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GENERALL INTRODUCTION 

InIn part adapted from: "Risk assessment of ALL in children: focus on PCR-based techniques 
forfor MRD detection ".(Review) V. de Haas, C.E. van der Schoot andH. van den Berg. 
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ChapterChapter 1 

GENERALL  INTRODUCTIO N 

Improvementt of therapy for children with acute lymphoid leukemia (ALL) has resulted in 
survivall  rates of over 80%; however, 20-30% of children ultimately still suffer from a 
relapse.11 In standard patient care, risk assessment is mostly performed at diagnosis. In order 
too increase survival with treatment intensification in high-risk patients, individualization of 
treatmentt is needed, preferably in combination with less therapy in low-risk patients to 
reducee side effects.2 New prognostic markers added to the current prognostic factors, i.e. 
agee at presentation, white blood cell count, immunophenotype, DNA-ploidy and 
chromosomall  abnormalities may allow better stratification of patients. Several reports 
demonstratedd that levels of minimal residual disease (MRD) after induction therapy and 
earlyy during treatment are very important prognostic factors in relation to ultimate outcome 
inn childhood ALL.3"1' As a result the level of residual disease after induction of remission 
ass determined by quantitative PCR or flow cytometry, might be used to discriminate 
betweenn patients at high, intermediate or low risk for relapse. This MRD-based risk 
classificationn can be used to tailor treatment. 

Overr the last few years many people have studied the detection of MRD. Four main 
questionss are ever recurring. Is it possible to detect and to quantify MRD in children with 
ALLL and can this add to therapy-stratification and outcome of patients? What is the 
preferablee technical approach? Which time-point(s) is (are) the most informative? And 
finally,finally, what is the most simple and cost-effective assay for implementation into routine 
patientt care? 

Thiss thesis deals with these questions and focuses on the advantages and 
disadvantagess of PCR-based MRD detection in particular. 

Pediatri cc  ALL, prognosti c factor s and treatmen t 

Leukemiaa is characterized by a clonal expansion of an immature lymphoid or myeloid 
progenitorr cell in the bone marrow (BM), leading to an ongoing proliferation and a lack of 
furtherr differentiation of this malignant clone. As a consequence, the whole BM becomes 
invadedd by the expansion of the leukemic clone. Acute lymphoid leukemia (ALL) is the 
mostt prevalent type of leukemia among children and occurs in approximately 85% of 
leukemiaa patients.'1'2 The majority of ALL patients suffers from precursor B-lineage ALL 
(800 to 85%) whereas 15-20% of patients have T-lineage ALL. The first aim of treatment is 
too achieve a complete remission. Treatment of ALL has improved in the early 1960s by 
introductionn of combination chemotherapy and in the early 1970s by prophylactic treatment 
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GeneralGeneral Introduction 

off  the central nervous system (CNS), leading to a better outcome. At present over 80% of 

childrenn achieve long-term survival and cure. Treatment regimens generally consist of four 

phases,, i.e. induction, consolidation, intensification and maintenance; duration of treatment 

iss two years. Treatment can differ for the various types of leukemia. For instance, specific 

protocolss have been designed for T-ALL, 13;14 patients with mature B-ALL are treated 

differentlyy from the B-precursor ALL patients as well. In the Netherlands, the treatment 

protocolss are initiated and studied by the Dutch Childhood Leukemia Study Group 

(DCLSG).. Initially, DCLSG treatment protocols (until protocol ALL-6, 1984) 15;16 were 

basedd on protocols of St Jude Children's Research Hospital; since 1988, protocols ALL- 7 

andd ALL- 8 have a Berlin-Franfurt-Münster (BFM) backbone.1* 17 Protocol ALL- 9 has 

startedd in 1997 and is still ongoing. Currently the most commonly used drugs for treatment 

off  ALL are combinations of corticosteriods, vincristine, L-asparaginase, anthracyclines, 

cyclophosphamide,, 6-mercaptopurine, methotrexate and cytarabine. 

Thee selection, schedule and dose of drugs depends on the patient's risk group. 

Initially ,, diagnosis of ALL is based on morphological and cytochemical characteristics of 

malignantt cells in the BM and peripheral blood, supported by immunophenotype analysis. 

Subsequently,, in protocol ALL- 9 two patient groups are delineated: the non-high risk 

(ALL-NHR)) and high risk (ALL-HR) group patients. Current prognostic parameters for 

increasedd risk of relapse are initial leucocyte count, extramedullary involvement, the 

presencee of specific translocations and immunophenotype. The high-risk patients receive a 

moree intensive regimen. Protocol ALL- 6 showed that high dose intravenous methothrexate 

iss as effective as irradiation to prevent CNS relapse and that in standard risk patients 

anthracyclinee treatment is not needed. Omitting cranial irradiation in the treatment of the 

majorityy of children with ALL has reduced long-term side-effects without jeopardizing the 

overalll  cure. The currently used protocol ALL-9 is quite similar to protocol ALL-6. 

Predictio nn of outcom e in ALL 

AA number of clinical and biologic features at initial diagnosis can be used to estimate the 

relapsee hazard in patients, but none is fully indicative for a high relapse risk. The major 

problemm is the uncertainty of whether a complete eradication of the malignant cells has 

beenn achieved. New techniques can detect remaining leukemic cells in patients, who by 

traditionall  criteria, appear to be in complete remission. The traditional approach using light 

microscopyy for detection of leukemic cells has a detection limit of 5% of leukemic cells 

amongg normal cells. Therefore, other techniques are needed. The response of leukemic cells 

too therapy can be predicted in vivo by measuring the kinetics of MRD. It is also possible to 
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ChapterChapter 1 

performm analysis of the cellular response of leukemic cells using in vitro drug resistance 
assays. . 

Inn vitro drug sensitivity testing may give more information on the cellular response 

off  leukemic cells to drugs used for treatment. Cellular drug resistance is thought to be an 

importantt cause of induction failure and relapse. Some groups have developed a 

chemosensitivityy assay that uses methyl-thiazol-tetrazolium (MTT) dyes to select effective 

drugs.. The MTT assay relies on the demonstration of living cells by the ability to convert 

thee soluble MTT to insoluble, colored formazan crystals, which is quantitated using a 

spectrophotometer.199 It is a short-term assay, using very low number of cells in suspension 

andd giving results in a few days. In vitro drug resistance profiles of different leukemia types 

reflectt the empirically known clinical effectiveness of the different drugs in these subtypes. 

Resultss of the MTT assay are related with ultimate outcome in ALL and AML.20"24 

Disadvantagee is that this assay is not routinuously performed and only a few laboratories 

aree experienced in the application of this assay. All studies have been done retrospectively 

andd recently first prospective studies have started. 

Previouss reports have shown that the detection of MRD at the end of induction is a 

strongg prognostic factor.3;7;9;25;26 The most promising methods for detection of MRD are 

PCR-amplificationn of leukemia-specific antigen receptor junctional regions and/or 

chromosomall  fusion transcripts, and flow cytometric identification of leukemia associated 

phenotypess (detecting aberrant protein-expression by ALL cells).7;9;I1;27"29 Both techniques 

cann detect one leukemic cell among 103 to 10"5 normal bone marrow mononuclear cells. 

Immunologicc methods, using flow cytometry, are faster and better suited for quantitative 

measurement,, although less often applicable in comparison with the PCR techniques.27529 In 

thesee assays, leukemia-associated immunophenotypes are determined by multiparameter 

floww cytometry, using various combinations of monoclonal antibodies conjugated to 

differentt fluorochromes.27 For each case, marker combinations allowing the detection of 

onee leukemic cell among 103 or more normal nucleated bone marrow cells are selected at 

diagnosiss and applied during clinical remission. Results with four-colour flow cytometry 

aree promising (sensitivity up to 10*4) and the possibilities to use more combinations wil l 

enablee to apply this technique in up to 90% of patients.27 
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GeneralGeneral Introduction 

Detectio nn and quantificatio n of MRD by PCR 

Amplificationn of antigen receptor genes in a polymerase chain reaction (PCR) is 

increasinglyy used for detection of MRD.35;7;9;30 Since the junctional regions of 

immunoglobinn heavy chain genes (IGH) and T-cell receptor (TCR) genes are rearranged in 

almostt all ALL patients, this PCR-based analysis is applicable in almost all cases of 

childhoodd ALL . The antigen-receptor genes comprise several discontinuous germline 

segmentss (i.e. V, variable; D, diversity; and J, joining) that undergo rearrangements in 

lymphoidd cells. The uniqueness of the rearrangements derives from the use of one of the 

manyy gene segments available from each pool of the V, D, and J gene segments, and from 

thee variability at the recombination site caused by the insertion and deletion of germline 

nucleotidess and insertion of non-template-derived nucleotides ("N-regions"), a reaction 

mediatedd by terminal deoxynucleotidyl transferase (TdT).7;25 Because such rearrangements 

aree clonal (unique for an individual cell and its progeny), analysis of Ig and TCR gene 

configurationss can be used to track the persistence of malignant clones whose 

rearrangementss were determined at diagnosis (figure 1). 

Secondly,, it is possible to use fusion gene transcripts of chromosomal aberrations as 

aa stable PCR-target, although most chromosomal aberrations are present in a limited 

VHH DH JH 

XX D to J joining 

Forwardd primer Reverse primer 

Figur ee 1. Rearrangemen t of the Immunoglobi n Gene. Rearrangement of V, D and G genes with 
incorporationn and deletion of nucleotides (n) leads to a patient-specific junctional region. The forward 
primerr is designed on this region and therefore a unique marker for the leukemia in this patient. 

\ \ 
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numberr of patients.31 Recently, the t(12;21)(pl3;q22) translocation with the TEL-AMU 

fusionn gene, has been described as the most common genetic anomaly in childhood ALL 

(presentt in 25% of the cases). It was also suggested that this translocation identifies a 

specificc clinical subgroup of pediatric ALL patients aged between 1 and 10 years, with B-

precursorr immunophenotype and non-hyperdiploid karyotype.32"34 The prognosis for TEL-

AML1AML1 -positive patients was shown to be significantly better than for patients without this 

fusionn gene transcript. 

Althoughh the PCR technique can reach a sensitivity of 1 malignant cell per 105 

normall  cells, a major drawback of antigen receptor based PCR is that clonal evolution may 

hamperr detection of MRD. Ongoing rearrangements of IGH and/or TCR genes during 

diseasee might result in the loss of junctional regions initially identified at diagnosis, which 

cann lead to false negative results in PCR analysis.35;36 There is some evidence that 

oligoclonalityy may be associated with a poor prognosis in childhood ALL. 35;36 

Previouss studies have clearly shown that there is a significant association between 

thee MRD detection at the end of induction therapy and outcome.3'5'7'9'30 Precise 

determinationn of MRD at early remission time-points can be used for discrimination 

betweenn high- and low-risk patients. Moreover, it has been shown that estimation of the 

amountt of residual disease is important, rather then establishing its presence alone. Until 

twoo years ago, most PCR techniques were on semi-quantitative base, e.g. by dot blot 

hybridisation.. The European Organization for Research and Treatment of Cancer 

(EORTC)) group applied a semi-quantitative competitive PCR approach using an internal 

standard.99 Limiting dilution assay (LDA)4'37 allows more accurate quantification, but its 

applicabilityy is limited since it is an extreme laborious technique.38;39 The principle of 

limitingg dilution is based on the use of a qualitative all-or-none end point and on the 

premisee that one or more targets in the PCR reaction mixture give rise to a positive end 

point.. Accurate quantification is achieved by performing multiple replicates at serial 

dilutionss of the material to be assessed. At the limit of dilution, where some end points are 

positivee and some are negative, the number of targets present can be calculated from the 

proportionn of positive end points using Poisson statistics. Thus quantification of malignant 

cellss is possible. The Real-Time Quantitative PCR (RQ-PCR) technology circumvents the 

problemm of a too laborious technique. The RQ-PCR measures the amount of specific PCR 

productss during each cycle of the PCR reaction, allowing precise quantification of the 

originall  PCR target as compared to control genes.4^41 This method is based on the 5'-3' 

nucleasee activity of Taq DNA Polymerase and an internal dual-labeled fluorogenic probe 

withh a 5'-reporter dye and a 3'-quencher dye. During RQ-PCR, the 5'-3' nuclease activity 

off  Taq DNA polymerase cleaves the hybridized probe and thereby separates the reporter 

dyee from the quencher dye, enabling emission of a fluorescent signal which increases after 
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Figur ee 2. Principl e of RQ-PCR. The dual-labeled fluorogenic probe consists of a 5'-reporter dye (R) 
andd a 3'-quencher dye (Q). During RQ-PCR, the 5'-3' nuclease activity of Taq DNA Polymerase cleaves 
thee hybridized probe and separates the reporter dye from the quencher dye, enabling emission of a 
fluorescentt signal. This signal increases after each subsequent PCR cycle and is therefore a value for 
thee amount of PCR product. 

eachh subsequent PCR cycle (figure 2). The real-time detection of fluorescence intensity 

providess quantitative data, which are based on the early cycles when the fidelity of PCR 

amplificationn is the highest. This new technique is, in contrast to the LDA, relatively simple 

andd fast. Recent studies, comparing results of RQ-PCR with LDA, showed that both 

approachess give comparable results.41142 The initial RQ-PCR used junctional region-specific 

TaqMann probes, i.e. specific for each patient, which were combined with two germline 

primers.. This approach is rather expensive. Recently it was shown that at least equally 

sensitivee detection and quantification of MRD can be reached by positioning the TaqMan 

probee and one of the primers at germline sequences of gene segments in combination with 

onee primer, specific for the type of Ig/TCR gene rearrangement.42 This will make this 

methodd more cost-effective. 
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SCOPEE OF THE THESIS 

Thiss thesis addresses four questions as mentioned before. (1) Is it possible to detect and to 

quantifyy MRD in children with ALL and can this add to therapy-stratification and outcome 

off  patients? (2) What is the preferable technical approach? (3) Which time-point(s) is (are) 

thee most informative? (4) And finally, how can MRD detection be implemented into 

routinee patient care? 

Too investigate whether oligoclonality hampers the application of antigen receptor 

PCR-basedd MRD detection during the initial phase of treatment, we monitored the kinetics 

off  different subclones in oligoclonal ALL patients during induction therapy (chapter  2). 

Thee t(12;21)(pl2;q23) with the TEL-AMU fusion gene is the most frequent 

cytogenicc anomaly in childhood ALL . We investigated how this patient group with TEL-

^MZ7-positivityy behaves in MRD analysis and how MRD kinetics differ in patients in 

continuouss complete remission compared to relapsed patients (chapter  3). Since a better 

prognosiss for TEL-AML1 -positive patients has been shown in comparison with patients 

withoutt this translocation, we investigated whether MRD information is still necessary in 

thesee patients. On the other hand we observed the presence of this translocation during the 

firstfirst months of treatment and investigated whether the MRD results obtained by RT-PCR of 

TEL-AML1TEL-AML1 transcripts correlated with the clinically validated genomic PCR for IGH and 

TCRTCR gene rearrangements. By doing this, we studied whether this target is suitable for 

MRDD detection in patients with t(12;21)-positive ALL (chapter  4). 

Itt is still a matter of debate which time-point is the most informative in MRD 

analysis.. Data are scarce on the very early effects of treatment. In order to provide these 

data,, bone marrow samples obtained two weeks after start of induction therapy were 

analyzedd to determine the clearance of leukemic cells during the early phase of induction 

treatmentt and to find out whether measurement of MRD levels at this time-point 

contributess to prediction of outcome (chapter  5). 

Thee clinical response of leukemic cells to chemotherapy can also be measured by in 

vitroo analysis of cellular response of leukemic cells at diagnosis using drug resistance 

assays.. We wondered whether the in vitro analysis by MTT assay and the in vivo 

determinationn of kinetics of MRD by PCR are measuring the same cellular response on 

treatmentt and as a result were identifying the same patients, or whether a combination of 

bothh approaches will further increase the predictive value of each single assay. Thus we 

analysedd patients using both the MTT-assay and PCR-based MRD detection in chapter  6. 

Inn 30% of children with ALL their disease relapse, 5% of these relapses occur in the 

centrall  nervous system (CNS). In chapter  7, we added PCR analysis to conventional 

detectionn techniques, i.e. immunophenotyping and cerebrospinal fluid (CSF) 
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cytomorphology,, in order to investigate whether CSF is suitable for PCR studies and 

whetherr early detection of CNS relapse is possible by PCR analysis. 

Finallyy in chapter  8 results are summarized and discussed with respect to the 

clinicall  value of MRD detection by PCR, hoping that clinically relevant MRD-based risk 

groupp stratification can be achieved. This might give major possibilities for prediction of 

outcomee and improvement of survival in conjunction with a decreased frequency of side 

effectss in the near future, due to a better-tailored regimen for the majority of patients. 
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QUANTIFICATIO NN OF MINIMA L RESIDUAL DISEASE IN CHILDRE N WIT H 
OLIGOCLONA LL  B-PRECURSOR ACUTE LYMPHOBLASTI C LEUKEMI A 

INDICATE SS THAT THE CLONES THAT GROW OUT DURING RELAPSE HAVE 
THEE SLOWEST RATE OF REDUCTION ALREAD Y DURING INDUCTIO N 

THERAPY Y 

LeukemiaLeukemia 2001,15:134-140 

2 2 



ChapterChapter 2 

Quantificationn of Minima l Residual Disease in children with oligoclonal B-

precursorr  Acute Lymphoblastic Leukemia indicates that the clones that grow 

outt  durin g relapse have the slowest rate of reduction already durin g induction 

therapy y 

V.. de Haas1'2, O.J.H.M. Verhagen2, A.E.G.Kr. von dem Borne3, W. Kroes4, H. van den 
Berg'' and C.E. van der Schoot2'3 

'Emmaa Kinderziekenhuis Academic Medical Centre, University of Amsterdam; 2Central Laboratory of the 

Netherlandss Red Cross Blood Transfusion Service and Laboratory of Experimental and Clinical Immunology, 

Academicc Medical Centre, University of Amsterdam; department of Hematology, Academic Medical Centre, 

Amsterdam;; 4Department of Cytogenetics, Academic Medical Centre, Amsterdam; The Netherlands 

ABSTRAC T T 

Antigenn receptor gene rearrangements are applied for the PCR-based minimal residual 
diseasee (MRD) detection in acute lymphoblastic leukemia (ALL). It is known that ongoing 
rearrangementss result in subclone formation, and that the relapsing subclone(s) can contain 
antigenn receptor rearrangements) that differ from the rearrangements found in the major 
clone(s)) at diagnosis. However, the mechanism leading to this so-called clonal evolution is 
nott known, particularly at which time point in the disease the relapsing subclone obtains its 
(relative)) therapy resistance. To obtain insight in clonal evolution, we followed the kinetics 
off  several subclones in three oligoclonal ALL patients during induction therapy. Clone-
specificc nested PCR for immunoglobulin heavy chain ilGH) or T-cell receptor 5 (TCRD) 
genee rearrangements were performed in limiting dilution assays on bone marrow samples 
takenn at diagnosis, at the end of induction therapy and at possible relapse in three children 
withh oligoclonal B-precursor ALL. We demonstrated that in all three patients the subclones 
behavedd differently during induction treatment of the patient. Moreover, in the two patients 
whoo relapsed, the clones that grew out during relapse showed the slowest regression or 
evenn evoluated during induction therapy and the clones that were not present at relapse 
showedd good response to induction therapy. 

Thesee results support the hypothesis that at least in some patients already at 
diagnosiss or in the very first weeks, subclones have important differences in respect to 
therapyy resistance. Hence, these data give experimental evidence for the need to develop -
alreadyy during the first month after diagnosis - quantitative PCR assays for at least two 
differentt IGH/TCR gene rearrangement targets for every ALL patient. 
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INTRODUCTIO N N 

Thee junctional regions of rearranged immunoglobulin heavy chains (IGH) and T-cell 

receptorr (TCR) genes can be used as patient-specific PCR targets for the detection of 

"minimall  residual disease" (MRD) in childhood acute lymphoblastic leukemia (ALL) , but 

thee major drawback of these targets is their instability.3** 35* 3"46 Therefore, at least two 

independentt monoclonal Ig/TCR targets have to be used for MRD-studies to circumvent the 

losss of hybridization of clonospecific primers or probes. However, false negative results 

causedd by continuing rearrangements have only been described when relapse or impending 

relapsee samples are compared to diagnosis samples.3;8;43 So far, no studies have been 

performedd to investigate whether oligoclonality already hampers the application of antigen 

receptorr PCR-based MRD detection during the initial phases of treatment, whereas the 

MRDD levels at these early time points are used especially for MRD-based risk stratification. 

TwoTwo hypotheses can be put forward to explain the differential outgrowth of 

subcloness at relapse: 1) the presence of leukemic subclones that already differ in their 

therapyy resistance at diagnosis; 2) the selection of subclones during continuous 

chemotherapy,, possibly by the acquisition of additional genetic event(s) after diagnosis. In 

thee latter situation, it should be possible to obtain a reliable estimation of MRD levels at the 

endd of induction therapy by testing only a single PCR target. There are several arguments 

supportingg this second hypothesis, particularly the fact that there is no direct link between 

antigenn receptor rearrangements and the oncogenic process in acute leukemias. A leukemia 

cann be considered as monoclonal with regard to the major oncogenic events. Therefore, it 

mightt be possible that during the initial treatment phases leukemias are monoclonal with 

regardd to their response to therapy. In other words, in a relatively therapy-resistant 

leukemia,, all leukemic cells wil l respond slowly to induction therapy, independently on the 

antigenn receptor rearrangements present in the cells. Although the presence of distinct 

subcloness at diagnosis suggests different biological behaviour of these subclones, this is not 

necessarilyy so. We have previously shown that the vast majority (80-85%) of the childhood 

ALLL patients showed oligoclonality for IGH and TCRD rearrangements at diagnosis,35'45 

butt that this oligoclonality became only visible on Southern blot analysis in patients with a 

smallerr fraction of cells in S-phase.45 The differential outgrowth of subclones at relapse 

mightt then be explained by mutations acquired later in the disease or it might be the result 

off  extreme cell reduction. Indeed, we have previously shown that when leukemic cells 

obtainedd at diagnosis from patients with oligoclonal B-precursor ALL are injected into 

severall  SCID mice, different subclones can grow out in different mice.47 

Too obtain more insight into the mechanisms of clonal evolution, we monitored the 

kineticss of different subclones in oligoclonal ALL patients during induction therapy. 
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MATERIAL SS AND METHOD S 

Patient ss and Material s 

Thee bone marrow samples from children with B-precursor ALL treated in the Emma 
Kinderziekenhuis/AMCC were obtained at diagnosis, at the end of induction therapy and at 
eventuall  relapse. All patients were treated according to the BFM strategy-based protocol 
ALL-88 of the Dutch Childhood Leukemia Study Group (DCLSG).13 Induction therapy 
includedd prednisolone, vincristine, daunorubicine and asparaginase. Additionally 
methotrexate,, prednisolone and cytarabine were administered intrathecally (triple therapy). 
Totall  duration of treatment was two years. Immunophenotypic and cytogenetic analysis 
wass routinely performed at diagnosis or relapse (Table 1). DNA was extracted from 
cryopreservedd mononuclear cell fractions, isolated by Ficoll - Hypaque density gradient 
centrifugation,, by means of the QIAamp Blood Kit (Qiagen, Dusseldorf, Germany) as 
describedd previously.48 For Southern blot analysis DNA was digested with BgliX (Life 
Technologies,, BRL, Gaithersburg, MD) and hybridized with the H24 JH probe118 and a JS1 
probe.499 Three patients were selected on the basis of oligoclonality as assessed by Southern 
blott analysis (the number of bands exceeded the number of chromosome 14 copies per cell 
orr clear differences were found in the intensity of the bands, indicative for the existence of 
subpopulations).. A single monoclonal patient was studied as a control case. 

Tablee 1. Immunophenotypic and cytogenetic data of patients 

Patientt  TdT CD 19 CD 10 clgM Karyotype of leukemic cells 

I(J)) + + + - 46,XY,t(x;12)(pll;pl2-13),del(lXq31;q44), 

K7;9Xq21;p) ) 

H(S)) + + + 45,XY,dic(9;20Xpl3;qll) 

III(Y )) + + + 47,XY,+21c 

IV(Z )) + + + 54,XX,+X,+4,+6,+8,+14,+17,+21,+21 

Targe tt  identificatio n 

Completee IGH rearrangements were amplified with VH-family-specific framework region 

onee (FR1) primers (VH1-VH6) as described by Deane and Norton50 with a consensus JH. 

primerr (JH21).51 V82D83- and D52D83-rearrangements were amplified with primers VS2-

3/DS2-33 and D83-3 respectively.51 PCR bands on ethidium-bromide stained polyacrylamide 

22 2 



DifferentialDifferential therapy resistance of subclones in ALL during induction therapy 

gelss were excised and eluted in water. After a second round PCR with the same primer 

combination,, the PCR product was used as a template in the sequencing reaction using the 

BRLL Cycle Sequencing kit (BRL), with one of the PCR primers end labelled with 32P-

gammaa dATP (Amersham, Buckinghamshire, UK). The products were always sequenced 

onn both strands to eliminate sequencing artefacts. The number of different rearrangements 

wass checked by fingerprinting PCR. This is an analysis of first-round PCR products with 
32PP end-labelled consensus JH21 primer (Amersham). By comparing the sequences 

obtainedd from different rearrangements it was possible to determine the ongoing 

rearrangementt mechanisms responsible for the oligoclonality in each patient. 

Quantificatio nn of MRD levels by limitin g dilutio n 

Too quantify residual leukemic cells limiting dilution assays were performed with a 

heminested-patient-specificc PCR using a consensus primer set FR3/JH21 or a consensus 

primersett V52-3 or D82-3 / D83-3 in the first reaction and a clone specific sense primer in 

thee second round on two-fold serial diluted DNA samples. Reactions were performed in 

mixturess as previously described.51 The input of genomic DNA was 1 ug per reaction. The 

PCRR protocol took place in a thermal cycler (Perkin Elmer Cetus Model 9600; Norwik, CT) 

andd consisted of 10 min at 95°C followed by 35 cycles of 30 sec at 95°C, 45 sec at 55°C and 

finallyy 5 min at 72°C. The second-round of the heminested PCR had an input of 2 ul of 

PCRR product from the first PCR reaction. After testing the ASO-primers at various 

temperatures,, it turned out that 60°C was the ideal annealing/extension temperature for 

mostt of these primers. In preliminary experiments five-fold serial dilutions of DNA 

sampless in water were tested in five replicas to investigate at which dilution the PCRs 

becamee negative. Subsequently, two-fold serial dilutions in 20 replicates were tested 

rangingg from the highest preliminary dilution showing amplification to the lowest 

preliminaryy dilution not showing amplification in the five-fold diluted samples. After size 

separationn each PCR product was visualized by ethidium bromide staining (Figure 1). 

Specificityy was tested by amplification of 1 ug of normal DNA from peripheral blood 

mononuclearr cells. Sensitivity was tested by performing PCR on serial dilutions of 

leukemicc DNA mixed with DNA isolated from normal mononuclear cells. The number of 

cellss at each dilution was verified by amplification of the FcyReceptorlllb gene, present in 

eachh cell.52 The ratio of leukemic cells to total bone marrow cells was calculated from the 

ratioo of leukemic to Fc-receptor (FCR) targets, considering the presence of one rearranged 

IGHIGH allele and two FCR genes per cell. Because both nested PCRs are able to detect a 

singlee cell, the number of positive PCR reactions at a certain dilution is distributed 

accordingg to a Poisson distribution, and as such quantification of malignant cells is 
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possible.. ' The mean number of targets required to give a positive reaction was 

determinedd by the Taswell method.53'54 A computer program, developed at the University 

off  Tilburg and Maastricht by Leo Strijbosch55 was used to perform the necessary 

calculations. . 

Dilutio n n 

11 x 1 0 " * 

2X10-4 4 

4XKT 4 4 

8X10-4 4 

Figur ee 1. Result s of limitin g dilutio n of rearrangemen t C in patien t I. Shown are the electrophoresis 

resultss of the heminested PCRs performed at four different dilutions (IxlO"4, 2x10"4, 4x10"4 and 8x10"4) 

withh ASO-primers. For each dilution 14 experiments were performed. Shown here are the results of 14 

experiments.. The level of MRD varies from 13/14 PCR-positive results, to eight of 14, to four of 14 and 

finallyy one positive out of 14 experiments. 

Singl ee Cel l PCR 

AA single cell was sorted on the basis of forward and side scatter properties directly into 50 

ull  PCR tubes using a FACStar (Becton and Dickinson Immunocytometric Systems, San 

Jose,, CA). The tubes were spun at 13000 g for 5 minutes. Ten ul lxPCR buffer (Promega) 

containingg 0.25 mg/ml proteinase K was added, and the mixture was covered with mineral 

oil.. Proteinase K digestion took place at 55°C for one hour and was followed by 

inactivationn at 95°C for 10 minutes. Subsequently, 40 ul of PCR mixture was added to each 

tube.. Amplification consisted of three rounds of PCR. First PCR and nested second round 

weree performed exactly as described previously,47 with primer pairs VH3/3'JH 1,2,4,5 and 

VH3/4'' JH 1,2,4,5 in the first and the second round, respectively. The third heminested PCR 

roundd of 30 cycles was performed with a combination of an ASO primer and a consensus 

JH211 primer. One ul of round-two PCR product was used as a template. For analysis, the 

third-roundd product was size-separated by electrophoresis on 10% aerylamide gel. Identity 

off  rearrangements was checked by fingerprinting of the PCR product. The germline IGH 
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rearrangementt was identified by a nested PCR approach with primers located precisely 

beforee and after the DHQ52-JH1 junction. In the first round PCR, primer set 5' 

TATTGGCACAAGACTCCAGAGTGG and 5' CCGCTATCCCCAGTACAGCAG was 

used,, whereas in the second round primer set 5' TGGCTGAGCTGAGAACCACTG and 5' 

CCACGGTGAGTCAGCCCTGAGG was used. 

RESULTS S 

Casee I 

Patientt I presented with a common ALL at the age of 14 months and experienced a relapse 

111 months after initiation of therapy. Southern blot analysis with a H24 JH probe showed 

threee rearrangements in Bglll digests at diagnosis. These three rearrangements had different 

intensities:: one major and two minor rearrangements. At relapse the major IGH 

rearrangementt was still present as a major band (Table 2). The minor rearrangements were 

nott detected anymore, and a new rearrangement with the same intensity as the major 

rearrangementt was now seen. With the J51 probe only a germline configuration was found 

att diagnosis and at relapse. 

PCRR at diagnosis and at relapse. In this patient five different VH-D-JH joinings were detected 

byy PCR analysis at diagnosis. At relapse only two rearrangements, I-C and I-A2, were 

detected.. Rearrangement I-A2 seemed to be a major clone at relapse by FR3-PCR, while 

thiss clone was initially not identified on diagnosis material. The other rearrangements 

presentt at diagnosis, I-Al , B and D, were not detectable in the relapse sample (Table 2). 

Sequencee analysis revealed that rearrangements I-Al and I-A2 had identical DLR4-JH2 

joiningss and were the result of VH replacements. Rearrangements I-B, C and D were 

unrelatedd to these rearrangements (Table 3). Single cell analysis was performed to 

investigatee which of these sequences represented the two alleles of a cell. Bone marrow 

cellss obtained at diagnosis were sorted to obtain one cell per tube, and VH-D-JH 

rearrangementss were amplified. A total of 67 tubes with FACS-sorted single cells from the 

samplee at diagnosis were analyzed. At least one positive result in one of the junctional 

regionn PCRs was obtained in 66 tubes. In 58 tubes, rearrangement I-C was amplified. In 46 

off  66 experiments one of the other rearrangements was found (rearrangement I-Al , 13/46; I-

A2,4/46;; I-B, 11/46; I-D,13/46; and unknown or new, related sequences in 5/46 cases). In 

122 of 66 experiments a combination of rearrangement I-C with a germline IGH gene was 

identified.. From these results we conclude that most likely in the leukemic cells I-C 

originatess from one allele, whereas I-Al , I-A2, I-B and I-D are derived from the other 

allele,, which was in some of the leukemic cells still in germline configuration. 
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Tablee 2. 

Patient t 

1 1 

II I 

III I 

IV V 

Result ss  of Souther n Blo t and PCR analysi s 

Southernn Blot analysts3 

Diagnosis s 

IGH: : 
r V G R 3 3 

IGH: : 
R1R2R3R4 4 

IGH: : 
R1R¥r4g g 

IGH: : 
R1R2 2 

TCRD: : 
R1R2 2 

Relapse e 

GR3R4 4 

R2RSR6 6 

R1R2 2 

R1R2 2 

Subclone e 

I-A1 1 
I-A2 2 
l-B B 
l-C C 
l-D D 

II-A A 
II-B1 1 
II-B2 2 
II-B3 3 
II-B4 4 

III-A1 1 
III-A2 2 
lll-B B 
III-C1 1 
III-C2 2 
III-D1 1 
III-D2 2 

IV-A A 
IV-B B 
IV-VD D 
IV-DD D 

PCRR analvsis" 

Diagnosis s 

+c c 

+ + 
+ + 
+ + 
+ + 

+ + 
+ + 
+ + 
+ + 
+ + 

+ + 
+ + 
+ + 
+ + 
--
+ + 
--
+ + 
+ + 
+ + 
+ + 

Relapse e 
_c c 

+ + 
. . 
+ + 
--

m m 

+ + 
--
+ + 
+ + 
+ + 
+ + 

+ + 
+ + 
+ + 
+ + 

aa H24 JH and J81 probes were hybridized to fig/ll digested DNA. R=relatively major clone, irrelatively 
minorr clone, G=germline;b PCR analysis was performed on undiluted DNA with consensus primers for 
IGHIGH rearrangements (FR1 and FR3 in combination with JH21) and with consensus primers for TCRD 
rearrangementss (V52-3 and D62-3 in combination with D63); 
0 ' + '' = present;'-' = not detected after size separation on ethidium bromide stained acrylamide gels. 

Quantificationn of subclones. These results indicated that I-C was the major clonal 

rearrangementt at diagnosis, present in about 79% of the cells (Table 4). This result was in 

agreementt with the results of the single cell analysis, which indicated that this 

rearrangementt was present as a stable rearrangement in probably all leukemic cells. At 

diagnosis,, this rearrangement was in the majority of leukemic cells present in combination 

withh rearrangement I-Al or I-B and in only small numbers of cells in combination with 

rearrangementss I-A2 and I-D (3.9% and 1.4% of the mononuclear cells in the bone marrow, 

respectively).. At the end of induction therapy the level of MRD, as measured by the 

quantificationn of the stable rearrangement I-C, was about 1.3%. The relative reduction of 

thee different rearrangements varied greatly. In contrast to the diagnosis sample, in which 

theyy were presenting as a minor clone, the leukemic cells carrying rearrangement I-C 

combinedd with I-A2 were found to be a relatively major clone at the end of induction 

therapy,, with a concentration of 1.6%. Also in the relapse sample, almost all leukemic cells 
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belongedd to the clone carrying I-C and I-A2, whereas rearrangements I-Al , I-D and I-B 

weree not or hardly detectable. 

Casee II 

Patientt II was diagnosed with common ALL at the age of 2.5 yrs, and after a follow-up 
periodd of 70 months he is still in continuous complete remission. Southern analysis with the 
H244 JH probe on the sample taken at diagnosis revealed four rearrangements of equal 
intensityy in Bgtil digests (Table 2). 

Tablee 3. Sequenc e analysi s of the variou s clone s 

Patientt  Rearrangemen t Sequenc e 
11 WÏÏ V„ 4 w CATCGGACCGGAC GCGTCCCCCT m DLR4 ™ - "  J«2 

I-A22 V « 4 W GCGTCCCCCT *»DLR4(<I-(-2,JH2 
l-BB V H ^ T A C G G G G G G G ^ J M B C 
l-CC VM3 m GGGTCCCGGG ** OLR1 (-14) TAGT m JH48 
1-00 VH5mCAACCCATAGGG mJH3b 

III IW V^ <- ,»GTCCCCTGTHIDLR2H>TTTCTTCMGGCmJH1 
H-B11 VH3mGATTGGCTGAGTG GAGCCCCGAGCCCTGGGCC ** JH3b 
I1-B22 V H 3 M GATGGCGCTCGA GAGCCCCGAGCCCTGGGCC ™ JH3b 
H-B33 VM G A T C T G G A G G GAGCCCCGAGCCCTGGGCC ™JH3b 
II-B44 V„ 4 «"CGCCAGCTTA G CGAGGCCTGGGCC(J| JH3O 

IIII III-A1 V H ^ T T T C A T T ' ^ J M » 
IIÎ A22 V ' A C T C T « J M » 
HII B y MÏ TCT *"** Jt#6b 
III-C11 VH m GATAGGGGGCCCAAATACCCGCGG C (-,w Dxp3 Hl GAGGGGT«J^ b 
III-C22 VK

 W GATGTGCCTGGGGGGCTTAGGAGATAGGGGGCCCAAATACCCGCGG C H "  Dxp3 M l GAGGGGT m J«4b 
111-011 VH™CACA A ATGTG ( , a Dxp2 HI>GGAGG<-,) J»6b 
IN-D22 V H

m G ATGTG <'1*1 Dxp2 ," ) GGAGG w * * b 

IVV W,A V „3 m TGGGGA (W)DLR2TCM,JM6b 
IV-BB VH3 ,T)TACCTAAGGG wDN4<0,GGmJH5b 
W-VOO V82 m CCCTAGA (-5|D83 
IV-DDD P82 ** CACCCCGTGGGT ** 083 . . 

Shownn are the nucleotide sequences of VH-D-JH junctional regions and for patient IV V82D53 and 
D52D633 junctional regions. Related sequences are shown in groups and labeled "A", "B". "C" and "D". 
Regionss are fractionated into VH-region, N-nucleotides, D-regiont N-nucleotides and ÜH-region. If 
identified,, the family of each VH-, D-, Jn-region is described. For each region the number of deleted 
nucleotidess are pointed in ( ' \ inserted N-nucleotides are given. 

PCRR analysis at diagnosis. VH-famiry-specific-FRl PCR and consensus FR3 PCR analysis 
revealedd five rearrangements (II-A, II-B1, II-B2, II-B3 and II-B4)(Table 2). Sequence 
analysiss showed that rearrangement II-A was the only rearrangement with a DLR2 region 
andd JH1 region. Rearrangements II-B1, II-B2, II-B3 and II-B4 were related, as they shared 
identicall  JH3 regions and no identifiable D region. All rearrangements were supposed to be 
derivedd from VH replacements (Table 3). 

Quantificationn of subclones. Rearrangement II-A was shown to be the major rearrangement 
att diagnosis, present in 98% of the cells (Table 4). Rearrangement II-B1 and II-B4 were 
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alsoo present in relatively large clones. The other rearrangements II-B2 and II-B3 appeared 
att diagnosis in lower percentages. These percentages were in agreement with the 
assumption,, based on sequence analysis, that rearrangement II-A is present in all cells in 
combinationn with one of the other related rearrangements II-B. Also in this patient, the 
rearrangementss had reduced to a different extent at the end of induction. The stable 
rearrangementt showed a large reduction (of about 260 fold) comparable to rearrangements 
II-BB 1, II-B3 and II-B4 whereas rearrangement II-B2 was not detectable at the end of 
inductionn (reduction > 13000 fold). 

Tablee 4. Quantificatio n of leukemi c rearrangement s at diagnosis , at the end of induction  and at 
relapse relapse 

ASO-Prime r r 

11 I-A1 
I-A2 2 
IB B 
l-C C 
l-D D 

III ll-A 
II-B1 1 
II-B2 2 
II-B3 3 
II-B4 4 

Mll  III-A1 
III-C1 1 
III-C2 2 
III-D1 1 
III-D2 2 

IVV IV-A 
IV-B B 
IV-VD D 
(V-DD D 

% % 
Incidenc e e 
at t 
Diagnosi s s 

27 7 
3.9 9 
24 4 
79 9 
1.4 4 

98 8 
78 8 
13 3 
8.2 2 
57 7 

186 6 
160 0 
<0.001 1 
47 7 
<0.001 1 

116 6 
130 0 
260 0 
260 0 

96% % 
Confidenc e e 
Interva l l 

22^ 0 0 
3.0-5.7 7 
20-35 5 
62-117 7 
1.1-1.9 9 

74-147 7 
56-115 5 
10-19 9 
6.1-12 2 
4442 2 

126-363 3 
122-230 0 

36-67 7 

88-166 6 
102-194 4 
203-407 7 
203-407 7 

% % 
Incidenc e e 
att  the End of 
Inductio n n 

Therapy y 

0.02 2 
1.6 6 
0.7 7 
1.3 3 
<0.001 1 

0.4 4 
0.3 3 
<0.001 1 
0.07 7 
0.1 1 

0.05 5 
0.5 5 
0.1 1 
0.3 3 
2.3 3 

0.6 6 
0.3 3 
0.6 6 
0.9 9 

95% % 
Confidenc e e 
Interva l l 

0.01-0.06 6 
1.5-2.8 8 
0.6-12 2 
0.6-21 1 

0.3-0.6 6 
0.1-0.2 2 

0.04-0.1 1 
0.08-0.2 2 

0.04-0.1 1 
0.4-0.7 7 
0.1-0.2 2 
0.1-0.5 5 
1.4-5.4 4 

0.4-0.8 8 
0.2-0.4 4 
0.5-0.9 9 
0.6-1.6 6 

% % 
Incidenc e e 
at t 
Relapse e 

<0.001* * 
215 5 
O.001 1 
280 0 
<0.001 1 

<0.001 1 
76.5 5 
62.5 5 
10.1 1 
15.4 4 

98 8 
35 5 
122 2 
75.6 6 

95% % 
Confidenc e e 
Interva l l 

139-466 6 

163-699 9 

50-175 5 
33-125 5 
6.0-20 0 
11-36 6 

71-164 4 
23-62 2 
76-328 8 
46-164 4 

Reductio n n 
Factor r 
Diagnosis --
Endd Inductio n 
Therapy y 

1350 0 
2.4 4 
34 4 
61 1 
>1400 0 

230 0 
260 0 
>13000 0 
115 5 
570 0 

3720 0 
320 0 
<0.0001 1 
156 6 
<0.0004 4 

205 5 
520 0 
440 0 
285 5 

''  <0.001 = below detection level 

Twoo fold dilutions of DNA were used as input in hemi-nested PCRs using ASO-primers. All reactions 
weree performed in 20 replica's. Using Poisson statistics the relative frequency of the different 
rearrangementss was calculated. The number of cells used as input, was estimated by performing a 
similarr limiting dilution analysis of all DNA samples using a control PCR reaction amplifying a genomic 
sequencee present in each cell. 1 itg of DNA as estimated from the A260 extinction was found to be 
derivedd from 160.000 to 22.400 cells, indicating that not all DNA samples are equally well amplifiable in 
thee PCR reactions. 95% confidence intervals were determined by the Taswell Method. The reduction 
factor,, which means the fold reduction achieved during indcution therapy, was calculated by deviding 
thee relative frequency at diagnosis by the relative frequency at the end of induction. 

Casee III 

Patientt III was diagnosed with common ALL at the age of 5.4 yrs; he relapsed 19 months 
afterr diagnosis. Southern analysis with the H24 JH probe at diagnosis revealed two major 
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rearrangementss (R\R2) and two minor rearrangements (r3,r4) in Bgl\\ digests. At relapse 

threee IGH rearrangements (R2, R5, R6) were seen by Southern blot analysis (Table 2). 

PCRR analysis at diagnosis and at relapse. At diagnosis five clonal VH-D-JH rearrangements 

weree found (III-A1 , III-A2 , III-B , III-C1 and III-D1). At relapse, two new clonal 

rearrangements,, III-C2 and III-D2, were detected and rearrangements III-A 1 and III-B , 

presentt at diagnosis, were not detectable anymore during relapse (Table 2). Sequence 

analysiss revealed VH3-JH5b joinings and no D-region in both rearrangements III-A 1 and III -

A2.. Because the junctional region was related (based on deletion of the same two 

nucleotidess at 5' JH5b and one identical N-nucleotide) we assume that the rearrangements 

weree a result of VH replacement. Rearrangement III-C1, present at diagnosis and III-C2, 

onlyy present at relapse had identical DXP3-JH4b joining and seem to be derived from VH 

replacementss (Table 3). 

Quantificationn of subclones. Due to the large number of subclones in patient III , only five 

rearrangementss (III-A1 , CI, C2, Dl and D2) were selected for quantification. Again great 

variationn in response to therapy was observed (Table 4). Rearrangement III-A 1 showed the 

highestt incidence at diagnosis, but decreased very rapidly in response to therapy and was 

nott detectable anymore in the relapse sample. Rearrangement III-C1 and III-D 1 were 

presentt in major clones at diagnosis and were reduced at the end of induction therapy to 

similarr levels (0.3-0.5%). Surprisingly, the rearrangements III-C2 and III-D2, which both 

couldd not be detected at diagnosis, were present at the end of induction therapy, III-D 2 even 

att a relatively high level (2.3%). Both rearrangements (III-C2 and III-D2) were also present 

inn the leukemic cells at relapse, accompanied by III-C1 and III-D1. 

Casee IV 

Patientt IV was diagnosed with common ALL at the age of 3.3 yrs and relapsed 6 months 

afterr initiation of therapy. Despite a trisomy 14, on Southern blot analysis with the H24 JH 

probee only two major bands of equal intensity were seen in Bgtll digests. Thus most likely 

thee duplication of chromosome 14 has occurred after IGH rearrangement (Table 2). 

PCRR analysis at diagnosis and at relapse. Both VH3-FR1 PCR and consensus FR3 PCR 

amplificationamplification of the VH-D-JH rearrangements revealed two rearrangements, IV-A and IV-B, 

inn diagnosis and relapse samples. Both rearrangements were not related to each other. By 

applyingg V52D63 and D82D53 primers, two rearrangements were detected at the TCRD 

level:: one V82D83 rearrangement (IV-VD) and one D52D83 rearrangement (IV-DD) 

(Tablee 2). Amplification of the leukemic rearrangements in the bone marrow sample 

obtainedd at relapse resulted in the same four rearrangements. 

29 9 



ChapterChapter 2 

Singlee cell analysis. Single cell analysis of VH-D-JH rearrangements at diagnosis was 

performed.. At the same time, V52D53 and DÖ2D53 rearrangements of the TCRD gene 

weree also amplified by three rounds of heminested PCR. Rearrangements IV-A , IV-B, IV-

VDD and IV-DD were co-amplified in 50 of the 150 tubes tested. From these results we 

concludee that probably all rearrangements occur in the same cell, confirming the 

monoclonall  status of this patient. 

Quantificationn of subclones. Statistical analysis of patient IV showed the presence of IGH 

rearrangementss IV-A and IV-B in comparable ratio's of 116% and 130%, respectively 

TCRDTCRD rearrangements, IV-VD and IV-DD, appeared in higher concentration in comparison 

too the IGH rearrangements (260%)(Table 4). At the end of induction therapy, the average 

reductionn was for all rearrangements in the same range (200-500). At relapse, all 

rearrangementss were detected in similar amounts. 

DISCUSSION N 

Thee general assumption for MRD detection based on antigen receptor targets is that at least 

twoo independent IGHITCR PCR targets have to be used to minimize the risk of false 

negativityy due to clonal diversity.*6* 3* 43"46 However, so far no data are available as to 

whetherr oligoclonality is already hampering MRD detection during the early treatment 

phases.. In the present study we demonstrated that the various subclones at diagnosis in 

threee patients strongly differ in their response to induction therapy. 

Byy determining precisely the concentration of the various oligoclonal IGH gene 

rearrangementss at diagnosis and at the end of induction therapy, we were able to calculate 

thee reduction factor of each IGH rearrangement in response to induction therapy. Since 

cellularityy of the bone marrow is higher at diagnosis than at the end of induction therapy, 

thee reduction rates should be considered as relative values. The equal reduction of all IGH 

rearrangementss in the patient without detectable subclones (patient IV) supports the 

reliabilityy of these kinetic studies. By detailed analysis of the DNA sequences of the 

junctionall  regions and in some cases by single cell PCR, we were able to identify which 

IGHIGH gene rearrangements were present in the different subclones of the patients. In this 

wayy we demonstrated that the various subclones showed strongly different reduction rates, 

varyingg from two-fold to more then 13000 fold. Furthermore, it was shown that the 

rearrangementss present in the relapsing subclones (I-A2, I-C, III-C1, III-C2 and III-D ) 

showedd the slowest reduction during induction therapy, whereas the rearrangements that 

weree reduced quickly in response to therapy (I-Al , I-D and III-A1 ) were not detectable at 

relapse.. These data demonstrate that (at least in oligoclonal ALL ) the relapse-causing 

subcloness already show a different biological behaviour at the very beginning of the disease 
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andd are not selected during therapy by ongoing genetic events under chemotherapeutic 

pressure.. In this respect it is interesting that in one of the relapsing patients (patient III ) two 

rearrangementss (III-C2 and III-D2), present in the relapse sample were not detectable in the 

diagnosiss sample but were detected at the end of induction therapy. Presumably, these 

rearrangementss were present in small leukemic subclones at diagnosis which were below 

thee detection limit. Apparently these subclones were hardly responsive to induction therapy 

andd were therefore selected during therapy. Our analyzed data suggest that the increased 

riskk of relapse in patients with slow regression of MRD during induction therapy ' ' ' ' 

iss caused by therapy-resistant leukemic cells already present at diagnosis. This notion is 

moree likely than the idea that in these patients, just by the longer persistence of (only 

relativelyy therapy-resistant) leukemic cells, an increased risk exists that with time some 

leukemicc cells become therapy resistant by the acquisition of additional mutations. 

However,, before this conclusion can be drawn, more patients have to be studied. Three 

extremelyy oligoclonal patients (all had at least five different IGH rearrangements) were 

investigatedd and two patients relapsed during therapy. It has to be studied whether in all 

oligoclonall  patients and also in patients that relapse off-therapy, the various subclones 

behavee differently. We show in the present study that in the absence of a real genetic 

markerr for therapy resistance, antigen receptor rearrangements may serve as surrogate 

markerss that allow the tracking of cell populations with differential response to therapy. 

Ourr results have direct consequences for the strategy of MRD detection. We show 

forr the first time that already during induction therapy oligoclonality may hamper the 

antigenn receptor-based PCR approach. It further stresses the importance to screen for 

oligoclonalityy at diagnosis and to select for stable monoclonal PCR targets. However, this 

wil ll  not always be possible. If only oligoclonal targets are available, PCRs have to be 

developedd that enable the detection of the different subclones. In contrast to the approach in 

thee present study one does not have to select for clonospecific primers or probes that detect 

thee subclones separately, but preferentially primers or probes have to be designed that 

detectt all subclones of a patient simultaneously. As previously described, this might be 

achievedd in most cases with oligoclonal IGH gene rearrangements by designing D-N-JH 

primerss or probes.8;36;45 

Thee findings presented in this paper may also be relevant for monoclonal patients. 

Alsoo in these apparently monoclonal patients subclones that are less responsive to therapy 

mayy be present at diagnosis, and it might be possible that in these resistant subclones 

ongoingg IGH and/or TCR rearrangements already have taken place. In view of our present 

resultss and also of the growing evidence that oligoclonal leukemias behave more 

aggressively,599 it is tempting to speculate that the factors that promote clonal diversity are 

alsoo involved in inducing a more aggressive phenotype. Such a factor might be an active 
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recombinasee machinery that might also lead to instability elsewhere in the genome. In that 

casee a small therapy-resistant subclone present at diagnosis or selected during the first 

weekss of treatment might not be detected by the clonospecific primers/probes at the end of 

inductionn therapy. Therefore, in monoclonal patients different PCR targets also have to be 

appliedd to minimize the risk that these small subclones are missed during PCR follow-up. 

Inn conclusion, we have shown that in oligoclonal patients leukemic subclones can 

occurr that differ in their response to induction therapy. Our results demonstrate that 

quantificationn of MRD can be used to better understand clonal evolution of leukemia 

duringg treatment. Our findings suggest that in some patients therapy-resistant subclones 

emergee already very early during treatment. Given the poor results of patients with relapsed 

leukemia,, this might indicate that patients with high levels of MRD at the end of induction 

therapyy may already suffer at that moment from very therapy-resistant leukemia and may 

nott be cured with current chemotherapy. Furthermore, our results have direct impact for the 

optimall  strategy for monitoring of MRD in early treatment phases: at the first sampling 

time-pointss at least two different antigen receptor PCR targets have to be studied. This 

meanss that in a very short time span after diagnosis of B-precursor ALL , it has to be 

investigatedd which antigen-receptor targets are oligoclonal, and quantitative PCRs40 have to 

bee developed for at least two different Ig/TCR gene rearrangement targets. 
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'Emmaa Kinderziekenhuis/Academie Medical Centre, University of Amsterdam; 2Central Laboratory of the 
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ABSTRACT T 

Thee t(12;21)(pl3;q22) translocation has been identified as the most common chromosomal 

abnormalityy in childhood acute lymphoblastic leukemia (ALL) . Initially, several 

investigatorss have reported an excellent prognosis in pediatric leukemias with this 

translocation,, but other studies showed a 20% incidence in relapsed ALL . We performed an 

extensivee analysis of 90 ALL patients. In 17 (19%) cases a TEL-AML1 fusion was found. 

However,, this group was not representative as it included a high number of relapsed 

patientss compared with the normal incidence in B-precursor ALL (54 in continuous 

completee remission (CCR) and 36 relapsed patients) and only a slightly better prognosis for 

TEL-AML1TEL-AML1 -positive patients was found (not significant) (four relapses in 17 TEL-AML1-

positivee patients versus 32 relapses in 73 r£Z,-/IMZ,/-negative patients). Comparison of 

knownn prognostic factors (age, sex, ploidy, WBC count and immunophenotype) between 

relapsedd TEL-AML1 -positive and r£Z,-,4M,/-positive patients in CCR did not reveal 

differences,, except that the white blood cell count was significantly higher in the relapsed 

groupp (p=0.001). Time between diagnosis and relapse was not different for relapsed TEL-

AML1-positiveAML1-positive group versus the relapsed TEL-AML1-negative group. In 11 TEL-AML1-

positivee patients, the minimal residual disease (MRD) level at the end of induction therapy 

wass quantified in a limiting dilution assay using IGH or TCRD junctional regions as 

polymerasee chain reaction (PCR) targets. In all four relapsed patients, the level of MRD at 

thee end of induction therapy was high (range 2.4 xlO3 - 1.2 xlO"2), whereas in all seven 

CCRR patients, the MRD level was extremely low (2.0 xlO"4 to less than 1.0 xlO"5). 

InIn agreement with previous studies in which MRD levels at the end of induction 

therapyy were found to be the strongest risk factor independent of other risk factors, we 

showw in the present study that the MRD level remains a risk factor independent of the 

presencee of a TEL-AML1 fusion gene. 
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INTRODUCTIO N N 

Chromosomall  aberrations are important in the pathogenesis of acute lymphoblastic 

leukemiaa (ALL) . Whereas most chromosomal aberrations have a low incidence, the 

t(( 12;21 )(p 13;q22) translocation is described as the most common genetic anomaly in 

childhoodd ALL.32;33;60~62 Although t(12;21)(pl3,q22) is often missed using classical 

cytogeneticc banding techniques, reverse transcriptase polymerase chain reaction (RT-PCR) 

analysiss revealed this translocation in 12-30% of childhood ALL cases. In RT-PCR, the 

targett is the fusion transcript of TEL on 12pl3 and AML1 on 21q22. The TEL-AML1 

translocationn defines a specific clinical subgroup of pediatric ALL patients age between 1 

andd 10 years with B-precursor immunophenotype and non-hyperdiploid karyotype.32133 The 

TEL-AML1TEL-AML1 may also delineate a subset of patients showing a specific response to anti-

tumorr therapy. Initially, it was suggested that therapy in this group of patients was so 

successfull  that relapse never occurred.32'34 Nevertheless, more recent studies show that 

relapsess do occur.63"66 

Inn the present study, we studied 90 children with B-precursor ALL in respect to 

r£X-^MZ7-positivityy versus clinical characteristics, immunophenotyping, karyotyping and 

occurrencee of a relapse. Previous studies have shown the importance of minimal residual 

diseasee (MRD) at the end of induction therapy.3;4;7;9;ll;58;67 Therefore, in this study, we 

investigatedd whether MRD levels correlated with the presence of this translocation. 

MATERIAL SS AND METHOD S 

Patient ss and Material s 

Bonee marrow (BM) samples from children with B-precursor ALL treated between 1983 to 

19977 in the Emma Kinderziekenhuis/AMC were obtained at diagnosis and at the end of 

inductionn therapy. Immunophenotyping and cytogenetic analysis was routinely performed 

att diagnosis and relapse by using standard techniques. The cytogenetic data given in Table 

11 were classified according to ploidy level. Structural variation is given only when reported 

too be of prognostic significance. Ninety patients were selected on the basis of availability of 

sufficientt cryopreserved bone marrow samples at diagnosis. Because we were particularly 

interestedd in the occurrence of TEL-AML1 translocation in relapsed patients, a rather large 

groupp of 36 patients with a relapse was studied. The remaining 54 patients were in 

continuouss complete remission (CCR) until date (July 2000). Other clinical data used in 

furtherr analysis were sex, age at diagnosis, site of relapse and final outcome. Follow-up in 

CCRR patients ranged from 32 to 248 months (mean 120 months). 

Al ll  patients were treated according to three different protocols of the Dutch 

Childhoodd Leukemia Study Group (DCLSG)13: protocol ALL- 6 for patients diagnosed until 
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1988,, and protocol ALL-7 and ALL-8, respectively from 1988 and 1992 onwards. Protocol 

ALL- 77 and ALL-8 were Berlin-Frankfurt-Münster (BFM) -group-based protocols. Patients 

weree stratified in standard and high risk, based upon age and white blood cell count at 

diagnosis,, mediastinal enlargement and hepatosplenomegaly. In each protocol very small 

differencess occured in risk classification. The main difference between protocols ALL- 7 

andd ALL- 8 is that central nervous system (CNS) prophylaxis was given during both 

inductionn and maintenance therapy in protocol ALL-8, whereas in protocol ALL-6, it was 

onlyy given during induction therapy. In all these protocols, CNS-prophylaxis was given 

withh high-dose methotrexate (MTX) and intrathecal triple therapy [cytosine arabinoside 

(ARA-C),, MTX, prednisolone (PRED)]. Duration of maintenance therapy is 2 years in all 

protocols.. Further details were published elsewhere.13 

Tablee 1. Characteristics  of TEL-AML1  positiv e ALL patient s 

Pt t 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 
12 2 
13 3 
14 4 
15 5 
16 6 
17 7 

Sex x 
M/F F 

M M 
F F 
M M 
F F 
F F 
M M 
F F 
F F 
M M 
F F 
F F 
F F 
M M 
F F 
M M 
F F 
M M 

Karyo--
type e 

>50 0 
Normal l 
Normal l 
Normal l 
Normal l 
t(4;11) ) 
46 6 
>50 0 
Normal l 
47-50 0 
47-50 0 
Normal l 
ND D 
<46 6 
Normal l 
ND D 
ND D 

Immuno--
type e 
diagnosis s 

CALL L 
CALL L 
CALL L 
CALL L 
CALL L 
PreB B 
CALL L 
CALL L 
CALL L 
CALL L 
CALL L 
CALL L 
CALL L 
CALL L 
CALL L 
CALL L 
CALL L 

Agee at 
diagnosis s 
(mo) ) 

181 1 
42 2 
45 5 
47 7 
24 4 
43 3 
50 0 
42 2 
147 7 
67 7 
34 4 
69 9 
42 2 
65 5 
33 3 
124 4 
38 8 

WBC C 
diagnosis s 
(x109/L) ) 

87 7 
129 9 
124 4 
185 5 
7.7 7 
21.6 6 
3.3 3 
25.7 7 
8.4 4 
6.8 8 
10.5 5 
20.3 3 
3.9 9 
12.8 8 
21.3 3 
7.4 4 
10.2 2 

Agee at 
relapse e 
(mo) ) 

205 5 
62 2 
62 2 
58 8 

Site e 
Relapse e 

BM M 
CNS S 
BM,, testis 
BM M 

Final l 
Outcome e 
(follow-up p 
mo) ) 
Died d 
Died d 
Died d 
Died d 
Alivee (113) 
Alivee (152) 
Alivee (109) 
Alivee (71) 
Alivee (161) 
Alivee (54) 
Alivee (48) 
Alivee (260) 
Alivee (202) 
Alivee (192) 
Alivee (219) 
Alivee (203) 
Alivee (142) 

DNAA and RNA isolatio n 

Cryopreservedd mononuclear cell fractions, isolated by density gradient centrifugation prior 

too cryopreservation were used. DNA was extracted from 5xl06 thawed mononuclear cells, 

byy means of the QIAamp Blood Kit (Qiagen, Dusseldorf, Germany), as described before,48 

andd was stored at 20°C. Total RNA was extracted from cryopreserved bone marrow, using 

thee RNAzol method according to the manufacturer's instructions (Campro Scientific, 

Veenendaal,, the Netherlands). cDNA-synthesis using random hexamer primers (Boehringer 
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Mannheim,, Germany) and MMLV reverse transcriptase was carried out in a total volume of 

200 fj.1 according to the standard protocol (Life Technologies, BRL, Gaithersburg, MD, 

USA).. The integrity of the cDNA samples was verified by amplifying a part of the normal 

c-ABLL gene. 

Detectio nn of TEL-AML1  translocatio n 

Analysiss of TEL-AML1 translocation was performed in a nested RT-PCR on samples 

obtainedd at diagnosis. Primers were kindly provided by Prof. Dr J.J.M. van Dongen and 

developedd by the BIOMED-1 Concerted Action.31 PCR mixtures and temperatures were as 

describedd previously.31 After amplification, 10 ul of the PCR products were run at a 2.5% 

agarosee gel stained with ethidium bromide and visualised under an ultraviolet (UV) lamp. 

Thee REH-cell line, having a TEL-AML1 translocation, was used as a positive 

control.. In each experiment, negative and positive controls were included. 

Targett  identificatio n and quantificatio n of MRD levels by limitin g dilutio n 

Al ll  IGH and TCRD (V82/D53 or D82/D83) targets were identified as described 

previously.3;35;366 All targets were checked for oligoclonality by Southern Blot analysis or 

heteroduplexx analysis. In addition, all relapsed and some of the CCR patients were screened 

forr oligoclonality by radioactive fingerprinting PCR because this approach is slightly more 

sensitivee in the detection of oligoclonality.50;68 For detection of MRD a two-round 

heminestedd allele-specific PCR was performed. In the first round, IGH and TCRD 

junctionall  regions were amplified with consensus primers FR3 and JH21; V82-3, D82-3 

andd D83-3 respectively. In the second round, a PCR was performed using a primer specific 

forr the junctional region of one allele, the so-called allele-specific oligonucleotide (ASO) 

primer,, in combination with consensus primer JH21 or D83-3, respectively. Reactions were 

performedd in mixtures as previously described.3 The input of genomic DNA was 1 ug per 

reaction.. The PCR protocol took place in a thermal cycler (Perkin Elmer Cetus Model 

9600;; Norwalk, CT) and consisted of 10 min at 95°C, followed by 35 cycles of 30 s at 95 

°C,, 45 s at 55°C and, finally 5 min at 72°C. The second round of the heminested PCR had 

ann input of 2 ul of PCR product generated in the first reaction. After testing the ASO 

primerss at various temperatures, it was determined that 60°C was the ideal 

annealing/extinctionn temperature for most of these primers. The PCR protocol of the 

secondd round consisted of 10 min at 95°C, followed by 35 cycles of 30 s at 95°C and 45 s at 

60°CC and, finally 10 min at 72°C. 

Too quantify leukemic cells limiting dilution assays were performed with a 

heminested-patient-specificc PCR using a consensus primer set FR3/JH21 or a consensus 
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primersett V52-3 or D82-3 / D83-3 in the first reaction and a clone-specific sense primer in 

thee second round on two-fold serial diluted DNA samples. Reactions were performed in 

mixturess as previously described.3 In preliminary experiments five-fold serial dilutions of 

DNAA samples in water were tested in five replicas to investigate at which dilution the PCRs 

becamee negative. Subsequently, two-fold serial dilutions in 20 replicates were tested 

rangingg from the highest preliminary dilution showing amplification to the lowest 

preliminaryy dilution not showing amplification in the fivefold-diluted samples. After size 

separation,, each PCR product was visualized by ethidium bromide staining. Specificity was 

testedd by amplification of 1 u.g of normal DNA from peripheral blood mononuclear cells. 

Sensitivityy was tested by performing PCR on serial dilutions of leukemic DNA mixed with 

DNAA isolated from normal mononuclear cells. The number of cells at each dilution was 

verifiedd by amplification of the FcyReceptorlllb gene, present in each cell.52 The ratio of 

leukemicc cells to total bone marrow cells was calculated from the ratio of leukemic to Fc-

receptorr (FCR) targets, considering the presence of one rearranged IGH allele and two FCR 

geness per cell. Because both nested PCRs are able to detect a single cell, the number of 

positivee PCR reactions at a certain dilution is distributed according to a Poisson 

distribution,, and, as such, quantification of malignant cells is possible.37138 The mean 

numberr of targets required to give a positive reaction was determined by the Taswell 

method.544 A computer program, developed at the University of Tilburg and Maastricht 

39;53;54;555 w ag u g e (j tQ pe rf o rm m e necessary calculations. 

Wee have compared this limiting dilution analysis with the real-time quantitative 

PCRR (RQ-PCR) using germline IGH Taqman probes, both approaches gave exchangeable 

results.41* 2 2 

Statistica ll  analysi s 

Forr comparison of patient and disease characteristics, the Mann-Whitney U-test and the %2-

testt were applied. Each factor was first tested as a single variable in a univariant analysis. 

Factorss tested included age at diagnosis, age at relapse, gender, karyotype and white blood 

celll  count at diagnosis. Second, a logistic regression model was used in a multivariate 

analysiss to investigate whether r£X->4ML/-positivity/negativity at diagnosis predicts 

events-freee survival independent of these above mentioned parameters. The 95% 

confidencee interval was also calculated. 
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RESULTS S 

Presenc ee of TEL-AML1  transcript s and clinica l characteristic s 

Inn 13 out of 54 CCR patients (24%) and in four out of 36 relapsed (11%) patients, the TEL-
AMLlAMLl transcript was present. Univariate analysis of these data shows that there was no 
significantt association between the presence of TEL-AML1 and outcome [X2-test; p=0.44; 
RRR 0.74 (0.33-1.65)]. For the group of 7£X-,4ML ƒ-positive patients the major clinical 
characteristicss and known risk factors are shown in Table 1. Although the incidence of the 
TEL-AML1TEL-AML1 transcript was only slightly higher in the CCR group than in the relapsed group, 
multivariatee analysis of all 90 patients, performed in a logistic regression, did not show a 
significantt correlation between positivity for TEL-AML1 and outcome [logistic regression, 
p=0.39;; RR 0.537 (95% CI 0.219-1.314)]. 

Compariso nn between TEL-AML1  -positiv e patient s in CCR and relaps e 

Seventeenn patients were positive for the TEL-AML1 transcript. Thirteen patients are still in 
CCRR after 148 months (range 48 - 260 months), whereas four patients relapsed within 11 -
411 months (median 20 months). In both groups, men and women were equally represented. 
Inn the relapsed group, the average age at diagnosis (94 months) was comparable with the 
CCR-groupp (90 months). In the group of TEL-AML1 patients, "age at diagnosis" was not a 
significantt risk factor (p=0.4). The average white blood cell count at diagnosis was 
significantlyy higher in the relapsed group (average 124 xl09/L versus 12.3 xl09/L in the 
CCR-group)) (p=0.001). 

Compariso nn of TEL-AML1  -positive , relapse d patient s (n=4) with TEL-AML1  -negative , 
relapse dd patient s (n=32) 

Thirty-sixx out of 90 patients relapsed within 3-70 months post diagnosis. As described 
above,, four of these were positive for the TEL-AML 1 translocation. Again, in both groups, 
thee sex ratio was equally represented. Structural abnormalities in the TEL-AML 1-negative 
relapsedd group, one t(4;ll), one t(9;22) and one t(l;19), were found. Karyotypic results 
weree not available for four patients. 

Averagee age at diagnosis was similar for both groups (average 94 months in the 
TEL-AMLTEL-AML 1-positive relapsed group vs 85 months in the TEL-AML J-negative relapsed 
group)(p=0.8).. Average white blood cell count at diagnosis in the TEL-AML 1-negative 
groupp was lower (52.4 xl09/L versus 124 xl09/L) in the TEL-AML 1-positive group; but this 
differencee did not reach significance (p=0.06). 
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Thee time between diagnosis and relapse was similar for both groups of patients 

(p=0.4).. The 32 TEL-AML1 -negative relapsing patients, relapsed within 3-70 months post 

diagnosiss with an average of 29 months (median 24 months). Relapse occurred in the TEL-

AMLAML/-positive/-positive patients a littl e earlier (22.6 months average, median 20 months). In the 

TEL-AML1TEL-AML1-negative-negative group, site of relapse was mainly in the bone marrow (26 out of 32 

cases),, combined with CNS-relapse in three cases. Three isolated CNS relapses, one eye 

andd two testis relapses were additionally seen. From the 32 relapsing patients, eight patients 

weree still alive after 248 months. The site of relapse in TEL-AML1 -positive group were 

similar;; the bone marrow in three out of four cases, in one case combined with a testicular 

relapse.. In one case a CNS-relapse occurred. All four patients died during the course of the 

diseasee due to later relapses. 

Tablee 2. Result s of quantificatio n of MRD 

Ptnr* * 

6 6 
7 7 
8 8 
5 5 
9 9 
10 0 
11 1 
2 2 
1 1 
3 3 
4 4 
12c c 
13c c 
14c c 
15c c 
16c c 
17c c 
18c c 
19c c 
20c c 
21c c 
22c c 

TEL-AML1 1 

+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

--
--
--
--
--
--
--
--
--
--
--

CCR/REL L 

CCR R 
CCR R 
CCR R 
CCR R 
CCR R 
CCR R 
CCR R 
REL L 
REL L 
REL L 
REL L 
CCR R 
CCR R 
CCR R 
CCR R 
CCR R 
CCR R 
CCR R 
CCR R 
REL L 
REL L 
REL L 

Diagnosis s 

7.6 6 
4.3 3 
16.4 4 
9.0 0 
9.7 7 
3.6 6 
5.5 5 
8.3 3 
7.2 2 
9.4 4 
12.2 2 
7.8 8 
7.9 9 
24.5 5 
18.6 6 
8.3 3 
7.8 8 
12.4 4 
3.6 6 
7.9 9 
11.6 6 
16.0 0 

SO O 

6.0-11.5 5 
3.33 - 6.7 
10.7-21.0 0 
6.5-13.3 3 
7.1-14.3 3 
2.4-- 4.1 
3.6-- 6.9 
5.5-14.3 3 
4.33 - 9.7 
6.2-15.6 6 
8.00 - 25.6 
5.6-11.5 5 
2.55 - 9.2 
8.11 -25.0 
12.5-36.3 3 
5.5-16.0 0 
5.3-15.0 0 
7.4-18.5 5 
0.7-5.6 6 
6.2-11.7 7 
8.8-16.6 6 
12.2-23.0 0 

Endd Induction 

2.0x10"1 1 

<1.0x10"5 5 

<1.0x10-5 5 

<1.0x10"5 5 

<1.0x10'5 5 

<1.0x10"5 5 

<1.0x10'5 5 

8.4x10 3 3 

2.4x10"3 3 

1.22 x10"2 

4.6x10"3 3 

3.0x10 -4 4 

5.0x10"5 5 

3.0x10"5 5 

5.0x10 -4 4 

2.0x10 5 5 

1.00 x10"5 

2.0x10 -4 4 

3.0x10"4 4 

1.33 x10"2 

6.0x10"3 3 

5.0x10 -3 3 

SD D 

1.0-6.0X10"4 4 

6.0-1.4x10"3 3 

1.0-4.0x10"3 3 

8.0-22x10"3 3 

3.0-5 .6x10 3 3 

1.0-4.0x10"3 3 

4 .0 -1 .0x10 5 5 

4.0-1.0x10"5 5 

4.00 - 0.1 x KT4 

1.0-0.4x10"5 5 

5.0-2.0x10"5 5 

5.0-1.0x10"5 5 

8.0-211 x10"3 

4.0-8.0x10"3 3 

4.0-7.0x10"3 3 

** Patient number refers to number as shown in Table 1. The eleven control patients are numbered from 
12cc to 22c. 
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Determinatio nn of Minima l Residua l Disease 

Fromm 11 out of 17 TEL-AMLl-positive patients sufficient material for quantification of 

MRDD at diagnosis and at the end of induction was available. This group consisted of seven 

CCRR and four relapsed patients. In addition, MRD studies were performed in an equal 

numberr control patients negative for the TEL-AMLl translocation (patients 12c to 22c). 

Resultss for all patients are shown in Table 2. 

Too follow the kinetics of disappearance of the leukemic cells, we performed a two-

roundd PCR, using consensus FR3-JH21 or V82-3 - DS2-3/D83-3 primers in the first 

reactionn and a clone-specific sense primer in the second round, in serial dilutions in water 

off  samples taken at diagnosis and at the end of induction therapy. 

Al ll  r£jL-v4MZ,/-positive CCR patients showed a remarkably fast reduction of MRD 

duringg induction. At the end of induction, extremely low levels of MRD were detectable 

(<< 1.0 xlO5), except for patient 1 (2.0 xlO"4). In contrast to the CCR patients, the relapsed 

patientss showed higher levels of MRD at the end of induction (> 1.0 xlO"3). Levels of 

residuall  disease varied in these patients from 2.4 xlO"3 to 1.2 xlO"2. 

Thee same trend was seen in the 11 TEL-AMLl-negative control patients. This group 

consistedd of eight CCR patients and three relapsing patients. All relapsing patients showed 

highh levels of MRD varying from 5.0 xlO"3 to 1.3 xlO"2, whereas the patients in CCR were 

havee a strong reduction in leukemic burden (MRD levels varying from 1.0 xlO"5 to 3.0 x 10* 
4).. These levels were higher than the MRD level in the TEL-AMLl -positive CCR group 

(pO.001). . 

DISCUSSION N 

Inn the present study we analyzed in ninety children with B-precursor ALL the response on 

therapyy and ultimate outcome in respect to 7ï~X-,4M,7-positivity. Despite the higher 

incidencee of TEL-AMLl in the CCR-group (24%) as compared with the relapse group 

(11%),, TEL-AMLl was not a significant prognostic factor in our patient group in either 

univariatee or in multivariate analysis. However, it should be stressed that our sample size 

wass small, resulting in a low power to detect any association between the relapse rate of 

TEL-AMLl-positiveTEL-AMLl-positive and TEL-AMLl -negative patients. Despite this shortcoming, it is 

noteworthyy that we have looked at a rather large patient group in comparison with other 

studies.. The relatively high incidence of TEL-AMLl in relapsed patients seems to be in 

contrastcontrast with previous reports in which an excellent prognosis for TEL-AMLl -positive 

patientss was found.32"3*69 Selection bias in our study may be a cause of this discrepancy. 

Butt other studies also report a normal incidence of about 20-24%66;7° or a slightly lower 

incidencee of 19%71"73 of TEL-AMLl fusion in relapsed patients. In these studies, the 
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analysess were mainly carried out on leukemic cells collected at relapse and the 

translocationn may have occurred during therapy; at initial diagnosis the leukemic cells 

mightt have been negative for a TEL-AML1 fusion transcript. However, our results indicate 

thatt the high incidence in patients suffering from a relapse is not a result of secondary 

eventss as the testing in this study was done on samples collected at initial diagnosis. 

InIn the patients treated on Dana Farber Clinical Institute (DFCI) protocols,333 only one 

off  the 32 relapsed children had the TEL-AML1 rearrangement detected. The low frequency 

inn that study might be related to treatment as patients with white blood cells (WBCs) > 20 

xl09/LL were already scheduled on a high-risk protocol. Our relapsed TEL-AML1-positive 

patientss had a significant higher leucocyte count at initial diagnosis. 

Comparingg our r£Z.-v4MZ,/-positive relapsed patients with the TEL-AML1 -negative 

relapsedd patients, no significant differences in age, sex, immunophenotype, ploidy, 

remissionn duration and presentation of relapse were found. Cytogenetic analysis showed no 

differencee in hypodiploidy, hyperdiploidy or structural abnormality rates. Recently, Seeger 

etet a/.70 reported that median remission duration was 42.5 months in the TEL-AML1 -positive 

childrenn versus 27 months in the TEL-AML 1-negative group. In the TEL-AML 1-positive 

relapsedd group, the median duration of first CCR was 20 months, whereas in the TEL-

AMLAML 1-negative relapsed group, relapse occurred at 24 months (median) after initial 

diagnosis.. The observation of Harbott et al.66, who tested nine TEZ-^MLZ-positive relapsed 

patientss and found that none relapsed earlier than 2 years after diagnosis, is not confirmed 

byy our data. From the four TEL-AML 1-positive relapsed patients, three have relapsed rather 

early,, i.e. within 11,17 and 20 months after diagnosis. 

Comparisonn of characteristics of TEL-AML 1 -positive relapsed patients and TEL-

AMLAML 1-positive CCR patients revealed only a significant difference in the WBC count: four 

outt of four TEL-AML 1-positive patients with WBC > 50 xlO9 /L relapsed compared with 

nonee out of 13 with a WBC <50 xl09/L. It should be noted that it could not be concluded 

fromfrom this small group of four relapsed TEL-AML 1 -positive patients that their specific 

characteristicss (i.e. high initial WBC, early relapse and death) are general features of this 

subgroup.. In fact they seem to differ from the characteristics of TEX-^A/IZ-positive 

patientss generally described in the literature.63'65'70"72 However, studies describing the 

incidencee of TEL-AML1 fusion transcript in relapsed ALL patients did not analyse these 

characteristics.. They focused mainly on the differences between TEL-AML1 -positive and -

negativee relapsed patients, whereas other characteristics in the comparison of TEL-AML J-

positivee relapsed and CCR patients were not included. 

Forr several years, the presence of high levels of MRD at the end of induction 

therapyy has been known to be strongly correlated with the occurrence of a relapse and, as 

such,, negativity in MRD testing at the end of induction therapy is an important independent 
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prognosticc factor.3;4;5;7;9 Here, we have demonstrated a similar correlation of MRD level 
withh prognosis in both the TEL-AML1 -positive and TEL-AML1 -negative patients. To our 
knowledge,, no other reports deal with this subject. In all CCR cases, MRD at the end of 
inductionn therapy was shown to be highly reduced to levels of < 1 x 10"5, while the relapsed 
casess remained positive at the end of induction therapy. This means that the detection of the 
TEL-AMLTEL-AML 1 translocation does not rule out a relapse and quantification of MRD is still 
necessaryy even in TuX-^ML/-positive cases. 

Inn conclusion, comparing the clinical data of relapsed versus CCR patients with 
TEL-AML1TEL-AML1 reveals that risk assessment based on this fusion gene is still cumbersome. 
Quantitativee analysis of MRD at the end of induction therapy is a more reliable method to 
identifyy the patients who have a higher risk for relapse and who, as a result, need more 
intensivee therapy. 
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PCRR in clinical MR D studies in children with Acute Lymphoblastic Leukemia 
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ABSTRACT T 

Prospectivee studies in children with B-precursor acute lymphoblastic leukemia (ALL ) have 

shownn that PCR-based detection of minimal residual disease (MRD) using immunoglobin 

(Ig)(Ig) and T-cell receptor (TCR) gene rearrangements as PCR targets can be used to identify 

patientss with a high relapse risk. The disadvantage of this approach is that for each patient 

preferablyy two different targets have to be identified. The t(12;21)(pl3;q22) with the TEL-

AML1AML1 fusion gene is present in approximately 25% of children with B-precursor ALL . In 

thesee patients sensitive RT-PCR analysis of the TEL-AML1 fusion gene transcript might be 

aa more simple and less laborious alternative approach. However, it is unknown how stable 

thee rnRNA is and whether the number of transcripts per leukemic cell remains constant 

duringg follow-up. 

Wee investigated whether the MRD results obtained by RT-PCR of TEL-AML1 

transcriptss correlated with the clinically validated genomic PCR for Ig and TCR gene 

rearrangements.. Therefore, we used real-time quantitative PCR analysis (RQ-PCR) for both 

typess of targets and assessed the MRD levels in 36 follow-up bone marrow samples 

(obtainedd during the first 1.5 year after diagnosis) from 13 patients with B-precursor ALL . 

Inn 34/36 bone marrow samples the Ig/TCR RQ-PCR and TEL-AMU RQ-PCR revealed 

comparablee levels of MRD and the overall results had a strong correlation (p<0.0001, 

R2=0.84).. Therefore, we conclude that the TEL-AML1 RQ-PCR can in principle replace 

Ig/TCRIg/TCR RQ-PCR in B-precursor ALL with t(12;21). 
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INTRODUCTIO N N 

Detectionn of minimal residual disease (MRD) during follow-up of children with acute 

lymphoblasticc leukemia (ALL) can provide insight into the effectiveness of treatment and 

intoo long-term prognosis.3;4;7;9:ll;58;74 Several large prospective clinical MRD studies have 

shownn that it is important to determine precisely the level of MRD for discrimination 

betweenn low- and high-risk patients.7;9;28 Quantitative analysis of MRD by real-time RQ-

PCRR has contributed to accurate MRD analysis. 40;42;75 Two different types of PCR targets 

cann be used: clone-specific antigen receptor rearrangements and breakpoint fusion regions 

off  chromosome aberrations. Prospective clinical studies have shown the wide applicability 

off  PCR-based MRD detection by immunoglobin (Ig) or T-cell-receptor (TCR) gene 

rearrangements.. The disadvantage of this approach is that for each patient clone-specific 

genee rearrangements have to be identified, preferably two rearrangements to circumvent the 

problemm of clonal evolution.47'59176 Whereas most chromosomal aberrations have a low 

incidence,, the t(12;21)(pl3;q22) with the TEL-AMU fusion gene is described as the most 

commonn genetic anomaly in childhood ALL and is present in approximately 25% of 

patientss with B-precursor ALL. 32'33;60;69;77 Although the prognosis for TEL-AMLl -positive 

patientss is significantly better than for patients without this translocation, we have 

previouslyy shown that MRD information has also high prognostic value in this group of 

patients. . 

RT-PCRR detection of the TEL-AMLl fusion transcript might be a more simple and 

lesss expensive alternative approach than the usage of Ig/TCR gene rearrangements as 

MRD-PCRR targets, because only one probe/primer combination is sufficient for 

quantificationn of MRD levels in the follow-up samples of all t(12;21)-positive patients. 

However,, it is unknown how stable the TEL-AMLl mRNA is and whether the number of 

transcriptss per leukemic cell remains constant during follow-up. Consequently, it is not yet 

clearr whether the analysis of TEL-AMLl transcripts and Ig/TCR rearrangements RQ-PCR 

analysiss wil l show similar MRD levels, especially in clinical follow-up samples. 

Therefore,, we compared both approaches and determined the level of both types of 

MRD-PCRR targets in 36 bone marrow (BM) samples, obtained during follow-up of 13 

childrenn with B-precursor ALL . 

MATERIAL SS AND METHOD S 

Patient ss and Material s 

AA total of 49 BM samples were obtained from 13 children with B-precursor ALL at 

diagnosiss and at several time-points during the first 1.5 year of follow-up. All patients were 

positivee for t(12;21)(pl3;q22), which was confirmed by FISH analysis and RT-PCR 
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detectionn of TEL-AML1 fusion gene transcripts. From 12 patients BM samples were studied 

att diagnosis, from 1 patient at relapse (#10), whereas the other 36 BM samples of these 

patientss were studied at different time-points during follow-up. Patient #10 was diagnosed 

forr leukemia in Greece, BM samples at time of diagnosis and before relapse were not 

availablee for this patient. 

ImmunophenotypingImmunophenotyping and cytogenetic analysis were routinely performed at diagnosis 

andd at relapse with standard techniques. All patients were treated according to protocols 

ALL- 88 or ALL-9 of the Dutch Childhood Leukemia Study Group (DCLSG). ALL- 8 is a 

protocoll  based on the ALL-Berlin-Frankfurt-Münster (BFM)-90 study.78 Protocol ALL-9 

startedd in Januaryy 1997 and is an ongoing study based on the DCLSG protocol ALL-6. ,3;18 

DNAA and RNA isolatio n 

BMM samples were sent to the laboratory within 24 hours after sampling. Mononuclear cell 

fractionss were isolated by Ficoll Hypaque (1.077g/cm3; Pharmacia, Uppsala, Sweden) 

densityy centrifugation prior to cryopreservation. After thawing, two portions of 5x106 cells 

weree used for parallel DNA and RNA extraction. DNA was isolated with the QIAamp 

Bloodd Kit (Qiagen, Dusseldorf, Germany) and stored at 4°C.48 RNA was extracted with the 

RNAzoll  method according to the manufacturer's instructions (Campro Scientific, 

Veenendaal,, the Netherlands). 

Iff  the cell recovery after thawing was less than 10xl06cells, DNA and RNA 

extractionn was performed using the trizol method. Cells were lysed in Trizol reagent (1ml 

perr 106 cells); after phase separation, RNA was isolated from the aqueous phase, whereas 

DNAA isolation was performed from the interphase and phenolphase of the initial 

homogenate. . 

cDNAA was synthesized for 45 sec at 42°C using lfi g of total RNA, random 

hexamerss (25 p.M) (Boehringer Mannheim, Germany), dNTP's (ImM) and MML V reverse 

transcriptasee (100U) in a total volume of 20 ul.31 Finally, the reverse transcriptase was 

denaturatedd by heating for 3 min at 99°C. cDNA was stored at -20°C. 

Identificatio nn of antige n recepto r PCR target s at diagnosi s and quantificatio n by RQ-

PCR R 

Southernn blot analysis was performed to identify oligoclonal patients. For Southern blot 

analysiss of Ig heavy chain (IGH) genes and TCR delta (TCRD) genes, DNA was digested 

withh BgH\ (Life Technologies, BRL, Gaithersburg, MD) and filters were hybridized to the 

H244 JH probe118 and a J 81 probe49 respectively. Rearrangements of the Ig and TCRD gene 

weree amplified and sequenced as described previously.3;40;5! Identification of gene segments 
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wass performed using DNAPLOT software (W. Muller, H-H. Althaus, University of 

Cologne,, Germany) (http://www/mrc-cpe.cam.ac.uk/imt-docA.7981 

Al ll  primers for the RQ-PCR were designed using Primer Express (PE Biosystems) 

andd Oligo 6 software(W. Rychlik, National Biosciences, Plymouth MN USA), according to 

thee manufacturer's guidelines as described before.42 Allele-specific oligonucleotides 

(ASO's)) were developed complementary to the VH-DH or DH-JH junctional regions. The 

forwardd primer contains the N-region of the junctional region. The reverse primers were 

designedd complementary to the germline intron sequences downstream of each JH-segment 

andd three TaqMan probes were designed complementary to the germline JH sequences, one 

forr JH 1-2-4-5 and separate probes for JH3 and JH6.42 

Forr RQ-PCR analysis the TaqMan 1000 reactions Gold with Buffer A kit (PE 

Biosystems)) was used. Reaction mixtures and conditions were as described previously.40'42 

Real-timee information was obtained using ABI-PRISM 7700 Sequence Detection System 

containingg a 96-well thermal cycler (PE Biosystems). 

AA standard curve was established by serial dilution of diagnosis target DNA to relate 

thee leukaemia-specific quantities in follow-up samples to that at diagnosis. To correct for 

quantityy and amplifiability of DNA, the albumin gene was used as control.40 Corrections on 

MRDD quantities in follow-up samples were performed according to the manufacturer's 

guideliness (PE biosystems). Briefly, the quantities established by the leukemia-specific 

targett were divided by that of albumin. Subsequently, the diagnosis quantity was set at 1.0 

andd leukemia-specific quantities in follow-up samples were related to that at diagnosis, 

resultingg in an accurate tumor load determination. Standard deviations were corrected 

accordingly.. All RQ-PCR experiments were carried out in duplo for the standard curves 

andd the follow-up samples were analysed in triplicate. Several negative controls were 

included. . 

Detectio nn of TEL-AML1  gene fusio n transcrip t and quantificatio n by RQ-PCR 

Detectionn of TEL-AML1 fusion gene transcript at diagnosis was performed as described 

previously.311 PCR products were visualized by ethidium bromide staining after size 

separationn by gel electrophoresis. The TEL-AML1-positive REH-cell line was used as a 

positivee control. 

Forr RQ-PCR analysis of TEL-AML1, TaqMan primer/probe combinations were kindly 

providedd by the Europe Against Cancer (EAC) working party (coordinator: J.A. Gabert). 

PCRR mixtures and protocols were according to EAC guidelines using ABI-PRISM 7700 

Sequencee Detection System. To correct for differences in the amount of total RNA input 

andd for RT-efficiency, the quantity of TEL-AML1 transcript was "normalized" to the 

amountt of ABL gene transcript. The results were expressed as the number of TEL-AML1 
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copiess per ABL copies. The quantification was performed by preparing standard curves 

usingg serial 10-fold dilutions of known amounts of diagnosis RNA. Because ALL cells 

havee comparable levels of ABL transcripts as normal mononuclear cells (EAC-working 

party,, unpublished results), in this way the percentage of leukemic cells can be calculated. 

Forr the ABL standard curve, plasmid DNA was used. 

Statistica ll  analysi s 

Thee RQ-PCR results of IGH or TCRD gene rearrangements were correlated with the RQ-

PCRR results of TEL-AML1 via linear regression analysis. 

R E S U L TS S 

MRD-PCRR target s in diagnosis  and relaps e sample s 

AA total of 12 BM samples at diagnosis, 1 BM sample at relapse and 36 BM samples during 

follow-upp of 13 B-precursor ALL patients were studied. The MRD level was assessed by 

TEL-AML1TEL-AML1 RQ-PCR and Ig/TCR RQ-PCR for each sample. A minimal sensitivity of 10"4 

onn diluted diagnosis/relapse samples was reached, with in 16 combinations even a 

sensitivityy of 10"5. Results are shown in Table 1. 

Inn all diagnosis samples and one relapse sample the percentage of leukemic cells was 

arbitraryy set at 100% as morphological analysis revealed at least 90% of leukemic cells in 

alll  cases. The level of TEL-AML1 transcripts was normalized to the ABL transcript in these 

samples.. As shown in table 2 the level of normalized fusion gene transcripts varied between 

patientss up to 30-fold. 

Tablee 2. Numbe r of TEL-AML1  fusio n transcript s at diagnosi s 

Patient t 
1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
11 1 
12 2 
13 3 

Levell ABL 
2.0x10* * 
5.77 x10"2 

6.99 x10"2 

8.77 x10"2 

2.00 x10"2 

6.99 x10"2 

6.99 x10"2 

3.88 x 1 0 2 

4.00 x 10"2 

2.44 x10"2 

1.6x10* * 
4.88 x10"2 

Levell TEL-AML1 
4.7x10"z z 

1.00 x10"1 

4.55 x 10'1 

1.00 x10'1 

1.99 x10'2 

1.5x10* * 
1.00 x 1 0 1 

1.11 x10*1 

6.55 x10'2 

6.00 x10"1 

1.00 x10"1 

2.33 x10"1 

Normalizedd Ratio (SO) 
2.355 (0.5) 
1.8(0.36) ) 
6.522 (0.2) 
1.15(0.15) ) 
0.955 (0.05) 
0.22(0.13) ) 
1.45(0.3) ) 
2.899 (0.2) 
1.62(0.15) ) 
2.55 (0.2) 
0.62(0.12) ) 
0.477 (0.04) 

Normalizedd level of TEL-AML1 gene fusion transcripts to the ABL transcripts at diagnosis in 12 
diagnosiss samples (Patient # conform table 1). 
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Tablee 1. Result s of IGH/TCR RQ-PCR versu s TEL-AML1  RQ-PCR in 36 follow-u p sample s fro m 
133 patient s wit h B-precurso r ALL 

Pt# # 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10* * 

11 1 

12 2 

13 3 

Follow-up p 
Time-point t 

22 weeks 
55 weeks 
22 months 
77 months 
11 year 
1.22 year 
22 weeks 
55 weeks 
22 weeks 
55 weeks 
66 months 
88 months 
22 weeks 
55 weeks 
33 months 
22 weeks 
55 weeks 
33 months 
22 weeks 
55 months 
55 weeks 
44 months 
55 weeks 
44 months 
55 weeks 
33 months 
22 months* 
44 months* 
22 weeks 
55 weeks 
122 weeks 
22 weeks 
55 weeks 
122 weeks 
22 weeks 
55 weeks 

MRDD detection 
19 19 

<1.0x x 
<1.0x x 
<1.0x x 

1.00 x 
<< 1.0 x 
<< 1.0 x 

6.22 x 
<1.0x x 

1.44 x 
1.11 x 

<< 1.0 x 
<1.0x x 

1.6x x 
<1.1x x 
<< 1.1 X 

2.55 x 
<1.0x x 
<1.0x x 

2.55 x 
<1.0x x 

1.0x x 
<1.0x x 

5.00 x 
<< 1.0 x 

<1.0x x 
<1.0x x 
<1.0x x 
<1.0x x 
<1.0x x 
<< 1.0x 
<1.0x x 
<1.0x x 

10s s 

10"5 5 

10s s 

10-4 4 

10s s 

10"5 5 

102 2 

10--
10"3 3 

10-3 3 

10--
10--
10* * 
10"* * 
10/ / 
10--
10s s 

10"5 5 

102 2 

10--

10--
io- 5 5 

10"5 5 

10"5 5 

10"5 5 

10s s 

105 5 

10"5 5 

10"5 5 

10"5 5 

105 5 

10"5 5 

viaa Ig/TCR 
TCRD TCRD 

4.99 x 
<1.0x x 

1.0x x 
1.00 x 

<< 1.0x 

<1.0x x 
<1.0x x 

IO"2 2 

10--
103 3 

10"3 3 

10--

10"5 5 

10'5 5 

6.00 x10"2 

1.77 x10"2 

MRDD detection via 
TEL-AML1 TEL-AML1 

9.00 x 
<1.0x x 
<1.0x x 

5.00 x 
<1.0x x 
<1.0x x 

6.33 x 
<1.0x x 

6.00 x 
5.00 x 

<1.0x x 
<1.0x x 

5.00 x 
<1.0x x 
<1.0x x 

1.99 x 
<< 1.0 x 
<< 1.0 x 

2.66 x 
<1.0x x 
<1.0x x 
<1.0x x 

1.00 x 
<< 1.0 x 

7.00 x 
<1.0x x 

111 X 
1.3x x 

<1.0x x 
<1.0x x 
<1.0x x 

2.00 x 
<1.0x x 
<1.0x x 
<1.0x x 
<< 1.0 x 

10--
10s s 

IO'5 5 

10--
10s s 

10'5 5 

102 2 

IO"5 5 

10--
10--
10--
10--
10--
10--
10--
10--
10--
10--
103 3 

10--
10"5 5 

10'5 5 

10--
10T5 5 

IO5 5 

10s s 

IO"2 2 

IO"2 2 

IO"5 5 

IO5 5 

10"5 5 

10--
10"5 5 

10"5 5 

10"5 5 

io- 5 5 

Difference e 
betweenn results 
(Factor) ) 
10 0 

5 5 

<2 2 

2.3 3 
2 2 

3 3 

<2 2 

10 0 

1 1 

<2 2 

<2 2 
<2 2 

10 0 

** In patient 10, samples are taken after/during BM relapse. Undetectable MRD values are indicated as 
"<1.00 x10-" or "< 1.0 xlO"5", referring their maximal sensitivity. In all samples integrity of DNA 
respectivelyy RNA, was tested positive by albumin PCR, respectively ABL RT-PCR. 

Levell  of MRD-PCR target s in follow-u p sample s 

Inn 34 out of 36 follow-up BM samples the levels of MRD as detected by both RQ-PCR 
approachess were comparable (p<0.0001). In 23 samples, MRD was undetectable with both 
techniques,, whereas the DNA and cDNA integrity of all samples was good. In 11 samples 
MRDD was detected with both techniques at comparable levels (shown for patient #3 in 
Figuree 1). The variation between both results was in average a factor 5 (minimum 1 -
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maximumm 10)(SD  2.26). Moreover, there was no trend seen in that one of the PCRs 

resultedd in higher MRD levels than the other PCR. In patient #6 the largest difference was 

shown:: quantification of patient-specific IGH gene rearrangements revealed an MRD level 

off  2.5 xlO"2, whereas quantification of TEL-AMLl transcripts showed MRD levels of only 

2.66 xlO"3 (variation factor of lOx). However, the 95% confidence intervals of both PCRs 

weree overlapping. 

TwoTwo patients (# 2 and #3) showed an oligoclonal gene IGH rearrangement pattern 

onn Southern blot analysis. Therefore, two Ig/TCR targets were used in both patients to 

preventt misinterpretation of results. RQ-PCR analysis of both Ig/TCR targets showed 

similarr MRD levels, which were also comparable to the RQ-PCR results of the TEL-AMLl 

transcript,, tested in the same sample. 

V V 

> > 
Q Q 

Time-point s s 

Figur ee 1. Compariso n of quantitativ e RQ-PCR for bot h target s on fou r follow-u p sample s of one 
patien tt  (#3). Figure represents results of RQ-PCR amplification of Ig rearrangement versus TEL-AML1 
(correctedd for respectively albumin and ABL). Both quantitative results show the same decline in MRD 
duringg the first eight months of treatment. (Time-point 1= 2 weeks, 2 = 5 weeks, 3 = 6 months and 4 = 8 
months. . 

However,, in two samples of two different patients (#land #12), the levels of MRD 

ass determined by the two PCR approaches were different. In both patients, TEL-AMLl 

transcriptss were still detectable at low levels at 2 weeks post diagnosis whereas the antigen 

receptorr rearrangement was not detectable anymore. The sensitivity of both RQ-PCR 

approachess was high and at least 10"5. The sensitivity of the TEL-AMLl RQ-?CR in patient 

#11 might have been even higher as in this patient the number of TEL-AMLl transcripts per 

leukemicc cell appeared to be relatively high. In patient #12 the level of MRD was just 

abovee the detection limit of the assays, and therefore the positive finding in only one RQ-

PCRR might be due to coincidence or to a slightly higher sensitivity of the other RQ-PCR. 

•IGH •IGH 

•Tel-AML1 •Tel-AML1 
0,011 -

0,001 1 
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Patientt #1 was remarkable as both the TEL-AML1 RQ-VCR as the Ig/TCR RQ-?CR showed 

undetectablee low levels of MRD after 2 months of treatment and both increased with the 

samee percentage of MRD unexpectedly 5 months later. Two subsequent samples, obtained 

afterr respectively 1 and 1.2 years were negative again in both PCR approaches. Until date, 

thee patient did not develop a relapse (follow-up 24 months). 

Patientt #10 relapsed after 9 months of treatment. BM samples obtained at 2 and 6 

monthss after relapse were studied. Also in this particular patient, the levels of MRD were 

comparablee in both PCR approaches. 

Multivariatee analysis, performed in a logistic regression analysis, showed a 

significantt correlation between both PCR approaches for all patients (p<0.0001). This 

correlationn is illustrated by logarithmic presentation of data in Figure 2 (R2=0.84). 

100-1 1 

100 0 

MRDD level as determine d by 
antige nn recepto r PCR (log ) 

Figur ee 2. Logharithmi c correlatio n betwee n result s of Ig/TCR RQ-PCR and TEL-AML1  RQ-PCR 
Resultss of PCR-based quantification by either Ig/TCR rearrangement or TEL-AML1 fusion gene 
transcriptt showed in 23 samples an MRD level below 1x10^" and are represented by the single point at 
thee crossing between the X-and Y-as. 

DISCUSSION N 

Ass the quantification of MRD at early remission time-points can discriminate between low, 

intermediatee and high risk patients, MRD-based risk-stratification in ALL patients will 

increasinglyy be implemented in clinical studies.35;7;9 Presently, the RQ-PCR for antigen 

receptorr targets enables a more precise quantification of MRD in comparison with the 

earlierr used semi-quantitative methods.40"42 In 25% of the B-precursor ALL patients the 

lesss laborious TEL-AML1 RQ-PCR might be used as alternative for PCR using Ig/TCR 
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genee rearrangements. In the present study, we demonstrated that both PCR approaches 

resultedd in comparable MRD levels in the same follow-up samples of ALL patients. 

Wee analyzed the MRD levels with both PCR approaches in 36 BM samples during 

follow-upp of 13 TEL-AML1 -positive ALL patients and we found that the TEL-AMU RQ-

PCRR detects comparable levels of MRD as the Ig/TCR RQ-PCR in the majority of samples 

(pO.0001).. This was also the case in two follow-up BM samples obtained after BM 

relapse,, which suggests that at least in this patient the number of TEL-AML1 transcripts 

remainedd stable during the different phases of the disease. The detection of low levels of 

TEL-AML1TEL-AML1 transcripts in two samples (#1 and #12) with undetectable MRD levels as 

measuredd by Ig/TCR RQ-PCR, might reflect a slightly higher sensitivity for the RT-PCR 

becausee of the presence of more than one transcript per cell. 

Mainn problems in using fusion gene transcripts as PCR target for MRD analysis, are 

thee low stability of mRNA and the uncertainty whether the number of transcripts per 

leukemicc cell remains constant during follow-up. Therefore, to quantify fusion gene 

transcriptss accurately, a suitable control gene must be used to estimate the amount of 

amplifiablee RNA in each sample. The control gene transcripts should have a degradation 

ratee similar to that of the fusion gene transcripts. Although we did not compare the 

degradationn rates of the different transcripts, our comparable MRD results as assessed by 

TEL-AML1TEL-AML1 RQ-PCR versus Ig/TCR RQ-PCR indirectly indicate that the degradation rate 

off  ABL transcripts is comparable to that of TEL-AML1 transcripts. This is in line with the 

studyy by Tobal et a/.83, who showed that ABL can also serve as a reference gene in 

quantifyingg AML1-ETO transcripts in follow-up samples of AML patients. The comparable 

frequenciess of leukemic cells as estimated by the Ig/TCR RQ-PCR and the TEL-AML 1 RQ-

PCRR also indirectely indicate that within a patient no major variation occurs in the number 

off  fusion gene transcripts per leukemic cell at different disease stages. In this context, it 

shouldd be noted that the normalized levels of TEL-AML1 fusion gene transcripts in 

leukemicc cells at diagnosis were found to vary up to 30-fold between patients. The study by 

Pallisgaardd et a/.84 found in 12 TEL-AML1 positive patients significant variation of the 

TEL-AML1TEL-AML1 transcript (normalized to beta2microglobulin) up to 14-fold. The consequence 

off  this finding is that accurate quantification of MRD with TEL-AML1 RQ-PCR in follow-

upp samples of a patient is only possible if diagnosis material is available to determine the 

originall  level of TEL-AML1 transcripts. 

Forr several fusion gene transcripts it has been shown that they can be present at very 

loww levels in normal donors, which are not suffering from leukemia. Although a latency of 

144 years between TEL-AML 1 detection and overt leukemia has been described,85 a positive 

PCRR result in healthy individuals was previously never been shown for TEL-AMLl. 

Nevertheless,, recently two small studies described also for TEL-AMLl its presence in 
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healthyy individuals.85A;85B Our present results do not suggest the presence of TEL-AML1 

transcriptss in normal cells. In 12 patients no MRD was detected in the antigen receptor PCR 

inn samples from the last time-points, and all these patients became negative for the fusion 

genee transcript as well. 

Inn the present study only one Ig/TCR gene target was tested in each patient, except 

forr the two patients (#2 and #3) who were oligoclonal on Southern blot analysis. In these 

patientss two different gene rearrangements (IGH and TCRD) were studied. No differences 

betweenn the two targets were found. 

Thesee results provide new perspectives for TEL-AML1 -positive ALL patients with 

B-precursorr ALL . Both types of PCR targets can be used for the monitoring of MRD, but 

thee TEL-AML1 fusion transcript is a more convenient PCR target, because the identification 

andd testing of patient-specific Ig/TCR targets is time-consuming and needs a lot of 

experience,, in contrast to TEL-AML 1 fusion gene transcripts in t(12;21) cases. Moreover, it 

iss cheaper to use the TEL-AML 1 translocation primer/probe combinations in the RQ-PCR, 

insteadd of the patient-specific RQ-PCR approach. Therefore, one might decide to replace 

thee Ig/TCR RQ-PCR by TEL-AML1 RQ-PCR in the 25% of the children with B-precursor 

ALLL that are positive for t(12;21). 
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Accuratee quantification of MR D at day 15, by real-time quantitativ e PCR 

identifiess also patients with B-precursor  Acute Lymphoblastic Leukemia at 

highh risk for  relapse 

V.. de Haas1-2, W.B. Breunis1, OJ. Verhagen2, H. van den Berg1 and C.E. van der Schoot1,2 

'Emmaa Kinderziekenhuis, Academic Medical Centre, University of Amsterdam; 2Central Laboratory of the 

Netherlandss Blood Transfusion Service, and Laboratory of Experimental and Clinical Immunology, Academic 

Medicall  Centre, University of Amsterdam; The Netherlands 

Too the Edito r 

Wee read with interest the report of Panzer-Griimayer et a/.86 in which the authors showed 

thatt evaluation of minimal residual disease (MRD) in childhood ALL by semi-quantitative 

molecularr methods on day 15 of induction therapy can be implemented in their recently 

establishedd MRD-based stratification. The authors were able to identify after only two 

weekss of treatment a patient population of 20% who may benefit from the least intensive 

treatment.. But for patients with higher MRD levels at day 15 (greater than or equal to 10"2 

orr 103), only the MRD-based risk groups as defined by later time-points were predictive. 

Wee performed a quantitative analysis of MRD by means of the real-time quantitative 

PCRR (RQ-PCR). This approach is far more accurate in comparison with semiquantitative 

analysiss of MRD, which was used by Panzer-Grumayer et a/.86 We studied 17 children with 

B-precursorr ALL treated according to protocol ALL- 8 of the Dutch Childhood Leukemia 

Studyy Group (DCLSG) in the Emma Children's Hospital/Academic Medical Centre 

(Amsterdam,, The Netherlands). Immunophenotyping and cytogenetic analysis were 

performedd at diagnosis and relapse, according to standard techniques. Nine patients were in 

continuouss complete remission (CCR), and eight patients had relapsed (follow-up at least 

600 months after diagnosis). Al l patients received the same induction therapy. Bone marrow 

sampless of all patients, taken at day 15, at the end of induction therapy and before 

consolidation,, were analyzed for MRD with IGH- and TCRD - rearrangements as PCR 

targets.. For quantification of residual disease, patient-specific forward primers 

complementaryy to the junctional region, in combination with consensus reverse primers and 

consensuss TaqMan probes (JH -probes for IGH rearrangements and D83-probe for V82D83 

rearrangements)) were used as described earlier.42 

Resultss of MRD levels obtained with RQ-PCR at the three time-points are shown in 

Tablee 1. We found a significant difference between MRD levels at day 15 of the patients in 

CCR,, compared with the relapsed patients (p<0.05). MRD levels after 15 days of 
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Tablee 1. MRD level s (numbe r of PCR-positiv e cells ) for all 17 patient s at time-poin t 1 (after 15 
dayss of chemotherapy) , time-poin t 2 (at the end of inductio n therapy ) and time-poin t 3 (befor e 
star tt  of consolidation ) 

Patien t t 

5902 2 

5524 4 

6110 0 
5400 0 

5579 9 
5594 4 

6112 2 

5221 1 
5414 4 

3954 4 

5292 2 

3886 6 
5748 8 

3616 6 
5440 0 

5181 1 

5648 8 

Outcom e e 

CCR R 

CCR R 

CCR R 
CCR R 

CCR R 

CCR R 
CCR R 

CCR R 

CCR R 
REL L 

REL L 

REL L 
REL L 

REL L 
REL L 

REL L 

REL L 

Risk k 

grou p p 

SR R 

SR R 

SR R 
MR R 

SR R 

MR R 
MR R 

MR R 

SR R 
SR R 
MR R 

HR R 
HR R 

SR R 
SR R 
MR R 
HR R 

Time-point 1 1 

PCR-pos .. cell s 

1.1x10* * 
5.0x10" 3 3 

1.66 x10' 2 

1.44 x10" 2 

1.11 x10' 2 

1.88 x10" 3 

<1.0x10' 5 5 

2.0x10" 3 3 

1.9x10* * 
2.6x10 2 2 

8.0x10' 2 2 

1.44 x10" 1 

4.2x10' 1 1 

7.3x10' 1 1 

5.3x10" 2 2 

3.5x10 2 2 

3.9x10" 1 1 

Time-poin tt  2 

PCR-pos.cell s s 

1.0x10^ ^ 

6.0x10" 5 5 

1.00 x10 ^ 

<1.0x10" 5 5 

1.55 X10"3 

<1.0x10" 5 5 

<< 1.0x10" * 
5.0x10" 5 5 

1.00 X10"4 

NT T 

2.0x10" 2 2 

1.77 x10' 2 

2.7x10" 2 2 

2.0x10" 2 2 

6.6x10" 3 3 

NT T 

2.4x10" 3 3 

Time-poin tt  3 

PCR-pos.cell s s 

<< 1.0x10* 
<1.0x10" 5 5 

<1.0x10' 5 5 

<1.0x10" 5 5 

<1.0x10" 5 5 

<1.0x10" 5 5 

<1.0x10" 5 5 

<1.0x10" s s 

<1.0x10" 5 5 

<1.0x10" 5 5 

NT T 
2.5x10 -4 4 

4.2x10' 2 2 

<1.0x10" 5 5 

NT T 

<1.0x10" 5 5 

NT T 

chemotherapyy were in the CCR group in the range of < 1.0 xlO"5 - 1.9 xlO"2, with one 
patientt negative. For the patients who suffered from relapse, the MRD levels at this time 
pointt were significantly higher (2.6 xlO2 - 7.3 xlO"1). In agreement with Panzer-Grumayer 
etet al.,86 the patient with rapid molecular response at day 15 (MRD level less than 10"4) is 
stilll  in CCR. But in contrast to their results, we were able to identify also patients at high 
riskk for relapse. With the quantitative RQ-PCR, it is possible to differentiate patients with 
relativelyy high tumor loads, and our results suggest that this accurate quantification is 
necessaryy for the identification for patients at high risk of relapse. 

Theree is also a clearly significant difference in MRD levels at the end of induction 
therapyy for the patient group still in CCR, compared with the group that suffered from 
relapsee (p<0.05). MRD levels at the end of induction therapy showed levels varying from 
2.44 xlO"3 - 2.7 xlO'2 for the relapsed patients. In two patients there was no material available 
att this time-point. For the CCR patients the MRD levels at this time-point were in the range 
off  less than 1.0 xlO"5 - 1.5 xlO"3. In three patients in the CCR group, MRD was not 
detectable.. We compared our data with the recently established MRD riskgroup 
stratification,77 based upon MRD results at the end of induction therapy and before 
consolidation.. Based upon all available material from patients, all our CCR patients were 
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classifiedd into the low-risk group, and all relapsed patients into the intermediate- or high 

risk-groups.. The study of Van Dongen et al. demonstrated that combined information on 

MRDD from the first three months of treatment distinguishes individual patients with good 

prognosiss from those with poor prognosis. The combined measurement of MRD levels at 

twoo time-points was found to be more predictive than the MRD level at a single time-point. 

Thiss might be due to inaccuracy of the techniques applied for the quantification of MRD, or 

mightt reflect different responses to therapy. Future studies with quantitative PCR assays, as 

wee have used in this group of patients, will  provide this information. 

Inn our group of patients, we also determined whether the combined measurement of 

twoo time-points was more predictive than a single time-point. The precise quantification of 

MRDD levels enabled us to determine the slope of the disappearance curve of the leukemic 

cellss between diagnosis, at day 15 and at week 5. Significant differences for both CCR 

andd relapsed patients were found by a linear regression, performed on log transformed data 

(Seee figure). The slopes were tested for significance of differences (Graphpad Prism 

versionn 3.00, Graphpad, San Diego, California). The slopes of the patient group still in 

remissionn and that of the patient group that suffered a relapse were significantly different 

fromm each other (pO.001). This confirms the different clearance of residual cells in 

relapsedd versus CCR patients. 

 CCR 
oo relapse 

ii  1 1 — 
star tt  first  secon d 

timee poin t 

Figure.. Logharithmic reduction of MRD on all CCR and all relapsed patients 

Inn conclusion, our quantitative PCR results suggest that it might already be possible 

too discriminate between good- and poor-risk patients by precise quantification of MRD 

levell  at the end of induction therapy. But it has to be investigated in prospective studies 
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whetherr indeed a clear cut-off level wil l be found. Furthermore, clinicians might prefer to 

performm stratification of therapy based on determination of MRD at two time-points. Our 

resultss suggest that, although the start of consolidation can also be used as a second time-

point,, quantitative MRD results at day 15 are already highly informative in this respect. The 

majorr advantage of this latter approach is the earlier availability of the prognostic 

information,, and this information can be used to modify treatment according to risk-group. 
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Noo clear  relation between in vitr o drug resistance and level of Minima l 

Residuall  Disease (MRD ) as detected by PCR at the end of induction therapy 

inn childhood AL L 

V.. de Haas1'2, G.J.L. Kaspers3, L. Oosten2, D. Bresters3, R. Pieters4, V. van der Velden5, 

E.R.. van Wering6, H. van den Berg1'6 and C.E. van der Schoot1'2 

'Emmaa Kinderziekenhuis, Academic Medical Centre, University of Amsterdam; 2CentraI Laboratory of the 

Netherlandss Blood Transfusion Service, and Laboratory of Experimental and Clinical Immunology, Academic 

Medicall  Centre, University of Amsterdam; department of Pediatrics, section Hematology/Oncology, Vrije 

Universiteitt Medical Centre, Amsterdam; 4Sophia Children's Hospital, Erasmus university, Rotterdam; 

departmentt of Immunology, Erasmus university, Rotterdam; 6Dutch Childhood Leukemia Study Group, Den 

Haag;; The Netherlands 

ABSTRACT T 

Stilll  20-30% of children with acute lymphoblastic leukemia (ALL ) suffer from a relapse. 

Measurementt of drug resistance by the colorimetric Methyl Thiazol Tetrazolium (MTT) 

assayassay determines the cellular response to chemotherapy in vitro. The level of minimal 

residuall  disease (MRD) at the end of induction therapy as determined by quantitative PCR 

measuress drug response in vivo. Both techniques have shown their significant value to 

predictt relapse and can thus be used to modify treatment. However, the correlation between 

thee data obtained by these different techniques is unknown. We retrospectively studied the 

correlationn between these two predictors of outcome in 20 patients, diagnosed with B-

precursor-- (n=17) or T-ALL ( n ^ ). 

MRDD levels ranged between less then 1.0 x 10"5 and 1.0 x 10"1 (median 2.6 x 10"4). 

LC500 values (drug concentration lethal to 50% of the cells) differed more than 1000-fold 

forr prednisolone and L-asparaginase, and more than 100-fold for vincristine between 

individuall  patients. We were not able to show a correlation between the combined or single 

drugg senstivity and the level of MRD at the end of induction. For prednisolone sensitivity, a 

trendd was seen for a correlation between the MTT assay and MRD (rho 0.45, p=0.08). We 

hypothesizee that this correlation reflects the strong influence of prednisolone on the initial 

treatmentt response, which can be used to determine the risk for relapse. This lack of a 

correlationn between the results of both assays warrants a prospective clinical study to 

investigatee whether a combination of both approaches wil l increase the predictive value of 

thee individual assay. 
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INTRODUCTION N 

Currentlyy therapy in children with ALL has resulted in a survival rate of over 80%, 

howeverr still 20-30% of children ultimately suffer from a relapse.1 In order to reduce long-

termm effects, using less intense therapy in low-risk patients, individualization of treatment is 

needed.. Also identification of resistant leukemia cases is needed to increase survival rates. 

Thereforee more sensitive methods to provide information on the efficacy of cytostatic 

treatmentt have been developed. The clinical response of leukemia cells to chemotherapy 

cann be predicted by in vitro drug resistance assays and can be measured in vivo by the 

kineticss of MRD at the end of induction therapy and during early follow-up. 

Accuratee measurement of cellular drug resistance by in vitro drug resistance assays, 

e.g.. the colorimetric MTT assay, provides prognostically significant information.21 ;87~89 It 

hass also been shown that relapsed leukemia samples are more drug resistant in vitro, in 

agreementt with clinical experience.89 

Itt has been demonstrated that the level of MRD measured by PCR, using antigen 

rearrangementss as a target, at the end of induction therapy predicts long term outcome in 

ALL .. ' ' ' Precise quantification of cell reduction after initiation of therapy to document 

thee speed in reduction of leukemia burden, may give even more specific information about 

thee effectiveness of therapy.75186 

Bothh tests might give the same estimation on relative therapy resistance. The MTT 

assayassay is non-laborious and results are available within one week after obtaining the 

leukemicc cells, which allows an early change of therapy. Quantitative detection of MRD 

usingg antigen rearrangements as targets is quite laborious, although real-time quantitative 

RQ-PCRR techniques have decreased the time expenditure considerably.40;42;75 However, it is 

nott known yet how the results of the two tests correlate and whether both tests recognize 

thee same patients. 

Therefore,, bone marrow samples of in total 20 ALL patients were analyzed in this 

retrospectivee study, using the MTT-assay as well as the PCR-based MRD detection to 

determinee the correlation between their results. 

MATERIAL SS AND METHOD S 

Patient ss and Material s 

Initially ,, bone marrow samples from 31 children were obtained at diagnosis and at the end 

off  induction therapy (42 days of treatment). In eight patients, information on in vitro drug 

resistancee was not obtained because of a too low OD signal in drug-free control cultures or 

tooo low (<70%) percentage of ALL cells in drug-free control cultures after 4 days. In three 

patients,, it was not possible to develop an allele-specific primer that reached a minimal 
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sensitivityy of 10"4. The remaining 20 patients were successfully analysed in both assays. 

Seventeenn patients were diagnosed with B-precursor ALL and three patients had T-ALL . 

Mediann follow-up time was 75 months (ranging from 24 to 186 months). 

Thee patients were selected on the basis of presence of sufficient bone marrow 

sampless at diagnosis and at the end of induction. The mononuclear cell fractions were 

isolatedisolated by Ficoll-Hypaque (1.077 g/cm3; Pharmacia, Uppsala, Sweden) density gradient 

centrifugationn prior to cryopreservation. After thawing, one part of the leukemic cells 

(minimall  10.106) was used in the MTT-assay, whereas from the other part DNA-isolation 

wass performed on 5.106 cells in order to develop allele specific (ASO)-primers. Genomic 

DNAA was extracted from mononuclear cell fraction from normal lymphocytes (MNC) with 

thee QIAamp Blood kit (Qiagen, Chatsworth, CA, USA), as described previously.48 

Immunophenotypingg was routinely performed at diagnosis using standard techniques. 

Southernn Blot analysis was performed on samples of each patient to detect IGH or TCR-

genee rearrangements. 

Sixteenn patients were treated according to the BFM strategy-based protocol ALL- 8 

off  the Dutch Childhood Leukemia Study Group (DCLSG), three patients according to 

protocoll  ALL-9 and one patient according to protocol ALL- 6 (Table 1).13;18 The risk-group 

classificationn slightly differed between the treatment protocols. Induction therapy included 

prednisolone,, vincristine, and L-asparaginase for protocol ALL-8, whereas in protocol 

ALL- 66 and ALL-9 prednisolone was replaced by dexamethasone. The DCLSG provided us 

withh ten bone marrow samples from ALL patients; the other ten patients were all treated in 

thee Emma Kinderziekenhuis AMC. 

Inn vitr o dru g resistanc e 

InIn vitro drug resistance was measured using the cell culture MTT-assay. ' Thawed 

cryopreservedd leukemic cells from 20 patients and fresh leukemic cells from 11 patients, 

takenn at diagnosis, were cultured in RPMI 1640 (GIBCO, Uxbridge, UK), supplemented 

withh fetal calf serum, penicillin, streptomycin, fungizone, gentamycin, glutamine, insulin, 

transferrinn and sodium selenite. Three drugs (vincristine, prednisolone and L-asparaginase), 

eachh at six concentrations, were tested as previously described.21 Leukemic cells were 

incubatedd with each drug at each concentration in duplicate in wells of microculture plates 

att 37°C in humidified air with 5% C02, at a final concentration of 1.6 xlO6 cells per ml. Six 

wellss contained leukemic cells in drug-free medium to determine the survival of the control 

cellss to compare with survival of leukemic cells in presence of various drugs. Six wells 

containingg medium only were used as blank specimens for spectrophotometric analysis. 

Afterr 4 days, 10 1 (5mg/ml) MTTsalt (Sigma Chemical Corp, St Louis, MO) was added 

forr 6 hours. MTT is reduced by living cells only into colored formazan crystals. The MTT 
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crystalss were dissolved with 100 ul of acidified isopropanolol, and formazan production 

wass quantified using a spectrophotometer at 562 nm. Since the optical density (OD) is 

linearlyy related to the cell number,90 leukemic cell survival (LCS) was calculated at each 

drugg concentration using the equation LCS = (OD treated well/mean OD control wells) x 

100%,, after correction for the blank. The drug concentration lethal to 50% of the ALL cells 

(LC50)) was used to express the level of drug resistance. Samples were considered 

evaluablee if the drug-free control wells contained more than 70% leukemic cells after 4 

dayss of culture and if the control optical density at day 4 exceeded 0.050. The MTT assay 

givess reliable results under these conditions.21190 The percentage of leukemic cells was 

determinedd by May-Grunwald-Giemsa staining and light microscopy. Previous studies have 

shownn that the use of cryopreserved versus fresh samples in the MTT assay, did not alter 

thee drug sensitivity results.91 

Identificatio nn of antige n recepto r PCR target s at diagnosi s 

Completee VH-D-JH rearrangements of the IGH gene were amplified with family specific 

Frameworkk Region 1 primers (VH1/7, V H 2, V H 3, V H 4/6, V H 5) or consensus Framework 

Regionn 3 (FR3), in combination with the consensus Jh21 reverse primer.3;35;36:92 

Immunoglobinn Kappa Deleting rearrangements (JGK) were amplified using either VK 

familyy primers or the intron RSS primer in combination with a Kde primer.93 For the 

rearrangementss of the TCR-delta (TCRD), respectively TCR-gamma (TCRG) receptor gene, 

thee consensus forward V82-3, respectively Vy family primers, were used in combination 

withh the D83-3, respectively Jy reverse primer.35;49;82;94;95 Generally, major PCR bands on 

ethidiumm bromide stained polyacrylamide gels were excised and eluted in lOmM Tris 

pH8.0.. After a second round PCR with the same primer combination, the PCR product was 

directlyy used for the sequence analysis using the Big Dye terminator Cycle Sequencing 

Readyy Reaction Kit and an ABI PRISM 377 Automated Sequencer (PE Biosystems, Foster 

City,, CT, USA). Ig/TCR gene rearrangements were identified using DNAPLOT software 

(W.. Muller, H-H. Althaus, University of Cologne, Germany¥http://www/mrc-

cpe.cam.ac.uk/imt-docA.79:8° ° 

Quantificatio nn of MRD by Real-tim e Quantitativ e PCR (RQ-PCR) 

Onn basis of the sequence data of the Ig and TCR gene rearrangements, primers and probes 

weree designed using Primer Express (PE Biosystems) and Oligo 6 software (W. Rychlik, 

Nationall  Biosciences, Plymouth MN USA), according to the manufacturer's guidelines. 

Allele-specificc oligonucleotides (ASO's) were developed complementary to the VH-DH, 

VK-Kde,, V82-D83 or Vy-Jy junctional regions. The forward primer always contained the 
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N-regionn of the junctional region. The reverse primer was designed complementary to the 

intronn downstream of each JH segment respectively Kde, D83, ]y. ' ' For RQ-PCR 

analysiss the TaqMan 1000 reactions Gold with Buffer A kit (PE Biosystems) was used. 

Reactionn mixtures and conditions were as described previously.40 Real-time information 

wass obtained using ABI-PRISM 7700 Sequence Detection System containing a 96-well 

thermall  cycler (PE Biosystems). A standard curve for quantifying the leukemia-specific-

quantitiess in follow-up samples, is established using a serial dilution of diagnosis DNA. To 

correctt for the quantity and amplifiability of DNA in the follow-up samples, the albumin 

genee was used as a control.40 An albumin standard curve was established using MNC DNA 

dilutedd in water in 10-fold dilutions. Corrections on MRD quantities in follow-up samples 

weree performed according to the manufacturer's guidelines (PE biosystems). Briefly, the 

quantitiess established by the leukemia-specific target were divided by that of albumin. 

Subsequently,, the quantity at diagnosis was set at 1.0 and leukemia-specific quantities in 

follow-upp samples were related to the value at diagnosis, in order to obtain an accurate 

determinationn of the tumor load. Standard deviations were corrected accordingly. For the 

standardd curve, all RQ-PCR experiments were carried out in duplo and the follow-up 

sampless were analysed in triplicate. Several negative controls were included. 

Quantificatio nn of MRD in a Limitin g Dilutio n Assa y (LDA) 

Too quantify residual leukemia cells, limiting dilution assays were performed with a 

seminestedd patient-specific PCR using a consensus primer set FR3/Jh21 or a consensus 

primersett VÖ2-3 or D82-3/D53-3 in the first reaction, and a clone specific sense primer, 

designedd complementary to each JH segment, in the second round on two-fold serial diluted 

DNAA samples as described previously.76 Reactions were performed in mixtures (total 

volumee 50ul) as previously described.76 The PCR protocol took place in a thermal cycler 

(Perkinn Elmer Cetus Model 9600; Norwalk, CT). The second-round of the heminested PCR 

hadd an input of 2ul of PCR product from the first PCR reaction. After testing the ASO-

primerss at various temperatures, it turned out that 60°C was the ideal annealing/extension 

temperaturee for most of these primers. In preliminary experiments, five-fold serial dilutions 

off  DNA samples in water were tested in five-fold replicates to investigate at which dilution 

thee PCRs became negative. Subsequently, two-fold serial dilutions in 20-fold replicates 

weree tested ranging from the highest preliminary dilution showing amplification to the 

lowestt preliminary dilution not showing amplification in the five-fold diluted samples. 

Afterr size separation each PCR product was visualized by ethidium bromide staining. 

Specificityy was tested by amplification of lug of normal DNA from peripheral blood 

mononuclearr cells. Sensitivity was tested by performing PCR on serial dilutions of 
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leukemiaa DNA mixed with DNA isolated from normal mononuclear cells. The number of 

cellss at each dilution was verified by amplification of the FcyReceptorlllb gene, present in 

eachh cell.52 The ratio of leukemia cells to total bone marrow cells was calculated from the 

ratioo of leukemia to Fc-receptor (FCR) targets, considering the presence of one rearranged 

IgIg allele and two FCR genes per cell. Because both nested PCRs are able to detect a single 

cell,, the number of positive PCR reactions at a certain dilution is distributed according to a 

Poissonn distribution, and as such quantification of malignant cells is possible.37'38'39 The 

meann number of targets required to give a positive reaction was determined by the Taswell 

method.544 A computer program, developed at the University of Tilburg and Maastricht by 

Leoo Strijbosch39'55 was used to perform the necessary calculations. We have previously 

comparedd this limiting dilution analysis with the RQ-PCR using germline Ig TaqMan 

probes,, both approaches gave comparable results.41 ;42 

Statistica ll  analysi s 

Correlationn for the continuous variables was studied using non-parametric tests, i.e. 

Spearmann test. A drug sensitivity profile was made for each patient by combining the 

resultss of in vitro prednisolone (PRD), vincristine (VCR) and L-asparaginase (ASP) 

cytotoxicityy and resulted in an individual "PVA-score" that varied between 3 (sensitive to 

alll  three drugs) and 9 (resistant to all three drugs). The MRD level < 1.0 xlO'4 was defined 

ass low MRD, MRD level between 1.0 xlO"4 and 1.0 xlO*2 as intermediate MRD and finally 

ann MRD level > 1.0 xlO"2 was described as high MRD, based on results of previous 

(semi)quantitativee MRD studies.7'9 Statistical analysis for the different groups was 

performedd by the Wilcoxon matched paires signed-ranks and Mann-WhitneyU tests. Both 

testss were used two-tailed at the level of significance 0.05. 

R E S U L TS S 

200 Patients were successfully analyzed in both MRD detection and MTT assay. 

Quantificationn of MRD by PCR was done for 10 patients using a limiting dilution assay and 

forr 10 patients by real-time quantitative RQ-PCR. In nine patients an IGH-, in four patients 

ann IGK-, in five cases a TCRD- and in two cases a rCtfG-rearrangement was used as a 

targett in the PCR reaction. 

Result ss  of dru g resistanc e testin g 

LC500 values for all drugs varied markedly between the patient samples as shown in table 1. 

Thee LC50 for VCR ranged from less than 0.049 to 28.182 ug/ml (median 0.65 ug/ml). The 
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LC500 for L-ASPA ranged from less than 0.002 to >10.0 IE/ml (median 0.10 IE/ml). PRD 
LC500 values ranged from 0.029 to more than 250.0 g /ml (median 0.925 g/ml). 

Tablee 1: Result s of MTT assay for PRD, VCR and ASPA and MRD detectio n by LDA/RQ-PCR 

Pt t 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 
12 2 
13 3 
14 4 
15 5 
16 6 
17 7 
18 8 
19 9 
20 0 

Immuno--
phenotype e 
Pree BALL 
Pree BALL 
Pree BALL 
Pree BALL 
T-ALL L 
Pree BALL 
T-ALL L 
Pree BALL 
T-ALL L 
Pree BALL 
Pree BALL 
Pree BALL 
Pree BALL 
Pree BALL 
Pree BALL 
Pree BALL 
Pree BALL 
Pree BALL 
Pree BALL 
Pree BALL 

Treatment t 
Protnr r 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
8 8 
9 9 
9 9 
9 9 
6 6 

LC50PRD D 
(itfl/ml) ) 
2.880 0 
13.020 0 
0.363 3 
0.480 0 
1.370 0 
24.740 0 
251.0 0 
251.0 0 
251.0 0 
0.029 9 
0.199 9 
0.459 9 
0.448 8 
0.350 0 
251.0 0 
0.046 6 
0.050 0 
251.0 0 
0.050 0 
251.0 0 

LC50VCR R 
(Mg/ml) ) 
2.273 3 
28.182 2 
10.795 5 
0.679 9 
0.195 5 
1.333 3 
0.629 9 
0.900 0 
2.188 8 
4.766 6 
5.509 9 
2.009 9 
2.009 9 
0.609 9 
1.972 2 
0.550 0 
0.365 5 
0.643 3 
4.625 5 
0.040 0 

LC50ASP P 
(iu/ml) ) 
0.033 3 
0.748 8 
1.179 9 
1.314 4 
0.015 5 
1.644 4 
0.002 2 
0.054 4 
11.000 0 
0.011 1 
0.033 3 
0.012 2 
1.685 5 
1.945 5 
0.282 2 
11.000 0 
0.012 2 
0.002 2 
1.265 5 
0.002 2 

PVA A 
score* * 
6 6 
7 7 
8 8 
7 7 
4 4 
7 7 
6 6 
7 7 
9 9 
6 6 
6 6 
6 6 
8 8 
7 7 
8 8 
6 6 
3 3 
6 6 
7 7 
5 5 

MRDD Level 
Endd Induction 
5 .0x10" " 
1.00 x10*3 

1.0x10" " 
6.00 x10"5 

9.00 x10"5 

3.0x10" " 
1.00 x10"1 

4.00 x10"2 

<1.0x10" " 
<1.0x10"5 5 

2.4x10" " 
1.55 x10"3 

<1.0x10" " 
2.0x10"5 5 

2 .7x10" " 
1.00 x10"2 

<1.0x10"5 5 

1.55 x10"2 

2.5x10" " 
8.44 x10"3 

MRD# # 
1-2-33 " 
2 2 
2 2 
1 1 
1 1 
1 1 
2 2 
3 3 
3 3 
1 1 
1 1 
2 2 
3 3 
1 1 
1 1 
2 2 
3 3 
1 1 
3 3 
2 2 
3 3 

** PVA-score represents the combined score of in vitro prednisolone, vincristine and L-asparaginase 
cytotoxicity:: varying from 3 (sensitive to all agents) to 9 (resistant to all three drugs). 

*** MRD profile: #1=low level<10", #2 intermediate level 10"2 - 10" and #3=high level >10"2 

Result ss  of PCR-based MRD detectio n 

Inn all PCR reactions a minimal sensitivity of 10"4 was reached. Levels of MRD, as 
determinedd at the end of induction therapy, ranged from < 1.0 xlO"5 to 1.0 x 10"'. The mean 
MRDD at this time-point was 9.0 xlO"3 (median 2.6 xlO'4). Distribution was not according to 
aa Gaussian pattern. In five out of 20 cases, the MRD level was higher than 8.4 xlO'3. The 
otherr patients had low MRD levels below 1.5 xlO"3. Considering the three groups with 
differentt levels of MRD, eight patients had low MRD, eight patients had intermediate 
levelss of MRD and four patients were having high MRD. 

Compariso nn of MTT and PCR result s 

Thee MRD level at the end of induction therapy was not significantly related to the 
combinedd PVA-score (p=0.48). Analysis of the individual drug sensitivity of VCR and L-
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ASPAA did not correlate at all with the MRD level at the end of induction therapy (p=0.8; 

p=0.55 respectively). For prednisolone sensitivity, a trend was seen for correlation between 

thee MTT-assay and MRD assays, but the correlation was too weak to become significant in 

thiss small group (rho 0.45, p=0.08). Analysis of all 20 patients (although differently treated) 

showedd a significant correlation between the LC50 for PRD and the MRD level (rho 0.49, 

p=0.015)(figure).. The rho-values for the other drugs were not influenced. 

Alsoo looking at the drugsensitivity for PRD, VCR and ASPA versus the patients 

withh low or high MRD level, a correlation between both assays could not be demonstrated 

(p=0.77,, p=0.62; p=0.72 respectively). 

i i 
##

** *

— ii  1 1 1 
3.1x10-»» 1 32 1024 

LCS00 prednisolo n (log ) 

Figure .. Correlatio n betwee n LC50 prednisolon e and MRD level , as determine d by RQ-PCR and 
LDAA in the tota l grou p of patient s (p=0.015). The four differently treated patients are indicated by (*). 

DISCUSSION N 

AA considerable number of ALL patients relapses and these relapses can only partially be 

predictedd with the current risk factors such as age, white blood cell count, 

immunophenotypee and genotype. An additional prognostic factor to determine the risk for 

relapsee is the response to chemotherapy, which can be measured both in vivo and in vitro. 

Thee two used techniques in this study, i.e. the determination of in vitro drug resistance by 

thee MTT-assay at diagnosis and in vivo detection of MRD by PCR using gene 

rearrangementss as a target during follow-up, have individually shown strong prognostic 

significance.. ' ' '9' ''87'96 It seems likely, considering the high prognostic significance of both 

factors,, that the same patients are identified as low or high risk. We compared both 

O) ) 

o o 

a a 
^^ -

6.1x10 0 
9.8* * 
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techniquess to examine whether they measure the same relative therapy resistance or 

whetherr they may complement each other. 

Thiss study with both tests successfully performed in 20 children with ALL , showed 

noo significant correlation between in vitro drug resistance and the level of MRD as detected 

byy PCR at the end of induction therapy for the group of 16 equally treated patients. Both 

thee combined drug resistance, as defined in the PVA-score, and the drug senstivity to 

prednisolone,, vincristine and L-asparaginase as single drugs, were not correlated to the 

MRDD kinetics. Also comparison of low/high MRD levels in PRD, VCR and ASP sensitive 

versuss resistant cases showed no significant differences. 

AA previous study in a small number of children with ALL (n=29) as well, has shown 

aa significant correlation between the LC50 for PRD with the MRD level.97 In our study 

withh 16 patients, we also see a trend for correlation between the LC50 for PRD as a single 

agentt and the MRD level at the end of induction (rho 0.45, p=0.08). Moreover, if we 

includedd four extra patients in our analysis, we were able to show a significant correlation 

(rhoo 0.49, p=0.015). Nevertheless, we have to remark that these four patients were 

differentlyy treated from the other 16 patients, with dexamethasone instead of prednisolone 

duringg induction therapy. Glucocorticoids are highly cytotoxic to lymphoblasts and are thus 

importantt in the treatment of childhood ALL . A poor in vivo clinical response to initial 

PRDD monotherapy was shown to be associated with poor prognosis.98;l22 Acute 

Lymphoblasticc Leukemia protocols of the BFM Study Group, some of which were also 

usedused by the Dutch Childhood Leukemia Study Group (ALL-7 & 8), used the clinical 

responsee to one week PRD monotherapy as one of the determinants of the risk-group 

stratification.stratification.1717''9999 Previously, a significant correlation was reported between the anti-

leukemicc activity of PRD in vitro and the in vivo response to PRD monotherapy.100 

Similarly,, study of MRD during induction therapy has shown that the rapid decrease of 

MRDD in the first month of treatment, as determined by quantitative RQ-PCR at two and 

fourr weeks, has important consequences for prognosis and may be highly informative.75186 

Thiss may be reflected in the PRD resistance data. We hypothesize that in early treatment a 

patientt group can be defined, characterized by PRD resistance and high MRD levels, which 

havee a high relapse risk. The lack of correlation in our equally treated patient group of 

patientss may be due to the low number of patients. The correlation seen in our total patient 

groupp of 20 patients, indicates that at least a larger group of patients has to be studied to see 

iff  a real correlation between LC50 for PRD and MRD level exists. 

Inn our study no correlation was found between the in vitro resistance to VCR and 

ASPP as single agents versus MRD level at the end of induction therapy, while both drugs 

playy a major role in induction treatment for ALL . In vitro resistance to the single agents 

PRDD and ASP, but also to VCR, of ALL cells obtained at initial diagnosis, predicted the 
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occurrencee of relapse.21'87 We have no explanation for the lack of a significant correlation 

betweenn in vitro resistance to VCR and ASP with MRD levels, although patient numbers 

weree small in this retrospective study. 

Itt is important to stress that although both techniques are influenced by drug 

sensitivity,, they are fundamentally different, as they take hold of two different mechanisms. 

Whereass the MTT assay reflects the in vitro drug resistance to a standard set of cytostatic 

drugss of a subset of leukemic cells that survive during a four-day culture period, the 

numberr of leukemic cells as detected by PCR is an in vivo measurement of kinetics of all 

leukemicc cells and is dependent upon multiple factors like pharmacokinetics, dosage and 

administrationn of drugs, and proliferation of vital leukemic cells. These differences between 

thee two techniques might explain the lack of a strong correlation between the two tests. 

Becausee both tests have been shown to predict relapse-risk in patients treated with this 

inductionn regimen, our results might implicate that a combination of both tests wil l give an 

evenn better correlation with disease outcome. However, it should be stressed that a 

relativelyy large group of patients had to be excluded from our initial patient group, because 

off  a too low survival in control cultures. 

Inn conclusion, we have not shown a correlation between in vitro drug resistance and 

thee post-induction MRD level as detected by PCR. Both techniques, using tests that each 

havee proven independent prognostic significance, may identify at least in part different 

patientss at lower or higher risk of relapse, and combining the information obtained by both 

techniquess may have additional prognostic significance. As these techniques may be 

implementedd in routine clinical diagnostics and used for individualization of treatment, 

studiess that show which of both techniques is the most informative, or whether both 

techniques,, if used in tandem, will give the most relevant information, are important. A 

prospectivee study on a large number of equally treated patients, in which both techniques 

aree performed and evaluated with regard to clinical outcome is warranted. Such a study is 

currentlyy being performed in the Netherlands by the DCLSG (ALL-9) and in Germany by 

thee COALL group (ALL-97). Within a few years, combined clinical and laboratory data 

wil ll  become available from these treatment protocols. 
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ABSTRACT T 

Stilll  five percent of the relapses in children with childhood B-precursor acute lymphoblastic 

leukemiaa (ALL) occur in the central nervous system (CNS), which confers a poor 

prognosis.. Detection of ALL blasts in the CNS is routinely performed by morphological 

examinationn and immunophenotyping. Previously, it has been shown that the PCR 

techniquee is a useful and sensitive method to detect minimal residual disease (MRD) in 

bonee marrow (BM). 

InIn the present study we investigated whether PCR can be applied on cerebrospinal 

fluidfluid  (CSF) samples to detect CNS involvement. Fifteen selected patients with ALL were 

studied.. Patient-specific nested PCRs for immunoglobulin heavy chain (JGH) and T-cell-

receptorr (TCR) gene rearrangements were performed on simultaneously collected BM and 

CSFF samples, which were consecutively taken at diagnosis and during follow-up. In the 

patientss that relapsed in the CNS (n=5), MRD was detected in the CSF at least four weeks 

beforebefore the diagnosis of CNS relapse could be made by standard techniques. Furthermore, in 

alll  cases, PCR-positivity of CSF was followed by overt CNS relapse. In four out of five 

cases,, residual disease in the bone marrow was absent at the moment of isolated CNS 

relapse.. The five patients that had relapsed in the BM, and the five patients that remained in 

CCRR (follow-up 95 months) were negative by PCR analysis for leukemic cells in all CSF 

samples. . 

Detectionn of MRD in CSF by PCR is a sensitive method for early detection of 

leukemicc cells in the CSF. MRD analysis by antigen receptor PCR assays is nowadays 

routinelyy performed on blood and bone marrow samples; our study shows that this can 

eventuallyy be expanded with analysis of CSF. 
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INTRODUCTIO N N 

Inn children with B-precursor acute lymphoblastic leukemia (ALL ) the overall survival is 

overr 70%. Despite the success of current treatment, thirty percent of the children experience 

aa relapse.1 Although intensive systemic chemotherapeutic regimens incorporating CNS 

prophylaxiss have decreased the incidence of central nervous system (CNS) relapse,17 five 

percentt of the relapses still occur in the CNS. CNS involvement is a life-threatening event. 

Earlyy detection and treatment of CNS relapse are important with respect to ultimate 

outcome;; therefore, it is important to diagnose CNS involvement as early as possible.2;101;102 

Nowadays,, detection of ALL blasts in the CNS is routinely performed by 

morphologicall  examination of cytospins and immunophenotyping. CNS-leukemia is 

confirmedd if the cell number in the CSF is > 5 cells per mm3 and lymphoblasts are evident 

onn the cytocentrifuged specimen. A diagnostic dilemma arises when the CSF cell count is 

low,, and when the interpretation of morphologic abnormalities of CSF cells in 

cytocentrifugee preparations is cumbersome.13;103"105 Often the CSF contains a few 

morphologicallyy suspect cells already a few weeks before CNS relapse. As a result, CNS 

involvement,involvement, although early suspected, is difficult to confirm and false negativity up to 

40%% for first lumbar puncture has been reported.1061107 To differentiate leukemic from 

normall  lymphocytes in the CSF on a cytospin preparation, the use of staining for terminal 

deoxynucleotidyll  transferase (TdT) is helpful.108;109 Immunopfenotyping techniques are 

welll  suited for routine investigation of residual disease because of their rapidity and the 

highh number of cells tested as compared to morphology.28;110"113 But this immunological 

techniquee is in some cases hampered due to the expression of markers on non-malignant 

cells.. With the antigen-receptor-based PCR assays for the detection of minimal residual 

disease,, it is possible to detect small numbers of malignant cells (up to 1.10*5), not 

detectablee with conventional techniques.3'517 So far, only a few studies have been described 

inn which PCR analysis of CSF samples is performed in patients with ALL at the time of 

CNSS relapse.114"117 In none of these studies consecutively and simultaneously taken BM and 

CSFF samples have been analyzed. 

Inn the present study we added PCR analysis to immunophenotyping and CSF 

morphology,, to investigate whether early detection of CNS relapse is possible by PCR 

analysis.. In this report, the following issues to be addressed are: (1) Is CSF suitable for 

PCRR studies; (2) Does detection of MRD in the CSF indicate CNS involvement; (3) Do 

MRDD results in BM and CSF correlate at specific time-points. Our data provide evidence 

thatt PCR-based detection of leukemic cells in CSF is indeed possible and is specific for 

CNSS involvement. 
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MATERIAL SS AND METHOD S 

Patient ss and Material s 

Inn this retrospective analysis, bone marrow (BM) and cerebrospinal fluid (CSF) samples 

fromfrom 15 children with ALL , treated from 1983 to 1997 in the Emma Kinderziekenhuis 

AMC,, were obtained at diagnosis and at several time points during the course of their 

disease.. In each child BM and CSF samples were taken at least every 4 months during a 

periodd of 4 years after diagnosis. Five patients with a CNS relapse were included on basis 

off  the availability of frozen CSF and BM samples at minimal five time-points during the 

twoo years the patient had been treated. Additionally ten control patients were selected, who 

weree included on the base of absence of CNS relapse during long follow-up (95 months). 

Morphologic,, immunophenotypic and cytogenetic analysis had been routinely performed at 

diagnosiss and at relapse by standard techniques. 

Al ll  patients were treated according to protocols of the Dutch Childhood Leukemia 

Studyy Group (DCLSG).13 Standard treatment of childhood ALL consists at least of a 

remission-inductionn course and central nervous system (CNS) prophylaxis, followed by 

maintenancee therapy for two years. Depending on the protocol, a consolidation course was 

included.. Intensified treatment was given to children identified as high-risk patients. For 

CNSS prophylaxis only high dose methotrexate was used, in combination with intrathecal 

administrationn of methotrexate, dexamethason (DEX) and cytosine- arabinoside (ARA-C). 

Diagnosiss of CNS relapse was based on conventional cytology and flow cytometry. 

CNSS leukemia was diagnosed if more than 5 cells per mm3 (or more than 15/3 cells) and on 

cytomorphologicc examination lymphoblasts were seen in the CSF. Additionally, flow 

cytometricc analysis of these CSF samples was performed. As standard monoclonal 

antibodies,, CD45/CD14, CD3/CD20 and CD10/CD19 were used in flow cytometry. 

Additionally,, the CD10/CD20 antibodies were used depending on the original 

immunophenotyping.. Also cytospin preparations were made, stained with TdT and 

examinedd using a conventional microscope. In case of CNS or BM relapse, an additional 

reinductionn treatment was given (consisting of vincristine, L-aparaginase, ARA-C and 

DEX).13 3 

DNAA isolatio n 

DNAA was extracted from cryopreserved mononuclear cell fractions, isolated by Ficoll -

Hypaquee density gradient centrifiigation, by means of the QIAamp Blood Kit (Qiagen, 

Dusseldorf,, Germany) as described previously.48 For Southern blot analysis, DNA was 

digestedd with Bgli\ (LifeTechnologies BRL, Gaithersburg, MD) and hybridized with the 

H244 JH probe118 and a J51 probe.49 Incidentally, DNA of CSF and BM was obtained after 
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Tablee 1. Characteristic s of patient s 

Pt t 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 
12 2 
13 3 
14 4 
15 5 

Pt t 
grou p p 

2 2 
2 2 
2 2 
2 2 
2 2 
3 3 
3 3 
3 3 
3 3 
3 3 

Agee at 
diagnosi s s 
(years ) ) 
13 3 
10 0 
3 3 
2 2 
12 2 
3.5 5 
4.5 5 
3 3 
3 3 
10 0 
4 4 
4.5 5 
3 3 
2 2 
4 4 

Timee of 1st relaps e 
fromm diagnosi s 
(months )) [site ] 
388 [CNS] 
211 [CNS] 
244 [CNS] 
344 [CNS - BM] 
200 [CNS] 
122 [BM] 
288 [BM] 
422 [testicular ] 
299 [BM] 
155 [BM] 
. . 
--
. . 
. . 
--

Karyotyp e e 

46.XYY t(7;9) 
46,XYdel13 3 
46.XX X 
46,XYdel11 1 
48.XY Y 
>50 0 
--
46.XY Y 
46.XX X 
46.XY Y 
46.XX X 
46.XX X 
46.XX X 
47.XY.+21 1 
46,XX X 

lmmunotyp e e 

CALL L 
CALL L 
CALL L 
CALL L 
CALL L 
CALL L 
CALL L 
CALL L 
CALL L 
CALL L 
CALL L 
CALL L 
CALL L 
CALL L 
CALL L 

WBC.10" " 
cell ss  at 
diagnosi s s 
21 1 
7 7 
27 7 
39 9 
14 4 
69 9 
145 5 
171 1 
6 6 
6 6 
32 2 
21 1 
222 2 
8.7 7 
33 3 

Outcome * * 

CCR R 
t(64) ) 
t(35) ) 
CCR R 
t(117) ) 
t(50) ) 
CCR R 
CCR R 
CCR R 
CCR R 
CCR R 
CCR R 
CCR R 
CCR R 
CCR R 

cALL:: common ALL; CCR: continuous complete remission 
** Follow-up: 95 months; date of decease (months after diagnosis) is indicated in (..). 

scrapingg from smears of BM and CSF (6 BM and 15 CSF slides from 15 patients). 

Erythrocytess were lysed for 5 minutes in 500 ul of water. Cells were centriruged at 13,000g 

forr 10 minutes. Pellets were resuspended in 500 ul of 0.1% w/v NP40 for 10 minutes at 

roomm temperature. Nuclei were pelleted by centrifugation at 13,000g for 10 minutes. 

Finally,, proteinase K digestion was performed at 50°C for two hours, followed by 95°C for 

100 minutes. DNA isolation was verified by amplification of the FcyRIIIb gene.52 

Targett  identificatio n on bon e marro w sample s taken at diagnosi s and MRD analysi s 

Alll  IGH and TCRD (V82/D63 or D82/D83) gene rearrangements were identified as 
describedd previously.3'45 All targets were checked for oligoclonality by Southern Blot 
analysiss or heteroduplex analysis. For detection of MRD a two-round heminested allele-
specificc PCR was performed. In the first round, IGH and TCRD junctional regions were 
amplifiedd with consensus primers FR3 and JH21; V52-3, D82-3 or D83-3 respectively.3 In 
thee second round, a PCR was performed with a primer specific for the junctional region of 
onee allele, the so-called allele-specific oligonucleotide (ASO) primer, in combination with 
thee consensus primer JH21 or D83-3, respectively.3 Reactions were performed in mixtures 
ass previously described. The input of genomic DNA in the first PCR was lug per reaction. 
Thee PCR was performed in a thermal cycler (Perkin Elmer Cetus Model 9600; Norwalk, 
CT)) and consisted of 10 min at 95°C followed by 35 cycles of 30 sec at 95°C, 45 sec at 
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60°CC and finally 5 min at 72C (total reactionvolume 50 1). The second round of the 

heminestedd PCR had an input of 2 fil of PCR product, generated in the first reaction. 

Forr each PCR, positive and negative controls were included. To avoid false-positive 

results,, we compared the size of the PCR products of CSF samples with those of the PCR 

productss from the BM sample positive at diagnosis. Specificity of amplification was tested 

onn lu.g of DNA extracted from peripheral blood mononuclear cells from 10 different 

healthyy donors. Water was used as a negative control. 

Too exclude false-positive results due to contamination with blood, results were 

evaluatedd from PCR of CSF samples from 5 patients without CNS relapse, taken at the 

momentt the BM sample was positive. In none of the tested patients with BM relapse, the 

CSFF samples were positive. 

RESULTS S 

Fifteenn patients with B-precursor ALL were studied, divided into three different groups: (1) 

patientss that experienced a CNS relapse, in three cases accompanied by clinical BM relapse 

(n=5),, (2) patients that had an isolated BM or testicular relapse without infiltration in the 

CSFF (n=5) and (3) patients who remained in continuous complete remission (n=5). 

Characteristicss of the patients are shown in Table 1. In all patients, analysis of MRD by 

PCRR was performed in BM and CSF samples during follow-up of the disease (total number 

off  230 BM and CSF samples). 

Descriptio nn of five patient s with CNS relaps e (Figure ) 

Fivee patients (#1-5) experienced a CNS relapse. In one patient (#1) an isolated CNS relapse 

wass diagnosed, in two patients (#2,3) CNS relapse was followed by a BM relapse (eight 

monthss after the first CNS relapse, in both patients), in one patient (#4) a combined CNS 

andd BM relapse occurred and in one patient (#5) a BM relapse was noted 24 months before 

CNSS relapse. In none of these patients, leukemic cells were detectable in the CSF at initial 

diagnosiss by cytomorphology, immunology or PCR. In patient #1 and #2 

immunophenotypingg was not performed during follow-up. From patients #3, 4 and 5 

immunophenotypicc results were available. In four out of five cases with CNS relapse 

(#1,2,3,5),, no residual leukemic cells (as analysed by PCR) in the bone marrow were 

presentt at the moment of CNS relapse. 

InIn three of the patients (#1,2,3), leukemic cells were detected in the CSF by PCR 

fourr weeks before the diagnosis of CNS relapse was made by cytomorphologic techniques. 

Inn contrast, cytomorphologic examination (performed on all samples) and flow cytometric 

analysiss (performed in #3 and #4) of these PCR-positive CSF samples did not show 
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Figure .. MRD detectio n by PCR on BM and CSF sample s in patient s wit h CNS relaps e 
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Startt and cessation of treatment is marked under the graph of each patient.BB M morphology 
positive/PCRR positive; UJfl BM morphology negative/PCR positive; Q B M morpholgy negative/PCR 
negative.. Immunophenotyping results were only available for patient #3,4 and 5. In the CSF samples 
thatt were PCR-positive and morphology-negative (JJ) , the results of immunophenotyping were also 
negative. . 

evidencee for the presence of blasts. Patient #4 showed evidence of molecular disease in the 

CSFF and BM already 6 months before diagnosis of combined CNS and BM relapse. 

Inn three cases (#2, 3 and 5), there appeared to be a persistently high level of 

molecularlyy detectable MRD in CSF at the time-point after relapse, although clinical 
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relapsee was not yet diagnosed. The CSF sample in patient #5 was already PCR-
positive/cytomorphology-positivee during the third BM relapse, without clinical evidence of 
CNSS relapse. The diagnosis of second CNS relapse was made two years after the third BM 
relapsee (97 months after diagnosis). The persisting PCR-positivity of CSF after the third 
CNSS relapse reflects the chemoresistence of this patient to the therapy. Due to the recurrent 
relapses,, this patient was almost continuously treated until autologous bone-marrow 
transplantationn (96 months). After BMT, a CNS and BM/CNS relapse occurred again and 
thee patient died 115 months after initial diagnosis. 

Inn patient #3 residual cells were repeatedly shown in the CSF by PCR analysis (time-points 
5,, 6 and 23 months). Also on BM analysis early PCR-positivity was noted (time-points 6 
andd 24 months). Cytomorphology and immunophenotyping of the CSF remained negative 
att those time points. Despite the detection of leukemic blasts by morphologic, 
immunophenotypicc and PCR analysis at 24 months, this was clinically not considered as a 
CNSS relapse due to absence of pleiocytosis. During treatment (until the 30th month after 
diagnosis)) leukemic cells remained detectable in CSF with all techniques, but the first CNS 
relapsee was ascertained by standard techniques after treatment was stopped (32 months 
afterr diagnosis). 
Inn patient #2 it was interesting that the CSF sample, taken one month before isolated BM 
relapse,, was positive in PCR analysis, whereas the BM sample remained negative at that 
time-point.. At diagnosis of BM relapse, no leukemic cells were detectable in the CSF by 
PCR.. All positive CSF samples from this patiënt were detected during treatment. This 
therapyy included an extra reinduction course, which started after diagnosis of the first CNS 
relapse.. There was a short treatment-free interval of 5 months. Patients #1 and #4 were off 
therapyy at the moment of CNS relapse. 

Descriptio nn of 10 contro l patient s 

Thee 10 control patients consisted of five patients (#11-15) remaining in CCR without 
relapsee after a follow-up period of 95 months and five relapsed patients (#6-10) without 
CNSS involvement. Four relapses were localised in the BM, and one patient (#8) had an 
isolatedd testicular relapse. Every three months a CSF sample was examined during the first 
twoo years after initial diagnosis, followed by every six months during the subsequent two 
yearss (total of 60 CSF samples of 5 patients). In none of these specimens did PCR analysis, 
immunophenotypingg or morphological examination reveal any leukemic cells, also at the 
momentt of BM/testicular relapse. In all five relapsed patients, PCR results were positive in 
thee BM at the time of BM relapse. This includes also the BM sample of patient # 8 at the 
momentt of the isolated testicular relapse. 
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DISCUSSION N 

PCR-basedd monitoring of MRD allows detection of small numbers of malignant cells, not 
detectablee with conventional techniques. Previous studies have shown that the response to 
therapyy as measured by the presence of MRD in the BM at the end of induction therapy is 
ann independent predictor of outcome in childhood ALL.35;7:9:11 Since discrimination of 
malignantt cells and normal cells is often hard to make in CSF, the diagnosis of CNS 
involvementt can only be made if an increased cell count in the CSF is noted. In theory, the 
detectionn of leukemic cells by PCR should also be possible in the CSF, in the absence of 
increasedd cell numbers, because the high sensitivity of the PCR allows detection of a single 
leukemicc cell. This may enable earlier diagnosis and treatment of CNS relapse in 
comparisonn with other detection techniques. 

Inn this study, we report on the application of PCR to perform molecular monitoring 
off  MRD in the CSF. Three different groups of patients were compared: (1) five patients 
experiencingg seven CNS relapses, in three cases accompanied by clinical BM relapse, (2) 
fivefive patients developing an isolated BM (n=4) or testis relapse (n=l) without infiltration in 
thee CNS and (3) five patients remaining in continuous complete remission. In four out of 
fourr isolated CNS relapses, the CNS relapse was not accompanied by the presence of PCR-
detectablee residual cells in the bone marrow. These results indicate that PCR analysis of 
CSFF can be used to distinguish between isolated CNS disease and combined CNS/BM 
relapsee in children with B-precursor ALL, which is in agreement with previous 
studies.'14:,16;ll?? Contrasting results were obtained for T-ALL; Neale et a/.115 showed in 
fourr out of six patients the concomitant presence of MRD in BM during CNS relapse. 
Conversely,, all five patients in our series that had relapsed in BM or testis were negative 
forr residual disease in the CSF at the time of relapse as well as in follow-up samples. 
Leukemicc cells were also undetectable by PCR in any of the CSF samples of the five 
patientss remaining in CCR (follow-up >95 months). This absence of false-positive PCR 
resultss in CSF samples of the described patients underlines the specificity of the PCR 
approach.. It indicates that PCR is indeed suitable for analysis of MRD in the CSF. 
PCR-positivee samples were only found in patients that had already experienced a CNS 
relapsee before or in patients that suffered from a CNS relapse later in their disease. PCR-
positivityy preceded a CNS relapse in five of the six episodes in which CSF was tested by 
PCR,, prior to diagnosis of CNS relapse by standard techniques. Cytomorphologic analysis 
wass negative for leukemic blasts in these CSF samples. Also immunophenotyping did not 
influencee the time point at which a relapse was diagnosed by cytomorphological analysis, 
althoughh these results were not available in all patients. In one case (CNS1 in patient #5) no 
CSFF sample prior to diagnosis of relapse was tested. In the only PCR-negative case, the last 
CSFF sample was tested 12 months prior to diagnosis of CNS relapse, whereas in three of 
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thee PCR-positive cases the first PCR-positive CSF sample was only one month prior to 

CNSS relapse (CNS1 in patient #1, CNS1 and BM1 in patient #2, and CNS1 in patient #3). 

Thesee results show that molecular detection of leukemic cells in the CSF detects CNS 

relapsee at an earlier moment than with conventional techniques. As we have shown that in 

thiss small patient group every positive CSF sample at any time inevitably leads to CNS 

relapse,, the question arises whether treatment should be modified on the base of PCR 

analysiss of CSF. Early intensification of CNS treatment may help prevent CNS relapse and 

boostt survival rates. The absence of PCR-detectable leukemic cells in CSF at primary 

diagnosiss suggests that PCR analysis of CSF at diagnosis can not be used to determine an 

increasedd risk for CNS relapse. This is in contrast with the study by Hooijkaas et al, who 

reportedd that all CNS relapses occurred in patients with TdT-positive cells in the CSF at 

diagnosis. . 

Inn three out of five patients (#2, 3 and 5), malignant cells were found for a prolonged 

periodd after starting therapy. All patients were still under chemotherapeutic treatment at 

thesee time points. Moreover, all these patients relapsed several times and did not survive in 

thee end. Probably, the persistent presence of leukemic cells reflects that maintenance 

therapyy causes a smouldering of CNS leukemia. 

AA theoretical drawback of the PCR approach on *CSF samples is the risk of false-

positivee results - due to contamination with blood. This contamination is possible in the 

proceduree of a lumbal puncture and is sometimes even macroscopically seen. Results from 

PCRR of CSF samples from patients without CNS relapse taken at the moment that the BM 

samplee was PCR positive, showed no positivity, which indicates that false-positive results 

causedd by (traumatic) blooded mixture did not occur frequently. Probably, the level of 

contaminationn is too low to result in false-positive results. 

Wee conclude that PCR-based studies provide, in conjunction with morphological 

andd immunocytochemical methods, an accurate diagnosis of CNS leukemias. Although 

floww cytometry is nowadays performed in a routine setting as a reliable method and has 

shownn to be easy and quick to perform, our results demonstrate that monitoring of CSF by 

PCRR gives additional possibilities for early detection of a CNS relapse. Since our results are 

retrospectivelyy obtained from a small group of patients and rigidly blinded prospective 

analysiss was not performed, it is still difficult to incorporate PCR of CSF into clinical 

practice,, based on these results only. The PCR technique is interesting but requires further 

testing.. Hence, PCR of CSF may be a useful adjunctive tool in diagnosis of CNS relapse 

andd may be recommended as an additional detection technique, besides the conventional 

cytologyy and flow cytometry, on which clinical decisions can be made. Since MRD 

analysiss is nowadays routinely performed in BM and peripheral blood, especially since 

recentlyy the simplified real-time quantitative PCR (RQ-PCR) with TaqMan probes40** 75 
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hass become available, detection of malignant cells in CSF samples seems feasible. Most of 

thee laboratory preparations, i.e. development of the patient-specific marker, have already 

beenn performed in each case. Therefore, PCR analysis of CSF can easily be implemented in 

thee diagnostic approach. Subsequently, in a larger prospective clinical study on larger 

numberss of patients, the prognostic value of PCR analysis in comparison with the standard 

detectionn techniques can be evaluated. 
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SUMMARY,, GENERAL DISCUSSION AND FUTURE PERSPECTIVES 

PCR-basedd detection of minimal residual disease (MRD) in children with acute 

lymphoblasticc leukemia (ALL ) at different time-points during follow-up provides 

informationn on the effectiveness of treatment. Our aim was to study whether patients with 

highh or low risk for relapse can be recognized early. The ultimate goal is to stratify 

treatment,, using PCR-based MRD detection. Therefore, we focused on four questions: Is it 

possiblee to quantify MRD in children with ALL and can this add to therapy-stratification 

andd outcome of patients? What is the preferable technical approach? Which time-point(s) is 

(are)) the most informative? And finally, how can MRD detection be implemented into 

routinee patient care? The work presented in this thesis provides support for clinical 

applicationn of PCR-based MRD. Secondly, information on the early changes of leukemic 

cellss and the responsiveness on treatment is provided. 

Summar yy of result s of PCR-based MRD-detectio n in ALL patient s 

Thee junctional regions of rearranged immunoglobin heavy chains (IGH) and T-cell receptor 

(TCR)(TCR) genes can be used as patient-specific PCR targets for the detection of MRD in 

childhoodd ALL , but the major drawback of these targets is their instability. It has been 

demonstratedd that it is very important to select for stable monoclonal targets in case of 

oligoclonalityy in patients with B-precursor ALL . Studies from Steenbergen47 and Green59 

havee already focused on the mechanisms of oligoclonality and the questions whether 

oligoclonalityy can hamper MRD detection later in the disease. Ongoing rearrangements of 

immunoglobinn (Ig) and TCR genes can result in subclone formation. The ALL cells at 

relapsee can contain antigen receptor rearrangement(s) differing from the rearrangements 

foundd in the major clone(s) at diagnosis. We investigated whether oligoclonality also 

hamperss MRD detection in the beginning of the disease. By determining precisely the 

relativee frequency of the various oligoclonal Ig gene rearrangements at diagnosis and at the 

endd of induction therapy, we were able to calculate the reduction factor of each Ig 

rearrangementt in response to induction therapy. We noted that the various subclones at 

diagnosiss were strongly differing in their response to therapy (chapter 2). Moreover, in the 

twoo relapsing patients, the clones detected at relapse, showed the slowest regression during 

initiall  treatment or even became detectable for the first time during induction therapy. 

Alsoo in seemingly monoclonal patients, subclones that are less responsive to therapy 

mayy be present at diagnosis. It is possible that relapsing patients, who are monoclonal at 

diagnosis,, have resistant subclones already at initial diagnosis in which ongoing Ig and/or 
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TCRTCR rearrangements have occurred. These findings have major implications for 

identificationn of targets at diagnosis and detection of MRD in the first weeks of treatment 

becausee different PCR targets must be applied in each patient to minimize the risk that 

thesee small subclones are missed during PCR follow-up. 

PatientsPatients at risk of relapse are clinically identified as patients with high white blood 

celll  count (> 50.109cells/l), specific karyotype [t(4;ll) ; t(9;22)], age (<1 and > 10 years), 

mediastinall  enlargement and immunophenotype (T-lineage ALL) . Several clinical studies 

havee shown that chromosomal aberrations in ALL can be used for risk-group classification. 

Forr instance, the t(9;22) and t(4;l 1) aberrations are associated with poor prognosis whereas 

thee t(12;21) is associated with good prognosis. The t(12;21)(pl3;q23) translocation 

involvess the fusion between the TEL and AML1 gene, resulting in a TEL-AMLI fusion gene 

transcript.. We focused on the TEL-AML1 fusion gene as this translocation is present in 25% 

off  children with B-precursor ALL . Initially, reports even stated that patients with this 

translocationn had such a good outcome that it might be questioned whether MRD detection 

wass needed as an additional prognostic factor in this subgroup of ALL patients.3234;63:"9 

Nevertheless,, the presence of TEL-AMLI in several relapsing patients,65;70:7I;120urged to re-

evaluatee this aspect. Studying the reduction of MRD by PCR analysis in relapsed TEL-

AMLIAMLI-positive-positive patients, our results show that MRD level at the end of induction has a 

higherr impact as compared to the presence of TEL-AMLI (chapter 3). Therefore, analysis of 

MRDD is still important in these patients. In this context, RT-PCR analysis of TEL-AMLI 

fusionn transcript might be a simpler and less laborious alternative approach for the genomic 

RQ-PCRR on antigen receptor gene rearrangements. However, it was unknown how stable 

thee mRNA is and whether the number of transcripts per leukemic cell remains constant 

duringg follow-up. Hence, by comparison of TEL-AMLI RQ-PCR versus Ig/TCR RQ-PCR, 

itt was shown that both targets have the same level of MRD in the TEL-AML1 -positive ALL 

patientss (chapter 4). Consequently, one can assume that within a patient no major variation 

occurss in the number of fusion gene transcripts per leukemic cell at different disease stages. 

Thiss finding suggests that the Ig/TCR RQ-PCR can be replaced by the TEL-AMLI RQ-

PCR.. This wil l have major consequences for MRD analysis by PCR, as this target is 

availablee for a large number (25%) of patients and is easier to use in MRD analysis than 

antigenn receptor gene PCR. 

Ourr study on kinetics of reduction of MRD by PCR already at two weeks after start 

off  induction therapy demonstrates that this early time-point, in addition to results at later 

time-points,, has important consequences for outcome and may be highly informative. We 

weree able to perform an accurate quantification by RQ-PCR and our results indicate that it 

mightt even be possible to make a clinical decision upon this single time-point at day 15 

(chapterr 5). With this information, it wil l be possible to start modification, either 
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intensification-- or decreasing of therapy, early during the course of the disease. Therefore, 
itt has to be investigated in prospective studies whether indeed a clear cut-off level will be 
found. . 

Thee clinical response of leukemic cells to chemotherapy can be predicted in vivo by 
measuringg kinetics of MRD and in vitro by drug sensitivity assays. Both the PCR 
technique3;4;7;377 and the MTT assay20^121 have individually shown their significant value to 
predictt outcome and might be used to modify treatment. To see whether both techniques 
identifyy the same group of patients and measure the same relative therapy resistance, we 
analyzedd 20 patients using the MTT assay as well as PCR-based MRD detection (Chapter 
6).. There was no significant correlation between the MTT-assay and the level of MRD at 
thee end of induction therapy. However, for prednisolone resistance, a trend was seen for 
correlationn between the MTT assay and MRD detection. This is in concordance with 
previouss studies, where a poor in vivo clinical response to initial prednisolone monotherapy 
wass shown to be associated with poor prognosis.98'122'123 Therefore, we hypothesize that this 
correlationn reflects the strong influence of prednisolone on the initial treatment response, 
whichh can be used to determine the risk for relapse.123'124 Because both the MTT-assay and 
MRDD detection have been shown to predict relapse-risk in patients and because our results 
suggestt that both assays might recognize different groups of patients, we expect that a 
combinationn of both tests may give a better correlation with disease outcome. For example, 
aa patient with intermediate MRD level and a resistant pattern in the MTT test, might be 
stratifiedd as high risk. Vice versa, a patient with intermediate MRD level and a sensitive 
patternn in the MTT test, might be stratified as low risk. As our study was only a technical 
comparisonn of both assays and not a study of the prognostic significance of both tests, we 
cann not make any conclusions on the correlation between both tests and outcome. A larger 
prospectivee study, in which both techniques are performed and evaluated with regard to 
outcome,, is warranted to analyze the profit of the combination of both MRD and MTT. 

Finally,, we studied the occurrence and early diagnosis of a central nervous system 
(CNS)) relapse in ALL patients. Diagnostics of CNS relapse are normally performed by 
cytomorphologyy and flow cytometry.103'105'110 Few studies reported about detection of MRD 
inn the cerebrospinal fluid (CSF) by PCR.111:112 Application of PCR on CSF samples from 
patientss with or without CNS involvement, did show that PCR is a specific and sensitive 
methodd for early detection of leukemic cells in the CSF as compared with the conventional 
detectionn techniques (chapter 7). As data were obtained from a small group, this study may 
servee as a basis for a more extended study to test if it is worthwhile to perform PCR-based 
MRDD analysis in CSF in a routine setting. Considering the advantages of routinely used 
RQ-PCRR for MRD detection in the bone marrow, it seems feasible to implement PCR-
basedd MRD detection of CSF for diagnostic purposes. Nevertheless, it should also be 
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consideredd whether these results will have clinical relevance and earlier start of therapy will 
indeedd lead to better outcome. 

Pathogenesi ss  and biolog y of childhoo d ALL 

Itt is still not clear what the etiology of leukemia is. Key issues are the time frame of ALL 
developmentt and whether the consistent molecular abnormalities observed, are the product 
off  primary or secondary etiologic events. The cause of childhood acute lymphoblastic 
leukemiaa lies probably in a sequential combination of (prenatal and postnatal) events. 
Molecularr insights into childhood leukemia have provided an opportunity to investigate the 
biologyy of the disease more clearly. In particular, the consistent stable chromosomal 
abnormalitiess and unique antigen receptor gene rearrangements provide clonotypic markers 
forr tracking the leukemic cells. 

Givenn the young age of most children who have ALL and the latency expected for 
clonall  evolution of cancer, it was postulated that the disease originates - at least in some 
patientss - in utero. This was first demonstrated by sequence analysis of junctional regions 
off  antigen receptor gene rearrangements. N-nucleotides are frequently missing at the D-JH 

junctionall  region in childhood B-precursor ALL with disease onset below the age of three 
years.1255 The enzyme responsible for the addition of N-nucleotides, terminal 
deoxynucleotidyll  transferase (TdT), is developmentally regulated and in humans not 
expressedd until the second trimester of fetal development. Therefore, it is suggested that 
presencee of rearrangements with absent N regions in some patients, are suspect for 
leukemiaa generated from early fetal life.126'127 Secondly, the group of Greaves 85;128 showed 
thee presence of the TEL-AMU fusion gene transcript in the blood-spot taken within five 
dayss after birth, from patients who later on developed leukemia. This is direct evidence that 
thiss disease can originate in utero. Thirdly, their molecular studies of identical twins with 
concordantt ALL suggest a prenatal origin for acute lymphoblastic leukemia. Molecular 
analysiss of genotypic fusion sequences by PCR in two twin-pairs with either the MLL-AF4-
orr the TEL-AMU fusion transcript, revealed in each pair of twins the same unique 
clonotypicc breakpoint Most of these studies focus on the presence of gene fusion 
transcriptss and in a minority of cases rearrangements of the Ig or TCR gene were studied. A 
recentt Japanese study 129 described the presence of leukemic Ig and TCR rearrangements in 
thee neonatal blood spots of infants and children with B-precursor ALL. The same 
clonotypicc Ig or TCR sequences were detected in the bloodspots of both infant ALL and in 
twoo out of five cALL patients. 

Thee question remains whether the oncogenic transformation occurs at this early 
stage,, or later on by postnatal secondary and complementary mutations. Retrospective 
analysiss of one twin with clonotypic TEL-AML1 primers, showed that the presumptive 
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preleukemicc clone was present in this twin already years before clinical diagnosis. This 

demonstratess that the latency of ALL can be variable and protracted. The modest level of 

leukemiaa concordance in cALL (estimated 5% in monozygotic twins) suggests that fetal 

gene-fusionn is insufficient for clinical development of cALL and that some additional 

geneticc event(s) or exposure are required postnatally to promote evolution of the fetal pre-

leukemicc clone to frank malignancy.130 Considering the genotypic fusion sequences that 

weree tracked back in utero, the initial mutation takes place in a B-progenitor cell and causes 

thee persistence of a preleukemic cell clone. Over time, preleukemic cells might acquire 

additionall  genetic alterations, which eventually can lead to clinically overt leukemia. 

Butt probably there is also another group of patients whose leukemia developed after 

birth,, and in some cases just before the occurrence of clinical leukemia. We have not been 

ablee to perform these studies, although we examined preleukemic bone marrow cells of 

fourr patients who were diagnosed with cALL 6 months after diagnosis of unexplained 

aplasticc anemia. In all four patients (aged from 8 months to 4 years) no leukemic-specific 

antigenn receptor gene rearrangements could be found in the BM samples, taken 2 to 6 

monthss before morphologic diagnosis. There are two possible explanations for these 

findings.. Firstly, in these children ALL may have been initiated very shortly before clinical 

diagnosis.. Secondly, the leukemia was initiated earlier but the sensitivity of the PCR was 

inadequate,, with too few preleukemic cells in the bone marrow at the early time point. Not 

manyy studies with PCR analysis have been described on this subject. Knuist et al.131 

performedd immunological marker analysis in the hypoplastic BM of four children at 18 to 

688 days before diagnosis of ALL and suspected ALL based on these immunological data. 

InIn 1996, Steenbergen proposed in his thesis two possible pathways for the 

pathogenesiss of relapse in children with ALL. 132 After diagnosis, therapy may eradicate all 

leukemicc cells and cure the patient, whereas new additional mutations may result in a 

therapyy resistant clone. Also, it is possible that one of the clones present at diagnosis, is 

persistingg during treatment, resulting in a renewed malignant dedifferentiation later in the 

disease.. The findings of this thesis are more in favour of the latter. Quantification of MRD 

hass given the opportunity to get more information about the kinetics of the subclones in 

earlyy disease. We demonstrated that, at least in oligoclonal ALL , the relapse-causing 

subcloness already show a different biological behaviour at the very beginning of the disease 

andd that there is no selection during therapy due to ongoing genetic events (chapter 2). This 

mayy imply that one or more subclones exist that are hardly responsive to the treatment 

used.. This is also illustrated by the observation that two rearrangements, present in the 

relapsee sample, were not detectable at initial diagnosis but were detectable at the end of 

inductionn therapy. Presumably these rearrangements, present in a small leukemic subclone, 

weree below the detection limit at diagnosis. This observation adds to our hypothesis that the 
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increasedd risk of relapse in patients with slow regression of MRD during induction 

therapy3'4;5;9;56;577 may be caused by therapy-resistant leukemic cells already present at 

diagnosis.. It is very well possible that this specific group of patients cannot be treated by 

thee current treatment and need to be treated in alternative ways. 

Clinica ll  relevanc e of MRD and Futur e Perspective s 

Althoughh it is tempting to try to understand the biologic mechanism behind the leukemic 

process,, our main aim was to identify the patient at high/low risk of relapse and to define 

thee criteria for good clinical management. The main improvement in MRD studies over the 

lastt few years, is the fact that quantification of MRD enables stratification of patients more 

accuratelyy and therefore gives opportunities to adapt treatment to these results. It has 

becomee clear that not the presence of residual disease alone, but the level of MRD is the 

mostt informative. Also the findings of this thesis underscore the importance of 

quantification. . 

WhatWhat will  be the preferable approach for MRD detection? Both immunological and 

molecularr techniques have been used to measure MRD. Both approaches have their 

advantagess and disadvantages. Flow cytometric detection MRD in acute leukemia's mainly 

reliess on the identification of minor cell populations that can be discriminated from normal 

(precursor)) cells on the basis of immunophenotypic aberrances observed at 

diagnosis.27;28;113;1333 A minimal sensitivity of 103 can be reached and it is expected that new 

developmentss with four and five-colour cytometry may increase sensitivity to 10"4.27 Flow 

cytometryy is easier to perform, is better suited for quantitative measurements and wil l give 

resultss within a shorter time-span than the PCR analysis, although there are false-negative 

results,, due to phenotypic changes and the interpretation is more difficult. The PCR is more 

sensitivee (105) and both antigen receptor gene rearrangements and chromosomal 

aberrationss can be used as targets. However, specific chromosomal aberrations are only 

presentt in a small number of patients31 and clonal evolution may also give false-negative 

results.35;599 Also, characterisation of antigen receptor gene rearrangement and development 

off  suitable primers may take some time. As the independent prognostic value of MRD is 

clear,, it has to be decided which technique will preferably be used in the near future. 

Technicall  progress may allow the study of all patients with one single metiiod, but it was 

proposedd by several groups (DCLSG, St Jude's Children's Research Hospital) to use the 

PCRR results in tandem with results from flow cytometry.29 The use of two entirely 

independentt features of leukemic cells to monitor MRD should minimize the chance of 

false-negativee results. Moreover, it wil l be possible to study almost all patients with one or 

twoo methods, since only in a few cases neither of the techniques can be used. Also, it wil l 
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bee dependent on the experience of each centree which technique will be used. Our study has 
focusedd on the quantification of MRD by PCR and therefore our conclusions fit better in 
thiss context. With the RQ-PCR analysis of MRD, new possibilities arise to perform an 
accuratee and efficient quantification of MRD on a routine basis. In contrast with the very 
laboriouss and time-consuming technique of limiting dilution, this method is fast and we did 
showw that this technique gives reproducible results.40 It has been demonstrated that it is 
possiblee to use germline primer and probe combinations, homologous to the leukemia-
specificc rearrangement.42 This will reduce costs of MRD analysis by RQ-PCR. Both our 
resultss and the possibility of using TEL-AML1 transcript for quantification in TEL-AML1-
positivee patients will facilitate application of the PCR-based detection of MRD. 

WhichWhich time-point is the most informative? Information about the kinetics of tumor 
loadd reduction has allowed the recognition of three MRD-based risk groups with significant 
differencess in relapse rate. Van Dongen et al.7 showed that the combined measurement of 
MRDD at the end of induction and at the start of consolidation therapy is of prognostic 
significance.. A high degree of MRD (10'2) at the end of induction therapy was associated 
withh a thirty-fold higher relapse rate in comparison with a low degree of MRD (10"4). These 
findingss were obtained with a semi-quantitative PCR method. In our study of patients 
(chapterr 5) using real-time quantitative PCR (RQ-PCR), we were able to show that 
quantitativee MRD results at day 15 are highly informative. Therefore, it might be possible 
too discriminate between good- and poor-risk patients by precise quantification of the MRD 
levell  at this early time-point and at the end of induction. With the quantitative RQ-PCR, it 
iss possible to differentiate between patients with relatively high tumor loads, and our results 
showw that this accurate quantification is necessary for the identification for patients at high 
riskrisk for relapse. Our preliminary results even suggest that it is possible to discriminate 
patientss upon MRD results of day 15 alone. Quantitative PCR analysis will be most 
interestingg for the intermediate group with MRD levels at the end of induction from 10'2 to 
10"4.. Possibly, accurate quantification will result in a better recognition of patients with 
sloww regression within this group. Compared to the high-risk group the percentage of 
failuress is relatively low, but the sizeable medium risk-group accounts for the largest 
numberr of unpredictable relapses. Stratification and change of treatment in the children 
whoo are likely to relapse, may have the largest consequences for improvement of survival. 
Yet,, it is not known whether treatment stratification or whether early change of treatment 
willl  lead to higher survival. 

ImplementationImplementation into routine clinical care? MRD quantification can be used for two 
approaches.. On the one hand, detection of MRD early during treatment to measure the 
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responsee on therapy and on the other hand MRD detection at relevant time points during 
follow-upp to detect a molecular relapse before clinical relapse presents. 

Earlyy during treatment MRD quantification can be helpful for identification of four 
differentt patient groups. First it can be used for further intensification of treatment for 
patientss already recognized at diagnosis as high risk, in order to improve survival. 
However,, effective therapy (including BMT) is still lacking for some patients. It is a matter 
off  debate whether intensification of treatment will improve survival, as results with the 
presentt world-wide used treatment protocols are already very promising for childhood 
ALL .. After many years of clear improvement of survival, due to better treatment protocols, 
thee last ten years a plateau is seen in survival curves.99 This may imply that a further 
improvementt of prognosis can only be achieved by a more individualized, tailor-made 
treatmentt for the patients that are included in the high-risk group, based on results of MRD 
detection.. But it is also possible that the leukemia in some patients is drug-resistant and that 
theyy can not be saved by earlier intensification of treatment or that novel treatment methods 
aree indicated. This is best illustrated in our oligoclonal patients (chapter 2), since we 
showedd that therapy resistant subclones were already present at diagnosis or emerged very 
shortlyy thereafter. In this latter scenario, quantification of MRD can only help to select a 
groupp of patient that needs alternative treatment. 

Thee second group of patients are the patients that are identified as high-risk at 
diagnosis,, based on the current prognostic factors, but who have low-risk MRD levels at the 
endd of induction. It is the question whether in these patients the initially started high-risk 
treatmentt should be continued or whether it is safe to reduce treatment to a low-risk 
treatment. . 

AA third group of patients is the group that is wrongly identified and treated as non-
highh risk. These patients are, based upon the currently used prognostic factors identified as 
non-highh risk but belong, according to MRD level, to the intermediate- or high-risk group. 
Inn the future, therapy stratification for these patients can lead to a more intensive treatment 
andd hopefully a better prognosis. 

Finally,, another consequence of MRD detection will be that therapy-stratification 
mightt result in less treatment in those patients presumed to have a very good outcome. This 
groupp of low-risk patients may be overtreated and suffers from unnecessary late side effects 
off  treatment Treatment can be changed in two ways. Firstly, therapy can be given in a 
shorterr period, i.e. 18 months instead of 24 months, for those children that have low MRD 
levelss in the early treatment stage and that are staying in continuous complete remission 
duringg treatment. Secondly, it is possible to give a less intensive treatment by changing the 
dosagee and frequency of certain drugs. In this, it will be interesting to find out in clinical 
studiess whether it is safe to reduce the intensity of the most toxic agents. Simplified 
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protocols,, applied in developing countries, already showed that it might be possible to give 

shorterr and less intensive treatment. Also in the past in the Netherlands a considerable 

numberr of the children with ALL survived with less intensive treatment protocols.'6;134;I35 

Butt it is understandable that clinicians have reasonable doubt to change a successful 

treatmentt protocol. 

Thee detection of MRD during long-term follow-up is a second possible application. 

Initiall  studies3;8;43 studied MRD in childhood ALL during follow-up and showed that 

reoccurrencee of MRD after PCR negativity in the course of the disease was always 

followedd by overt relapse. However, so far no clinical studies have been started in which 

reinductionn therapy is initiated guided by PCR results. Although the effectiveness of 

therapyy might be increased by starting therapy at lower levels of tumorload, much 

scepticismm still exists among clinicians to start therapy in children who are seemingly 

healthy.. Thus examination of follow-up bone marrow samples is not a major aim anymore. 

Futuree studies will have to focus on the implementation of MRD detection into 

routinee diagnostics using validated uniform criteria. MRD cut-off levels and the risk-group 

differentiation,, as proposed in the study by van Dongen et al.,7 have to be assessed for each 

treatmentt protocol. It is important to perform MRD studies on the currently used protocols 

too identify the cut-off levels that make a reasonable differentiation of risk-groups. For the 

Netherlands,, this study is now ongoing in a collaboration between Rotterdam, Amsterdam 

andd the DCLSG. 

Att initial diagnosis a first rough division between low- and high-risk patients can be 

madee upon strong risk factors like prednisolone response, age, WBC and the presence of 

certainn translocations. In this early phase of treatment also be a for the MTT-assay as 

resultss are available within 4 days post diagnosis. Within a few weeks after diagnosis, the 

initiall  risk-group classification can be refined to a final risk-group stratification by results 

off  kinetics of MRD. It is interesting to speculate which decision has to be made, if a patient 

hass conflicting risk factors, i.e. high leucocyte count with low levels of MRD. We believe 

thatt the MRD level is the strongest predictor of outcome, as it gives information on the 

kineticss of the disease. 

Itt will be necessary to focus on understanding the pathogenesis of ALL better in 

orderr to develop innovative therapeutic approaches. Whereas in vitro drug-resistance assays 

mayy not be additionally helpful in identifying all patients at low/high risk, these assays are 

interestingg to study drug resistance mechanisms and ways to circumvent them. Ultimately, 

neww treatment strategies probably need to target specific genetic lesions to improve 

outcomee for all children with ALL . To this end, developments with cDNA-micro array and 

SAGEE are of interest. 
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Inn conclusion, our study has contributed to PCR-based MRD detection and has 

shownn possibilities to apply this approach in routine diagnostics. It also illustrates pitfalls of 

MRDD detection by PCR. The main improvement of the last years is the accurate 

quantificationn of MRD. This will contribute to a better division into risk groups. What we 

doo require is a consensus as to the most efficient and cost-effective way of defining slow 

responsee and/or persistent residual disease, and when we should adjust therapy in response 

too such disease persistence. Prior aim in all wil l be a better individualized risk-adapted 

treatmentt and early recognition of eventual relapse, finally leading to cure of all children 

withoutt unnecessary late-effects. 
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NEDERLANDSEE SAMENVATTING 

Acutee Lymfatische Leukemie (ALL) is de meest voorkomende vorm van kanker op de 

kinderleeftijd.. Ondanks verhoging van de overlevingskansen dankzij verbetering van 

therapiee in de laatste decennia, komt de ziekte bij 20-30% van de kinderen terug. Dit heet 

eenn recidief. Behandeling voor ALL gebeurt in Nederland volgens de protocollen van de 

Stichtingg Nederlandse Werkgroep Leukemie bij Kinderen (SNWLK). Therapie bestaat uit 

vierr fasen van behandeling gedurende twee jaar. De eerste fase wordt de inductie therapie 

genoemdd en deze behandeling is gericht op het verdwijnen van de leukemie. Tot op heden 

wordenn biologische en klinische markers gebruikt om in te schatten of een kind een hogere 

off  lagere kans heeft op een recidief. De belangrijkste zijn leeftijd, geslacht, het aantal witte 

bloedcellenn bij diagnose, immunophenotypering en de aanwezigheid van specifieke 

chromosomalee afwijkingen. 

Viaa morfologisch onderzoek van beenmergcellen met behulp van de microscoop 

wordtt bepaald hoe de patiënt op de therapie reageert. Bij sommige patiënten bij wie na een 

behandelingg wegens ALL de leukemiecellen in het beenmerg niet meer microscopisch 

aantoonbaarr zijn, komt de ziekte toch terug. Kleine aantallen leukemiecellen, die ondanks 

behandelingg toch nog achterblijven in het beenmerg, konden tot voor kort niet worden 

aangetoond.. Het is inmiddels mogelijk om met gevoeligere methoden kleine aantallen 

leukemiecellen,, zogenaamde "minimal residual disease" (MRD) op te sporen. 

Ditt kan met behulp van de polymerase kettingreactie (PCR), waarbij gebruik wordt 

gemaaktt van de unieke patiënt-specifieke eigenschappen in het DNA van de leukemie-

cellen.. DNA is opgebouwd uit een aantal kleine bouwstenen, zogenaamde oligonuleotiden. 

Dezee oligonucleotiden liggen gegroepeerd in een volgorde die uniek is voor elke patiënt en 

zijnn leukemie. Van deze unieke volgorde wordt gebruik gemaakt om een soort 

"vingerafdruk""  van de patiënt te ontwikkelen die gebaseerd is op deze volgorde. Deze 

"marker""  stelt ons in staat om het ziekteverloop en verdwijnen van de leukemie voor elke 

patiëntt te vervolgen. Deze techniek is veel gevoeliger dan de huidige microscopische 

detectietechniekenn (100 tot 1000 keer meer). In diverse grote studies is een voorspellende 

waardee van MRD voor de prognose van de ziekte in de patiënt bewezen. Het is gebleken uit 

eerderr onderzoek dat de aanwezigheid van MRD aan het eind van de inductietherapie (dit is 

ruimm vier weken na de start van de therapie) een voorspellende waarde kan hebben voor het 

all  dan niet optreden van een recidief. Tevens is niet alleen het aantonen van de 

aanwezigheidd van MRD belangrijk, maar ook de mate van MRD, dus het aantal 

leukemiecellen.. Daarom moet de hoeveelheid MRD ook gequantificeerd worden. 

Quantificeringg is mogelijk met een quantitatieve PCR methode, de RQ-PCR. 
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OpOp basis van MRD gegevens is het mogelijk om twee groepen patiënten te 

onderscheiden:: enerzijds patiënten die een hogere kans op een recidief hebben; anderzijds 

iss er een groep patiënten met gunstige prognose die momenteel adequaat en misschien zelfs 

overbehandeldd wordt. Na identificatie van beide groepen patiënten is het in de toekomst 

mogelijkk om de therapie aan te passen aan de individuele patiënt op basis van zijn/haar 

MRDD gegevens. De patiënten met een slechte prognose kunnen dan intensiever behandeld 

worden.. De therapie van patiënten met een goede prognose zou eventueel verminderd of 

korterr gegeven kunnen worden. Dit is met name belangrijk omdat het steeds duidelijker 

wordtt dat de huidige therapie op termijn complicaties kan geven. 

Ditt proefschrift is een studie naar de juiste wijze en het tijdstip van quantificeren van 

MRD,, naar welke markers (en op welk tijdstip) het beste gebruikt kunnen worden en welke 

problemenn er op het pad van de MRD detectie met behulp van PCR kunnen liggen. Ten 

slottee wordt beschreven hoe het uiteindelijk mogelijk is om deze PCR technieken te 

implementerenn in de huidige diagnostiek en op welke basis risico-indeling van patiënten 

plaatss kan vinden. 

Klonal ee evoluti e 

Bijj  30 tot 40% van de ALL-patiënten is er niet alleen sprake van één enkele leukemische 

kloon,, maar ontwikkelen zich gedurende de ziekte verschillende subklonen. Het is 

onduidelijkk welke bijdrage elke subkloon heeft in de pathogenese van de leukemie, maar in 

iederr geval lijk t het erop dat patiënten met meerdere subklonen een slechtere prognose 

hebben.. Patiënten met meer dan één subkloon bij diagnose worden oligoclonale patiënten 

genoemd.. Patiënten die over één kloon beschikken worden monoclonale patiënten 

genoemd.. Gedurende de ontwikkeling van de leukemie kunnen zich kleine veranderingen 

voordoenn in reeds bestaande klonen. Dit fenomeen heet "klonale evolutie". Hierdoor 

verandertt de DNA volgorde in de leukemiecellen van de patiënt en is als zodanig niet goed 

tee vervolgen is met de oorspronkelijk ontworpen markers. 

Inn hoofdstuk 2 werd onderzocht in hoeverre dit gebeuren een invloed kan hebben op 

hethet adequaat vervolgen van MRD. Er is bestudeerd hoe noodzakelijk het is om meerdere 

MRDD markers, die diverse subklonen identificeren, per patiënt te gebruiken om MRD 

betrouwbaarr te vervolgen tijdens therapie. Drie oligoclonale patiënten werden geselecteerd 

enn vergeleken met één monoclonale patiënt. Door het vervolgen van de afname van elke 

subkloonn in reactie op de therapie, gebruikmakend van een voor elke subkloon specifieke 

markerr was het mogelijk een indruk te verkrijgen over de reactie van de leukemische cellen 

opp therapie. Hiermee werd aangetoond dat de verschillende subklonen sterk in 

verschillendee mate op de therapie reageerden. De ene subkloon nam langzamer afin grootte 

inn vergelijking met de andere. Bovendien bleken de subklonen die teruggevonden werden 

101 1 



ChapterChapter 9 

bijj  recidief, de traagste afname in grootte te vertonen, terwijl de subklonen die snel in 
omvangg afnamen, niet meer aantoonbaar waren in het recidief. Deze resultaten tonen aan 
datt - tenminste bij deze oligoclonale patiënten - de in het recidief gevonden subklonen 
waarschijnlijkk al in het begin van de ziekte een ander biologisch gedrag vertoonden, en 
zodoendee toen al potentieel resistenter voor de gegeven therapie waren. Tevens wordt er 
aanbevolenn om bij analyse van MRD altijd minimaal twee markers te vervolgen. 

TEL-AML1-translocati ee en MRD in patiënte n met B-precurso r ALL 

Afwijkingenn in de chromosomen kunnen een belangrijke rol spelen in het ontstaan van 
ALL .. Net zoals de specifieke volgorde van oligonucleotiden binnen het DNA van de 
leukemiecellen,, kunnen er ook nieuwe verbindingen plaatsvinden tussen de verschillende 
chromosomen.. Dergelijke nieuwe verbindingen worden translocaties genoemd. Terwijl de 
meestee translocaties in lage aantallen voorkomen, is de "TELAMLÏ- translocatie" 
beschrevenn als de meest voorkomende genetische afwijking bij ALL. Zij wordt gevonden 
bijj  25% van een bepaalde groep kinderleukemieën (B-precursor ALL), de groep patiënten 
diee in dit proefschrift met name bestudeerd zijn. Kinderen die deze translocatie hebben 
zoudenn een goede prognose hebben. Ook deze translocatie is met behulp van specifieke 
markerss in een PCR-reactie aantoonbaar en kan zodoende in 25% van de leukemie-
patiëntenn gebruikt worden voor MRD bepaling. 

Inn hoofdstuk 3 worden de resultaten beschreven van 90 kinderen met ALL, die 
getestt werden op de aanwezigheid van deze translocatie met behulp van deze specifieke 
markers.. De TEL-AML1 translocatie kwam vaker voor in de patiëntengroep die geen 
recidieff  kreeg (24%) in vergelijking met de gerecidiveerde groep (11%), maar dit verschil 
wass niet significant. Wellicht was onze patiëntengroep te klein om het verschil significant 
aann te tonen. In deze studie waren er geen significante verschillen in de klinische 
eigenschappenn van de patiënten met goede prognose en de gerecidiveerde patiënten. Als 
enigee verschil werd aangetoond dat de gerecidiveerde patiënten een significant hoger aantal 
leukemiecellenn in hun bloed bij diagnose hadden in vergelijking met de patiënten met 
gunstigee prognose. 

Aangezienn de TEL-^MZJ-translocatie is beschreven als een gunstige prognostische 
factor,, is er geopperd dat patiënten met deze translocatie direct onderscheiden kunnen 
wordenn als een groep patiënten met gunstige prognose, zonder nog MRD te onderzoeken. 
Helaass bleken ook een aantal patiënten met een 7EZ,-^MZ,/-translocatie een recidief te 
ontwikkelen.. Zo rees de vraag of het bepalen van MRD niet veel betrouwbaarder was als 
prognostischee factor. Daarom werd in deze groep patiënten ook naar MRD gekeken, met 
gebruikk van de specifieke markers gericht op de unieke DNA volgorde in de leukemiecel, 
alss eerder beschreven. Het blijkt dat MRD bepaling ook bij 7ïZ-^A/Z,7-positieve patiënten 
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vann waarde is. Immers: bij alle patiënten met goede prognose die tevens TEL-AML 1-
positieff  waren, was de MRD aan het eind van inductietherapie gereduceerd tot zeer lage 
waarden,, terwijl de gerecidiveerde patiënten aan het eind van de inductietherapie nog steeds 
aantoonbaree MRD hadden. Dit betekent dat de TEL-AML1 -translocatie niet als gunstige 
prognostischee marker alleen beschouwd mag worden, maar dat de bepaling en 
quantifïceringg van MRD een veel nauwkeuriger uitspraak over de prognose van de patiënt 
kann doen en als zodanig onmisbaar is. 

Inn hoofdstuk 4 is getracht de twee verschillende markers voor de leukemie, namelijk 
dee marker die zich richt op de unieke volgorde van oligonucleotiden in de leukemiecel en 
dee marker die de TEL-AML 1-translocatie identificeert, met elkaar te vergelijken in een 
quantitatievee PCR analyse. Dit om te zien welke marker bij voorkeur gebruikt kan worden 
bijj  de groep patiënten die de TEL-̂ A/Zy-translocatie bezitten. Met behulp van quantitatieve 
PCRR analyse (RQ-PCR) voor beide markers werd de mate van MRD bepaald in 36 
beenmergg monsters van 13 patiënten, die verzameld waren op verschillende tijdstippen 
tijdenss de behandeling. Beide PCR-reacties met de twee verschillende markers blijken op 
hetzelfdee tijdstip dezelfde waarde van MRD te geven. Dit biedt nieuwe perspectieven voor 
dee detectie van MRD in TEL-AML1-positieve ALL patiënten. Het betekent namelijk dat de 
7EZ,-AML/-translocatiee in deze groep patiënten te gebruiken is voor de analyse van MRD. 
Hett voordeel is dat de TEL-AML /-translocatie gemakkelijker te gebruiken is omdat deze 
markerss slechts eenmalig ontworpen dienen te worden voor alle TEL-AML 1-positieve 
patiënten.. Voor de ontwikkeling van de unieke markers, gericht op de DNA volgorde in de 
leukemiecell  van de patiënt is er meer tijdsinvestering noodzakelijk. Het gebruik van de 
TEL-AMLTEL-AML 1 -translocatie in TEL-AML 1-positieve patiënten betekent een snellere 
mogelijkheidd om MRD in de leukemie-patiënt te vervolgen en wordt daarom op basis van 
dee uitslagen van deze studie aanbevolen. 

Evaluati ee van MRD in de eerste twee weken van inductie-therapie . 

Recentt is aangetoond dat de vroege tijdspunten in de eerste maanden van de behandeling 
hett belangrijkst zijn voor risico-indeling van patiënten op basis van MRD. Met name de 
tijdstippenn vijf en twaalf weken na start van therapie blijken hiervoor geschikt. Het doel van 
dee studie in hoofdstuk 5 was om te bepalen of quantifïcering van MRD reeds na 15 dagen 
chemotherapiee voldoende informatie biedt om een uitspraak te doen over prognose. In het 
verledenn is dit vroege tijdspunt ook al bestudeerd, maar hiervoor werden de minder 
gevoeligee morfologische technieken gebruikt. 

Beenmergmonsterss van 17 kinderen, afgenomen na twee, vijf en twaalf weken, 
werdenn geanalyseerd met behulp van de quantitatieve PCR. Er werd een significant verschil 
aangetoondd in de MRD van patiënten met goede afloop versus patiënten die later een 
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recidieff  kregen. De MRD daalde sneller bij de patiënten met goede prognose in 

tegenstellingg tot de MRD bij de gerecidiveerde patiënten. Op basis hiervan wordt 

geconcludeerdd dat de MRD analyse met behulp van PCR reeds bij twee weken na start 

therapiee extra informatie met betrekking tot de recidiefkans voor de individuele patiënt kan 

geven.. Indien dit tijdstip naast het tijdstip "eind inductie" toegevoegd wordt aan de MRD 

analyse,, zal het mogelijk zijn om reeds vroeger een uitspraak te doen over prognose van de 

patiëntt op basis van de MRD analyse. 

Vergelijkin gg tusse n de MTT-test en MRD detecti e met behul p van PCR 

Naastt het quantificeren van de leukemiecellen om zodoende inzicht krijgen in de 

verminderingg van deze cellen in respons op therapie, is het ook mogelijk om buiten het 

lichaamm een indruk te krijgen van de therapiegevoeligheid van de tumor. Met behulp van de 

MTTT test (=methyl-thiazol tetrazolium test) worden de leukemiecellen uit het beenmerg in 

hethet laboratorium in kweek gebracht in een kweekvloeistof met drie middelen (cytostatica) 

diee belangrijk zijn in de eerste behandelingsmaand. Na 4 dagen kweken wordt een stof 

toegevoegdd - het zgn MTT - wat door de levende cellen wordt omgezet in kristallen. Met 

behulpp van een spectrofotometer kunnen deze kristallen gemeten worden en deze gemeten 

uitslagg is een waarde voor de gevoeligheid/ongevoeligheid van de leukemiecellen voor een 

bepaaldd cytostaticum. Dit geeft ook een indruk over het al dan niet slagen van de 

behandelingg en kan zo ook bijdragen tot een prognostische inschatting. 

Inn hoofdstuk 6 werd gekeken of de MTT test en de MRD detectie alletwee dezelfde 

groepp patiënten identificeren, of juist gezamenlijk een sterkere waarde zouden kunnen 

hebbenn omdat ze verschillende patiëntengroepen identificeren. Daarom werden beide testen 

opp beenmerg van 20 leukemie patiënten uitgevoerd. Er was geen overeenkomst in de 

resultatenn voor de 16 patiënten die identiek behandeld werden. Wel was er een lichte 

correlatiee tussen de gevoeligheid voor prednison en de hoogte van MRD. Dit is 

verklaarbaarr omdat prednison een belangrijk middel in de inductietherapie is. Deze 

correlatiee werd significant wanneer we de gehele patiëntengroep bestudeerden. Helaas was 

dezee totale patiëntengroep verschillend behandeld hetgeen vergelijking bemoeilijkt. Wel 

wordtt nogmaals benadrukt dat een grotere patiënten groep wellicht een significante 

correlatiee had aangetoond. Het is de bedoeling om dit in de toekomst in een grotere studie 

tee bestuderen. 
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Vroeg ee detecti e van CZS recidie f met behul p van PCR 

Dankzijj  toevoeging van profylactische behandeling aan de standaard therapie om 

neurologischee uitbreiding van de ziekte te voorkomen, is het aantal recidieven in het (CZS) 

flinkk afgenomen. Aangezien vroege vaststelling en behandeling van een CZS recidief 

belangrijkk zijn voor een goede afloop, is het belangrijk om CZS uitbreiding zo vroeg 

mogelijkk te diagnostiseren. Morfologie en flow immunofenotypering zijn de standaard 

techniekenn om een uitbreiding naar het CZS te onderkennen. Diagnostische problemen 

kunnenn optreden als het aantal cellen in de hersenvloeistof (liquor) laag is. Soms zijn de 

malignee cellen niet goed te onderscheiden van de goedaardige cellen qua vorm en uiterlijk. 

Beenmergg en liquor monsters van 15 patiënten, gelijktijdig afgenomen in 

verschillendee fasen van ziekte, werden geanalyseerd om de aanwezigheid van MRD te 

bepalen.. In hoofdstuk 6 werden drie verschillende groepen patiënten werden bestudeerd: 1) 

patiëntenn met een CZS recidief, al dan niet vergezeld van een BM recidief; 2) patiënten met 

alleenn een BM of testis recidief, zonder uitbreiding in het CZS en 3) patiënten in complete 

remissie. . 

Inn de patiënten met CZS recidief werd MRD met behulp van PCR twee tot vier 

wekenn eerder aangetoond dan de uiteindelijke diagnose gesteld op basis van morfologische 

afwijkingenn of klinische symptomen. In vier van de vijf patiënten met een geïsoleerd CZS 

recidieff  was er geen MRD in het beenmerg aantoonbaar, hetgeen benadrukt dat er geen 

sprakee is van een "vals-positieve" uitslag door bloedbijmenging. De vijf overige patiënten 

mett een BM/testis recidief zonder CZS recidief en de vijf CCR patiënten waren alle 

negatieff  voor MRD in de liquor terwijl de BM/testis recidief patiënten op dat moment wel 

aantoonbaree MRD in het BM hadden. Deze data illustreren dat het mogelijk is om een 

toekomstigg CZS recidief vroeg te detecteren met PCR. PCR analyse van de liquor kan een 

waardevollee aanvullende techniek betekenen in de diagnose van een CNS recidief, naast de 

conventionelee diagnostische technieken. Desalniettemin is de tijdswinst gering (4 weken) 

enn blijf t het een kritische vraag of aanpassing op dit iets vroegere tijdstip relevant is voor 

eenn verbetering van de uiteindelijke prognose. 

Uitt de resultaten van onderzoek als beschreven in dit proefschrift kan geconcludeerd 

datt analyse van oligoclonaliteit, de aanwezigheid van bepaalde chromosomale afwijkingen 

enn het vroeger diagnostiseren van een CNS recidief, bij kan dragen tot een vroegere 

herkenningg van patiënten die een hoger risico hebben om te recidiveren. Hierin is 

quantificeringg van MRD met behulp van PCR op gezette tijdstippen erg informatief 

gebleken.. De voorkeur gaat uit naar onderzoek van MRD in de eerste drie 

behandelingsmaanden,, maar uit ons onderzoek is zelfs gebleken dat de eerste twee weken 

zeerr informatief kunnen zijn. In de nabije toekomst zal de aanpassing van therapie op basis 
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vann MRD resultaten gedurende therapie werkelijkheid worden. Aanpassing van therapie op 
basiss van deze resultaten zal hopelijk leiden tot het minder optreden van recidieven in de 
hoge-risicoo patiënten en minder bijwerkingen en minder intensieve therapie voor de 
patiëntenn met laag risico op recidief. In onze discussie wordt ingegaan op de voor- en 
nadelenn van therapie aanpassing en de wijze waarop dit in de verschillende 
patiëntengroepenn zou moeten gebeuren. Het toekomstige protocol ALL-10 van de SNWLK 
zall  deze PCR methode mogelijk gaan gebruiken voor risico-indeling en therapieaanpassing. 
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Eindelijkk is de tijd gekomen om stil te staan bij al die mensen die hebben meegeleefd en 
bijgedragenn aan het voltooien van dit proefschrift. Er zijn de afgelopen jaren zoveel mensen 
nauww betrokken en geïnteresseerd geweest dat ik vast iemand zal vergeten. Laat ik voorop 
stellenn dat ik ieders betrokkenheid zeer gewaardeerd heb en hem/haar hiervoor wil 
bedanken! ! 

Wass het aan het begin nog onduidelijk, aan het eind bleek ik maar liefs twee promotoren te 
hebben:: Prof. P.A. Voute and Prof. A.E.G.Kr. von dem Borne! Albert, helaas hebben we in 
hett tweede deel van mijn onderzoek minder met elkaar te maken gehad maar als je er was, 
bruistee je altijd van de ideeën en was je zeer enthousiast De vond het bijzonder om een 
stukjee van die onuitputtelijke ideeënstroom meegemaakt te hebben. 
Tom,, ik durfde je pas als promotor te vragen toen ik zeker wist dat we de eerste hobbels in 
hett onderzoek gehad hadden en mijn onderzoek tot iets zinnigs ging leiden, maar vanaf dat 
momentt was je altijd een groot motivator. Jouw stimulans en enthousiasme waren zeer 
belangrijkk en hebben zeker bijgedragen aan de vlotte afronding van dit proefschrift. Jammer 
datt we nooit samen gewerkt hebben op de afdeling, maar ik weet zeker dat je nu gaat 
genietenn van een heerlijke vrije tijd met aandacht voor minstens zo belangrijke zaken! 
Tweee promotoren, dus ook twee co-promotoren: Ellen van der Schoot en Henk van den 
Berg.. Ellen, ji j was de grote motor niet alleen achter dit onderzoek maar ook achter vele 
anderee projecten. Des te meer bewonder ik hoe je het klaarspeelt om in ieders onderzoek 
weerr zo betrokken te zijn. Je was wetenschappelijk onmisbaar, altijd scherp bij 
werkbesprekingen,, had veel ideeën over hoe verder en bleef steeds bemoedigend als ik het 
evenn niet zag zitten. Soms was je moeilijk te bereiken, omdat je het al zo vreselijk druk heb 
mett de begeleiding van zo vele mensen en het reilen en zeilen in je gezin....Maar als het 
dann echt moest was je er, ik denk aan het eindeloze geschrijf aan ons oligoclonale stuk en 
hett gevecht met Leukemia! Verder was je op het eind volledig beschikbaar (zelfs bellen op 
zondagavond!)) en hadden we er samen veel lol in om het proefschrift tot een goed einde te 
brengen.. Je humor en gezelligheid, je gevoel voor "normale dingen" (verhalen over de 
kinderen,, vakantie...) tegenover je scherpe geest in het onderzoek, maken het werken met 
jee erg plezierig en ik weet zeker dat ons contact niet zal stoppen bij mijn vertrek uit het 
CLBÜÜ Henk, tegenover de "chaos" op het CLB vormde jij weer een rustpunt. Voor mij heel 
belangrijkk omdat ji j de voor mij zo belangrijke link met de kliniek heel levendig hield. Ook 
keekk je alle stukken altijd binnen enkele dagen na en dat was heerlijk. Ik hoop dat we in het 
AMCC nog onze samenwerking kunnen voorzetten in de toekomst! 
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Heell  veel mensen hebben hun bijdrage geleverd aan een hele gezellige lab-tijd. Maar twee 
warenn toch extra bijzonder voor mijn onderzoek: Onno Verhagen en Rob Dee. 
Onno,, jij was reeds gewend om een dokter met twee linkerhanden in te werken, maar ook 
bijj  mij vatte je je taak zeer serieus op. Het waren lastige uurtjes in het begin, maar dankzij 
jouww degelijke basis heb ik alle proeven tot een goed eind kunnen brengen. Jouw 
toewijdingg en precisie zijn van onschatbare waarde voor dit onderzoek geweest. Het was 
voorr mij niet altijd even gemakkelijk om jouw professionaliteit te evenaren, maar we 
haddenn een goede samenwerking en ik heb jouw inzet zeer gewaardeerd. Rob, was je de 
eerstee jaren veel meer betrokken bij de diagnostiek-kant en mijn vertrouweling voor 
slordigee proefjes en voor de domme vragen (die ik Onno niet durfde te stellen!), in het 
tweedee deel van mijn onderzoek had je de plaats van Onno ingenomen en werkten we naast 
elkaar.. We hadden het vaak erg gezellig, mede door het contact dat we tussentijds hielden 
buitenn het lab om! 

Studentenn Liesbeth, Jessica en Willemijn droegen ieder hun steentje bij en wil ik bedanken 
voorr hun inzet. Willemijn wil ik in het bijzonder noemen. Ondanks dat ik in de kliniek zat 
enn gewaarschuwd had voor tijdgebrek om voor een goede begeleiding te verzorgen, klikte 
hett zo goed dat we uiteindelijk nog heel veel contact met elkaar hebben gehad. Bovendien 
gedroegg je je als een volleerd promovendus, (maakte de invoer van de TaqMan mee!) en 
komtt zodoende de eer van hoofstuk 5 jou volledig toe! Ik hoop dat je je nog eens in het 
onderzoekk stort, zodat ik op een dag ook bij jouw promotie kan staan .... 
Inn het lab heb ik door de versplintering van mijn onderzoek twee perioden met 
verschillendee mensen meegemaakt. De eerste periode werd gekenmerkt door het onwennige 
opgangg komen tussen net startende onderzoekers als Carlijn, Sonja en Claudia temidden 
vann de ervaren rotten Pauline, Brigit en Harry. Harry, je was altijd een prima disgenoot. Het 
deedd me goed om tussen alle ervaren lab-mensen een artsen-medestander te hebben die 
mijnn onhandigheden begreep en we konden ze samen goed weglachen! Onze vriendschap 
wordtt gelukkig nog met regelmatige tussenpauzes culinair opgefrist door gezellige etentjes 
mett Rob, Lizet en Carlijn. Toen ik na twee jaar kliniek terugkwam, dacht ik dat het lab nu 
echtt wel niet meer zo gezellig zou zijn, maar niets was minder waar. Een nieuwe club 
mensenn die zeer actief waren in het organiseren van leuke dingen zorgde ervoor dat ik 
wederomm weer een leuk jaar in het CLB heb doorgebracht. Jaap, Robin, Frank, Maarten, 
Elsbethh en Judy....dank je wel. Frank voor de onmisbare hulp bij statistiek en computer, 
Robin,, Jaap en Maarten altijd in voor een lolletje en de laatste twee dames zorgden voor 
steunn in het hoekje tijdens de laatste etappe ! 

Naastt alle mensen van het research lab, was er veel contact met het diagnostiekteam van de 
immunocytologie:: Tiny, Carla, Jean-Paul, Mariette, Christa....Inmiddels is het vaste 
groepjee qua structuur wat gewijzigd, maar vooral de mensen uit mijn begin periode hebben 
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mee maar wat vaak geholpen met het terugzoeken van het broodnodige materiaal. Zonder 

julli ee inzet en het dagelijkse verwerken van alle patientenmateriaal, had dit onderzoek 

überhauptt nooit gedaan kunnen worden. 

OokOok de hulp van de secretaresses waren onmisbaar: Wanda en Wendy op het CLB, maar 

ookk Ellen Bloeme die de touwtjes op het AMC strak in de hand hield, heel veel dank!! 

Dee contacten met andere groepen onderzoekers houden je fris: speciaal de MRD 

bijeenkomstenn met het Rotterdamse immunologie-team (Prof van Dongen, Marja, Vincent 

inn het bijzonder) en de SNWLK (Elisabeth van Wering) waren leerzaam, stimulerend en 

gezellig!!  Jacques, dank voor je kritische blik en steun op de achtergrond. Zo ook was er de 

samenwerkingg met de mensen van het HOI-lab en de afdeling kinderoncologie van de VU 

(speciaall  Gert-Jan Kaspers en Monique den Boer). Also Geoff Neale, Dario Campana, 

Elainee Coustan-Smith and Prof. Pui, thank you for your support and the possibility to be 

yourr guest in St Jude Children's Hospital in Memphis. 

Tussentijdss vertoefde ik twee jaar in het Emma Kinderziekenhuis AMC en daar waren er 

weerr andere zaken belangrijk. Ook daar en uit het WKZ verleden zijn vele mensen altijd 

belangstellendd voor het onderzoek en al wat daarbij kwam kijken. Dank je wel! 

Eenn paar mensen waarmee een band ontstond door de "gezamelijke onderzoekszorgen" wil 

ikk extra noemen: Lisette, Lieve, Fleur, David, Danielle, Marieke, Eric, Merlijn, Hans, 

Hannekee en Heleen (Wiersma en van Ommen!), heerlijk om af en toe even tegen julli e aan 

tee mogen praten. Jamiu, grootste fan op afstand! Hanneke en Eric hebben ervoor gezorgd 

datdat de onderzoekers binnen de kindergeneeskunde van een klein eilandje tot een grotere 

groepp binnen de kindergeneeskunde is gegroeid en dat maakt onderzoek doen binnen de 

kindergeneeskundee tot een nog leukere bezigheid. Iedereen succes met de nabije afronding! 

Prof.. Bwee-Tien Poll-The, ji j stond aan het begin van alles in het WKZ en bleef me altijd 

enthousiastt volgen. Ontzettend leuk dat je nu ook in het AMC zit! 

Carlijnn Voermans en Lizet van der Kolk, niet voor niets zijn julli e mijn paranymfen. We 

haddenn met zijn drietjes hetzelfde gevoel over het promoveren: aan de ene kant zo leuk, 

maarr aan de andere kant ook zo moeilijk. Carlijn, ji j was er vanaf dag één en met alle ups 

enn downs hebben we nu toch maar alletwee dit jaar samen onze promotie voltooid! We 

hebbenn lief en leed gedeeld. Je was mijn trouwste beller (na Marc!) in Memphis en begreep 

meteenn hoe ik me daar voelde. Dank voor je vriendschap! Lizet, ji j zorgde na Harry voor 

enigg "artsenleven" in de brouwerij en we voelden ons meteen met elkaar verbonden. De 

driee dagen dat ji j op het CLB binnestoof, zijn vast niet voor iedereen even eenvoudig 

geweest,, want het zorgde meteen weer voor aangenaam rumoer van ons drietjes. Mijn beide 

paranymfenn gaven het goede voorbeeld en zijn inmiddels met glans "doctor", het doet me 

goedd dat ik me nu ook bij julli e mag aansluiten! 
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'ss Avonds en in het weekend bestond er gelukkig een hele andere wereld. 

All ee vrienden, kennissen en buren maar Carjolijn, Saskia, Brigitte, Margriet, Harriet en 

Evelinee in het bijzonder: altijd even betrokken, bereid de leuke verhalen te horen maar ook 

dee minder leuke als er weer eens een artikel was afgewezen of ik het leven op het lab wat 

minderr geslaagd vond. Iedereen heeft het de afgelopen jaren een stuk drukker gekregen en 

err is een hoop gebeurd, maar toch blijven we steeds weer contact houden en veel pret 

hebbenn met elkaar. Ook mijn verblijf in Memphis veranderde daar niets aan en daar leerde 

ikk (nogmaals!) julli e betrokkenheid kennen. Jullie vriendschap is me zeer dierbaar! 

Enn dat geldt natuurlijk ook voor de grote steun op de achtergrond van alle familie. Jullie 

begrepenn vast niet waarom ik toch weer zo nodig zo'n ingewikkeld project moest beginnen, 

wass de kinderartsenopleiding alleen niet al voldoende ambitie? Dank je wel voor het 

aanhorenn van mijn quasi interessante verhalen. Beide Oma's, ik vind het fantastisch dat 

julli ee er nog beiden in volle glorie bij zijn! Julia en Tessa, julli e zijn speciaal omdat julli e 

dee prachtige omslag maakten en onlosmakelijk verbonden zijn met julli e bijzondere vader 

Robert.. Gwendolyn, dank je wel voor je professionele lay-out en afwerking van de kaft! 

Lievee Papa en Mama, volgens mij dachten julli e in eerste instantie dat ik het kokkerellen 

thuiss in het lab voortzette. Jullie weten ook dat het niet altijd meeviel, ik ben beter geschikt 

voorr het eerste! Helaas moest ik julli e het antwoord op de vraag "en wat voor 

wetenschappelijkee doorbraak héb jij  bereikt...?" schuldig blijven, maar zoals in alles staan 

julli ee ook nu weer vierkant achter me. Zonder julli e "basis" had ik dit niet bereikt en ik 

koesterr het goede contact wat we hebben. 

Enn als laatste Mare; lieve Mare, je hebt maar wat vaak gespeculeerd over deze passage in 

hett dankwoord. Gelukkig was ik niet omkoopbaar In tegenstelling tot mijzelve, was ji j 

altijdd super nuchter, en - zeker op het eind - mijn grootste criticus. Dat viel me niet altijd 

evenn gemakkelijk! Maar als het erop aan kwam, had ji j altijd de goede toon en bracht je me 

weerr op het goede spoor. Ik bewonder je om je helderheid en eeuwig goede humeur. 

En... .."ons poldermodel" werkt! 

\ff \e^° 
V°^J^V°^J  ̂ Utrecht, april 2001 
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