + 1, +3 and +6 in
unrelated donor transplants, respectively. In one patient
(UCB transplant), a combination of CsA and methylpred-
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nisolone was used. No patient received any antileukemic
treatment (including adoptive immunotherapy) during the
post transplant period.

Detection of residual disease

Mononuclear cells from the diagnostic or relapse BM
samples were isolated by Ficoll-Paque (Pharmacia, Uppsa-
la, Sweden) density centrifugation and stored in liquid
nitrogen. Follow-up BM samples were processed by
erythrocyte lysis and stored at —80°C. Genomic DNA
was isolated using a QlAamp DNA Blood Mini Kit
(Qiagen GmbH, Hilden, Germany). Primers and protocols
for the detection of 1g heavy chain (IGH) rearrangements,
Ig light chain-x deletions (KDE), TCR-y (TCRG), TCR-8
(TCRD) gene rearrangements and TALI deletions have
been described previously.?**” Clonality of PCR products
was confirmed by the heteroduplex analysis.”” Sequencing
was performed in the ABI Prism 310 Genetic Analyzer with
BigDye Primer v3.0 Sequencing Kit (Applied Biosystems,
Foster City, CA, USA). Variable (V), diversity (D) and
joining (J) regions of the immunoreceptor gene were
identified by comparison with sequences in GenBank using
the ImMunoGeneTics database (http://imgt.cines.fr, Eur-
opean Bioinformatics Institute, Montepellier, France) and
the IGBlast search (http: /www.ncbi.nlm.nih.gov/igblast/,
National Center for Biotechnology Information, Bethesda,
MD, USA). Patient-specific forward primers for RQ-PCR
were designed using the Vector NTI 8 Suite Software
(InforMax, Bethesda, MD, USA). Family-specific reverse
primers and probes for IGH, IGK, TCRD and TCRG have
been described previously.**** Ig/TCR RQ-PCR was
performed in the iCycler 1Q Real-Time PCR Detection
System (Bio-Rad, Hercules, CA, USA). Standard curves
were prepared by diluting the diagnostic samples in pooled
polyclonal DNA from the PB of five healthy donors, which
was also used as negative controls. MRD using patient-
specific as well as non-self-specific systems was measured in
triplicate, with 2.5ul of DNA per reaction. The albumin
gene was used to normalize the DNA concentration and
quality.** The ESG-MRD-ALL criteria for RQ-PCR
sensitivity, quantitative range and MRD interpretation
were used.”’

DNA analysis by on-chip electrophoresis

RQ-PCR product (! ul) was analyzed in Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA)
using a DNA Series 11 Kit (DNA 1000 Assay) and Agilent
2100 Expert software according to the manufacturer’s
instructions.

Flow cytometry

K3 EDTA BM aspirate specimens were stained within 12h
from sample collection using a whole-blood lysis technique
with ammonium chloride. About 50-100pl of sample
(according to cellularity) was incubated with MoAb at
dark for 15min, and then sample was incubated with lysing
solution for 15min at dark and centrifuged (400 g). After
supernatant removal, the sample was resuspended in 200 pl
of PBS and analyzed on flow cytometer (FACSCalibur; BD
Biosciences, San Jose, CA, USA or CyAn; Dako, Glostrup,



' Denmark). For B- and T-cell regeneration/FC MRD after
SCT, the following MoAb combinations were used: CD20/
CD10/CDI19/CD34, SYTOL6/CDI19/CD45 and CD3/
(D16-56/CD45/CD19. The following antibody clones were
ssed: CD20 FITC (clonel27; BD Biosciences), CD10 PE
{clone SS2/36; Dako), CDI19 PC7/PC5 (clone J4.119;
Immunotech, Marseilles, France), CD34 APC (clone LIQ;
Immunotech), CD19 PE (clone SJ25CI; Immunotech),
(D45 PerCP (clone 2DI; BD Biosciences), CD3 FITC
iclone Sk7; BD Biosciences), CD16 PE (clone B73.1; BD
Biosciences), CD56 PE (clone B73.1; BD Biosciences) and
(D19 APC (clone SJ25C1; BD Biosciences). SYTO-16
{green fluorescent nucleic acid stain) was purchased from
Invitrogen-Molecular Probes (Carlsbad, CA, USA).

SYTO-16 green fluorescent nucleic acid stain exhibits
bright green fluorescence upon binding to DNA and RNA.
SYTO-16 was used for reporting the percentage of CD197*
eells out of all nucleated cells (SYTO16"*). The following

L wbpopulations were reported: CD19P CD19P*C D454 ™,

(D10 " " CDI19P%%, CDI10P*CDI19"*%, CD34P°°CD197°* and
(D3P, The B cells with a lower expression of CD45 (dim)
torrespond to immature cells.™

Detection of B-cell receptor excision circles

We used the method of KREC detection,*® slightly
' nodified as follows. We did not employ the simultaneous
detection of intron-Kde rearrangements as suggested.
nstead, we used a4 AC, method with a calibrator
ample-—-the donor DNA extracted from the residuum
ifter BM transplantation. We considered the differences in
DNA concentration of the samples and used RQ-PCR for
e albumin gene as described previously.* The final

mmount of KREC relative to the calibrator was expressed
s zf.culibralor—(] sample+log2(DNAconc.calibrator/DNAconc sample}

Statistical analyses

[he distribution of frequencies between groups with positive
md negative MRD was assessed using Fisher’s exact test.
The Mann—Whitney test was used to estimate the significance
of differences concerning continuous MR values. The
satistical analyses were performed using StatView version
30 (StatView Software, Cary, NC, USA). Trend analysis in
figure 4 was calculated using GraphPad Prism Software
wersion 5 (GraphPad Software. San Diego, CA, USA). First,
‘means of individual variables in individual time points were
wmpared using one-way analysis of vartance (ANOVA),
lhen post-hoc linear trend analysis was used to test decrease
o increase In naturally ordered groups. Simultaneously,
Kruskal-Wallis test was used for comparison of means

Jmong individual time points.
|

!
Results

frequency of hypothetically nonspecific amplification using
latients’ clone-specific systems in the course of prospective
wst-SCT monitoring

|\ patient-specific RQ-PCR system with minimal sensitivity
0f 10-* was designed for all patients, and 17 out of 21
natients were monitored using two independent Ig/TCR
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targets. Figure | shows the results of post transplant MRD
monitoring. In total, 16 of 151 (11%) samples from nine
patients were MRD positive according to ESG-MRD-ALL
criteria in at least one target (the C, value of at least one of
the three replicates was within 4.0 from the highest C, value
of the sensitivity and the C, value of at least one of the three
replicates was >1.0 lower than the lowest C, of the
background).”” Eight samples fulfiled ESG-MRD-ALL
criteria for positivity that aim at therapy intensification (the
C, value of at least one of the three replicates was >3.0
lower than the lowest C, of the background). All samples
were evaluated as ‘positive, not quantifiable’. Fifteen of
sixteen positive samples were examined by two targets; one
sample was positive in both of them. The RQ-PCR targets
with positive samples used IGH (7 x }, KDE (5 x ), TCRD
(4 x) and TCRG (I x) rearrangements for MRD detec-
tion. Nine of sixteen positive samples turned negative in the
following BM examinations; three patients were still
positive at the end of follow-up. Only [ of 16 positive
samples was taken during corticosteroid treatment of
GVHD, compared to 51 of 135 negative samples (P=0.01).

On the basis of following, we hypothesized that most of
the positive results were false positives and were most likely
caused by unspecific binding of patient-specific primers to
similar V- (D)-J sequences of nonmalignant lymphocytes in
BM. First, all patients with at least one positive sample
remained free of leukemia with a median follow-up of 31
months (range 17-61; not significantly different from
patients with no positive sample, P=0.17, Mann—Whit-
ney). Also, all patients who entered the study were MRD
negative (n = 16) or low positive (<5 x 107%, n=15) before
the transplant. Finally, simultaneous RQ-RT-PCR detec-
tion of the respective fusion gene (BCR/ABL and TEL/
AMLI) in 10 relevant samples tested gave a negative MRD
resuft.

Frequency of amplification using non-self clone-specific
systems

Because of the suspicion of false positivity, we used
different RQ-PCR systems specific for unique V- (D)-J
sequences of two other patients (not specific for the
leukemic cells of the given patients) to test whether the
V- (D)-] sequences would even be amplified in such
circumstances. A total of 100 post-SCT samples with
sufficient leftover DNA were tested. The frequency of
MRD-positive samples in the selected cohort did not differ
from the whole cohort (11%).

We used two patient-specific systems based on the VH3-
JH4 rearrangement. Both the VH3 family and JH4
represent the most frequently rearranged segments in
physiological B-cell development.”’-* To maintain the
reproducibility of the data, we used assays with no
background amplification of polyclonal DNA from PB of
healthy donors (‘buffy coat’ cells). The assays were
originally designed for two patients with ALL (not included
in the investigated cohort) using patient-specific primers
situated with their 5’ end in the VH3 segment and the last
seven nucleotides spanning N segments. In total, 20 out of
100 (20%) and 15 out of 100 (15%) samples were positive
according to the ESG-MRD-ALL criteria using those

Bone Marrow Transplantation
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#4 O O0——-=0 O o——0Q/ VH2/VD2 BCR/ABL
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#2807 O———0O0—O0 O O O O O 7/ Vgl

#321 O O O— O O—=o0 O —/ VKill

#3748 O- O O o—=O0 O—-O0—0O VA VH1VgI

#375 O —O O -O O @ L // VH3NKII BCRIABL
#15 O———O—O0——-0O0—0 *—© —/ VH3NKIl TEL/AMLA
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#432 O O O O O o —7 VHTVKIIl TEL/AMLA
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#639 O O O— O O O O —/ Vd2Ng!

#658 O -O O o @ O O—y VH3/Vd2 BCR/ABL
#7110 O—O O —O O O O A VH3/Vgll BCR/ABL
#7118 O——O—O—O— 000 O O—/ VH3/VH4 BCR/ABL
4719 O0——@&—@—O0— O @/ VH3/VH4 TEL/AMLI
#8681 O O O O—O0—-O0-C0—0— Vgl/Db2
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4914 O———O0—O O Oo—e Oy VHaNd2
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Figure 1

Post Lransplant minimal residual discase (MRD) results (Ig/TCR) from 21 patients included in the study. All positive samples were evaluated

as ‘positive, not quantfiable’. O, MRD negative; o, MRD positive; UPN, unique patient number; FG, fusion gene.

Positive samples:

Assay 1:  1/18 1721 3/20 4/11  6/15  4/15
Assay 2: 2118  2/21 2/20 1M 5/15  1/15
P . SO -
J o o b : %
FT, [ — & b‘g o ﬂ $
s :
35 T T T T T T
d30 d6o d90  d140 d180 1-3yrs
post-SCT
Figure 2 C, values of false minimal residual discase (MRD) positive

samples using two non-self-specific g/ TCR assays. Fitlled and empuy
diamonds represent the two different assays. In the case thal more members
of the examined triplicate were positive, the highest C, value was usecd.

assays. Of the eleven samples positive in their own patient-
specific systems, five and four were also positive in the two
non-self clone-specific assays, respectively.

Figure 2 shows C, values of false-positive samples in both
assays. As the onset of positive signal was different between
the two assays, their C, values are not mutually compar-
able. Given the fact that no background amplification was
present, all samples would fulfill the criteria for therapy
intensification.””
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Nonspecific RQ-PCR products differ from the specific
products in length and sequence
As we observed no difference in the length of most
nonspecific RQ-PCR products on 8% polyacrylamide gel
(data not shown), we employed a more sensitive Agilent
DNA analysis by on-chip electrophoresis. Figure 3 shows
an electrophoretogram of the diagnostic sample (1:10000
dilution in buffy coat) of the patient whose assay was used
for amplification compared to three different false-positive
samples from different patients that differ in size and/or
pattern.

Sequencing of 10 false-positive RQ-PCR products
revealed the use of different N nucleotides downstream
from the matching sequence of the patient-specific primer.

Assessment of B-cell reconstitution in the BM using KREC
detection

In the course of V- (D)-J recombination, Ig (TCR) gene
segments are assembled, leaving nonreplicable circular
DNA fragments as ‘by-products’. T-cell recombination
circles detection has been commonly used as a quantitative
marker of thymic output.*” Detection of B-cell recombina-
tion circles has not been widely employed due to the
complicated structure of [g genes. Recently, detection of
excision circles originating in the deletions of Ig light chain-
x (KREC) was described.*® As IGK deletion occurs in all B
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a
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Size (bp)

Figure 3 Agilent DNA chip electrophoretogram of specific and unspecific real-time quantitative PCR (RQ-PCR) products. Both [5 and 1500 bp peaks
iepresent Jower and upper DNA markers, and y axis values arc cxpressed as velative fluoreseence units. (a) The product of paticut-specific RQ-PCR. The
diagnostic ALL sample used lor amplification was 1:10000 diluted in polyclonal DNA {rom healthy donors. (b—d) Nonspecific RQ-PCR products amplified
from three different patients’ follow-up samples using the non-self-specific assay of the patient from (a).

lymphocytes that fail to rearrange IGK productively on
one or both alleles, the number of KRECs in the BM
reflects the number of developing B lymphocytes.

Figure 4a shows the number of KRECs relative to the
DNA from the BM donor sample during the post
transplant period in 100 BM samples. With few exceptions,
the KREC levels rose continuously, remaining lower than
those of the control until day 90 and having a median value
higher than the control -3 years post-SCT. This result was
in concordance with the lower intensity of immunosuppres-
sion in later time points. Figure 5a shows the impact of
immunosuppression taken at the time of sample collection

on the number of KRECs for all time points together.
Supplementary Figure 1 shows the same analysis for
individual time points.

KREC number correlated well with the false positivities
observed in non-self-specific Ig/TCR assays. Figure 6a
shows the difference in the number of KRECs between the
samples with negative and false-positive MRD, False MRD
positivity was more frequent in samples with higher KREC
number than in the negative ones (P<0.0001, Mann
Whitney). This trend was also significant for all but one
(day 140) post-SCT time points tested individually (Sup-
plementary Figure 2a).

o
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Assessment of [ymphocyte reconstitution in the BM samples
by immunophenotyping

Evaluation of B-cell subsets and T cells was available in 77
out of 100 and 69 out of 100 samples, respectively.
Consistent with the results of KREC detection, immuno-
phenotyping showed a trend toward higher total B-cell
(CD19°) numbers (P =0.06, Kruskal-Wallis) and an
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incrcase in T-cell numbers during the post transplant
period (P =0.02, one-way ANOVA,; Figures 4c and d). The
difference in B-cell progenitor (CD197°CD45%™) numbers
was not significant (Figure 4b). The impact of immuno-
suppression on the number of B-cell progenitors, B and T
cells s shown in Figures 5b, ¢ and d (for all time points
together) and in Supplementary Figures Ib, ¢ and d (for
individual time points).

Figure 6b and c¢ shows that samples with false-positive
MRD had higher numbers of immature B cells
(CD19P*CD45%™) and total B cells than negative ones
(P<0.0001, Mann-Whitney). Also, the numbers of
CDI10 " "CDI197, CDI10**CDI197**and CD34”°*CD[9°°¢
cells were significantly higher in samples with false-positive
MRD (P<0.0001, 2=0.0002 and 0.0001, respectively,
data not shown). The number of T cells (CD3P°*) was not
different between the two groups (Figure 6d). Supplemen-
tary Figures 2b, ¢ and d show the same analysis for
individual time points.

Discussion

MRD monitoring using antigen receptor gene rearrange-
ments offers a highly sensitive tool for post transplant
management of high-risk ALL. On the basis of MRD
positivity, methods of preemptive immunotherapy (DLI,
immunosuppression withdrawal) or chemotherapy can be
employed earlier than when using the less sensitive mixed
chimerism or flow cytometric detection. However, our
study demonstrated that even when all the criteria for
MRD interpretation developed during the past decade are
met, there 1s a considerable risk of false-positive MRD
vesults after SCT. Even though all such results would be
classified only as ‘positive, not quantifiable’, they would
mean at best the necessity of repeated examination together
with putting more stress on the patients and their parents,
and at worst the application of preemptive treatment.

In our cohort, 9 of 21 patients were MRD-positive at
least once during the first 3 years post-SCT using clone-
specific Ig/TCR RQ-PCR assays. No patient has relapsed
so far, with a median follow-up of 31 months. This number
does not reflect the exact number of positive results in all
transplanted patients, as our cohort was selected based on

d—

<

Figure 4 Lymphocytc rcconstitution during the post-SCT period was
described by the following: (a) k-deletion excision circles (KREC) numbers
expressed relative to the donor BM sample (KREC number = 1). One-way
analysis of variancc (ANOVA), not significant difference; Kruskal - Wallis,
P=0.0011 (significantly different level between time points 1 and 5, 1 and
6,2 and 5). (b) Percentage of B-cell precursors (CD 19¥"CD45%™) out of the
total BM cell number during the post-SCT period. One-way ANOVA, not
significant difference; Kruskal Wallis, not significant difference. (¢)
Percentage of B cells (CD19"™) out of the total BM cell number during
the post-SCT period. One-way ANOVA, not significant difference;
Kruskal Wallis, not significant difference (P =0.06). (d) Percentage of T
cells (CD3P") out of the total BM cell number during the post-SCT period.
One-way ANOVA, significant difference (P =0.0020); lincar trend,
significant increase among time points (slope 0.68, P<0.0001); Kruskal

Wallis, P =0.0015 (significantly different level between time points 1 and 5,
1 and 6).
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the leukemia-free survival and on the availability of post
transplant material. Knechtli es al.'* observed post
transplant MRD positivity in 8 of 36 patients who
remained in continuing complete remission. All MRD-
positive samples in their study had been followed by
negative ones, compared to 9 of 16 positive samples in this
study. On the basis of the interim results, we already
considered the last three positive samples in our study to be
false positive and did not invite patients to undergo
repeated examination out of schedule, so we have not
received the MRD results so far. One can speculate that
those positivities were real and reflected GVL effect
preventing a hematological relapse. All of the patients
selected for this study were MRD negative or low positive
before the transplant, which has been shown to denote a
low risk of post transplant relapse in several studies.” *!7
Moreover, 11 of 16 positive samples coming from patients
with fusion genes were negative in simultaneous fusion
transcript detection. We employed two non-self-specific
RQ-PCR assays and observed a substantial percentage of
false-positive amplifications in our cohort of samples.
MRD monitoring based on antigen receptor gene rearran-
gements utilizes ‘fingerprint-like’ V- (D)-J sequences of
leukemic clones for primer design. Nonspecific amplifica-
tion in polyclonal lymphocytes with simjlar rearrangements
1s usually determined using pooled PB DNA from 5-10
healthy donors, and its occurrence depends on the type of
Ig/TCR target and the number of inserted N nucleotides
(about 30-40% in [GH whereas 90% in TCRG targets).*®
Recently, van der Velden et al*' reported that the level of
nonspecific amplification in IGH targets depends on the
time point during the induction treatment and is the highest
in the post-maintenance period due to the prevalence of
CDI10P*TdT™* precursor B cells with complete VH-JH
rearrangements in the B-cell compartment. The authors
concluded, however, that ESG-MRD-ALL guidelines for
interpretation of RQ-PCR data were sufficient for frontline
ALL therapy monitoring, with less than 2% false-positive
results. As we were limited in sample size, so we could only
analyze two 1GH targets representing the same type (VH3
and JH4) of rearrangement to minimize assay-specific
variations. Both assays had no background in PB bufty
coat; still, we observed 20 and 15% false-positive results
using regenerating post-SCT BM samples. Regarding
immune cell reconstitution, SCT constitutes a unique
situation. According to the KREC levels representing in
our setting the output of B cells from BM, the median level
remains lower than that of the control group until I-year
post-SCT. This result is in concordance with the study
of Kook et al.,** who observed a depression of total
B-lymphocyte count until 18 months post-SCT. However,
a fraction of patients had higher values than healthy BM
donor starting in a few cases as soon as day 60 post-SCT,
and creating more than half of the cohort 1-3 years post-
SCT. Higher numbers of total B cells were also observed in
a study of patients surviving 20-30 years after transplant-
ation.*?

The problem of extensive regeneration causing unspecific
primer binding could be theoretically overcome by using
regenerating BM DNA instead of DNA from buffy coats as
a negative control; however, the availability of such
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Figure 6 Lymphocyte reconstitution in minimal residual disease (MRD)-negative vs MRD (alse-positive samples (all time points together). (a) Expressed

as x-deletion excision circles (KREC) numbers relative o the donor BM sample. (b) Expressed as a percentage of B-cell precursors (CD19"CD45%"™) and
(c) B-cell percentage (CD19"*) out of the total BM cell number. (d) The number of T cells (CD 37) in the two groups was not different. The Mann- Whitney
test was used for statistical analysis. The sample was assessed as MRD false positive if positivily according Lo European Study Group on Minimal Residual
Discase in ALL (ESG-MRD-ALL) criteria was detected in at least onc of the two non-self-speeific assays.

material in practice 1s very limited. Our recommendation 1s
to continue using PB buffy coats while carefully judging
cases of not quantifiable post-SCT MRD positivity. As all
the RQ-PCR products we sequenced and analyzed by on-
chip electrophoresis differed from the specific ones,
performing at least one of the two techniques would pay
off in such cases.

The impact of preemptive therapy based on post
transplant MRD or chimerism detection has not been
proven so far on a larger cohort of patients. In our previous
study, all attempts used to avert post-SCT relapse showed
only a limited or temporary effect.® On the basis of these
results, we are now working on pre-transplant MRD
monitoring to enable adding treatment to minimize MRD
level before the transplant and thus the risk of relapse.
However, post transplant MRD monitoring still remains an
extremely useful tool for therapy management, if judged
with caution.
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this risk-group stratification. MRD negativity at day 33 (d33, end
of induction phase 1) and at week 12 (w12, before consolidation
treatment) stratified patients to the standard- (low) risk group,
while high MRD level at w12 was an additional contribution to
the classical high-risk features.”

Minimal residual disease monitoring in the AIEOP-BFM ALL
2000 trial is based on real-time quantitative PCR (RQ-PCR)
detection of patient-specific immunoglobulin (Ig) and T-cell
receptor (TCR) gene rearrangements, which is currently con-
sidered the most reliable tool for MRD diagnostics. However,
this method is time-consuming, logistically demanding and
relatively expensive. Moreover, to guarantee the credibility of
the results, it requires regular inter-laboratory quality controls.”
For these reasons, this method is still inapplicable in many
laboratories around the world.

In 2000, many countries within I-BFM-SG were not able to
apply routine MRD testing to clinical practice; therefore, a new
protocol, ALL IC-BFM 2002, was designed in parallel to AIEOP-
BFM ALL 2000. Countries that joined the ALL IC consortium
wanted to test the possibility of (at least partially) gaining
additional prognostic information by non-MRD-based methods.
The patients were stratified into standard-risk, intermediate-risk
and high-risk groups (SRG, IRG and HRG, respectively),
according to age, white blood cell (WBC) count, blast
proportion in peripheral blood after 7 days of prednisone and
a single intrathecal dose of methotrexate (prednisone response)
and the presence of t(9;22) and t(4;11) fusions (Figure 1). As the
morphological assessment of bone marrow (BM) at day 15 (d15)
provided additional prognostic information,'® d15 BM evalua-
tion was newly added to the stratification scheme. A slow
response to treatment detected as M3 BM at d15 re-stratified
patients to higher risk groups. More than 800 children a year
from 12 countries all around the world (including Argentina,
Chile, Croatia, Czech Republic, Hong Kong, Hungary, Israel,
Poland, Serbia, Slovakia, Slovenia and Uruguay) were treated
according to the ALL IC protocol. Apart from the treatment
questions, one of the goals of this study was to compare this risk-
group assessment to the MRD-based criteria used in AIEOP-BFM
ALL 2000. Therefore, this study asked the question whether it is
possible to avoid MRD testing in some subgroups of patients.
The study was called ‘Mini Risk’ and consisted of MRD
evaluation in 163 patients treated in four member countries of
the ALL IC consortium (Czech Republic, Israel, Hong Kong and
Uruguay).
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MRD and risk group stratification in childhood ALL treatment protoco!
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Patients, materials and methods

Patients

A total of 207 children with ALL (age 1-18 years) treated in the
Czech Republic (November 2002 to February 2004, n=105),
lsrael (January 2004 to December 2004, n=48), Hong Kong
(January 2003 to March 2004, n— 36) and Uruguay (April 2004
to March 2005, n=18) were included in the Mini Risk study. All
children were treated according to the ALL IC-BFM 2002
protocol. As the Mini Risk study was mainly aimed at SRG,
sampling of SRG patients in the Czech Republic continued to
October 2004. Moreover, Czech HRG and T-cell ALL (T-ALL)
patients consecutively diagnosed up to December 2004 were
enrolled in the study to acquire sufficient numbers of patients in

dg. age 1-6y and age <1 or26 yrs or 1(9;22), t(4;11), or
WBC<20 000 pI~" and|WBC 220 000 pI™" and || blasts d8 2 1000 1~
blasts d8<1000 p| blasts d8<1000 pi™

Day 8 l

Day 15 ] M1/2 | M3 I | M1/2 | M3 I I M1/2/3

Day 33 |M1 |M?JB [ I M1 | M2/3 | LM1IZIS I

Risk \

group: SR IR HR

Figure 1 The risk-group stratification scheme in the ALL-IC BFM

2002 trial. M1/2/3, BM status according to morphology, M1 (<5%
blasts), M2 (5-24% blasts) and M3 (= 25% blasts). BM, bone marrow.

the analyzed subgroups. Twenty patients were not analyzed for
MRD: 3 because of early death during the induction phase and
17 because of poor quality or missing diagnostic DNA. The BM
sampling was performed at up to six fixed time points along the
course of the treatment protocol: d8 (Czech Republic only) and
d15 of induction, end of induction phase 1 (d33), pre-
consolidation (w12), pre-reinduction (w22) and at the end of
the first year of treatment (w52). BM was classified as MT (< 5%
blasts), M2 (5-24% blasts) and M3 (=25% blasts) by national
reference laboratories using standard morphological criteria. All
patients or their parents or guardians gave informed consent for
the treatment study.

Treatment

Figure 2 shows the treatment scheme of the ALL IC-BFM 2002
protocol. In brief, after 7 days of steroid prephase and one
injection of i.t. MTX (intrathecal methotrexate), all patients
received the 8-agent, 8-week induction therapy (protocol I).
Consolidation therapy (protocol mM/M) consisted of four
courses of high-dose (HD) MTX 2gm™2 (5gm™ for T-ALL)
for SRG and [RG patients. Cranial irradiation was applied in
non-transplanted HRG patients, T-ALL patients and in patients
with CNS status 3. At the beginning of delayed re-induction,
patients were randomly assigned to receive one protocol Il vs
two protocol 1l {using less dexamethasone, vincristine,
cyclophosphamide and anthracyclines) treatments for SRG
and one protocol Il vs three protocol [ll treatments for IRG.
HRG therapy consisted of three HR-blocks and triple re-
intensification with three protocol Il treatments (HR-T) vs six
HR-blocks plus protocol Il treatment (HR-2B) vs three HR-blocks

v ¥V Vv ¥

| 6-MP/MTX '

12 Gy* only for TFALL

d15 d33 w12 - bV om

Vo v

)

v v
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Figure 2 ALL IC-BFM 2002 treatment. | BM sampling;  i.t. MTX m maintenance therapy; **Prot. I', DNR 30mgm
" per 24h x 4; *CNS status 1/2, pCRT — 12 Gy; CNS status 3, tCRT:12/18 -

BCP-ALL; *BCP-ALL, MTX 2gm ™’ per24hx4 T-ALL, MTX 5gm "’

dosage by age at treatment delivery, infants < year of age had neither pCRT nor tCRT;

% only for SR patients with

*no randomization of AIEOP vs BFM but choice by group

according to previous experience with one of the two high-risk strategies. i.t. MTX, intrathecal methotrexate.
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T
|

7 wo protocol 11 treatments (HR-2A). Maintenance therapy
' a total treatment duration of 24 months consisted of
“mercaptopurine daily, MTX weekly and extended i.t. MTX
« children receiving HD MTX 2gm™% in consolidation.
| elements of this BFM-type therapy have already been
“blished. "2

Jow cytometry

w cytometry immunophenotyping of BM aspirates was
~eformed at diagnosis using a panel of mAbs recommended
i the European Group for the Immunological Characterization
i Leukemias.'?

|
Jetection of fusion genes

lie presence of TEL/AMLT, BCR/ABL and MLL/AF4 fusion genes
1as examined as a part of routine ALL diagnostics by real-time
R in the Czech Republic and by fluorescence in situ
jhridization in [srael, Hong Kong and Uruguay.

!DNA index

ie DNA index was assessed routinely at diagnosis using the
TjcleTestPlus DNA Reagent kit (BD, San Jose, CA, USA) as
\scribed previously.' The DNA index was defined as a ratio of
e mode of fluorescence of cells in the GO/G1 phase and the
‘mode of fluorescence of normal peripheral blood in GO/GT.
rognostically relevant hyperdiploidy was assessed as having a
NA index =1.16 and <1.6.

Detection of residual disease

Yononuclear cells from the diagnostic BM samples were
‘solated by Ficoll-Paque (Pharmacia, Uppsala, Sweden) density
“entrifugation and stored in liquid nitrogen. Follow-up BM or
‘eripheral blood samples were processed by erythrocyte lysis
‘ind stored at —80 °C.

Genomic DNA was isolated by the QIAamp DNA Blood Mini
it (Qiagen GmbH, Hilden, Germany). DNA was stored at
-20°C before processing. Primers and protocols for detection of
- mmunoglobulin heavy chain, immunoglobulin light chain «,
Icell receptor v, T-cell receptor § genc rcarrangements and
TAL1 deletions were described previously.'™'® Clonality of the
ICR products was confirmed by heteroduplex analysis.'”
lequencing was performed using the ABI PRISM 310 Genetic
‘.-\nalyzer with the BigDye Primer v3.0 Sequencing Kit (Applied
Siosystems, Foster City, CA, USA). Variable (V), diversity (D)
ind joining () regions of the immunoreceptor gene were
ientified by comparison with sequences in GenBank using
he ImMunoGeneTics (IMGT) Database (http://imgt.cines.fr,
IMGT, European Bioinformatics Institute, Montepellier, France)
ind the IGBlast search (http://www.ncbi.nim.nih.gov/igblasy,
National Center for Biotechnology Information, Bethesda,
MD, USA).

. Patient-specific forward primers for RQ-PCR were designed
' using the Vector NTI 8 Suite Software (Informax, Bethesda, MD,
USA). Family-specific reverse primers and probes for immuno-
globulin heavy chain, immunoglobulin light chain «, T-cell
receptor & and T-cell receptor y were described previously.'® '
IgTCR RQ-PCR was performed using the iCycler IQ™ real-time
' PCR Detection System (Bio-Rad, Hercules, CA, USA) and the
ABI Prism 7700 real-time PCR System (Applied Biosystems,
foster City, CA, USA). Standard curves were prepared by
diluting the diagnostic samples in polycional DNA from healthy
donors. The albumin gene was used to normalize the DNA

MRD and risk group stratification in childhood ALL treatment protocol
E Fronkova et al

concentration and quality.?* The ESG-MRD-ALL (European
Study Group on Minimal Residual Disease in ALL) criteria for
RQ-PCR sensitivity and quantitative range interpretation were
used.”’

Feasibility of MRD monitoring

A total of 187 patients were investigated for the presence of
clonal Ig/TCR rearrangements. In 179 (96%) patients, at least
one monoclonal marker was found. Patient-specific RQ-PCR
assay with minimal sensitivity of 107" was established for 163
(87%) patients. The main reason for inadequate sensitivity was
early amplification of control DNA from healthy donors. One
hundred and four patients (53%) had two sensitive 1g/TCR
targets. We have previously shown a good correlation between
two independent Ig/TCR targets during the ALL IC-BFM 2002
induction treatment.** Higher values were used for MRD
analysis in patients with two Ig/TCR targets.

Statistical analyses

Distribution of variables between groups with positive
and negative MRD was assessed using Fisher's exact test. The
Mann-Whitney and Kruskal-Wallis tests were used to estimate
significance of differences concerning continuous MRD values.
The statistical analyses were performed using StatView version
5.0 (StatView Software, Cary, NC, USA).

Results

For intergroup analysis, a consecutively recruited cohort of
patients was analyzed, with MRD values available in 69 (d8), 87
(d15), 133 (d33) and 133 (w12) samples. For internal SRG, HRG
and T-ALL group analyses, augmented consecutively recruited
groups were used as described in the Patients section.

MRD and ALL IC-BFM 2002 risk groups

Table 1 shows the distribution of MRD positivity and negativity
at d33 and wi12. Overall, 68 of 133 (51%) consecutively
diagnosed patients had, at d33, a BM that was negative for MRD
{(d33 MRD"#) and 107 of 135 (79%) were MRD negative at w12
(w12 MRD"). Twenty-five of 133 (19%) patients had, at d33,
MRD fevels that were higher than 107>. MRD correlated
significantly with the ALL IC-BFM 2002 risk groups. Median
MRD level at d33 was 1.0 x 107 in HRG patients compared to
1.9 % 10 % in IRG patients and 0 in SRG patients (Figure 3a).

Standard-risk group patients responded better in terms of
MRD negativity at d33 than [RG patients (P=0.0018). However,
21 of 62 (33.9%) SRG patients for whom both d33 and w12
follow-up samples were available were d33 and/or w12 MRDF®
(ranging from borderline positivity to 1.5 x 1072 at d33 and to
1.2 x 107* at w12). These patients would not qualify as MRD-
based SRG in AIEOP-BFM ALL 2000. Figure 3b shows MRD
clearance during the initial phase of treatment in the ALL IC
SRG, highlighting patients with slow molecular response. They
did not differ significantly from those with rapid molecular
response with respect to gender, WBC, BM morphology at d15
or presence of hyperdiploidy or TEL/AMLIT fusion. The only
difference was in a higher proportion of M3 BM at d8 in MRD
slow responders (P=0.016, see below).

Conversely, 26 of 64 (40.6%) consecutively diagnosed ALL IC
IRG patients were MRD negative at both d33 and w12
(15 patients by 2 1g/TCR targets, thus fulfilling AIEOP-BFM
ALL 2000 criterion for SRG).

w
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figere 3 MRD and ALL IC-BFM 2002 risk-group stratification. (a) Quantitative MRD levels (logarithmic scale) at d8, d15, d33 and w12 according
wihe ALL IC-BFM 2002 risk groups. (b) MRD clearance in patients stratified to the ALL {C-BFM 2002 standard-risk group. Empty diamonds indicate
nitients with MRD positivity at d33 and/or w12, who would not qualify as SRG in the MRD-based AIEOP-BFM ALL 2000 trial. MRD, minimal

widual disease; SRG, standard-risk group.

MRD and early response to therapy

'Prednisone response. None of the patients with more than
1000 blasts pl " in peripheral blood after 1 week of prednisone
|and one i.t. MTX (poor prednisone response) achieved negativity
itd33 (P=0.0026, Table 1). The difference remained significant
i wl2 (P=0.031). Quantitative MRD levels differed signifi-
antly between prednisone poor and good responders at d15
: P=0.037), d33 (P<0.0001) and w12 (P=0.032, Figure 5a).

Day 15 bone marrow morphology (BM d15). The d15
mnorphology evaluation was performed centrally in the ALL IC-
iFM 2002 protocol due to BM d15 implementation in risk-
youp stratification. In the whole cohort, only two patients were
testratified from SRG to IRG and two patients from IRG to HRG.
wo IRG patients with M3 BM at d15 were not treated as HRG
lue to treatment intolerance. Patients with M3 BM d15 were
more likely to be d33 MRDP®* than patients with M1 and M2
P=0.03, Table 1). Figure 5¢ shows the comparison of d15 BM
satus with MRD levels at d15 and its impact on quantitative d33
ind wi2 MRD levels. There was no difference in MRD status
letween patients with M1 and M2 BM on d15 at any time point.

Figure 6 shows the correlation of morphological- and PCR-
nsed d15 BM assessment, with 28 of 95 (29%) samples
waluated differently by each method. Three cases were
isessed as M1 by morphology and M3 by PCR, and, vice
iersa, one case was evaluated as M3 by morphology and M1
by PCR.

We then evaluated the impact of PCR-based MRD at d15
on PCR-based MRD at d33 (Figure 7). Using the MRD cutoff

level 5% 107, 15 (14%) patients had an MRD lower than
this value. None of these patients were d33 MRDP®, compared
to 53 (60%) patients with d15 MRD higher than 5x 107"
Similar results were observed using an MRD d15 cutoff of
1x107°. The MRD low-risk group defined by this cutoff
comprised 19 patients (18%) and only 1 of these patients
was MRD positive at d33, compared to 51 (59%) in the
second group.

Day 8 bone marrow morphology (BM d8). Day 8 BM
morphology is assessed as a part of the ALL IC-BFM 2002 in the
Czech Republic. The proportions of M1, M2 and M3 d8 BM in
the consecutively recruited group were 12, 24 and 64%,
respectively. BM d8 status had no impact on d33 MRD positivity
(Table 1). However, this was mainly due to a higher percentage
of M1 BM at d8 (7 of 21, 33%, P=0.035) in T-ALL patients, who
tended to have slower MRD response during the induction
phase. Interestingly, only 1 of 14 SRG patients with d8 M1 or
M2 BM was pasitive at d33, compared to 13 of 30 patients with
d8 M3 BM (P=0.019). The impact of d8 BM status on MRD
status is still evident at w12, even when analyzing the whole
cohort, including T-ALL patients (Table 1). Figure 5b shows the
quantitative MRD levels according to d8 BM status, with
significantly higher levels at d15 in patients with M3 BM at
d8. We observed no significant correlation between d8 and d33
MRD levels (data not shown). The overall results of d8 BM
evaluation and its impact on survival in a larger cohort will be
reported after sufficient follow-up.

w
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Figure 4 Relation of clinical features to MRD at d8, d15, d33 and w12. Quantitative MRD levels (logarithmic scale) were related to (a) age at
diagnosis, (b) presenting white blood cell count at diagnosis and () B vs T immunophenotype. MRD, minimal residual disease; WBC, white blood

cell.

Discussion

Most modern treatment protocols for childhood ALL have
implemented some sort of MRD assessment into their risk-group
stratification, aimed at both treatment intensification and
reduction. Using MRD with the aim of therapy reduction
requires a highly sensitive method (at least 107%), which so far
has not been commonly accessible for many countries world-
wide. The ALL IC protocol was designed to span the period
during which the involved countries cstablished routine MRD
testing. One of the goals of the design was to implement d15 BM
morphology evaluation to re-stratify carly slow responders to
treatment intensification. Antigen reccptor-based MRD evalua-
tion was used in our study to determine the correlation of ALL IC
risk-group assignment with molecular response during the initial
phase of therapy. MRD correlated strongly with ALL IC risk
groups. As expected, HRG patients showed slower molecular
response than IRG and SRG patients. None of the analyzed
patients would be stratified into HRG by AIEOP-BFM ALL 2000
criteria, solely based on high MRD level at w12. All such
patients were also prednisone poor responders. IRG patients had
higher MRD levels at d33 than SRC patients. However, about
one-third of ALL-IC SRG patients were positive at the end of
induction and/or at wi12. Based on the previous findings, these
patients have a higher risk of relapse.® Consequently, no

ukemia

treatment reduction would be justified in a protocol based on
ALL IC stratification criteria.

Next to age and WBC as classical risk factors, we observed a
significant difference in molecular response between BCP-ALL
and T-ALL patients. BCP-ALL patients showed a better response
at d15 and d33, while the difference between the two groups
was no longer distinct at w12. This finding is in agreement with
a previous study comparing BCP-ALL and T-ALL patients treated
according to the ALL-BFM 90 protocol®® and implies the
potential benefit available to T-ALL patients from treatment
modalities used later in the treatment. As most of the T-ALL
patients were positive at d33 and negative at w12, another time
point in between the two might be beneficial for risk
stratification of T-ALL patients in BFM-based protocols.

BM evaluation at d15 has been an integral part of the ALL IC
stratification and M3 BM at d15 showed a negative impact on
d33 MRD in our study. Only four patients in our cohort were
re-stratified into therapy intensification based on M3 BM d15. In
all four cases, the morphological evaluation was concordant
with the PCR-based evaluation. In general, the correlation
between morphology and PCR was far from ideal. It could be
explained by a difficult BM evaluation at this time point. On the
other hand, RQ-PCR also has limitations, mainly in the exact
determination of high MRD levels: one PCR cycle difference
means a twofold difference in MRD value. Using a cutoff of
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5% 107" for PCR at d15, we could identify a small group
of patients (14%) who achieved MRD negativity at d33. This is
n agreement with the previous study of Panzer-Grumayer
et al,’® who observed an excellent outcome in a similar
goup of patients treated according to the ALL-BFM 90
protocol. However, the use of 1g/TCR-based MRD monitoring
for treatment assignment in such an early time point is limited
by the extreme logistical requirements of this method.
Flow cytometry seems to be a more convenient tool
for the early identification of patients with excellent
prognosis.?” -8

BM d8 evaluation on the BFM-based protocol has not been
reported so far. The Children’s Oncology Group study concern-
ing BM d8 reflects a different treatment approach (without a
prednisone pre-phase). With regard to this, it is not surprising
that the proportion of M1 and M2 marrows in the Children’s
Oncology Group study is significantly higher.2? In our study,
BCP-ALL patients with M3 BM d8 were more likely to be MRD
positive at both d33 and w12. This trend was even preserved in
SRG. However, 67% of SRG patients in our cohort had M3 BM

M1

M2 M3 M1 M2 M3

figure 5 Relation of early treatment response in PB (a) and BM (b, ¢) to MRD at d15, d33 and w12. Quantitative MRD levels (logarithmic scale)
were related to () blast count in PB after 7 days of prednisone and one i.t. MTX (prednisone response) of less than 1000 ul~' (PGR) vs more than
' (PPR), (b) BM status at d8 (BCP-ALL only) and (c) BM status at d15. BM, bone marrow; i.t. MTX, intrathecal methotrexate; MRD, minimal
wsidual disease; PB, peripheral blood; PCR, prednisone good responders; PPR, prednisone poor responders.

d8 and more than half of them were subsequently d33 MRD
negative, which impairs the practical use of this factor. Our
results indicate that M1 BM d8 might potentially identify a small
group (11%) of BCP-ALL patients with excellent prognosis.
However, it will be necessary to extend the cohort and perform
a follow-up to confirm this hypothesis.

Patients with TEL/AMLI translocation did not differ from the
other BCP-ALL patients in molecular response. About one-third
of TEL/AML1-positive patients had detectable MRD at d33.
According to a previous study, those patients have a higher risk
of subsequent relapse.*®

In contrast to the well-documented favorable prognostic
impact of hyperdiploidy,®' about half of the hyperdiploid cases
were MRD positive at d33. This could potentially mean that
those patients have a greater risk of relapse. Unfortunately, the
original BFM MRD study® lacked information on DNA ploidy.
Borowitz et al.?° reported a surprisingly high percentage of MRD
positive cases at the end of induction among paticnts with
favorable trisomies, despite the excellent prognosis of this

group.
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Impact of PCR-based MRD at d15 on PCR-based MRD at d33. Percentage of blasts at d15 (x axis) vs percentage of blasts at d33 (y axis)

in 104 BM samples. Arrows indicate the respective d15 cutoffs of T x 107 and 5 x 10™%* that define the MRD low-risk groups. BM, bone marrow;
P f group

MRD, minimal residual disease.

Our study was aimed at correlation of clinical, morphological
and biological stratification criteria used in the ALL IC-BFM 2002
protocol with MRD clearance. Generally, MRD reduction during
the first 3 months of therapy correlated with ALL IC-BFM 2002
risk groups. This was most distinct in the high-risk group,
implying that the ‘classical’ criteria used in ALL-IC are able to
identify most HRG patients. However, there was a large overlap
between the intermediate- and standard-risk groups concerning
MRD negativity at the end of induction. Thus, the ALL IC criteria
are not able to reliably define the low-risk group potentially
assigned to therapy reduction, which is the challenge of modern
leukemia treatment. During our study, the countries involved
implemented the methodology of PCR-based MRD testing and
are now prepared to use the MRD-based protocol. Still, great
effort should be made to the identification of simpler stratification
criteria (for example, flow cytometry MRD asscssment), since
PCR-based MRD testing is still unavailable in many countries.
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Introduction

Abstract

The expression of CD27 and CD44 correlate with the genotype of B-precursor acute
lymphoblastic leukemia (ALL). Based on the expression of these antigens, we
identified counterparts of TEL/AMLI?® and TEL/AMLI™® leukemic cells in
nonmalignant bone marrow. Although CD27 is known as a marker of mature
memory B cells, we recently showed that CD27 is also expressed by malignant and
nonmalignant B precursors. Here, we show that CD27 and CD44 delineate stages
of B-precursor development. Well-established differentiation markers showed that
the developmental sequence starts from undetermined progenitors, expressing
CD44. Upon B-lineage commitment, cells gain CD27 and lose CD44. The
CD27P%"CD44"™¢ (CD27 single positive, 27SP) cells are the earliest stage within
CDI0OP*CD197°* B precursors and express RAG-/ and TDT. These cells
correspond to TELJAMLIP® ALL (l/4 pediatric B-precursor ALL). The
development follows to CD27/CD44 double-positive (27/44DP) stage, 44SP stage
and CD27/CD44 double-negative (27/44DN) stage. Before exit to periphery, CD44
isreexpressed. The 27/44DP cells are mostly large and profoundly suppress RAG-1.
Despite their presumably high proliferation potential, 27/44DP cells rarely
dominate in leukemia. At 44SP stage, which corresponds to TEL/AMLI™®
leukemias, RAG-1 is reexpressed and Ig light chain gene starts to be rearranged.

early after B-lineage decision, CD10 is expressed and con-

By making the lineage decision, human progenitor cells start
the B-lineage dcvelopment in the bone marrow (BM)
[reviewed in (1, 2)]. This early stage is accompanied by the
upregulation of B-cell-specific transcriptional regulators
Pax-5 and very likely also early B-cell factor. Since the
earliest stage, the B-lineage-committed cells start to re-
arrange the genes for Ig heavy chain (/G H). Upon successful
I/GH rearrangement, the recombination machinery is sup-
pressed and cells quickly proliferate. In the following stage,
Ig light-chain (/GL) genes are rearranged. Cells that
complete both /GH and /GL are ready to be functionally
competent and develop into naive mature B cells. Such cells
leave the BM environment.

On cell surface level, the first B-committed cells express
CD34, which disappears in the course of maturation. Very
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tinues to be present on the cell surface until /GH and /G L are
rearranged. An important surface marker of B lineage,
CD19, is expressed since the very early stage when /GH
rearranges. Experimental evidence shows that CDI10 pre-
cedes the expression of CD19, perhaps in majority of cells.
The CDI10P**CD34P*CD19"® cells are mostly committed
to B lineage, although they can develop also to other line-
ages (3). However, the most immature B-precursor leukemia
stage called pro-B is defined as CDI9P**CD34"*CDI10"®
(4, 5). Leukemia nomenclature, reflecting the current
understanding of malignant transformation during lym-
phopoiesis, therefore assumes CDI9 expression before
CD10. At CDI0OP*CDI19°* stages of development, im-
portant events occur including /GH rearrangemcent
completion, cell expansion and /GL rearrangement. This
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CDI10™*CD19"** immunophenotype is found in the major-
ity of B-cell-precursor acute lymphoblastic leukemias (BCP
ALLs). Our previous study showed that major genotypic
BCP ALL subsets strictly correlate with the surface CD27
and CD44 expression (6) (updated results are in http://clip.
If2.cuni.cz/files/archiv/CD44_and CD27 updated_results.
pdf), thus confirming RNA genomics data on protein level
(7). Interestingly, TEL/AMLI""" BCP ALL corresponds to
CD27P° phenotype, in the absence of CD44. Although
CD27 was considered to be a general marker for memory B
cells in humans, we showed its expression also on
CDI0™CDI19™* B-cell precursors (6). Iis expression in
BCP ALL and in nonmalignant B precursors was then
confirmed in another study (8). CD27 (TNFRSF7, T-cell
activation antigen) is a 110-kDa transmembrane glycopro-
tein composed of disulfide-linked 55-kDa monomers, and it
is a member of the tumor necrosis factor receptor family. In
humans, it 1s expressed on the large subset of peripheral
T cells, on most medullary thymocytes (9) and on natural
killer cells (10). In more mature stages of B-lineage
development, it is expressed on somatically mutated B
cells (11).

CD44 (Hermes, Pgp-1) i1s a cell surface glycoprotein
coded by [0 standard exons found in all CD44 isoforms; the
other 10 are variably spliced (12). CD44 was originally
identified on hematopoietic cells (13), but it was also found
on a wide range of other tissues (14-16). The CD44 mediates
cellular adhesion. Itis a receptor for hyaluronate ([7), but it
binds other compounds of extraccllular matrix also. It is
involved in the process of lymphocyte activation (18), and
its interaction with stromal cells is important during
lymphopoiesis and myeolopoiesis (19, 20). The CD44v6
splice variant is often associated with metastatic potential of
nonhematopoietic neoplasias, for cxample, in gastric
adenocarcinoma (21). Its expression also correlates with
shorter survival of patients with acute myeloblastic leuke-
mia (22) and is more frequently expressed in medium- or
high-risk group in pediatric ALL (23). We searched for
cells with CD27 and CD44 expression corresponding to
leukemia subtypes in nonmalignant BM. Among
CDI10PCDI19™* cells, we found CD27"°°CD44"% B
precursors (CD27 single positive, 27SP) corresponding to
TEL]AMLIP® leukemia and CD27™5CD44"°° (44SP) cells
that correspond to most other ALL subtypes and double-
positive (27/44DP) and double-negative (27/44DN) cells,
which are rarely scen in BCP ALL. We tested the hypothesis
that the expression of CD44 and CD27 nonrandomly
correlates with the differentiation stage of B precursors.
Therefore, we investigated differentiation markers with
known dynamics during B-cell development [CD10, CD34,
intracellular [gM, intracellular VpreB (CD179a), terminal
deoxyribonucleotidyl transferase (TdT), RAG-1 and Ig
gene rearrangements] in immunophenotypic subpopula-
tions defined by CD44 and CD27.

M. Vaskova et al.

Materials and methods

Patients

BM specimens of children without any evidence of
malignant or residual malignant disease (patients 1 and
more years after BM transplant, after the end of the ALL
therapy and patients investigated to exclude hematological
malignancy) were used. Specimens were collected according
to the Czech law and institutional regulations and with
informed consent. Only leftover material from specimens
after completed diagnostic investigations was used.

Flow cytometry

Cell suspension of the unseparated BM or peripheral blood
(PB) was stained with four- to eight-color combinations of
monoclonal antibodies (mAbs). The following fluoro-
chrome-Jabeled mAbs were used: anti-CD44 fluorescein
isothiocyanate (FITC) (reacting with the standard isoform
of CD44) and anti-CD27 phycoerythrin (PE) (BD, San
Jose, CA), anti-CD10 ECD, anti-CD179a PCS5, anti-CD19
PC7 and anti-CD34 allophycocyanin (APC) (Immuno-
tcch, Marseille, France), anti-TdT FITC (Dako, Glostrup,
Denmark), anti-CD20 Alexa405 (Serotec, Kidlington,
Oxford, UK) and anti-1gM Dyomics647 (Exbio, Prague,
Czech Republic). In addition, DAPI (4,6-diamidino-2-
phenylindole) (Molecular Probes, Leiden, The Nether-
lands) and FIX&PERM cell permeabilization kit (An der
Grub, Vienna, Austria) were used. Nonmalignant BM
samples were analyzed using FACS Aria (BD) and BD
LSRII (BD) flow cytometers and sorted using FACS Aria
flow cytometer (BD). For polychromatic flow cytometry
experiments, photomultiplier (PMT) voltage was set above
electronic noise threshold and automated compensation
matrix calculation was performed using single-color-
stained tubes (piva 4.1.2 or summiT 4.3). Gating strategy
of compensated data was determined using Fluorescence
Minus One controls (24). Analysis was performed using
rFLowjo 8.1.1 software (Treestar, Ashland, OR) using the
same strategy of positivity determination. For each
sample, 4 x 10° to 4 x 10° events were recorded. Gating
strategy was used for the analysis and sorting of the cells
with a given immunophenotype as follows: CD10P® cells
were selected from the gate of CD19P**DAPI™® cells (live
B-lineage cells). Four subpopulations based on CD44 and
CD27 positivity and negativity were identified according
to Fluorescence Minus One controls among these cells
(Figure 1). The cells falling above or below a threshold of
fluorescence intensity set by these controls are called
positive or negative subpopulations throughout the paper.
The experiments with sorted subpopulations were per-
formed in duplicates or triplicates. The purity of sorted
subpopulations was always more than 95%. Therefore, the
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results of the mRNA and DNA analyses indeed describe
the sorted subpopulations.

Real-time quantitative reverse transcription—-
polymerase chain reaction

Complete RNA from sorted cells was isolated by RNeasy
Micro Kit (Qiagen GmBH, Hilden, Germany) according to
manufacturer’s instructions. RNA was converted into
complementary DNA (cDNA) using MoMLV Reverse
Transcriptase (Gibco BRL, Carlsbad, TX). Real-time
quantitative reverse transcription—polymerase chain reac-
tion (PCR) analyses were performed using LightCycler™
rapid thermal cycler system (Roche Diagnostics GmbH,
Mannheim, Germany). Fluorescent DNA-binding dye
SYBR Green (FMC BioProducts, Rockland, MA) was
used for quantification of RAG-7and TDT gene expression.
Control gene beta-2-microglobulin (b2m) was measured
using hybridization probes as described previously (25).
The primer sequences were as follows — for TDT: for-
ward 5'-gTCgTgCCTTTgCCCTgTT-3', reverse S'-TC-
CgCTCATgTgTggCATAg-3' and for RAG-I: forward
5'-TgAgTAATATCAACCAAATTgCAgACA-3', reverse
5" -ggATCTCACCCggAACAgC-3". The composition of
PCR mix was as follows: [ U of Platinum 7ag DNA
polymerase in the PCR buffer provided by the manufacturer
(Gibco BRL — Life Technologices Inc., Gaithersburg, MD),
MgCl, 3 mM (for RAG-1) or 2 mM (for TDT), deoxynu-
cleotide triphosphate 0.2 mM each, bovine serum albumin
0.25 pg/ul, primers 0.5 uM each; fluorescent signal was
generated using 0.2 ul SYBR Green (2 x 1077 of the stock
concentration, diluted by dimethyl sulfoxide; for RAG-/
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CD44

and TDT). One microliter of cDNA was added in a final
volume of 20 pl. The LIGHTCYCLER program for RAG-/ and
TDT consisted of the initial denaturing at 94°C for 90 s,
followed by 40 PCR cycles: 95°C for S's, 62°C for 40 s
(single fluorescence measurement), 72°C for 12's. The
melting curve analysis was performed to confirm specific
amplification and to identify nonspecific templates after
each run. RAG-1 and TdT mRNA expression was shown as
a ratio to h2m expression,; this value was normalized to | in
the most immature subset investigated.

Real-time quantitative PCR analysis of
immunoglobulin gene rearrangements

DNA from sorted cells was isolated by QlAamp DNA
Blood Micro Kit (Qiagen GmbH). Multiplex real-time
quantitative PCR (RQ-PCR) for /G H detecting virtually all
complete /GH rearrangements and RQ-PCR for intron
recombination signal sequence to kappa deleting element
(RSS-Kde) was performed using family-specific V segment
forward primers and J segment-specific reverse primers and
probes as described previously (26, 27) in the iCycler [Q™
thermal cycler system (Bio-Rad, Hercules, CA). The
starting concentration of template was measured against
the dilution series of positive-control DNA in germ-line
(unrearranged) Hela DNA. REH cell line served as
a positive control for intron RSS-Kde recombination.
Samples of patients with ALL containing 87% and 97%
of clonal cells with monoallelic rearrangements were used
for standard curve preparation in VH/-3-JHI-6 and VH4-
7-JH I-6 assays, respectively. The cycling conditions werc as
follows: initial denaturing at 95°C for 10 min, 50 cycles of
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denaturing at 94°C for 15 s, annealing extension at 64°C
(IGH) or 62°C (intron RSS-Kde) for | min; DNA at
a concentration of 0.01-0.2 pg/ul was used for cach PCR
reaction. All the assays reached sensitivity of at least 1% of
rearranged alleles in the germ-line background. Each
sample was run in duplicate, and a mean value was used
for further analysis. Albumin gene was used to normalize
the DNA concentration and quality (28). ICycLEr 1Q
Optical System software version 3.0a was used for
quantification, and a final value was shown as a percentage
of rearranged alleles relative to the respective clonal control
DNA, which was set as 100%.

Results

CD27 and CD44 expression define phenotypic stagesin
B precursor development

As CD44 negativity in combination with CD27 positivity is
found exclusively in one subtype of leukemia (TEL/
AMLIP®) (6), we searched for such cells among B
precursors in nonmalignant BM. Within CDI10P**CD19P%°
cells, such 27SP cells were present in all 14 specimens. In
addition, 44SP cells as well as 27/44DP and 27/44DN cells
were found (Figure 2). Next, markers of B-precursor
differentiation were investigated by polychromatic flow
cytometry. The expression of CD44, CD27 and a B
precursor defining the combination of CD19 and CD10
was studied together with the differentiation markers CD34,
TdT, cytoplasmic IgM and cytoplasmic VpreB (CD179a).
The percentage of CD347% cells is the highest in 27SP and
decreases gradually in 27/44DP, 44SP and 27/44DN
subpopulations (Figure 3A,B). A similar trend is found in
the percentage of CD10°"" cells, which become virtually
missing in CD27"* B-precursor stages (Figure 3C,D). This
sequence of developmental stages was further supported by
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Figure 2 Frequencies of subpopulations defined by CD27 and CD44
expression within CD1077°*CD19""* B precursors. Fourteen specimens
were used for this analysis. DN, double negative; DP, double positive; SP,
single positive.
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a gradual loss of intracellular TdT and VpreB (Figure 4A,B)
and by the increase of intracellular [gMP* cells (Figurc 4C).
The observed sequence of developmental stages of B
precursors is thus: 27SP, 27/44DP, 44SP and 27/44DN.
We fit these subpopulations into two well-established
models of B-cell development (Table 1) (2, 29).

27/44DP cells downregulate the key recombination
enzymes

We sorted subpopulations based on the CD44 and CD27
expression to compare their recombination potential by
measuring TdT and RAG-1 mRNA expression by RQ-
PCR. Similar to the protein level, TdT mRNA expression
decreases in concordance with the suggested developmental
stages (Figure 5A). Interestingly, the 27/44DP cells express
the lowest amount of RAG-! transcripts (Figure 5B),
suggesting that these cells are in the stage of suppressed
RAG-1 expression after completed /GH rearrangement.
RAG-1 is reexpressed during /G L rearrangement, as proven
by the reappearance in the 44SP cells. Because the cells
with a downregulated R4G-/ are known to be frequent
among the large proliferating cells, we analyzed the
percentage of large cells (estimated by cytometry as the
proportion of cells with a higher forward scatter). The 27/
44DP subpopulation appears to be composed mostly by the
farge cells, based on the highest percentage of cells with high
forward scatter (Figure 6A,B).

Immunoglobulin gene rearrangement

After a successful rearrangement of /GH genes in early B
precursors, cells proliferate and /G L genes start to rearrange.
In all four subpopulations, heavy-chain genes (both segments
VHI-3-JH and VH4-7-JH) were rearranged (data not
shown), proving that heavy chains start to rearrange at or
before the earliest stage of differentiation among the analyzed
subpopulations. The low quantitative range of the system for
VHI-3-JH and VH4-7-JH detection did not enable the exact
quantification, mainly because of a limited DNA concentra-
tion obtained from sorted cells. Next, we investigated the /GL
rearrangement. The system detected the intron RSS-Kde
rearrangements, which appear in the late phase of /GL
rearrangement. As shown in Figure 7, /GL genes begin to be
rearranged at the 44SP stage, whereas intron RSS-Kde
rearrangements are virtually missing at earlier stages.

Both CD27 and CD44 reappear at CD20P°°CD10"®?
stages

As reported earlier, mature PB B lymphocytes are CD44"°
(15). Our data show that majority of CD20"**CD10"® cells
express CD44 already in BM, while PB B lymphocytes are
almost exclusively CD447%" (Figure 1B), contrasting with
BM CDI10P®" cells, which contain a greater fraction of

© 2007 The Authors
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CD44™¢ cells. Thus, immature, naive B cells reexpress
CD44 in BM, before they exit to periphery.

Lack of CD27 expression in stem cells

Within CD34"* cells, Nilsson et al. reported higher pro-
portion of CD27"* cells in CD19™® subpopulation com-
pared with CDI19*" subpopulation, which was interpreted
that B-lineage-committed CD34”% cells express less
CD27 (8). Although we used fluorochrome (PE) with
higher fluorescence intensity and a higher resolution than
FITC used in Nilsson’s study, we found only 1.9 + 1.7%
of CD27° cells (n = 14) among CDI9"*CD34P%° cells.

A
N
Figure 4 The intensities of intracellular TdT (A), A
intracellular CD179a (B) and intracellular IgM (C) L e~d/ ]
within CD27- and CD44-defined subsets. Repre-
sentative samples of five measurements are
shown. The vertical lines distinguish positive and

negative cells. DN, double negative; DP, double
positive; SP, single positive; TdT, terminal deoxy-

ribonucleotidyl transferase. intracellular TdT
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As we used a reliable cytometric system acquiring
millions of events and selecting exclusively viable cells
for the analysis, we could further divide these
CD19"4CD34P°* cells. We used CDI0 for finer division
of the CD19"8CD34P%* cells because it is known that the
CDI19",CDI10P**CD34P* cells are biased towards B
lineage, although they can develop also into other
lineages (30, 31). The CD10™® and CDI0P® fractions
of CDI19"®CD34P*" cells contained 0.23 + 0.21% and
38.8 +26.3% CD27°% cells (n = 14), respectively. In
comparison, CDI19P*°CD34"°* cells contain 67 + 14.1%
CD27%° cells (n = 14). In CD34P*°CD19™¢ subpopula-
tion, the acquisition of CDI10 is accompanied by CD44
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Table 1 The models of B-cell gevelopment®

M. Vaskova et al.

LeBien (2) Loken et al. (29) CD27 and CD44
Pro-B {I) CD19, CD10, CD34, CD24, IL-7R, RAG, VpreB, Ig-a, VDJu CcD10™", CD34, TdT 27SP
Pre-Bl (I} CD19, CD10, CD24, pre-B receptor, low RAG, IgM HC CcD10 27/44DP
Pre-BIL (1) CD19, CD10, CD24, pre-B receptor, RAG, IgM HC, VJk 44SP, 27/44DN
Immature B (l1)) CD19, CD10, CD20, CD21, CD22, CD24, CD40, IgM CD10+, IgM 27/44DN
vy IgM

DN, double negative; DP, double positive; HC, heavy chain; SP, single positive; TdT, terminal deoxyribonucleotidy! transferase
2 We show CD27- and CD44-defined differentiation stages in the context of two published models. The stages in the model by Loken et al. {29) and
LeBien (2) are assigned by numerals and their names, respectively, in the first column.

downregulation (Figure 8), which i1s in line with our
results that CD44 negativity together with CD27
positivity is found in the earliest CD19P°* cells.

Discussion

We previously reported that CD27 and CD44 define ALL
subtypes (6). Thc data presented here show that the
expression of these molecules correlates nonrandomly with
several independent markers of B-precursor differentiation.
Among CDIOP”CDI19™" cells. both maturity of IG
rearrangements and the expression of differentiation
markers prove the following developmental sequence:
27SP. 27/44DP, 44SP and 27/44DN. The data showing
heavy chain gene rearrangementsin 27SP, 27/44DP, 44SP as
well as 27/44DN cells indicate that /GH rearrange at stages
up to 27SP. Upon transition to the 27/44DP stage, in which
the large cells dominate, RAG-1 expression is suppressed.
Afterwards, CD27 disappears and cells enter the next stage,
44SP. This stage is characterized by restarting the recom-
bination machinery (shown by R4G-/ reexpression). Only
at this stage, cells start to contain completed /G L rearrange-
ments (shown by KDE detection). Cells apparently attain
smaller size at 44SP stage. This process is finished by loss of
CD44. The resulting 27/44DN phenotype dominates among
the CD10P°° B precursors in human BM. The 27/44DN cells
complete the differentiation process before the cells lose
CDI10, regain CD44 and are allowed to exit to periphery.
Interestingly, whereas RAG-/ is profoundly suppressed
at 27/44DP stage, TdT expression decreases gradually

TdT B
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throughout the differentiation. The suppression of RAG-/
may be important during the cell proliferation as RAG-1
(unlike TdT) may cause unwanted DNA recombination
during replication. This may explain the differences between
TdT and RAG-1 expression at the 27/44DP stage, contain-
ing large proliferating cells.

The knowledge on B-precursor development can be
combined with the leukemia diagnostics to discover the
counterparts of the dominant leukemia population. The
27SP cells are physiological counterparts of TEL/AMLI™
ALL, and the 44SP cells are the principal counterparts of all
other B-precursor ALL subtypes. The 44/27DP and 44/
27DN immunophenotype is rarely seen among B-precursor
leukemias. This contradicts a logical expectation that the
proliferating compartment (large pre-B, mostly found in 44/
27DP stage) might be more likely to transform into
malignancy.

Because the nonmalignant counterparts of TEL/AML [°*
ALL are less mature than the counterparts of TEL/AMLI™®
ALL, it is possible to speculate that the differentiation of
TEL]AMLIP® leukemic cells is blocked in earlier stage
than in other leukemias.

After exit to periphery, a subset of B cells reexpresses
CD27 during the process of somatic hypermutation and it is
then constitutively present asa marker of memory cells (32).
In line with this, we observed a CD27°” subpopulation
among CD20P°*CD10™*cells not only in PB butalso in BM.
The BM CD27°*°CD20P**CD10"™¢ B cells are probably
recirculating memory cells. Migration of memory cells to
BM was proven by the analysis of BM cells with preferential

RAG-1

Figure 5 Recombination enzyme terminal deoxy-
ribonucleotidy! transferase (A) and RAG-1 (B)
mRNA expression. Expression levels are shown
as ratio to control gene expression; this value was
normalized to 1 in the most immature subset
investigated. Experiments were performed in
duplicates. DN, double negative; DP, double
positive; SP, single positive; TdT, terminal deox-
yribonucleotidyl transferase.
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mutations in the complementarity dctermining regions
(CDR) (33) of the V(D)J rcgions, which is the pattern that
evolves during the antigen sclection in germinal centers.
[nteraction of CD27 with its ligand CD70 expressed on
activated T and B cclls regulates B-cell growth and
differentiation to [gG- and IgM-producing cells (34, 35).
At the early developmental stages, CD27 expression was
reported on murine hematopoietic stem cells (36), and
Nilsson et al. reported a high CDD27 expression in human
CD34P cells even before CDI9, similar to mice (8).
Although we did observe such cells, they were almost
always CD10P** and their percentage increases only after B-
lineage commitment. Because the CD27 and CD44 are
known to play a role in apoptotic or adhesion processes, it
can be speculated that their expression merely reflects the
functional status of the precursor B cell, regardless of its
developmental stage. However, our data clearly show that
CD27 and CD44 are expressed in an organized fashion
during the precursor development. Consequently, this
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Figure 7 Immunoglobulin light-chain gene rearrangement.The percent-
age of intron RSS-Kde rearrangements is shown. The experiment was
performed in triplicate. DN, double negative; DP, double positive; SP,
single positive.
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forms a basis for a further research into functional
similarities between normal precursor and the leukemia cell.

Although the straightforward explanation of the pre-
sented data is that the observed subpopulations reflect
consequent developmental stages, alternative scenarios may
be provided. We may hypothesize that the following
phenomena may not represent regular features in B-
precursor differentiation at CDI10P**CDI19P* stage: (i)
CD27 expression, (ii) the decrease in CD44 expression or
(iii) the reappearance of CD44 seen in 27/44DP and 44SP
cells. The scenario (i) is definitely possible in transgenic
animals because B cells do develop in CD27 '~ mice (37).
However, our data do not support this scenario as a major
pathway in healthy humans. The CDIOP**CDI9"™ B
precursors would start from the 27/44DN phenotype, which
contains only few CD34"% and TdTP* cells — to the
contrary, most cells have a more mature phenotype with
rearranged /GL. Such immature cells would differentiate
into the 44SP phenotype, which contains at least some large
pre-B cells. The explanation of the fact that we do sec
majority of immature (CD34P°, TdTP®, JGL-unrearranged,
i-IgM"™2, i-VpreBP® and CD10°™) cells among CD27P°
cells would require a complicated assumption that some
immature cells may express CD27 for a prolonged time, thus
increasing the apparent frequency. According to the

CD34+CD19-

CD34+CD19+
4 1 10°

CD10
g

. Beiell L B | e Boab i S L

o1 10d ot 10® 0w 10* w0 w0
|-
»

CD44

Figure 8 CD44 expression in  CD10°°°CD34°°°CD19™° and in

CD19°°°CD34P"cells.
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scenario (i), the most immature cells would enter the
27/44DP stage. Therefore, the cells would need to have
completed I/GH prior to the CDIOP®CDI9P® stage.
Analogically to the scenario (i), we would need to accept
that some cells might still lose CD44 and acquire the 27SP
phenotype. Our observation of high RAG-1 expression at
the 27SP cells makes this scenario very unlikely as we would
assume that the cells with completely rearranged /GH
reexpress RAG-1 upon losing CD44 before returning back
to the RAG-1"°¢ 27/44DP phenotype. The scenario (iii) also
appears unlikely as differentiating from 27SP directly to 27/
44DN phenotype would circumvent the large pre-B stage
with suppressed RAG-1. If this scenario occurred in
a significant fraction of cells, it would contradict the current
understanding of B-precursor differentiation. A possible
role of CD27 is the regulation of apoptosis because
association with apoptotic cascades was reported. Data
from different models illustrate that the net effect of CD27
may be either negative or positive. Nolte et al. showed that
murine CD27  ~ progenitors proliferated more rapidly,
suggesting a regulatory role of CD27 in the growth of these
cells. They propose that such a regulatory role may be
triggered by the interaction of CD27 on B precursors with
CD70 on activated T cells. This could be beneficial during
infection as the presence of foreign antigen in the BM could
induce an unwanted selective tolerance (37). CD27 trigger-
ing on primary plasma cell leukemia has antiapoptotic effect
(38). Overexpression of CD27-binding protein Siva induces
apoptosis in cell lines (39). It was also shown that CD27
associates with tumor necrosis factor-receptor-associated
factor (TRAF)2 and TRAFS signal transducers respon-
sible for NF-kB activation (40). Apoptosis plays an
important role during B-cell development when cells
unsuccessfully rearranging Ig genes die by apoptosis. The
question is whether CD27 on B precursors could mediate
proapoptotic or antiapoptotic signal because the published
data concerning CD27 role in apoptosis are diverse in
different cell types. Although our data do not answer this
question, it is obvious that among B precursors, CD27
identifies mainly the earliest stages at or before the start of
IG rearrangement. The specificity of the early-stage
detection is strengthened when CD27 positivity is combined
with CD44 negativity.

Our data show that during B-cell development, CD44
undergoes two waves of downregulation. If the uncommit-
ted CD34P°° cells are mostly CD44”%, then CD44 expres-
sion decreases together with the two-step acquisition of
CDI0 (Figure 7). The CD44™¢ cells have been described
previously among CD34"* BM cells and have been, in line
with our results, shown as CD10"**CD19P** B precursors
(41). These CD44"¢ cells are 27SP. The following reemer-
gence of CD44, resulting in 27/44DP stage corresponds with
one of its supposed functions, which is regulation of cell
proliferation. While suppressing RAG-/ expression, cells

M. Vaskova et al.

proliferate at the 27/44DP. The expression of CD44 again
ceases only two stages down, at the 27/44DN stage, in which
IG L are fully rearranged and the cells do not proliferate and
are not dependent on CD44-mediated contact with stromal
cells. The role of CD44 during hematopoiesis was experimen-
tally shown by the addition of anti-CD44 mAbs that inhibit or
enhance stromal cell-dependent hematopoiesis (42).

There are more models of B-lymphocyte development,
and the nomenclature of B-cell developmental stages is still
unsettled. Any nomenclature should be based on fitting
surface markers with /G gene rearrangement status. CD27
and CD44 extend the B-cell development model because
their expression also reflects not only the /G rearrangements
status but also a different likelthood to transform into
leukemia and/or to block the differentiation in different
genetic subsets of ALL.
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Data on secondary acute lymphoblastic leukaemia (sALL)
following ALL treatment are very rare. However, the incidence
might be underestimated as sALLs without a significant lineage
shift might automatically be diagnosed as relapses. Examina-
tion of immunoglobulin and T-cell receptor gene rearrange-
ments brought a new tool that can help in discrimination
between relapse and sALL. We focused on the recurrences of
childhood ALL to discover the real frequency of the sALL after
ALL treatment. We compared clonal markers in matched
presentation and recurrence samples of 366 patients treated
according to the Berlin—-Frankfurt-Munster (BFM)-based proto-
cols. We found two cases of sALL and another three, where the
recurrence is suspicious of being sALL rather than relapse. Our
proposal for the ‘secondary ALL after ALL’ diagnostic criteria is
as follows: (A) No clonal relationship between diagnosis and
recurrence; (B) significant immunophenotypic shift — signifi-
cant cytogenetic shift — gain/loss of a fusion gene. For the sALL
(A) plus at least one (B) criterion should be fulfilled. With these
criteria, the estimated frequency of the sALL after ALL is
according to our data 0.5-1.5% of ALL recurrences on BFM-
based protocols. Finally, we propose a treatment strategy for
the patients with secondary disease.

Leukemia advance online publication, 26 April 2007;

~ doi:10.1038/sj.leu.2404718

~ Keywords: secondary acute lymphoblastic leukaemia; childhood;
. relapse

Introduction

Secondary or treatment-related acute leukaemia is a well-known
complication of previous cancer therapy. The vast majority of
cases in paediatric patients comprise secondary acute myeloid
leukaemia (AML), whereas secondary acute lymphoblastic
leukaemia (ALL) is considered to be a rare disease. Case reports
of secondary ALL (sALL) in chifdren have been described
following treatment of various malignant diseases (Wilm's
tumour, Hodgkin’s disease, neuroblastoma, Ewing’s sarcoma,
osteosarcoma, medulloblastoma, retinoblastoma, ependymoma
and so on)'? However, although ALL is the most common
malignancy in childhood, the data on childhood sALL following
ALL treatment are scarce.
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In four large studies describing the incidence of secondary
neoplasms in children treated for ALL, no secondary ALL was
diagnosed among the total of more than 25000 children
developing altogether 171 secondary malignancies.”® The data
demonstrate two facts (1) ALL treatment bears a relatively low
risk in terms of secondary tumours compared with treatment of
other frequent childhood malignancies.” (2) Diagnosis of
secondary ALL after ALL treatment is extremely rare. This
rareness might be caused by the fact that ALL recurrence after
ALL treatment is usually automatically diagnosed as a relapse of
the original leukaemia. Comparative analysis of immunoglo-
bulin (Ig) and T-cell receptor (TCR) gene rearrangements brought
a new tool that can help in discrimination between real relapse
and sALL clonally unrelated to the original disease.®

Only very few case reports have been published admitting
that a supposed ALL relapse might represent a secondary
malignancy but no comprehensive study aimed at determining
the frequency of secondary ALL after ALL treatment has been
presented so far.

in our study, we aimed to answer the question what is the
actual frequency of this phenomenon and to show that it might
be underestimated. By comparison of Ig/TCR rearrangements
and other markers of the malignant clone in matched presenta-
tion and recurrence samples, we screened a series of 366
patients consecutively diagnosed in four centres and treated
according to the Berlin-Frankfurt-Munster (BFM)-based proto-
cols. We found two cases with secondary ALL and another three
in which the second malignancy is suspicious of being SALL
rather than relapse. On the basis of our results, we propose
guidelines for defining the secondary ALL after ALL treatment.

Materials and methods

Patients

A total of 366 childhood patients with relapsed ALL were
analysed both at diagnosis and recurrence of the disease in four
centres (Prague, Paris, Berlin, Rotterdam). All children were
treated according to the BFM or BFM-related protocols (BFM
(n=281), (European Organisation of Research and Treatment of
Cancer) EORTC (n=199), (Dutch Childhood Leukemia Study
Group) DCLSG (n=86)). The patients are consecutive unse-
lected cases from given protocols in whom marker stability for
all recurrences of childhood ALL was assessed at respective
centres. Informed consent for the therapy and joint research
examination was obtained from patients or their guardians, and
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protocols were reviewed by Institutional Review Boards (IRB) or
Research Ethics Committees (REC) of respective centres. Patient
UPNS was reported previously in the study concerning Ig/TCR
rearrangements.”

Immunoreceptor gene rearrangements
We examined the Ig/TCR gene rearrangement patterns in bone
marrow samples of ALL patients using PCR primer sets covering
the vast majority (>90%) of Ig-heavy chain (IGH), lg-x (ICK),
TCR-6 (TCRD) and TCR-y (TCRQG) rearrangements in B-cell
precursor (BCP) ALL and the set of reactions covering the T-cell
acute lymphoblastic teukaemia (T-ALL) rearrangements (TCRD,
TCRG and SIL-TALT rearrangements). [n cases with no clonal
relationship between the samples from diagnosis and recurrence
in these loci, we added examination of incomplete [(CH
rearrangements, and (except for the patient UPN4, where the
low amount of available DNA precluded the analysis) both
complete and incomplete TCR-f (TCRB) rearrangements. All
detected rearrangements were sequenced and compared between
the primary and secondary leukaemia to distinguish completely
new rearrangements from related rearrangements with secondary
changes. in the discordant patients, the diagnostic samples were
analysed for the presence of all new ‘recurrence rearrangements’
to exclude their presence even at lower level in the original
leukaemic population. The sensitivity of this analysis was
107%-107° in the patients UPNT—4 and 10 * in patient UPNS.
Sequences of primers and PCR conditions were specified
elsewhere.'""" To reliably distinguish clonal PCR products from
polyclonal, we performed heteroduplex analysis of fragments
using polyacrylamide gel."*

Fusion gene determination and cytogenetics

Presence of TEL-AMLT, BCR-ABL and MLL-AF4 fusion genes
was examined as a part of routine ALL diagnostics at original
diagnosis and recurrence. MLL fusion sequence in patient UPN1
was established at the Diagnostic Centre for Acute Leukaemia
(DCAL) in Frankfurt. A long-distance inverse PCR method was
used to determine the genomic fusion break point.'> Routine
karyotyping was performed at diagnosis and recurrence of the
disease. In some cases, fluorescence in situ hybridization
analysis targeted to MLL gene rearrangements was added at
the time of recurrence.

Flow cytometry

Flow cytometry immunophenotyping of bone marrow aspirates
was routinely performed at diagnosis and at relapse using panel
of mAbs recommended by the European Group for the
Immunological Characterization of Leukemias.'®

Genetic identity confirmation

In three patients (UPN2, UPN3 and UPN4), suspect from the
secondary ALL, a patient identity confirmation of diagnostic and
recurrence samples was performed to rule out the possibility of
sample confusion. Microsatellite testing using AmpFISTR
Profilerplus Kit (PE Applied Biosystems, Darmstadt, Germany)'”
or by PromegaPowerplex 16 kit (Promega, Madison, WI, USA)
was used for the affirmation.

Results

Among 366 relapses analysed in our study, we found five
cases without any clonal relationship between diagnosis and

sukemia

recurrence of the disease. We aimed to verify the discordance of
clonal markers in these patients at different levels — by the
analysis of immunophenotype, cytogenetics, fusion genes and
lg/TCR rearrangements. The Ig/TCR rearrangements were pre-
sent as specific clonal markers in virtually all ALL patients. Thus,
we focused on detailed analysis of the rearrangements in the five
patients and besides routine 1g/TCR screening, we compared
sequences of the rearrangements at diagnosis and recurrence;
and we also attempted to backtrack all new rearrangements
from the recurrence of the disease back to the original diagnosis.
Neither the comparison of sequences nor the backtracking
showed any clonal relationship between the primary and
secondary leukaemia in these five cases. The patient’s charac-
teristics are summarized in Table 1. In addition to the
completely new pattern of Ig/TCR rearrangements at the time
of ALL recurrence, 2/5 patients (UPNT and UPN2) showed
additional immunophenotypic (lineage switch from BCP to
T-cell leukaemia) and genetic (occurrence of a new MLL fusion
gene, loss of TEL-AMLT fusion gene) features supporting
designation as the secondary leukaemia. In the patient UPNT,
the recurrence referred here is the second recurrence; the first
recurrence of this child bore all clonal signs of a genuine relapse
with immunophenotype, cytogenetics and Ig/TCR rearrange-
ments corresponding to the original diagnosis. At the second
recurrence this patient showed complete immunophenotypic
switch from BCP to T-ALL, the blast cells lost their hyperdiploid
character (DNA index was 1.17-1.21 and 1.00 at diagnosis, the
first recurrence and the second recurrence, respectively) and a
novel type of MLL gene rearrangement appeared with a fusion to
the MAML2 gene at 11g21.

Discussion

To our knowledge, only six cases of ALL recurrence that might
be considercd as being secondary rather than relapsing
leukaemia have been described so far. The review of the
literature is summarized in Table 2. The list of cases includes
three children with ‘late developing’ t(4;11),"®'? and two cases
where other translocations involving MLL gene arose (t(11;1 4)%0
and t(11;16)*"). In the remaining case (as well as in the t(11;14)
case), the assumption that the recurrence is rather a secondary
leukacmia came from the fact that no common marker was
found after examination of Ig/TCR rearrangements at diagnosis
and recurrence of ALL®*°

We are aware that definite diagnosis of an indisputable SALL
is intricate. In most cases, there is a hypothetical possibility that
the discase has originated in a very early progenitor with ability
to differentiate into very dissimilar cell populations with
seemingly no clonal relationship to each other. Unless the
leukaemic stem cell is defined, it is virtually unfeasible to rule
out the possibility of a biphenotypic/biclonal disease al
diagnosis with a small, undetected subclone outwardly un-
related to the predominant diagnostic clone. Such cells could
emerge after an effective treatment of the major clone and give
risc to a dominant relapse population. Thus, the only virtually
indisputable sALLs are cases where a fusion gene, which
is thought to be the first hit in leukaemogenesis (for example,
TEL-AMLT or MLL-AF4), is lost at the recurrence. To preclude or
at least to minimize the risk of a hidden biphenotypic/biclonal
discase at diagnosis, absence of all the recurrence-specific
rearrangements should be verified in the diagnostic sample.

However, the probability of a recurrence constituted by cells
with completely unrelated clonal characteristics but still
originated in the same leukaemic stem cell as the original
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Table 1 Characteristics of the 5 patients with possible secondary ALL after ALL treatment
Patient UPN1 UPNZ2 UPN3 UPN4 UPN5
Age at diagnosis (years) 5.1 58 3.0 7.8 82
Gender F M M F F
mmunophenotype (P/R) BCP/BCP/T BCP/T T/T BCP/BCP BCP/BCP
fusion genes (P/R) neg/neg/MLL-MAML2 TEL AML1/neg Neg/neg Neg/neg NA/NA
WTCR (P/R) ABC/ABC/DEF ABCD/EFGH AB/C AB/CDE ABCDE/FGH
Treatment preceding the ALL-BFM95-SR/ALL-  EORTC-58951-VHR  ALL-BFM 2000-MR EORTC-58881-S DCLSG-ALL-8-HR
SALL Rez BFM96-52

CR preceding the sALL 2.9/2.7 2.2 1.7 6.5 35

(years)
CR after sALL No Yes Yes Yes No
Outcome (months in CR) Toxic death in the Death due to Second CR (32) after Second CR (72) Death in the

recurrence extramedullary alloBMT recurrence
{thymic) progression {progressive disease)

Radiation (Gy)? 18 No 12 No No
Etoposide (mg/m’)" 2000 1350 No No 1350
Daunorubicin (mg/m=)? 225 220 120 240 270
Cyclophosphamide/ 10.2 4 3 3 7

fosfamide (g/m?)”

fbbreviations: alloBMT, allogeneic bone marrow transplantation; BCP, B-cell precursor; CR, complete remission; Ig/TCR, immunoglobulin and
Tcell receptor; NA, not available; P, presentation; R, recurrence; sALL, secondary acute lymphoblastic leukaemia.

9/TCR: in each patient, different letters stand for different and unrelated rearrangements.

7 patient UPN1, we refer to presentation and both first (genuine relapse) and second {sALL) recumrences.

‘Cumulative doses of selected drugs preceding the sALL.

Table 2 Review of the literature — cases of possible sALL after ALL described so far

Reference Original diagnosis Secondary ALL Ig/TCR rearrangements Qutcome

Szczepanski et al.”®  T-ALL T-ALL Unrelated Not reported
T-ALL T-ALL with t(11;14) Unrelated Not reported

Milot et al.'® Mature B-ALL with t(8;14) BCP-ALL with t(4;11)  Unrelated CR achieved

Hunger et al.” T-ALL BCP-ALL with t{(11;16)  Unrelated {only TCR-f tested) Not reported

Brizard et al.’® ALL BCP-ALL with t(4;11) Not done CR achieved, alloBMT performed
ALL BCP-ALL with t(4;11) Not done CR achieved, alloBMT performed

Abbreviations: alloBMT, allogeneic bone marrow transplantation; ALL, acute lymphoblastic leukaemia; B-ALL, B-cell acute lymphoblastic
lsukaemia; BCP, B-cell precursor; CR, complete remission; Ig/TCR, immunoglobulin and T-cell receptor; sALL, secondary acute lymphoblastic
leukaemia; T-ALL, T-cell acute lymphoblastic leukaemia; TCR-8, T-cell receptor-£.

diagnosis is low. Moreover, this dilemma is rather academic as
from the practical point of view (for cxample, treatment
purposes) such case should not be considered as a standard
relapse anyway.

Our multicentre study is the first to investigate systematically the
clonal relationship between presentation and recurrence in
childhood ALL. We present a large cohort of patients examined
on running trials and analysed subsequently with regard to reveal
incidence of possible SALL after ALL treatment. As reports in the
literature are extremely rare, no standards defining this issue have
been postulated so far. Our proposal for the diagnostic criteria of
secondary ALL after ALL treatment’ is as follows:

A} No clonal relationship between diagnosis and recurrence
(Ig/TCR, fusion genes at DNA level, cytogenetic marker).
B) @ significant immunophenotypic shift (typically lineage
switch)
@ significant cytogenetic shift
® gain or loss of a fusion gene

For the diagnosis of secondary leukaemia, (A) plus at least one
(B) criterion should be fulfilled.

In our study, two patients (UPN1 and UPN2) meet our criteria
for SALL. The patients fulfilling only the (A) criterion (patients
UPN3, UPN4 and UPNS5 in our study) are ‘possible’ secondary

AlLs, but without additional evidence the diagnosis of
secondary leukaemia could be challenged.

The number of 1g/TCR markers changed between diagnosis
and recurrence (the (A) criterion) might also have its significance
- providing no identical or related marker is maintained
between the two time points, the more changes detected the
higher is the probability of secondary ALL. Thus, in our case
UPNS5 with eight such changes, the sALL is highly possible even
without any (B) criterion fulfilled. On the other hand, in case
UPNS3 (only three changes and no (B) criterion), the diagnosis of
SALL could be questioned more easily.

Although the longer remission duration could be considered
as a supporting evidence for secondary rather than relapsed ALL,
we did not include the criterion of the time to recurrence into
our proposal. Studies on very late relapses show that even
recurrence more than 20 years from diagnosis are clonally
refated to the original leukaemic cells (13/13 very late relapses
5-24 years from diagnosis**?*®). On the contrary, very carly
recurrences (less than 1 year from the original diagnosis) are
certainly more likely to be genuine relapses.

Occurrence of a new fusion gene is not a guarantee per se that
the recurrence is a secondary leukaemia. For example, the
t(9;22), associated with the BCR-ABL rearrangement, could be a
late appearing, therapy-related secondary event in the evolution
of the primary clone.?*28

w
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ALL is the most common childhood malignancy, and thus it
can be supposed that sALL after ALL treatment is more common
than reported — sALLs without a significant lineage shift have
probably been automatically diagnosed as relapses; in cases
where an immunophenotypic shift is considerable (such as in
our patients UPN1T and UPN2), the flow cytometry is the first
method that draws our attention to a possible secondary disease.

The main oncogenic factors increasing the risk of subsequent
neoplasms are a genetic susceptibility and a previous therapy,
particularly radiotherapy, topoisomerase inhibitors (etoposide,
doxorubicin), alkylating agents (cyclophosphamide) and some
antimetabolites (6-thioguanine). More intensive use of some of
these treatment options in certain older ALL protocols led to
increased frequency of secondary malignancies to almost 5%.%°
Although these components are also used in current BFM-based
ALL protocols, the overall extent of the use is relatively low
compared to the treatment of other paediatric malignancies and
some are applied only in subgroups of patients (T-cell ALL and
high-risk ALL). Also the dosing schedule is adapted to cause as
little late effects as possible. Only five patients in our study are
suspect of suffering treatment-related secondary leukaemia, and
all of them were treated according to the standard protocols as
well as the rest of the children in this report. Thus, we cannot
draw any reasonable conclusion regarding the relationship of
primary treatment and the risk of sALL. Nevertheless, it is of note
that 3/5 cases in our report (patients UPNT, UPN2 and UPN5)
underwent a very intensive therapy before sALL. Patient UPN1
was stratified to standard risk treatment but suffered relapse and
received another protocol of intensive chemotherapy before her
second recurrence identified as a secondary ALL. Patients UPN2
and UPN5 responded poorly to initial treatment and were re-
stratified to the very high-risk arm of the EORTC protocol and
high-risk arm of the DCLSG protocol, respectively.

Previous treatment can play a role in the risk of sALL.
However, while the link between specific drugs and the risk of
secondary AML is very strong, in secondary ALL the effect of
previous treatment is less pronounced. This fact suggests that
other mechanisms — particularly genetic susceptibility — might
be also involved. Polymorphisms of several detoxification genes
(NQOT, CYP3A and GST) have been shown to be related to the
increased risk of secondary leukaemia, mutations of ATM gene
have been linked specifically to T-ALL.”*? Notably, 3/5 patients
described here suffered ALL recurrence from T-lineage when 2
of these 3 T-ALLs represented a lineage shift from BCP-ALL.
Detailed polymorphism and mutational analysis of these genes
might be helpful in unmasking the sALL pathogenesis.

On the hasis of current knowledge on childhood ALL, there
are probably three types of disease recurrence:

1. genuine relapse from a resistant diagnostic (sub)clone,

2. secondary leukaemia arising from the original pre-leukaemic
clone (with some clonal markers maintained and some
changed) as demonstrated in late relapses of TEL-AMLT
positive cases’' and

3. pure sALL, clonally unrelated to the original leukaemia.

It is very difficult to distinguish between the first and second
type of recurrence using current standard techniques as in both
of these events some clonal markers are maintained between the
original diagnosis and recurrence but other can be altered. The
only method described so far to distinguish at least some
‘secondary leukaemias from pre-leukaemic clone’ from ‘genu-
ine relapses’ is the analysis of the non-translocated TEL gene
deletions in the subgroup of patients with the TEL-AMLT fusion
gene. Despite the number of published cases where the
recurrence is believed to be a ‘secondary leukaemia from the

sukemia

original pre-leukaemic clone’ is less than 10,>'<** the published
data suggest that the frequency of this type of recurrence can be
as high as 20%, particularly in late relapses.®’

The estimated frequency of the pure sALL after ALL treatment
is low but not null — according to our data 0.5-1.5% of ALL
recurrences on BFM-based protocols. In our study at least two
patients belong to the category of pure sALL.

In the ‘pure sALL” and the ‘sALL from the same pre-leukaemic
clone’ cases both the previous and the subsequent treatment
strategies should be considered. The frequency of these types of
recurrence (together possibly even more than 20% of late
events) should be considered in discussions regarding an
intensity of preceding frontline treatment strategies — these
failures might, in fact, occur not because of low intensity of
therapy but can be triggered due to overtreatment. As for the
adequate subsequent treatment, it should be stressed that we
deal in fact with new diseases and not with resistant clones
selected by a previous therapy.

On the one hand, the ‘sALL from the same pre-leukaemic
clone’ cases might be candidates for standard frontline treatment
rather than intensified relapse protocol; however, as mentioned
above, disclosure of these cases and their distinction from
genuine relapses in current routine practice is intricate. On the
other hand, the ‘pure sALLs" represent second independent
malignancies of haematopoietic cells and thus some (possibly
inherited) susceptibility to the disease must be taken into
account. In such cases, haematopoietic stem cell transplantation
(SCT) should be considered to replace the predisposed
haematopoietic cells. As the ‘pure sALLs’ (unlike the ‘sALls
from pre-leukaemic clone’) can be revealed in time to adjust
their treatment (immunophenotyping, fusion genes detection
and Ig/TCR analysis can all be done within a few days), we
suggest an approach applying a frontline therapy followed by
SCT for all the indisputable cases. For the ‘possible’ sALL cases
(fulfilling only the (A} criterion from the above sALL diagnostic
proposal), we would rather recommend a standard relapse
therapy including stratification according to a protocol. How-
ever, in the low-risk groups (where there is only a limited SCT
indication in most of the current protocols), an SCT should also
be discussed based on a deeper understanding and evidence of
biological origin of sALL. Therefore, we strongly advocate that
all treatment decisions should be handled with caution and
should be guided via study centres to ensure a harmonized
clinical approach.
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Abstract: Allogeneic HSCT is a curative treatment, when chemotherapy
fails, for certain malignant diseases. In Europe, only 15% of the indi-
cated children have an HLA-matched sibling available; in 65-70% of
others, HLA allele-matched (9-10/10) UDs can be identified. For the
rest, it is necessary to identify other alternative donors (HLA-mis-
matched family or unrelated cord blood). We present our data of HSCT
using HLA partially allele-mismatched (7-8/10) UDs in 24 children with
leukemia. Uniform GvHD prophylaxis was used (rATG, CsA and
MTX). Acute GvHD grade II was diagnosed in 70.8% of the patients
and grade TII- IV in 12.5%. Overall incidence of chronic GvHD was
38.7% (extensive in 30%). The probability of EFS was 60.3% (95% CI
35.5-78.1) and OS was 74.9 (95% CI 49.1-88.9). No difference in sur-
vival between PBSC and BM recipients was observed. TRM at day +
100 was 4%, and overall was [2.5%. We conclude that used combi-
nation of drugs for GvHD prophylaxis is efficient even for patients
transplanted with grafts from a HLA-mismatched UDs. It enables
stable engraftment, good control of GvHD, full reconstitution of
immunity, and is not connected with unacceptable transplant-related
mortality.
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Allogeneic HSCT is a potentially curative treat-
ment for certain malignant diseases. It is often
indicated in patients with leukemia where
response to chemotherapy is inadequate. Unfor-

Abbreviations: *, with 12 men and 12 women; 3 pair, one
pair out of 24 pairs (donor-recipient); ABIL, acute biphe-
notypic leukemiy; ABLC, amphotericin B lipid complex
injections; AdV, adenovirus; AML, acute myelogenous
leukemia; ANC, absolute neutrophil count; ATG, anti-
thymocyte globulin; BKV, BK virus; BM, bone marrow;
c¢GvHD, chronic graft vs. host disease; CML, chronic
myelogenous leukemia; CMYV, cytomegalovirus; CsA,
cyclosporine A; DLI, donor lymphocyte infusion; EBV,
Epstein—-Barr virus; EFS, event-free survival; ESG-MRD-
ALL. European study group on detection of MRD in acute
lymphoblastic leukemia; FPIA, fluorescence polarization
immunoassay; GvHD, graflt vs. host discase; HHV6, human
herpesvirus 6; HHV7, human herpesvirus 7, HLA, human

24

tunately, in about 15-20% of the patients, we are
not able to find a HLA-matched RD or UD.
Infusion of a graft from a HLA partially
mismatched donor, unrelated cord blood, or

leukocyte antigen; HLA-A,B,DR, human leukocyte anti-
gens-A,B,DR; HSCT, hematopoietic stem cell transplanta-
tion, HSV, herpes simplex virus, IFI, invasive fungal
infection; IgH/TCR, immunoglobulin heavy chain re-
arrangement/T cell receptor; IST, immunosuppressive
therapy; MRD, minimal residual disease; MTX, methot-
rexate; OS, overall survival; PBSC, peripheral blood stem
cells; PCR, polymerase chain reaction; PCR-SSP, poly-
merasc chain reaction-sequence specific primer; QoL, qual-
ity of life; STR, short tandem repeats; rATG, rabbit
antithymocyte globulin; RD, related donor; TRM, trans-
plant-related mortality; UD, unrelated donor; VNTR,
variable number tandem repeats; VZV, Varicella zoster
virus.
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haploidentical family donor with graft manipu-
lation is then considered with preference mostly
based on local experience and/or availability (1).
However, all these alternatives have an increased
risk  of post-transplant morbidity/mortality
because of an increased risk of GvHD, graft
failure, and slow immune reconstitution (2, 3).
Furthermore, in patients with malignancies,
manipulation of the graft may adversely affect a
favorable alloreactive effect directed against
residual disease (4). Since the beginning of
1999, HLA typing using PCR methods was
routinely available at our institution enabling
high-resolution (allele) typing of class 1 (A*, B,
Cw*) and class II HLA antigens (DRBI*,
DQBI*) in all patient—-donor pairs. Based on
level of HLA allele match between donor and
recipient, we were able to identify an acceptable
HLA partially mismatched donor (7-8/10) for a
majority of patients lacking a fully matched (9-
10 out of 10 alleles) donor. Here, we report our
clinical experience with uniform GvHD prophy-
laxis using a combination of CsA, MTX, and
rATG prior to unmanipulated graft administra-
tion in children with leukemia (5, 6).

Patients and methods

Between January 1999 and December 2006, in our unit, 24
consecutive children with leukemia (detailed diagnoses are
shown in Table 1) underwent 26 allogeneic HSCT using an
HLA-mismatched UD because we failed to identify a suit-
able HLA-matched donor in the time frame available. The
interval between search and day of HSCT ranged from 98 to
492 days, median 147 days.

These 24 patients (age range 2.2-18.1 yr; median [[.3)
were transplanted with unmanipulated grafts from UD
mismatched in two (13 patients) or three (1| patients) HLA
alleles. The locations of the various allele mismatches pro-
spectively 1dentified by PCR-SSP were as follows (A* -2x,
B* -13x, Cw* -27x, DRB1* -4x, DQBI1* -13x). Six out of 24
donor-recipient pairs were matched in six out of six alleles
in loci A*, B* or DRB1*. Another 17/24 (71%) pairs were
mismatched in five out of six alleles, 1/24 pair was mis-
matched in B¥*, DRBI* (and Cw*) alleles (four out of six
alleles); details in Table 1. The median age of UD was 34 yr
(age range 22-49) with 12 males and 12 females. Condi-
tioning regimens used for first HSCT were fully myeloab-
lative in 23/24 patients (Table 2).

Uniform GvHD prophylaxis consisted of combination of
CsA, MTX, and rATG. CsA starting at day 1 before infu-
sion of the graft was given in two to three daily infusions
(over two h) to maintain the trough serum levels of 200—
250 pg/L (method of detection — FPTA). MTX was given on
day + 1 (15 mg/m® or only 10 mg/m? in more advanced
disease), day + 3 (10 mg/m?), and day + 6 (10 mg/m?)
© with leucovorine rescue (IS5 mg/m©) in a single dose 24 h
following every dose of MTX. Thymoglobuline was used in
four patients in a daily dose 3.754 mg/kg for days —4
through —1 (total 15-16 mg/kg). Later on, within further
20 patients, ATG Fresenius S was used in a daily dose
10 mg/kg for days —4 through —! (total 40 mg/kg).

HSCT in leukemia using HLA-mismatched donors

Primary grafts were PBSC (n = 13) and BM (n = [1).
The final decision about type of graft was made by the
donor and/or local harvest center based on transplant center
preference. Characteristics of grafts are shown in Table 3.
Two patients later received a second graft (PBSC) from the
same donor, both for leukemia relapse.

Acute and chronic GvHD were diagnosed and graded
using established criteria (7, 8) and were primarily treated
with prednisone, CsA, tacrolimus, sirolimus, or MMF in
standard doses (9-11).

Day of neutrophil engraftment was defined as the first out
of three consecutive days when the ANC reached 0.5 x 107/
L or more. Platelet engraftment was defined as platelet
count 20(50) x 10°/L. or more for seven consecutive days
without transfusion. Chimerism was assessed by using PCR-
based analyses of polymorphic VNTR/STR on recipient
from unseparated peripheral blood frequently starting on
day + 14 and then once weekly until day + 100, later less
frequently in patients with stable full donor chimerism, to
confirm efficient engraftment and to rule out risk of late
graft failure/rejection or relapse (12). PCR assay of specific
fusion genes and IgH/TCR receptors according to the type
of leukemia was used for MRD monitoring pre and after
HSCT. The testing was proceeded and evaluated according
to the criteria of the ESG-MRD-ALL (i3, 14). A marrow
sample was taken routinely in patients with any defined le-
ukemia target two to three wk before HSCT, at days + 28,
+ 60, + 100, 6 and 12 months after transplantation, or in
case of decreasing overall chimerism or positive MRD in
previous samples. A complete hematological remission was
defined as less than 5% blasts in the marrow aspirate and
functional hematopoiesis.

Surveillance of viral infections as a common cause of
transplant-related morbidity and mortality was based on
quantitative real-time PCR technique on DNA from whole
blood. EBV and CMV were screened routinely as part of
weekly testing. Other viruses, HSV, VZV, HHV6, HHV7,
adenoviruses group A-C, and BK virus (15-17), were tested
only in case of clinical suspicion. Results for leukotrophic
viruses (CMV, HHV6, HHV7, and EBV) were normalized
to 100 000 human genomic equivalents assessed by quanti-
fication of the albumin gene.

All these studies were approved by local ethical committee
and all parents signed informed consents.

Results
Hematopoietic engraftment and chimerism

Full trilineage-stable primary engraftment was
achieved in all 24 children (100%). Engraftment
characteristics are listed in Table 3. Complete
donor chimerism was observed in all 24 patients,
and could be documented after a median of
21 days (range 14-98) with no difference between
PBSC and BM. Reappearance of mixed chimer-
ism was detected only in patients with emerging
leukemia relapse.

GvHD incidence and severity

Acute GvHD grade 11 was diagnosed in 17
(70.8%) patients; grade 111-1V in three (12.5%).
Overall incidence of chronic GvHD in 23 evalu-
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Tabie 1.

Date AGVHD cGVHD IST in
UPN  Dg at SCT Stage of SCT 1st MM 2nd MM 3rd MM (ATG brand Graft  {DLI) CO3 + (kg) bw Grade  grade Event Outcome survivors
114 CML AP X-99 Cw Cw DaB1 Thymo 16 mg/kg BM (1) 10/6 Il Extensive  Cyiog.relapse Alive/well None
116 MDS RAEBI/AML XI-83  Cw Cw DAB1 Thymo 16 mg/kg BM 0 None Alive/well None
122 ALL CR2 I1-00  DQB1 DQB1 Thymo 16 mg/kg BM Il Not eval  EBV PTLD Died
142 CML CP1 [11-01 B Cw Fresenius BM Il Extensive Alive/well None
143 CML CP1 V-01 B Cw DQB1 Fresenius PBSC Il Extensive Alive/well None
148 CML CP1 vI-01 Cw DaB1 DAB1 Fresenius BM I Limited Alive/well None
153 MDS RC X-01  Cw Cw Fresenius BM 0 None Alive/well None
159 NHL CR3 Xil-01 B Cw DAB1 Fresenius BM Il None Alive/well None
173 AlL CR2 X-02 A Cw Cw Fresenius BM Il None CMV pneumonia  Died xen
183 CML CP1 -03 B Cw DOB1 Fresenius PBSC Il Limited Alive/well None
200 AML PR1 IX-03  DRB1 Cw Cw Fresenius PBSC (1) 10/6 Il None Relapse i e
200 CR2 I-05 Fresenius 50 mg/kg  PBSC I None Alive/well None
211 Ph+ALL CR1 -04 B Cw Fresenius PBSC I Extensive Alive/well None
216 AML CR3 IV-04  DRB1 Cw Fresenius PBSC (4} 10/5: 5 x 10/6:10/7; 5 x 10/6 0 None MRD positive Alive in relapse  None
223 Ph+ALL CR1 VI-g4 B Cw DOB1 Fresen.us PBSC Il None Alive/well None
233 MDS RAEBt X-04 B Cw Fresenius PBSC IV Extensive Ext. cGVHD Died e
244 Ph+ALL CR1 1I-05 A DaB1 Fresenius BM I None Relapse Died g
245 ABIL CR1 VI-05 B Cw Fresenius PBSC {2} 10/6; 5 x 10/6 il None Relapse ey ey
245 A CR2 VII-06 Fresenius PBSC -V e MDF Died e
251 AML CR2 Vo5 B Cw Cw Fresenius PBSC Il None Alive/well None
253 ALL CR3 VI-05  DRBI B Cw Thymo 16 mg/kg PBSC I Extensive Relapse Alive ir relapse  None
258  Ph+ALL CR2 X-05 B Cw Fresenius PBSC Il None Alive/well None
266  sMDS RAEB 1-06 B Cw Fresenius PBSC 0 None live/well None
268  ALL switched to AML CR1 |-06 DRB1 DAB1 Fresenius PBSC Il Extensive Alive/well CsA taper
282  sAML CR1 VIF0B  Cw DOB1 Fresenius BM Il None Alive/well None
285 MDS RC/mon. 7 IX-06 B Cw Fresenius BM I none Alive/well MMF

Not eval., not evaluable.

‘| 19 }ade|pasg
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Table 2.

HSCT in leukemia using HLA-mismatched donors

Characteristics of conditioning regimens used prior first HSCT (n = 24 patients)

Fractionated total bady irradiation (fTBI)

fTBI 14.4 Gy Cyclophosphamide 120 mg/kg 7
fTBI 12 Gy Etoposide 60 mg/kg 7
Oral busulphan (Bu)
Bu 16 mg/kg Cyclophosphamide 120 mg/kg
Melphalan 140 mg/m? S
UPN 153 Fludarabine (Flu)
Flu 160 mg/m* Thiotepa 15 mg/kg 1
Characteristics of conditioning regimens used prior first HSCT (n = 2 patients)
UPN 200 Fludarabine 150 mg/m:' (D-7..D-3)
Melphalan 140 mg/m* (D-2)
Cyclosporine A 3 mg/kg 1.v. (start D-1)
Methotrexate 10 mg/m? (D+1, 43, +6)
rATG Fresenius 50 mg/kg (D-2..D+2)
UPN 245 fTBI 12 Gy (D-4..D-2)
Etoposide 60 mg/kg D-1)
Cyclosparine A 3 mg/kg i.v. (start D-1)
Methotrexate 10 mg/m? {D+1, 43, +6)
rATG Fresenius 40 mg/kg (D-4..D-1)

Table 3. Characteristics of primary grafts, engraftment and graft versus host
disease

PBSC BM Total

(n=13) (n=11) (n=24)
NC/kg bw x 10° medlan;’!ange 12(57-29) 43(26-68) 63
CD34+ cells/kg bw x 10° 8 (5-16) 5(24-118) 6

median/range

CD3+ cells/kg bw x 108 37(06-158) 03(02-07) 1.5
median/range
engraftment of 16 (12-22) 22 (19-27) 195

ANC >0.5 x 10%1 median/range
engraftment of platelets 23(16-94) 28(19-41) 24

>20 % 10%1 median/range
engraftment of platelets 23 (16-166) 28 (19-100) 24

>50 x 10%/1 median/range
aGVHD none 201 219 4

or | aGVHD 1I/IV 20/24 (83%)
aGVHD none or limited 315) B8 (2} 17

aGVHD extensive 7/23 {30%]
alive/well 1 B8 19
alive without event ] 7 16

able patients was 38.7%:; 8.7% experienced limited
and 30% extensive, respectively (Tables 2 and 3).

Relapse rate, prevention, and treatment

Leukemia relapse occurred in five (hematological
in 4, cytogenetic in 1) out of 24 (20.8%) patients
309-544 days after HSCT (median 410 days).
Until now, two patients died as a consequence of
leukemia relapse at a median 134 days after
relapse confirmation. Eight donor lymphocyte
infusions directed according to the level of MRD
post-transplant or mixed and increasing chimer-
ism were given to four patients (CML, AML,

AML, ABIL) 120-505 days after HSCT (median
246 days) in doses of 1x10° to 5x 107/kg
CD3 + cells (median 2.5 x 10°%). In two patients
(AML, ABIL), it failed to prevent hematological
relapse (18-20). These two patients, subse-
quently, underwent high-dose chemotherapy,
achieved CR, and were retransplanted with
PBSC from the same donors as before (111 and
155 days following Ist HSCT) (Table 2). One
patient remains in remission; the other died of
regimen and early GvHD-related toxicity. Two
other (AML and CML) continue in complete
remission 26 and 72 months following the last
dose of DLI.

Infectious complications

In 16 out of 24 patients (67%), reactivation of
CMV, EBV, BKV, or AdV was detected. The
common pathogens include CMV in |1 paticnts
(46%) with one patient who died due to CMV
pneumonia; EBV in eight patients (33%) with
one patient who died as a consequence of EBV
lymphoproliferative disease; hemorrhagic cystitis
in four patients where BKV was detected in urine
m all four, and three patients, where AdV
(serotype 31) was detected in blood, but none
of them developed clinical symptoms despite no
therapy was given.

Fungal infections were not frequent in this
cohort with very high risk of developing IFI.
Mycotic pneumonia was proved (Aspergillus
species) in one and probable in second patient,
in both only pretransplant. Both werc trcated
during early post-transplant period with ABLC,
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Fig. 1. Probability of overall survival and event-frec survival in entire cohort of patients.
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Fig. 2. Event-free survival and overall survival in patients transplanted using bone marrow and peripheral blood stem cells.

which was later switched to oral voriconazole.
None of them suffered from reactivation of 1FL.
All other patients received prophylactic oral
suspension of 1itraconazole. In patients with
extensive chronic GvHD, we usually used pro-
phylaxis with oral voriconazole. No patient in this
cohort died as a consequence of fungal infection
and that was also confirmed on autopsies.

QoL following HSCT

Patients on no continuous IST are usually fully
active, have no limitations, and continue with
normal life. Out of seven patients who did suffer
from chronic extensive GvHD, one died with
active extensive cGvHD, one 1s on CsA tapering
with no signs of cGvHD and five are off any IST
(Table 1). So far, it appears that there is no
difference in Qol. when comparing this group
with the other patients transplanted at our
institution using 9-10/10 HLA-matched UDs.

Overall outcome

EFS is calculated from the date of transplanta-
tion to the last follow-up or first event (death or

28

relapse of the primary disease whatever occurred
first). Probabilities of EFS and OS are estimated
using the Kaplan—Meier method. Median follow-
up till first event or last follow-up of total cohort
is 1.57 yr (range 0.2-7.2 yr). According to the
type of graft, median follow-up is 1.65 for PBMC
(range 0.85-5.8 yr) and 1.24 for BM (range 0.2—
7.2 yr). The probability of EFS was 60.3% (95%
CI 35.5-78.1) and OS was 74.9 (95% CI 49.1-
88.9) (Fig. 1). EFS of BM group was 56.8 (95%
CI 21.3-81.3) and OS was 68.2% (95% CI 29.7-
88.6). EFS of PBMC group was 60.6 (95% CI
24.7-83.5) and OS was 77% (95% CI 31.2-94.3).
Difference between PBMC and BM groups in
EFS and OS is not statistically significant (Cox—
Mantel test) (Fig. 2).

TRM at day + 100 was 4% with overall
TRM 12.5%. Altogether, five patients died at
a median of 1.54 yr post-transplant (range
0.2-1.65), two (8.4%) died as a consequence
of leukemia relapse, one of CMV pneumonia
(0.68 yrs), one of EBV lymphoproliferative
disease (0.2 yrs), and one of gastrointesti-
nal bleeding because of extensive GvHD
(1.65 yr).
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Discussion

Improvements in HLA typing at the allele level,
wider spectrum of ecfficient drugs for GvHD
prophylaxis and therapy, and prospective PCR
quantitative monitoring of viral load have led to
decrease in TRM in patients transplanted from
HLA-matched UDs. Which alternative donor is
better in the case of no available HLA-matched
donor remains to be resolved. Different centers
have different preferences mostly based on local
experience.

Many centers successfully use unrelated cord
blood where the naive immune system permits
reduced stringency of HLA and, therefore, with-
in the acceptable level of mismatch, it is possible
to find a suitable donor for the majority of
children. Its wide use although is limited by the
efficient cell dose available for older children and
adults (21, 22). This can be overcome by using
double cord transplants (23). Other disadvanta-
ges include naivete of immunity against viruses
and unavailability of cord blood for potential
adoptive immunotherapy or re-transplantation.

Use of haploidentical family donors is poss-
ible, but large and frequent experience of cooper-
ating laboratories for preparation of T-cell-
depleted graft is essential to limit the risks of
non-engraftment and GvHD. High incidence of
viral infections in the early post-transplant per-
10d increases the risk of TRM. Therefore, this
method is more restricted to several centers with
large experience. New techniques of depletion
may improve the immune reconstitution and
graft vs. leukemia effect without the enormous
risk of serious GVHD (24).

We present our experience with another alter-
native. HLA-mismatched UDs were prospec-
tively selected based on level of allele match. We
and others speculate that allele or antigen mis-
match is equally adverse to survival. In our
clinical experience, UD with upto three allele
mismatches (no more than one in loci A*, B*, or
DRBI1*) could be used for a patient with malhg-
nant disease with acceptable risk for toxicity if
adequate serotherapy is given together with a
myeloablative conditioning regimen. On the con-
trary, we speculate that the practice still used in
many centers to select donors based on HLA
match in A*, B*, or DRB1* loci, with no respect
to numbers of potential mismatches in Cw*
and/or DQB1* loci, is not efficient. Such attitude
may explain inferior outcome results compared
with those achieved in our cohort. It is not rare to
have many Cw* and/or DQB1* mismatches even
in donor—recipient pairs, other vice allele matched
in 5-6/6 in standard A*, B*, and DRBI1* loci.

HSCT in leukemia using HLA-mismatched donors

In our series we did not observe engraftment
problems. All patients experienced primary and
stable engraftment with full donor chimerism.
Reappearance of mixed chimerism was detected
only as a consequence of emerging relapse of
leukemia.

Highly incident acute GvHD mostly of grade
II was manageable by standard corticosteroids.
Rate of leukemia relapse as well as the incidence
of fatal viral infections was low. We speculate
that the dose of rATG given in our cohort of
patients is safe in preserving the graft vs. leuke-
mia effect (high incidence of acute GvHD, low
incidence of relapses), and is efficient in protect-
ing the patient against moderate to severe GvHD
without increasing the risk of post-transplant
fatal infections (very low TRM).

There is consensus that matching of UDs and
patients for HLA class Il alleles improves the
outcome of HSCT. However, the significance of
HLA class I allelic mismatches for transplant
outcome is under ongoing discussion, and reports
on long-term effects like chronic GvHD are rare.
Some studies, especially published earlier, are
biased by the fact that HLA typing was not
performed by PCR methods at high-resolution
level (four digits) in all typed alleles. Other studies
are biased by different proportion of minorities
relevant to the different incidence of certain HLA
alleles among patients and/or recipients (25).
Serologically undisclosed HLA disparities ac-
count for the increased rate of post-transplant
complications. Whereas, a HLA-ABDR-serolog-
ically identical donor can be identified in the
International Registry for >90% of the patients,
only upto half of them can benefit of a highly
compatible donor if donor selection is based on
allele level matching for HLA-A/B/Cw/DRBI/
B3/B5/DQBI loci among the Caucasian popula-
tion. Most of the incompatibilities are clustered in
a limited number of serotypes that can be targeted
first during the searches. Because of linkage
disequilibrium (e.g., B-Cw or DRBI-DQBI),
incompatibilities at a given locus are often asso-
ciated with disparities at adjacent loci (26).

Schaffer et al. have published an analysis of
outcome in 104 donor—recipient pairs, transplan-
ted in between 1988 and 1999, retrospectively
typed for HLA class I and class 11 by PCR-SSP.
They concluded that genomic HLA class I and
class II typing may improve the outcome after
unrelated HSCT and also that the awareness of
HLA class 1 and II mismatches, not detected by
older methods, in a recipient—donor pair makes it
possible to give appropriate pre- and post-trans-
plantation treatment (27). In addition, others
investigated the association of HLA class I allele
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mismatches and outcome. In cohort of 144
patients given a HSCT from an UD who were
matched for HLA-DRBI, DRB3/4/5, and DQBI
alleles the risk of chronic GvHD was significantly
increased in patients with class I-mismatched
donors (mismatch either detected by low- or
high-resolution typing). A single HLA class I
allele mismatch significantly increased the risk of
chronic GVHD in multivariate analysis. OS was
significantly reduced in patient—donor pairs with
more than one allele class I mismatch (28).

On the contrary, Duggan et al. reported 57
patients receiving UD HSCT and matched for the
disease and stage with other 57 recipients of
genotypically matched RD HSCT. All UD recip-
ients were matched serologically for A and B and
by high resolution for DR and DQ antigens. All
patients received CsA and short-term MTX. UD
HSCT recipients also received rATG (Thymo-
globulin) over three days pretransplant. They
concluded that UD HSCT recipients matched as
above, and given pretransplant ATG have similar
outcomes to recipients of matched RD HSCT
using conventional drug prophylaxis (5).

Based on our results and together with infor-
mation published so far (29), we also conclude
that high resolution of HLA alleles, both class I
and class Il plays an important role in the
selection of a suitable UD. However, when a
fully matched donor is not available, we show
that GvHD prophylaxis with use of rATG
enables the use of an unmanipulated, partially
mismatched donor without excessive risk of poor
outcome because of severe acute GvHD.

Several different brands of ATG are available,
and therefore, when using ATG in conditioning
regimen, one needs to consider the ATG brand,
the adequate dose and the proper timing. Exact
correlation between different brands is not clear
yet as they have different activity against differ-
ent populations of cells. Also the dose may vary
based on the type of donor and conditioning
regimen. Lower doses (Thymoglobulin 6-10 mg/
kg total; rATG Fresenius 20-25 mg/kg total) are
currently used in reduced intensity conditioning
regimen when fully matched donor is used (30) or
in patients who underwent SCT using T cell
highly depleted graft from haploidentical donor
(31). Much higher doses (Thymogiobulin 15 mg/
kg total; rATG Fresenius 60 mg/kg total and
more) are used in transplants using mismatched
donors and unmanipulated graft (32, 33).

Conclusions

Our study shows that combination of CsA,
short-term MTX and rATG in GvHD prophy-
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laxis prior to HSCT using unmanipulated grafts
of HLA-mismatched UDs is efficient to prevent
occurrence of very severe acute GvHD grade 111-
IV. Serotherapy (rATG Fresenius; Fresenius-
Biotech) was well tolerated and in doses given
(40 mg/kg total) did not increase post-transplant
mortality by long-lasting depression of immunity
or increase risk of leukemia relapse. Incidence of
chronic GvHD was not increased compared with
series where fully matched UDs were used, more
over in majority of patients it disappeared within
the time without serious consequences (Table ).
Overall outcome is satisfactory, and therefore, it
is possible to use such alternative donors in
patients with advanced leukemia lacking a HLA-
matched donor as a reasonable alternative to
unrelated cord blood or haploidentical family
donor. We strongly recommend to extend HLA
typing for clinically relevant Cw* and DQBI*
loci in centers still using only A*, B¥ and DRB1*
for selection of suitable donor.
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Abstract

Residual disease (RD) is an important prognostic factor in acute lymphoblasuc leukemia (ALL). Flow cytometry
(FC)-bhased RD detection is easy to perform, but interpretation requires expert analysis due 1o individual
differences among patients. We focused at the design of standardized and reproducible RD monitoring in ALL
RD was investigated by a uniform gating strategy. which was designed internationally and tested in one center
by 1¢/TCR rearrangements. For each pate, positivity cut-off value was assigned using quantification of non-
leukemic background. Comparing to Ig/TCR at 0.1% Jevel, 83 of 103 specimens were correctly diagnosed by
FC The predictive value of FC RD at day |5 was then analyzed In B lincage ALL, day 15 FC significantly
correlated with Ig/TCR results at day 33 and/or week 12 (p<0.01). No sigmficant correlation was found in T

lineage ALL. Thus, FC with preset uniform gating at day 15 predicts PCR-detectable MRD in B precursor ALL.
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Introduction

The speed of leukemia clearance during therapy is a major prognostic factor. Residual disease (RD) during the
early phase of therapy can be assessed by microscopy (J) or by more sensitive techniques, such as flow
cytometry (FC) or polymerase chain rcaction (PCR) of the rearrangements of immunoglobulin (Ig) or T cell
receptor (TCR) gene segments (2-4). The strong predictive value of RD is alsa maintained at the level of
mimmal RD (MRD) during complete remission (CR) (5-7). Several strategies are used when utihizing
information from previous retrospective studies: stratification is based on MRD level from either a single time-
point (8. 9) or consecutive time-points (7, 10). Real-time quantitative (RQ) PCR-based detection of specific Ig
and TCR gene rearrangements represents the current gold standard for MRDD. Standardized RQ PCR detects
MRD both specifically and reproducibly, with a detcction limit of 107 10 10°*. Nevertheless, such PCR mcthods
are laborious and costly. Flow cytometry is a method with acceptable sensitivity and wide availability in many
centers/countries for hematological and immunological investigations. While FC investigates antigens on intact
cells, in large trials covering several continents, it is impossible to concentrate MRD diagnostics into one lab
The interpretation of FC data is complicated and requires highly experienced and skilled experts. Therefore, it is
important to set clear definitions and standards, especially for inter-lab studies. The unfortunate reality is that
current published papers usually lack detailed information on gating strategies due to differences in
interpretation among patients. Only one published study by Coustan-Smuth et al. evaluated two simple
predefined subpopulations, CD10™'CD197* and CD197"CD34", at a single time-point on day 19 (a time-point
before the achievement of complete remission). Thus, taking into account differences among patients, it is
difficult or nearly impossible to reproduce FC MRD diagnostics. This is especially true for centers/countries that
are fust starting out with FC MRD evaluation. Thus, we designed a study in both B precursar and T ALL patients
that evaluated 1dentical, pre-defined subpopulations/gates, regardless of the initial immunophenotype We
collected cell frequencies in each of these pates at individual time-points. The gates were made up of antigen
combinations commonly used in FC RD studies In total, we defined 29 gates/subpopulations in B cell precursar
(BCP) acute lymphoblastic leukemia (ALL) and five subpopulations in T ALL. In this study, we included the
samples with available RD using both FC and PCR, which enabled an exact assessment of both methods for
MRD evaluation at individual tme-points. The objective of the study was to develop a robust and reproducible
FC RD approach for childhood ALL, even for centers/countries with limited experience in FC MRD analysis,

and 1o precisely quantify the background present during therapy This background was derived from cell

frequencies in specimens whose MRD negativity was evident either because the patients suffered from ALL of

the opposite lineage (T versus B) or because MRD was proven negative by PCR.

Patients and methods

Patients

Patients were recruited from the ALL IC BFM2002 protocol (started in X1/2002). The protocol was designed for
countries with clinical experience with BFM based protacals but with limited experience and resources for MRD
techniques. MRD was not used for patient stratification This ran in parallel to the MRD-based (Ig/TCR RQ
PCR) treatment protocol AIEOP-BFM ALL 2000. Laboratories from the Czech Republic, Israel, Croatia,
Hungary and Hong Kong participated in the FC MRD study. Patients entered the study after their parents or
guardians signed informed consent, and the study was approved by the institutional ethics committee. In total,
110 patients with newly diagnosed ALL entered the study (90 BCP ALL and 20 T ALL). The cohort reported
here contained patients treated in 8 Czech centers, analyzed and acquired in a single FC laboratory. A summary
of the patients” characteristics is shown in table |. The diagnosis of ALL was established according conventional
FAB and immunological criteria. All samples that met these criteria and were successfully analyzed both by FC
and PCR were included in the study In 1otal, 612 samples were centrally evaluated (diaznosis: 110, day 8 bone
marrow (BM): 103, day 8 peripheral blocd (PB): 83. day 15 BM: 108, day 33 BM: 108, week 12 BM: 100). No
patients were excluded as having an unsuitable immunophenotype for FC RD monitoring

For background calculations, 49 specimens of B lincage patients were measured with T lineage combinations or

vice versa (cross lincage controls)

Risk grouping, treatment and time-points

Patients were assigned to the siandard risk group (SR) when they fulfilled the following criteria- age =< & years,
imtial leukocytosis <20000/pl., good prednisone response (<1000 blasts/uL) at day 8 in peripheral blood,
absence of BCR/ABL and MLI/AF4 fusion genes, and achieving a CR at day 33, Patients who fulfilled all of
these SR criteria and had more than 25% blasts in BM by micrascopy at day 15 were stratified into the
intermediate risk group (IRG). Other patients with more than 25% blasts in BM by micrascopy at day 15 were

stratitied into the high nisk group (HRG). Other HRG criteria were BCR/ABL or MLL/AF4 fusion genes. poor
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response to prednisone at day 8 (>1000 blasts/uL. in peripheral blood), or >3% blasts at day 33 in BM. All
remaining patients were assigned to the IRG

All time-points shown here reflect remission induction therapy (day 8, day 15, day 33 and week 12). Remission
induction therapy was scheduled over 9 weeks and included a 7-day steroid prephase with daily oral prednisone
(60 mg/m” of body surface area daily, cumulative dose of prednisone at day 7 had to be greater than 210 mg/m*)
and a single dose of intrathecal methotrexate (age adjusted) on day 1, followed by prednisone (60 mg/m? daily)
from day 8 to day 28, tapered thereafter over 9 days. It also included 8 doses of L-asparaginase (5000 U/m*/day
ondays 12, 15,18, 21, 24, 27, 30 and 33), daunorubicin (30 mg'm: on days 8 and 15, two other doses received
IR and HR patients at day 22 and 29), vincristine (1.5 mg'm! on days 8, 15, 22, and 29) and two doses of
intrathecal methotrexate (age-adjusted) on days 12 and 33 (2 additional doses on days |8 and 27 were
administered in cases with leukemic CNS involvement or with traumatic lumbar puncture). From day 36 to 64,
the regimen included: two doses of intrathecal methotrexate (age-adjusted) on days 45 and 59,
cyclophosphamide (1 g/m* on days 36 and 64), cytarabine in 4 blocks (75 mg/m” daily on days 38—41, 45-48,
52-55, and 59-62) and 6-mercaptopurine (60 mg/m’ daily from day 36 1o day 62). Patients who had aplastic BM
at day 33 underwent another BM puncture one week later (a sample with complete remission including
regeneration in BM was analyzed as day 33). Patents who received a non-ALL IC therapy between day 33 and
week 12 (4/6 BCR/ABL positive patients received imatinib mesylate according to the EsPhALL protocol: one
patient received therapy according to the Interfant 2003 protocol after day 33) were excluded from the analyses

that comprised week 12, Further therapy was not evaluated in this study

Sample processing

Samples were processed within 24 hours after they were collected from patients Sample preparation consisted of
a |5-minute incubation with monoclonal antibodies (mAb) — sample-to-mAb velume ratios were used as
recommended by the manufacturers. Red blood cells were then lyzed in a 15-minute incubation (ammonium
chloride), followed by 5 minutes of centrifugation (500g). discarding of the supernatant, adding of PBS and
immediate data acquisition For intracellular staining, the Fix & Perm kit (An Der Grub Bioresearch, Austria)
was used All events were acquired and stored in listmode files, and no live gate strategy was used. At diagnosis,
aminimum of 20,000 events per tube were acquired. During RD follow-up, the target minimum counts were
50,000 evenms (SYTO16 containing mAb combinations), 300,000 events (the most informative mAb

combination) or 100,000 events (all other tubes).

Monoclonal antibodies

CD19 PE (elone SJ25C1), CD20 FITC (clone L27), CD45 PerCP and APC (clone 2D1) and CDY99 FITC (clone
TU12) were purchased from BD Biosciences (San Jose. CA, USA). CD10 FITC (clone ALI32), CD7 PI (clone
8H8.1), CD3 PCS5/PCT (clone UCHTT), CDS PC5/PC7 (clone BL1a), CD19 PCS/PC7 (clone J4 119), CD34
APC (clone LIQ), CDS8 FITC (clone AICDCDS8) and CD66¢ PE (clone KOR-SA3544) were purchased from
[mmunotech (Marseille, France). CD10 PE (clone $S2/36) and TdT FITC (clone HT-6) were purchased from
DAKO (Glostrup, Denmark). SYTO-16 (green fluorescent nucleic acid stain) was purchased from Invitrogen -

Molecular Probes (Carlsbad, CA, USA).

Data analysis

Gating definitions and strategies are shown in figures | and 2. Uniform templates were designed in the software
apphications, Cellquest (BD, San Jose, CA, USA) and FlowJo (Tree Star, Oregon, USA). Gate positions were
defined according to regenerating BM samples in patients with negative MRD by [g- TCR RQ-PCR and/or using
QSC beads (Quantum Simple Cellular, Bangs Labs, Fishers, IN, USA). In all B lineage and T lineaze mAb
combinations, the mAb reacting with a lineage-defining antigen (CD19 and CD7, respectively) was present. In

all RD subsets, the target population was calculated as a fraction of nucleated cells (SYTO16°™).

Reported subpopulations

The definition of subpopulations is shown in figures | and 2. All subpopulations were reported in all patients
with ALL of the respective lineage, regardless of the detailed presenting immunophenotype. The true fraction of
events within a defined region per total of lymphoid lineage cells (CD15"" or CD7™" celis, respectively) was
multiplied by the fraction of CD19™" or CD7"™" cells per total nucleated cells (SYTO16"). These levels of all
reported subpopulations were stored in the database. To calculate the exact time point-specific backaround, we
first selected a testing cohort, which consisted of a random half of the PCR™" specimens at each time-point, and
cambined them with the cross lineage cantrols. For each reported value at all time-points, we caleulated the 98"
percentile. In order to encompass the random Poisson distribution of real data around the 98" percentile of the
representative sub-cohort, we considered the three-fold multiplication of 98" percentile to be the background
cut-off value. T lineage values were calculated using B lineage cross lineage controls only. All FC data reported

a5 predefined subpopulations were compared with the subpopulation and time point-specific background cut-off
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values; only when they were higher did we considered them to be positive The highest FCP* subpopulation

above cut off was considered an FC RD (cut off values are shown in table 2.)

RQ PCR of Ig/TCR rearrangements

Follow-up BM or PB samples were processed by ervthrocvie lysis and stored at -80°C. Genomic DNA was
isolated by the QlAamp® DNA Blood Mini Kit (QIAGEN GmbH, Hilden, Germany). and the DNA was stored
at -20°C until further processing. Rearrangements of immunoglobulin heavy chain (/GH), immunoglobulin hight
chain kappa (/GK), T cell receptor delta (TCRD), T cell receptor gamma (TCRG) and T cell receptor beta
(TCRB) were identified using single or multiplex PCR (11, 12). Clonality assessment, sequencing, patient-
specific primer desizn and RQ-PCR with family-specific reverse primers and probes for /GH, /IGK, TCRD,
TCRB and TCRG were performed as described previously (13-15). The albumin gene was used to normalize
DNA concentration and quality. The ESG-MRD-ALL (European Study Group on Minimal Residual Disease in
ALL) eriteria for RQ-PCR sensitivity and quantitative range were used (16). For statistics of continuous
variables, numerical MRD values (representing the mean value of positive values within the triplicate) were

always reported

Statistics

FC sensitivity was defined as the percentage of samples positive by both methods amang all PCR™ samples. FC
specificity was defined as the percentage of samples negative by both methods amony PCR™" samples.
Spearman Rank correlation coefficient was used for correlations of RD between individual time-points and was

calculated using STATISTICA software (StatSoft, Inc (2006). STATISTICA (data analysis software system),

version 7 1w st 1., USA). A linear-by-linear association model (17) was used for analyses of
correlations between FC RD subgroups at days 8 and 15 and PCR RD subgroups at day 33 and week 12 In order

to fit linear by Linear association, we used the R computing environment (www r-project.org}

Results

Background identification for each subpopulation

Specimens with available PCR and FC RD analyses at day 15 were included in the study (n=104, B precursor
ALL: xxx, T ALL xxx) In total, xxx and xxx specimens (xxx cross-lineage control specimens, xxx PCR-

proven negative) served as a basis for non-malignant background idenufication in B and T hneage ALL

respectively The cutoff values representing the background of each reported subpopulation are listed in Table 2
Although it is frequently assumed that the non-malignant B precursor background is very low or absent at early
time-points, our results do show non-zero background levels even at day 15, which must be taken into account in
the data interpretation (similar situation appeared at day 33, data not shown).

Graphs showing cell frequencies of each individual FC subpopulation at day 15 as well as at days 8, 33 and week

12 are available (see supplemental information).

RD evaluation and comparison with RQ-PCR Ig-TCR

The FC RD value data represented the frequency of the most prominent subpopulation above its cutoff value
When compaiing these FC RD data to the lcukemic cell freguencies assessed by PCR, majority of PCRP™
specimens were positive also by FC (71 of 81 and 19 of 20 in B precursor and T ALL, respectively) at day 15.
Starting at day 33, most of the FC data were below the cutoff values, and the percentage of PCR™™ specimens
identified as FC™ drupped profoundly (data not shown) Therefore, the cutoff-based, four-color FC focused at
the cellular subpopulations deseribed here might serve as a basis for the design of RD investigation but it cannot

be used as an RD evaluation at day 33 and week 12 of ALL therapy.

Prediction of molecular remission at day 33 and week 12 using FC stratification at
day 15

Next, we asked whether day 15 FC RD could predict RD at day 33 and week 12 as evaluated by PCR. Using
Spearman rank correlations, we compared FC RD values measured by FC at day 15 to PCR-assessed RD at day
33 and at week 12. In patients with B precurser ALL, this analysis indicated a significant correlation between
day 33 or week 12 (PCR) and day 15 (FC) (R 059 and 0 31, p=f1.006, respectively). This is in contrast to T ALL
patients, whose data did not reach significance in any of these comparisons (R 004 and 0.22, p > 03,
respectively). Therefore, we analyzed the levels of day 33 and week 12 RD (PCR) in categories defined by the
FC RD level at day 15, exclusively in patients with B precursor ALL As shown in Figure 4, day 15 FC RD
categories (defined by intervals of FC RD in ascending order) correlated with day 33 RD by PCR (pyue < 107 !
Figure 4). A hnear-by-linear association model (i e, a model for contingency tahles where both rows and
columns are ordered and the scores of the rows and columns are given by theirs ranks) showed significant
association between day 15 and day 33 (p< 107, odds ratio is 2.321 (95% CI 1.603 - 3 360) The odds ratio
describes the ratio of proportions of patients in columns and rows of any given 2x2 region with both day 33

categories (PCR) as well as day 15 categories (FC) ordered ascendingly Similar but weaker correlations were
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observed in B precursor ALL patients between FC RD in BM or peripheral blood at day 8 and RD (PCR) at later

time-points (data not shawn).

Contribution of individual values on day 15

We analyzed which of the recorded subpopulations contributed to the FC RD value. Among all specimens on
day 15, only one of 34 recorded subpopulations (CD45"*CD10™"CD66¢™"CD197™) remained below the cutoff
value in all cases. In addition, some values reached positivity but their levels were lower than the maximum
positive value in all patients (1.e., lower than the overall FC RD value in 10 of 29 and | of 5 recorded values in B
precursor and T ALL patients. respectively). Thus, we asked whether a reduced panel of mAb combinations (and
a reduced number of recorded values) could provide acceptable information for day 15 FC RD. The RD
information was considered acceptable if the reduced panel generated an RD value higher than 0 1 of the full
panel RD value Upon excluding the CD58/CD10/CD19/CD34 tube, the RD information was acceptable in
100% specimens (quantitatively, the reduced panel reduced the values to 0.64 10 1.0 of the full panel values; 5"
percentile. 1.0). Further reduction to a set of just two mAb combinations (CD10/CD66¢/CD19/CD45 and
CD20/CD10/CD19/C1334) still generated acceptable results in 99% specimens, whereas selecting a set of any
other two mAb combinations reduced the number of specimens to fewer than 90%. Excluding the
SYTO16/CDIS/CD4S,. CD10/CDG6e/CDI9/CD4S5 or CD20/CDI0/CD19/C:D34 mAb combination led to a
reduction to 100%, 82% or 83% acceptable results. respectively, Excluding any of the two T-lineage mAb
combinations reduced the {requency of acceptable results to fewer than 90% specimens. Similarly, reducing the
B-lincage panel just to a single rnAb combination reduced the frequency of acceptable results to fewer than 90%
specimens in all cases (data not shown).

After reducing the B linzage panel to two mAb combinations (CD20/CD10/CD19/CD34 and
CD10/CD66¢/CD19/CDAS). 1t was possible to further simplify the procedure by reducing the number of
recorded subpopulations. In a reduced panel, we propose 10 record three CD14™" subpopulations with relatively

high cutoff values (CD34™, CD10™ and CD10™*20™%), followed by daughter subsets of these CD19™

subpopulations (CD107" 347, CD10™F20™*34™" CD10™"™, CD107"66¢"" and CD10™¥"66¢™ — the latter two
also separately in CD45™*, CD45"™ and CD45™"" fractions; in total, 14 recorded subsets) Obviously, all
daughter subsets are less than or equal to their respective parent CD19™" subpopulations, which enables skipping
some of the analyses Such a reduced panel led 10 identical results in 71 of 83 positive specimens. Three of the

83 specimens would be considered negative, although very low level [10™ to 107") MRD was detected by the full

panel: only ane of these patients had an MRD above 107 at day 15, and the 5™ percentile was 0 52 of the full

panel values (25" percentile was | 0). Similar reduction appears to be possible in T-ALL at day 15. If we report
just CDSP™CD3™¢, CDIS™*CDS™ and TAT™ subpopulations of the CD7™" cells, the RD value remains

identical in 18/19 positive specimens and is reduced by a factor of 0.92 in one case

Discussion

Study design

The speed of FC. as well as its single-cell, quantitative nature, portrays FC as an ideal tool for RD and MRD
measurement. The general lack of leukemia-specific antigens can be overcome by detecting LAIPs using
combinations of mAbs labeled with different fluorochromes. A general and accepted definition of an LAIP is
missing, however, and no consensus has been reached as to what constitutes an adequate negative control. LAIPs
usually deseribe a subpopulation of cells of a given lineage at a particular differentiation stage with (a) aberrant
molecular expression patterns, (b) asynchrony, and/or (¢) profound over- or underexpression of molecules that
are physiologically expressed at the given differentiation stage Such molecular differences of leukemic cells
may be highly specific when compared to BM of healthy subjects. Remission BM specimens, however, contain
non-malignant cells in various phases of regeneration or otherwise affected by chemotherapy (18). Most
strikingly, the B lineage regenerates, and B precursors are abundant at late phases of therapy, leading to potential
problems with RD detection Although this phenomenon is widely accepted, the possibility that subpopulations
of the regenerating cells attain LAIP is often ignored. In addition. standardized approaches are necessary for RD
detection in large and international protocols So far, the interpretation of FC has been largely dependent on the
expert experience of a cytometrist

The presented approach largely disregards subjective evaluation of FC data. The distinction between leukemic
cells and non-malignant background cells is quantitative. To our knowledge, this is the first study that sets the
baseline as negative BM specimens from the same chemotherapy time-point. The presented approach may miss
some clearly atymcal cells, however, when they do not fit into the pre-defined regions. This appears to be the
reason why the presented approach did not lead to a useful correlation at day 33 and week 12 Of note, even
patient-tailored MRD investigation by 4-color FC may fail to generate chnically reliable data. The absolute
number of relapsed patients among the FC MRD-negative subset (day 29) was the highest among all strata m a
large published trial involving 2.113 patients by Children’s Oncology Group Study (2). Thus, compared to a

previous study (10) with recently updated results by Flohr etal. (19) (which was the basis for the AIEOP-BFM
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ALL 2000 protocol), FC MRD at the end of induction treatment missed a much greater proportion of patients
than 12 TCR MRD Recent data from Borowitz et al. (2) were less encouraging than several of the previous FC
MRD reports. Here we show usefulness of day 15 FC RD; the fact that our approach failed at later time-points
supports the recent caution (2), despite using a very different approach and a different chemotherapy protocol.
Clearly, the use of FC at day 29 or later for MRD monitoring is still highly important At day 29 or later, 1t
reliably detects a high MRD burden, whereas its use at the level of 0.01% should rely on a multicalor approach

and/or other methodological improvements

MADb combinations - reasoning
The SYTO16/CD19 PE/CD45 PerCP and SYTO16/CD7 PE/CD45 PerCP combinations were used 1o quantify

the proportion of B and T lineage cells, respectively, among nucleated cells. In addition, immature CD45*™"
DY cells were recorded. The CD20 FITC/CDI10 PE/CD19 PC7/CD34 APC evaluated B cell
differentiation (20, 21). Changes in CD10 expression levels in the context of CD20 and CD34 are frequent in
BCP ALL The CD58 FITC/CDI10 PE/CD19 PC7/CD34 APC combination was introduced to detect CD58
averexpression, commonly found in BCP ALL (22-24) . The CD10 FITC/CD66¢ PE/CD19 PC7/CD45 APC
evaluated CD66¢, which is the most common aberrant myeloid antigen in childhood ALL and usually does not
change between diagnosis and relapse (25). Possible temporary changes in its expression, however, would
decrease its value in MRD. The CD99 FITC/CD7 PE/CDS PC7/CD3 APC evaluated CD3 negativity and
hyperexpression of CD99, both of which are common in T ALL (26, 27). The intra-TdT FITC/CD7 PE/CD3
PC7/intra CD3 APC evaluated the TdT expression in T cells, which 1s predominantly present in the thymus (28).

Data interpretation and definition of individual subpopulations was dane as described in figure 1 and 2.

Simplified RD testing

Recently Coustan-Smith et al showed the prognostic relevance of CD107CD19™ and CD197"CD347
frequency at day 19 on the St. Jude protocol (29). The definitions of populations shown in this study are closest
to CD10"#CD19™ and CD19"CD34™ Here, we show a high background of these subpopulations at day 15
of the BFM-based ALL-IC BFM2002 protocol Therefore, the published findings should not be generalized. and
the possible presence of non-malignant CD16™ or CD34"™" B cells should be considered in BM, even at early
phases of chemotherapy In agreement with the main conclusion of Coustan-Smith et al | negative findings with

these simplified techniques are likely to specifically identify patients with low RD Patients with higher numbers

of CDI0P* and/or CD34™™ B lymphoblasts, however, may be free of RD, at least at day 15 of BFM-based

protocols.

The relevance of non-malignant background
The strategy of using a wide panel of antibodies and reporting predefined subpopulations as described here was

recently published in a childhood AML MRD study. where heterogeneity and phenotype instability in leukemic
cells represented a problem in reporting MRD (30, 31). Althoush some data comparing FC MRD using patient
specific LAIP to PCR MRD appear promising (32, 33) , no reproducible gating strategy considering a time-point
specific background has been published.

Although 4-color approaches are frequently used for RD detection, current equipment allows the use of an
mcreasing number of molecules simultaneously. This may further improve the accuracy of distinguishing
Icukemic from non-malignant cells, even if no new antigens are introduced into the diagnostics. Knowledge of
the non-malignant background, however, is vital for the correct interpretation of such RD data The presented
results show that the background level of immature cells of both the B and T lineage may exceed 0 1% even

during the induction therapy

The predictive value of early RD
As shown here, the evaluation of RD on day 135 using a cytometric strategy with predefined gating was

predictive af MRD categories, especially at day 33. Day 15 cytometric RD detection is, thus, a notable
alternative for PCR-based MRD at day 33, especially in settings where PCR-based MRD is unavailable
Although morphology in hypoplastic BM, which is typically present at day 8 and 15, can correctly identify
patients with a high leukemic burden (BM infiltration over 25%), FC can specifically categorize patients using
lower and meaningful thresholds (Figure 4). The fact that early FC RD did not correlate with later time-points in
T lineage ALL might have been influenced by the lower number of patients in this ALL subset A larger study
for T lineage ALL should test whether RD in these patients requires a quantitatively different stratification.
Both the insirument and the gating should be standardized for reliable RD monitoring. especially in a multi-
center setfing. The presented study shows background thresholds in precisely defined gates and the relevance of
a nme-point specific RD. The highest potential for the use of FC appears to be day 15 of a BFM-based protocol.
These RD values may identfy those patients at both high and low risk of MRD at the end of induction and at

week 12 n BCP ALL.
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Reduced panel for day 15 RD

A rather extensive panel was designed, and quite a high number of subpopulations were reported in this study
For practical reasons, limiting the number of analyzed subpopulations is vital, especially in B lineage ALL. In
our cohort, a reduction in the number of subpopulations by one-half (14 subpopulations), omitting one mAb
combination entirely and reducing the SYTO16/CD19/CD45 to SYTO16/CDI9 provided comparable results to
the full panel of 28 subpopulations with 4 mAb combinations In T ALL, we noticed a decreased intensity of
TdT expression in residual T lymphoblasts (data not shown) Not surprisingly, the two subsets of TdTP*CD77*
subpopulations were already too infrequent and did not contribute to the overall RD values. MNevertheless, our
data showed no predictive value of FC at day 15 in T ALL. Therefore, an alternative approach should be used for

these patients. Perhaps day 15 could be replaced by anather time-point in T ALL patients.

References:

Titles and legends to figures and tables
Table 1. Patients’ characteristics
Hyperdiploid patients were negative for all fusion genes listed in this table. Standard, intermediate and high risk

group (SRG, IRG. HRG) criteria are described in materials and methods.

Table 2. Cut-off values

Values represent the threshold for RD positivity (A. B lincage, B T lineage). Numbers indicate the percentage of

cells among nucleated cells above which all values are considered RD positive.

Table 3. FC sensitivity and specificity at different time-points
The number of FC™ ™ and PCR™ ™ (level 10°*) patients at respective time-points and the corresponding

sensitvity and specificity of FC RD.

Figure 1. Gating strategy in B lineage ALL

All reported gates for each mAb combination are shown in pseudocolor plots. Plots show residual leukemic cells
(PCR RD > 10"") in regenerating bone marrow (week 12). In the CD10/CD66¢/CD19/CD45 combination,
subpopulations according to the levels of CD45 expression were also reported (CD457", CD45%", CD45™*

defined by expression on CD45"™ granulocytes).

Figure 2. Gating strategy in T ALL

All reported gates for each mAb combination are shown in pseudocolor plots. Plots show residual leukemic cells

(PCR-RD > 10"} in a bone marrow (day 15) together with non-malignant T lymphocytes

Figure 3. Correlation of RQ-PCR RD and FC RD at day 15

FC RD (calculated as the highest frequency of the subpopulation which exceeded the time point-specific
background value) 1s compared to RQ-PCR RD calculated according to ESG principles. Only samples not used

for background quantification are shown. The number of patients in each quadrant is shown.

Figure 4. Correlation between residual disease by PCR at day 33 and residual
disease by FC at day 15 in BCP ALL

Patients were categorized based on PCR-detected RD at day 33 into: negative (white), below 10™ (obligue
hatching). below 107 (210" and < 107", vertical hatching) and at or above 10 (black) The frequencies are

shown in subsets of patients defined by FC RD atday 15
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Table 1.

Characteristics at diagnosis (n)

Male 67
Female 43
<6 years 68
42
BCP total 90 TALL
BCP SRG 47 SRG
BCP IRG 33 IRG
BCP HRG 10 HRG
prae-B 17 mature T ALL
cALL 70 mature T ALL TCR alpha/beta™®
AHL (cALL/My+) 1 mature T ALL TCR gamma/delta®™®
AHL (mature T ALL TCR
pro-B 2 gamma/delta™ /My+)~
intermediate T ALL
prae-T
Prednisone good response 85 Prednisone good response
Prednisone poor response 5 Prednisone poor response
WBC at diagnosis
220000/ul 25 WBC at diagnosis 220000/uL
WBC at diagnosis
<20000/uL 65 WBC at diagnosis <20000/uL
CR1 achieved at day 33 86 CR1 achieved at day 33
CR1 achieved later (till
week 12) 3 CR1 achieved later (till week 12)
Death prior day 33 1 Death prior day 33
Genotype subgroups (BCP ALL)
TEL/AMLA 29
BCR/ABL 7
hyperdiploidy (DNA index >1.16<1.6) 28
MLL/AF4 Q
others 26

NN e N O

N
W N W N2

Table 2.
A

B lineage day 15 cut off value
syto™*CD45""CD19"" 3.2
CD10*'*™CD34°°CD19° ™ 0.0056
CD10°*CD34**CD19°** 0.1
€D10™°CD20"**CD34***CcD19"* 0.0072
CD34°*CD19"™* 0.29
CD10*""CD19°** 0.024
CD10**CD19™* 38
CD10™*CD20™°CD19°** 0.58
CD10*"CD58* 7CD34">*CD19"* 0.014
CD10°'CD58"*“CD347'CD19"* 0.13
CD10™%CD58"*"CD347*CD19°** 0.049
CD10*™CD58" ™CD19*** 0.03
CD10°*CD58"*"CD19%* 0.52
CD10™°CD58™°"CD19>* 0.95
CD10°°CD66c"** CD19°* 0.2
CD10™™"CDE6" CD19°* 0.017
CD10°*CD66C™ ™ CD19°* 0.028
CD45°™CD10°°*CD66c* CD19°°* 0.052
CD45*"CD107*CD66c™* CD19°>* 0.12
CD45™9CD10°°*CD66c™* CD19™* 0.083
CD45""™CD10*""CD66C*™ CD197* 0
CD45“"CD10**"CD66Cc™ CD18™™ 0.01
CD45™%C D107 CD66C™" CD19%* 0.012
CD45"*"'CD 10" CD66c™ " CD19™" 0.0069
CD45°"CD10°°CDE6™ """ CD19*" 0.021
CD45"°CD10™*CDE6C" ™ CD19”* 0.0043
CD45°"CD10™*CD66C™ CD19°*" 0.12
CD45™°CD10""°CD66C™ > CD19°* 0.26
B

T lineage day 15 cut off value
CD5***CD9g™ " CD7*"" 0.14
CD5™"CD3"¥CD7™* 0.18
ITdT*** CD7** 0.36
iTdT*>*CD3°*%iCD3™* CD7*** 0.22
iTdT***CD3"%iCD3*™* CDT™* 0.014
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6.4. Prilozené publikace bez impakt faktoru
Priloha 12

Imunofenotypizace détskych leukémii
Toma$ Kalina, Ester Mejstiikova, Martina Vaskova, Ondrej Hrusak

Transfuze a hematologie dnes, 2006, (bez impakt faktoru)
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Imunofenotypizace détskych leukemii

Kalina T.1, 2 3, Mejstrikova E.. %3, Vaskova M.1: 23, Hruddk 0,123
1Ustav imunologie, ?Klinika d&tské hematologie a onkologic UK 2. LF a FN Motol, 3CLIP Childhood Leukemia

Investigation Prague

Souhrn

Imunofenotypizace je jiz dnes standardni metodou v diagnostice hemato-onkologickych onemocnéni. V soucasné
dobé zaZivame rozvoj mnohobarevné priitokové cytometrie, jak ve vyzkumu, tak i v klinické diagnostice. Prace shr-
nuje diagnostiku a sledovani akutni lymfoblastické leukemie pomoci pratokové cytometrie.

Kii¢ovi slova: imunofenotypizace, mnohobarevna pritokova cytometrie, akutni leukemie, expresni profilovani,

minimAalni rezidudlni nemoc

Summary

Kalina T., Mejstfikova E., Viskova M., Hru$iak O.: Immunophenotyping of childhood leukaemias

Immunophenotyping is a standard method used in diagnostics of hematological malignancies. Progress in number
of multicolour cytometry as well as new targets identified by genomics bring new possibilities in research and dia-

gnostics. These aspects are summarized in the article.

Key words: immunophenotyping, multicolour flow cytometry, acute leukaemia, expression profiling, minimal

residual disease

Trans. Hemat. dnes, 12, 2006, No. 1, p. 20-25.

Uvod

Imunofenotypizace neboli stanoveni povrchovych
znaki bunék pomoci pritokové cytometrie zazivad
v posledni dekdd€ ohromny rozmach, jak po strance
dostupnosti, tak po strance technické vyspélosti instrumen-
tl a rozvoje technik a postupt uplatiujicich se ve vyzkumu
1 v diagnostice. To vede na jednu stranu k moZnosti ziska-
ni mnoZstvi klinicky relevantnich informaci, ale zaroveii je
potieba tyto informace zpracovat a klinicky spravné inter-
pretovat. Zamérem prezentovaného ¢lanku je poskytnout
prehlednou informaci klinickym i laboratornim hemato-
onkologiim, kterd pomiiZe v uvaZovani b&hem diagnostic-
kého a lé€ebného procesu. Vyhodou priitokové cytometrie
Jje jeji komplexni pfistup a jeji schopnost déat relevantni
odpovéd i v situaci, kdy oSetfujici lékar ma vice otdzek nez
Jjasnych odpovédi.

V hemato-onkologii je cytometrie centrdlni metodou,
ktera teSi otazky diferencidlné diagnostické, typizuje leu-
kemické builky a mé vliv na zarazeni do 1é¢ebnych proto-
kold. Zatim vyzkumné se cytometrie pouZiva ke sledovani
prubéhu 1é¢by (minimélni rezidualni nemoc) a k hledéni
novych znaki k predikci progn6zy.

Leukemické bunky se vyvijeji v kostni dfeni, v obdobi
pln€ rozvinuté choroby je nachdzime v perifemi krvi
nemocnych, kudy recirkuluji, podobné jako nezralé krevni
buriky, ze kterych vychézeji. Schopnost zkoumat imunofe-
notyp jednotlivych bunék ve smési bun€k jakou je kostni
dfefi i periferni krev pfedstavuje hlavni vyhodu prittokové
cytomeltrie.

V posledni dobé se do diagnostické priitokové cytomet-
rie dostdvd moZnost mnohobarevné analyzy. Soucasné pii-
chézeji nové informace z genomiky a proteomiky, které
mohou ovlivnit diagnostické moZnosti imunofenotypizace.

20

Popis metody

Pritokova cytometrie pouZivd jako zkoumany mate-
rial buné€nou suspenzi (napf. kostni dferi, periferni krev
¢i likvor). Metoda vyZaduje Cerstvy material (Zivé a nea-
gregované buiky, obvykle do 24 hodin po odbéru).
K detekei jednotlivych povrchovych nebo cytoplazma-
tickych molekul pouZiva monoklonélni protilatky konju-
gované s fluorescen¢nimi znaCkami. Suspenze bunék je
po navazani fluorescencné znacenych protildtek nasata
do priitokového cytometru, kde jsou buiniky sefazeny do
uzkého proudu kapaliny a vysokou rychlosti proudi
komorou a jsou ozéfeny laserovym paprskem. Laserové
svétlo excituje na buitkdch navdzané konjugéty protilat-
ka-fluorescenéni znacka, které emituji svétlo o vinové
délce uréené typem fluorescenéni znacky. Soudasné pri-
tokové cytometry umoziiuji zapojenim jednoho az tii
laserd excitovat 3 az 9 niznych fluorescen¢nich znacek
zéroven. Pro kazdou buriku je zapséna kvantita kazdého
fluorescenéniho znaku a dva nefluorescenéni parametry
popisujici velikost a granularitu bunky. V jednom vySet-
feni se obvykle pouZije simultanni kombinace znaki
(v diagnostice leukemii cca 25 znak, které jsou vySetie-
ny v cca 15 oddélenych alikvotech zkoumané suspenze),
béhem sekund a7 minut se zméfi 20-200 tisic bunék
v kazdém alikvotu.

Ke grafické analyze téchto 5 az 11 paramctrovych dat
se pouZivd specidlni software, kde se provadi vybér
(,,gating*) podskupin bun€k na zdkladé pritomnosti jed-
notlivych znaki (obr. 1). Komplexita zméfenych dat
narlstd se zvySovanim poctu parametri a vhodn€ zvole-
na strategie analyzy je velmi dilezita pro interpretaci dat.
Interpretaci dat musi provadét vidy zkuseny odbornik-



E. Mejstrikova, strana 165

-cytometrista. Pi1 poctech novych diagnéz v détském
veéku kolem 80 ro¢né je vhodnd koncentrace vySetieni na
jedno pracovisté, coZ je v CR diky spolupraci vicch dét-
skych hematologickych center zajisténo.

Cytometrie a akutni lymfoblasticka leukemie
Predikce rizika

Pritomnost jednotlivych molekul na blastech ALL je
intenzivné zkoumana z pohledu potencialnich prediktort
uspésnosti terapie. Velka pozornost byla vénovana abe-
rantni expresi myeloidnich znaku na burikdch ALL.
Jednotlivé studie nalezly nepfiznivy nebo Zadny pro-
gnosticky vyznam exprese téchto molekul pfi diagnéze.
Tato diskrepance byla zplsobena urcitymi nedostatky
v designu studii. Rizné myeloidni znaky byly ¢asto hod-
noceny spoleéné (napf. CDI13 a/nebo CD33) (1, 2). Ne

Struktura vybéru bunék (gatovani)

viechny namilone buiky

b 4

sweoky lpndoronocytien: gate a G B bunky (2027 ro viech b

B CDI0r 2000 (14 2 CD19+)

vzdy byla dostateéné dlouha doba sledovini (1) nebo se
hodnotili pacienti s BCP-ALL a T- ALL spolecné.
Vzhledem k lé¢ebnému tspéchu JéCiva zaloZeného na
monoklonalni protilatce anti-CD33 a cytostatika caliche-
amicinu u myeloidni leukemie (3) je zajimavy nélez
korelace CD33 pozitivity u BCP-ALL se Spatnou pro-
gnoézou (4).

Imunofenotypizace pri diagnoze

Cytometrie je diky rychlosti provedeni vySetfeni
zakladnim laboratornim vySetfenim vedoucim k diagné-
ze leukemie. Zakladni otdzky, které diagnostické vySet-
feni odpovida jsou:
* Jedné se o leukemii, o nemaligni proliferaci prekurzo-
i nebo o zménu procentudlniho zastoupeni subpopu-
laci bunék napf. pfi titlumu v kostni dfeni?
Vychézi leukemie z myeloidni nebo z lymfoidni fady?
Jedna se o ALL z B-prekurzori nebo z T-iady?

* Odpovédi na tyto dia-
gnostické otazky maji
vyznam pro potvrzeni
nebo vylouceni malig-
niho onemocnéni a pro
zafazeni pacienta do
lé€ebného protokolu.

B-prekurzorova akutni

» ) CO10:20n0G (157 & CO194) lymfoblasticka leukemie
b ¢} CD10-20+ (0.2°. > CDI9+) (BCP-ALL) i .

Kostni dfert je primarnim
By G020+ vyisimienata fluoresconce nel ¢) (1570 2 CL19+}

e) CRI0n0a2. (5270 5 CDI%)

d

CD10

mlra CO17%a

mistem vyvoje prekurzorii
krevnich bunék. Sebeobno-
va a vyvo] hemalopoetic-
kych kmenovych bunék,
vyvoj prekurzorit B lymfo-
cytd a myeloidnich bunék
probihd pouze v kostni
dreni, zatimco prekurzory
T lymfocytt dozravaji
v thymu. Imunofenotyp B-
prekurzorovych leukemii

ateg CO178a
ntea CD1780

pfipomind imunofenotyp
nemalignich  prekurzort
B fady. Kli¢ovym tkolem je
tedy nalézt spolehlivé znaky,
které odli¥i normélni pre-
kurzory od malignich

N
oo

o

oAt

Obr. 1. Priklad pouZiti mnohobarevné kombinace (CD34 FITC/CDI0O PE/intra CD179a PC5/CD20
A405/1gM Dy647) zndzorfiujici vyvoj B fady v nemaligni KD. Vlevo nahofe jsou zobrazené CD19+ buiiky
ze Sirokého lymfomonocytirniho gatu podle exprese CD10 a CD20 antigenu. B&hem vyvoje B tady buiiky
postupné ziskdvaji antigen CD20 a ztrdcei antigen CD10. Zralé B bufiky, které jsou CD20pos a CD107¢2 ncbo
jen slabé + pak opouftéji KD. Na dal§ich obrdzcich je pak rozvedena podle jednotlivych subpopulaci expre-
se intraceluldrniho V preB receptoru (intra CD179a a povrchového IgM). Butiky postupné v prib&hu svého
vyvoje pfechodné exprimuji VpreB receptor a postupné vice bunék exprimuje na povrchu IgM. Osy zobrazu-

ji intenzitu fluorescence v grafu jmenovanych znakd.

buné€k. Kombinace zmén
jako napf. aberantni exprese,
asynchronni exprese, hype-
rexprese, utlak normadlnich
vyvojovych stadii ¢i pfitom-
nost prekurzor v periferni
krvi umoZni stanovit sprav-
ny diferencidlné diagnostic-
ky zavér.

Imunofenotypova klasifi-
kace BCP-ALL podle névr-

e ¢
g e

21
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hu skupiny EGIL (5) (tab. 1), kterou pouZivdme v ramci
BFM lé&ebnych protokold i v Ceské republice rozlisuje
tfi — kategorie:

* proB ALL

* common ALL

¢ preB ALL

Tato klasifikace vychéazi z vyvojového schématu
B lymfopoézy. Ackoliv imunofenotyp proB ALL je spo-
jen s prestavbou MLL genu a hor§i prognézou, rozdil
v prognoze ¢i biologickych vlastnostech mezi common
ALL a preB ALL nebyl prokdzan. Zaroveit se z pohledu
ALL fteSi i otdzka hybridnich leukemii, kdy jednotlivym
znaklm, je dano hybridni skore a pokud je skore vyssi
neZz 2, je leukemie klasifikovdna jako akutni hybridni
leukemie (AHL — ALL/My+ nebo AML/Ly+).

V nasledujicim prehledu diskutujeme znaky pouZiva-
né v diagnostice ALL (tab. 2), vice informaci o jednotli-
vych CD znacich, pokud neni uvedena reference, Ize dale
ziskat na webové straince HLDA (Human Cell
Differentiation Molecules Antigens Wokshop).

Tab. 1. Prehled klasifikace podle navrhu skupiny EGIL.

Kritéria

[ Kategorie _Pag ot

Liniové specifické znaky pro B-lymfocytarni radu
Pro zafazeni vyzadujeme pfitomnost alespoit dvou
z nésledujicich tf znak:

CDl9

Znak definujici piislu§nost k B radé je pfedeviim znak
CD19, ktery se objevuje zdhy po liniovém rozhodnuti spo-
le¢ného lymfoidniho prekurzoru smérem k B radé, ve kte-
rém hraje hlavni Glohu transkripéni faktor Pax (Nutt,
1998). Tento znak zlstavd na povrchu B bunék ve vSech
stadiich, ztrdci se az na zralé plazmatické buiice. Hraje
nepostradatelnou roli jako koreceptor B-buné&ného recep-
toru ve fyziologickém vyvoji, aktivaci a diferenciaci
B bunék.

CD7%

CD79a (Ig-alfa) je signalni molekula, je rovnéz B-linio-
v& specifickym znakem, jeho cytoplazmatickd exprese
dokonce predchédzi znak CD19 a je prvni specifickou
molekulou oddélujici B-prekurzor od spoleéného lymfo-
idniho prekurzoru (7).

~m
—
|

B prekurzorova
zrald B
(R

« 2 nebo 3 z nasledujicich: CD19pez
(intra)CD79apPo4 and CD22poz
= (CD3neg I|
* intraCpD3ne2
« KL g Aneg |
= 2 nebo 3 z nasledujicich: CDIQF"'L, ,
(intra)CD79ap°z and CD22p0z |
« CD3rex
* intraCD3neg .
* KPO% nebo APo* |
* (intra)CD3poz |
« CD7vpoz

CD22
Podtida | Kritéria
proB ALL CD10vee CD20ree
|
cALL | CDI10pez intralgMoes
[ \
!
preB ALL | intralgMpoz B N
Bez dalsi subklasifikace ‘
proT ALL . CD2res CD3™s CD8nee |
preT ALL | CD2proz a/nebo CD5Poz a/nebo CD8poz |
intermediami T- ALL CD 1apoz
zrald T-ALL CD3poz CDlanes |
TCRafrz T-ALL / TCRafpoz
TCRydpoz T-ALL TCRy8Poz

Tab. 2. Panely protilatek, které pouZivame pfi diagnostice akutni leukemie v nadi laboratofi.

|

CD22 je specificky znak pro B lymfocytar-

[zékladni panel ~  T-ALL " BCP-ALL ~ AML ‘ ni fadu, v Casnych fazich vyvoje je expri-
, | movan jen cytoplazmaticky, k povrchové
| -MPO/i-CD79acy/i-3 CD34/38/7 CD10/33/19 Syxo-16/3/3/45/34 | expresi dochazi v normilnim vyvoji
|i-TdT/mCD7/m3/i-3  i-CD22 CD65/2/HLADR  CD19/56/33/34 . -
i-CD22 CDla (PE) CDIO/13/19 CD2/7/33/34 | v pozdnich stadiich spolu s IgD a CD21 (8,
| CcDas/14 TcRyS/TcRaf  CD34/38/19 HLA DR/38/33 9). U leukemii z B fady se vyskytuje ve 3/4
| CD66c/19 CD7/NG2 CD79a i-CD13 piipadi (obvykle cALL a preB ALL).
[(‘D4/8/3 CD64/13 (pokud CD22/24 CD33/13 Molekula je pribuznid molekule CD33.
CD20/10/19/34 je AHL skore2) CDI19/NG2 CD41 : Testuje se terapeuticky Glinek protilatky
CDY9/7/5/3 Je-li TCRYSPZ  CD64(pokud CD42b . . ) o
| CDIS/117/33/34 resp. TCRapP2,  je AHL skére 2)  CD61 proti CD22 konjugované s cytostatikem
stanoveni DNA cyklu nastavi se V3 i-1gM/mCD19 glykoforin A (CD235a) calicheamicinem u raznych CD22pos
resp.Vp panel /CD19 CDG65/33 malignit (10).
AMCD19 CD33/NG2
migM |

Vysvétlivky: m

i

AHL skore
V& panel

V{3 panel
Syto-16

povrchové znaCeni

intraceluldmi zna¢eni

viz text

protilitky proti jednotlivym typim

V fetézeu :
protildtky proti jednotivym V{ fetézet
{luorescendni barvicka, znadici buriky
obsahujici DNA, pomdha k odlisent drti

Vyvojova stadia B-prekurzoriu

Dalsi znaky popisuji v normdlni kostni
dreni vyvoj (CD10, CD34, CD20, cyto-
plazmatické TdT, povrchové i cytoplazma-
tické IgM).

CD10

Znak CDI10, tzv. CALLA antigen, byl
popsan jako typicky znak pro ,.,common



E. Mejstiikova, strana 167

ALL* (11-14). B lymfocyty v periferni krvi tento znak
nemaji, na rozdil od véSiny B-prekurzort v kostni dfeni.
[.ecukemické blasty jej nesou ve vice nez 95 %, velmi
dasto ve vysokych mnozstvich (tzv. hyperexprese CD10).
V periferni krvi jsou B buriky vétSinou CD10 negativni, jen
mala subpopulace je CD10 slabé pozitivni (tzv. transitional
B buiiky). CD10 hyperexprese v periferni krvi je tedy spe-
cifickd pro leukemii (obr. 2). Neni liniov€ specificky,
vyskytuje se také u granulocytt (15) a ve stadiu kortikalni-
ho thymocytu i v rdmci vyvoje T fady. Cast T-ALL je rov-
néZ pozitivii, intenzita je ale zpravidla niZ§i neZ u BCP-
ALL (16).
CDh34

Znak Casnych progenitorlt a kmenovych bunék. Neni
liniové specificky.
Imunoglobulin M (IgM) té7ky fetézec

V normalni B lymfopoéze je po dspé$né VDI rekom-
binaci nejprve exprimovan tézky fetézec IgM cytoplaz-
maticky, poté je spolu s VpreB molekulou vystaven na

2

10 10
CD20

Obr. 2. Obrazek vlevo ukazuje normalini vyvoj B fady podle exprese antigenu CD20 a CD10, uprostied na
pozadi normélni KD (kontury) je zobrazena CD10 negativni proB ALL a vpravo cALL, kde u vétsiny blastl
je hyperexprese CD10. Vechny grafy jsou z gatu CD 1999 bunék s odpovidajicimi optickymi vlastnostmu.

povrch, coZz spoudti signalizaci umoZiujici proliferaci
prekurzoru s dspésné prestavénym antigennim recepto-
rem. Klasifikace leukemii pouZziva detekci cytoplazma-
tického IgM jako marker pro preB ALL, povichové IgM
definuje zralou B-leukemii, kterd je nejméné obvykla
a 1181 se progndzou i lécbou.
€D20

se objevuje zhruba paralelné s dokonCenim prestavby
téZkého retézce a s jeho cytoplazmatickou expresi. U leu-
kemii je Casto pfitomen, nékdy asynchronné s hyperex-
presi CD10. Zpravidla je pozitivni jen na subpopulaci
blastl, coZ limituje eventudlni vyuziti specifické anti-
CD20 1é¢by u BCP-ALL. Zrala B-ALL je typicky vyso-
ce pozitivii,

Terminalni deoxy-nukleotidyl transferdza (TdT)
Cytoplazmaticka TdT je typicky pfitomna u leukemic-
kych bunék, v normdlni kostni dfeni se vyskytuje jen
u  malé subpopulace prekurzord (predevsim
CD19434+10+ az ++), lze vyuZit pro odliSeni maligni
a nemaligni B lymfoproliferace.
CD58
Je znak nespecificky pro B fadu, ale jeho vysoké expre-
se spolu s vysokou expresi CDI10 je charakteristickd pro

nékteré leukemie a lze proto vyuZit pro sledovani MRN
(7).

Aberantni znaky u B-lymfocytarni rady

Znaky omezené v normalnim vyvoji pro jin€ rady, ale
vyskytujici se Casto na leukemickych bunkach (18).
CD66¢c (KOR-SA3544 antigen)

Aktivaéni znak granulocytd, u nemalignich B prekur-
zord se nevyskytuje, proto jej miZeme na B prekurzo-
rech povaZovat za znak malignity (6).

CD33,.CDI13

Znak monocytid a granulocytt, aberantné se vyskytuje
na BCP-ALL.
CD15, CD65

Znak granulocyti, aberantné se vyskytuje na BCP-ALL.
NG2

Molekula chondroitin sulfdtu, ve fyziologické hemato-
poéze tato molekula neni exprimovana. NG2 molekula se
aberantné vyskytuje u leukemii (ALL i AML) s pfestav-

bou genu MLL (obr. 3).

T-akutni lymfoblastickd
leukemie (T-ALL)

Primérnim mistem
T lymfopoézy je thymus,
leukemické buriky vSak
cirkuluji v periferni krvi
a kostni dreni. Pritomnost
nezralych T lymfocytd
v periferni krvi ¢i kostni
dreni tedy ukazuje na dia-
gnézu T-ALL. Typic-
kou znédmkou malignity
uT- ALL je koexprese CD7
a CD5 na CD3 negativnich bunikdch nebo koexprese
CD4 a CDS8 v periferni krvi nebo kostni dfeni.

Liniové specifické znaky pro T-lymfocytarni radu
D7

CD7 je glykoprotein exprimovany na zralych T lym-
focytech, NK burikéach a thymocytech, ale i na nékterych
nediferencovanych progenitorech. Je to senzitivni mar-

CD19

Obr. 3. Aberantni exprese NG2 na BCP ALL blastech u pacientky
kojeneckou ALL s prokdzanym fliznim genem MLL/AF4 (vlevo).
Vpravo obrazek u téZe pacientky 2 roky od diagnézy onemocnéni
v kompletni remisi a negativaim fuznim genem MLL/AF4. Je zietelné
nenulové pozadi v regenerujici KD, které¢ limituje vyuziti pfi detekci
MRN.

23
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ker T-ALL, ale neni specificky, jelikoZ jej exprimuji také
nékteré typy myeloidnich leukemii. Mala st nezralych
progenitort ve fyziologické KD je CD7+33+.

CD3 je soucdsti komplexu T-bun&cného receptoru
(TCR). CD3 je exprimovan v cytoplazmé Casnymi thy-
mocyty. Cytoplazmatickd exprese CD3 je zakladnim
znakem, ktery zarazuje buriky k T fadé.

Znaky CD2 a CD5 jsou exprimovany na thymocy-
tech a zralych T lymfocytech. CD5 také definuje pod-
skupinu B lymfocytl (tzv. T independentni B1 lymfo-
cyty). CD2 nalézame také na NK bunkéach. Oba antige-
ny jsou exprimovany na vice nez 90 % T-ALL a pouZi-
vdme je jako podptrné znaky. CD2 je aberantné expri-
movana u &asti AML, typicky u AML M3v (6).

Znaky definujici vyvojova stadia a funkéni podsku-
piny
Ch4

Znak definujici ,,T-helper* podskupinu T lymfocytd
v periferni krvi, zaroven je exprimovén také monocyty.
V thymu se objevuje nejprve u dvojité pozitivnich thy-
mocyti (spolu s CD8). Je koreceptorem komplexu
CD3-TCR. Byvéa pozitivni u AML s monocytarnim
vyzravanim.
CD8

Definuje cytotoxické T lymfocyty (antigen specific-
ké zabijece). V thymu se objevuje nejprve u dvojité
pozitivnich thymocytd (spolu s CD4). Je koreceptorem
komplexu CD3-TCR.
TCRaB, TCRyd

T-buné&&ny receptor, je zdakladnim nastrojem T bunék
pfi specifickém rozezndvini antigend.
CDla

Je znak exprimovany nezralymi T lymfocyty
v thymu. Definuje intermedidrni T-ALL (19).

CD99 je exprimovdno na radé hematopoetickych
bunék i progenitord, v piipadé thymocytd a T-ALL je
exprese kvantitativné zvyscnd (20).

Obr. 4. Srovnani imunofenotypu nemalignich T lymfocyti (v kontu-
rach) a intermedidrni T-ALL (zvyraznénd populace obdélnikem). Na
levém obrazku (kombinace CD99/7/5/3, gate CD7p9% bez hyperexprese
CDS5Poz pro kontury a CD7++5slabé poz CD99++) typicky vysoka expre-
se CD99 a nizkd aZ negativni povrchovd CD3. Na pravém obrazku
koexprese CD4 a CD8 z kombinace CD4/8/3.

Sledovdni pritbéhu 1é¢by

Soucdasny pfistup k sestavovani I1é¢ebnych protokoli
ALL pouZivd strategii terapie Sité na miru rizika selha-
ni 1é¢by. Jednim z parametrt je odpovéd na 1écbu. Jiz
pres dvé dekddy se hodnoti rychlost redukce poctu
blastd pri prednisonové predfazi. Nyni se zavadi
v nékterych protokolech detekce minimdlni reziduélni
nemoci (MRN) v prib&hu terapie jako kritérium pro
prefazeni mezi nzikovymi skupinami. K detekci MRN
se pouziva metoda kvantitativni PCR a zatim pouze
vyzkumné také pritokovd cytometrie. Ne docela vyTe-
§enym problémem aplikace cytometrie ve sledovani
MRN je zna&néa podobnost leukemickych bunék a rege-
nerujicich B-lymfocytdl, které v nékterych Casovych
bodech terapie tvofi vyznamné pozadi. Pro klinicky
pouzitelné méfeni MRN je tfeba detekovat leukemic-
kou bunku na pozadi 1 000 az 10 000 bunék. ZlepSeni
specifity odekdvdme od zavedeni mnohobarevnych
protokoli (vice neZ 4 fluorescenéni znaky).

Nové prediktory

Studie expresniho profilovani (EP, expression profi-
ling, gene chips, microarrays) prinaseji data o expresi
desetitisict genll. Jejich vyhodnocenim je moZné hle-
dat skupiny (napriklad ALL pacientd), které maji
podobné expresni vzorce (,,expression patterns®), tzn.
je pro né charakteristickd exprese nékterych geni,
nebo hledat geny, které jsou typické pro jednotlivé sku-
piny (a vztahovat je k biologii, leukemogenezi a pro-
gnoéze) (21). Odhady po&tu gent, které jsou kli€ové pro
identifikaci urCité skupiny pacientd (napf. genotypové
a rizikové), se lisi. Néktefi autofi predpoklddaji, Ze
genl ur€ujicich napf. genotypové poskupiny nemusi
byt vice neZz 20 (napt. Downing (22). Takovy pocet
genl, ¢i odpovidajicich proteind je potom moZné stu-
dovat metodami molekuldrni biologie (RT-PCR) i
pritokové cytometrie. Pratokova cytometrie mé vyho-
du simultanniho stanoveni vice molekul na jedné
bunice a relativni nendro¢nosti na kvalitu, mnozstvi
vzorku a na provedeni. V na$i studii vyuzivime dat
z EP k nalezeni t&chto kli¢ovych molekul. Podafilo se
ndm nalézt dvé molekuly (CD44 a CD27) predpovida-
jici pritomnost fizniho genu TEL/AMLI (23). Chen et
al. (17) navrhli na zakladé dat z EP detekci molekuly
CDS58 pri vySetfovani minimalni residudlni nemoci.
Stdle se také intenzivné pracuje na standardizaci EP
pro diagnostické alely, ale jako raciondInéjii se jevi
vyuziti této metody pro vyzkumné dcely a pro naleze-
ni novych diagnostickych a prognostickych znakd.

Zavér

Vhodné a metodicky dobie provedené pouZiti priitokové
cytometrie ma vyznamnou roli pi1 diagnostice a diferenci-
alni diagnostice leukemie. Imunofcnotypizaci odlisime
nemaligni prekurzory od leukemickych buné€k v aspiratu
kostni drené ¢i periferni krve. Na zékladé liniové specific-
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kych znakd stanovime typ leukemickych bunék. Dalsi
znaky definuji stupen zralosti a mizou predpovedét i rizi-
ko selhdni terapie. Mnohobarevna priitokové cytometrie je
vyzkumné pouZivana k vyhledavéni a stanoveni prediktiv-
ni hodnoty dalSich molekul a ke sledovani MRN.

Seznam pouZitych zkratek
KD kostni dren

BCP B cell precursor

MRN  minimélni rezidudlni nemoc
TCR T cell receptor

ALL  akutni lymfoblasticka leukemie
AML  akutni myeloidni leukemie
MLL  mixed lineage leukemia

Prdce byla podporena grantem IGA MZ CR 7430-3.

Podékovdni

Vysledky jsou umoznény spolupraci viech center v rdmci
Pracovni skupiny pro détskou hematologii (B. BlaZek,
Z. Cernd, Y. Jabali, V. Mihdl, D. Prochdzkovd, J. Stary,
J. Stérba, J. Hak, K. TouSovskd). Laborantkdm a laboran-
nim Ustavu imunologie a Kliniky détské hematologie
a onkologie za pomoc pFi ziskdvdni a analyze dat
(J. Ridoskovd, K. Pospisilovd, L. Gondorlinovd, D.
Thiirer, P. Semerdk, K. MuZikovd, L. Reznickovd, K.
Krejéikovd, A. Brabencovd).
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