
Detection of Minimal Residual Leukemia 
by Polymerase Chain Reactions * 
T. E. Hansen-Hagge, S. Yokota, J. W. G. Janssen, and C. R. Bartram 1 

Introduction 

Disease recurrence following successful 
remission induction by polychemothe­
rapy or bone marrow transplantation 
represents a major clinical problem in the 
treatment of leukemia patients. Sensitive 
methods for the identification of neoplas­
tic cells escaping therapeutic interven­
tions and potentially causing relapse are 
important for the monitoring of thera­
peutic effectiveness. The in vitro amplifi­
cation of genomic or complementary 
deoxyribonucleic acid (cDNA) target se­
quences by polymerase chain reaction [1] 
has opened new avenues toward the de­
tection of minimal residual leukemic cells 
at frequencies of 1: 10000 to 1: 1 000000. 
In the following we will briefly summarize 
our recent experience with the applica­
tion of polymerase chain reaction (PCR) 
strategies to patients with chronic myelo­
cytic leukemia (CML) and acute lym­
phoblastic leukemia (ALL) in complete 
remission according to clinical and labo­
ratory parameters. 

Materials and Methods 

Cell Samples 

Since 1986, bone marrow (BM) or peri­
pheral blood (PB) cell specimen obtained 
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from 332 children with ALL have been 
referred to our laboratory for immu­
no genotype analysis as part of the pro­
spective German multicenter BFM (Ber­
lin-Frankfurt-Miinster) ALL/NHL-1986 
trial [2]. Details of molecular genetic and 
immunological data and their correlation 
to clinical features will be described else­
where after completion of the trial. Clo­
no specific probes were prepared from 17 
patients (eight T-ALL, nine cALL) ex­
hibiting a suitable T cell receptor (TCR) 
(j gene rearrangement, and used for eva­
luation of the remission status by PCR. 
We also investigaged three pediatric Ph­
positive ALL. The study of Ph-positive 
CML patients treated by allogeneic bone 
marrow transplantation (BMT) at the 
Department of Internal Medicine III, 
University of Ulm, was restricted to 40 
cases being in complete remission at the 
time of initial PCR analysis according to 
clinical, hematological, cytogenetic, and 
Southern blot criteria [3]. 

Polymerase Chain Reaction 

For the detection of Ph-positive leukemic 
cells we used peR protocols described 
previously [4-6]. After the synthesis of 
cDNA by reverse transcriptase, messen­
ger ribonucleic acid (mRNA) from the 
hybrid BCR/ ABL or normal ABL alleles 
was amplified by a set of nested primers. 
As internal ABL control we amplified a 
fragment of 173 bp with oligomers com­
plementary to ABL exon II and III se­
quences (Fig. 1). Rearranged BCR/ABL 
molecules were amplified by primers de­
rived from either BCR ex on I and ABL 
exon II to detect 271 bp fragments corre-

Haematology and Blood Transfusion Vol. 35 
Modern Trends in Human Leukemia IX 
R. Neth et al. (Eds.) 
© Springer-Verlag Berlin Heidelberg 1992 

65 



I I1 XI1 XVI 
1 2 3 4 5  
\\ I // 

41 Iml I= BCR 

m- bcr: ALL M-bcr: CML, ALL 

L, n nn n n ~ n  n nnn ABL 

CML, ALL 
Fig. 1. The Ph translocation is molecularly some 22 are clustered within two limited areas 
characterized by a rearrangement of the BCR (M-bcr and m-bcr), the breaks on chromosome 
and ABL genes. The breakpoints on chromo- 9 occur in the first ABL intron 

V„* D J„ recombination 

V„* D„ recombination 

L b 2  I+l D63 
- - - - - - - - - - - -  - - - - - - - - - - - - -  Fig. 2. Position of oligomers (arrows) used for 

-+ -b -b + PCR analysis of ALL patients characterized 
7 8 9 10 11 by V„DJ„ or V„D„ rearrangements 

sponding to breaks within m-bcr, or M- 
bcr exon 1 + 2 and ABL exon I1 resulting 
in 395 or 320 bp fragments depending on 
the presence or absence of M-bcr exon 3 
in the hybrid transcript (Fig. 1). 

Isolation and hybridization of clono- 
specific TCRG probes for the detection of 
residual ALL followed a PCR strategy 
recently described by us in detail[7]. The 
position of nested primers used for probe 
preparation (oligomers 116 + 314 or 
7/11 + 9/10) and detection of residual 
leukemic cells (oligomers 116 + 215 or 
711 1 + 811 1) is indicated in Fig. 2. 

Results and Discussion 

Ph-Positive Leukemias 

The Ph translocation is based on a recom- 
bination of the BCR and ABL genes [8]. 
The breaks vary over a distance of more 
than 180 kb on chromosome 9, but clus- 
ter within two limited regions of the BCR 
gene on chromosome 9, called the major 
(M) and minor (m) breakpoint cluster 
region (bcr) (Fig. 1). In virtually all Ph- 
positive CML patients the breaks occur 
in introns between exon 213 or 314 of the 
M-bcr, while in Ph-positive ALL either of 
the two areas is involved. Despite dif- 



Table 1. PCR analysis of 40 Ph-positive CML patients in CCR after BMT 

Patients 
(n) 

6 

6 

28 

Clinical features 

Long-term survivors 
(> 5 years) 

T-cell depleted BMT, 
initial PCR 19-48 
months after BMT 

Initial PCR 1-37 
months after BMT 

ferences at the genomic level, Ph-positive 
leukemias become accessible to PCR ana­
lysis because BCR exons are always 
spliced to ABL exon II [4, 5]. 

Since allogeneic BMT appears to be the 
only accepted curative therapy for CML 
resulting in the eradication of the malign­
ant cell clone, we recently determined the 
remission status of 40 transplanted CML 
patients by PCR analysis. The result of 
this study is summarized in Table 1. All 
long-term survivors (5-9 years) showed 
no residual disease in at least two inde­
pendent PCR and might be truly cured 
from CML. In contrast, all patients re­
ceiving aT-cell depleted marrow for 
prevention of graft-versus-host disease 
exhibited residual leukemic cells. Two of 
the patients experienced a clinical relapse 
within the following year; in a third 
patient, Ph-positive cells became visible 
again in Southern blot and cytogenetic 
analyses. These data might be reconciled 
with previous reports on a significant 
increase in clinical relapses after T-cell 
depleted BMT [9]. In 28 patients initial 
PCR analysis was performed 1 month to 
3 years after BMT (Table 1, Fig. 3). 
Fifteen patients scored repeatedly PCR­
negative during follow-up, while 2/17 
cases became PCR-positive and relapseq 
either clinically or cytogenetically. 
Among the 11 cases with an initially 
PCR-positive result, five patients ex­
perienced clinical or cytogenetic relapses. 

Initial 
PCR status 

all negative 

all positive 

11 positive 

17 negative 

Follow-up 

CCR 

2 clinical relapses 
1 genetic relapse 

4 PCR negative 
2 genetic relapses 
3 clinical relapses 

1 genetic relapse 
1 clinical relapse 

Interestingly, four patients became PCR­
negative during the following year. 

Our data underline the importance of 
longitudinal PCR analysis in individual 
patients. Thus in some cases residual 
leukemic cells may be diluted out during 
the post-BMT period. However, patients 
may also become PCR-positive and re­
lapse clinically, despite an initially nega­
tive result. We would like to emphasize 
that the precise clinical relevance of PCR 
analysis remains to be elucidated in pro­
spective trials including more patients. 
Along this line it is remarkable that one of 
the repeatedly PCR-positive cases has 
been in otherwise complete remission for 
more than 4 years. Conflicting data as to 
the frequency of residual leukemia have 
thus far emerged from reports on PCR 
analysis in transplanted CML patients [6, 
10 -16]. These discrepancies could origi­
nate from various sources including dif­
ferences between therapeutic regimen, 
cell samples, or technical problems. False 
positive reaction_ due_ tn contamination. 
with as few as one specific molecule is a 
major challenge that can only be 
overcome by rigorously following stan­
dardized precautions [17]. 

The PCR strategy discussed above is 
also applicable to a significant number of 
ALL patients. In adults the Ph trans­
location constitutes the most frequent 
cytogenetic abnormality, while it is found 
.in only 5 % of pediatric cases. Irrespective 
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Fig. 3. PCR analysis of six Ph-positive CML 
patients in complete remission after BMT. 
Two equal volumes ofBM cDNA were ampli­
fied by use of oligomers detecting either ABL 
or rearranged BCR-ABL fragments. All cases 
exhibit a positive ABL control fragment of 
173 bp. Residual leukemic cells characterized 

of age, however, Ph-positive ALL signals 
a very poor prognosis. PCR is an impor­
tant alternative strategy to cytogenetic 
analysis for the rapid diagnosis and sub­
classification of Ph-positive leukemias 
and offers a useful approach for the 
detection of residual leukemic cells. Thus 
far we have monitored three children with 
Ph-positive ALL. Although the patients 
were otherwise at standard risk and 
achieved a complete clinical-hemato­
logical remission, the leukemic cell clone 
was never eradicated completely as in­
dicated by peR. All three patients re­
lapsed 6-9 months after initial diagnosis. 
It appears to be necessary and worthwhile 
to extend respective investigations to 
more patients in multicenter trials. 

ALL Patients Characterized 
by Distinct TCRb Recombinations 

Different PCR strategies based on the 
specific immunogenotype of ALL pa­
tients have been proposed for the detec­
tion of residual leukemic cell populations 
[7, 18, 19]. The approach developed in our 
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M- bcr 
by fragments of 395 bp or 320 bp are visible in 
two patients (lanes 2 and 3). Lane 6 contains a 
negative control (water). Samples were run in 
agarose gels and visualized by ethidium 
bromide staining. H ae III digested 0 X 174 
DNA served as molecular weight marker 

laboratory takes into account the striking 
observation that the vast majority of all 
ALL patients show a TCRt5 recombina­
tion and, moreover, a preferential use of 
specific TCRt5 elements depending on the 
immunological subtype [7, 20 - 27]. In our 
series of 332 pediatric ALL cases analy­
zed prospectively for immunoglobulin 
and T-cell receptor arrangements, we 
observed a TCRt5 recombination in 96 % 
of T-ALL '(58/60) and 81 % of cALL 
patients (163/204). Southern blot analysis 
demonstrated a hybridization pattern 
predicting ,a V.HDJ~l recombination in 
25% ofT-ALL and a V~2D~3 rearrange­
ment in 57 % of the cALL patients. This 
interpretation was confirmed for the 23 
cases examined by PCR -directed se­
quence analysis [27]. 

Based on Southern blot data we pre­
pared clonospecific probes from leuke­
mia cell DNA of eight T-ALL character­
ized by a V~lDJ~l rearrangement and nine 
cALL exhibiting a V~2D ~3 recombination 
(Fig. 2). None of the probes showed 
cross-hybridization to DNA obtained 
from leukemic cells of the other ALL 
patients or from healthy probands, con-
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Fig. 4. Detection of minimal residual leuke­
mia in two cALL patients characterized by 
VnDcJ3 rearrangements. DNA obtained from 
leukemic cells at diagnosis (D) was diluted into 
peripheral blood cell DNA of a healthy control 
(C) at 10- 1 to 10- 7 . Upon amplification DNA 
fractions (2 ng) were spotted onto nylon mem­
brane and hybridized to the clonospecific 
TCRt> probes derived from leukemic cells of 

firming our previous experiences [7]. To 
determine the sensitivity of the clono­
specific probes in detecting residual dis­
ease, we performed dilution experiments 
(Fig. 4). Following 70 PCR cycles primed 
by nested amplimers, 10 - 4 leukemic cells 
were detected in all cases. Due to greater 
junctional diversity, the sensitivity of 
clonospecific V61 DJ 61 probes was even 
higher and identified leukemia DNA 
when representing as little as 0.0001 % of 
total DNA. 

We next analyzed BM DNA samples of 
the 17 ALL patients during complete 
clinical-hematological remission; none of 
the samples revealed rearranged TCR<5 
fragments upon Southern blot analysis 
suggesting a frequency of residual 
leukemic cells, if any, below 1 %. How­
ever, PCR demonstrated residualleuke­
mia in a significant proportion of patients 
(Table 2). Remarkably, all eight patients 
investigated 3 weeks to 4 months after 
starting chemotherapy showed residual 
leukemic cells (range 10 - 2 to 10- 5), while 
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each patient, thus establishing a detection limit 
at 1 : 10000. PCR analysis of bone marrow (M) 
and peripheral blood (P) DNA obtained dur­
ing continuous complete remission (R) 1-24 
months after initial diagnosis revealed signifi­
cant differences in the decrease of residual 
leukemic cell populations between both 
patients 

the six patients studied more than 18 
months after diagnosis scored negative. 
Longitudinal studies performed in seven 
cases indicated that residual neoplastic 
cells may persist, independent of known 

Table 2. PCR analysis of 17 children with 
ALL in CCR using clonospecific TCR {) 
probes 

Months Children a PCR status 
after of BM cells 
diagnosis (n) 

1 5 all positive 

2-6 9 6 positive 
3 negative 

7-12 6 3 positive 
3 negative 

13-23 4 1 positive 
3 negative 

>24 4 all negative 

a Consecutive remission samples were analy-
zed from seven cases. 
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risk factors, for variable periods in differ­
ent individuals (Fig. 4). Thus in some 
patients the leukemic cell clone is obvi­
ously eradicated after 3 months, while in 
other cases residual disease was demon­
strated up to 14 months after diagnosis. 

We would like to mention some pos­
sible limitations of the PCR approach. 
Thus PCR will also amplify DNA se­
quences of functionally irrelevant or dead 
cells and even residual DNA particles 
originating from leukemic cells. On the 
other hand, any subpopulation of 
leukemic cells characterized by further 
recombination of sequences comprised in 
a clonospecific probe would escape detec­
tion by PCR, despite a potential capacity 
to proliferate and cause clinical relapse. 

Although still preliminary, our data 
suggest that PCR analysis offers a useful 
tool to elucidate the biological and clin­
ical significance of residual disease in 
ALL patients. Ultimately this approach 
may be part of a rationale to adapt highly 
aggressive therapeutic regimen to the 
individual demand of a leukemia patient 
thereby preventing excess of therapy. For 
the time being any conclusion drawn 
from PCR analysis has carefully to con­
sider possible technical pitfalls as well as 
clinical features and complementary 
laboratory data. 

Acknowledgements. We thank all parti­
cipants of the BFM/NHL-1986 trial 
(coordinator: Professor H. Riehm) for 
continuous support and gratefully ack­
nowledge the close cooperation with 
Dr. W. D. Ludwig. CML patients were 
analzyed in fruitful cooperation with 
Drs. R. Arnold, B. Heinze, and H. 
Heimpel. 

References 

1. Saiki RK, Gelfand DH, Stoffel S, Scharf 
SJ, Higuchi R, Horn GT, Mullis KB, 
Erlich HA (1988) Primer-directed enzyma­
tic amplification of DNA with thermo­
stable DNA polymerase. Science 
239: 487 -491 

70 

2. Riehm H, Gadner H, Henze G, Korn­
huber B, Lampert F, Niethammer D, 
Reiter A, Schellong G (1990) Results and 
significance of six randomized trials in 
four consecutive ALL-BFM studies. In: 
Buchner T, Schellong G, Hiddemann W, 
Ritter J (eds) Acute leukemias II. Prog­
nostic factors and treatment strategies. 
Springer, Berlin Heidelberg New York, 
pp 439-450 

3. Arnold R, Bartram CR, Heinze B, Car­
bonell F, Wiesneth M, Hertenstein B, 
Schmeiser T, Heit W, Kubanek B, Heimpel 
H (1989) Evaluation of remission state in 
chronic myeloid leukemia patients after 
bone marrow transplantation using cyto­
genetic and molecular genetic approaches. 
Bone Marrow Transplant 4:389-392 

4. Hermans A, Gow J, Selleri L, von Lindern 
M, Hagemeijer A, Wiedemann LM, Gros­
veld G (1988) bcr-abl oncogene activation 
in Philadelphia chromosome-positive 
acute lymphoblastic leukemia. Leukemia 
2:728-733 

5. Kawasaki ES, Clark SS, Coyne MY, 
Smith SD, Champlin R, Witte ON, 
McCormick FP (1988) Diagnosis of 
chronic myeloid and acute lymphocytic 
leukemias by detection of leukemia­
specific mRNA sequences amplified in 
vitro. Proc Nat! Acad Sci USA 85:5698-
5702 

6. Morgan GJ, Hughes T, Janssen JWG, 
Gow J, Guo AP, Goldman JM, Wiede­
mann LM, Bartram CR (1989) Polymer­
ase chain reaction for detection of residual 
leukaemia. Lancet 1 :928-929 

7. Hansen-Hagge TE, Yokota S, Bartram 
CR (1989) Detection of minimal residual 
disease in acute lymphoblastic leukemia 
by in vitro amplification of rearranged T­
cell receptor b chain sequences. Blood 
74: 1762-1767 

8. Kurzrock R, Gutterman JU, Talpaz M 
(1988) The molecular genetics of Phi lade 1-
phia chromosome-positive leukemias. N 
Engl J Med 319:990-998 

9. Goldman JM, Gale RP, Horowitz MM, 
Biggs JC, Champlin RE, Gluckman E, 
Hoffman RG, Jacobsen SJ, Marmont 
AM, McGlave PB, Messner HA, Rimmt 
A, Rozman C, Speck B, Tura S, Weiner 
RS, Bortin MM (1988) Bone marrow 
transplantation for chronic myelogenous 
leukemia in chronic phase: increased risk 
of relapse associated with T cell depletion. 
Ann Intern Med 108:806-814 



10. Bartram CR, Janssen JWG, Schmidtber­
ger M, Lyons J, Arnold R (1989) Minimal 
residual leukaemia in chronic myeloid 
leukaemia after T-cell depleted bone mar­
row transplantation. Lancet 1: 1260 

11. Roth MS, Antin JH, Bingham EL, Gins­
burg D (1989) Detection of Philadelphia 
chromosome positive cells by the poly­
merase chain reaction following bone mar­
row transplant for chronic myelogenous 
leukemia. Blood 74:882-885 

12. Lange W, Snyder DS, Castro R, Rossi n, 
Blume KG (1989) Detection by enzymatic 
amplification of bcr-abl mRNA in peri­
pheral blood and bone marrow cells of 
patients with chronic myelogenous leuke­
mia. Blood 73: 1735-1741 

13. Gabert J, Thuret I, Lafage M, Carcassone 
Y, Maraninchi D, Mannoni P (1989) De­
tection of residual bcr/abl translocation by 
polymerase chain reaction in chronic 
myeloid leukaemia patients after bone­
marrow transplantation. Lancet 2: 1125-
1128 

14. Sawyers CL, Timson L, Kawasaki ES, 
Clark SS, Witte ON, Champlin R (1990) 
Molecular relapse in chronic myelogenous 
leukemia patients after bone marrow 
transplantation detected by polymerase 
chain reaction. Proc Nat! Acad Sci USA 
87:563-567 

15. Delfau MH, Kerckaert JP, d'Hooghe MC, 
Fenaux P, Lai JL, Jouet JP, Grandchamp 
B (1990) Detection of minimal residual 
disease in chronic myeloid leukemia pa­
tients after bone marrow transplantation 
by polymerase chain reaction. Leukemia 
4:1-5 

16. Pignon JM, Henni T, Amselem S, Vidaud 
M, Duquesnoy P, Vernant JP, Kuentz M, 
Cordonnier C, Rochant H, Goossens M 
(1990) Frequent detection of minimal re­
sidual disease by use of the polymerase 
chain reaction in long-term survivors after 
bone marrow transplantation for chronic 
myeloid leukemia. Leukemia 4: 83 - 86 

17. Hughes T, Janssen JWG, Morgan G, 
Martiat P, Saglio G, Pignon JM, Pignatti 
FP, Mills K, Keating A, Gluckman E, 
Bartram CR, Goldman JM (1990) False­
positive results with PCR to detect 
leukaemia-specific transcript. Lancet 
1:1037-1038 

18. D' Auriol L, MacIntyre E, Galibert F, 
Sigaux F (1989) In vitro amplification ofT 
cell y gene rearrangements: a new tool for 
the assessment of minimal residual disease 

in acute lymphoblastic leukemias. Leuke­
mia 3:155-158 

19. Yamada M, Hudson S, Tournay 0, Bit­
tenbender S, Shane SS, Lange B, Tsuji­
moto Y, Caton AJ, Rovera G (1989) 
Detection of minimal disease in hema­
topoietic malignancies of the B cell lineage 
by using third-complementarity-deter­
mining region (CDR-III) specific probes. 
Nat! Acad Sci USA 86:5123-5127 

20. Hara J, Benedict SH, Champagne E, 
Takihara Y, Mak TW, Minden M (1988) 
T cell receptor 0 gene rearrangements 
in acute lymphoblastic leukemia. J Clin 
Invest 82:1974-1982 

21. Griesinger F, Greenberg JM, Kersey JH 
(1989) T-cell-receptor gamma and delta 
rearrangements in hematologic matlig­
nancies: relationship to lymphoid differ­
entiation. J Clin Invest 84: 506-516 

22. Dyer MJS (1989) T cell receptor o/a. re­
arrangements in lymphoid neoplasms. 
Blood 74:1073-1083 

23. Asou N, Hattori T, Matsuoka M, Kawano 
F, Takatsuki K (1989) Rearrangements of 
T-cell antigen receptor 0 chain gene in 
hematologic neoplasms. Blood 74:2707-
2712 

24. Loiseau P, Guglielmi P, Le Paslier D, 
MacIntyre E, Gessain A, Bories JC, Flan­
drin G, Chen Z, Sigaux F (1989) Rear­
rangements of the T cell receptor 0 gene in 
T acute lymphoblastic leukemia cells are 
distinct from those occurring in B lineage 
acute lymphoblastic leukemia and pre­
ferentially involve one V IJ gene segment. J 
ImmunoI142:3305-3311 

25. MacIntyre E, d'Auriol L, Amesland F, 
Loiseau P, Chen Z, Boumsell L, GaUbert 
F, Sigaux F (1989) Analysis of junctional 
diversity in the preverential VIJ1-JIJ1 rear­
rangement of fresh T -acute lymphoblastic 
leukemia cells by in vitro gene amplifi­
cation and direct sequencing. Blood 74: 
2053-2061 

26. Biondi A, di Celle PF, Rossi Y, Casorati G, 
Matullo G, Guidici G, F oa R, Migone N 
(1990) High prevalence of T-cell receptor 
Vde1ta 2-(d)-Ddelta 3 or Ddelta 1/2-D-delta 3 re­
arrangements in B-precursor acute Lym­
phoblastic1eukemias. Blood 75:1834-1840 

27. Yokota S, Hansen-Hagge TE, Bartram 
CR (1991) T-cell receptor 0 gene recom­
bination in common acute lymphoblastic 
leukemia: preferential usage of V IJ2 and 
frequent involvement of the J a. cluster. 
Blood 77: 141-148 

71 


