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CLINICAL OBSERVATIONS, INTERVENTIONS, AND THERAPEUTIC TRIALS

Comparative analysis of |g and TCR gene rearrangements at diagnosis and at
relapse of childhood precursor-B—ALL provides improved strategies for selection

of stable PCR targets for monitoring of minimal residual disease

Tomasz Szczepanski, Marja J. Willemse, Bas Brinkhof, Elisabeth R. van Wering, Mirjam van der Burg, and Jacques J. M. van Dongen

Immunoglobulin (Ig) and T-cell receptor
(TCR) gene rearrangements are excellent
patient-specific polymerase chain reac-
tion (PCR) targets for detection of mini-
mal residual disease (MRD) in acute lym-
phoblastic leukemia (ALL), but they might
be unstable during the disease course.
Therefore, we performed detailed molecu-
lar studies in 96 childhood precursor-B—
ALL at diagnosis and at relapse (h = 91)
or at presumably secondary acute my-
eloid leukemia (n = 5). Clonal Ig and TCR
targets for MRD detection were identified

in 94 patients, with 71% of these targets
being preserved at relapse. The best sta-

ments (90%), followed by TCRG (75%),
IGH (64%), and incomplete TCRD rear-
rangements (63%). Combined Southern
blot and PCR data for IGH, IGK-Kde, and
TCRD genes showed significant differ-
ences in stability at relapse between
monoclonal and oligoclonal rearrange-
ments: 89% versus 40%, respectively. In
38% of patients all MRD-PCR targets were
preserved at relapse, and in 40% most of
the targets ( = 50%) were preserved. In
22% of patients most targets (10 cases) or
all targets (10 cases) were lost at relapse.
The latter 10 cases included 4 patients
with secondary acute myeloid leukemia

patients additional analyses proved the
clonal relationship between both disease
stages. Finally, in 1 patient all Ig/TCR
gene rearrangements were completely dif-
ferent between diagnosis and relapse,
which is suggestive of secondary ALL.

Based on the presented data, we propose
stepwise strategies for selection of stable

PCR targets for MRD monitoring, which
should enable successful detection of
relapse in most (95%) of childhood precur-
sor-B-ALL. (Blood. 2002;99:2315-2323)

bility was found for IGK-Kde rearrange- with germline Ig/TCR genes. In 5 other © 2002 by The American Society of Hematology

Introduction

Several large prospective studies have clearly demonstrated &fié). This might lead to loss of the PCR target and consequently to
high prognostic value of minimal residual disease (MRD) monitofalse-negative MRD results. Such changes were most frequently
ing in childhood acute lymphoblastic leukemia (ALL)Based on described for Ig heavy chain gend&H) and to lesser extent for
the sensitive measurement of early response to cytotoxic treatmdrfER genes and were found particularly in cases of precursor-B—
it is currently possible to identify not only patients at high risk foALL that already contained subclones at diagné%is.
relapse but also a group of low-risk patients with an excellent Although the presence of clonal evolution phenomena is widely
relapse-free survival of more than 93%lence, MRD information acknowledged, its actual impact on the effectiveness of MRD
provides a new definition of remission in childhood ALL, whichmonitoring has not been defined. So far, studies assessing the
justifies incorporation of MRD data in current treatment protocof&ability of Ig and TCR gene rearrangements at diagnosis and
to refine risk assignmest. relapse of ALL either did not compare junctional region sequences
Most MRD studies in pediatric precursor-B—ALL applied®’ Were !irnited to particular gene loti:18 Therefore, we studied
immunoglobulin (Ig) and/or T-cell receptor (TCR) gene rearrangd€ Stability of the currently used Ig/TCR rearrangemerte-(
ments as polymerase chain reaction (PCR) targets for MR light chaln[IGK], TCRy [TCRG]' and_ TCR [TCRD] gene
detection. They can easily be identified in most patients gqa_rrangemgnt;) |nalar_ge Series 0f9(_3 chlldhoo_d precursor-_B—ALL
diagnosis with limited sets of PCR priméréMoreover, using patients. This |nformatlo_n_|s essential for reliable _selectlon of
these molecular targets, sensitivities of 1@ 106 (1 malignant MRD-PCR targets with minimal chance of false-negative results.
cell within 10*to 10° normal cells) can be obtained routinélyith
the advent of novel real-time quantitative (RQ) PCR techniques,
Ig/TCR-based MRD techniques are now also quantitétite. Patients, materials, and methods
However, it is also known that Ig and TCR gene rearrangements
might change during the disease course, owing to second&
rearrangement processes mediated via ongoing activity of tBene marrow or peripheral blood samples from 96 childhood precursor-B—
V(D)J recombinase enzyme system (reviewed by Szczaipat ALL patients were obtained at initial diagnosis and at relapse (91 patients)
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or at presumably secondary acute myeloid leukemia (AML) (5 patientgnd/or TCR genes in 73 patients at diagnosis and in 30 patients at relapse
The age distribution ranged from 1 month to 183 months. Eight childréras been reported previousii?

(8%) were infants (age: 1 year). The diagnosis of precursor-B—ALL was

made according to French-American-British and standard immunophed=R amplification and comparative heteroduplex

typic criterial®-21 Immunologic marker analysis of the precursor-B—ALLanalysis of PCR products

revealed that 6 (6%) were pro-B—ALL, 59 (61%) were common ALL, an . .
31 (32%) were pre-B—ALL. Seven patients were studied at 2 subsequgwependem of Southern blotting, PCR analysis could be performed on both

leukemia relapses. Cell samples of 52 patients were obtained from the gé:ﬁgpoms ggd relaps_e sam.ples in 89 patients, essentially as described
bank of the Dutch Childhood Leukemia Study Group. previously’-2°Four patients with a secondary AML and 3 precursor-B—ALL

P . . ) . . tients with insufficient remaining DNA at diagnosis were not analyzed. In
Comparative immunophenotypic analysis revealed intralineage switcHgs
P P yp 4 9 ach 50pL PCR reaction, 50 ng DNA sample, 6.3 pM of the &nd 3

in 21% (18 of 86) of precursor-B—ALL patients with available detailed ; : .
immunophenotypic data at relapse, which is slightly higher than report gonucleotide pr|mer_s, and 0.5 U AmpliTaq Gold polymerase (PE
P s P ghtly hig P Jilosystems, Foster City, CA) were used. The sequences of the 25

previously?? : ) : ! A .
The rationale, methodology, and pitfalls of the stepwise moleculgthgo_nycleotlde primer pairs used for amphfn:aﬂpnl@ﬂ—l (.5.VH famlly— .
comparison of the Ig/TCR gene rearrangements between diagnosis SHSC'f'C framewqu 1 primers and 7 D.H fam||y_—spe_C|f|c pnme_rs with

. e gonsensus JH primedGK-Kde (4 Vk family—specific primers and intron
relapse of precursor-B—ALL were previously exemplified in the case repof binati ianal RSS] ori ith Kde ori G(6
of patient 5498, also included in these sef®s small subgroup of patients recombination signal sequence [ ] primer wi e primEQRG(

— 01 tudied bef b tive South blotti d Péﬁ{-‘h primer combinations most frequently used in precursor-B—ALL),
0 ) was studied before by comparative Southern blotting an %nd TCRD gene rearrangements §2-Dd3 and »2-D33 primer pairs)

z:glgl‘;:ps(g{lx-deletmg element (Kde) rearrangements  at dlagnos{/vere previously publishet331 PCR conditions were as follows: initial
denaturation for 10 minutes at 94°C, followed by 40 cycles of 45 seconds at
92°C, 90 seconds at 60°C, and 2 minutes at 72°C using a Perkin-Elmer 480
thermal cycler (PE Biosystems). After the last cycle an additional extension
Mononuclear cells were separated from bone marrow or peripheral blog@p of 10 minutes at 72°C was performed. Appropriate positive and
samples by Ficoll-Paque centrifugation (density 1.077 &/dharmacia, negative controls were included in all experimehts.
Uppsala, Sweden). DNA was isolated from frozen mononuclear cells, For heteroduplex analysis, the PCR products were denatured at 94°C for
digested with theBglll enzyme, and blotted to nylon membranes a$ minutes after the final cycle of amplification and subsequently cooled to
described previousk? IGH and IGK gene configurations were analyzed4°C for 60 minutes to induce duplex formatihAfterward the duplexes
with the IGHJ6, IGKJ5, IGKC, and IGKDE probes (DAKO, Carpinteria,were immediately loaded on 6% nondenaturing polyacrylamide gels in
CA).2627 The configuration of theTCRD genes was analyzed with the 0.5 X Tris-borate-EDTA buffer, run at room temperature, and visualized by
TCRDJ1 probe (DAKOYE The diagnosis and relapse samples of the 98thidium bromide staining?
patients were always run in parallel lanes (Figure 1), except for 6 patients Relapse samples were at first analyzed with those primer combinations,
who were exclusively analyzed at diagnosis because of insufficient amoundich showed clonal PCR products at diagnosis. When the clonal PCR
of DNA from relapse samples. The Southern blot configuration of the Rfoduct was also found at relapse, its identity was subsequently compared
with the PCR product found at diagnosis by means of mixed heteroduplex
analysis, ie mixing of the diagnosis and relapse PCR products followed by

Comparative Southern blot analysis

= 4910 5117 5438 5257 5260 5282 hgterodgplex analysis (Figure Z)When clonal PCR products found at
’E D R D R D RD R D RD R diagnosis were undetectable at relapse, the relapse sample was then
8 750 70% 90% 40% 90% 90% 90% 90% 90% 90% 85% 90% analyzed with additional primer combinations for the involved gene loci.

Sequence analysis of Ig/TCR gene rearrangements

: 3 TR . ; Clonal PCR products discordant between diagnosis and relapse of precursor-

! B—-ALL as found by mixed heteroduplex analysis were directly sequenced.
w* ’ Sequencing was performed using the dye-terminator cycle sequencing kit
: AR B “ i) ; with AmpliTag DNA polymerase FS on an ABI 377 sequencer (PE
: ; Biosystems) as previously describ€dvH, DH, and JH segments were
i L _ e wn ” identified using DNAPLOT software (W. Mier, H.-H. Althaus, University
s s W“""‘u‘ e mwm of Cologne, Germany) by searching for homology with all known human
o el I s e T germline VH, DH, and JH sequences obtained from the VBASE directory
B e i e : i of human Ig genes (http://www.mrc-cpe.cam.ac.uk/imt-d&c¥jy and J
- I ' Fok7 gene segments were identified by comparison to germi®ieGsequences
i i ; ; as previously describet.

Statistical analysis

am
) y ~ Statistical analysis using the? test on a 2x 2 table was performed to
b . : compare the frequencies of particular Ig/TCR gene rearrangements between
different precursor-B—ALL patient subgroups. Pearson correlation coeffi-
3 { cient was calculated to test an association between varidbledues less
Bglll IGHJ6 probe than or equal to .05 were considered statistically significant.

Figure 1. Comparative Southern blot analysis of IGH gene configuration in 6
precursor-B—ALL patients.  Monoclonal patients 5438 and 5260 (patient with
trisomy 14) show identical gene rearrangements at diagnosis and at relapse. In Results

monoclonal patient 5117, one allele at relapse is deleted and another one is

preserved. Patient 5257 demonstrates biallelic /GH deletion at both disease stages.  Southern blot configuration of Ig and TCR genes
Oligoclonal patient 4910 and monoclonal patient 5282 (the upper weak band in the in relapsed ALL patients

diagnosis lane is derived from previous hybridization) show completely changed IGH
gene rearrangement patterns. While sequence analysis has proven a clonal relation- . . .
ship between diagnosis and relapse in patient 4910, patient 5282 most likely The conflguratlon ofGH, IGK, andTCRDgenes was established

represents a secondary ALL. with multiple Southern blot probes. This concerned all 96 patients
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Figure 2. Examples of comparative heteroduplex PCR analysis. (A) Compara-
tive heteroduplex analysis of /IGH gene rearrangements. Monoclonal homodu-
plexes (ho) in patients 5766, 6335, and 6124 found at diagnosis and at relapse
were of the same size. Mixing of the PCR products of these disease phases
followed by heteroduplex PCR analysis demonstrated no heteroduplex (he)
formation, proving that these gene rearrangements had identical junctional
regions. In patient 5784, monoclonal homoduplexes found at diagnosis and at
relapse slightly differed in size. Mixing of the VH4-JH PCR products followed by
heteroduplex PCR analysis demonstrated clear heteroduplex formation, proving
that these VH4-JH gene rearrangements had different junctional regions;
(ss) indicates remaining single-strand fragments. (B) Comparative heteroduplex
analysis of Kde rearrangements showed completely identical rearrangements at
diagnosis and at relapse. (C) Comparative heteroduplex analysis of V32-D33
gene rearrangements. Patients 5373 and 5513 with monoallelic and biallelic
rearrangements, respectively, had stable V32-D33 rearrangements. In contrast,
V&2-D33 joinings at diagnosis in patients 5171 and 5514 are oligoclonal, while in
both cases 2 monoclonal V32-D33 rearrangements were found at relapse.
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Table 1. Comparison of Ig and TCR gene rearrangement patterns
based on Southern blotting

Random precursor Relapsed precursor-  Precursor-B—ALL at

B-ALL at diagnosis*  B—ALL at diagnosist relapse
IGH
Germline 0 0 0
R/IG 1% (1/97) 2% (2/92) 5% (4/85)
R/R 88% (85/97) 88% (81/92) 85% (72/85)
R/D 8% (8/97) 7% (6/92) 7% (6/85)
D/IG 2% (2/97) 1% (1/92) 1% (1/85)
D/D 1% (1/97) 1% (1/92) 2% (2/85)
Oligoclonal 36% (35/97) 42% (38/92)% 28% (24/85)8
IGK-Kde
Germline 50% (55/111) 51% (47/92) 49% (42/86)
R/IG 28% (31/111) 21% (19/92) 23% (20/86)
R/R 23% (25/111) 28% (26/92) 28% (24/86)
Oligoclonal Not determined 3% (3/92) 1% (1/86)
TCRG
Germline 41% (79/192) 38% (35/91) 41% (37/91)
R/G or R/IR 59% (113/192) 62% (56/91) 59% (54/91)
TCRD
Germline 11% (22/202) 8% (7/91) 12% (10/85)
RIG 15% (30/202) 11% (10/91) 8% (7/85)
R/R 23% (47/202) 24% (22/91) 12% (10/85)||
R/D 17% (35/202) 20% (18/91) 22% (19/85)
D/IG 5% (11/202) 4% (4/91) 5% (4/85)
D/D 28% (57/202) 33% (30/91) 41% (35/85)||
Oligoclonal 21% (13/62) 26% (24/91) 12% (10/85)|

*The frequencies of particular Ig/TCR gene rearrangements in the random
precursor-B—ALL group at diagnosis are derived from our previous studies.®27:46

TIncluding one patient with phenotypic switch to AML at relapse.

FThe frequency of IGH oligoclonality was significantly higher in infant ALL
compared with noninfant ALL (75% vs 38%, P < .05).

§Not significant.

|P < .05.

at diagnosis of precursor-B—ALL and 91 patients at subsequent
relapse or secondary AML (Figure 1). This gave us the unique
opportunity to address the question of whether there are any
differences in Ig/TCR gene configuration between the patients who
relapsed compared with the total childhood precursor-B—ALL
group. This comparison is summarized in Table 1, which shows
that the Ig/TCR gene rearrangement patterns at diagnosis and at
relapse in patients included in this study are largely comparable to
each other and to previously published data derived from large
series of random childhood precursor-B—ALL cases at initial
diagnosi$»2’ Only 2 immunogenotypic features were more preva
lentin ALL at relapse. Th& CRDgene configuration at relapse was
characterized by significantly less freque2vD33 and »2-Dd3
rearrangements and more frequelERD deletions P < .05),
which reflects ongoing deletional rearrangements. Secondly, the
frequency oiGH andTCRDoligoclonality at relapse was slightly
less frequent, but this difference was only significant T@RD

(P < .05).

The configuration of Ig/TCR genes compared between 2
subsequent relapses in the 7 patients analyzed showed evidence for
clonal evolution in only 2 cases (concerning 1 or 2 gene rearrange-
ments), while in 5 of the 7 cases we observed some changes in gene
rearrangement patterns between diagnosis and first relapse.

Southern blot analysis in 4 of 5 patients with a presumed
secondary AML demonstrated the complete absence of clonal
Ig/TCR gene rearrangements (Figure 3), which is in line with the
AML diagnosis. However, in one patient (3991) 3 clonal Southern
blot bands were preserved in the AML clone, and the sequence
identity was confirmed by comparative PCR analysis for 2 VH-JH
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Figure 3. Ig/TCR gene rearrangement stability in 5 precursor-B—ALL patients
subjected to comparative heteroduplex PCR analysis at diagnosis and at
presumably secondary AML.  All Ig/TCR gene rearrangements identified at diagno-
sis in patients 3797, 4522, 5407, and 5985 were lost, which is in line with secondary
AML. In contrast, several IGH and IGK gene rearrangements in patient 3991 were
preserved, suggesting a phenotypic shift from ALL to AML. Black squares represent
monoclonal rearrangements; gray squares, biclonal/oligoclonal rearrangements;
white squares, oligoclonal/polyclonal rearrangements. All squares above the line
represent stable MRD-PCR targets, while all squares below the line represent Ig/TCR
gene rearrangements lost owing to clonal evolution. VH indicates VH-JH gene
rearrangements; DH, DH-JH gene rearrangements; Vk, Vk-Jk gene rearrangements;
Vv, Vy-Jy gene rearrangements; J3, rearrangements to J31-D33 region detected by
Southern blot analysis.

gene rearrangements. Apparently the original ALL clone under-

went a phenotypic switch to AML. This patient was included in

further comparative diagnosis-relapse analyses despite the ph

typic shift, while the other 4 patients were excluded.

PCR detectability of Ig and TCR gene rearrangements
in relapsed precursor-B—ALL patients

BLOOD, 1 APRIL 2002 - VOLUME 99, NUMBER 7

patients, with an average of 4 targets per patient. In one patient no
clonal gene rearrangements were detected by PCR, while Southern
blotting showed a single weak rearrangkgH band, identical
between the diagnosis and relapse sample. The second patient had
an infant ALL and was fully oligoclonal at diagnosis, which
precluded identification of clonal Ig/TCR markers for PCR-based
MRD monitoring. GenerallylGH oligoclonality at diagnosis was
more prevalent in infant ALL patients (6 of 8 cases), compared with
the noninfant precursor-B—ALL cases (32 of 84 cadesy, .05.

Stability of particular MRD-PCR targets in monoclonal and
oligoclonal precursor-B—ALL patients at relapse

A total of 256 (71%) of 362 clonal Ig/TCR gene rearrangements
identified with heteroduplex PCR analysis at diagnosis in 87
patients were preserved at relapse. This concerned 99 (64%) of 155
IGH, 54 (90%) of 60IGK-Kde, 65 (75%) of 87TCRG and 38
(63%) of 60TCRDgene rearrangements (Table 2). In 3 additional
patients, Southern blot analysis provided conclusive information
about stability of gene rearrangement pattéri¥s.

In 36 patients (including patient 4616 studied exclusively by
Southern blotting) all MRD-PCR targets identified at diagnosis
were preserved at relapse (Figure 4A). In 38 cases (including
atients 2665 and 4501 studied exclusively by Southern blotting) at
ou east half of the targets remained stable during the disease course

e%:’Ei}lgure 4B). In another 10 patients (including patient 3991 with
L at relapse; Figure 3) most MRD-PCR targets were absent at
relapse but at least one rearrangement was common for both
diagnosis and relapse samples (Figure 4C). Consequently, at least
one MRD-PCR target was preserved at relapse in 84 (93%) of 90
patients with available clonal MRD-PCR targets at diagnosis. In

A total of 362 clonal PCR products of different Ig/TCR genghe remaining 6 patients all clonal markers found at diagnosis
rearrangements were identified at diagnosis in 87 (98%) of 8@emed to be lost. However, in 3 of these 6 cases the clonal

Table 2. Stability of MRD-PCR targets in patients with monoclonal and oligoclonal Ig and TCR gene configuration

Stability of MRD-PCR targets

Stability in patients (all /= 1)

Monoclonal Oligoclonal Total Monoclonal Oligoclonal Total
IGH
VH-JH 88% 47% 69% 819%/98% 37%I73% 63%/88%
(n =67) (n = 60) (n=127)
DH-JH 57% 38% 43% 67%/67% 27%/53% 33%/57%
(n=7) (n=21) (n = 28)
All 85% 44% 64% 76%/98% 24%I76% 52%1/88%
(n=74) (n=81) (n = 155) (n=42) (n=33) (n=75)
IGK-Kde
Vk-Kde 95% 40% 91% 94%/97% 33%/66% 88%/94%
(n=39) (n=5) (n = 44)
Intron-Kde 86% 0% 87% 92%/92% 0% 85%/85%
(n =15) (n=15)
All* 95% 40% 90% 95%/95% 33%/66% 88%/93%
(n = 55) (n=5) (n = 60) (n=37) (n=3) (n = 40)
TCRG
Vy-Jy ND ND 75% ND ND 64%/83%
(n=187) (n=53)
TCRD
D32-D33 100% 14% 63% 100% 14%/14% 60%/60%
(n=9) (n=7) (n = 16)
V82-Dd3 81% 31% 63% 75%/80% 20%/50% 59%/71%
(n=27) (n = 16) (n = 43)
Allt 86% 26% 63% 80%/88% 14%/36% 56%/69%
(n=37) (n=23) (n = 60) (n = 25) (n = 14) (n=39)

ND indicates not done.
*Including one Vk-intronRSS rearrangement.
TIncluding one V§3-J31 rearrangement.
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Figure 4. Ig/TCR gene rearrangement stability patterns in 87 precursor-B—ALL patients subjected to comparative heteroduplex PCR analysis at diagn osis and at
relapse. Black squares represent monoclonal rearrangements; gray squares, biclonal/oligoclonal rearrangements; white squares, oligoclonal/polyclonal rearrangements
detectable as weak Southern blot bands. All squares above the upper line represent stable MRD-PCR targets, while all squares below the lower line represent Ig/TCR gene
rearrangements lost owing to clonal evolution. VH squares between the 2 lines have common DH-JH stems shared by different /GH rearrangements at diagnosis and at
relapse. (A) Thirty-five patients with all PCR-MRD targets identified at diagnosis preserved at relapse; (B) 36 cases with some targets (ranging from one target to half of the
targets) lost during disease course; (C) 16 patients with most or all clonal markers absent at relapse. Patient 4790 was not included in our evaluation of MRD-PCR target
stability because the detected /GH and TCRG gene rearrangements at diagnosis were oligoclonal. VH indicates VH-JH gene rearrangements; DH, DH-JH gene
rearrangements; Vk, Vk-Kde gene rearrangements; ix, intronRSS-Kde gene rearrangements; Vv, Vy-Jy gene rearrangements; V3, V32-D33 gene rearrangements; D3,
D32-D33 gene rearrangements.

relationship between diagnosis and relapse was confirmed by {B8%) at least onE&GH MRD-PCR target was preserved at relapse.
identification of a common DH-JH stem shared by respectiva 12 additional patients PCR analysis did not result in identifica-
VH-JH gene rearrangements. In another 2 cases additional anaiyn of clonal IGH rearrangements, while Southern blot data
seg§>3¢showed at both disease stages identical DNA sequencessQfjgested the preservation of at least one target in all 12 patients
Vk-Jk (5771) and chimeri®LL-AF4fusion genes (5978), respec-(fully identical IGH configuration in 9 cases). In 3 patients
tively (data not shown). Finally, in one patient (5282) there was n@s|etions of JH region were identified by Southern blotting both at
evidence for a common origin of diagnosis and relapse clongggnosis and at relapse of ALL. The Southern blot results of these

(Figures 1 and 4C). Because all original monoclonal rearrangs patients were not used for calculating the stability of Bl
ments were lost in this case at relapse, we believe that this is in f%R targets

a secondary ALL. The stability of thelGH PCR targets was markedly different

Stability of MRD targets is not related to age, blood cell between oligoclonal and monoclonal patients, ie, at least one
counts, or remission duration MRD-PCR target was preserved in 76% and 98% of patients,

respectively (Table 2). This significant difference was even more
Stability of MRD-PCR targets did not significantly correlate withhronounced at the MRD-PCR target level, with 63 (85%) of 74
age or white blood cell count at diagnosis or with remissiomonoclonalGH gene rearrangements being stable compared with
duration, ie, time span between diagnosis and relapse. only 36 (44%) of 85 oligoclonal rearrangements. Taking into
account the type ofGH gene rearrangement, complete VH-JH
recombinations were characterized by a higher stability compared
Clonal IGH gene rearrangements were detected by PCR in 75 with incomplete DH-JH rearrangements, with 69% versus 43% of
the 90 studied childhood precursor-B—ALL patients. In 66 caséargets preserved, respectively.

IGH gene rearrangements
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IGK deletional rearrangements ments were replaced by 2 new unrelated rearrangements; this

. . patient was suspected of having developed a secondary ALL
Atotal of 601GK deletional rearrangements were detected in 4&igure 4C)

<1:I;|!dhoodK%recurzolr-B—,AlLL patle.nts at dlaggc;ssls: 44"«8,9' In 11 oligoclonal patients, thi&SH configuration at relapse was
. intron-Kde, and 1 rarely occurringdintron recombina- -, noclonal, which is suggestive of clonal selection during the
tion. At least one of the rearrangements was preserved in ﬁf

N atment. In another 10 oligoclonal patient§H was also
0, - . . .
cases (93%). In faciGK-Kde recombinations represented thFt)llgoclonal at relapse, with several rearrangements lost and with

most jt?\;”e M§5D-$g§ :?(;gets’ with 90% of all targets Treé ergence of new (sub)clones. Sequence comparison was fully
served. Most (55 of 60) Kde rearrangements were monoclo mpleted in 12 oligoclonal patients with changes at relapse,

aFd hilghlyls(tsabIeCSSZ targets prest:rve%; 95%?’ while only 2 %Tiﬁdicating ongoing VH to DH-JH joinings with preservation of
oligoclonallGK-Kde targets were found at relapse. No signifi¢.,mon” pH-gH stems in 5 patients and possibly secondary

_cant difference in stability was found betweencKde and rearrangements in 5 other cases. In the remaining 2 oligoclonal
intron-Kde rearrangements. patients, thdGH sequences were unrelated and suggestive of the
development of diagnosis and relapse clones from a common
clonal progenitor via independent secondary rearrangements.

A total of 87 TCRG gene rearrangements were detected in 53
precursor-B—ALL patients at diagnosis, and in 44 cases (83%)@Glbnal evolution inthe TCRG locus

least one MRD-PCR target was preserved at relapse. Becausle | lut TCR b din1
accurate oligoclonality detection FCRGIlocus is rather complex, 'onal évolution of CRGgene rearrangements was observed in 19

even by Southern blottin§, we did not evaluate whether therepatients, leading to loss of 22 MRD-PCR targets. In 9 patients this

were any differences in MRD-PCR target stability between mongpncerned “regression” of clonal rearrangements most probably to
clonal and oligoclonal patients germline configuration. In 5 patients the new rearrangements at

relapse contained upstreamy\and downstream~yJsegments as
compared with the Y-Jy rearrangements at diagnosis, which is
suggestive of ongoing recombination withy\dy replacement. In

A total of 60 clonalTCRDgene rearrangements (432:D33, 16 the remaining 5 patients the sequence comparison 9fhVv
D52-D83, and 1 \b63-B1) were identified by PCR in 39 precursor-rearrangements at diagnosis and at relapse excluded secondary
B-ALL patients. At least one of the clonal rearrangements wagarrangements and indicated the emergence of a clone related to
preserved in 27 (69%) of 39 cases. Once again we observed strikihg initial (pre)leukemic clone but different from the predominant
differences in stability between monoclonal and oligoclonal p&lone at diagnosis.

tients, ie, at least one target was preserved in 88% and 36% of

patients, respectively (Table 2). Only 26% of oligoclonal targetsional evolution in the TCRD locus

were preserved compared with 86% of monoclonal targets. More-

over, in 10 patients Southern blot data suggested the presence 6fenal evolution in theTCRD locus resulted in the loss of 22
clonally rearranged band corresponding t82vD83 rearrange- MRD-PCR targets in 17 patients (5 monoclonal and 12 oligoclonal
ments, while heteroduplex PCR analysis of these rearrangeme%ges). In 6 patients (including 4 patients with monoclonal

TCRG gene rearrangements

TCRD gene rearrangements

showed oligoclonality or even polyclonality. V52-Dd3 rearrangements) ongoing deletions were observed. In

contrast, in 8 patients (including 1 patient with monoclonal
Patterns of clonal evolution in precursor-B—ALL patients V82-D33) the rearrangement pattern “regressed” to germline
with unstable targets configuration. Finally, in the remaining 3 cases new rearrange-

ments were found at relapse, including 82vD33 joining and 2
Based on combined Southern blot, PCR, and sequence analysignitientified rearrangements to th8X®1 region. Interestingly, 5
was possible to follow the patterns of clonal evolution Ieading tef 10 cases with 0|igoc|0na|/p0|yc|ona|6\z_D63 rearrangements
disappearance of rearrangements that were originally presgftiiagnosis had a monoclorBCRDconfiguration at relapse with

at diagnosis. a single \62-D33 joining. In the remaining 5 patients, ongoing
TCRDdeletion was assumed in 2 cases, 2 patients demonstrated
Clonal evolution in the  /GH locus “regression” to germline configuration, and only a single patient
. . . reserved the oligo/polyclonal 32-D33 rearrangement pattern
Owing to clonal evolution phenomena, 6&H targets in 36 P go/poly 9 P

. . at relapse.
patients were lost. We could determine the exact patterns of cIonaf P

evolution in 8 patients with monoclonbBH gene rearrangements
and in 26 patients with an oligoclonal rearrangement pattern.

In 7 patients (2 monoclonal and 5 oligoclonal) Southern blgdjscussion
rearrangement patterns between diagnosis and relapse were identi-
cal, while PCR analyses showed disappearance of a single rearrai@a- comparative Southern blot, PCR, and sequencing analyses of
ment. This might be explained by the disappearance of minohildhood precursor-B—ALL at diagnosis and relapse have pro-
subclones undetectable by Southern blotting. In 3 patients wiifded detailed insight in the stability and changes of Ig and TCR
monoclonalIGH configuration, one of the rearrangements wagene rearrangements during the disease course. This information is
changed both in Southern blotting and PCR, while sequenessential for reliable application of Ig/TCR gene rearrangements as
comparison showed VH replacement with a preserved VH-N-DHARD-PCR targets in childhood ALL. However, one should be
N-JH junction. In another 2 monoclonal patients we observezhutious with extrapolating these data to adolescent or adult
clonal “regression” of one of the rearrangements to germlinprecursor-B—ALL patients, because the immunogenotype of adult
Finally, in a single patient (5282) both monocloh@H rearrange- precursor-B—ALL has more immature featuf@s.
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The Ig/TCR gene rearrangement patterns at diagnosis and oligoclonal Ig/TCR rearrangements, which requires a com-
relapsed patients appeared to be comparable to those in a randhimed Southern blot and PCR approach. Southern blotting is
series of newly diagnosed pediatric precursor-B—ALL, implyingarticularly informative for detection of oligoclonality iGH and
that the various Ig/TCR gene characteristics at diagnosis havel@K gene rearrangements, whereas heteroduplex PCR analysis in
prognostic value. This is in contrast to the previously reportezbmbination with Southern blotting is informative for detection of
strong predictive value of thed2-D33 gene rearrangement or theoligoclonal TCRD gene rearrangements. Southern blotting needs
overall clonal diversity®3°The overall Ig/TCR gene configuration more DNA and is more labor intensive and time consuming than
patterns at relapse were largely comparable to those at diagnd¥BR techniques. However, with a sin@glll restriction enzyme
but were characterized by less oligoclonality and more frequedigestion it is possible to detect oligoclonality [BH, IGK, and
TCRDgene deletions. These 2 differences fit with the concept $CCRDloci.?6-28 Judging clonality solely from the number of PCR
ongoing clonal selection and continuing rearrangements. products per gene would result in marked underestimation of

The detailed molecular analyses proved the clonal relationshifigoclonality; eg, at least one third of the oligocloh@H targets
between diagnosis and relapse in 88 of 89 childhood precursor-9 of 85, including 15 lost MRD-PCR markers) would have been
ALL with identified MRD-PCR markers at diagnosis. In only oneclassified as monoclonal.
patient (5282) were the Ig/TCR gene rearrangement patterns atThe herein presented detailed comparison of Ig/TCR gene
diagnosis and relapse completely different with unrelated juntearrangement patterns provides important information for appro-
tional region sequences (Figures 1 and 4C). Consequently, fiiéate selection of PCR targets for MRD monitoring. It is already
presumed ALL relapse in this child (3.5 years after diagnosiggcepted that preferably 2 MRD-PCR targets should be used per
might in fact represent a secondary leukemia. This single patigiatient. Furthermore, our data show that monoclonal targets should
confirms previous observations that ALL rarely occurs as secoRé chosen as first option. As previously suggested, monoclonal Kde
malignancy after previous cytotoxic treatmé®iThis is in contrast rearrangements were characterized by the best stability (95%),
to secondary AML, which affects approximately 4% of childref®wing to their end-stage characté?” In addition, approximately
treated for ALL with cytotoxic regimens containing topoisomeras85% of monoclonalGH andTCRDgene rearrangements remained
Il inhibitors #1 We indeed proved the presence of secondary AMgtable at relapse (Table 2). In monoclonal VH-JH rearrangements,
with germline Ig/TCR genes in 4 (4%) of the 96 patients (Figure 3if. is particularly attractive to position the patient-specific primers/
However, in a fifth patient we demonstrated the clonal relationshigiobes at the VH-DH part of the junctional region, which is a
between the precursor-B—ALL at diagnosis and the presumBtgferred strategy in current RQ-PCR based stratédieslentifi-
secondary AML, which in fact represented a phenotypic switch. cation of preferably 2 monoclonal MRD-PCR targeSHi, IGK,

The comparison of Ig/TCR gene rearrangement patterns ksd/or TCRD was possible in 67 (77%) of 87 patients. When
tween diagnosis and relapse showed marked heterogeneity in #@lying these monoclonal targets, the detection of relapse would
occurrence of clonal evolution phenomena. In 40% of patients &Rve been possible in 65 patients, but false-negative results would
PCR-identified clonal Ig/TCR rearrangements were present @ve been obtained in 2 patients: one with presumably secondary
relapse (Figure 4A), and in another 42% of cases at least half of the

identified gene rearrangements remained stable at relapse (FigL
4B). Extreme clonal evolution with differential outgrowth of MRD-PCR target
subclones characterized the remaining 18% of cases (Figure 4C), detection and identification
whom most or even all clonal Ig/TCR gene rearrangement: ¢ 4!
identified at diagnosis were lost during disease course. Intere
ingly, in contrast to the frequent occurrence of clonal evolution Southern blotting and Only heteroduplex PCR of
between diagnosis and relapse, we did not observe major clon heteroduplex PCR IGK, IGH, TCRD, and TCRG
instability of Ig/TCR genes between 2 consecutive relapses (Df 1otk 10K, TCHPTCRG
cases), which is in line with previous observatiéhs. T o e l
Previous studies suggested that the risk of changes in Ig/TClI lm MRD-PCR targets
rearrangement patterns increases with tiff@We did not find a

at least one /GK target

significant correlation between remission duration and targe|
9 9€ at least one monocional 1GH, (successful in 40-45% of cases

stability in this extensive study. This is in line with the report that| Gk, and/or TCRD target
clonal selection processes can already occur in early treatme| (successfulin 75% of cases)
phases and the reports on clonal identity between diagnosis ar—
| t | f 'B AHE’A'S if not at least one
very late relapse of precursor-B—ALE: _ _ _ ioncelanal
In this extensive molecular study, we wished to identify the  MRD-PCR target

MRD-PCR target

if not at least one
(55-60% of cases)

add all IGH targets

factors associated with the occurrence of clonal evolution an(  (25% of cases) with focus on DH-JH stems
therefore the increased risk of false-negative MRD-PCR results. e I
. . 9 L . add all ollgo_clonal if DH-JH primers can not be
is entirely clear from our study that discrimination between IGH targets with focus designed, use VH-DH-JH

. . . . . on DH-JH stems 0 i
mon n m : primers supplemented with
onoclonality versus oligoclonality at diagnosis is the most (successful in 20% of cases) e 3

powerful predictor pf clonal evolution durllng the ALL disease monoclonal TCRD targets
course. All other variables, such as age, white blood cell count, an it not yet successful
immunophenotype at diagnosis, failed to identify patients prone t¢ (5% of cases) l
clonal evolution of their Ig/TCR gene rearrangements. Monoclong,
MRD-PCR targets were characterized by high stability, with 89% try to add TCAG targets try to add TCRG targets
of all targets detectable at relapse. In contrast, only 40% of the ] ] ] _
. Figure 5. Flow diagram. Flow diagram for the stepwise selection of MRD-PCR
ollgO(_:Ic_)naI MRD'P_CR targets Wgre_pr_eserved at relapse' The[ﬁ@ets,dependenton the choice of techniques for detection and identification of IGH,
fore, it is probably important to discriminate between monoclonatk, TCRD, and TCRG gene rearrangements.

if not yet successful
(5-10% of cases)
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ALL and an infant case characterized by extensive clonal Ig/TCRhen applying all available Kde targets, the detection of relapse
evolution. The second choice for target selection should concemould have been possible in 37 patients in our series (43%), but
oligoclonal IGH gene rearrangements. Although these rearrangelse-negative results would have been obtained in 2 patients. The
ments are particularly prone to ongoing and secondary recombisacond choice for target selection should concEei gene
tion processes, they are the sole MRD-PCR targets in approsearrangements. Using all identifi&H gene rearrangements with
mately 10% of childhood precursor-B—ALL patiedfdn the case patient-specific oligonucleotides positioned at the DH-JH stems
of oligoclonal IGH targets, the patient-specific primers/probeshould have resulted in detection of relapse in 43 cases (49%), with
should preferably be positioned at the D-N-J junctions. Moreoveglse-negative results in 2 patients. If the design of DH-JH
all identified clonal DH-JH stems should be followed becaussligonucleotides is not successful, one might decide to design
restriction to 2 targets would increase the risk of false-negatiwéH-DH-JH oligonucleotides supplemented with the usage of
MRD results. In our series this approach could have been used inR@R-based monoclondICRD targets. Finally, successful MRD
additional 17 (20%) of 87 patients with available MRD-PCRietection in the remaining 3 patients could have been accomplished
targets and should have resulted in detection of relapse in 15 casgsisage oT CRGgene rearrangements (Figure 5). Similarly to the
(false negativity in patients 2308 and 5978 with second@h combined Southern blot/PCR-based approach, the exclusively
gene rearrangements). Finally, successful MRD detection in tR€R-based approach would enable successful detection of relapse
remaining 3 patients could have been accomplished by usageirp§5% of patients. Thus, the lack of Southern blot information for
TCRGgene rearrangements, which were sole MRD-PCR targetsdfscrimination between monoclonal and oligoclonal PCR targets
these patients. One could argue for the preferred usag€RIG might be compensated by monitoring of a higher numbeiGé
gene rearrangements instead of oligocld@d targets. However, andTCRDtargets (Figure 5).
in at least 2 of our patients (4910, 5661) usage of common DH-JH Both described strategies for selection of MRD-PCR targets
stems would have been superior t9-Wy targets (Figure 4C). More have their advantages and limitations, which should be carefully
importantly, TCRGgene rearrangements are generally less sengieighed in the context of the facilities and experience of each
tive markers in RQ-PCR analyses, owing to their limited combinadRD-PCR laboratory. Nevertheless, each strategy would enable
torial diversity and the abundance of polyclonaj-Wy joinings in  successful detection of relapse in 95% of patients. If one assumes
normal T-cells in postinduction follow-up samplEsFinally, our  that the actual relapse rate in childhood precursor-B—ALL is 25% to
study clearly shows that oligoclonal 82-D33 and 32-D33  30%, the current Ig/TCR-based MRD-PCR methodology should be
rearrangements should not be used as MRD-PCR targets, becagfigctive” in 97% to 98% of cases with identifiable MRD-PCR
most of them (about 75%) would be modified through clonahrgets at diagnosis.
evolution processes. The Southern blot and PCR-based strategy for
MRD-PCR target selection (priority order: 2 monoclon&H,
IGK, and/or TCRD targets, followed by DH-JH stems of oligo-
clonal IGH rearrangements, followed BYCRGtargets with full Acknowledgments
exclusion of oligoclonallGK and TCRD targets) would enable
successful detection of relapse in 83 (95%) of 87 patients with thée are grateful to Prof dr R. Benner and Prof dr D. en
currently available MRD-PCR targets (Figure 5). Jakimczyk for their continuous support, Mrs F. J. Weerden for
The above-presented strategy is based on combined Southassistance in statistical analyses, Mrs W. M. Comans-Bitter and Mr
blot and PCR analyses for discrimination between monoclonal aiidvan Os for preparation of the figures, and Mrs J. A. Boon for her
oligoclonal Ig/TCR gene configuration. However, many MRDsecretarial support. We thank the Dutch Childhood Leukemia
PCR laboratories do not routinely perform Southern blottingstudy Group for kindly providing precursor-B—ALL cell samples.
implying that they will underestimate the occurrence of oligoclonaBoard members of the Dutch Childhood Leukemia Study Group
ity in IGH (44% of patients in this seriesjCRD(36%), andGK are P. J. van Dijken, K. Hden, W. A. Kamps, E. Th. Korthof,
(8%) genes. In an exclusively PCR-based strategy for MRD tardetA. E. Nabben, A. Postma, J. A. Rammeloo, G. A. M. de Vaan,
selection, Kde rearrangements should be chosen as first optidnJ. P. Veerman, and R. S. Weening.
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